8% TRACKING DETECTORS

Lecture 2
Main tracking detector concepts and examples of their use
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A%< Main design considerations

spatial resolution

two-track spatial resolution

time resolution

response time

dead time (two-track time resolution)
enhanced charged particle id capabilities

radiation hardness
COST
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-89 < Tracking detector concepts

Gaseous wire chambers
— PC, MWPC, DT, MWDC, CSC, adding 2"? coordinate
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9p | Wire chambers:

.| proportional tube and gas multiplication

Recall: 100 e/cm — too few to detect directly

Solution (invented by Rutherford):
introduce thin wires (typically, 20-100 pym)
at positive high potential (typically, a few kV)
for gas multiplication

— Electric field E ~ 1/r

— In vicinity of the wire, electrons get
sufficient energy between collisions

to ionize gas

— Avalanche develops with the overall
multiplication (gas gain) controllable

by tuning high voltage

[}
E \ Ethre-shold

i 1/r
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=8P < Wire chambers: gas gain

Cathode

Gas gain regimes (\

proportional: 10%

- - ’ : A
T limited proportional: ~10°
2 v U Geiger mode
§ saturation: g~ 1 pC Cathode
T
Geiger: >1 nC | | streamer: 1 nC
v v v v

discharge: Q=VC

Maximal gas gain before onset of a discharge depends on amount of quenching gas.
Gas efficient in absorption of UV is called quenching gas (e.g. organic molecules).
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% <= Wire chambers: role of avalanche ions

v=UE
Avalanche starts and ends in 2-3 ns dr >

Amplifier gets only 1-2% of a signal redr=uA-dt
over this time

The bulk of electrons sit on the anode wire

held there by the cloud of positive ions. A A A2
AU =QE(r)-dr=Q—-u—dt=0———dt
ror ry +2 1At
lons with total charge Q slowly drift away AU =V -dg=Vi-dt
from a wire. 2 .
i(t)=0-—"—
: : 2V 1l +2UAL
Correspondingly electrons migrate from the
wire to the cathode via the power supply and — 100
amplifier. The amplifier sees current W SR ——
X (left-hand scale) (right-hand scale) -
- L I
() =—— A 50
I+t/7, | —_—
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‘t. Wire chambers: role of avalanche ions

v=UE
Avalanche starts and ends in 2-3 ns dr >

Amplifier gets only 1-2% of a signal redr=uA-dt
over this time

The bulk of electrons sit on the anode wire

held there by the cloud of positive ions. 2
y ua ot positive | AU =QE(r)-dr=02 n2di=0—2_a
ror ry +2 1At
lons with total charge Q slowly drift away AU =V -dg=Vi-dt
from a wire. 2 .
. . =0 = o
Correspondingly electrons migrate from the 0
wire to the cathode via the power supply and e
amplifier. The amplifier sees current - o
i IR R S
i(t)=—> |
© I+t/7, iR e
To suppress a very long tail (~ms!),
amplifiers are used with proper RC-filter with

RC>100 ns (quiz: why not much shorter?) e — TR £

019.80%

6 May 2000
5:10:52
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" Wire chambers:
~ Multi-Wire Proportional Chambers (MWPC)

Multi-wire proportional chamber (invented by Charpak, Nobel Prize in 1992)

plane of thick . 2 \
cathode wires P H“ r

E,,rm?l;lll_ﬂ! VIR

—

= i
17
= — -
C ¥ x t
e
L
|
§ >

ULLLLELLLLLRLLLALELE A T

i T T U LT
2 plane of
anode wires

plane of thick
cathode wires

Typical geometry: anode-cathode gap is 5 mm
20 um anode wires, 1-2 mm pitch
Yes/No readout: 1-2 mm /sqrt(12) = 300-600 pm
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a9 | Wire chambers:
WA+ .. Simple Drift Tubes

Concept: |
cathode ,

gas ;‘

— know when particles go through detector (t,): | ° . /1}:
— measure drift time: 4t =1¢,,,— t, | (f

— with saturated drift velocity (independent of E),
calibration of x = f(4¢) is much easier

— drift distance: x = f{41) anode ‘;

E 1 1 1 Ll
— Typical resolution of 100-200 pm _;f 100k
— Some gases are better than others S sok ! $
— Increasing pressure helps, but :;3 60 T _ diffusion
makes maintenance more difficult A | -
: 1*0:‘.\:--::-'.’-’ electronics
g 20 _,’ N, statistics of primary electrons

o
-

1 1 1 1

5 10 15 20
drift path x[mm]
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| Wire chambers:
».! Simple Drift Tubes

ATLAS muon chambers:

— 350K tubes

— gas volume 700 m3

— pressure 3 bar (Ar+C0O,=93%+7%)
— spatial resolution 80 pm

width: 1 -2m

3or4
drift tube
layers
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Wire chambers:
24 | Simple Drift Tubes with TRD capabllltles

ATLAS Transition Radiation Tracker

— “straws”: multilayer tubes, 4 mm in diameter
— 40 ns drift time

— spatial resolution 130 ym

— 36 straws per track

Gas: Xe+CO,

y

# of hits with
larger charge

Pron et enc

rd

LA

0 = = = = = = =
T0S 0SS 06 D65 07 075 08 ORS 09 005 )
Electron efMiciency
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* Wire chambers:
T, . Drift Tubes with field shaping electrodes

Example: CMS barrel muon chambers

e 2 cm drift
« 250 ym spatial resolution

1800 V

Insulator strips
Anode wire Electrode strips

4 :_/ 7 :I. 7 7 :, VA Y
-\ e 0 =
= 2L ¥ 4

S et et f Cathode sirip

- -—7-—-‘-'— v
T i e e e e = 4

eI — - ot — 7
~—} 'f"\;-‘. 5 ¢ 7
B e i i - ’?/
. (L L L L

i Ll ’L . Y I¥ AT S A s
2 7
- 42 mm \ - - 1200 V
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Figure 4. The COT during “stringing” of the wire planes and field sheets. The carbon composite inner cylinder, aluminum end plate

Wire chambers:
Multi-Wire Drift Chambers

Sense wires

(east) and aluminum outer cylinder are visible. Superlayers 1-5 have been strung and superlayer 6 is about half done. A wire plane is . Potential wir
being inserted at 10:00 and a field plane at 4:00. Pre-tension fixtures are seen in superlavers 6 — 8. Cathode
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) Wire chambers:
\ Multi-Wire Drift Chambers

CDF Central Tracker high p. track

Quiz:
« why tilted?
« why extra potential wires?

ot . Sense wires
’ Potential wir
—
Cathode
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*IWire chambers:

Y :. ol ~ Cathode Strip Chambers

CMS endcap muon system
— 1 cmgas gap
— 0.5-1.5 cm strips (trapezoidal!)
— 100-300 pm spatial resolution

cathode

cathode

Nge
—— cathode with strips

, avalanche

wires

———— D2 Ne cathode

wire plane (a few wires shown)

cathode plane with strips

3.3 m

7 trapezoidal panels form 6 gas gaps
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) Wire chambers:
24 «o| Cathode Strip Chambers
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29p | Wire chambers:
023 e . How can we get the second coordinate?

Options
— add more planes (or readout wires and cathode strips)
— two-sided drift time readout (time of flight along the tube)
— two-sided charge readout from resistive anode wire
— “chevron” strip readout
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b | Wire chambers:
22| HOW can we get the second coordinate?

Options

— add more planes (or readout wires and cathode strips)
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WP | Wire chambers:
22| HOW can we get the second coordinate?

Combinatorial confusion for more than one particle:
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WP | Wire chambers:
22| HOW can we get the second coordinate?

Combinatorial confusion for more than one particle:
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) | Wire chambers:
NALE2 .| Proliferation of options for multiple tracks




‘ ° Wire chambers:
o Add third layer?
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a2r.| Wire chambers:
$ACEA .| Use small-angle “stereo” layers...
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WP | Wire chambers:
22| HOW can we get the second coordinate?

Options

— two-sided drift time readout (time of flight along the tube)

L AT
z=—+—-c
2 2
T +T, L
T, T =
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2P | Wire chambers:
A e ~ How can we get the second coordinate?

Options

— two-sided charge readout from resistive anode wire

7= q2 L
q, T4,
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9) | Wire chambers:
A o . How can we get the second coordinate?

Options

— “chevron” strip readout

(L—2)
L

%NQ QQNQ_

q2 L
q,t 94,

Z~
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R )| Wire chambers:
BaNaCEs .| HUGE Volume Drift Chambers

ALICE
Time Projection Chamber (TPC)

HV electrode {100 kV)

Inner and Quter
Containment Vessels

field cage
(150 mm, CO,)

readout chamber ' | s /.
Endplates housing | [_'ri:',--
2x2x 18 MWPC ..o 1 T [ _— /

* 845 < r < 2466 mm
« drift length 2 x 2500 mm
« drift gas Ne, CO,, N, (90/10/5)
« gas volume 95 m*®

= 557568 readout pads

27
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= Average ionization

¥ |
ALICE pp Vs=7 TeV

lllllll

. .ﬁu ....,.......A ............. . T LT LL LT LTI

80

dE/dx (arb. units)

