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‘Par"ricle Identification Techniquesl

[D techniques are based on the detection of particles via their interaction with mattel
ionization and excitation (Cherenkov light & Transition Radiation)

e prpllcable methods d?pend s‘rr'.ongly.on the DELPHI particle D
rticle momentum (velocity) domain of interest ,MonteCato
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‘ CHERENKOV DETECTORS I
Contents

* Cherenkov radiation: history
* Properties of Cherenkov radiation and basic
formulae
* Design criteria of RICH detectors
— Separation power
— Detector components
— CsI RICH & ALICE HMPID
— Aerogel RICH
— HERMES
— LHCb
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‘ Historical overview |

1888 - O. Heaviside : a superluminal charged particle in vacuum (!) emits an e.m. radiation

° 1919 - M. Curie: faint blue light from concentrated solutions of radium in water

° 1934 - P. A. Cherenkov: exhaustive series of experiments on visible light emitted by
Compton electrons produced by bombarding pure liquids with y rays

° 1937 - I. M. Frank and I. J. Tamm: classical theory of Cherenkov radiation

° 1940 - V. L. Ginzburg: quantum theory of Cherenkov radiation

° 1951 - J. V. Jelley: first Cherenkov detector finalized to PID in a physics experiment

° 1955 - E. Segre’, O. Chamberlain, C. Wiegand and T. Ypsilantis: discovery of antiproton

° 1958 - P. A. Cherenkov, I. M. Frank and I. J. Tamm: Nobel prize for Physics

° 1960 - A. Roberts: first conception of Ring Imaging CHerenkov technique

* 1977 - J. Seguinot and T. Ypsilantis: “imaging” of Cherenkov patterns in a gas detector

° 1993 - First Workshop on RICH detectors, Bari 2-5 June: consecration of the technique

F Nap-



Ring Imaging CHerenRov technique
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focusing geometry

Spherical
(parabolic)
mirror

Ring Imaging
CHerenkov
counters

A 4

Gas radiator

Close Packed FMT Array
awtzBe NEW direction:

=
correct the chromatic e

Charged
particle
— —e
Charged
particle

Identificazione di particelle

proximity focusing

Liquid radiator

{Focusing mirror, quartz matching fluid,
Flat panel H-8500 PMT detector)
rror

Iopaap uooyd

Cherenkov Ligh
Imaging

Measure
(in a field of
e | a few Gauss):
a) a time to
G ~ 100ps,
and
b) photon
position in
both x & v.
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‘ Intensity distribution-I |

Frank and Tamm Equation:

E energy radiated per unit of path dx by a particle of charge Ze in
a dielectric medium of refractive index n(w)

d’E _Zeol, 1
dxdo ¢

pn’(w)

E :ih @;=Nh<w>

dE:ZQizw(l— ! )L = szdzzaj[l—(ﬁf(’z)nd/l

do ¢ pn’ (o) e

W]Eectron energy loss, in the visible (A:400-700 nn

B ~1,in 1 cm of water (n=1.33) =—=500 eV
(lonization =2 MeV !!)

F Nap-
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Intensity distribution-II

N=27zLZzaJ‘ 1—('8’,(;)de/1 = >N(cmleVl)=37OZz(1—i2j
-1

n

Refractive
index

% Guad)  NyfemeV)

Material

plexiglass  1.48 1.36 44 220
water 1.33 1.56 412 160
aerogel 1.01-1.07 27-4.5 11-25 20-80
argon  1.00059 31 1.8 0.46
helium 1.000033 120 047 0.04

energy loss in solids ~ O(keV/cm)
photon yield proportional to Z?2
most of the radiation in the UV




'NEN Dottorato in Fisica Maggio 2005 . . . . @ ﬁ
“Fisica dei rivelatori” Identificazione di particelle w &
‘ Detected Photoelectrons I
2
BA)Y |dA
N=2dZa [ |1- = 2 too few
S A
-1
_ ! Cherenkov photons
B - =370Z°| 1-—
N(em eV ™), ( nzj
g =singlephotoelecton detectionefficiency
Q =photoconveater QuantumEfficiency
T = transmisson of radiator,gas and windows
R = mirrorreflectiviy The number of photo-electrons N,
N, = figureof merit:z’TT“ J' £-Q-T-R-dE is even smaller !
N ,. = meannumberof detectedphotoelectons=N, L sin°0 T

