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I. INTRODUCTION

In the past 10 years a great progress has been made in the under-
standing of the structure of hadrons. The combined results of experi-
ments of deep-inelastic lepton-nucleon scattering, e*e~ annihilation and
dileptons production [see for example 6. Matthiae, 1981; 6. Fluggel
proved that hadrons are built of tuo kinds of point-like constituents,
called partons: charged quarks theoretically predicted by Gell-Mann
[1964] and Zuweig [1964], and neutral gluons, responsible for strong in-
teractions [see for example Fritzch et al., 1973; Gross and MWilczek,
1973; Politzer, 1973]. These lepton experiments allouwed the study of the
distribution of quarks and gluons within hadrons, but the problem of
parton-parton scattering could not be studied there. Since beams of
quarks or gluons do not exist, one uses hadron collisions to investigate
the parton scattering.

‘The mechanism of hadron-hadron interaction is quite complex, so it is
difficult to select a single parton-parton interaction. Houwever, it is
generally believed that the outgoing hadrons with large transverse mo-
mentum are produced by such a single parton-parton scattering [see for
example Field and Feynman, 1977; Feynman et al., 1977]. In this model
the scattered quarks or gluons are not observed directly in detectors;
instead they appear as jets of hadrons. One of these hadrons, often the
fastest, contains the parent quark which was involved in the scattering
or one of the quarks into which the scattered gluon was converted. If we
detect a particle near the kinematic limit, it is likely that it con-
tains the parent quark. In this way the parton-parton interactions can
be studied and therefore a test of quantum chromodynamics can be made.

Experiments attempting to reach this goal need a very good particle
identification to be able to measure the flavour of quarks contained in
the leading particle.

The identification of secondary high energy particles is houwever one
of the most difficult goals of experimental physics. A particle is

kinematically identified whenever any tuo of the following quantities



are measured : its momentum p, its total energy E, its velocity v (or
the Lorentz factor ¥), its mass m. The resolution power of the identifi-
cation depends obviously on the measurement error of the different quan-
tities. Measurment of the particle momentum is relatively straightfor-
ward, although sometimes requiring impressive harduare, by magnetic
analysis. Positional detectors placed either around or inside a region
of magnetic field allow to measure the radius of curvature of the
charged particle’s trajectory, and its momentum can be inferred with mo-
dern positional detectors capable of submillimeter accuracies, which is
. demanding but technically feasible.

Measuring a second kinematical quantity 1is houever increasingly dif-
ficult at high energies, because of the relativistic behaviour of the
particles: as p», B»>1, p»>E and all masses tend to look the same as far
as their behaviour is concerned.

At low momenta a measurement of time of flight (TOF) provides the
particle velocity, but at 4 GeV/c already, assuming a TOF limiting accu-
racy of 100 psec (perhaps the best one can hope to achieve today over
large areas) a baseline of 13 meters is necessary to separate K and w
within 3 standard deviations.

The differential energy loss of charged particles in matter, dE/dx,
is also B dependent and can be exploited for particle identification be-
fore the minimum ionization plateau (Fig.1.1) [Lehraus et al., 1978].
For momenta betueen a few GeV/c and a few tens of GeVs/c, a small rela-
tivistic rise of the energy loss is observed in non-condensed media, be-
ing roughly 60% in average for argon at normal conditions, until satura-
tion 1is reached (the Fermi plateau). Because of the very large
fluctuations of the actual energy loss in thin samples of gases, many
independent dE/dx measurements are required to achieve a reasonable en-
ergy resolution; Fig.1.2 shous the expected w-K resoclution in the time
projection chamber, where about two hundred energy loss samples are mea-
sured for each track in a meter long, ten atmospheres special drift

chamber [Proposal for a PEP facilityl.

At momenta exceeding a feuw tens of GeV/c, the relativistic rise of
the ionization losses saturates and mass identification is not possible

anymore.
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Fig.1.2 Fractional difference in the most probable energy loss for w-K
pairs as a function of particles momentum, expected in the Time
Projection Chamber. [Proposal for a PEP Facility based on the

Time Projection Chamber].



Another physical process which is B8 dependent is the photon emission
by Cherenkov effect, taking place above a threshold velocity, character-
istic for the medium. Threshold Cherenkov counters are designed to de-
tect only particles above a preset value of B, and a matched set of
counters can identify masses in hrinciple up to extreme energfes. The
sequence of radiators is chosen in such a way that each element is set
above threshold for p, K and w masses in the desired momentum range. For.
high momenta this requires the use of louw density gases and, in order to
obtain a good efficiency, the physical length of the radiator has to be
largely increased. In Fig.1.3 [Benot et al., 1972] this is shoun for a
counter capable of w-K separation at different confidence levels. For
momenta above fifty Gev/c or so the overall length of counters begins to
be unpractical.

Differential Cherenkov counters, where a refined optical arrangement
allous to select a very narrou band of velocity, provide good separation
at momenta up to several hundred GeV/c, but have intrinsically a very
-small angular acceptance and are normally suited only for particle iden-
tification in collimated beams. A modified version of the differential
Cherenkov counter, the spot focussing counter, is in an advanced state
of development and extends considerably the angular acceptance of the
device buf it is still confined in use to narrou forward cones for fixed
target physics [Benot et al., 1979].

At exceedingly large momenta (the Lorentz factor approaching 1000)
another velocity dependent phenomenon can be exploited, the emission of
transition radiation. A large amount of work has been done recently on
this subject, reviewed for example by Fabjan and Fischer {[1980]. In
their recent work Fabjan et al. [1980] shou that using'a cluster count-
ing method a separation of w and K at 140 GeV/c is possible.

Cherenkov ring imaging may represent a way to cover the gap of iden-
tification from a few tens to a few hundred GeV/c of momentum. The
technique uses a radiator with an optical arrangement such as to focus
the photons emitted by Cherenkov effect on a circular pattern, whose ra-
dius is uniquely related to the particle’s velocity (above threshold).
As compared to the classic threshold and differential counters, the ring

imaging device is. in principle capable to identify many particles in a



3
10 N T
= ) SFg -
He
w
3 102 —
£ Differential .
<=
(@)]
[
[¢3]
— Al
. 10— —
[¢3)
b=
8 — —
LE) Compensated
g (DISC)
€ —
s
IO-I ] | | l 1
10! 102 103 104

Beam Momentum For Limiting 7-K Separation (GeV/c)

Fig.1.3 The minimum length of Cherenkov counters permitting separation
of pions and kaons is shoun as a function of momentum for vari-
ous counter types. The threshold counter band corresponds to a

range of efficiencies ¢ [Benot et al., 1972].



large momentum range, as far as one can solve a formidable experimental
problem: detection and localization of single photons over large surfac-
es. As wWill be discussed later, - this is possible to achieve today umith
gaseous detectors containing a photoionizing vapour.

The present uork describes a Cherenkov ring imaging detector built
for an experiment studying leptons and hadrons near the kinematic limits
(E605) at Fermilab. The experimenf is a collaboration of eight laborato-
ries: CEN Saclay, CERN, Columbia Unfversitv, Fermilab, KEK Ibaraki-Ken,
Kyoto University, State University of Neuw York at Stony Brook and Univ-
ersity of MWashington ; the Cherenkov detector subgroup is formed by
CERN, Saclay and Stony Brook.

It appears that the Cherenkov ring imaging technique is the only one
that satisfies needs of the experiment, 1i.e. a good hadron identifica-
tion up to 300-400 GeV/c.

In section II we describe the E605 experimental set-up and the physi-
cal goals of the experiment. General formulae concerning the Cherenkov
radiation are given in section III and in section IV we relate the prin-
ciples of detection and localization of vacuum ultra-violet photons.

