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ed major discov
Crookes Tubes: Sir William Crookes (1869-75)

Cloud chamber: Charles Thomas Rees Wilson (1894), Nobel Prize (1927)
Electron: J.J.Thomson (1897) using Crookes Tubes

“Gold foil apparatus”: Hans Geiger & Ernest Marsden (1909)

Proton: E.Rutherford (1911) using “Gold foil apparatus”

Photon: A.Compton (1923)

Neutron: J.Chadwick (1932)

Positron: C.Anderson (1932) Sikiiing soraia
Muon: C.Anderson & S.Neddermeyer (1937)

Neutral Kaon: G.Rochester & C.Butler. (1947) CC and GM
Charged Pion: C.Powell (1947) photographic emulsions flown by balloons
Lambda: (1947)

Neutral Pion: R.Bjorkland (1949)

Bubble chamber : D.Glaser (1952), Nobel Prize (1960)
Synchrotron: (1952)

Xi minus: R.Armenteros (1952)

Sigma plus: G.Tomasini (1953) using emulsion technique
Sigma minus: W.Fowler (1953)

Antiproton: W.Segre (1955)

Antineutron: B.Cork (1956)

MOS transistors: Kahng & Atalla (1960), electronic counters
Multi-Wire Proportional Counter: G.Charpak (1968), Nobel Prize (1992)
Time Projection Chamber: D.R.Nygren (1974)

Charm quark: SLAC & BNL collaborations (1974)

Super Proton Synchrotron: John Adams ef a/(1976)
Stochastic cooling: Van der Meer, Nobel Prize (1984)

Large area (20”) PMT: Hamamatsu (1980)

Resistive Plate Chamber: R.Santonico (1981)

W & Z bosons: UA1 and UA2 collaborations (1983)

Micro Strip Gas Chamber: A.Oed (1988)

Top quark: DO & CDF collaborations (1995)

Gas Electron Multiplier: F.B.Sauli (1996)

Neutrino oscillation: Super-Kamiokande Collaboration (1998)




BESASKS of HEP detectors

Iracking detector: Direction, sign and momenta of the particles. Often aided by
magnetic field.

Electromagnetic calorimeter: Energy carried by electrons and photons. Signals
proportional to the energy. of the incident particles.

Hadronic calorimeter: Energy carried by hadrons (protons, pions and neutrons).
Muon system: Muons are charged particles that penetrate large amounts of;
matter, loosing little of their energy. Essentially made of tracking detectors.
Particle identification: Identification of charged and neutral particles. Charged
particles are identified by combining momentum information with Time-of-Elight,
energy loss dE/dx, Cherenkov or transition radiation.

Displaced vertex: B-, D- or t-tagging achieved with high spatial resolution
detectors.

RICH detector: Determines the velocity of a charged particle

Transition radiation detector: Uses the y-dependent threshold of transition
radiation in a stratified material

Time of flight detector: Discriminates between a lighter and a heavier particle of;
the same momentum using their time of flight between two detector planes.
Neutrinos: Detected through inferred momentum conservation.

Dark matter: Principle of nuclear recoil by candidate particles (mainly WIMPs)



ion of HEP detec

Non-electronic detectors

= Emulsions, cloud'chamber, bubble chamber

Gaseous detectors

= GM, SWPC, MWPC, PMD, drift chamber, TIPC, MSGC, GEMS, streamer;
tube, spark chamber, PPAG, RPC, CSC (lypes: wired, micro-pattern,

wire-less)
Scintillation detectors

= Organic (crystals, liquids, plastics, exiruded), inorganic crystals, gas,

glass
Silicon detectors
= Strip, pixel, readout integrated.
Photo detectors
= PMT, PD, APD, VLPC, SiPM
Liquid ionisation detectors
= Scintillator, Argon, Xenon

Hybrid detectors
= HPD, LArTPC

Novel data
acquisition system
architectures,
pipelines and data

Aided by rapid, | links
concurrent
developments in
detector readout
technologies

On-detector, high-
speed, ultra low-

noise front-end
ASICs

A

Field programmable,
complex, multi-level,
trigger schemes

High performance
flash ADCs, multi-hit
TDCs, DSPs, FPGAs



WHBONn"s Cloud Chamber (1892)¢

World’s largest multi-plate cloud
chamber was operated in Ooty in
mid 50’s as part of an air shower
array and significant results on the
high energy nuclear interactions
and cores of extensive air
showers were obtained.
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SSEeiger—Muller Tube (1928
.. o