1 N,L
. 2 _ _ 0
S1n emax - 2 = Npe—max - 2

I Vi
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‘Phofon Detector Requiremen'l'sl

O Large area coverage with single photon
sensitivity

d High "effective” efficiency

» Active-area fraction > 70%

d High granularity

[ Rate capability

O Reliability and long term ageing
resistance

d Timing resolution (¢ ~100 ps)

d Affordable procurement and operating
costs

In red, requirements very peculiar to Cherenkov light Imaging applications

zﬁ%u
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Examples:
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\Gaseous photon detector |

PHOTOELECTRIC ABSORPTION

as photoionization

as volume: photosensor (TMAE or TEA)
+ carrier (CH, or C,H,)
®

Cherenkov photon

/\’_\h\ photoeleCtron
e (©)] T

. Townsen] \[ )

avalanche

e

> xc.o.g =

®
®
@ °® I > )
®
s >
7
anode wires || cathode pad plane

250 )

Cathode pad read-out with fully integrated
clectronics over the back side = reduced cabling, less dead space

photoelectric effec
gas volume: C}

A

Townsend
valanche

Cherenkoy

hoton

vy
/...ﬁ.,{l

thin layer (300 - 500 nm) of
CsI on the cathode pad plar
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hv/eV
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g |._lIIIIIIIIIII'th‘l“.\.lh"llIIIIIIIIIIII-I_-II
~ 3 ‘ H,0 (34pm) ™
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g 0s F ’
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= o
% 0.6 ;—
g 05 E
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502 E
01 E
ﬂ:...IrTT':_I-:.......l.........._.. :
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vapour

otosensor Eg(eV) pression l,(mm)  operational issues
(torr)

hazardous material,
30 ) .
strong anode wire ageing

operation in the far UV:

TEA 7.2 52 0.6 CaF,+ultrapure gas
mixture, high chromat.

moisture sensitive,

-5 (%)
Cs1 3.6 ) 210 long term ageing (?)

(*) electron escape length ~ O(10 nm)

Identificazione di particelle %@j 5

70

h
A% e-
L&C/ Active zone ~
60nm
Csl layer 300nm
Metallic substrate
1 .
fy
=
<
O
2
5 0.1
o
S
s
| initial energy —lev
of photoelectron —2 eV
0.01
0 10 20 30 40 50 60
Photoelectron Creation depth [nm]
(A.Akkerman et Al.,

J.Appl.Phys.76(8)1994)

F Nap-



) s N

Dottorato in Fisica Maggio 2005 >
INFN o o o . :
e “Fisica dei rivelatori” IdentlﬁcaZIOne dl partlcelle %@j @

Gaseous photodetectors:
. intrinsic time resolution
hotosensitive vapours

tter created by drift time for different primary electrons:

t~36,=31,/v,

.—photoabsorption length; v, = electron drift velocity (O(100 pm/ns))
t=10ns — 1~ 0.3 mm (TEA at room temperature or TMAE at 100 °C)

sl
hotoelectrons are extracted isochronously ->“FAST RICH DETECTORS”

eginning of 1990s: design of RICH counters for high luminosity B-factories operatin
several MHz — digital measurement with fast (Af=50 MHz) low noise current
nplifier — small charge induced on the cathode pads — small MWPC gap (~ 0.5 mn
- high gain 4-510°

ery high cathode gradient (8-10 kV/cm) — Unstable detector operation
reakthrough

D26 (F. Piuz et al., R&D for the development of large area CsI photocathodes, 1992)
ad-out electronics with long integration time (1.2 us) — low gas gain (6-8 10%)

ull detection efficiency & very stable detector operation attained
PR T | TR T TP L P T EO-: IR DUV P F Nap-
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GROUND PLANE

