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Radiation interaction with matter

- alpha, beta, gamma particles and neutron
- charged particles or neutral particles

- heavy or light particles

— excitation (photon)
— ionization (charge carriers)

- radiations: Bremsstrahlung, Cherenkov, transition radiaton

- gas, liquid, solid state (crystal)
- element, composites, mixtures

- isolator, conductors, semi-conductors



Photons vs. Particles

. intensity drops with
distance, energy is constant

— J: linear attenuation coefficient

FOTONOK

- 1/g: mean range

: energy drops with
distance, intensity is constant

- range: X,

- small (~1%) variation is the range:
straggling
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Charged particles

Processes:

inelastic scattering: electronic
stopping, at ~MeV

* Coulomb interaction of particle charge
with-atomic electrons - energy loss by
excitation or ionization

elastic scattering: ,nuclear” stopping,
at <100 keV (end of trajectory)

+ particle interacts with the atom without
»modifying” the state of the electrons
- energy loss of the particle is not
significant
* loss in radiation detectors
radiations (Cherenkov, Bremsstrahlug,

transition radiaton): at very high
energies (and for electrons)

» critical energy: energy loss by
bremsstrahlung is equal to ionization
energy loss
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Bethe-Bloch formula

 Describes the energy loss per distance of charged particles (ions) in matter

 For electrons: due to their small mass, it is a little bit different

— relativistic corrections, quantum mechanical indistinguishability, larger
bremsstrahlung

dE  4me*z°’NZ 2M,v?
dx  (4mey)2M,v? 5 I
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pure Bethe
Bethe + corrections
Experimental data
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Bragg curve - cancer therapy

Carbon ion beam

18 MV photons

254 MeV/u carbon ions _
300 MeV/u carbon ions
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Radiative processes of charged particles

« At high energies: bremsstrahlung, Cherenkov radiation, transition radiation

Projectile electrons

High-energy
bremsstrahlung

Low-energy
bremsstrahlung

e Cherenkov radiation:

- light is emitted when particle
velocity is larger than the
velocity of light in a dielectric
material (n: index of refraction)

- emission angle (B=v /c):

 Transition radiation

- emitted at the boundary of
different dielectric materials

« Bremsstrahlung (braking radiation):

deceleration of a charge particle when
deflected by another charged particle -
EM radiation

continuous spectrum up to E_

significant only for electrons since
m.,=m /1836 (m_ is small )




Energy loss of muons
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Interactions of photons with matter

: interaction of a photon and a K (or M, L) shell electron

- electron is emitted with energy defined by the photon energy and the binding
energy of the K (L, M) shell electron

- cross section for K shell emission is higher the for L shell
— Charateristic X-rays and Auger electrons after photoelectron emission

— governing process at low photon energies

Energy of
o photoelectron:
O IZI by &
#  Jump of L-shell
. . electron to the K shell
Photon gamima -' _”*., / 7
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Interactions of photons with matter

. : inelastic and incoherent scattering of photons by
atomic electrons (typically by weakly bounded electrons)

- electron is emitted, the wavelength of photon is shifted (Compton shift)
- momentum is assigned to photons » momentum and energy conservation

—__high-probability at intermediate gamma energies

Energy of scattered photon:

‘Electron
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Cross section of Compton
scattering:




Interactions of photons with matter

- direction of the scattered photons described by Klein-Nishina formula

do a?(1 - cos 6)*

e 1 e
—=—=|—————| [1+cos?6+ ———
d5 2 [1 + a(1 — cos 9)] [ AFEOSTE 1+ a(l — cos@)

o gt 1 keW ,8)

Thearm

1, : Classical electron radius (2.82 x 10~ 13cm)
hv

G gt 100 ke ,8)
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o a2 VeV 8

mpc2’
hv: Energy of incident gammaray
m,c?: Electron rest mass energy

Tearm

- elastic, coherent scattering
- low energy limit of Compton scatttering, when hv<<mc?

- typically ©<20 degree

- if electrons are not at rest (e.g having relativstic energies) — shifting up photon
energies!!

- new type of monoenergetic, high energy, intense gamma source (ELI-NP
Bucharest, HIGS facility Durham, US)



Interaction of photons with matter

: an energetic gamma photon produces an electron-positron

pair near a nucleus (in the strong electric field of the nucleus)

energy treshold is 1022 keV according to the rest energy of electron and
positron (m,c*>=511 keV)

momentum AND energy conservation requires the nucleus to take away the
momentum of the photon

positron and electron energies are not strictly equal thus directions are not
symmetric to the incoming gamma

positron is not stable: after deceleration = annihilation with an electron - 2y
with Ey = 511 keV and with ©=180° (it is a prompt process!)

dominating process at large photon energies

' Energy balance:
/'

O

Positron

Cross section;

Electr on\k

-e K-



Interactions of photons with matter:
summary

Very-high-energy
No interaction incident photon

e Photoelectron

Absorption

haracteristic x-ray
L — K transition)

Es=E,

Rayleigh scattering N Pos[i?a .

.

