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Preface

This report is the preliminary result of the work of a number of
- CERN physicists and engineers, the so-called Omega Project Working
Group which was set up in April 1967. This group now consists of the

following membersy

W.F. Baker, W. Beusch, G. Brautti, G. Cocconi, B. French,
0. Gildemeister, M., Martin, A, Michelini, M. Morpurgo, B. Nellen,
G. Petrucei, P. Preiswerk, E. Quercigh, B. de Raad, C. Rubbia, K, Tittel,
and P. Zanella.

This group is grateful for much help from and discussions with
several other people, and especially to E. Keil, who wrote the chapter
on the tolerances of an "Omega" set-up at the ISR, and to M. Borghini
for discussions on the possible use of polarizm d targets for the

"Omega'.
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1, INTRODUCTI@N

‘ Durlng tno 1ast"feW'years the fleld of counter eXperlments in
hlgh-enefgy phyélcs hdo oeen marked by the extensive use of spectrometer
:_magnets assoclaued wlua SPark cnamber systems, Ln most cases, due to
the . relatively small«aperture of_the magnets, a limited number of

. particle ;. secondaries (i 2) were detected at each interaction,

'Fbrﬁthe'future, it is expected that this tendency will grow iﬁ the
~direction of an increasing demand for larger spectrometer magnets in
order ‘to perform experiments on more complicated types of interactions
with detection of many secondaries over a large solid angle, with better

momentum resolubion and higher statistics,

To match these future requirements, the Omega Project Worklng Group
has worked out, in the present report, a proposal for a large spectrometer
magnet and spark -chamber system to be built as a part of the improvement
programme of CIRN, The proposed instrument is expected to be installed
“during. the first period of operation in the new PS West Experimental
Hall and possibly later in one of the interaction regions of the ISR
(see Fig, 1). The global cost of the magnet and an optical spark
chamber system including construction staff is estimated to be 12,8 MSFr,

_(1967 prices, and no provision is made for contingencies),

The basic idea of the project is a large-aperture spectrometer
magnet, a system of SQark chambers to be operated inside the volume of
the magnet and an efficient data~handling system for a complete analysis
of the experiments performed, This relative configuration of magnet and
Uspark'chambers makes it possible to perform a new class of experiments,
especially on interactions where a large number (_ 2) of secondary
partlcles or unstablé mesons and baryons such as X°, Ao,]etc., have to be
completely detected and measured, An additional merit of the proposed
system 1s its ability to perform experiments on relatively simple types

- of reactions but with very small cross-section (< 1 ub), As examples of
the use of the system, we have considered various experiments such asiy

the study of resonances with a missing-mass trigger on the recoil proton,
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and complete detection and measurement of the resonance secondaries
(Section 3,1); the study of baryon exchange processes requiring an
ingoing meson and a forward outgoing proton of relatively high momentum.

- (Section' 3,2);and the study of Jeptonic decays of hyperonsV(Sg&@iﬁnaﬁ,§)§}@
These types of experiments will forﬁ'a'bart of the experimental programme
of the appératus. waever, it is impossible to foresee all the experiments
that will be performed with the magnet., The aim is therefore to build

_a flexible system which can be used in a large number of experiments,
The experience with the CERN-ETEHImperial College spectrometer magnet
offers the confidence that this can be done, It is possible to state
a few general properties and requirements of the proposed system which

are independent of the final design adopted,

Firstly, the magnet has to be large so that it is possible.to observe
.+ complex interactions in which several charged and neutral particles are
. produced, As is described below, a useful magnet volume of ~ 14 cubic

metres is large enough to permit:

i) use of a target mounted inside the magnet volume so as to detect
charged and ncutral secondary particles emitted at all angles;
besides~iiquid hydrogen, polarized targets have also been considered,

-The obscrvation of all the imtoraction products is particularly
importan%”ﬁﬁen a poldrized target is uscd and the target nucleus has
- to be:ridentified, : Cire - ,
+1i) momentum mecasurements up to 25 GeV/c with accuracy limited by . .
multiple scattering rather: than the spatial resolution of. the

chamber (sce Appendix);-

?iii) efficient detection of neutral particles and Y-rag};*f?_*f”“”x%,
surrounding the momentum-measuring region;
_iv)xposgibility of operating the magnet around an interaction region

_.at the ISR for a "4m geometry" type of experiment,

Secondly, the magnet has to be designed to permit sufficient
access for counter system and spark chambers, It must also be possible
to perform experiments’ using optical or wire chambers inside the magnet.
Both typés’ofschambérs“h5ve importaiit’ advantages for certain classes of

experiment. An isometric view of the magnet is shown in Fig. 2.
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’~a:Its_mainicharacteristics are:

:'pole face 01rcu1ar 5zndlameter

gap between poles C2m

gap between coils '“"1.533

ficld at the centre 15kG
Cwoignt ":"13001;

. Elthor oonvonﬁlonal or superconductlng c01ls could excite the

magnet In “bhm Tpeper: both W@@I‘éz eonsidened .for a field of 15 kG,

Because of thce large size and weight the magnet has.to be
considered as a fixed installation in the cexperimental arcea where it

is mounted,

" Initial experlmonts would probably use ‘optical chambers, as there
18 now con31derable experience of HPD measuremont of sPark chamber o

photographs and d Well ~-developed systom of ana1y51s programmes. S

To avoid maJor changes of analy51s programmcs and of the evaluatlon
{of optlcal dlstortlons between experlments, one has to develoP a basic
optical system associated W1th particular geometrics of 5park chambers,
and confine apparatus changcs to changes of target, triggering systems,
and perhaps the material of some of the spark chamber piates° So.itﬁis
made possible to. porform a large number of experiments in a short time--

a necessary, featurce of a large and -costly .apparatus,

A system of wire chambers with on-line computer necds development,
testing, :énd programming work, Much of this can be done during the
construction of the new system, *The possibilities of wire chamber read-

out in a magnetic flcld arec discussed in Soctlon 4 |

TFhe data handllng represents clearly fundamontal part of the
whole prOJcct As it is shown 1%tor, thc totﬁl number of events to be
analysed por year roages in the interval from 2 to 10 mllllon for
optical chambers depending on the type of cxperiment and camera dead-

time, A factor of ~ 5 increase is cxpected in the case of wirc chambers.
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It is proposed that a fixed amount of the analysis load be handled
inside CERN (~ 2~3:gillion events per ycar) and the rest in Buropean
laboratories and uniﬁersities. Two differcent schemes for the data
handling including HPD, computer on-linc, and genecral computor
facilities, havec been considerecd so far (Scction 2,5). The two schemes
differ by thc amount of computation which is assigned to the CERN
Central Computing Foacility, While the first foresces thut the data
reduction up to the geometrlcul reconstruction be dono on a computer
SpGClully assigned to the project, the sccond rclles on the CERN Central
Computer PFacility for all stages of the analysis,

1.1 Construction programme and costs

~ Under the assumption that the detailed design work can start now
and that the flnul decision on the project can be made until the middle
of 1968 the progoct could probably be finished in 1971, Figure 1.1

shows a time scalc of the project,

The total costs arc listed below, They are estimated on the basis

of present prices,

Experimental part:

Magnet, cooling, power supply MSFr, 8,65
Spark chembers,  optics, ete,, 1.7
Staff during construction period 2,5

Total MSFr, 12,85

e

Data-handling system: (first of the proposed versiens)

Computers ~ MSFr, 5.7
HPD, interface, scanning tablos, links 1.9
‘Buildings ' 0.6

Total MSFr, . 8,2
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The running costs )fbrstaff, powcr, maintenance, film, and tape
arc estimated at 2,2 USIr,/ycar if superconducting coils are used,
In addition, the roquired central computer time would corrcspond to

one-quarter of thc time of a CDC 6600,

The expeccted distribution of the costs over the years will be

1968 1969 1970 197 Total

' Experimontal port 5.0 2.4 2,75 k7 | 12.85

Data handling - L1 4,1 - 8.2

Total 3.0 6.5 6,85 4.7 | 21.05

*) including the analysis up to the event recognition by means of the
first of the proposed versions of the data-handling system,
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2, DETAILED DESCRIPTION OF THE PROJECT

2,1 Magnet -
The general characteristics of the magnet are:
magnetic field at the centre = 15 kG

inner diameter of circular

coils = 3%3,0m
free gap between coils = 1.5m
free gap between poles = 2,0m

In first approximation, taking the fringing field into account, the

bending power of this magnet will be = 6,75 Wb /m.

A magnet having the above-mentioned characteristics can be desigred
either with superconducting or conventional copper soils, Both solutions
-have been studied in some detail; a decision as to ﬁhich of the two alterna~
tives will be used has not yet been taken, A cost estimate for both solutions

is given below (Section 2.6),

The magnet coils will be circular because this simplifies the construc-
tion and makes it more economic, without adding any major inconvenience with

respect to coils of other shapes.

A general layout of the magnet in the case of superconducting coils is

given in Fig. 2.1.1,
2.1:1 Iron core

The tﬁo horizontal yokes [item (1)] of the magnet are spaced apart by
means of four pillars (2) which are designed to withstand the weight -of the.
iron and the attracting magnetic forces which are of the order of 3000 tons.

The top and bottom horizontal yokes are obtained by bolting together.a num-

ber of relatively thin (15 cm) steel plates. The rectangular windows

(3 x 1.5 m?) can be filled by removable pole pieces (4). The vertical yokes (3)
are subdivided into a number of slabs (40 cm thick) which can be mounted in
various positions along the perimeter of the horizontal yokes, so as to leave

side apertures where required by the experimental needs.
The weight of the largest individual magnet part does not exceed 40 tons.

The total weight of the iron is approximately 1300 tons,
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2.7+2 Superconducting colls

The coils are wound with fully stabilized supercondusting cable, and.
will provide a maximum number of 2 x 10° ampturns per coil, with an average
surrent density of 1600 amp/cm® within the coil cross-section., In these

conditions, the field at the magnet cemtre will be at least 15,000 gauss

when the top pole is removed,

Each coil is suspended from 16 stainless steel legs (6) which will be
able %0 withstand a total vertical force of approximately 600 tons. Tangen-—
tial rods will clamp the colls against forces in the horizontal plane., ZIZach
coil will be able to withstand a maximum horizontal force of approximately
300 tons. |

The clamping system of the coil is designed in such a way that the thermal

contraction of the coil will not prevent operation.

The coils are immersed in liguid helium contained in the reservoirs (7).
Helium consumption is given by radiation and transmission losses, and by the

ohmic dissipation of the current leads.

Assuming that the warm ends of the coil clamps are kept at liquid nitro-
gen temperature, the heat losses through the vertical and horizontal.clamps
are < 50 watts per coil.

The radiation losses with a 3 cm thick layer of superinsulation and no
nitrogen shield are approximately 15 W/coil., The heat dissipation through
current leads capable of carrying 5000 amps will be 20 W/boil.' Therefore a

refrigerator having a power of 500 W at 4°K should be sufficient.

H2.1.3 Conventional coils

The conventional coils will consist of a number of pancakes wound with
water-cooled hollow copper conductor, Approximately 75 tons of copper will

be required. The electric power will be T¢5 L.

2.1.4 Model magnet

Rt

A In order to havé mongdetéiled information on the field @ohfigurdﬁign_
and to allow a better magnet design, a reduced scale model (1 : jO)»héS-been

constructed. A general view of this model is shown in Fig. 2,1.2, The model
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magnet is energized by two conventional water-cooled copper coils and

requires a power of about 0.7 MNW..

Tn the model as well as in the full-scale magnet the top pole-piece

is removable and the side yokes can be mounted in various positions. .

.. PFlgures 2.1.3 and 2.1.4 glve the results of preliminary magnetic measure-

ments on the model,
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2.2 Instrumentation

R1/1372/5

2.2.1 Spark chambers and thids.A qu-dftical spark chambers we have

to consider the following types:
- sgmpliﬁgﬁgpark chambers; mahy gaps ® 1 cﬁ;

~ wide-gap chambers, the spark follows the track up to a certain angle;

gaps 10 cm or more;

- disotropic streamer chambers, the track is displayed by localized

streamers.,

These chambers may be in plane, cylindrical, or other geometries and contain

opaque (foil) or transparent plates (wire mesh).

For the time being, we base the discussion on sampling spark chambers
with opaque parallel plates., This very conservative approach results in
an extrapolation of an existing magnet spark chamber., We can, therefore,
give reasonably safe predictions on the feasibility of chambers and optical
system, accuracy in track parameter measurewent, and scanning and measuring
problems, Obviously, the system described here is not optimal for all
experiments, and sufficient flexibility must be built.dinto the camera and
the HPD measuring technique in order to cope with other, more complicated,

chamber arrangements.

