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¢ Geschichte der Instrumentierung — Teilchenphysik
¢ Grundlagen - ‘die Welt der Elementarteilchen’
—> ¢ ElektroMagnetische Wechselwirkung geladener Teilchen mit Materie

¢ Detektoren basierend auf Nachweis angeregter Zustande

¢ Detektoren basierend auf Nachweis von lonisationsladung,
Spurdetektoren (Gasdetektoren, FestkOrperdetektoren)
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Particle Detectors

Detector-Physics: Precise knowledge of the processes leading to signals
in particle detectors is necessary.

The detectors are nowadays working close to the limits of theoretically
achievable measurement accuracy — even in large systems.

Due to available computing power, detectors can be simulated to within 5-

10% of reality, based on the fundamental microphysics processes (atomic
and nuclear crossections).
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Particle Detector Simulation

Electric Fields in a Micromega Detector

W. Riegler/CERN

Very accurate simulations

of particle detectors are
possible due to availability of
Finite Element simulation
programs and computing power.

Follow every single electron by
applying first principle laws of
physics.

Electric Fields in a Micromega Detector

Mesh: -425 V

55-60 kV/cm

60-100 kV/em

Anode: 0 V




Interaction of Particles with Matter

Any device that is to detect a particle must interact with it in
some way -> almost ...

In many experiments neutrinos are measured by missing
transverse momentum.

E.g. e*e collider. P,,,=0,
If the Z p, of all collision products is #0 = neutrino escaped.

“No nothing.”
ﬁ “Then it was a neutrino!”

Claus Grupen, Particle Detectors, Cambridge University Press, Cambridge 1996 (455 pp. ISBN 0-521-55216-8)
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Electro-Magnetic Interaction of Particles with Matter

Various aspects of the penetration of charged particles in matter have occupied the
thoughts of some of the finest physicists of the last century.

E.g. Thomson 1903, Rutherford 1911, Bohr 1913, 1915, 1948, Bethe 1930, 1932, Mott, 1931,
Bloch 1933, Fermi 1940, Landau 1944

In the first half of the 20t century, the energy loss of the charged particles and the related
stopping power of materials was the prime issue.

Nowadays, the actual amount of scintillation light and/or charge produced by the passing
particle, and the fluctuations of these quantities, are the important quantity because these
are the quantities produce the signals in particle detectors and their fluctuations are
responsible for the resolution limits of the detectors.

We will therefore summarize the basic mechanisms that are responsible for the creation of

excitation and ionization and will explain the models that are implemented in modern
simulation programs like GEANT and HEED.
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Electromagnetic Interaction of Particles with Matter

Z, electrons, q=-¢,

(o
M, q=2, e, ‘ q
‘ ‘
Interaction with the Interaction with the In case the particle’s velocity is larger
atomic electrons. The atomic nucleus. The than the velocity of light in the medium,
incoming particle particle is deflected the resulting EM shockwave manifests
loses energy and the (scattered) causing itself as Cherenkov Radiation. When the
atoms are excited or multiple scattering of particle crosses the boundary between
lonized. the particle in the two media, there is a probability of the
material. During this order of 1% to produced and X ray
scattering a photon, called Transition radiation.

Bremsstrahlung
photon can be emitted.
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Interaction of Particles with Matter

m, q = Zaeq
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While the charged particle is passing another charged particle, the Coulomb Force

IS acting, resulting in momentum transfer

3
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The relativistic form of the transverse electric field doesn’t change the momentum
transfer. The transverse field is stronger, but the time of action is shorter
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- The incoming particle transfer energy only to the atomic electrons !
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Interaction of Particles with Matter

Target material: mass A, Z,, density p [g/cm3], Avogadro number N,

A gramm - N, Atoms: Number of atoms/cm3 n,=N,p/A [1/cm?3]
Number of electrons/cm3 n,=N, pZ,/A [1/cm?]
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Nonrelativistic Collision Kinematics, E,

m.p=0E=10
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Relativistic Collision Kinematics, E,, .,

M.p. E = /p?c? + M*ct m.p=0,E =me
---4- >---@--------—-—--
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Specific Energy Loss

1dE 5 73 Za . 2mct3A0F 21 m2\ "
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This formula is up to a factor two identical with the correct QM formula.

The specific Energy Loss 1/p dE/dx
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H liquid .
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plaabilueesbieslionlrad

* decreases at 1/B? of the incoming particle
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I

e increases like Iny for § =1

- dE/dx (MeV g lem?)
Lo
I

e is & independent of M (M>>m,)
e is proportional to Z, of the incoming particle o L e T
0.1 1.0 10 100 1000 1000

bg= pMc

¢ is @ independent of the Material (Z/A = const.)

odE/dx ~ 1-2 x p [g/cm3] MeV/cm

o A W 8
-3 E
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Crossection 1L

an “
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Crossection o: Material with Atomic Mass A and density p contains ~
n Atoms/cm3 s

el S

T -1y 7 /e 31 . e- / «
r.'[t'lu_:?'] = A ll[lm—;l[guijur] m Niy = 6.022 % 107 mol ™!

E.g. Atom (Sphere) with Radius R: Atomic Crossection G = R?%t ° ° °

.F o
A volume with surface F and thickness dx contains N=nFdx Atoms. ‘. :

The total ‘surface’ of atoms in this volume is N ©. /
The relative areais p=No/F=N,p G /Adx = dx
Probability that an incoming particle hits an atom in dx.

What is the probability P that a particle hits an atom between distance x and x+dx ?
P = probability that the particle does NOT hit an atom in the m=x/dx material layers and that the
particle DOES hit an atom in the mt" layer

N, N, T :
Ple)de =(1—p)"p=e™"p exp | — AT .I' '”Mr.lr.." 1 exp (—L) dr A - 1
; . A . A Napeo

Mean free path =/ .I'P(.r‘_l'ff.a'=f %r’wr =\
0 (1] “

."':_.; JNF

Average number of collisions/cm 3 i
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Differential Crossection

E 5 p F_E/
e AP g 3
; =\

da(E.E")
dE’
-> Crossection for an incoming particle of energy E to lose an energy between E’ and E’+dFE’

Differential Crossection:
Total Crossection: a(E) = f %E.FE'}#E,
i

Probability P(E) that an incoming particle of Energy E loses an energy between E’ and E’+dE’
in a collision:

_ 1 do(E. E")
o F L J|' r r I||' n !
P(E,E)dE o(E) JE d F
. . . , , , Nap do(EE")
Average number of collisions/cm causing an energy loss between E’ and E’+dE 1 JE
iadE Nap ,fFrT{E E"
Average energy loss/cm: = /E IE
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Rutherford Scattering

A particle of mass M and charge Z,e, is scattering off a scattering center of
charge Z,e, by interaction through the Coulomb force.

