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ABSTRACT 

The Cerenkov Differential counter with Achromatic Ring Focus (CEDAR) has been designed 

and a number built at CERN for the identification (and selection) of particles in the secon

dary beams of a high-energy accelerator. CEDAR-N can separate kaons from pions up to 

300 GeV/c but can detect protons only down to 60 GeV/c; ŒDAR-W can flag protons of 12 GeV/c 

and separate kaons from pions up to 150 GeV/c. After a brief account of the relevant physics 

of the Cerenkov effect, this report describes CEDARs with emphasis on those characteristics 

and construction features that are of interest to the user. Details are given of the high-

precision optical system, the mechanical construction to achieve uniform temperature (0.1 K) 

and rigidity, and the gas handling and measurement. The layout of the CEDARs in the secon

dary beams of the CERN Super Proton Synchrotron is described. The signals provided to the 

user are listed and explained, together with the programs for on-line control of the counters. 

Details are given of the performances attained, together with various hints and suggestions 

on the procedure to follow in order to set-up, tune, and operate a CEDAR. The dependence of 

the performance on beam optics is stressed. 
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1. INTRODUCTION 

The CERN Super Proton Synchrotron (SPS) secondary beams have been instrumented with a 
set of various detectors, including analog wire chambers for measurement of beam-spot posi
tion and size, scintillator-filament scanners to optimize the beam divergence, MultiWire 
Proportional Counters (MWPCs) for measurement of the momentum of individual particles, and 
Cerenkov counters for particle identification. 

The latter include threshold Cererikov counters for applications at lower energies, and 
counters of the Differential Isochronous Self-collimating Cerenkov (DISC) type for better 
resolution mainly at higher energies. A variety of these differential counters, called 
CErenkov Differential counters with Achromatic Ring focus (CEDARs), have been designed and 
built in the SPS Division as an experimental facility: 13 CEDARs are now operational and 
have been successfully used in the North or West Area beams (see the example of Fig. 1). 

Two types of CEDAR exist: the CEDAR-N and the CEDAR-W, with obvious reference to the 
North and West experimental areas. They differ in the energy range to which they are adapted: 
the CEDAR-N can separate K's from TT'S up to 300 GeV/c, but can detect protons only down to 
about 60 GeV/c, while the CEDAR-W can flag protons of 12 GeV/c, and can separate K's from 
IT'S up to about 150 GeV/c. The CEDAR's electronics is also provided and serviced by the 
SPS Experimental Area (EA) Group. The CEDAR's commands and the electronics are under computer 

Fig. 1 CEDAR counters installed in a secondary beam line 
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control, and are connected to the SPS computer network. The user receives the CEDAR1s signals 
and can operate his CEDAR as well as tune his magnets and collimators from a keyboard in his 
counting room. 

Despite all the facilities available, it is a delicate enterprise to tune and optimize 
a CEDAR and to keep it in the best condition during data taking. Users have to learn how to 
set it properly, how to check it, and how to find the reason for a malfunctioning. 

In Section 2 the principles of operation and the optical resolution of a CEDAR are de
scribed, and the fundamental limitations of the instrument are emphasized. In Section 3 
details of and comments on all relevant parameters of the counters are given. In Section 4 
the environment of the CEDARs in a beam line and the electronic treatment of the signals are 
explained, and a thorough description of the software available for interactive controls and 
diagnostics is given. Finally, in Section 5, rules for practical operation are given and a 
complete procedure for tuning and setting up a CEDAR is presented. 

The main scope of the present report is to help the user to better understand the ins
trument with a view to assessing its possible performances, to finding the optimum tuning for 
efficiency and rejection, and to running and monitoring the CEDAR during all data taking. 

2. PRINCIPLE OF OPERATION AND OPTICAL RESOLUTION 
2.1 Principle of operation 

The Cerenkov light produced by a beam particle is emitted on cones of semi-aperture 6 
with 

cos 8 n3 ' (1) 

where n is the index of refraction of the transparent medium and g is the velocity of the 
particle. 

Differential counters have an optical system to focus this light to give a ring image 
(see Fig. 2), with the aim of distinguishing particles with different masses according to 
the diameter of the light rings. 

8»PM RING IMAGE CORRECTOR LIGHT PATH MIRROR 

Fig. 2 Schematics of the optics of a differential Serenkov counter (distorted scale) 



- 3 -

The velocity of a particle is given by 

-["(Stf. (2) 

where m and p are its mass and momentum, and c = 1. It is clear from Eq. (2) that the 
different momenta in a secondary beam with Ap/p s 1% do not play much role compared with 
mass differences of 100% or more. For two masses m t and m 2 one can write 

AB -Mff-Mai •y 2 

m2 - m2 

2 1 
2P2 

(3) 

10 15 20 30 40 60 80 100 150 200 300 400 p(GeV/c) 

Fig. 3 Velocity difference A3/3 vs. momentum 

Figure 3 illustrates the differences of velocity AB/B, corresponding to various pairs of 
particles with masses m t and m 2, as a function of momentum. 

Differentiating Eq. (1), with n constant, gives 
1 A3 _ 1 AB A6 tan 6 B ~ 6 (4) 

and the difference in the ring radius R, which should allow separation of the particles, is 
given by 
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f m 2 _ m i 

AR = f A6 = | , (5) 
6 2p2 

where f is the focal length of the system. A mechanical diaphragm, with variable annular 

opening LD, is located in the focal plane to select the photons of the wanted particles. 

Rings can be distinguished if their radii differ by AR > LD. In practice LD can be set as 

small as 0.1 ± 0.01 mm but it is a difficult optical problem to focus the light into such a 

sharp ring image. 

2.2 Effects broadening the light spot 

Various effects must be corrected for in order to minimize the width of the light rings: 

i) Optical aberrations such as astigmatism, coma, and spherical aberrations exist, of 

course, but have been minimized and contribute to only 20 ym FWHM in CEDAR optics. The 

diffraction limit for telescope optics with f:15 and X = 300 nm is d • = 6 um and can 

be neglected. 

ii) The most severe effect is the chromatic dispersion which may be expressed as 

M"£) ARch = £ e ^ I 1 + - L - I > c« 

where v = (n^ - l)/(np - n„) is the Abbé number, which characterizes the reciprocal 

dispersion of the gas (A^ = 589.3 nm, X p = 486.1 nm, X„ = 656.3 nm). v must be selected 

as large as possible and is one of the most important criteria in the choice of the gas. 

At high energy the term l/62y2 in Eq. (6) can be neglected and the chromatic dispersion 

is directly proportional to 9, which must therefore be chosen as small as possible. In 

order to improve 'their resolution further DISC and CEDAR counters have an optical cor

rector to reduce the chromatic dispersion [see other papers1"3) and Section 3]. 

iii) The multiple scattering incurred by the beam during its traversal of the gas radiator 

also contributes to broadening the light ring. Indeed the centre of the light ring is 

defined by the direction of the particle trajectory. If this direction changes inside 

the counter, the photons are spread around non-concentric circles, resulting in a 

broadening of the spot (see Fig. 4b). This effect is the most important one when the 

two previous effects have been corrected for, and therefore the radiation length is 

also a vital parameter to consider in the choice of the gas. The r.m.s. of the light 

distribution due to the gas scattering is 

aR(sc) - t Bp V3JÇ ' U J 

where L is the length of the gas radiator, which has radiation length X 0, and pressure 

P. The factor 3 under the square root of Eq. (7) comes from the averaging over the 

length of the radiator. 

iv) The inhomogeneity of the index of refraction of the radiator contributes to the width 

of the light rings as follows: 

A R = t a ^ l T > W 
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a) Good alignment b) Broadening of the light spot 
due to multiple scattering incurred 
by the particle along the radiator 

c) Misalignment d) Effect of the beam divergence 

Fig. 4 Photon distribution in the plane of the diaphragm (the shaded areas represent the 
diaphragm opening) 

as can be deduced from Eqs. (1) and (5), and from Eq. (4) where An/n should replace Ag/B. 
In a CEDAR no pressure gradient exists in a steady condition, but a temperature distri
bution may persist for long periods of time (see Section 3). Let us assume a linear 
variation of temperature along the length L of the radiator, with a gradient AT/L. Since 
An/n is proportional to AT/T at constant pressure [Eq. (20), p. 16], the photons will 
have a rectangular distribution in R with a standard deviation 

JR(T) 
1 1 f AT 

tan 6 T (9) 

These four effects are incoherent and contribute to limiting the resolution. The next effect 
is coherent for any given particle and results in a broadening of the light spot only when 
averaging is made over many particles. 

v) The beam divergence creates another problem, since the light rings are concentric only 
when the particles have parallel trajectories. If not the projected angles x' and y' 
of a particle trajectory result in a displacement of the centre of the light ring by 
amounts 

Ax = fx' , Ay = fy' (10) 
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Hence the light distribution averaged over many particles is characterized by 

3R(y') 

fa , x' 
fa , 
y 

(ii) 

as illustrated in Fig. 4d, where a , and a , correspond to the beam divergence. 
Note that this effect is generally different in the horizontal and vertical planes; 
furthermore, it does not concern all particles to the same degree since those with 
small x' or y' are affected less than those with large x' or y'. In other words, a 
CEDAR has an efficiency which decreases with increasing angle between the particle 
trajectory and the optical axis (see Fig. 5, for a typical example, where the sixfold 
efficiency is shown and x' and y' are scaled in units of LD/f). 

vi) Other sources contribute to the background between the particle peaks, such as the 
photomultiplier noise, the light produced by halo particles hitting optical components, 
or the scintillation light produced by beam particles in the gas. 

