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OUtIine universitétm

Lecture 1

Tracking
- momentum measurement
- vertex measurement
- influence of multiple scattering
- errors and what to do ...

Lectures2 & 3 & 4
Tracking Detectors

- the signal and the noise

- spatial resolution with structured electrodes
- gaseous detectors

- semiconductor detectors

- pixel detectors ... status and future
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Content Lecture 2 universitétm

d Main used trackers: gas-filled or Si d gas-filled detector types
= commonalities and differences = operation modes
d How the signal develops = avalanche - streamer — spark
= Shockley-Ramo theorem " the magic of gases
» Weighting fields in = ageing of gas filled wire chambers
o parallel (w/o and w/ space charge) » cathode readout

o cylindrical = stereo readout

O drift chambers
= drift cells
= stereo R/O

o patterned

electrode configurations
d Gas amplification in gaseous detectors
O Diffusion and drift (short)
[ Motion in E and B (short)
(d Space resolution w/ patterned electrodes

[ Time Projection Chambers
J New developments for LHC

. = MPGDs
= binary o MSGC
= centroid o GEM
= eta- method o Micromegas
= RPCs

N. Wermes, Freiburg Lectures 2016 4



Break through advances in experimentation umversitétm

Wire chambers
- electronic recording
of particle tracks
- electronic recording of tracks
-2 o =mm —> 50 um,
0.05 channels / cm?

Silicon strip detectors
- measurement of ps — lifetimes

and heavy quark “tagging”
- 0 <5 um, 50 channels / cm?

WO T TR T
it I e 1l et

o, Vil A e AD RT
. L

Pixel detectors
- 3-dim point measurement
in high rate environments
like LHC
Ll i @ ~20~10um->2 um,
cas g . - 10000 channels / cm?
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Tracking in pp collisions at 13 TeV (LHC) umversitatﬂ

Run 169226, Event 379791 NN | V V - /
Time 2010-11-16 02:53:54 CET K\ AT LAS ~1200 tracks every 25 ns

PO | or ~ 10 per second

=> high radiation dose

101> neq/ cm?/ 10 yrs @ LHC

or

600 kGy (60 Mrad)
through ionisation of particles

position of

DEMANDS tracking detector (pixels, strips, straw tubes)

LHC = 10°x LEP in track rate !

Note: LHC Upgrade (2026): HL-LHC = LHC x 10 ! 6
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Most tracking detectors are ionization detectors universitétgn‘

L A
Ug » < >
Particle Z&Amp
A4 —H|
s R
3 Drifting charges
due to electric field
Gas ’y
9
>
()
3 ‘ ’ :
L % —> -8
c
8 /] Anode o

[e.g. wire or plane]

e Primary lonization

® Secondary lonization (due to d-electrons)
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For trackers: gas-filled and semiconductor detectors universitétm

++ material -

+ Nmeas T
low cost high
-- rate/speed ++

100 um  resolution 10 um

Y oriinen field near wire
e | E(r)~1/r .
i’j— "'_':':. ,:é o - —>
& ) O 2
————— :—:—:. «— Anodedraht
________ ™ Potenzialdraht Olstance bom carte of enccl
Kolanoski, Wermes 2015| ~ —>> gaS amphﬁcal'lon
26 eV needed (Ar) per e/ion pair 3.65 eV (Si) needed per e/h pair
94 e/ion pairs per cm ~10° e/h pairs per cm (20 000/250um)
intrinsic amplification typ. 10° no intrinsic amplification
typ. noise: > 3000 e- (ENC) typ. noise: 100 e- (pix) to 1000 e- (strip)
8
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How the signal develops umversitatﬂ

by “electrostatic induction” (influence electrique, elektrische Influenz)

Ok Ok
| }
FIEF Y S
+
+
-
-
-
3 a currentis
. generated
.

a b c i
Kolanoski, Wermes 2015
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Signal generation in an electrode configuration umversitétﬂ

how does a moving charge
couple to an electrode ?
e respect Gauss’ law and find

7

7w Shockley- Ramo theorem
(Shockley J Appl.Phys 1938, Ramo 1939)

7 weighting field

determines how charge movement couples to
a specific electrode

induction (weighting) potential
determines how charge movement couples to

a specific electrode

N. Wermes, Freiburg Lectures 2016 10



Ramo Theorem in a many electrode configuration umversmm

U, 0

U, U, 0 U =1

]‘.
| i=1

U : 0 0

—

sz — —q Ew 7 dr

Y

Recipe: To compute the weighting field of a readout electrode i, set voltage of
electrode i to 1 and all other electrodes to 0.

