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PART I: GENERALITIES 

1.1 INTRODUCTION 

The detector proposed for LET by the DELPHI Collaboration was described in 

the letter of intent [1.1.1] and in two accompanying notes: "Physics aims of the 

DELPHI Collaboration' [1.1.2] and "The components of the DELPHI detector" [1.1.31 

In addition, the Collaboration has replied to the numerous requests by the LEPC 

in: "Answers to the questions per forward by the TEE Experiments Committee" 

[1.1.4] and "Addendum to the letter of intent' [1.1.5]. 

The five documents quoted above form the proposal which was considered and 

eventually recommended for approval by LEPC in July 1982. Since then we have 

continued to work on all technical aspects and the present Technical Proposal 

contains a much more advanced description of the components of the DELPHI 

detector and of their performance (parts I and II). Part III describes the trigger and 

data acquisition systems and the data analysis strategy. In part IT the safety aspects 

are discussed and the services and infrastructures requested from CERN are listed. 

Part V discusses the schedule and the installation of the experiment in the 

interaction region. Part VI is devoted to the financing of DELPHI and to a 

recapitulation of the responsibilities of the collaborating institutes which were given 

in more detail in Part II. Finally, Part VII gives the composition of the groups of the 

DELPHI Collaboration. In trying to keep the text of the Technical Proposal readable 

to those who do not care about minute details we have made ample reference to 

internal notes of the Collaboration, which are available on request. This explains the 

long list of references appearing in the last part of this document. 
• 

We now briefly indicate the main modifications to the DELPHI detector since 

the time of the proposal [1.1.1-1.1.5]. At the time of writing the letter of intent, two 

techniques were considered for the barrel electromagnetic calorimeter: liquid-argon 

[1.1.6] and High Density Projection Chamber (HPC). At the beginning of 1983 the 

tests of the HPC prototype 15 radiation lengths long were successful, and the 

Collaboration decided to use this technique, with its superior granularity, for the 

construction of the barrel electromagnetic calorimeter (see chapter 2.6 for the test 

results and for the design of the HPC). After this decision, the Collaboration 
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reconsidered the technique to be applied for the construction of the end-cap 

electromagnetic calorimeter, coming to the conclusion that the best choice is based 

on 10  x 1° towers of heavy material and scintillators where the light is detected by 

vacuum photodiodes. This has been confirmed by the first prototype tests to be 

described in chapter 2.12. Since the towers can be arranged in the form of a wall 

attached to a flat magnet pole, we have abandoned the curved pole which previously 

fitted very well the projective geometry of the liquid argon end cap calorimeter 

[1.1.7]. This decision gained precious space for the forward detectors but left no 

obvious space for the warm compensating coils required for a uniform magnetic field 

in the TPC region. In the PAL design (chapter 1.5) the compensating coils are 

superconducting and are integrated in the design of the main coil. 

Since the time of the proposal the muon identifier has been reconsidered. R is 

now based on two double layers of drift chambers with delay line read-out separated 

by ft. 20 cm of iron. A careful simulation of the complete detector shows that this 

solution, which gives space points, will provide a purer sample of prompt muons than 

the one selected by the strip technique previously considered (details in chapter 2.8). 

The last improvement concerns the number of points available for the 

measurement of the momentum of charged particles. The outer detector will be 

formed now by six layers of streamer tubes instead of three (chapter 2.5) and there 

will be three forward chambers instead of two This will greatly improve both the 

pattern recognition and the momentum resolution (chapter 2.15). It has to be 

stressed that all these modifications were introduced without increasing the overall 
• 

dimensions either of the coil or of the iron return yoke. 

• 

When recommending DELPHI for approval, the LEPC decided that the 

development of Monte-Carlo programs which simulate in detail the response of the 

RICH counters, the electromagnetic calorimeters and the hadron calorimeter has to 

be considered a "milestone" for DELPHI. Such programs are in an advanced stage of 

preparation and we intend to submit to the Commitee the results by the end of 

summer 83. Some preliminary results obtained with these programs are given in the 

relevant chapters of the present document. 
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1.2 DELPHI LAYOUT  

The general detector layout is shown schematically in figs 1.2.1 and 1.2.2. The 

superconducting coil provides a 1.2 T field of good uniformity, as required by the 

various detectors which drift electrons over up to 1.5 m along the magnetic field. 

The Time Projection Chamber (PTC) is chosen as main tracking device. Its 

tridimensional space-point information and superior pattern recognition properties 

are essential for efficient reconstruction of events with complex topology. Our TPC 

is only slightly larger than the Berkeley one, but the accuracy in determining 

momenta larger than ad‘• 5 GeV/c is substantially improved by information from the 

inner and the outer detectors and 	for dip angles < 45° 	by the three forward 

chambers. In our opinion, energy loss measurements alone will not give adequate Ir/K 

and in particular K/p separation. Consequently, we plan to run the TPC at 

atmospheric pressure thus reducing AE/Ax separation slightly but gaining other 

advantages, and count on the t.E/ax measurements mainly to identify non-relativistic 

particles and to separate electrons from pions at momenta up to 4. 8 GeV/c. The 

implementation of a gating grid is foreseen in case space charge effects due to high 

machine background might become serious. 

The inner detector provides good position accuracy (in r+ and z) for vertex 

extrapolation, improved momentum resolution and two track separation and is used, 

together with the outer detector and forward chambers, for triggering on charged 

particles. A vertex detector based on semiconductor techniques to improve the 

vertex resolution is under development. At present, we left space free for the 

implementation of a single layer. Once more layers become available, the inner 

radius of the inner detector will be increased to free the required space. 

Charged hadron identification is provided by the three Ring Imaging Cherenkov 

(RICH) counters. All RICH counters use warm gas and liquid radiators. In the barrel, 

both radiators are combined into one system with a single photon detector. In the 

end-caps, two separate counters offer somewhat improved performance. We expect 

to separate IT's from K's up to t‘i 35 GeV/c as well as around 1 GeV/c, where AE/Ax 

measurements are ambiguous. The positioning and mounting of the end-cap RICH 

counters permits a gradual implementation, if necessary. 
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The barrel electromagnetic calorimeter is placed inside the coil to minimize 

the thickness of material in Dens of it. Since it should measure accurately energies 

as large as 90 GeV (LET 2) in an environment which does not provide many 

calibration lines, we required a detector with an intrinsically linear response. 'Vie 

have chosen the High-density Projection Chamber (DEC) for its superior granularity. 

It will allow efficient n° reconstruction up to 20 GeV, and provide better ehr 

separation than a liquid-argon calorimeter. The end-cap calorimeter uses scintillator 

as active material and vacuum photodiodes to detect the light. It is arranged into 

towers covering ixf 10  x  10  in projective geometry. 
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The hadron calorimeter is formed by the laminated return yoke for the magnet 

and active elements inserted in the form of towers covering presently about 

3° x 3.50. The active elements are plastic tubes operated in limited streamer mode 

and read-out via cathode pads in projective geometry. Powerful muon identification 

is obtained from two planes of drift chambers, with two-dimensional information 

from drift times and delay line read-out (1 mm resolution in r.). The two sets of 

chambers are separated by 	20 cm of iron. 

Fig. 1.2.3  shows the set-up as it will appear in the intersect. All barrel 

components are assembled consecutively one inside the other. All forward detectors 

are mounted on the pole faces and may be retracted rapidly after removing the 

shielding 	by about 2.8 m, thus permitting access to most connections. These 

detectors are constructed in half-shells to permit mounting and dismounting without 

need to open the beam pipe. 

In the following sections, the components of the detector are briefly presented. 

More details are contained in internal notes of the Collaboration which are mentioned 

in the corresponding sections. 
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1.3 MAGNET YOKE AND SUPPORTS  

10.1 Magnet yoke  

The magnet yoke is formed of a central part which supports the s.c. solenoid 

and various detectors constituting altogether the "barrel', and of two end parts on 

which other detectors are attached, constituting the "end-caps". 

The yoke has approximately the shape of a polygonal, closed, hollow cylinder, 

9.7 m in length and about 9.2 m in diameter. Its weight is approximately 2500 t. 

The steel needed for the yoke is ordinary low carbon steel for which no stringent 

requirements on magnetic properties are demanded. Fig. 1.3.1 shows schematically 

the yoke and its supports and carriages. 

The magnet has the main purpose to produce an axial field of about 10 T, 

uniform enough to satisfy the requirements of the TPC and GPO detectors; its yoke 

also has the task to act as hadron calorimeter and moon filter. For this purpose the 

yoke elements are basically formed by stacks of 5 cm thick rolled steel plates spaced 

in order to permit the interleaving of hadron and moon detectors. 

Axial symmetry has been adopted in the barrel as well as in the end-caps to 

avoid azimuthal field components; both are formed by a relatively small number of 

approximately equal pieces, called modules, in order to reduce the manufacturing 

cost and simplify their assembly. 

The barrel which has the shape of a 24 side polygonal cylinder is constituted of 

24 modules, each weighing about 70 t. Each one of these modules, which is 7.6 m 

long and has a trapezoidal cross section of about 1.5 m2 , is formed by 19 plates 5 cm 

thick, 2 plates 2.5 cm thick enclosing the inner moon chamber plane plus, at the 

outside of the barrel, a 10 cm thick plate to increase the stiffness of the assembly 

and easing the problem of bolting the modules together. The spacing between the 

plates is about 17 mm with the exception of one space, after the 18th plate, where 

moon chambers will be mounted, which is about 55 mm. 
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The end-caps have the shape of a short dodecagonal cylinder, I. 1.05 m in 

length and with an inscribed radius of 4.6 m, to which is attached a circular pole 

piece, na 0.4 m in length and with a radius of 2.4 m. On the end-caps axis a 90 cm 93 

hole is foreseen for the location of the s.c. low beta quadrupole and its support. Each 

end-cap comprises 21 x 5 cm thick plates, spaced by about 17 mm. The last 4 plates 

constitute a separate assembly which is bolted to the main part of the end-caps along 

the vertical and the horizontal axis only. A space of about 80 mm is provided 

between the two parts, adequate for the mounting of 4 large muon chambers. Each 

end-cap part is further split in 12, approximately equal sector-shaped modules, which 

are firmly bolted together. The single module weight is for the two parts ga 33 t and 

eke 9 t respectively. A 90 cm inside diameter, 15 cm thick steel cylinder is located in 

the centre of the end-cap, providing additional stiffening of the assembly and a 

partial correction of the magnetic field distortion due to the presence of the central 

hole. This correction is reinforced by the insertion of steel spacers between the 

stack plates at the centre of the end cap, filling the available space up to a radius of 

.7 m. 