Fig. 5 CEDAR efficiency as a function of beam divergence 

2.3 Choice of parameters 
The choice of many parameters of the counter is the result of an overall optimization 

of performance made by a computer simulation of the light collection. We are not going to 
describe this procedure in detail but just want to recall the physical arguments which 
compete with one another. 

The number of photons of Cerenkov light emitted is given by1*) : 

N , = 2TOL sin 2 

ph 
rdx J x 2 (12) 

where a is the fine-structure constant, L the length of the radiator, and the integral extends 
to the range of wavelengths accepted by the system. 

Thus three parameters influence the light output: the Cerenkov angle 9, the length of 
the radiator, and the width of the accepted spectrum especially towards small wavelengths. 
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But in order to reach a good velocity resolution the counters need to have, according 

to Eq. (4), 

9 A9 « A3 

ch 2v ' 

when the counter is used at high energy (y > 1/9). 

Combining Eqs. (13) and (14), we get 

(13) 

Now the resolution in 9 is merely defined by the chromatic dispersion of Eq. (6), which 

can be simplified to 

(14) 

2ïcv « 
Ag (15) 

where k is the correction factor achieved by the chromatic corrector, and one sees that, for 

optimal resolution, 9 should be small in contradiction with the light output requirement. To 

reach a good value of k one also tends to reduce the spectral range which is detrimental to 

the light output; and the length of the radiator is limited for consideration of the beam 

layout in the experimental halls. The choice of the gases was made in order to minimize the 

chromatic dispersion (large v) and the multiple scattering, and with a~view to the minimum 

momentum p • which could be achieved within 15 bar (the maximum pressure at which the counter 

can be operated). 

Table 1 

Design parameters 

CEDAR W N 
type 

A e / e s e p 
5 x 10"6 10 - 6 

Gas N 2 
He 

(n0 - 1) x io
6 292.0 38.7 

V 35 54 

9 (mrad) 30.9 25.8 

k 11 24 

92/2kv 1.2 x 10"6 2.6 x 10 - 7 

L (m) 3.24 3.88 

Pmin/m 11.3 55.9 

These considerations, together with the optical system which is desceibed in Section 3, 

have led to the choice of the parameters given in Table 1. The lowest momenta at which the 

counters can be set to detect particles of mass m are given as a ratio p . /m. Working pres

sure P and multiple scattering (9) resulting from a full traversal of the counter are illus

trated in Figs. 6 and 7. 



(bar) 

P (GeV/c) 
Fig. 6 Working pressure and multiple 
scattering for CEDAR-W (gas: N 2) 

80 100 200 300 
P(GeV/c) 

Fig. 7 Working pressure and multiple 
scattering for CEDAR-N (gas: He) 

2.4 Pattern recognition 

The main aim here is to discard the signal produced by unwanted particles, i.e. rings 
of a slightly different diameter. This is best done by collecting the light through a cir
cular diaphragm of variable aperture, LD, and focusing it onto a number of photomultipliers. 
This number must be large enough to provide a good discrimination against wrong rings of 
light even when one or two photomultipliers are failing to detect the event. CEDAR counters 
have eight photomultipliers, so that the discrimination against unwanted particles is good 
when at least five photomultipliers give signals. 

The detection of good particles must also have a sufficient immunity against random 
background as identified in Section 2.1, paragraph (vi). For that a high level of coinci
dence between the photomultiplier signals will also be the best ingredient. Signals with 
majority counts of eightfold, sevenfold and sixfold coincidence are provided for the user. 
The level of coincidence plays an important role in the relation of efficiency to rejection. 

2.5 Efficiency and rejection 

For a given photomultiplier the efficiency n of recording the signal is given by 

n = 1 - e"* , (16) 

where <|) is the average number of recorded photoelectrons ; see Appendix A. 
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Fig. 8 Efficiency as a function 
of the average number of photoelec
trons per photomultiplier 

If eight photomultipliers are watching the same 
event with similar efficiencies n, then the probabi
lity of observing the different levels of coincidence 
— eight, seven, and six — is given by 

nR = (1 - e"V 
n 7 = n 8 + 8 ( l -

n, = n 7 + 28 ( l 

>) ' e"* 

- * ) 6

 e - 2 < t > 
(17) 

These values are shown in Fig. 8, where the num
ber of photoelectrons, for a typical operation of a 
CEDAR, is in the range 1 < <j> < 4. 

In practice, $ can be determined experimentally, 
when the CEDAR is set correctly, by counting simul
taneously the number of coincidences of various levels: 
N 6, N 7, N e. Since these numbers are in direct propor
tion to the efficiencies n 6, n 7, n8> their ratios can 
be substituted for the ratios n 7/n e in Eq. (A.8) and 
for n 6Al 8 in Eq. (A.ll), and values of <j> can be cal
culated. 

These values are then used in their turn to com
pute the absolute efficiencies for sixfold, sevenfold 
and eightfold coincidence levels, through Eq. (17), 
and the information so obtained is vital for the user 
to check that the counter keeps in good running con
dition. 

DESCRIPTION OF CEDAR COUNTERS 
3.1 Optical system 

The optical system of a CEDAR focuses most of the Cerenkov light onto the plane of the 
diaphragm with the help of a spherical mirror whose production constitutes the most difficult 
problem of manufacturing, as explained below. The chromatic dispersion mentioned in Sec
tion 2.2, paragraph (ii), is reduced by a correcting system. For all optical elements the 
tolerances needed for the quality of the surfaces, for the radii of curvature, and for the 
positioning, tilt and eccentricity, etc., have been assessed with computer simulation of 
CEDAR performances. 

3.1.1 Chromatic corrector 

The most flexible system is a composite lens with quartz and sodium chloride axicones, 
which does not deflect the central wavelength (see Fig. 9a). By locating it at various dis
tances from the focal plane, one varies the compensation in relation to the gas pressure. 
This solution has been adopted for the DISC counter1) made for FNAL, but is complex and 
expensive. 
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a) Corrector of DISC optics (Ref. 1) b) Corrector with two quartz lenses 

Fig. 9 Chromatic corrector optics 

If one accepts the use of only one kind of gas in a given counter, the chromatic disper
sion only depends through Eq. (6) upon y of the wanted particle. Therefore a fixed corrector 
can be designed to best compensate for the chromaticity when the ultimate resolution must be 
achieved, i.e. for separation of kaons and pions of the highest momentum. With decreasing 
momentum (higher gas pressure) the chromatic dispersion gets larger and is only partially 
compensated by the fixed corrector, but the separation between the light rings increases 
faster than the spot size as can be seen from Fig. 10. 

This solution has been adopted and, in order to cure both transversal and longitudinal 
chromatic aberrations, two quartz lenses are needed. The first lens can be associated with 
the mirror, which becomes a Mangin mirror (back surface reflecting) (see Fig. 9b). This 
mirror has a central hole of 100 mm diameter to let the beam through. These optical elements 
are shown in real proportions in Fig. 11. 

When the best correction is achieved it still 
provides only a first-order cancellation [the cur
vature of the dispersion function n(X) is not the 
same for He and Si02, nor for N 2 and Si0 2]. Thus 

101- \ \ -| a second-order dispersion remains, which grows 
rapidly towards the UV region. To strike a ba
lance between maximum light output and best reso
lution we have set a cut-off at X = 240 nm by 
means of glass filters glued onto the exit windows. 

E 
E 
DC 
< 

0.1 

1—r—r n—r T~r 

cor 
CEDAR-W — I 

CEDAR-N 
j i 

15 30 60 100 150 
pK(GeV/c) 

340 

Fig. 10 CEDAR resolution. For both CEDAR-W and 
CEDAR-N the chromaticity AR ch and its remanent 
value after correction A R c o r are compared with 
the separation between pions and kaons ARjç v and 
the effect of the multiple scattering undergone 
by the beam AR^. 
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Fig. 11 a) CEMB, optic»! «lésants enlarged to better show their real shape and loca
ted is a distorted scale drawing of the optical trajectories, b) CEDAR optics on a 
reel teal». 

3.1.2 Mamgin mirror 

Strict tolerances h a w been put on the quality of the quartz blanks (300 mm diameter and 
40 mn thickness) in which the mirrors are polished, A path length homogeneity of X/8 was 
required, ( M y one supplier has offered to produce quartz pieces of such dimensions and 
quality, and the acceptance of these blanks has been subjected to the analysis of double 
path interferometry in order to detentine the inhomogeneities in terms of spherical aberra
tions and astipatism, see lef. 3. The quality required was not quite met by all the blanks 
and spherical polishing would not hawe produced mirrors with the wanted performance. But 
soie aspberical figuring could be done 
on the back surface of the mirrors to *";*T v''^ :"l v^**-' ' ' ' '.-*' '.i/'?'*:-™ '*' 

* t t 4"* ***** * * 9 t * 

help to correct for the quartz laper- *.-••• y-'-- .» ' ' .""̂  " ' " . ' ' 
factions. As a final test, detisle 
traversal analysis with the scatter 
fringe method was aade to check the 
quality achieved (Pig, 12). Behind the 
diaphragm eight simple condenser lenses 
focus the light onto the photoauiti-
pliers. Table 2 shows the main para
meters of these optical elements. 

