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Abstract 

The field of ring imaging (broad band differential) 
Cherenkov detectors-^ has become a very active area of 
interest in detector development at several high energy 
physics laboratories. Our group has previously report-
ed2 on a method of Cherenkov ring imaging for a counter 
with large momentum and angular acceptance using stan
dard photo multipliers. Recently, we have applied this 
technique to the design of a set of Cherenkov counters 
for use in a particle search experiment at Fermi Na
tional Accelerator Laboratory (FNAL). This new detec
tor operates over the range 0.998 < B < 1.000 in vel
ocity with a 63 '̂  2 X 10~^. The acceptance in angle 
is ± 14 mrad in the horizontal and ± 28 mrad in the 
vertical. We report here on the performance of this 
counter. 

Introduction 

A standairi technique' tor identifying hadrons at 
high energy in tc-measure their velocity with a Cheren
kov counter and to use this result and a momentum mea
surement to determine the mass of the particle. A 
threshold Cherenkov counter produces an output signal 
for any particle whose velocity is greater than c/n, 
where c is the speed of light in vacuum and n is the 
index of refraction in the radiating medium. Threshold 
counters can be used to identify particles over a large 
angular acceptance, but they are unable to measure the 
velocity much above threshold. A counter of this type 
can typically distinguish kaons from protons over a 
range of a factor of two in momentum, and cannot sepa
rate kaons from pions at all in this range. Differen
tial Cherenkov detectors, on the other hand, measure 
the angle at which the light is emitted, 6 " cos"! 
(l/nB) where B is the particle's velocity divided by 
the speed of light. These counters focus the emitted 
Cherenkov radiation from a given charged particle to a 
circle in the focal plane of the light-collecting sys
tem. A narrow annular ring in the focal plane defines 
the narrow range of Cherenkov angles which may be de
tected by this counter. Only particles within a lim
ited angular acceptance and within a fixed velocity 
range are detected. A counter of this type is often 
used to tag particles in beam lines, where the angular 
divergence of the beam is small and the momentum band 
is narrow. 

In many experiments one needs a device which can 
measure the Cherenkov angle, as in the differential 
counter, but over a greater range of particle velocity 
and angle. The Cherenkov angle is determined by mea
suring the diameter of the ring of light in the focal 
plane of the detector. Recently counters using seg
mented photomultipller arrays with high quantum effi
ciency (microchannel plates)-^ or photosensitive ioniza
tion detectors with good spatial resolution^ have been 
proposed to accomplish these measurements, but several 
technical problems complicate their application. In 
this paper we describe a broad-band focussing Cherenkov 
counter which represents an intermediate step in this 
direction. A coarse measurement of the Cherenkov angle 
is made with modest improvements to the standard thres
hold device. The counter extends the velocity range of 
a threshold counter, while maintaining a reasonably 
large angular acceptance. 

Principle 

In a differential Cherenkov counter the light emit
ted by the particles is focussed to a ring of light in 
the focal plane. The radius of this ring is approxi
mately f9 where f is the focal length of the focussing 

system and 6 is the Cherenkov angle. The center of this 
ring will be displaced from the focal point of the opti
cal system by an amount f9 where 6 is the angle the 
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particle's trajectory makes with the axis of the coun
ter. In the conventional differential counter the angu
lar band accepted by the slit must be less than the dif
ference in Cherenkov angles between particle types, but 
larger than the angular dispersion of the particle beam. 

The basic principle of our counter, which has been 
described previously in reference 2, is to divide the 
focal plane into two regions and to measure the amount 
of light falling into these areas separately. The 
boundary between these regions is sho-t^m in Figuj e 1. 
The rosette pattern was formed by evaporating aluminum 
onto a quartz substrate. Two 5" diameter photomultipll
er tubes detected the light from these separate regions, 
one observing the reflected light and the other the 
transmitted light. The amounts of light in the two 
tubes provide an analog measurement of the Cherenkov 
angle from threshold to the maximum Cherenkov angle.. 
The fraction of the light falling into each region is 
remarkably insensitive to displacements of the ring im
age from the axis of the light-collecting system. 

E567/302 DIFFERENTIAL CERENKOV COUNTER 

ROSETTE WINDOW 

FIGURE 1. The outline of the reflecting mask which was 
placed on a quartz window in the focal plane 
of the Cherenkov counter. 
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FIGURE 2. Schematic diagram of one half of the counter. 