The plates of the yoke modules will be constructed by flame cutting and 

assembled together by welding them to long, and narrow spacers thus minimizing the 

formation of dead spaces (for calorimetrization). These spacers are located along the 

long sides of the barrel modules and along the radial sides of the end-cap modules. 

However, for the latter, due to the large magnetic forces acting perpendicularly to 

the end-cap plates, further spacers are needed, some of which have to be realized by 

means of traversing thin plates welded to each of the stack plates. The number and 

orientation of these spacers will be decided after detailed calculations of forces and 

deformations and discussion with the yoke manufacturer. 
• 

Several details of the structure of the modules and of their assembly are shown 

in fig. 1.3.2. 

It is estimated that 60 man-months will be needed to mount the modules of the 

return yoke. This corresponds to 300 KSF, if such manpower is not available to the 

Collaboration. 

1.3.2 Supports and movements 

The supports of the yoke elements are designed as to permit the largest possible 

coverage af the yoke with muon detectors. The barrel is supported by four relatively 
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thin legs, resting on strong roller carriages. These move on rails laid down on the 

floor of the experiment tunnel, perpendicular to the LEP beam (fig. 1.3.3). Each 

end-cap is supported by two legs formed by an extension of the stack plates belonging 

to the two bottom modules; these legs rest on rollers which move on rails laid down 

on a small platform and permit a movement of 1. 3 m parallel to the LEP beam. 

These platforms are themselves equipped with rollers providing, as for the barrel, 

translation perpendicular to the LEP beam. The end-cap translation on the platform 

is necessary to permit easy and quick access to the inside detectors when the set-up 

is in data taking position; in this case the translation is done very accurately and does 

not require any displacement of the s.c. quadrupole or opening of the vacuum 

chambers. No geometrical survey is required after the closing of the yoke. The 

carriages of the barrel and the end-cap platforms include in their design a certain 

amount of level adjusting and elasticity to ensure adequate load repartition. 

• 
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All the movements are assured by electric motors and are carefully controlled 

by position encoders. A computer system will check the execution of the translation 

commands and provide the operator with the necessary information. 

The cost of the supports and of their controls is estimated robe 1.2 MSF. 

1.3.3 Responsibilities and schedule 

Dubna and Serpukhov laboratories will be responsible for the construction of the 

end-cap and barrel return yokes, respectively. Construction time of the order of two 

years is foreseen for the yoke, and somewhat less for the supports, carriages, 

handling equipment, etc. This time includes a preassembly of the yoke at the factory 

which is considered essential in order to save assembly time in the interaction 

region. The Serpukhov and Dubna groups are at present studying the mechanical 

details and the time schedule for production of the barrel and end cap modules 

respectively. This study could lead to minor modifications of the iron modules as 

described in the two previous sections. 

Calorimetrisation of the modules, including the muon chambers mounted inside 

the barrel modules, is foreseen to be done before assembly in the tunnel. The time 

for calorimetrisation should be relatively short (few months) and partially overlap 

with the yoke construction time. The end-cap muon chambers and the muon 

chambers outside the barrel will be mounted after the yoke is assembled in the 

tunnel. The assembly of the yoke requires a period of 4 to 5 months not including the 

preparatory work in the tunnel (laydown of rails, mounting of end-cap platforms, 

possible upgrading of the crane, etc.). Time most be added to this period for coil 

mounting and testing and magnetic field measurements. 



1.4 MAGNET DESIGN CALCULATIONS  

1.4.1 Introduction  

The design of a solenoidal magnet for DELPHI must take into account several 

competing demands in order to satisfy the requirements of the proposed physics 

programme. These are: 

- Field strength to satisfy the required momentum resolution. 

- Field homogeneity sufficient to allow the various drift detectors to work 

adequately. 

The possibility to utilise the iron of the magnet as a calorimeter. 

- The need to maintain free space, inside the coil, of length about 6.8 m. 

The basic design of the magnet for DELPHI consists of a solenoid, with a 

superconducting coil of radius 2.75 m and length 6.8 m. The return yoke is made 

from laminated One plates 5 cm thick and spaced 17 mm apart, to allow good 

hadronic calorimetry using limited streamer tubes as detectors between the plates. 

In addition larger gaps of t‘• 80 mm are left for the insertion of mean detection 

chambers after 18 iron plates. 

In order to optimize the design of the DELPHI magnet, a suitable computer 

program was needed to allow the field over the useful volume to be calculated under 

various assumptions about the geometry of the coil and return iron. The program 

normally used for this purpose in CERN named POISSON, was not suitable for a 

magnet of the dimensions of the DELPHI magnet when the One is in the form of 

separated plates such as is needed to provide hadronic calorimetry. 

After consultations with the author of POISSON, Ch. Iselin, a method has been 

found to modify the programme such that in the IBM machine at CERN, up to 40,000 

mesh triangles can be used. With this modified version of POISSON, the laminated 

return yoke and end-caps could be described correctly, and the resultant field quality 

could be calculated. 
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1.4.2 Design considerations 

The starting point of the design was to recognize that when the end-caps are 

made of laminated iron, a considerable increase in the length of the flux lines in air 

occurs, compared with the case of solid iron end-caps. Furthermore, care most be 

taken not to saturate too heavily the iron plates in the beginning of the end-caps. One 

step which has been taken to reduce this saturation to within tolerable levels is that 

the innermost part of the end-caps, from r = 45 cm to r = 70 cm, has been made into 

a plug of solid iron. This helps the field lines to be more uniformly distributed in the 

return iron of the end-caps. The consequence is that the very small angle region, 

below 200 mrad, is not covered by the hadronic calorimeter, a small price to pay 

given that the forward holes themselves subtend about 120 mrad. 

Even with this precaution, the effect of the laminations is to introduce a radial 

component in the field of the solenoid. This most be compensated and three ways of 

compensation have been studied: 

by increasing the length of the coil, 

- Pp extending the end-caps further into the core of the solenoid, 

- Pp using an additional compensating coil to correct for this radial field component. 

Even in the case of solid iron end-caps, it is necessary to adopt some such 

approach in order to compensate for the gap (between the end of the coil and the 

start of the return iron) needed for the cryostat and cable passage. 

In the case of the DELPHI magnet, the coil is already very long, the space in 

the interaction regions of LEP is limited, and the full 6.4 m inside the coil is needed 

for detector elements. Thus it was necessary to adopt one of the latter two 

solutions. In the letter of intent, a solution with re-entrant end-caps was described in 

which sufficient space for the detector elements was obtained by shaping the 

end caps and correcting the field with small correcting coils. This was a solution well 

suited to the type of superconducting coil which was envisaged at that time [1.4.1]. 

However with the type of coil proposed for DELPHI by the RAL group, it is possible 

to find a solution with flat end-caps and compensate for the flux leakage past the end 

of the coil and the effect of the laminated iron by means of a small super-conducting 

compensating coil at each end of the solenoid. 
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1.4.3 Field characteristics  

In fact, the RAL design proposes a coil constructed from four modules which 

are identical in length and which will have an effective gap between each module of 

less than 2.5 cm. The calculation has taken a 2.5 cm gap into account, and shows 

that this small gap does not seriously effect the field quality in the region of the HPC. 

Fig. 1.4.1 shows an output of POISSON for the final magnet design, with 

6,720,000 A turns in the superconducting coil of the solenoid and 200,000 A turns in 

each of the compensating coils. The field strength is 1.2 T as required. The B-1-1 curve 

used to specify the iron quality is shown in Table 1.4.1. 

nJ „wool* 

• 

Fig. 1.4.1 Plot of magnetic field lines. Central field = 1.2 T for 6.72 x 106  A turns 

in the main coil and 7 x 105  A turns in each of the compensating coils. 
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TABLE 1.4.1  -• Characteristics of iron used 

B(Tesla) H(A/m) B(Tesla) H(A/m) B(Tesla) H(A/m) 

0.0 0.0 1.95 17316.0 2.39956 213294.4 
0.89 179.2 	2.00 21280.0 2.49050 284628.0 
1.20 296.0 2.05 26896.0 2.56272 341696.8 
1.40 504.0 2.10 33936.0 2.67060 427296.0 
1.50 800.8 2.125 38420.0 2.84981 569962.4 
1.55 1159.2 2.15 44032.0 3.20737 855288.8 
1.60 1804.8 2.175 52721.6 3.56441 1140610.4 
1.65 2877.6 	2.20 66352.0 4.27824 1711296.0 
1.70 4406.4 2.25 100000.0 4.81342 2139276.0 
1.75 6076.0 2.27966 121582.4 5.70517 2852586.4 
1.80 8164.8 2.30686 141960.8 6.41857 3423237.6 
1.85 10641.6 2.34430 170494.4 7.48872 4279267.2 
1.90 13680.0 

Fig. 1.4.2 shows the value of the radial field component at different radii as a 

function of the longitudinal coordinate z. The integral of the radial field over the 

regions of the drift detectors is within the tolerance requested. Furthermore the 

variation of this integral over the TPC volume is extremely uniform leading to the 

feature that the corrections needed for the E x B effects can be parametrized easily, 

and included directly in the fitting of the tracks in the TPC, giving a residual error 

well below the diffusion limit. 
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1.4.4 Conclusions  

We conclude that magnetic field calculations performed thus far 	give the 

confidence in 	the basic design of the DELPHI specifically that the magnet and 

desired field level and quality can be obtained in a large solenoid with laminated iron 

as the return yoke. Further calculations involving the use of 3D programs to study the 

effect of the holes in the return yoke on the azimuthal symmetry of the field are in 

progress. Estimates already indicate that these effects are small and will not 

seriously degrade the field quality. 



1.5 THE SUPERCONDUCTING COIL  

The coil proposed for the DELPHI solenoid is the result of a detailed design 

study by the Rutherford Appleton Laboratory, and is described in ref. [1.5.1]. This 

section will summarize some important aspects of the design. 

IMP 

1.5.1 Specifications  

Warm bore of cryostat 	5.2 m 

Active length of coil 	6.8 m 

Magnetic Field 	1.2 T 

1Br
dz over the TPC drift volume 	< 55 Gm 

JB
r
dz over the HER drift region 	< 180 Gm 

Clearance: cryostat to end-cap iron 	n 100 mm 

Clearance: cryostat to return yoke iron 	e 100 mm 

The DELPHI collaboration has stressed that the design most be for maximum 

safety and reliability of operation, and that the thickness of the coil in radiation 

lengths is not a critical parameter. 

A further requirement was that the inside shell of the cryostat be sufficiently 

strong to 	support the and 	other internal from it electromagnetic calorimeter 

detectors weight = 120 t) such that they could be 	surveyed 	and (estimated 

maintained in position 	to 	within 1 Finally, the refrigeration was mm. system 

required to be compatible with existing CERN systems and principles, and operate off 

a closed cycle refrigerator. 