Cathod

500V

Cylindrical single-wire
counters working in a
saturated discharge mode
(“Geiger mode”).
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slaser's Bubb e$hamber_ 1957

Camera RERRE & L0E S L

Particles

Magnet coils
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Magnetic field
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DETECTION OF MUONS PRODUCED BY COSMIC RAY NEUTRINO

DEEP UNDERGROUND

C.V.ACHAR, M.G.K.MENON, V.S, NARASIMHAM, P.V.RAMANA MURTHY
and B. V. SREEKANTAN,
Tata Institute of Fundamental Research, Colaba, Bombay

K. HINOTANI and 8. MIYAKE,
Osaka City University, Osaka, Japan

D.R.CREED, J.L,OSBORNE, J.B.M.PATTISON and A. W. WOLFENDALE
University of Duvham, Durham, U.K.
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GOOD TIME RESOLUTION --> THN GAP
GOOD EFFICIENCY-—-> THICK GAS LAYER

e

THIN GAP (100 pm) AND HIGH PRESSURES (~10 bar]
HIGH RESISTIVITY ELECTRODE

(PESTOV GLASS, 10° O cm)

Yu.N. Pestov & G.V. Fedotovich (1978)

HIGH-PRESSURE GAS VESSEL

METAL CATHODE

\

SEMI-CONDUCTING GLASS ANODE
SIGNAL PICK-UP STRIPS

/

DEVELOPMENT OF RESISTIVE PLATE COUNTERS

R. SANTONICO and R. CARDARELLI

Istituto di Fisica dell'Université di Roma, Roma, Italy; Istitute Nezionale di Fisica Nucleare, Sezione di Roma, Italy

Received 12 January 1981

Contributed to the discovery of H.

A dc operated particle detector has been developed and tested, whose constituent elements are two parallel electrode bakelite
plates between which, in a 1.5 mm gap, a gas mixture of argon and butane at ordinary pressure is circulated. The counter has 97%

efficiency and ~1 ns time resolution at an operating voltage of about 10 kV. The output pulse needs no amplification, being
typically 300 mV over 25 Q.

The detector presented in this paper, which willbe  wire ehonet-—" - b This is
lled “Resistive Plate Counter” (RP-:-——"" i [ field
pamiin— d in this paper. which will lrge
The detector ptesentec()untef » (RPC) 18 based Otll _
| called “Resistive P - s that recently SOV
P egsentially the same grgl tgvic [1].Nevertheless ely
! O ization, res-
stov and i its realiza
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lar, tic simphﬁca 1 . ressure gas, .
ing dras ce O high P he use O e
h as the abSEJl : eCiSiona d L . e
wa SUCH ments of mechanical P akes it of potential
) - nge
mat atenals ns ibly wider ra
. plastic ™ crorent and poss ih great
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the ¢ 1lcat10 SClnt
naa.|  APPEE T dvantages plastic der not exceed-
11’>:\gati eCOn()mlc . areas are needed un
oo large detecting f particles.
point \ . hlgh fluxes o1 p .2 cm® on which
the sen mgly oil 50 um thick is glued on the side not
the o absorbing facing the gas*. The high voltage electrode is a
compo: ¢ gas, the photons produced by the

discharge are not allowed to propagate in the gas,
thus avoiding the possibility to originate secondary
discharges in other points of the detector.

RPCs exhibit much better time resolution than

* The cement used here and in the following is epoxy resin
which has been proven to guarantee a sufficient electrical
contact between copper and bakelite. Its conductivity can

be increased, if needed, by adding a small amount of graph-
ite.



Readout strips (X)
Insulator

High resistivity electrode

Graphite
coating Gas gap

High resistivity electrode

Insulator
Readout strips (Y)

* Resistive materials like glass or bakelite are used as electrodes

% Special paint mixtures or films applied on the outer surfaces of the electrodes
for applying high voltage (producing uniform field)

% Plastic honey-comb laminations or G10 panels used as signal readout panel

% Special plastic films for insulating the readout panels from high voltages

“ Two modes of operation: Avalanche (R134a:lsobutane:SF ::95.5:4.2:0.3) and
Streamer (R134a:lsobutane:Ar::56:7:37)
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Avalanche mode

