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Detection of particles

Particles are detected through their interaction with the
detector

In the following we will study in a quantitative way the
interaction of charged and neutral particles with matter
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harged particle through matter

» Scatter on nuclei (m << M without loosing energy

nucleus )

‘Loose energy interacting with atomic electrons (m, << m)
without changing direction

b, m,
T < > j NE —n dw
no, k5 N : electron density

If ho is large enough the atom is ionized

stead of ionizing an atom, under certain conditions the photon can
350 escape from the medium.
> Emission of Cherenkov and Transition radiation.
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Scattering

\n iIncoming particle with charge z interacts with

target of nuclear charge Z. The cross-section
r this e.m. process is

5 Rutherford formula
0 _ 4y ez(mecj 41 (6) =0
/ p sin " 0 /2
verage scattering angle do/dQ

ross-section for , , , infinite!
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Multiple Scattering

Ifficiently thick material layer — the particle will undergo multiple
attering.

P A
< L >
1
__ ORMS 2\ RMS
)0 _ eplane _ \/ <9plane > o ﬁgspace
Approximation : 1 | L
oC
: _r : 0
X, is radiation length of the medium p XO
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Multiple scattering contribution to
momentum error

(p) - 1 e
pT oC U()C)'pT and O'(X) oceo OC; §> O-Pff)

= constant

Independent of p !

MS

0.045

" B(I)JL(m) X, (m)
c(p)/p

More precisely: ()
Pr

>

ex: Ar (X,=110m), L=1m, B=1T

total error_~~.¢ )

MS
~ 0.5%

o(p)
Pr

Gigi Rolandi : 3" Workshop on Particle Physics — Islamabad Pakistan -March 2004



nergy loss by ionization: Bethe-Bloch

2.2 52
<di = 47N rfm c%z? z 1 Lin 2mec’y” p Tmax _ g2 o
dx A pB%|?2 & 2

E/dx in [MeV g cm?]

ethe-Bloch formula only valid for “heavy” particles (m=m ).

-/dx depends only on 3,
dependent of m !

rst approximation:
edium simply
\aracterized by

7

L~ electron density

2,2

\

minimum ionizing particles, MIPs
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Landau tails

r thin layers (and low density materials):

—Few collisions, some with high energy transfer.

— Energy loss distributions show large
fluctuations towards high losses:

-or thick layers and high density materials:
— Many collisions.
— Central Limit Theorem — Gaussian shape
distributions.

[ ——>
3 | (T
/o Y

—_
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Ionization in Gas

ten the resulting primary electron will have enough kinetic energy to
lize other atoms.

. . . . o o . . .
Primary ionization Total ionization

10 - 40 pairs/cm
AE/palr ~20-40eV ntotal ~ 3K 4- nprimary

Assume detector, 1 cm thick, filled with Ar gas:

1cm
00 electron-ion pairs are not easy to detect! ”‘ﬁa‘/
A
ise of amplifier 1000 e- (ENC) ! _ |
~ 100 e-ion pair

e need to increase the number of e-ion pairs.
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Amplification in gas

cathode

gas

Ethreshold

xctrons drift towards the anode wire

)se to the anode wire the field is sufficiently 1Ir

Ih (some kV/cm), so that e- gain enough

ergy for further ionization — exponential

rease of number of e-ion pairs.

it+
Avalanche formation within a few E

wire radii and within t < 1 ns! ® & '
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Signal formation

gnal induction both on anode and cathode due to moving
arges (both electrons and ions). . O dv
ectrons collected by anode wire, i.e. dris ICV, ar
nall (few um). Electrons contribute only

ry little to detected signal (few %).

dr

lons have to dr
00 200 300 el 30 T back to cathods

Tgm _— i.e. dris big.

T=100u seC

Signal duration
limited by total
ion drift time !

T=00

-v(t)

(F. Sauli, CERN 77-09)

Need electronic signal differentiation to limit dead time.
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Viulti wire proportional chambers

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

cathode

0
/

.
-

{ I * / < * * S
ia — / A

‘3‘.- "
S
Ya

LA

B
{e

ﬁeld line

7]

and equipotentials around anode wires

Typical parameters:

U VA &,; L=5mm, d=1mm,
NS oS Buire=20MIM.
W W\WW“ AR

Normally digital readout: d ( d=1mm,

~y

spatial resolution limited to o " V12 5,=300 um)
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Multi wire proportional chambers
lleasuring the coordinate by induction

