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A glass spherical Cherenkov counter based on total internal reflection
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We built and tested a Cherenkov counter for particle identification, with spherical shape (R =600 mm), made of glass. The
threshold at B = 0.92 is set by the mechanism of total internal reflection of the Cherenkov light.

1. Introduction

Cherenkov-radiation emission has been extensively
used in charged-particle identification. Many applica-
tions approached the problem by considering the natu-
ral threshold linked to the radiator refractive index n by
the well known relation B, =1/n. A charged particle
crossing a radiator at a speed greater than By, emits
Cherenkov photons; in a threshold Cherenkov counter,
these photons are collected through an optical system
by a photoelectric transducer, and the outcoming signal
is used to discriminate particles with speed above
threshold from those below threshold. The choice of the
refraction index is determined by the kinematics of the
processes under study, and of course has limitations
related to the existence of a medium having the desired
optical properties.

To increase the spectrum of technically achievable
thresholds, a substantially d’iferent way of operating a
Cherenkov counter was devised based on the threshold
ior total internal reflection (t.i.r.) of the emitted light in
« refractive medium [1]. Consider a Cherenkov radiator
in the form of a plate with parallel plane surfaces,
transparent to light, immersed in a medium having a
refractive index smaller than the index n of the plate,
for instance glass in air. The plate is orthogonal to the
particle direction. For 8 > 1/n, Cherenkov photons will
be produced and they will impinge on the glass—air
interface with an incidence angle equal to the Cheren-
kov angle 8, = arccos (1/8n).

* Now at Istituto di Fisica dell'Universitd di Udine, 33100
Udine, Italy.

For small Cherenkov angles, the light is partially
reflected and partially transmitted, and escapes the plate
after a few of these processes; however, for sufficiently
high B8 values the light is trapped inside the plate and
can be collected at the end of it. This occurs when the
incidence angle 6, is greater than the critical angle 8,5,
for total internal reflection: 8, > 6., = arcsin(ng/n)
where n, is the air refractive index. The threshold is
then simply given by

Biir= I/V"Z"”%- (1)

For instance, plexiglas (n = 1.49) in air would give a
t.i.r. threshold at 8 =0.906, while that for a conven-
tional Cherenkov counter would require a radiator with
an index of refraction equal to 1.1, not easy to produce.

Within the planar geometry described, total-reflec-
tion-threshold counters have been frequently used for
beam particle identification.

In this paper we report on the construction and
performance of a spherically shaped counter based on
total internal reflection and designed to be used as part
of a pointing geometry detector.

The counter was developed as a prototype to in-
vestigate the possibility of an upgrade of the detector of
Experiment 760 at Fermilab [2] devoted to the study of
the process pp — ¢ - K*K"K*K™ at E_,, around
3.0 GeV.

Two major requirements must be satisfied in order
to isolate the above process from the vast background
of annihilations into pions:

a) multipion final-state rejection at trigger level;

b) minimal amount of material in the counter assembly,
to keep multiple scattering small and preserve a good
performance of the charged-particle tracking system
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Fig. 1. Sketch of the total-internal-reflection mechanism.

that is crucial for off-line reconstruction and kine-
matical fit [3]; this feature is also important for the
planned simultaneous detection of the yv final state.

(a)
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2. Principle of operation of a spherical counter

Fig. 1 illustrates the path followed by Cherenkov
photons in a central geometry. Notice that photons
produced by a particle coming from the center of curva-
ture have incidence angles on the outer (inner) surface
of the radiator smaller (greater) than the Cherenkov
angle; moreover, both incidence angles are a function of
the position of the point of emission along the particle
path. For a shell of thickness d, inner radius R, index
n, immersed in a medium with index ng, the threshold
velocity (B,;,.(x)), for emission occurring at depth x
within the shell, is given by the relation

21-1/2
Buie (x)= [n’—né(f,;—i—j’;)] . @

For increasing particle velocity, the condition for
total internal reflection is first achieved by photons
radiated just before the exit from the plate (x = d), and
full trapping will be achieved only when the velocity
will be sufficiently high to have the photons emitted just
after the entrance (x =0) also totally internally re-
flected. This results in a smooth threshold with onset at
a value of B given by eq. (1), and a width proportional
to the ratio d/R. Above threshold, the light yield is
expected to rise according to the sin?d, behaviour of the
Cherenkov cross section.

3. The prototype

We built a prototype conceptually equal to one of 24
elements that will compose the whole counter. The
radiator element, sketched in fig. 2a, is a segment of a

(b}

Fig. 2. (a) Sketch of a single element of the counter, and (b) schematic cross section of the prototype.
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Table 1

FK3 characteristics; the refractive index is for A = 400 nm and
the internal transmittance is measured for 25 mm and A = 400
nm.