Q@

— ..
Recoil electron %

. Electron Photon
Incident Annihilation
x-ray  Wwith incident energy, E, event

photons N, Pair production




Interactions of photons with matter:
summary

—

Photoelectric Pair production
effect dominant dominant

ot
w

o
—

i_mx
EAV G ol N

Pair
product\n

Compton scattering \=
dominant

I
E
=
ot
=
2
7]
£
3
Q
=
=)
-
©
|
3
£
g
0
0
o
&=

Atomic number Z of the absorber material

0.05 0.1

1,000 10,000
Energy (keV)




Types of particle detectors

: registration of
individual evenets (time
information + possible energy,
position, etc.)

- jonization counters:
. _gas detectors - Cloud chambers, bubble chambers
« semiconductor detectors - Solid state track detector

« scintillation detectors - Telescope detectors
* Cherenkov detectors

: not individual event, but detection of avarage on a time
interval

- photoplate

- ionization detectors: current measurement
- thermoluminescent dosimeters

- induced radioactivity

- radiation damage

— calorimeters



Gas-filled detectors: introduction

Operation principles:

Some key-points:

gas ionization: particle-
matter interaction

Visualisation of ion chamber operation

electric signal: stem from ,
lon electron pairs lon Current

Incident

collected on electrodes radiation

particle

by electric field DC Voltage
Electric _ Source

Cathode

electron-ion pair creation
diffusion, recombination
drift velocity of electrons and ions with/without electric field

charge (electron) multiplication



Gas detectors: ionization process

* interactions of charged particles in a gas:

— primary processes: excitation, ionization, dissociation, elastic collision

recombination, secondary ionization

* lonization in gas: statistical process — Poission statistics

- avarage energy needed per electron/ion pair creation w ~ 30 eV

— ionization potential of gases are typically lower (E. = 15.8 eV)

- weak dependence on gas tand particle type

TABLE 5-1 Values of the Energy Dissipation per Ion Pair

(the W-Value) for Different Gases®

W-Value (eV /ion pair)

Fast Electrons
26.4
41.3
36.5
34.8
33.8

30.8

Ll
2

Number of
pair created:

Alpba Particles

E ~1MeV
# pairs ~ 30 000

secondary processes: radiative transitions, charge exchange, electron capture,

Table 6.2. Measured Fano factors for various gas mixtures

Gas

Ar 100%g

Ar+80% Xe
Ar+ 240 Xe
Ar+4+20% Xe
Ar+5% Xe
AT+5% Kr
Ar+20% Kr
Ar+79% Kr
Xe 100%,

F

023 0:05
<(0.40+0.03
=0.21 £0.03
<0.23+£0.02
<0.16 +0.02
<0.14+:0.03
<0.37+0.06
<0.12+0.02
<0.13£0.02
<0.15+0.01

Fano factor (< 1 !):

Ref.

[6.4]

[6.5]
[6.5]
[6.5]
[6.5]
[6.5]
(6.5]
6.5]
(6.5]
[6.6]




Charge transport in gases

: thermal motion by . : under electric field
interaction with gas molecules - E —» separates +/- charges
thermal diffusion at T and p

— ion mobility is much smaller than
electron mobility

- drift velocity:

= diffusion coefficient: Drift velocity in Argon Ethylene

Mixture

- diffusion equation: Lol nani

0
c
—
E
-
L=
=

a
a
e
=
=
=

Relative

thermal equlibrium — recombination !!



Charge transport in gases
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Secondary processes

if electric field is high enough - e e
electrons can ionize molecules —» T
secondary electrons are produced § WL TG
if electric field is even higher —» A R
. SK=-408 K-808
secondary electrons many times o408 K-805
. LND=451 g414
= Townsend coefficient : ' "“*—"5“**: i s R
5K ?1"5-55 L. |

K-807 /‘F"F

FACTOR

- multiplication factor:

avalanche formation:
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Region of operation of gas detectors

1. Recombination before reaching
the electrodes — loss of signal

Vaniation of ion pair charge with applied voltage

2. Created pairs reach the electrodes
under voltage V - signal
proportional to primary ionization

3. Secondary electrons are created
and extracted, number of
secondary electrons are
proportinal to incoming energy -
signal is proportional to secondary
ionization

not used
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4. Region of limited proportionality
- not used

Limited proporffonatity -

5. Discharge in the full gas — signal
is independent of energy

Voltage applied — linear scale

 Operation depends on the geometry of the chamber, size of the wires, type of
gas, pressure, high voltage



lonization chamber

Visualisation of ion chamber operation

A container filled with gas:
- e.9. Ar+CH, mixture at p=0.5-2 bar
« 2 isolated electrode at high voltage
at U=1-5 kV
(o

« Operation modes:

- current mode: current indicates the
rate of ion formation

e DC Voltage

Electri Source

- pulse mode: detecting individual
event

High ‘irrackistion: rate « Detection efficiency: 100% for
charged particles, 1% for photons
(low Z materials, low density)

« Singal: e.g E_ = 3 MeV

- w=30 eV -» n=E/w=10° e-ions

' 10-100 V ' - V=Q/C=0.5 mV - amplification!!




lonization chamber

* Due to the different drif velocities
of electrons and ions, the signal
has a fast and a slow component
— using only the fast electron
component

« Thesignal amplitude is position
dependent!