Example: 1 wire plane Analog readout of cathode
planes.
+2 s 6~ 100 um

cafhode signals {upper plamnai
— — = iy e - lower cathode plane

%

[ S SO
OSEESE
cathode o "'*l;:-m"' ﬁ-
cignals o .L‘-"-&.—-.—-?“'l"—-‘_h'—. cathode signals
ftupper R S S . [fower plane]
plane } L - el -
BTl | N S
B . i SN SN
I SRS N
— [l
R W S S
anode upper cathode
wilires LB plane

anade signals
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Resistive plate chambers (RPC) No wires !

spacer

\ Gas: C,F,H,, (C,F:H) + few % isobute
bakelite

(melamine
phenolic laminate)

pickup strips

Time dispersion = 1..2 ns — suited as trigger chamber
Rate capability = 1 kHz / cm?

Double and multigap
geometries — improve
timing and efficiency

kv ——

Problem: Operation close to streamer mode.
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Drift chambers

First studies: T. Bressani, G. Charpak, D. Rahm, C. Zupancic, 1969
-irst operation drift chamber: A.H. Walenta, J. Heintze, B. Schirlein, NIM 92 (1971) 373)

| IT oreee-

. t
scintillator S OpTDC

Measure arrival time of
electrons at sense wire
relative to a time t,,.

- ’I > < L
low field region high field region .
— drift —» gas am plification X - Vv D ( t ) dt
|

What happens during the drift towards the anode wire ?

‘s~ Diffusion ?
=" Drift velocity ?

Gigi Rolandi : 3" Workshop on Particle Physics — Islamabad Pakistan -March 2004



Jrift and diffusion in gases No externalfields:

ctrons and ions will lose their energy due to collisions with the gas atoms —
rmalization
3

s = 2—kT ~ 40 meV

dergoing multiple collisions, an originally localized ensemble of charges will diffuse

dL: 1 e—(x2/4Df) dx
N ~ 4 & Dt
2 . . .
o (t) = /2 Dt or D = O-EZ(Lt) D: diffusion coefficient
-1 anv 1
/ " /\
g \
t >
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Jrift and diffusion in gases External electric field

E
fop and go” traffic due to scattering © © -
)m gas atoms — drift ‘W
o
- o
P = L E e
Vp = H ez y
uo= (mobility)
the equilibrium ... i
ﬂg - fractional energy loss / collision 2«55 — oEx
Vbt
T = L v:. instantaneous velocity
Nov

Time needed to move by x
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Jrift and diffusion in gases

E
in the eqUilibrium X A,.¢& = eEx ) D) )
A% D T
Ay o fractional energy loss / collision . - _W
1 . .

- v: instantaneous velocit @
g N oY% y Q Q O Q
—_ v 2 — eE /1_

mN o 2 10_14 r— L | T T T T T q
- o (em?)

—

o

4

&
T T

_ ' _
7\_}\‘(8)° 10-%7 L S | 1 L a ol 3 TR | A L a1
10-1 .00 0. 01 0.1 1 10
[— T T
R - e [eV]
1072 = = (B. Schmidt, thesis, unpublished, 1986)
1032 ;— —;
10~-% ; é
10-5 i i T N | L e | " MR | u
0.001 0.01 0.1 1 10

e [eV]

[ypical electron drift velocity: 5 em/us lon drift velocities: ca. 1000 times smaller
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Jrift and diffusion in gases

In the presence of electric and magnetic fields,
drift and diffusion are driven by EH X é)effects

Look at 2 special cases:

Special case: E‘J 1 éJ ~,

tan o ; = ot

a,: Lorentz angle

e B

o = - cyclotron frequency
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Jrift and diffusion in gases

Transverse diffusion o (um) for a
drift of 15 cm in different
Ar/CH, mixtures

Special case:

E || B

2000

[he longitudinal diffusion (along B-field) is
iInchanged.

1750

n the transverse projection the electrons are N nn B3 S Emiois |

orced on circle segments with the radius v;/o. L ® % e Emi-es

'he transverse diffusion coefficient appears LAl (acaketal, N
S~ A\ PEP-4 proposal, 1976)

educed o 1 Ry B

D,

D, (B) =

250 — ..:‘:QA:~~
1l + o 7 ° = :':ffiii
! . J
10 15 20
8 (kGQ)
Very useful... see later!
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Drift chambers

Optimize geometry — constant E-field
Choose drift gases with little dependence vp(E)
— linear space - time relation r(t)

N }: Field Wire
[g=101g}
Plates = -\ =
?‘ S Sense Wire
I-Beam for field shaping
A
T\ Sense Wire