1.5.2 Design  

The overall design of the proposed solenoid is shown in fig. 1.5.1. The solenoid 

consists of a single layer main coil with a short correction coil located at each end to 

meet the requirements on the radial field. The conductor, of cross-section 

9 x 19 mm2, consists of cabled NbTi/Cu composite which is bonded to a high 

conductivity substrate, such as copper or aluminium, and is wound as a single helix on 

the inside of an aluminium alloy cylinder to contain the hoop forces. 
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SUPPORT CYLINDER 

INTERCONNECTING 
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• 

The coils will be indirectly cooled to 4.2°K by conduction from cooling pipe 

loops which are attached to the outside surface of the support cylinders and through 

which sub-cooled helium will circulate, as shown in fig. 1.5.2.  Two radial turrets are 

foreseen in the iron return yoke to allow passage of vacuum and liquid helium lines to 

the coil cryostat. 

IND I R ECT COOLING 

PIPES (PARALLEL CIRCUIT) 

1 mm INSULATION CO N DUC TO R 

Fig. 1.5.2  Section through coil and support tube 

To simplify problems of transport, and to allow early part coil testing, the 

solenoid is built in four equal length sections and contained within a stainless steel 

vacuum tank constructed from three sections. This form of construction also reduces 

the size and cost of the coil winding equipment. Each coil section will be separately 

impregnated with epoxy resin after dry winding the conductor, which will be insulated 

with glass tape over kapton tape. Conductor joints between coil sections will be made 

progressively during assembly of the modules to form the full length coil. Proposed 

ways to fabricate the joints between coil modules are illustrated in fig. 1.5.3. 
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ALUMINIUM 
WELDING 

SOLDERED JOINT 

CONDUCTORS PRE- 

TINNED. JOINT MADE 

USING TEMPERATURE 
CONTROLLED HEATING 
BAR. 

a 

(a) COPPER STABILISED 	(b) ALUMINIUM 
STABILISED 

Fig. 1.5.3  Joint frabrication proposals for copper and aluminium conductors 

The coil will be thermally insulated from the room temperature environment by 

means of a heat shield cooled by helium gas at 60-80°K, and will be suspended inside 

the vacuum vessel on low thermal conduction rods. 

A closed-cycle refrigerator will supply sub-cooled helium at > 1.5 bar to cool 

and maintain the coils at 4.2°K. Helium gas tapped from this refrigerator will provide 

the coolant for the radiation shield. 

The complete solenoid and refrigerator system will be monitored and controlled 

by computer for all modes of operation and fault conditions. 

• 1.5.3 The conductor  

The design of superconducting cable for a magnet of this scale is governed by a 

number of closely linked criteria; operating current, operating margin, quench 

protection and stability are important parameters. Quench protection criteria dictate 



a very large ratio (na 30:1) for the ratio of normal metal to superconductor. In order 

to achieve this ratio, the conductor must be fabricated by bonding a conventional 

superconducting composite, such as NbTi/Cu, to a high conductivity substrate. 

The final choice of the substrate material has not yet been made. Studies are 

under may on the use of either copper or aluminium. The copper solution has the 

advantage that the technology of cable fabrication is established, even in Europe. 

Furthermore, the conductor has a significantly better safety margin against 

temperature rises following a quench (for the some conductor cross-section), and 

lends itself to simple solutions for the joining together of the individual coil modules 

(e.g. solder bonding). The disadvantage of the use of copper is that it adds 12.5 t to 

the weight of the coil compared with aluminium, and introduces more radiation 

lengths of material. The latter point is not considered to be an important 

disadvantage for the DELPHI detector, because the electromagnetic calorimeter is 

mounted inside the coil. 

At the present stage of the studies, a copper substrate solution is favoured, 

with the cross-section shown in fig. 1.5.4. With this conductor, the field load line and 

operating point are shown in fig. 1.5.5. The operating point lies at 50% of the 

short-sample limit, which gives the appropriate safety margin against disturbances 

within the coil matrix and immunity from the effects of small variations in conductor 

properties and operating temperature. 

1.5.4 Coil fabrication  

The use of NbTi/Cu cable as the conductor allows each coil module to be wound 

from a continuous cable without intermediate joints. The winding technique is novel 

in that the hoop stress support cylinder is used as the winding former with the 

conductor being fed onto the inside surface. An extensive programme of tests has 

been carried out to verify the reliability of this technique, and the results have 

indicated that it is a successful method. 

The conductor will be dry-wrapped with 0.05 mm thick kapton tape and 

0.175 mm thick glass tape during the winding process. Additional glass cloth 

insulation of 1 mm thickness will be provided on the inside of the support cylinder. 
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Fig. 1.5.4 Proposed conductor section. 	Operating current: 10 kA 	at 1.2 T; 
critical current: 	20 kA 	at 	eti 	2.4 section: 	9 x 19 T; mml; 	copper 
substrate: RRR > 160:1; insulation: kapton + glass tape. 
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Fig. 1.5.5  Magnet central field load line and operating point 
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The finished dry-wound coil sections will be thoroughly tested and then force 

impregnated with resin to provide a void-free impregnating matrix giving a sound 

mechanical structure. 

1.5.5 The cryostat  

The vacuum vessel of the cryostat is shown in fig. 1.5.1. It consists of an inner 

and outer shell split into three modules, each module having two end flanges and 

three intermediate stiffening rings. A modular length of 2.43 m leading to the 

three-fold modularity has been chosen to allow simple transportation to CERN, to 

broaden the choice of firms which have boring machines of sufficient capacity to 

machine the end flanges of the fabricated modules, and to allow a single 1/4 coil 

section to be fully tested in one module (1/3 length) of the vacuum vessel. 

The vacuum vessel will form the main structural item to transfer the weight of 

the coil and radiation shield to the surrounding iron yoke. In addition, the inner shell 

will support the electromagnetic calorimeter and other internal detectors, to within 

the desired tolerance. Extensive design studies have been carried out to ensure that 

the proposed stainless steel structure will satisfy these requirements, and the French 

SNCT safety code. 

The cooling requirements of the cryostat can be met by a standard helium 

refrigerator producing pressurized sub-cooled helium at a temperature of 4°K. The 

total heat load to the refrigeration system is calculated to be : 

- Cryostat at 4.2°K 
	

30 watts 

- Radiation shield at 60°K 
	

2388 watts 

The liquefaction load of the gas-cooled current leads is calculated to be 

30 litres/hour. Allowing a factor of two safety on the heat load and a factor 1.5 on 

the liquefaction load, the total refrigeration loading is the equivalent of 500 watts at 

4.5°K. 

From the estimated performance of a typical 500 watt refrigerator, the 

cooldown time from 300°K to 60°K is calculated to be 8 days. The cooldown from 

60°K to 4.5°K requires a further day. The cooldown time following a quench would 

be about 10 hours. 



For ease of maintenance and control, the refrigerator would be a standard 

system agreed with CERN. 

1.5.6 Construction schedule and costs  

The collaboration has decided to present the contract for the construction of 

the coil to the CERN Finance Committee for their approval in September 1983. If 

this contract is approved at that time, the coil can be delivered to CERN in April 

1986, fully tested and ready for final assembly in the iron yoke. 

The coil is estimated to cost 11 MSF, including refrigeration plant and 

installation at CERN. This will be financed from the DELPHI Collaboration Fund, as 

described in chapter 6.2. This Fund is made up from contributions from all the 

collaborating institutes in the DELPHI experiment which have been included in their 

funding requests to the appropriate authorities. 
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1.6 BEAM PIPE AND BEAM RELATED BACKGROUND 

1.6.1 Beam pipe  

The distance between the two superconducting quadrupoles of the low beta 

insertion is 7 m and the vacuum system has the configuration shown in fig. 1.6.1(a). 

Starting from the interaction point, we find: 

(a) A thin cylindrical chamber, diameter 160 mm, made of 1.5 mm beryllium, half 

length of 875 mm, ended by a flange + seal arrangement allowing to slide in the 

inner detector, which is made of one single element. 

(b) A conical section of 1330 mm length made of 3.5 mm thick aluminium 

(diameter of 450 mm) terminated by a thin window 2 mm thick, also in 

aluminium. Inside the conical section, there will be a "transparent" cylindrical 

screen in order to allow the continuity of the high frequency path for the beams. 

(c) A cylindrical chamber, corresponding to the location of the SAT detector, of 

160 mm diameter, made of stainless steel, thickness = 2.5 mm. The length of 

this section being roughly 800 mm. 

(h) The final section of about 400 mm which includes the vacuum pump, gauge, 

bellows, and valve. The overall dimensions should fit in an envelope of 600 mm 

diameter. The valve will be supported by the quadrupole system in the beam 

position and by an ad hoc vertical support, common to the SAT detector, while 

being in the garage position. 

In addition, several anchoring points will have to be provided in the 

experimental set-up. 

'Na remark that the conical section could be replaced by a cylindrical thin well 

beryllium tube of diameter 160 mm and 0.5 mm wall thickness. Over the length of 

1330 mm, the tube is reinforced by beryllium rings 2 mm thick and 6 mm wide 

located every 160 mm (fig. 1.6.1(b)). The extra cost for this section is estimated to 

be 0.4 MST. 
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1.6.2 Beam related background  

We will consider the two principal sources of beam related background, 

synchrotron radiation and off-momentum particles. Present estienates indicate, that 

the level of both sources is tolerable, assuming the nominal machine parameters and 

the proposed beam pipe and masks. 

(a) 	Synchrotron radiation  

Synchrotron radiation photons which induce background in the apparatus are 

produced inside the various magnets present around the interaction region. As 

indicated below, the numbers of radiated photons is enormous when compared to a 

typical tolerable flux of photons hitting the beam pipe in the vicinity of the 

Interaction Point (Ill), which is 	106  i/mA/beam. 

Magnetic length 

(m) 	
n radiated/mA/beam 

o 

Critical energy 

(deli) 

Remark: In the following, the number of photons arriving "around the interaction 

point" will refer to those which intercept the vacuum chamber within 

2 m on each side of the Ill. 

(i)Shielding for radiation produced in dipoles,[1.6.1] 

• 

Photons emitted by low field dipole magnets towards the interaction region are 

stopped by a collimator situated at I. 100 m from the Ill. Its aperture, we 15 mm, 

corresponds to about 7.5 abeam. 

Radiation occurring inside the first two sets of full field dipole magnets 

illuminate the last 80 m of the long straight section and the curved region which is 

visible from the Ill. These photons, hitting the pipe with a very small angle, are 

mostly scattered in the forward direction and the previous collimator is not sufficient 

to give a reasonable background level around the Ill. For this purpose a second 

collimator, with the some aperture, is placed at about 222 m from the lb. 