* Frisch-grid ionization chamber:

- removes the effect if slow ions -
no position dependency of signals

Pervious region Measurement region

Frisch grid

Interaction
region




Development of an ionization chamber at
Atomki




Development of an ionization chamber at
Atomki

AMR spectrum Angle vs. Energy

h2D
Entries 208589
Mean x 1417
Mean 5.2 - Mean y 0.9104

RMS 0.6045 RMS x 83.6

0 Constant 1.237e+04 + 5.466e+01

Mean 5.155 + 0.000
Sigma 0.03333 + 0.00011

Entries 208589

Pulser

900 1000 1100 1200 1300 1400 1500 1600 1700 1800

E (ch)




Development of an ionization chamber at
Atomki

Mass distribution
of the fragments




Proportional counters

* Goal: signal amplification by the multiplication of the primary e/ion pairs
- at high voltage — electrons gain kinetic energy enough to ionize the gas

- atp=1bar- U=10°V/m

- best geometry: cylindrical a: radius of anode
b: radius of cathode

Pulse signal from a
cylindrical proportional counter Example: V=2 kV with a=80 micron
e . and b=1 cm — E(a)=10° V/m

« Fast signals: rise time of the
signal down to 0.5 ns

« Possible of making position
sensitive counters:

— readout techniques: center of
gravity, charge division, delay
time readout

/ CV,
111(1 +-'” '.r)

neEa ™ )

4 Il ‘L.. !I

The pulse is usually cut by
an RC differentiating circuit




Multiwire proportional chamber (MWPC)

wire net
(at GND)

sign (R) wire net HYV Y Y

- {(=500V) _
(at GND) sign (D) sign (U)

_ delay units

> {IIIIIIIIIIIIIIIIIIIIIIIIII TR = ‘



Multiwire proportional chamber (MWPC)




Drawbacks:

Gas Electron Multipliers

mechanical
sensitivity

high voltage
instability

clean laboratory
is needed

Gas Electron Multiplier was
invented at CERN in 1999

Filling gas: isobutane, Ar+CH,
Ar+CO,

Low pressure — fast signal
Large amplification (10°)
hole & pixel (charge localization)




Thick Gas Electron Multipliers

orfand
charpe divizion

cathode mezh

» tranaparent

THGEM board
d=1mm

sepraetted
read-ont board

2D senitive

read-ont

CERN (400 EUR)

I

Mﬁﬁéﬁi&iﬁh

103-10% e out



Gas Electron Multipliers

Delay line read-out anode board:

capacitors (82pF) and inductors
(220 nH)

4 ns./line

'(tl—t2) gives the coordinates in
one direction

2200H | 2200
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220nH
220nH | 220nH | 220nH | 220nH

220nH  220nH  220nH  220nH

o o o o o a a o o o
[ [3][3][3][8][3 [3][31 [N

Th-GEM readout anode: 2
layers PCB



Gas Electron Multipliers

i Pos: 142.0ns

2D Position

I 50.0ns
31-0ct-12 15:44

—-800 —600 —400 -200 0 200 400 600 800 1000
X (ch)




Geiger-Muller counters

for High Electric Fields:

Secondary avalanches are produced by
photons emitted by excited atoms

M ~ 1010

Entire volume gas is involved in the process

= Loss of information on space
= Loss of information on energy (NO spectroscopy)
= identical output

Flateay

Fill Gas: He, Ne or Ar

Noble gases
To aveid formation of negative ions

being based on multiplication process - by e {5
” w200

."x_

400-1200 V
depending on the gas




Geiger-Muller counters

The Geiger discharge stops when an high ions (+) concentration
reduces the field E below the moltiplication threshold

|
-

L

50-100 us |
f*’fr'\;/ '5% / ___ Second full pulse appears

when ALL ions (+) are collected
to the cathode

scond el

= G-M tubes are limited to application with low counting rates

Method to improve
effective counting range

1. Time-to-first-count-method:
The high voltage is switched
between two values:

- Normal operating voltage
- lower value below avalanche threshold

2. Self-Quencing:
i 8 Quenching gas is consumed
addition of quench gas (5-10%) (molecule disassociate)
with complex molecule absorbing UV photons (ethyl alcohel ..) = Limit 1CF counts




Basics of y spectroscopy - I.

a very large
detector

Full-energy
peak




Basics of y spectroscopy Il.

Photoelectric
absorption

' Eaning scattered a Ve ry S m a I I

gamma ray

Single Compton scattering d ete Cto r

Pair production

Escaping annihilation
photons

“Photopeak,”’
hy < 2mgc Ay > 2myc? or full-energy

peak

or escape

”PthDpeak.” ”D{)Ubie
peak

full-energy
peak —

Compton continuum

|
/ (hv—2mgc?)

Compton edge




Basics of y spectroscopy - lll.

Photoelectric
absorption

Lo intermediate
S S size detector

Escaping multiply scattered
gamma ray

v >> 2??1062

Photoelectric
production absorption
Single escaping
annihilation photon

Ly < 2mg c?