Refractive Internal Density T.i.r. momentum
index transmittance [gcm™3] threshold [GeV /c]

w K P
1.4763 0.960 2.25 0.333 1178 2239

spherical shell of FK3-type glass [4] cut to correspond
to an acceptance of 2m/24 in the azimuthal angle, and
15° to 48° in the polar angle, and is supported inside a
light-tight box with 1 mm thick brass walls; two XP2262
photomultipliers (2 in. diameter) collected the light
trapped in the glass. The photomultipliers are kept in
contact with the glass end surface by means of optical
grease. Three radiators of different thickness were tried,
all having the smaller radius of curvature equal to 600
mm. The inside surface of the box was covered with
black felt. Fig. 2b shows a schematic cross section of the
box; notice the 21° tilt of the photomultiplier windows
with respect to the radial direction. This is motivated by
space constraints on the photomultipliers position in the
real experiment.

The FK3 glass main characteristics are listed in table
1 together with the nominal momentum threshold from
ec. (1) for m/K/p. This glass is well suited to separate
kaons from pions up to 1.2 GeV /c.

In the next section we give some details on the
technique used to construct the glass radiator.

4. Glass construction

In a geometry pointing to the interaction region, the
curvature precision and the smoothness of the glass
surfaces are of primary importance: any deviation might
cause the light to escape, worsening the threshold defi-
nition. Moreover, the FK3 glass is rather expensive and
a method had to be devised to avoid machining a thick
block of glass down to the desired spherical shape.

Starting from a commerciaily available plate with
dimensions (/ = 450, w = 160, d = 20) mm®, the mecha-
nical process to obtain the spherical shape consisied of
two steps: 1) bend ihe glass to the correct curvature; 2)
cut and polish to produce the proper dimensions and
smoothness of the surfaces.

The bending procedure here described was devel-
oped at CERN and is a modified version of the method
used to form spherical mirrors [5]. The glass plate to be
bent was layed in horizontal position inside a concave
spherical (R = 620 mm) cast iron mould having a diam-
eter (¥ =490 mm) larger than the plate. The whole
assembly was heated to 560°C and the FK3 glass,

made plastic by the heat, bent under the action of
gravity to assume the curvature of the mould. The
mould and the glass were . ered with a thin film of
boron nitrate to facilitate disa: ;embling,.

Finally, the glass was cut and polished by using
standard techniques and tooling. The two spherical
surfaces were concentric within a tolerance that corre-
sponded to less than 0.1 mm difference in thickness
over the whole counter.

All six surfaces (two spherical and four plane) of the
glass were polished to reach optical quality. The two
side surfaces (i.e. those corresponding to @ = +7.5° in
fig. 2a) were coated with 1000 A aluminum, resulting in
an approximate 90% reflectivity at 400 nm. This feature
was not strictly necessary for this prototype, since total
internal reflection would have worked equally well as
reflection on aluminum. However, it will be important
for the final counter because it will allow a simple
assembly design with small cracks and no cross talk
between adjacent glasses.

5. Test setup and results

During a preliminary test performed at the T10 test
beam of the CERN PS, we used a glass 19.5 mm thick,
with inner radius of curvature equal to 600 mm, and
proved that the principle of the total-internal-reflection
counter works also in a spherical geometry. Subse-
quently we built two other elements with the same inner
radius, 8 and 12 mm thick, and tested _il of them at the
Brookhaven National Laboratory.

The goals of these tests were:

1) to measure the distribution of the photomultipliers
signal as a function of particle velocity from below
t.i.r. threshold to B> 0.99, to assess efficiency and
rejection power when using the counter as veto;

2) to optimize the choice of thickness of the radiator
glass;

3) to study the variation oi response with the position
of impact of the particle on the counter.

The test was performed using the B2 beam at the
BNL-AGS. The negative-beam composition was mainly
pions with approximately 1% antiproton contamination.
Since the kaons component was negligible we used
anuprotons {(piois) 10 siudy tn€ Counier behaviour be-
low (above) t.i.r. threshold.

The trigger was defined by three scintillation coun-
ters, S;, S, (dimensions A =w =100 mm) and S; (di-
mensions h = w = 10 mm), placed along the beam line.
S, was placed 46 cm upstream of the glass counter,
while S, and S; were 28 and 100 cm downstream,
respectively. Two multiwire proportional chambers (2
x,y planes each, with 1 mm pitch), installed 48 cm
upstream and 32 cm downstream of the counter, were
part of the system to determine the beam-particle direc-
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Fig. 3. (a) Typical pulse-height distribution for a pedestal run, and (b) for photomultiplier noise (1 photoelectron).

tion. A time-of-flight measurement to identify antipro-
tons was performed by using the scintillation counter S,
together with another counter S, placed 18.8 m up-
stream.