P
T T

CsI Photocathodes

gold f;";“; fllll)rface nickel barrier layer (7um)

) /

multilayer
pcb with
metalized
holes
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Csl deposition YUV
chamber Pads plane (~40x64em?) in : Chambsecrmmer
\ coating process / Measurement
A i / = - %\\ = “ -
ow depositionrate | |~ ———
(~1 nm/S) *\ ./\.Wued anode
. . o« 4o \
- min. Csl dissociatio Thicknes Ji
. . fronttor
' little or no reaction ~10-7 j!
with residual gases Q mbar \
Confinement lid Mirror
i = R
\ Ref PM
g LT df I\ [ [ NEEe U
TP TP Multiplexer
Interference Filter sl sources (4) /‘ '\
» Lens M cutent Cathode
reading cutrent
reading?
anslation stage - : ° . ° 0
g iws | ® Thermal treatment during and after CsI depositi
q/g (~8 hrs at 60°C)

/ s ® In situ encapsulation under dry Argon before the

 situ QE evaluation . L.
nder vacuum PM curcent and cathods implementation in the MWP C F Nap-
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CsI Quantum Efficiency
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‘ Experiments employing gaseous photon detector \
Photon detector Magnetic
Photocathode
/surface(nt) Field
CLEOIIT 0.1-2.8 10° LiF (10 o) MWPC (CH)/ 14 TEA 15T
HADES-GSI 0.1-1.5 (hadron blind) 10° CiFi0 (0.5 m) MWPC (CH,)/ 1.4 sl NO
ALICE-LHC 0.8-3 10* CeF14 (10 mm) MWPC (CH)/ 12 sl 05T
TINAF - Hall A 08-3 10° CeF14 (10 mm) MWPC (CH,) /2 Csl NO
COMPASS-SPS 3-120 10° GFoGm)/ — yrape (CH,)/ 8 (RICH-1) CsI (RICH-1) NO
No+HGFs (8 m)
Note:

* large area coverage (up to several m?)
 oberation in maahetic field T Nap
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From UV to Visible Light Imaging

Recent trend in RICH technique: shift the detector desig
from UV to visible

Driven by:

Ever increasing acquisition rate of future experiments
Availability of multianode PMTs and hybrid devices
Exploitation of aerogel as radiator medium

Multi-anode Photomultipliers MaPMTs (HERA-B,AMS)
Quantacon-like PMTs (DIRC,SELEX,HERMES)

Hybrid Photo Diodes HBDs (LHCb, BTeV)

F Nap-
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‘Cher'enkov Light from Aerogel I

AEROGEL: “A little bit of almost
nothing”

(the lightest solid, p: 3-350
mg/cc)

Z ~
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s R VY 2 T EZzZzZC [ s N B —
Primary sl s s s B N o
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e L e , ,
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Holy Grail

erogel is used in more than 800 applications

smic dust or meteoroid fragments

softly captured thermal conductivity ~ 0.017 W/m ]

(1mbact damaoce mintmized) E Nap:
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density vs refr. index Refractive % K p
1,083 G S e e B T inck threshold threshold threshold
— y=14+0.250x momentum  momentum momentum
R . (7eV) (GeVic) (GeVie) (GeVe)
x 1.025 G 1.28 0.18 0.62 118
g
& 1.0 ]
& . Aerogel 103 06 2 38
2 o , n=1+0.26p
: ] GFio 10015 25 89 17
L0F
100
1,005 ¢ ' e SR -
9020 D040 0.060  0.040  0.100 S S
density [g/cm3] a0 | i
. KEK n=1.018 )
— 70 | 2 cm thick e
c 60 | ¢
— . - KEK n=1.029
inEaming g 50 | 2 cm thick
particle E ;
9 40 |
o N
+= 3 F Airglass n=1.03
- 2 em thick
most of the o 6
photons experience ok >/ visible light detection

aerogel
— Jcm =

Rayleigh scattering

500 aa0 FoO

wavelength {nm)