Hence the Cherenkov angle measurement is independent of 
the particle's angle, 6 , providing 6 is not too large. 

Design 

Two counters were built for the double-arm spec
trometer used in a charm search experiment at Fetmi 
National Laboratory (FNAL). Each arm had an angular 
acceptance of ± 14 mrad in the horizontal plane and ± 
28 mrad in the vertical. The goal was to separate 
kaons and protons from a momentum of 10 GeV/c to the 
highest momentum possible. The counter was divided 
vertically into two identical cells, one of which is 
shown in Figure 2. The counter was filled with Freon 
114, a gas with index of refraction n = 1.00135, which 
set the threshold for kaons at 9.5 GeV/c. The primary 
mirror, a section of a sphere with radius 60", was 
tilted horizontally enough to keep the optics sections 
out of the region of accepted particles. The light was 
focussed at a 1/8" thick quartz window upon which the 
mask of figure 1 was deposited with aluminum. Behind 
the window was the photomultipller tube which collected 
the outer light. The light which struck the mask was 
reflected to a secondary mirror. This mirror, of 20" 
radius, focussed an image of the mask on a quartz win
dow in front of a second photomultipller tube which 
collected the inner light. Each of the tubes was an 
RCA 8854, with 5" diameter photocathode and a high 
quantum efficiency. There were therefore four photo-
multiplier tubes in each counter. The signal from each 
tube was recorded in an analog-to-digital converter 
(ADC) and stored for off-line analysis. 

Analysis 

In the simplest case a single particle passed 
through the counter sufficiently far away from the ver
tical midplane that all of the Cherenkov light struck 
a single mirror. There were then two tubes, "inner" 
and "outer", which gave output pulses of amplitude I . 
and 0, respectively. The total output, I + 0, was pro
portioned to sin29 , the output from a similar thres
hold Cherenkov counter. The fraction of this light 
which fell into the outer region, R = 0/(1+0), varied 
from 0 to 1 as the Cherenkov angle increased. For par
ticles with e = 1 this ratio R was 0.6. To check the 

dependence of the observed signals on 6, we selected a 
sample of kaons by using a threshold Cherenkov counter 

to reject plons. Figure 3 shows a plot of the total 
pulse 'height as « function ot kaon momentum. It fol
lows very closely the expected sin 6 dependence, which 

means the light collection efficiency does not depend 
strongly on the Cherenkov angle. Also shown is the 
level measured for 3 = 1 particles (pions). The error 
bars on the data points represent the standard devia
tions for a single event, not the error on the central 
value. Figure 4 shows separate plots of the light in 
each tube for the same kaons. As expected the inner 
tube collects most of the light near threshold, but the 
signal reaches the maximum value at relatively low mo
mentum. The outer tube rises more slowly near thres
hold and is still Increasing with velocity well above 
threshold. The 3 = 1 point is shown for comparison. 
To use all of the available information to measure 3 
one should find the value of 3 for which the expected 
amounts of light in the two tubes best fits the mea
sured values, 0 and I. In our case this problem is 
naturally divided into two cases. Near threshold the 
information is contained in the sum of the two tubes 
and the counter acts as a threshold counter. Above 
threshold the amount of light in the inner tube reaches 
its maximum value, since the amount of light lost to 
the outer tube as 6̂  increases is just compensated for 
by the increase in the total light radiated. Thus 
simply using the outer tube gives the most sensitivity 
to 3. Thus, although at 15 GeV/c kaons and pions are 
both well above threshold, they are separated because 
the kaons give only 1/2 as much light in the outer 
tube as the pions. The error on 3 increases slowly 
from 1.2x10-^ at threshold to 2x10"^ at 3 = 1-

The best measure of how much improvement was 
gained by adding the flower mask and second tube was 
how much higher in momentum particles could be sepa
rated compared to a similar threshold counter. If the 
differential information was ignored in this counter, 
and only the sum was used, 25% of the kaons were 
identified as pions at a momentum of 12.5 GeV/c. A 
similar level of misidentification was reached when 
using the outer tube at a momentum of 16 GeV/c. 
As a rough figure of merit, the extra information ex
tended the upper limit by a factor 1.3, i.e. the 
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FIGURE 3. Sum of the pulse heights for the two tubes 
vs. kaon momentum. The 3 = 1 measurement 
comes from a sample of pions. 

range of kaon-proton separation was extended from 10-
20 GeV/c to 10-26 GeV/c. 