' L A A A A l L 1 A s ' A L A l
03 04 1 2 3 4 5678910 20
p (GeVic)

Simultaneous measurement of momentum and dE/dx can help resolve 1r/K/p
(e and p are identified with help of dedicated detector subsystems: calorimeters and muon system)
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-89 < Tracking detector concepts

Gaseous wireless chambers:
— RPC, MSGC, GEM...
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WP | Gaseous wireless chambers:
24| Resistive Plate Chambers

Concept: -
two plates of high resistivity material 4’_’;;@, coating
(not too high, though) ¥ bakelite

gas gap in between
conductive strips or pads outside

as avalanche develops, high resistivity ¥~
does not allow for fast replenishing of .
stored charge on resistive electrodes
hence, discharge terminates

signal is read from strips

the local place where the discharge took

place remains dead until the charge gets
restored with time (1=RC)

-«—meadout stnp

<——— spacer

Performance:

* timing<1lns

* intrinsic resolution <1 mm

* rate capabilities < 1 kHz/cm?

* have rather high spurious noise
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F.| Gaseous wireless chambers:
o.{ Resistive Plate Chambers

endcap [muon’ system

Typical time spectrum from 5 gap MRPC

- 12kV
e 7 77 ps Gaussian fit o =77 ps
o Tail of late signals
£ ™ 29 events/17893 events
=102 =0.16 %
v E
z =
5 -
G0k :
I E
= e e BEEL R
-2000 -1000 0 1000 2000 3000

time difference between start counter and MRPC [ps]
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Fairly recent development (1988 by Oed):

" Gaseous wireless chambers:
»:{ Micro-Strip Gas Chambers

A pattern of thin (10 pm) anode and thicker cathode /| = =
strips on a insulating substrate with a pitch of afew ‘
hundred pum. =
Anode strips work as anode wires and provide E_
moderate gas gain (x100) before transitioning intoa ./ /g;
discharge mode. rﬁ
Spatial resolution: <50 um CRAY
Size: ~30x30 cm?
]
!
g {
. \
°:'- -~ ?@
Ve :flrli- H—Fa-' i Va
E‘ E 100 i ill]l] mE : i 10pm
§ pm W A 1}
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W) | Gaseous wireless chambers:
a0l Mlicro-Strip Gas Chambers

Fairly recent development (1988 by Oed):

A pattern of thin (10 ym) anode and thicker cathode
strips on a insulating substrate with a pitch of a few
hundred pm.

Anode strips work as anode wires and provide
moderate gas gain (x100) before transitioning into a
discharge mode.

Spatial resolution: <50 um

Size: ~30x30 cm?

Unlike for wires, discharge in MSGC may cause
serious permanent damage to strips. MSGC with
damaged strips is not operable.

Highly ionizing slow particles are notoriously
problematic
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| Gaseous wireless chambers:
.. Gas Electron Multiplier (GEM)

Fairly recent development '70 um|  140pum |
(invented in 1997 by Sauli): o
— At thin (50 pm) insulating Kapton film
metalized on both sides is punctured with
a pattern of pinholes. Can be manufactured

using standard printed circuit wet etching
techniques.
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" Gaseous wireless chambers:

e \ Gas Electron Multiplier (GEM)

Fairly recent development

(invented in 1997 by Sauli):

— At thin (50 pm) insulating Kapton film
metalized on both sides is punctured with
a pattern of pinholes. Can be manufactured

using standard printed circuit wet etching
techniques.

— HV is applied across the film

— High electric field going through holes
allows for a fair gas gas gain (>100/GEM,
107 for triple GEM).

August 7, 2012 Andrey Korytov (UF)

35



| Gaseous wireless chambers:
24 .| Gas Electron Multiplier (GEM)

Fairly recent development
(invented in 1997 by Sauli):
— At thin (50 pm) insulating Kapton film
metalized on both sides is punctured with
a pattern of pinholes. Can be manufactured H]

using standard printed circuit wet etching
techniques.

— HV is applied across the film
— High electric field going through holes ED DRIFT [
allows for a fair gas gas gain (>100/GEM,
107 for triple GEM). GEM1 j==mssszczsssssza=l]
— lonization is collected from the drift volume ET1 TRANSFER 1
— Induced signal is read out from pickup strips GEM2 =SS S=SSSSSsSss
— High rate capabilities: >106 Hz/mm? L —szzczszszs=s
— Spatial resolution: ~50 um Ej INDUCTION
— Size: up to 30x30 cm? READOUL.
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Y “| Gaseous wireless chambers:
24 e Gas Electron Multiplier (GEM)

Fairly recent development

(invented in 1997 by Sauli):

— At thin (50 pm) insulating Kapton film
metalized on both sides is punctured with
a pattern of pinholes. Can be manufactured

using standard printed circuit wet etching
techniques.

