Particle interaction

|dealistic views of an elementary particle reaction
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« Usually ‘detect’ only end products, not reaction
itself.

« To reconstruct reaction mechanism & involved
particles, need maximum info on end products
(particle type, momentum, energy, trajectory ...)
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Interaction of radiation with matter

Interactions of different types of particles with matter

Charged particle
Tracking Electromagnetic Hadronic Muon detector
calorimeter calorimeter

Ph
otons

Electron

Positrons

Muons
—_—

Charged
hadrons

Neutral
hadrons

Neutrinoi

Innermost layer » QOutermost layer

Interaction of radiation with matter basis of detectors

«  Detector type presentation will be purpose driven
e.g. what they are supposed to do (track particles,
measure energy, identify particle type ...) !

« Particle interaction with matter explained along side
to better connect detector < particle interaction.
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Detectors: general overview

”~

Detector type selection based on several points:

«  primary purpose of detector (measure, count, veto)?
« what needs to be measured & with which resolution
(point, time, energy, momentum, velocity, etc ...)?

« what radiation/particle rate has detector to sustain?

 what is an acceptable dead time? dead-time-less?

« does environment limit choice somehow (limited
space?, magnetic field?, restriction on output size?, etc...)
« areato be covered < cost ?

Table 35.1: Typical resolutions and deadtimes of common charged par-
ticle detectors. Revised November 2021.

Intrinsinc Spatial  Time Dead
Detector Type Resolution (rms) Resolution  Time
Resistive plate chamber 50pm 50-1000 ps* 10 ns'
Liquid argon TPC 0.5-1 mm*  0.01-1 ps8  —I
Scintillation tracker ~100 pm 100 ps/n!l 10 ns
Bubble chamber 10-150 pm l1ms 50 ms**
Wire chambers

- 10 nstt 2- H

(proportional and drift chambers) 50-100 pm 510 nsTh 27200 ns
Micro-pattern gas detect. 30-40 pm 5-10 ns't 2-200 ns*
Silicon strips/pixels <10pm%  few nsYY # < 50 nst

*LHC: ~ 2mm gap, ~1ns. HL-LHC: ~ 1mm gap, ~350ps. Timing RPC: ~50ps
'Limited by amplifier and discriminator bandwidth, usually around 100MHz
'Detector geometry dependent

SUsing the scintillation signal pdg . I bl _gOV
No deadtime for medium
In = index of refraction.
“"Multiple pulsing time.
"For fast particles
*Depending/limited by the amplifying electronics [8]
$Depending on electrode pitch, best values around 2-4 pm have been achieved
¥9Resolutions < 100 ps are reached in dedicated pixel developments
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Pulse mode operation

Evolution of detector techniques due to :

« performant production techniques & electronics

« current mode operation (measuring average
current) = pulse mode operation (current =voltage)

——0 —~— <<
2 =
Detector = R Vit)
Knoll

If time constant (= RC) of circuit large then voltage o«
charge = measurement of the deposited energy

{a)

ift)
Q= f‘m dt Knoll

|

e

l I

| | (b}
Vit) : :Case [2 BRC <<t

I | V() = Rift)

| I

| I

I/ \

I [

I I

| I

I |Case 11: RC >> t, {c)

|

e

7

Particle Physics Experiments 2025 VI/4

Position detectors & Tracking Kenneth Osterberg




P 0! t"on Momentum measurement
Sen “t-\ve Multiple scattering
d&‘\( ,\0\'3 Bethe-Bloch formula

/ Landau tails

&tra “king 3
lonization of gas%s
|

Wire chambers ’§

Drift and diffusion in gases

Drift chamber:

Micro gas detectors

Silicon as a dete‘

Silicon deté’b{ors strips/pixels

@Q

Particle Physics Experiments 2025 . VI/S
Position detectors & Tracking Kenneth Osterberg



Momentum measurement

W
N2

e

X \Vir
N\ ) <
N\ )\

(E.Wilson)

—| = ﬁzp/p-ds/dt

dt dt =
evxB =dpldt

dp

— Bp=ple

e|vxB|=

eB -ds/dt

Fig. 2.3 Vector diagram showing differential changes in momentum for a particle

p+dp

trajectory.

magnetic rigidity: BolTm]=3.3356 p|GeV ]
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Momentum measurement

Momentum measurement

! , Pr= qBp
p; (GeV/c)=03Bp (T-m)

T L 0.3L-B

y — =sinf/2~0/2 - O~

/ T 2p Pr

Ap; = p,sm0=0.3L-B

° 03LB
" s:p(l—cos9/2)zp(9 o 03
0 8 8 p;

A

sagitta s determined by 3 measurements with error o(x):

% olp)| ot i _ 3ot 8y
2 Pr s s 0.3-BL’

for N equidistant measurements, one obtains
(R.L. Gluckstern, Nuclear Instruments & Methods 24 (1963) 381)

S=X,—

o'(p ) meas O_(x) p
T * Pr

— 720/(N + 4 for N > 10
Pr 0.3-BL2‘/ O/ +4) )
Forexample:L=1m,B=14T, 6(x) =175 um, N =15

O'(pT) meas
p ~ 0.26% - pr (s =5.25cm/ py[GeV])
T
NB 2@ constant (at least for |
2 = constant (at least for large pr)
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Multiple Scattering

Elastic scattering

Incoming particle (charge z) interacts “elastically”
(no momentum transfer) with target nuclei of charge Z. @)
cross section for this electromagnetic process 7

2.2
do _4z 2 . (1-(p classical — relativistic
dQ  4p°p* sin*6/2 Rutherford — Mott

A

+ average scattering angle () = 0 do/dQ2
# cross section for 8 — 0 infinite !!
# causes a change of particle direction !!

Multiple Scattering

sufficiently thick material layer — 0
particle undergoes many scatterings: multiple scattering
2
w@@
B :L rplane 0
0
9plane
0) 0

dane

"Highland” formula:

Approximation @ 13.6MeV | L 1+ 0.0381 Lz*
0 = 7 |— . n
Bep Xo Xop?

X, = radiation length of medium (definition later)
(accuracy < 11% for 103 < L/X, < 100)
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Momentum measurement

B0 = Oplane = vV [0] = Ospace/V2

plane

distribution sufficiently described by a Gaussian though|
tails shows sin™* 8/2 behaviour ("Moliere” distribution).
approximative formula assumes Gaussian distribution.

Back to momentum measurements:
contribution from muiltiple scattering (f =1&z=1)

1 | L

Ap™® = psin@, = p-0.0136— |— [in GeV]
p\ X,
MS
o(p) _ ApMS _ 0.0136 L/XO 0045 1
Pr Apy 0.3BL B‘/LXO
a(p)/p i “ independent of p !

total error gy p)/p

For example: Ar (Xo=110m),L=1m,B=14T

MS
2P £ 0.3 %
pr
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Momentum measurement

magnet:

X
TX TLZ)
\L’/HZ \ 0 ®B A
&,
pr = p Sinf

polar angle determined from a straight line fit R = R(z)
N equidistant points with error g(2)

meas. o\zZ | mOStIy
(O] = 2)\/12(N—1)/(N(N+1)) | rather
small

+ multiple scattering contribution.... ,

_ O (P ) 9 (PT)
In most practical cases: ~

Pr

In summar G(p) o X o (x) Pr 1
u V! — >

14 BL VN
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Position resolution

Position resolution of particle impact point.

