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Resume 
On presente les principes des compteurs Cerenkov a image 

annulaire pour l'identification des particules en physique des 

hautes energies avec une discussion sur leur domaine 

d'application et une comparaison avec d'autres methodes de 

determination de la vitesse. 

L'utilisation de la photo-ionisation en phase gazeuse pour la 

detection de photons Cerenkov UV uniques a conduit a une large 

gamme de detecteurs a image annulaire. On fait la revue du 

developpement dans les dix sept dernieres annees, des differents 

types de detecteurs, de leur fonctionnement et de leur application 

a des experiences donnees. 

On presente la possibilite d'utiliser les detecteurs a image 

annulaire pour la determination simultanee de la vitesse et de 

l'impulsion dans des configurations geometriques speciales de 
compteurs. 

Presente par T. Ypsilantis a la Conference d'ERICE : 11 History of 

Original Ideas and Basic Discoveries in Particle Physics". 29/7

8/4/94. 
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Abstract 

The principles of Cherenkov ring imaging for particle 

identification in High Energy Physics are presented with a 

discussion of their domain of application and comparison with 

other methods of velocity determination. 

The use of gas phase photoionization for detection of single 

UV Cherenkov photons has led to a broad range of ring imaging 

detectors. The development over the past 17 years of the different 

detectors types, their performance and their application in specific 

experiments is recounted. 

The possible use of ring imaging detectors for both velocity 

and momentum determination in specific counter geometries is 

presented. 
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1. Cherenkov Radiation 

1.1 Discovery and Confirmation 
Observation by Mme. Curie in 1910 of blue light emitted from 

concentrated radium solutions long preceeded elucidation of this 

effect. The first quantative observations, visual and photographic, 

by Mallet [1] between 1926 and 1929 showed that the spectrum was 

continuous whereas fluorescence, which was extensively studied 

during this same period, exhibited discrete spectral lines. 

The exhaustive experiments of Cherenkov between 1934 and 

1944 characterized this radiation [2] for which he, with Frank and 

Tamm, was awarded the Nobel Prize in 1958. This work is 

remarkable by its directness and simplicity. With rather 

rudimentary detectors (film) and sources (~-rays or Compton 

electrons) he measured the angular distribution of the radiation, 

its spectral distribution, its total intensity and its dependance on n 

and ~. He demonstrated, in addition, that the light intensity was 

proportional to the electron path length and that the radiation 

was polarized and fast. Measurements with both hard and soft "{

rays showed a threshold effect and the radiation was found to be 

identical when excited by either ~ or y-rays. 

These data preceeded and are fully consistent with the classical 

electromagnetic theory of this effect developed by Frank and 

Tamm [3] in 1937. A quantum calculation by Ginsburg [4] in 1940 

resulted in only minor modifications of the Frank-Tamm theory. 

Experimental verification followed soon thereafter-by Collins 

and Reiling [5] in 1938 and by Wyckoff and Henderson [6] in 1943. 

1.2 Cherenkov Angle and Intensity 

A charged particle moving in an optical medium of refractive 

index n with velocity v=c[3 will emit Cherenkov radiation if v 

exceeds the velocity of light in the medium (i.e v > c/n or f3 > 
1/n). The polar emission angle e relative to the particle direction 

is given by the Cherenkov equation 



2 


cos8=-
1 

(1)
n~ 

whereas, the azimuthal emission angle q> has a flat distribution 

between 0 and 21t. The intensity and spectrum of the radiation is 
given by the Frank-Tamm relation 

(2) 


where dNph is the number of photons with energy between E and 

E+dE, a the electromagnetic fine structure constant, L the particle 

path length in the medium and Ze the charge of the particle. 

Combining, we obtain the (~, n) spectral dependance 

(3) 


The dispersion of an optical medi urn is expressed by a function 

n=n(E). The number of detected photoelectrons N is obtained by 

integrating over an energy bandwidth ilE which, for constant 

Cherenkov angle (Le. constant n~), gives 

(4) 


where No is the detector response parameter i.e. 

370 )No = (a/nc)EilE = EdE( eV-cm (5) 

EdE =J(QTR).i.E 

and E is the energy average of detector efficiencies (Q=quantum, 

T=transmission, R=mirror reflection) between bottom Eb and top 
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Et=Eb+~E energy limits. The spectrum is flat for constant n but, for 

real media both n(E) and dNph/ dE increase with E. 
A visible light photon detector e.g. a glass window photo

multiplier (PM) has typically Q=O.2 at the first dynode, Eb=2 eV, 

Et=3.2 eV thus ~E=1.2 eV, which with R=O.9 and T=1 gives 

e~E=.216 eV and No=80/ cm. Photoionization gas detectors, 

operating in the UV, have achieved comparible values of NO for 

about the same bandwidth ~E but for R=T=O.8. 

1.3 Threshold Counters 

Threshold counters are preferred as detectors of secondary 

particles coming from an interaction region because their large 

phase space acceptance matches the emittance of the secondaries. 

Often, but not always, a threshold measurement (~>~t) suffices to 

identify a particle if its momentum is measured by magnetic 
deflection. The threshold counter, placed before or after the 
magnet, has an elliptical mirror with foci positioned to be at the 

particle source and the PM detector. The radiator is made 

sufficiently long to obtain efficient detection of above threshold 

particles. Focusing with an elliptical mirror is possible because the 

gas Cherenkov angle is small (the optics assumes it zero). 

For example, the tagged photon spectrometer experiment E691 

at Fermilab of Bartlett et al. [7] had two large threshold counters C1 
and C2 which attained NO's of 70/cm and 123/cm respectively, 

with N~15 in each counter. Even though N was large, ~E was also 

large (5.3 eV) and e was only 3.6% and 6.3%, respectively whereas, 

18% could be expected from Eq. 5. The resolution ('J~/ ~ is obtained 
from the variance of N (Eq. 4) as 

ON 1
N = ...fN =2cot6oe (6) 

but from Eq. 1 
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(7) 


hence 

(8) 


which, for Cl and C2 gives cr~/P=7.7·10-5 and 2.3.10-5, respectively. 

These counters had sufficient particle 10 capability to reconstruct 

charmed particle masses in diverse decay modes [7]. In fact, the C2 

resolution was only a factor 6 worse than the best chromatically 

corrected differential counter but, with the enormous advantage 

of large phase space acceptance. Their long lengths (3.8 m and 6.6 
m), however, are not suited to colliding beam experiments but 
quite acceptable for fixed target spectrometers. 

2. Ring Imaging Cherenkov Counters 

This focusing method combines the good phase space 

acceptance of threshold counters with the superior p resolution of 

differential counters. In its original form, proposed by Roberts [8] 
in 1960 and shown in Fig. I, it had a focusing lens which produced 

a Cherenkov ring on the surface of an image intensifier. The 

radius of the ring could be variable (not defined by slits) because of 

the uniform area sensitivity of the intensifier. Its angular 

acceptance was limited only by the intensifier area and lens size. 

The intensifier had a 20 imaging capability hence rings of any 

radius could be observed, however, in actual practice its small 
surface area, its low quantum efficiency and its low single electron 
sensitivity severely restricted t,his development. 

The first ring images, obtained by Poultney et al. [9] in 1962, 

had N=4-6 but small No=2/cm. The better optical system of Binnie 
et al. [10] gave N=4 and No=12/ cm whereas Iredale et al. [11] got N 
up to 25 but small No=l.5/cm. Finally, Giese et al. [12] got N=1.7 
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for a 9 m long radiator and NO=15/ cm. All these devices suffered 

from the small area and low efficiency of the intensifiers and no 

practical detectors emerged from this work. 
The first practical Ring Imaging Cherenkov (RICH) detector 

was proposed and demonstrated by the Seguinot and Ypsilantis 

[13] in 1977. They showed that gas phase photoionization of 
selected molecules by UV Cherenkov photons could replace the 

PM as photosensor. Specifically, an admixture of Benzene with 

Argon gas in a multi wire chamber (MWC) allowed efficient single 

photon detection when one cathode of the MWC was replaced by 

a wire mesh and UV transparent window. The position 

sensitivity of a MWC allowed single pels to be imaged and, 

because it can operate at atmospheric pressure, large areas can be 

covered near the mirror focal plane. 

2.1 Angular Resolution and Particle Identification 

The resolution O"~/~ of a RICH detector, given by Eq. 7 for a 

single pe, becomes for N pels 

O"R 0"
~=tanS-e (9) 
~ ..IN 

where 0"0 is the angular error per photon. This differs from Eq. 8 by 

the ratio tanS / (20"0) because RICH measures S directly whereas a 

threshold counter only infers it from N. This factor can be as large 

as 250 for the least chromatic UV radiators (He or Ne at <E>=6.S 

eV with L\E=l eV) and even larger for the visible region. A major 

additional advantage of RICH is that the Cherenkov angle S is 

Gaussian distributed whereas dE/dx devices have Landau tails. 