The differential crossection for finding the particle scattered into a solid angle
dQ is given by ( p=yB Mc and v = Bc).

do (1 212263)2 AR G IR

dQ  \dreg  2pu m sccaémﬁigpg

dQ

The incoming particle is typically much heavier than the atomic electrons -
excitation and ionization, and much lighter than the nucleus - Multiple

scattering.
@ @
o
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http://upload.wikimedia.org/wikipedia/en/0/0e/ScatteringDiagram.svg

Rutherford Scattering off Electrons

Jackson, 13.1: Assuming that the incoming particle is much heavier than the
atomic electrons (M >>m,), the collision is best viewed as elastic Coulomb
scattering in the rest frame of the incident particle. Expressing the scattering
angle in terms of energy transfer E’ of the incoming particle to the electron we
find

der 1 32 2rZied 1 2,2 dmmc? 1
- = A%
dE' lrey m.ct 3% E'? L I

The energy loss is therefore

dE NaZap Cde 5 2 Z2NaZop  Eo.
— = { =  —2mrimaet -
I 1 [E”,E”E 2T Mo " ‘ In

This is exactly the same result that we found before. In order to shed light on the
guestion of atomic binding we have to treat the problem with QM.
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QM Treatment of Energy LosSsS

For large energy transfers E’>n ~ 50keV the electrons can be considered
qguasi free and the relativistic formula for the scattering of a spin 0 particle of

mass M and Charge Z,e, on a free electron can be used (Bhabha 1938) o

do(E.E") mZirimec® 1 1_ g E'
dE' 32 Er B

For small energy transfers E’<<E,, this is equal to the Rutherford
crossection. For large energy transfers i.e. very small impact parameters
(close encounters), the electron spin gives rise to a correction.

The energy loss due to these high energy collisions is then

“'IE -‘II"J| Z:Z.I” Umaz l|.||'|.-:|- I 2 ¥ Zi} -\"'-12'21"‘1 -E‘rr.lr.l T ]
_— Mgy — = —2? = T — . P — ;:l"
I |Er=q 1 ni'E'dE remet” oy —— In ., )

For small energy transfers E’ the atomic excitations have to be taken into
account. Bethe 1930, 1932 gave a fully QM treatment of the problem. The
main steps of the derivation are outlined in the following:



QM Treatment of Energy Loss, Bethe 1930

>

Z, electrons

The QM system consists of the incoming particle and the atom. The
interaction between the two is defined by V,,

. o
H = H.Igiful.ll + H}I‘ru-f + 1'.«'“.1 fﬁFf.' = Hl.'
i

he K
20\
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szszszsz
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QM Treatment of Energy LosSsS

The probability, and associated crossection, that an incoming particle with
momentum hK excites the atom to state n and is leaving with momentum hK’ can
be calculated to first order by applying Born’s approximation.

2 -0 L o o
i r.l.h.l'f_nn{ll—.";}r._'._.-"|".|.|.'r -": ﬁj{‘} —E” ", r"h J.J_'”{ﬂ]f'_J"i"H i .”:,.. ﬁgilj +E“
7z & .
Vo (K. K'Y = (u,| Vi |ui) :f ( r_r Z] = Jl) |"“I::f'}]f'“[,rf}"”"_h :”I_m”ﬁrlIHHHIIK”
do, (K, K’ o (M s R = =,
% = E (EZL) h[].lll_fﬁillﬂ ;F: J -y g = |‘ﬂ -lp‘ _ .ri'if

This expression can be transformed into

i=1

g 3 e
do,(q)  8wa® (M 1 D o Z'" (77 T : :
(e - K? (ﬁZl) F'Ful‘f” Enlq) = / (Z' B e J.) J'IU“‘.J}"-'u“'_.'}"ﬁrl'-"r'ﬁrz-z
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QM Treatment of Energy LosSsS

For elastic scattering, where the incoming particle doesn’t lose energy, we set n=0 and
have

Z3
colg) = Zo — Z/‘r"[”"{”e.ﬁ[r} V' ry.idry, = Zy — F

i=1

where F is the atomic form factor (dependent on q) from the theory of X-ray scattering.
Expressing the elastic crossection by the scattering angle we find

do (1 Zy(Zy— F)e2\* 1
dQ  \4dmsg 2pv sin? 4/2

This is again the Rutherford crossection for scattering off the Nucleus that is partially
‘shielded’ by the electrons. We will use it later for calculation of multiple scattering.

©
ORAG
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QM Treatment of Energy LosSsS

For inelastic scattering, where the incoming particle excites the Atom, we set n>0
and have

Za
donlq) _ Sma” (A =z 3|a,{sn|*’ QUEEDS f T o (7, (7 bz,
e K- =1

The (lengthy) evaluation of this expression for the nonrelativistic case (Bethe 1930)
and the relativistic case (Bethe 1932), using exact expressions for the Hydrogen
atom and sum rules for the higher Z atoms, leads to the energy loss assuming
energy transfers E’<n

i E B dery (1) der, .
Elgrir,——gtfr.—ﬁt,/ oLy —ZEf E, <

_!E 2 \ EJ E”IH (H J
f!, |Erey = —277% S et L 2 (]11 I"- L .-1‘2)
il 5

.,f? A

Adding the expressions for E’< n and E’> n leads to the final expression for the
Energy loss

dE  dE dE ?ZI A Zap J —— 2
e Eh:'u:r, -+ EL&;*:}W = ——1‘1'! Moy — 1 ln 7 &)

The entire complexity of the atomic physics ends up in the average ionization
potential I.
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Bethe Bloch Formula

\ \ \ Density effect

, 2 - 202, 2
L i cgz—hi lln 2Mnec Ij F 5 2 } 5(B) zlnhwp/fﬂn,aﬁ'—%

pdzx 32

For very high momenta the polarization of

the medium by the strong transverse field,

which reduces the Engery loss, must be For Z>1, 1 ~16Z %9 eV
taken into account.

