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In this note we update our charged hyperon E97. We had 

written E97 and it was approved in 1970 before the successful 

operation of either the CERN or our BNL hyperon beam. In the 

intervening years both of these beams have demonstrated the rich

ness of the hyperon beam technique as a "'lay of measuring the 
-	 . 

basic properties of the hyperons. We need only recall the CERN 

measurements of the hyperon total cross sections l and our measure

ments of the L-P differential cross section 2 and program of hyper

on weak decays! using the beam we constructed4 at BNL. We have 

gained much experience using hyperon beams since E97 was written 

and we now wish to embody this experience into our Fermi1ab pro

gram. 

About a year ago we pointed out the desirability of moving 

E91 from the M2 beam of the Meson Laboratory into a new area 

which we proposed building downstream of proton center. This new 

hyperon area would allow us to take advantage of the excellent 

optical properties of the primary proton beam and allow use of 

higher intensities and higher energy when it becomes available.' 

--------------------~.~.~.--.- .. 
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The configuration of this new area was discussed in detail during 

a workshop held at Fermilab in pecember 1975 and repo~ted in the 

March 1976 issue of NALREP. The changes we will now make in E97 

incorporate changes necessitated by this move, additional knowledge 

gained by our BNL experience, especially in better hyperon flux 

estimates, and finally the advances made in instrumentation during 

the last half dozen years. 

The physics we wish to do was fundamental and important in 

1970. It has lost none of its luster and we have lost none of our 

enthusiasm to pursue it. 

Physics Goals 

The physics goals are the same as in the original proposal. 

They center around the measurement of the hyperon proton differen

tial cross sections in the nuclear region. These would include, 

- - + t p, E p, t p, and possible g p. We would make these measurements 

as a function of incident momentum from about 100-350 GeV/c consis

tent with the available hyperon intensities. The first step would 

be a measurement of hyperon fluxes so that a reasonable program 

could be planned. In particular the estimates of the g- flux is 

very uncertain and we have only tentatively included it in our 

list of cross sections that we plan to measure. The flux measure

ments themselves have significant physics interest since the 

forward production spectra of t-, E- and n- gives insight into the 

exchange mechanics leading to high strangeness states. Another 

interesting question we would investigate is whether charged 

hyperons are produced with significant polarization similar to . 
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the substantial polarization of AO,s seen in Fermilab Ea. We 

would also search for new particles with lifetimes of ._10-11 

seconds. It is worth noting that no n- particles have. been 

detected at Fermilab and only a few 3- have been seen in bubble 

chamber pictures so we feel that this lifetime range is very 

poorly explored at Fermilab energies. Our physics goals are the 

same as in the original proposal and we refer the reader to it 

for a more detailed discussion. The extensions are due to the 

increased accelerator energy (E97 was proposed when Fermilab's 

accelerator was a 200 GeV machine) and the higher intensity 

available in the Proton L~bQratory •. 

Hyperon Fluxes 

Figure 1 shows the available data on the production cross 

sections for the charged hyperons. The data shows the invariant 

cross section plotted as a function of a, the hyperon momenta 

divided by the incident beam momenta. in th~s range it is very 

close to the Feynman x variable. The data shown are measurements 

from the CERN and BNL hyperon experiments. We assume that these 

cross sections scale to Fermilab energies. In the following 

discussion we assume that the n- is below the.E flux by the same 

ratio that the E- flux is below the·! flux. With channel designs 

discussed in the next section we should be able to attain 104-10 5 

~-, 102-103 ~+ and E-, and a few n- per pulse assuming a total 

of -10 6 particles per pulse exiting the hyperon beam~hannel. 

These are extraordinary hyperon fluxes: the fractional content of 

t is comparable to that of K- in Meson Area beam lines: the n

•....~- _ .._-- .. _----_.....- .. _...._.. -.:._._'-
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fluxes would allow one to equal the world sample of n- in one or 


two minutes! 


The Hyperon Beam Channel 


The design of the hyperon channel has evolved from the rather 


,crude design in our original proposal - remember no hyperon beam 

had yet operated - to our latest and most sophisticated version 

described in TM-6l0 by A. Roberts and S. Snowdon, which is attached. 

Intermediate versions are described in our hyperon decay proposal 

E353 and the attached internal note by C. Ankenbrandt. A simpli

fied drawing of the Roberts and Snowdon design is shown in Fig. 

2. Figure 3 is the design of the hyperon beam for the CERN SPS. 

Both ,designs use superconducting quadrupole magnets to increase 

the acceptance and to render the beam parallel so that a qifferen

tial Cerenkov counter can be effectively used. The superconducting " 

quadrupole design was pioneered by the CERN group and used success

fully in their experiment done about six years ago. The quadru

,poles we propose to use are very similar to those being planned 

for use in the Fermilab Energy Doubler/Saver. The maximum channel 

momentum is 360 GeV/c. The hyperon fluxes quoted in the previous 

section are typical and the reader is referred to TM-6l0 for details. 

If 1000 GeV protons were available from the Energy Doubler/ 
. 

Saver they could be utilized with the present design.' Although 

the maximum channel momentum is fixed at 360 GeV/c, increasing the 

incident proton energy from 400 to 1000 GeV would correspond to 

changing the a in Fig. 1 from 0.90 to 0.36 and hence much larger 

flux of the heavier hyperons E- and n-. Of course if one wanted 
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a hyperon beam at higher momenta, additional magnets would have 

to be added to the channel. This would be desirable for studies 

of the s-dependencies of strong interaction processes but for 

studies of the decay properties of hyperons it is not necessarily 

the higher hyperon energy' that is desirable but the increased 

flux. 

Cerenkov Counter 

An integral part of the system is a Cerenkov detector which 

we have designed to identify hyperons as they exit the channel. 

This counter is described in the enclosed technical note FNAL, 

YJS-l by J. Sandweiss. The counter and the design of the hyperon 

channel must be considered together in order to match their accept

ances. This counter uses a Channel Electron Multiplier ArFay (CEMA) 

to achieve simultaneous identification of the three charged hyper

ons. The~EMA technology is advancing rapidly and provides a way 

of obtaining high spatial resolution with the quantum efficiency 

of the best photomultipliers. This "Phase III design has as a back

up position the ability to substitute a conventional photomultiplier 

for the CEMA. The very desirable feature of simultaneous identifi 

cation of the three hyperon types would not be possible in this 

alternative. 

Analysis Magnets 

We feel that analysis magnets somewhat larger than those re

quested in the original E97 proposal would be highly de~irable. 

Two of the newly designed ECHO series of magnets 12 x 24 x 72" 

-------------------------- ...... _-_. 
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would appear to be adequate for a substantial initial program. 

The full program of weak interaction physics proposed in E353 

would benefit if the first analysis magnet had large~ aperture 

and higher field integral. For both E97 and E353 we would be 

willing to undertake the initial program with two of the ECHO 

series magnets. 

Instrumentation 

The instrumentaion in our original proposal was state of the 

art in 1970 but antiquated by modern standards. We would use 

instead of the high resolution spark chambers (a -65P) propor

tional chambers which we have developed and successfully used 

for E?9 which have similar spatial resolution. We would use the 

E69 high resolution chambers which have a 3 cm aperture but in 

addition would have to build at least one cluster of such cham

bers with approximately double that aperture. Although chambers 

of that size and resolution have not been built before, we believe 

we have that technology well in hand. 

The proportional chamber readout system used in E69 would 

also be used for the hyperon experiment except that we would re

design that section of it which uses a LeCroy hybrid circuit 

containing a one shot delay. This now represents a substantial 

electronic dead time (-600 nsec) which we believe can be greatly 

reduced. 'We are well satisfied with the system organization of 

our E69 readout system and in particular the ease with which it 

allows the proportional wire chamber addresses to be interfaced 

to our analog processors. These analog processor allow us to 
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trigger on tracks which appear to change directon (kinks which 

.couldindicate a scatter or decay). Such a system has demonstrated 

its utility and reliability in E69 and we would plan to use a up

dated version of it in our hyperon program. 

During the last few years our group has developed and tested 

small high resolution (50-l00~) drift chambers. We believe these 

chambers can be scaled up to sizes of about 1 m2 and have spatial 

resolutions of about lOO~. A special precision wire placement 

machine is now being completed for the construction of these cham

bers. A prototype drift chamber readout system matching this 

chamber resolution has been constructed and is ready.for testing. 

We thus would like to replace the spark chambers used for the 

momentum analysis of the hyperon decay products by drift chambers • . 
We estimate that the flux measurements and new particle 

search will require about 600 hours of accelerator time and the 

measurements of the differential cross sections will requir~ 

another 600 hours. 
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The invariant inclusive cross section plotted as a function of: the longi

tudinal laboratory momentum normalized to its kinematic limit for various 
particles produced in p- Be collisions. 
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DESIGN OF A CHARGED HYPERON BEAM TRANSPORT SYSTEM 

AND CERENKOV DETECTOR FOR THE ENERGY RANGE 

150 - 400 GeV 

by 

A. Roberts and S. C. Snowdon 
Fermi 	National Accelerator Laboratory, 

Batavia, Illinois 60510 

ABSTRACT 

The design of a charged hyperon beam to cover the momentum 

range 150 ~ 400 GeV/c at Fermilab is investigated. The following 

conclusions are reached: 

1) An achromatic beam design is superior to a conventional 

dispersive beam; it allows the production of a parallel beam, 

the use of Cerenkov detectors of much simpler arid more powerful 

design, and particle identification and tagging to higher momenta. 

In addition, with a conventional detector, a wider momentum range 

can be accepted. 

2) Beams to cover the range 150 - 400 GeV can be designed; 

the change required to cover this range may be merely retuning, 

but this is wasteful of decay length. The recommended arrangement 

is to change the cone angle of the focusing Cerenkov detect~r 

from 7 to 11.5 mrad to cover the range, with a corresponding 

change in length, 15 m and 7 m. Separ~tion of sigma from xi 

should be feasible to energies of 320 GeV or more. 
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For the Cerenkov detector, the DISC is rejected as less 

flexible than the focusing counter. In later phases of tpe work, 

if and when CEMA (channel electron multiplier array) image 

intensifier tubes with segmented anodes becomes available, the 

system should become capable of simultaneously processing all 

the hyperons. 

3) The reduction in muon background to be expected with 

a special beam-dumping, muon-deflecting first bending magnet 

has been investigated, using the program HALO. The residual 

background is worst at the lowest values of alpha; but even 

there the background level still seems well within tolerable 

limits. 

4) All magnets, including the beam dump, may use super

conducting coils; the quadrupoles require them to achieve the 

necessary gradients. 

.,
'f 
\J 

...., 
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I. DESIGN OF FERMILAB CHARGED HYPERON BEAM 

A. Requirements 

The design study to be described is a continuation of earlier 

studies for a charged hyperon beam, whose results have been em

bodied in several reports, as well as proposals for experiments 1 - S • 

It deals only with the production of a beam of charged, tagged 

hyperons; the experimental equipment for the study of decays 

and interactions will be treated elsewhere. 

Until early in 1975, the general assumption was that a charged 

hyperon beam would be built in the meson area, replacing the neu

tral hyperon beam in M2. The beam design therefore used the same 

large sweeping-analyzing-beam-dumping magnet.
/ 

The beam design 

was, in fact, of minimum sophistication; aimed at a maximum momen

tum of 150 GeV/c, it included only a bending magnet and a quadru

pole pair, to give point-to-parallel focusing, but with the momentum 

dispersion imposed by the bending magnet. 

The requirement of a parallel beam is due to the need to iden

tify beam par'ticles. The negative beam contains· at least eight 

different kinds of particles, the positive six, not counting in 

either case the anti-hyperons present; adding them brings the count 

to 9 in both cases. Particle identification in such a beam is best 

done by a focusing Cerenkov detector, which demands a parallel 

beam. The Yale-NAL-BNL hyperon beam at BNL did not include a 

Cerenkov detector, (and we sometimes wished it had); the correspond

ing CERN PS beam did have one. At Fermilab energies, where the 

additional length required for a 'Cerenkov detector is far less 

costly in hyperon decay than at BNL, such a detector is clearly 

worthwhile. 
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The design criteria for an ideal charged hyperon beam thus 

include the following points: 

1) Since baryon yields are maximal in the forward direction, 
-. . 

the secondary beam should be taken in the forward direction for 

best signal-to-noise ratio. 

2) At any primary proton energy, the secondary beam should 

be capable of covering a fairly wide range of alpha (ratio of 

secondary to primary momentum.) The yields of different hyperons 

are known (from our BNL work6 ) to peak at different values of 

alpha. 

3) F~r maximum flexibility it is wise to design for the full 

range of primary proton e~ergies likely to be available in the 

next few years, and for as wide a hyperon momentum range as possible. 

A suitable range is 150 - 400 GeV. 

4) The beam should provide for identifying and tagging the 

various particles composing it. By tagging, we mean providing 

a prompt electronic identification signal for us~ in event logic. 

The ability to simultaneously identify and tag all the particles 

in the beam is not required; the particles lighter than protons 

need not be separated, only rejected. The minimum requirement is 

to tag at least one kind of hyperon at a time: it is desirable 

to be able to tag more than one, but not essential. 

S) The beam characteristics and shielding must be such as 

to provide an adequate'flux of hyperons for experiments without 

an excessive background. Two different backgrounds are of concern: 
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the pion (and other light particle) flux in the charge~ beam, 

and the diffuse muon background produced in the- same targ-et as 

the hyperons. The total beam flux is limited not so much by 

the proton beam current or the beam optics, but by the need to 

individually count beam particles. The muon flux downstream, 

in drift chambers and other large area detectors, must be tolera

ble at the full intensity level of the beam; this requirement 

imposes a need for a special muon-deflecting magnet at the front 

end of the beam. 

6) Since the beam will contain a momentum bite of several 

percent, it must also include means for measuring the momentum 

of individual hyperons to at least 0.5%, in order to give 

sufficiently precise information for kinematic reconstructions. 

B. Decay Lengths 

The overriding consideration in beam design is the short 

lifetime of all known hyperons. The decay lengths are conveniently 

stated in units of length per GeV/c, since they are proportional 

to momentum. For L-, the decay length is 3.71 cm/GeV/ci for E-, 

3.75: for a-, 2.3 ::~;: and for L+,'2.00 cm/GeV/c. At 150" GeV/c 

the ~- decay length is thus 5.67 meters, and at 400 GeV/c it is 

14.8 meters. At 400 GeV/c one can think in terms of 40 to 50 

meter beams of sigmas. The omega decay length imposes a more 

stringent constraint, since the yields are much lower and the 

lifetime more uncertain. The most stringent constraint arises 

at the lowest momentum at which it is desired to work. It is 

fortunate that the properties of Cerenkov detectors are such that 

l 

http:L+,'2.00
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it is possible to design a flexible optical system to use small 

cone angles and greater lengths to give better resolutio~ at high 

energies, and large cone angles and shorter lengths at low ener

gies where the decay is more rapid. 