Although the present uwork concerns a Cherenkov counter using a mul-
tistep proportional chamber as photon detector, it is worthwile to de-
scribe the results of a preliminary test of a Cherenkov ring imaging de-
tector using a multistep spark chamber. The test was performed in the
East Hall of the Proton Synchrotron at CERN on a non-separated negative
beam of energies up to 12 GeV in April 1980. The set-up and the results
are presented in section V.

A prototype detector for the E605 experiment was installed on a non
separated hadron beam of 200 GeV energy in the Meson Laboratory at Fermi |
National Accelerator Laboratory and data were taken during April and May
1981. The detector is described in section VI and the data analysis and
results in section VII. .

The final detector has been constructed by the fhree collaborating
laboratories; one half of the detector was completed by May 1982, when
it was tested on the beam. This will be the last beam available before
the long shut-doun of the Fermilab accelerator. The rest of the detector
will be completed in the following months, but it will be operated only
after the 1000 GeV accelerator starts to work, in the middle of 1983.



The design of the detector is described in section VIII.

The last section is reserved for a summary and conclusions.



II. STUDY OF LEPTONS AND HADRONS NEAR THE KINEMATIC LIMITS

The main experimental goal is to detect both high mass pairs and sin-
gle particles at large transverse momentum produced in interactions of a
hadronic beam with nuclear targets [Proposal 605]. The apparatus is
especially designed for tevatron energies, but in the first stage of the
experiment it will be exposed to the 400 GeV/c beam. Fig.2.1 shous the
expected acceptance of transverse and longitudinal momenta for single
particles at 400 GeV and 800 GeV incident beam energy. We shall reébh
the region near the kinematic limit for the transverse momentum pi (x¢ =
2ptldg > 0.5, wuhere +s is the totalvenergv in the centre of mass sys-
teml).

In Fig. 2.2 ue plot the differential cross section for production of
p*p~ pairs as a function of their invariant mass for the mass range ac-
cepted in our apparatus. Agéin the region of highest available masses
(r=Mpair 7(yS = 2Mproton?>0.8) will be reached.

An important design criterion is the expected mass and transverse mo-
mentum resolution : on /7 m = 0.1% atm = 18 GeV and op¢ 7 pt = 0.1% at
©pt = 9 GeV/c. A complete particle identification is provided by a pair
- of electromagnetic and hadronic calorimeters, a muon hodoscope and a
Cherenkov ring imaging detector, uwhich can identify secondary hadrons up
to 300 GeVsc at a level of 3 standard deviations. The apparatus is con-
ceived to accept a very high flux beam, of the order of 3.10'Z2 protons/
sec; uwith the 2 steradians angular acceptance ue can therefore search
for very rare events. A fast processor trigger is foreseen to select
events depending upon the physics we want to make. One of the possibili-
ties is to select events containing leptons in the final state.  We can
study the production of lepton pairs by the quark- antiquark annihila-
tion, the Drell-Yan process, that should provide informations on the
discrepancy betuween the measured and theoretically predicted cross sec-
tions [Badier et al., 1979 and 1980 ; Corden et al., 1980]. To verify
these interpretations requires measurements over a wide range of kine-

matical variables which is possible with this apparatus.
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We are also in a good position to measure the spectroscopy of the T
family. The resolution at the T mass range, about 10 MeV, 1is close to
that in e*e~ experiments, but the cross section is much bigger than the
electromagnetig one, so uith our high luminosity and large acceptance ue
can considerably increase the statistics. Moreover, in hadronic inter-
actions involving gluons as well as quarks, one can produce states which
are forbidden in the e*e~ annihilation by conservation laus.

We can also study the production of ¥ and its excited states and this
together uith the T family measurements wuwill allow us to derive the
structure functions of hadrons over a large range of momentum transfer.
The production of vector mesons 1is likely to occur mainly from gluon
processes so that we can directly measure the gluon structure functions
[6luck, Owens and Reya,1978]. The distributions of quarks and gluons are
measured in deep inelastic lepton scattering experiments, houever for
gluons it can be done only indirectly. It will be interesting to compare
these functions measured in tuwo different processes.

Detecting high mass lepton pairs uwe are of course open to any neu
unexpected resonances.

One of the most difficult enterprises in our experiment will be the
measurement of the weak axial vector coupling, requiring the observation
of an asymmetry in the angular distribution of positive and negative
leptons. This effect will be very small since the ueak coupling appears
combined with the electromagnetic coupling which is much stronger at our
energies. The luminosity and the acceptance of our apparatus is likely
to be sufficient to detect this asymmetry. In order to get rid of
systematic errors, an inversion of the magnetic field will be necessary.
This can cause a change in the performance of drift chambers and photo-
tubes, resulting in a large amount of softuare work to be done.

Analyzing the lepton pairs data, wuwe shall of course pay much atten-
tion to search for a possible Higgs boson signal [see e.g. Ali, 1981].
Since its coupling to fermions is proportional to the mass of fermions,
the decay of the Higgs boson will be preferentially to the heaviest par-
ticles available to it, with branching ratios proportional to the
.(mass)Z of the final state particlés. If the Higgs boson mass is louer

than 3.4 GeV, the most probable decay is to p*p~ with a branching ratio
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of about 10%. For heavier Higgs particles the r*7r~ and c¢c decay modes
dominate, and the branching ratio into muons 1is of the order of i10-3
only. In our experiment with 10 MeV mass resolution the Higgs boson will
produce a bump at a level of a few percent in the mass spectrum of muon
pairs for masses in the range 5 - 10 GeV. No signal should be seen in
e*e~ mode at the same mass. This muon-electron asymmetry would be the
signature for a Higgs boson.

Another kind of physics foreseen in the experiment is the study of
the parton-parton scattering. Experiments observing hadron jets did not
provide much information on this process partly because of difficulties
in the determination of jets. MWe believe that in hadron-hadron colli-
sions resulting in a particle with very large x¢ a simple hard quark-
quark scattering process will dominate. Since xi of a secondary particle
represents the fraction of the quark momentum carried by the particle,
at values of xt close to 1 we can be sure that if contains the parent
quark. varying the incident beam particles we can follow the quantum
number flow in the process. -

" The use of various nuclear targets can provide information concerning
the space-time development of high transverse momentum interactions by
varying the size of the interaction region. The cross section for pro-
duction of high p: pions in proton-nucleus reactions is proportional to
A", uhere A is the atomic number of the target [Antreasyan et al., 1979;
McCarthy et al., 1977]. The parameter n is a function of the transverse
momentum and at pt values of about 5 GeVs/c it becames greater than 1. We
shall investigate this dependence in é large range of A (hydrogeﬁ to
tungsten) and for transverse momenta up to 13 GeV/c.

We can learn much about the structure of hadrons by measuring the
single hadron to lepton ratio as a function of x¢. If pions are produced
onlyiby the decay of constituents which are in turn involved in simple
processes, then pion production at high x¢ should became relatively
rare. Théoretical calculations [Haléen and Scott, 19781, predict a dra-
matic rise in lepton to pfon ratio near the kinematic limits. Other cal-
culations [Krauwczyk and Ochs, 19781 predict that with v~ incident, the
Drell-Yan e*e~ spectrum will dominate the w*w~ spectrum near the end of

our range of yT.
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Having a fast espshadron identification by calorimeters, we can use
this information to trigger on pe, ph or eh pairs. Discovery of any bump
in these final states would allow for a new look at the elementary par-
ticles physics. v

The scheme of the apparatus is shoun in Fig.2.3. The beam collides
with the target and the charged particles produced are analyzed by the
maghetic spectrometer. Three targets made of copper, beryllium and tung-
sten are prepared and tuo otheis (hydrogen, and deuterium) are foreseen
for a later stage of the experiment. The target is situated just up-
stream the M12 magnet. High transverse momentum particles are bent by
the magnet and exit it approximately parallel to the initial beam direc-
tion. The magnetic fields of M12 and M3 are horizontal, therefore the
trajectories of the particles are bent vertically.