50.0 prom gy

At large Energy transfer (delta electrons) L TR
the produced electron can leave the 20.0
material. In reality, E,,,, must therefore be
replaced by T, and the energy loss

' dEJ’dx a-:B -5/3 -;;i on Cu =
\dEIdxmﬁ 2 I =322 eV ‘@‘

Radiative effects

%
[ =]
~ 10.0 - i
reaches a plateau. b become important
® 5.0 | _ Approx Ty
We distinguish three distinct regions of & i -H dE /dx without &
) . ® -100x ! Y Minimum s
energy loss as a function of the particles o shell==1 "\ {onization o
momentum 8 20 correct. | ) ) o s
| Ey/ = }  T.1=0.5MeV
2 i i i - i e |
1) 1/B? region with Minimum at By ~3 10 - I{‘:B_?;g | Complete dE/dx
2) Relativistic Rise 05 Lol oedd el vl
0.1 1.0 10 100 1000 10000
3) Density Effect und Saturation By =p/Mc

The Energy loss depends on the particle’s
velocity and is independent of it’s Mass



Bethe Bloch Formula

FirZ~0.5A
1/p dE/dx ~ 1.4 MeV cm 2/g fur By ~ 3

Example 1:

Scintillator: Thickness =2 cm; p = 1.05 g/cm3

Particle with By = 3and Z=1
1/p dE / dx = 1.4 MeV
dE=1.4*2*1.05=2.94 MeV

Example 2:
Iron: Thickness = 100 cm; p = 7.87 g/cm3
dE = 1.4 * 100* 7.87 = 1102 MeV = 1.1GeV

Example 3:

Energy Loss of Carbon — lons with Z=6 and
Momentum of 330 MeV/Nucleon

in Water, i.e. By = p/m =330/940 = .35>
B=.33

dE/dx = 1.4 72 /B%= 460 MeV/cm->

Cancer Therapy !

1{} E Ty Ty T T T T
= T [ -2
8E i\
= 1
|.||.'-'|I
& 6 F .I'.'.Ii.l'::.I \ Hy liquid =
2 TN T T
>ee W T I
c Wa ) Hegas =
S]= R{‘:"\‘tx I amaiiiia I
5 AN il G
e N\ e
T 2 AN i g T s
3 \\/“’ AHFbTT
- '\ =i
]. 1 1 L | -f_'-l'-ll..ll I L1l || 1 |.-.--|.| | 1 L
0.1 1.0 10 100 1000 1000
bg= p/Mc

This number must be multiplied with the
material density p [g/cm?3]
- dE/dx [MeV/cm]



Small energy loss
-> Fast Particle

Cosmis rays: dE/dx o Z2

Small energy loss
- Fast particle

IR
b—— e

Large energy loss
- Slow particle

Discovery of muon and pion

W. Riegler/CERN
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Bethe Bloch Formula, Particle ID

The energy loss as a function of the particle |

velocity is a universal function for particles | ‘ |

of different masses. r
{

The energy loss as a function of particle
momentum P= McBy IS depending on the
particle’s mass M.

By measuring the particle momentum T
(deflection in the magnetic field) and the
energy loss of the particle, particles can be
identified in certain momentum regions.

24
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Energy Loss as a Function of the Momentum

CALI_F1

ALEPH

Measure momentum by
curvature of the particle
track.

Find dE/dx by measuring
the deposited charge
along the track.

->Particle ID

W. Riegler/CERN 25



Range of Particles

Particle of mass M and kinetic Energy E, enters matter and looses energy until it
comes to rest at distance R.

0 : 20000 | .4
_1 10000
R(Ey) = / dl o | |
E, 4E/dx oo | |
:, 1 ¢ 1
i'?ll'firCQ J_ Jil & sk 1
R 3@"‘-‘0 - — s = 3@’“-‘0 N |
s I E
0 1 A ~Independent of S : :
R(Gov0) = = = f(Bovp) the material "
2 | ]
Bragg Peak: For 3y>3 the energy 0 1000
loss is = constant (Fermi Plateau) .
A ; ragg Peak 'f?‘;‘i' )
If the energy of the particle falls F:;ff Prage Pk N
below By=3 the energy loss rises as | A
1/p?
Towards the end of the track the e
energy loss is largest = Cancer )
Therapy. -
R X
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Range of Particles

Average Range: Example

Kaon, p=700 MeV/c in Water:
p=1[g/cm?3], Mc?=494 MeV -
By=1.42 > p/Mc?R = 396g/cm? GeV
—“>R=195cm

In Pb: p =11.35 - R=17cm

SDDDD [ T T T T TTT T T T T

20000 C
10000
5000

Pb

2000
1000
500

200
100
50

RIM (g cm=2 GeV-l)

I
| IIIIII| 1 1 11 1

Fe \ , .
\‘4:,_"/: Z
=

f/'

\Hz liquid
He gas

0.1 2 5 1.0 2 5
By = p/Mc

W. Riegler/CERN
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Search for Hidden Chambers
in the Pyramids

The structure of the Second Pyramid of Giza
is determined by cosmic-ray absorption.

Luis W. Alvarez, Jared A. Anderson, F EI Bedwa:

James Burkhard Ahmed Fakhry Adib Gugs. Asy Gonend
Fikhgy' Hassan, Denmis Iverson. Gemld Lynch, Zemab Malgy,
Al Hilmy Moussa Mohammed-Sharkaw: Lawren Yazolmo

Fig. 2 (bottom right). Cross sections of (a)
the Great Pyranud of Cheops and (b) the
Pyramid of Chephren, showing the kgown
chambers: (4) Smooth limestonecap. (8)

the Belzoni Chamber, (¢) Belzoni's en-
trance, (D) Howard-Vyse's entrance, 1
descending passageway, (F) ascending
passageway, (G) underground chamber,
{/-1) Grand Gallery, 4 King's Chamber.
() Queen's Chamber, (K) center line of
the pyramid.

6 FEBRUARY 1970

Luis Alvarez used
the attenuation of
muons to look for
chambers in the
Second Giza
Pyramid 2 Muon
Tomography

He proved that
there are no
chambers present.