Flf, It Scatter fringe interferogram 
taken et the functional focus of the 
Mangio airror 
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Table 2 
Optical parameters list 

CEDAR-W CEDAR-N 

Mirror 

Glass Suprasil I Suprasil I 
Outer diameter 300 mm 300 mm 
Hole diameter 100 mm 100 mm 
Radius of reflecting surface 8610 mm 8913 mm 
Radius of refracting surface 6615 mm 8074 mm 
Thickness 40 mm 40 mm 

Corrector 

Glass Suprasil I Suprasil I 
Outer diameter 320 mm 270 mm 
Hole diameter 150 mm 150 mm 
Thickness 20 mm 20 mm 
Radius of entrance surface 1385 mm 2885 mm 
Radius of exit surface > 5000 m > 5000 m 

Condensers 

Glass Spectrosil Spectrosil 
Thickness 10 mm 10 mm 
Radius of entrance surface 300 mm 270 mm 
Radius of exit surface 00 00 

Radial eccentricity 30 mm 10 mm 

3.1.3 Optical tests 

For every CEDAR1s optics the optimum longitudinal positions of the lenses have been 
computed with the measured radii of curvature. The system was then tested with a light 
source put at the height of the diaphragm, by collecting the light through a movable slit 
on the other side of the diaphragm (Fig. 13). In this process the light is reflected on 
a test mirror of quality X/15 and simulates a Cerenkov emission. This double path through 
the whole optical system gives a high sensitivity to measure defects or mismatches that 
result in an increase of the spot size. Such measurements allowed us to establish the focal 

TEST MIRROR 

Fig. 13 Diagram of light path for optical test of the assembled system 
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length of the system to within 1 mm, and once this information was available another com
puter optimization was carried out to define the final position of the mirror and of the 
corrector. 

3.1.4 Light output 

It is interesting to note that, as shown in Fig. 14, the mirror diameter has not to be 
made larger than 300 mm for the benefit of off-axis particles, since there is no point in 
collecting more photons in the already favoured sectors 1 to 4, as shown by the shaded area 
in the example of Fig. IS. 

The range of the photon spectrum which can be accommodated is described in Section 3.1.1 
above and is limited by the needs for high resolution. The back surface of the mirror is 
coated with Alflex UV covered by a protecting layer, and a high reflectivity of up to 901 has 
been obtained. All refracting surfaces are treated with MgF 2 (a 75 nm thick layer) for a 
minimum reflection at 300 nm. A very good transmission efficiency for the total quartz thick
ness of 120 mm is achieved with Suprasil I and Spectrosil A. All effects contributing to the 
effective spectrum are illustrated in Fig. 16. 

8 _ _ — - 1 

7 / A ^ 
| 

1 p^fS ///Zyv/y\ 
i \ M>c 'vM W 3 

/ V / \ 
5 u 

Fig. 14 Effective radiator length for a hollow mirror Fig. 15 Photon distribu
tion on the mirror from a 
particle belonging to the 
edge of the beam 

quartz absorption (12 cm) 

200 300 

Cerenkov light production^.! arbitrary units) 

500 X(nm) 
Fig. 16 Light production, trans
mission, and detection versus 
photon wavelength 
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3.2 Mechanical engineering 

The pressure vessel (15 bar) is made of a steel pipe with 534 mm inner diameter and 
558 mm outer diameter, welded on square flanges, to which a nose with eight quartz windows 
and photomultipliers is bolted on the upstream end while a spherical head closes the down
stream end (see Appendix C). 

3.2.1 Temperature uniformity 

In order to achieve a temperature uniformity of ±0.1 K, as required in the most extreme 
conditions (see Section 3.3.1), the whole counter is packed with 100 mm of polyurethane foam 
to provide the best thermal insulation. The supporting feet, gas pipes, and electric cables 
are designed to minimize thermal conduction to the outside world. In order to improve the 
longitudinal conductivity, thick aluminium shells have been clamped to the outside of the 
big vessel and copper shells are fastened onto the nose. With these improvements the time 
constant for heat diffusion along the counter is reduced to less than a day and the daily 
variations of the external temperature are attenuated by a factor of 20. The vessel tempera
ture is monitored by three platinum wire thermometers located at both ends and at the dia
phragm main flange. Temperature gradients of AT > 0.3 K have been monitored only excep
tionally after a big seasonal temperature change in the halls. 

3.2.2 Windows 

The beam traverses the counter through circular windows made of aluminium alloy (norm 
AFNOR = AZ5GU) with a diameter of 100 mm and a thickness of 0.4 mm. These membranes are 
hydroformed in the hard state to reach a radius corresponding to the equilibrium sphere for 
the elastic limit of their material. Samples have undergone a life test, being cycled from 
1 to 45 bar 2000 times with a rise-time of 0.1 s. The tightness is obtained with all metallic 
contacts of the membranes on bolted flanges machined with toroidal surfaces. 

The eight optical windows are made of quartz cylinders of 45 mm diameter and 10 mm thick
ness. Their ring frame is made of stainless steel and the binding is obtained by heating the 
rings at 150 °C. When the ensemble is cooled down, the layer of silver deposited on the cir
cumference of the quartz disk is compressed and produces a perfect sealing. A destructive 
test was made whereby 300 bar were reached. 

3.2.3 Optical tower 

The supporting structure holding the mirror, the chromatic corrector, and the diaphragm 
is an isostatic triangular assembly of tubes bolted on spherical cups. The tower is straight 
to within ±0.2 mm over 4.5 m and has a static sag of 0.1 mm. It is supported by a sphere 
under the diaphragm and is fixed without constraint to the pressure vessel so that pressure 
or temperature variations do not affect the optical axis. The ring diaphragm is located at 
the upstream end of the tower. The mirror frame, fixed at the downstream end, provides for 
mirror alignment in both radial and longitudinal directions. The chromatic corrector rests 
on the first intermediate ring of the tower and can also be aligned in three directions. 

3.2.4 Ring diaphragm 

The diaphragm is composed of a disk with 8 elongated apertures and 8 outer and 8 inner 
segments moved by right-left screw drives. The segments are bolted on high-precision guided 
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Fig. 17 Photograph of the 
light diaphragm where two 
of the eight sectors can 
be seen 

chariots. The 8 screw drives are provided with gears and are turned simultaneously by a 
gear mounted on ball bearings in a V-groove on the periphery of the disc (see Fig. 17). The 
opening can be varied between 0.03 mm and 20 mm, in steps of 0.01 mm, with a motor located 
externally to the vessel. A final check of the circularity of the aperture performed on an 
optical turntable shows radial deviations of less than 0.02 mm. 

3.2.5 Alignment table 

The fine alignment of the optical axis with 
the beam axis is made by rotating the whole coun
ter. To provide for this motion the pressure 
vessel is supported on three points: one sphere 
located under the diaphragm and two spheres 
whose bases are resting on a V-shaped surface 
under the mirror. The alignment mechanism made 
of cast aluminium has two chariots moved by 
right-left screw drive, opening the V-surface. 
The motion of these chariots in opposite direc
tions produces a vertical displacement, whereas 
a motion in the same direction (horizontal dis
placement) is provided by another screw drive. 
These fine displacements in the horizontal and 
vertical directions with a step resolution of 
0.01 mm provide an angular positioning within 
2 urad. For all these mechanical parts rele
vant parameters are listed in Table 3. 

3.3 Gas controls 
In order to achieve the best mass reso

lution, the index of refraction must be uniform 

Table 3 
Mechanical parameters list 

Overall length 6200 mm 
width 920 mm 
height 1890 mm 

" weight 2.4 t 
Beam windows: 

material Aluminium alloy 
diameter 100 mm 
thickness 0.4 mm 

Optical tower: 
length 4500 mm 
sag due to gravity 0.1 mm 
thermal expansion 0.05 mm/K 

Diaphragm: 
azimuthal opening 8 x 42.6° 
radial opening (LD) 0 to 20 mm 
opening accuracy 0.01 mm 

Alignment table: 
x, y range -4.3 to +4.3 mm 
Ax, Ay accuracy 0.01 mm 
angular resolution 2.3 urad 
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in the whole radiator and stable during the period of data taking. The first condition re
quires an excellent uniformity of temperature, which is obtained by the means explained in 
Section 3.2.1, but it does not imply that this average temperature has to be kept constant 
in time. The second condition requires a perfect tightness of the vessel and/or an easy way 
of restoring the wanted index of refraction, by tuning the pressure to follow the volume 
variations of the vessel due to temperature changes. 

3.3.1 Measurement of the index of réfraction 

The variations of the index of refraction must be kept, say, ten times smaller than the 
ultimate resolution A3/3 = 10" 6, in order to match the quality of the optical system. One 
therefore aims at keeping the index of refraction within An/n < 10~ 7. Although it is poss
ible to build a refractometer with this resolution (see Ref. 4), it was not felt desirable 
to have refractometers of that quality and complexity attached to each of the twelve CEDARs 
operating in the SPS areas. The chosen alternative was to monitor the density of the gas 
through pressure and temperature. Indeed the index of refraction can be deduced from the 
density since a unique gas is used with each type of counter. 

The index of refraction of a gas can be expressed in terms of electron oscillators as 

Nq* 
2e0m <4 

(18) 
w + ryiJD 

where N is the number of atoms per unit volume5). Clearly n - 1 is proportional to the gas 
density and, using the perfect gas equation, this then reads: 

n - 1 = (n0 1) [POJT ' (19) 

where P and T are the actual pressure and temperature, and n is measured at P = 1 bar and 
T 0 = 293 K. 

The error propagation obtained by differentiation of Eq. (19) reads: 

^2 = (n - i) TAP _ AT] 
n n |_P TJ (20) 

Since (n - l)/n ~ 1/3000 (see Table 4), the accuracy needed to monitor P and T is 3000 times 
smaller than the accuracy required to measure n directly. Tolerances on n, P, and T, corres
ponding to the wanted resolutions, are listed in Table 4. 

