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Abstract

The steady progress made over the past years in the designaviitive particle identification detectors has alloweddbieve
relevant physics results in various experiments. The atiingestigation of new challenging approaches will seddriiapplica-
tions to the planned experiments at the SuperB factoriesiid forthcoming FAIR facility, which demand an unrivallgarticle
identification performance. This paper will provide theremt state of the art in the major charged particle identificetechniques
and will discuss the most significant advances and the mostiging future directions.
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1. Introduction in a suitable static magnetic field provides the charge sigh a
the momentum value, whilst the velocity is obtained by means

In the process of studying the physics underlying the meaof one of the following methods: energy loss, time of flight

surement, the capability to identify particles very oftéays a  (TOF), detection of Cherenkov radiation and, essentiaily f

prominent role in the determination of quark flavours in geca electrons, detection of transition radiation. Fig. 1 verfyemat-

and in the enhancement of the Signal from the baCkgrOUnSi. It ||Ca||y shows the momentum range in which-4 Separation of

well known that the development of innovative particle it#n 3+ is achieved by the three major PID techniques, employing

cation detectors (PID) has provided the very demandingdmadr detectors of various lengths and performance. The same fig-

identification performance required to Study CP violatiorBi ure shows that, by Varying Opportune|y the radiator medium,

meson decays and a successful operation in the very harsh edherenkov detectors covers the widest momentum range and

vironment produced by colliding gold nuclei head-on at RHIC ajlow to identify high momentum particles with reasonabge d
Technological advances have made the PID a robust experimegactor sizes.

tal toolkit for the ALICE and LHCb experiments at the unprece
dented energies of the LHC collider, whereas the designeof th
challenging PID systems of a new generation of experiments a
FAIR and at the Super-B factories will depend critically be t
ongoing R&D projects.

The choice of the PID technique is primarily dictated by the
momentum range of the particles under study and by the re-
quired separation powgralthough other considerations (i.e.
event rates, material budget, size and space requirenaants,
cessibility, compatibility with other detector subsystmov-
erage...) might be relevant as well.

A particle is univocally identified by its mass and electrica
charge. The mass is obtained by measuring at least two out of
the three correlated quantities: momentum, kinetic enargly
velocity by exploiting the basic relationship= p/(c8y) where 1
B is the particle’s velocity normalized to that of light in waan,
¢, andy is the Lorentz factoy = E/mc?. Practically, the choice
is restricted to the momentum and velocity: the particlekitag

length (cm)
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1The "separation power” of a PID system defines the signifieanicthe
detector response&. If Sa and Sg are the mean values of such a quantity
measured for particles of type A and B, respectively, @ag is the average of  Figure 1: Momentum limit up to which a PID detector of a givemdth and
the standard deviations of the measured distributionsseparation powen, performance achieves a-3n-K separation. For momenta above few GgV
is given by:n, = Sa-Se only Cherenkov counters are able to feature such a sepagiver.
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The content of this paper is focused on the following meth- A less ambitious R&D programme on PPAC (Parallel Plate
ods: Time-Of-Flight (TOF), ionization energy loss measure Avalanche Chambers) and DRPC (Dielectric Resistive Plate
ments and Cherenkov light imaging and their applications ta&Chamber), which resulted in time resolutions below 90 ps[3]
HEP experiments. proved the feasibility to build large area TOF systems with

many channels as cosffective solution when compared to
_ . scintillator-based counters.
2. Time Of Flight The real breakthrough was achieved by the ALICE Collab-
oration, which started a decade ago a systematic surveyeof th

The identification of charged particles with a momentumproperties of the Multi gap Resistive Plate Chambers (MBPCs
larger than 1 Ge)¢, through the measurement of their time of for the construction of a 150 fTOF barrel array. In this
flight, requires a very good time resolution and a long flightcontext, the crucial innovation was a detector made by many
path. The separation power,, between two particles with narrow gaps (few hundredsn thin) operated at high gas gain
massesm; andm, both of momentunp, over a flight patiL,  yielding signals with a negligible time jitter[4].
is givenby:n,, =2 = (2 - 1)~ 5 zm (M — m5) where The ALICE MRPCs consist of a stack of 4@n thick ’off-

o is the time resolution of the Tor détector ang, isthe  the-shelf’ soda lime glasses with a measured bulk redigtfi
time difference between the two particles. The above equatiop 4 132 ocm and gas gaps of 250n (Fig.2).