2+2,2 Spark chamber arrangement. A possible arrangement is shown in

Fige 24241, All gaps are perpendicular to the beam direction. except for two
gaps on-one side of the system whicl. are parallel to the beam. The gap width
is 1 ocmse The frames holding the foils may be chosen to be 1.5 cm thick
giving an (active space)/(dead space) ratio of 2: 3. The frames should be

as thin as possible on one side in order to allow low momentum particles

to leave the spark chamber at the side to be used for triggering, A

"typical event" is shown in Fig. 2.2+1, and a proposal for a frame construc-—

tion in Fig. 2&202.
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FIG. 2.2.1.
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(@) Frame with a thin wall(-05cm.). Pre-strain exagqgerated for clarity,

FIG.2.2.2.
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(b)Frame assembled with foil stretched mainly along arrow.

Circular hole etched into foils to accomodate targel.
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The material inside the spark chamber volume should be kept to' a
minimum, AL foils of 25 p thickness are commonly used. Thinner foil,
e.gs 10 u, would be better but it is difficult to handle, Taking into
account the contributions of Al foils and Ne, one finds for the radiation

lengths Lo

25 4 ALt Lo =38m
10[.1A13L0=83m

Any system of spark chambers (also wire) with planes oriented in more
than one dlreotlon calls for some supporting structure inside the active
volume, A .very light one is proposed by A, Roberts'>. These Al/plastice
foam/Al sandm1ches have a radiation length of 24 m. This system has not,
however, been used in an experiment. e obv1ously have a system with a
minimum of material near the target, if the target is located inside a
cyllnurlcal hole of the spark chamber plates. It has'been foﬁna.that the
foils stay flat if a hole is cubt with- appropriate care. Circular holes

might be obtained by galvanic etching.

Partieleltrajectories at a large angle to the beam direction will -~
be Uoorly resolved in such a system, Figure 2.2.3 shows a track turning
parallel to the spark chamber planes. Such tracks are quite well reeor-
ded in a sampllng spark chamber; the measuremcnt pr90131on needs further
1nvest1 atlon. As the partlcles in OUGQthH generally‘have low momentum,
a large relatlve momentum ‘error results in a moderate error in bhe over~

all nomentum balance.

2.,2,3 Optical system

o This spaﬁk chamber system inside the maghef hae to‘be photographed
'from he cop Jlth small—angle stereoscopy. lﬁ the case of parallel plates,
a cyllndrlcal lens of some klnd is needed 4o bend the light from the sparks
emit ed parallel to the olates, into the damera lenses. We belleve that a

sy»uem with a prlsm for each gap 1is Slmplcr and more accurate than other

*)“ Se berne{eia et.al. Purdue Instrumontatlon Conference on
High Dnergy Physics, May 12-1k4, 1965.
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solutions (mirrors, cylinder lens, ectc.). Machining and polishing pers-
pex prisms to the ‘tolerances required seems to be just at *the limit of

the. state of %he art,

The 1ightlpaths are shown'in Figs. 2.2.4 and 2.2.5, We propose to
use 70 mm £ilm (future standard.ferforation) and_put the two -gberco
views side by side. This choice poses some problems for HPDs outside CERN
that are designed for the 50 mm film of the 2 m HBC. However, 70 mm film
is also foreseen for the 3.5 m HBC. Possible parameters of the optical

system are:

~ Optical distance to beam height 5m

- Stereo angle N . | 17°

-~ Proportionality constant for depth measurement /4y =~y ) = 3.5
~ Demagnification : ' m =50

-~ Focal length of lenses 10 om

— Width of spark image on film 0404 mm

-~ Length of spark image on film 0.2  'mm at centre

0,15 mm at far end

- Two images 30x 60 mm® side by side on film, freme length ~ 8 om

A larger stereo angle qould be reached by reducing the optical distance,
This would increase the variation of the spark image length and the
systematic crrors of the prism system. These errors introduce heré é\
maximum apparent shift of spark @osition of 0.95 cm along the bean liné.
The corresponding sparks will be photographed through one reflection on

a chamber plate surface; no appreciable errar in position is introduced.

2.2k Spatial resolution

The r.m.s. spark position fluctuation in small~gap chambers is known
to be somewhat less than 0,2 mm, Optical system and measurement should
introduce only smaller errors, In the oxisting magnet spark chamber the

combined random errors of optics and measurement are 0,09 mm in spaoe”).

This may be looked at as a 5% error in centring on the width of a
spark, - and might be explained entirely by the non-uniformity of spark
shapes. Under this assumption, about 0.1 mm of random error would also

be expected in the proposed chamber, since the variation of spark shape

*)  Astbury et al., Nucl, Instr. and f th 6, 61 (1 .
67/1572./5 ) thury s Nue nstr. and Methods 46, (1967)
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Pig. 2.2.3%3 Low momentum tracks
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is unllkely to chanﬂe w1th the 51zc of the chambers. This assumpfion
glves 2. 1ower llmlt. &n upper llmlt of O 2 mm is obtained if this ran-

dom crror is thought to come from any comblnatlon of:

- imperfections of optlcal surfaces (prisms)

- film resolution:”

-~ HPD resolution

which would all increase with the lincar dimensions, the pilcture size
being‘kgpt”donatant. It seems unlikely that the error will be mainly due
to fiim and HPD resolution (4 u on film)., One can thereforc - hope to

approach tho 0,4 mm random error due to measurement and optlcs, prov1ded

the mirror and prism surfaces are sufficiently good.

The larger demagnlflcatlon might create some problems of oontrast
within the variation of spark brightncss;. however the dlfflcultles appear

less than those in a large bubble chamber._

2.2,5¢ Conc1u31on

The extrapolation of the present 60x 66x.160 cm”® magnet spark chamber
to a150%150x 300 system,/doubling the demagnification, appears.a possible
selution with adequate: precisien. No new technique need be invoked for its

~yealization;,
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2.3 Beam layout

To provide a good exploitation of the Omega apparatus, beams with
high ﬁbmentum'fesolution, good intensities, and.largé momentum range
are needed. A possible design of two beams coﬁeringldifferent energy
ranges and satisfying these requirements is shown schematically in the

optical diagrams of Fig. 2.3.1.

The features of these two beams are the followings

High-energy Medium-energy
) _ beam - beanm
Maximum momentum - ' 2l GeV/c , 8 GeV/c
Angular acceptance ; 107 sr L x 1074 sr
Production angle | 0 - 20 mrad é - 5 mrad
Momentum bite _' + 2% + 2%
Momentum resolution + 0.05% t 0.1%
_ Totéiliéngth o . ~ 140 m ~ 70 m
Behding”méghet length required ~ 14 m ~7m
Quadrupole magnet length required ~ 18 m ~ 4k m

" The high-energy beam is a four-stage beam; the first two stages are
' intended to provide momentum selection and reduction of background; the
third stage is used to perform momentum analysis; the fourth one compen-

sates the momentum dispersion and matches the beam to the experiment target.

The medium-energy beam has only three sfages. Actually, the first
stage provides momentum selection and sufficient background reduction, so

that in the second stage the momentum analysis can be performed.

In both beams the momentum analysis is done by means of a rather
large bending (80 in the h.e. beam and 10O in the m.e. beam) and of three
hodoscopes (4,B,C). Hodoscope B is placed in a position where in the
analysis plane an optical image of A is formed. Hodoscope C, which should
provide only a very rough resolution, is used to divide the angular acceptance
of the beam and thus reduce the errors due to chromatic aberrations. To

achieve the desired momentum resolution, hodoscopes A and B should provide
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a space resolution of about 4.5 mm for the first beam, and about 3 mm
for the second one. Multiple scattering in the three hodoscopes does

not, in practice, influence the precision of measurements.

The expected intensities at the end of the two beams can be deduced
by the curves shown in Fig. 2.4.1, taking into account the appropriate

gblid—angle acceptances and path length of the two beams.

Figure 2.3.2 shows a general layout. of possible counter beams in
the West Hall. The two high-resolution beams described above are shown
to supply the Omega area as well as a possible lower energy separated
beam (below 3 GeV/c)., Due to the different beam lengths, different
targets have to be located along the proton line. This line coming at
10° from the proton line parallel to the building and starting from the
far end of the switch yard crosses the whole West Hall, Several other
beams startlng from the same targets used for the Omega beams are 1ndlcated.
The beams for the Omega will also be deflected vertically to compensate
for the difference in level between the Omega medium plane and the proton
lines (0.5 - 4 m); however, this deflection does not alter substantially

~the basic beam design.

A.pOSSible improvement in the Omega exploitation of beams could be
achieved by mounting long-pulse EF mass separators in the beam. Such
separators could speed up considerably all the experiments when positive
particles are. requested, especially in the high~energy range where the
protons constitute a very large fraction of the positive secondaries.
[See first draft report of the Working GrouP on Long—Pulse RF Separator
(5 April 1966).1 |
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2.4 Beam 1nten31ty and data—taklng rate

An estimate of the number of recorded trlggers to be analysed per .
year is shown in Flgs. 2 4 8 and 2.4, 9, for dead~t1mes of 10 and 50 msec,

respectlvely.

"Trigger Level" is the number of trlggers/number of particles, counted
in the beam telescope._ Two values of the PS repetltlon rate are con31dered:
1/sec which will be the optlmum for secondany beam momenta up to 7 GeV/c
and 1/2 5 sec for hlgher momenta. Flgure 2.4.9 also shows the effect of
a beam "halo" of 10Q% (i.e. the total beam intensity which traverses the

spark chambers is tw1ce the beam 1nten51ty focused 1n the beam telesccpe)

+ The. flgures glven for the recorded triggers to be .analysed.per year -
are averaged over the two. possible cases of spark. chambers whose. plates
e Will;be sensitive or insensitive in the region traversed by the.beam,..
Furthermore, they have to be considered as an upper limit, as they are
based ongtheﬁassumption:that.onefhalf of the .collected triggers will.need
to be-analysed. ., |

In these calculations the following assumptions’wereimade{'df

1) The’ incident beam traverses all the spark ‘¢hambers operating dinside

the spectrometer magnet.
11) The spark chamber memory time =:1 5 usec..

111) The beam partlcle t1me~d10tr1but10n has the shape of a- rectangular

‘pulse 200 msec long.

iv) The beam is attenuated by 10% in its intensity by interactions which

take place mostly in the target region.

v) Whenever a trigger is recorded, a certain dead-time is introduced in

the system (camera dead-time in the case of optical spark chambers).

vi) An event is considered for analysis when it satisfies the requirements
of having no associated accidental interactions and < 2 accidental

beam particles.
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Furthermore, for the curves plotted in Figs. 8 and 9 the assumptions
have been made that: the PS runs' two-thirds of the timej the data of an
experiment are collected during Yz x % of the time; and that half of the

collected data are to be analysed,

The preceding Figs. 2.4.1 to 2.L.7 illustrate the various phases of

the calculations.

Pigure 2.4.1 illustrates the beam indensities which will become avail-
able in the future West Hall where the spectrometer magnet is proposed to

be installed.

Figure 2.4.2 shows the losses due to accidental particles; curves B
and B! refer to accidental beam particles, curves INT. and INT.’ refer to

accidental interactions.

Figure 2.4.3 illustrates the losses due to the dead~-time (camera dead-
time or digitized spark chamber read-out dead~time). Various values of
dead-time have been used from > 200 msec (case of slow camera) to the ideal

case of zero dead-time,

Figures 2.4.4 and 2.4.5 illustrate the rate of triggers which can be
recorded per PS pulse as a function of the incident beam intensity for the

two cases of 10 and 50 msec dead-time, respectively..

"Protected plates" means that the plates are rendered insensitive in

the beam region so that accidental beam particles can be neglected.

For the case of “protected plates", the number of recorded triggers/
burst is calculated by requiring that there are no associlated accidental

interactions.