One or several sensitive detector elements (e.g. wire in a
wire chamber or strip in a silicon strip detector) will see
the signal from particle passage depending on orientation
of particle with respect to the plane of detector elements.

Let d be the spacing of detector elements.
Position of particle impact point
on the plane of detector elements
then given with a precision of:

o .. @ <—
position \/E

For binary readout (i.e.
knowledge whether particle
gave signal or not on a
specific detector element)
equal sign valid. For
analog readout (i.e.

pulse height information)
position resolution is better. The theoretical lower limit is:

0y el
position 2 \/ﬁ 7

assuming particle next to a wire only fires this wire & a
particle passing between two wires fires only 2 wires.

NB! other effects like e.g. electronics noise or charge
diffusion can deteriorate initial resolution significantly.

Further reading: R. Frithwirth et al., Data Analysis Techniques for High-Energy Physics
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Interaction of charged particles

Detection of charged particles

How do they loose energy in matter ?
¢ Discrete collisions with atomic electrons of material

v, my
<d—E> = —jo nE d—o-h dw
ho, ik dx dE
&£ n,: electron density

Collisions with nuclei not important since average energy

loss inversely proportional to target mass (m,<< my).
classical derivation of energy loss given in W.R. Leo: Techniques for
nuclear & particle physics experiments (Springer 1987) p. 22-23.

¢ If energy transfer big enough = ionization,
otherwise excitation.

lonization & excitation basis for particle measurements

Instead of ionizing atom, under certain conditions photon
can also escape material (marginal source of energy loss)

=  Emission of Cherenkov or Transition radiation.
utilized for particle identification (see later).

NB! electrons have to be treated separately since then
Mprojectie = Miarget Making assumptions made in extraction
of upcoming formulas not valid anymore. For electrons
also photon emission via “bremsstrahlung” is a significant
source of energy loss (see electromagnetic shower discussion

Particle Physics Experiments 2025 VI/12
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Bethe-Bloch formula

dE >

Average differential energy loss <E

lonisation only — Bethe - Bloch formula

dE dra’(he)” |, 2mc’y’ B

— )R — ——n,z"| In

dx m,c”f I
o dE/dx (“stopping power”) in [MeV g cm?]
¢ dE/dx depends only on g, independent of ;i
¢ Formula takes into account energy transfers
[ <dE<T™ =2mc’B’y* (validif 2ym, <m

I : mean excitation potential

22

)
J— 2__
P 2

projectile )

R D R B B R R R R
20

o= —=mmess

pdg.Ibl.gov

L
T
I

ICRU 37 (1984) ]
(interpolated values are —
/ not marked with points) ]

Barkas & Berger 1964

(o
(o]
TT T 1]

[~ 16 - Z°9 [eV]

Lgi/ Z (eV)

Bichsel 1992\

8 :1 111 | 1111 | 111 | 1111 | [ | 11 l¢| | [ | L1l | L1 11 +| L]
0 10 20 30 40 50 60 70 80 90 100
Z

# electron density of material n,=N,Z/ A

¢ Bethe-Bloch only valid for “heavy” particles (m = m,).
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Bethe-Bloch formula

dE 4ra’(hc) |, 2mcy’B , O
— ) r - ——n,z" | In — [ ——
dx m,c”f / 2

10

00
l

pdg.Ibl.gov _:

Z/A does not ~ independent IE

differ much for &« ¢ 3

hydrogen (H,)!

_ E of material 2 liquid i
various ol /
elements, . 1 I
except for =

]
i

l||||

1 1 |||1||| 1IN
0.1 1.0

10 100 1000 10{000
/ By =p/
[ ] 1 Lo 1 |||||||| 1 ||||||| 1 |||||||| 1 |||||||
dE/dx first falls o / i 0 ™ bl
1/B2 (precisely B—5/3), Muon momentum\(GeV/c)
kinematical factor 0.1 i0 10\ 100 100D
o .- ~ Pion momentum (GeV/c)
r.nlr.umum_at [_3y_~3 T U
minimum ionizing o 1.0 10 100 1000 10(oo

Proton momentum (QeV/c)

particle (MIP), dE/dx

~ 1-2 MeV g~' cm?)

« then again rising due to In y? term, relativistic rise,
due to relativistic expansion of transverse electric field
— significant contributions from more distant collisions.
* relativistic rise cancelled at high y by “density effect”,/
polarization of medium screens more distant atoms.
parameterized by 6 (material dependent) — Fermi plateauyl
For more details see e.g. J.D. Jackson, Classical electrodynamics, section 13
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Particle range

dE/dx measurement in the CMS Tracker

35
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0 i | |
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1 2
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Landau tails

Real detectors (limited sampling) do not measure <dE/dx>
but energy AE deposited in a layer of finite thickness ox.

For thin layers (& low density materials):
- few collisions, some high energy transfers (“6—electrons”)
- energy loss distribution, “Landau” distribution, show large
fluctuations towards high losses due to these 6—electrons

/ I
/ . : Most likely
<
Average
I \ Gavss fit to maximum
rIIII]‘ EEEN
0 10 20 30 40 50 60 70

Energy Loss (A.U.)

d-electrons leads to broadening of area, where charge is
deposited = worse spatial resolution for such particles.

For thick layers & high density materials:

— many collisions.
— (more) Gaussian(-like) distribution of energy loss.

Particle Physics Experiments 2025
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lonization of gases

Primary & total ionization

Fast charged particles ionize the atoms of a gas.

Primary ionization

Often the resulting primary electron will have enough
Kinetic energy to ionize other atoms.

dE Ay total number of created
AE - -
no = _ dx electron—ion pairs.
ol w. AE = total energy loss

l l W, = effective <energy loss>/pair

ntotal ~ 2 < 4 ) nprimary

60 ' ! ! | ' 1 ' |
Number of primary ' odg.lbl.gov 0
. . . - . . X 7
electron-ion pairs in 50 | ]
frequently used f |
detect _ 4 Wilev) ]
(detector) gases 5 ‘ ]
[ ®
n,,/cms4..6-7Z30 ; \ ~
. . - 26 1
~ 100 pairs/cm in Ar ,, | e o GO
. . 2 @
~ 50 pairs/cmin CH, | X O:g 2 M o
. . A € .
~ 310 pairsicminXe10 | ¥ Air 26
37 CH,
|deal detector gas: R . 30
J € ! . ! |

high density, low W; ©

. J 10 20 30 40 50
& chemically “inactive

Noim (€M™ atm™)

(Lohse and Witzeling, Instrumentation In High Energy Physics, World Scientific,1992)
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Gas amplification

~ 100 electron-ion pairs are not easy to detect!
Electronic noise of amplifiers ~ few hundred e~ (ENC) !
Need to increase the number of electron-ion pairs.
Gas amplification proportional

Cylindrical field geometry (simplest) = chamber / straw
(drift) tube detector

a~O0 (10 um)
b ~ O (mm-cm)

E /.