Gain of the detector « 108
Charge developed ~1pC

Needs a preamplifier

Longer detector life

Typical gas mixture
R134a:iB:SF;::94.5:4:0.5
Moderate purity of gases is fine!
Higher counting rate capability

jes of RPC operat

Streamer mode

Gain of the detector > 108
Charge developed ~100pC

No need for a preamplier
Relatively shorter detector life
Typical gas mixture
R134a:iB:Ar::62.8:30

High purity of gases expected
Low counting rate capability
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No. of clusters in a distance g follows Poisson distribution with an

average of

Probability to have s clusters p(n)ﬁ(g]ne‘
Number of electrons reaching the anode

3 o 3 (3 _ﬁ
Intrinsic efficiency

So ¢, depends only on gas and gap

Intrinsic time resolution A1 2} \VA

So o; doesn’t depend on the threshold
Area of signal pickup spot EEILEFAA (— counting rate capability)

» Gas: 96.7/3/0.3 (R134aliB/SF) <+ Townsend coefficient (a): 13.3/mm

Electrode thickness: 2mm <+ Attachment coefficient (8): 3.5/mm

» Gas gap: 2mm <+ Total charge (q,.): 200pC

% HV:10.0KV (E = 50KV/cm) + Induced charge (q;,y): 6pC
. Relative permittivity (c): 10 + Charge threshold: 0.1pC

Mean free path (1): 0.104mm + Efficiency (emax): 90%

» Avg. no. of electrons/cluster: 2.8 + Time resolution(c,): 950pS

» Drift velocity (V) = 130mm/ns + Signal pickup spot (S) = 0.1mm?



SRPECharacteristics and meries

® & 6 ¢ & O o o

* o

¢ Large detector area coverage, thin (=10mm), small mass
thickness

Flexible detector and readout geometry designs

Solution for tracking, calorimeter, muon detectors

Trigger, timing and special purpose design versions

Built from simple/common materials; low fabrication cost

Ease of construction and operation

Highly suitable for industrial production

Detector bias and signal pickup isolation

Simple signal pickup and front-end electronics; digital information
acquisition

High single particle efficiency (>95%) and time resolution (~1nSec)

Particle tracking capability; 2-dimensional readout from the same
chamber

Scalable rate capability (Low to very high); Cosmic ray to collider
detectors

Good reliability, long term stability
Under laying Physics mostly understood!



PHENIX
NeuLAND
FOPI
HADES
HARP
COVER-PLASTEX
EAS-TOP
STAR
CBM TOF
ALICE Muon
ALICE TOF
L3
BESIII
BaBar
Belle
CMS
OPERA
YBJ-ARGO
ATLAS
ICAL
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Central Carpet +
Guard Ring:
130+23 Clusters
1560+276 RPCs
124800+22080 Strips

CLUSTER

8 "0ORed" Strips

10 Pads (6.5 x 62 cm?)
1 CLUSTER = 12 RPCs (56 % 62 cm?) for each Pad

L] L]

| for each RPC
] (5.7 x 7.6 m?)

&~

Test telescope

large area:
5600+1100=6700 m?

Shower mode

Scaler mode | DIGITAL

readout
2

92% active surface

Primary energy

~GeV  0.6-100TeV 0.1-10PeV
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“NICADD extrusion

Fermilab and Northern lllinois Center for Accelerator and Detector:
Development.

For ALICE upgrade, the ILC calorimetry program, MINOS and
MINERVA experiments.

Simple, inexpensive and robust extrusion procedure.

Co-extruded hole and Ti10, coating or Tyvek.

In some cases no alternative to the extrusion because of.geometry.
requirements.

Polystyrene pellets are used as the base material, along with % PPO
(2.5-Diphenyloxazole) and 0.03% POPOP (1,4-bis(5-phenyloxazol-2-yl)
benzene) dopants.

»  This is a blue-emitting scintillator, absorption cut-off at 400nm and

emission at 420nm.

Light attenuation lengths of long and short components are 42cm &
30cm.

Fiber hole diameter and number of fibres are some of the
considerations.

Readout by Solid State Photomultipliers (SSPM).

New development: Co-extrude fibres with the scintillator profile.



Polystyrene
pellets

Dopants and Inert gas
additives (nitrogen)

EXTRUDER
(40-mm twin screw) CONTINUOUS

Titanium dioxide mix ‘ PROCESS

CO-EXTRUDER
(32-mm single screw) g DIE

Pelletize Profile extrusion
(scintillating pellets) (scintillator bar/strip)

1 &

500
450 -
400
350
300
250
200
150
100
20
0

Number of events

171
> 256
341
426
11
96
81
66
851
936
102

umber of ADC counts



SESSNEWhybrid scintillators .