entails that the length of the flight distance needed foripart
cle separation at a fixed time resolution increases quadiigti j¢——————————— 130mm
with the particle momentum. Therefore, the TOF technique is — act;xemar;ea
practical only for momenta below few G&/ As an example, :
a TOF system providing a time accuracy of 100 ps and 3.5 m ¢ O 11
flight path discriminateg — K with a separation power ofo3 s il
up to a momentum of 2.1 Ge¥/ '

The determination of the particle velocity by means of time- W& myiom sorew To hoid
of-flight measurements is carried out by exploiting eithes t fishing-line spacer

. . T . 10 mm thick | | pcB with cathod!
light produced in scintillation counters or the formationda rof core honeycomb pickup pads
amplification of the ionization charge in very thin gaseoas d | connector for penel
tectors. The technique based on scintillation counternis s |S7eo =on! 0.55 mm thick
ple, well understood and robust. Particles traversing @tisci | interface card it
lator bar excite molecules in the medium, the subsequent dt actylic paint
excitation results in the emission of_a _fluor_escence lightse i I 0.4 mm tick
photons are collected by photomultipliers installed ahleotds R
of each bar thus providing two independent measurements ¢ Z
the stop time and a/2 improvement in resolution. However, L= PCB with

. . . i . 1 T anode pickup
this technique is quite expensive and cannot be employed fc \ \ pads

TOF systems embedded in a magnetic field, unless fine-me:
PMTs are used instead of the cheaper standard PMTs. The b

. . . » . ” L. 5 gaps of 250
resolution that can be attained with "conventional” sdlisti o micron
. . . . N B Sy onnector fo
tion counters in a collider environment is optimisticallpand s e
o =100 ps. A more typical resolution, as overall obtained in central read-out PCB PCB with cathode
experiments, is between 100 and 200 ps[1]. piekup pads

As mentioned earlier, a technological approach to fastigmi
based on thin gap gas counters has eventually attained a sub- Figure 2: Cross section of the ALICE double-stack MRPC.
stantially good performance. The first example of a fast gas
detector for TOF application was the Pestov counter, a 2 mm Electrodes are applied to the outer plates in or-
single-gap gaseous parallel plate chamber operated itk spader to feed HV via 10 MR resistors.  The detector
mode[2]. It employed a semi-conductive ££010'°Qcm) glass  is filled with a non-flammable gas mixture containing
as anode electrode and a special gas mixture at 12 bar. AGH2Fs (90%) + SFs (5%) + isoCiHig (5%). A detection
though prototypes reached highiieiency (97%) and time res- efficiency higher than 99% and a mean time resolution lower
olution (40 ps), it was never employed in real experiments owthan 50 ps have been achieved (Fig.3)[5].
ing to a series of technological issues: extreme cleardinad As a result of tests at the Gamma Irradiation Facility (GIF)
demanding production of large quantities of specific materi at CERN, MRPCs have shown a rate capability of up to 600
(high resistivity glasses), high precision engineeringt(iéss Hz/cn? for a continuous flux of charged particles. This good
better than a fewum), fabrication coating technology and ac- performance has been attained due to the small charge moduc
curate surface control procedures. Moreover, the opgrgtis by each 'through-going’ charged particle (on average 300 fC
contained 5000 ppm of 1.3 butadiene known as a potent camnd the low resistivity of the soda lime glass plates. An alter
cerogene (max 1 ppm allowed in air). mean time resolution of about 90 ps has been measured by the



equipped with thin quartz radiators, allow exploiting thee-

Enties 159 s | ~ Entios 159 lent time and directionality properties of Cherenkov lighther
Mean 996 Mean  47.93 than the scintillation lightéiected by the decay time of the scin-
e ol w0 | tillators and the jitter produced by the wide spread of photo

paths from the emission point to the photon detectors. The po
tential pay-df is impressive: with the attained time resolution
of o = 6.2 ps[10] ar/K separation of & can be achieved up

to about 5 Gelt for a flight path of 2 m. Several TOF R&D
projects[11] have been triggered by the impressive pragseof
G-APDs and MCPs which, besides their excellent time resolu-
tion, are resistant to magnetic fields and feature a largéopho
counting capability.
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Figure 3: Hiiciency (left) and time resolution (right) distributions ft69 read- lonization represents the main contribution to the energy |
out pads of an ALICE MRPC. in matter for charged particles and the primary mechanism un

derlying any detector technology. The velocity dependerice
energy lossdE/dx o In(8%y?)/5?, along with the momentum

81easurement, makes possible the determination of thelgarti
mass.