The particles’ tracks are measured in three stations composed of pro-
portional or drift chambers and pléstic scintillation detectors. The
particles’” momenta are measured tuice in the two magnets.

Hadron and electron calorimeters and the muon hodoscope situated behind
the absorber provide the e/p/hadron separation. Hadron identification is
done by the Cherenkov ring imaging detector.

Station 1 consists of 6 multiuire proportional chambers measuring the
position in 3 directions. Tuo chambers have horizontal wires, measuring
the vertical (bending) coordinate (Y chambers) and two pairs of chambers
have wires at * 14° to the Y chamber uires (U and V chambers). The sense
Wire spacing in all the six planes is 2 mm. The active area of the cham-
bers is about 127 x 150 cmZ.

In Station 2 there are six planes of drift chambers, tuwo in each of
Y, U and V directions; the cell size is 1 cm in all chambers. The pairs
of chambers in each direction are staggered by half a cell to resolve
the left-right ambiguity. The accuracy of the position measurement in
the chambers, measured in a test run, is .09 mm r.m.s. for each coordi-
nate. The active area of the Station 2 chambers is about 170 x 180 cmZ.

There are also 6 planes of drift chambers in Station 3 (Fig. 2.33,
.again 3 pairs in the Y, U and V directions. The cell size is larger than
in Station 2, 2 cm, and the measured resolution has 0.15 mm standard de-
viation. The active area of these chambers is 264 x 233 cm?, large

enough to accept all particles detected in Stations 1 and 2.
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The calorimeters are placed behind the Station 3.The electromagnetic
calorimeter is composed of 32 layers of converters and scintillators;
converters are made of one layer of lead, 3 mm thick, and two layers of
alubinﬁm, '0.08 mm thick. They are folloued by 12 bars of acrylic scin-
tillators, 0.64 mm thick, and having dimensions of 20 x 280 cmZ. The
hadron calorimeter has 12 layers of steel absorbers, 2.54 cm thick, and
20 layers, 5.07 cm thick. There aré 13 bars of scintillators of dimen-
>ions of 8 x 304 cm?2. The light collection in both calorimeters is done
with tuisted light guides or uwave length shifter bars.

A concrete absorber after the hadron calorimeter guarantees that only
muons, which do not undergo strong interactions, survive and are detect-
ed in a proportional tubes hodoscope. »

There are three scintillator hodoscopes in the three wire chambers
station, used for the fast trigger. In Station 1 tuo perpendicular ar-
rays of 12 scintillators each, 10 cm and 12.7 cm wide in x and y direc-
tions respectively, cover an area of 122 x 152 cm?2.

The Station 2 ‘hodoscope consists of 17 horizontal scintillator
strips, 10 cm wide and 169 cm long, measuring the vertical coordinate.
The third scintillator hodoscope is again a double array of 13 bars each
covering a surface of 264 x 231 cm? in horizontal and vertical direc-
tions respectively.

The output signals of the hodoscopes and calorimeters are used in the
fast trigger. The trigger takes as input logic signals and makes a deci-
sion after comparing these signals with a trfple coincidence pattern
stored in its memory. The raw event data are held in a buffer while
auaiting the result of the processor; for accepted eveﬁts both the rau
data and the brocessor results are logged on tapes for the off-line ana-
lysis.

The complete experimental apparatus is being setup and is expected to
take data at the starting of the Tevatron operation, foreseen for the
fall of 1983.



III. PARTICLE IDENTIFICATION USING CHERENKOV RING IMAGING
o METHOD -

A charged particle moving in a transparent medium with a veloecity
larger than the velocity of light in the medium emits a radiation along
a conical uave front (Cherenkov effect). The angle 6 of emission of pho?
tons is related to their velocity in the medium and to the velocity of

the particle by the formula:

The threshold value of the relative velocity is B = i/n, and for the-

Lorentz factor

] 4 n -
¥ the = = . 3.2
T OVEED yOhE Dy

The emitted photons can be reflected by a spherical mirror to pro-
duce, on a detection surface, a circular ring image as shoun fn Fig.
3.1. The radius of the ring depends on the focal length of the mirror f
and the emission angle 8. If the detection surface is spherical, the ra-

- dius is provided by (neglecting spherical aberrations):

r = §-8 3.3
)

while for a plane detector approximating the focal surface and for small

angles uwe have

r = f.tan8 3.4

Measuring the position of photons in the detector,' one can therefore
calculate the radius of the ring and the angle of emission. From expres-

sion 3.1, then, one gets the relative velocity

i

n cos 6§
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Fig.3.1 Example of a Cherenkov ring . imaging detector: photons emitted
in the radiator are reflected by a spherical mirror and fo-

cussed on a detector in a circular pattern.
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which, together uith a measurement of the momentum of the particle,
gives information on its mass. The emitted number of photons follous a
Poisson distribution with the average depending on the charge and veloc-
ity of the particle and on the detected energy interval of photons.

The average number of photons of energy betueen E and E+dE emitted
over the path length dx by a particle of charge Ze and relative velocity

B is given by:

d2N 2w
——— = (w=}Z (2@)2 (]| - —) 3.6
dEdx he n2(gE)Rz - ?

where h and ¢ are respectively Planck’s constant and the velocity of
light.

Forgetting the dependence of the refractive index on the photon ener-
gy, the average number of photons emitted is a function of B and Z only.
The average number of photons can be expressed as a function of their

wavelength as follous:

dZN  (2mZ (Ze)Z® 1 1

- (1 -
dadx he A BZnZ(A)

3.7

The number of photons detected is then the product of the number of
photons emitted and of the efficiency of detection €(E), which is alsoc a
function of the energy of photons. The detection efficiency €(E) 1is a
convolution of the energy-dependent transparency of the radiator, the
reflectivity of the mirror, the transparency of the windouw separating
the radiator from the detector of photons and of the efficiency of the
detector itself.

The average number of photons detected in the energy range

Eq4 to Ez is given by

dN 2w Ez |
- = (==}2 (Ze)Z J €(E) (] - = ) df 3.8
dx he Eq B2n2(E)

If we approximate the refractive index n(E) by an averége value in
the energy range Eg4 - E2, and integrating over the radiator length L, ue

can urite 3.8 as follous:
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N =No L sin? @ 3.9
with

2w .Ez »
Ng= (=)2 (Ze)? J €(E) dE 3.%9a
hec Eq

This quantity is obviously dependent on many instrumental character-
istics. A detailed discussion of all factors contributing to the de-
tected number of photons will be given later for several specific cases.

When also the direction of the particle is measured, the center of
the ring image can be calculated and one photon is sufficient to deter-
mine the radius. The resolution in the relative velocity B for one de-

tected photon is obtained by differentiation of 3.5:

aB an
-l; = J (tanf 86)2%2 ¢+ ( == )Z 3.10
n

where 4B, 46 and &n are the root mean square errors in measurements
of B, 8, and n.