C. Tagging 

The ability to tag individual hyperons (absent in our BNL 

experiments) allows many experiments otherwise difficult or im

possible. An example is the study of branching ratios among 

different decay modes, which is necessary, e.g., for a study of 

the AI = 1/2 selection rule. It is this requirement that makes 

the use of a Cerenkov detector mandatory, despite the additional 

decay length introduced. However, it is important that the 

Cerenkov detector have a high efficiency for detecting beam 

particles; its acceptance should match{ or at least approach 

the beam phase space, otherwise the study of rare particles like 

the omega is greatly handicapped. 

The original dispersiv~ beam first proposed~ for the hyperon 

beam suffered severely from this difficulty; particles of a 

given momentum were parallel, but the dispersion meant thClt the 

direction varied with momentum, and this led to efforts to design 

special Cerenkov detectors of the image-dissecting typeS, that 

could cope with this problem. The need for this complexity has 

now been removed by the introduction of the achromatic beam, which 

will allow matching to the acceptance of a conventional Cerenkov 

detector·. 

t 
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D. Mu1tip1e Tagging 

The tagging requirement introduces another possibility at 

the other end of the scale. The relative abundance of hyperons 

observed in the negative beam is expected to be about in the 

5 3
ratio 10 , 10 , 1, for L-, E- and n respectively; in addition 

there is a large accompanying flux of pions and other junk. We 

must be able to tag each of these three hyperon components 

correctly. Multiple tagging is not needed for sigma or cascade 

detection; it would be most useful iri allowing rare omega 

events to be accumulated while studying the more abundant particles. 

Multiple tagging is useful in a negative sense, in that it 

can be used for anti-coincidence signals to give purer tagging 

signals. In this sense it is an important feature of Cerenkov 

counter design. 

E. Mass Resolution 

Aside from multiple tagging, the greatest difficulty arises 

in the need to distinguish particles whose masses are nea,r1y the 

same and whose velocity differences are therefore small. The 

most difficult case is of course the separation of sigma from 

xi. The mass difference is only 10%, and the velocity differences 

at high energy eventually vanish~ there is always a maximum 

momentum at which separation is feasible for any particular experi

mental setup. The angular separation AS at a cone angle e is 

given by 

2 . 
= .156/E , E in GeV/c, e and AS in rad.GAG 
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As we will see, we should be able to separate ~- from 

E - up to at least 320 GeV/c. 
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II. DESIGN OF THE BEAM TRANSPORT 

A. 	 Procedure 

The procedure used to investigate the beam design has been 

as follows: 

1) Use of the beam-optimizing program TRANSPORT to deter

mine the magnet characteristics to achieve desired beam perform

ance. TRANSPORT will optimize on any well defined beam parameter, 

subject to a large variety of constraints. One can specify the 

proton target dimensions, the acceptable hyperon solid angle, 

momentum range, and the focusing requirements; magnet aberrations, 

slits, misalignments, etc. can be introduced; and both first and 

second order calculations can be made. 

2) A necessary supplement to TRANSPORT is TURTLE, a ray

tracing routine which verifies and amplifies the predictions 

of TRANSPORT by actually tracing rays through the system. TURTLE 

assumes lumped beam elements whose properties can be described in 

the usual multipole expansions. To the extent that the beam 

conforms to these assumptions, its output is correct to all orders. 

The histogramming facilities of TURTLE allow the phase space if 

the beam anywhere in the system is to be accurately pictured. 

3) In addition to the calculation of the beam phase-space 

parameters, it is also important to determine the flux of back

ground muons that inevitably accompanies any proton target bom

bardment. In the case of the relatively short hyperon beam this 

presents special difficulties, since without corrective action 

the detectors could readily be swamped by high energy muons 
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impossible to absorb. For this purpose we have adapted to our 

use the CERN program HALO, which can trace muon~ arising, from 

pion or kaon decay through any beam transport system using stan'd

ard transport magnets for which a map of the magnetic field 

can be supplied. Unfortunately the repertory of standard magnets 

is based on standard CERN designs, and does not include all the 

design types one would like to try. For our purposes, it was 

found necessary to mOdify HALO by adding a provision to include 

muons produced directly in the target by the primary protons. 

At high transverse momenta, such muons are kno~m to be present 

to an abundance of 2 x 10-4 as compared with the pions; we have 

assumed the same ratio for the forward direction as well~ Thus 

for high-energy pions \\1hich enter the beam dump, and \\1hich have, 

available only a short decay path, the relative contribution to 

the muon halo of the directly produced muons will exceed that of 

the pion decay for energies above 90 d GeV, where d is the decay 

path in meters. 

In order to carry out the HALO calculations, it is necessary 

to have a fairly accurate idea of the actual iron configurations.: 

of the magnets used. This is especially important for the high 

*Note added in proof. New data from Adair et ale (private 
communications) have just been received, which indicate lower 
yields in the forward direction by factors of 2 to 5, depending 
on the muon energy. They arrived too late to incorporate in the 
present report; their effect will clearly be to lower the pre
dicted muon backgrounds by at least a factor of 2 for muons 
abov.;:, 50 - 75 GeV/c. 



-11

energy muons, whose trajectory differs little from that of the 

main channel. 

HALO also allows the insertion of muon absorbers and deflec

tors of various sorts, so that muon backgrounds can be minimized. 

B. Beam Layout 

Figure 11-1 shows a schematic of the proposed hyperon beam. 

The beam includes a momentum-selecting dipole, BMl, a quadrupole 

doublet QIV and Q2H, a reverse bend BM2, and a focusing Cerenkov 

detector. 

The reverse bend is due to a suggestion by C. M. Ankenbrandt 9 , 

and signif~cantiy modifies the dispersive beam originally propose~ 

for Exp. 97. Without the reverse bend the beam may be character

ized as a simple dispersive point-to-parallel focusing system, in 

which particles in a narrow momentum range are essentially parallel, 

but the beam is dispersed in direction accordin~ to their momen

tum. The introduction of the reverse bend has the effect of allow

ing the beam to be achromatized over a significant moment~ range 

several percent - so that the emergent beam is all effectively 

parallel within this range. The major advantage of this modifica

tion is the great simplification and increase of detection effic

iency of the Cerenkov detector that follows. A much simpler, 

more or less conventional focusing detector can now be used, and 

the phase space of the beam will match its admittance. To achieve 

this in the dispersive ,beam required a rather elaborate image

dissecting systems. The achromatic design was apparently consid

ered at one time by the CERN group, but abandoned for reasons not 

entirely clear to us. 
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The four magnets required would all have magnetic fields 

as large as can be conveniently achieved, so that their lengths 

can be minimized. For the required apertures, it appears that 

conventional quadrupoles would be about twice as long as super

conducting ones. For this and a variety of other reasons, inclu

ding energ~ saving, initial cost, and operating cost, it seems 

desirable to look to superconducting magnet designs, and we have 

concentrated on these. 

Fig. 11-1. Achromatic Hyperon beam, schematic. 

The superconducting quadrupole pair require as high a grad:- .-

ient as possible to keep the length down. The final value chosen 

for the gradient was 10 kgauss/cm (25 kgauss/in) which gives 

_reasonable lengths and promises sufficiently small aberrations. 

The first magnet, BMl, combines momentum selection, beam 

dumping, and muon deflection. It is patterned after a similar 

magnet? used, with much lower intensity proton beams, by experi

ment B8 in beam M2, for the production of neutral hyperon beams. 

BMl is also subject to the constraint that if a superconducting 

coil is used, the thermal pulse due to radiation from the proton 
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target must not quench the superconductivity; this appears 

feasible. The total thermal load due to the beam likewis~ seems 

tolerable. The effects of radiation damage on the supercond~ct

ing coil appear not to be important. 

c. Magnet Design: BMl 

The length and field strength of BMl are, in a sense, free 

parameters for the system; they'are not critical. Since the 

overall shielding and, more important, the muon deflection, de

pend on them, an overall length of 7.0 m and a 30. kgauss field 

were decided on when the maximum hyperon momentum contemplated 

was 240 GeV/c. A few computations were made with a 5 m length; 

the overall savings in length was only 1.5 m, since longer focus

ing magnets were required. The longer value seemed desirable both 

for muon deflection and for shielding. The magnetic field was 

originally fixed at a conservative 30 kG. 

As important as the narrow central field region is the 

secondary "weak" field region, in which the field is lower but 

where most of the flux is. This is the part of the magnet, 

filled with absorber, in which the major portion of the muon halo 

is deflected away from the downstream detection apparatus. Fig

ure II-2 shows a cross-section of BMl as presently conceived, and 

Fig. II-3 a detail of the coil cryostat. 

The "weak" field region determines the momentum that muons 

must have to reach the return yoke before they leave the magnet. 

Muons that reach it will be deflected back toward the downstream 

detectors; this momentum limit should be as low'as possible. 
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In August 1975 it was decided, in view of probable ~evelop

ments in proton energy to extend the maximum energy of the 

secondary beam to 400 GeV/c. When this was done it turned out 

that the 30 kg field and 7 m length gave insufficient dispersion 

at 400 GeV/c <to allow the design of a satisfactory slit system 

to limit the momentum acceptance. The possible remedies were to 

increase the length of the magnet or to increase its field. Since 

by far the greatest fraction of the flux in the magnet is devoted 

to muon deflection in the "weak" field region (see Fig. 11-2) it 

proved to be possible to increase the field along the hyperon 

trajectory to 40 kgauss, which is sufficient for our needs. 

Radiation Quenching 

Figure 11-4, for which we are indebted to A. Van Ginneken, 

shows the relative intensity contours for the energy deposited 

in a large iron beam dump by a 400 GeV/c proton.. The contours 
. 3 

represent the energy dissipated per unit volume, in GeV/cm per 

incident 400'GeV/c proton. The maximum value at the coi1.10ca

tion corresponds to 10-5 Gev/cm3, or 1.6 x 10-15 jou1es/cm3 ·400 

1012GeV proton. For a proton beam burst, this becomes 1.6 • 10-3 

jou1es/cm3 pulse. For copper, density 9., specific heat c = p 

1.0 x 10-4 jou1es/gm.degree at 40 K, we find 1.75 x 10-4 jou1es/ 

gm. pulse, giving rise to a temperature rise of just over a 

degree (the specific heat increases as the cube of the temperature). 

More important, the pulse is not short enough to be adiabatic pro

vided the magnet is designed with a short thermal time constant. 

Unpublished experiments by G. DanbylO on a magnet with a short 
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(- 0.• 1 sec. ) thermal time constant, using beams with a 1 sec. 
-"4 . 

flat top, indicate that a safe limit is about 6. x 10 jpules/gm. 

-3pulse, with quenching at 3.10 joules/gm. pulse. We concluae 

that a superconducting coil can be made and used safely. In prac

tice the peak heat load may perhaps be reduced with local tung

sten shielding in the weak field gap. 

Radiation Damage 

Superconductors are themselves not particularly susceptible 

to radiation damage, and the radiation levels in the coils are 

not thought to offer any hazard to the superconductor or to its 

associated copper and stainless steel supports. However, one 

must watch out for insulators, e.g., epoxy. If they cannot be 

entirely avoided, perhaps they can be kept out of the high inten

sity radiation regions. 

Removable Central Region 

Like its predecessor, it is envisaged that the central region 

ofBMl, comprising perhaps four to eight inches to each side of 

the center line, and one or two inches of pole face, should be 

made so as to be removable. This would include a considerable 

portion 6f the beam dump, the target, the collimator and slit 

system. Thus a change of trajectory could be achieved with rela

tive ease; and all critical alignments could be carried out on 

the bench in a radiation-free environment. 

Neutral Beams 

Since the sagitta of the charged hyperon beam is only an 
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inch or so, the use of BMl as a sweeping magnet for a neutral 

beam appears straightforward. All that is required is to change 

the central beam section to one with a straight path and corres

ponding collimation. 

D. Quadrupole Pair 

The quadrupole pair will have to be superconducting, or else 

the gradients will have to be drastically reduced, and the quads 

correspondingly longer. There seems to be no reason why they 

cannot be superconductingi magnets not too different from the 

ones proposed have been built at Argonne. At the exit of the 

bending magnet BMl we are outside the beam dump, and radiation 

heating or damage is no longer a serious problem. A design that 

permits a useful aperture about 3 em in diameter has been worked 

out, and is show'n in Fig. 11-5. 

E. BM2 

Not too much attention has been given to BM2. It is assumed 

that the design of a uniform field dipole, with at most a 3-cm 

gap, and a 40-kG field, with a superconducting coil in a low 

radiation intensity environment, should not offer any great 

difficulties. It is desirable, though not essential, for it to 

be a C-magnet rather than an H-type, if possible; this will tend 

to decrease the muon flux refocused along the beam. 
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III. DETAILS OF BEAM TRANSPORT DESIGN 

A. 	 TRANSPORT Calculations 

A fixed length and field, were postulated for the first' 

bending magnet, BMI. The order of the three remaining compon

ents - the quadrupole pair and the reverse bend - was varied, and 

it was determined that by far the best results came with the 

vertical focusing quad first, and the horizontal focusing quad 

last. The criterion for the design was to minimize simultaneously 

the angular divergence of the outgoing beam and the momentum dis

persion. The quantities specified were the dipole fields and the 

quadrupole gradients and apertures. The quantities varied for 

optimization were the lengths of the two quadrupoles and the 

reverse bend. 0.2 m drift spaces separated all magnets. 

B. 	 TURTLE Calculations 

Using the data for lengths thus supplied by TRANSPORT, runs 

were made with TURTLE to plot the phase space occupied by the 

beam at various points along it; at first with a "zero phase

space" beam, in which the x, Xl, y, and yl ranges of the beam 

were infinitesimal, and the momentum spread alone allowed.to be 

large; thus the focusing could be examined as a function of 

momentum. To determine the effects of target size, proton beam 

phase space, aperture and slit constraints, one then can simply 

insert these quantities one at a time and observe the effect. 

Figures III-l to 6 show a set of such runs for the 400 GeV/c beam. 

Second-order focusing was used in all runs. 

http:allowed.to
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Fig. III-j. Same as Fig. 111-2, with addition o£ momentum-de£ining slits. 
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TWO OHIENS!ONAL PLOT OF YfR VS DP/P 
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• 110 TO • 12 C I I 0 
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.1'30 TO .140 I I C 

.140 TO .15t I I 0 


I I 
I I 
I .333.3.3.333_3.22.333 32~.3_32.2..33.2.333.3.3.332....L ______... _...__.. 
I 2Cl1~222G7813318241980291220CQ49 I 

TOTALS I &Q142b66316134639557973055478528 I 9999 

TOTAL NU~9ER OF fNT~IES = 10GOO IN~LUOING UNOERFLJW flND 

Fig. III-4. Plmse-space plot of y' vs. momentum (in %dp!p). 