Ethreshold

E(r)=Le

0
1/r r

Electrons drift towards anode wire (~ stop & go, see later).

Close to anode wire electric field sufficiently high (~MV/m)
so that electrons gain enough energy for further ionization
_)

exponential ;-

increase {'3’5\ % @ 54%(

of number of . . . (

electron-ion pairs.

@
(=2
o
a |
1
L1
v 230
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Gas amplification

From ionisation to gas amplification.
Let 1/a. be the mean free path between each ionization

o = a (&, density, gas type)
La temperature, pressure
e=&(r)

gas amplification: M =n/n, = exp(f (r)dr)

Korff's approximation: ¢ = px A eXp(— Bp/g)

Where 4 & B gas dependent constants and p pressure.

E

b
. _ B Bpaln—
v ln AV, ( bY'
0 M =exp In—| e
B a

(F. Sauli)
a(r)dr - -
o=l /
XO)
Ar:CO, Z°
S 80:20 % A4 B
) —= 1/Torr-cm V/Torr- cm
\ 7 He 3 34
s10° , Ne 4 100
3 == Ar 14 180
< i
. + Xe 26 350
S CO, 20 466
,///
1000 1500 2000

Anode Voltage (V)
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Choice of amplifying gas

Choice of gas:

Dense noble gases. Energy dissipation mainly
by ionization! High specific ionization.

De-excitation of noble gases only possible via
emission of photons, e.g. 11.6 eV for Argon.

Above ionization threshold of metals, e.g. Copper 7.7 eV.

\
11.6 eV

AN Cu — new avalanches —

Ar .
permanent discharges !

cathode

Solution: Add poly-atomic gases such as
methane as quenchers.

Absorption of photons in a large energy range
(many vibrational & rotational energy levels).

A
E
Energy dissipation

_—— Dby collisions or

g dissociation into

smaller molecules.
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Signal formation

ﬁ+ ﬁ+
Signal I” /@ A

.“\\\\\\\\

formation .
® ©

a b c d e

Avalanche formation: within a few wire radii & t < 1 ns!
(assume all charge created a small distance A from anode

Signal induction both on anode Q dV
& cathode due to moving dV = l y dr =
charges (both electrons & ions). CVy dr
. v+ A - R
R
2re,Cl 1 2n8,Cl 1y + A

(/C = total capacitance of wire, r,(R) = anode (cathode) radius)

Electrons collected by anode wire, i.e. dr small (few um).
Electrons contribute very little to detected signal (~ 1 %).

500 T ¢t

lons have to
drift back to
cathode, i.e.
dr big. Signal
duration
limited by total
-V (1) ion drift time !

A

Need electronic signal differentiation to limit dead time.
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Operation modes of gas detectors

-

Operation modes:

m lonization mode: full charge collection, but no
charge multiplication.

m Proportional mode: above threshold voltage

multiplication starts. detected signal proportional to
original ionization — energy measurement (dE/dx),
secondary avalanches have to be quenched. Gain

104 — 106.

m Limited Proportional —» Saturated — Streamer
mode: strong photo-emission leading to secondary
avalanches, merging with the original avalanche.
requires strong quenchers or pulsed HV. High

gain(1019),
large signals
— simple
electronics.

10"

m Geiger mode:
massive
photo
emission.
full length of
anode wire
affected.
Stop discharges
by cutting down
HV. Strong
quenchers
needed as well.

Number of 1ons collected
o

Voltage (arbitrary scale)

- Geiger-Muller &- I T 10000
_: counter f ~g
—  lomzation r T — —7
[ chamber ! ' 4
' ' bmited N ' I/_’l
B I proportionality \ 1‘/ ' '
— 1000
71
7]
o/p A
A
77 -
\}{' 7 100 S
— O . P — —
e  /
' ] / /
| S —
—p ——~ .
: ly/ Proportional : v :
/ . chamber : “:
) J 1 v I
0 200 400 600 800 000
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Multi wire proportional chambers

Multi wire proportional chamber (MWPC)

(G. Charpak et al. 1968, Nobel prize 1992)

cathode

anode wires th . . . .
cathode field lines & equipotentials around anode wires

Capacitive coupling of non-screened parallel wires?
Negative signals on all wires? Compensated by
positive signal induction from ion avalanche.

Typical
L parameters:
L =0 (cm),
d = O (mm),
Fire= O (10 um)

~y

Normally digital readout: d (d=1mm,
spatial resolution limitedto ~* ./12 0, =300 um)

Address of fired wire(s) give only 1-dimensional info.
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Derivatives of proportional chambers

A ‘derivative’
¢ Resistive plate chambers (RPC) No wires !

spacer

foam

10 kV

phenolic laminate)

pickup strips
graphite + insulator

Gas: C,F4H,, (CoFsH) + few % isobutane
(ATLAS, A. Di Ciaccio, NIM A 384 (1996) 222)

Time dispersion = 1..2 ns — suited as trigger chamber
Rate capability ~ 1 kHz / cm?, efficiency > 90 %

Double &
multi-gap
geometries —
improve timing
& efficiency

15 kV_——

comparatively cheap = large-area coverage
operation close to streamer mode (to get sufficient signal)
used by all LHC experiments for triggering on muons !!

Particle Physics Experiments 2025
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Muon/tracking chambers at LHC

LHCb OUTER TRACKER

‘ SINGLE WIRE PROPORTIONAL CHAMBERS

Quter
Tracker

Tusy aEEmmN

Straw Tubes
[double layers]

3 Chambers
[4 layers a 18 modules]

Cathode Strip Chambers (CSC)

£ 3.12 mm
I
| HL,;#,,# |
used for muon 5-16mm T
chambers @ LHC /

ANODE WIRES
Spatial resolution ~mm,

Time resolution (~4 ns)

CATHODE STIPS
Spatial resolution ~ 100 pm

Timing resolution (t,~100 ns)

K.Hoepfner, RWTH Aachen Cern ACT Lecture: Muon Systems, May 2011
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Micro-pattern gas detectors

Faster and more precision ? — smaller structures
Micro-Pattern Gas Detectors (MPGD)

- MWPC (Multi Wire Proportional Chamber)

[!X'.Ill.‘r ‘(.“ !\‘-"\“I. *"."'ll' [ T ‘u‘

The “daddy” of
proportional counters

Photolithggraphic techniques

MSGC (Micro Strip Gas Chambers)
A. Oed, NIM. A 263 (1988) 351;

MSGC A. Barr et al., NPB 61 (1988) 264.
I i R e
i F\ b Vi \ | !
8 - '

»Spatial 1

resolution -
> Rate capability " e e e eeed
csseca®®d
advanced PCB\technology 2238888
(Printed Circuif\Board) s e g S

MicroMegas
HV1
Y. Gioma-
Drift gap .

i 50-70kViem — taris et al.,
e o 3 e NIMA 376

Anode plane gap 2 (1996) 29

J Particle
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Micro-pattern gas detectors

pitch = 100 ym
50 Entries 13

¢ Common advantages of 4w E o) el 1107 ] W
MPGD family: 350 - 807% CF, + 20% Isobutane Constant 03

; Neon  ~0.2449E-02
= Good efficiency = 99% '} Sqra_ 06101
efficiency in GEMs for a

multiplication of 6500 /j:;'/

= Good spatial resolution™ "}

= MicroMegas ~10 pm | bbbl .
. . <025 <02 -045 =01 <005 O 005 01 015 02 02
s Good gain at high rate doet betd-y0et) () 7

GEM’s > MHz/mm?