The signals from the glass photomultipliers were
amplified by a factor 10 and digitized with a LeCroy
4300 FERA. The gain of the whole chain was systemati-
cally monitored measuring the signal corresponding to
the noise of the photomultipliers. Figs. 3a and 3b show
a typical ADC channel distribution for pedestal and
noise (1 photoelectron) respectively. From the relative
position of the two peaks one finds the calibration
constant needed to count photoelectrons (1 pe corre-
sponded to about 65 ADC channels). Gain instabilities,
mainly due to temperature variations, were approxi-
mately equal to 5%.

Data were taken with beam momenta ranging from
1.0 to 3.0 GeV /c.

The off-line trigger selection was designed to isolate
a clean sample of single well-collimated beam tracks.
This was achieved by imposing two requirements; a)
one cluster of hits per chamber plane to reject multiple
srack triggers; b) angle between the track and the beam
axis passing through the center of curvature of the
counter less than 1°. This cut discarded tracks not
compatible with the requirement of coming from an
interaction region of 1 cm® as expected in Experiment
760.

The time-of-flight measurement of the events passing
the above cuts allowed the antiproton identification. A
typical distribution of S,-S, time is shown in fig. 4 for a
beam momentum of 1.75 GeV /c. The time resolution
(rms) is approximately equal to 400 ps, well suiied to
guarantee a m/P separation up to 3.0 GeV/c. where
antiprotons are well above t.i.r. threshold. For the rest
of this paper, pion and antiproton identification is
based on the time-of-flight measurement.

The signals from the two photomultipliers were nor-
malized to represent number of photoelectrons and

finally summed. Figs. 5a and 5b show the distributions
of the number of photoelectrons from w’s and P's at
1.75 GeV/c, from the 12 mm thick counter and the
beam centered at 8 =31.5° and ¢ =0° (the counter
central position). The superimposed curves are the re-
sults of a fit of the data to a Poisson distribution, giving
(Npe) =154+ 0.8 for m’s and (N,.) =0.3+0.05 for
P’s. The errors include the uncertainty on the horizontal
scale.

As expected, the two distributions show a striking
difference: the antiprotons (B = 0.881) are below
threshold and therefore most of the Cherenkov light
escapes the glass, while «’s have 8= 0.997 (well above
threshold), light is trapped in the glass and a significant
part of it can reach the photomultipliers. Considering in
more detail the antiproton signal distribution, we notice
that approximately 26% of the events shows a signal
which is not compatible with them being pedestals.
Various phenomena could contribute to the excess of
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Fig. 4. S,-S, time-of-flight distribution at 1.75 GeV /c beam

momentum; the two peaks corresponding to @'s und P's (on

the right) are well separated. The time-scale origin @ « been
shifted to coincide with the pion peak.
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Fig. 5. Distribution of the sum of the number of photoelectrons seen by the two photomultipliers: (a) antiprotons at 1.75 GeV/c
(below threshold), and (b) pions at 1.75 GeV /¢ (above threshold), with superimposed Poisson fits.

light: 1) 8-rays generated by antiprotons; 2) scintillation
activity of the glass. An estimation of the amount of
Cherenkov light emitted by 8-rays and collected by the
photomultipliers gives a result compatible with the mea-
sured signal associated to p below t.i.r. threshold.

The behaviour of (N, ) as a function of B is shown
in fig. 6. The B threshold is evidently not sharp, an
effect already discussed in section 2.

There are other factors that were not mentioned and
may influence the threshold, for instance the depen-
dency of the Cherenkov angle on the photon frequency.
To try to understand the detailed shape of the threshold,
we used a full Monte Carlo simulation, that incorpo-
rated the glass and beam geometry, as well as various
physical effects: chromatic dispersion and absorption in
the FK3 glass, features of metal reflection from glass
onto aluminum, quantum efficiency of the photomulti-
plier with its dependency on the wavelength. Since

20
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Fig. 6. Distribution of the numt?er of photoelectrons as a

function of 8 of the particle for experimental points and

Monte Carlo resuits (line). The data peint at 8 = 0997 refers to

1.75 GeV /c pions, all remaining experimental points are from
the antiproton data.

reflection depends on the state of polarization, the
Cherenkov photon polarization was followed through
the various internal dielectric and metal reflections.
Phase and amplitudes were calculated by use of com-
plex Fresnel formulae; for the complex refractive index
of aluminum we used the data of Hass and Waylonis
[6].