The energy loss is large and scales likg24in the low mo-
mentum region, making veryffective the particle identifica-
tion there. The minimum in energy loss occur®@at~ 4; in
this momentum region, called cross-over or m.i.p. regibe, t
method fails in discriminating particle species. The epéogs
then rises slowly in the "relativistic rise” region where dest
separation may be possible. At higher momentum, the energy
loss reaches the Fermi plateau due to the denfitgie

The measurement of the ionization energy loss is carried out

ALICE Collaboration during the cosmic ray test held in 2009
(Fig.4). The ALICE MRPC approach has also been adopte
by the STAR experiment at RHIC for realizing a TOF barrel of
64 n?[6] and it is under evaluation for the future CBM exper-
iment at FAIR[7], which will be confronted with the seleatio
of rare probes in a high multiplicity environment at colhisi
rates of up to 10eventgsec. The design of the 100°r€BM
TOF will take advantage of the ongoing R&D activities for op-
timizing the MRPC glass resistivity in order to enhance tite r
capability of these detectors up to several hundred&ii48].

g 60000 ALICE TOF Entries 753547 || DY means of gaseous or solid stgte counters, vyhich prq@de Si

0 ) Constant 5.802e+004 || hals with a pulse height proportional to the primary ioni@at

N i Mean 001073 | produced in the sensitive volume. Although this is not aryeas
Sigma 04252 method for particle ID, it comes almost by free with the track

ing devices and reduces confusion in associating the elfesgy

/Ts'ps‘ measurements with reconstructed tracks. However, the pres
P ence of the cross-over regions, where two particles éint

: ; mass but the same momentum produce an equal energy loss,
and the saturationfict limit the range of application of this

20000 method. Moreover, since solid media are characterized by a
- small relative height of the Fermi plateau with respect ® th
10000 minimum energy loss, particle identification in the relasic

g ? : rise region can only be performed with gas counters.

In the ionization measurements care must be taken to use a
sensible estimator. In fact, not tlkeergy loss by the particle is
measured, but thenergy deposit (sampled on each pad row),
which is not necessarily the average energy lost in the given
slice of material. As a result, the measurementfiscied by
large fluctuations in the number of created electrons per uni
length, which are not poissonian-distributed. In facthaligh
the ionization energy loss is statistically distributedward its
mean value, the formation éfelectrons, having energies com-

With the progress made in the development of fast photomarable with the energy loss of a particle in the counteegiv
detectors, like the Avalanche Photodiodes operated ingeig rise to an asymmetry in the distribution in energy loss, Whic
mode (G-APDs) and the Microchannel plate photomultipliersshows a tail towards high energies. The resulting distioiot
(MCPs), the proposal [9] to build Cherenkov light based TOFcalled Landau, after L. Landau, the Russian theorist who firs
counters becomes more and more feasible. These deviceslculated this process, is more asymmetric in a thin medium
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Figure 4: Time resolution distribution as measured by tHeAuICE TOF
barrel with cosmic rays.