N. Wermes, Freiburg Lectures 2016 11



Normal Field and Weighting Field umversitatﬂ

(a) %F (b) U250
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universitétbonnl

A detector is a current source

delivers a current pulse
independent of the load

one can convert current into
charge (integral) or voltage (via R or C)

N. Wermes, Freiburg Lectures 2016 13



A parallel plate detector (capacitor)

universit'atbonnl

particle

Kolanoski, Wermes 2015

)

o U()_, . _EE()A
E‘——Fem ) C— d

e constant E-field
» almost constant velocity (v=uE)
* weighting field simple

dQ) = —q — dr. Ey, =—=é;
©="17 d
uglt)
0 == >
ut e u+
N
-e/C

ic(t)
A T
i-
i+
>t
+
- - — - — €
it = ¢TE, 7% = —% e 7T = Evi
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e T T+
tot — Qs + Qg — . / v dt _|_/ vHdt
0 0
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Signal in a Silicon detector (= parallel plate w/ space charge)

universitétbonnl

20 '(lep ‘ T (

ve = —pE(r) = 4p. (a—

see lecture 3

m
—~
>
=
[ J

\J
—)r _ l)rde e
d
br) =z,

vp = +pupE(x) = —pp (a — br) = @y,

<~ under depleted

full depletion

E-field not constant
velocity not constant
weighting field still the same

is(t) = i%(t) + i4(t)

d? gl

U,
X {[LC exp (—‘); . ‘;;p
d?

e [2Uq4ep N U+ Ugep
d : B d

t) o(T-

— 1
A~—— overdepleted d
U+ Uyge. 2U 4,

[ +ddp— zpl-l = — (a — bx)
<
E
Q —
D

—t) — pp exp <+2;Lh l'l' t) (T t)}
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Current and charge signals

universitétbonnl

point charge

<
= (a)
fg, _
8 10
S ~ electrons -Ne d;jxo
O _
: -05 S Ty - - - o -
“o:";, : holes
X0
' -Ne
-10 - : R _Er_‘
E e+h "
15 . 3 : ]
arrival .
electrons arrival !
| holes
_2.0 1 ' 1 P |
0 2 6 8 10
t(ns)
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is(t) (nA)

Qqlt) (fC)
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-15

charged particle track

particle

electrons
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5
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transient current

Current pulse measurements: TCT technique

universitétbonnl
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(a) Electron signals from a-particles
impinging on the cathode.
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100
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1mm pn — Diode silicon
— same weighting field
different electric field
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(b) Hole signals from «-particles im-
pinging on the anode.

single crystal diamond | ,. —

is like a parallel plate 1ve]
detector filled with a -
dielectric w/o space i
charge g

-- +400V theo.
— +400V meas.

-- +300V theo.
— +300V meas.

-- +200V theo.
—— +200V meas.

measurement of E-field

OH

200 400 600 800 1000
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Note

universitétbonnl
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O+
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Uo

movement of both charges create signals on
both electrodes.
on every electrode a total charge of

§'=Qs+Q35 =—Ne

is induced.

if a material the produced charges have
very different mobilities (like CdTe) e.g. with
W= 0, then part of the signal is lost and the
signal becomes dependent on where the

charge was deposited.

A
05
v

50%

: no signal
signal

<O
[
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Signal development in a wire chamber universitétm
A

to
cathode

big difference:
O electrode (wire) does not “see” (too small) the charge before gas amplification
O signal (on wire) shape is governed by the (large) ion cloud moving away from the wire to cathode

Avalanche : 1
process: ' \
N(CIZ‘) — N, eoac gas gain on
-0 N 15t Townsend coefficient
e G p— eOéCB
NO 19

N. Wermes, Freiburg Lectures 2016



Signal development in a wire configuration (1) universitétgln‘

configuration Kathode
‘\ Anode
Cdet —_—
1
= 1 Uy 7
E(r) = - —,
() rinb/ar

* we follow our Shockley-Ramo-recipe: find the weighting field E,, or the
weighting potential ®,, by setting

dw(a) =1, ¢u(b) =0 (¥

* we know already the shape of ®,,~ In r, since E(r) ~ 1/r
* hence

- 1 1 7 Inr/b
Eu(r) = rinb/ar’ Pulr) = Inb/a

N. Wermes, Freiburg Lectures 2016 20
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Signal development in a wire configuration (2) universitétﬂ

now use Shockley-Ramo  dQs = —qFE,,dF

* we assume that N e/ion-pairs are produced at r = r,. Note that, if there is
avalanche amplification (starting only in the high field region) the vast majority of
charges is produced very close to the wire (r, < 10 um, see previous page)

* then we get immediately a
_ 1 1. In r9/a (*%)
s = _(_Ne)lnb/a / dr=—Ne In b/a

.r O ‘r

1 "1 Inb/rg
T = — N : —d’ — —N .
Qs + e)lnb/a/ ' “In b/a

ro T

* andthe total chargeis Q¥ = Q5 +Qf = —Ne V
however, due to the 1/r dependence of the weighting field the situation is
much different from that of a parallel plate detector: the contribution
from electrons and ions is not necessarily the same but depends on r, (i.e where
the avalanche is created, because only there N becomes large enough that the
signal is “felt” by the electrode (wire).