The particle 10 capability of RICH is obtained by considering 
u=sin2S which, from Eq. 1, may be written as 

u = 1- (1/n)2 - (m/np)2 (10) 
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where p and m are particle momentum and mass. The number of 

standard deviations ncr to discriminate mass m2 from is thenm 1 

obtained from Eq. 10 as 

(11) 


where au is the error in u per pe and au/~N is the error for N pe's. 

Combining Eq.s 4 and 9 with au=(2sin9cos9)ae=(2sin9 / np)ae thus, 

particle 10 with significance nO' is attained at momentum 

(12)p= 

where kr is the RICH detector constant, defined as 

k - npae _ tan 9ae (13) 
r - ~NoL - ..fN 

The RICH resolution (Eq. 9) may now be rewritten as 

a~ =k (14) 
~ r 

A 1.4 m long CF4 gas radiator (1 bar, 20C) with detector response at 

<E>=6.5 eV with 6E=1 eV and No=75/cm has kr =1.6·10-6, about 2.5 
times better than the best chromatically corrected differential and 

125 times better than the equivalent threshold counter (Yt=31.8). 

Comparison of RICH with time of flight (TOF) is obtained 

from the TOF equation pct=L. The ~ resolution of TOF counter is 

(15) 
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where to=LI ~c and O"t is the rms time resolution. Eq.'s 14, 15 show 

that RICH and TOF obey the same law (0"~/~2=constant) hence, 

equating constants, we get the equivalent time resolution of RICH 
O"t=tokr . The 1.4 m long CF4 gas radiator has O"t =9.3 fs, a factor 6400 

times better than O"t;:::60 ps measured in small scale TOF counters 

[14] and 13000 times better than O"t;:::120 ps attained in large scale 

systems [15]. Obviously, TOF counters cannot compete with gas 

RICH counters in the high y domain however, comparison 

should also be made in low y domain where the Cherenkov 

radiators are necessarily liquid or solid. A RICH counter with a 
liquid C6F14 radiator and focusing mirror can attain kr=3·10-4 [16, 

17] thus a TOF counter would need 1 ps time resolution over a 1 

m flight path for same particle ID capability. A proximity focusing 

liquid RICH counter [17] has about 4 times worse resolution but 

this still corresponds to the excellent value 0" t=4 ps for L= 1 m. 

Single photon timing with picosecond precision is far beyond 

present technological limits thus, the RICH technique is the only 

viable method for full particle ID, in the low as well as the high 

momentum range, up to ;:::500 GeV Ic (see Table 1). 

If the particle mass is known, the ring image determines 

momentum p=m~y. From Eq. 14 we get for the momentum error 

(16) 


For heavy particles (K,P), this error may be smaller than that from 

a magnetic deflection measurement. 

2.2 Characteristic Optical Properties 

The ring image optics is shown in Fig. 2 for two particles with 
zero impact parameter (relative to the mirror center of curvature). 

Here, the gas radiator fills the region between mirror and detector. 



8 


A spherical mirror of radius r==rm focuses a parallel bundle of 

Cherenkov light onto a point of the mirror focal plane r==rd=rm/ 2. 

The parallel rays contained in each of the two light bundles 

(shown in the plane of the figure) are focused at symmetric points 

about the particle track. Symmetry then requires that the image be 

a ring on the focal surface. In principal, many such images can be 

accomodated because different particles with direction (ap, c:pp) will 

have overlapping images only if they occupy the same point in 

the (~, ap, c:pp) space. However, the detector at the mirror focal 

plane must image single photons with good spatial resolution. 

The previous argument shows that a ring image is centered 

about the particle track if the impact parameter xe=O. However a 

parallel xe:#O track forms an identical image since corresponding 

light bundles from each track are parallel so they must focus to the 

same point (aberrations only smear this point). Hence, the line 

between the ring and mirror centers gives the particle direction 

(ap, c:pp) and the ring radius (a) gives the particle velocity ~. 

2.3 Measurement Errors 

The measurements needed to define the Cherenkov angle 9 

are the photon detection point (z, x, y), the photon emission point 

(ze, Xe) and particle direction (ap, c:pp)' The photon emission point 

along the track is Ze and the impact parameter is Xe relative to the 

mirror center of curvature. 

Six of these variables (z, x, y, Xe, ap, c:pp) can be arbitrarily well 

measured with errors depending only on the precision of the 

photon detector (z, x, y) and the tracker (xe, ap, c:pp)' However, the 

photon emission distance Ze has an error 

(17) 


which can be improved only by reducing the radiator path length 
L=8Ze. The error in a, for the variables Vj==(ze, Xe, Z, x, y, ap, C:pp), is 
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(18) 


where ae/aVi is calculated from the reconstruction relation 8(Vi). 

The energy errors for square or triangular detector response are 

O"E =!:::.E/.Jfi (19) 
O"E = !:::.E/-fi4 

respectively. These can be improved only by reducing the energy 

bandwidth !:::.E. The corresponding chromatic error is 

(20) 


The errors (O"ze' O"E) determine the irreducible resolution limits. 

Chromatic errors O"e(E) are discussed in § 2.4. The remaining 

errors O"e(Vi) require the function e(Vi) which has been evaluated 

in [16, 17] for mirror and proximity focused optics. 

2.4 Chromatic Errors 

For a mirror focused image, the first factor of Eq. 20 is given by 

the derivative of Eq. 1 i.e 

(21) 


written to exhibit its y dependance and its asymptotic limit. 

The second factor of Eq. 20 is the radiator dispersion which may be 
evaluated from the Lorentz-Lorenz equation 

n 2 -1 
2 =cf(E) (22) 

n +2 
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where c=41ta3pNA/3M=(O.3738 cm3)p/M with NA Avagadro's 
number, a the Bohr radius, M the molecular weight and p the 

radiator density. The energy dependence of the molar refractivity 
f(E) is usually fit to a Sellmeir two-pole form 

(23) 


The derivative of Eq. 22 then gives the dispersion 

( 2 )2 df
dn n +2 
-=c dE (24)
dE 6n 

where n is from Eq. 22, c from molar density and df/dE is the 

derivative of Eq. 23. Sellmeir fits for radiator and window media 

are found in [17] and chromatic errors for gas radiators in Table 1. 

2.5 Magnetic Field and Multiple Scattering Errors 

Multiple scattering and magnetic deflection in the radiator 

medium represent addi tional error sources aea differing from the 

measurement and chromatic errors because they are momentum 

dependent. This error is written as aea=Pa/P where Pa has a value 

pms for multiple scattering (ms) or pma for magnetic field (rna) i.e 

Pms = kms~L/XO (25) 

Pma = kmaBLsinema 

with resultant momentum Pa=~(Pms2+Pma2). The constants are 
kms=(2/3)(13.6) MeV=9.1 MeV, kma=[(2/1t)(.3)/~12] GeV /T-m=SS.l 

MeV/T-m where Xo is the radiation length, B the magnetic field 

strength and ema the particle angle relative to the magnetic field 
direction. The values of kms and kma are rms averages over the 
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path length L (the factor 2/3) and the image circumference (the 

factor 2/rc), respectively. Clearly, this error crea must be added in 

quadrature to the momentum independant error cre. Defining a 

q=Pa/(ae-V2) and ae'=ae-v[1+2(q/p)2] then Eq. 12 has a new solution 

(26) 


where p is the original solution of Eq. 12. As an example, suppose 

a gas counter has total error cre=l mrad, L=0.5 m, No=75/ cm and 

kr =1.6·10-5 hence P=P1t/K(3cr)=47.8 Gev / c (Eq. 12 for ncr=3). With a 

magnetic field B=1.5 T at angle 8rna =60o then, Prna=35.8 MeV, 
q=25.3 GeV and p'=39.4 GeV. Thus, p1t/K(3a) is reduced from 47.8 
to 39.4 GeV because of the magnetic bend while radiating. 

3. Detectors 
We evaluate the merits of a detector system by an efficiency 

l1=No/Noc, the ratio of the observed No to that calculated from 
Noc=(370<Q>~E)TrTnRrn, where the integrated quantum efficiency 
is <Q>~E=JQ(E)dE with limits determined by the experimental 

conditions [18]. Each detector is characterized by n windows and m 

mirrors (default values n=m=l). The quantities, Tr, T and Rare 

the energy averaged radiator, window transmissions and mirror 

reflectivity (default values I, 0.75, 0.75, respectively). These factors 

are included in defining system efficiency because they, as well as 

the detector, must be optimized in order to get high performance. 
This is so because the nurrlber of Cherenkov photons is very small 
(~1 photon/l0 keY of energy loss compared to ~1 e/30 eV for 

ionization) thus, efficient use of each photon is essential. A more 

complete review of these detector developments is found in [18]. 

