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A LOW ENERGY DIFFERENTIAL CERENKOV COUNTER

Introduction

The low energy separated beam (LESB) at the AGS is an electrostatically
separated beam from target station C with momentum up to about 1.2 GeV/e.
Because there is only one stage of separation, the purity of the beam is
rather low, and a counter system with good rejection is needed to identify
K's and E‘s from the pion background. The distance between the mass slit
and the final focus can be as short as 195" depending on where the final
focus is placed; this distance is sufficient to identify protons by time-
of-flight techniques in the momentum range of the beam, but identification
of K's is marginal. To identify K's a counter system with good rejection

of both pions and protons is needed.

Differential using solid or ligquid radiators have been developed by
several groups (l>(2). These depend on the angle of the Cerenkov light to
digscriminate between 7's and K's and require a fairly well-collimated beam.
Because the LESB is not at all well-collimated but is sharply converging
at the final focus, the extreme rays converging at iSO, these conventional
differential counters would not work in this beam. The usual tactic when
confronted with a non-parallel beam is to resort to threshold counters. A
threshold counter is difficult in this application for several reasons,

(1) the refractive index needed to give light from pions and not from K's

is about 1.1; this is a difficult index to obtain with either gas or liquid,
(2) the counting rates of an anti counter would be high if it were counting

pions while the rejection would have to be very good because of the low beam

purity, (3) in a positive beam the protons, which are about as numerous as



the pions, would have to also be rejected with good efficiency.

A differential counter, therefore, appears to be dictated. One thing
that makes the problem simpler is that the difference in wvelocity between
pions and K's is relatively large compared to the difference available at
higher momenta. The basic idea of the counter described here was first used
by Fitch in 1956.(3)(4) The idea appears to be well known, but few descriptions
of such counters have appeared in the literature. A radiator is selected
with a refractive index sufficiently high that both pions and K's make Cerenkov
light but the pion light is emitted at such a large angle that it is totally
internally reflected. The phototubes, placed outside the radiator, see only
the light that escapes. The protons are below the threshold for Cerenkov
light emission. The counter described here is a modification of the Fitch
idea with improvements so that (a)a non-parallel beam can be used (b) the

proton light can be rejected even when it occurs.

Theory

A particle of velocity Bc travelling through material of refractive
index n emits Cerenkov light in a cone of angle g' given by the well known
formula

(L) cos g' = 1l/np ng > 1

I1f this Cerenkov light now emerges through a surface perpendicular to the
beam axis into a medium of refractive index n=1l, the angle of the refracted
light cone, g, is defined by the equation

(2) sin g = Jof - 1/B%

When sin g > 1 from equation (2) it means that the light is totally reflected
and no Cerenkov light can get out of the radiator. The range of B for which
light will emerge from the cell is, therefore, defined by

@) e g AW BT

The refractive index is not a constant, but varies with wave length; it can

be fit to an expression of the form
(4) n(k) = A/ /1IAE - 1/

where the constants A and Ao can be found by comparison with refractive
indexes at known wavelengths. The values used in this study are given in

Table T.



TABLE I
Material A Ao
Lucite 18.724 .0788u
Fuzed Quartz 20.985 .0690y

The variation of n with ) is important since, as we shall see, the short

wavelengths contribute most of the light.

The number of protons of Cerenkov light per cm of track lemgth in the radiator
can be written (5).

dN/dw = g@sin® 8'/c
where @~ 1/137 is the fine structure constant. Substituting from eg (1)
and expressing the number of protons as a function of wavelength we get
(5) AN /dj = 458.6 (1 -(1/np)®)/F
where } is expressed in microns (1 micron = 10 %*cm). To get the number of
effective photons we integrate the right hand side of equation (5) over the
quatum efficiency function of the phototube ﬂpt(x), and fold in the trans~

mission efficiency ntra%%d collection efficiency T]coll thus

(6) max

N, = 458.6 &) 1 - (1/np)®) »® 00 1) 1

oY km' pt trans ‘coll

in
where Tpt \)) is obtained from the manufacturers published data. Since the
tubes used in this experiment had glass windows, it is assumed that there
is no additional correction needed for the transmission of the radiator,
which was UVT lucite or fuzed quartz. } . and ) are chosenm to include
min max

the effective limits of npt'

ntranék) can be evaluated knowing that the fraction of light reflected

is given by the Fresuel formula R(}) = tan® (8 -6')/ tan® (g + §")