For the case of "unprotected plates", the number of recorded triggers/
burst is calculated by requiring that there are no associated accidental

interactions and < 2 accidental beam particles.
S P

Figures 2.4.6 and 2.4.7 are deduced from Figs. 2.4 and 2.4.5 by
plotting for a given value of trigger level the corresponding optimum

values of the number of recorded triggers/burst and beam intensity.
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o As can be seen from Fig. 2.4.9, in the case of optical cchambers (dead-
time 20 to 50:msec) the number of events to.be analysed per yéar depends .-
on different factors such as trigger level, PS repetition rate, dead-time.
As an example, in the quite common case of a trigger level of 40™%..(10.ub
for a 25 em liquid-hydrogen target) one 'vcan expect a rate of Ve_‘v'e;nts. to be
analysed ranging betwéen 2 and 10 millidn events per.yeaz;. __le;eéé'_ :f‘lgures ‘
are taken into account in the following discussion on data-handl'i‘hig facilities,

67/1372/5
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2.5 Data-handling facilities

The proposed data-handling system for the Omega project is based on the
following conditions: '
i) photographic read-out of the spark chambers;
ii) computer control of the experimental equipment and on-line recording
of some information (such as triggering conditions, times-of-flight,
beam flux, counter efficiencies, ebc.);
3 2 3
iii) full analysis at CIRN of a fra action of the recorded data (say 30%).
The essential components of the system are an IIPD flying-spot digitirzer,
a digital computer and the CYRN central computing facilities. '

After consideration of several possible configurations, we arrived at
this system as an economical fulfilment of the above conditions consistent

with adaptability to a possible future utilization of filmless techunigques.

2.5.1 Description of the system

Both the computer and the HPD are located at Omega project. This
L & p

makes most efficient use of the computer, sharing it among the various tasks:
i) HPD operation;
ii) control of experimental equipment;
iii) on-line recording of information;
iv) visual recovery with a CRT display and light-pen of events not recognized
by the pattern recognition programs.

The HPD plus compuber combination will produce spark coordimates of recog-
nized events on magnetic tapes, which are then taken to the CERN central
computing facilities for final analysis.

Figure 2,5.71 1s a schematic diagram of the system proposed. Iach of the
three applications, HPD, CRT, and on-line recordiﬂg and control, are coupled
to the computer via a buffer or small computer, All threc make use of the
power of the main computer, but whercas the HPD and CRI require the main

computer for operation, the on-line data recording and control application

67/1372/5
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can, if necessary, function independently., This latter mode of operation is
designed as a safety feature that permits the Omega project to record data

even though the main computer is incapacitated.

2.5.2 lain computer configuration

The basic features are:

1)  Core memory size 64 K

2)  Word length 32 bits (should be a multiple of 16 bits)

3) Memory cycle time = 11ysecvor less

L) TFloating point hardware

5) Priority inéerrupt system

6) Card reader/punch (say ~ 400 cpm/150 me)*)

7) Line printer (say ~ 250 lpm)*)

8) L or 5 magnetic tape units (say '%"; 7-9 tracks, 800 bpi, 60 kc)*)
9) Typewriter on-line
10) CRT + LP display with conbtroller
11) Backing store (disk driver for monitor, program overlays and data)
12) A buffered 32-bit I/0 channel for the HPD
13)  Memory protection '
14)  Auxiliary card-handling equipmert

15)  Software (FORTRAN compiler, assembler, operating system).

The total cost of such a configuration is estimated in the range of
& 5 million Swiss francs. As this computer is to be located near experimental
equipment, and as it will possibly be on~line to this equipment, it should be
capable of operation under varying environmental corditions and should be
highly reliable in its operation. A fundamental condition of its speed of -

calculation is that it should match (with some margin) the speed of the HPD,

*) Peripherals should be rented due to rapidly changing compatibility
conditions.
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Provisions must be made for proper installation of the HPD and computer
together with storage space for data, tapes and parts, and for office space
for the staff. A separate building should be envisaged in the financial

considerations for this project.

2.5.3 HPD characteristics

A typical picture as described in Section 2.2.1 is assumed, i.e. 70 mm
f£ilm, 70 x 60 mm? frame, all the gaps oriented in one direction across the

film, two views side by side, each approximately 30 x 60 mm?,

The geometfy-bf the chambers can be slightly different from the above
prOposed solution, i.e. spark dimensions on the film not less than
40 x 190 umz. Otherwise the time estimates which follow must be scaled

accordingly,

The characteristics of the HPD should be 70 mm scan length amd a 2 um
least count in both x and v leading to a 16~bit coordinate. ("idth measure
0ptional.) Pitch would be reasonably set at about 60 um to guarantee three
crossings per spark, and the whole frame would be scanned by a 1,000-1line
raster. The resolution of the device, defined as the ability to measure two
disbtinet sparks lying very close together, would be limited to 45 pm (distance

between spark centres).

The HPD rotating disk would be designed for 6000 rpm, but the estiméﬁes
of the measurement times given below are based on the more conservative speed
of 3000 rpm at which HPD-2 is now operated at CERN. Scan-line time is 2.5 msec,
hence 1000 lines ~ 2.5 sec. The overheads (film advance, stage setting, etc,)
are.z 2.5 sec., The time per picture is therefore estimated at 5 sec. This

means about 720 frames/hour or some 15,000 frames a day as a maximum,

If one takes into sccount film changes, tests, operator interventions,
breskdowns, and all other contributions to inefficiency, only about 60-70%
of this maximum rate can be maintained over long production periods, l.e. &
rate of about 10,000 such frames a day could be achieved in the steady pro-
duction stage. Hence, one would expect to measure 2-3 million frames /year,

which would yield approximately 1,000 magnetic tapes.
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This, of course, implies that the computer can do its job on the digi-
tized data during the 5 seconds taken by the HPD to scan one f’rame.. This
will influence the choice of the computer. It is worth mentioning that the
task of the computer is rather well defined, that FORTRAN programs, similar
to the Omega ones, exist and will have to be run on the various candidate

computers to give a falr indication of their capabilities.

The HPD hardware is partly commercially available (mechanical and opti-
cal parts). A very small computer would be substituted for a substantial
part of the electronics involved, and would consgtitube a flexible and reliable
interface, The total cost of the HPD hardware is estimated at 0,8 million
Swiss francs. Its construction will involve some 18 man-years and could be

- achieved in a period of about two years.

2.5.4 Visuval recovery application

A human operator will view on a CRT display the events that are not
recognized by the computer programs. With the aid of a: light-pen and type-
writer, the operator can supply some guid_éinoe to the programs in order to
complete the pattern recognition. This application will use 5,000-10,000 .
words of central memory, some disk space, and one or two tape units when it is in
operation, Moreover, it will have access to the pa‘t‘cern recognition program
sitting in core. The 1mage on the CRT is maintained by the private mmory of
the CRT con’croller, the llbht-pen aot1v1ty is relatlvely slow because of human
response time, and the transfer. of information from tape or dlsk storage to
CRT ls oomparatlvely 1nfrequent Therefore the load. plaoed on the process:.ng

um.t of the main compu’cer should be rela‘tlvely small for this applloatlon.

2.5.5 Recording and oon’crol application

This mode permits the recording on tape of subsidiary datae during the
running of the experiment at the PS; it can also perform monitoring!and_oon— A
trol functions of the oxpeximental equipment., It will operate through its _
own small computer and will also have at its disposal the main computer with
its peripherals, such as the CRT, disk and line-printer. As this part of |
the system is absolutely necessary during a run, the small computer. W:Lll be-
capable of operating alone, and for this reason it is equipped with its own
tape unit, card reader, and typewriter. Conversely, in case the small com~

puter is inoperative, this mode could operate directly into the main computer.
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Yhen optical chambers are being used one would record such information
as scaler readings, triggering conditions, magnet settings, Cerenkov counter
pressures, and times-of-flight. With wire chambers, this computer would, in
addition, serve as the input buffer for the main computer. Its ocore memory
would store up the spark coordinates of events during one P3 burst, and pass
them on to the main computer for recording, monitoring, and some analysis

between bursts.

As the function of this small computer is mainly to buffer and record
information it need not have floating point hardware, although it should have
a FORTRAN compiler and operating system for monitor and control duties. The

specifications for this computer are as follows:
1) Core memory size 16 K (expandable to 32 K)
2)  Word length 16 bits (or multiple thereof)
3) ‘Memory cycle time 1 - 2 usec
L)  Priority interrupt system
5) Card reader /punch
6) 1 - 2 tape units
7)  Typewriter on-line
8) Software (FORTRAN compiler, assembler, and operating system).
This configuration is esbtimated to cost 0.6 to 0.8 million.Swiss francs.

2.5.6 Organization of the programs

2.5.,6-1 Allocation of storage., The HPD measurement of a typicel Omega

picture should produce some 10,000-15,000 digitizings, These data will be
transmitted from the HPD inbernal buffer to an area in the core storage of the
main computer via a 32-bit I/0 channel; the transmission will be controlled

by the interrupt system.

Two programs will be in core memory for the analysis of the HPD measure-
ments: i) "Stage 1% program will carry out the control of the HPD, the
acquisition of the data from it, the reduction of these data into spark and
fiducial coordinates; ii) "Stage 2" program will perform the gutomatic recogni-

tion of tracks and the identification of events. Each of these two programs
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would" reéuire the allocation of some 20-25,000 words.' The remaining memory
space will be devoted to the recovery program (CRT "‘display')‘ or the Omega on~
line control application, whichever is carried out in parallel with the HPD
operation. : Special programs, such as HPD tests, calibrations, data manage-
ment, etc., will have to be called into memory from overlays on disks, when

required.

2.5.6-2 Use of the central processor, The priority interrupt system
and some form of memory protection will enable the computer to execute two
jobs in the foreground (i.e. the HPD "Stage 1" program and the light-penning) -

and one job in the background (i.e. the "Stage 2" pattern recognition program).

As a minimum requirement, the computer should'- be able to execufe the "Sbage
1" program simultaneously with the HPD measurement and without using all the
CPU time available. "Stage 2" program will then be run asynchronously with
the HPD activity, and will absorb the CPU time not utilized by "Stage 2",

"Stage 2" program would be available in core both to the HPD and CRT inputs,

2.5.6-3 General operation of the system for pho*togi'aphic .analvsis. The

system is loaded with films which might or might not be prescanned (depending
on the experimen’c), and produces magnetic tapes conbaining the measurements

of tracks of recognized events.

The recognition of the events is achieved in two stages. First the HPD
output is reduced to spark coordinstes; then spark patterns are identified as

valid events.

The first stage is automatic. The second stage is also ét’cenp’céd in an
automatic way (except for some guidance obtained at prescamning level), but
in case of failure the spark information concerned is stored away until more
guidance is obtained via the CRT-display. The events to be rescued should be
presented only once to the CRT-operator, who by interacting with the "Stage

2" program, will provide the nrecessary guidance until the event is accepted,

One can see the advantages of having the pattern recognition programs
and the CRT-recovery activity run on the same computer. Certainly the CRT-
operator will work more efficiently, and the necessity of imtermediate output
on tapes to be processed elsewhere will be avoided, In this mode of opera-
tion, the processed informaetion will leave the Omega system only when ready.
for "Stage 3" analysis programs, i.e. geometry, kinematics, statistics.

67/1372 /5
SIS/sb




- 25 -

2.5.7 Load on the :
central computing facilities

Supposing the Omega project to be runnming 100 days /year yielding 2.k
million useful PS bursts, we would obtain 7-8 million photographs/&ear at
an average of 3 photographs/%urst. 0f these, 2-3 million frames/&ear would
be measured on the Omega~-HPD, as stated previously. Assuming 2 sec fevent of
6600 CPU time for full analysis, the resultant load would be 1500 hours /year

or one-fourth of a 6600,

One should not forget that there will be other FSD facilities at CERN,
such as HPD-1, HPD-2, and Luciole II, which the Omega project can utilize as
any other experimental project. These could absorb an additional e to 1
million photographs/&ear, further increasing the load on the CFRN central
computing facilities to the equivalent of one-third of a CDC-6600. The
remaining 50-60% of the photographs produced by the Omega project will, under
the above assumptions, have to be measured and analysed outside of CIRN,
Selection of photographs by prescanning will, of course, increase the fraction
of the total frames which can be anmalysed at CIRN,

2.5.,8 Alternative data-handling system using
central computing facilities at all stages

An alternative solution is to perform all armalyses (except, of course,
for recording and experiment control functions) at the CERN central computing

facilities,

2.5.8-1 Optical spark chambers, With this solution the HPD recovery

procedures and all stages of data reduction would be performed at the central
facilities. The equivalent of one HPD per year would be required, and
3000 hours of 6600 CPU time per year (or Yo & 6600) for the complete analysis

of 2-3 million photographs per year,

A small computer will still be required for on-line recording and control
functions. This should be an expandable machine with more powerful peripherals
than the small on-line computer described in the first solution. For example,
it should be eguipped with two tape units, line printer, card read fpunch,
and typewriter. To be an expandable machine 1t should have a 32-bit word
length, and it should also have multi-level interrupt features., A memory of
8 X would be sufficient for optical chambers. A FORTRAN compiler is still
necessary. We estimate that such a computer would cost from 1 to 1% million

Swiss francs,
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245.8~2 TWire spark chambers., The on-line compuber should be expanded

to at least 32 K of memory, a disk and more and fasber tape units added, and
a data-link to the central computer facility. The equivalent -of a 6600 CPU

should be available at all times on the link while the experiment is running.
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2.6 Cost estimate

By far the most expensive parts of the project are the magnet with its
supplies, and the computers. The estimates are based on interpolations or
extrapolations of the costs of existing systems, and thus are not extremely
accurate, They are based on present (1967) prices. No provision is made

for contingencies.

