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Lectures

Energy loss by ionization (by “heavy” particles)

Interaction of electrons with matter:
e Energy loss by ionization
e Bremsstrahlung

LAST
WEEK

Cherenkov effect
Transition radiation

Interaction of photons
e Photoelectric effect

Charged particles

TODAY

e Compton scattering
e Pair production
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Cherenkov effect

_ _ _ Cherenkov 1934
A charged particle with mass M and velocity

B = v/c travels in a medium with refractive

index n:
n*=g¢g =(clc_) p'
e, = real part of the medium dielectric constant 0 S
” C
c_ = speed of light in medium = ¢/n
o, K
Ifv>c ,namely>p, =1/n—
real photons are emitted: coherent wavefront
e Photons are “soft”
Ip| = |p|
w <K yMc?
e Characteristic emission angle O O 9 v
w 1
cosf, = .— = — Cherenkov angle
K-V np
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Cherenkov: first application

Threshold detector: use different materials (refractive indices) such that
particles of different masses, at equal momentum p, produce Cherenkov

radiation of not (pass the threshold or not):

C, C,
T, K, p nq n,=>n,
p
Choose n_, n, such that for a given p (8 = p/E):
1 1
B-n- > — BKin < —
1 n,
1 1
ﬁ-,—mBK > n_2 Bp < n_2
Particle identification: light in C, and C, — pion
light in C. and not in C, — kaon
no light in both C, and C, — proton
I=5= 1L
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Cherenkov radiation: spectrum

Consider the spectrum of emitted photons per unit length versus:
e Wavelength: short wavelengths dominate, (blue)

AN
d*N B 2z (1 1 ) B Qmraz? / “oH

. 2
Az a2 e S lo

B*n2(A)

e.g. integrate over the typical sensitivity range of a
good/typical photomultiplier (300-600 nm):

600 nm
dN — ] dAdQ_N =750 z”sin® fc photons/cm
dz agonm | dAdZ
dN
e Energy w

d*N 2%a 1 22a . 9
— 1 — = — 8s1n 90
dEdzx he 32n2(X) he

= 5= 1L
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Cherenkov effect: typical numbers

e Number of photons per cm of radiator:

assume n(w) constant (e.g. true for visible light produced in gases
300 < A <600 nm)

(n—1)  (B)th 0°(deg) N°(cm™t)

H, 0.14 - 10~3 59.8 0.96 0.21
N> 0.3-10"3 408 1.4 0.45
Freon 13 0.72 - 10~3 26.3 2.2 1.1
H,O 0.33 1.13 41.2 165
lucite 0.49 0.91 47.8 412

e Energy loss: the energy loss by Cherenkov radiation is negligible wrt
the one by ionization!

typical photon energy: ~ 3 eV

in water g—E = 0.5 keV/cm = 0.5 keV/g/cm?
X Icher

cf. ionization g—E > 2 MeV/g/cm?
X lion
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Cherenkov effect: momentum dependence

Asymptotic behavior of the Cherenkov angle and the number of produced
photons, as a function of the particle momentum p (for § — 1):

QE ] i i i i ‘%‘8‘
c|c|> I
aS Z
1.0 i
0.5 (K / ,
10.1
O | | | | |
0 5 10 15 20 25  plGeV]
o 1
cos0; — CosOg = —
1
N,=x-370/cm(1—-——) — x-370/cm(1——;)
B n n
I=5= 1L
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Application: measurement of 3

In a medium of known refractive index n, measure the Cherenkov angle
and therefore determine the particle § = p/E ( — identity)

PrInCIple Of detector surface spherical mirror
RICH — Ring Imaging CHerenkov
Detector >

DIRC — Detection of Internally
Reflected Cherenkov light
DISC — special variant of DIRC

radiating medium

particle

= 5= 1L
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RICH detectors

Principle: image the Cherenkov cone into a ring, of which measure the
radius. Particle momentum provided by other detectors

Components: radiator (+ mirror) + photon detector

Spherical

= (pgrabolic) Charged
2 mirror particle l
=3
8
= —-
=
< Charged
- particle
8
g: gap
2

G diat
=] as radiator Liquid radiator
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The LHCb RICH-1 detector

Two radiators: aerogel + C,F_

Spherical + flat mirrors
Hybrid Photon Detectors

(cm)

60

40

20

Magnetic
Shield

Aerogel

exit window

VELO / \ ) b_

Plane
Mirror

Photon Funnel
and MDCS

Photon
Detectors

250 M2

" Spherical
I.'Ar/ Mirror

Beam pipe

T Track

= A "~—_carbon Fiber

Exit Window

0 100

200 z (cm)
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Necessary radiator thickness

For a good measurement of the ring (and consequently of 3), a sufficient
number of photons must be produced and a sufficient number of

photoelectrons must be detected!

n, =n (Cherenkov) x €
= (0.8

light collection
~ (0.2

light collection X r]quantum efficiency

m

r~|quantum efficiency

Example: ask for n_2 4 to reconstruct a good ring
The efficiency must be = 90%

n, follows a Poisson distribution: P(4)+P(5)+P(6)+...