(ii) Shielding for radiation produced in low beta quadrupoles [1.6.2] 

If we consider a •  cylindrical aluminium beam pipe of infinite length, having 

160 mm diameter, the number of photons backscattered on it which can go back 

around the interaction point is of the order of 40 107 /mA/beam. 

To reduce this number, a collimator has to be placed close to the experiment. 

It can be introduced in two places: at the entrance or at the exit of the first low 

Pete quadrupole. The first possibility is actually considered, because a collimator 

being also a potential source of background (scraping of off-momentum particles) a 

should be placed at the largest distance from the apparatus. 

(iii) Estimate of the photon flux arriving around the interaction point 

From dipoles we expect less than 10" y/mA/beam 	[1.6.1]. 

Against radiation from the low beta quadrupoles we have introduced two 

collimators. The first one, 50 cm long, starts at 7.65 m from the IS and its aperture 

is a Pb mm horizontally (more than 10 
ebeam). 

 The second, of the some length, 

starts at 8.55 m and has a 0 27.5 mm aperture. With this set-up the number of 

photons arriving around the IP is below 10" y/mA/beam. Taking the nominal intensity 

of 3 mA per beam, the total number of photons arriving around the IS per crossing is 

very low, namely below 10. 

Such values refer to the set of nominal beam parameters given below: 

= 1.75 mv  f = .07 m e H  = 61.1 em 	v  = 22.9 em 

If, for instance, the horizontal beam emittance (CH) increases to 140 em such • 

a value is actually thought to be rather extreme the previous numbers are increased 

P5 about two orders of magnitude and the background level can be unacceptable. To 

recover a manageable situation, a mask with a circular aperture of 55 mm radius can 

be placed at the entrance of the superconducting quadrupole, 3.5 m from the IS. 

With a horizontal aperture of 0 Pb mm for the main collimator, we expect to have 

with this set-up less than 103  y/mA/beam around the IS. 

(iv) Conclusion 

The proposed vacuum chamber set-up for DELPHI is rather conservative if we 

consider the expected synchrotron radiation background obtained with the nominal 

beam parameters. However, because of the strong dependence of the background 00 
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these parameters, it seems wise to choose such a conservative set-up for the 

beginning of LEP operation. 

(b) 	Off-momentum particles produced by beam gas bremsstrahlung 

The probability that beam electrons lose energy by bremsstrahlung on colliding 

with nuclei of the residual gas is proportional to the pressure in the beam pipe. 

According.to present estimates, this pressure will be: 

ga 1.5 10 9  Torr 
	

CO equivalent in arcs; 

rt• 2.5 10e" Torr 
	

CO equivalent in the weak bend and in the last full bend 

before a staight section; 

r‘. I. 10"" Tarr 	CO equivalent in straight sections. 

The difference between these values is related to the variations in outgassing 

induced by synchrotron radiation, which is stronger in the bending regions. 

A movable collimator placed at a secondary vertical beam focus 120 m from 

the interaction point and having an aperture of about 7 abeam  has been designed 

1.6.31 to remove electrons having energies close to that of the beam (E > 40 GeV) 

and produced upstream of the straight section. Electrons of energy higher than 

Pb GeV and generated in the straight section will not reach the interaction region. 

With the nominal beam parameters, 4.17 x 10" ea/bunch i.e. beam 

current = 3 mA, and detailed tracking of the electrons inside the LEP magnetic 

structure, the following result was obtained [1.6.4] 1.6 x 10' 3  particles per bunch for 

each beam, i.e. 140/s from both beams, will strike the vacuum chamber in between 

the first low beta quadrupoles placed at I: 3.5 m from the interaction point. An 

equivalent number is expected between the two quadrupoles situated on each side of 

the interaction point. 
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PART II: DETECTOR COMPONENTS AND PERFORMANCE 

2.1 MICROVERTEX DETECTOR 

Development work is in progress for the construction of a high resolution silicon 

vertex detector [2.1.1]. 

It is intended to arrange it as concentric cylinders of silicon wafers, 

(fig. 2.1.1(a,b)). A cylinder will be built up from an assembly of 30 unit cells, each 

consisting of a thin quartz frame onto which detectors and readout electronics are 

glued (fig. 2 1.2). The angular range covered will be 21T in azimuth, and down to 32° 

away from the beam axis. About 9% of each surface will be inactive. It is proposed 

to install 1 cylinder initially. However, if the development proceeds well, the inner 

detector can be modified to allow the insertion of three cylinders. 

rtJ27 wires per "Cell" 

E) 

Fig. 2.1.1 Microvertex detector. (a) General view, (b) transversal cross section 
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Fig. 2.13  Read-out chip for 128 channels ("Microflex") 
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The detectors will have 25 pM pitch and will measure charged particle 

coordinates with an error of a = 5 pm [2.1.2/3]. There will be 1280 diode strips per 

cell (38,400 per cylinder), each read-out by a separate amplifier on an N-Mos chip 

being developed for this application. Each chip has one output line (twisted pair), on 

which sets of 128 channels are read out sequentially. Fig. 2.13  shows the layout of 

this chip. 

The vertex detector will provide for each charged track an rs coordinate with 

very high accuracy very close to the beam pipe and with 3 "cylinders" a track 

segment in the rs plane for a high percentage of the tracks. This will help: 

(a) 	To improve primary vertex reconstruction; 

(b) 	To enable reconstruction of secondary vertices from decays of heavy flavours; 

(c) To improve track resolution, in particular for high momentum particles and 

especially those with short tracks in the TPC; 

(d) To provide very good close track resolution. Through pulse height measurement 

on each channel, this detector is very efficient for counting tracks even inside 

lets. 

(e) Finally, the fast gating of the device (< 180 nsec) will enable it to net out 

backsplash of synchrotron radiation, most of which arrives at tx. 180 nsec after 

crossing time. This may give much cleaner data than a drift chamber can 

provide. 

Monte-Carlo calculations evaluating the value of the device encourage us to 

propose the introduction of three layers of detectors [2.1.1]. 
• 

It appears that the components for a cylinder can be constructed for around 

600 KSF. However, only once a prototype "cell" is operating will it be possible to 

give a firm cost estimate. The groups interested in the development (CERN and 

Milan) plan to invest 0.4 MSF in the years 83-85 to come to the final design of the 

detector. Other groups (Saclay and Strasbourg) participate in the development. 
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Fig. 2.2.1  Schematic view of the Inner Detector; longitudinal (a) and transversal (b) 

cross section 
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2.2 INNER DETECTOR 

The inner detector has to: 

-· Provide trigger information in rci> and rz with granularity of about l 0 • 

- Measure precisely track segments near the interaction point (with precision of 

< 100 µm per point). 

Separate tracks within jets (two track separation of< mm in rci> projection). 

- Have a low mass to minimize y conversion and multiple scattering. 

To fulfil these tasks we are going to build a gaseous detector which is designed 

on presently known technology. We are aware of the limitations of such detectors and 

for these reasons we reserve space near the vacuum pipe in which a layer of a new 
kind of detector (e.g. silicon µ-strip counters; see chapter 2.1) could be installed • 

The detector described here can easily be extended into this space with 
correspondingly improved performance, if the silicon detector would eventually prove 

·co be too difficult to construct. 

2.2.l Description 
(a) Design 

The basic dimensions of the chamber are: Inner radius = 11& mm, outer radius 

- 2&0 mm. The length along the beam pipe is 100 cm for the gas volume and about 
150 cm including end plates and electronics. We aim to measure tracks completely 
from angles of 30° upward. We plan cathode strips perpendicular to the beam 
direction for z-information, thus we need material to support them. These cathode 

strips should be concentrated at larger radii as one wants to minimize the material to 
be traversed before measuring the vertex information. Figs 2.2.l(a) and 2.2.l(b) show 

the two cross sections of the present design. 

The inner part of the chamber has to measure vertex information. 1'.his is 
possible by measuring a few points very accurately (say 50 µm per point in (rci>)) or by 

measuring many points with a modest accuracy, for instance 100 µm. This last 
approach can be realized if the jet part of the chamber (Fig. 2 .2 .1) extends from 

r = 12 cm to r = 22 cm and contains 24 wires in the r direction. 
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The electrons in the inner part drift perpendicular to the magnetic field so the 
Lorentz angle can destroy the accuracy as measured in a field-free environment. 
There exists a possibility to compensate for this angle by tilting the E field, but it is 
even better to avoid the problem al together. The Lorentz angle o. is minimal for a 

slow gas like C02 • Becker et al. measured o. recently [2.2.l] and found that at 10 kG 
one can keep o. below 5°. Carbon dioxide has, apart from the obvious safety aspect, 
also the advantage that the diffusion coefficient is extremely low. 

It is clear that somewhere one has to pay for all these niceties: the drift 
velocity of a mixture with a low Lorentz angle angle is not saturated at the normal 
fields of l kV /cm so the chamber has to be extremely well mapped and stabilized 
(pressure, temperature, mechanics). Prototype work is in progress to prove that one 
can obtain and maintain point accuracies around l 00 µm in such a chamber. 

The jet chamber has to deliver a good (rq,) trigger for tracks and this can be . 
realized in the proposed geometry by simple majority coincidences if the E field is 
arranged such that the drifting electrons have a constant angular velocity towards 
the detection plane. 

The outer part extends from r = 223 to r = 280 mm forming 5 detector 
cylinders with cathode strip read"'-out. The cathode strip configuration is being 
optimized by prototype work at NIKHEF and by simulations done by Polek [2.2.2] and 
Stergiou [2.2.3]. The anode wires are at about l cm spacing, interspersed by a field 
wire. These wires will resolve left-right ambiguities present in the jet chamber. The 

gas in the outer part should be fast as we have to measure drift time over the 
maximum drift length of 5 mm. 

The cathode strips are well known for the following properties: bad track 
separation, big dead surface per track but good position accuracy for isolated tracks. 
The dead surface per track is diminished by dividing the strips in two parts each 
spanning half the circumference, while the bad track separation is unavoidable. 
However, calculations indicate enough information for the z-projection of the track 
trigger, while for well separated tracks they are able to produce accurate line 
segments of a track. 
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(b) Mechanical construction 

The jet chamber is meant to deliver high precision track data, so the 

mechanical precision has to be set at about 20 µm. 