Experimental part:

Megnet inel, supplies MSFr. 8,65
Instrumentation 1.7
Staff 2.5

Total HSFr. 12.85

Data-handling system (First version): HSFr. 8.2

a) FExperimental part

Magnet with superconducting coils:
& D

Tron yoke (1300 t at 2.5 S¥r. /kg) HSFr. 3425
Superconducting stabilized cable ' %.O'
Coil winding, insulation, tools ' &5w
Helium container, vacuum tank, supports 0.6
Superinsulations 0.3
Vacuum pumps, valves, pipes, etc. 0.5
Power supply and controls 0.4
Refrigerator (500 1) ~ 1,2
Liguid-helium conbainer (2000 £) 0.15
Gas-helium storage (2000 w?) . 0.15
Helium 0.1
Foundation 0.5

Total HFr. 8.65
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Magnet with conventional coils:

~Iron yoke
Copper coil (7.5 t)
Power supply
Cooling toﬁers
Cables, piping, etc.

Foundations

Instrumentation:

Spark chambers (100 frames)

Material

Labour

MSFr, 0.1

.

Prisms, supporting glass plate

Camera, lenses, mirrors, supports

Electronics, pulse system
Film-developing machine
Accessories

SB-installations

- MSFr,

Total MSFr.

MSFI'O

Total 1iSFr,

325

1.9
1.3
0.7
0.5

0.5
8.15

Ol

0.15




b)
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971

Total MSFr.

physicists + engineers/%echnicians, etc.,
1968 1969 1970 1
Magnet system 2/3 2/3 3/ 3/
Instrumentation - 1/2 2/3% 2/3
Data~handling system 1/1 12 0 2/3 2/3
General 2/1 2/1 2/1 2 /1
Total - . 5/ 6/8 9/11 9/
Total man-years 29/%5
Average costs per man-year NSFr., 0,04
Total staff costs during
construction period MSFr, 2.5
Data-handling system (Pirst version)

Main computer + CRT MSFr,
Auxiliary computer
Flectronic interfaces, links
HPD: component s

construction staff
Buildings:

computer and HPD-room 250 m?,

about 2000 SFr./m?

scanning room, offices, etc.,

200 m?, 750 SFr, /m®

scanning tables

1

5.0
0.7
0.1

0.8

On?

0.5

0.15

0.25
8.2




Running costs

liagnet, power, maintenance
(supercond. coils)

Film
Tapes
Staff (including analysis)

Prescanning

R

In the case of normal conducting magnet coils, the running costs would

be higher by 1 LiSFr./year.
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1SFr./year

Total MSFr./year

0.5

0,5
0.2

o
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3, EXPERIMENTAL PROPOSALS

3.1 Missing-mass experiment at low momentum transfer

3.1.1 Introduction

In the Omega project we can either treat the instrument as being simi~
lar to a bubble chamber (triggering whenever an interaction occurs iﬁ the
farget) or take advantage of the triggering possibility and bias ourselves
to some specific interaction configuration. The former possibility may
be interesting both from a rate and accuracy point of view, but with the
latter we may in addition choose.ah interaction configuration so as to
(a) reduce the experimental errors (though not without some bias), or
(b) trigger on a specific mass region in which one is interested (e.g. to
determine the spin-parity, decay branching rétios, and A% dependence of a

resonance without having to consider the total mass spectrum) .

There are two ways in which one might reduce the errors. Consider the

reaction ﬂ-p - pX- and trigger on the recoil proton

[T

2 . .2 2 2 \ — - il -
M® = mf o+ mg o+ my +«2mpcﬁi Ef) Z(piuf P;Pp cOS @) (1)
] .
6M® =<5 80 = = PP, sin ® 80 (2)
_ 2 cos o - BB, - m) |
SMpi = 5%, 6pi = | Pp c08 @ ﬁiCBf mp?J 6pi | :\KB)
) P I - Cem) |
6Mpf = 3, 8p, = | p; cos @ Bp(B; + mp{J dpp (4)
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Now since dM? = (BM(S + SM;_ + BM;f) Wwe can choose, for a given &Pj_/pi of
i - :
the primary beam (which fixes 6MP')’ to operate in such a condition that
i

either &M = 0 or 6M® = 0,
Pp

Method a): 6Mpf = 0, From Eq. (&), SMPf = 0 when p; cos © -

‘Gf(Ei + mp) = 0. This is the same condition for the maximum angle of the

reccil proton in the lab. system as can be seen from Eq.. (1) by solving -

for cos @ and differentiating thus

M2 - [(m:‘?L + m;, + m; + 2mp(Ei -Ef) -,2EiEf)]
2p;Pp

03 @ =

3(cos 6) _ (m, +E,)Bp = p; cos @
9Pp - PyPp

_ o oE _ .7
= 0 for minimum 55 = ﬁ:l .

In this econditiom we therefore operate with the recoil proton-at its maximum
angle in the lab. system, and in order to achieve  maximum accuracy in the
measurement of the missing mass we must measure © accurately, Clearly 8Mpi
should, if possible, be reduced below SM@. This is called the "Jacobian
peak method".

Method b): &M = 0. FromEq. (2), 8Mly = 0 if © = 0. In this

case the error on M depends only on 6Mp. That is, bp must be measured

accurately. Clearly SMP_ should be made smaller than 8Mpf , that is 5pi/pi
i

must be made sufficiently small.

A® .consideration. Since A% = -2 mTp = =2 mp(Ef - mp) we have

that, for a given M, A® is smallest when p, is smallest. Now since

B, = YC(E* + B P* cos 8%),
then
2 _ . ® ® %) o
.A = -2m EYC(E * B P cos © ) - mp]

and this will be the smallest for cos 0% = =1,
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Thus method (b) selects events with the smallest possible A®, which
is of intérest since most A® distributions fall off exponentially with

A%, and one therefore might expect to attain larger rates with method (b).

We have thus considered as a first study a missing-mass experiment

using method (b) (cof. Kienzle et al,, EEC proposal 10 April, 1967).

3,1.2 Experimental set-up for method (b)

The idea is to trigger the Omega on.recoil protons leaving the target
at ©° = OO + 12° and to select the protons by time-of-flight. For example,
the locus of the protons with @ = 0° and Po in the range from 0.35 GeV/c
to 1.5 GeV/c with a flight time of 30 nsec is shown in Fig. 3.1.1. Protons
WithA@ = 1120 arrive *2 nsec‘before or after those with © = Oo. On the
~other hand, relativistic pions take ~ 20 nsec from the target to the counter,
The time spread due to protons coming from different points in the target

is ~ 1 nsec.,

,3.1,3 Errors on missing mass M

.+ For the Omega the error in p, in the region of 0.35 tc 1.5 GeV/c is
limited by multiple scattering (X = 30 m), and is ~ 0,5%. Table 1 gives
the error contributions from @, Pss Pp at various incident momenta for

a 4 mrad ('4°) error in ®, 0.2% error in p;» and 0.5% error in pp.

‘Table 1
o =0° © = 8.5 9= 15°
p. | Range of M | &M, | OM oM - &M, | OM oM oM oM oM
i e s P B e T e 7S N B 7 e

20 | 3,35 » L.,96 1 0 |*4.61%x6.5 |*2,01*L.6 |+6.5|+4.0] 4.6 6.5
111249 > 3,63 0 13,6 1+5.5 |£1,7123.6 |55 1+3.0]+3.6{2%5.0
812,12 » 3.33] 0 | +3,0]+5,0 [£1.5]£3,0]5,0|*2,5]%3,0{%5.0

w148 > 1.95| 0 |+2.2 | +4.5 (x40 +2.2 [ 4.5 ] +2.0| £2.2 | £4.5

GeV GeV MeV MeV MeV
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From thls tablp 1t can b ‘seen tfa

a) api/p should be a little.less than 0.2%, say 0.1% if- 6M is to be
negligible compared to SMP ;

o
L

b) @ should not Le increased much beyond 15° %o keep.SMé negligible;
¢) inecreasing X, by a factor 2, i.e. reducingnﬂmpf-by a factor V2

could be interesting=~-that is, thinner plates or wider spacing;

d) one might expect to reduce these errors by a small amount for h-con-

straint and 1-constraint kinematic fits.

These results may be comparéd'to those expecfed;by Kienzle et al. For
example, for Py = 11 GeV/c and M of about 3 GeV/c they predict SM 9'MeV
whereas with a épi/pi of 0.1% the Omega gives 8M = + 5.5 MeV (unfitted events)
[Note: Kienzle et al. get same OM if they have same 6pi/pi']

Thus the main features of this experimental arrangement are large solid-
angle, high data rate (limited by 20 to 50 msec dead-time of camera in the
case of optical spark chambers or & 10 msec dead-time for wire spark chambers),
missing mass to * 6 MeV, complete kinematic fitting of the event as in the

bubble chamber, obcervation of the various decay modes of resonances;

3¢l Other errors and systematic effects

1) Error in 6?1 due to * 0.4 cm uncertainty in interaction point

~in Hp target. For non-relativistic protons

2
I
E = 2m
m

. ==.AE.
Ap:p

In liquid H,

dE _ 0.24 MeV/cm

T’ '
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Ex. For p, =.0.4 GeV/c, B = 0.4

%% = 1.5 MeV/cm, giving Spf = *1.,5 MeV/c for Ax = #£0.4 cm,

Such an error on 69f leads to a 6pf/pf of *0.3%7% which should be compared

to the £0,5% coming from multiple scattering.

‘2) Energy loss in He target and 1 mm mylar window, If‘tafgét

1§ 20 cm long we have a momentum loss of ~ 75 MeV/c in 20 ecm, and in 1 mm

mylar ~ 2 MeV/c (systematlo and correctable).

3) Error on 8 of r90011 proton at target due to 0.4 cm_uncer-

tainty of p01nt of 1nteractlon. For Pp = 0.4 GeV/c, p = 80 cm.

A® = AX _ Qo +5 mrad giving oM, ~ "4 8M_ , therefore all right.
p 80 ® P

A) Error on ©® at production due to multiple scattering in the

" H, target and mylar window.
o - 15(MeV "
T pv(MeV X °

Xo (Hz)

10 m Xo(mylar) = 40 cm.

For 10 ecm H, 0 = t3,2 mrad
' . } leading to &My < '5 &M .
+1.,6 mrad Pp

li

0.1 mm mylar ©

3s4.5 Monte Carlo computer study

In order to understand in more detall the problems assoc1ated w1th
a given experlmenta] arrangement, we have used the date summary tapes of
the 8 GéV/c T P bubble chamber experlment which contaln all the relevant

information on the 4, 1, and 0 constralnt events.
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341,51 Experimental arrangement for method b): M.~ 0. In thie

case the apparatus is triggered on recoil protons in the momentum range

~ 0,35 to ~ 1,5 GeV/c and emitted at small laboratory angles (® ~ 0% to
the inoidenp particle., The locus of fhe positions of protons emitted at

@ = 0% and with momenta in the above-mentioned range was determined after
they had travelled for a flight time of 30 nsec from the target‘(see’Fig.
301.1). A hypothetical scintillator was placed at this locus, and the
properties of,friggef studied as g function of the time gate (30 + At nsec)
and the shape of the scintillator in the z direction (L to plane of Fig. 3.1.1).
It is clear that At determines the angles ¢ in the xy plane of the accepted -
protons. We found that a At = *2 nsec accepts a A = t12 about ¢ = 0°
(see Fig. 3.1.2). - ' |

. +
a) Accidental triggers on m

Figure 3.1.3 shows the arrival times of protons and w+ at the scintillator
having dlmen31ons in the z direction of * 50 cm. We see that the number of
el arriving within 30 * 2 nsec is ~ 1,5% of the protons. These rt will give
spurious triggers. However, on measuring the events, thesevw+ can essentially
be 1dent1f1ed since it is found that . the prdbablllty of the 7" having a
Iol < 12°% is ~ 3%.. The At can be increased to *4 nsec without too much 7%
contamination, but then the ¢ accepted becomes rather too large if one

wishes to keep 6M smaller than 6Mp .
£
b) Shape of the scintillator and the mass Spectrum

If one wishes to malntaln the angle of proton emission in the xz plane
(X or dip) also < 12° s then the counter dlmens1on in z must decrease as one
goes from the high momentum side to the low, momentum 81de (reglon.A to B of
Flg, 3e141)s However, this gives rise to a missing-mass spectrum Whlch is
peaked at high masses. The resason for this is that hlgh masses are associated
to small c.m.s. momenta (p*) of the proton, and a larger fraction of these,
than for events with hlgher p* (lower m1s31ng mass), are transformed into
the laboratory system with angles < 12° . We thus attempted to compensate
for this effect by having a counter with z dimensions constant at £50 cm.
In this case the dip angle A reaches 25 at bp = 0.35 GeV/c and decreases
to 12° at pp = 1.5 GeV/c. A mass spectrum for two intervals of the final
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recoil proton. moméntum 0.6 tol.5 GeV/c and 0.6 to 1.3 GeV/c"isnéhoWnuin
Fig. 3.1.4 The peak in the region of 1,3 40 1.5 GeV/c comes from the

“‘rapid dincrease in solid angle accepted in the c.m.s. for small p*.

c)" Confu51on between proton and a’ arr1v1ng earlier

.. For. the events selected by the trigger, there is a finite probability
for a ﬂ+ of the same.event to follow a trajectory which could have triggered
the apparatus if it had been a proton. For these events one does not know
‘which of the two particles actually caused the trigger, although in fact -
Lphe_ﬁf_errived too early. The number of events where this possible con- -
rfueign occurs is 4%, and can be reduced by dividing-the scintillator into

sections along the path of the locus.