N. Wermes, Freiburg Lectures 2016
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Signal development in a wire configuration (3) umversnatﬂ

Kathode
1| Anode
¥

ratio depends onr,

Qg __Inro/a
QF - Inb/ro

for a typical (a=10 pm, b=10 mm)

near wire

r far gway
frOm wire

(Q—i) ~ 0 (Q_§_> ~ 0.01 — 0.02
S 7/ ro=b/2 QS ro=a-+e€

in wire chambers the (integrated) signal is dominated by the
ion contribution. Reason: specific form of the weighting field

using Ramo and r(t) from the 1/r - E-field, we get ...

0 50 i (t) AL ! i |
= ions on
/ t (nS) Kolanoski, Wermes 2015 S 2 ln b/a t + t(-)i— y
. . t) Ne t
with RC filter ug(t) = Qs( — In(1+ —)
;1 2mep | ta

N. Wermes, Freiburg Lectures 2016 22



Summary: Signal formation characteristics in a wire chamber umversitétb.onJ

 electric field is large close to the wire @ r=r; ..

=> secondary ionisation has a much larger effect on signal
than primary ionisation

=> avalanche near wire: q =2 g x 10*”/

 from there (um’s away from wire) the electrons reach the wire fast
=> very small and fast e component of Q,,

 ions move slowly away from wire => main component of Q,,(t)
 signal only relevant after avalanche ionization = quasi only Q*(t)

[ the term ‘charge collection’ is more justified in wire chambers than in other
ionisation detectors (e.g. parallel plate detectors) since most of the signal is
created only very close to the wire

23
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Cathode readout umversitatﬂ

signals are induced on BOTH (ALL) electrodes => exploit for second coordinate readout

R , wire chamber
with cathode readout

=

double sided
silicon strip detector

N. Wermes, Freiburg Lectures 2016 24



Signal generation in a pixellated detector (1-dim) umversitétﬂ

V=0

®,, for a strip/pixel geometry

N

Soo02

1 sin(wy) - sinh(7w 2
&(x,y) = — arctan (Ty) (r3)
T

05

cosh(mx) — cos(my) cosh(m§)

R X - N

(can be calculated e.g. by using “conformal mapping”)

V=0 V=1 V=0
Material "small pixel effect” !
v Silicon
CdTe
Diamond 4p
- Properties | . .
—_ 2 neighbor pixel
H+ 2... % <
u- (2. + -
T+ |in.. * S °
> —
T- in... » 5
O  -2p -
Particle Deposition
Hole a -4y hit pixel
> 1.
6 %
v Color . . . . . . . ,
— | — v Equipot : 0 20n 40n 60n 80n

time (s)
N. Wermes, Freiburg Lectures 2016 25



Concluding ... consequences ... universitétm

[ The weighting field reaches also into regions of neighbor pixels = induced signals there as well

O At the beginning of the charge movement, neighbor pixels “see” almost as much signal as the
“hit” pixel =2 no difference when electronics is (too) fast

1 consequences for small electrodes is, that most of the charge is induced, when q is near the hit
pixel 2 small pixel effect

O when charges drift only a short distance due to
- W, << M. (e.g.for CdTe)
—  trapping (e.g. for pCVD diamond)

peculiar signal patterns may arise (worst case: holes do not move and electrons are trapped
after 50 um = several pixels “fire”)

100% |
second first first second ;
neighbor neighbor
hit
I s s s s s = 50% 1 hlt piXEI start of movement
*\\\( first neighbour
/ m\\\\.\k‘\ _ v

N. Wermes, Freiburg Lectures 2016 100y 200u 300u 26



Transport of charges to the R/O electrode umversnatgn‘

generally described by the Boltzmann Transport Equation

df 8f+df’ﬁf+dz76f of
. o 0. VUJ — &7
dt ot dt dt ot |coll
with f(r, v, t) describing the probability distribution in phase space y
dp(7,v,t) = f(7,¥,t) d*Td’v "
>k
Which can treat arbitrary E and B-fields ... (E in z-direction, B in z-y-direction) /
AT qE [ woT >0 f0 > "
B R & .
Ui T T, 0 Tl—l—w27'2 <m> <Tl+w 272 with
0o 3/2 _ —
Vp ., = 4_71’ @ T —w2ng2 % afo watsT” 7 aB/m = :‘?:lzt;g?ies
b.2 3 m J, 14+w?r2\m 1—I—w2’l'2 a
o 4_71,@ ooT 14+ ngz 3f0 1 1 w3 T i ?ean collision time
D,3 3 m 0 1 + w27_2 m 1 + w27_2 € = KINn. energy