(for Cerenkov light the E vector is in the plane of reflection)

Then, the fraction of light emerging from the radiator
(1) = 1=R() =4&4/(s + 1/s + 2)

where s n cos 8/ cos ¢’

ntrans

(), the collection efficiency depends, in general on the angle of

e g

the light after escaping from the radiator and thus on refractive index and
8. 1In the design of this counter a specular reflector was placed a distance

g in front of the radiator of thickness j . The reflector enhances light




collection for sufficiently steep angles of emergence but for shallow angles
the light is redirected into the radiator and lost. The geometry of the
counter is shown in Fig. 1. 1In the case shown, the Cerenkov light is being
partially reabsorbed. Light from the back of the radiator is being collected,
while light from the front is lost. Let Ve be the intersection of the ith
ray with the plane of the front of the cell. Then

¥9.T 2g tan @ from the front of the cell

It

Yy q + 4 tan @' from the back of the cell

Let ¥ be the radius of the cylindrical cell. Then for a particle trajectory

on the axis of the cylinder

(8) T}(C) = 1le for y, > 7
ﬂc = 0.0 for Yo iy
T = = DG, cy,)  for v <amyy

For off center particle trajectories the rays will start closer than (2 to

some phototubes and further than from others. Equation (8) seems to be a
resonable approximation for the average collection efficiency. It should

also be expected that the true light collection efficiency will be substantially
less than one even for the case where Y1 > r owing to light that strikes

gaps between the tubes, less than 1007% reflection at the mirror, etc. Equation
8 should therefore be regarded as giving a qualitative picture rather than

an absolute number.

The expected number of photons is obtained by integrating numberically
the quantities in Equation 6. Figure 2 shows how some of these quantities
very with ). It can be seen that the most important part of the photon
spectrum comes from the invisible ultraviolet, and calculations using n(})
from the sodium D line would be most inaccurate. Figure 3 and Figure &
shows the total photons as a function of momentum for UVT lucite and fused
quartz respectively. The dotted line shows the shape that would be obtained
if gap, g, were larger. The small g helps separate the proton and K peaks
in the region of 1 GeV, particularly for the fused quartz radiator where
there would be a considerable contribution from protons if the proton light

were not redirected back into the cell by the reflector.

Design of Counter

An exploded drawing of the counter is shown in Fig. 5. The frame of

the pillbox is made of heavy aluminum., The front and back plates are made




thin 1/16", aluminum and are held on by electrical tape. Most of the material
in the beam is in the cell itself, which is 1" thick ultraviolet transmitting
(UVT) plastic (8)2 The beam goes through about 2.5gm, of plastic and .85

gm, of aluminum. The specular reflector is made from heavy aluminum foil
glued to a spacer made of styrofoam. The polished face of the cell is
spherical with a radius such that the focus of the beam is at the center

of this sphere. Thus, even though the beam has an angular divergence of

150 at the extreme, all particle trajectories are perpendicular to the surface
of the radiator in the limit of small final spot size. This property of

the design is illustrated in Figure 6, a cross section through the counter
showing the 45 particle trajectories. Also shown are some Cerenkov light
rays. Note that, with the curved surface, the light from the back of the
cell emerges at a steeper angle than the light from the front. This property
improves the probability of light being collected as shown in Figure 6.

The six phototubes used in this counter are RCA type 8851. This tube has

a first dynode of gallium phosphide and a voltage drop between the cathode
and first dynode of 600 volts. The electron amplification of this first
stage is between 30 and 50 and the width of the Poisson distribution is

such that it is possible to discriminate between pulse heights resulting

from one photoelectron, two photoelectrons, three photoelectrons, etc,

Since the dark current consists of single photoelectrons, the background

if two or more photoelectrons are required is very low., It was found that
requiring all six tubes in coincidence gave poor efficiency, and in some of
the running, a voter coincidence was used. A voter coincidence gives an
output pulse if more than n input pulses appear simultaneously at the input
(n £ 6); the value of n is determined by a selector switch. Because an
unwanted particle can go through the counter on an angle and trigger all

the tubes on one side, it is believed that arrangements that require tubes

on opposite sides to trigger combine good efficiency with good rejection

in a more efficient way. Some possible coincidence arrangements are shown

in Figure 7. These arrangements have an efficiency comparable to requiring
four out of six on the voter coincidence, but should give better rejection

of a scattered piom.