"Zero" phase-space beam (point, target). 
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2) _CA-.t. -tw,e.f hi) ,Irr$ 

TWO DIMENSIONAL PLOT OF YPR V~ DPIP 
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.130 TO .140 I· I 0 

.140 TO .150 I I 0 

.150 TO .160 I I . 0 

.1&0 TO .170 I I 0 
--~--

• 17C
.. 

.180 TO .190 I I o 

.190 TO .200 I I o 
'-- ---I" .-::::::-::-.v.-v:'-=::-4~"--:::"~:f. _ ... _-f:#._ - - ¥-~ .. - I - - - - ---

I I 
I J 

.. - ---... I "zi2' ;3"2"3J :'5:3Z-2T33-:~C2 ';:f3- 32t~r3-t3:f33 323-2--t-------- 
I 7890922207B133182419802~12200927 I 
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TlT4L NUM3~~ OF ENTRIES.= 9828 I~~LUOING UNDE~FL)~ AND 

Fig. III-5. Same as Fig. 1II-4, with 25-cm target, no momentum-defining alits. 
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TWO OIHENSIONAL PLOT OF YPP. VS DP/P 
..• 

-.150 TO -!~~Q. I 

-.140 TO -.13u 

-.130 TO -.120 


...	":'.!. ~?~ __IR. .... _ 
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---~-O·4C--T-()-;05~··i--- -·1222:S-3--4-32-i-----z--i"3j-31163121-"[---'-5!! --- 

.050 TO .O&J I 1 Z 11 1 21 I 9. 
____.!...Q.§J!._-r Q_~._......!....Q.7 O_..1____!...______. I 1 

.)70 TO .Gsa I I 0 

.080 TO .09a I 10 

.090 TO .1GO I I 0,~_~ _._"~ ___",.. __ •• _ ______ • 4 ______~._____·_·____ 

.100 TO .110 I 


.110 TO .12n I 


.120 TO e13C I
-.- ..----... ------. - ........ - .. - ... .:-:;-:::.7--~-.-..-.---------------------..;....---;........--'- 

.130 	TO • 

.140 	TO • 15G I 

I I 
I 111111111 I 

-..-.....---------.-··_---------1---22-1. 3567799 121212 21 0 tn~ 55 ott. 42-22r-r--' -
FJTALS I 2948174J8619775~3qB0787~30166983 r 2219 

Fig. 111-6. Same as Fig. 11'1-5, with addition of' momentum-def'ining .slits. 
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In addition the effects of magnet aberrations or imp~rfec

tions could be investigated, as well as end effects and the effects 

of various beam misaligments. 

C. 	 RAYTRACE Calculations 

Since TURTLE is a matrix procedure using lumped elements, 

it does not handle end effects and fringing fields explicitly for 

quadrupoles (it can of course include edge focusing effects for 

dipoles.) Since the required parallelism of the output beam is 

rather stringent, it was thought to be worth while to check the 

results of TURTLE by means of a ray-tracing program, which would 

automatically be correct to all orders, since it simply inte

grates the Lorentz equations of motion. The only limit with such 

a program is that involved in specifying the field accurately 

enough. 

An MIT ray-tracing program, which we renamed RAYTRACE, 

furnished by S. Kowalski, was used for this purpose. The program 

is not designed for high energy physics use, but for spect.rometers 

in the I GeV region; consequently it is set up with rather 

different objectives in mind. However, it was found to be usable. 

The axial rays give results identical to those of TURTLE. The 

results of other rays, selected to sample the phase space, were 

in good agreement with TURTLE results. This indicates that the 

fringing field effects are essentially negligible. 

D. 	 HALO Calculations 

The muon background at the downstream detector position was 
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investigated by forcing decay of all pions at 0.5 meters from 

the target. As explained above, it was necessary to add'pirect1y 

produced muons, since they constitute the largest part of th~ 

background above 50 to 100 GeV. The design of BM1 is such that 

all low energy muons are deflected far away from the spectrometer 

detectors. Only the highest energy muons, which closely parallel 

the hyperon beam and traverse the hyperon beam transport magnets, 

contribute to the final background. There is a small flux of 

very low energy muons (lS GeV and less) that reach the return 

yoke of BM1 and are deflected back toward the detectors; few in 

number, they have been ignored). Filling the gap of BM1 with an 

absorber like eu or Zn has the beneficial effect of degrading and 

scattering the muons, thus decreasing the background. 

The HALO calculations show that the greatest flux of inter

fering particles at the downstream detectors is found when the 

hyperon beam is tuned to energies considerably lower than the 

incident beam energy, i.e., at low values of alpha. In view of 

these findings, it is not necessary to consider adding special 

muon deflecting magnets or shields at this time. The major 

background is that which traverses the iron of the beam trans

port magnets. It is of relatively high momentum; in fact, near 

the hyperon momentum. 

Figure 111-7 indicates the result of alSO GeV/c HALO run 

(a = 0.5) with all beam magnets in place, with 300 GeV/c protons 

incident. The plot indicates the geometrical location of halo 

particles striking a detector plane 52.8 m downstream from the 
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Fig. 1II-7. MUon halo background at a detector plane 52.8 m downstream from the target. Proton beam '300 Gev/c, hyperon· 
beam, 150 Gev/c. Horizontal and vertical cooridinates in mm. One halo particle represents 1000 muons. The origin is 
the intersection of the central beam ray with the detector plane. '. .
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target. The coordinates are in rom, the origin at the location of 

the transmitted hyperon beam. Each halo particle represents 

. 3 3 1011. t . t1000 muons; the b earn 1S • x 1n eract1ng pro ons. 

We see that the peak intensity, between ± 100 rnrn points, 

reaches 25 halo particles or 2.5 x 10 4 muons in a strip 2 cm wide 

by 60 em high at the location of the primary beam. If this is 

the area covered by a single drift-chamber collecting wire, it 

indicates that the peak background muon flux averages one particle 

every 40 ~sec during the beam spill. A 10 cm lateral displacement 

will reduce this peak value by a factor of 5. The muon halo 

spectrum ranges from about 60 to 230 GeV/c, peaking around 110. 

As noted above, the new data of Adair et al.,e indicate that the 

above numbers are too high by at least a factor of 2. 
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IV. RESULTS OF BEAM DESIGN CALCULATIONS 

Three different momenta were used in the principal phase 

of the design study, and TRANSPORT calculations made for them; 

most of the preliminary work was done at 240 GeV/c. The major 

beam parameters obtained are shown in Table IV-l. The quadru

pole gradients were 10 kgauss/cm., the bending magnet fields 30 

kgauss. Elements are separated by 0.2 m drift spaces. 

As may be seen from Table IV-l, the change in field in the 

dipoles from 400a to 400b does not change the beam optics or mag

net lengths. The desired improvement in dispersion'is evident 

only when slits ,are inserted. 
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TABLE IV-l 

A. 	 Magnet lengths in meters, deflection angles in degrees, 
for the Achromatic beam, with zero phase space .. 400a 
and 400b refer respectively to runs with the dipoles 
at 30 and 40 kgauss respectively 

Beam Element Momentum, GeV/c 

240 

BMI 7.00 

320 

7.00 

400a 
(30 kG) 
7.00 

400b 
(40 kG) 
7.00 

QIV 1.959 2.540 3.092 3.092 

BM2 1.699 1.584 1.486 1.486 

Q2H 1.319 1.673 1.996 1.995 

Bend, BMI 1.503 1.127 .902 1.203 

Bend, BM2 -.365 -.255 -.192 -.256 

Total Bend 1.138 .872 .710 .947 

Total Beam Length 12.58 13.40 14.17 14.17 

B. 	 Parameters for Achromatic Focusing 

Momentum, 	 GeV/c a b c 

240 0.002 .0012 .0037 

320 .002 .0014 .0028 

400a .002 .0006 .0023 

400b .002 .0016 .0032 

The parameters for achromatic focusing a, b , and c refer 

to the empirical equation representing Xl focusing: 

(IV-I)x' = 	a + by + Cy2 

where y represents percent momentum deviation from the central 
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value, and Xl is in mrad. The momentum values y at which Xl 

reaches a given value V can be obtained by solving the eq?ation 

.. 
(IV-2) 

E.G., for x, = -.018 at 320 GeV/c, which gives a total span of 

x, of .020 mrad, we find the two values of yare +2.93, - 2.43 

(for a zero size target). 

It is noteworthy that the rate of change of overall·length 

of the beam with the energy between 240 and 400 GeV/c is almost 

exactly 1.00 cm per GeV/c. But, as we have seen, the' decay 

lengths of all the hyperons exceed 2. cm/GeV/c. Thus the fraction 

of hyperons decaying in the beam decreases with increasing energy. 

A. 	 Cont~ibutions to Beam Phase Space from Target Dimensions 

and Proton Divergence 

Target Size 

The parabola (Eq. IV-+),representing the variation of x, 

with momentum, defines the achromatic focusing property of the 

beam. The other beam properties ate simpler; The mean x.coordi

nate' at the output, x4,changes almost linearly with momentum; 

y and y' do not change. The x 4 dispersion may be characterized 

as follows: 

! 
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TABLE IV-2 

Dispersion at End of Beam 

Momentum Rate of Change of x4 with 
GeV/c Momentum 

240 -0.35 cm/% dp/p 

320 -0.30 cm/% 

400 -0.24 cm/%' 

These numbers are relevant to the measurement of individual 

particle momenta in the beam, as we will see later on. 

To determine the effect of target size, the point of origin 

of the beam was displaced from the origin of coordinates in one 

dimension and the effect on the beam dimension observed. As 

might be anticipated, x affects mainly the conjugate coordinate 

x', and similarly y mainly y'. The coupling between x and y is 

very small. In like fashion, x' determines final x and y' the 

final y. The effect of target height and width can be summarized 

as follows: 
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TABLE IV-3 


Variation of Beam Divergence with 


Target Parameters 


E, GeV/c = 240 320 400 

a. 

b. 

Variation of Xl with 
horizontal target 
displacement x, = x" 

Variation of y' with 
vertic1e target 
displacement y, = y" 

x" = 
.05 mr/mrn 

. 
Y II = 
.20 mr/mrn 

.044 

.20 

.044 

.20 

Target Length 

Investigation of the effect of ta~get length on focusing 

properties shows that there is practically no observable effect 

from moving the source axially 10 cm in either direction from 

its initial position at the entrance to BM1. However, there is 

another important effect, in that the effective target height 

and width change with location along the target if the primary 

. proton beam is not perfectly parallel - which of course it is not. 

This 'is illustrated in Fig. IV-1. 
Proton Beam Phase Space 

Table IV-4 shows values quoted to us as nominal optimum 

va1ues·to use for the phase space of the incident proton beam 

in Proton Centra111. They can be expected to show variations, 

of perhaps as much as a factor of 2. 
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-~-
Fig. IV-1. Target illumina~ion by the incident proton beam. 

TABLE IV-4 

Proton-Central Beam Phase Space 

Horizontal proton beam admittance: 

Phase space area O.2Sn mm. mrad 

Vertical proton beam admittance: 

Phase sp~ce area O.IOn rom. mrad 

It can be shown that the minimum contribution to secondary beam 

angular width will be obtained when the contributions due indi

vidually to minimum beam height and to increase of height in the 

target (because of primary beam angular divergence) are equal. 

Thus optimum shape of the primary beam phase space will depend 

upon the target length as shown in Fig. IV-I. Table IV-5 shows 

the contribution to angular spread in y' due to target length. 1, 

and thickness t, and in x I due to target wid·th, assuming the 

contribution suitably minimized. Yo and 0y are the coordinates 

of the proton beam vertical phase space, Xo and ax of the hori

zontal. 

~-~~.-
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TABLE IV-5 

Contributions to Angular Diverge~ce . 
from Target Length 

, 

A. Vertical Divergence: y" == 0.20 mrad/rom (at all energies)' 

Length, 1 

100 rom 

200 rom 

250 rom 

Yo 

0.1 rom 

.14 

.157 

ey 

1.0 mr 

.707 

.64 

t 

0.2 rom 

.28 

.314 

y' 

0.04 mr 

.056 

.063 

Take x" = 0.048 mr/rom asB. Horizontal Divergence: average at all energies 

Length, 1 Xo ex t .x' 

100 rom 

200 rom 

250 rom 

.158 rom 

.224 

.25 

1.6 mr 

1.1 

1.0 

.316 rom 

.45 

.50 

.016 

.,022 

.024 

mr 

These contributions are quite unequal, due to the much 

greater sensitivity of the beam to vertical height than to hori

zontal width. There is, however, another source of divergence 

that contributes to horizontal width alone, thus tending to 

equalize the divergence. As we have seen, this is the beam momen

tum spread and the imperfect achromatization. 
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Proton Beam Steering 

Since the secondary beam is so narrow, it will clearly be 

necessary to provide steering magnets to allow the proton beam 

to be accurately directed at the target. Control of both position 

and direction will be required. 

B. Contributions due to Momentum ~\l'idth 

The momentum width permitted in the beam contributes to the 

loss of angular resolution in two '!flays. One is the failure to 

achieve perfect achromatization described above; the other is a 

change of radius of the Cerenkov ring, since the cone angle is a 

direct function of particle velocity. This decreases the separa

tion of particles of different masses. 

Table IV-6 summarizes these effects at 240 GeV. At higher 

energies these quantities are somewhat reduced. 

TABLE IV-6 

Effects of Target and Beam Size and Momentum 

Spread at 240 GeV 

Target Size: 250 rom x lromx .32 rom. Values shown 
are full widths at about 90% area. 

Ax· min .05 m 

Ax· for ± 2% op .065 

Ax' for ± 3% op - .08 

Ay' min .06 

Ay' for ± 2% op .07 

Ay' for ± 3% op - .08 
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c. Effects of Magnet Imperfections 

1) Dipoles 

The effect of sextupole components in the t,'lO dipole fields 

was investigated. In BM2 a sextupole has a much smaller effect 

than in BMl, as might be expected; an amplitude of .001 (0.1% 

field error 1 cm from orbit) was unnoticeable. A sextupole field 

of amplitude .001 in BMl, on the other hand, increased the de

focusing of off-momentum particles by a factor between 2 and 2.5; 

it acts to decrease the achromatization by about 30%. The effect 

can be seen in Table IV-7, which shows how the focusing is affect

ed. For this table, the value of x', the horizontal angular 

coordinate, is treated as a parabola, as we did above in discuss

ing aChroma'tic focusing. The result of the sextupole aberration 

is to change the coefficients of the parabola. 

TABLE IV-7 

Sextupole Effect on Achromatization.at 

240 GeV/c 

Parameter a b c 

No sextupole .002 .,0012 -.0037 

,Sextupo1e = .001 .002 .0039 ':'.0075 

An Xl range of .03 mr allows a 5.7% op/p range with no sextupole; 

4.0% op/p, 30% narrower, with .001 sextupole. 

2) Quadrupole Imperfections 

Sextupole components in the quadrupole field had similar but 

much smaller effects. In addition, the effect is sensitive to 

http:Achromatization.at
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the phase of the quadrupole field (rotation) with respect to the 

sextupo1e fie1di it is much smaller when the two are in 'phase. 