3.1 Multi-Step Avalanche Chambers 

Here we consider Multi-Step Avalanche Chambers (MSACs) 
with a Pre-Amplification (PA) gap followed by a MWC (with fast 
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readout of wires) or a second PA gap (with slow readout of visible 

light or sparks). Except for our first tests with a MWC [13], all early 
results were obtained with MSACs [19]. 

The main goal of the first tests was simply to show that 

photoionization could actually be useful for Cherenkov imaging. 
Beam tests in 1978 by Durkin et al. [20] at SLAC and Gilmore et al. 

[21] at RAL with MWCs and Benzene gave the discouragingly low 

values NO~4.3 / cm while 82/cm is expected thus an efficiency of 

only 5%. Nevertheless, they showed that conventional MWCs 

with standard electronics could not efficiently detect single pe's. 

In 1978 a new photosensitive gas triethylamine (TEA) became 

known. Its threshold of 7.5 eV is still somewhat high for 

chromatic aberrations but its large vapor pressure and short 

absorption length guaranteed 95% photon absorption in only 1.5 

mm of gas pathlength at 200 C, hence fast response. 

The first visual ring images were obtained by Charpak, 

Majewski, Melchart, Sauli and Ypsilantis [22] in late 1978 with the 

He+TEA filled hybrid MSAC (hybrid in the sense that a spark 

chamber followed the PA gap). UnarrLbiguous 2D image points 

were obtained by viewing the sparks end-on with slow recording 

on film. An example of 30 superposed rings is shown in Fig. 3. An 

average of N=1.7 was detected from a 0.94 m long Ar gas radiator, 

thus No~27/cm compared to the expected NOc=78/cm thus n=35%. 

In 1979, Seguinot et al. [23] using an Ar gas radiator and a 
MSAC with gaps: C (conversion); P A; T (transfer) and PC (MWC), 

shown in Fig. 4, found for the maximum TEA quantum efficiency 

Qmax=37±6% and No=56/cm thus 11=72% but now with fast 

electronic readout of 1 D images. This result was confirmed and 
extended by Ekelof et al. [24] in 1980 using the same detector with 
total gain ~ 106 (PA~ 2.103, MWC~ 5.104) as shown in Fig. 5 (a), (b). 

Projected ID rings, shown in Fig. 5 (c), were obtained by digital 

readout of anode wires. The data gave Qmax=34±4% and No=56/cm 
thus 11=72% and showed that a PA+MWC with digital fast 

electronics could efficiently detect single pels. Another major 
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result was to show that efficient (>95%) single pe counting was 

possible in a single gap MWC using Cf4 rather than Ar counting 
gas. On this basis, a long drift-time projection chamber (TPC) with 

a single electron sensitive MWC detector was proposed for 

unambiguous 2D imaging by electronic readout with TDCs. 

A higher quantum efficiency for TEA (Qmax=46% at 8.4 eV) 

had been reported by the chemists Salomon and Scala [25] in 1975. 

Thus, the quantum response and spectral shape of TEA was 

remeasured by Holroyd et al. [26] in 1986 and Seguinot et al. [27] in 

1988 with substantial agreement as shown in Fig. 6 and Qmax::=32%. 

The hybrid MSAC was improved in 1981 by Charpak et al. [28] 

with a fast TV camera for spark detection and CCD readout. It gave 

No::=80/ cm thus efficiency 11=103%. However, some secondary pe's 

were produced in the Ar gas (previous tests were in He) as shown 

by the photon pair-distance distribution. 

The first use of RICH for particle ID was in experiment E605 at 
FNAL in 1981-83. An MSAC detector with TEA photosensor, CaF2 

windows and projective wire readout was built by a CERN-FNAL

Saclay-Stony Brook collaboration. It had a 16 m long NTP-He gas 

radiator (I't=118) with spherical mirrors (f=8 m) covering 6.7 m2. 

Preliminary tests were made at 200 Ge V / c with a 8 long STP-He 

gas radiator and f=8 m spherical mirror [29]. The MSAC had C, P A, 

T and MWC gaps filled with He+CfLt+TEA gas at NTP. Pseudo-2D 

image points were obtained with 0.37 mm rms accuracy by 

measuring with an ADC the centroid of the charge distribution 

induced on two orthogonal planes of cathode wire strips (2 mm 

pitch) oriented at ± 450 to the anode wires, also with 2 mm pitch. 

The two photon resolution was 4-6 mm and, with 40 ns gating 

time, the detector was fast. The image points from 300 
superimposed events, shown 'in Fig. 7 (a), are clean with little 

background. Three projective image planes (anode+2 cathodes) 

were read out and hits correlated by pulse height, as shown in Fig. 

7 (b). The response of No=42/ cm implies a good system efficiency 

11 =79%, however, its angular resolution, O'e=59 Jlrad, is spectacular. 



The He chromatic error is 43 J.!rad for TEA+CH4 with triangular 

response from 7.5 to 9.3 eV (see Fig. 6). The quadrature difference 

of 40 J.!rad thus represents the pixel error i.e 0.32 mm in rough 

agreement with their quoted value of 0.37 mm. Fig. 7 (c) shows the 

excellent 1tIK particle ID attained at 200 GeVIc. For NO=421 cm and 

O'e=59 Jlrad we find, from Eq. 12 for p=200 GeV I c, that ncr=8.8 is 
expected and largely attained. The single event example of Fig. 7 
(b) shows, however, that the multi-hit capability of this detector is 

limited to N=4 because of its pseudo 2D nature of the readout. 

Notwithstanding, these tests showed the power of a RICH counter 

when coupled to a high efficiency, good spatial resolution detector. 

Not much R&D was done on MSACs from 1984-87 as this 

period coincided with the main development period of the long 

drift-TPC. Since 1987, Breskin, Charpak, Sauli and others have 
investigated visible light emission during the avalanche process 
in MSACs filled with TEA or TMAE (see § 3.2). This technique has 

revived the optical readout method since it dispenses with the 

slow spark chamber but, because the emitted light intensity is 

small (=1 photonl avalanche electron), two or more stages of 

image intensifier must preceed the CCD. First tests were made by 
Breskin et al. [30] in 1987 as R&D for the CERES experiment at 

CERN. The TMAE filled detector had stacked gaps C-PA-T-G-T

P A-LA (G for gating, LA for light amplification). It was operated at 

low pressure (40 torr of Ar+C2H6+ TMAE) with a gating time of 2 

Jls, however the readout time of the CCD is much longer (=10 ms). 

A response NO=76/cm was attained for 11=56% and an angular 

resolution O'e=1.3 mrad corresponding to p1t/K(3O')=30 GeV Ic. 

3.2 Slow Drift Detectors with TPC Readout 

Here we consider slow RICH detectors using long drift-TPC 

imaging with MWC or proportional tube detectors. In 1980, 

Anderson [31] introduced the new photosensitive molecule, 
Tetrakis-diMethyl-Amino-Ethylene (TMAE), with high quantum 
efficiency and a low threshold (5.3 eV) suitable for use with fused 
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quartz windows. We had previously shown that the long drift 

TPC technique was advantageous for 2D (and even 3D) imaging of 

single electrons because it is simple, direct and unambiguous [24]. 

It allows large detector areas to be built at low cost because the 

number of electronic channels is minimized with the long drift 

TPC technique, however it is slow. Moreover, TMAE allowed a 

much larger choice of solid, liquid and gas radiators with cheap, 

large area, fused quartz windows. The TMAE relative spectral 

response was first measured by the Japanese chemists Nakato et al. 

[32] in 1971. An absolute quantum efficiency Q vs A. was obtained 

by Ekelin [33] in 1981 and later by Holroyd et al. [26] and Seguinot 

et. al [27] as shown in Fig. 8. The data agree except that our value is 

20% larger than Holroyd's in the important 6.2 to 7.2 e V region. 

Thus, already in 1981, Barrelet et al. [34] worked with a 13 cm 

long drift-TPC-MWC detector with electronic readout of 2D 

images. Cherenkov photons entered the 13 cm long drift volume 

(DV) through a CaF2 window. At the end of the DV, a single stage 

MWC was sited and each wire was readout by an 8-bit TDC. 

Initially, it was filled with TEA+CRt and excellent images were 

seen with No=33/cm and good efficiency 11=83%. 

Good images were also seen with a quartz windowed DV filled 

with CRt+ TMAE but now with significant (20%) photon feedback. 

The images (Fig. 9) display a snow background due to photon 

feedback, especially evident in this detector without blinds. The 

signal, after feedback subtraction, gave No=56/em whereas 101/cm 

is expected thus, the efficiency degraded to 11=56%. The observed 

angular resolution of 0'9=2.2 mrad gives p1t/K(30')~36 GeV / c for the 

0.94 m long Ar gas radiator [35]. 