Fig 13 Scamer plots showing the three stages m the combined analyne and visual
analysts of the data and a plot with a sigulated clnmbex. (a) Sigulated “x-ray photo-
graph” of uncorrected data. (b) Data corrected for the geomwetncal acceptance of the
Wanms (c) Data correctad for pyramid structure as well as geometncal acceptance
(d) Same as (c) but with sygulated chambgr, as 3 Fig. 12
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Average Range:

Range of Particles

Towards the end of the track the energy loss is largest = Bragg Peak = Cancer Therapy

100

Photons 25MeV

80 | " E
LI #
. "u:- =
g i,
v 60 " it
[ * m:
° ' 5
> : . :
] 40 | l’ ""*1;2
© L | M
[} i * R
= - _..I'.u H T
" g .
20 = ...,,.._........,......'#...ql...u.-.ll i
L
L S"hr---a- .
0 4 8 12 16 20

Depth of Water (cm)
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Kobalt 6(
Elektronen 21 MeV
25 MV

Kohlenstoffionen
330 MeV

Photonen

feBdaten:
FPhaotonen und Elektronen
AKH Wien

Hahlemstol Tronen
GSl Darmstadt



Fluctuation of Energy Loss

Up to now we have calculated the average energy loss. The energy loss is
however a statistical process and will therefore fluctuate from event to event.

x=0 x=D
E-A

vV v v v Y

P(A) = ? Probability that a particle loses an energy A when traversing a material of
thickness D

We have see earlier that the probability of an interaction ocuring between distance x
and x+dx is exponentially distributed

Plr)dr = %v:{p (—i) dr A=




Probability for n Interactions in D

We first calculate the probability to find n interactions in D, knowing that the probability to
find a distance x between two interactions is P(x)dx = 1/ A exp(-x/A) dx with A=A/ N,pc

Probability to have no interaction between 0 und D:

Plr = D) = ] - Pl )de, = e %
I

Probability to have one interaction at r; and no other interaction:

o 1 ,
Pley,rg = D)= ] Play )Py — oy )des = e~
D A

Probability to have one interaction independently of @y

I
D 5
Ploy.ag> D)= 2%
ﬂ (1,22 > D) = e

Probability to have the first interaction at ry, the second at rg

. the nth
., and no other interaction:
- 1 b
Pl:_.]']..-"z....]"..l = I"’J - -'r’["l.| ':I-!rjllr"l-f — . :I"'P{"I-:.' - .r',,_l_]ﬂ".r,, =—e *

Jo ..-‘IL (F)

Probability for n interactions independently of xrq.rs...r,

) i g — a I
n—1 n—1 1 l D
f ] ] / Plrey.va . r, = DNdeqy.de,,_1 = — (—) E'_%
0 1] ] il
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Probability for n Interactions in D

For an interaction with a mean free path of A , the probability for n interactions on a distance D
is given by

1 /D\" o - D A
} | = — —_— TR = — T i = — =
Pln) o (,‘J\) ¢ £ t=S A -
—>Poisson Distribution !

If the distance between interactions is exponentially distributed with an mean free path of A>
the number of interactions on a distance D is Poisson distributed with an average of n=D/A.

How do we find the energy loss distribution ?
If f(E) is the probability to lose the energy E’ in an interaction, the probability p(E) to lose an
energy E over the distance D ?

P 1 do
E
plE) =PIV R 4 1”[‘2]/ fIE-ENF(ENAE' f ] E'FOE"YENAE"dE" 4
(l

F(s) = £IH(E) = [ f(E)ePaE

0 —uF.u ) . R )
L[p(E)] = P(1)F(s)+P(2)F(s)*+P(3)F(s ZPI:H”"I:R:I”—Z“ o= — AF()=1) _{ o F(s)=1)

]
n=1 n=1

.
1 [ AF(s)=1) 1 T F(s)1—1)4sE
jI{E} = L f : = }— £ ' s
27 T —d



Probability for Energy Loss Ein D

If n is the average number of interactions in D and F(s) is the Laplace transform for f(E), giving
the probability to lose the energy E in a collision, the probability p(E) to lose the energy Ein D is

given by - | et |
pEy=L"" [r ”“'"*"”] =5 / CAF(s)=1)+5E g

— -
/ —de

Landau used the Rutherford scattering crossection

do _ 73 2._“m 21 :L-_’

e B B
”I-E };2 E_) f rerar.r

The total crossection, using a lower cutoff energy is then

Emas o ] | k NapZooD  NuypZskD
= IE=Fk(=>- ~ _ NapZyoD _ NapZs
'IF-F L/J‘ f!Er’ (F EIl"lr.l') F ‘rr -'_1 __1.‘-

The probability to lose and Energy E in a collision is then

.20

Fiax)
I ler £ |
.-E- - I - E = -E‘I.'llr.l
Jl l:' ':I a db Ez ‘-

The Laplace transform of this probability density is

—asF

Ff.wj=£[i] =f  dE =1+ se(1—C. +Inse)

E= E*

Which results in the energy loss distribution

1 o4ioc ' ., = 0.577215... = Euler constant
pE) = o / exp [fse (O, — 1 4+ Inse) + sE]ds '
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Landau Distribution
The previous expression can be rewritten as

1 o+ioa I E NapZakD
Pf.r_} — ; / r_.- |||.-r+..|-.~r”|-H S / i —tIn f—.r'frhl_ T = __+(’."'_: —J.—]]].H T = _1]“—3
=T S 0

it T e Ae

Landau determined the lower cutoff energy by requiring the average energy loss to be equal to
the Bethe Bloch theory

dl :"u__.g I,U_E—_; Emazx dir ‘1'&__.1 ;JZ-_th-‘ Fnaz ) 3"-__-1 ;‘IZ'_! k E.’rhr r @
- N AR = — — . - h = —9 —
ar 1 /r EH’E”IE 1 ln ; Bethe-Bloch 1 In ;
which gives )
Ine =In —— + 23°
The Landau Distribution P(x) has a peak at - 090,
jlll.l" |

X,=-0.2228 ~ Cy-0.8
and a full width of half maximum of
Ax =4.02

Enrip =ne(xg+1-C +1nm) = me(0.241In7m)

| 102 N s 0ZokD
AEpw sy = 4.027e = jf’ ’

AEpwnan 402
Enp 0.2+ Innm




Landau Distribution

p(E): Probability for energy loss E
in matter of thickness D.

Landau distribution is very
asymmetric.

Average and most probable
energy loss must be
distinguished !