+ New generation experiments require large volume, cheap scintillation
materials with high light yields and short scintillation decay times.

+ Extruded scintillators suffer from poorer optical quality, particulate
matter and additives in polystyrene pellets.

+ New single-component and multi-component polymer mixtures.
+ Hybrid scintillators using luminescent salts as scintillation dyes.

+ Introduction of fusible inorganic fillers found to alter optical
transmission spectra and rapid shortening of the scintillation decay
times of the hybrid scintillators.

+ Polymer based hybrid glasses in which the components do not
chemically react with each other during the manufacturing process.

¢ Conventional hybrid materials in which all or a part of the inorganic
components participate in chemical reactions with organic
components. For example, a reaction between the AlCI; inorganic
filler and the polystyrene matrix during the injection moulding
process.



m S & neutrino astron
In 1979, Masatoshi Koshiba came up with a
challenging proposal to Hamamatsu's
President Hiruma “Hey, could you make me
a 25” PMT?”

» A number of previously acquired highly
sophisticated technologies were
collectively used to develop the 20~ PMT.

50Kt water Cherenkov detector uses 11.2K
PMTs.

Hamamatsu PMT

Kamiokande detector
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Very small (few mm)

Pixelated active surface structure
Insensitive to magnetic fields
Works at low bias voltage (=100V)
Relativelyinexpensive

Single photon counting capability
Very fast time resolution (~200ps)
Good linear response

® & 6 &6 6 O o o

N

PMs

SiPM

* matrix of n pixels (~1000) in parallel
« each pixel: GM-APD + R

Quenchng




e tutorial on SiP\=—

SiPM is a pixelated avalanche photodiode operated in the limited Geiger mode.
For example, a detector surface of 1x1mm?Zis divided into 1024 pixels.
Operated with a reverse bias which is slightly above the breakdown voltage.
Current flow in a pixel limited by an individualipoly-silicon resistor (R, =400 kQ).
Signal from a pixel is determined by the charge accumulated in the pixel'capacitance,
Cixer- Thatis,

L PG S AN TG e 0 A o)

where, AV is ~ a few volts, C;, ., is ~50fF, yielding Q,;,.; = 150fC or10° electrons.
SiPM pixel signal doesn’t depend on the number: of primary carriers (Geiger mode).
Each pixel detects the carriers created by a photon, ionization of.a charged particle, or:
thermal noise with the same response signal of 10° electrons.
Analog information obtained by adding response of all fired pixels.
The dynamic range is determined by the finite number of pixels, presently 102:
The SiPM photon-detection efficiency is comparable to the QE of PMTs for: blue light
and larger for green light, which is important for the usage of WLS fibres.
For stable operations, the sensitivity of the SiPM gain and efficiency to temperature and
bias voltage are important issues.
The total temperature and bias voltage dependence of the SiPM gain at room
temperature is measured to be 4.5%/°C and 7%/0.1V.
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Statlons on the surface will
gather data from the digital
optical modules, which is then
collected at the lceCube lab
for analysis

The lceCube comprises an array of
86 strings, containing 5,160
modules. This arrangement allows
sclentists to trace the paths of
muons from their trail of light
radiation as they pass through the
massive structure

The lceCube will be
looking for particles
travelling up through
the planet - filtering out
many of the less interesting
locally produced cosmic rays
that the Earth Is constantly
bombarded with

Eiffel Tower and "~
Empire State )

Building to scale

BEDROCK




Igital Optical Module (DON

+ Self-triggers on
PMT; pulse penetrator «——— HV board
+ Captures

waveforms with:

+ 250MHz first ﬂaSher
500ns

¢ 40MHz over
5000ns

Dynamic range:

¢ 200 PE over
15ns

+ 2000 PE over A ;
5000ns \ . main board

+ Time-stamps

each pulse:
¢ rms<b5ns

Dead time < 1% " board
Noise rate

<1000Hz

Calibration .'i = IV PMT

devices:
o UV & blue LEDs
¢ Electrical

pulsers O\ / mu metal cagc
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Resistive

— Coat
. Absorber Plates - -
S \\ —  LArGaps ﬁe 1 /
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: A\ 1\ \
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(Fine & Coarse)