The results of the calculation are shown by the
continuous line in fig. 6. Due to the large number of
reflections involved (27, on the average, in this case),
the uncertainty on the absolute normalization is esti-
mated to be appruximately equal to +15%. The experi-
mental point collected at 8=0.997 is in good agree-
ment with the calculation.

One can see that the experimental points at 8=
0.920, 0.927, and 0.935 exceed the Monte Carlo predict-
ion by 1-2 photoelectrons. The discrepancy cannot be
attributed to miscalibration of the beam momentum:
systematic shifts greater than 25 MeV /c are ruled out
upon examination of the time-of-flight measurements.
Nor could we invoke for an explanation the smearing of
the Cherenkov angle due to multiple scattering, which
has a minor effect, and to the coherence length of the
particle electric field in glass [7), calculated to be negli-
gible.

The behaviour of the average number of photoelec-
trons as a funcuon of 8 for the glasses with thickness 8
and 19.5 mm has a shape similar to the 12 mm thick
glass. The light collection near =1 is equal to 8.5,
15.4, and 30 pe for the three glasses. There is a 30%
difference on the number of photoelectrons per mm of
path in the glass, which goes from 1.1 for 8 mm, to 1.3
for 12 mm, and 1.5 for 19.5 mm. The effect can be
explained considering the number of internal reflec-
tions, which is higher for thinner counter, and assuming
1% loss at each internal reflection.

All the tests described above were done with the
particle beam impinging on the glass at its central
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Table 2

Response for different impact points; the uncertainties in the
average number of photoelectrons are equal to +5%.

6 P Npe(B=1) Npe(B = 0.881)
185 0.0 147 05

N5 0.0 179 0.6

315 0.0 154° 03°*

315 5.5 17.6 ° 08°

445 0.0 216 09

® Counter in upright position: we observed an approximate
15% systematic difference when we rotated the counter by
90° about the beam direction (same impact point). This
effect may be due to stray magnetic field.

position, i.e. in a configuration that will correspond to
particles with 8 =31.5° and @ =0° during the real
experiment. In principle we expect a different response
when changing the impact point, this being related to
the different path length and different number of reflec-
tions undergone by the light before reaching the photo-
multiplier.

To assess the extent of this variation, we dedicated a
series of runs to measure the response of the 12 mm
thick glass for various impact points of the particles.
These were produced by rotating and translating the
counter in a fashion appropriate to obtain the desired
point on the beam axis while preserving a normal
incidence of the beam on the glass.

Data were taken at 1.75 GeV/c where =’s are fully
relativistic (8 = 0.997) and P’s are below threshold for
total internal reflection. Table 2, column 3, shows the
average number of photoelectrons detected on n’s. As
expected, the signal is stronger at large @ angle, where
the particle traverses the glass closer to the photomulti-
pliers. Column 4 gives the average number of photoelec-
trons for antiprotons. To use the counter as an antipro-
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Fig. 7. Efficiency (squares) and rejection (circles) as a function
of the cut on the number of photoelectrons. Some statistical
error bars are shown.
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ton tagger, one would impose a threshold on the pulse
height from the photomultiplier: only particles with
pulses below threshold would be retained. The perfor-
mance will be characterized by two parameters: the
efficiency e in tagging antiprotons, and inefficiency R,
in rejecting pions (punch-through). An example of this
is illustrated in fig. 7, where 1 — € and R,, are shown as
a function of the cut on N,., for the spectra shown in
Figs. 5a and 5b. One can see that this prototype can
achieve rejections better than 10~ with efficiency ap-
proximately equal to 97%. Similar results were obtained

for all impact points. These numbers match the require-
ments of our experiment.

6. Conclusions

We built and tested a prototype threshold Cheren-
kov counter based on total internal reflection and with
spherical shape.

We find that, operating with a FK3 glass of thick-
ness 12 mm and smaller radius of curvature equal to
600 mm in a veto configuration, we can obtain a rejec-
tion of particles above threshold better than 10~ 3, while
the efficiency for retaining particles below threshold is
approximately equal to 97%.

The loss of transparency due to background radia-
tion in the experimental area has been monitored. By
exposing the glass to an integrated radiation of 200 rad,
the reduction of the internal transmittance has been
measured to be <1% [8].

These results make feasible an upgrade of Fermilab
Experiment 760 to study charmonium decays to
2K* 2K~
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