In detectors: usually either E 1 é or E H é

N. Wermes, Freiburg Lectures 2016 27




Diffusion and drift of charge cloud on way to electrode umversitétﬂ

E=0, T>O0: diffusion

E>O0, T>O0: diffusion + drift

-

o ELECTRONS
Az i— o] 19 .-

vp = w(E)E =
| Drude Ansatz (emp.) ll + (
Electric (especially semicond.)
Field- |
l *Electron Swarm Drift
t s — Drift velocity: vy = As 2 — \\\\\
| As, At At = N
| A Space diffusion rms: o \\\
i \ o, =\2Di k2D BRI —

E [V/cm]
vD 28



Movement in the presence of a magnetic field umversitatﬂ

*.
™ —
i Vo
Kolanoski, Wermes 2015 E
perp.to E
e
UD, 1
tan oy = = WT
UD,|
parallel to E

N. Wermes, Freiburg Lectures 2016

[ if the electric field E is perpendicular
to a magnetic field B
then the charges drift on circle
segments until they stop in a collision

L on average this results in a deflection
of the drift path by an angle called

Lorentz angle

with
w = qB/m = cyclotron frequency

T = mean collision time

29



Spatial Resolution in segmented electrode conﬁgurationswersnatﬁ

Gluckstern
formula * binary readout (hit/no hit)

* analog readout (pulse height information)
Opr  pr (Gme) [ 720
pr ) ... 0.3|2| L2B | N +4 « signal (charge) distributed on

more than one electrode

remember

[pr] =GeV/e, [L]=m, [B]=T

binary R/Q Y / " 2 ()

-a/2 a/2 1 a/2 a2
_ 2 2 L
Error 1 x. Oz = a /_a/2 Ay d(Aq) = 12
X> o — a
V12

N. Wermes, Freiburg Lectures 2016 30



Spatial Resolution in segmented electrode COnﬁguraﬁonﬁwiversitétﬂ

0.30
with analog information
and spread over more 0.25 L
than one electrode center of gravity '
0.20 +
Xc el |2 -
l — o — ZSZCBZ S 015 -
=T, — g .
j[ H: > Si
0.10
0.05
‘ Gaussian signal
000 L— - - - a
00 01 02 03 04 0.6
Sit || 21 ||Sia1 o/a
—] — — .
X1 X Xig1 perfect resolution

bu't only w/o noise width of charge cloud

o= R = g = (e + T (1- S 0t0D)

N P. Fischer
with uncorrelated noise 5 5 5 5 . plubl.in prep.
. . . _ in KW2016
(normalized to signal and with S=1) = 0y = 0p E 5'3z + N(z7) [ + O(03,)| 2"
2\ 2 .
N. Wermes, Freiburg Lectures 2016 <nz ) = On; =1 > 31




Observations

universitétbonnl

formalism can be extended accordingly to 2D

N
27
i=1

small number of
electrodes good
(because of noise)

good, if charge confined
in small area -> circle like

Geometry factor for (a =V
strips 0.816
pixel (square) 1.155
pixel (hexagonal) 0.491

hexagons least sensitive to noise contributions on
electrodes

Example:

O two strips at x, =-a/2 and x, =+a/2 (N = 2)
O Signals for a hit at x are

Si(xz) = (x2 — x)/a and Sa2(x) = (x + z2)/

QS +S,=1; x;S;+%,S5,=%; X, +x,=0 V/

(

_,0x=0816a0,
O Thus the resolution for S/N = 10 (0= 0.1)

* o0, =0.08a

It is better than binary (a/Vv12) as long as
S/N > 2.8.

Ox

On

Q

N. Wermes, Freiburg Lectures 2016
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Arbitrary detector response (“data driven method”) universitétﬂ

typical for semiconductor detectors
and patterned gaseous detectors Nejectrodes = 2-3, S/N ~ 10

channels have different gains
A SL

SR

S

ii..!!