Studies were made of how the measurements depended 
on the angle of the particle. The variations of the 
central value due to track angle were always much less 
than the statistical fluctuations. For a kaon momen
tum of 13 GeV/c, the Cherenkov angle of 36 mrad was 
measured to about ±4 mrad. For particles which were 
12 mrad off-axis, the contribution to this error from 
the effects of the particle's angle was about ±1 mrad. 
Thus the pattern autotnatically corrects for almost all 
of this effect, and systematic corrections can be ap
plied to reduce the contribution further. 

Another feature of this scheme is the ability in 
certain cases to identify two particles which are in 
the same cell of the counter. As an example, if there 
were two particles, one of 6 GeV/c and one of 11.5 
GeV/c, the total pulse height did not distinguish which 
particle was a pion and which was a kaon. However, 
most of the light from the kaon was in the inner tube 
if the kaon was above threshold, and it was thus pos
sible to resolve the problem using the differential 
Information. One problem in the use of this counter in 
the present experiment was the presence of extra tracks 
which give light in the Cherenkov counter but were not 
within the acceptance of the entire arm. These could 
have been either particles produced in the target which 
did not go through the magnet or particles produced in 
surrounding material. Since these particles could have 
had arbitrarily large angles the light they produced 
could not be handled in the same way as second tracks 
within the arm acceptance. 
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FIGURE 4. Pulse height for the inner (top) and outer " 

(bottom) tubes vs. kaon momentum. 

Applications 

We can foresee a number of applications for this 
type of Cherenkov counter. The conditions which favor 
Its use are a large momentum acceptance band and an 
angular acceptance which Is large compared to the de
sired resolution in Cherenkov angle, but smaller than 
the Cherenkov angle itself. To illustrate the limita
tions of the technique, we list two situations in which 
it is not suitable. One is as a beam Cherenkov counter 
in a monochromatic beam. In this case, where one wants 
to decide between two fixed Cherenkov angles, one sets 
better separation with a circular boundary between inner 
and outer light, even if the angular spread is not neg
ligible. The other situation in which a counter of the 
type described in this paper is not useful is when the 
angular spread seen by a single Cherenkov cell is large 
compared to the Cherenkov angle. In such a case the 
entire ring of light is displaced to one side of the 
pattern, and one loses the averaging effect of the pat
tern. One needs to measure the position of each photon 
and reconstruct the ring in this case. 

An interesting application of the present technique 
is for a narrow band of momentum but a broad band of 
mass. A search for stable massive particles is being 
done at Fermilab using a counter of this type installed 
in a high momentum secondary beam line. A peak in the 
velocity spectrum would be a signal of particles with a 
fixed mass. Such a broad band counter allows the experi
menters to search a broad mass range at one time. The 
primary application of the rosette counter is in situa
tions similar to the experiment for which it was de
signed, where it is used to extend the momentum range of 
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a Cherenkov counter of moderate acceptance. In design
ing the mask for such a counter the first step is to 
specify the quantity R = OXO+I) as a function of 9. 
The main design consideration is to keep dR/d9 as 
large as possible in the region just below 9 , the maJt-

imum Cherenkov angle which corresponds to 3 = 1. The 
differential information is used when one tries to dis
tinguish particles just above threshold from 3 = 1 pai?-
ticles. This optimization must be made under the con
straint that the 9 corresponding to R = 1 must be as 
large as the maximum angle of particles with the coun
ter axis plus 9 , or the averaging in azimuth does not 

work. Thus as the range of accepted particle angle Is 
reduced, the resolution in Cherenkov angle is improved. 
For a threshold Cherenkov counter with threshold ve
locity 3 the error in measuring 3 above threshold is 

° 1/2 
roughly 63 = (1 - 3 )/N where N is the number of 

o 
photoelectrons observed for 3 = 1 . For a rosette 
counter 63*= ''^^^^If^^ and since dR/d3 is about 

dK/d3 , i„ 
1/(1-3^) and [R(1-R)] is about 1/4, 63 = (1-3̂ )̂ 2N-̂ '̂ , 
or a factor of two better than for the threshold coun
ter. This gain is achieved at the cost of a minimal 
addition to the thr.eshold device. 
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