Single | Fuli-
Double | ©Scapej energy
| peak

escape fi  Peak
eak
Full- pes

energy
peak

(hv—m e ?) ‘ hv E

/ . Multiple
Compton

Multiple
Compton events

events




Basics of y spectroscopy - V.

Photoelectric absorption

Characteristic
e

a detector i »t;
with g Compton
shielding ~

Annihilation
photons

¢

7| O
K—ray
peak

=, e e

Backscatter peak

®

Annihilation

-----.-u-—--m-r.—-—'l-w'——"—'k
s
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Semiconductor detectors: introduction

 |ONIZATION as in gas detectors — solid state ionization chamber
- but in semiconductors — solid materials with crystalline structure (Si, Ge)

- electron-hole pairs (instead of electron-ion is gases)

« Semiconductors have resistances between that of conductors (low
resistance) and insulators (high resistance).

= This behaviour is governed by the energy band gap between valence and
conduction bands in the device; E ~ few eV.

— use microchip technology: structures with few micrometer precision can be
produced at low cost. Read-out electronics can be directly bonded to the
detectors

- only a few eV per electron-hole pair - 10 times more charge produced (wrt gas)
— better energy resolution

- high density compared to gases = need only thin layers (greater stopping
power)

- apart from Si, the detectors need to be cooled (cryogenics)
- no multiplication

- crystal lattices — radiation damage



Semiconductor detectors: introduction
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Principle of operation

« Detector operates as a solid state
lonization chamber:

— charged particles create electron-hole
pairs

- placing the crystal between two electrodes
that set up an electric field -» charge
carriers drift and induce a signal

 Less than 1/3 of energy deposited goes into ionization. The rest goes into
exciting lattice vibrations

« Effect: along track of primary ionizing particle plasma tube of electrons
and holes with very high concentration (10%°> - 10" cm?3)

 Challenge: need to collect charge carriers before they recombine - very
high purity semiconductor materials needed!!



Band structure

Solid = crystalline structure of atoms in a lattice, with covalent bonds.

The periodic arrangement of atoms in the crystal causes an overlap of
electron wave-functions, which creates a “band” of energy states allowed
for the outermost shell energy levels.

Electrons are fermions: the Pauli principle forbids to have more than one
electron in the same identical state and this produces a degeneracy in the
outer atomic shell energy levels. This produces many discrete levels which
are very close to each other, which appear as “bands”.

The innermost energy levels are not modified, and the electrons remain
associated to the respective lattice atoms.

: electrons are detached from parent atoms and are
free to roam about the whole crystal

: electrons are more tightly bound and remain associated
to the respective lattice atom

: in pure crystals, between the two bands above there
are NO available energy levels



Band structure of solids

" | Conduction Band

Valence Band

BaEs e B- - 2~ 2- 2~

Conduction Band
Conduction Band

S
o
—
o
A

Band Gap B-g-e-e-e-e-e-e-

Valence Band Valence Band

E= E- 2- - E= S

Insulators Semiconductors Conductors

: large energy gap — at normal temperatures no e- can reach

conduction band
: tha band gap is small » thermal energy can bridge the

gap for a small fraction of electrons
: valence band overlaps the conduction band —» no band gap



Band structure - temperature

Insulator

No conducting electron
within permissible
temperature range

F-D Dist. at 300K

Fermi-Dirac Distribution at 300K There i? _a finite
gives equal probability of probability of thermo-

conducting electron and hole ionic emission of
i : electron at 1000K
in semiconductor

Figure 2.2.1.Comparative study of Semi-conductor,Metal and Insulator based on Energy-Band Diagram

At sufficently high temeprature (room temp), some
electrons can reach the conduction band and
contribute to the electric current.

Probability for e- having E:



Semiconductors

: VERY PURE material

Charge carriers are created by thermal or optical excitation of electrons to
the conduction band:

— Difficult to produce large volumes of so pure materials. Impurities will govern
the elevtrical properties of the semiconductor

- Extremely low concentrations of charge carriers

Majority of charge carriers provided by impurity atoms at lattice sites of
the crystal

- Impurity atoms (pentavalent elements, donors) provide extra electrons — n-type
(majority charge carriers: electrons)

- Impurity atoms (trivalent elements, acceptors) have insufficient number of
electrons for the covalent bonds, free hole at impurity site, provide extra holes
- p-type (majority charge carriers: holes)



Intrinsic semiconductors

Crystalline lattice of Si, Ge: 4 valance electrons

At zero temperature, all electrons participate in
covalent bonds.

At non-zero temperature: thermal energy can
excite-a valence electron into the conduction band. GaAs|1.43 eV
A hole = positive charge remains in the valence
band

Under the action of an E-field: the electron can
move in the conduction band. In the valence band,
other electrons can fill the hole —» effective
movement of holes (electric current)

Intrinsic concentration (~ the
probability of generating thermally an electron-hole

pair):

Shared electrans
of a covalent
bond.




Intrinsic semiconductors

The electrical behavior is determined by the mobility of charge carriers:
Drift velocity: v, = UE (u: mobility)
Specific resistance: p (Qm)
Resistance R=p I/A, with length | and area A transverse to E
As in gases: random thermal motion + drift in electric field
In intrinsic semiconductors:
- MW = const. forE < 103 V/cm
- M« 1/VEfor 103 V/icm <E <10 4 V/cm
- Mo« 1/E for E > 104 V/cm = vD = PE is CONSTANT !!