4)  Accidentals due to K

A study in which all the 7" were assigned the mass of the K meson
showed that the problems arising from aceidental triggers -due to K ‘mesons,
. and confusion between K ‘and proton from. the same event, were similar in
magnitude to those for the 7*. Since the K production is an order of .
magnitude lower than the WF,_the problem is one in the 0.2% region.

% :
e) Ns s productlon

. The study showed that the percencage of events ‘having a pW+ mass com-
. bination lying in.the N3 5(1238) region did not appreciably change, in the
events selected by.the trigger, .firom. the 25% of all ow+ mass combinations

for the unseleptea events. .

). - Conclusion on method ()

Tt seems to be p0551b1e to nrlgger the apparatus by tlme—of—fllght
and obtain a roasonable mass speotrum with a rather small contamlnatlon
and little bias coming from the need to reject ambiguous events. The trigger
rate ehanges according to the pion multiplicity of the channel but is of the
order 2% for recoil momenta between 0.6 and 1.5 GeV/c. Assuming a cross-
section of 1 mb and trigger efficiency of one, we would obtain ~ 7 events/

burst of 10° w's from a 10 cm Hp target.

67/1372/5
SIS/mn




- 38 -

3.1.5-2 Experimental arrangemert to select on a given mass interval

for all A%, Once i% is known that a certain region of the missing mass
spectrum is interesting, it would be useful to be able to trigger bn evenfs
lying in this region in order to study it in more detail, e.g. a specific
resonance. Tne locus of the protons after a flight path of 30 nsec coming
from events with a missing mass of 2.6 GeV was determined, and the arrival
tiﬁes of the protons and r crossing a scintillator placed at this locus
(with z = 50 cm) is shown in Fig. 3.1.5. In this case we see that ~ 60%
of the triggers between 30 £ 2 nsec would be due to W+. On the other hand,
if we accept these triggers, nearly all could be rejected after measurement

as the ¢ distribution of the 7' and the protons do not overlap (see Fig. 3.1.6).

Figure 3.1.7 shows the mass region at about 2.6 GeV, which is chosen
by selecting the protons which arrive at the target in the time interval

30 £ 2 nsec.

Thus it appears that such a trigger is possible if one acéepts an
equal number of unwanted events which can be rejected cleanly after measure-

ment,

3.,1.6 Comparison with the hydrogen bubble chamber

3.1.6-1 Missing-mass distribution of the 7° in 1C fits. With a program,

the fitted quantities (p,M,9) of each track were randomized according to

the external errors of the equipment (bubble chamber or Omega). These external
errors were those needed by the "GRIND" kinematic fitting program to give
good X% distrivutions for the fitted events., As a comparison, Figs. 3.1.8 a,b
show the distribution of the missing #° mass in the reaction 7'p » m pr' @ 1
for (a) the 2 metre hydrogen bubble chamber, and (b) the Omega. For the Omege.,

the distribution is a factor of two narrower than for the bubble chamber.
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3.2 Study of baryon exchanze processes

The class of reactions generally described as baryon exchange processes

J

are ideally suited for study with the Omega system. They have a characteris-
tic signature, namely a forwerd nucleon at close %o the beam momentum; and

their kinematics require the 4w geomebtry of the Omega for good efficiency.

3.2.1 Baryon exchange reactions. It is proposed to study processes in

Fa

which an incident pion or kaon yields a high-energy proton in a small forward

cone, such as:

T+p>p+wmorK+p->p+K, backward elastic scattering (1)
T+ p > F+ew, forward baryon resonance production (2)
T+p->p+ X, ‘ backward meson resonance production (3)

plus similar reactions with incident X mesons and backward éssociéted ?roduqtion.
Some data is available on elastic scattering, but in the other processes the
unique relation of the final-state particles is lost and it 1s éssentiglly
impossible to study them without & Lw geometry. In this sense this feport
describes how an experiment now in progress at CERN could be better done

with the Omega systemn.

()

Figure 3.2.71 gives some kinema%ics for backward pion scattering and shows
the large angular range over which the scattered pion must be measured for a
reasonsble cenbre-of-mass range. The equivalent relations for Kp scattering

are similar,

Tn reactions of type (2) in which a proton results from the N¥ decay,
the 0pen1ng angle for the proton is small and can be detected with good
efficiency; for example, it is 2.1° for the N%(1236) at 8 GeV/c, Class (3)
reactions require the full 4w geometry because of the low meson velocity

and hence large opening angle.

3.2.2 The layout, Figure 3.2.2 shows the configuration for studying back-
bl
ward reactions at the Omega magnet. Upstream from this are the Cerenkov
counters and hodoscopes necessary to define the mass, momentum, and direction

.of the incident particle.
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The baryon exchange trigger is downstream from the magnet and consists
of a large-element hodoscope as a coincidence requirement and a large-aperture
threshold Cerenkov counter to amticoincidence out all but the forward going
protons, Elements of the hodoscope would be chosen as a triggering require=

ment to give the desired maximum proton angle about the zero degree line.

Spark chambers between the pole tips of the magnet fill & path one metre
wide and two metres high along the beam line, Additional spark chambers down-~
stream outside the magnet improve the momentum measurement of the proton,
which is to a few tenths of a per cent. The liquid hydrogen target is mounted

far enough into the field region to permit analysis of 180° scattering,

Particles emitted into the backward hemisphere (lab. system) have a momen-
tum of less than 1 GeV/c in general, and a path length of 50 cm gives the
momentum resolution that is permitted by the multiple scattering (a few per
cent), A fence of trigger counters around the sides and back of the spark
chambers could be used to reduce the triggering rate or could be used at high
beam intensities to label the track of inbterest so as to distinguish it from

accidental tracks in the dhambers.

If optical chambers are used they could be mounted at 45° to the beam '
line thus pernitting all scattering angles. If wire chambers are used, a
more specialized chamber geometry would be possible with better angular

coverage.

3.2.3 Trigger and event rates., Recent results on backward elastic scat=-

tering and on some backward inelastic processes permit reasonable estimates
of rates, For example, at 8 GeV/c the Brookhaven-Carnegie Group$) have
measured the total cross-section for backward elastic 7 p scattering to be
1.5 ub, for'fhe'pfocess ﬂ_p > pp to be 1.8 ub, and for all processes in their
geometry givihg a\high—eﬁefgy forward proton about 100 ub., These results

are consistent with obher data which show that for reactions permitted by
baryon exchange, and usually showing a backward peak, the ratios of the back-
ward to forward cross-sections range from a few hundred to a few thousand. ‘
For other processes, the backward cross-sections are down even more, as for
example in K p elastic scattering., These generalizations are only approxi- -

mate, but they pcrmit some estimates of rates with a baryon exchange trigger.

%) R,M., Edelstein, private communication.
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7ith the configuration proposed here and a beam of 10°%7 /burst strik-
ing a 50 cm ligquid hydrogen target, a fotal interaction rate per burst of about
6000 is expected. The above data indicates that of these, at 8 GeV/c,
approximately 20 could give rise to a forward proton, and of these 0.3 would
be an elastic scattering and 0.4 a backward p production. Using the appropriate
fence counters in the Omega magnet could reduce some unwanted triggers. Beams

of 10° pions per burst should be obtainable at the PS up to about 22 GeV/c.

The baryon exchange trigger alone is quite general and is better suited
to0 wire chambers in which a number of processes could be studies simultaneously.
For optical chambers, additional triggering conditions should probably be

imposed.

A comparison of this proposal with an experiment now under way at CERN
to measure the backward elastic scattering of plons and K mesons shows an
increase in solid angle of a factor of 10 plus the momerntum measurement of the
scattered particle with the Omege. It also becomes feasible to study the

inelastic channels.

A further refinement of the baryon exchange trigger would be the detection
of a forward neutron instead of the proton. One could then do backward charge

exchange scattering and studies with a deuterium target.

67/1372/5
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3.3 Experiments on leptonic hyperon decays

3.3.1 Introduction

The presentb) experimental situatien of leptonic hyperon decays needs
considerable experimental clarification., A large number of experiments
carried out so far has given only rather approximate information on the

- interaction rate. Only in a few cases have we indications on the form of

the interaction by measurements of decay correlations.

On the other hand, current theoretical ideas based on Cabibbo's appli-
cation of SU(3) to weak interactions appear to be quite capable of standing
up to accurate tests., Ideally, one would like to accumulate in this field
an amount of information comparable with the present information; for

instance, on neutron beta decay

n-p+e+v

for which sbout 10,000 events have been observed from a polarized (» 90%)

neutron beam,

More precisely, the Cabibbo theory is able to give exact predictions
in the SU(3) limit for the absolute strength and the relative phase between
the axial vector and vector interactions in terms of the phenomenological
parameters F and D, A theorem due to Ademollo and Gatto ensures that, to
the first order, the vector part is unaffected by the symmetry~breaking
interactions, Quite accurate tests of the theory are therefore possible on

the veector part of the weak couplinga.

We list in Table 1 the main loptonie hypcron docay processes and the
presently -measured branching ratios [Brene, Veje, Roos and CronstrSm,
Phys. Rev. 149, 1288 (1966)].

*) Of course, it is not known how many of the present guestions on
hyperon decay would still be open at the time of operation of
the Omega project.
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Table 1

Leptonioc hyperon decays

Process Branching ratio

A = pev (0.88% 0.08) x 107~

A > puv (1.35+ 0,6 ) x 107

%" > ne v (1.28% 0.16) x 107>

R (0.62% 0,42) x 107>

2 > ne'v Forbidden by AQ = AS rule

5t »ény+v } Two pos§ible can@idates detected
_ (Columbia and Heidelberg)

2" > hev (0,75% 0.28) x 10~

57 > Aov (0,13 0.,13) x 107

2 o> Ae v Only two events observed (questionable?)

ol YT Not observed

o > 3T v Not observed

B ~» Z+u—v Not observed

A particularly interesting decay is the strangeness conserving Zi »AA°eiv,
which is predicted by Conserved Vector Current Theory to be only of the axial
vector type.

From the point of view of the determination of the form of the inter-
action, it is required to measure for each decay the polarization of at least
one of the hadrons in order to be sensitive to terms of the form 8y * By the
correlations between momenta being sensitive only to terms of the form gz

and'g%”<ﬁ%inberg). Therefore polarization measurements are very essential,
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3e3«2 Experimental technigues

Until now the bulk of the information,'apart from a few experiments,

has been obbtained from bubble chamber work.

Thcre aré two possible ways of searching for leptonic decays in a
bubble chambor: '

a) In an Hp bubble chamber, by measuring all decays and identifying
leptonic decays by lack of fit to the more likely (two-body) non-
leptonic decay mode. About 10° - 10* ovents need reconstruction

‘o ylcld one good leptonic count,

b) In a heavy-liquid bubble chamber, by reccognizing electroms from
the charaoteristic.radiatiVe losses., No information is available
from production vertex (complex nucleus!) and multiple solutions
arc encountered in the fit. Furfhormore, the polarization of the

hyperon is unknown.