The major effect was the introduction of a slight variation in the 

mean y' with momentumi but this is much smaller than the spread 

in y' from other causes. 

D. Effect of Misalignments 

We have investigated the effect of displacements and rota

tions on individual magnets, and on the beam as a whole (exclud

ing BM1 which is regarded as fixed.) Displacements and rotations 

cause angular displacements and tilts, respectively; the effect 

when the entire transport (two quads and BM2) is simultaneously 

displaced being a third to a quarter as great as the effect of 

the single most sensitive component, which depends on the coord

inate examined. It is therefore highly desirable that the two 

qua.ds and the bending magnet, which have an overall length of 

about 7 meters, be mounted upon a single fixed base, and individ

ually aligned with respect to iti then motions of the base will 

have much less effect on the particle beam. Displacements of 0.5 

rom have noticeable effects on the beam direction; the y displace

ment is much more sensitive than x, as is to be expected from the 

target sensitivity. It will be necessary to provide means for 

monitoring and adjusting the beam transport location. 

Table IV-8 shows the effect of some misalignments. Small 

changes in mean direction x' and y' are of little consequence; 

such small displacements provide a method for steering the beam 

accurately. Large changes introduce chromatic effects which should 

be avoided. 



I 

i 

" 

-42

TABLE IV-8 

Effects of Misalignment of Entire:Beam .. 
·1 

Misalignment 

240 

Momentum, GeV 

320 400 

x displacement = 
1. mm (entire beam) 

y displacement = 
1.0 mm 

Rotation, 1. 
degree 

x' shift = 
-.05 mrad 

y' shift = 
-.21 mr 

y slope = 
.0025 cm/l% 
dp/p 

y' slope = 
.003 mr/l% 
dp/p 

x' shift = 
-.046 mr 

y' shift = 
-.20 mr 

y slope = 
.0025 cm/l% 
dp/p 

y' slope = 
.0022 mr/l% 
dp/p 

x' shift = 
-.042 mr 

y' shift = 
-.19 mr 

y slope = 
.0025 cm/l% 
dp/p 

y' slope = 
.0018 mr/l% 
dp/p 

E. Determination of Individual Particle Momenta 

As anticipated in our preliminary report, it has proved to 

be possible to determine the momenta of individual particles in 

the beam by correlating their x coordinates at two points in. the 

beam. It turns'out the best· place to make these observations is 

at xl' just after BMl, and x 4 , at the end of the beam transport, 

at the entrance to the Cerenkov counter. Accurate location at 

the latter point is required in any case to obtain the final 

particle direction. The correlation is capable of yielding 

reasonably good accuracy in momentum, provided one has detector 

planes of sufficient accuracy. Table IV-9 shows the precision 

obtained with a 25 cm. target. The width is due almost entirely 

to target size; the resolution can readily be improved by reducing 

the target size. 
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TABLE IV-9 

Momentum Resolution at 240 GeV/c 

from xl' x 4 

All runs made with 25 cm. target: 

1.4 rom slit at 3.5 m, 2.8 rom slit at 7. ro, 
7. rom slit after BM2. 

FWHM in xl at a single momentum: 0.014 cm. 

(L\xl/op/p) 0.023 cm/l% op/p 
x 4 = constant 

Momentum resolution: 0.014/.023 = 0.6% 
FWHM 

F. Beam Solid Angle, Acceptance, and Particle Yields 

To calculate the flux of secondary particles in a given beam 

it is necessary to know the production function, and the solid 

angle. No direct data on charged hyperon production at Fermi

lab energies is available~ the highest energies for which pro

duction data.are available is 31 GeV, from our BNL run. In 

addition there are now some data on neutral hyperon production 

at Fermilab. For the purposes of this report the direct produc

tion cross-sections can be taken as those predicted by the Wang 

formula 13 , with sufficient accuracy. This is most useful not 

only for the overall yield functions, but for the angular dis

tributions as well. At the energies under consideration the 

yield falls off so rapidly with angle that it is easy to design 

beams with angular acceptances l~rge compared to the width of 

the angular distributions. 
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Figure IV-l (p. 37 ) shows the target illumination produced 

by the divergent proton beam. The horizontal spread of t!1e pro

ton beam is large (± 1. mrad) compared to the secondary beam' 

acceptance (less than 0.5 mrad) so that the seconda~y beam phase 

space is uniformly filled, though not with equal efficiency, by 

all incoming protons. However, the proton beam divergence in 

the vertical plane is only ± 0.64 mrad for a 250 rom long target, 

and 1. mrad for a 100 rom target. These numbers are small com

pared with the acceptance possible in the vertical plane, which 

is at least ± 2.0 mrad. Table IV-lO shows the angular distribu

tion function in the Wang production formula, which is a simple 

exponential function exp (-4.247 Pt)' where Pt is the transverse 

momentum of the (negative) secondary particle, in GeV/c. From 

this universal function, the following table can be made. 

TABLE IV-lO 

Angular Production Function from the Wang Formula 

F = exp (-4.247 Pt) 

Particle Production Angle, mrad: 

Momentum, 

GeV/c O. 0.5 1. 1.5 2.0 


150 1.00 .727 .529 .385 .280 


200 1.00 .654 .428 .286 .183 


240 1.00 .601 .361 .216 .130 


320 1.00 .507 .257 .124 .066 


400 1.00 .428 .183 .078 .033 


! 



A 	NEVI HYPERON BEAM CONCEPT 


Chuok Ankenbrandt 


In previous hyperon beam designs, a large angular dispersion exists at 

the exit of the magnet system. ~fuile this correlation between momentum 

and horizontal angle somewhat simplifies hyperon momentum measurements, 

it severely complicates any attempt to trigger on and/or to tag specific 

·hyperons via a Cerenkov detector. 

This note outlines a new beam design which solves this problem with 

surpriSingly few attendant disadvantages and some accompanying advantages. 

Concepts are emphasized because there has been no real attempt to optimize 

the design which will be described; I am circulating it in preliminary 

form in order to erJList the superior intuition of those of you who have 

done hyperon experiments before. 

The basic new idea is to remove the net angular dispersion by incorporat

ing a reverse bend downstream of the main channel sweeping magnet. (It will 

turn out that a quite short reverse bend will suffice.) The adverse effects 

on background muon fluxes at the experimen~ which might seem at first sight 

( 	 to result fro~ this modification can be Qeg~ avoided by designing the second 

bending magnet with a horizontally narrow pole tip and marrow coils,so that 

most lll'.lO:;'1S will in fact enter the return yoke of this magnet where they 

will continue to be swept away from the hyperon beam as in Figure 1. 
""

The second dipole magnet then wi.ll ~ to the background sweeping pOl·rer of 

the first; ideally it would be superconducting to minimize coil cross-section. 

A logical place to incorporate this second bend is between the two 

quadrupole magnets which are still included in the design; this provides 

.separation between the quads, thereby allowing their lengths to be reduced. 

Relative to the original Fermilab beam design (Stefanski F~239), the overall 

beam length can then be reduced if we start from scratch wi.th a new shorter 

dipole as the first beam element; or the length will only slightly increase 

if we stick with the presently existing magnet. The CEfiN design could be 

modified to this configuration by merely reversing their second dipole. 

Figure 2 illustrates a first attempt at an actual beam design with' 

realistic parameters ,:fit by TR...\NSPORT. (See me for the canplete TBAliSPORT 

outp~t.) It is worth emphasiZing that Figure 2 is to scale in z, that is, 

a q:.1ite short reverse bend Hill make the emer~ing beam achroma tic. The 
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reaso~ is that the horizontally focusing quadrupole already 'cancels most of 

the momentum dispersion of the beam, particularly when separation is provided 

between the quads and when the second quad focuses horizontally. The following 

result is most pertinent to the CereIL~ov detector design: for an initial 

be~m phase space of (i)0.5 mm)X(± O~5 mr) in both views and dP/p~~ 5%, the 

output beam has angular spreads of ± 0.035 mrad and ± 0.14 mrad in the 

horizontal and vertical directions respectively. The vertical angular 

spread is larger because the effective focal length is shorter in the vertical. 

Nonlinear chromatic effects in the quadrupoles, not included in the TRANSPORT 

calculation, would tend to increase these angular divergences; they can 

presumably be kept to tolerable levels by limiting the momentum spread of 

the beam. 

IMPLICATIONS FOR CERENKOV COUNTER 

Tne simplifications which result for the Cerenkov counter are enormous. 

Simple circular apertures in the focal plane of a DISC-type counter will 

select definite velocities. (In practice some azimuthal segmentLl1g of aper

tures may be desirable as in standard DISC designs; but the essential 

point is that all images will be concentric circles.) In a broad-band 

beam,velocity selection will not suffice for particle identification'in the 

most stringent cases (if dp/p=±5%,· then mZ; /Pmin ";;! m--::-/pmax); hmvever a 

crude measurement of moment~~ (as might be provided by say a horizontal posi

tio~ measurement at the quadrupole exit: position and momentum are fai~ly 

.well correlated there) would suffice for particle identification. One can 

easily conceive then a two-dimensional matrix of Cerenkov ring radius 

versus horizontal PWC position to select specific hyperons for the trigger. 

I need hardly emphasize that DISC-type counters are well-designed, eXisting, 

debugged,proven devices. Tne savings jn design effort and probably in cost 

are large. Detection efficiencies will also be most likely considerably 

larger, not only because the whole Cerenkov ring is usable but because high

grade commercially available photomultipliers can be used. 

IMPLICATIONS FOR HYPERON MOMENTm>1: DETERMINATION 

The beam momentum can no longer be determined directly from horizontal. 

angle; however, no essential complication should ensue. That is, a.horizon

tal position measurement at two places, say between BL and ~ and beWween 

QV and BR (i.e. on either side of the vertically focusing quad), will still 
determine the mo:n·,mtum although the algorithm will be more complicated. 
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Fa,r example, .for the speci.fic beam design already described, the horizontal 

positions Xu and xd upstream and downstream o.f the vertically .focusing quad
( are givcn by 

Xu = Xo + .5 x ' - .075 t:S 
o 

and xd = 1.21~ x +.794 x - • 145 ~I o 0 
where x ,x I, and 8 are the position,slope, and momentum o.f.fset of the o 0 

original ray at the target in units o.f cm, mrad, and %respectively. Elimi

,nating 	x 1 from these equations giveso 

.794 x -.5 x = .174 x + .01288 


u d 0 

Using this linear combination to measure momentum and assmning standard 

deviations o.f 60 microns on Xu and xd and a horizontal target size of 1 mID,. 

we .find an uncertainty o.f (f'=+ 0.6%, with approximately equal contributions 
~-	 , 

.from chamber resolution and target siZe. This is only a little wo:se than 

the accuracy that can be achieved by Ineasuring the horizontal angle in the 

Stefanski design. 

OTHER CONSEQUENCES 

There are other real advantages to a highly parallel beam. Beam halo 

can easily be eliminated by requiring that the beam be parallel, say by 

( 	 chclmbers on either side of the Cerenkov counter. Straight-thrus can similarly 

be 'rejected by looking at the beam angle dmVIlstream of the interaction or 

decay region. Beam veto counters can be made smaller. Further, if' it becomes 

necessary to deaden the beam region o.f dmmstream detectors, these dead spo,ts... 
can also be made smaller. 'Finally the acceptance will be slightly larger 

for a given solid angle subtended by downstream detectors and/or apertures. 

( 
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The total production can be found by integrating the angular 

function out to infinity, giving the value 1/4.247 = .236. Thus 

the area is that contained in a uniform distribution out to a 

transverse momentum of .236 GeV/c. The corresponding production 

angle is just this quantity divided by the beam momentum. Thus, 

at 236 GeV/c the total angular distribution is that contained in 

a 1 mrad angle, or in ~ microsteradians. In the vertical direc

tion the acceptance may extend well beyond this angle, so that the 

entire production is contained; in the- horizontal direction, the 

large proton beam divergence (± 1. mrad) and the small equivalent 

horizontal acceptance, about ± .25 mrad, cut down the yield. 

Consequently it seems expedient to change the horizontal proton 

focusing to get less divergence. 

The optimum horizontal focusing was defined as that giving 

the smallest target size. It was found at a waist of ± .25 wm 

and a divergence of ± 1.0 mrad, giving a horizontal target width 

of ± .50 mm. If we depart from the optimum and make the waist 

± 0.4 rom, the divergence ± .625 mrad, we get a target width of 

± .56 rom, but now the secondary beam angles with the primary 

proton direction are much reduced, with correspondingly increased 

yields. There is no sacrifice in resolution either, since the 

x' width is smaller than the y' in any case. 

We thus end up with the following table of calculated ~ 

yields, IV-II. In this table, we have used the Wang formula; we 

12have converted the yields to be per usterad·GeV • 0.37 x 10 

interacting protons, where 0.37 is an assumed target efficiency; 

this yield we call N. In addition we introduce an angular yield 
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function f ' which,depends only on the secondary beam momentum;o 

it is the effective solid angle available to the secondar.ies 
. . 

.(= • 236/E), multiplied by 0.5 to account for the loss of accept

ance in the horizontal direction. The final calculated yield 

is then Yf,the product of these factors. 

TABLE IV-II 


Overall Yield Calculation for Negative Pions 


Secondary f o ' 
Particle Corrected 
Momentum Angular 

GeV/c Yield 

160 .735 

240 .49 

320 .37 

400 .30 

1012Final Yield: 	 No. of ~-/GeV/c.37 x 
interacting protons. 

= 400 GeV Ep = 500 GeVEp

N Yf 
 N Yf 

7.0 E07 5.1 E07 11.0 E07 8.0 	E07 

2.7 E07 1.3 E07 7.6 E07 3.7 E07 

3.7 E06 1.4 E06 2.4 E07 8.7 E06 

4.4 E06 1.2 E06 

, To convert from pions to hyperons we use the following 

ratios, which for simplicity we assume .independent of alpha * ; 

this does not introduce errors as large as a factor of 2. In 

addition we need decay factors, which depend upon the beam length 

and the particle momenta. 

'*This is somewhat inaccurate for r's, where yield is lower below 
a = 0.8, higher above 0.8. For E it is quite go04 (the 2 yield 
being almost identical with K-) _ For n there are no data, and 
the number giv~n is a guess. 

I 

http:GeV/c.37
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TABLE IV-12 

Ratio of Hyperon to Pion Yield 
, . 

(assumed independent of a) 

1. I: - /Tf - . - 1.0 

~2. .. - /Tf - = 0.02-
3. n -/Tf - . = 2. x 10-4 

We now combine all these factors in Table IV-13 to get final 

yield figures. 

, TABLE IV-13 

HyperOn Yields, taking into Account Production and Decay. 

No. of Particles/~ster • GeV/c/.37 x 1012 Interacting Protons. 

Proton Hyp. 
Mom. Mom. 