Table 4 
Tolerances and accuracies for gaseous state 

CEDAR 
type e 

(mrad) 

n Ul t imate 
s e p a r a t i o n 
^ / « s e p 

Corresponding < accuracies CEDAR 
type e 

(mrad) 

n - 1 
Ul t imate 

s e p a r a t i o n 
^ / « s e p 

CEDAR 
type e 

(mrad) 

n - 1 
Ul t imate 

s e p a r a t i o n 
^ / « s e p Ag/e An/n AP/P AT 

(K) 

W 30.9 2095 5 x 1 0 - 6 5 x 1 0 " 7 5 x 1 0 - 7 1 0 - 3 0.3 

N 25.8 3005 i o - G l O " 7 10" 7 3 x 10-" 0 .1 
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In practice, the measurement of the temperature is straightforward, but the precautions 
explained in Section 3.2 are needed to obtain a uniformity of temperature along the vessel. 
To measure the pressure a precise instrument is required, which is calibrated in the labora
tory with a reference refTactometer. 

The slight contamination of the gases (N2 or He), due to leaks of the windows or coming 
from outgassing of the counter vessel, can be dealt with. 

3.3.2 Gas pressure monitoring and absolute calibration 

The heart of the pressure control is a very accurate pressure transducer6J, which 
provides, with a stability of 10""1*, an electrical wave form whose frequency is related to 
the pressure of the gas (so that a measurement of pressure is reduced to a measurement of a 
frequency). The principle of operation of these transducers*-' is briefly illustrated below. 
The sensing elements consist of two concentric cylinders, a vibrating inner one and a pro
tective outer one. A spool body internal to the inner cylinder holds small electromagnets 
which drive the vibrating cylinder and pick-ups to detect its motion and frequency. The 
space between the two cylinders is evacuated to give an absolute pressure reference. The 
volume between the inner cylinder and the spool body is pressurized with the gas to be 
measured and this causes the cylinder's natural frequency to increase. The frequency is 
detected by the pick-up, which provides a square wave voltage whose frequency is propor
tional to the pressure of the gas. The whole transducer is thermostatted at 40 ± 0.5 °C in 
order to avoid the frequency swing due to external temperature. 

Each pressure transducer is calibrated7) by means of a Rayleigh-type refractometer in 
the laboratory. For each pressure point the index of refraction is established by counting 
the fringes for the optical path difference between an evacuated cell and a cell filled with 
the gas for which pressure and temperature are recorded simultaneously. A typical number of 
fringes is ten thousand and the high accuracy is obtained by sharp interpolation by means of 
an array of sixteen light diodes. 

The frequency response of the Hamilton transducer is not linear in pressure and a fit 
is made for each transducer of a polynomial with six parameters7J. 

3.3.3 Gas handling 

Each CEDAR is connected to the gas supply network of nitrogen or helium, where a pres
sure of 20 bar is available. On the feeding line the pressure is automatically kept at a 
value of P+5/P (bar), with a spring-biased pressure regulator. Similarly a pressure of 
1.5 bar is maintained on the outlet branch so that equal quantities of gas can be let in 
or out by activating on/off valves for a controlled time. In this way the gas pressure 
can easily be computer-controlled. A gas expansion of less than 5/P (bar) at the inlet is 
important to keep the temperature uniformity needed for the best resolution [see Section 5.3, 
paragraph (vi)]. 

*) This instrument is now distributed by The Solartron Electronic Group Ltd., Farnborough, 
Hampshire, England. 
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4. LAYOUT, ELECTRONICS, AND COMPUTER CONTROLS 
4.1 Layout 

The angular acceptance of CEDARs is very small when the light diaphragm is closed to 
ensure the best separation. Therefore the SPS secondary beams have been designed including 
a section with the best parallelism (large beam dimensions and small divergence in both 
horizontal and vertical planes) for the installation of CEDARs, in order to optimize the 
counting efficiency. 

One or two CEDARs can be installed in such sections and the basic layout, shown in 
Fig. 18, consists of: 

2 scintillation counters XTRI 1, XTRI 2 (0 100 mm, S mm thick NE 110), 
1 anticounter XANT (with a circular hole of 0 100 mm) in front of each CEDAR, 
1 two-plane (horizontal and vertical) analog wire chamber XWCA 8), 
2 pairs of filament scintillation counters9) XFSs. 

Fig. 18 Typical layout of two CEDARs and associated equipment in a beam line (H6) 

The two XTRIs are used in coincidence to define the useful beam region. The counters 
XANT are used to veto halo particles which travel outside the useful beam (their use is 
recommended when working at beam intensities of 5 x 10 G or more). The wire chambers XWCA 
are used to measure the beam position and size at the CEDAR during the tuning of the beam. 
The two pairs of XFSs (horizontal and vertical filament beam scanners) are finally used to 
adjust the beam direction and parallelism, by operating them in coincidence9J. The trigger 
counters, the wire chamber, and the scintillator filaments of the XFSs must be taken out of 
the beam during data taking (remote control). 

4.2 Electronics for signal treatment 
The block diagram of the electronics associated with each CEDAR is shown in Fig. 19. 

The signals from the 8 photomultipliers are first shaped by fast discriminators operated at 
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low threshold to detect one single photoelectron, and then split into two. One signal goes 
to a majority state logic unit where three levels of coincidence (sixfold, sevenfold, and 
eightfold) are provided and sent to the experimenters, usually in anticoincidence with the 
XANT signal. The other signal is used for the diagnostics of the instrument. The signals 
of each photomultiplier are sent to a strobed coincidence unit and recorded on 8 scalers. 
When the two XTRI trigger counters are introduced into the beam, their coincidence signal is 
used as a strobe input; the counts read in the 8 scalers give information on the efficiency 
of each photomultiplier and on the size and position of the light-ring image at the diaphragm 
plane. 

To complete the CEDAR diagnostics, the counts of the sixfold, sevenfold, and eightfold 
coincidences are also recorded; they are used to evaluate the average number of photoelec-
trons (NPE) seen by the photomultipliers (NPE is deduced from the ratio of the rates counted 
at the three levels of coincidence, which can be done even when the trigger counters are not 
in the beam, see Appendix A ) , and to measure the mass spectra and the rejection of unwanted 
particles while scanning the CEDAR gas pressure. 

4.3 Computer controls 
All CEDARs installed in the SPS secondary beams can be operated simultaneously from the 

EA computer terminals installed in the experimenters1 counting rooms via a set of control 
and diagnostic programs. 

For that purpose a series of interacting programs have been written to help in tuning 
and operating each CEDAR. They can be run under the program (TREE) associated with the 
beam line in use. The sequence in which these different programs can be reached and the 
several options are listed below: 

#TRUNK# — / — / — / D E T E C T O R S / / / /BACK : PET 
#DETECT# CEDAR/ / — / / : CEDAR 
#CEDAR# STATUS/SETUP/TUNE/MEASURE /BACK 

I 

PRESS 
(_MASS 

DIAPHRAGM 
ALIGNMENT 

_| TRIGGERS 

A description of the subroutines is given in the following. The algorithm used is as shown 
in Appendices A and B. 

STATUS is an acquisition program which reads and displays the current values of the 
parameters of the detector useful for its control and operation. A typical example of its 
write-out is shown below. 

EFFICIENCY 
P-SCAN 
LD-SCAN 
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I DETECT I CEMR/THRESH/HyPC/FISC/TRIG/SPECTR/ATRIG/HOBOSC/SPILL/EXPT/: CEDAR 

CEDAR IN THIS BEfiH= 2 
HUHBER :1 

t CEDAR f STATUS/SETUP/TUNE/HEASURE/////BACK/:ST 

STATUS OF * CEDAR - 1 t IN BEAH HS AT -158 CEV/C 1982-64-28-21:88 

f GAS TEHPS t HEAD = 22.58 EBEG] \ 
HID = 22.35 [DEG1 > HAX. TEHP. DIFF.= .38 IlEG] 
TAIL = 22.28 [BEG] / 
TRANSDUCER IS OK = 39.4? I DEC] ROOH = 23.49 [BEG 3 

i PRESS ANB HASS t PRESS= 18.3278 EBAR] HftSS= .469 t/- .883 [GEV1 

t HASS-PRESS t ELECTR0HSM8.I78 [BAR] HUÛNS =18.185 [BAR] 
PI0NS=18.191 [BAR] KADNS =18.343 [BAR] PROTOHS=lB.776 CEfiRI 

f HOTORS PUS. f 
DIAPHRAGH= 1.88 [HH1 * HOR. X = .88 [RKl * VERT. Y = .38 [HH] 

f TRIGGERS POS. t TRIGGERS ARE IN H¥ IS ON 

« PUS t EFF'S <S)=9.68E-1 EFF'S (7)=8.18E-1' EFF'S (8)=4.26E-1 
TRIGGERS =2.38E6 HPE/PH =2.29 

HARBCOPY (Y/RET): 

#GAS TEMPS# gives the gas temperatures in three sections of the vessel; their average 

value is used with the gas pressure to evaluate the actual index of refraction of the ra

diator. The body temperature of the pressure transducer (Section 3.3) is also given. A 

warning message is issued in the case of an abnormal value, since in that condition the 

transducer information is wrong. 

#PRESS AND MASS# gives the actual average gas pressure and the calculated value of the 

mass on which the detector is tuned at that time. 