2.1. Prospect



layer because of the large fluctuations in the various pesses at 1 atm. With such devices, one can perform hadron-electron
of energy transfer due to the few collisions expected. Asma co identification into the few Gel range, and hadron-hadron
sequence of these rare events, where a large energy logs occudentification in the non-relativistic region (below 1 Geyby
the mean energy loss in a sample is significantly higher tharither using heavy gases or increasing the gas pressurge, in o
the most probable energy loss. In absorbers whose thicknedgr to improve the resolution. In the relativistic regiohist
is such to absorb almost half of the particle’s initial kioetn-  approach is not asfiective because both the gas pressure and
ergy, the mean energy loss approaches the most probabée valdensity can fiect the size of the relativistic plateau. In fact,
with the probability distribution function being approxately  denser gases have a smaller relativistic plateau and bydacr
Gaussian. However, because of the "Landau tail”, the statis ing the pressure one reduces the relative height of thévietad
cal precision in determining the mean of the distributioeslo plateau with respect to the minimum energy loss, thus dgstro
not increase in the same way as for the Gaussian distributioing much of the advantage gained from smaller resolutio®. Th
if the thickness of the material traversed, and consequéml pressure dependence of the relativistic rise can be pagamet
number of charges produced, increases. Due to the above draized approximately as follows:
backs, a simple mean value would be a bad estimator. The prac-relativistic rise Emax/Emin) ~ 1.6x(pressure) %0,
tical way to improve the resolution is to measure the energy To achieve good hadron-hadron identification in the reigtiv
loss either in many consecutive thin detectors, thus miriimgi  tic rise region, one must employ very large devices (lonigant
the probability of generating é&electron of dangerously long 150 cm) operated at high gas pressure, with many samples. Gas
range, or in a large number of samples, in the same detecteaomposition plays a minor role for the achievable perforogan
volume, along the particle track. Subsequently, the medneof
lowest 60%-80% of measured ionization values is taken. Ar3.1. Time Projection Chambers
alternative method, which takes into account the full infar The ultimate detector for performing an outstanding com-
tion on the charge development process, is based on thedBichsined tracking and ionization energy loss measurementeis th
functions[12]. The resulting parametrization is everjuét- Time Projection Chamber (TPC). In a collider experimeng, th
ted to the data or compared to the expectation. Both methodBPC'’s field cage is divided into two halves by a planar cen-
reduce the fluctuations in the calculation of the mean anahjper tral electrode represented by a thin membrane and by two end-
a measurement of energy loss precise enough to achieva+esotap multi wire proportional chambers (MWPCs). The primary
tions in the range 310% for gaseous trackers (Tablel). Fromelectrons produced by ionizing particles slowly drift toaiéhe
Tablel, the following conclusions can be drawn: MWPC'’s amplifying region where a gating grid allows their
. . ] . passage when triggered. If the gate is opened, avalanches ar
* Better resolutions are obtained with pressurized/@nd created and recorded as charge induced signal on cathosie pad
large scale detectors (i.e. longetive track length). As  The charge recorded on adjacent pads enables an accugate det
the pressure is increased, the relativistic rise satugtes mination of the position by means of the evaluation of the-cen
lowery; the optimal pressure seems to be abeti Bar; (e of gravity. The third coordinate of the primary ionizatiis

« In helium based detectors (BaBar, BELLE, CLEO Ill), the achieved by measuring the time t_aken by the trail of iondrati
electrons to drift to the plane of wires and pads. These featu

L?J’Zdi;'éi?n statistics is compensated by fewer CIUStermake TPCs the best tracking devices to be used in high mul-
' tiplicity experiments (heavy ion collisions at RHIC and LHC
« A higher content of hydro-carbons gives better resolutior@nd for jet physics.
(BELLE and CLEO IlI). In fact, the FWHM of Landau ~ The STAR and ALICE TPCs are quite remarkable examples
distributions is as large as 60% for noble gases, it de®f large volume devices able to reconstruct afiitiently iden-
creases to 45% for CHand it is only 33% for GHs. tify a thousand tracks per event (Fig. 5). The ALICE TPC, with
a field cage 5 m long and a total sensitive volume of §8 is
An accurate understanding of the detector parametergithat i currently the largest gaseous tracker ever built in thedjib4].
fluence the energy loss measurements is necessary to aptimizhe need to achieve a good momentum resolution and to keep
the detector design. Very refined simulations, based on meamall the distortions created by the space charge has idduce
sured cross-sections of photon scattering on the most commahe ALICE Collaboration to adopt a drift gas with lowfkli-
types of atoms in the tracker’s gas mixtures[13], allowefiitd  sion, low Z and large ion mobility. Extensive investigation
the following approximate empirical scaling relationsfupthe  of various gas compositions led to the choice of the mixture:
resolution ordE/dx: Ne(85.7%)-CQ(9.5%)-Nx(4.8%). This drift gas, characterized
o(dE/dx) ~ n~043:-047(t . 5)~0.32:-036 by a non-saturated drift velocity (cold gas), requires arttee
It is worthwhile to notice thatr does not follow then®%  stability of 0.1 K and a high drift field (400 &m) to secure an
gaussian dependence owing to the Landau fluctuations andcceptable drift time of 88s. Therefore, the high voltage on
fixed the total lever armnf), it is more dfective to increase the central electrode has to be as high as 100 kV. An insglatin
n rather thart, provided that the number of electron-ion pairs envelope filled of C@ gas surrounds the actual field cage for
is enough in each sampling layer. On the basis of the presperational safety reasons and acts as a thermal screen.
vious equationdE/dx measurements can be attained also for The readout chambers are conventional MWPCs with cath-
small devices, only 1 m long, with 6200 samples operating ode planes segmented in pads equipped with an electronics
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Table 1: Summary of selected design parameters of sigificakamples of gas basel/dx systems (= number of samplings, + thickness of the sampling
layer, p= gas operational pressure). Also listedris- resolution of the mean ionization energy loss.