Assumming that the dispersion of the value of the index of refraction
at constant wavelength is negligible, the resolution AB/B obtained with
one photon is equal to:

aB
(E.)1 = tand 46 3. 11

For N photons detected, the error of the Cherenkov angle is reduced
by a factor of 1/JN, hence ue obtain
(AB tan8 A6

—) = oo ° 3.12
B N VN

For many obvious reasons it would be convenient to implement a Cher-
enkov ring imaging device at wavelength in the visible range. Not only
the chromatic aberrations of most radiators are small at long uwavel-
engths, but also they can be corrected to a large extent by the use of

suitable optics. A large choice of radiating media transparent at visi-
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ble wavelengths exists, covering continuously the particle velocity
range. _

This is not so at photon energies approaching the far and vacuum ul-
traviolet, uwhere only a limited choice of radiators exists and aberra-
tions are large and in general cannot be corrected. For these reasons,
both the simple threshold counters and the most refined differential
counters (uhere detection but not localization of photons is required)
are operated at visible and even infra-red wavelength using appropriate
photomultiplier systems. For ring imaging, however, one has not only to
detect but also to localize single photons and that is very difficult to
achieve. Several systems have been proposed \and operated for this pur-
pose using classic image intensifiers, but they generally suffered from
low detection efficiency. Modern microchannel plate amplifiers seem to
be more promising but are still too expensive to foresee their use on
large areas.

Several years ago it has been proposed by Seguinot and Ypsilantis
[1977] to displace the detection region into the far and vacuum ultra-
violet, uhere the photon energy is sufficient to photoionize a gas or
vapour, and use then some kind of multiwire proportional chamber for the
detection and localization of single photoelectrons. The obvious loss
in resolution pouwer uould be largely compensated by the possibility to
cover large detection areas and therefore considerable solid angles in
the detection and identification of multiparticle events.

The photon detection efficiency depends on the efficiency of the pho-
toelectric effect, which converts photons into electrons, that can then
be multiplied to produce a detectable signal.

The conversion efficiency depends on the absorption probability and
fhe quantum efficiency of the photoionizing material. The probability of
absorption can be expressed by the attenuation of a beam of photons of

intensity Ig traversing a medium of thickness x:
I = I, exp(=-x/A) 3.13

where I is the attenuated flux, and A is defined as the absorption mean
free path; A is of course a function of the photon energy. For path a
length x =37, 95% of photons are absorbed. The mean free path can be

calculated from the absorption cross section ¢:
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A= —l- , o=o(E) - 3.14
Ho
where N is the number of molecules of the photosensitive vapour per unit
volume. If p is its perceﬁtage in a gas mixture at atmospheric pressure,
N = p.A, uhere A is the Lodschmidt number. Fig.3.2 shous the absorption
cross section as a function of wavelength in different gases.

The quantum efficiency is defined as the ratio _of the ionization
cross section to the absorption cross section. Quantum efficiencies of
different photosensitive vapors are shoun in Fig.3.3.

The early attempts of Cherenkov ring imaging uwere realized using as
photoionizing vapour benzene [Seguinot and Ypsjlantis, 1978; Gilmore et
al., 1978; Chapman et al.,19791, which has the ionization potential of
9.2 eV, and required the use of a lithium fluoride uWwindouw to separate
the radiator from the photon detector. Lithium fluoride is houever a
very delicate crystal, rather inconvenient to use since it is hygroscop-
ic and degrades its transparency uwhen exposed to air. The transmission
cut-off of LiF (Fig.3.3) is about 11.2 eV (1100 R) and the energy accep-
tance of this detector uwas 9.2 to 11.2 eVv. '

The use of triethylamine (TEA) [Seguinot et al., 1980; Charpak et
al.,1979; Comby et al.,1980] allowed the use of windows made of calcium
fluoride, a material which is also delicate and cannot be purchased in
large dimensions, but does not degrade in air. The louwer energy accep-
tance limit is the photoionization threshold of TEA, 7.5 eV, and the up-
per limit is the transmission cut-off of the window, 1300 R (9.5 ev),
which make AE=2.0 eV.

The most recently used product in photon detectors is tetrakis (dime-
thylamine) ethylene (TMAE) [Anderson, 1980; Charpak et al., 1981; Barre-
let et al., 1982] uhich has very lou ionization thfeshold, 5.4 eV, and
can be used uwith quartz window. This configuration has many advantages.
The quartz windous are cheaper than the fluoride crystals and in princi-
ple can be fabricated in large sizes. The energy of photons accepted is
louer, 5.4 to 7.75 eV, than for TEA + CaF, configuration, thus giving
smaller chromatic aberration. Fig.3.4 presents the dependence of the in-

dex of refraction of argon at normal temperéture and
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wavelength of the light. In the region of efficiency of TMAE and a
quartz windou, the index of refraction (n-1) changes by 10%, while in
the TEA and calcium fluoride region, the change is almost 25%. Moreover
the absorption cross sections of oxygen and uater, usual polluants in
gas radiators,  is ten times smaller in the wavelength range 1600 - 2500
R, than in the range 1300 - 1600 R. So one could tolerate more pollu-
tions in the radiator using TMAE in fhe photon detector. Due to its very
low vapour pressure, around 1/3 torr at room temperature, houwever the
use of TMAE is very difficult and still subject to investigation. Not
only it appears rather problematic to obtain in such a poorly quenched
mixturé large proportional gains, but also the long absorption length of
photons (several cm) has important cohsequences on the time resolution
that can be achieved.

The choice of radiator transparent in the ultraviolet region is lim-
ited to fluorides cristals and liquid or gaseous noble gases. When TMAE
is used in the photon detector, also methane or ethane, transparent for
6 - 7 eV photons, cén be envisaged as radiators.

The index of refraction of the radiating medium determines the momen-
tum range of particles to be accepted. Fig. 3.5 presents the dependence
of the Cherenkov angle 8 on the pion momentum for radiators with various
values of the refractive index. For slouer particles one can use fluor-
jde crystals as radiators, uhose refractive indices are of the order of
1.5. For higher energies; radiators uwith smaller refractive indices,
gases or liquids, are required. Table I presents refractive indices,
threshold values of the Lorentz factor ¥ and energy ‘ranges, uhere the
jdentification is possible for the three groups of radiators. As the up-
per limit of the momentum accepted ue have taken the value at uwhich the
difference of angles produced by kaons and pions is less than one per-
cent of the angle produced by pions: .

N
_1_1‘_5_'<< 0.01 3.15

Fig. 3.6 pfesents the dependence of the Cherenkov angle on the momen-
tum of particles traversing helium gas, at_ 0°C and 1 atm pressure; in

these conditions the refractive index of helium for photons of 1600 .



27

TABLE 1

radiator n or (n-1J Ythreshold momentum range

fluorides 1.45 - 1.6 1.3 - 1.5 { - 5 GeVsc
liquid noble gases 1.03 - .10 2.5 - 4 2 - 20 GeVsc

noble gases 3%10-5 - 5%1g-% 30 - 150 25 - 300 GeV/c

~
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Fig.3.5 Dependence of the Cherenkov angle on pion momentum for diffe-

rent radiators, having the index of refraction as indicated.
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wavelength is n = 1.000038. The three curves corresponding to pions,
kaons and protons have approximately the same form: they start at a mo-
mentum corresponding to B = i/n and, as B=»>1, the Cherenkov angle tends
to the value & = arc cos (i/n). The identification 1is possible within
the momentum range where particles have different values of the Cheren-
kov angle and is determined by the refractive index.

The index of refraction of a gas is a function of its density and so
changes with temperature and pressure. If ng is the refractive index at
normal pressure, the refractive index at the same temperature and pres-

sure p is given approximately by the formula:

' P
(n=1) = (no-1) = 3.16
760

Different gases may be used as radiators to separate particles in a
certain range of energy, each of them being operated under different
pressure, calculated from the formula 3.16. The Cherenkov angle and the
number of emitted photons will be the same, houwever one should take into
account the diépersion of the refractive index with the photon wavel-
ength, which is characteristic for each medium and does not change with
pressure. Fig. 3.7 presents the dependence on the wavelength of the in-
dex of refraction of helium at normal pressure and of argon at 0.1 atm.
The mean values are nearly the same, but the dispersion of argon is much
bigger. The dispersion of the refractive index results in chromatic
aberration, uhich can not be corrected and is the most important factor

limiting the resolution of {he Cherenkov counter.