CENTRAL
CALORIMETER

s

[ | Trigger Sum Fickoff
11

Bank 0

BLS Card

' > - SCA (48 Deep)
Ligquid \ x1 SCA .
. (48 Deep)
Argon Preamp/ ‘ [ Filter/ BLS Losca — Sample | | fAnalog
E'E'“ T y ShEIFI'E'r o L1 EEJ!'I. - . & Hold | Diriver

SCA (4B Deep)

SCA (48 Deep) ADC

Calibration Bank 1
Fulse Input




Sum

readuut?egtrgde absorber l ‘2';":
; Q
outer copper layer 3
inner copper layer
kapton
outer copper layer
stainless steel
glue
lead
<4 ::F’ ? >t
28 " onizat Total: 182468 LAr channels
Z : onization
% : Signal Shaped
5 4 Summing | Signal
. ‘ Boad 1 N :
Ay % =J% | : ‘ Front End Board |
G == mmift |
\ + i U J : | |
—t=-!  Feed- | | Ahapef 4 |
through | Pr?f-' High |
! i amplifier W\ 0
o i Shaper[l:l:l:l:lj:l:l:| ADC Optical . » ROD
— 5! ! Medium ; Link |
0 L |
5! | V3 !
n=3i : Low i
e | }/Layer » Tower Builder (LVL1)
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s—pPrinciple of LAr TP

!
lonizing Track ight
H""--..__h [
Drifting TS~ \
e TN~
in LAr )/,
V| |
drift Wov
/
// Induction |
plane
ZNN N N
Induction |l
plane
Collection
plane

Density 1.4 g/cm?
Radiation length 14 cm
Interaction length 80 cm
dE/dx(mip) = 2.1 MeV/cm
T=88K @ 1 bar

v" About 12000 electron-ion pairs per mm
of mip track are produced. About 40%
recombine in our nominal drift field. When
the left-over charges dnft, they induce a
signal on the wires.

v Since the mobility of electrons is much
higher than that of ions, only electrons
contribute to the observed signal.

v' Electrons can drift over macroscopic
distances If argon very pure

(e.g. = meter drift requires purity of <1 in
100 atoms)

v Multiple non-destructing readout wire
plans can be assembled for multi-views.
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 Number of independent containers = 2
* Single container internal dimensions: L=19.6m, W=3.9m, H=4.2m
% Total (cold) internal volume = 534 m3

s Sensitive LAr mass = 600 ton



SSSS\Iethods of TPC readou

¢ Single-phase devices do not show any. internal gain and

therefore rely on small signal-to-noise ratios and extremely
sensitive front-end electronics.

Double-phase readout, benefits from internal gain due to
readout in the gas-phase where avalanches in argon can
increase the primary signal substantially. The price for this
advantage is the restriction to one-sided gas readout which
enforces either unprecedented long drift lengths or very large
surface area (shallow tank). In addition, this technigue battles
with space-charge effects at the gas-liquid interface and
necessary tight control of the liquid level, temperature, etc.

+ Third alternative is liquid argon readout technology. It

combines the separate advantages of both, single-phase
operation for the wire readout and an amplified signal in a
double-phase readout. The idea is to stick to the robust and
mature single-phase TPC concept and implement an optical
readout of light produced by electroluminescence in liquid
argon.



BCUTTent'Work on LAr TPC detectoras

+ Liquid Argon Time Projection Chambers (LArTPC) technology is now proven
for up to 600t mass. A detector capable of delivering the neutrino physics
program of the future will however need to be on a more grander. scale with a
fiducial volume of perhaps up to 100 kt.

+ MODULATYr essentially stacks together many ICARUS modules to achieve the
final volume.

+ GLACIER drifts charge up to 20m through a single huge liquid Argon volume
to be amplified and readout in the gas directly above the liquid volume.

+ FLARE and LANNDD are also based on a single volume of liquid Argon but
which are internally segmented to limit the maximum charge drift distance
and read signals using wire planes, similar to ICARUS.

¢ The latest project funded on the basis of a LArTPC detector using wire-plane
readout is the ArgoNeuT project, currently taking data in the ENAL neutrino
beam.

+ Targeted experiments of this detector technology:
LAGUNA proton decay and neutrino physics project
RD51 initiative
Upgrades to the T2K experiment
Proposed neutrino factory project
ArDM dark matter experiment



Manufactured using standard printed
circuit wet etching techniques.
Comprise a thin (=50um) Kapton foil,
double-sided clad with copper. and holes
are perforated through.