800 a0a
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Advantages ‘Issues in Visible Light Imagmgl

— improved performance (large N,, small chromatic
aberration, rate capability)

— wider range of materials for detector construction
—> easy to operate

Disadvantages:

— large dead area due to small filling factor (packing
density)

— most of photon detectors do not work in magnetic fielc
— high cost per channel (limited coverage applications)

F Nap-
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3870 PMTs, Philips
XP1911/UV, @ 3/4”
+ light funnels

Online Event Display

TOPRICH

<N, . (aerogel)> =

<N (C F )>=
12P-e- a0 F Nap-
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‘RICH Detectors in LHCb I

Forward single-arm spectrometer

Ob S erve CP Muon Detector

Bending Plane

Shield  Magnet

violation 1n
decays of
B mesons RrcH!
produced In  [=

Vertex

p-p collisions  recuw
atE_ =14
TeV
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Photo "
detectors 300 T
Aerogel mirror 120 mrad
# | Beam
Ipe
\\l B pip
4 Track
Gas CF
(100 m3)
| ] ] ] 1 ] | ] ]
L 2 (m) 10 12 (m)
Acceptance: 300 mrad RICH1

120 mrad RICH?2

0 [mrad]

Number of tracks
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Radiators |

Three Cherenkov radiators are used, to cover the full momentum
range:

0. max
=01 e 22mrad - RICH1
Aeroge
ol Aerogel (n=1.03)
| / 1-10GeV/c
Ful C.F, (7= 1.0014)
E " 10-606GeV/c
® 100 —
C4Fy00as RICH2
! f _____ o CF4(n=10005)
1 ek cRes 17-1006eV/c
1 10 100

Momentiim (Ge\/c) F Nap-
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‘ Photon Detector |

~ 3 m? area have to be equipped with
photodetectors providing:

1 Single Photon Sensitivity
(200 - 600nm)

0 2.5 x 2.5 mm? granularity

7 Fast readout (40 MH2z)

0 Active-area fraction > 70%

Hybrid Photo Diodes (HPD)

168 HPDs RICHI

262 HPDs RICHZ} S0 S el

F Nap-
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Hybrid Photon Detector
photocathode W window
input optics photocathode
Foneos —4—y
first dynode | ( —T
/ envelope -
N
multiplier L /q
g ; \ last dynode _— electron —
(\ / / focusing 7] -
anode *I electrodes .
[ ﬁ o Silicon Sensor
=] pumping stem
M base
- . T
o silicon
Photomultlpller sensor

Hybrid Photo Diod.

F Nap-
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Number of photoelectrons
HPDFecn‘ur'esl E O,

10000

experimental curve

----- simulated distribution

Gain is achieved in a
single dissipative step

7500

AV=20 kV Ee = 20 keV
in silicon: 3.6 eV ~1e/h
pair ->20 keV ~ 5000
e/h
G~5000

50004

25004

Number of counts per channel

Advantages

Excellent signal definition : 1000 2000 3000 4000 5000 6000 7000 s
Allows for photon counting Channel number
Free choice of pixel segmentation (50 um - 10 mm)

Uniform sensitivity and gain Drawbacks

no dead zones between pixels * Low gain (3000 - 8000) — low noise electronics requir

« Sensitivity to magnetic fields

F Nap-
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- 31 plxel array

{1024 slemants)

Caramic carrler 83 mm diameTer'
_— | 75 mm photocathode 829,
(~z0) Y diameter

O Quartz window
: 0 S20 photo cathode JQE dE = 0.77
pa Eloctrode _— m 7 eV

Soldar

YACUUM

active area

\ by nary 0 1024 (320 x 32) Si pixel array: 500
Flip-chi;htigchnique pm X 90 “m, .
] W Cross-focusing optics

= demagnification ~ 5 (pixel size at
photocathode 2.5 x 2.5 mm?)
= 50 um point-spread function

= 20 kV operating voltage 5000 e signal
at Si anode

O Encapsulated binary electronics
O Tube, encapsulation: DEP (NL)