2 electrodes have signal over St (:E) - Q 7](:17)

some threshold
Sr(z) =Q — Sp(z) = Q(1 —n(z))

integriertes
Ladungssignal

(@}
)
£ § n = response function, indep. of Q
T z can be determined from signals themselves
I I 2
3 3 S,
Xa Xg n =
| o S+ Sk
e assume a constant hit probability density

e =>can build inverse of n-function (n -> x)
* pick best estimate of position from measured distribution
* algorithm can also be extended to three — electrode situations

a5 "dN
~rec—77 SL+SR N

N. Wermes, Freiburg Lectures 2016 33




Arbitrary detector response umversitatﬂ

Belau, E. et al.: NIM 214 (1983) 253-260

400

300

200 -

dN/dn (ev/0.02)

100 |-

reconstruction
with noise

N. Wermes, Freiburg Lectures 2016



OPAL Length: 4 m; R = 185 cm; 159 measureme i
Jet Chamber (O = 135 um, 0, =

Gas-filled detectors

N. Wermes, Freiburg Lectures 2016



Multi Wire Proportional Chamber

universitétbonnl

\George Chdrpalk

NP-1992

cathodes

I m@w.

A

often

patterned

for 2"d coordinate M’%/é/yé/é/z

or more chambers
R

typ. s =2mm
0=2/N12

T

N. Wermes, Freibur

11

u Ruv

Kolanoski, Wermes 2015

mother of all wire chambers (1960ies)
break through in tracking, because
tracks became electronically recordable

Nobel Prize 1992

0" 100 103 10°8 >108
! ! ! Geiger-Miiller
1L counter
]
10 . . 1 I
10 Region of limited 1
”' I ] ]
Recombination proportionalty -\ : . :
before collection C I\ 0
©
L 4 lonlzatlon : :
8 10 counter C U
§ : Disr_:harge}
g : region
S 10° : —
: :
- !
S 10* 1 —
=z ! g
! saturation
i sets in
10? : —
1
N : .
1 R
1 o | | 3
VT
0 250 500 750 11030

Voltage (V)



Operation modes of wire chambers umversatatﬂ

region of limited proportionality - multi wire chamber operation in
saturation region (G ~10° - 107)
« operation point: gain > 10% - strong secondary ionization

» space charge effects (stationary ion cloud decreases the electric field at the anode)

destroy 1/r shape near wire 10 !

- saturation of signal sets in \\
this is sometimes wanted, when the number \

Kolanoski, Wermes 2015

of particles is to be determined by the total §
signal height; e.g. when slow (1/32!) protons s N ohne Dichekorrekur .-+
shall give the same signal height as m.i.p.s § \ /
1-2MeV cm? g’
(BY),;, =3-4
Wi re . 0.1 1 10 100 1000 10000
reg|0n By =p/mc
+ ‘ of reduced ion cloud
field S is ~ stationary
acts like a
space chage 37
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Saturation —> Avalanche -> Streamer -> Spark universitétm

: new aval. b
prim. e counter field photo o Y avalanches merge
N ion. recombination into a “streamer”
E photort emission preferentially
\

between electrodes
because of higher field
between avalanches and
that +++++ electrodes

[+
-+
-+

e

-+

O at very high voltages and G ~ 108- 10°
O discharges either spontaneous or initiated by ionisation
L =>saturated avalanche -> streamer -> discharge (= glow —> corona —> spark) occur
O streamer/discharge accompanied by photon emission (can be visible) and need to be quenched
(by space charge screening, HV-lowering, pulsed HV, etc. ) when used as detectors rather than
demonstration objects (spark ch.)
 very fast (10° m/s) governed by photon emission, 10x faster than avalanche dev. (governed by v ,.)
O when streamer reaches electrode => spark/discharge => avoid in detectors (limited streamer mode)
L streamer operation in: straw tube geometries or RPCs

skip gas mixtures
and ageing? [>

38
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The magic of the choice of the gas / gas-mixture universitétﬂ

O high ionisation density => best are heavy nobel gases (Ar, Kr, Xe) or CO,, CH,, CF,
Q little charge loss => no O, or electronegative gases
O high gain at low voltage => nobel gases best => Ar (cheapest)
 proportionality between prim. ionisation and signal
O spark robustness => need photon quencher (Ar no good) => hydrocarbons or CO,
examples: Ar—C,H, 50:50
Ar—CH, 90:10
Ar—C,H,, 75:25 AN
Ar—CO, -CH, 90:9:1 r
O small diffusion and constant v, § o
=> also provided by quench gas => tune mixture e T C i e T
L no polymerisation (ageing) => ions from organic 20[- u E gZS : ::9: 7% isobutane -
gases tend to polymerize => add propanol, methylal - v - R 1
e s s

 rate tolerance w/o space charge
/ P g Drift velocity in several argon-isobutane (CsH10) mixtures

L radiation resistance

O non flammable

N. Wermes, Freiburg Lectures 2016 39



The ageing problem umversitatﬂ

= cause: avalanche process + radiation
polymerisation on wires -> wisker growth
= result

= gain reduction

= dark currents

= corrosion

= mechanical damage

= chemical disintegration of complex gas
molecules, i.e. by hydrocarbons
(quencher) or by gas impurities

" Jong chains of molecules become attached
to the electrodes

N. Wermes, Freiburg Lectures 2016 ™



The second coordinate

universit'atbonnl

cathode readout (see page 24) or crossed wire planes @

90

P

: .

