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HistoryHistory andand New DevelopmentsNew DevelopmentsHistoryHistory andand New DevelopmentsNew Developments

100 years ago100 years ago
Hans Geiger operated first gaseousHans Geiger operated first gaseous
detector in Manchester, UK, 1908detector in Manchester, UK, 1908

Harry van der Graaf Nikhef AmsterdamHarry van der Graaf, Nikhef, Amsterdam

CERN Student Seminar, March 13, 2008



First Gaseous DetectorsFirst Gaseous DetectorsFirst Gaseous DetectorsFirst Gaseous Detectors
Ionisation chamberIonisation chamber
G fill d ith d d th d A t fl ft thG fill d ith d d th d A t fl ft thGas filled space with anode and cathode. A current flows after the Gas filled space with anode and cathode. A current flows after the 
passage or the absorption of a (possibly charged) particle.passage or the absorption of a (possibly charged) particle.
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Di f VDiscovery of
cosmic rays



First Gaseous DetectorsFirst Gaseous DetectorsFirst Gaseous DetectorsFirst Gaseous Detectors

Geiger Counter: Hans Geiger 1908Geiger Counter: Hans Geiger 1908Geiger Counter: Hans Geiger, 1908, Geiger Counter: Hans Geiger, 1908, 
ManchesterManchester

wire

• Gas ionisation
• electron drift
• electron avalanche
• discharge propagation
• (self) quenching• (self) quenching



Early Gaseous DetectorsEarly Gaseous Detectors
Spark chamberSpark chamberSpark chamberSpark chamber
Parallel conducting plates connected alternating to highParallel conducting plates connected alternating to high--voltage voltage 
supply (pulsed after external trigger) and ground.  Filled with noble supply (pulsed after external trigger) and ground.  Filled with noble 
gas. High voltage causes avalanche formation leading to production gas. High voltage causes avalanche formation leading to production g g g g pg g g g p
of UV light seen as sparks of UV light seen as sparks 
Streamer chamberStreamer chamber
Large gap spark chamber with high voltage (typically about 500 kV)Large gap spark chamber with high voltage (typically about 500 kV)Large gap spark chamber, with high voltage (typically about 500 kV) Large gap spark chamber, with high voltage (typically about 500 kV) 
applied during short time after external trigger. Avalanches develop applied during short time after external trigger. Avalanches develop 
only in the vicinity of the initial ionization, resulting in short only in the vicinity of the initial ionization, resulting in short 
segments, "streamers",producing UV light.segments, "streamers",producing UV light.g , ,p g gg , ,p g g



Gaseous detectors are mainly used to Gaseous detectors are mainly used to measure the measure the 
trajectory of a charged particletrajectory of a charged particle

When a magnetic field is applied When a magnetic field is applied the momentum can be the momentum can be 
determined by measuring the curvature of a particledetermined by measuring the curvature of a particledetermined by measuring the curvature of a particle determined by measuring the curvature of a particle 
tracktrack

If the momentum is determined than the energy loss of If the momentum is determined than the energy loss of 
the particle can be related to its mass the particle can be related to its mass particle particle 
identificationidentificationidentificationidentification



PrinciplePrinciple
Passing fast charged particle creates electronPassing fast charged particle creates electron--ion pairs along trackion pairs along trackPassing fast charged particle creates electronPassing fast charged particle creates electron--ion pairs along trackion pairs along track
Electrons drift towards positive anodeElectrons drift towards positive anode
Close to the anode the field is strong the electrons are accelerated Close to the anode the field is strong the electrons are accelerated 
such that they produces secundary electrons accelerated such thatsuch that they produces secundary electrons accelerated such thatsuch that they produces secundary electrons, accelerated such that such that they produces secundary electrons, accelerated such that 
they produces secundary electrons, accelerated such that they they produces secundary electrons, accelerated such that they 
produces secundary electrons, accelerated such that they produces produces secundary electrons, accelerated such that they produces 
secundary electrons an avalanche!secundary electrons an avalanche!secundary electrons......................an avalanche!secundary electrons......................an avalanche!
The measured signal is caused by the slow ions moving away from The measured signal is caused by the slow ions moving away from 
the anodethe anode