#MASS-PRESS# gives the computed gas pressures which should be used, in accordance with 

the actual gas temperature, to tune the CEDAR on the masses of e, u, IT, K, and p for the 

current beam momentum. 

#MOTOR POS# gives the light diaphragm opening and the position (horizontal and vertical) 

of the alignment table. 

^TRIGGER POS# checks the position of the triggers in the beam and if their high voltage 

is on or off, without modifying any of these parameters. 

ffPMSff. evaluates the sixfold, sevenfold, and eightfold efficiencies from the measured 

average NPE per photomultiplier — Appendix A ~ and from the beam intensity (TRIGGERS). 

SETUP reads and displays the parameters (delay and photomultiplier high voltage) of the 

triggers associated with the CEDAR (TRIGGERS) and those of the CEDAR itself (PMS). Both sub

routines allow the high voltage of the photomultipliers to be switched off or to be restored 

to the reference values. The TRIGGERS branch also permits the triggers to be taken out of 

the beam when the CEDAR is ready for data taking. 
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ISETUPI :TRIGGERS/PMS/ :TR 

TRIGGERS OF CEDfiR - 1 I IN BEAN H6 AT -158 GEÏ/C 1982-64-28-21:11 
****m**±************m*****************************************m**t 

IPOS. TRIGGERS f TRIGGERS ARE IN 

TRIGGER 1ELAYIHS] HVIKV] SCALER 
UPSTR -1 1.82 2.17E6 
BQUHSTR 23 1.91 2.15EÎ 

TRIGGERS ! VANT THEN IN BEAU (Y/N)=Y 

f TRIGGERS PHS f RESTORE/ZERGHV (R/Z)= 

tSETUPf =TRIGGERS/PUS/ ,PHS 

PHS CEDAR - 1 t IN BEftH H6 AT -158 GEY 1982-84-28-21=11 
. ************************************************************************ 

I TRIGGERS FDS. i TRIGGERS ARE IN 

PH HiiHBER DELHTEHS] HYim 
9 1.71 

11 2.51 
13 2.18 
6.5 1.74 

S5 2.81 
8 2.48 

12 2.28 
14 L.LI 

6-FOLD 8 ***** 
7-FOLD 7 ***** 
8-FOLD 8 ***** 
TRIGGERS-CC IHC 8 ***** 

t CEDAR PHS t RESTORE/ZEROHV (R/Z): 

TUNE is an active program by which one can tune the CEDAR through the routines : 

PRESS/MASS/DIAPHRAGM/ALIGNMENT 

- PRESS measures the current gas pressure; then a different value in the permitted range can 

be requested. The new value is measured at the end of the operation. The write-out is 

self-explanatory. 

- MASS evaluates the mass which could be detected with the current value of the index of 

refraction (Appendix B) together with its uncertainty, then a new value can be asked for. 

The print-out is similar to PRESS. 

- DIAPHRAGM is the same as the previous routines. 

- ALIGNMENT allows alignment of the optical axis of the detector on the average beam direc

tion. This is achieved by using the XY alignment table (Section 3.2.5), which supports 

the downstream end of the counter. The range of displacement of the XY table is ±4.3 mm 

with an accuracy of 0.02 mm in both directions, which allows the CEDAR optical axis to be 

moved inside a cone of 1 mrad semi-aperture with an accuracy of 4 urad to get the best 

matching with the beam direction. A typical print-out of this routine is shown below. 

SCALER 
5.79E5 
5.ME5 
5.28E5 
3.31E5 
5.5SE5 
8.73E5 
1.88ES 
9.82E5 
1.14E5 
9.4SE4 
5.84E4 
2.46E6 
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ALIGHHENT CEDAR - 1 - IN BEAM H6 AT -158 GEV/C • 1382-94-28-21:23 

t TRIGGERS PCS. I TRIGGERS ARE IN 

FRESS=18.3278 [BAR] HftSS = .469 +/- .883 [GEY] 

TRIGGERS = 2.89ES HPE/PH= 2.29 

DIfiPHRfiGH = 1.88 M M 
HOR X - .88 M M 

% PN/TRI 
M m m t 

VERT Y = .38 M M 

8 35 24 1 
7 42 24 2 R/L = .61 

6 34 22 3 U/B = 1.66 
c 
•1 21 14 4 

2 PR /HEAR 
********** 

(IJ) 
189 

(L) 135 85 (R) 
65 

m 

CHANGE ALIGNHENT (YES/RET): 
A 

As a first step the two triggers are positioned in the beam and the actual status of the 

detector is given (gas pressure and motor positions). The counting rates of the eight 

photomultipliers, normalized to the beam intensity (TRIGGERS), are then displayed according 

to their position in the counter (beam entering the screen). 

The ratios 

R = 2 + 3 U = 1 + 8 
L 6 + 7' D 4 + 5 

are shown in the central par t , while in the right-hand part of the screen the eight counting 

rates are grouped (R = 2 + 3, e tc . ) and normalized to the average of them a l l . 

ALIGNMENT CEDAR - 1 - IN BEAN H2 AT 250 fiEV/C 1981-09-25-11:5? 
*XX*XX**»X*»»X«XH*X**XXWX*XXXXK»X*XXXXX*XXXXXXX*XXXXtXXXXXXXXXX*XXX*X 

8 38 34 1 CEDAR 81 H2 250 GEV * TRIG= 3.94E5 * 2 PH/HEAN * 
7 76 70 2 U/D = 2.93 R/L = 1.01 NPE/PN= .76 85 
4 46 54 3 X = -,84*Y = 2.7?*0IA = .29 CM] 141 143 
5 9 16 4 M= ,932 [GEV] - 1- p= 10.4131 [BAR] 29 
X*XXXXXX»»XX*X*XXX**XXXXX**X***XX**X*X*XXX«XX*XXXXXXX»*XXX*XX*»***X**X» 

5 6? 66 1 CEDAR 81 H2 250 GEV * TRIG= 3.79E5 * 2 PM/HEAN * 
7 77 73 2 U/D = 1.79 R/L = 1.03 NPE/PH= 1.31 113 
6 54 62 3 X = -,84«Y = 2.90*DIA = ,29 C M 109 113 . 
5 30 45 4 M= .932 [GEV]-2-P= 10.4131 CBAR] 63 
X»XXX**»»XXXXXXXXXXXX*XX»X**ïïXXXXXXX«»XXX»XXïXXXXXXXXXXïXXX*XXX*XXïXXXX 

8 77 73 1 CEDAR 81 H2 250 GEV * TRIG= 1.7SE5 * 2 PH/HEAM * 
7 75 73 2 U/D = 1.34 R/L = 1.12 NPE/PM= 1.66 112 
6 52 70 3 X = -,84»Y = 2.95*DIA = .29 CKH] 95 107 
5 44 67 4 «= .932 CGEV3 - 3-F- 10.4131 CBAR] 84 
»xxxxx**xxx*xx*x*****»xxx**x*xxxx*x»sx»xxxxs**xxx*xx»xx*x»xxxxx**x*xxxxx 
8. 78 76 1 CEDAR 81 H2 250 GEV * TRIG= 3.74E4 * 2 PM/MEAN * 
7 72 73 2 U/D = 1.12 R/L = 1.10 NPE/Fi1= 1.39 109. 
6 56 69 3 X = -,S4*Y = 2.99*DIA = .29 Ch«] 91 101 
5 61 76 4 H= .932 CGEV] - 4- P= 10.4131 CBAR] 97 
*XX*XXXXX*X*XX**HXXX**X*XXX*»XXXXXXXX*XX*XX*XXXXXXX»XÏÏXX-XXX*XXXXXXXXXX 

8 79 77 1 CEDAR 81 H2 250 GEV x TRIG= 3.07E5 * 2 PH/MEAK x 
7 75 74 2 U/D = 1,12 R/L = 1.08 NPE/PM= 1,93 108 
6 59 70 3 X = -,84xY = 3.01»0IA = .29 M l 93 101 
5 62 76 4 M= .932 CGEV] - 5- P= 10,4131 [BAR] 96 
*XXX*XXXXXXX*X*X*X**X*XXXXXXÏXXXXXXXXXXX*tXXXXXXXX*XXXXXXXXXXXïXXXX*XXXX 
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» 2 PH/hEftN * 
104, 

91 93 
104 

ittii i i l i t l i S l i 
x 2 PK/KEAN * 

103 
96 93 

10S 

8 79 78 1 CEDftR «1 H2 250 GEV * TRIG= 3.01E5 
7 73 75 2 U/0 = .99 R/L = 1.06 NPE/PH= 2.12 
6 65 72 3 X = -,B4xY = 3.05*010 = .29 CHU] 
5 75 82 4 H= .932 CGEV3 - é - P= 10.4131 CBftR] 
«*ram«mMmXmmmtX*ramX*X*m*mm*m*XXmmmXH»** 

8 79 77 1 CEDAR SI H2 250 GEV * TRIG= 1.65E5 
7 75 72 2 U/0 = .98 R/L = .96 NPE/PH= 2.15 
6 70 69 3 X = -,90*Y = 3.05*0Ift = .29 CHH] 
5 77 81 4 H= .932 CGEV] - 7- P= 10.4131 CBftR] 
XXXXXXXXXXXXXXIXXXXXXXXXX*X**«XXXX*XXXXXXXXXXXXXXXXXïXXXXXXXXXXXX*XXX*XX 

8 79 73 1 CEDAR SI H2 250 GEV * TRIG= 2.46E5 * 2 PM/tlEftN » 
7 73 73 2 U/0 = .93 R/L = 1.02 NPE/PH= 2.14 104 
6 67 71 3 X = -,8?*Y = 3.05*0Ifi = .29 CNM] 93 96 
5 76 82 4 «= ,932 CGEV] - S- P= 10,4131 CBftR] 105 

MEASURE allows the efficiency of the CEDAR to be measured and a pressure scan (SCAN) to 

be performed in order to define the working point more accurately. 