These results lead to development of the Q-RICH by P. Sharp 

et al. [36] and DELPHI-RICH [37] both in 1982 and SLD-CRID by D. 

Leith et al. [38] in 1984. These three detectors, with more than 30 

m2 of photo-detector surface, are the largest in operation today. 

The long drift results were confirmed by Dresselhaus and 

Fohrmann [39] in 1984. They used a N2 gas radiator and a detector 



similar to [34] but with (ethane, isobutane)+ TMAE as filling gas. 

With isobutane they saw good images "vith NO=68/ cm and good 

efficiency 11=84%. With ethane they found No=80/ cm and 11==63% 

thus showing the same degradation in efficiency as observed in 
going from TEA to TMAE. In both cases the number of feedback 

photons increased strongly: from ethane to isobutane because 

ethane is transparent to the 166 nm feedback line while isobutane 

is not; from TEA to TMAE because TEA is sensitive only to the 156 

nm line while TMAE is sensitive to all three lines. 

The production of secondary pels became even more evident 

when, in 1982, Seguinot et. al. [40] tested the first proximity

focused liquid C6F14 radiator. Earlier, they obtained and measured 

the transparency and refractive indices of the fluorocarbons CF4, 

C2F6, C4FIO, CSF12 and C6F141 all in the liquid phase [27]. Good UV 

transparency was found with refractive indices 1.22 < n < 1.29, as 

needed for particle ID at low momentum (S 5 GeV /c). The detector 

and radiator are shown in Fig. 10. In the normal conditions of 

these tests, to get clean images without primary ionization effects, 

the beam passed between metallized plates. However, when the 

beam was displaced outside the plates, it produced, without 

TMAE, a small background but, with TMAE, the background 

became tremendously large. Hence, without some method to 

suppress feedback pels, TMAE cannot be used with a single stage 

MWC. In this respect, MSACs are advantageous because, if the T 

gap between the two P A gaps is >4·labs, then feedback pels will not 

be detected. With primary ionization suppressed and background 

subtracted, the events from 1 cm of liquid C6F14 had N=18 pels but 
bad angular resolution cre=2S mrad, due to poor geometry i.e. 
(lever arm=4 cm, conversion depth=4.5 cm, radiator depth=1 cm). 
With better geometry, cra:::::10 mrad could be expected. Nonetheless, 

this experiment showed that a proximity-focused liquid C6F14 
radiator produced good RICH images and was the experimental 
basis for the DELPHI-RICH proposal [37] and addendum [40]. 
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A TPC-RICH counter with a gas radiator was used in 1984-85 

by Bottner et al. [41] to measure prompt electron production in 

conjunction with the UA2 experiment at the CERN SppS collider. 

3.2.1 DELPHI..RICH Prototype 

Here we report the DELPHI-RICH Prototype project that we 

developed [42, 43, 44] as the first example of drift and detection of 

single electrons over 1.6 m. The geometry for 11:, K, P particle ID at 

LEP between 0.3 to 25 GeV Ic is shown in Fig. 11. To cover this 

range we needed two Cherenkov radiators located on opposite 

sides of a common drift volume (DV) of 1.6 m length. On one side 

was a 1 cm thick proximity focused liquid C6F14 radiator and on 

the other side was 50 cm of mirror focused gas CSF12 radiator. The 

barrel structure consisted of 24 identical polygonal barrel staves (3 

were built for the Prototype). Application of 100 kV at the central 

plane produced a uniform drift field Ed~0.6 kV I cm with a. 

maximum drift time of 25 JiS. The now existing DELPHI Barrel 

RICH has a total DV surface of 27 m2 per side with 14 K channels 

of 11 bit TDCs corresponding to 30 Mpixels, this large reduction 

factor being due to the longdrift-TPC technique. 

To eliminate parallax error, we obtained 3D point definition 

by readout (with 11 bit TDCs) of the MWC wires as well as crossed 

cathode strips. To minimize feedback, the detector was made of 

tubular cathodes around each anode wire of the MWC array. This 

structure had excellent gain stability with good suppression of 

feedback. The tube cathodes allowed high cathode strip detection 

efficiency at much lower gain thus significantly reducing feedback. 

The first tests showed that Ed was constant within ± 0.3%, the 

transverse drift coefficient O'td=179 Jlm/-Vcm and the drift velocity 

Vd=6.3 cm/Jis in 75%CH4+25%C2H6+TMAE at Ed=0.58 kV /cm. 
Single pels drifted 1.7 m with <15% loss thus labs>10 m [42, 43]. 

In Fig 12 are shown 100 superposed images from 10 GeV /c 

pions at normal incidence to the C6F14 liquid radiator. The large 

ring is from the liquid, the small ring from the gas and the spot in 
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the center is from the beam. The liquid C6F14 images at normal 

incidence had <N>:-:::21 thus No=57I cm and 11=89%. The gas images 

from the CSF12 radiator had <N>=13 thus No=80/cm and 11=100% 

[42]. Hence, the first results of the DELPHI Barrel RICH Prototype 

gave high detector efficiency and little photon feedback. 

Images from the liquid radiator had resolution O'e={12, 16) 

mrad for drift distances z={O, 1.5) m. From the observed values 

<N>=21 and 6=679 mrad we have No=53/cm and 11=83%. Hence 
kr=(2.1, 2.8)'10-3 and Pn/K(30')=(4.2, 3.6) GeV Ic, respectively [44]. 

Gas radiator images had O'e={4.5, 6) mrad for z={O, 1.5) m. The 

observed values N=12 and 6=56 mrad gave No=77/cm, 11=96% 
, 

kr=(7.2, 9.7)'10-5 and Pn/K(30')=(23, 20) GeVI c, respectively [44] .. 

The DELPHI-Prototype data may be summarized as: <11>=90% 

with angular resolutions and particle ID limits as expected. More 

important, the images were clean with little photon feedback. 

3.2.2 The DELPHI·RICH 

The first Barrel results were reported by Anasson tzis et al. [45] 

and Baillon [46] in 1992. For ZOs decaying into Jl pairs they obtained 

liquid and gas No's of 32 and 50I cm and O'e's of 13.9 and 4.5 mrad 

respectively. However, for Zos decaying into hadronic jets an 

intrinsic liquid resolution O'e=17 mrad was observed as shown by 

the upper curve of Fig. 13. The background under the peak is 

larger than expected from jet multiplicity alone (10 particles above 

0.5 GeV I c). Using a software cleaning method, a large part of this 

background can be removed-off line (lower curve of Fig. 13). 

This background degrades O'e from 17 mrad observed to 23 

mrad. The degradation in the gas radiator is from 7 mrad observed 
to 9 mrad [46]. These O'e's and the above No's give Pn/K(30')=2.5 and 
13.6 Ge V I c, respectively, consistent with the scatter plots of Fig. 14. 

3.2.3 The SLD-CRID 

The state of the SLD Cherenkov Ring Imaging Detector (CRID) 

was reported by Abe et al. [47] in 1993. They use blinded (2D) 
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MWCs with charge division to eliminate parallax. This method 

senses directly the charge on a wire rather than induced charge on 

a cathode strip thus, they dont require high gain in order to get 

good depth coordinate efficiency. Consequently, they obtain an 

average detector efficiency (11=750/0) better than the DELPHI Barrel 

(11=57%) but not as good as the DELPHI Prototype (11=90%). It also 

appears that the feedback problem in SLD is less intense than the 

DELPHI Barrel, consistent with this hypothesis. 

3.2.4 The a-RICH 
The a-RICH detector was constructed by P. Sharp et al. [36] at 

CERN from 1982-1985 for a high energy photoproduction 

experiment WA69 at the a-Spectrometer facility. It has a 5 m long 

radiator filled with 120 m3 of N2 gas at atmospheric pressure. An 

array of 7 x 4 m2 mirrors focuses the images onto 16 TPC chambers 

(80 x 40 cm2) each with a quartz entrance window, as shown in Fig. 

15. The detectors were blinded MWCs with a CH4+C4HIO+TMAE 

gas mixture. The first results published by Apsimon et. al. [48] in 

1986 gave a rather low No=35/cm with 80/cm expected thus an 

efficiency 11=440/0. It showed, however, good angular resolution 

cre=0.71 mrad thus allowing 1t/K separation to 83 GeVI c (3cr). This 

first version of a-RICH allowed the WA69 group to measure 

inclusive 1t and K photoproduction while the WA82 group 

identified various D-meson decay modes. 