—» N

90° “stereo” arrangement
best for resolution
but n? “ghost” hits

N. Wermes, Freiburg Lectures 2016

> >< >< < >< < < ><

LTI ST ST ST ST
OO See e

2 X B < <
>TSS T

[~
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+30° “stereo” arrangement
(3 layers)
small angles often easier due to wire fixations or R/O
no ghosts in this example
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The Driftchamber
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Kathode

O MWPC limited for very narrow wire spacing due to electro-
static repulsion: typ.: s > Imm for © 10 um, | =25 cm

O better resolution obtained by measurement of arrival time
of the electron cloud (measured by TDC or similar)

0 need additional “potential wire” to avoid low field regions

O track space point to drift-time relation usually field dependent
and thus non linear (-> calibration)

cathode plane
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potential wire  cathode plane
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Driftchambers for tracking umversatatﬂ

—
™)

tm planar chambers
1 . . .
Bl in fixed target experiments
/q l °
e
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JJ \ Tei
{ . eilchenspur
@
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Strahl N, = E = Strahl
cylindrical chambers

in COIIider experiments Kolanoski, Wermes 2015
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Drift cells universitétgn‘

used for example in ARGUS and TASSO experiments at DESY in the 1980ies.

N. Wermes, Freiburg Lectures 2016 44



Drift cells: OPAL Jet Chamber universitétﬂ

z-Chamber; Drift Cell Anode

Cathode Wire Plane Anode Wire Plane

w
l. i
2 1cm
<k
L]
x
: * a =20
- Aberration
- Radius

'-, Prift Space %

. for iy

_1 100 um
stagger




Drift cells: OPAL Jet Chamber universitétﬂ

+ many hits per particle track

+ but still only modest number of wires
needed in total

+ homogeous E-field = easy space point to
drift-time relation

z-Chamber: Drift Cell Anode

+ |large drift distances

 get 3D space point by charge division on wire
* multi-hit electronics = good 2-track resolution
» “staggering” of anode wires to Cathode Wire Plane #1008 Wire Plane

Aberration
- Radius

'-, Drift Space
. for x

100 um
—1 stagger




Drift cells: OPAL Jet Chamber

universitétbonnl
+ many hits per particle track T e e———— - r—
+ but still only modest number of wires
needed in total

+ homogeous E-field = easy space point to
drift-time relation

+ |large drift distances

 get 3D space point by charge division on wire

* multi-hit electronics = good 2-track resolution
» “staggering” of anode wires to

Chamber

=gz
Fig. 1. Schematic view of the OPAL central detector.
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The jet chamber concept

universitétbonnl

ANODE WIRE PLANE

SUPPORT BARREL UNIT

CATHODE WIRE PLAME

#3854 .9

N. Wermes, Freiburg Lectures 2016

+ many hits per particle track

+ but still only modest number of wires
needed in total

+ homogeous E-field = easy space point to
drift-time relation

+ |large drift distances

 get 3D space point by charge division on wire
* multi-hit electronics = good 2-track
resolution
e “staggering” of anode wires to
resolve the left-right ambiguity

48



How to resolve left/right ambiguities
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(a)

N. Wermes, Freiburg Lectures 2016

Spiegel-
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(b) Spur
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Effect of B-field
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B=0

isochrone-curves

with

same drift time to wire

B=05T

BLE

equipotential lines

................

planes

cathode \:&

anode wire
plane g

drift trajectories
L

50



z-coordinate measurement universitétgn‘

“stereo” wires in a cylindrical geometry

- 7.
// ~
1 + (still) relatively good spatial resolution
- one looses wires for other tasks (ro)
SIN Astereo - not practical in high track density

Oy — Org -

N. Wermes, Freiburg Lectures 2016 51



Resolution of a driftchamber umversitatﬂ

Drohtebene
Teilch;yﬂspur
—‘t’x /// ’
ul 7z 2 — 2 2 2
/ ‘@E’)«"/ O tot — O point Y multiple scattering + O Sys
Driftraum
4-‘5—-————\— = 7
s
r ;‘i ung de xe tronen
. \i/flﬁDrilftrighdturngl ;u t=eo
A
Opoint - - longitudinal diffusion ( ~ 1/pressure x Vdrift distance)
- jonisation statistics ~ (distance from wire)1
- time resolution for e-cloud = leading edge discrimination
Flash ADC timin
o - N ;
MS T X o
p V Xo
Gsys -> - wire sagging, electrostatic wire attraction

torsion of chamber flanges, electric cross-talk
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Resolution of a Driftchamber