— < ne >=7
— need n_(Cherenkov) ~ 44 photons
— e.g. 0.4 m freon

>0.9
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Spherical mirror array: LHCb
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Transition radiation

A particle at high energy (= large y) crossing the boundary between two
different dielectrics, having different indices of refraction, can produce
“transition radiation” — can emit real photons

) e Predicted by Ginzburg and Frank (1946)
e Observed (optically) by Goldsmith and

) Jelley (1959)

e Experimental confirmation with X-ray
measurement (1970s)

N4

>

N2 ~y

Explanation: re-arrangement of electric field
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Transition radiation: classical model

Simple classical model:

electron moves in vacuum towards a conducting plate

particle/.)
E-field described by method of mirror charges 6 i

— as generated by dipole: mirror

charge

p

< >
o« a

(a®+p?)

E,

p = 2ea

N

Dipole moment changes in time — induces the radiation of photons

Radiated power: P  «F

d(ﬁw)ocm(;2

e w-independent — white spectrum
e dP ~ vy (but check the relativistic generalization
e dP ~ a — one a per boundary
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Transition radiation: full calculation

Full guantum mechanical calculation:

e [Interference: coherent superposition of radiation from 1
neighboring points in vicinity of the track 0 = ;
— angular distribution strongly peaked forward
e Depth from boundary up to which contributions add D ~ Yy C
coherently — formation length D o w,
e \olume element producing coherent radiation V
V. = 1mpn,D

e Photon energy: X-rays E’™ = yhw,

y

Relevant parameter: plasma frequency w:

2
| 4 | Z
ver=n(w)~1— w—g with  wp = ﬂ-w;e = 28.84/0— eV
w MmeC A

Typical values: polyethylene CH, W = 20 eV, p=1g/cm®* - D =10 pm

Ford > D — absorption effects important! Consider foils of thickness D!
Per boundary: ~ a photons — many boundaries ! O(100 foils) — <n>~1-2
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Transition radiation spectrum

-Without absorption E L
N ARV4 § | 25p.mMy1ar/lSmma1r
: Y 2 xlO : =

10~2

~
b

Oscillations
are due to
interference
between
successive
boundaries

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

tr interface (ke
[—y
<
W

dS/d(hw), differential yield

s bl il N
1 10 100 1000

x-ray energy how (keV)

X-ray photon energy spectra for a radiator consisting of 200
25 um thick foils of Mylar and for a single surface
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Principle of a transition radiation detector

Detection Principle: y-Absorption
[Electron-ID]
TR 5T
I B N B R B B i | Electron
. oo o e
dE/dx |
|| || || L [ | [ | O
Radiator foils | Wires
|
Detector Signal:
0-electron TR
[Transition Radiation]
dE/dx
/\/\/\ ANV N\ )
Drift time
I=5= 1L
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Principle of a transition

radiation detector

Choice of
1) radiator material and structure
2) photon detector

Minimize photon absorption in the radiator

—
(=]
n

-
o

SRR —

Absorbtion coefficient, \Wp (cm*/g)

1 10 10°

Photon energy (keV)

Detection Principle:
[Electron-ID]

] S
T T

Radiator foils | Wires

Y-Absorption

Electron

o o P ©

Maximize photon absorption in the detector

Mean free path (mm)

10 N———

1 10 10°

Photon energy (keV)
I=5= 1L
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Principle of a transition radiation detector

Expected performance for polyethylene radiator foil stacks and various
detector gases:

Aﬁ 2 CH,-He: d, =15y, d=600u, N=100 ‘QE . 1
5 >—e -— E - I‘ . xe 1
175} " il /‘T‘ - z \ " Kr (90%)+C0,(10%) |
[ : ~ 14 A Ar !
[ . ‘ ~ l
':‘: / y ] 'l_g. 12l
: f s
125} f é ol |\
| | | A .
n— J '|| B .l
075} .'| v
i .' I ] fi -
0.5} [ & glectron I.“ y 4 :
f m—— &
botE " 2z 3 4 o: Ll S o
10 1 10 10 10 10 0 5 10 15 20 25 30
Momentum (GeV/c) Gas depth (mm)
onset of TR production for electrons, muons, fraction of absorbed TR photons as a function of
pions and kaons. Radiator of 100 foils, detector depth. For good absorption probability
thickness d1, spacing d2 preferential use of Xe gas, typical dimension cm
== 1L
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ALICE TRD
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7)) | ]
a2l -
m B -
— i il
(b} B | Ao 3R ]
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I=5= 1L
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ALICE TDR

I=5=1
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Interaction of photons with matter

Characteristic of photons: can be removed from incoming beam of

intensity “I”, with one single interaction:
I  ——
dl =- |y dx N > >
b (E, Z, p): —> | I-dI
>
Lambert-Beer law of attenuation:
I(x) = 1, exp( - kX )
e Mean free path of photon in matter: A = i = 1
no U
e To become independent from state (liquid, gaseous):
. [ o
T = - = N,—
p AA
Example: E =100 keV, Z=26 (iron), A= 3 g/cm? or 0.4 cm
=5
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Interaction processes

The most important processes of interaction of photons with matter, in
order of growing importance with increasing photon energy E, are:

e Photoelectric effect
e Compton scattering: incoherent scattering off an electron
e pair production: interaction in nuclear field

Other processes, not as important for energy loss:

e Rayleigh scattering: coherenty + A — y + A : atom neither ionized nor excited
e Thomson scattering: elastic scatteringy +e -y + e

e Photo nuclear absorption: y + nucleus — (p or n) + nucleus

e Hadron pair production:y +A— h*+h + A
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Absorption length

100

E T T 111 T T T 1T T T 11117 T T TTTTT] T T TTTTT —

10 ‘-':‘"“?_:-'_:-'-_-*_-f_t-'_-t-;--—_-‘-_z;-t-;z;:;—_—-;:_‘—:—g

& b S g A T S N N S _;
E = ? -
& i i / ‘
01 R L A N S IS —3
< = : =
o - | §
qt;; 0.01 = ,,,,,,,,,,,,,,,,,,,,,,,, e e e —
o - : y -
S - z ; .
‘é"_‘ 0.001 & ...................... : S e
g S | E
< 107¢ =— B RV € e AR —3
10_5 ;_ ...... Y / ................................................................................................................................................. _;
10_6 i | IllIIIl| | ||I1|H| ] lIIIHI[ | |Jl|||l| | I||l|||| ] IlIIHI| | IIIIIIIl | ll|l|1I| | IllIHI[ | 111 |

10 eV 100 eV 1 keV 10 keV 100 keV 1 MeV 10 MeV 100 MeV 1 GeV 10 GeV 100 GeV
Photon energy

Particle Data Group, 2016

= 5= 1L
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-
e/
=

- T A

Photoelectric effect %
y + atom — atom* + e

E =hv-1
Where: hv = Ey = photon energy,
| = binding energy of the electron (K, L, M absorption edges)

Binding energy depends strongly on Z — the cross section will depend strongly
on Z: 7

| £
2. — 9( 02
where: Y F
a,=0.53 x 10" m M
,=13.6 eV “x
-
eg. =0.1MeV — o, (Fe)=29b
o, (Pb)=5kb 5
5 L L [ >
M) (L) K)
e E > mc% o'PhocZ— E(B E(B E(B E,
Y E
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Photoelectric effect - 2

The de-excitation of the excited atom can happen via two main
processes:

Electron collision

e Auger electrons: atom™ * — atom™** + e~
Auger electrons deposit their energy locally due to

their very small energy (<10 keV) y @ Epuoe

Auger electron emission

e Fluorescence: atom™ * — atom* * +y
Fluorescence photons (X-rays) must interact via the photoelectric effect
— much .Ionger range o | e
The relative fluorescence yield increases with Z as /”
w, = P(fluor.) / [P(fluor.) + P(Auger)] 2 ”

a4 .
Fluorescence yield

02

0
0 10 20 0 5 6 M 60 0 w00 /

S.Masciocchi@gsi.de Interaction of particles with matter, May 3, 2017 27




Photon total cross section

Photoelectric effect

Photon Total Cross Sections / I
3 \ I I I I I I I I < I | | I I I I !
B _/ NS
R Carbon (Z = 6) ,':,;r“f‘& Lead (Z = 82)
. | | B
~ I PR oy *
N Photo effect 1 2 F —
= Ope. " g
£ B ; N = N, S ]
£ £ Rayleigh 1 MeV
~ 1kb | % = .
5 =~ 1k Pair —
E B & . production
5 GRavleigh § — ; g
: 7 |
& B o _ .
. U ’
Rayleigh 1bp— g
scattering - \ /" OCompton
L ; c"(I.",onnlptcon -'\ I"-,J, --"\'"’:-‘ ) Ke ,”_ §
10eV 1 keV 1 MeV “ 1GeV  100GeV 10eV  / 1keV 1 MeV 1GeV 100 GeV
Photon Energy " Photon Energy
Pair Production
Compton scattering
I=5= 1L
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Compton scattering