GeV 

Total 
Beam 
Length 

Pion 
Yield Decay Factor 

Sigma Xi Omega 

Hyperon Yield 

Sigma Xi Omega 

400 160 

400 240 

400 240 

400 320 

500 400 

21.5 m 

21.5 

29.5 

29.5 

29.5 

5.lE7 

1.3E7 

1.3E7 

1.4E6 

1.2E6 

.0266 .0278 .0029 

.0893 .0917 .0203 

.0363 .0377 .0048 

.0834 .0856 .0182 

.137 .137 .0408 

1.26E6 2.8E4' 29.6 

1.2E6 2.4E4 53.0 

4.7E5 1.OE4 12.5 

1.2E5 2400 5.1 

1.6E5 3300 9.8 

http:GeV/c/.37
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TABLE IV-14 

Ratio of Hyperons to Pions at Beam Exit 

Beam 
Momentum 
GeV/c 

Sigmas per 

106 pions 

xis per 

10 6 pions 

Omegas per 

10 6 pions 

160 4.2E4 860 1.2 

240 (21.5 m) 8.1E4 1700 3.5 

320 8.5E4 1700 3.7 

400 1.2E5 240'0 6.7 
.. 

Note: 	 At 400 GeV/c a momentum acceptance of ±3% would cover a 
range of 24 GeV/ci the beam would then have to hold to 

10104 x incident protons to keep the total particle flux 
down to 106/sec • 

Note on Further Reduction of Muon Background 

Since the increase of muon background at low momenta comes 

from decreasing the field in BMl and thus failing to deflect the 

muons adequately, it should be possible to circumvent this 

difficulty, if necessary, by keeping the field in BMl at a high 

value and changing the central plug to give a more curved trajec

tory_ The rest of' the beam will have to be retuned, but with 

more deflection the beam performance should improve. To avoid 

moving the beam transport, magnets to deflect the incident proton 

beam could be used to compensate for the change in position of the 

target. 
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V. DESIGN OF THE CERENKOV DETECTOR 

The design of the Cerenkov detector takes as its star,ting 

point the physics requirements of the experiment. We take it as 

required to separate and identify hyperons to energies as high 

as possible - up to 400 GeV/c if possible. To do this implies 

a focusing type of detector with ring images. Threshold counters 

in this momentum range are far too long. 

A. Angular Resolution 

The angular resolution that determines whether two different 

ring images are separable is the product of contributions from the 

beam, and from the Cerenkov detector itself. We have already 

considered the formeri the latter contains several important 

components. 

Counter Contributions 

1) Variation of diameter of ring image \-li th particle momen

tum. This effect limits the momentum acceptance to a maximum of 

about ± 3%' or'less, if sigma-xi separation is to be retained. 

However, this imposes no great hardship, since in practice we will 

almost certainly not require so large a momentum bite. However, 

the slits available for momentum restriction in the beam are not 

infinitely sharp, and there is always a tail in the momentum pass

band; this is not exp~ct~d to be troublesome. The sigma-xi 

separation is always equivalent to a change in momentum of 10%, 

at any energy or cone angle. 

2) Chromatic dispersion in the gas is always the most serious 

aberration; it enters through the variation of n in the basic 
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equation cos e = l/na. It is this quantity that dictates the 

choice of cone angle. By using the least dispersive gases 

helium or neon - and limiting the wavelength region used, the 

chromatic aberration is kept under control. 

3) Multiple scattering in the gas, windows, etc. This is 

negligible in all practical cases, for the momentum ranges under 

consideration. 

4) Optical imperfections and aberrations. These must be kept 

sufficiently small not to make significant contributions to image 

width; there are no difficulties in meeting the requirements. 

Table V-l shows the width of a ring image due to chromatic 

dispersion .in He (for which it is minimal) for the wavelength 

range 280 - 440 nID, for three different cone angles. For compari

son we show the angular separations ~e of L~ and !! - rings as 

well. The angular spread of the 240 GeV/c beam was given in 

Table IV-l; it is .06 - .08 mrad, depending on 'the momentum bite 

and target size, and decreases only slightly at higher energies. 

We have included for comparison the corresponding data for 

the DISC counter now available at Fermilab; here, of course, the 

chromatic aberration has been essen~ially removed, leaving as the 

major limitat,ion the restricted angular acceptance. 

Figure V-l shows the separation of sigma from xi graphically, 

for 7 and 11.5 mrad cone angles. 

For these small cone angles, the gas pressure in the counter 

is always low. At 150 'GeV/c, 11.5 mrad, it reaches a maximum of 

about 3 atmospheres (absolute). 

." 

, 
; 
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TABLE V-1 


E- - =~ Separations Ae, and Chromatic Dispersion 


CHR, in mrad. Cerenkov Cone Angle, e: 


- e = 7 mrad. e = 24.5 mrad. (DISC)Beam e = 11.5 mrad.H~'peron 
Ae. CHR Ae, CHR Ae, CHR AngularSpread,MO'lentum 

mrad* mrad. mrad. mrad. mrad. mrad. mrad. AcceptanceGeV/c 

150 .283 (.015) .094.603 .150-
- _.180 .175 (.015) .058.420 .139·-

210 .307 .130-
.06  .387 .106240 .235 .124 .111 It .037.08 
.05 It."062 . " .021320 .217 .084-.07 

.049 " .016 

400 

360 (.06) .172 .079 

.040 " .013(.06) .140 .077 

I 
U1 
N 

I 


*Beam spread is due to finite target size: it is given for a 25 em. long target. 
See Table IV-l 

.. 
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B. Chromatic Dispersion and How to Live with It 

There are two ways to handle the chromatic dispersion problem. 
, . 


You can suffer its slings and arrows; or, you can take arms 

against it, and by opposing, end it. (The third alternative, 

to vacillate, Hamlet-like, we reject.). 

Cerenkov detectors in which the chromatic dispersion is 

corrected are known by the generic name of DISC. They are usually 

characterized by extremely high resolution and correspondingly 

small angular acceptance; the last entry in Table V-l shows a 

typical instrument of this type. These features of the DISC are 

not inherent characteristics; they are consequences of a decis

ion to use large cone angles, which keeps the counter shorter 

and smaller in diameter, 'and thus less expensive. The latter 

point is of great importance, since the achromatization of the 

DISC, extending as it must into the UV, is very 'expensive. 

The alternative to the DISC is to use a conventional Cerenkov 

focusing counter, with a considerably smaller cone angle, which 

improves the mass resolution. One must then accept the greater 

length, additional hyperon decay, and decreased light output this 

choice entails. If the beam optics are not able to supply a hy

peron beam within the phase 'space acceptance of the DISC counter, 

one must either accept the corresponding loss of beam or switch 

to the, conventional detector. 

In considering whether to use a DISC or a conventional 

counter, we have been influenced by th~ fact that there exists 

in the Laboratory a half-completed DISC which might perhaps be 
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made available to this beam; it is the one whose characteristics 

are described in Table V-I. Figure V-2 shows a sketch of it. 

. .
Considerations of both cost and procurement t1me probably rule 

out of consideration any other DISC design, and thus. we confine 

ourselves to this one example. 

C. Performance Requirements and how to Achieve Them 

An ideal Cerenkov detector would detect, identify, and tag 

all particles traversing it, and also measure their direction 

and momentum. Let us see how closely such an ideal may be 

approached. 

First, we note that the DISC does not attempt this task. 

It has a single circular slit, albeit of very high resolution, 

and detects only those particles whose Cerenkov light passes 

through the slit. There are no anticoincidence circuits; it 

rejects unwanted particles by brute force. To achieve a reason

able degree of signal purity, at least sixfold, preferably eight

fold coincidences are required for the accepted particles; thus 

the minimum number of photons in the ring image must be in the 

range 30 to 40. The resolution is excellent, and the specifica-. 

tions on allowable angular divergence of the beam correspondingly 

stringent. From Table V-I we note that at 240 GeV/c the 24.5 

mrad DISC we are considering will have an angular acceptance of 

.037 mrad, with correspondingly less at higher momenta. In 

contrast, the angular divergence of the beam is determined in 

practice by target size; and for the 25 cm. long target we would 

like to usc, the beam spread is as large as :06 to .08 mrad. 

! 

. i 

. . 


.~ 

I· 
i 
I 
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Fig. V-2. Internal construction of the 24.5 mrad CERN DISC counter. 
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Corresponding losses in detection efficiency will be inescap

able. 
. . 

The alternative, the conventional ring-focusing counter, does 

not rely on high resolution alone to distinguish particles. It 

accepts the chromatic aberration in the gas radiator, and circum

vents it by taking advantage of the fact that the chromatic aber

ration is a decreasing fraction of the angular separation of any 

two particles of different masses, as the cone angle is decreased. 

Let us assume that the Cerenkov detector can be so construct

ed that its cone angle and length are variable, to allow the reso

lution and length to be adjusted to fit the momentum in use. To 

obtain sufficient light, we take a radiator length of 14 meters 

for a cone angle of 7 mrad'. We then reduce to 6 m for an 11.5 

mrad cone angle; in the latter case the total light is slightly 

more. We add arbitrarily, 1 meter to each length to obtain over

all lengths of 15 and 7 meters. 

The greater length incidental to smaller cone angles in

creases the decay likelihood; but up to 400 GeV/c, the overall 

counter length increases more slowly than the relativistic 

dilation of the decay length, so we can afford it. The angular 

separation of the particles increases as the cone angle is de

creased, allowing greater beam divergence, target size, and 

easing alignment and constructional tolerances. Furthermore, more 

sophisticated means of separating particles of different masses 

than a single fixed slit can be used, since the optics are now 

simpler. The method generally used to deal with more than one 

ring image is usually some form of image dissection. 
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Image Dissection 

Image dissection is the most general method available for 

the extraction of information from complex optical images. The 

prototype is the television raster scan, in which the image is 

dissected into a series of adjacent lines, scanned in turn to 

make a complete frame. For this purpose storage tubes like the 

vidicon are preferable, since they integrate and store an image 

which is then read out by a scanning electron beam. This tech

nique is available for Cerenkov images, although not in quite so 

simple a form; the signal-to-noise ratio of the vidicon is in

adequate for signals from single photons. 'l!he deficiency can 

be remedied by preceding the vidicon with one or two stages of 

image-intensifier. This technique for storing and dissecting ring 

images using image intensifiers and storage phosphors was first 

suggested by one of us in 1960 14 , when the available image inten

sifiers were not really satisfactory. Present-day II second genera·· 

tion" intensifiers are, and one technique proposed for this 

experiment involves the use of such an image-dissecting system, 

using one or more channel electron multiplier array (CEMA) tube, 

with a segmented anode for image di~section15. In the achromatic 

beam the segmented anode is greatly simplified, since it becomes 

merely a raster in polar coordinates. 

The advantage of the image dissection technique can best be 

understood if one imagines a Cerenkov detector whose output is 

a large screen on which flash the successive ring images of 

different particles. For each particle one can determine the 

---------------_._-_.__.._ .. 
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location of the center of the ring and the radius. This is all 

the information available; it gives the partic~e direction and 
. . 

velocity. If the particle momentum is known this determines 

the mass. It is the mechanization of this process that offers 

difficulties. 

Returning to the conventional focusing Cerenkov detector, we 

ask: how can these results be obtained using only photomulti

plier detectors, until suitable image-intensifier tubes become 

available? The answer clearly lies in the provision of an array 

of slits and photomultiplier tubes, preferably not too complicated 

nor too expensive. 

If we now compare the requirements for the dispersive beam and 

the achromatic beam, the advantage of the latter becomes apparent. 

A method for image-dissection to identify all the hyperons in a 

dispersive beam was described by one of us in 1972 5 • It used a 

system of multiple slits, but replaced slit segments by mirror 

segments to add another element of freedom in the placement of 

the photomultiplier tubes. Figure V-3 shows the ring images for 

three different particles in a dispersive beam, at three different 

momenta. The considerable overlap would be much reduced by 

narrowing the momentum range; but on the other hand, increasing 

the momentum to 400 GeV/c would again make the separation more 

difficult as the velocity differences decrease. Furthermore, a 

completely new slit segmentation layout would be required for each 

momentum, since the relative radii change with momentum. Figure 

V-4 shows how the image dissection is accomplish~d. A similar 
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Fig V-3. Ring images in the dispersive 

hyperoIl beam. 
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design for CEMA tube with segmented anode structure has been 

proposed by J. Sandweiss 15 
• 

In contrast to Fig. V-3, now consider the achromatic beam 

ring images, which are merely a set of concentric circles, all 

the centers now being coincident. In principle, the slits can 

now be simple circular mirror segments. The design simplifica

tion is very great, and the performance improvement should be 

dramatic. Exactly similar arguments apply to the segmented

anode CEMA tube, which is the analogue of the mirror system just 

discussed. In this case, the rearrangement of segments required 

by a momentum change might be logical rather than hardware, if 

the anode segmentation is sufficiently fine-grained. In both 

cases, the image dissection is reduced by achromatization to the 

trivial case of a raster in polar coordinates. Figure IV-5 

shows the components of a CEMA detector. 

There is one point of conflict between the CEMA type image 

intensifier detector and the slit or mirror-imaging dissecting 

system using phototubesi this is the size of image required. 

CEMA tubes are presently limited, by· cost considerations, to a 

maximum diameter of 40 rom. One can 'use several tubes, but 

clearly image diameters should not be much over 80 or 90 rom. On 

the other hand, the optics and mechanics for slit and mirror seg

ment systems are easier for larger sizes. We consider below some 

possible solutions and. compromises of this problem. 

The image-dissection system can of course be simplified and 

varied. The simplest form is a slit for the accepted particle, 
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Fig. V-5a. GEMA image intensifier tube with segmented anode. Proximity 
focusing is used both at the cathode and anode. 

Fig. V-5b" Segmented anode, with concentric 60
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segments. Only a 
few segments have been drawn ino 
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and mirrors for the rejected ones, in anticoincidence; this form 

has been used by Ozaki et a1. 16 Versions that ~ccept and indi
< • 

vidua11y tag all the hyperons can readily be envisaged. Experi

ence with a model of a sigmented mirror detector indicates that 

the only problem is the mechanical mounting of the mirror seg

ments and that it is soluble, most readily when the segments are 

not too small. 

TABLE V-2 


Slit Parameters for Photomultiplier Detector System, 


with a 5.0 m Focal Length Mirror. 66 is 


the E Angular Separation 


A. 7.0 mrad cone angle (for sigmas): image radius 35 rom. 

p 
GeV/c 

69 
mrad. 