[

10%

Vaolts

; Feld Wire . ] 10 cm
wee T G o . .
K Sense Wire -10 ; - ] 10
- A , - 102

o 10 20 30 40 s0 6o o 1 2 3 4 £
[mm] [cm]

U. Becker, in: Instrumentation in High Energy Physics, World Scientific)
g gy iy

— less wires, less electronics,
less support structure than in MWPC.
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Drift chambers

ReS,OIUt_Ion determined by eer (N. Filatova et al., NIM 143 (1977) 17)

« diffusion,

* path fluctuations, ,

* electronics aofc———— T - =TT - —— SOE et

 primary ionization
statistics

o {pm)

Various geometries of
cylindrical drift chambers

potential wire
- ential

anode - e e ot
'/ wire x e L “’/\p wire

-
e =~
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Drift Chambers

Time Projection Chamber — full 3-D track reconstruction

x-y from wires and segmented cathode of MWPC
z from drift time
in addition dE/dx information

Diffusion significantly reduced by B-field. PEP-4 TPC

SECTORS |- — 2m '

o
y

1T M
- 5§ .
—_ d v = - 55 KV
. -
= —_— - E
B = 1325 kG —————
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Drift Chambers

Requires precise knowledge of v —» LASER
calibration + p, T corrections

problem from positive ions, drifting back to midwall —
gating

C—N\M O\ N

ALEPH coll., NIM A 294 (1990) 121,

Atwood et. Al, NIM A 306 (1991) 4461 1V T ./ \ ] ) S Y e
J 3.6M, L=4.4 m ) i ]Tg{ M
NN

oL 70 um Gl

c, =740 um I
(isolated leptons) o

||

Gigi Rolandi : 3" Workshop on Particle Physics — Islamabad Pakistan -March 2004



Micro gaseous detectors
Faster and more precision ? — smaller structures

. . (A. Oed, NIM A 263 (1988) 352)
Microstrip gas chamber

w
geometry and typical dimensions T
(former CMS Standard) drift electrode (ca. -3.5 kV) CC)
T8
| )
gas volume O
E C
= 9
Gold strips < 50 pm | Qym < s 100 pm | 3
+ Cr under |ayer " e o — — I = >
€ (-700V) = substrate 2‘ -
s O
backplane

Glass DESAG AF45 + S8900
semiconducting glass coating, p=1016
Q/0
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Micro gaseous detectors

Field geometry

A

-l
N
C O
IRARERARE R RRERR AR RS REEI
e aaaRTLALL AAAM R

>

Fast ion evacuation — high rate capability
~ 108 /(mm?2-s)

Gas: Ar-DME, Ne-DME (1:2), Lorentz angle 14° at 4T.
Gain <104
Passivation: non-conductive protection of cathode edges
Resolution: ~ 30..40 um
Aging: Seems to be under control.

10 years LHC operation ~ 100 mC/cm
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Micro gaseous detectors

GEM: The Gas Electron Multiplier (R. Bouclier et al., NIM A 396 (1997) 50)

B —
50 - 120 pm \
50 pm Kapton

+ 2 x 5-18 pm Copper
11 [ 1]

wtg) wdgs g

Micro photo of a GEM foll
Gigi Rolandi : 3" Workshop on Particle Physics — Islamabad Pakistan -March 2004



Micro gaseous detectors

.UD

Er INDUCTION

Single GEM
+ readout pads

I | Grdin-Tgem Std
| I o R
| L 200 [ GEM 140/80  Argon-CO, 70-30 ;
§ | Bp=16kvVem’ s
I -
_E | :E",I ~ 5 kVem! .
£
103 -------------------------------------------- GR
:’&/
J‘EJ
/iJ
JIJ
2 1 i 1 1 1 1 1 1 1 1 1 1 1 1
10350 400 450 500 550 600
AV (V)
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Silicon detectors
N «— Sisensor

Silicon detectors

Solid state detectors have a long tradition for energy
measurements (Si, Ge, Ge(Li)).

Here we are interested in

' — ATLAS
| SCT

their use as precision trackers !
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B EBe &

& B

Silicon detectors

Some characteristic numbers for silicon
Band gap: E; =1.12 V.
E(e-hole pair) = 3.6 eV, (~ 30 eV for gas detectors).
High specific density (2.33 g/cm?) — AE/track length for M.I.P.’s.: 390
eV/um ~ 108 e-h/ um (average)
High mobility: p,=1450 cm?/Vs, p, = 450 cm?/Vs
Detector production by microelectronic techniques — small dimensions —»
fast charge collection (<10 ns).
Rigidity of silicon allows thin self supporting structures. Typical thickness
300 um — ~ 3.2 104 e-h (average)

But: No charge multiplication mechanism!
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Silicon detectors

How to obtain a signal ? In a pure intrinsic (undoped)
e 4 material the electron density
Sonductance band n and hole density p are

equal. n=p=n,

For Silicon: n, ~ 1.45-1010 cm-3 v
In this volume . 300?\(

we have 4.5 -10° free charge carriers,
but only 3.2 -10% e-h pairs produced by
a M.1.P.