The dispersion of the measurement of the Cherenkov angle is caused by
many factors, physical as uwell as instrumental. Among the physical phe-
nomena the most important are the chromatic aberration, the multiple
scattering of the particle in the radiator and the energy loss for ioni-
zation. While the multiple scattering and the energy loss do not contri-
bute considerably to the Cherenkov angle resolution at high energies,
the effect of the dispersion of the refractive index may be very impor-

tant when one detects ultra-violet light.
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All elements of the apparatus which are in contact uith photons ac-
count for the resolution. In the geometry shoun in Fig. 3.1 the biggest
contribution comes from the error in the measurement of positions of
photons in the detector.

The inaccuracy in the determinatfon of the particle track may cause a
wrong estimate of the centre of the ring, leading to an error in its ra-
dius. Another source of dispersion of Cherenkov angle may be the focuss-
ing mirror, uhose shape is never an ideal sphere.

Optical aberrations also contribute to the resolution of the detec-
tor. There are tuo kinds of optical aberrations: 1. the spherical aber-
ration due to the fact that photons are emitted at different points
along the track of the particle through the radiator, and 2. the disper-
sion of the angle due to the non zero impact parameter of the particle
with respect to the mirror axis. The second aberration is small even for
impact parameters of the order of 104 of the mirror radius. It can be
corrected in the analysis once one knous the particle track.

The effects listed above determine the resolution of the detector by
affecting the ”life” of each emitted photon separately. Other elements
may change the total resolution by reducing the number of detected pho-
tons. For the geometry of Fig. 3.1 the most important are the transmis-
sion of the radiator and of the windowu separating it from the photon de-
tector, and the reflectivity of the mirror. 0f course, the efficiency of

the photon detector should be as high as possible.

In the following uwe present analytical formulae for the dispersions
induced by the multiple Coulomb scattering, the chromatic aberration,
the spherical aberration and the precision of the photon detector.

The standard deviation of the projected distribution of the deflec-

tion angle due to multiple Coulomb scattering is given approximately by

15 X
Aemsc & cm— " — . 3.17
Bpc Xo

where Xp is the radiation length and 8x is the thickness of the medium.
Taking an average point of the emission of photons half a way through

the radiator (6x = L/2) ue have:
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10 ’ L
Aemsc 8 — (x_) 3.18
(<]

Bpc

The value of Byxge is very small for high energy (2 100 GeVs/c) parti-
cles, houever at louwer energies the effect of multiple scattering can
not be neglected in the estimation of the detector resclution.

The dispersion of the refractive index of the radiating medium causes
the dependence of the Cherenkov angle on uwavelength of photons. Helium
is one of the least dispersive media for VUV light, houever in the ener-
gy range of quantum efficiency of TEA this effect is considerable.
Fig.3.8 shous the Cherenkov angle of ultraviclet photons emitted by
pions of 200 GeV/c momentum in helium at normal temperature and pressure
(0°C, 760 mmHg) as a function of wavelength. The chromatic aberration is
particularly large at small wavelengths. One calculates the dispersion
of the angle due to the chromatic aberration from the formula:

(dn/dE) AE

AOchp = . 3.19
Nt T JT2 n tans

where dn/dE is the variation of the refractive index with energy, AE is
the accepted energy range and 6 is an average emission angle.

The dispersion of the Cherenkov angle caused by the fact that photons
are emitted along the track of the particle in the radiator may be esti-

mated with a formula proposed by Ypsilantis [1981]:

88opt = J(i" - (29)2) sind6 , 3.20

where 2 is the distance of the emission point to the centre of the mir-
ror curvature, measured in the mirror radius units.
The dispersion due to the error in the measured position of photons,

48,65, can be calculated as:

O x
86pps = — » 3.21
¥
where f is the focal length of the mirror. o

Taking into account only these four sources of errors, uwe can calcu-

late the total dispersion of the Cherenkov angle as follous:
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08 = Y 882 oo +A82 55 4+A02 pectAB250s) 3.22

It appears that for our experimental conditions the abovementioned
dispersions are dominant. We have indeed created a simulation program
where other effects are taken into account, as for example differential
photon absorption and the non-zero impact parameter, and found out that
the computed dispersions almost coinsides with the values calculated
from expressions 3.18 - 3.22.

The simulation program uill be described in details in section V and

VII.
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IV. DETECTION AND LOCALIZATION OF PHOTONS

Gaseous detectors of photons consist of tuo regions: a conversion
space, uwhere photoelectrons are produced and a mulfiplication region,
where avalanches are formed in a high'eléctric field. The first step,
production of electfansbby photoelectric effect, was described in sec-
tion III. In the present section ue describe the process of multiplica-
tion of electfons in the detector.

In the conversion gap, the electric field is kept low enough, in ord-
er to allou all phofoelectrons to enter into the high field region with-
out multiplication. Drifting in moderate electric fields, electrons dif-
fuse by multiple collisions with the gas molecules. Denoting by dN/N the
fraction of charge found at a distance betueen x and x+dx from the ori-
gin after the time t, we have for a Gaussian distribution

dN 1

*; = J?iﬁﬁi? exp(-x%/(4Dt)) dx . 4.1
D denotes the diffusion coefficient, which is related to the character-
istic energy of electrons € in a given medium and to the drift velocity

W by the formula
€ = = . ? - 4.2

where e and E are the electron charge and the.electric field. The char-
acteristic energy in several gases is shoun in Fig.4.1 as a function of
the electric field [Palladino and Sadoulet, 1975]. The standard devia-

tion of the electron diffusion can be calculated from:

’2€x

¢ = J(208) = y— 4.3
veE

where x=ut is a distance passed by an electron in time t. Fig.4.2 pre-

sents the computed dependence of the standard deviation of the electron

diffusion on the electric field for the drift length x=1 cm in several



37

tes
co, Cochran FOr==

porke

CO2 worreZ

-
Therma! limit 300°K

L L Ly |

® =
'
W
Q! f—
® 9%
Fig.4.1

500 1000 3000
E (V/cm, at 300°K , | atm)
Calculated dependence of the charactericstic energy of elec-

trons in various gases.o'n the electric field [Palladino and Sa-
doulet, 1975]. '



T l T T T T T 1] —
’ Oy = g_D.. = 2’€K A
2x101 - W V TeE =
Argon
10" — —
9
>
£ }— Exp.CHy —
)
> —
b —_
- 25% isobutane —]
> 75%argon  (theory)
N
—_—
\ EXD.C2H2
Lower limit ~——
from femperggure S — Exp.CzHg
|62 __(KT=2°5.IO ) Pure isobutane (theory)___
:: Exp. COp_
N 1 | | Ll | I~
100 500 000 2000

E(V/cm, ot latm)

Fig.4.2 Dependen'ce of the standard deviation of the electron diffusion
on the electric field for a 1 cm drift length in several gas

mixtures [Palladine and Sadoulet, 1975].



39

gas mixtures [Palladino and Sadoulet, 1975]. At moderate fields, up to
feu kVscm, the diffusion is of the order of 200-300 pum/cm for an admix-
ture of even small quantities of organic molecules in a pure noble gas.
Although small, it represents an intrinsic limit of precision of the lo-

calization of photons, increasing uith the drift length.

The presence of electronegative polluants in the gas results in the
capture of electrons. The mean path of electrons in a noble gas contain-
ing 1% of oxygen and at moderate electric field (probability of attach-
ment about 10~% /collision ) is of the order of 2cm. So about 30% of
electrons will be lost in 1 cm of drift due to capture. Particular care
should be therefore taken in the construction and handling of photon de-

tectors and of their gas mixtures.