Sigma-Xi 
sep, rom 

Slit Width, 
rom 

Cone angle, 
mrad for 13 

= 1 
Max. image 
radius, rom 

240 

320 

400 

.387 

.217 

.140 

1.935 

1.085 

0.70 

0.75 

.62 

0.55 

8.6 

7.82 

7.61 

43.0 

39.1 

38.05 

B. 11.5 mrad cone angle: image radius 57.5 rom. 

150 .603 3.0 

180 .420 2.10 

210 .307 1.54 

240 .235 1.18 

1.00 

.85 

.80 

.75 

14.0 

13.3 

12.8 

12.5 

70.0 

66.5 

64.0 

62.5 
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D. Mirror Optics 

The mirror optics required for the Cerenkov detectors depends 

not only on the length and cone angle of the Cerenkov radiator, 

but also on the image size required by the detector. Three 

different detector arrangements can readily be envisaged: one 

in which only conventional photomultipliers are used, one using 

a single 40 rom CEMA image intensifier tube, and one using several 

such tubes in order to obtain larger images and better resolution . 
. 

The optical quality of the mirrors is not as high as that 

needed for astronomy or photographic purposes, where the diffrac

tion limit is in the region of 0.002 mrad. A mirror whose resolu

tion is ten times worse than that would still be perfectly accept

able. Aberrations up to '.02 rnrad can likewise be tolerated. The 

size of mirror needed is given by the longest radiator, 14 m, and 

the largest cone angle which is 8.6 mrad. This gives a mirror 

aperture requirement of 120 rom radius; a 1011 diameter mirror is 

indicated. The 11.5 mrad detector, with a much shorter (6m) 

radiator does not need the full diameter. 

For photomultiplier detectors, with several photomultipliers 

say 4 - desired per particle in order to obtain high-order coin

cidences for background reduction, a large image format is de

sirable; this makes the slits easier to make, and allows them to 

be closer together. Thus, a 5 meter focal length would give a 

maximum image diameter, with the 8.6 mrad cone mentioned above, 

of 86 rom. The image would be larger with the 11.5 mradsystern, 

where a maximum cone angle of 14: mrad yields an image diameter 

of 140 mm. 
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Table V-2 shows the separations and slit widths needed for 

this system, for the photomultiplier detector a,rray and a. 5.0 

m focal length mirror. For the arrangement using four 40 rom 

CEMA tubes, each one occupying a quadrant of the image {whether 

together or separated by dissecting the primary mirror, as 

suggested by Sandweiss 15 }, the range of image radii that can be 

accommodated is from about 13 to 43 rom. From Table V-2, this 

would be entirely satisfactory with a 5 m focal length mirror 

for the 7 mrad cone angle, but not for the 11.5 mrad. For that 

angle, to keep the maximum radius within range, the focal length 

should not exceed 3.0 m. That mirror, however, needs a diameter 

of only 158 mm. 

The case of the single 40 nun CEMA tube is a rather special 

one; it requires the best resolution ln the detector because of 

its small area, and thus the shortest focal length mirrors. 

Sandweiss has estimated a focal length of about 1.25 m for this 

detector, which would give a maximum 35 nun diameter image at 

14 mrad. It is interesting to contemplate the possibility of 

using a Schwarzschild optical system, as suggested by Sandweiss, 

with a 3 m focal length first mirror, and a second mirror to give 

a final focal length near 1.25 rom. To use the system with the 

4-tube CEMA array, the second mirror could be replaced by a plane 

reflector, giving a 3 m focal length. The mirrors would have to 

be so figured as to be usable either singly or together. 
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To summarize, the general design of the focusing Cerenkov 

detector that emerges from our considerations requires varia

tion of the L cone angle from 7 to 11.5 mrad, to cover the 

momentum range 150 - 400 GeV/c. The length will change corres

pondingly from 7 to 15 meters. Distinguishing sigmas from xis 

should be possible for all momenta up to somewhere between 320 

and 400 GeV/c •. Simultaneous tagging of omega (and/or p) with 

either sigma or xi appears feasible. 

Such a detector appears preferable to the DISC on the grounds 

of flexibility, ability to utilize the proton beam efficiently 

(with minimum muon background) at all energies, multiple tagging 

and anticoincidence possibilities, and cost. 

Figure V-6 shows how the beam and Cerenkov detector system 

envisaged would appear. 
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VI. SU~1ARY 

1. An achromatic hyperon beam has been designed for' .the pro

ton central area, to cover the momentum range 150- 400 GeV/c; with 

incident protons up to 500 GeV/c. It requires four.superconduct

ing magnets of special design: two dipoles and two quadrupoles. 

Cerenkov detectors capable of accepting all particles in the 

transmitted momentum interval (up to several percent) are described. 

The performance of the transport and Cerenkov detector allow 

separation and identification of all hyperons at all energies in 

this range (with the possible exception of sigma-xi separation 

near the top end of the range.) The required proton beam will not 

exceed 1012 protons per pulse, and may well be less. The incident 

proton beam must have as 'a high a quality (small acceptance) as 

possible; it is the limiting factor in the obtainable angular and 

momentum resolution. 

2. Calculations on muon background indicate it to be adequate

ly low, except possibly at the lowest secondary beam momenta. If 

it does become a problem, steps to ameliorate it are feasible. 

3. Considerations on the types of Cerenkov detector possible 

for use with an achromatic beam lead us to recommend a conventional 

focusing detector, so designed as to allow: 

a) 	 A change of cone angle and length between the 7 mrad, 

15 meters; and 11.5 mrad, 7. meters. 

b) 	 An interchangeable optical system permitting the use 

of either a conventional system with photomultiplier 

sensors, or a CEMA detector with a segmented anode 

system. 
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We have not yet concerned ourselves with some important 

problems that still require attention. These i~clude steering 
. . 

and focusing for the incident proton beam, and the details of 

the collimator in BMI. 

We conclude that the achromatic beam concept is a valid and 

important advance; that it makes possible simple, efficient 

and powerful Cerenkov detectors, and the extension of the useful 

energy range to above 300 GeV/c; and that the beam may be 

designed to render the muon backround innocuous. Table Vi-l 

summarizes the properties of dispersive and achromatic beams and . 

the corresponding Cerenkov detectors. 
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TABLE VI-l 

Comparison of Dispersive and Achromatic Beam 

Properties and Their Implications for Detectors 

Characteristic Dispersive Achromatic 

Momentum Range op/p 

Horizontal Angular 
Dispersion (150 GeV/c) 

Vertical Angular 
Dispersion (150 GeV!c) 

Method of Momentum 
Determination 

Accuracy of Momentum 
Determination 

Sigma-Xi separation: 

Type of detector 
needed for detec
tion efficiency 
above 10% 

Beam length at 240 
GeV/c, not includ
ing Cerenkov detec
tor. 

Maximum momentum at 
which sigma-xi 
separation is 
feasible 

Up to ± 6 - 10% Up to ± 3% 

0.22 mr/l% op/p .02 mr. 
op/p 

for ± 3% 

± .06 
op/p) 

mr (± 
-

6.6% ± .03 mr. 
3% op/p 

for ± 

Measurement of hori
zontal direction at 
exit. 

Horizontal 
at two points 
beam. 

loc
along 
ation 

Limited (in both cases) by target size. 
For small targets « .2 rom) achromatic 
beam may be limited by location accuracy 
(70 ~) at about ± 0.3%. 

Fraction of beam accepted by a Cerenkov 
detector with .06 mr vertical aperture, 
at 240 GeV/c: 

Momentum acceptance Momentum acc. ± .3% 
0.3% 

Vertical acceptance Vertical acc. 100% 
50% 

Special image-dissecting Conventional. 

type; image-dissecting (100% efficient) 

scheme changes with parti 
cle momentum. 


10.7 m 12.6 m. 

200-240 GeV/c? 320-400 GeV/c 
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CerenK:OV CO\ll!tCl':.~Lor !.>_<:!.J, PCE) -353, A Pr~.2_(~ 

~T. Bllnci";':eiss, Y[I.le lJniversj.ty 

I. 	 GE:naraJ 

'l.'he 	 purpose of tr.is documerlt is t\,~O fold: 

a) 	 to pre~ent a brief description of a Channel Electron 

Multiplier Array (CL!~A) type of CarenKov counter, point.ing 

out its ~ntque capabilities for these experiments. A 

more complete and deta.iled paper on the CEMA counter is in 

preparation in collaboration with Stan ECKlund, Dick Majka 

and S:lt.i.sh Dhawan. 

b) 	 to present the design of a !IFhlu:·e I" counter 1·!hich could' 

be u'sed \<lith CElf:.R tubes o.s 1n (a) but ,,!hich cC/uld also be 

u.sert ''lith o]:'dinary' ohotcr:.ult ipl i(!r:> as a viable alterrio..ti va 

to the DISC. Indee.cl, 'VIe shall' a~g\1c that in addition to 

the advanta.ge of bci!1g co~r,patible \\!'ith the CEi·..:A tub(~£, the 

Phase .( couni:.er vd.ll have cE::rtain othel" advantage::; roln-c.lve 

to a DISC counter of the E-69 design. 

'-Ie note tha.t the Phase I design is !!lore thnn ·preJ.l.min&l"Y but, 

less than final for the following r~asons: 

i) a sm[Lll alnou!1t of ufine tuning"re~:nains to be' done on the 

design presented} 

11) 	 the design should be stuci1.ed to see if' conic sections of 

revolution (con:i.coids) would b·; suffic ient.ly close 

approxtmatic!18 to the 3sphcric surfuccs. Such conicoids 

~oulrt be lesD expe~si~e to pclish Rnd test. 

http:stuci1.ed
http:couni:.er
http:advanta.ge
http:Indee.cl
http:S:lt.i.sh
http:lJniversj.ty
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iii) 	 clearly it would be desirable for the calculations to 

be independently checked and/or other cO~lll~ents· and 

suggestions of E-97, P(E)-353 physicist~ to be . . 
incorporated. 

--, 
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II. 'l'he CEr'L~ Counter 

In the focal plane of the optical sYAtcm '1hich, as we shall 

see in section IV, can be made so thnt aberrations are negligible, 

the Cerenlcov light from a given particle will fill an annular ring 

of average radius R and width AR where: 

R = f 9 (1)c 

6R = f Aee (2) 

In (1) and (2) f is the optical focal length, 9 is the averagec 
CerenKov angle and-A9c is the spread of Cerenkov angles due to 

the variation of index of refraction of the radiator gas ,\'lith 

Although \'Te shall return- to the choice of system focal length 

later in thts section, f'or the follOi·ring analysis ~_t is convenient 

to measure radii and radial widths directly in terms of angles 

(Le. equivalent to choosing units of length so_ that f=l). 

It is convenient to describe the position of a point on an 

arbitrary ring of light in-terms of' polar coordinates referred to 

a system centerpoint as illustrated beloioJ'. 
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Neglecting terms of order (a/Ro)2 or higher, i.e. to an 

accuracy of --1% "<Fe can wr i te : 

(3) 

We suppose that the CEMA counter '\'Tould be used \'11 th a beam 

design which is made parallel (to ±.l mr) in the vertical 

direction but could be as divergent as ±1.5 mr in the horizontal 

direction. l A typical set of curves for PJ r, E, 0 at 180 GeV/c 

are shown in figure 1. As illustrated in the figure the most 

difficult separation is bet'\"leen rand :=:. 

At any given beam momentum we must operate the counter pressure 

(Le. Cerenkov angle) so that the particles we wish to distinguish 

are separated by a sufficient m:L'"nber of fl8 t s" or colloquially,c 
a suff'icient number of dispersion widths. In this type of counter 

all of the observed ~9c will be due to dispersion 'and furthermore 

the CEMA tubes with the proposed optics ""'ill cover a very large 

band of angles simultaneously and thus \,lill permit, very pm....crful 

anticoincidence conditions on bacKground particles" delta rays, 

etc. For these reasons it seems reasonable to choose as a 

nominal design choice particle separation by 2.2 dispersion widths. 

Table I shows the Cerenkov angles and separations for 180 GeV/c 

and Tables II, and III shm"1 them for t,'IO modes of operation at 

100 GeV/c. We anticipate that the Table III mode will be favored 

:I.n that it gives substantially more light than the 'l'able II mode. 
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Table I 

CerenKoV' Angles and Dif;oersion \'lidths at :180 GeV/c'. 
. . 

Particle 

If 

P 


E 


E: 

n 

9 (mr)c 

15. liB 

14.597 

.1614.000 2.175 

13.652 

12.408 

Table II 

Cerenkov Angles and Dispersion Hidths' at 100 GeV/c, l-1octe I 

Particle 

P 15.853 

E 14.000 22 . 5.19 

. E 12.837 

n 1.730 
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Ta.ble III 

CcrenKov .Angles and Dispersion l'1idths B.t 100 GoV/c, ~vlodc II 

Particle ~I')c(mr)0e (mr) [ae (i) - g (i+1) ] /l\Oee 

"!T 21.76 

P 19.687 

.206 4.2618.227L 

17·350-
14.000n 

Ta.ble IV Bhows the operating angles and separations for a possible 

operation at 250 GeVje beam momentum. 

lJ1able IV 

CerenKov Jlngles and Dispers:i.on ~lj dths at 250 GeV/c. 

Particle °c(mr) 

10.180Tr 

P 9.479 

2.669·000 .106L 

- 8.718 

7.6914n 

http:Dispers:i.on
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We have calculated the dispersion widths A9 c 

=..l. (l-e}
2v + va 

via: 

{4} 

\-There v'· is the Abbe number as given by Litt and ~'leunier2 

(v = 54.5 ror He gas). Of course all or the analysis uses the 

basic CerenKov equation 

I = (5) 

where j3 in (4) and, (5) is the particle velocity divided by 'the 

velocity or light 'and n is the index of the refraction or the gas. 

The basic operating scheme or the CEMA counter is illustrated 

in the sKetch beloH. 

,.; 

\--.,.,--- , 

H ; 'i I.. Kr'.tt;!t" .J,' (1 '" 

M t.v Fe.. 
1-1 ;.J ].. J".t.q; 11 I." rI·t I "" 

/'-1. t-v /' C 

The proportional chambers provide fast on line determination 

of the particle direction '''hich is input to a microprocessor. The 

microprocessor then decides (via a table lOOK up) which set or 

anode segments will intercept (multipl,ied) photoelectrons from" 

say'the annulus of ~" CerenKov light. The design is such that 

five non overlapping sets of anode eegments correspond to light 
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fro~ the five particle types w, P, E, S o. The amplified 

discriminated outputs from segments of a given set are plaqed in 

a logical OR and compared with a desired discriminator level' 

(sets the required coincidence multiplicity). The resulting 

. 1 th 'f 'I ...,51.gna 5 us say yes· or "no to the five questions T?, P?, 

E?, sf, O? and may be combined \'1i th other fast logic signals 

to determine the ultimate fate of the event. On all accepted 

events, the addresses of all struck segr.lcnts ,·mu1d be sent to the 

main computer and recorded. Appendix I gives a :Ifirst cut:1. 

layout with some performance and cost estimates which has been 

prepared by Sat ish Dha,.;an. He note that the qucmtum efficiency 

of a CEMA tub9 is comparable to that of normal photomultipliers, 

indeed for Cerenkov light the CEMJ~ might have a better overall 

quantum efficiency because tfie photoelectron collecti~n efflciene:y 

does not decrease at the high frequency end of the optical spectrum. 