Tpr | PT ' O point
PT 0.3 |L"”?B

point

universitéitbonnl
L‘“=Lsin©

[pr] = GeV/je, [L']=m, [B]=T

720
N +4

Tpr 0.054 L . , |
<pcr ) vs I L'BIBV Xo lpr] = GeV/e, [L,L'] =m, |B]

-+ MS dominated

4 L=2m, N =159, 0,4, 120 um

%Y
P — V/(0.15 % p.)? + (2%)?
Pr

o/ pT (%)

2% @ 1 GeV

7.5% @ 50 GeV

30 35
pT (GeV/c)
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Time Projection Chamber invented by D. Nygren (1976) umversitatﬂ

large wire-less volume Sice long drift along , amplification at end of long drift

K 4.4 m /i__,l
—
£y
‘ i
4 \
.

DRIFTING

ELECTRONS\§
e’ e” ;
| -t :
ik m transverse diffusioR
reduced
Dr(0)
Dr(B) = 2.2
- S 1 4 w4T#4 [TrAck DUCED CHAPGE
'/ : \ ON PADS _
High Segmented 3
vollage TPC . . .
M S e prevent ion-feedback by gating grid

 full 3-D reconstruction (voxels): xy from wire/pad geometry at the end flanges; z from drift time
O 3D track information recorded -> good momentum resolution
O also dE/dx measurement easy -> particle ID (not topic of this lecture)
O large field cage necessary
O typical resolutions: inzandy=mm, in x=150-300 um
O challenges
= |ong drift time -> limited rate capability
= |arge volume -> geometrical precision
= |arge voltages (discharges)

N. Wermes, Freiburg Lectures 2016



Time Projection Chamber invented by D. Nygren (1976) universitétgn‘

N. Wermes, Freiburg Lectures 2016

large wire-less volume long drift along , amplification at end of long drift
k 44m /4—4 R - . i particle track
N feINB| E crons |
%5 5 ~ gating grid pulsed
. shielding
e SN 1 | ) 15~
I . .
3.6 m : transverse diffusion
: reduced
' DT(O) A .,
= . Dr(B) = 1+ w?r2 { . é/
/ {i S\:gmenled il ; / —
vollage TPC 2005 DESY, FLC. Obver Schsfor
e e s prevent ion-feedback by gating grid

O full 3-D reconstruction (voxels): xy from wire/pad geometry at the end flanges; z from drift time
O 3D track information recorded -> good momentum resolution
O also dE/dx measurement easy -> particle ID (not topic of this lecture)
O large field cage necessary
O typical resolutions: inzandy=mm, inx=150-300 um
O challenges
= |ong drift time -> limited rate capability
= |arge volume ->geometrical precision
= |arge voltages -> potential discharges
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Big TPCs in experiments

universitétbonnl

Parameter /Experiment

PEP4 [612] ALEPH [100] ALICE [72]

Volume (m3)

Ore (1m)

7. (um)
Zweispurtrennung (mm), T/L

op/p* (GeV~1) (p groB)

N. Wermes, Freiburg Lectures 2016

5

130-200
160-260
20
0.0065

20

170-450
500-1700
15

0.0012

26

800-1100
1100-1250
13/30
0.022
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ALICE TPC

QUTER FIELD
CAGE

e

=35\
=\
22\
\

!

\ |

= ——

i

CENTRAL HV
ELECTRODE

INNER FIEL
CAGE

5 bt 4y 74 Pb-Pb \/ay = 2.76 TeV
S = run: 137171, 2010-11-09 00:12:13
N. Wermes, Freiburg Lectures 2016



ALICE TPC universitétgln‘
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New developments in the context of high rate
applications (i.e. LHC)

N. Wermes, Freiburg Lectures 2016 59



What is different at the LHC (pp experiments)? umversitatﬂ

O particle rates (L =103 cm™2s?) note: heavy ions: £ = 10%” cm2 s

= bunch crossing every 25 ns
" N, =0L=100mb x 10%**cm2stx 120 = 10 tracks/s in 4
this is 10® times the track rate at LEP
= @ r=5cm=>09.5 tracks/cm?/25 ns but only 10 per pixel (100x100 pum?)