Ground V=0

Ground V=0

Anode wires at high voltage

Fernow,  page 218-219



Multi Wire Proportional ChamberMulti Wire Proportional Chamber
Charpak & Sauli 1968Charpak & Sauli 1968Charpak & Sauli, 1968Charpak & Sauli, 1968

The signal on the wireThe signal on the wireThe signal on the wire The signal on the wire 
provides the coordinate in 1provides the coordinate in 1--
dimensiondimension
The resolution is determinedThe resolution is determinedThe resolution is determined The resolution is determined 
by the wire pitch P. by the wire pitch P. No drift No drift 
time: time: σσ = P /√12= P /√12
Typical dimensionTypical dimensionTypical dimension Typical dimension 
–– Thickness 10 mmThickness 10 mm
–– Pitch 2 mmPitch 2 mm

Surface 1000 x 1000 mmSurface 1000 x 1000 mm–– Surface 1000 x 1000 mmSurface 1000 x 1000 mm
Mind the electrostatic force Mind the electrostatic force 
between the two wiresbetween the two wires

Fast detector, not expensive, fast all-electronic readout



Drift ChamberDrift ChamberDrift ChamberDrift Chamber
After the MWPC: introduction of  the After the MWPC: introduction of  the drift time drift time 
measurementmeasurement
To improve the elctric field configuration To improve the elctric field configuration field wiresfield wires are are 

ddusedused

Very good position resolution, low cost (but not so fast)





Avalanche close to wireAvalanche close to wireAvalanche close to wireAvalanche close to wire

F.Sauli, CERN-77-09



Time developmentTime developmentTime developmentTime development





Many configurationsMany configurationsMany configurations....Many configurations....



Cylindrical Drift ChamberCylindrical Drift ChamberCylindrical Drift ChamberCylindrical Drift Chamber

C.Joram. CERN Academic Training 1997-1998 



EXAMPLE: ZEUSEXAMPLE:     ZEUS

Drift Chamber

Inner radius     16 cm

Outer radius    85 cm50 MeV

B-field = 1.5 Tesla

100 MeV

ρ

ρ
B3.0

1
radius

=

=

500 MeV

θ
ρ

sinp ⋅
=

500 MeV



EXAMPLE:     ATLAS

Drift tubes

Inner radius     5 m
500 GeV

Middle radius  10 m

Outer radius    15 m

B-field = 0.6 Tesla

500 GeV

S itt 5Sagitta = 5 mm

radius = R
S i L2/8RSagitta Sagitta = L2/8R



Time Projection Chamber (TPC): 2D/3D Drift Chamber
The Ultimate Wire (drift) Chamber

track of
charged
particleparticle

E-field
(and B-field)

Wire Plane
+

Wire plane

+
Readout Pads Pad plane



Time Projection ChamberTime Projection ChamberTime Projection ChamberTime Projection Chamber
Large drift volume of several meters to measure accurate drift time.Large drift volume of several meters to measure accurate drift time.
Electron drifts parallel to BElectron drifts parallel to B--field field 
Avalanche induces signal on sense wires & readout padsAvalanche induces signal on sense wires & readout pads

Electron driftElectron drift

Avalanche

Sense wires

Readout pads

Avalanche



Essential: - number of clusters per mm tracklengthp g
- number of electrons per cluster

specific for gas (and density ρ, thus T, P!)



Micro Pattern Gas Chambers (MPGCs)Micro Pattern Gas Chambers (MPGCs)
- MSGC
- Micromegas

GEM- GEM
- GridPix chambers



Micro Strip Gas Counter

Wire chambers: granularity ~ 1 mm
MSGCs: granularity 200 μm

Invented by A. Oed, 1988



Not often applied:

…sparks……!