The Omega project, being a somewha’t intermediate instrument between the
bubble chamber and a counter arrangement, appears as én'interesting detec~
tor in this field because of the possibility of triggériﬁg'and the much

higher incident flux of particles accepted. More precisely:

‘a) The leptonic (muons and electrons) decays can be readily identified
| by a threshold. gas Gerenkov counter or by penetration of a thick
shicld, Recently, scveral oxperimental groups in CERN and elsewhere
have operated threshold gas Serenkov counters of atmospheric pressure
-capable of angular acceptances up to some 50 degrees in a variety of
. shapcs and dimensions. The clectron detector efficiency is essentially
~-complete, while the rejection against particles below threshold can be
as good as a few parts in 10° *). This clear identification of clee-

trons is possible with the required rejection of non-leptonic decays.

*) We arc grateful to Dr, V. Soergel for the illuminating discussions on
this point.
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. B) The high incident flux accepted and clectronic beam particle

67/1372/5
SIS/sm

identification arc such as to pormit setting up the Omega. spoe—
tromcter in an hypcron beam produccd outside the deteetor. As
we shall sce, this would provide an intense source of hyperons
of well~known dircction and momentum. Alternatively, hyperons
could be produccd by a highrflux»Kf beam incident on a hydrogen

target located inside the dector,

o) The common charachoristic of all decays listed in Table 1 is
that hadrons at high cncrgies are kinematically constrained to
caryy away the largest fractlon Q~ 90% on average) of the kinetic
cnorgy of ‘the incident particle, and they are emitted in a narrow
cone in the direction of the incident hypcron. For instance, in
the decay %+ A% v for Py = 18 GOV/E, thé maximum emisgion
angle for the A° is about 0,24° and the momenta lay in the interval
15,8 GeV/c < p, < 18.0 GeV/c.

It is pésSible to construct reasonably small and cfficicnt dotectors
to dctorminc‘ﬁhé dircetion of neutrons omitted in decays such as I = nev,
3 - nuv. Protons cmitted in docayé such as A = gp can be rccognized by
threshold Cercnkov counters.

The above-mentioncd points make of “he Omega spectrometer a much more
effective instrument than a bubble chamwbeor in scarching for hypcron f-dccays.
On the other hand, the accuracy in momentum and angle measurcment being here
quitc comparablc to the oncs of a hydrogen bubble chamber, a very precisec
and complete cvent reconstruction dis expccted in general, Howeveor. the
fact that the spark chaxbers give & signal every two centimetres of track
length in the beam direction, requires that the decay path of the particles
involved be larger than several centimetres. Thus high~energy beams are in

general preferable,

3e¢8.3 Negative hyporon beam

Wo shall try to cstimate hyperon fluxzcs for proton collisions at 24 GeV/c

on a thick target. We shall assume a 3 motre beam path embedded in heavy

shiclding to prevent background from the proton beam. The return yoke of
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the Omega magnet would probably constitute the major part of this shield.
Suitable magnetic analysis selects a negative beam of about 18 GeV/c.

The cxperimental information on hypceron production in p-p collision is
llﬂluod to the case of % » and it comes from a BNL bubble chamber experi~

ment

Tn an exposure of 180 km of proton tracks at 28.5 GeV/c, 15 %~ cvents
werc obscrved. Assuming forward-backward symmetry in the production from
proton-proton collision and a transverse momentum, Prp distribution of the

“P/P
form e + with p; = 0.25 GeV/b,‘those,authcrs estimate that on hydrogen:

e ANG L

0°, Py~ = 19.0 GoV/c) = 0,05k 3 sv ! GeV/e™! intupt
dﬂdp b ? SR T

‘Wlﬁh an estlmatod error of about a factor of 2. This flux is abéﬁt a fao-

4or of 5 smallor than the negative plon flux at the same energles.

Compleuoly arbltrarlly we shall apply the "thumb rule" of rcdu01ng
; the yield by a factor of 10® at each adﬁltlonal strangeness unlu of the

“Aemluucd_hyporon._ Thls gives the following guesses'

an,,

et (0O : 4w g mev/e”t 1 1
”*dep'(O Per 5x10° = sr. GeV/e ' int.p

1

19,0 GeV/c)

dNQ; o

i (0° Po- 5x107°07 sr ' GeV/e' intp™t-

it
]

19.0 GeV/c)

‘A considerable loss is .expected because of decays in flight, After a

-3 metre path, for a momentum of 19,0 GeV/e the. expected yields are as follows:

Particle Yicld at tétgot- 1’“rh-Yieid?aé{3”ﬁf
eV st int™! Gev' s int
2" 5% 107" SR x0T
CoE . 5x10™ L B.2x107
e 5% 107 1.75%x 107

%) A, Thorndike et al. BNL, We are grateful to Dr. J. Sandweiss for
providing us with this piece of information, and for many discussions
on the subject.
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] Assumilag Ap = 1 G—eV/c, NP = 5><10",°, Q=10" sr, we get at 3 metres from

target
b 5 -. . . T
1500 /pulse 40/pulse 0,08/pulse 1.2% 106/bulse

These fluxes are quite adequate for several intercsting experiments.

Particle identification in the incoming beam could be obtained with a

@ifferential Cerenkov counter DISC . However a rather complicated beam

transport with superconducting lens-clements is required to match the accept-

ance of *the DISC with the cemittance of the beam.

More con

servatively, a

threshold gas 5qunk_ov veto~counter could be used to rcject the bulk of fast
particles ('rr” » K_), and hyperons could be further identified by the decay

configuration and kinematics.

3,34 The decays of O particle

Fourteen Q—:—-’hype.ron decays arc knowm so far., The possible decay modes
caleulated as well as possible on the basis of SU(3) by Glashow [Physics
Letters 10, 14k (1964)] are listed in Table 2 below:

~Table 2

Dooay meas | %GV TRy | Jranenas
50 178 39.5
0 86 19.1
AK Q. 20.9
K" 2.4 0.6
507, 0.8 0.2
i e 38 Bolt
5O 22 ko
(Bmrm) not res. 1 0.2
oa Y 18 4.0
0"y 12 257
BO% T 2. Ouly
0% )"y 0.1 0,02

%) R, Mounicr has designed one of such counters for the present type of investi-
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gation. Ve arc grateful to Dr. Hounier for stimulating and interesting

remarks on the subject.
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‘ There is a considerable interest in detecting the two—body‘decay APK#,
which could permit a convenient spin detormination. Furthermore, it must
be remarked that the leptonic decay rates aré now predicted to be ~ 4% of
all decays, and therefore it is probablc that these decay channels would be

scecessible as well.

3.3s5 Bxperimental arrangements with negative hyperon beams -

Every potential experiment Woﬁld require its specific triggoering 1ogic.

However, a number of remarks can be made:

i)  The trigeering could make usc of the following points:

a) the incidont particle is slow, or has a given velocity
if DISC is provided;

b) there are a number of decay products coming from a

region with little or no material;

¢) in case of leptonic, clectron, or muon decays, the

nature of lepton is identified;

d) +the last stable baryon is emitted with forward cone

and identified by a neutron or proton detector,

ii) The polarization of the incoming hyperon would most likely be zero,

Thercfore non~leptonic decay processes arc the main polarization

analyscrs, In varticular, the decays
0 —
A »>7p
5o A°
o

Ll
0
(=]

have large and well-knovm spin correlation coefficients.,

Ve
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FUTURE DEVELOPMENTS

L1 Use_of wire chambers

L.1s1 Operation of wire chambers with core read-out at the "Omega"

Wire chambers with a suitable read-out system are of great interest for
the Omega project. They offer the following advantages.
i) No need for a hole in %he magnet, as compared with the case of optical

chambers, This means better homogeneity of the field.

‘ ii) High speed of data taking. Recovery time of the order of 1 msec can
be achieved, particularly for chambers with core read-out, because
in this case the spark current can be limited to several amperes. The

read-out speed could be between 3 and 5 msec for about 1osoores.
iii) On-line control of the experiment.
iﬁ) Event processing faster than for optical chambers, No HPD,

Wire chambers with core read-out have already been in use for several
years, These chambers- consist of two planes of parallel wires with a gap
of between 4 and 12 mm, The spacing between two wires in one plane is
usually of the order of 1 mmc Af'ter passage of a particle the/chamber is
triggered, and the HV pulse applied to one wire plane produces a spark
between the two planes. The current in the corresponding wire sets a
ferrite core similar to that in the core memory of a computer. Both planes,

ground plane and HV plane, may be donnected to such a core memory in order to

" record two coordinates of the spark when the wires of the group plane and

67/1372/5
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the HV plane are not parallel to each other, After some delay, the:readrout

‘electronics scans all the cores and.transférs the coordinate of ‘the spark

position to an on~line computer,

The chambers for the Omega project will have a size of approximately
1¢5 x 1.5 m, and they will be placed in a magnetic field of about 15 kG.
The total number of ferrite cores may well exceed 10°, The following points

will be discussed'briéfly. To trigger the chamber, a HV pulse of several XV
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and 150~200 nsec width has to be applied, Smaller chambers are normally .
treated as a capacitive load, where the HV pulse is fed in at one corner

or one side., The Baker-Lundby Group at CERN uses chambers which are

Vdriven-by a bus~bar going along one side of the chamber. The wires are

connected to the HV bus via a resistive paste in order to-limit the spark
current and to decouple the wires from each other (Fig. Letal). The pre.

sent sizc of such chambers rcaches 1025 max 512 mm, Anothor system is used by
the groups of Schopper in Karlsruhe and Vivargent-Winter at CERN, 1In their
chambers, (gize: 150 cm x 50 cm), the wires are capacitively coupled to the

HV bus.- At the other end a resistive paste connects the wires to ground

(Pig. b.1.2).

Going over +o large chambers, one has to consider the fact that
reflections on the HV bus may cause different voltages along the chamber,
leading to non-uniformity in efficiency because of the rather small plateau
width compared with normal optical spark chambers. One certainly can over-
come this problem by feedlng the HV pulse to the bus-bar at several points
along the chamber, But this might turn out +o be difficult for chambers

which have the wires of the'groundr and HV-plane perpéndicular to each other,

A third system, used by the CIRN (Rubbia)-Aachen Collaboratlon, is very
Well suited for large chambers, The IHV bus-bar is constructed as a stripline
with a well—deflned distance to the ground plate, and the Wifes of the HV plane
are connboueﬂ to this HV bus~bar by means of a resistive network, with
resistors. between bus-bar and wire and.botween two neighbouring wires
(Fige hela3). In this way the whole chamber, together with the HV line,
forms a- distributed stripline of defined impedance (in‘this particular case

of 8 Q); Several chambers can be joined in series through an 8 Q cable (six

50 Q‘cableé), and the last chamber is terminated with an 8 Q resistor. The

67/1372/5
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time constant to charge the wires is about 3 nsec, which means the rise-time

“on the chamber is determined by the pulsing”system. After two Chambers,

190 cm x 46 om, the rise~time of the pulse is increased by about 5 nsec.

‘The resistors limit the gpark current to several amperes 4n order not “to

disturb the transmission propertles of the striplineg," o guarantee hlgh
multispark efficiency, and to avoid breaking the wires. The HV pulser can

be comneccted to the chamber by an 8 Q cable of almost any length,
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To pulse the chamber, one discharges a capacitance, or to obtain a
square pulse a charging cable, with a conventional spark gap, or more
recently with a hydrogen thyratron, The latter offers the advantage of
higher reliability, longer lifetime, and faster repetition rate (up to 1 kHz).

A risc~time of 15~20 nsec and a delay of the order of 40 nsec can be

~achieveds, The thyratron is triggered with-a chain of avalanche transistors,

or with an avalanche transistor followed by a microwave triode.

-One applics a d.c, clearing field to the chamber to recduce the memory-
time., Additionally, a pulsed clearing field of about 1 kV for 1 msecc,
immcdiately after the trigger pulse, sweeps the electrons and ions, and
in this way reduces the recovery-time. - At Brookhaven, chambers have been
running With a repetition rate of 1 kHz.

One problem, which still has to be solved, is that of the préper shield-
ing of the ferrite cores from a magnetic field. The cofes currently in use

at CERN will not function in a field larger than 50 gauss., To shield the

_cores properly in the Omega magnet seems to be rather difficult. A possible

- solution is to bring them out to a place with a sufficiently low field.

The distance between chamber and coreboard might then be casily several
metres. It can be bfidgéd by striplines of defined impcdance for cach
wire in the chamber. There cxist straps containing 30 or more such strip-
lines of an appropriate sizc, ' Chambers with the cores far from the frame
have alrcady becn operated in Chicago. The Saclay Group at CERN uses
twisted wires to conncet thc chamber to a compact core module, This modulé
is still attached to the framc.

The CERN read-out system, developed by the group of Pizer and Lindsay,
is now in use in two oxpcriments (Baker-Iundby and CERN-Aachen Collaboration).
It is ablcé to rcad 64 thousand corcs. Extension shouldicortainly'bc possible.