O radiation level (@ r = 5cm, per detector lifetime)

" jonizing dose = energy/mass (J/kg) = 100 Mrad
= non ionizing fluence (breaks the lattice) = 10*° particles per cm?
= affects ageing on wires, electronics, ...

d way out
= high granularity, small cells
= high timing precision << 25 ns
= solid state detectors (-> lecture 3)
— micro structuring => highest granularity

— but: sensitive to radiation (different to gaseous detectors at moderate gas gains)

N. Wermes, Freiburg Lectures 2016 60



Straw tubes universitétm

rR-1082mm

anode wire

[R=514mm
R =443 mm
SCT { 80 GeV electron crossing the straw tube
R=371 mm B=2T (BLE)
\ R =299 mm
R = 122.5 mm
Pixels { R = 88.5 mm |
R = 50.5 mm \
R=0mm | \
’ﬁRadlatorfous-—" —lle—o 30m
ATLAS ID Barrel
= diameter =4 mm = gas: Xe-CO,-0,(70%:27%:3%)
= ~36 hits along a barrel track = serves as tracker and e- ID at the same time

= can better cope with high rates due to individual units and short drift distances
N. Wermes, Freiburg Lectures 2016
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MPGCs (Micro Pattern Gas Detectors)
O advances in micro structuring also entered clever chamber designs GEM
(Sauli et al.)
high field regions —
- T - ED:lgrki\?cm""

O goals:

high resolution

= thin gap
high rate capability (100 x MWPC)

Driftelektrode MSGC (Oed et al.)

prone to sparks

L. 2.8mm ;| 3.0mm

Anode Kathode

fe

Raster 300 pm

i .55,5'/////

“rm/, //
v/ I -

Substrat

Riickseite
I

10pm  170pm

N. Wermes, Freiburg Lectures 2016

B=0 g P .
E=2kV/cm

||||||

Ar-C0, 70-30
L 1 1 L

today’s standard: Triple GEMs (stand alone detectors)

Kathode

GEM1
GEM2

GEM3
Pads

dd  —
dt ::::;7'E
dt

Il I N BN B B .. EI

~
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Example: GEM tracker in COMPASS universitétﬂ

polarized

target SM1 RICH1 pfilter 1 SM2 RICH2 u filter 2

COMPASS Magnetic Spectrometer
22 TRIPLE GEMs

Ecal2 HCAL2
ECAL1 HCALA1

B Magnets ] Tracking llll RICH WM ECAL [CIHCAL M  filter

GMOGUV

IllllllllllllllIIIIIIIIII ]

(=]
IIIIIIIIIIIIIIIIIIIIIllllllllllllllll_

sl by by b vy by by
-150 100 -50 O 50 100

1 I 11
150
u (mm>

UNIFORMITY OF TRACKING EFFICIENCY
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MICROMEGAS (MICRO MEsch GASeous Structure) ety

3mm

Gasverstar-  Driftvolumen

kungszone
100 pm

40

HV1

Mikrogitter

Mikrostreifen

Leladenes

Teilchen

y (pm)

Mikro-
Gitter

-40 E

-60 F

-80 E

-100

-20

20

N. Wermes, Freiburg Lectures 2016

60

x (um)

U separation of drift region and (short) amplification
region by a micro grid

1 R/O of induced charges by patterned electrode

O fast induced signals

O need precise grid alignment
U new development: INGRID structure obtained

by “post processing” of grid directly on R/O chip

INGRID structure
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RPCs (resistive plate chambers)

universitétbonnl

O target high timing precision (trigger and timing chambers, e.g. ATLAS Muon Spectrometer)

Elektrodenstreifen (x)

O use high ohmic (103-1012 Q cm) plates
(glass, bakelit) with small gap (2mm)

+HV
M T L operation (~10 kV) in avalanche (shorter
e X guench times) or streamer mode (larger
leitend Glas oder Bakelit 3mm .
erence Y and faster signals)
scr::iihltu:g Gasvolumen v 2™ QO induced signals reach through to patterned
(10°Q) \ Glas oder Bakelit | 3mm electrodes
— J_ O large signals: <100pC streamer, <10pC avalanche
Elektrodenstreifen (y) éGno @ gas with high ionisation density and high
guenching efficiency needed:
mi_ [
\(
hochohmige e \\)( l Trigger-RPC  avalanche mode Timing-RPC  streamer mode
Platten
(potenzialfrei)__’i \v E =50 kV/cm F =100 kV/cm
AN | a =133/mm 7 =35/mm a =123/mm 7 = 10.5/mm
M\ | vp=140 um/ns d =2 mm vp=210 um/ns d = 0.3 mm
o rrra— ] 2 =1ns
Kolanoski, Wermes 2015 GND € 298% € :75%
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End of Lecture 2
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