Special care has to be taken in the process of machining, assembling and 
checking. We propose to install a special stand for these purposes, based on a very 
stable floor, and good equipment to check every space point in the volume of the 
chamber. We intend to use precise combs and spacers for positioning the wire planes 

constructed along the lines proven by an ear lier prototype [2 .2 .4 ]. The HV planes 
separating the sectors of the chamber have to be made of an isolating material as 
there will be an appreciable voltage gradient going from small to larger. The plates 
will have to be flat to ± 30 µm to ensure a field accuracy compatible with the track 

extrapolation. The aim is to limit the thickness of these plates, which have to span 

1.3 cm, to about l mm. An alternative is foil stretched on a frame. 

The inner part contains 16 x 24 = 384 anode wires in the version drawn and 
u; x 30 = 480 anode wires in the extended version. These are surrounded by 1920 
(2400) field wires. The total force on the end plates is between 160 and 200 kg. In 

this part the wires are 80 cm long. The jet chamber is enclosed by an inner and an 
outer cylindrical wall, which together carry the compression caused by the wires. 
These cylinders will be made of laminated material based on aramide (Kevlar) 
filaments embedded in epoxy. We hope to keep the mass of these supporting walls 

below 0.2 g/cm 2 • 

The outer part of the inner detector contains five layers of cylindrical 
chambers with cathode read-out. Every layer has 160 anode wires interspersed with 

field wires. These wires are stretched between the end-caps and fixed by the 
perforated pin technique. Every layer has a cylinder supporting the cathode rings 

made of the aramide-based material together with kapton. Figs 2.2.2 and 2.2.3 show 
the structure of the wall and the layout of the read-out, which is done by capacitive 
coupling towards a strip line carrying the signal to the side. 

The mounting of the cylinders requires them to be cut in two halves before the 

actual mounting. The correlation of cathode signals will provide the trigger in the 
(r,z) projection. The cathode signals are able to provide sub-millimetre precision per 

point, so five points on a track can provide a useful start for the TPC tracking. We 
note, that the ratio between the magnitude of anode and total induced cathode signal 
is determined by geometry only, so this can be used to link (ri1>) and (r,z) information, 
so as to solve confusion and determine space points. 
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Fig. 2.2.2 Cross section of the cylinder wall supporting the cathode strips 

The mechanical tolerances for the outer part are in the range of 0.1 mm, so no 
special techniques are necessary here, except constructing laminated cylinders to 

support the cathodes. 
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Fig. 2.2.3 Layout for the read-out for the cathode strips 

(c) Electronics and data handling 

The vertex chamber has 16 sections of 24- wires on which accurate drift times 
need to be measured. The time resolution is not extreme as the drift velocity will be 

around 20 µm per nanosec. The trigger can be formed by a simple majority logic 
between the 24- wires with a resolution of about 100 nsec, equivalent to 2 mm 
tolerance in the deviatidn of the track from an ideal straight line. The first level 
trigger will be based here on a track count per sector. 

The electronics of the vertex part does not go beyond present day's techniques. 

Miniaturization of preamplifiers is imperative, however. 

The number of channels of the outer trigger part is substantially higher: 

5 x 160 anode wires and 5 x 200 cathode strips. The wires and strips will be treated 
in the same way: a preamplifier with limited bandwidth sends the data to a 7 (8) bit 
F ADC. Parallel to this straightforward data acquisition chain one has to perform 
some trackfinding logic for both wires and strips based on hit information. The anode 
logic is simple and should correlate already in the first level trigger with the vertex 
trigger. 

The cathode strip patterns are more complicated and a fast centroid finding 
logic is being designed [2.2.5]. 
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The data volume per track is: 

- Vertex part: 

- Trigger part: 

24 x [ 10 bits time+ 8 bits address]. 

5 x [7 bits P. height+ 10 bits address]. 
3 x 5 [7 bits P. height+ 10 bits address). 

Total about 45 words of 32 bits, so an average event of 20 tracks will produce 
about 1000 words. This amount of data can be easily handled in the proposed data 
acquisition/trigger system of DELPHI [see chapters 3.1 and 3.2]. 

The number of data channels is around 2000, so this detector requires space for 
2 x 1000 signal leads to be brought to the mobile control room. No special 
requirements are put on the quality of these signal cables. The connections will be 
made via an extra end plate which has only flexible connections to the end plate 
proper. This cable carrying plate has to be fixed in position independently of the 

inner detector. 

2.2.2 Performance 

The performance has been studied by simulation of "Lund events". The results 
so far indicate that a large percentage of tracks is confused in the resulting strip 
pattern, but it is also clear that no event produces a pattern that is useless for 
trigger purposes in the sense that no isolated track can be defined from the pattern 
as pointing to the vertex. This problem has been studied by Polok and Turala [2.2.2] 
and independently by Stergiou [2.2.3]. The conclusion is that relatively wide strips 
but spanning 180° instead of 360° are the best choice given a total number of strips 
per layer. More detailed results will be available soon, together with the results from 
a background study. 

2 .2 .3 Prototype work 

A prototype of one cylindrical counter has been built and is ready for 
measurement. This prototype contains different strip widths (5, 8 and 13 mm) and 
should confirm the input as used in the simulations. 
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The question of the accuracy in a non-saturated gas will be answered by a full 
scale prototype of one sector. Before this, a test with Ar-C02 mixtures will be done 
on an existing detector (2.2 .4] used for laser tests. These tests should be ready by 
summer of 1983, while the full scale prototype should give results at the end of the 
year. A full scale prototype of an outer cylinder is being designed in Cracow, to 
investigate mechanical and electrical possibilities. 

2.2.4 Cost and sharing of responsibilities 

The costs of the various components of the inner detector are summarized in 
Table 2.2.l; they sum up to 670 KSF. The tooling costs are mainly for installation of 
a dustfree, airconditioned mounting room with measurement apparatus. Not all these 

expenses are on this budget, as part of the facility can be used for other projects. 

TABLE 2.2.l Cost of the inner detector 

Item Cost Subtotals (KSF) 

Mechanics Tooling 100 
Materials 40 140 

Electronics TDC's for jet chamber 80 
FADC's for 800 anodes 160 
FADC's for 100 cathodes 200 
Logic 40 

480 

Miscellaneous Gas, temperature and 
pressure stabilization 50 50 --

TOTAL 670 

A detector like this one requires a large amount of full scale prototype work, so 
that another 20% of the capital investment will be spent during 1983-1984 on 
prototype work: 

- Mechanics for outer planes 
- Jet chamber sector 
- Electronics 

TOTAL 

20 K 
60 K 

70 K 

150 K 
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In summary, the total cost of the project amounts to 670 + 150 = 820 KSF. 

Cracow concentrates on the outer part of the inner detector, while Amsterdam 
builds the inner part and most of the electronics. Final assembly will be done in 
Amsterdam. 

2 .2 .5 Construction schedule 

The status of preparation is such that we count to have a year's operating 
experience before the final installation, foreseen as the beginning of 1987. During 
th.is time we shall prove the characteristics and reliability of the detector to the 
level required, taking into account the expected background conditions (see 
chapter 1.6) and inaccessibility in the final set-up. 
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2.3 TIME PROJECTION CHAMBER 

We have chosen a TPC as central detector because of its intrinsic power of 
pattern recognition. This TPC will operate at l atm. to reduce the space-charge 

problem which is approximately proportional to the pressure, to reduce multiple 
scattering and y-conversion, and to obtain a faster electronics response (better 
two-track separation) and a simpler construction (e.g. 20 kV field-cage voltage versus 
200 kV at 10 atm.). We lose some momentum and b.E/ b.x resolution. The momentum 
resolution of the whole DELPHI detector is, however, substantially improved by the 
combination of the TPC with the inner and outer detectors, and with the forward 
chambers. The b.E/b.x resolution in the TPC is sufficient to separate electrons from 
pions up to about 8 GeV at the conventional level of 3 standard deviations. By 
combining it with the separation provided by the barrel RICH counter and with the 
hadron-electron separation given by the electromagnetic calorimeter (most effective 
at higher energies), we shall be able to detect 0.3-10 GeV electrons with 90 % 

efficiency whilst achieving over-all rejection factors for hadrons larger than 103 , as 
required by our physics aims. 

The TPC parameters are listed below: 

Pressure= l atm. 
L = 2 x 1.58 m 
R = 0.29 - 1.22 m 
J B dz < 50 G • m at 1.2 T r -
No. (b. E/ dx) samples = 188 

No. of rq, points= 16 

Gas: Argon+ 20 % CH .. 
a(rq,) = 250 µm 
a(z) < l mm 

a(b. E/ b.x) = 5.5 % 

Two-track separation< 2 x 2 cm2 

Number of sectors= 2 x 6 

A schematic view of the TPC is shown in fig. 2.3.l. The dimensions of the 
sensitive volume are indicated, i.e. L = 2 x 1.36 m and b.R = 0.76 m. 

Detailed information is contained in the DELPHI TPC Handbook [2.3.l]. 

2.3. l Description 
(a) Mechanical construction 

The electric field cage, the wire chamber sectors, and the read-out 
preamplifiers of the sectors pads and wires will be installed in the gas vessel. Its 
inner and outer radii are 290 mm and 1220 mm and the total length 3 .36 m resulting 
in a total volume of about 14 m3 • This vessel can hold vacuum, to allow outgassing of 
all components before filling with argon-methane (80 %-20 %). 
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Fig. 2.3.1 Schematic view of the TPC; the dimensions of the sensitive volume are 
indicated 

During operation, the gas temperature in the vicinity of the sector wires will be 
controlled to "' 0.3°C in order to have a constant gain along the wires to within 1 %. 

This will be done by water cooling of the sector preamplifiers, by thermal insulation, 
and by accurate temperature control of the cooling water and the gas. 

A_ total of about 25000 connections (plus HV supply, cooling water, gas inlets, 
temperature controls, etc.) have to be fed through this vessel for the pad and wire 
signals. This will be done with printed circuit boards glued onto flanges sealed with 
0-rings to the outer pressure wall. To permit mechanical access to the TPC sectors, 
and to the cylindrical RICH counter surrounding it, we use high-reliability connectors 
from these feed-throughs to the 40 m cables going to the shaper amplifiers. 
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The thickness of the vessel walls is minimized to reduce multiple scattering and 
secondary interaction effects. The inner wall is equivalent to 2~2 % of a radiation 
length, the outer wall to 6.7 %, by use of aluminium structures. The end flanges 
amount to 5 % of a radiation length. They will be temporarily strengthened by a 

removable structure when the vessel is to be evacuated. 

For the relative alignment of the TPC with respect to the outer detector, laser 
beam ports will be provided. UV laser beam systems will also produce straight 
simulated tracks throughout the TPC sensitive volume for checks against track 
distorsion, e.g. from electric field misalignment or inhomogeneities. The general 
alignment of the TPC with respect to the solenoid magnetic axis will be done by 
optical measurements using an adjustable support system at each end-cap. 