For a new hyperon beam experiment WA89, the a-RICH was 

subjected to an important upgrade in 1988-89 with results reported 

by Beusch et al. [49] in 1992. Five TPC units (1.6 x 0.75 m2) were 

remade and the central part of the mirror array was replaced. The 

drift and TMAE carrier gas is now pure C2H6. The Cherenkov ring 
radius distribution for particles between 50 and 55 GeV / c is shown 

in Fig. 16. The No now attained is 49 I cm, better than before but 

still lower than No=127 I cm expected thus, 11=39%. The angular 

resolution cr e is 0.58 mrad intrinsic and 0.75 mrad with 

background. These numbers give p1t/K(3cr)=92 GeVI c, very near 

http:cre=0.71


their goal of 100 GeV / c. More details on performance, background 

and stability have been reported by Siebert et al. [50]. 

3.2.5 Astrophysics 

Recently, Swordy et al. [51] have used long drift TPC-RICH 

detectors for research in astrophysics. 

4. Fast-RICH 

Here we consider Fast-RICH counters, shown schematically in 

Fig. 17, with pad readout and MSAC or MWC amplification. Since 

pad detectors are intrinsically 2D, they permit fast access to the 

physics in high lTIultiplicity events however electronic readout 

speed is critical because of the large numbers of channels needed 

(>105 currently envisaged). We therefore consider that a Fast-RICH 

detector has fast gas amplification, fast readout electronics and can 

operate at hadron colliders with ~40 MHz interaction rates with. 

data readout at rates ::=100 kHz. This requires integrated electronics 

implanted on the detector to readout hit pads with minimum 

external connections. Pad detectors were first used by Coutrakon et 

al. in 1985 at FNAL [52] but with discrete readout electronics. 

Fast operation requires small dispersion in electron arrival 

times (O't::=10 ns) thus a short absorption length. This is easily 

attained with TEA at 20C but would require TMAE heated to 100C. 

Four groups have published R&D on pad photon detectors i.e. 

Coutrakon et al. [52] for E651 at Fermilab, Baur et al. [53, 54] for the 

CERES experiment at CERN and Braem et al. [55] for LHC heavy

ions at CERN and Arnold et al. [56] for B physics. 
The R&D tests conducted by Breskin et a1. [30] in 1987-88 used a 

low pressure (40 Torr) MSAC filled with C2H6+Ar +TMAE at 34C. 

The 200 x 200 mm2 detector operated with C, P A, G, T gaps ending 

with a MWC. The central 84 x 84 mm2 area was instrumented 

with pads of 2 mm diameter and 2.54 mm pitch. To reduce 

background, the G gap was opened only for 1 Jls, the time needed 
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to accomodate the dispersion of the C gap. The 1089 pads were 

coupled to 9 Microplex chips each of 128 channels for analog 

readout at 100 kHz. Thus, neither the detector nor the readout 

satisfy the Fast-RICH criteria. A detector with a CaF2 window was 

tested with images from a focused (f=l m) CH4 gas radiator at NTP. 

The No measured was 102/cm whereas 135/cm is expected thus 
detector efficiency of 76%. The angular resolution of O'e=2.7 mrad 

was near the expected 2.5 mrad. In general, we prefer detectors 

which work at 1 bar and with MWC amplification for reasons 

safety and stability. In fact, the now existing CERES-RICH detector 

of Baur et aL [53] runs at 1 bar with P A-MWC amplification [54]. 

In 1988, a Fast-RICH detector with 4.105 pads was proposed for 

the symmetric e+e- B Meson Factory at PSI in Switzerland [56]. The 

accelerator project was not approved but development continued 

and may soon be used for other B-Factory projects. For- this 

development, 2 years were spent on tests with small detectors 

working with pulsed UV light sources to investigate the response 

of pad detectors [56] before building the full scale prototype with 

12000 pad channels as reported by Guyonnet et al. [57]. Equally 

important was the development at RAL of two ASICs for fast 

integrated readout of the pads as described by French et al. [58]. 

The Fast-RICH system proposed for the PSI-B-Factory covered 

93% of 41t steradians with a NaF proximity focused radiator, a CaF2 

window and MWC detector and TEA photosensor. It would give 

P1t/K(30')=2.9 GeV / c, as needed for a symmetric e+e- B-Factory. 

The Fast-RICH Prototype barrel is made of 3 polygonal barrel 

staves with L1q>=120 modularity with 0.9 m length and 20 cm of 

radial thickness comprising ~15% Xo with electronics. Each 120 

sector is made of an asymmetric MWC fronting a pad arrays of 30 

columns and 128 rows thus 3840 pads/sector. Pad sizes of 5.3 x 6.6 
mm2 were chosen to give a spatial resolution O'x=O'y~l mm [56]. 

The 3 mm gas thickness of the MWC minimizes the ionization 

signal but still has good photon conversion efficiency and small pe 



time dispersion (crt=10 ns). The readout electronics is implanted 

on the backside of the detectors with short connections to the pads. 

Development of the VLSI electronics took three iterations 

over about four years to obtain a viable product [58]. At the present 

time, 20K channels have been tested and are operative. This 

electronics allows digital pad hit data to be strobed in time 

intervals >20 ns into a 1.3 Jls pipeline while waiting for an external 

readout trigger. Each sector is readout in parallel in about 2.5 Jls. 

Images with cosmic rays have been reported by Guyonnet et al. 

[57] along with details on the detector and electronics operation. 

We show here the data of Seguinot et al [59] from a later 10 GeV / c 

negative pion beam run with a 1 cm thick LiF crystal radiator. The 

scatter plot of hit pads (Fig. 18) shows clear and dense images. Two 

single events are shown in Fig. 19 with N=15 and 12 pels, but the 

average <N>=10.4. The measured No is 61/cm as compared to the 

expected value of 71/cm thus a good efficiency of 11=86%. The 

distribution of reconstructed Cherenkov angles is shown in Fig. 

20. The fit gives <9>=835.5 mrad and 0'9=13.8 mrad with only a 
small background from the LiF scintillation. An analytical error 

calculation predicts 0'9=12.5 mrad [17], not far from the 13.8 mrad 

observed. In general the images are very clean with negligible 

electronic noise. Each photon had 1.1 pad hits whereas the pion 

track had 2.3 but without any sign of photon feedback. 

This device satisfies all criteria for a Fast-RlCH however, it's 

resolution is limited by chromatic errors of the TEA photosensor. 

5. Momentum and Mass from RICH for Long Baseline Neutrinos 
The question of neutrino masses and mixing remains an 

important unsolved problem of particle physics. Experiments in 

this field use either accelerator neutrinos, solar neutrinos or 

atmospheric neutrinos, each sensitive to a different range of 

neutrino masses (mv) and mixing angles (a). The apparatus 

described here is conceived as a potential experiment for the Gran 

Sasso underground Laboratory, at a distance of 730 km from 
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CERN [60]. The possibility for such an experiment was already 

among the physics goals of the Gran Sasso Project [61] and special 

care was taken to build the experimental halls aligned towards 

CERN. The advantage of long baseline neutrino experiments is, of 

course, the increased sensitivity to small mass differences. 
For such an experiment, the large RICH counter, shown 

schematically in Fig. 21, can serve simultaneously as target and 

detector. A cylindrical radiator, 20 m in diameter and 50 m in 

length, filled with Argon gas at (15 bar, 20 C, p=.025 g/cm3) would 

contain 400 tons of sensitive target for neutrino interactions. The 

reflecting spherical mirror has a radius rm=RM=100 m and a 

photon detector on the mirror focal surface at radius r=Ro=50.13 

m. The pixel size chosen is 30x30 mm2 thus the detector has 3.105 

channels (similar to B-Factory RICH detectors [56]). Several large 

area trackers are placed after the mirror to measure the direction 

of secondary charged particles and to determine the interaction 

vertex. This is followed by an iron filter and tracker to identify 

muons (another method is discussed below). A throughgoing (3=1 

charged particle in the gas radiator will produce N~4000 points on 

the ring image with a ring radius of 4.8 m and with good image 
quality even for the maximum impact parameter xe=10 m. The 

chromatic error cre(E) in Argon gas varies between 7 to 0.7 mrad 

whereas pixels of 30x30 mm2 give errors cre(x)=cre(y)=0.17 mrad. 

Due to the unusually long (50 m) radiator, multiple scattering is 

not negligible and its contribution to the total error is dominant 

thus allowing particle ID (see below). Background should be small 

since the detector is directional and the beam is pulsed. 

5.1 Signature for Neutrino Oscillations 

The combination of a RICH counter and the external tracker 

will determine the charged particle momentum and direction. 

Direct muons (vJlX~J.lX') and indirect muons (v'tX~'tX', 't~J.lv't) 

may be identified on the basis of p and Pt measurements. For any 

initial neutrino energy, direct muons tend to have higher p (for a 

http:vJlX~J.lX
http:cre(x)=cre(y)=0.17
http:r=Ro=50.13


given Pt) than do the indirect muons thus, cuts in the (p, Pt) plane 

can discriminate between the two processes. 