Experiment Detector type n t(cm) p(bar) Gas composition (%)
BELLE Drift chamber 52 15 1 HE,Hs=50/50 5.5
BaBar Drift chamber 40 1.2 1 HieC4H.0=80/20 7.5
CLEO Il Drift chamber 47 1.4 1 HE€3Hg=60/40 5.0
ALEPH TPC 338 0.4 1 ACH,=90/10 45
PEP TPC 183 0.4 8.5 ACtH,=80/20 3.0
OPAL Jet chamber 159 1.0 4 AOH,/i-C4H,0=88.29.82 2.8
STAR TPC 44 1.15-1.95 1 AEH,=90/10 7.5
ALICE TPC 72 1.5 1 NECO,/N,=85.79.54.8 5.5
T2K TPC with MM 72 1.5 1 AfCF,/i-C4H10=95/3/2 10
o 5
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Figure 5: Projected separation power of the ALICE TPC as atfom of the
particle momentum. The performance has been estimated/éoparticle den-
sities: dN/dp=800 (upper curves) ardiN/dp=8000 (lower curves).
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chain to amplify, digitize and pre-process the signal befor

transmission to the DAQ. Each of the 570,000 channels in-
cludes a custom digital circuit that, with an innovative ap-Figure 6: lonization energy loss spectrum as obtained bAHEE TPC with
proach, performs tail Cance”ation, d|g|ta| baseline oest tracks from almost 10 million events of pp collisions at LHC.
tion, data compression and multi-eventiieting for event de-
randomization. The azimuthal segmentation of each readout . .
plane consists of 18 trapezoidal sgctors, each coveringe20 dc.)f MWPCs with MPGDs (M|cro-RatFern Gas [_)etectors),
grees. The impressive results obtained with tracks behapi like GEMs (Gaseous Electron Multiplier) or a Micromegas
ten millions of events collected in 2009 from LHC pp collis®© (MICRO-Mesh GASeous dett_actor)._ Among the MPGDs fea-
(Fig. 6) show the correctness of the design and construofion tures, the following ones provide quite relevant advargage
the huge ALICE tracker.

The ALICE project was indeed very challenging especially
if one takes into account that the incorporatiord&f/dx mea-

surement in a TPC requires that a number of tight engineering , intrinsic jon feedback suppression (leakage smaller than 1

« negligibleE x B effect (due to the bi-dimensional symme-
try of the amplifying structures);

constraints be enforced, especially all mechanical toleas, 29%);
wire staggering, electrostatic and gravitational deftetimust
be carefully controlled and their stability ensured. Mo « more flexibility in the readout structures.

possible background problems, associated space chéiegtse
and gating iciency had to be accurately evaluated to avoidin particular, the absence of tHe x B effects makes TPCs

negative &ects in the tracking and in traE /dx sampling. equipped with MPGDs capable of operating at large magnetic
fields (3-5 T). The resulting benefits are a reduced transvers
3.2. Prospect diffusion and an improved spatial resolution.