Incoherent scattering of photon off an electron:

Ve — (v)+(e) ~ :
f:""'
. A %0
Energy of the outgoing photon: ANNANSE = = -
E
E, = o——
1—|—m—e"cg(1—cos6?) -
Kinetic energy of the outgoing electron:
mEii’ (1 — COS 9) Feynman diagram
Te = 1+ E, (1 — cos ) Electron Electron

Max energy transfer in back scattering: \\ - /
Te = 2
(E_'Y)max B meC2 1 + &

Me 2 Y Y
E MeC?
AE — Efy - Te’max — f;E — €
1 _|_ ’Yz 2
I=5= 1L
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Compton edge

If the scattered photon is not absorbed in the detector material, there will
be a small amount of energy “missing” from the Full Energy Peak (FEP)
— Compton edge

Photon Spectra

Counts
Compton
Edge

i
Compton n

)

Energy

Full Energy Peak

FEP: photoelectric effect and Compton effect when the scattered photon is
absorbed in the detector. Intensity depends on detector volume, width depends
on detector resolution.
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Compton effect: cross section

(Crnce cartion: calculation in QED - 1929 O. Klein and Y. Nishina
Go to page 26

AR

Klein-Nishina diagrams

8m
Thomson cross section (ye — ye): OTh = ?rg = 0.66 b

Integrating the differential cross section by Klein and Nishina:

Eﬂy<<meC2 Oc = OTh (1_28) E"Y
E. > m.c? o —§0' l(In2<€'—|—l> g:meC2
0 e C—8 Thg >

=5 1L
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Photon total cross section

Photon Total Cross Sections

AW I I I I I I I
:"._ —
Ll & o Carbon (Z = 6) _
|
E B ‘I Photo effect n
.E’j Ope. ]
- -
2
~ 1kb—
=
=
g
5 GRavleigh
: L
Rayleigh
scattering

lOIan~ | N

10eV

’

/ GCompton

I I
1 keV

\
[\

Y
1 MeV ' 1 GeV
Photon Energy

100 GeV

Pair Production

Compton effect

1 kb

Cross section (barns/atom)

-

Pair -
. production
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10 mb I ;| j ) i | AN
10eV [ 1keV 1 MeV 1GeV 100 GeV
Photon Energy
Compton scattering
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Compton: angular distribution

doc _ r2 1 |+ cos 6 + £2(1 — cos 9)? ] c_ E,
dQ 2 (L4+ &(1 —cosh))? 1+ &(1 — cosb) Mme c?
Klein-Nishina differential distribution
%0 Be-030
120 60 | Eg&?
— 511 ke
1 4EMe\
— | OMeV

Photons with large energies
peaked in forward direction

180

Q0
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Pair production: Bethe-Heitler process

Interaction in the Coulomb field of the atomic
nucleus (not possible in free space)

Energy threshold: Y
m
2
E>2m.c"(1+—)
T A
2x electron mass kinetic energy transferred to nucleus Ze

Angular distribution: the produced electrons
are in a narrow forward cone, with opening
angle of 6 =m_/ E,

S.Masciocchi@gsi.de Interaction of particles with matter, May 3, 2017
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Pair production: Bethe-Heitler process

Cross section: raises above threshold, but eventually saturates at large
E because of screening effects of the nuclear charge

N I | | I
\ o%a
2 s i
EY >> meC 1Mb G\;.e —
g — -
o 4 Z (Z In 1 83 . i) E M GRa}'leigh —
Pair 9 Z1 /3 54 < 1kb [~ Par -
§ . production
T B
2 7 1 83 .E - l“111.1:: .
~ 47"« <§|nz1/3) L )
K,
lomp__ L/ | N ~
10eV 1 keV 1 MeV 1 GeV 100 GeV

Photon Energy

Compton scattering
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Pair production: Bethe-Heitler process

Pair production cross section

7

Opair ™~ —~4«

9

X,: radiation length (in cm or g/cm?)