Saturates at about 107 cm/us (similar to gases / trade off between energy
acquired and collisions with the lattice here)

- fast collection of charges: 10 ns for 100 um drift
- vh = 0.3 - 0.5 ve (very different from gases!)
| = e ¢ ni (ue + uh) E = 0 E - conductivity: o = 1/p p: resistivity



Recombination and trapping

: an electron falls from the conduction to the
valence band to fill a hole - produces a photon. It is a rare process, with
long lifetime (the exact energy is needed)

in the crystal lattice can produce: (ALWAYS present!!)

: additional levels in the forbidden gap can
capture electrons from the conduction band, or holes from the valence
band — reduction of the mean time a charge carrier remains free
TRAPPING: of only electrons or holes, for some time - If the release time
of the charge carriers is longer than the collection time in the detector,
these processes produce a LOSS OF CHARGE

Include point defects (vacancies, positions in
between lattice) and dislocations (displacement of a full line of atoms).
Produced during growth of crystal or by thermal shock, plastic
deformation, stress and radiation damage.



gy level)

onor impurity
tributes

Antimony g | .

added as . SI K

impurity :
g

Doping - n type

Conduction band

Valence band

Space (arbitrary)

Donor band of electrons sits
in the forbidden region
between the conduction and
valence band.

Much easier to excite
electrons from here to the
conduction band than it is

from the valence band.




Doping p-type

!
)

Energy (eV)

Conduction band

Acceptor band sits in the
forbidden region between
the conduction and valence

EF Farmianertiyilavel) sl & il ST gl Ges e T S it G /

i band.
.e. 0 §Valence band

Impurity
creates a

S o Much easier to excite

¢ Sj @& noe

- electrons from the valence
band to the acceptor band

> than to the conduction one.

The excited electrons leave

Boron . i I' S (arbit )
. ace (arbitrary) , :
sidedss P Y’ behind holes in the valence

band.




pP-n junction
To collect charge carriers produced through radiation interaction - by electric

field (typically hunderds of volts).

High voltage induces leakage current due to thefinite conductivity - 1 mm
thick Si witha 1 cm2 area and a U=500V -» ~ 0.1 A

However, an impulse current level produced by radiation interaction is only ~
HA!l - 3 Is required to reduce the leakage current to pickup the
signal corresponding to the radiation interaction.

Bring p and n materials “into contact” (in reality, done otherwise) —
thermodynamic equilibrium

Electrons diffuse from n to p semiconductor, and holes from p to n

At the boundary there will be a zone with few free charge carriers (electrons
and holes) - depletion layer

Fixed charges are left behind (ionized donors and acceptors) = space charge
E-field builds up and counteracts the diffusion, which stops eventually
with n=N_ and p =N,

Difference between Fermi energies on both sides gives:



pP-N junction

Spacea
; charge
neutral region reqion neutral region

electrons

entration

n-doped

e,
L
s
Qs
=
[
]
iLp

*Diffusion force™ on holeg ——tape e "Niffuscion farce" on electrans

E-field force an haoles E-field farce on electrans




pP-N junction

« At the interface of an n-type and p-type semiconductor the difference in
the fermi levels cause diffusion of surplus carries to the other material
until thermal equilibrium is reached. At this point the fermi level is equal.
The remaining ions create a space charge and an electric field stopping
further diffusion (contact potential).

« The stable space charge region is free of charge carries and is called the
depletion zone - it is already a radiation detector!

 Poor quality: the depletion (sensitive) volume is thin and the electric field
is not sufficient to collect the charge carriers quickly - recombination

Ty Doke

CONCUCToN Elecin




pP-n junction: forward and reverse bias

 Applying an external voltage V with the
anode to p and the cathode to n e- and
holes are refilled to the depletion zone.
The depletion zone becomes narrower,

« The potential barrier becomes smaller
by eV and diffusion across the junction
becomes easier. The current across the
junction increases significantly.

 Applying an external voltage V with the
cathode to p and the anode to n e- and
holes are pulled out of the depletion zone.
The depletion zone becomes larger (W):

 The potential barrier becomes higher by
eV and diffusion across the junction is
suppressed. The current across the
junction is very small “leakage current”.




Voltage - current characteristics

Forward biasing the diode results
in a behaviour that follows the
Shockley equation. Large currents
p ; _ can flow in this direction when a
In reverse bias there is a region bias is applied.
where there is only a small current
flowing. This dark current or
leakage current needs to be smal
for a diode to be an effective

detector.

Voltage

Above some bias voltage the
diode breaks down and a large
current flows in the negative
direction.

y [NA]
R
=
o

¥y ]
=2

currant /

leakage current

leakage «

100 150 200 250 300 350
reverse bias voltage Vv [V]




Mobility of charge carriers

« Carrier mobility 4 depends on the
diffusion constant D and the
temperature T of the semiconductor.

| Electrons (273K):
| p=1400 cm?V-1s"

RMS (cm)

D is related to the charge collection
time and has variance 2Dt. The RMS of

thermal diffusion is

t(ws)

| Holes (273K):
=450 cm?V-s"

3
)
-
=4

« fast collection of charges: 10 ns for 100
KM drift
« v, =0.3-0.5v_(very different from

gases!)