In a high electric field electrons receive enough energy betuween col-
lisions to produce inelastic phenomena: excitation and ionization. When
the energy of electrons is higher than the ionization potential of the

gas, an ion pair can be produced as a result of the collision.

The inverse of the mean free path for ionization &, called the first
Tounsend coefficient, 1is equal to the number of ion pairs produced per
unit length of drift. BDenoting by N the number of electrons in a given

position, the increase dN after the path dx will be
di = N a dx . 4.4

For a constant field geometry, integrating and dividing by the initial

charge, we have the average multiplication factor
M = exp(ax) . ' 4.5

The fluctuation in the production of electrons in the first ionizing
collisions is very important in detérmining the final avalénche size.
It may happen that the primary electron travels several lengths 1s/a
without having produced new electrons. In this case the gain will be
much smaller than the average M. 0On the other hand if the primary elec-
tron produces several ion pairs in its first path 1/a, the final number

of electrons will be very high.
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It has been observed by many authors [Schlumbohm, 1958; Raether,
19641, that the distribution of the avalanche size produced by one elec-
tron depends on the electric field. Fig.4.3 presents measured distribu-
tions of the multiplication factor for different values of the ratio of
the electric field to the gas pressure and for different distances d
betueen electrodes [Schlumbohm, 1958]. One can see that at low values of
the E/p ratio, the distribution is exponential, while for higher elcz-
tric fields it changes its form for a curve with a maximum.

The exponential distribution c¢an be calculated under the simple as-
sumption that the probability of an ionizing collision is independent of
the path travelled by the electron from the previous collision [Wijsman,
1949; Legler, 1955]. This appears to be a reasonable assumption at mod-
erate fields, where the average distance betuween ionizing collisions is
much bigger than the minimum distance over which an electron can gain
the energy sufficient to ionize the gas molecule. The probability
q(M,x) that an avalanche started by one electron grous to M electrons

after the distance x is given then by the expression

1 -
q(M,x) =ﬁexp(-nlﬂ) 4.6

with M = explax).

At higher electric fields the assumption of a constant ionizing prob-
ability is no more true. Tuwo models have been considered, leading to a
distribution well fitting the measured spectra: one assumes that the
jonization probability depends on the number of electrons already pro-
duced in the avalanche [Lansiart and Morucci, 1962] and the second takes
into account the dependence of a on the path travelled by electron bet-‘
ween collisions [Legler, 1967; Byrne, 1967]. The probability distribu-

tion is in both cases described by a Polya distribution:

P(z) = 2™ exp(-mz) 4.7

(m)
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where z = M/ﬁ: and m is a gain dependent parameter, whose value is
experimentally found to vary betuween 1 and 2.

The statistics of the number of electrons produced in an avalanche
started by one electron is of relevant importance for understanding the
energy resolution of proportional counters and uas discussed by many au-
thors [see e.g. Alkhazov, 19701.

It is clear that pulses following a peaked Polya distribution are ea-
sier to work with, because of the reduced dispérsion and the fact that
the electronic threshold will cut only a relatively small number of real

pulses.

Detection of single photoelectrons with a simple electronics requires
a very high gas gain, of the order of 10-107, It is very difficult to
obtain such a gain in a photosensitive gas, due to secondary effects
connected with photons produced in the multiplication process. For exam-
ple, Fig.4.4 shous the intensity of emission of photons in avalanches
produced in argon as a function of wavelength, measured at fields ap-
proaching those used in multiwire proportional counters ( 2 kVscm )
[carvalho and Klein, 1980]. There is a considerable emission at ener-
gies around 9.5 eV (the knoun second continuum of secondary emission),
but the emission at energies betuween 4 eV and 7 eV is not negligible.
The highest energy photons can be converted to electrons by the photo-
sensitive vapour, giving rise to secondary avalanches. In gases poorly
quenched, the mean free path of photons is several millimeters, and ava-
lanches can propagate in the gas, c¢lose to the anode wire, producing a
cloud of electrons and ions along the wuwire, the well knoun Geiger pro-
cess. Photons emitted during the grouth of the avalanche can be as well
reconverted at the cathode and initiate a new avalanche several hundred
nanoseconds after the primary. This is the case both for the lowest en-
ergy photons emitted in the avalanche ( see Fig.4.4 ) for which most
quenchers are transparent, and for the higher energy photons in case of
poor quenching. Notice also that quantum efficiency of metals is in gen-
eral exponentially increasing with the photon energy. Moreover, positive
ions migrating to the cathode may recombine extracting an electron. The

excitation energy of a positive ion is larger than the energy required
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to extract an electron from the metal, so another electron is extracted
or the excess of energy is radiated as a photon. Both processes induce
a new avalanche. All secondary effects, if present, may add up to induce
various kinds of diverging avalanche grouth, as Geiger propagation,
discharge or breakdoun. These operational regimes are generally not
suited for localization. Fig.4.5 a shows a normal proportional chamber
pulse without secondary effects, wuwhile Fig.4.5 b shous a case of secon-
dary avalanches produced by photoelectric cathode effects. In the last
case each avalanche gives rise to a new one and the process may not con-

verge. The total gain of the chamber can be written then as:

Mo
1'7”0

4.8

M=

with Mo = exp(ax), and ¥ (the second Tounsend coefficient) is the prob-
ability, that a charge in the primary avalanche produces by secondary
effects a new avalanche. O0Obviously, uhen MgyY»1, the process is diver-
gent. For the poorly quenched gas mixtures we are concerned with, the
second Tounsend coefficient is of the order of 10”5, so a maximum gain
around 105 only is possible in stable conditions in conventional propor-
tional counters. The charge of 105 electrons is about 2%¥10-% pC, rather

small to be detected with simple electronics.

A possible uway to overcome the quoted gain limitations due to secon-
dary effects has been found during the development of the multistep
chamber [Charpak and Sauli, 1978; charpak et al., 1978]. By separating
the overall gain of the detector in tuwo independent steps, each uwith
subcritical amplification, these authors could achieve very high gains,
10¢ and above, in gas mixtures containing photosensitve vapours as the
ones used in photon detectors.

Under the action of a strong uniform field between tuoc electrodes,
electrons experience various inelastic processes leading to an avalanche
growth, as mentioned above. It has been observed that in particular gas
mixtures, normally consisting of a noble gas with a small addition of
alcohol, acetone or similar organic vapour, the spatial avalanche spread

is much bigger than one would expect from the knouledge of normal diffu-
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a)

Typical proportional chamber pulses (a), and pulses with secon-

dary cathode effects (b).
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sion properties. For example, in a 4 mm parallel plate gap operated
with 1% of acetone in argon at gains around 10%, the transverse size of
the avalanche front equals about 2 mm FWHM.

Since the ionization potentiai of the quoted additives 1is smaller
than the energy of photoﬁs emitted in the avalanche by primary excita-‘
tion or secondary scintillation (see for example Fig.4.4) a photon -
propagated avalanche spread has been suggested to be responsible for the
observed large dispersion. Alternatively, a Penning - type diffusion me-
chanism involving excited states of the gas molecules can be shoun to
contribute to the spread [Hubbard et al., 19801].