Furthermorc, two read~out systems, perhaps even more, can work in parallel.

The read—-out specd is about 40 nsoc/bore 4 2=l usec/%ire coerdinate

transfor time to the computer, depending on. the type of oomputef. This

" results in a total read-out time of about 3.5 msce for 120 thousand cores,

67/1372/5
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with two read-out systems in parallel, and about 200 sparks/cvent with two

-Wiros/épark on the averagc.
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- One important figure is the spatial resolution., Ideally one should
expect * yﬁ Wife spacing. The Baker-Iundby Group measured a spatial dis-
tribution-of sparks in a chamber around the fitted straight line with a
FWHM of 0.6 mn for 1 mm wire spacing, very close to the above-mentioned
limit. Regaxrding the effective radiation length of such a system for the
beryllium bronze wires of 0.1 mm diameter, one gets about. 107> radiation
lengths per coordinate plane reading only the ground plane (foils and gas
not included), Reading both planes one gains a factor of two, A further
improvement is possible by use of bronze wires of 0,05 mm diameter (increase
in X, by factor 4) or aluminium wires., f

Lel1e2 Operation of wire chambers with magnetostrictive
rcad-out in a magnetio ficld

- A wire chamber with magnetostrictive read~out [V. Perez-Mendez and
J.M, Pfab, Nucl. Instr. and Methods 33, 141'(1965)] can be operated in a
magnetic ficld, provided avpropriate precautions are taken. If FeCo
(Vacoflux) wire is used, then the magnetostrictive properties most relevant
for this applicatior. are the following [L. Kaufmann ot al., UCRL 16536 (1966)]:

i) a magnetic bias with a componcnt along the wire of 10 to 100 Oc must
be applied at ~“he receiving ccil;
ii) if the component of the magnetic ficld along the wire.inércases'fq
more than ~ 2 kOo,'the output’amplitude'dccreases intil it becomes

comparabic with noise;

i1i) the polarity of the output pulsc is depondent on the orientation of

the component of H along the wire.

A test of wire chambers with magnetostriotive read-out has beep made
in an existing épark chamber magnct. To fulfil condition (i),_é shielding
ocylinder of soft iron around the receiving‘ooil has been used, This shield-
ing is not very critical. Good operation up to 12 kOe has been achieved,

In order not to 2xceed the maximum longitudinal field, all the magnetostric=-
tive wires are put perpendicular to the average direction of the magnetic
field, Since in this way onc cannot read cloctrode wires porpendicular to
the magnetic field, the electrode wires arc arranged at 0° and ~ i11°’to

the magnotic field, as shown in Fig. L.1.4. The output pulses change the

SIS/sm




717914

{xm



P




polarity where the componcnt of H along the wire goes through a zero., A
special discriminator can give a timing which is independent from the
pblarity and to a large cxtent from the amplitude of the pulses (~46: 1 range).
A block diagram of tne discriminator is shown in Fig, L4.1.5, together with
the waveforms at various points. The dcad-time is incrcased by at least

a factor of 2 in comparison with standard one-polarity magnetostrictive

read~outs, giving so a two—~spark resolution of 9 mm.

Morc sophisticated circuits can attain the samc two-spark resolution
as found in chambers with one-polarity output, and allow a true zero-crossing

timing for better accuracy end independence from pulse-height amplitude.

Lele2~1  Possibility of applications to the Omega. The opération of

wire chambers with magnetostrictive rcad-out is possible in uniform fields
of up to 12 kG. This is the ficld at thc position of the magnetostrictive
wire. Whenever the field value requircd in the chamber or the homogencity
n the rcadout region do not meet the specifications, it is possible to
apply shieclding and shimming which can be designed by straightforward
methods. The most obvious solution for ficlds lower than the saturation
of iron is to locate the magnOuOSLrlctlve wires in olObS madc in the pole

piece of the magnot,

Lo1.2-2 Main featurcs and possibilitics of the magnctostrictive

rcad-out. The coordinatc measuremont is made by cncoding the delays of

scriocs of pulscs. The read-out time depends on the degree of serialization
in the rcad-out system [G. Brautti, CERN 66-30 (1966)] It is 200 psec per
metre of total longth of read-out wircs conncctbd in scrics, ,Tho_numbor of
scries conncetions has to match the inpul capabilities of the on~linec com~

puter, so that the computor input speed is the only lunltlng factor,

A systom which can be adaptcd to many sorlcs~parallol opcratlon
schemes is now (August 1967) being precpared for an cxpurlmcntal group
(Klonzlo) by the NP data~handling group, Important operating cxpericnce
will be gained with it in the next months, to be added to that of the full

© scrial systom already in usc.
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The recovery-time of the chambers is largely depcndcnt on the cnergy

dissipation in the spark. With the prescnt system, reﬂove:y tlmos of the
order of 10 msec were observed. By thc usc of de-cxciting age nts (alcohol)

or a pulsed clcaring fiela, shorter rccovery-times are expecotod.




hu1.3 Non-magnetic rcad-out methods of wire chambers

hele3~1 Standard sonic chambors. The standard sonic chambers were

" uséd in cxperiments with no more than one particle per chamber. - Their

" usc with multiple tracks has proved to be possible but difficult., The

additional difficultics in existing models are:
i) large cnergy / spark and long réco#oryhtime;
ii) two-spark rosolﬁtion of a few cm;
iii) large dead area around the gap, nceded to damp tﬁovsonic waves;

iv) long rcad-out time (1 msec/m’+ damping time). This is not a strong
limitation if compared with systcems using a (partially) serial

systom.
The‘advantagés-are:
a) gébd precision;
b) simple_oonséfuéfioﬁ;
c)- qhoap rcad~out systoms arc possible because of low speed.

Lo1e3~2- Sonic wire with piezoelectric read-out [L.lKaufmann et al.,

UCRL 16536.(1966)]. Sonic pulses can be generated in a wire stretched perpen-
dicular to the electrode wires (as the magnetostrictive wire) if a secondary
spark is allowed to jump from the electrode wire to the delay wire., The elec-
trode wires have to be connected to the common electrode through high resistors.
The return path for the durrent of the spark is through the delay wire (non-

magnetic stainless steel or brass)s. The sonic pulse is detected by a piezo-

" electric detector.
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'Disadvantages: minimum two~spark separation larger than in magneta-
strictive read-out, due to mismatch at the detector. It can be reduced by
careful matching of the wire to detector [B. Leskovar, UCRL 17.3(1967)].

Advantages: fully nqn{magnéfic, o

The mismatch problem can also be solved by transforming the longitudinal

waves into torsion waves, and bringing the torsion wire out of the magnet,

Where conventional magnetostrictive transducers can be used. The longitudinal-

to~torsion and torsion-to-longitudinal wave conversion is a well-~tested

procedure widely used in commercial delay lines.
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hele3~3 Secondary discharse spark chamber (SDSC). The SBSC is a
threc-clectrode structurc [M,J, Neumann, CERN 64~30, 133 (1964)] with

two unequal'gaps (ceg: 6 and 1 mm), The larger gap is used as a normal

triggered gap. To the second one a d.c. volbtage is applied and a sccond-

" ary spark-is produced corresponding to the position of the first one

. (Pig. 4e146). This spark can be maintained for many psec, until the d.c.
voltage is switched off, giving o (scmi-)permancnt memory of +the coordin-
ate, There arc several methods of interrogating thc wires, and it is
possible Lo resolve all the ambiguitics with onc such unit. A prototype
of this chamber has already been built [M.J, Neumann, idem], but its
performance ig not well known., Weak discharges and low recovery times
should be possible. Simpler chambers with a singlce gap werc also proposed
[i{sJ. Noumann, idem], but they rcquire onc output wirc per electrode wire

as do the core chambers when used in a magnet.

- A - ddffercnt and simpler version of this chamber is sketched in
Fig.e 44147+ The sccondary spark is obtaincd between the olectrode wires
and the rcad-out wire., The intorfogation of one plane is made by switch-
ing off the d.c. voltage on the read-out wire. The output is taken from
the rcsistors on the electrode wires, where many chambers can be connceted

in parallcl,

Lele3-4 Scratch-pad memories. An obvious solution is %o usc a bistable

circuit (tunncl diode, flip~flop) connected to cach wire. The memery can
then be interrogated at a rwuch higher specd than for a core memory. If the
circuit can work in the magnetic ficld, only the address wires plus the
output bit nced be brought outside the megnet. We have noticed that normal
transistors and integrated circuits have very short lifetimes when opcrated
in the magnetie ficld. However, morc cxporience is nccded in order to draw
any conclusion. If integratcd scratch-~pad memorics can be uscd, the system
is somcvhat more cxpensive than that of cores, but it allows the highcst

spced of operation ( ~ 50 nsoo/ﬁire).
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Aot e3=5 Current division chambers. The current division -chambers
[G. Charpak et al,, CERN 64~30, 333 (196)4)] can be used without magnctic

components in the magnets  However, they can handle only one track/plane s

-and: their precision is lower than in the . other chambers considered. Some

usc could be envisaged in chambers where only one particle is expected.

ho1.3~6 Capacitive. storage systom.. Capacitive s.”tor'age“ seemns to be a
falrly natural choicc’ [E. Quer01gh Nucl. Instr. and Méthods 41, 355 (1966)].
Ir :Lntogua :cd circuits can be used inside %he magnet for sens:.ng the voltage

on smnlc wires, then a devclopment study would be very mterestlnb. "Other-

wise they I‘equlre “the same number of wires out of the magnet as do core

cha,tﬁbers. This Wpe of chamber.is highly competl‘tlve in speed, prec:.sn.on,

" and complcteness of 1nf'ormatlon.

67/1372/5
SIS/sm




HV pulsed

Primary Spark

>0 @ © ® @ o o o o/ ¢ © @6 © © ® @ 0 © & 6 & 0o & o

® ® o © & 0o ©® [ e ® 06060 © 0060 00O 0o 9o

Ovolts Secondary Spark

DCvoltage.

FIG.416.

Sense Wires

Secondary spark

/ ‘
// F}X'mary / sSpark

. To Read-out Pulser(Normally on)

FIG4.17







..57_

Le2 Magnet set-up at the
intersecting storage rings

L.2.1 General layout

The possibility of installing and using the Omega instrument in connec—

+ion with the ISR has been considered.

T4 has been found that the best conditions for detecting and analysing
events produced in the intersection region will be obtained if the colliding
beams cross the Omega magnet, The intersection point should be situated

approximately at the magnet centre.

Clearly, if the colliding beams cross the Omega magnet field, the bend-
ing effect of this field must be compensated so that the normal operation of

the ISR is not disburbed.

The compensation in a first-order approximation will be obtained if, at
the beginning and at the end of the straight section where the Omega is instal-
led, the fadial and angular displacements of the equilibrium orbits of the

two colliding beams is zero.

A more detailed analysis of the second=-order errors instroduced by this

compensation will be given in Section 4.2.2.

For a given bending power of the Omega magnet, the simplest scheme of
compensation is the one represented in Fige 4.2.0as In this scheme there are
two compensating magnets, symmetrically placed with respect to the centre

of the Omegn magnet.
This scheme has, however, two main disadvantages:

i) the intersection point of the colliding beams does not colncide with
the centre of the Omega magnet;

ii) - particles emitted from the intersection point at small angles are at
first deflected by the Omega magnet field in one direction, and then

are deflected back by the compensating magnet which could make their

detection very difficult.

A second scheme which eliminates or reduces +these inconveniences is shown -

in Fig. 4.2.1b. In this scheme, for each one of the two intersecting beams,
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all the compensating elements are locatad at one glde (upstream) of the

Omega magnet. The main disadvantage of this scheme is that the total requlred

bending power of the compensating elememts is much larger than before. - Since
~the aveilable straight sections are of limited length, high~field bending

maghnets will be required,

The preferred zcheme (which is shown in Fige 4.2.2) closely approaches
the scheme of Fig. L.2.3b. Only a very small bending magnet is located down-
stream after the Omega magnet. In spite of its small dimensions;. this mag-.
net allows for compensation, within the limits of the available length, using
magnets producing fields not higher than 30 kG. We estimate that, at the
present time, it would not be practical to exceed this field value. :The
equilibrium orbit through the Omega aﬁd compensating magnets is shown in

Fige 4.2.3,

To detect particles emitted at small angles from the 1ntersect10n p01nt
it would be very useful for the diameter of the collldlng beams to be made
as small as poss1ble. The Terwilliger scheme or a reduced momentum band would
permit the use in the straight section of vacuum pipes for the circulating |

beams of a diameter not larger than 5 cm.