1996: F. Sauli: Gas Electron Multiplier (GEM)p ( )



Micro Patterned Gaseous Micro Patterned Gaseous 
DetectorsDetectors

• High field created by Gas Gain Grids

• Most popular: GEM & Micromegas

GEM

Most popular  GEM & Micromegas

Micromegas

improved granularity : wire chambers p g y
react on COG of many electron 

clouds/clusters



Time Projection Chamber (TPC): 2D/3D Drift Chamber
The Ultimate Wire (drift) Chamber

track of
charged
particleparticle

E-field
(and B-field)

Wire Plane
+

Wire plane

+
Readout Pads Pad plane



Problem

With wires: measure charge distribution over cathode pads:
c.o.g. is a good measure for track position;
With GEMs or Micromegas: narrow charge distribution
(only electron movement)(only electron movement)

wire
avalanche GEM

Micromegas

Cathode pads

Micromegas

Solutions: - cover pads with resisitive layer
‘Chevron’ pads- Chevron  pads

- many small pads: pixels!



The MediPix2 pixel CMOS chip

256 256 i l256 x 256 pixels
pixel: 55 x 55 μm2

per pixel: - preamp
shaper- shaper

- 2 discr.
- Thresh. DAQ
- 14 bit counter14 bit counter

- enable counting
- stop countingp g
- readout image frame
- reset

We apply the ‘naked’ MediPix2 chip
without X-ray convertor!



Medipix2:Medipix2:
H b id Pi lH b id Pi lHybrid PixelsHybrid Pixels

S h ti f h b id i l d t tSchematic of a hybrid pixel detector

Sensor SubstrateSensor SubstrateSensor Substrate

MediPix chipMediPix chip
14 x 14 mm14 x 14 mm22

itiiti
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Some ImagesSome ImagesSome ImagesSome Images
28 mmmm 1414 mm

Flies @ 10 keV                     Leaf @ 5.9 keVFlies @ 10 keV                     Leaf @ 5.9 keV
T tT t 5555FFTungsten source                   Tungsten source                   5555Fe sourceFe source



MediPix2 & Micromegas:
apply the ‘naked’ MediPix2 chip

ith t X t !

55Fe

without X-ray convertor!

Cathode (drift) plane

Micromegas

Baseplate

Drift space: 15 mm

MediPix2 pixel sensor

p

p
Brass spacer block
Printed circuit board
Aluminum base plate

Very strong E-field above (CMOS) MediPix!





He/Isobutane
80/2080/20
Modified MediPix GridPix:

the electronic bubble chamber

14 mm

δ-ray!

Efficiency for
detecting single g g
electrons:

< 95 %



Integrate GEM/Micromegas and pixel sensor:

InGrid
‘GEM’ ‘Micromegas’

‘wafer post processing’
byby 

Univ. of Twente, MESA+
approved VICI proposalpp oved V C p opos

‘there is plenty of room at the top’



Processing InGridsProcessing InGrids

St i LithStrips Litho.

50 µm SU8 UV Exposure

0 8 µm Al Holes Litho.0.8 µm Al Holes Litho.

Suspended

Development

Suspended 
membrane 50 µm 
above the wafer



PrototypesPrototypes Hex / Pillars

19 different fields of 15 mm Ø19 different fields of 15 mm Ø
2 bonding pads / fields2 bonding pads / fields

Square / Walls Square / PillarsSquare / Pillars



Full postFull post--processing of a TimePixprocessing of a TimePix
Ti i hi + SiP t + I id• Timepix chip + SiProt + Ingrid:

MESA+
14 mm

“Uniform”

MESA+

IMT Charge modeIMT 
Neuchatel

Charge mode



A “scratch” occurred during the construction of Ingrid;

Loose parts removed. Ingrid working!



Energy resolution in Argon IsoCEnergy resolution in Argon IsoC44HH1010 80/2080/20

• Observation of two lines:

Kα @ 5.9 keV

Kβ @ 6.4 keV

FWHM f h K di ib i• FWHM of the Kα distribution

16.7 %

• Gain fluctuationsGain fluctuations

< 5%

Very good energy resolution:y g gy

Very precise dimensions d < 0.1 μm



setupsetup

Next-1,2



cathode  @ - 1500 V 14 mm

A “long” cosmic track10 mm

Timepix 
+ 

20 μm thick 
Siprot 

+ 

Ingrid

Drifttime (bin = 
10 ns)

Stable operation in He iC4H10



Cosmic rays in ArgonCosmic rays in Argon

Time mode



Un-coatedUn-coated 
anode

SiProt protection against:

Coated 
anode

p g

• hot spark plasma
• Too large charge in pixel circuitry [principle of RPCs] 3 µm

• local reduction of E-field: quenching
• widening discharge funnel: signal dilution
• increased distance of ‘influention’

SiProt: a low T deposited hydrogenated amorphous silicon (aSi:H) layer

Up to 50 μm thick films, ~1011 Ω.cm



Final assessment: sparkFinal assessment: spark--proofnessproofness
P k di h b i t d i ll t f Th i i th AP k di h b i t d i ll t f Th i i th AProvoke discharges by introducing small amount of Thorium in the Ar gasProvoke discharges by introducing small amount of Thorium in the Ar gas
–– Thorium decays to Radon 222 which emits Thorium decays to Radon 222 which emits 2 alphas of 6.3 & 6.8 MeV2 alphas of 6.3 & 6.8 MeV
–– Depose on average 2.5.10Depose on average 2.5.1055 & 2.7.10& 2.7.1055 ee-- in Ar/iCin Ar/iC44HH10 10 80/2080/20

atat --420 V on the grid, likely to trigger discharges420 V on the grid, likely to trigger dischargesat at 420 V on the grid, likely to trigger discharges420 V on the grid, likely to trigger discharges
Charge mode

Since 1 week some 5 104Since 1 week, some 5.10
alpha events recorded
in 1% of which …



Qmax ~ 1 – 2 fC

Chip may die if Qmax > 10 fC



… discharges are observed !… discharges are observed !

For the 1For the 1stst time: image oftime: image ofFor the 1For the 1 time: image of time: image of 
discharges are being discharges are being 
recordedrecorded

R dR d h d tt fh d tt fRoundRound--shaped pattern of shaped pattern of 
some 100 overflow some 100 overflow 
pixels pixels 

Perturbations in the Perturbations in the 
concerned column concerned column 
pixelspixels
–– ThresholdThresholdThresholdThreshold
–– PowerPower

Chip keeps workingChip keeps workingp p gp p g



Discharge signals on grid directly measured on scope



proportional signals
di hfrom alfas discharges

- CMOS chips are no longer destroyed

- discharges in gas proportional chambers are hard to excludeg g p p

- SiProt makes chips spark proof



Vertex detectie: alternatief voor SiVertex detectie: alternatief voor Si



Si (vertex) track detector GOSSIP

Cathode (drift) plane

Si [depletion] layer
Vbias

Cluster3 
Integrated Grid 
(InGrid)

Cluster2 
Cluster1 

1mm,
100V

50

CMOS chip
Vbias (InGrid) 

Slimmed Silicon Readout chip
Input pixel

50um, 
400V

50um

• Si strip detectors
• Si pixel detectors

P

Gas: 1 mm as detection medium
99 % chance to have at least 1 e-
Gas amplification ~ 1000:

• MAPs
• CCDs Single electron sensitive

All signals arrive within 20 nsAll signals arrive within 20 ns



1.2 mm

Gossip: replacement of Si tracker

Essential: thin gas layer (1.2 mm)



Essentials of GOSSIP:

• Generate charge signal in gas instead of Si (e-/ions versus e-/holes)
• Amplify # electrons in gas (electron avalanche versus FET preamps)

ThThen:
• No radiation damage in depletion layer or pixel preamp FETs
• No power dissipation of preamps
• No detector bias current• No detector bias current
• Ultralight detection layer (Si foil)



Tracking sensor material: gas versus Si
- it is light

- primary electrons can simply be multiplied: gas amplification: low power

- no bias current: low power & simple FE circuits- no bias current: low power & simple FE circuits

- gas can be exchanged: no radiation damage of sensor

- gas has a low εr: with small voxels the source capacity can be small (10 fF)
allowing fast, low-noise, and low-power preamps

- gas is usually cheapgas is usually cheap

- low sensitive for neutron and X-ray background

δ b i d- δ-rays can be recognized

- [high ion & electron mobility: fast signals, high count rates are possible]

- discharges/sparks: readout system should be spark proof
- ageing: must be solved and must be understood / under control
- diffusion: limits max. drift length