Absorption coefficient:
(M =no n=particle density)

Na

P A O pair

uPair -

~ 1
9 X,

r2Z%In

7 A

1090 _ T Ay
Z

9N,

p (g/cm’) Xo (cm)
lig Ho  0.071 865
C 2.27 18.8
Fe 7.87 1.76
Pb 11.35 0.56
air 0.0012 30420

S.Masciocchi@gsi.de Interaction of particles with matter, May 3, 2017 36



Pair production: fractional e",e* energy

k = incident photon energy 100 R Pair production

x = fractional energy transfer to 3 |

the pair-produced electron (or E°-75

positron) = E/k g .‘ 0TV
< 050 a ]
=~ |

Normalized pair-production z: ‘.\

cross section versus the — 8 *® [\

fractional electron energy: \100PeV—._._ _ _ _10PeV_ _ __ _._—— N

necessarily symmetric %o oz o5 Tors 1

At ultra-high energies (TeV) — Landau-Pomeranchuk-Migdal effect: quantum
mechanical interference between amplitudes from different scattering centers.

Relevant scale: formation length = length over which highly relativistic electron
and photon split apart

Negative interference: reduction of cross section

S.Masciocchi@gsi.de Interaction of particles with matter, May 3, 2017
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Total photon cross section oowm-o

1Mb |- . o - experimental Oy, —

and absorption length !

1 kb

Cross section (barns/atom)

Otot = OppT+ 0Oc T Op
B = Upp+ lec T+ MUp
NAp 10 mb
——0

I

b

no; =

S
|

k] o, (b) Lead (Z = 82) ~

M .\ﬁ’ %) o - experimental Oy,

1kb
Figure 33.15: Photon total cross sections as a function of energy in carbon and lead,
showing the contributions of different processes [51]:
0p.c. = Atomic photoelectric effect (electron ejection, photon absorption)
ORayleigh — Rayleigh (coherent) scattering—atom neither ionized nor excited
OCompton = Incoherent scattering (Compton scattering off an electron)
Knue = Pair production, nuclear field 1b
ke = Pair production, electron field
0g.d.r. = Photonuclear interactions, most notably the Giant Dipole Resonance [52].
In these interactions, the target nucleus is broken up.

Original figures through the courtesy of John H. Hubbell (NIST). 10 m]% eV 1 keV 1 MeV : 1GeV 100 GeV

Cross section (barns/atom)

Photon Energy
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Photon absorption length

100

10

Absorption length A (g/cm?2)
=
o
H
IIIHm|\IIHM]II\HW|IIIHM|IIIHm'IIIHm|IIIHM'I [

IIHHJ \IHHJ IIHHJ IIHHJ IIHHJ IIHHJ

10_6 | IJIHH| ] IIIHH| ] lIIHHl I IIJHH| | IIIHH| | JJIHH| | IIIHHI | lIIHH| | IlJHH[ | 111

10 eV 100 eV 1 keV 10 keV 100 keV 1 MeV 10 MeV 100 MeV 1 GeV 10 GeV 100 GeV
Photon energy

I(x) = |, exp( - x/\)

1 MeV photon travels about 1 cm in Pb, about 5 cm in C
I=5= 1l
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Contribution by pair production

- 10 ¢ —
Probability P that a photon :
interaction will result in 09 ¢ -
conversion to an ete™ pair 08 £ [E

07 £ -

06 - =

pos |- =

For increasing photon energy, 04 E E
pair production becomes 0.3 E
dominant: 02 =
for Pb beyond 4 MeV o b E
for H beyond 70 MeV OO E = -I-’:;:i"llfll I| 1 | | - II| | | | I I I| E

| 2 5 10 20 50 100 200 500 1000
Photon energy (MeV)
=5 I
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Next lectures

We review the most important type of particle detectors in
use in particle and nuclear physics:

e (as detectors

e Semiconductor detectors

e Scintillators
e (Calorimeters

S.Masciocchi@gsi.de
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Gas detectors

Schematic Principle

Particle
of gas detectors

"

Gas

d-electron
tracks in CERN 2m bubble chamber

e — — 7 = o ——
i ! e e e -
- . e

- -‘.‘\ —

; ; .

. \.-: N

b
-

¥ o S .’,"
_-b. R . oo
(@
- = = " -g,'
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Gas detectors
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Fi1c. 2-2. Pulse-height versus applied-voltage curves to illustrate
ionization, proportional, and Geiger-Miiller regions of operation.
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