Signal of semiconductors

« Total charge signal:

Q- (t d ) +Q + (-|—oo) = —Q (] typical signal shape in

semiconductor detector

* Signal rise time essentially

(u}li.ﬂ
determined by: T = p'e€0
« |n reality a bit more complicated:

- Track not exactly a line charge
(distributed over typically 50 um
width)

- M # constant

- Some loss of charges due to
recombination at impurities

300 K 77 K
ED EO

3.6 eV|3.8eV|1.1eV « Fano factor of Si is F~0.1 !
2.9 eV|0.7 eV




Energy resolution

« Statistics of charge carriers generated + noise + non-uniformities in
charge-collection efficiency



p-I-n detectors

Way to get beyond a few mm thickness:

- From the 1960ies: create a thick (1-2 cm) depletion
layer with COMPENSATED material (very high
resistivity)

Start with-high-purity p-type Ge or Si (acceptor is
typically Boron)

Bring in contact with liquid Li bath (350-400 -C)
the lithium diffuses into Ge/Si

Apply external field = positive Li-ions drift far into
the crystal and compensate Boron ions locally

- Typically 10° /cm3 Li atoms

Needs to be cooled PERMANENTLY! (liquid N2) to
avoid separation of Li impurities by diffusion!

Application: y spectroscopy

— Larger cross section for photoelectric effect in Ge
wrt Si = Ge(Li) preferred!

Resolution much better than Nal scintillator, but
efficiency significantly lower

-—
up to several cm




Energy resolution of Ge(Li)

e« Comparison of gamma
spectra obtained with
Nal(Tl) scintillator and
Ge(Li) semiconductor
detectors

- Decays of 1%%Ag and 1%Ag
 Labelings are in keV
 Not in practice any longer




HPGe detectors

Keep dark current low not by .

compensating impurities but by o — [‘ o i

(power supply,
c.)

-

making the material VERY CLEAN
itself

Extremely pure Ge obtained by ] -
repeating the purification process e Do T

Dewar Flange

(zone melting) » < 10° impurities AP i 2|

p e r C m 3 t‘ il Charcaal

0-Ring Seal

Preamplifier /

__——" (to maintain vacuum)

Intrinsic later like compensated zone
in Ge(Li), similar sizes possible

: cooling only needed
during use, to reduce the thermal
noise

The crystals can be p or n type
according to the nature of residual
impurity traces

The junctions are carried out by
doping with ion-implantation one of
the faces of the quasi-intrinsic
crystal which can be a very large
volume




HPGe detector: y spectroscopy
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Position sensitive detectors

INCIDENT
PARTICLE

——- Resistive

Au SURFACE — Charge division
DEPLETION — readout

E———— T
|
RESISTIVE
BACK LAYER

Position along one direction by signals of two amplifiers
Signal in E is proportional to the total energy deposition
Resistive contact works as a charge divider

Signal in P measures x/L

Ratio P/E gives position independent of deposited charge



Position sensitive detectors

* Independent segments (strips), photolitography and ion implantation
 Independent readout of strips, reconstruction by center of gravity



Summary

« Silicon detectors (generally SSB or implantation) — principal use in
spectroscopy (or detection) of charged particles (proton,alpha, ...)
and for the determination of the trajectories of charged particles
Particles stopped in 5mm Si(Li) detectors:

- a up to 120 MeV kinetic energy
- p up to 30 MeV
- e up to 3 MeV

« Germanium detectors (generally HPGe) — principal use for
detection and spectroscopy of y rays



Scintillation detectors: introduction

r a
ﬂcﬂ' = !-f fﬂ”

scintillation material photosensor

electric pulse

scintillation light :
photon — electron

Luminescence: Emission of photons (visible light, UV, X ray) after absorption
of energy. Energy deposition in the material by

- Light » Photoluminescence
- Heat » Thermoluminescence
- Electric energy - Elektroluminescence

—  Chemical reactions » Chemoluminescence

: emission of photons following the excitation of atoms and
molecules by radiation (y, or particle radiation).



Scintillation detectors: an introduction

: emission of light by a substance that has absorbed light or
another electromagnetic radiation of a different wave length. In most cases
the emitted light has a longer wavelength. The emission follows shortly
after (appr. 10 ns). Fast component of signals.

: Similar to fluorescence, however the re-emission is not
immediate. The transition between energy levels and the photon emission
is delayed (ms up to hours). Slow component of signals

Photomultiplier

A scintillation detector consists of a scintillating material, coupled to a light
guide and a photo detector.

The scintillating material converts y- and particle-radiation into light (visible,
uv).

The light guide leads the light to the photo detector. A wavelength shifter is
often used to match the wavelength to the response characteristics of the
photo cathode.

The photo detector converts the light into an electric signal. Various photo
detectors are applied, e.g. photo multipliers, SiPMs, gaseous detectors.