An important innovation in the design of the future TPCs The first application of MPGDs to a real experiment has
concerns the endplate readout detectors by the replacemestcurred in the long baseline neutrino oscillation experiin
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T2K [15] at JPARC (Japan). Bulk Micromegas, based on com- The DIRCconcept is based on the exploitation of the frac-
mercial woven meshes, have been used in the three T2K’s TP@i®n of light trapped by total internal reflection inside tpbars
for covering a total active area of about $.m of quartz. It basically uses a "pinhole” geometry, where the
The poor particle separation power attainable by meansof thbar’s exit area, together with a photon detecting pixel jjms;
ionization energy loss measurements could be improved by exlefine the photon exit angles in 2D; the time and the track po-
ploiting the cluster counting approach. In this respect@@R  sition defines the third coordinate (Fig. 8). Counters based
associated to the silicon pixel technology[16] may playanic  Cherenkov light imaging can handle high multiplicity event
nent role by significantly improving theE/dx resolution. In  since photoelectron footprints from several particletigndame
fact, this innovative technique could provide the high gran event are visualized onto the plane of detection thus atigwi
larity needed to resolve individual clusters which are sajeal  the determination of the emission anglefor each detected
by average distances between them of about/80(30 clus- photon. The masm of a particle of known momenturp is
tergcm). Direct cluster counting of primary ionization would eventually given byn = p(ncos®§, — 1)Y/2.
also be a benefit from the operational point of view because it
is not d@fected by gas gain instabilities since no charge measure-
ments are performed but just counting. Moreover, it would be
an unprecedented potential for pattern (track) recogniiod
track fitting in dense track environments for the better deub
hit/track resolution attainable and the possibility to get rid o
delta rays. This innovative technique has already proved th
feasibility to detect individually single electrons frohretioniz-
ing particles, but more studies are needed to assess itsiipa
to perform cluster counting.

4. Cherenkov Light Imaging _V

=
"
e é Close Packed PMT Array

Quartz Bar

The measurement of the Cherenkov angle via the direct
imaging of the emitted photons is nowadays the basis of a well Figure 8: Working principle of a DIRC detector.
established technique, largely employed in high-energy an
astro-particle physics experiments to achieve the ideatifin A Cherenkov light imaging detector with a figure of merit
of charged particles in an impressively vast momentum rangyo and a radiator characterized by the refractive index n and
from a few hundred MeX¢ up to several hundred Gey[17].  total length L measures the Cherenkov angleand®, of two
This technique comprises two main categories: RICH (RingParticles of momentunp and masseey andm, respectively,
Imaging CHerenkov) and DIRC (Detection of Internally Re- with an accuracy defined by the number of standard deviations
flected Cherenkov) devices. No such that, — 6;=No. It follows that the largest momen-

In a RICH detector, Cherenkov radiation emitted in a trans{UM limitis achievable by designing counters able to detteet
parent dielectric medium, called the radiator, whose otire ~ Ma@ximum number of photons (largé) with the best angular
index is appropriate for the range of particle momentum pelesolution (smalbe). The_examples dlscus_sed beI.ow highlight
ing specifically studied, is transmitted through an optidsich ~ @ few of the recent. achievements and will provide a.general
could be either focusing with a spherical (or parabolicyrorir  IMPression of whatis to be expected in the two categories. Em
or not focusing (proximity-focusing), onto a photon detect phasis will be given to the development dfieient single pho-

that converts photons into photoelectrons with high spatid ton detectors because of their paramount importance as basi
time resolutions (Fig. 7). ingredient for this technique.

4.1. RICH detectors
During the last years, the development of large area pho-

a) b)

Spherical

(parabolic) tocathodes made of thin films of CsI[18] has significantly
= Charged  Charged / . contributed to extend the potentiality of the RICH techmiqu
s g _Portice partide ] Large area MWPCs equipped with a Csl photocathode work-
g 5 ing in reflective mode with electron extraction in ¢ldt at-
g % mospheric pressure have successfully been implementéd in t
Gas radiator Proximity RICH counters of COMPASS[19], Hades[20] and at the JLAB-
[ focusis Hall A facility[21]. The largest application of this techqie

Solid or liquid
radiator

_ _ o ) 2DIRC uses internally reflected Cherenkov light, which is agife to the
Figure 7: Working principle of a RICH detector: a) focusingheme, b)  CRID detector at SLD, which used the transmitted Cherenight (therefore,
proximity-focusing scheme. the letters in the two names are backward).