Two surfaces are maintained at a potential
gradient; providing field for electron
amplification and an avalanche of. T NG OF THE
electrons. HOLE PATTERN
When coupled with a drift electrode above
and a readout electrode below, it acts as a
micro-pattern detector. b | b ) { OFENING THE CHANNELS
Amplification and detection are decoupled, ' .

i.e. readout is at zero potential. This
permits transfer to a second amplification
device and can be coupled to another GEM.
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S GEM readout for TP
The new concept of operating a Thick Gas Electron
Multiplier (THGEM) directly in the liguid opens the exciting
possibility of fine grained tracking (spatial resolution of

order mm) with high signal to noise ratio using only low-
cost, robust components.

Utilising electroluminescence, i.e. light emitted'in the
THGEM holes, for optical readout, for instance with silicon
photomultipliers (SiPM), directly in the liguid volume
would be the key new effect in this technology.

The THGEM provides an excellent imaging plane for
electroluminescence.

Electrons initially released by ionisation drift towards the
holes, mechanically drilled through the printed-circuit
board, where the presence of strong electric fields inside
the holes results in a grid of well-localised light sources.
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opticalreadout for LAr detect

ICARUS has shown that Liquid'Argon

is a suitable medium for. TPCs for:
= Calorimetry
= Fine Grain tracking

Design of readout planes must keep
electronics cost reasonable. e
Optical readout is feasible
alternative to the wire based readout ks tas

; ' Charged Particle
for Liguid Argon TPC of the future.
Liquid Argon TPC with Thick Gas
Electron Multiplier (THGEM) and
optical readout using Silicon
Photomultipliers (SiPM).
Lid Argen Yo, T4 Yoy Copper cladding
1 1 8Bmm
€
THGEM E Field L0my Tios
~5kV/mm (FR4)
5l e Drift Distance
Sl + Tonisation electron
v | Metal Flate




Sghtreadout concept for tracking™

“* The electroluminescence from the THGEM holes can be imaged by
an optical readout device.

* Silicon Photomultipliers (SiPMs) from SENSL were used in this
study.

< Strong signal output, gain 106°.

“ Arranging sensors in a sparse array above the THGEM allows
fewer readout channels than holes, with no reduction in resolution.

“* Row and column readout gives 2N readout channels rather than
N2,

Single THGEM
EEEEEEEEEENEEENEEEEEEENETR

liquid argon throughout




PMD a pre-shower detector measuring
spatial distribution of photons in the forward
rapidity region. [%
Complements the study of photons in the e
forward region where calorimeter can’t be
used due to high particle density.
Honeycomb (rectangular) proportional
counter, the cells of which are 5 mm deep
with a surface of about 1cm? (0.22cm?) in
START(ALICE) design.

Confines charged particle hits to single cell.
Copper walls separate the cells in order to
prevent signals from blowing up by confining
low-energy electrons to a single cell.

In the assembled version, the PCBs form part
of a gas-tight chamber having a high voltage
connection and inlet/outlet for the gas.
Readout by GASSIPLEX (Manas) chips in
STAR (ALICE) design.
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Non-accelerator experiments played a long and major role in
some of the major discoveries in and development of particle
physics.

There is a large overlap between detectors used in non-
accelerator and accelerator physics experiments.

Some of the non-accelerator physics experiments employ
contrastingly different detection techniques or instrumentation
compared to their counter parts. non-Non-accelerator
experiments are usually designed using a single type or at best
using a couple of types of detector elements.

Even though many of the non-accelerator detector elements
are fabricated using commonly available and inexpensive
materials, there is also a demand for ultra-pure and exotic
materials for building many of the modern non-accelerator
detector elements as well.

Needless to say that what can be discovered depends on the
available detector as well as signal processing technologies.
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Micro Strip Gas Chamber (MSGC)

A pattern of thin anodes and
cathode strips on a insulating
substrate with a pitch of a few
hundred um.

Electric field setup from a drift
electrode above.

Removes positive ions from the
vicinity of avalanches.

High rate capability; two orders of
magnitude higher than MPWC,
~30um position resolution.

Streamer to gliding discharge
transition damages strips.

Advances in photolithography and
application of silicon foundry
techniques heralded a new era in
the design and fabrication of “Micro-
pattern detectors”




New micro pattern era

s Successfully used to emit
electrons towards the phosphor
screen in high vacuum, for the
purpose of creation of the flat TV
screens.