(

| WY WS T A

= Good energy resolution ¢ | PRI
and gain stability §08 TS

= Good time resolution mwee iy
even down to ~25 ps for\ |
MicroMegas (PICOSEC) pdg.Ibl.gov

= With careful design & e (e

production also good
aging rate achievable

10° 10* 10° 10° 107

T ‘ | T I T T 1 T I
8V | Argon ICH,_(10%

wete THIpR GEM

100 200 300 400 500 600 700 800 900
ADC channel

g P00 NG
T ) Fioportional ke

(Bisd) aphssaud

' Long term aging test for triple GEM

No degradation after 2.7 C/cm?
BT T NIM A 478 (2002) 263

Accumulated charge (mC/mm®)

Relative pulse height (ADC count)
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Micro-pattern gas detectors

€ GEM: Gas Electron Multiplier

F. Sauli, NIM e |
A 386 (1997) 531 e e e
> C > S

e Y e

e
e Y Y —
e e S e W CR PRI

<“——>
50 — 120 um
50 um Kapton
+ 2 x 5-18 pm Coppe ] Em
100200 ym £ E — B
ok
Sln(ilteh-oiE;Iull:l):‘h(ll(:dal(ul:ut:::: :ol\‘ester fleld IIneS In
Yo i ' GEM detector
3.2-mm thick drift region .
. S, — microphoto of
$RPIESRPRI M. GEM foil
‘VGE\I bot. - » ) . .
b 3.2-mm thick induction region .
Pattern for strips and pads\SIngle GEM +
AN readout pads
how avoid aging effects due to radiation? reduce
electric field — thicker foils or several layers (foils)
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Multiple GEM-detectors

To reduce ageing effects, ion feedback and
discharge probability, GEM-amplification is

usually done in stacks of foils

instead increasing the prirt

thickness of the foils.  Folt S
This will also increase
the gain of the detector.

In multiple-GEM GEM 1= — — — — — = = = — s

detectors the driftis | ____ ___ TRANSFERT

set to few mm with TRANSFER 2 |

P GEM3— — — — — — — — — — — — — o
electric fields ~few e Lt

hundred volts/cm READOUT

Distances
between foils
set to be 2 mm
& electric field
between foils
~ 2-4 KV/cm i

To achieve the |
same gain as |

with single GEM 7 =
system need } /

$-D-T GEM equvolt-gain bis

e
' TGEM

Effective Gain

DGEM

over 100V less

VOItage over 10309 350 400 450 500 550

the GEM-foils. AV (V)

C. Buttner et al, NIM A 409(1998)79;
S. Bachmann et al, NIM A 443(1999)464
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TOTEM

T2 detector

* tripple-GEM’s
(Gas Electron
Multiplier)

* resolution: ~
80 um (radial),
~1° (phi)

readout board

Driftcathode |

GEM] mE=

Readout PCB

R\ DRIFT
4
1

.
LIS TRansER 1

A EEE N
TRANSFER 2

3mm
...

3mm

Wiy
\i \COLLECTION
o i

4“——r 4—> > 4—> 4 >

65(¢) x 24(n) =
1560 pads
pads: An X Ap =
0.06 x 0.015%t —
2 X2 mm?—

7 X 7 mm?

strips: 256 (width
/pitch: 80/400 um)

strips

fully equipped &
tripple-GEM

- T atae BT
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TOTEM T2 detector

One T2 quarter assembled & ready
at CERN for instllation in 2009

One half
of T2
telescope
at IP5
before
CMS
end-cap
closure

in 2010
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Drift chambers

Drift chambers

First studies: T. Bressani, G. Charpak, D. Rahm, C. Zupancic, 1969.

First operational chamber: A.H. Walenta, J. Heintze, B. Schiirlein,
NIM 92 (1971) 373.

| | e \r _DELAY_I_

scintillator Stop

TDC
Start

measure arrival
time of electrons
at sense wire

o aeE relative to time t
< X /l 0
x = va(t—ty)
< II > < > v, = drift velocity
low field region high field region
—» drift — gas amplification

I

what happens during drift towards the anode wire ?

< diffusion ?
< drift velocity ?
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Drift and diffusion in gases

Drift & diffusion in gases

No external fields:

Electrons & ions will lose energy due to collisions

ith t th lizati
with gas atoms — thermalization . :ékT < 40 meV

2

Undergo multiple collisions, an originally localized
ensemble of charges will diffuse along with time t

dN (2 D: diffusion coefficient
N € (*/4Dt) gx //4m Dt N: number of e —ion pairs
. A

gauss(;an o,(t) =v2Dt or dN
SPread p = g2(t)/2t N [

O

External electric field: E
“stop & go” traffic due to o O O
scattering from gas atoms —»
drift velocity « e ©
electric field: H# = g_f_{m o

S - mobili O

vp = uUE ( y) O O ©

T (v, €, Ngas) Mmean time between collisions,

v (€) = velocity (kinetic energy) of electron/ion,

Ngas = number of gas molecules per unit volume
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Drift and diffusion in gases

Electhic Field 01: position uncertainty

. . oy : uncertainty on drift length
- =
Electron Swarm Drift

4s. 4t Uncertainty on first electron:

\ o, = o -/2V3InN

1]

/.

Anode Wire / T/ oL
Q' - SN
Drift —

N =100 =0y = 040
Single electron Several electrons Many electrons

..",}é'teetion threshold
1 A v: instantaneous velocity
T = N, .0 (€)v = 1—7 Ngas: # of molecules/unit volume
gas o: collision cross section
o depends strongly on A: average mean free path
electron energy € due S i
to interference effects ~ [Ty Al P
with molecules E 204X I Sciil
(“‘Ramsauer’) 3 U, 5
typical electron drift  : . i 5
velocity: few cm/ps ' 7 -
ion drift velocities: ~ 0.0 L LIMPICATIETS 0.001
1000 times smaller o7 o r o

Electric Field (V/cm)
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Drift tubes

Drift Tubes (DT)

U | i .
E(r)= B .= Typical parameters:
In(r,/1,) 1 Uy~ 2KV ; r/r,~cm/um ~ 105
Radiales '
E-Feld
Operational principle:
,,,,, « Ionization along the particle’s track
Catho dez e Electrons drift to anode wire
r,  Gas amplification near the wire, G~103...105
» Charge collection, signal creation
e N S,
! :{ Anode e f\(“,
25‘m/ ug; C /lﬁ“'&' % Amplification

Constant drift 28ym near the wire

Resolution can be improved by:

Recording the drift time, Operation at overpressure

1) Measurement of drift time At of 2) Application of overpressure

electrons from location x (where e
particle passed) to the anode wire Diffusion D ~1/:/p