(11 n? of photon sensitive surface) is, however, the Csl RICH
of the ALICE[22] experiment, which has recently completed
the commissioning phase and has started to take data at LHC.
On the side of vacuum based photon detectors, the improwemen |
in the performance of "-the-shelf” multi-anode photomulti- —— e
pliers (MaPMTs) has allowed the COMPASS Collaboration to il A ~1
achieve the desired PID capability also in the very forward r
gion of their set-up, severelyfacted by the beam halo[23].

A different approach has been followed to equip the focal
planes of the two LHCb’s RICH counters, designed to identify
hadrons in the momentum range from 1 to 100 @GeVThe
demanding request of handling almost 0.5 million channkls a
the high acquisition rates expected at LHC pushed the LHCb
Collaboration to develop, in collaboration with industigrge
area hybrid photon detectors (HPDs)[24]. The LHCb RICH ;
counters successfully started data taking in 2009. |

The RICH systems of LHCb, COMPASS and the forthcom-
ing NA62 experiment at CERN[25] are good examples on how
improvements on both operation and performance are achieve
by designing RICH detectors that operate in the visibletligh
reg'?”' In fact, at longer wavelengths the detec-tor figure OI:i ure 9: Scheme of the proximity focusing RICH detectorthvatmultilayer
merit becomes larger as a consequence of the higher mater@(ﬂoga radiator in the focusing configuration.
transparency, which enlarges the bandwidth. Also the angu-
lar accuracy for the single photon improves due to the redluce
chromatic aberrations of materials in the visible region. bombardment by the ions generated during the charge multi-

The use of visible light photon detectors has also allowedlication process, which back-flow to the Csl film. In order to
the exploitation of silica aerogel as Cherenkov radiatomin overcome such a limitation, the design of innovative iorckto
momentum range not accessible to other materials[26]. Folhg architectures has been proved to trap most of the iochirea
lowing the development of clear hydrophobic tiles for Belle ing a fraction of those back-flowing as small as1@t gains
the combination of aerogel radiator with a gas radiataigg)  of 10° with full single-photoelectron collectionfieciency[30].
in the same RICH counter was pioneered by the HERMES his breakthrough will pave the road towards the design of a
experiment[27] and subsequently employed by LHCb. The revisible-sensitive gaseous photomultiplier working atrhigins
cent production of silica aerogel tiles manufactured asekst in DC mode. The main challenge of this development is given
of two to four layers of slightly dterent refractive indices has by the extreme chemical reactivity of bialkali.
driven the design of the proximity focusing aerogel RICH de- Recent advances in the deposition technique have shown that
tector (Fig. 9) envisaged to identify particles in the fordidi- ~ K>CsSb, CgSb and NaKSb photocathodes are quite stable in
rection (endcap) of SuperBelle[28]. a gas chamber[31]. A quantunffieiency above 30% in the

The anticipatedr/K separation power at 4 G¢t/is almost  range from 360 nm to 400 nm has been measured $QsiSb
60, further investigation is ongoing to select the type of pho-photocathodes in presence of/&H,(955) gas mixture. As a
ton detector to use. G-APDs, Hybrid Avalanche Photodiodegarallel development, the COMPASS and ALICE experiments
(HAPDs) or MaPMTs are possible candidates. Despite the corare studying thick GEM (THGEM) for low interaction rate ap-
siderable progress made in the field of vacuum based photon dplications. In these counters, the Cu-coated kapton féithe
tectors and G-APDs, their high cost and low photon detectiorstandard GEM counters is replaced by 0.4-1 mm thick PCB
efficiency due to the small packing factor make these devicekiyers with holes of 0.3-1 mm diameters mechanically dfille
less attractive when the coverage of large photon colleetie  The large hole-size results in a good electron transport and
eas is required. In this case, gaseous detectors reprégent in large avalanche-multiplication factors (up to’1 double-
most dfective solution and, in particular, GEM based photonTHGEM cascaded single-photoelectron detectors). The easi
detectors seem the most obvious choice for future expetsnen ness of THGEM's mechanics (standard printed-circuit ichgll
In order to achieve a high single-photon detectifiiceency, a  and etching technology) and implementation, which does not
multilayer structure GEM is used. The first layer, coatedwait require any special mechanical supports, allows manuiactu
Csl film, acts as a reflective photocathode; gains aboveudd® large detector areas.
reached in the avalanche induced by the photo-electron. A second type of thick GEMs, called resistive THGEM