[ Silicon Pixel sensor bump bonded to
) a e F Nap-
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‘ LHCb PID Performance |
— 100 — *
Most relevant S #H& +++++ ]
parameters for > ol | ++ Kaonic ++
physics analysis are T |
K selection 2 60| ]
efficiency and © — m

K misidentification 1 ;
rate ’ ]
k1) = 38 % (2-100 GeV/ce) | - |
20 | Pion misid ]
_ ) +++ +
& x)=2.7% o T + T

00 ™20 a0 60 80 100

Momentum [ GeVig ...,
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Transition RadiationI

ransition Radiation (TR) occurs when a particle traverses a
edium with a discontinuous refractive index, i.e. the
oundary of two media with different dielectric properties.

medium |vacuun

/ﬁec;rr'or

Z/
>—"

R is the result of the fast rearrangement of the
article e.m. field when displacing from one medium
> the other characterized by another phase velocity.

4T

A kind of dipole radiation (charged particle and its mirror image)
Analogy with flying fishes: the light .

that reaches the observer's eyes
experiences the different refractive
indices of water and air thus

featuring an_"apparent” acceleration
Al i~ L£:2l4 FE Nap
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Transition Radiation Application to PID

The phenomenon was first predicted by two Russia
physicists, Ginsburg and Frank, in 1945 (J. Phys.9(1945)353)

More than 20 years later, the first TR detector wa:s
exploited successfully in a HEP experiment at the CERN-ISF
Fhanks to Garibyan who found in 1958 that ultra relativistic
varticles (y>>1) emit TR in the X-band and that the radiatec
2nerqgy is proportional to the particle's Lorentz factor y (i.e
the particle’s energy).

Since the other particle identification methods (energy los:
oy ionization, ToF and Cherenkov radiation) depend on the
barticle velocity, thereby representing only moderate
dentification possibilities for ultra relativistic particles (B -
1), the y-dependent effect of TR is extremely valuable fou
°’TD at very high energies. &
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e 4
Unitary Description of the Radiative Processes I \
Re e

1

A photon in a medium has to follow the dispersion

2quation:
q cn ¢ k2P 2
O=2rv=2r——=k— o — =0 E=n
A n g
Ime
-=Re(c)+i Im(e "6
() (¢) , regime: optical | absorptive X-ray “

m(e): photon absorption _ ——
n the medium SHEEE f;g‘f;ﬁg'r‘]o" ionisation | yransition radiation
=¢(o : . :

(@) * Optical band: transparent medium, e=Re(e) >1, 7~1-7 5

5 descrlt?es the way the  _ "/ icsion of real photons with u=c/n: Cherenkov radiation
nteraction of photons
vith atoms of the medium . Absorptive (or resonant) band: e=Re(¢)+ iIm(g), virtual phott

nodifies the phase and short range, the medium is not transparent
relocity — dE/dx in the medium
* X-band: <1

— emission of X-ray transition radiation
F Nap-
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Transition Radiation Spectrum I
d&W 206 1 ) 1 2
dodd 7 \1/9°+0+0} 0 117+ +0, | &

dW _oh|( o} +o] +20° 1 y* it 1/y +o! | &’ 5
do r« w; — @, 1/y +@} | @’

aii |o? — @2
Energy loss by the TR increases with y linearly W= (wl wZ)?’

T o t+o,
®, and o, are Plasma frequencies of two media
_ 3 2 N
ha,=+47N r,mc” | a 20eV for styrene.