The individual segment discriminators will be set at the single 

photo-electron level and the detection efficiency of the counter 

can be calculated in the usual way from the expected number of 

photo-electrons and the required coincidence structure. 

The angular range over "lhlch the counter will accept and 

utilize CerenKOV light is an important input factor to the design. 

The maxlmurll, angle is set by choosing the Im1est momentum at \'1hich 

the full range from ~ to n is to be simultaneously detect~d. 

Because of the relatively short lifetime of the 0 a choice of 

100 GeV/c for this momentum seems conservative. From Table III 
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\o:e see that at P = 100 GeVIc, 9 = 21. 76 TnrI adding 1.5 mr for
1i 

beam spread gives 23.26 mr ,·rhieh "'Ie "round offfl t.o 9 = ~3.5 mr. max 

As we shall see, the smallest angle is really set by the , 

hole In the mirror for thl;) beam to go through. l';e have some"'lhat 

arbitrarily choren a 1.7 cm diameter hole. As ..vil1 be sho\'m later, 

this means that the beam can be -1.5 cm ''lide horizontally 

and depending on its exact shape substantially larger vertically. 

This corresponds to a a . = 8.5 ror if light is to be collected 
m~n 

over all but the Hiast 11 meter (closest to the mirror) of gas 

radiator length. This choice is very generous for operation at 

180 GeV/c; and ,,,ith a restricted bea.r:1 spread i.·muld allo~l E - :: 

separation at 250 GeV/c as indicated in Table IV. lve vote th~t 

if the length of radiator is increased (without change of the 

optical system) light from still smaller angles vlil1 be collected 

and focused '-1ithout significant aberration. Fina1'ly, if deemed 

cost effective one can replace the missing mirror segment (beam 

hole) ";ith a suitably ground and polished aluminized Bery1ium 

mirror "'lhich "lOuld be thin enough to let the beam pass through. 

So far we have discussed only the. range of polar angl~s 

(with r~spect to the beam direction) ,,,hieh '\'1il1 be detected. '''e 
concider nm-i' the required azimuthal range. This is initimately 

connected to the design of the CEt,fA anode segments. We propose 

to maKe the anode segments as circular annula.r strips grouped 

into six aximutha1 sectors. Three of thece sectors .\·muld be 

focussed on one CEtl.A and three on a second CEi"-A. This is 
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11lustrntp.d l';chematically belo\,l. 

, 50 u _ 

The parttcular parameters illustrated \-iill be close to but 

not precisely the final design. Figure 2 shows the case of 

r: - !:: separation at 180 GeV/e and :!::1 mr beam spread. For 

econo':uy of drawing, only half of one tube is shm\"n but the 

pattern is sYffi!y:etr1.cal about ib = 0°. Thus A of Figure 2 corresponds 

to half of say sector I in the sKetch and B to sector 2. A 

sector C (_45° < t < -25°) ,\10uld correspond to sector 6 1n the 

sKetch. For the case ShOl'ln in figure 2, the segments shol'tn in- heavy. 

outlit'e '-iQulct belong to the :: set._ As a concrete illustration \'le 

list, for the car,e of figure 2, the relevant sectors belonging 

to the E and E sets (recall definltlon of C above). 



, 
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0, " 
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~> 

E {A8, A~r , A6, B7, 136, B5, c'r, cG, C5} 
. 

+ "corresponding!! segments in 2nd tube .. 
;:: {A4, A3, B3, B2, Bl, C3, C2, CIJ 

. 
+ "corresponding:! segments' in 2nd tube 

As c~n. be seen from figure 2, the E and'?:, sets are clearly 

differentiated. 'He recall also that since all struck. segments 

are recorded, the resulting ~ sample, for example, can be 

"cleaned Upll by considering the E segments as a veto counter.' 

Also since the counter will probably be operated with a 

requirment that at least one of the designated segments in 

.	each tub,e fires, the eff~ct. of a small overlap of ">: light into 

a E. segr.H.':nt (e. g. segment B3 in Figure 2) is very much reduced 

(it enters squared into the relevant detection efficiency). 

Figure 2 and the preceding discussio:1 indicate that the design 

shm'1n 'Nil1 ,.,.orK very satisfactorily at 180 GeV/c and ±l mr beam 

divergence. Operation at 180'GeV/c and ±1.5 mr beam divergence 

ma.y require some restriction on the accepted range of W. ,We 

note that the image focal plane is outside the pressure vessel 

(in £act at the photocathode surface) so that an azimuthal 

calimator can be placed between the pressure window and the 

CEr~ to simply effect any required W restriction. 

Of course it may ,,'mIl be that since the invention of the 

achromatic benta design" 3 the hyperon beam ,·lill not be operated 

/ 
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at divergences greater than ±1 mr in the horizontal plane. As 

will be discussed later it may be desirable to operate the beam 

in a partially achrornatized mode ''lith the CEMA counter so as to 

increase the hyperoll transmission, improve the accuracy of 
.. 

momentum measurement and (as a consequence of better hyperon 

acceptance) lower the muon bacKground relative to the situation . - 

for a fully achromatized beam. From this point of view the 

±l ror seems generous. Indeed in the final system optimizatton 

one may decrease-it further tn order to gain more lir range. 

Finally, as noted earlier the allo,...ed ±. 1 ror of vertical 

divergence in the hyperon beam effectively translates curves 

of the sort shown in figur~s 1 and 2 by our amount a, defined 

in euation (3) and associated sKetch. 'It,is easily seen that 

±.lT.an a =-a (6 ) 

where a is the angular half-\·Tidth of the -vertical beam divergence. 

For a = 1 ror, 
-
a = 5.71

0 
. For the case illustrated in figure 2 

\'le might want to exclude segment B3 from the :a set (for the sign 

of a l'ihlch shifts the curves to\'lard negative values of $) although 

C3 would be made cleaner. HOi....ever, ,-:e would probably leave B3 in. 

By'counting squaresfland maKing the conservative assumption that 

the annu~i of CercnKov light (rather photoelectrons) are of uniform 

intensity this adds a probability of 7 x 10-3 of mistaKing a E 

for a E for each tube. If we require a double coincidence 

(between tubes) this becomes - 5 x,lO
-e; 

probabiltty of countingJ 
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E as a ~ If we use the E segments as an anti this probability 

will be reduced by another f?~ctor of -- 100 (as \'ze shalL s,ce the 

counter in better than 99~ efficient at the single photoelectron 

level) . 

It thus appears that vertical beam spreads of ± .1 mr de 

not lead to significant degradation of the counter's performance. 

1m azimuthal (y) range of 1800 thus appears to be a conservative 

estimate. Before leaving this topic we not~ that the optical 
0

system transmits a total of 270 of Wrange and there is room on 

the CEMA anode of It· cm diameter to accomodate this ~ re.nge for 

e :s 15 Mr.c 

"VIe nm'l estimate the yield of photoelectrons for the CET,:,A 

counter. ":e taKe 

" 

L = length of gas radiator - 6 m 

• range = 180
0 

-1 
.fl. :::: parameter of R8ferenC8 2 :::: 100 cm 

The para!net8r f!'. churact.erj.zes· the photodetector, taking into 

account the Cerenkov light spectrw:! f1nd the transmission of 

stand~rd optics. The numer N of photoelectrons is given by 

(7) 


Htgh quality photomultipliers \<ilth fUSE~d s·lliea entrance 

it 2 -1 I\'lindo\'ls' have A values 150 em . 'I'he cm,u'\. ".,.i11 lave a very1'"":: 

slmilar (Bi-aIKali) photocathode and a fu~ed sllica \'1indO\-(. 
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li1urthcrmore the photoelectrons are proximity focusced on the roultiplier 

array and the collection efficiency should be high (-80%) and 

independent of wavelength. As an exercise, A Sc~iz5 has calcu

~ated the A value expected if the photocathode quantur.l efficiency 

was the same as for the best RCA tube (RCA spectral response 

curve 1133). Because of the excellent photoelectron collection 

efficiency, the resulting A value "tas 200. Of course the CEilill. 

tubes are nel'lel' devices and the process of manufacture 'flill no 

doubt be less than optimum for a \'1hile. 'l'he A value of 100 can 

be regarded as a specification of an acceptable tube and as 

argued above is a reasonable expectation. We then have (at 

. Bc = 14 mr) 


180 3 2
N = 600 x 100 x 300 x (14 x 10- ) 

"hence N == 5. 88 

. The sihg1e photoelectron efficiency Ei is 

l1'he doubles efficiency (2 tubes firing) E2 

5.88 2 
E2 = (1 - e . 2 )' == 89. 7% 

He d;iscuss now, very briefly, the expected CEMA tube· 

characteristics. In order to achieve gains of -..106 - 107 we 

. require either the curved channel plate of Phillips or the 

Chevron (Tandem) deoign such as produced by Gall ileo Elcctro

Optics. Both of these firms indicate that a 4 cm diameter is a 
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reasonable expectation. In fact, Phillips offers a CillM'tube 

. of 4 crn diameter ....Iith 100 anode se~ments, although as far as 
is Known, the first model which is being built for Meunier at 

CERN has not yet been deli vered. Typical channel die.meters are 

15-25 lJ.m. . It appears that tubes of diameter· sie;nificantly 

greater than 4 cm are possible to build but that, at this point~. 

the cost would be very substantially greater than for a 4 em diameter 

tube. It thus appears prudent to ascume a 4 cm diameter CEMf... If 

we l'!ish to acco!1lodate the patterns shm\"n in the sketch on p. 10" 

placing 8.5 mr to 23.5 mr on t,'I"O tubes., "1e require an optical 

syst,(;!l1 focal length f = 118.34 cm. As has no doubt been tedtously 

evident to my patient colleagues~ an optical system with such a 

short focal length and the ~equisite angular coverage has been 

a major preoccupation of the author since· J:;,nnary 1975~ A 

succe!"!·~;ful syste!:l has been dezlgned and is discussed in the next 

section. Table V su.mmarizes the cht:racteristics of the CEMA 

tube counter. 

\\'e conclude this section \-lith a brief enumerRtion of the 

advantages '\'1hich the CE!,ui. type of !hultiplexcd CerenKov counter 

offers for the E-97, P(E)-353 researbh program. 

1.' 	 The benr.l phase space acceptance is an order of magnitude 

greater :for the CEM.A counter than for the DISC. "le 

illustrate this point by comparison at 180 GeV/c. 

The latest version ::>f' the ~chror.lG,tic beam design3 provides 

an acceptance of 

~ 6P
O"":"p = 1.t x 2·5 x .? x 3 IlSter-% 

:::; ~~6 I-Lstcr 

---------------------_......._----_. 
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Table V 

Characteristics of Propoced CEMA Tube Cercnkov 

Counter for Fi'rAT.. Hyperon Beam 

Number of CEMA tubes 2 

Diameter of CElI.Ji. 4 cm 

Microchannel diameter 15 ... 25 IJ.m 

Cerenkov angular range detecteda 8. 5 tnr .... 23. 5 rar 

Number of azimuthal sectors/tube 3, [±25° J ±(250 .J~5) J 
Radial width of anode segments 118.34 IJ.ffi (0.1 mr) 

Number of annular .divisions/tube 150 

Number of anode segments/tube 450 

Total number of anode segments/counter 900 

Optical system focal length .118.34 cm 

Length of "Optics Head"b :,,150 em 

Nominal length of gas radiator 6'ffi 

Notl1in.~l CerenKov angle for 5.":
GeV/c for E :::: separation 

at 180 14 mr 

Photoelectron yield (at 14mr, 6 m) 5.88 

Single photoelectron efficiency (14 mr~ 6m) 99.7% 

T"\'to tube. coincidence efficiency (14 mr, 6m) 89.7% 

Microprocessor decision time 
(total processing time)C 

1.2 ... 3.9IJ.s 

(a) Includes beam angular divergence 

(b) cr. Section III 

(e) cr. Appendix I. 
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HO\'lever, ftS ro:i.nted out by A. Rohe rt.~, 3 tha correlation 

bet\--rcen momentum and d:l rf':ction toeether 'til. tl~ the nS.rrow slit .. 
needed £or the DISC leads to an effective reduction of 

l1n At' by approxir.lately a factor of 2 thus 

1 vre use the Stefans'!:cy design report to estimate the 

acceptance which can be achieved with the C£~~ counter. The 

ste:fansKy beam fits \'icll into the Cl':f;!A counter as described 

here with one small modification. The exit beam 1s 2 cm wide 

whereas the beam hole in the mirror is 1. 7 c~n. in diameter. 

"Ie must thus colli:nate at the exit of the doublet. \Ie taKe 

a :full beam width of 1 em and f~Offi figure 5 of referen6e (1) 

,.,e .find the transmitted be~T:1 is reduced to 73:0 of lts prev:lous 

value. If we further li~it the accepted angular range to 

± Imr we see from fugure 4b of reference (1) that the trans

mitted beam is reduced by another factor of' .65. From 

figures 3" 5 and 6a of reference (1) \{c estimate 

flO !:>P I :.: 1. 2 x 2 x -i5::' X 100 :'1.32 SJ.Bter-·%. 
P Stcfansky 

Applying our two reduction factors we conservatively .. 
estimate that u pra.ctical CElo:A beam ";ill have 

6P ~ 
60 --p .. ) 5 lJ.,Ste r-:;". 
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One other faetol~ remains in the comparh:;on - the al1m",cd 

length of the hyperon productIon target in the benm'direction. 

In the achromatic design the target must be Kept to not more 

than 6 cm. The StefansKy report docs not specifically 

discuss the allowed target length but since it is a much 

less tightly focussed beam it seems very liKely that a 
substantially longer targ~t could be used. At BrooKhaven 

a 10" Be target proved optimum. Since the nuclear absorbtion 

length in Be is 36 cm it seems highly probable that at·least 

a factor of two in hyperons per incident proton can be 

obtained from a longer target. \ole thus see that in a 

practical as ''lell as theoretical sense the CBMA counter can 

be used with a factor of ten greater yield of hyperons per 
-

incident proton. Finally Vle note that if the StefansKY dc::d.gn 

were reexamined from the point of viei'! of limiting the beam 

size to 1 em and the angule.r spread to ±l mr \>lith a more 

efficient slit system than suggested above, it is likely 
, 	 . 

that some of the .73 x .65 loss factor could be recovered. 

This substantially increased acceptance and the associated 

simpler beam design have a number of important advantages for 

the E-Y7~ P(E)-353 etc., program. 

a) 	 Our dependence on the perfection of the hyperon beam 

design and construction is lImch less critical. For 

example we could afford to use a target substantially 

smaller than the proton bean size if it should turn out 

that our proton spot 1s too large. 

( 

http:dc::d.gn
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banically produced ~y incidont protoDc Kould be an 

ortie!' of magnitude smaller. 

c) We could UGC the increc8cd accept~nce to push our 

\ yield measurements for r. (and X?) closer to the 

Kinematic li!:-lit. 