The electric field cage provides a uniform electric field defining the drift 
trajectories of the ionization electrons from the charged particle tracks towards the 
M WPC planes. 

Owing to the l atm. operation, we foresee a high voltage of~ 30 kV. The 
electric field uniformity in the whole sensitive volume is fundamental for the 
measurement accuracy of the charged particles momenta. The high voltage central 
plane and the end-cap detector planes must be flat and parallel to each other. Their 
spacing is maintained by thin fiberglass cylinders at both inside and outside radii of 
the TPC. These carry a series of identical concentric guard rings and resistor 

columns to establish a uniform potential gradient (fig. 2.3.2). Identical guard rings 

are placed on the other side of these cylinders together with a layer of insulating 
material. This insulating layer will be coated with resistive ink, or include a 
complete potential degrader as in the LBL-TPC. 

POTENTIAL 

4mm 

STRIPS 

COPPER STRIPS 
30µ 

Fig. 2.3.2 Cross section of the field cage wall 
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Various tests are under way to obtain detailed measurements of these concepts, 
both in small devices and in a 1.5 m diameter full length set-up. 
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Fig. 2.3.3 Electrode configuration and electric field lines in the TPC end-cap sectors 

Each circular end-cap of the TPC is subdivided into six end-cap M WPCs. In 
front of each proportional chamber a grid acts as a gate for the incoming electrons 
and backward ions. The topology of the anode and grids is shown in fig. 2.3.3, 
together with a plot of the electric field lines (for "open grid"). The backplane 
cathode is locally segmented in 16 rows of pads (6 x 7 mm2 ) for r<1> measurements 
(fig. 2.3.4). The 4 mm gap between the anode and the cathodes must be precise to 
better than± 15 µm to redl!ce the number of corrections (an increase in gap of 30 µm 
gives a change in the wire gain of l % and we want to know the gain to better than 
l %). For the dime.nsion of the pads, the accuracy is determined by the fact that a 
variation of l % of the pad response gives an error of 
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about 100 µm in the r<1> measurement [2.3.2]. That means that we want the area of 
each pad known to better than 0.5 %. The accuracy of their position must be better 
-chan ± 20 µm. We have already built prototypes which match these severe 

specifications. The sense wires and field wires are positioned with combs to better 
·chan ± 10 µm and glued on the sector edges. The grid wires are glued to G 10 frames 
positioned with dowels and screwed to the sector sides. Choosing support frames as 
·chin as possible we reduce the dead space between two sectors to 3 cm. 

= = ...... 

1095 

' _>-- ...... :........... 114 

~ 
't....._ 

136 ~ ............ 
152\ 

144\ I 
135\ I 

128\ / nbof p ads 1656 

120\ I 16 pads rows 

112\ I distanc e between two 

104\ ./ pad ro ws 48 
95\ I 

as\ I 
so\ ./ 

7 72\ ./ 
54\ I 

56 \' / ' 1 ...... 
, 114 

pads A = 
6 

Back plaQe cathode 

Fig. 2.3.4- Plan view of one of the six sector plates per end-cap, indicating the pad 
row arrangement 

To enable an on-line absolute calibration of the wire gain we need Fe5 5 

radioactive sources behind each sense wire. Following the LBL .method we will build 
two rods per sector with a point source every four millimetres. These rods will be 
embedded inside the cathode backplane and a pneumatic system will enable us to 
move the sources "on" or "off" the holes drilled behind each sense wire. 
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(b) Electronics 

We will measure accurately the arrival time and the quantity of charge 

deposited on wires and induced on pads. 

In order to limit the number of positive ions and to reduce ageing effects we 
will operate the chamber at a wire gain of 2 10- which, with a most probable number 

of ionization electrons of 45/cm, and a wire spacing of 4 mm, will give 
3.6 10 5 electrons. Due to the slow motion of the ions, only 50 % of these will be seen 
by the wire electronics. The coupling of the 6 x 7 mm2 pads to the wire signal gives 

a pulse 

where x is the distance of the avalanche to the pad centre, s "' 4 mm. In order to 
obtain an electronics error smaller than 100 µ for the x measurement, we measure 
the maximum pad pulse height to better than l %. With a threshold of 4 x noise, we 
will then have 3 pads measurements in about half of the points. 

We have built preamplifiers with a noise level <.. 1000 electrons r.m.s. which 

satisfy these requirements [2.3.3]. For the wires, with 4 times the pad input 
capacitance, the noise level of < 2000 e - is satisfactory. 

For the AE/ Ax measurement, we aim at a resolution of "' 5 % and thus we want 
to know the average gain of the wires to better than l %. For the pads, the relative 
gain of neighbours has to be known. to better than l %. This will be checked by 

calibration runs using the radioactive sources in front of the wires. The gain stability 
of the amplifiers meet these demands. 

The gain in the gas changes by 3 % for variations of l °C of the gas 
temperature. In order to stay within this l % tolerance, we need to control 
accurately the power consumption of the preamplifiers located inside the TPC. One 

sector will have about 1&00 channels, which means 250 W to evacuate if we use the 
LBL amplifier (150 mW). We have developed for DELPHI a bipolar amplifier which 

uses only 25 mW. These amplifiers are able to drive a 40 m long cable to carry the 
information to the shaper amplifier located in the electronics house. These cables 
have a cross talk level of less than lo- 3 • 



Due to ionization fluctuations, we expect 3% of the pulse heights on the pads to 

be at least 5 times higher than the most probable signal for a 90° minimum ionizing 

particle. To keep to this limit, the most probable signal will be set at 1/5 of the total 

digitization range. This leads to a dynamic range of 500 for the pads. For the wires, 

one melt also take into account the occurrence of multiple hits during the integration 

time, and the dynamic range required is 5000 at the preamplifier level, and 500 at the 

shaper. The digitizers will thus be 9 bits linear or 8 bits non-linear. 

For the time measurement, we need both good time resolution for the z 

measurement and good double pulse resolution for two track separation. We digitize 

time slices during the total electron drift duration of Pb 4s. The shaper pulses will be 

180 us FWHM, with time slices of 70 us, either using CCD's or FADC's, which are 

both under tests. 

We are also building special fast digitization electronics for the wires, with a 

shaping time of 40 us and time slices of 20 us which, with a satisfactory z and aE/ax 

resolution, could improve the two track separation limit by a factor P. 

Cu? 	Data acquisition and trigger rates  

In the following we consider for simplicity only the Flash ADC option. 

The acquisition system is constrained by the volume of data to transferred, the 

rates of the three levels of trigger and their delay after the beam crossing. 

We want to digitize the TPC pulses with an 8 bit 15 MHz flash ADC converter. 

Using the external access points of the reference chain to polarize it adequately, we 

obtain a linear response of the ADC with two different slopes. Thus one obtains a 

sufficient dynamic range without giving up the resolution needed for the small 

amplitudes (a channel width of 2000 e and an amplifier r.m.s. noise of 1000 e leads to 

a resolution of 1200 e). The sampling rate of 15 MHz yields an average of 

5 measurements per TPC pulse above the noise level. The number of useful pulse 

height samples is of the order of Pb K for a 30 track event, out of the 8 106  raw data 

samples. Thus zero skipping is the need as is mandatory to do it immediately after 

digitization in order to avoid an excessive bus traffic (a serial scan and transfer of 

one crate of 640 channels would already last Pb ms at Fastbus maximum speed). 

Following these lines, 128 channels using the RCA 3308 flash-ADC have been built 

and tested in a Camac standard; 128 additional channels are under construction. 

They are currently mounted on the TPC 1/2 prototype [2.3.4]. 



As described in chapter 3.1, the beam crossing has a 45 kHz rate, the first level 

trigger runs at < 1 kHz rate and appears 2 µ5 after the beam crossing. The second 

level trigger is supposed to have 20 Hz rate and appears 30 ps after the beam 

crossing. One admits that when one operates the TPC during its full drift time the 

following event is lost thus accepting a first dead time of 2%. To keep any additional 

dead time at this level under 1% one has to free the front end in less than 500 µ57  

this can be done either by a difficult fast parallel zero skipping procedure or by a 

buffering of the events right after the FADC's; every 30 ps this buffer has to be 

ready to accept a new event. A serial reads-out would take 10 to 30 ms and a full 

parallel .one 3 to 10 ms; assuming 20 ms one sees that one is compatible with a 50 Hz 

requirement for the second level trigger. 

32 TPC channels are implemented on one Fastbus board. Each channel is 

continuously sampled and digitized in a FADC. The output of each ADC is connected 

to an individual static memory where data are stored fin case of an event candidate. 

A multis-event buffer is implemented in these memories, so each memory is organized 

in a set of fixed length pages, in which several events can be present at the same 

time [2.3.5]. 

Each flash ADC memory is thus controlled by two independent units associated 

with the two modes: the Event Control Unit (ECU) and the Read Out Control Unit 

(ROCU). One needs a rule to define when each unit works on the memory: priority is 

given to the ECU since its operation is event dependent, thus control is given 

temporarily to the ECU; as soon as its task is finished, control is given back to the 

ROCU. The synchronization between the two modes is kept simple because both 

types of units work on the same clock and because the EVENT signal is synchronized 

with the clock. 

At the TPC level a special Trigger Control Box (TCB) centrally controls all 

operation modes of the front end system. It receives validated first- and seconds- 

level trigger information and a timing signal at the beam crossing time and generates 

an EVENT signal distributed to all ECU. Na new EVENT signal will be generated by 

the TAB before all the front end ECU have updated buffer addresses. 

The zero skipping and the clustering in Z have to be done on boards for all the 
• 

wire and pad data. For the wires, no more treatment is foreseen but for the pads we 

plan to implement a clustering in no coordinates. This treatment takes place 



at the crate level since a pad. row lies on several boards. The number of Fastbus 

crates amounts to 36 for the pads and 6 for the wires of the total TPC. 

We want to construct a fast 3-dimensional trigger system for tracks in the TPC, 

which is based on the idea of a contiguity processor [2.3.6]. We use signals from the 

pads, ORed together to form reasonable areas in the rs plane. By distributing these 

signals according to the arrival times, and dependent upon their radial positions, we 

will form a 3-dimensional trigger. 

By using pad signals, instead of wire signals, we will be able to define a much 

more precise cut for the transverse momentum of the track. On the other hand, it 

will give also an accurate measurement in z-direction, to be used for suppressing 

background from beam-gas interactions. This processor will work on the second level 

trigger, i.e. within tx• 30 vs after a positive first level trigger. 

(d) 	Calibration 

In order to calibrate the pad electronic gain and to check the linearity of the 

whole chain, we will send a set of pulses to the cathode grid, covering the dynamic 

range in charge and in time and record the digitized outputs. 