— Reduce number of free charge carriers,
l.e. deplete the detector

Most detectors make use of reverse biased p-n junctions
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Silicon detectors

Doping
E A
CB
E, |- — R C I

n-type: Add elements from V" group,
donors, e.g. As.
Electrons are the majority carriers.

CB

p-type: Add elements from 111"d group,
acceptors, e.g. B.
Holes are the maijority carriers.

detector grade

electronics grade

doping concentration

10"2 cm=3 (n) -
1075 cm3 (p*)

1017(18) cm=3

resistivity

~ 5 kQ-cm

~1 Q-cm
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ilicon detectors pn junction -

eV
There must be a single Fermi level ! E | eeccccenn.
. f T o, eeeeecscsssss
Deformation of band structure — VB
© Acceptor ion THE PN JUNCTION
® Donor ion
+ Hole P I N
- Electron g—;) SXS) @ S X<) | ® ® ®
I S I ® e . .
> ¥+ -@-é+é , } e 8.° = diffusion of e- into p-zone, h* into n-
a) | zone
' — potential difference stopping
diffusion
b)
Dopant
concentration
>X
<) S thin depletion zone
A — P
density L
o SEme —
1 no free charge carriers
in depletion zone
Electric
e) field ! -
(A. Peisert, Instrumentation In High Energy
Electric Physics, World Scientific)
1)) potential -

x
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oge Spatial information by segmenting
Silicon detectors e » doped laver »

» Application of a reverse bias voltage (about 100V) — the thin depletion zone gets
extended over the full junction — fully depleted detector.

* Energy deposition in the depleted zone, due to traversing charged particles or photons (X-
rays), creates free e-hole pairs.

* Under the influence of the E-field, the electrons drift towards the n-side, the holes towards
the p-side — detectable current.

(A. Peisert, Instrumentatio
In High Energy Physics,
ca. 50-150 um World Scientific)

readout capacitances ‘ sio,

/ _i\? ‘ilf"" ?@gsivation

p* =silicon 300}11,1,1

ST, Al

™ typee silicon

T E T IE RNNN ] m om.d e W e

i+ Silicors
defines end of depletion zone
+ good ohmic contact

Gigi Rolandi : 3" Workshop on Particle Physics — Islamabad Pakistan -March 2004



Silicon detectors _—

Silicon pixel detectors 2 = — )§ | i
bump 5 70“0 ;?;r:;l(fosuf
— Segment silicon to diode matrix =t .
— also readout electronic with same geometry g

— connection by bump bonding technique

detector

electronics
\ Requires sophisticated readout
ump bonds architecture
First experiment WA94 (1991), WA97
OMEGA 3/ LHC1 chip (2048 pixels,
50x500 mm2) (CERN ECP/96-03)
RD 19, E. Heijne et al., NIM A 384 (1994) 399 Pixel detectors will be used also in
LHC experiments (ATLAS, ALICE,
CMS)
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Silicon Detectors
The DELPHI micro vertex detector (since 1996)

50 umR¢
44-176 pm z ~ Outer Layer
R=106 mm 50 pmR¢
50-150 um z
Closer Layer

Pixel 11
12°<B<21°

R=66 mm
6>24°

2 Ministrip Layers
10°<0<18°

2
7!
Inner L.ayer g
R=92 mm ;—
0>21° S
50 umR¢
50-100 pm z

Pixel T
15°<0<25°

330 x 330 pum>
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Silicon Detectors

adout channels:

. 174 Kk strips, 1.2 M pixels

tal readout time: 1.6 ms

ital dissipated power 400 W —
ater cooling system

t resolution in barrel part = 10 um
pact parameter resolution (r¢)

8 um & 71 /(psin
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SLD Microvertex

Vertex detectors CCD's, pixels):

—\

« At SLC: inner radius 2.3 cm, superior resolution.

/SLD can do both b- and c-tagging with good purity.

e Vertex Mass for Events
1600] Data With a Secondary Vertex
In SLD

...
=
o

I|||

1400

1200

1000

800

B00

400

200

uds (MC)

e
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