Constant drift velocity vp wanted

Only implemented ‘

by ATLAS
(typ|Ca"y ~50 mum/nS, gas dependent) Resolution as af-qp-ctm-oip‘rg‘ssure
Used by all XVl S0 ATLAS
exeriments S| o =
these days : / S 80
= 4 F 2
e 3 : 40
: / &
S : / s °f
&£ i < o= 1 S, i ]
a ; / o 1 2 3 4 5 8
1r /7 Pressure (otm)
| 0. N T W - A ArC,H, (70/30)%, d=3 cm, Dp =100 um
o g W w1 m ArCO,CH, (45/45/10)%, d=2 cm, Dpygy= 50 um
Drift time At [ns]
Resolution per cell (R-dependent)
~ 100 um -<100pm

K.Hoepfner, RWTH Aachen Cern ACT Lecture: Muon Systems, May 2011
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Drift and diffusion in gases

In presence of electric & magnetic fields,

drift & diffusion are driven by EXB effects
Look at 2 special cases:

B y

Special case: E 1

tan a; = wt Vv I E
a;: Lorentz angle g/
- E
w=eB/m:

cyclotron frequency

Transverse diffusion (um) for a 15
: = 7 cmdrift in different Ar/CH, mixtures|
Special case: E || B :

2000 T T

!

b (A. Clark et al.,

] . ] . 1750 \‘ PEP-4 proposal, 1976) -
longitudinal diffusion (along |}
B-field) unchanged. In =L
transverse projection wo |- ace A% S ERIOL -

H @ 40% CHq (E/P) =03
]
]

electrons forced on circle | i}
segments with radius vy /w  $. &}

transverse diffusion Ny -
coefficient appears reduced «} “*‘a,\ |
Y.
— 2.2 ":;,;;.
Dr(B) = Dpo5/ (1 + w?7?) wl SN
very useful ... see TPC’s ! R
8 (kG) =27
Particle Physics Experiments 2025
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Drift Chambers

Time Projection Chamber (TPC) — full 3-D tracklng
¢ xy from end plate gaseous detector (MWPC, GEM..)
¢ z from drift time
¢ inaddition: . ors
dE/dx information
transverse diffusion
significantly
reduced by B-field.

PEP-4 TPC
— )

requires precise
knowledge of v, — — —
. . = V=-55kV =
LASER calibration + G
correctionforgas p & T 8- 10256 —>

drift over long distances — good gas quality required
& not able to handle high rates (drift times us — ms)

space charge problem from positive ions, drlftlng back
to midwall — gating

drift region — |

gate
anode plane\

ALEPH TPC = INZIN 7
(ALEPH coll.,, NIMA 294 ¢

(1990) 121,W. Atwood et. A, l
,, N

Gateldla

B

NIM A 306 (1991) 446) |
@=36mL=44m |

J 0l
(((mnnﬁ

U

parti ol | i T
(isolated leptons) - Cat ode pads
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MPGD TPC

Because of MWPC limitations (rate, resolution...),
new generation of TPC’s use GEM's or Micromegas

This can enable continuous readout TPC and
increase the granularity of the whole system

Drift _
Electron drift GEM

cathode
” Readout

pads

~—

‘oo
0000
'0ooo
10000
J000
10000
oooo
0ooo
1000
1000

H Jo0o0
Boar i

b 0000

Gas-filled Inner field cage jsuss
cylinder 10000
.0000

0000
‘ ‘ oo ’
Outer field cage -

“HV

T it

YYYY Y YYYy

+
o

-
-

E, B field

ALICE GEM TPC @ LHC
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ALICE GEM TPC
(o »
\ s/ Gas Electron Multiplier

Standard GEM foil

e Copper-polymide-copper sandwich
foil (5-50-5 um).

e Geometrical pattern of etched
holes with 140 pm pitch.

e Quter/inner hole g ~ 70/50um.

New design o

2 &
g VU028

=0.95

18 UGL\I)IUGLW
——U,,"285V  ——U =235V

e Stack of four GEM foils (S-LP-LP-S). il sy |
e Gain 2000 in Ne/CO2/N2 (90/10/5) gas ™[

. 124
mixture.
10+
Cover electrode
[ C—1 8t
GEM 1 - T .
cEM2 [ Eny [ [2mm sl
------- | Er [ — 2mm . k- . . .
GEM 3 ‘ - T T = | 1 0.0 0.5 1.0 1.5 20 25 3.0
GEM4 = Ers 2™ BF (%)
Eing dout anode . 2mm

Pad planc |

Strong back‘ |

\/ High Definition Optical Scanning
for quality assurance of GEMs

Hardware and tools

e X-Y-Z table with LED background
illumination.

e CMOS Camera with telecentric optics
and inline lighting.

e Ring-light option.

e Custom robot control-software based
on Labview.

e Data storage.

e Computer for image analysis
with custom software.

UH &
HIP

TEV collaboration 8/10
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ALICE GEM TPC
\L High Definition Optical Scanning (iii)
for quality assurance of GEMs
Results (all measured values in zm)
W

1 - i) I L -
45 50 55 60 65 S -
Inner hole diameter fim] =] < -
li"{ P -

10/10

Preparation of
new GEM TPC
installation

Installation of
new GEM TPC
into ALICE in
August 2020
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FAIR/Super-FRS GEM TPC

FAIR (Facility for Antiproton and lon Research) under
construction @ GSI in Darmstadt, Germany. One of five
scientific projects: NUSTAR studying radioactive ion
beams with Super-FRS (fragment separator) beam line

grancn

NUSTAR collaboration

Internal target
(Nuclear ~ Structure, ’

eA- / N
Collider

Astrophysics, and
Reactions) has more Super.FRS Energy I’\; NESR !
than 700 members in i) LW N ,

Main il '
total. e, SEPaTator ,,tf;ff_‘_:;: \, /
\fﬂﬂﬂ‘ o . 3

Pre N
Part of the Finnish Separator R '“B“"‘";Ji;(/
~ ing Branch  *w, . . ..
Production h/“,.....«"""*

Contribution will be in Fg;:tseinmg

the  superconducting Target .

in-flight separator ﬁ CR/RESR
(Super-FRS) /

Diagnostic systems Driver

Accelerator

‘ (@‘f;/' FAIR GEM-TPC Development for tracking at Super-FRS -’T’- I ’
INTRODUCTION & MOTIVATION

Energy up to 1.5 GeV/u
Intensity up to 102 /spill

THE PROJECT TIMELINE

P& The R&D and Design can be
g finalized by:

Q4/2024

UH &
HIP

Requirements:

1.- High rate capability 1 MHz (1 kHz/mm?)
2.- Large dynamic range, from Physics

3.- Spatial Resolution ~ 200 pmin X and Y
4.- Tracking efficiency close to 100%

5.- Operation in Air and Vacuum

N Mass production:

Q1/2025 - Q1/2026

Part of the Finnish Contribution will be in
Diagnostic systems, which is a work package
dedicated to provide 14 GEM-TPC detectors.

@DMU-GSI, @FSB-FAIR
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FAIR/Super-FRS GEM TPC

[ ‘%M F-\lR GEM-TPC Development for tracking at Super-FRS .