* No observable gas gain due to
fine needles (<<1um) and small
amplification region.

Silicon Dioxide
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Ultimate gaseous pixel device with
anode dotes surrounded by cathode
rings, on 4” Si wafers.

Anode 2 — 20um, cathodes 20 -
40um. Anode cathode gap is 75um.
Very high gains (~10°).

Does not discharge up to very high
gains.

ANODE DOT

CATHODE

S

FIELD RING
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Next generation pattern detectors

Very asymmetric parallel plate chamber.
Uses the semi-saturation of the
Townsend coefficient at high fields
(100kV/cm) in several gas mixtures, to
ensure stability in operation with MIPs.
Electrons drifting from the sensitive
volume into the amplification volume with
an avalanche in the thin multiplying gap.
Provides excellent energy resolution.

A narrow hole micro-machined in an
insulator metallised on the surface as the
cathode.

Anode is the metal at the bottom of the
hole.

Removing the insulator leaves the
cathode as a micro-mesh placed with a
thin gap above the readout electrode.
Gains of several 104 usually obtained.




Other micro-pattern detectors

Many more detectors were developed using the
GEM concept, such as:

Studies have shown that discharges in the
presence of highly ionising particles appear in
all micro-pattern detectors at gains of a few
thousand.

Can obtain higher gains with poorly quenched
gases (lower operating voltage and higher
diffusion)

Safe operation of a combination of an MSGC
and a GEM has been demonstrated up to gains
of ~10000s.
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Current trends and directions

Scintillation light imaging
s Anovel application was developed by integrating a MSGC in :
a gas proportional scintillation counter (GPSC). | \ IS

LI,

s Areflective Csl photocathode was deposited on the micro-
strip plate surface of the MSGC that serves as the VUV photo
sensor for the scintillation light from Xenon GPSC.

Cherenkov ring imaging

% Very high gains observed with cascade of four GEMs and
using pure ethane as the operating gas.

Mass production of GEMs

% 3M Microinterconnect Systems Division Reel-to-reel process,
rolls of 16’x16’ templates of detachable GEMs in any patterns.

What is a LEM?

% Alarge scale GEM (x10) made with ultra-low radioactivity
materials (OFHC copper plated on Teflon).

In-house fabrication using automatic micro-machining.
Modest increase in V yields gain similar to GEM.
Self-supporting, easy to mount in multi-layers.

Extremely resistant to discharges (lower capacitance).
Adequate solution when no spatial info needed.

Copper.on PEEK under constructions(zerorout-gassing).

7 X/ L/ L/ L/ X/
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Silicon detectors

Silicon detectors are transforming the way we look at particles
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Essentially diode with reverse bias.

Depleted of free charge carriers.

High resistance, only small leakage current.
Charge deposition by ionising particle causes
current.

Use segmented electrodes (strips or pixels).
Can localise charge deposition.

Much better resolution than strip pitch if taking
charge sharing into account.

Only few eV per ionisation (gases: factor 10
more).

Good amplitude signal.
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Strip detectors

Reading out strips is comparatively
easy - just attach chips to the end.
Readout of strip sensor, power
distribution and control — hybrids.
Custom readout chips wire bonded
to electrodes on the sensor.

Chips have amplifiers, ADCs, zero
suppression, cluster finder,
storage, digital communication with
outside world.

Some drawbacks:

Strip detectors would often exceed
useful occupancy in many modern
systems.

Strip information can make hit
reconstruction ambiguous.
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Pixel detectors

Silicon pixel detectorsdo § - ~ readoutchip
much better on the hit \ 2
reconstruction problems.
However, reading pixel
detectors is non-trivial.
Options for pixel detector
readout:

Place readout chips all
over the sensors (more
material budget).
Integrate readout
electronics into sensor
(larger pixels).
Sequentially clock signals o . 22
through to end of sensor TR W CMS pixel tracker
(slower readout).




Integration of detectors & readout

Compatible integration of detectors and readout electronics on the same silicon substrate
is of growing interest.

As the methods of microelectronics technology have already been adapted for detector
fabrication, a common technology basis for detectors and readout electronics is available.

CMOS technology exhibits most attractive features for the compatible realisation of
readout electronics where advanced LSI processing steps are combined with detector
requirements.

The essential requirements for compatible integration are the:
= availability of high resistivity oriented single crystalline silicon substrate
= formation of suitably doped areas for MOS circuits

= |solation of the low voltage circuits from the detector, which is operated at much higher
supply voltage.