Hhile it is not clear which is the dominating process, the practical
consequence of the large avalanche spread is that the electric field in
a multielectrode structure can be arranged in such a way as to transfer
a constant fraction of charge into a next element of gaseous amplifica-
tion (see Fig.4.6). A region of moderate electric field, the conversion
or drift space, is separated by a mesh electrode from a region, wuhere
the field can be increased so high as to induce avalanche multiplication
(the preamplification region). Immediately after follous another lou
field region, the transfer space. As shoun in the figure, some field
lines connect the high field to the low field regions, in a number that
is proportional to the fields ratio. Electrons produced in the conver-
sion space by an ionizing process, drift into the preamplification re-
gion, where they multiply in an avalanche process. Those electrons that
happen to be located within the field line tube connecting the preampli-
fication space to the louwer region, continue to drift into the transfer
region, while the other end on the central mesh. As far as the tran-
sversé size of the avalanche is comparable or larger than the pitch of
the wires constituting the central electrode in the structure, the frac-
tion of charge transferred does not depend much on the position of the
original avalanche; this would not be the case for narrouer avalanches,
whose transfer efficiency would be position-dependent. This is shoun in
Fig.4.7, where the transfer efficiency has been calculated as a function
of position in a 0.5 mm pitch grid for various Gaussian-like avalanche
sizes with the indicated standard deviations. Indeed, for a size above
0.2 mm r.m.s., the transfer efficiency is uhiform,_ and equal to the

fields ratio ( 20% in the example).
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Fig.4.6 A four electrode structure with a conversion space and a high

field in the upper gap and low field in the loyer gap.
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in Fig.4.6, calculated as a function of position in a 0.5 mm
pitch grid and for various sizes of the avalanche (standard de-

viation).
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Fig.4.8 shous the avalanche size measured in a 4 mm gap, parallel
plate detector as a function of the TEA concentration in argon [Cattai,
1981]. While for large concentrations the avalanche size tends to a
constant value aroud 200 pum (that corresponds to the width of the colli-
mated source used for measurements), much larger spreads arevobserved at
louwer TEA percentages. For example at about 1% of TEA, the avalanche
width equals about 600 um r.m.s. after subtraction of the collimator
width. |

A uniform transfer efficiency implies a rather good energy resolution
in the transferred charge, uwhen the structure is uniformly exposed to
radiation. This is shoun by the pictures in Fig.4.9, obtained by irradi-
ation of a preamplification and transfer structure such as the one in
Fig.4.6 uith 5.9 keV X-rays from a non-collimated FeS55 source. The tuo
traces shou, respectively, the charge detected on the preamplification
electrode ¢ and on the louwer transfer electrode d. The peculiar shape
of the signals can be understood as follous. During the avalanche
grouwth, the fast induced signal ( due to electrons ) on electrode ¢ in-
creases exponentially to a maximum charge given by [see for example
Raether, 1964]

exp(al)

G = -0 — 4.9
al

Qo being the injected charge and 1 the thickness of the preamplifica-
tion gap. MWhen a fraction f of electrbns transfers to the louwer region
and drifts touards the electrode d, equal and opposite signals grou on

electrodes ¢ and d with a total amplitude given by:
Qz, = f Qo explal) . 4.10

Since electrons move auway from electrode ¢, a positive charge is then
induced, that cancels the original signal as shoun in the upper trace of
Fig.4.9. Notice that for large gains (al=10) and f > «l the sigal in-
duced by the transferred fraction of electrons is larger than the direct
avalanche signal as shoun in the pictures. The electrons drifting in
the transfer region, where the electric field is relatively lou, can ea-

sily and efficiently " be injected in a second element having high field
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Fig.4.8 Avalanche size measured in a 4 mm parallel plate detector as a

function of the concentration of TEA in argon.
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Fig.4.9 Signals induced by a 5.9 keV X-rays on electrode b (upper

trace) and ¢ (louwer trace) in the structure shoun in Fig.4.6.
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and further amplification. Vﬁrious multiple structures have been inves-
tigated, coupling the peamplification and transfer element to a Multi-
wire Proportional Chamber, to another parallel plate counter or to a
triggered spark chamber (see Fig.4.10 a, b and ¢ respectively). Gated,
or selective multistep chambers have also been developed by introducing
betuween the two amplification elements a grid with electrically cont-
rolled transparency for electrons [Breskin et al., 19801]. Because of
its simplicity of operation and good visual imaging characteristics, the
triggered multistep spark chamber, illustrated in Fig.4.10 c; has been
used in the éarly works on Cherenkov ring imaging; some results obtained
with this technique will be illustrated in the next section. Due to its
rate limitations, houwever, the multistep spark chamber is not suited for
most applications. The multistep proportional chamber instead,Fig.4.10a,
can be operated at much higher rates.

It uas observed in the early uworks on the subject that in such double
structures one could reach safely amplification factors largely exceed-
ing the ones that could be achieved in a single. device, uhen operated
with a photosensitive gas mixture. As an example, Fig.4.11 shous the
pulse height distribution for single photoelectrons measured on the an-
ode uires of a multistep proportional chamber, operatéd with 1.5% of TEA
in argon at increasing values of the oVerall gain [Cattai, 1981]. The
abscissa is given in terms of detected charge, 1 pC corresponding to a
gain of about 6¥%10°%, This gain is provided in almost equal amounts by
"~ each of/the tuwo amplification elements. Notice the peaked shape of the
distribution, typical for these exceedingly high gains as discussed

above.

A detailed description of the detector construction and electronics
layout of the Multistep Proportional Chamber used for the Cherenkov ring
imaging prototype will be given in section VI. only a brief summary is
given here, to help understanding the described meésurements of effi-

ciency and localization accuracy.

Hhile the first element in the structure only serves the purpose of

boosting the overall gain, the Multiwire Proportional Chamber that fol-
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Examples of multistep structures:

a) proportional chamber,

b) parallel plate detector,

¢c) spark chamber.
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electrons uwhich drift towards the preamplification regicn
(PA), T - transfer space: a fraction of charge is transferred
from PA to the last gap (MWPC, PA2 or SC) uhere it is detected

and localized.
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Fig.4.11 Single photoelectron pulse height spectra for different elec-

tric fields, measured in a multistep proportional chamber.
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lows, 1is used for localization. To obtain the best results in terms of
accuracy and multihit resolution, uwe have used a centre-of-gravity lo-
calization method implemented with finely stripped electrodes. Whenever
an avalanche develops around the anode uwire, a negative signal is de-
tected in one or more adjacent wires, and a positive charge distribution
appears on the cathodes, centred around the average avalanche position.
Recording electronically for each event the position of induced signals
on the electrodes, conveniently stripped, the coordinate along the di-
rection perpendicular to a given set of strips can be calculated as fol-
lous:
7. LA 4.11
ZA;

where i is the strip number and A; is the corresponding measured charge.
To obtain a space point, the electrodes are mounted at angles so to pro-
vide independent projections of the same avalanche. Notice that uhile
the positive charge induced on the cathode extends over a centimeter or
so, and can therefore be recorded on several adjacent strips (thus just-
ifying the use of exp. 4.11), in a conventional MWPC an avalanche inter-
ests a single anode uwire. This is not the case in the multistep detec-
tor, because of the large extension of the primary avalanche. Depending
on the gas mixture, 50% to 80% of events interests tuwo anode wires, thus
allowing to improve the localization accuracy.

To study systematically the localization properties of the detector
we have used a timing ultraviolet photon source, shoun in Fig.4.12, cou-
pled to the chamber through a CaF, window. The source contains krypton
gas at atmospheric pressure, uhere a particles emitted by a radioactive
source ( Am%%' ) produce ultraviolet photons by excitation. An electric
field applied across the gas volume allous both to collect the charge
produced by ionization, and to enhance the emission of photons through a
secondary scintillation process; the wavelength distribution of the em-
itted photons matches uwell the TEA quantum efficiency (see Figs.4.13 and
3.3). The charge signal, suitably amplified and discriminated, allous to
perform a relative efficiency measurement 1in the detector, while the
large photon emission cbtainable permits to obtain a reasonable yield

even wWith a strongly collimated source.
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Fig.4.12 Schematic of an ultraviolet light source.
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Fig.4.13 Secondary emission spectra of xenon, krypton and argon [Suzuki
and Kubota, 1979].
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Examples of efficiency plateaux for single photoelectrons measured
with the described source for Ar+TEA and Ar+TEA+CHy mixtures, respec-
tively, are shoun in Fig.4.14 a and b. The measurement has been realized
using an amplifier - discriminator set-up on a group of anode wires,
with an effective threshold of 5%10°% electrons as referred to the input,
and for several values of the preamplification voltage. The source in-
tensity has been chosen fn such a way that only about 20% of events re-
sult in a detected photon, thus ensuring that the measurement :afers to
single photoelectrons; the presence of a large plateau is a direct out-
come of the peaked pulse height distribution as observed above.