THE GEM-TPC PROTYPE in TWIN CONFIGURATION - HGB4

I View beam downstream

Lateral view

This GEM-TPC has a twin configuration, which means that two
GEM-TPC are positioned back to back. This will allow us to

increase the tracking efficiency in high rate environment.

: \
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Silicon detectors

Silicon detectors Si sensor

Solid state detectors have a

long tradition in measurement
of energy (Si, Ge, Ge(Li)).

Interested in their use

as precision trackers !

Some characteristic numbers for silicon

¢ band gap energy: Eg,, = 1.12 eV.

¢ E.eation(€lectron-hole pair) = 3.6 eV (~ 30 eV in gas)
— large number of charge carriers per unit energy
loss — good energy resolution

¢ high specific density (p = 2.33 g/cm3) — compact

¢ high mobility: tgectron = ~1400 cm2/Vs, pyges = ~ 450
cm?/Vs (depends somewhat on doping concentration
and temperature) — fast charge collection (< 30 ns)

¢ detector production by microelectronic techniques
— small dimensions — high spatial resolution

¢ rigidity of silicon allows thin self supporting
structures. typical thickness 250-300 um —
~ 24 000 — 32 000 e~-hole pairs (average)

? But no charge multiplication mechanism!!
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Semiconductor

Semiconductor: valence band (nearly) filled &
conduction (conductance) band (nearly) empty

How to obtain a signal ?

A In a pure intrinsic

E | (undoped) material
Sonduction band electron density n
& hole density p
E. equal. n=p =mn;
n; T3/2 p~Egap/2kpT
AR siicon: 1, ~ 1.45.101 cm S
This volume —
has 4.35 -108 free charge ~— “sooun -

carriers, butonly 3.2-10% e- < i
hole pairs produced by a MIP.

For semiconductors n - p = n? = constant

— Reduce number of free charge carriers,
i.e. first dope & then deplete the detector

Most detectors make use of reverse biased p-n junctions

(8= J8(2 )8 Electron Configuration for Si:
66 o
@ @ @ M 4 + 4 by bonding —» 8 group
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Doping & pn junction

4 4
e © 6 ©
m 0600 g

n-type: Add elements from
Vth group, donors, e.g. P,
As. Free electrons =
electrons majority carriers.

p-type: Add elements
from 111 group, acceptors,
e.g. B, Ga. Free holes =
holes majority carriers.

pn junction (= diode)
(without bias)

Acceptors ‘:Wa\%\
X
Dono.
Conduction band a v
—_— ] o
Fermi level K il

—~diffusion of e~ into p—
zone, holes into n—zone

= /¢
hokes - Tty |

-X

— potential difference

Av/f%opping diffusion —
thin depletion layer

peak electric field at

— boundary between

A JF dx= p/e,. &

p— & n—zone

no free charge carriers

Holes

in depletion zone

l C. fex
p
I_

of semiconductor devices
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Reverse bias & full depletion

A pdoped n doped A
unbissed \ Conduction cCV)= WD
Fermi level dgpletion layer
X \ thickness:
1 Valence WD ~ %
forward bias eN
| = \/ 21PEV
R \ electric field:
2V

E — bias W —
reverse bias \ &) W, =

1 A : diode area

p . resistivity
\ 11 mobility

g . permittivity
Viias: Di@s voltage

reverse bias voltage applied (~ 100V) — thin depletion
zone extended over full junction — fully depleted detector.
energy deposited in depletion layer, due to e.g. charged
particles, creates free e —hole pairs. In field, e”’s drift to-
wards n—side, holes towards p—side — detectable current

detector grade |electronics grade
doping 10%™ cm™ (n) - 1017(18) -3
concentration 10" cm=3 (p*)
resistivity ~4 kQ-cm ~1Q-cm
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Silicon detectors

Spatial information by segmenting p doped layer —»

single sided microstrip detector. schematically !
. =50-1
readout capautancesd/ S0-150 \m
RN > .
3102 Al \/ ] X S|02

~passivation
= A o+ 1 N —

w p+ stlicon 250-300 pm

% n type silicon

LA R RNt IR PR PRI P IR RN R R RN (R

n+ silicon vs0 (A Peisert, Instrumentation in High

defines end of depletion Energy Physics, World Scientific)
zone + good ohmic contact spatial resolution
p ving ﬂjﬁ;ﬁ‘;& e ___ withy digitaldreadout:
Ay X

£ X \/12

spatial resolution
improves with
analog readout
by up to a factor 2

ot St 5 s

P H
il
a &
;
1§
i
%
.

zfcm/ fo
/ﬁ(
4 (7’160\/'

2007,

ALICE: single sided
micro strip prototype

fl'i?(?/ Cor {)(,‘T ch Ux 2.5 cmm
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CMS Tracker

silicon sensors
~20 cm strip length

carbon fibre
support

pitch adapter

hybrid
front-end electronics
with read-out chips

kapton flat cables
for power and data =

+ Advantages:

— More elegant for measuring 2
coordinates than using stereo modules

— Saves material

+ Disadvantages:

— Needs special strip insulation of n-side
(p-stop, p-spray techniques) also ALD

s Com |icated manufacturin and Scheme of a double sided strip detector
p g (biasing structures not shown)
handling procedures

» Expensive Oxidladungen

ALD = atomic » '
layer deposition i T

n+-Si / f A _ X n+-Si
e -Akkumulationsschicht

» Ghost hits possible

O “Ghosts”

Positive oxide charges cause electron
accumulation layer.

i
+ x real hits
i

Particle Physics Experiments 2025
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Silicon detectors

-

Second coordinate: square segmentation
¢ Hybrid Active Pixel Sensors (HAPS)
m segment silicon to diode matrix
= also readout electronic with same geometry
m connection by bump bonding techniques
Flip-chip assembly:

pixel detector bump-bonded to readout electronics

RD 19, E. Heijne et al.,
NIM A 384 (1994) 399

aluminium layer
high resistivity
silicon B

p type silicon

flip chip ——

bonding
=8 Particle detection

pixel readout - A ~ B using silicon

electronics chip
They produce a pulse visible
the readout electronics .
performed by
GEC

Marconi Materials LTD charged particle
Caswell . UK .

m First experiment WA94 (1991), WA97 (*Omega”)

m HAPS detectors extensively used at LHC (ATLAS,
ALICE & CMS) due their good ability to do tracking
in high multiplicity environment with a high precision.