5.2 Stereographic Proj ection of Cherenkov Rings 

A neutrino interaction produces one or more above threshold 

charged particles (PYt=10) which form circular images on the 

spherical detector surface. To display circles on spheres is difficult, 

we display instead a stereographic projection because a circle on a 

sphere is also a circle on the stereographic plane. Stereographically 

prOjected images of single CC events generated using PYTHIA 

5.701 are shown in Fig. 22 for (a) a v-rP event and (b) a vJlp event. 

5.3 Cherenkov Angle Reconstruction 

A general method to reconstruct efrom the hit point (x, y, z) 

requires that the particle impact parameter Xe and the emission 

point Ze along the track be known [17]. From the tracker data, the 

interaction vertex (Xy, yy, Zy) can be determined. The particle 

impact parameter is found from Zy, py=...J(xt+Yv2) and ep as 

(27) 


assuming that all secondaries come from the same vertex. The 

photon emission point Ze cannot be measured thus, it is optimally 
assumed to be equidistant between Zy and zt=...J(rm2-xe2) i.e 

(28) 


Using these values of (xc, zc) and the photon hit points (x, y, z), we 

obtain the generalized detection angle Q from the relation 

(ZZc + xxe)zp + (xze - zXc)xpcosQ = -------::..--------:..... (29) 
rre 
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where re=...J(xe2+ze2), zp=cos8 p and xp=sin9p. We then find the 

generalized emission angle Qe by solving the relation 

. (r sinQ ) . (r sinQeJQ =Qe + arCSIn ere - 2 arCSIn e rm (30) 

with Q from Eq. 29. Knowing Q and Qe we obtain the Cherenkov 

emission angles (9, <1» from the relations 

(zzp +xxp)sinQe z sinQ'
cos 8 = - _e=--__ 


rsinQ re sinQ 


. (xzp - zXp )sinQe x sinQ'
sln9cos<p = - e . (31)

rsinQ re slnQ 

. 9 . ysinQeSIn sln q> =~---=-
rsinQ 

where QI=Qe-Q. In Fig. 23 (a), (b) we show the generated a 

distributions for tracks 2, 3 of Fig. 22 (b) and in Fig. 23 (c), (d) the 

pattern recognized [60] and reconstructed a distributions. Note 

that the reconstructed distributions are as sharp as the generated 

distributions (or even sharper due to pattern recognition cuts). 

Their intrinsic widths aa are discussed in the next section. 

5.4 Momentum and Mass Determination 

Assuming that the mass of a particle has been determined, its 

momentum is obtained from p=mpy. The particle velocity p is, of 

course, obtained from the reconstructed angle a i.e P=cos8m/ cosa 

with cos8m=1/n. Hence, the momentum precision depends on aa 
and the reconstruction accuracy. 

Using Eq.'s 27-31, the reconstructed 8 was found to agree with 
the generated 9 to within 0.01 mrad when all errors (chromatic, 

emission point, pixels, impact and multiple scattering) were set to 

zero. Hence, the reconstruction accuracy is sufficient. 
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eV) with an Argon gas radiator (15 bar, 20C) has chromatic error 

7,0>O'e(E»0.7 mrad for 10<8<96 mrad (see Fig. 24). In the visible 

region (2 to 2.8 eV) the range is 1.6>O's(E»0.2 mrad. 

The multiple scattering error O'e(ms)=(kms/p)"(L/Xo) depends 
on particle momentum p, on track pathlength L and on radiator 
radiation length XO. Fig. 24 shows O's(ms) vs 8 for: (a) a 50 m track; 

(b) a 5 m track. Clearly, multiple scattering dominates for 8<90 

mrad thus O's depends on particle type and so can determine mass. 

From Eq. 16, we see that the momentum error of RICH 

depends on 8, 0'9 and N as 

(32) 


since kr=n~0'9/"(NoL)=tan80'9/"N, cos8m=1/n, ~=cos8m/ cos8, 
y=cose/"[sin28m-sin2e] and p/m=~y=cosem/"[sin28m-sin2e]. Thus, 

a track with e=90 mrad, L=25 m and No=99/cm has N=2000 and 

for O'e~10 mrad then O'p/p=1.3%, an excellent result if attainable. 
For multiple scattering dominance (MSD) and Eq. 25 is valid 

thus p=(kms/O'e)"(L/Xo). Then Eq. 32 can be rewritten as 

(33) 


to show its mass dependance. Also, we use Eq. 25 to find the mass 

(34) 


Note that Eq. 33 is independant of L because in Eq. 32 both "N and 
0'9 are proportional to "L. Note that m(O'p/p) depends linearly on 
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"{, similar to the linear p dependance of (0' pIp) for magnetic 

deflection. Here, mass is determined because multiple scattering 

gives p and RICH gives p. This is analogous to the first measure of 

pion mass in emulsions i.e multiple scattering for p and range for 

kinetic energy p212m. 
The counter considered here can have the resolution O'pl p 

given by Eq. 33 and shown in Fig. 25 for (~, 1t, K, P). Clearly, (O'p/p) 

is everywhere excellent (:S; 1%) only reaching 1.1 % for muons at 

9=90 mrad corresponding to the momenta pJl=3.1, P7t=4.2, PK=14.7 

and pp=28.0 GeV Ic. For kaons and protons MSD doesnt hold 

above 9=90 mrad but these momenta are already quite high for 

the intended neutrino beams. For muons and pions MSD extends 

up to 9=95 mrad (see Fig. 24) thus to momenta pJ.1=7.6, p7t=10.1 

GeV I c with the still good momentum resolution of 2.60/0 and 

2.0%, respectively. This range of momenta would be appropriate 

for 10-30 GeV neutrino beams. 

We considered all simulated Cherenkov images from 209 

above threshold tracks (70 muons, 135 pions, 4 kaons) from a 

mixture of 144 CC vJ.1X and V1:X interactions in Argon gas (15 bar, 

20C) for Ev from 13 to 40 GeV I c. The images were generated with 

chromatic errors O'e(E)=~EI...J12 and detector pixel errors O'e(x), 

O'e(y), O'e(z). The bandwidth was ~E=0.8 eV at <E>=7.7 eV and the 

pixel sizes were ~x=~y=30 mm and ~z=O.l mm. The beam was 

constrained to interact at the middle of the radiator (zv=25 m) but, 

the transverse interaction point was random (±10 m). The use of a 

constant L=25 m path should not bias the momentum result since 

Eq. 33 is L independent. The emission point error O'e(ze) and 

impact parameter error O'e(xc) are neglected since we know their 

contributions are much less than chromatic. In Fig. 26 we plot 

O'p/p as evaluated from Eq. 32 vs e seperately for: (a) muons; (b) 
pions; (c) kaons. This separation assumes that the particle mass is 

known (see below). The resolutions agree very well with Eq. 33 

(see Fig. 25) thus showing that MSD is valid. We stress that each 

track has been pattern recognized [60] and reconstructed by 



'I of 

can ue ':: se(~t of 0 

angles (30-95 mrad) the monlentunl resolution is excellent «40/0). 

To determine the mass spectruln, we use the reconstructed 
values of as, Land e in Eq. 34 (applicable if MSD is true). The mass 

spectrum of the 209 track sample is shown in Fig. 27. We see the 

that pions and muons are nicely resolved but some overlap may 

remain between pions and kaons. Protons are not shown because 

none were produced above the high (pp=9.7 GeV / c) threshold. 

5.5 V't SIGNAL AND vJl BACKGROUND 

A simulation of 500 CC vJlP---JlX events gave the (p, Pt) scatter 

plot shown in Fig. 28. Here we only required that the muon be 

above threshold i.e pJl> 1 GeV / c. In Fig. 29 we show 500 CC 

v'tP-t'tX, 't-tJl X' events again with PJl>1GeV / c (420/500 muons 

pass this cut). We see a large region of low Pt events which are not 

present in the direct process. If we impose a cut of pt<0.9 GeV / e 
(the horizontal lines in Fig.s 28-29) then 4 direct muons survive 
(0.8%) compared to 284 indirect muons (56.8%). However all the 

direct muon survivors have p<2 GeV /c and p>0.75 GeV /e hence 

with these cuts, zero direct muons (0%) but 280 indirect muons 

survive (56%). Hence, the RICH counter can strongly discriminate 

vJl events (0/500) with still good efficiency (280/500) for V't events. 

5.6 Counting Rates 
The rates are based on a recent simulation of long baseline 

neutrino beams for Gran Sasso and NESTOR [62] using a 160 

Ge V / c proton beam on Be rod targets target followed by a 20 
GeV / c coaxial horn collector. It predicts for Gran Sasso, a Gaussian 
vJl beam with rms radial width ar=5 km and an average neutrino 

energy <Ev>=15 GeV with width aEv=5 GeV. The Ve, VJlI V"e 
contamination of this beam was 0.9%, 3.5%, 0.3%, respectivelYI 
however, this contamination is not a background for our detector. 