Measured Energy Loss is usually
smaller that the real energy loss:

3 GeV Pion: E’,, = 450MeV > A
450 MeV Electron usually leaves
the detector.

o
b

distribution
o
Ln

0.1

0.05

I T e

0 5 L0 L5 20

E (arbitcary scale)

W. Riegler/CERN

35



Landau Distribution

PARTICLE IDENTIFICATION

LANDAU DISTRIBUTION OF ENERGY LOSS: _ O _
Requires statistical analysis of hundreds of samples

e . : - : .
Counts 4 cm Ar-CH4 (95-5) Counts 1 15 GeV/c
6000 5 bars 000 Hrotons | fu electrons
N =460 i.p. ] 3
4000 | FWHM~250i.p. | 2000 |
2000 | ] 2000 !
r e
0 . —_— — 0 : - —mi—
0 500 \1000 _ 0 500 1000
. L N (i.p.) N (i.p)
For a Gaussian distribution: oy~ 211i.p.
FWHM ~ 50 i.p.

|. Lehraus et al, Phys. Scripta 23(1981)727
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Energy Loss Fluctuation

For calculation of the average energy loss, the integration

i ! o

dou(q) _ Sma® (M \*1 N

1 _ 5 —Z —,i|F”{qJ|" Enlg) = —Z]f- L -'-';.'[]lf,r'_ll-}.{‘”ITI'_JJr’.I”I'J_...ﬂr"I'zz
iy K- i 0 gt

dE B . don(q) , ;[ daig) .
E'E"irf - _ZLEH — Ei]]f .rhjr f.lrfj — ZE;.- H'.[I Hrl’!l E“ < 1

can be performed without the explicit calculation of ¢ due to sum rules that must
be satisfied.

For calculation of the differential energy loss and therefore the energy loss
fluctuations, the explicit knowledge of g is necessary, which is however only
explicitly possible for atomic Hydrogen

d i T : T T |
% § T i | do  2nZie
= 73 “T E dE"  m.c2[F2E"2
2 = et '
=I.|: s ftations :r-muu. )
E_-I '::, n‘"— :‘:'::tllt r. distant u"'illm
'g g - : :Tilﬁﬂi-m'ii g

& w‘.v I m‘.v |lose col}stang
1 !El' 1 ! 4 | | ]
a0l oo | @ i ) 100
Minimum ionization energy Energy tronsfer (kev)

How do we find P(E) for different Atoms and Molecules ?



Fermi Virtual Photon Method (FVP) or Photo
Absorbtion lonization Models (PAI, Allison & Cobb)

Fermi (Z. f. Physik 20. Oct 1924 !):
Uber die Theorie des Stosses zwischen Atomen und elektrisch geladenen Teilchen
(On the theory of atomic collisions of charged particles).

Abstract: The electric field of a charged particle, which is flying by an atom, is
harmonically decomposed and compared to light of the corresponding frequency
distribution. We assume that the probability of atomic excitation and ionization by
the passing particle is equal to atomic excitation and ionization of the equivalent
radiation ...

“2
" - _ gy ) Ol o= Ilr-'1 _ FH -
Bethe 1930: énlg) Z/" Vol )0, (T M ryd gz,
T o 14 g+ ealq) = iq /ZJ Ao(rie,, (r)dry :J = id Fon

“...Thus, for small collision vectors q (i.e. small changes in momentum of the
colliding particle), the collision probability is proportional to the square of the
coordinate matrix, i.e., proportional to the optical transition probability for the
respective excitation of the atom ...” (Bethe, 1930)

Knowing the optical photoabsorbtion crossection, if which detailed measurements
are available !



Fermi Virtual Photon Method (FVP) or Photo
Absorption lonization Models (PAI, Allison & Cobb)

Allison & Cobb, Ann. Rev. Nucl. Part. Sci. 1980, 253-298:

First they calculate the energy loss of a particle passing a homogenous medium
with dielectric permittivity € =¢;+ie, . The result will therefore contain the density
effect, i.e. the reduction of the energy loss due to polarization of the medium. Then
they make a model for €, by using the atomic photo absorption crossection.

Particle of charge e, and velocity v (E.g. Landau and Lifshitz):

LaH 10 4
divH =0 rotE=———-  diveE =47p  rotH = - =
l c Jf i ¢ ot + - J
o "ﬂ;;‘iiﬂl;- — et} i Hep €= ¢ + i

dE ‘3(1-; - jm 2 w 1 o 1
P ! Clwk | 37— , _ .
ir P ﬂ d » dk |wk 22 Lim SR R o2 [m ;

A plane light wave travelling along x is attenuated in in the medium if the
imaginary part of e is different from zero.

E(x) ~ e I(x) ~ E(r)* = & = T— = U:—wﬁ = :i_-fl-l—ff—;] e1—1,60 & q I{x) ~ e se2le
A photon interacting with material with an atomic crossection o has a mean free
path of A = A/N,po. The probability of interacting after travelling a distance x is

- P 1 r ] }
Plr)= —« —afA e Napo(w)r/A Naf . b

R - o) = Zew)



Fermi Virtual Photon Method (FVP) or Photo
Absorption lonization Models (PAI, Allison & Cobb)

This defines the imaginary part of the dielectric constant in terms of the atomic
photoabsorption crossection for small k. For large k and expression is introduced in
order to satisfy the Bethe Sum rule:

2l NapZa

Nap ¢ . . N L 2 5 / R
1 ;ﬁ{wj Large k: eabw)=Cdlw— k" /2m,) | wea(k,w)dw = Am,

Small k; efw)=

The real part is uniquely related to the imaginary part by the Kramers-Kronig relations

I—l——P[ rfial

We are therefore in a position to integrate the expression over k and have

il E - f'.i:. Nap 1/ 9 Ny 2, Fc? 1 [ a(w)
—_— = - fot——— : | [l— 32 ‘— Fie2 w i‘—— B4+ —a{w)l — lu'
idr ﬁ 22 A ow)in 1) K ] le]” " A rT{ ! huw " w‘\/[]- Za ‘

1 —#y 3?
— arctan =
i-:z.f‘

B =arg(l — e 3 i3} =

t\_-lz-.]

We can then reinterprete this equation in terms of a number of discrete collisions with
energy transfer E=hw and find the differential crossection for losing an energy E in a
single collision

iler o alF) 5 D a4 s—1/2 O A ., £ i o F) 2, (22 ] r:F{F ,
— - — e )+ e U - - e = — | O —— —
& = 7x £z e el R Zahe 2) 7 ER "\ T E TR P [ 2 dE

This is the model included in GEANT and HEED.