For the wires, before installing the sectors on the TPC, we will measure a 

complete gain map of each sector by using a mobile rod covered with a continuous 

radioactive source (Fe"). To handle possible temperature gradients along a wire, we 

will use the two rods of sources imbedded inside every cathode plane, before and 

after installation. Under each wire there is a hole along the source line, so that a 

small displacement of the rods will turn the sources "cc ' or "off'. During data 

taking, calibration runs will measure: 

INS the noise and pedestal by sending triggers with no input pulses; 

the electronic gain and delays by pulsing the grid; 

the wire gain linearity by sending pulses to the input of wire preamplifiers; 

the gas multiplication on each wire on two points using the sector source rods. 

Each wire pulse height will then be corrected (off-line or at emulator level) by 

the electronic gain measurement, by the corresponding gain map normalized to the 

actual temperature, pressure and voltage, and by the rod source calibration. The pad 

pulse heights will be corrected by the electronic gain and delay measurement and by 

the pulse heights on the five corresponding wires. 
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For spatial calibration of possible track distortions, we will install 12 UV lasers, 

1 per sector. These will give a 200 nb  light pulse with less than 0.5 mrad divergence 

which, through adequate ports and mirrors, will give straight lines at chosen angles 

inside the TPC sensitive volume, and provide alignment with the outer detector. 

From the TPC volume rays, we will calibrate the relative alignment of the pad rows, 

the drift velocity, the corrections necessary for E x B and space charge effects, and 

check for the alignment of end-caps 1 and P. Such lasers are already used in our 

ongoing tests of field cage and sector plates. 

(e) 	Space charge effect and gating 

One important source of track distortions in the TPC volume will come from 

electrostatic non uniformities in the drift field caused by positive ion space charge. 

The ions are generated in the multiplication process at the sense wires, and feed back 

along the field lines into the drift volume. They are expected to depend linearly on 

the rate of ionization deposit into the TPC volume, and to fall off exponentially with 

radius. 

This effect has been observed at the LBL TPC running at PEP [23.7]. In our 

case at LEP, the rate of ionization deposit is expected to be similar. But the feed 

back rate will be reduced with our choice of 1 atmosphere operation, and our larger 

inner radius. From the first effect we expect a reduction by a factor of 3, and an 

extra factor of 2 from the second one. 

If, nevertheless, it turns out that the background conditions are such that the 

track distorsions induced by this space charge are important, we will be able to 

suppress it by using a gating grid in front of the TPC sensitive plane. Such a gating 

grid, placed at 6 mm from the ground grid, will be closed by applying a pulse of 

:I: 100 V to every wire pair. At LEP, the grid can be triggered to open the TPC at 

every bunch crossing, or only when a fast pretrigger is present. We will use the first 

type of operation in which the full drift length of the TPC is useful, and the amount 

of ion feed back is suppressed by a factor of about 100. In the second mode, the ion 

feed back would be totally negligible but the last 10 B of the TPC drift length would 

be lost by the trigger delay. We have begun design and tests of the pulsing 

electronics and of the grid mechanics. 



23.2 Performances  

(a) 	Space resolution in Imo  

The no coordinate is obtained from the induced pulse heights on the cathode 

pads. The accuracy in r+ determines the transverse momentum measurement of the 

particles. Based on LBL-TPC results and on our own measurements, we expect the 

following maximum contributions to the rs error: 

a2(1.0) 2 	2 	2 	2 	 a2 

ern 	
= (j

ai 
 + a

el 
 + a 

S 	di
• + a 
ff 

2
tga ExB 

= 202  + 1001  + 502  + 1401  + 1601  + 502  

= s(r4) = 250 pm 

We assume Ar-CH,, (80/20) mixture at 1 atm., 15 kV/m drift field, pad size 

7 mm, pad signal width = 4 mm, average drift length = .75 m and an average over 

the angles a of tracks with respect to the perpendicular to the wires. 

-
al 

is the alignment error of the pads: our mechanical construction can minimize 

it to below 50 a, and it can be measured to 0 10 µ. 

a
el 

is the error coming from electronics noise and calibration. We have assumed 

1000 electrons r.m.s. input equivalent noise, a gas amplification of 2 x 104  and 

calibration to better than 1%. 

a
s 

is the error on the width s of the pad response function. It is measured with high 

statistical accuracy during data taking. 

• diff  is the transverse diffusion error which is proportional to iL, where L is the 

drift distance between the track and the sense wire plane. 

a 
tga 

is the combined error from track angle' a and t x B..  effect in the end-cap 

owing to Landau fluctuation in ionization deposit. This error has been estimated 

both analytically and by computer simulation [2.3.1 and 23.8]. With a grid wire 

spacing of 1 mm, and the corresponding voltage, and 25 electron per wire spacing 

of 4 mm we express the results by: 

a ga  = (7 0)2  + (3 10)2  (tgp + tg 20°)1  

which averaged over a gives: <a 2  > = (160 lim)2. 
tga 

2 a
ExB 

is the residual error from corrections to E x P effects in the main drift 

✓ olume. These displacements may be due to: B field inhomogeneity and E field 

anomalies from field cage errors and from ion space charge. The corrections will be 



obtained from calibration runs using laser simulated tracks and cosmic rays. 

According to the present knowledge of the electric and magnetic field, these 

displacements will be at most 1 mm and can be corrected to 5% or 50 u. 

(b) 	Resolution along z 

The z resolution is mostly determined by the longitudinal diffusion and the 

timing electronics: 

2 	2 
cr2  = a

di 
+

ff 	az,e1 

The longitudinal diffusion has been measured for one electron: 

wire: 

cridiff  = 400 	Corn)  

The error on the centre of gravity of the longitudinal distribution is thus on one 

aLff  = (0.72 mm)a 

where a mean over the drift length has been taken. 

Assuming time slices of 70 us, a drift speed of 60 mmhisec, standard electronic 

noise conditions, and FADC differential linearity of IA LSB (measured 0.6 LSB), we 

get: 

al 	= (0.30 mm) 2  
z,e1 

Thus a
z 

ni 0.8 mm. 

(c) 	Two track separation 

In ro the two track separation is given by the pad segmentation. The particle 

signals wi•il reach 3 pads about half of the time, and two in the rest. The nearest 

distance at which two signals can be separated is thus 2 to 3 pads. With a pad pitch 

of 7 mm, this gives a separation of 14 to 21 mm. 

In z, the signal separation is given by the time shape of the wire signals. This is 

given by the longitudinal diffusion, the azimuthal angle of the track, and the shaping 

time of the amplifiers. The diffusion will give a signal of r.m.s. length 3.5 mm or 

57 us. The azimuthal angle of the track, projected onto the drift direction, gives a 



spread depending upon cotge : with 4 mm wire separation we get a r.m.s. length of 

13 mm. The shaping circuit of the amplifier is planned to give a gaussian pulse of 

FWHM = 180 us or a = 76 us. Combined with the diffusion this gives an electronic 

pulse of a = 100 us. Knowing the drift length, the pulse shape is known, and a 

separation to better than 2 a is possible. To be conservative we take a 3 a separation 

of 300 us or 18 mm in z. Studies are in progress on faster wire electronics (50 MHz 

sampling) which together with a cluster analysis algorithm tested on Monte-Carlo 

simulation, would improve the separation to about 8 mm in z [2.3.9]. 

(d) Momentum resolution  

The overall momentum resolution of the DELPHI detector will be given not only 

Pp the TPC, but by its combination with measurements in the inner and outer 

detector and in the forward chambers, as shown in chapter 2.15. To study the main 

features of the TPC momentum resolution, we describe the errors in (rd)  and along 

the z axis by their averages, e(rd) = 250 r and el(z) = 800 u. 

The momentum resolution obtained with the TPC alone is given by: 

Api

a  

p IiwPC 
= (0.71 up My u o 	(0.48 %)z 	at (3 = 90° 

= (0.50 x p %)2  u (0.06 %)2  + (0.58 %)2 	at (3 = 450  

from a 	a' Melt. scats. 

OS 

We find that 

the error due to the limited z resolution (e0 is negligible; 

below 1 to 1.5 GeV/c the major contribution comes from multiple scattering; 

for p an  1 GeV/c: Ap/p = (.50 	.71) . p % for e ar,  35°. 

For angles (3 < 35% the resolution deteriorates because fewer pad rows are 

touched. With this Ap/p resolution, the TPC is, by itself, able to separate the charge 

of particles up to 50 GeV/c. 



(e) 	AE/Ax resolution  

To estimate the particle identification efficiency two numbers are required: 

the resolution for a given particle at a fixed momentum (obtained from the width of 

the truncated mean distribution of many samples) and the truncated mean itself as 

function of momentum for the different particles. We take the second relationship 

from earlier measurements of various authors, and the first number from recent 

measurements with the LBL TPC (see [2.3.10](. The following values were obtained 

by comparing the results from two segments of the same cosmic ray track in two 

sectors of the TPC 

• (AE/Ax(A) AEA x(B))//2  
(AE/Ax(A) + AE/Ax(B))/2 

- (4.65 P 0.14)% at 1.5 atm. 

Actually, a = FWHM/2.35 was used and a minimum of 119 samples out of 183 

required. Extrapolation of these measurements gives a = 5% at 1 atm. With the 

conservative estimate _l
a atm = 5.5%, we expect that in the relativistic rise 

region >n,  3 a separation should be achieved for Or with p v 8 GeV/c and ir/K with 

Pc pc 9 GeV/c. 

Measurements with the LBL EEC indicate that these estimates of particle 

separation are not too optimistic. A comparison of 11's at 2.65 and 0.75 GeV/c, which 

for as should be equivalent to a comparison of ir's and K's at 3.5 GeV/c as far as 

AE/Ax is concerned, showed 

(AE/sal IT - AE/Axl ic )/cE/ ca  
- 3.41P 0.16 

a 

at 1.5 atm. 

At 1 atm. we should therefore expect a separation of I. 3.25. Using the old 

relativistic rise measurements we obtained: 2.75. This indicates that our estimates 

are indeed conservative. 

On the other hand, it is obvious that these values only apply to tracks without 

close neighbours (track separation > 2 cm over 2/3 of the track length). 

(f) 	Pressure dependence of performances 

We have investigated the dependence upon the gas pressure in the TPC of the 

expected performances and of various other effects in the TPC operation. The 

results are summarized in the following table: 
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Pressure 1 4 8.5 atm. 

a(rs) 250 230 190 li 

u(z) 1 0.7 0.5 mm 

dE/dx: Oa eht sap.) 8 11 12 GeV/c 

Melt. scatt. in Ap/p 0.5 1 1.5% 

Ion feedback 8 16 27% 

Electron capture (1 0.06 1 5% m) 
a 

far 1.2 = 1% ft. 	3 I. 8.5% 
gam P 

High voltage (1 drift) 10 40 Pb kV m 

Comments: 

For the rs resolution, the decrease of dispersion with increasing pressure is due to 

smaller diffusion and tga effects but partly compensated for by larger Pc B 

distortions. 