The localization properties of the detector have been studied record-
ing the full charge profile on the cathodes, in 5 mm wide strips, and
on the anodes, 2 mm apart; each channel uwas equipped with a charge am-
plifier and a gated charge-to-digital converters (QDC). To take into ac-
count the electronics gain dispersions, the following calibration proce-
dure has been adopted. At a conveniently low operational voltage, the
detector was uniformly irradiated by a 5.9 keV Fe33 source, and the
pulse height distribution recorded for all channels. After subtraction
of the QDC’s pedestals, the pulse height spectra on each channel uere
plotted under the condition that a single anode wire was hit, to remove
the charge-sharing events; on the cathode channels, only the channel
containing the calculated centre of gravity uas plotted. This selection
results in well defined peaked distributions on all channels, and the
relative gain can be calculated from the peak position ( Fig.4.15 ), so
to allow mutual normalization. We have found that this procedure reduces
the corrected channel - to - channel dispersion to 5% or less.

A convenient way of monitoring the residual position errors connected
with all dispersions and non-linearities of the system is to plot, again
for a uniform illumination of the detector with X - rays, the difference
A of a measured coordinate, and the value of the same coordinate as cal-
culated from the tuo other measured projections; a plot of Ay as a func-
tion of y is presented in Fig.4.16. The projection of the distribution
on the ordinate has a Gaussian shape uwith 150 um r.m.s.; this represents
the overall localization error due to residual non-linearities and gain

variations.
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We have studied the pulse height and cluster size distributions on
anode wires and cathode strips. For each event, and after the pedestal
subtraction and gain correction as described, the sum of recorded charg-
es for the cluster of cathode induced signals uas computed, as uell as
the total anodic charge ( because of charge interpolation, see belou, a
large fraction of events interest tuwo adjacent anode wuires). Typical
integrated charge spectra for single photoelectron are shoun in Fig.4.17
a and b, for anode and cathode respectively. Notice that the tuo spectra
are almost identical, ouing to the larger gain ( by a factor of 2.5 ) of
the cathode amplification channel; this compensates for the physical
difference in detected charge on each cathode.

Because they originate in the same process, there is a correlation
betueen the integral anode and cathode charges, as shoun in Fig.4.18 and
4.19 for the cathode vs. cathode and cathode vs. anode total detected
charges respectively. The correlation can be exploited to properly re-
cognize the triplet of clusters corresponding to each detected photon in
case of multiple events with ambiguous geometrical correlations. The re-
lative amplitude difference betuween the tuwo cathodes has a width of 5%
FWUHM (see Fig.4.20). Fig.4.21 shous a normalized cathode induced charge

distribution.

Using a narrouw slit collimator on the photon source, uwe have recorded
and analyzed the centre-of-gravity distributions for various orienta-
tions of the source uwith respect to the detector. Indeed, while one ex-
pects a uniform dependence of the centre-of- gravity on the real posi-
tion for the coordinate measured in the direction parallel to the anode
wires, for the perpendicular direction the quantizing effect of the an-
odes normally leads to discrete values corresponding to the uwire spac-
ing. In the multistep detector, houever, as described before, the later-
al spread of the avalanche in the preamplification element results for
most events 1in a charge sharing betueen two or more adjacent anodes
with, as a consequence, an effective coordinate interpolation. For a
1.5% of TEA in argon, roughly 80% of events are of the charge- interpo-
lating kind. This effect is seen when plotting the centre-of -gravity

distribution with the source collimated in the direction perpendicular
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to the anodes ( Fig.4.22 b). The distribution is indeed relatively uni-
form, the small oscillations being due to various geometrical shadous
within the source collimation ( due for example to photon absorption in
the grid); 1in absence of charge interpolation, the distribution would
appear as a succession of peaks two mm apart (see for comparison
Fig.4.24).

A projection of the distribution in the direction perpendicular to
the anode wires is shown in Fig.4.22 a; it has a standard deviation of
about 450 pm, uhich represents the experimental localization accuracy
for this direction.

Subtracting the intrinsic dispersion of the localization method, that
accounts for about 150 pm, and the knoun source width (150 pm) it is ap-
parent that the residual value of about 400 um r.m.s. represents the
physical dispersion connected to the detection of a single photoelectron
in the structure, and most likely is due to the statistical fluctuation
of the average position of the charge in the first amplification ele-
ment.

Indeed it has been observed that a decrease in the avalanche size
(obtained increasing the TEA concentration) results in a better locali-
zation accuracy in the direction parallel to the anodes, but obviously
the charge interpolation probability decreases at the expense of the ac-
curacy in the perpendicular direction (see belouw).

To better understand the interpolation process and the resulting lo-
calization properties, uwe have mounted the collimated photon source on a
mechanical scanner with micrometer reading and recorded the centre-of-
gravity displacing the source by a knoun distance along the direction
perpendicular to the anodes. The results are summarized in Fig.4.23,
again for the argon-TEA 98.5%-1.5% mixture; the correlation is obviously
linear, showing the effectiveness of the interpolation machanism, wuith
an average dispersion of 500 pm. Subtracting again the source width and
the electronics dispersion contribution, the residual value of about 450
wm represents the intrinsic localization accuracy in the direction per-
pendicular to the anode wires, worse than for the parallel coordinate

because of the fluctuation in the charge sharing process.
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We have repeated the same measurements in mixtures of helium and TEA,
where the avalanche size appears to be smaller than for identical con-
centrations of TEA in argon. The effect of the reduction of the charge
interpolating events is visible in Fig.4.24 b, obtained in the same geo-
metry as before; about 50% of all avalanches are detected by a single
anode wire, and the discrete anode wire structure appears clearly in the
distribution. Projection of the distribution on the direction parallel
to the anodes, Fig.4.24 a, provides a value of about 350 pm r.m.s. for
the accuracy along this coordinate. As expected, the physical dispersion
on the avalanche centre-of-gravity is smaller for smaller avalanches;
subtracting as before the intrinsic resolution and the source collimator
width, we infer a residual fluctuation of about 280 um (as compared to
the 400 pum previously quoted),

A mechanical scanning along the direction perpendicular to the anode
wires produces the results illustrated in Fig.4.25. In this case,' e
have separately plotted  the centre-of-gravity for events interesting a
single anode wuwire (full points) and charge-sharing events (open cir-
cles). While for the second class a more or less linear correlation is
observed, the single events obviously cluster around a position corres-
ponding to the anode wire. A small right-left dependence is observed,
althogh of course the dispersion in the position determination pfevents
the identification of individual events.

The fact that, depending on the avalanche fluctuations, an event in a
given position may result or not in charge sharing increases the overall
localization error for the coordinate perpendicular to the anode wires.
As from Fig.4.25, this error varies between about 300 pm r.m.s. for a

source position facing the wire, up to about 600 pum at the edges.

Other methods to detect and localize Cherenkov photons are under in-
vestigation. Seguinot and Ypsilantis [{1977] proposed to measure the full
two-dimensional ring image with a drift detector, 1in which an electric
field, parallel to 1its windouw, causes the produced photoelectrons to
drift to proportional chamber wires (Fig.4.26). The drift time and the
wire number give the coordinates of photons. The system is relatively

inexpensive and ambiguity free. The precision of the localization of
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