The theoretical efficiency of this counter can be calculated given two
things: the average number of photoelectrons produced in each tube by a

real event and the triggering mode. If use is made of the special properties



of the 8851 tube so that k or more photoelectrons are required to produce
a discriminator pulse, then the probability, P, that a trigger will result

is given by Poisson statistics

-p k=1 i
(9) Bfek)=1-¢"% nfi!
i=0

The efficiency for a 6 fold coincidence is P°. Some other efficiencies are

given in Table II.

TABLE IT
5 out of 6 vote P® + 6 P° (1-P)
4 out of 6 wvote P® + 6P° (1-P) +(6=5/2 ) P*(1-P)*
Two pair (Fig. 7a) P° + 3p* (1-P°)
Triplets (Fig. 7h) 1 =(l-p?)P=p2p - °
Three ORs (Fig. 7c) (2p - P°)®

The expected efficiency of the counter as a function of n, the average number

of photbelectrons/tube is shown in Figure 8 for k=1 and 2 and wvarious triggering
requirements, A rough estimate of n might be to divide the number of photo=
electrons in Figures 3 and 4 by 6, however, the efficiency calculated this

way is much higher than that actually obtained; it appears that Figure 3

grossly overestimates the collection efficiency. Instead Figure 8 may be

used to determine n given the measured efficiency and triggering mode.

Test of Efficiency With Protons

If two Cerenkov counters are available the efficiency and rejection
of each can be obtained directly. Since only one of these counters has
been built, an indirect method of testing had to be used to find the optimum
voltage settings on the tubes and to determine efficiency and rejection.
A test was set up in the low energy (-190) beam from G1l0. Tuned to positives
at 1.5 GeV/c, this beam has about equal numbers of 7 and protons. The
protons can be cleanly separated from the pions (and K's) by time-of-flight
technique and have about the same 3 as 800 MeV/c K's. The electronics of
the test setup is shown in Figure 9. The composition of the beam was determined
by a toggle switch delay box; a change of 8nsec could switch the beam from

~100% pions to ~100% protons.




241
The tube gains were initially balanced using an Am o source attached

to a piece of plastic scintillator. The voltage input to the power divider
was then varied to find a level that combines the best rejection with good

efficiency. Some data taken in the test beam is shown in Table III,

TABLE III
Coincidence Timing Set for 's Timing Set for Protons
Requirement S 86 SC/8 S SC 56./5:
Vote = 2 316 10688  2.9% 10505 10618  99.2%
=3 133 10177  1.3% 10074 10218  98.6%
=4 17 10987 .15% 10172 10944 92.9
=5 46 105119 . 0447, 8294 11009 75.3
= 6 5 101155 .005% 2447 10089  24.2%
I Pair 91 10286 .88% 10033 10340  97.0%
2 Pairs 11 10669 .10% 10024 11297  88.9%

From the fact that the pion rejection with 6 out of 6 required is very high,
while the proton efficiency with 2 out of 6 is almost 100% it can be seen
that the time-of-flight selection was able to produce a very clean separation.
The best compromise appears to be 4 out of 6. A later test with the tube
voltages adjusted somewhat differently gave a rejection of .06% and an

efficiency of 94.1%.

Operation in LESB

It is not safe to assume that this efficiency and rejection can be
duplicated in the LESB where the beam is less parallel and the counting rate
is much higher. It has been possible to establish that the rejection is
sufficiently good by means of time-of=-flight measurements, Figure 10 shows
a Polaroid picture of a time=-of-flight spectrum taken with a EG+G time-to-
amplitude converter and a 100 channel PHA. To get good resolution the
second counter had to be placed about 15 ft, behind the experimental focus;
this path length would not be available for the actual experiment where the
K's would be stopped. The top trace, ungated, shows peaks for fi's, K's
and protons. The bottom trace, which was gated by the Cerenkov counter,
shows only the K peak. Clearly anything identified by this counter as a

Kaon is pretty likely a Kaon.

Figure 10 was taken at the K peak of the separator curve, where the

singles counting rates are moderate. TUnder the pion peak, rates are ~100




times larger, and there is a considerable number of spurious counts. Figure
10 was taken with a vote = 4 coincidence requirement. Since then it has
been found that the 3 OR mode, Figure 7c¢, while giving the same or better
counting rate under the K peak gives better rejection under the pion peak,.
The absolute efficiency in the LESB cannot be determined until two counters

are available. A second counter is now under construction.
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