- EFFICIENCY displays the measured sixfold, sevenfold, and eightfold counting rates normalized 

to the beam's total intensity (TRIGGER); the related efficiencies evaluated as described 

in Appendix A are then shown. 

- P-SCAN is a subroutine which performs a gas-pressure scan between two given limits and with 

a given number of steps. After every step the sixfold, sevenfold and eightfold majorities 

are acquired, but the display is given only when the required statistics (TRIG) has been 

reached. 

The NPE per photomultiplier is evaluated from the three levels of coincidence (see 

Appendix A) and is quoted together with the ratio R between the two results for NPE, 

which should be ̂  1 in the case of good statistics. 

A typical print-out is shown in the following, where the gas pressure scan has been per

formed decreasing the CEDAR pressure in order to perturb the thermal equilibrium of the 

gas as little as possible. The scan limits have been chosen in order to locate the K* 

and T7+ peaks. 

The slight differences between the pressure values corresponding to the peaks and those 

theoretically predicted are due to changes in the gas purity and can be duly corrected. 

P(E)=10.244 P (Mil)-10, 248 P(PI>=10.251 P(Kft)=10.338 P(P)=10.S83 BAR 

CEDAR» 1 IN BEAM H2 : SCAN FROM 10.401 TO 10,15 BARS; STEP- -«,16 MBfiR 
L D= .405 MM; MOMENTUM :-200 QEKI/C 1979-08-12-14:43:53 

PRESS TRIG NPE/PM R •MAJ0RITIES- — - ( :YCLE MEA' 
CBAR3 6-FOLD 7-FOLD 8-FOLD « » 

10.4013 1.88E5 * X 1.54E-5 5 . 3 5 E - 6 5 .35E-6 2 1 
10 .3975 1.82E5 X X 1,05E-8 1 .05E-8 1 ,05E-8 2 2 
10 .3943 2,00E5 •X X 9 .90E-9 9 ,90E-9 9 .90E-9 2 3 
10 .3919 1.74E5 X X 5 . 1 7 E - 5 1 .13E-8 1 .13E-8 2 4 
10 .3884 1,83E5 .04 .28 9 .29E-5 5 .48E-6 1.02E-8 2 5 
10 .387 2.27E5 .02 .15 2 . 05E--4 1 .31E-5 8 .82E -9 2 6 
10 .3839 1.71E5 • 70 '̂  .15 6,19E--4 3 .51E-5 5 .80E-6 2 7 
10 .3808 2.16E5 .45 1 .21 1 ,82E-3 1 . 83E--4 1 , 34E--5 2 8 
10,3784 2.27E5 .57 1 .01 3 .95E -3 7 .44E-4 6 . 66E--5 V 9 
10 ,376 1.92E5 .88 1 ,07 7 . 3 3 E - 3 2 . 0 7 E - 3 3 ,26E -4 2 10 
10 .3735 1.78E5 1 .13 1 .08 1.03E-2 4 . 05E--3 8 .77E-4 2 11 
10 .3704 1.65E5 1 .29 1 .06 1 .42E-2 6 , 5 7 E - 3 1 .61E-3 p 12 
10 .3683 1.80ES 1 . 53 1 ,09 1 .76E-2 8 . 9 8 E - 3 2 .99E-3 2 13 
10 .3663 1,97E5 1 . 73 1 .08 2 . 1 4 E - 2 1.-26E-2 4 . 8 4 E - 3 2 14 
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10.3631 1.89E5 1.92 1 . 08 2 . 39E--2 1.5SE -2 6.61E-3 2 15 
10.3607 1.91E5 1 . 99 1 , 06 2 . 42E--2 1 . 64-E-2 7 . 76E---3 2 16 
10.3583 2.18E5 2 .20 1,06 2 . 69E-2 1 . 98E-2 • 1 . 09E-2 ? 17 
10,3555 2.12E5 2.27 1 . 05 2 . 65E--2 2.01E-2 1.1 SE--2 2 18 
10.3528 1.71E5 2 , 37 1 , 03 2.83E-2 2.34E-2 1.38E-2 ? 19 
10.3503 1,96E5 2 . 49 1 . 03 2 . 8SE-2 2.4SE--2 1.48E-2 2 20 
10.3472 2.12ES 2.62 1,02 2 . 90E-2 2 , 54-E--2 1 . 52E-2 2 21 
10.34-52 1.62E5 2.70 1.03 2 . 89E--2 2, 45E--2 1.62E-2 2 22 
10.3424 1.98ES 2.75 1.02 2.94Ë-2 2.6SE-2 1 . 78E--2 2 23 
10,34 1.98E5 2.79 • 1.01 2 . 97E-2 2 .74E--2 1.77E-2 2 24 
10.3376 1.71Ë5 2.80 1.02 2,90E-2 2.65E-2 1.75E-2 2 25 10.3348 1.98E5 .2 , 82 1,02 2.93E-2 2 . 68E--2 1 . 74-E --2 2 26 
10.3324 1.92E5 2.75 1 .01 3.00E-2 2 . 79E- -2 1.75E-2 2 27 
10.33 2,20E5 2 . 66 1,01 2 , 99E---2 2.68E-2 1.66E--2 2 28 
10.3275 2.07E5 2 . 63 1 , 03 2.99E-2 2.54E-2 1.62E-2 2 29 
10.3248 2.1.0E5 2.52 1 .03 2.86E-2 2 ,46E--2 1.41E-2 2 30 
10.322 1,97E5 2 . 42 1.03 2.82E-2 2.34E-2 1.35E-2 2 31 
10,3199 1.60E5 2.32 1.03 2.77E-2 *> r> *? F—^ 1.20E-2 3 32 
10,3175 1,79E5 2 . 20 1 . 05 2 , 66E--2 2 . 03E--2 1.09E-2 2 33 
10.314-4- 1.85ES 2 . 03 1 . 04- 2.S3E-2 1 . 80E--2 B.S8E-3 2 34 
10.3117 1.73E5 1 .86 1.07 2,43E-2 1.51E-2 6 . 62E--3 2 35 
10.3093 1.56E5 1 , 75 1 , 06 2,38E-2 1 . 40E--2 5.4-4-E-3 2 36 
10.3068 1.96E5 1 .51 1 .06 1 . 93E-2 1 , OSE--2 3 , 39E--3 2 37 
10.3041 1.69ES 1 .26 .1.05 1 , 74E--2 7 , S9E--3 1 . S1E--3 «:. 38 
10.3017 2.02E5 1 . 05 1.08 1 . 52E--2 5.13E-3 1.02E-3 '? 39 
10,2993 1.76E5 ,75 1 ,18 1 , S4E -2 2.91E--3 4 , 07E -4- 2 40 
10.2965 2,09ES .42 1 . 15 2 , 34-E-2 2,58E-3 1.61E-4 2 41 
10.2941 1.69E5 ,43 1 , 10 5,04E-2 5 . 94E--3 4 , 02E-4 "? 42 
10.2917 2.11E5 .64 1. 10 1, 17E--1 2. 04-E-2 2 . 28E--3 '? 43 
10,29 1.80E5 , 84 1,07 2.07E--1 5. 29E--2 7.71E--3 2 44 
10,2865 1.94E5 1 . 12 1, 11 3.04E-1 1.03E-1 2.37E--2 2 45 
10,2841 2,02ES 1 .31 1 . 09 4.15E-1 1.71E-1 4,63E-2 2 46 
10,281 1.6 IE5 1.52 1 . 09 5. OIE -1 2.57E-1 8.23E-2 2 47 
10.2793 1,63E5 1.71 1.08 5.82E--1 3.31E--1 1.20E--1 2 48 
10.2762 1.84E5 1 . 86 1.08 6.S6E-1 4.17E-1 1.71E-1 2 49 
10.2741 1.89E5 2.02 1.07 7.01E-1 4-.86E -l 2.20E-1 j? 50 
10,271 1.81E5 2.16 1.06 7.5SE-1 5.57E-1 2.81E--1 '? 51 
10.269 2.14E5 2.29 1 . 05 7.83E--1 6.07E--1 3.31E-1 2 52 
10,2655 2,02E5 2 . 40 1.04 8.02E-1 6.55E--1 3.72E-1 2 53 
10.2638 1.81E5 2.50 1 . 03 8.12E--1 6.B1E--1 4.09E-1 2 54 
10.2611 1.82E5 2 . 53 1.03 8.20E-1 7.14E--1 4.38E-1 2 55 
10,2587 1.91ES 2 . 65 1 . 02 8.39E--1 7.35E-1 4.63E--1 2 56 
10.2559 1,73E5 2,71 1.01 8.35E-1 7.49E-1 4.80E-1 2 57 
10.2528 1.82E5 2 . 76 1.01 8.33E-1 7.57Ë--1 4.92E--1 '? 58 
10.2511 2.06E5 2 , 78 1.02 8.30E-1 7.56E-1 5.07E-1 2 59 
10,2484 1.84E5 2,85 1,01 8.49E-1 7.72E-1 5.20E-1 2 60 
10.2508 1.96E5 2 . 77 1.01 8.4-8E-1 7.68E-1 5.00E-1 2 1 
10.246 1,65E5 2.71 1.02 8.39E-1 7.4-1E-1 4.81E-1 2 2 
10.2412 2.06E5 2.63 1.02 8.34E-1 7.35E-1 4.50E-1 2 3 
10.2371 1.81ES 2.52 1.03 8.23E--1 6.96E--1 4.13E--1 2 4 
10,234 1.98E5 2.36 1.04 7.90E-1 6.32E-1 3.56E-1 2 5 10,2292 1.73E5 2.17 1.05 7.52E-1 5.60E-1 2.82E-1 2 6 10.2258 2.26E5 1.97 1.06 7.04E-1 4-.83E-1 2.12E-1 2 7 10.222 1.94E5 1.70 1.06 6.15E-1 3.65E-1 1.39E-1 2 Q 10.2179 1.81E5 1.37 1.06 4.71E-1 2.26E-1 6.32E-2 2 9 10.2141 1.79E5 1.03 1.05 3.16E-1 1.11E-1 2.17E-2 2 10 10.2107 2.16E5 .69 1.05 1.50E-1 3.48E-2 3.81E-3 2 U 10,2069 1.88E5 .43 1.05 4.76E-2 5.96E-3 3.89E-4 2 12 