The real background is difficult to estimate but we tentatively 
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assume that the intrinsic V"C contamination of the predominantly 

(vJ.v ve) neutrino beam is <10-7, from tau production on the Be 

target with decay into the neutrino beam channel (also B 

production with semileptonic decay). 

The number of neutrino interactions N=AFPint where A is 

the detector surface area, F the neutrino flux and Pint=ncrL the vJ.l 

neutrino interaction probability in a target of length L, nucleon 

density n and neutrino cross section cr. The flux at Gran Sasso 

(D=731 km distant from CERN) is F=1.1·104 v1m2 for 1013_160 GeV 

protons on target [62]. The D dependance may be explicitly 
extracted i.e. F=Fo/D2 where the specific flux Fo=5.9·109v-km2/m2. 

Here, the Ar gas radiator area A=314 m2, n = 1.5.1022 I cm3, L=50 m 

and for Ev=15 GeV, cr=10-37 cm2 thus, Pint=7.5·10-12. For 3.1019 

protons on target per year, the specific neutrino intensity 

Io=AFo=5.5·1018v-km2/y and event rate NO=42 M events-km2/y. 

Thus, at Gran Sasso only 80 vJ.l events would be produced per year. 

However, with mixing, the rate equation at distance D is 

sin(k8m2D lEv )]2
N=NOM -"":""'--D---":" (35)

[ 

where M=sin2(2a) is the energy independant mixing probability, 
~m2=mv"C2-mVJ.l2 and k = 1/4nc=1.27 GeV Ikm-eV2. Note that, for 

small values of k~m2D lEv, the V"C rate is independant of D i.e 

(36) 

This holds as long as the neutrino beam is bigger than the detector 
radius (10 m) i.e for D> 1 km since at D=l km, C'Jr=7 m. For Ev=12.7 
GeV, L\m2=10-2 eV2 and M=l we expect N=42 V"C events/y but, with 

56% tagging efficiency and 18% branching ratio ('t-7Jl) only Nobs=4 

events will be observed thus probing M down to 0.5. However, for 

~m2=10-1 eV2, Nobs=400 and M would be probed down to 0.05. 

http:1/4nc=1.27
http:m2=mv"C2-mVJ.l2


Decreasing Ev will increase the event rate only as Ev-l because a is 

linear in Ev moreover, this type of detector is viable only if Ev>6 

GeV so that not more than a factor 2 can be gained in this way. 

Since the number of oscillated events N is independant of D, 

it may be better strategy to place the detector at some distance D 

where the vJl rate is high and unexpected phenomena might be 

observed. The detector at D=2 km would see about 107 vJl 

events/y, about right if the v"[ contamination level is =10-7, 

however, the vJl events would have to be efficiently identified 
down to the level (1/107). 

Hence, a RICH radiator with 400 tons of target mass, sited 

anywhere between CERN and Gran Sasso (2<D<731) km, would 

probe ~m2 down to =10-2 ey2. Of course, if an oscillation effect is 

ever seen, it will suffice to change the beam energy Ev so that both 

~m2 and sin2(2a) are measured and not just a region excluded. 

It is unlikely that the 1: -7eVev"[ mode (18% branching ratio) can 

be used because the direction but not the momentum of electrons 
can be measured in RICH (since ~=1). An electron would be 

characterized by e;;;emax and large as moreover, it could begin to 

shower in the Argon gas (Xo=7.85 m). 

A high-energy gamma would be characterized by a conversion 

vertex seperate from neutrino . interaction vertex and by an image 
with double hit density (due to the e+e-). 

5.7 The Radiator and Detector 

A deep underground tunnel could be pressurized to 15 bar to 

contain the Argon gas target. Surface detectors would be more 
difficult but large concrete bunkers (20 m diameter, 50 m length) 
to contain the (15 bar, 293 K) Argon gas are constructable. 

The requisite mirrors with 100 m radius of curvature can be 

produced in 1 m2 sections (314 are needed) and aluminized with 

MgF2 overcoating for good UY reflectivity. 
The large surface area tracker can be made of resistive plate 

chambers (RPCs) because of their good spatial resolution (crx=0.25 

http:crx=0.25
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mm) and fast response (O't=2 ns). A large R&D effort on RPCs is 

being pursued for LHC and their results can be applied here. 

An 80 cm thick iron filter ranges-out muons p<l GeV / c. Its 

4.7 interaction lengths leaves about 1 % hadron contamination but 

. particle ID from RICH will reduce the total to a suitably low level. 

The transparency of Ar gas (p=.025 g/cm3) in the (6.3 to 7.1) eV 

region should be good but measurements over L=50 m distance 
are not available. However, we have measured the transparency 

of liquid Krypton (p=2.6 gl cm3) and found labs=3 m at E=6.7 eV 

[63] hence an absorption cross section O'Kr=0.18 b. Since the molar 

refractivity of Ar is 13.3 and Kr is 21.4 at E=6.7 eV [17], we conclude 

that 0'Ar=.11 b thus labs=242 m (for p=.025 glcm3 Argon gas). This 

means that 77% of the photons get to the detector (for <L>=62.5 

m), quite enough that the experiment remains viable. 

Clearly, the most difficult part of the detector is the 3.105 

photosensors. PMs would suffice nicely (even giving visible light 

response) but at a price of ::;300 SF (for a 25 mm <p PM) they would 

be much too expensive (90 MSF). It is not even sure that 25 mm <p 

PMs could withstand the required 15 bar pressure. 

A more reasonable solution is a Fast-RICH type pad detector 

which can operate at 15 bars (internally and externally) with 

TMAE photosensor, quartz windows and gas amplification [64]. 

The full detector wi th VLSI electronics now cos ts ::;8 SFI channel 

thus 2.4 MSF for 3.105 channels. At this level, the mechanical, 

tracking and optical elements would dominate total cost. 

6. Conelusions 

We have shown that the RICH technique is viable and 

responds to the essential problems of hadron (and even lepton) ID 
in particle physics. It suffices, for NTP gas radiators of modest 
length (::;2.5 m), to identify heavier particles (1t, K, P) up to about 

150 GeV Ic. Longer radiators (::;10 m) of Helium or Neon gas can 

identify (1t, K, P) up to about 400 GeV I c and even identify the 

lighter particles (e, Jl, 1t) up to about 50 GeVI c. 

http:O'Kr=0.18


We have n1ade plausible that large RICH counters can be used 

to detect neutrino interactions by in1aging the above threshold 

(pl0) secondaries. The images determine particle mon1entum, 

direction (i.e. p and Pt), mass and charge magnitude (but not sign), 

Selection of 't~Jl decays can be made by cuts in the (p, Pt) plane. 

"
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Table 1. Chromatic errors for (1 bar, 400 C) gas radiators with TMAE 

photosensor and square response between 6.1~Eg.1 eV, No=65/cm 

for N=9 pels. A pixel of size ~x contributes an error O'e(x)=1.50'e(E). 

(J,lrad) (10-3) (m) (mm) (10-6) (GeVIc) 
Gas Yt O'e(E) O'e(E) I8 L ~x kr p7tK(3cr) 
He 124 25 3.16 21.3 2.8 0.068 737 
Ne 90 37 3.34 11.2 2.2 0.14 523 
Ar 42 214 8.87 2.4 2.7 1.70 148 

Kr 33 387 12.73 1.5 3.0 3.92 98 
Xe 24 1331 31.40 0.8 5.5 18.48 45 

N2 41 216 8.74 2.3 2.6 1.75 145 
CF4 32 85 2.74 1.4 0.6 0.88 205 

C2F6 25 163 4.12 0.87 0.7 2.16 131 

CSF12 17 235 4.02 0.40 0.5 4.60 90 
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Figure Captions 
Fig. 1. The ring imaging counter proposed by Roberts [8] with: (1) a 

1-stage image intensifier; (2) a 2-stage gated intensifier; (3) a 3-stage 

intensifier; (4) a camera. Wide aperature lenses provides 

interstage coupling. 
Fig. 2. Ring image optics for particles from an interaction region 

with impact parameter xe=O The detected and emitted Cherenkov 
angles (ed,e) are equal if the detector radius is correctly chosen [13]. 

Fig. 3: (a) Superposition of 30 events recorded on film from the 

CERN hybrid MSACi (b) The observed events n vs N the number 

of pels/image with an <N>=1.7 normalized Poisson histogram [22) 

Fig. 4: (a) The Ar gas radiator tank (L=0.94 m) with a reflective 

spherical mirror (f=0.94 m) and CaF2 detector window: (b) The 

MSAC detector with gaps C-PA-T followed by a MWC=PC [24). 
Fig. 5: (a) The P A gap gain vs the applied voltage (V2-V3): (b) -The 

MWC gain vs the applied voltage Vpc=V 4; (c) The 1D ring image 

obtained by digital readout of the MWC wires with 2 mm pitch. 