— HV is applied across the film

— High electric field going through holes
allows for a fair gas gas gain (>100/GEM,
107 for triple GEM).

— lonization is collected from the drift volume
— Induced signal is read out from pickup strips
— High rate capabilities: >108 Hz/mm?

— Spatial resolution: ~50 um

— Size: up to 30x30 cm?

— Already used in LHCb (muon trigger).
Proposed for the very forward muon system
upgrade in CMS
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- A9%% < Tracking detector concepts

Solid state detectors:
— scintillators, semiconductors
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e | Solid state detectors:
(%2 o Scintillators

DO Tracker example:

* Very little room for gaseous tracker:
Riax — Rmin = 92 =20 cm

* Double-layers of scintillating fibers
e 835 um in diameter
* up to 2 mlength

« 8 axial doublets
* 4+4 stereo-angle doublets: +3°
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DO Tracker example:

Wh_| Solid state detectors:
24 | Scintillators

H (51.4cm) 2x 44 fibers
i G (49.4cm) 2x 40 fibers

Very little room for gaseous tracker: RS
Rmax — Rmin =52 —-20cm ; F(44.5cm) 2x 36 fibers

E (39.6cm) 2x 32 fibers

Double-layers of scintillating fibers
e 835 um in diameter
* up to 2 mlength

TR 1 (34 70m) 2x 28 fibers

Ai

8 axial doublets —
4+4 stereo-angle doublets: £3° l /

Spatial resolution: 100 pm/doublet
Fast readout (good for trigger!)
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D) | Solid state detectors:

4| Semiconductors

— Inverse potential applied to p-n

junction in Si creates a large volume
depleted of charge carriers.

Concept: E;
T
l—f\/\/\/\,—?

— Semiconductor behaves as an A
insulator with no current flowing.

/

— lonization releases electron-hole §
pairs that drift apart and can be ' Q
collected on either side by etched /
strips or pixels.

o™

N

metal contact metal ¢fntact

p-type pffype

A A | A/

region

depletion /

/v \ A /

n-type

/

metal contact

2
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Wh_| Solid state detectors:
24 Semiconductors

Challenges
— Connection to readout electronics
— Sheer number of readout channels
— Cooling
— Radiation hardness in long run

front-end electronics

BINGON S8NGors with read-out chips

carbon fibre support flat cables for powering

and data transfer
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* Solid state detectors:
.« Semiconductors pixel detectors

ECAL 76k scintillating
PbWO, crystals Cathode Strip Chambers (CSC)
Resistive Plate Chambers (RPC)
HCAL Scintillator/brass MUON
sandwich ENDCAPS
4T Solenoid

f ~
v y
> ~
" “ 4
: ’ - /)
y
L= 4
v 4
V=

Pixels & Tracker /

- Pixels (100x150 pm?) ‘w"
~1m?2 7y Q
66M channels

-Silicon Microstrips
~210 m? MUON BARREL

Solenoid coil 9.6M channels Drift Tubes (DT) and
Resistive Plate Chambers

200 m? of sensitive area
(half of basketball court)

10 M channels
80 — 200 um strips
Spatial resolution: 15-40 pm

August 7, 2012
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|Solid state detectors:
.. CMS Si pixel detector

Muons
Solenoid coil

CMS

Cathode Strip Chambers (CSC)
Resistive Plate Chambers (RPC)

HCAL Scintillgtorlbrass MUON
sandwich ENDCAPS

4T Solenoid

ECAL76k scintillating
PbWO, crystals

Pixels & Tracker
- Pixels (100x150 pm?)
~1m?
66M channels
-Silicon Microstrips

~210 m? MUON BARREL
9.6M channels Drift Tubes (DT) and
Resistive Plate Chambers (RPC

1 m? of sensitive area

66 M channels

100x150 pm? pixels
Spatial resolution: 13 pm
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%= Summary

Large variety of tracking detectors allows one to
meet a broad spectrum of requirements:

overall event reconstruction and measuring momenta
vertexing
muon identification

ever growing demand to include more tracking
information in the trigger

Development of tracking detectors continues

August 7, 2012

Andrey Korytov (UF)

45



pire ol o » :1
*m,ir-..“ v e
\.'s 0 ltﬁ's\ -
N A . o

"\
*-

3' ll ARF4 B wl. i

n«\*m«m h
mmm

/\v\drr\\l VN2V VR AR =
LR AL e B u_ e

August 7, 2012 46