The PHENIX experiment at RHIC has been the first to ap{RETHGEM)[32], has also been designed to conceive a spark-
ply GEMs in realizing the Cherenkov threshold counter chlle immune photo-multiplier but at expense of lower countiater
Hadron Blind Detector (HBD)[29]. capability (in the range 1100 HZmn?). RETHGEMs are

At very high rates, however, GEMsfer photocathode age- made by silk-screen printing techniques, which allow pdu
ing and detector electrical instability due to the photbode tion of large areas up to 50x50 émwith the possibility to ad-
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just the electrode resistivity to the experimental needain& 5. Summary
above 10 were reached in double RETHGEM coupled to a Csl

photocathode[33]. The following significant advances in the PID techniques

have recently emerged and will allow applications unexgct
still a few years ago.

The particular benefit of using gaseous MRPC is among the

DIRC counters will play a decisive role at FAIR (PANDA major accomplishments of the past years in the TOF technique
and CBM experiments) and in the second generation BThe availability of very fast photon detectors achievingei
factories to cope with the high rates and to improve the sepaesolutions of a few tens of ps will enrich very much the perfo
ration capabilities for rare decay channels. mance of the TOF technique in the coming years, thus allowing

The design of the second generation DIRC envisages the us@precedented PID capabilities.
of finely segmented high speed photon detectors and a focus- The longstanding challenge provided by the cluster cogntin
ing optics instead of the current pin-hole geometry. Thietat method needs to be soon addressed. It will be essentialdor th
is meant to reduce the error due to the bar size whereas th@mprovement of the PID technique by the measurement of the
use of fast visible light photon detectors (with a time rasol ionization energy loss. The combination of MPGDs with pixel
tion in the range of 58100 ps per single photon) will likely technology may have the potential to shed light on this field.
correct the chromatic error by timing. This remarkable ap- The relevance of the chromatic error on the achievable sepa-
proach, conceived by B. Ratff[i34], has been demonstrated by ration power of Cherenkov light imaging detectors makey ver
BABAR teams[35], who succeeded to reduce by about 1 mraéast photon detectors play a prominent role in the currenDR&
the chromaticity smearing of the Cherenkov angle by measumprojects. Innovative designs employing chromatic coioect
ing the energy of each detected Cherenkov photon via itgsarri  through the measurement of the photon arrival times aregbein
time at the detection device. Fast timing also helps in seggr  developed in view of the challenging PID required at FAIR and
ing the strong background expected at the unprecedentld higt the future SuperB factories.
luminosities of the forthcoming facilities, as the futurepger
B-factories are planned to deliver a 100-fold increase miiu
nosity.

The PANDA Collaboration is also planning to use the DIRC |t has been a privilege and a pleasure to have contributed to
concept for the hadron ID system of their experiment at thehe success of VIC2010 with a review talk on advances in PID
HESR of the future FAIR facility at GSI. Very interesting in techniques. | am very grateful to the organizers and the ISAC

4.2. DIRC-like detectors
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this context is their idea to correct the radiator dispersising
passive optical elements made of LiF crystals[36].

The PID option considered at SuperBelle is the Time-of-
propagation (TOP) counter in the barrel region which uges ti
of arrival to determine the Cherenkov angle[37]. TOP has the[)
great advantage to reduce the costs of the photon deteator. |
fact the DIRC PMT wall will be replaced by a one-dimensional 2
readout since one coordinate is obtained by the timing mésr
tion of the detector.

The feasibility of the TOP counter has already been demon-5]
strated in beam tests using 16 channel MaPMTs. The TOP delf!

(4]

members for the invitation.
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