The histogram is the best fit to the data [24]. 

Fig. 6. Quantum efficiency Q vs wavelength A. measured for: (a) 

TEA+He gas with only TEA absorbing; (b) TEA+CI-4 gas with both 

absorbing (labs=15 mm) [26, 27, 56]. 

Fig. 7: (a) Superposition of 300 events from the 8 m long He gas 

radiator and MSAC detector of the Fermilab E-605 experiment; (b) 

A single 200 GeV / c event showing the (x, y) projections of the 

cathode wires and the 450 projection of the anode wires. Matching 

of pulse heights allows ambiguities to be resolved for N S 4: (e) 

The 1t/K separation attained (n(j;::;:8.8) at 200 GeV/c [29). 

Fig. 8. The quantum efficiency Q vs wavelength A. measured for 
TMAE+He gas [26, 27,33,56]. 

Fig 9. Images of 500 events frbm 10 GeV / c pions: (left) observed 
and (right) simulated in the Ar gas radiator with the long drift
TPC-MWC detector. The images are sharper than shown because 

the beam had non-zero divergence. The snow around the images 

is due to photon feedback [34, 35]. 



Fig. 10. The first proximity-focused liquid C6F14 radiator with a 

long drift TPC coupled to the MWCs at the end of each drift 

volume and filled with CI-Lt+i-C4H10+TMAE gas at NTP. The drift 

volume end metal plates prevent the beam ionization electrons to 

enter the drift volume [40]. 

Fig. 11. The original design of the DELPHI Barrel RICH showing 

the parabolic mirrors, the 1.6 m long drift volume, the field 

shaping traces, the MWCs and the two radiator media [40]. 

Fig. 12: (a) The geometry of the proximity-focused liquid C6F14 ring 

image and the mirror focused gas image; (b) Superposed images 

from 100-10 GeV / c pion tracks at normal incidence showing a 

large liquid ring, a much smaller gas ring and the beam traces [42]. 

Fig. 13. The reconstructed Cherenkov angle e in DELPHI Barrel 

RICH from hadrons in jets at LEP: (a) from the liquid C6F14 

radiator; (b) after background subtraction [45]. 

Fig. 14. Scatter plots of the reconstructed Cherenkov angle e vs 

momentum p of hadrons in jets seen by DELPHI Barrel RICH at 

LEP from: (a) the liquid C6F14 radiator; (b) the gas radiator [45]. 

Fig. 15. The geometry of the Q-RICH counter with 31 m 2 of 

hexagonal mirrors and 11 m2 of quartz windowed drift space [36]. 

Fig. 16. Events from the upgraded Q-RICH between 50-55 Ge V / c vs 

ring radius with the fit curves for p, K and 1t [55]. 

Fig. 17. Cathode pad detector options: (a) a MSAC with gaps C-PA

T-PA-T and electron collection on the pads; (b) an asymmetric 

MWC with wire amplification and an induced pad signal. 

Fig. 18. A scatter plot of 2000 superposed images from 10 GeV / c 

pions at ep=250 in 10 mm thick LiF as seen by the Fast-RICH pad 

detector and readout with digital VLSI electronics. Each sector is 

900 mm long, 156 mm wide with 3840 pads of 5.3 x 6.6 mm2. The 

central spot is the beam and the "smile" the ring image. The small 

amount of "fuzz" is due to weak scintillation of the LiF [59]. 

Fig. 19. Two single 10 GeV / c events from the preceeding scatter 

plot. Each large rectangle has 16 individual pads. Note that the 

events are clean with little noise or feedback [59]. 
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Fig. 20. The reconstructed Cherenkov 8 angle from events of the 


preceeding figures, fit with <8>=839 mrad, ae=13.9 mrad/photon 


and a small background due to LiF scintillation [59]. 


Fig. 21. A schematic view of a long baseline RICH radiator, mirror 


and detector along wi th an external tracker and muon filter. 

Fig. 22. Stereographic images for events with Ev=40 GeV, z=25 m: 


(a) v'tX~'t-pOpOTl'1t+p, 't-~v'tp-~v't1t-1t°, pO~1t+1t-,l1'~1t+1t-l1, 

11~31t°; 

(b) vJlP~Jl-P+ll'A+1tO, P+~1t+1tO, A+~1t+1t°, l1'~ypo~"(1t+1t-. 


Fig. 23. Distributions of Cherenkov angle 8 for tracks 2, 3 of Fig. 


22b: (a), (b) generated; (c), (d) reconstructed. 

Fig. 24. The multiple scattering error aa vs a for Jl, 1t, K, P with, 


for comparison, the UV chromatic error at <E>=6.7 eV, AE=0.8 eV: 


(a) for 50 m pathlength; (b) for 5 m pathlength. 


Fig. 25. The momentum resolution ap/p vs Cherenkov angle a 


for Jl, 1t, K, P assuming errors are from multiple scattering (Eq. 33). 


Fig. 26. Momentum resolution ap /p vs a for all tracks from 209 


CC vX events with measurement and multiple scattering errors, 


plotted for Jl, 1t and Ks and compared to the MSD line of Eq. 33. 


Fig. 27. The mass spectrum for the tracks of the preceeding figure. 

The mass was calculated via Eq. 34 from aa, L and reconstructed 8. 


The Jl, 1t and K tracks are grey, white and black, respectively. 


Fig. 28. Scatter plots of (Pt, p) for 500 CC events with Ev=20 GeV: 


(a) vJlP~ JlX events; (b) v'tp~'tX, 't~JlXI events. The horizontal 


and vertical lines show selection cuts. 
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Fig. 1. The ring imaging counter proposed by Roberts [8] with:' (1) a 

1-stage image intensifier; (2) a 2-stage gated intensifier; (3) a 3-stage ' 
intensifier; (4) a camera. Wide aperature lenses provides 
interstage coupling. 
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Fig. 2. Ring image optics for particles from an interaction region 

with impact parameter Xe=O The detected and emitted Cherenkov 

angles (ed,e) are equal if the detector radius is correctly chosen [13]. 
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Fig. 12: (a) The geometry of the proximity-focused liquid C6F14 ring 
image and the mirror focused gas image; (b) Superposed images 
from 100-10 GeV Ic pion tracks at normal incidence showing a 
large liquid ring, a much smaller gas ring and the beam traces [42]. 
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Fig. 15. The geometry of the Q-RICH counter with 31 m2 of 

hexagonal mirrors and 11 m2 of quartz windowed drift space [36]. 
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Fig. 19. Two single 10 GeV / c events from the preceeding scatter 

plot. Each large rectangle has 16 individual pads. Note that the 

events are clean with little noise or feedback [59]. 
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Fig. 21. A schematic view of a long baseline RICH radiator, mirror 

and detector along with an external tracker and muon filter. 




y (em 

750 


500 


250 


o 

-250 

-500 

-750 

1000 

-1000 


1000 


Y (em) 


750 


500 


250 


o 

--250 

-500 

-750 

-1000 

;~,:~.: 

/' 

. ,tt': 
4:\ pIon 
"\. 7.5 GeV 

(a) I 

~~-

.~ pion pion 
;~:. 1.8 GeV 5.1 GeV 

i ..,:,:.,(, .. :?;;:l!;~~.::~j~~,~·;;~~~~'i~~~: 

~~~')
.:~\;.:-

":. '.~ :. . 
:.. :..: . 

' .... 

~:f~~':.~~,; . 

~:~nG:V"i;:'f.~;~;,~~.,;;\,;,;t:;r\' • . 
o 250 500 


x (em) 

I 

- 750 -500 -250 750 1000 


(TRACK 3) 

pion 

2 GeV 
(TRACK 2) 

(b) 

1000 -750 -500 -250 a 250 500 750 1000 

x (em) 


Fig. 22. Stereographic images for events with Ev=40 GeV, z=25 m: 
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Fig. 23. Distributions of Cherenkov angle e for tracks 2, 3 of Fig. 

22b: (a), (b) generated; (e), (d) reconstructed. 
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Fig. 24. The multiple scattering error as vs S for Jl, 1t, K, P with, 

for comparison, the UV chromatic error at <E>=6.7 eV, ilE=0.8 eV: 

(a) for 50 m pathlength; (b) for 5 m pathlength. 
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Fig. 25. The momentum resolution O'p/p vs Cherenkov angle e 
for Jl, 1t, K, P assuming errors are from multiple scattering (Eq. 33). 
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CC vX events with measurement and multiple scattering errors, 


plotted for Jl, 1t and Ks and compared to the MSD line of Eq. 33. 
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Fig. 27. The mass spectrum for the tracks of the preceeding figure. 

The mass was calculated via Eq. 34 from as, L and reconstructed S. 


The Jl, 1t and K tracks are grey, white and black, respectively. 
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