« Scintillating materials:

inorganic crystals, organic crystals,
organic liquids

plastic scintillators

nobel gases (gaseous and liquid)

scintillating glasses

« Applications in nuclear- and particle
physics:

trigger detectors for slow detectors
time of flight counters (TOF-Counter)
calorimeters

position detectors (scintillating fibres)

detection and spectroscopy of
thermal and fast neutrons

neutrino detectors (liquid
scintillators)

Scintillation detectors: an introduction

fast response time (especially
organic scintillators, ~ ns)

sensitive to deposited energy

construction and operation
simple = cheap and reliable!

aging (especially plastic
scintillators)

radiation damage (especially
plastic scintillators)!

hygroscopic (especially inorganic
crystals)!

low light output (especially
gaseous scintillators)!

in combination with the optical
readout sensitive to magnetic
fields (e.g. when using photo
multipliers)!



Scintillation detectors: an introduction

Many materials show luminescence. However, a useful scintillation
detector has to fulfil the following requirements:

, 1.e. high efficiency to convert the excitation energy into
fluorescence.

with respect to the own fluorescence light. Otherwise the light is
absorbed within the material itself.

- An matched to the spectral sensitivity of the photo detector.
Matching can also be achieved by introducing a wave length shifter.

* Signal shape:

- very fast rise time of the signal ’h'\ total signal

- a fast and a slow decay component (in ||.-._ \:‘
organic scintillators) —» slow component *m.\\
intensity depends on particle type —» ’ \ N

,

L=,
&
=
=
=

\faat component
- number of emitted photon: 0

time

Signal vs. time of a scintillator with fast
and slow component.




Light output

Only a few per cent of the deposited energy is transferred into light. The
remaining energy is used up by ionisation and other processes:

- non-radiative de-excitation modes e.qg. lattice vibrations, heat, impurity-related
effects (called ,,guenching”)

- phosphoresence

Mean energy required to create a photon:
- Anthracen (C14H10): ~ 60 eV

- Nal(Tl): ~ 25 eV
- BGO (Bi4Ge3012): ~ 300 eV

Anthracen or Nal are often used as reference material, i.e. the light yield is
given in percentage of the yield of Anthracen or Nal.

In addition photons are lost in the scintillator itself (re-absorption) and in
the light guide.

Quantum efficiency of the photo detectors also only about 30%!



Materials

—-
360 (= 516,01
-
Organ. Cristal -
Organ. Cristal -
-
-
-

JuauodWoD ueLw,

Terohenvl In liquid solution,
F pheny plastic
In liquid solution,
t-PBD plastic

In liquid solution,
plastic




Inorganic scintillators: overview

Different types of inorganic scintillators:
— inorganic crystals, glasses, noble gases (gaseous or liquid)

Scintillation mechanism is different for inorganic crystals, glasses and noble
gases. The consequence are very different response times.

- inorganic crystals, glasses: rather slow (compared to organic crystals)
= noble gases: fast

Important inorganic crystals are:

— Nal,Csl: as pure crystal or doped with Thallium ((Nal:Tl),(Csl:Tl)); BGO (Bi4Ge3012);
BaF2, CeF3, PbWO4, LaBr3

Wavelength of emitted light is 400-500 nm. (Nal: 303 nm, Csl: 580 nm)

- High density, short radiation length
- High light output : =100%-400% of Anthracen
- relative radiation resistant: especially: CeF3, GSO, PbWO0O4, (bad: BGO)!

- typically slower than organic scintillators: decay times are few hundred ns, due to
phosporescence. (Exception: CsF2 ~ 5 ns and PbWO4 ~ 5-15 ns.)

— some are hygroscopic (especially Nal but BGO, PbW0O4,CeF3 are not hygroscopic.)



Inorganic crystals: mechanism

Conduction band * radiation creates electron-hole pairs —»
recombination via photon emission

Eg=5-10 eV - inefficient
(isolator)

5 o

2| |3

(- w

of |2
@)

0

© =3

- photon energy > visible light

- emission wavelength = absorption
wavelength - self-absorption

Valence band

« Activated inorganic scintillator:

- absorbed energy excites electrons to the —
. conduction band
conduction band. z

s exciton band -

- holes ionise activation sites

i

- electrons migrate until they “drop” into an
ionised activated site, leaving the activator _ ,
in an excited state a activator ,. axcitons | activator

levels ; levels
- excited activator state decay time (~50-500
ns) >> electron, hole migration time

. . | band
— activators (fluorescent ions as Tl or Ce) act SHASEE
as luminescence centers, recombination APampty lasals
centers = occupied levels

* . single occupled levels (electrons)

- scintillation photons of longer wavelength
than pure scintillators = no self-absorption

single empty levels (holes)




Inorganic scintillators: emission spectra
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Organic scintillator: an introduction

Different types of organic scintillators:
— organic crystals organic liquids, plastic scintillators
Organic scintillators are aromatic hydrocarbon compounds

The scintillation mechanism is due to the transition of electrons between
molecular orbitals = organic scintillators are fast ~ few ns.