Junction isolation as a first approach based on present production technology and

dielectric isolation based on an advanced SOI-LSI technology are the most promising

solutions for present and future applications, respectively.

Some examples: MAPS (Monolithic Active Pixels), DEPFET, WIPS, SOI sensors.



Integrated silicon detectors

source. top gate drain  clear bulk potential via axis
top-gate / rear contact

' potential minimum

for electrons
lotally depleted

n--substrate

Norbert Wermes

symmetry axis rear contact

s DEPFET was developed for X-ray applications
= Consists of high-resistivity silicon substrate fully depleted through an n*
contact at the side of the sensor.
= The first amplifying transistors are integrated directly into the substrate and
form the pixel structure.
» Electrons from ionizing particles are collected in this internal gate and modify
the transistor current yielding a signal.
= A matrix containing 64 x 64 square pixels of 50 ym size achieved a resolution
of 9.5 um and 40 e  noise.
% MAPS integrate sensors and readout electronics on the same substrate using a
technology similar to the one used in visible light CMOS cameras.



Challenges facing Si detectors

< Main Issue Is radiation damage.

< Silicon detectors are invariably located in the high
dose region (mostly used in trackers).

< Surface damage: charge build-up, noise

<+ Bulk damage: displacements in crystal lattice
= reduced charge collection efficiency (charge lost in traps).

= changes dopant levels and distribution (affects bias
voltage).

= Increased leakage current (noise).
= |ncrease In the voltage required for full depletion.
= |ncrease In capacitance between the detecting elements.



Clustering algorithms

) * Discriminator value is used as binary classifier, based on a pre-defined
* Muons undergo multiple coulomb

scattering within the detector volume. DETECTOR LAYERS | 2 threshold.
« The angular distribution can be assumed l = ] * Evaluate classifier by comparing true positive and false positive rate on 100
L = ] sets of 1 minute simulated cosmics.

to be Gaussian, with o2, depending on the |
radiation length X, (and ultimately on pZ?2). = Assuming perfect momentum information, 1 minute of data is enough to

« Muon tracks scattering within the target reliably identify the block of U in most scenarios.
volume provide information of its content.
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* Simple proof of principle: 25002014 Cargo container with stone 2
= Plotvertices with scatter angle above 0.03 rad AWE is building a large size test setup in their facilities.

~ Nomomentum information Large unit {1800 mm x 1800 mm) consisting of 6 RPC, in two orthogonal

*  Plot from prototype data: Hira g
— Metal cubes 5cmx5cm x5 cm

Modular construction to be used as a “detection tile”.

— Aluminium, iron, tungsten

* Clear separation between high and low Z materials.
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FONJE, Paulo (L1P)  Towards Very High Resolution RPC-PET for Small

The basic idea for RPC-based TOF-PET

N

The con-veljter—plate Use the electrode plates as a y converter, taking §
principle advantage of the natural layered construction of the g

Stacked RPCs g

RPCs : o

Y Y Y MY

(our routine lab-testtool)
90 ps o for 1 photon
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A previous work on PET with gaseous detectors
(21lead plates + 20 MWPCs = 7% efficiency)

“The Rutherford Appleton Laboratory’s Mark I Multiwire
Proportional Counter Positron Camera”

J.E. Bateman et al. NIM 225 (1984) 209-231

% Timeresolution for 511 keV photons:

300 ps FWHM for the photon pair

Full scanner for mice

and resolution

Expected quantum efficiency

0 0.05 0.1
efficiency

0.15

0.2

14

Animals

Small animal PET - a first prototype

Charge-sensitive electronics allowing

5 S interstrip position interpolation
Aimed at verifying the concept and BE =

show the viability of a
sub-millimetric spatial resolution.
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16 stacked RPCs

interaction

2D measurement of the photon
interaction point

Conclusion

= An excellent space resolution of 0.4 mm FWHM was demonstrated in very
realistic conditions without software enhancements
(commercial tomographs > 1mm)

= A full scanner for mice is in an advanced completion stage, yieldinga
preliminary resolution of0.52 mm FWHM

= [t seems that the absolute efficiency may approach the simulated one.

= A competitive sensitivity (peakNEC) of 318Kcps has been suggested by
simulations

= A very competitive PET scanner for small animals based on RPCs may be at
hand, featuring excellent resolution (very much in demand today), reasonable
efficiency and low cost.