F Nap-
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Transition Radiation

properties

QO Radiated energy / boundary to
vacuum

1 T
Wzgaha)py —|dentification of e*

2
w,= Nee ( fplasma ) hw, =20V (plasticradiators’
o, requency

Q X-rays are emitted with a sharp maximum at small
angle — TR stay close to track

0 oclly

QO Number of emitted photons / boundary is small

Need many transitions — build a stack of

manv (>100) thin foile with aace aanc

AT,

F Nap-
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Ideal radiator: material with high density of electrons (high o) and low Z (small
X-ray absorption «cZ> )

DENSIT PLASMA FREQUENCY COEFFICIENT OF X,
Y (eV) LINEAR ABSORPTION
@10 KeV (em™) (cm)
(g em™)

Lithium 0.534 13.8 7.1 1072 14.8
Berillium 1.84 26.1 7.2 10! 34.7

Aluminium 2.70 32.8 71.4 8.9

Polyethylene 0.925 20.9 1.79 49
MYLAR 1.38 244 8.07 28.7
Air 2.21073 0.7 9.11072 3087

0

For practical reasons (availability, price, safety) mainly stacks of CH, foils are
used. Li foils not significantly more performing. Also various hydrocarbon foam
and fiber materials have been used. TR yield in foams are smaller than in

reaular stacks due to large dispersion of mean foil thickness and pore size.

10 GeV electrons
L Krypton

—_
* S
T

Detected x-ray yield, keV
=
T

(4
’
’
,
,
’
’
Al Polypropylene
’
4
i’
4

3
T

Variation of TR yield
with foil thickness

Part of the TR will be
re-absorbed. This
limits the effective
number of foils even
for N;=c0
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Simulated emission

spectrum of a CH,

foil stack — Detector

should be sensitive
for 3 < Eys 20 keV.

ainly used: Gaseous detectors.

etector gas: o

~Ar)

dN /dE = 10
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MWPC, drift chamber, straw tubes®,.

photo effect ©

gnal: TR+dE/dx (TR emitted at 1/y)

ov HV

/TR

ackground:

) electrons

dE/dx

T / e rejection, %

0.14F
012
0.10
0.08

oc Z2— gas with high Z required (Xe, Kr

Absorbed flux fraction

o= (l—e‘l/")

lllllllll

||||||||||

6 8 10 12 14 16 18 20 22 24
Xe thickness, (mm)

MEAN ABSORPTION LENGTH , mm
o
LI l

PHOTON ENERGY, KeV

Chamber thickness:
compromise between vy
absorption and ionization
background from charged
particles. Typically 10 -15

mm
F Nap-
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DV +HV

[Ssue: need to separate dE/dx signals and TR

x-ray signals | I'T @a TR §_eecraon
['wo possible readout methods: o % ;ﬂ_ I
 Charge (Q-) method. Integrate all L 2] mones

collected charge from dE/dx + TR e g—l - ines \f)o

(above a certain threshold). Apply cut LonG oner

5 keV/bin

to suppress particles with dE/dx only. [+ R petector I h "
Limited by Landau tails of dE/dx. read-out I 645 20 rsec—

 Cluster counting. Identify individual — © 7 ?
ionization clusters. Count clusters ot
above a certain threshold (from high i
energy y’s). Lower background _
because N ., 1S Poisson distributed.
But requires fast electronics and "
special chamber geometry

(dN/dEYN
2

| I 1 | 2
20 40 60 80 100
0 Energy (keV)
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Barrel Silicon Strip

Detector

Forward Silicon Strip
Datector

Straws (4 mm diameter)
Regular radiator: 15 ym
polyethylene foils with 200

: Mm spacing
Transition Radiation
Tracker

Pixel Detectors g, ~103-102 @ ¢, ~90%

= Straw based tracking chamber with TR
capability for electron identification.

= Straws run in parallel to beam line.

= Active gas is Xe/CO,/0O, (70/27/3) operated at
~2x10* gas gain; drift time ~ 40ns ( fast!)
* Counting rate ~ 6-18 MHz at LHC design
luminosity 1034 cm2s-!
F Nap-
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TRD detector in ALICE

Ime expansion
chambers
6 layers, 900

m2
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‘ TRD performance I

fibres-17um

- qr  Dala, p=2 GaVic . § -1
I i g_z 10 E_ A TMQ _E
O N ® [-Q )
o2l ;% | mLOX ]
i . | i i

B i 2
_ . 10 ¢ E
i * 8000 : 1
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