Organic crystals consist of only one component

Liquid- und Plastic scintillators are usually composed of 2-3 components:
—  Primary scintillator material
- Secondary scintillator as wavelength shifting component

- Supporting material

The dependence of light output from energy deposition is usually not
linear in organic scintillators: a high density of excited molecules along the
particle track causes de- excitation without photon emission (quenching
effect). —» Light output becomes saturated

Light output described by Birks law:

Kg: 104-102g/(cm>MeV)




Organic - Plastic scintillators

Plastic scintillators used in numerous applications in particle and nuclear
physics.

Advantages:
- Fast fluorescence: = 3 ns

. Any kind of shape possible

— Easy to machine, cheap

Disadvantage: T
Plastic Scintillator

- Not very radiation resistant !EE |iE

The support structure is a polymere matrix containing a primary
scintillator

- matrix materials: Polyvinyltoluol, Polyphenylbenzol, Polystyrol, PMMA!
- Primary scintillators: p-Terphenyl, PPO, t-PBD,...
- wavelength shifter: POPOP, BBQ,...



Wavelength Shifter

Wavelength shifter absorb photons of a certain wavelength and re-emit
photons at a different wavelength (usually larger) to better match the
scintillator light to the read out device.

Important wavelength shifter materials:
- POPOP (1,4-bis-[2-(5-Phenyloxazolyl)]-Benzen; C24H16N202)!
— bis-MSB (1,4-bis(2-Methylstyryl)-Benzen; C24H22)!
- BBQ (Benzimidazo-Benzisochinolin-7-on)!

Wave length shifter can be mixed into the scintillator or integrated into the
light guide.

EJ-298#2 OPTICAL SPECTRA

7N
(VAR VASHE
I/ AN

ABSORPTION SPECTRUM FLUORESCENCE
FOR A 50p THICK FILM SPECTRUM

AMPLITUDE

_ --l‘-L

400 450
WAVELENGTH (nm)




Light guides

Often scintillators cannot be directly coupled to the read out device for
space constraints or magnetic fields. The shape of the scintillator also
rarely matches the shape of the photo detector = use light guides for
coupling!
- Light is guided by total reflexion (surfaces polished and with reflective coating)
- The shape of the light guide is irrelevant. Sharp kinks have to be avoided.

ki Commonly used material PMMA (Polymethylmethacrylat), often with wavelength
shifter material added.




Photo detectors

« Different photo detectors used to read light from scintillators and transform it
into electric signals:

“Classical” photomultipliers
- “New” silicon devices: APD, SiPM
— Hybrid Photon Detectors HPD

= (Gaseous Detectors

- Photons hitting the photo cathode release electrons (photoelectric effect). The
electrons are accelerated towards the 1st dynode and produce secondary emission.
This process is repeated at each dynode and finally the largely amplified electrons
reach the anode.

— Quantum efficiency (QE) 10 - 30% depending on wave length, entry window
material, photo cathode.

_ number of photoelectrons emitted
number of incident photons

Dynodes
e

QE
 Advantages:

— high amplification gains 104 - 107

Qutput

 Disadvantage:
- sensitive to magnetic fields Photo cathode S

|E-'!|"E'f Hi_[:]h 'u'f_]-|[.'-_'|1jl§! 1-2 kY

b &




Photomultipliers - photocathode & dynodes

 mutiple electrons emitted per
incident electron

- secondary emission ratio 6
 multiple (N) dynodes: gain = &

« in practice-overall gain up to ~10’ ANODE LUMINOUS

SENSITVITY

@TYPICAL SPECTRAL RESPOMNSE CHARACTERISTICS
(R7600U-100/-200 Series)

50 TP

Super Bialkali

ANODE LUMINCUS SENSITIVITY (A /Im)

Current Bialkali 1 GAIN (CURRENT
. AMPLIFICATION)
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E
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APD, SIPM

* Avalanche Photo Diodes (APDs) are
silicon devices operated in reverse
bias mode in the breakdown regime.
Geiger mode APDs (G-APD) operate
in full breakdown, current limited by
quenching resistor

 APDs (operated in Geiger mode)
Front can detect single photons!

A * High gain in the range of 10° to 10’
« Work at low bias voltage ~50 V

SiPM are matrices of G-APDs:

1
1
Hquem: hin 'ul

« Low power consumption

* Insensitive to magnetic fields
y * Radiation hard
w/ . Tolerant against accidental

1 _p* silicon wafer 5 _ . :
Back contact | . illumination
-V blas

« Cheap



Summary on photosensors

| e | w> | sew
photo-detection ) _
efﬂ{:lency [%] 20-40 60-80 20-40
galn 106-107 50-200 10% 108
e R N Y

bias voltage [V] 1000-2000 50-500 20-70
tlme jitter (10) [ps] - >1000

magnetic field

compatibility yes (upto 15T)




Hybrid Photon Detectors (HPD)

Photoelectrons are accelerated in vacuum (20 kV) and detected with a
silicon hybrid pixel detector.

=i pixel array
(1024 elamenis)

Caramic carriar

Photacathode

i .'1 |._.:' K W 1]

. i
Photon %}
— - i Y - i
W Y, U
VR . |
L iy Soldar — |
bump

Binary
honds 7

alecironcs

chip

=. Eisenhardt, Mucl. Instr. Methods A 565 (2006) 234
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