GOSSIP-Brico: PSI-46 (CMS Pixel FE chip)
First prototype of GOSSIP on a PSI46 is working:

• 1.2 mm drift gap
G id i l d t i• Grid signal used as trigger

• 30 µm layer of SiProt



We can see tracks!
(Frame # 17 is really great)

7.8mm

8m
m

Animated GIF of 100 hits on the PSI46 brico, 30µm SiProt.
(if this does not animate, drop the picture into a web browser)



Ageing

Radiation damage of CMOS pixel chip is relevant
- common for all tracking detectors
- believed to widthstand ATLAS Upgrade Dose in 90 nm technology

Radiation damage of sensor: 
t l t f G i i thi i b i h dnot relevant for Gossip sensor since this is gas being exchanged

Typical for gaseous detectors: the deposit of an (insulating) polymer
on the electrodes of a detector Decrease of signal amplitudeon the electrodes of a detector. Decrease of signal amplitude

Little ageing expected:
( 10 / )- little primary ionisation (~ 10 e-/track)

- low gas gain (500 – 1000)
- large anode surface (compare pixel anode plane with surface of thin wire)

E field at flat anode 3 lower than E field at anode wire- E-field at flat anode ~3 lower than E-field at anode wire



Aging testAging test
• ratio of anode surface: thin wire surface versus anode plane (~20x)

• low gas gain due to fast signal and low source capacity (~20x)

At X-ray source (PANalytical)y y

With standard Ar/Methane 90/10 mixture:

Equivalent of 3 years Super LHC @ 2 cm from beam pipe 



Linear fit
I = I0 + a.t
a = -0.5932

/I2 0 0183=> a/I2 = 0.0183

av current = 5.9 μA
=> total charge deposited
     = 5.9*3600*24*4 

2 55 C

X ray irradiation at PANalytical (detail)
8

Icath

1/x fit
    = 2.55 C

surface 0.49 cm2

=> 5.2 C/cm2

assume: drift distance 1 mm
             Ar/CH4 having 9e-/mm
=> 1 mip = 9*1000*1.6*10-19

= 1 44 10-15C(μ
A)

6

              1.44 10 C
deposited charge corresponds to
3.6 1015 mips/cm2I ca

th

2

4

3 6x1015 mips/cm2@ gain = 1000

5 
 

5 
 

5 
 

0

3.6x10 mips/cm @ gain = 1000

Time

14
-M

ay
-0

5

16
-M

ay
-0

5

18
-M

ay
-0

5

gas: standard Ar/Methane 90/10. Deposit containing C found on anode



set up ageing test



Gossip 23
Nov 28
Ar/iC4H10 70/30
Particle flux: 1.6 GHz

Gossip ageing using mips from 90Sr source
Fluence (mips/cm2)

0 1 1 2 1 3 1
200

0 1e+15 2e+15 3e+15
switch from

Vgrid = -635 to -640 V

)

150G = 1000 G = 1000

I ce
nt

re
 (n

A

100

50 little ageing in Argon/Isobutane
But: HV breakdown after 3 x 1015 MIPs

Time (days)
0 5 10 15 20 25

0

Time (days)



Application of Gossip in ATLAS Upgraded detectors (after 2014)

Ladder strings fixed to end cones- Ladder strings fixed to end cones
- Integration of beam pipe, end cones & pixel vertex detector
- 5 double layers seems feasible



Testbeam Nov 5 – 12, 2007
PS/T9: electrons and pions, 1 – 15 GeV/c

L=30 mm

V0 V

φ

V1

φ

Transition Radiator

G idPi

0.05 mm

GridPix

Anatoli Romaniouk, Serguei Morozov, Serguei Konovalov
Martin Fransen, Fred Hartjes, Max Chefdeville, Victor Blanco Carballo



Samples pions (left)  and electrons (right)

Particle Identification Particle Identification 
p p ( ) ( g )

6 GeV/c6 GeV/c



5 (double) layer Gossip Pixel

4 layer Gossip Strixel
ATLAS Upgrade Inner Tracker

y p

3 layers Gossip TRT
radiator

y p
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