, ) If t d - I t Itt· .. ,: tQ vie wan -0 "Co carry OUl~ a '-:0 arm. "l'lng' 'ype 

of experiment ,,\,e would ~lroba.bJ.y ~'{ant la.rger hyperon 
.. 

!"." ----- ) e.nd \'lOuld 
v'cm 

almost certainly be llmitGd b~r inci!:tent flux .and 

associated baCKgrounds. 

2. 	 The tilUlt~.plex feature of thG CEMA c;()mrt~cr me.;:'rlS that all 

',!."'hus 

E, E, {1 data could be ac.::u.'ii1..l1.s.ted sir,ml t.aneously. !~ot 

only ,·;rou1d this £c..ve a factor of' t,:;o 01' thr~~c j n l'unninG time 

errors. 1;'01' exan:plc, bea::-: t1Onitorins errors ,·;c.uld." at 

least to first order I ca~1cel. out in the dete:rl:!.t:u::.tion of th.e 

relative cross sections. The recorded outputs also con5titut~ 

very pm'lerful lIanti II data. 

3. 	 A related feature of the multiplexing vis a vis baCl\grounds 

and systematic Crl'OrG is the fact "'l.hat the CF>U\. counter 

to give the equivalent of' e.. continuous, Sif:'lUltaneous f,et of 

"pressure curve f..!1 durlng the run and should 0.1101'1 very 

good bncKground subtractidn under thcpeuKs. This will 

probably only be imp:)rt.ant. n<?ar tl1(~ limits of our opere.t.ins 
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ran3.c but should be very useful ~vhen nced~d. 

4. 	 In the 11 search for new particles II p:l.rt of the experiment 

the ability to cover 8.5 fir to 23.5 mr at one pressure 

setttnrr. \'lill enormously speed up the data taKing. 'It 

", 	 should allo\.; a careful search over beam beam momentuOl 

as well as mass - a procedure which would be prohibitively 

slow with the DISC. 

5. 	 In a t",10 arm experiment the ability of the CEl-iA counter to 

simultaneously tag all beam particles from ir to n \'1ill 

reduce rumming time by a factor of 9 to 25 (depending on th,~ 

extensiv~ness of the combinations of particle pair masses 

desired) in addition to the increased beam acceptance 

mentionerl. in 1. ThlHl fnr t1i{O Et:t'!~ exper1.mcots CEMA 

counters offer effective data rate imprOVetlent.s of a 

factor > 1000.-
6. 	 The broad angular coverage, the rclativelyshort nOptics 

Head!! (150 cm), and the CEMA tubes \-lith multi3egmcnted 

anodes provide a system of great flexibility. Radiator 

length can be added or subtracted to raise the upper 

momentum limit or Im..er the Im-ler momentum limit. Various 

microprocessor progra!!1s can be lO3.ded that offer different 

trade -offs bet~-wen detected mass range, cleanliness of 

separation, and beam phase space acceptance. Since we 

miaht actually discover some now phenomena, this unusual 
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ability to respond rapidly and eal3:i.ly in a previously 

unantic :i. p;::,ted fashion migll t be of COllGlde rable importance .. 

7. 	 The tnul t1plcx C}~>:i\ tube counter \·;ould 1 finf}.lly, g1 vecur· 

group experience with a new technology (the CEMA tUbes) 

and would continue and deepen our expcrtise with the 

fast growing microprocessor technology_ 

http:eal3:i.ly
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III. Optical System 

.. 

In this section we describe briefly but (hopefully) with 

precision, the optical system which could be used with the 

CEr·H\ tubes or ,,-d.th a slit system and normal photomultiplier 

tubes as a more or less standard differential CerenKOV counter. 

In section IV \"e shall evaluate the perforrnance a.s a IIno!'mal" 

diferential counter. 

The bas ic layout is shovm (plan vj.e\-1) in figure 3. 'l'he 

optics are sym~etrical about the beam centerline. Figure 4 shov;rs 

the "Optical Head II of the counter in grauter detail•. As shml!n .. 

the Cerenkov light in the • range ±67.5° is reflected by a two 

mirror syst~m onto a focal plRne. Similarly, a symmetric ~air 

of mirror on the other side·of the beam line focusses CerenKov 

light in the ~ range 1800 
± 61.5°. 

The t:\,:o mirrors on a given side have the sa.me optical axis 

which is inclined to the beam direction by 16.0 mr. 

This optical systeo is essentially equivalent to the 

Swarzschild version of a Cassegr~in telescope. 6 ,1 In brief, in 

a two mirror system it is possible to figure the mirros So as 

to simultancoll!11y eliminate spherical 8.berration and com.a. 

Chromatic effects arc of course absent. in reflecting systems. 

Tho rer:1aini.ng nberrntions of aGtigr.;.ati3m and curvature of field 

are minimized by choosing the direction of the optic axis to be 

parellcl to the aver~g6 CcrenKov light direction and for the 

Slrlnll tlf:'eld of vhn<:" (itl a telescopic sence) of, th~ counter nrc 

quite acceptable. 

! 

http:rer:1aini.ng
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The counter will oper&te at pressurc~ of a few atmospheres e.g. 

at 180 GeV/c r-.ncl. GC{E} :-,; Ih.ooo mr the .pressure·l::~ .... 3 6 1:" atmo'·,-.hnre'": ... , .. t' ...."""" "'... 

of' He· (absolute). At lower mome~t~ one can switch to Neon 

\'lhlch n:is alr::.o::·:t identic".] ehro'llClt ie dispe:n~iC'n but h~s about 

2.8 tir:l.CS EtS much multiple Coulo:~ib scatterJ.ng as He for the same 

CerenKOV angle:. Hm'icver, the multiple scattering is relatively 

"nl"11 c g l' a····noC'phn'.. -~ of He, ""'00 I iu. 0._ -, .,. l' ... :1 ~ \ .. ,J.t~~ .( em ong, g_vc an rms 

tr('m::H~erSe mo,ncntUrrt of I !·:e V/c. Thus the maxir.1um e;':!.ugc pressu:re 

can conservatively be taKen as 5 atmospherc~ and a relntively ~hin 

gives a safet:r facter of }~ and allot!s for !!~inor 

For such a thin window, the ge0~etric~1 

abcl'rr",tions arc: alsmot r:l("gl iglbJ e and can be co!r.pensated tn. 

fjn~l dcsjg~ by a slight 

'l'he pl'(:ceding conclusion "taS rcnched indcp,'!ndc!1tly by the a.uthor 

and verified by a profcsGj.onal optical conEultant9 who reviewed 

the c9tic~1 5yOtC~ design. For thi3 rea~on, in the ~nalysis which 

fo110':;3.1 the 'l'lindoh' ,\[~S not inclu·j,f;d 1n or(t.::r to Z£!.ve time. t·:twn 

the design is finalized, the necessary refiguring will be calculated. 

The Swarzchild design procedure yields a differential equation 

for ~aeh mirror surface. The ~olutions of the equations in exact 

form involve inconvcnie~t variables and transcendental functions. 

It i!.i traditional anel l;.8cful to exp:t'css the mlrro1' surfaces by po\,;er 

cu.~:tu.n(;c of a 3u'r!'aco poi nt. f1'o:11 t.hc axir! D.ne! 7. ttl';; distance of 

the point fro'!) Co plane Hh:ich is t:u1[>:ent to the Sl.lrf:lce at the 

http:scatterJ.ng
http:tir:l.CS
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ve l'tcx \';c \'Trite: 

(8) 

.. 
Both mirrors arc concave (:.nd t2~KinG the po::d.t i ve z di l't.'C tiera; 

so that a > 0 in equation (8) '-le list in 'l'uble VI the 

coefricicnts for the two ~irrQrs. 

Ta.ble VI 

Shaoe Coefficients for Mirror SurfacesB 

b c d 

12 -'7'rr. 405- '"10-8 
LaTg(~ ;'1irro)"" • 81T:"> 

1 r::o"'"_.)...y 10-3 - • ::J (_ A -.215J.j.33xlO- -.8028:>:10· L



Jt}·g) "l0-11' S~rw.1) Mi rror " • .,. h. _X.L 

(a) Units of z, R are C~. 

Figure 5 shows the deviations of the surfaces from the 

(ogcu1ating) spheres. As Ctln be seen} they are IImlld t! aspheric s. 
o

A1th.()ugh they c,re not p['.ra.boloid:~ there is a good pocsibility~ 

that they are conical surfaces of revolution to an acceptable 

deg;:cee o:f aceuracy. This point, ,:!hich offers greater economy 

and CD.se of polishing and test.ing ~·;ill be tnvestlg&tcd in the 

nCD.}~ future. 

~l'he rr~~.e;nltude of the residut"l geo:nc-trlcal ,,~.bcry·ations were 

ca1culn.ted ,"11th u.n CXf!ct rtJ.y tr!t.cing prop'~.!~l. Theso arc 

1.11u;:.tr{'1.tcd by the "spot c-lin.gra!l:!; ,: of fl-r;urc 6, 'r, nnel 8, \l1hich 

tre~.t tb~~ e;\:t;rC::;(:B ( and 1:10St nr::vt;rc]y r-..br::1Tatcd) of the CerCI1KOV and 

o.z:i.muth~ll aneu1ar rn.nt~':;::: over ,.;hi cl1 the c()unt~r is deslGned. 'I'hc 
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t\-;o cv... tl·C·.,·:"'·~ ~rla' th'"' ~;>l.J,·("r) ~lonn-.r " '- ~ ..... '-' .... <:, t. _, .::. <;;. •• 

the n~dl;...tor }pngth. 1~ s c:!.n be ~>!?cn, at the zmt..ll CerenKov' 

anGle cxtX'o:r,c t.he mc.i.xi·;,u::. ~bern:.t.ion is :J.. OO?h mr o.nd at. the 

largest COYCnKOV angle it i s ±. 01 ell'.' 

tl'hese values arC' Fmall enougb to be c0r:1pJ.et'21y negl iglbJ.c. '.L'hc 

diffritction limit is typically :t.002 mr so thn.t the ~urface 

quality need not be quite BS good as for dlffraction limited 
u 

op'tlCri. Our cQn3ultant~ esti~~tcs that qu~rter w~vc polishing 

T::1) 1 (~ \] I I 

Optic~l Svst~~ rar~10t0rs.--'-------_...._- .~ ----_.._- _........ _--

Dirf;1~,C0~·x·nt of opticc.J. c-,xis fro::: a,xi !3 

(at. dO\':nf,tr(?'~;'~"1 CrH~) . 

IHlglo of optic 1:tx:i.s \\iith respect to be~;':il [!.xis 

focal length of large mirror 

P[~.r[-l.xl:1.1 focal J.ength of ~-;m~;,.ll rrJ.:r-ror 

DistRncA of focal plane from vertex of small 
t:~tr·ro.r' 

33.0 cr.: 

16. 0 l~n' 

29S.8S em 

98.617 em 

59.17 em 

i18. 3h el~ 
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p?,l'a.::d.t"ll lr.:.:-:.Cp [llane. .q stud.~r i';U.~~ e,:,rriE;d ol.rt J ·uzin[:. tl'1c'rr!..:J.. 
tr::C0 prOCT'E::', to Ge(~ 1 f' a slight dl Spl<1.C<':;I;,crd.: of the r.yt-:;tcm 

fOCk1.1 pl;:.ne "v:ould g:i.vc irq;['ovcd p'::rfc)2"'rnance unci CO!lv(:H'scly to 

datcI'::iix:e the prec.i.s:ton to ""hich th,.! focal pJ.8.ne must be locatl''!d. 

Figures 9, IU, 11, 12 Eho',; the results a~; ray projcctl0!15 on 

the X, z or y, z plane. As can be seen, the paraxial focal 

plane (z _. D) is as good an overall choice as can be mude. Taking 

i.Ol till" as a very consC::l'vD.tive Ihnit on the ch~ngc of e,pp:?rent 

9 i'le find tnt:.t the roe~;.l pl3.rlo n:l.lct be acc:ur["tely loc~~ted to c 

\'lithill ±.6 r:;.m i'lhlch sh,)uld be achievc..ble. 
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ISO C.cV/c ~'ii;~ could have 

.' on . .:J ...)u -- 13.23 

';' r""lffC fI~nt'icc'~Y''''''a'r>'1('''' V'''w' ,;.ny-1-vl 
t l,!f':.__• ' ..;.." <..>. .....' '''or- (.~ .- ) .... ~\... 1. ... ..:.. -" \i• r""'-e 'I In e~~~.c, even 

though the C~rcnKov ~ngl~ is only 14.000 ~r instcad o~ 25 mr as 
. .in the DISC, th~re is ample light. The only Questions remr~l.n ].:;.g 

nrc the choice of slit ~lctth and ~llowable bexn spread (which 

t1(:cd not, and :i ndeed, shculd not be: the S[I.l.:C:). 

Bec~.US8 of time Ii m:U:?t ions ,';0 forego a complete r::o~;iE:ntu'lJ 

The situetion is illuotr~ted in figure 13. ~e have chusen:, 

cr~:ror.;::;'tiGm our il:l~ges chou1d have a. correspondingly s;1;:..rper' cdgc~.; 

th,~ DISC. r·l.n['~lly~ lie luwc "ant.i!! cClpnb5.Jity 3.f3 ,·:ell as t"iO 

fold coinciticm.ce cu.pabi.l~.t.y so th~'s(: cholc::'G GhQ\.lld be a v,).lici 

cO:'!1p:>..rlson. 

fIhc DIDC 

for mo:ncntu'i: nne1-e cO)~rc:] ;",.tion ::i.n the ber.t!:.. ~;.'his fnct.or 11:;.8 not 

( 
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ueul(l b::, c:ountec: at cssent:b,11y the full efficiency. he thus 

conclu~G that the counter proposed ~ould h~ve - 2 x acceptance 

We conclud3 this section with a brief csti~ate of the cost 

of th~ o~tics and mech8nical part~. Three fir~c h~vc ~ade cost 

I~v ~int~rc and hhdy Di:~co 

Optics 

l·!e c11~,"rl J c: r~ 1 9c~1..·t::. 
Ulld G~,~-:~ ~~l:;t:cr1 

Phototut;c s 

Continscncy 

S'otc.l 

$19.0()0 

20 J (;00 

3,. GOO 

~ 000---::,:,,'-'-- 
~;}~2, 000 

~d}t~, seo:':":;, liKely to b~' con~·t'l"v:~tivc c:.=;ti:n:":.te fol' constrllcti'on 

http:c:.=;ti:n:":.te
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1. 

2. Build 8,2 much flc:>:iLiJ..it,y ::.. s po;;s:iblc into the dcsjEn::; 

e. g. (;quipFwnt on raiL, " CENl~ Hoptics head" r(!f.dil~' 

3. Pro~~~tl RS vicoroucly Q~ p08sibls with Covelo~ment cf 
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