Particle Physics Experiments 2025
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Silicon detector characteristics

Important features

* Macroscopic features of a good
semiconductor sensor are

v Low capacitive load = low noise in readout

electronics
v Low leakage current = low noise in readout
electronics current density
v Good charge collection ] vs current I
v High speed I=]-A

Characteristics of the diode
* Capacitance (C-V) StrUCture

The capacitance of the diode PRERAT ey
influences the noise of the readout
electronics by loading the amplifier

Full depletion voltage = 100 volts

Capacitance (pF)

The capacitance of the pn-
junction is given by
€€
Cj — R*0
WD Frequencies: 1, 10, 50, 100, 150, 300 kHz
The capacitance of the junction will
decrease when reverse bias voltage
is applied until full depletion is

IERCE, A = surface area
WE WANT LOW CAPACITANCE! Of pn'junCtion
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Silicon detector characteristics

structure w.x T "° e*lAd/kr

* Leakage current (I-V) s Sa—

i
diffusion current This is the dominated current in

Electrons generated in the p+ a good sensor. The current is due
region and holes generated in to generation-recombination in
the n+ region diffuse to the the depleted region.

junction and are collected by I = goW (current
electrodes. Small effect for Si ¢ ~ 98D per area)

but large for Ge atroom—, Gg ¢ is the generation rate dependent

temperature. of the intrinsic carrier
2
I = e deteCtorsconcentration, n. Tg = Charge
= 4y y, mustbe _ ', carrier gene-
cooled !! & = 7 ration life

where D is the diffusion constant o ¢ time (~10-3 s)
for electrons in the p+ region and r, inch 1815-10
is the lifetime of the electron

* Leakage current (I-V)

v generating current(cont.)

The current is also sensitive to

temperature. 7 K decrease in T halves
current. Lower T = increase generation
life time t, = Si detector cooled !!

good |-V curve

v surface current

Surface current is a contribution
on complex effects happening in
the boarder between the
semiconductor and surface
oxide. The current level is very
dependent on processing quality

and handling.
At = energy difference between

trap and intrinsic Fermi levels

bad l—V curve

Y
L} .

Particle Physics Experiments 2025 i VI/S 1
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Silicon detector trends: monolithic pixels

Pixel detectors that combine separate sensor and electronics, fabricated with
different processes, are a hybrid technology.

The hybrid geometry of the detector introduces substantial material into the
detection volume.

This can be traced to the demands this design makes on the power budget
through: sensor bias, analog and digital architecture, and data transmission.

This translates to copper conductors and cooling systems, and reduced positional
resolution.

Initiatives to reduce power consumption in hybrid detectors:

» reduce material per detector layer

* 1integrate power conductors in mechanical support

* introduce special powering systems including DC-DC converters and serial
powering of modules.

A different solution: monolithic detectors....

Most promising technology: MAPS

Monolithic Active
NWELL — - Pixel Sensors!-
DIODE TRANSISTOR TRANSISTOR (MAPS) use an n-
channel MOSFET
NWELL transistor (NMOS)

embedded in an
epitaxial p-layer
(thickness 15 microns)
similar to standard
CMOS chips. The n-
well of the transistor
collects the electrons
generated by charged
particles from a thin
depletion layer through
diffusion only.

DEEP PWELL

Epitaxial Layer P-

I R.Turchetta, et al., Nucl. Instr. and Meth. in Phys. Res. A 458: 677-689, 2001.
2 I. Peric, Nucl. Instr. and Meth. in Phys. Res. A 582: 876-885, 2007.
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ALICE ITS installed 2021 for LHC Run 3
» Based on the Alpide chip in TJ 180 nm

designs
—Pixel pitch: 29 um x 27 um
—Power < 40 mW/cm?

—Integration time <10 us
(not fast enough for CMS & ATLAS)

All monolithic silicon pixel
tracking becoming possible

* ALICE MAPS-CMOS Tracker
—7-layers, 12.5 Giga pixels,
10m?

—R coverage:
23 —400 mm

* Material/layer:
—0.3% X, (IB)
—1.0% X, (OB)

Technology advances:

» 300 mm wafer-scale chips fabricated with stitching
» thinned down to 20-40 um bent to the target radii

* held in place by carbon foam ribs

Key benefits:
* extremely low material budget: 0.02-0.04% X,
(beampipe: 500 um Be: 0.14% X,)
— . * homogeneous material distribution leading to
oosg/em . smaller systematic error

0,033 W/mK

D. Bortoletto, MT- -

Particle Physics Experiments 2025 .
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Silicon trackers

DELPHI

1990

Q)

. Z,
pixels & %{?
ustrips

CMS 2009

DELPHI\

1994
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Silicon trackers

Purpose of silicon trackers

The role of the tracking detector is to image with the highest possible
precision the trajectories of charged particles.

Their many applications in a particle physics experiment:

1. Reconstruct vertices: identify cases where 2 or more tracks emerge from a common
point. The primary vertex indicates the initial hard interaction. The secondary vertex

signals that a particle decay occurred at that vertex — typically a heavy particle: c, b, 1.

2. Reconstruct the curvature of tracks in a known magnetic field — to infer their
momentum p. The sign of the curvature gives the particle’s electric charge.

3. Measure track impact parameter: gaps between vertices, or events where the
momentum emerging from a secondary vertex does not point to the primary vertex —
these indicate intermediate particles.

4. Measure finite particle lifetimes — to identify production of b-hadrons or tau leptons.

5. Provide a trigger for events of special interest.

CMS high pileup event with 78 reconstructed vertices

3D Tower o J = Lego o 2 €

Rho Phi

Particle Physics Experiments 2025
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Distinguish short-lived particle

Motivation: distinguish decay products of b hadrons or
leptons (flying few 100 um to few cm before decay) from parti-
cles coming from initial collision point (= "primary vertex”).

two methods: a) signed impact parameter (= distance of
closed approach from particle trajectory to primary vertex)

o< 2 —= 0=+ o> 72 —= 0=—|39|

1. Vertex

Jet

-
1. Vertex T%A
Impact paramgter significance
negative part of

distribution used for e DELPHI
obtaining resolution (no
lifetime effect expected):

lifetime
part
usually use impact
parameter significance "

S = (‘5‘ / o) -lifetime sign

impact parameter

resolution:
0 8 -6 -4 -2 0 2 4 6 8 10
2 2 2 2
Gé' — “extrapol + Gmult scatt + Gprimvertex

primary vertex contr. depends on beam size: mostly small
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Distinguish short-lived particle

5 5 extrapolation error
extrapo s to primary vertex

primary optimised by having
vertex g 1. first measurement
B CL A S as close as possible,
< A g 2. lever arm d large
< 2 J 3. spatial resolution
o, as good as possible
o
Gmult scatt — p Sn;ﬂlt;/c ;tt 9 Where amult scatt X \/Zillllagll‘\iflrsed (X / X 0)

(multiple scattering «c 1 / p;=1/p sin@ & Vx length of
traversed material; for a barrel geometry «« vx /siné)

| DELPHI

125 0)
100 ol
*
75 e

op (um)

50 *- L T T
25 TR *

0

1 10 %
P sin**8

b) Decay length = ¢fyr as distance between primary
and a separately reconstructed "secondary vertex”

Displaced g JF
cks E - - .
=E CDF Preliminary
Secondary i -
/] 3
Vertex 4 WE
E =
w =
7. 10
Primary “u.l," 10
Vertex ! -
1
¢ -0.3 -0.2 -0.1 -0 0.1 0.2 0.3 04
ct [cm]
Particle Physics Experiments 2025 .
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LHC silicon trackers (Run 1 & 2)

1 ATLAS Strips: 61 m? of silicon, 4088 . I
modules, 6x108 channels Pixels: 1744 i —= )
modules, 80 x 108 channels 2014 new \\\\\\:

Pixels (3 layers)

innnermost pixel layer: +12 x 106 channels [ e

CMS the world largest silicon tracker 200
m?2 of strip sensors (single sided) 11 x 106
readout channels ~1m? of pixel sensors,

TRT (73 straw layers),

o
TRT (14 wheels) SCT (9 disks)

60x108 channels 2017 new pixel detector:
1856 modules, 124 x 10° channels
1 ALICE Pixel sensors Drift detectors { T——
Double sided strip detectors \ St e

Total Area: 0.7840.28 m
66 Million Pixels

D. Bortoletto Lecture 4

Tracker material

* Reconstruction of photon conversions (y—e*e) can provide
precise map of the material
— The number of photon conversion in a volume = amount of
material x reconstruction efficiency

— The reconstructed vertices can be used to build detailed maps of
the Tracker material

= N, x PIX Jevent
« N, x PIX Jevent
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CMS Preliminary 2010
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D. Bortoletto Lecture 4
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Radiation Damage in Silicon Sensors

Radiation damage in silicon sensors
ATLAS - Inner Detector

A major issue for 10" s
F iPixel |
LHC detectors ! i0Mem2 4 4 |
s~ 14] ,
Some definitions 10" pro—
- fluence: 5 | ] toule,
® = dN/dA [cm2] ~ 10" I
. S — neutrons Dy
¢ dose [ — pions O,
D = dE/dm [Gy = J/kg] 102 . ot charged
. e . - Pixel | e hadrons @,
Specification of absorbed T ISCT-bamel
dose / fluence not sufficient.? 10 20R§0]40 5060
cm

Damage depends bOth On - I(‘l\ ;/CLUSITER(detaiIIIien) ‘
particle type (e,n,n,p,y..) & o
energy ! Many effects & o 1
parameters involved PR
(not all well understood)! ]
Damage caused mainly by  : | |
non ionising energy loss AN P
Bulk effects: Lattice damage, = . & 5w =
vacancies & interstitials. Crystallographic defects:
Surface effects: Charge T Q T e

: : wam© . 0 0 @ 0 00 0 0,
build-up, increased surface - ¢ o ¢ o o o o \:j
leakage currents (controllable =~ """ T 0
by careful fabrication & design™ = -7 o o ofc 0 0 0 o o
e.g. multiple guard rings). R TR
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Radiation Damage in Silicon Sensors

NIEL hypothesis (a good enough approximation!): damage

o energy deposition in collisions which displaces atoms
10*

N 103 ﬁ*«\\
Relative 3 JD(E) dE

| 10! D(E =1MeV) P
(normal- " n N

ized to gf”’o """"""""""""""""""""""" IS, :
damage I o’
caused @ (2
by 1 MeVQ .

neutrons)

neutrons

10

10‘5 | | | | | 1 | | f | | | |
101°10®° 10® 107 10° 10 10* 1073 102 10" 10° 10' 10* 10° 10*
particle energy [MeV]

Main radiation induced macroscopic changes:

1. Sensor leakage current increase (« junction volume)
10" ————rrr—————r————er—————  Shows

¥ n-type FZ -7 to 25 K&cm /'l Strong
5 N n-type FZ -7 K&cm -
U 10 E ® n-type FZ -4 K&cm ..)sn/c - tempe_
;’: O n-type FZ -3 K&cm 0 rature
§ S * p-type EPI -2 and 4 KQcm
< 107 1 depen-
— - dence
> 10™ | V n-type FZ - 780 Lem | )
o n-type FZ - 410 2cm (without
: n-type FZ - 130 cm even
< 10‘5 | n-type FZ - 110 &cm | .
F aq)eq ® n-type CZ - 140 cm consi-
[ a~4- ]0_17A/Cmv p-type EPI - 380 &cm dering
‘6 1 1 1 . .
10} om 1012 E 1014 10! radiation
-2
O, [cm™] damage)
R Vieo



Radiation Damage in Silicon Sensors

2. Depletion voltage change & type inversion. Tricky.

@ 5000 ¢ A 5103
. i Udep oC |Neff| —
< 1000 : 1102 “
% 500 type inversion i s 600 V =
I S i —
100 _ onor i ! —
= 50F removal 102 110! 2
'; “Acceptor I —
. 10E creation” 1100 =
o SF ] ©
,8 : Hp _ typeﬂ Z
Sl | =
El T | Ll C el C el 10-
107! 10° 10! 10° 10°
(Deq [ 10]2 Cm_2 ] [Data from R. Wunstorf 92]

N,4: space-charge concentration
Neﬁp ~ Noe_5® — B D 8§~6-10"cm? (donor removal)

B~0.03 cm™ (acceptor creation)
3. Charge collection efficiency decrease (& in case of
underdepletion get larger charge spread — worse

L resolution)
Charge trapping in defects
qp
AJ» i.*
Pt

. e Hd|w

n+:[ cee=0.9 \I‘lIl cee=0.5 I‘,I
oo o & s V6]




Radiation Damage in Silicon Sensors

How to cope with the radiation damage ?

Possible strategies (utilized by LHC collaborations):

- Geometrical: build sensors such that they stand
high depletion voltage (up to 1000 V)

- Environmental: sensors at low temperature (—20°C).
— Slower reverse annealing. Lower leakage current.

- Defect engineering. RD50 http://rd50.web.cern.ch/RD50/
Introduce specific impurities in silicon, to influence defect
formation. Example Oxygen

Diffusion Float Zone Oxygenated (DOFZ) silicon
generally used in LHC detectors. Gain a factor 3.

Development still going on with e.g. Czochralski silicon
that naturally contain more oxygen.

- New detector concepts

3D detectors — “horizontal” biasing. Lower depletion volt;
age, faster charge collection & better radiation hardness

pt  MIP p* n* MIP p* n*

I_g == A e A
ddn | 5

T S5k A
T Jhe e
5 e

Y (. o—fT Y

Yo v <—L>
standard geometry 3D geometry

ATLAS & CMS use 3D detectors for their pixel detectors
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Radiation Damage & TOF Detectors

More advanced methods (cont.) r«’ RD42

. New materials ,\ http://cern.ch/rd42

Diamond. Grown by Chemical Vapor Deposition. Bandgap
large (~6 eV). No doping required! Naturally radiation harc
ATLAS & CMS use diamond detectors as luminosity monitors

| Comparison of Proton Irradiation for Pixel Detectors |

comparable ; =

. S/N-ratio vs
resolutlo_ns dath = | irradiation for
& S/Nratios = - = | diamond & 3D

with silicon... ﬁj% pixel detector
but become = e with same
polarized @ el electronics

Irradlation (x10415 p/cm*2)

large particle fluxes

Latest development: use solid state detectors also
for time-of-flight (TOF) ("4D-vertexing”) due to their
compactness, reliability & variable segmentation

Timing resolution | GAD (gain ~ 5-20) achieved by

proportional to adding extra highly doped layer
capacitance (low

capacitance —
diamond) & inversely
proportional to signal-to-
noise ratio (high signal-
to-noise ratio — low
gain avalanche silicon
detectors, LGADs) — 1.

Gain layer
s
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