Fermi Virtual Photon Method (FVP) or Photo
Absorption lonization Models (PAI, Allison & Cobb)

£ LB, Xovirmaw [ Nucieor fntravenrs and Medvads B Physice Research A 554 (2008 | 474497

1600 [ | 1800
1.1[.:.: F‘H 3% Ar+ TR CH, 1.5 em 14,_-,,3.: 93 Ar+ T CHy 1.5 em

TE  mawmAr+ SRCH, : : :
FTE I : — i ] S B - T 1200 ] & SGeVie
-P: f R SRS S woof- [ 5 1000 - '
w : - E
af l‘ ........................................... SRR — soob-  H aa - Jj
- i i i i C C
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4001 ‘ij' 1‘_ A0 [~ ,'.
! ‘;05 200 § 1“"44%_-’ 200 - ,j{
o T I . = b

o 2.5 5 .5 10 (1] 2.5
Fig. 7. The simulations of experiment [62] by HEED (truncated Kelf (k)
means by PAIR) and by the Landau-Sternheimer theory {the Fig. 3. The experimenial (poiats) and iheoreiical “lonizatior * distributions expressed in energy units. Histograms drawn by solid
most probable jomzation) compared with the normalieed lines are obia n.'-.ll'm he: I.-'.IHH- wiel, da I‘I‘!.!ll'll:‘ thew r¢p- etically coinei I with s ||I omes) § r-rh the FAL ma 1I

experimental data,

20

15

Density Effect

a s i i iasil s w viaiial TR
1 10 10? 1n? 10*
Ay

The PAI model together with the good knowledge of the Photoabsorption
Crossections allows the accurate calculation of primary ionization & the
associated fluctuations (Straggling functions)
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Cherenkov Radiation

If we set the imaginary part of the dielectric permittivity to zero, the energy loss in
the PAI expression doesn’t become zero — there is a term left, which describes the
Cherenkov Radiation = This is a classic effect described by Maxwell’s equations

der 0 A 2 1 NapZa do dw 0l 1 1 . Fe
—_— = — - 1* — — —_— —_—— = — - — n = /€ o= 1w
il P NapZahe £1 A dw dFE i 32n2 F= VA

dFE 1 0 ] 1 _ d N - 27 1 1 - 2me

dedw I ¢ F2p2 - drdh A2 32n2 R

N is the number of Cherenkov Photons emitted per cm of material. The expression
is in addition proportional to Z,? of the incoming particle.

This radiation is emitted if the velocity of the particle is larger than the velocity of
light in the medium v=c/n (shock wave). It is emitted at the characteristic angle 6, .

5/16/2008 . W. Riegler, Particl¢ Detect®
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Cherenkov Radiation

with velocity 5> g, =% n:refractive index

cos O, s
n
with n=n(1)21
o Cherenkov % 1 :
® B S 6c =0 threshold B O = arccos= ‘saturated’ angle (B=1)
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Ring Imaging Cherenkov Detector

. i commn | *
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Bremsstrahlung

A charged particle of mass M and charge q=Z,e is deflected by a nucleus of charge Ze
which is partially ‘shielded’ by the electrons. During this deflection the charge is
‘accelerated’ and it therefore radiated - Bremsstrahlung.

From Bethe’s theory we have seen that the elastic scattering off the Nucleus is given by

do (1 z,{z.z—m-ﬁ)g 1

a0~ \dreg 2pv sin*6/2

Za
cnlg) = 2o Z /\fjl:r"ﬁ-"f:lr.'.l_:l{f'} V' ry.dir g, = 74
j=1-

Where F(q) describes the partial shielding of the nucleus by the electrons. Effective
values for F are used in the following expressions.

Z, electrons, q=-¢,

©
@
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Bremsstrahlung, Classical

A
; _/"é“ 7 Q- Z«y e
q,M e,
° A charged particle of mass M and
g (2 2,2, e* ,)'__”___“ . charge q=Z,e is deflected by a
d e, P (2sin §) p r nucleus of Charge Ze.
o .
Re kﬂ;'end. Sealtls: .
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Coulomb-Scattering (Rutherford
T - 18- Scattering) describes the deflection
P &P i e of the particle.
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Bremsstrahlung, QM
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W. Riegler/CERN

Proportional to Z%/A of the Material.

Proportional to Z,* of the incoming
particle.

Proportional to p of the material.

Proportional 1/M? of the incoming
particle.

Proportional to the Energy of the
Incoming particle 2>

E(x)=Exp(-x/X,) — ‘Radiation Length’
Xooc M2A/ (p Z,* Z2)
Xo- Distance where the Energy E, of

the incoming particle decreases
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Stopping power [MeV cm?/g]

._.

o

=]
I

Critical Energy

such as copper to about 1% accuracy for energies between/oout 6 MeV and 6 GeV

For the muon, the second
lightest particle after the
electron, the critical

/if on Cu

Radiative

Bethe-Bloch

¥
Anderson-

by Ziegler energy is at 400GeV.
_%E -

10-E & — .
e o Radigfve 1 The EM Bremsstrahlung is
“Nuclear ionization re At 1 therefore only relevant for
| losses N | [z o B | 1 electrons at energies of

+ Without density effe¢t
1 . | : ! | past and present
4 5 6
0.001 0.01 0.1 1 / bg 100 1000 10 10 10 deteCtOI‘S.
\ | | | | | | | | J
| 0.1 1 10 100| ‘1 10 100| |l 10 IDD|
[MeV/d] [GeV/d| [TeV/c]

Muon momentum

Electron Momentum 5 50 500 MeVic

Critical Energy: If dE/dx (lonization) = dE/dx (Bremsstrahlung)

Myon in Copper: p = 400GeV
Electron in Copper: p =~ 20MeV
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Pair Production, QM
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Bremsstrahlung + Pair Production = EM Shower

Eéclmhajuls'c Sltowev - Eh Coéovimér
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Multiple Scattering

The ‘Rutherford scattering’ of the incoming particle on the nuclei, that is also the
reason for Bremsstrahlung, results in multiple small angle scattering scattering of the
particles when traversing material.

The statistical analysis of the small angle scattering together with inclusion of the
shielding effects by the electrons results in simple expressions for the multiple
scattering angles of particles.

dor L Zi(Zy — F)e? 1
- =

Z, electrons, q=-¢,

D 4
o
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Multiple Scattering

Statistical (quite complex) analysis of multiple collisions gives:

Probability that a particle is defected by an angle 0 after travelling a
distance x in the material is given by a Gaussian distribution with sigma of:

0.0136 T
Oy = - Zy |~
Bep|GeV /¢l Xo

X, ... Radiation length of the material
Z, ... Charge of the particle
p ... Momentum of the particle

W. Riegler/CERN
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Multiple Scattering

Magnetic Spectrometer: A charged particle describes a circle in a magnetic field:

(62 ple¥]-0.3RT~) BL7)
L R 9 A Lz

?
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P S “" !
- BI1-L I~

£E.§: p-40 €V B1T, L*1n, o= 200m, N= 25

#-001 = 1%

Limit = Multiple Scattering
W. Riegler/CERN



Multiple Scattering
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Magnetic Spectrometer for measurement of Particle Momenta

CALI_F1

ALEPH

Measure momentum by
curvature of the particle
track.