- LD-SCAN is a subroutine which scans the light diaphragm opening while the pressure remains 
at a fixed value, thus operating the counter similarly to a threshold one. 
The display is the same as from the pressure scanning subroutine and it can be used to 
determine the maximum opening for the light diaphragm in order to avoid counting unwanted 
particles while allowing the best possible efficiency. 

PRACTICAL OPERATION 
When a new experiment is being set up, EA experts help to put the CEDAR(s) into operating 

condition, and at the same time instruct the users on how to do it themselves. 
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5.1 Particle separation and CEDAR resolution 
The separation in millimetres of Cerenkov light rings at the light diaphragm is shown 

as a function of the beam momentum and for various particles in Figs. 20 and 21. In order 
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Fig. 20 CEDAR N Fig. 21 CEDAR W 

Radial distance in the plane of the diaphragm between the light rings of the wanted and of 
various unwanted particles versus beam momentum. The dotted line indicates the width of the 
light spot (4a) and the dashed line gives the contribution to the light spot of the multiple 
scattering (4a). 
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ta get a good particle identification, this separation must be larger than the width of the 
light rings for which the two main contributions are also shown in Figs. 20 and 21. 

Example: For a CEDAR-N set on kaons at 200 GeV/c, one reads from Fig. 21 a light spot of 
46 ym, a multiple scattering effect of 85 ym, and a distance to the pion ring of 400 ym, so 
that an LD opening between 200 ym and 400 ym would be adequate. 

Closing the light diaphragm gives a better rejection of the unwanted particles, but a 
worse efficiency of counting the good ones, especially in the presence of beam divergence. 

5.2 Efficiency 

Counting efficiencies depend upon various factors: status of optics and of photomul-
tipliers, LD opening, gas pressure, beam momentum, angle of the particle trajectory (due to 
beam divergence and CEDAR alignment), and choice of the sixfold, sevenfold, or eightfold 
coincidence level. The counting efficiencies are related to the NPE seen by a photomultiplier 
by the expressions given in Appendix A and shown in Fig. 8. The sixfold coincidence reaches 
a high efficiency already with NPE = 2, whereas the eightfold one hardly goes beyond 601 for 
NPE < 3. Typical numbers of photoelectrons are between 2.5 and 3 for a CEDAR-N and between 
3 and 3.5 for a CEDAR-W, with LD wide open. Past experience indicates that the sixfold level 

Table 5 
6-fold efficiency of CEDARs as measured in Ref. 10 

Energy, 
polarity 

(GeV/c) 

P T 

(GeV/c) 

CEDAR-1 CEDAR-2 Energy, 
polarity 

(GeV/c) 

P T 

(GeV/c) 
LD 
(mm) 

Efficiency 
(t) 

Number 
of points LD 

(mm) 
Efficiency 

Co) 

Number 
of points 

-60 0 
0.5 

0.62 
2.52 

85.2 + 0.6 
96.6 ± 0.3 

3 
3 

0.62 
2.52 

66.6 ± 0.6 
93.7 ± 0.15 

3 
3 

+60 0 
0.5 

2.52 96.9 + 0.3 6 2.52 94.0 + 0.5 6 

-120 
0 
0.3 
0.5 

1.24 95.7 ± 0.18 9 1.24 92.5 ± 0.23 9 

+120 
0 
0.3 
0.5 

1.24 94.85 ± 0.27 9 1.24 91.13 + 0.54 9 

-200 0 
0.5 

0.23 
0.23 

80.0 ± 1.8 
66.2 ± 2.0 

3 
3 

0.23 
0.23 

69.5 ± 1.5 
71.8 + 3.3 

3 
3 

+200 0 
0.5 

0.31 86.71 ± 1.3 3 0.25 
0.31 

78.34 ± 0.5 
77.6 ± 1.0 

3 
3 

-300 0 
0.5 

0.13 
0.13 

58.2 ± 0.3 
56.2 ± 1.5 

3 
3 

0.13 
0.13 

50.6 ± 0.4 
48.9 + 1.5 

3 
3 

+300 0.5 0.13 64.5 ± 1.0 3 0.13 56.5 ± 0.5 3 
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has a rejection power good enough for practically all applications encountered so far (one 
exception is described in Section 5.6). 

The average efficiency also drops when the beam divergence is larger than the angular 
acceptance of the counter, given by the LD setting divided by the focal length. At very 
high energy, where one might have to close the LD to 0.1 mm, the acceptance is 0.1 mm/3.88 m = 
= 26 urad for a CEDAR-N. Keeping a beam parallel to this level of precision requires a lot 
of attention. In the best case there will always be some tail in the divergence distribution 
for which the counting efficiency is lower. 

As an indication of the efficiencies one can reach in practice, we give in Table 5 the 
measured absolute values obtained in an experiment with 400 GeV/c protons 1 0). The H2 beam 
had been carefully optimized for those CEDAR measurements. 

5.3 Procedure for the tuning and setting up of a CEDAR 
i) The parallelism of the beam must be tuned to provide a beam divergence smaller than the 

counter acceptance, see Section 5.2. 
ii) In order to ensure an easier operation of the trigger counters and of the CEDAR during 

the tuning, it is better to keep the beam intensity below, say, 106/s by collimating 
the beam size without altering the beam divergence at the CEDAR. 

iii) Print the STATUS of the CEDAR to check its current pressure, temperatures, etc., and 
to read the nominal values of pressure corresponding to the different particles. Then 
set the pressure for the most abundant particle (protons in a positive beam, pions in 
a negative one). 

iv) Open the diaphragm (LD = 20 mm), using the program ALIGN, to measure NPE and to check 
that all photomultipliers are efficient: the ratios of the photomultipliers counts to 
the triggers counts should not be less than 901 [if the beam energy is high enough so 
that all the light rings of IT, K, and p are falling inside the diaphragm opening; this 
can be checked on Figs. 20 and 2l]. The ratios of photomultiplier efficiencies right/left 
(R/L) and up/down (U/D) obtained with the open diaphragm are to be kept as reference. 

v) Align the CEDAR in the beam in order to optimize its performances (Fig. 4c). This is 
achieved by trying to reproduce the same values of R/L and U/D after a reduction of 
the diaphragm opening. It is preferable to reduce LD in steps, since the alignment 
gets more and more tricky with smaller diaphragms! The real optimum is reached when the 
values R/L and U/D are the same as for the wide open diaphragm [paragraph (iv) above] 
and NPE is simultaneously at a maximum. One should not worry if the efficiencies of 
the right and left photomultipliers (2, 3, 6, 7) are not the same as the efficiencies 
of the top and bottom ones (1, 4, 5, 8); this is generally the case because of different 
beam divergences in the horizontal and vertical planes. But, if the overall efficiency 
is well below what might be expected for the particle on which the alignment is done, 
something more fundamental should be checked, e.g. the pressure. 

vi) The nominal pressures given by the program might be slightly wrong because of a gas 
pollution by air or vessel outgassing. A pressure scan is the best way to check the 
correct pressure setting. This is a lengthy procedure if one intends to go through 
several particle peaks, because at low momentum the big change of pressure is time 
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consuming, and at high momentum the good resolution can only be achieved with a perfect 
thermal equilibrium in the gas radiator. When the vessel pressure is increased by a 
gas inlet there is an overall adiabatic temperature increase plus a local inlet of cool 
gas (expansion at the valve). The latter effect is dangerous because of the long time 
constant (about one hour) needed to reach thermal equilibrium, which is due to the 
length of the counter. But when a gas outlet is made, there is a uniform decrease of 
temperature followed by an equilibrium reached with a time constant of 15 s. Therefore, 
with AP = -3 mbar between points, an accuracy of 1 mbar would be reached only if one 
waits 15 s before each measurement. A scan done at a higher speed will neither reach 
the ultimate resolution (best dip between peaks) nor give the pressure with an accuracy 
of 1 mbar. 

In summary, a pressure scan should be done by decreasing the pressure, with an LD setting 
smaller than or equal to the distance from the nearest particle peak (see Figs. 20 and 
21) and with a number of points large enough to get a small AP between two measured 
points. Points are currently measured every two cycles of the SPS with a time interval 
of typically 24 s. 