In the evample shown in Fig. b2,k it is‘easy'to calculate that it will
be possible ‘to detect particles emitted-at zero angle from the central inbter-
action point only if these particles have a momentum lower than 18 GeV/c
(the momentum of the circulating beam is assumed = 27 GeV/b).

The detection ol particles emitted at small angles will require also
that the wall thickness of the vacuum pipes be very small, and that the

detectors be placed as near as possible to the vacuum pipe.

An aluminium wall thickness of 0,2 mm will introduce an error due to the
particle scattering through the metal which is comparable to the error made
when determining the particle direction using two spark chambers spaced 2 m

apart.

In our example, the over-all error with which the momentum of an emitted

particle can be measured will be approximately 1%..
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The installation of the Omega instrument at the ISR will raise problems
of a more practical mature, which should be seriously considered. It should
be remembered that when the Omega i1s installed in the ISR, no mainbtenance- or

modification work will be possible without stopping the circulating beams, -

.. For this reason it will be necessary, on the one hand, that all parts
and elements of the Omega insbrument be of the highest standard so as-to keep
to a minimum the unforeseen interruptions of the ISR operation. Thisg is
particularly true for some elements of the detector to which it will be dif-
ficult to have access, and which may require a considerable amount of work

before they can be repaired or replaced.

On the other hand (in the event of modifications being required, or if
there are radical changes in the experimental set-up), we have foreseen the
possibility of removing the entirve Omega installation by rolling it into the
adjacent experimental hall. However, this operation would not be very simple,
and it couldlbe done only in the case of major modifications. To displace

the Omega iﬁ‘would, in fact, be‘requiréd to

a) disoonéect all cables and pipes;

b)  dismount the shielding wall of the ISR tunnel;

c) break thé ﬁacuum in the section of the vacuum pipe crossing the Omega;
d) roll the Omega into the experimemtal hall;

e) _replace and repump the vacuum pipe sectlon;

f) . insball a bending magnet with the same bending power as that of the

Omega magnet;
g) remount the shielding wall.
These operations would require a few days of machine interruption,
4 J
Lhe2.2 Tolerances

L4e2.2-1 The ideal situstion, We consider straight homogeneous mgnets

of the strengths indicated in Fig. L4.2.5. Such magnets have, in the cemtral
region not perturbed by fringe effects, a magnetic field which is independent
of radial position, and an effective lenght which is also constant across the

apercure.

67/1372 /5
SIS/sb




- 60 =

One expects such magnets not to focus a beam horizontally, but to have
some vertica%.edge focusing. An arrangement of several of them such that

the total bending angle vanishes, does not disturb the momentum compaction

function in first order.

This is confirmed by the figures given in Table 1 for the maximum values

of the horizontal and vertical betatron function ﬁH and ﬁv, and for the
momentum compaction function qp with and without the Omega magnet arrange-

ment, respectively. It is seen that the vertical edge focusing also has a

very small effect on the maximum value of ﬁv.

Table 1

Orbit paraﬁeters‘with and without Omega magnet

By (m) By (m) a2, (m)
No Omega magnet 41,0401 51.2040 2,2787
With Omega magnet 41,0547 52, 338 2.,2803

L42,2-2 Gradient tolerance in I,

the magnet labelled ML which is the strongest one in the whole arrangement,
The tolerances to be imposed on the other magnets can be calculated by

straightforward scaling,

We have concentrated our effort on

Increases in the maximum values of BH’ ﬁv and ap contribute to a reduc-

tion factor in luminosity in the following way:

i) The momentum spread and hence the current which can be accumulated in a

given aperture is reduced by a factor:

67/1372/5
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ii) The aperture available for stacking becomes smaller when the size of the
injected and of the circulating beam due to betatron oscillations are
increased, and when the injection kicker magnet i1s nos at a maximum of

%p' This is due to the following effect:

There should be 15 mm frez space between the injected beam and the stack

at the injection kicker mmgnet to accommodate a screen which protects

the stack from the kicker stray field. IF aP at that point is less than

the maximum value (as will be the case when ap has a wiggle on top of

the normal one), then this gap will be magnified to 15 aPmax/hPKN at the
’ < Javli)

azimuthal position where o occurs and where our aperture calculations

Prax .
are done. This reduces the available stack width.

This effect does not oceur with the improved PS and two=turn injection .
into the ISR, since in this case we assume that the injection is done
with full-asperture kicker magnets [E. Keil, "Stacking in betatron phase
space for the ISRY, ISR~TH/67-10 (8.3.1967) 1.

The ratio taking both the increased beam size and the increased gap
between stack and injected beam into account is:

e

Yo T do ap OCpKM) - 28, (ﬁH/ﬁHO)

. (2)

iii) The current alsc depends on the vertical f value if we assume that the
present beam height £1lls the available vertical aperture. The corres-

ponding factor becomes:

Py . (3)

.

iv) With the assumption (iii), the beam height at the intersection point is
determined by the ratio of the vertical f values. Hence the ratio of

the square roots of the heights becomes:
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Putting all these factors together we have for the square root of the

change in luminosity:

(5)

Py

e have evaluéfed'this expression for a number of gfadients in M4 and for two
sets of apertures and beam sizes, the first corresponding to the present PS,
the second to an improved PS with multiturn injection [scheme 14a® in

C. Bovet and E. Keil, "ISR performances related to CPS injector schemes',
MPS/Inte DL/B 67-6 (2.5.1967)]. The numerical values are

Wo do an
present PS 117 15 56 mm
improved PS 117 0 78 mm

The results are displayed in Table 2; the gradient parameter XK is defined

as follows:

- 48
K= 5. (6)

The sign converntion is K < 0 for horizontally focusing magnets.
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Table 2

Gradient tolerance in 1, Omega in intersection region T1

K f'J’H ﬁV apKM O‘p Luminosity

(m—z) -~ (m) (m) (m) (n) present PS | improved PS

0,005 | 49.8 | 59.1 1.60 | 3.05 0.14 0.27

0.002 | 44.2 | bL.b 1.98 | 2.60 0.50 0.58

0,001 42,6 | 534 | 2.12 | 2.43 0.71 0.76

0.0 1.1 | 52.3 | 2.28 | 2,28 0,96 0.96
-0,001 12,8 | 51,7 | 2.40 | 2,45 0.81 0.78
~0,002 | Lh4.6 | 5149 | 2.55 | 2.65 0.6 0.62
-0,005 | 50.4 | 5641 | 3.03 | 3,30 0.28 0.25

T+ seems desirable to kecp the luminosity above 50% of the presemt
" value. This limits K to

K < 0,002 m

which, for Bp = 100 Tm (about 30 GeV), corresponds to a gradient

dB
= < 20 gauss/cm .

The gradient tolerance can be transformed into a wedge angle tolerance
by comparing the focusing action of magnet edges and a gradient. We find

that the angle vy between the ena faces of the magnet must fulfil the follow-

ing condition:

v < 0425 radians,.

The Q-shifts resulting from tolerable gradients can easily be teken care of
by the correcting equipment in the ISR,
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L4e242=-3% Estimates for non-linear fields., Here we consider only the

quadrupole action of non-linear field components in Mi. We impose the condi-
tion that at the edge of the aperture x = 0.05 m the resulting gradient should

be below tolerance.

Hence, we find for the sextupole component where K = K'x:

2
K’ < 0.0k m ~ 3 % L gauss/cmz Y

and for the octupole component where K = 0.5 K/x?:

K< 16l %;]% < 1.6 gauss/cms .

The genuine non-linear effects of such non-linearities which are smaller
than those built into the ISR are not harmful,

4,2,2-l  Magnet ripple. A magnet ripple AB/B causes displacements of
the closed orbit with the following meximum amplitude '
‘ Y,
(B " Bpay)

sin 7 Q

2 =-§

’ (7)

where ¢ is the kick angle due to the ripple:

¢ is the bending angle. Putting in mimbers, in particular £ =1 mnm, yields:

%é<3x"|0'4.

The setting tolerance for the magnets is the same.
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4e2.2-5 Tilt of median plane, Tilts in the median plane of the mag-

.

nets cause a distortion of the vertical closed orbit, resulting in a

reduction of the permissible beam dimensions.
Using a formula similar to Bdq. (7) and 2 = 1 mm, we £ind the tolerance
for the tilt angle ¢

¢ < 0,3 mrad,

L.2.2-6 A remark on compensation, A1l tolerances for gradients given

are based on the assumption that an unwanted gradient in the Omege magnet
arrangement is not compensated by a oofrecting magnet nearby. The reason

for this is that a good compensation requires that the distance between the
source. of> the error and the correcting device should be small compared to
one-half of the local @ value. Because of the size of the megnets concerned -~

several metres -~ and the small vertical f value, this condition cannot be met.
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4.3 Possible use of a polarized proton
target in the Omega magnet

The main characteristics of 'a dynamic polarized proton target are:

' =~ the sample X,
- its hydrogen density @H’
- 1its contamination by bound protons n(p# H)/n(H),
- the magnetic field H,
~ its inhomogeneity AH/H,
-~ the operating temperature T,
- the microwave frequehcy F,
~ the target length L,

- and the maximum proton polarization Pn'

The table summarizes these values for (i) the present CERN targets,

and {ii) the best results so far achieved in organic compounds,

(&/cm?) (k6) (°K) | (6Hz) | (mm)  [(%)

(1) 1MN 0.07 15 18.5 10-4 1 70 L5 70 1

(1) Ethanol | 0.14 | 3.3 |25 {5x10 | 1 | 70 |5 |55 | 0.7

*) Measurements have been limited to L = 15 mm, but 45 mm should be feasible,
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For experiments with a full kinematic separation between scattering
events occurring on free protons and on bound protons it is possible that
the statistical accuracy is proportional to P dH which is given in
arbitrary units in the table. Although in this respect organic targets
are not yet as good as LMN targets, we feel confident that by the time the
Omega project is achieved this situation will have changed. We thus
suggest that the parameters defined for ethanol should be used with a

possible stronger requirement on the field homogeneity.

As it is unlikely that the field of the Omega magnet in the position
where the target will be located will have the required value and homo-
geneity, a special set of coils will have to be designed to correct the
field shape and to increase locally the field strength. In this way it
will also be possible to adjust independently the polarized target field

and the Omega magnet.
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APPENDIX

REASONS TOR TIIi CHOICE OF THE MAGNET SIZE

The +total length of the system along the beam should be sufficient
to detect the decays of high momentum hyperons. The mean decay lengths

at 20 GeV/c are for example:

135 m for A
0.4 m for IF
0.83 m for %
1.37 m for E°
0.79 m for E
0.54 m for Q

The corresponding K¢ decay length is 1.05 m.

The precision of the momentum determination is limited by two

different sources of errors:

i) the error in the position determination of single sparks, which
is 0.2 mm (r.m.s. error) for optical chambers [P, Astbury et al.,
Nucl.Instr. and Hethods 46, 6{:(4967)];

ii) +the multiple scattering by theléhamber media (the radiation length
of optical chambers with one aluminium foil ver cm, each 25 microns

thick, is about 30 m).

The error of the momentgm determination due to spark position
errors is proportional to L-/fe (L = detected track length) if the
density of spark chambers is fixed. The error due to multiple scat-
terin§; which dominates for large dectected track lengths, is proportional
o L_/%. Thus it is not reasonable to make the magnet much longer than
the critical length LK at which the influence of both sources of errors

is equal:

L

_ 1
= (1.9 x, e p>/2
= » [ ] . s

K VN/ cos® a
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where -

1

Oy

N’ = number of sparks per em track length

r.m.s. error of spark position measurement (om)

o = angle between track and plane normal to the field
Lo = radiation length (cm)
- p = momentum (}eV/c)

For O‘Y = 0.02 cm, Lo=3%x40" cm, N’ =1 cm-d, p=2x 10* MeV/c,
@ = 0, one gets Ly = 200 cm. (For wire chambers, oy and Lo and thus

L, will be somewhat larger.)

The momentum of backward ‘emitted particles is always very small.
The target should therefore be located outside the centre of the
magnetic field in upstream beam direction. The reasonable width of
the field volume can be derived by calculating the maximum of LK + s5in &
using the extreme case of ;b - ¢'e” and taking into accound that Oy be
higher and N’ be reduced for larger angles. The total width of the used
field volume should therefore be about 1.5 m. The gap between the
magnet poles has to be the sum of the effective height of the spark
chambers plus the frames plus some space for trigger or neutral particle
counters. Although the required field width is smaller than its length,
a circular coil is a reasonable choice because of its simplér con=-

struction and the achievable higher field hdmogeneity’in the used volume.
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