W. Riegler/CERN
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Multiple Scattering

ATLAS Muon Spectrometer:
N=3, sig=50um, P=1TeV,
L=5m, B=0.4T

Aplp ~ 8% for the most energetic muons at LHC

W. Riegler/CERN
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Transition Radiation
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Electromagnetic Interaction of Particles with Matter

lonization and Excitation:
Charged particles traversing material are exciting and ionizing the atoms.

The average energy loss of the incoming particle by this process is to a good
approximation described by the Bethe Bloch formula.

The energy loss fluctuation is well approximated by the Landau distribution.

A more precise model of energy loss and energy loss fluctuations is the so called PAI
model, which uses the measured photo absorption crossection of the material in
guestion for calculation of the differential energy loss crossection for a charged
particle. From this, the average energy loss and the fluctuation can be calculated very
accurately.

Multiple Scattering and Bremsstrahlung:

The incoming particles are scattering off the atomic nuclei which are partially shielded
by the atomic electrons.

Measuring the particle momentum by deflection of the particle trajectory in the
magnetic field, this scattering imposes a lower limit on the momentum resolution of
the spectrometer.

The deflection of the particle on the nucleus results in an acceleration that causes
emission of Bremsstrahlungs-Photons. These photons in turn produced e+e- pairs in
the vicinity of the nucleus, which causes an EM cascade. This effect depends on the

v Bliver of the particle mass, so it is only relevant for electrons. 29



Electromagnetic Interaction of Particles with Matter

Cherenkov Radiation:

If a particle propagates in a material with a velocity larger than the speed of light in this
material, Cherenkov radiation is emitted at a characteristic angle that depends on the
particle velocity and the refractive index of the material.

Transition Radiation:

If a charged particle is crossing the boundary between two materials of different

dielectric permittivity, there is a certain probability for emission of an X-ray photon.

-> The strong interaction of an incoming particle with matter is a process which is
important for Hadron calorimetry and will be discussed later.
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Electron-Magnetic Interactions with the Detectors
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Messung von Photonen

1) UV photonen: E>5eV

2) Rontgenstrahlen: 1keV<E<1MeV

3) Gamma Strahlen: E>1MeV

Fallt ein Photon auf Materie ein und ist der Atomare Streuquerschnitt fir eine

Interaktion des Photons = o, so ist die Wahrscheinlichkeit dass das Photon bei einer
zwischen Distanz x und x+dx eine Wechselwirkung erfahrt

P(x) = 1/A Exp(-x/ A)

wobei A=A/N,po die mittlere freie Weglange ist. A und p sind Atomare
Massenzahl und Dichte des Materials.

Fallt ein (monochromatischer) Photonenstrahl der Intensitat |, (photonen/s) auf das
Material, so ist die Intensitat I(x) des Strahls nach Distanz x im Material

I(X) = 1o EXp(-x/ A) = 1 Exp(-px)

n = N,po/A wird als Massenabschwachungskoeffizient bezeichnet.
Fur mehrere Wechselwirkunsprozesse ist

p = Nap/A 2o



Messung von Photonen

Nachweisprinzip:

Wechselwirkung der Photonen im
Detektormaterial

Photoionisation
Comptonstreuung
Paarproduktion

Die dabei erzeugten Elektronen und
Positronen werden im Detektorgas (

dE/dx Energie-Verlust) absorbiert. Die

dabei erzeugte lonisation wird
gemessen.
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Messung von Photonen

Fiir kleine Energie (lonisationsF < E., < 100 keV) dominiert der Photoeffekl
v+ Atom — Atom’ e,
fiir Energie £, ~ 1MeV der Compton-Effekl
T+He —9te,
und hei hohen Energien (K., > 1MeV) die Paarerzeugung

v+ Kern — e + e + Kern.



Photoeffekt:

[
)

32

N 475 2 By 82
JphL — 5_7 o/ Ty, £ = _mﬂ:::z_ OTh 3?TTE
. . . 275 11
Fir hohe Energie (¢ > 1) gilt: opy = ATr. 270" —.
£

Als Folge des Photoeffekts in einer inneren Schale treten folgende Sekundareffekte auf:

Finfalendes Maoton % T T T T T T T T 1
;_'\. —
' {a) Carbon (£ =6)
3% 83% ¢ |14 M . mental G
el = ; @ - experimenta -
Phntm‘ﬁcLL‘ Phatoeffeki Photoeffekt | P tot
Xenon M.N,0-Schale Xenon K-Schale Xenon L-Schale :
B R s
. B = e
I i = 2.
Phatoelekiron l’holnclcktmn E
e s
E=33.4keV B=312keV SR E— =
' 10% 90% o
Augerelekton ' ' N
Li<.6 keV Fluorescenz L Augerelekiron o
i Ed 1 keV Ee<d 8 keV @
t 7
&
Phetoelekiron ]
E=1.47keV
: r i
17% 126 8% 3%
' ' t '
Fluoreszenz K Fluoreszenz K KLL Augerelekiron KLM Augerelekiron
E=336keV B E=29.8 ke E=24.5 keV E=28.5 keV
1
Augerelek t '
pa o ! LMN Augerliron LM Augoreekaron 10 &V 1 keV 1 MeV 1GeV 100 GeV
, i <35 ke i<35ke
5.7% 90-3“"" Photon Energy
1

Fluoreszenz L, LMM Augerelekiron
Bed | keV B<3S keV



% 1 I I I | I | I |
Compton Effekt: lm_\; V.
Streuung eines Photons an einem Elektron it ﬁl}\ i
T':i 1 kb §
Yool o - - ¢f = 9
e E, 1+¢(1—cosb) S
N ; Ib
Differentieller Wirkunsquerschnitt (Klein-Nishina): -

do 12 1 (1 +oeos2 0+ e2(1 — cosf)? ) e
d€t 2 14 ¢(1 - cos 9)]2 1 + (1 —cost)

Totaler Wirkunsquerschnitt:

14y [2(142) 1 1 1+ 3¢
ot = 2mr? ( + ){ L+ :]— In{1 E.:]} In{1 + 2¢) — w

4 142 ¢ 2 (14 2¢)*

-
=
=

Differentieller Absorbtionsquerschnitt:
do.. E,—FE., do

df? E., dQ
Totaler Absorbtionsquerschnitt:

I 2(1 +¢)(2e* — 2 — 1) B¢
e 2
ca = O, — TTg — In(1 +2¢ ' -
Oca = Op — T Lg n(l+2e) + e2(1 + 2¢)2 3(1+2¢)3

Atomarer Absorbtionsquerschnitt: o = Z* o,
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Mittlere Distanz welche ein
Photon zurlcklegt bevor es ein
e* e Paar bildet ist gleich 9/7 der
Distanz welche ein
hochenergetisches Elektron der
Energie E, zurtcklegt bevor
seine Energie auf Grund von
Bremmstrahlung auf Ej;*Exp(-1)
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Nachweis von Photonen in Gasdetektoren

Nachweisprinzip:

Wechselwirkung der Photonen im
Detektormaterial

Photoionisation
Comptonstreuung
Paarproduktion

Die dabei erzeugten Elektronen und

Positronen werden im Detektorgas ( dE/dx Energie
Verlust) absorbiert. Die dabei erzeugte lonisation wird
gemessen.



Nachweis von UV-Photonen durch lonisation organischer Dampfe

Entscheidend: Transmission der UV-Photonen im Detektor-Gas (Ort der Emission)
Absorptionswahrscheinlichkeit im Photonendetektor (‘Quanteneffizienz’)
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Data from J. Seguinot CERN-EP/89-92



Beispiel: Absorption eines 5.9 keV Rontgenphotons in Argon

~96% werden an der K-Schale
(E=3.2keV) absorbiert -

Energie des Photoelektrons: 5.9-
3.2=2.7keV

80%: Vakanz wird durch einen ‘Auger’-
Ubergang gefillt. Dabei wird ein Elektron
mit der K-Schalen-Energie von 3.2 keV
emittiert. Abgegebene Gesamtenergie:
2.7+3.2 keV =5.9 keV

16%: M-L Fluoreszenz mit Emission
eines Photoelektrons aus der L-Schale:
Energie=0.3keV. Abgegebene
Gesamtenergie: 2.7+0.3 keV = 3 keV

~4% werden an L-Schale (Energie=0.3
keV) absorbiert; Photoelektron 5.9-
0.3=5.6 keV, gefolgt von M-L Fluoreszenz
und 0.3 keV Photoelektron

Anzahl der Messungen

55
Fe in Ar, gemessen in MWPC

L Lt

2 < =] ke
Pulzhoehe (— Energie )

Energieaufldsung o/E~1/N
N...Anzahl der Elektronen = Ey/I
Argon Ey=5.9keV, 1=26eV,N=225
o/E~6.6%.




Rdntgenstrahlungsmessung: Anwendungen

5-30 keV Bereich
— Strukturanalyse (z.B: Proteine) : im Vergleich zur Filmregistrierung 100

bis 1000 mal héhere Empfindlichkeit, fihrte zu zahlreichen optimierten
Detektorentwicklungen

Medizinische Diagnostik
‘Ubergangsstrahlungsdetektoren’— Teilchenidentifizierung

30keV his 1 MeV

Kernmedizin: Positron-Emission-Tomograph (PET): Positronemitter
injiziert, der sich praferenziell in Tumoren anlagert: Emission von zwei
y-Quanten mit je 511keV Energie: Lokalisierung der Emission
ermoglicht Lokalisierung des Tumors. Lokalisierung des Photons
mittles Konvertern (z.B. Blei)

Materialprifung: Analyse von Materialien mit y-Quellen



Strukturanalyse, Materialpriufung, Sicherheitsanlagen mit Drahtkammermethoden

4
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!

Roentgen | A

stranl ~ / é‘ Roentgen ‘

[' . *.j' ves s ale : Drahtpotential ¥, (+)

(PNOLO LAL, UIsay)

oF e 7 9 {Fafl Sl
Fig. 30 Radiograph of a car made by the method based on the use of a multiwire proportional
chamber with a thin converter and a grazing incidence of the hard-X-ray beam. (Photo

Fig. 29 Example of the electronic structure of a macromolecule reconstructed at Orsay using
diffraction measurements carried out with the spherical chamber shown in the previous figure.
(Photo LAL, Orsay)

Schlumberger)
30



Nachweis von Neutronen

Nachweisprinzip:

Starke Wechselwirkung mit dem aktiven Detektormaterial. In
Abhangigkeit von der Neutronenergie — verschiedende Kernreaktionen

E<20MeV: Nachweis geladener Sekundarteilchen

6 3 10

N+ Li > o+ "H n+ B—>a+7Li n+3He—>p+3H;

E<1GeV: Messung der Riuckstossprotonen

AMaM max
9 _ n p2E cos? © By ~E,
P (Mp+Mp)e N
E>1GeV: Messung der Ruckstossprotonen

Messung der durch starke Wechselwirkung erzeugten Sekundarteilchen
(hadronische Schauer - Kalorimetrie)



Nachweis von Neutronen
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Abbildung 3.9: Wirkungsquerschnitte fuer neutroneninduzierte Kernreaktionen
als Funktion der Neutronenenergie E,.

Hbherenergetische Neutronen mussen erst ‘moderiert’ werden (durch
inelastische Stdsse), um sie dann in einem Detektor nachweisen zu kénnen
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Abbildung 3.10: Die Neutronen werden durch elastische Streuung im Paraffin
moderiert und anschliessend im BF3 Zihlrohr gemessen.




Electromagnetic Interaction of Particles with Matter

Z, electrons, q

M, g=Z, e,

q=-e,

g
g

Q,

Now that we know all the Interactions we can talk about Detectors !

Interaction with the
atomic electrons. The
incoming particle
loses energy and the
atoms are excited or
ionized.

5/16/2008

Interaction with the
atomic nucleus. The
particle is deflected
(scattered) causing
multiple scattering of
the particle in the
material. During this
scattering a
Bremsstrahlung

photon can be emitted.

In case the particle’s velocity is larger
than the velocity of light in the medium,
the resulting EM shockwave manifests
itself as Cherenkov Radiation. When the
particle crosses the boundary between
two media, there is a probability of the
order of 1% to produced and X ray
photon, called Transition radiation.
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