As an example, Figs. 22 and 23 show a pressure scan around the ir and K peaks, made with 
two different values of LD. Only the sixfold majority signal is plotted, since it is 
most in use, except for some special cases (see Section 5.6). 

vii) Fine tuning of the LD. If the particle separation is not sufficient, close the LD 
slightly and make another pressure scan. If instead it is more than sufficient, but 
for some reason — especially large beam divergence at the CEDAR — the efficiency is 
low, then an LD scan will prove useful to optimize the LD value. Set the pressure on 
the selected particle peak [measured as in paragraph (vi)] and then ask for an LD-SCAN 
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CEDAR-N pressure scan showing the TT/K separation in the H6 beam running at -175 GeV/c. 
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Fig. 24 ID scan with pressure set on the kaon mass. 
CEDAR-N in beam H6 as for Figs. 22 and 23. 

from say 0.05 mm to twice or three times the particle separation. The output, when 
conveniently plotted (see Fig. 24), will give a hint on efficiency and rejection of the 
CEDAR at the various ID settings. In fact, the wide LD setting of Fig. 23 has been 
decided after first doing the pressure scan with smaller LD, also shown in Fig. 22, and 
then the LD scan shown in Fig. 24. In this particular case the beam divergence was 
50 urad FWHM in the vertical plane and 120 urad in the horizontal plane. 

5.4 Monitoring the CEDAR stability 
The monitoring of the index of refraction is a bit more delicate since it does not 

depend only upon pressure, but also upon temperature (in fact, upon P/T, see Section 3.3.1). 
The program MASS is meant to help there: during data taking, one should note the wanted mass 
and restore it by using the program if the value has shifted. 

When operating at the utmost resolution, it is necessary to make a pressure scan to 
check the centre of the peak as indicated in Section 5.3, paragraph (vi). The gas pressure 
at the centre of the peak corresponds to a value of mass (read via the MASS or STATUS pro
grams) slightly off the known particle mass, because the gas purity is never perfect. This 
fictitious mass value is to be kept during data taking. 

5.5 Operation at high beam intensity 
CEDARs set on minority particles have been operated satisfactorily in beams with total 

intensities exceeding 5 x 10 7 particles/s. As mentioned in Section 5.1, such intensities 
are often achieved by sacrificing somewhat the beam parallelism at the CEDAR so that the 
counting rate of the individual photomultipliers can be much larger than the rate of the 
wanted particles. Even under those conditions the photomultipliers do tolerate single 
counting rates of 10 7 counts/s. The efficiency depends strongly on the relative values of 
LD and beam divergence. 

5.6 Selection of electrons and muons 
Electrons and muons are often used for calibration purposes in hadron beams. A CEDAR-N 

can separate electrons from pions up to 60 GeV/c — but then the use of the eightfold 



- 31 -

10° 

1 1 
e -

1 i 

n separation _ 

lu"' 

lu"2 

K 

* e 

; * 

\ 6-fold 

' » 

71 » 

-

M * • 
io-3 

X • " 

Iff 4 - I t 

M 

8- fo ld / '« 
-

I0"S -
M 

H 

K 
-

IO- 6 - -

io-7 
1 I 1 1 
10.0 10.1 10.2 

p (bar) 
10.3 

Fig. 25 Pressure scan for CEDAR-N showing 
the separation of electrons and pions at 
-60 GeV/c 

10° -
1 —r 

10-1 - r\ .' 

i f 2 -
N* * " • ' . . 

" 

io- 3 - •' ." 

y V 
': -

io- 5 _ 
.'.'• 

, _ 
e H IT 

,„-' 1 , I I, 
10.0 10.5 11.0 

p (bar) 

Fig. 26 Pressure scan for CEDAR-N showing 
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pions at 20 GeV/c 

coincidence is necessary, see Fig. 25. At lower energies, of course, the separation becomes 
easier; one may use the sixfold coincidence and also a CEDAR-W. Figures 20 and 21 will 
help in assessing the performance at a given energy. The same can be said for the separation 
of muons: Fig. 26 shows a CEDAR-N scan, in which electrons, muons, and pions are well 
separated in a 20 GeV/c beam. 
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APPENDIX A 

STATISTICS OF PATTERN RECOGNITION 

Assuming that the number of photoelectrons detected by a photomultiplier follows a 

Poisson distribution, the probability of missing an event is 

P^o) = e -* , (A.l) 

where $ is the average number of photoelectrons and 

-<f>,k 
Vk> = \f (A.2) 

is the general term of the distribution. Of course, the efficiency n of one photomultiplier 

which detects on an average <|> photoelectrons is 

n = 1 - P (o) = 1 - e~* . (A. 3) 

When eight photomultipliers are looking at the same event with equal efficiencies n and equal 

chance of not seeing it, e = 1 - n, then the probabilities of various levels of coincidence 

can be seen from the binomial expansion: 

(n + e ) 8 = n 8 + 8n 7e + 28n 6e 2 + 56n 5e 3 + yOr^e* + 56n 3e 5 + 28n 3e 6 + 8ne 7 + e 8 . (A.4) 

The first term on the right-hand side of Eq. (A.4) is the probability of the eight photo-

multipliers flashing (eight coincidence level), the next term is for seven and only seven, 

the next term is the probability of six and only six photomultipliers flashing, etc. So 

that one can write the following probabilities for different majority levels: 

n 8 = n
8 

n 7 = n + 8n
7e 

(A. 5) 
n 6 = n 7 + 28n

Ge 2 

From the measured values of these coincidence levels one can deduce the average number of 

photoelectrons $ for the wanted particles as follows: 

— = 1 + 81 , (A.6) 
n 8 

where I = e V ( l - e ) , and conversely 

((> = In (1 + I) - In I . (A.7) 

And from Eqs. (A.6) and (A.7) one has 

* = l n[ 1 +ïv^]- (A-8] 

Similarly with n 6 one can write 

— = 1 + 81 + 28I 2 , (A.9) 
n 0 
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and solving for I gives 

-2 + A - 7 (1 - n 6AiJ 

and finally, using Eq. (A. 7) one gets 

I = n , (A. 10) 

4 = In [l + 1 4 1 . (A.ll) 
I /4 - 7 (1 - n6/n8) - 2j 

The two values given by Eqs. (A.8) and (A.ll) are used for a consistency check. 
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APPENDIX B 

ALGORITHM FOR COMPUTER CONTROL OF THE INDEX OF REFRACTION 

The following symbols are used: 
p, P, T = density (g/cm 3), pressure (bar), absolute temperature (K), of the gas, respectively. 
p, m = momentum (GeV/c) and rest mass (GeV) of detected particle, respectively. 
a = gas constant (cm3/g) for a given light wavelength. 
k(A) = gas constant (K/bar) for a given light wavelength. 
6 = Cerenkov angle. 
n = index of refraction of CEDAR radiator. 

1. BASIC RELATIONS 
From the definition of Cerenkov angle, the refractive index is 

„ I — = A + W P ) 2 (B 1) 
n e cos e cos e *• } 

and assuming a linear dependence of n on gas density we have 
n - l = ap = k Y « (B.2) 

Given the angle 9* defined by the optics of the instrument we can derive from Eqs. (B.l) and 
(B.2) the gas pressure needed to detect a particle of mass m and momentum p 

T 
p = k-

ml , A * (m/p)2 

cos 6* (B.3) 

Conversely, for any set of values of p, T, and P we can compute a mass m which satisfies the 
relation 

m = p -/-1 + cos 2 e*-(l + k y) . (B.4) 

From Eq. (B.3) a lower limit for gas pressure is defined by the condition of having Cererikov 
light produced at angles 9 > 6* 

where 
P . = r (n - 1) . , (B.5) 
mm k v ^min ' v •* 

( n " 1 } ™ = ^7 " 1 C B' 6 ) 

cos 9 is the minimum value (p = °°) for the gas refractive index. 
The relations (B.3), (B.4), and (B.5) are evaluated in the CEDAR control programs, 

taking into account the actual average gas temperature T. 
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2. LIMITS ON MASS DEFINITION FROM MEASUREMENT ERRORS ON P AND T 
From Eq. (B.4): 

Am = AP* (||) + AT* g » ) . 

where AP and AT* are the measurement errors on the gas parameters P and T. 
Derivation of Eq. (B.4) gives 

3m = P (dm) 
8T "T UP J 
8m _ k cos 6* fp 2 l / , x fm)2 k cos 9* fp2) . (B.7) 
9P T l m J V 1 l p J a T LmJ 

The mass uncertainty is then 

Am^£cos9*(^ + «£\. (B.8) 

3. SUMMARY OF PARAMETER VALUES 
Some numerical evaluations of the above-defined quantities are collected in the following 

table, assuming 
T = 293.16 K (20 °C) 
X = 300 nm . 

CEDAR type W N 

gas N z He 

k a ^ (K/bar) 8.44665 x 1 0 - 2 9.59168 x 10" 3 

6 (mrad) 30.9 25.8 

P . (bar) mm 1.647 10.175 

P (bar) 
max v J 

8 15 

^ mm 4.745 x 10-" 3.329 x 10-" 

AP b : ) (mbar) 1.6 3 

ATb : i (K) 0.3 0 .1 

AP* c ) (mbar) ±0.5 ±1 

AT* c ) (K) ±0.02 ±0.02 

( A P * + Pmax ^r] 0 * " ) ^ -'max 
< ±1 < ±2 

a) Ref. 7. 
b) As from Table 4. Requested accuracies. 
c) Instrumental errors. 
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APPEND1XC 

GENERAL MECHANICAL DRAWING 

PRESSURE WINDOW PHOTOMULTIPLIERS LIGHT WINDOWS DIAPHRAGM THERMAL INSULATION ALIGNMENT TABLE MIRROR 