The positive ion feedback is dependent upon the choice of the drift field and the 

sense wire operating voltages; the values chosen correspond to a constant pulse 

height on the wires. 

The electron capture rates are computed for 1 ppm of 02  in the gas and rise 

proportionally withthe square of the pressure. 

This table shows that, at the cost of a somewhat lower accuracy, our choice of 

a 1 atmosphere operation offers several advantages. 

23.3 Prototype work 

(a) 	Field cage and insulation 

The 1.5 m diameter, 1.5 m long prototype built in Saclay (fig. 2.3.5) has shown 

that the strip structure used to define the drift field is sound: the fiberglass shell 

which carries two flexible printed boards has been assembled without problems. 

The strip to strip resistance is measured to be (5.008 -I .040 Ma) well within the 

1% tolerance. As an insulation test between consecutive strips we have measured the 

current flow for AV = 420 V. The actual AV under running conditions will be less than 

80 V. 
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Fig. 2.3.5 Half-scale sector plate equipped with 256 pad and all wire preamplifiers 
and mounted in prototype field cage and pressure vessel. The field cage 
and pressure vessel are large enough (1.5 m length and diameter) to 
accept a full-scale sector. 



Insulation tests have been performed in various configurations. A plain 

insulating layer, located between the potential strips and the pressure vessel does not 

give a reliable enough protection. We are testing various resistive coatings which 

avoid an accumulation of charges. 

If these coatings fail to provide an adequate protection, we shall adopt the 

graded insulation of the LBL-TPC, which has been shown to work in the same space. 

(b) End plate mechanics study 

A full size prototype and plane sector plate has been built at CERN (fig. 2.3.6). 

The aim was to achieve the highest possible precision over large surfaces. The plates 

are made from copper plated (17 pal) 8 mm thick GIO. The plates are stiffened with 

G 10 supports. Electrical connections for the pads are assured via metallized 

Fig. 2.3.6 Full-scale sector prototype during the wiring. Very high precision has 

been obtained for plate flatness and wire positioning 



holes, 1.2 mm in diameter. The pad pattern is milled on a high precision numerically 

controlled milling machine. The wires are positioned using high precision combs 

taking care of the different diameters of the field and sense wires. 

The following values were achieved: 

- Flatness of the plates 

Pad position (deviation from nominal value) 
I to wires 
II to wires 

:± 15 prfl (absolute) 

- Pad width 

- Wire position 

These values are well below the required tolerances. 

(c) 	Electronics chain for the TPC prototype 

Special attention has been paid to an optimization of the amplifier chain 

(bipolar or PET input) and the digitization (CCD or Flash ADC). 

We have construeted a complete electronics chain of LBL type for the TPC 

prototype. It consists o.f preamplifier shaping amplifier, CCD storage, ADC's and 

computer read-out with zero-suppression. 256 channels are being assembled. We will 

be able to use them in a flexible way both on wire- and on pad-channels. 

The analog part including the CAD's will be a direct copy of the Berkeley 

system, whereas the digital part is slightly redesigned and newly configured in 

Fastbus, for the special DELPHI needs. We are aiming at a similar performance to 

the original system, with a moderate reduction in conversion time. 

The goal is to use the chain for the tests of the TPC prototype, and for direct 

comparisons with a similar chain using flash ADC's. 

Besides the LBL PET preamplifiers, two new charge-sensitive amplifiers have 

been investigated: one with bipolar, the other with PET input stage. Both can be 

realized in hybrid technology. 500 hybrid bipolar preamplifiers are presently under 

test with the prototype TPC sector. Both types can drive a twisted-pair transmission 

cable with symmetrical termination at the receiving and the sending ends. A 

comparison of the preamplifiers' characteristics is given on table 2.3.1. 
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TABLE 2.3.1 Comparison of the characteristics of two preamplifiers 

, 

Type 
Bipolar Pet 

Pad Wire Pad Wire 
, 

Ouput constant 0.5 0.5 1 1.5 (usec) time 

Input resistance 500 200 100 50 (a) 

Max. input charge for less 
thanl % non linearity 9 10 6  11 10 6  d106  12 10 6  (e al) 

PAC for Set input; Gaussian 1050 1300 780 1025 (e -) 
shaping 160 as at 5 pF at 15 pF at 5 pp at 15 pF FWHM 

ENC (detector current input 1(t)) 1750 2166 1320 1700 (e a) 
Gaussian shaping 160 ns at 5 pF at 15 pF at 5 pF at 15 pF FWHM 

ENC (detector current input) 2080 2200 950 1150 (e -) 
shaping 
multiple sampling 

corresponding to at 5 pF at 15 pF at 5 pF at 15 ph 

Dissipation (mW) 25 35 36 46 (mW) 

Price per channel (SF) 15 15 24 24 (SF) 

ENC = equivalent noise charge, the charge to be supplied at the preamplifier input in 

order to have at the output an amplitude equal to the r.m.s. of the electronic noise. 

• 

A 17 pair cable with common shield is under consideration. Low cross-talk 

(under 0.1% in charge and under 0.3% in amplitude) is obtained. Small external noise 

pick-up is expected. 

A 7-stage shaping amplifier, designed with 3 active filter sections has been 

realized. A hybrid version is under study. T.he output is a very symmetrical Gaussian 

shape necessary for optimum noise performances and minimum pile-up effects. 

Three pole zero cancellation circuits are provided to cancel the preamplifier time 

constant, the detector current tail, and the transmission cable tail. The expected 

price will be about 36 SF. 

As far as the FADC digitization is concerned, 128 digitizing channels using 

8 bit Flash ADC s at 15 MHz sampling rate have been built and tested, using a 

Cameo basic hardware for this first attempt. Another set of 128 channels is being 

built A crate contains 16 cards, each with 8 digitization channels, controlled by a 

Synchro and Read-out unit which centralizes external commands, and generates the 

sampling clock and control signals. One channel consists of a fast buffer amplifier, a 
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flash ADC 8 bit digitizer, a 1 Kbyte local memory and an octal readout bus driver. 

The FADC is the RCA3308 produced by RCA. Its reference network input is used to 

make a broken characteristic with 192 x 17 mV step followed by 64 x 77 mV step for 

a total 8 V range. 

This channel has been measured for differential linearity using simulated shaper 

pulses. The result is 0 11 mV accuracy (0.6 LSB) in the first part of the range, and 

o 15 mV in the second part, with a random distribution of errors. Another test is the 
IIenvelope" test which gives a quick, visual demonstration of the FADC dynamic 

qualities: a sine wave with a frequency near a submultiple of the sample rate, minus a 

small increment is used as input. Successive samples produce output codes which, 

ideally, allow to view the input wave form at the increment beat frequency. 

Differential non linearity appears as glitches, and missing codes as discontinuities on 

the output wave form. The FADC chain has thus been found to work properly up to 

input frequencies larger than 3 MHz at 15 kHz sampling rate. Studies are continuing 

to improve on components of this chain, which is currently used on the half scale 

sector prototype. 

(d) 	Half scale sector chamber and TPC tests 

Besides the study of the mechanical accuracy on the prototype end plate at 

CERN, a complete half scale sector chamber has been built at the College de France 

and Orsay Laboratories. Associated with bipolar preamplifiers and FADC for 

256 pads and all the wires, this MWPC will be used for: 

the study of the electronics implementation: mechanical structures for the 

preamplifier mother boards, shielding and grounding of the cathode end plate, 

cooling system and temperature control, output connections and cables, etc.; 

the test of the electric field in the cage built at Saclay, by the reconstruction of 

real tracks from laser beam and cosmic rays; 

the gain calibration and control with computer controlled test pulse unit and 

radioactive sources. 

The sector chamber is finished and tested (mechanics and electronics). With 

sense wires at 1450 V and field wires at ground, the current is < 10 nA (the working 

voltage will be 1350 V). An the preamplifiers, plugged in the pad connectors, have a 

noise < 1100 ee. The sector chamber has been installed in front of the TPC field 

cage at Saclay (fig. 2.3.5). All the wire preamplifiers and 256 pad preamplifiers are 

mounted and can be connected externally to 128 FADC's. We are beginning to take 

data using M68000 microprocessors. 



(e) Grid pulsing tests  

Before testing the grid pulsing on our sector chamber, we have to learn how to 

build a convenient symmetric pulse generator and what are the optimum parameters 

(distance from the cathode-grid, wire pitch and voltage, etc.). We are helped in this 

by the measurements made at TL [2.3.11] and we know that the biggest problem is 

the influence of the grid pulse on the wire preamplifiers. We have built a symmetric 

pulse generator and we are doing tests in a small modular chamber (20 x 20 cm) at 

College be France. According to the first results, the influence on the output of the 

preamplifier is < 1% of the minimum ionizing pulse height, after two microseconds 

from the beginning of the pulse. 

(f) Diffusion measurements  

The longitudinal and transverse diffusion of drifting electrons in both electric 

and magnetic fields are already known from previous measurements, notably from 

LBL-TPC group. Nevertheless, we have built at Orsay a 1.5 m long drift space in a 

1.5 T solenoid, to study in various conditions of gas mixtures, controlled field 

inhomogeneity and detector conditions. Such measurements are also useful for other 

parts of DELPHI, namely the RICH counters and the HPC. 

In a first set of experiments the drift velocities and the longitudinal diffusion 

have been measured over > 1 m drift length in a .5 T field with a single electron 

source. The source used a N2 UV laser beam impinging upon a 50 v  diameter hole in 

an aluminium foil. The resulting values for Tr-CH, mixtures, as well as for pure 

C H„ check with previous measurements over short distances. The magnetic field 

influence on longitudinal diffusion has been found to be negligible, as expected. 

(g) Various studies  

We continue studies along various lines which should lead to an improved TPC 

performance: optimization of pad and wire geometry to improve momentum 

resolution, guard electrodes at the sector boundaries to decrease dead space, 

measurements on chamber-ageing due to deposition of polymerization products on the 

electrodes, and preliminary tests on a chamber without any thin anode wires but 

working as parallel plate counter, which in principle could improve momentum 

resolution and two-track separation ("Pad TPC" idea). 



In parallel, detailed event generation and tracking simulation has been carried 

out to determine the TPC performance, e.g. two track overlap, dead space losses and 

optimum digitization [2.3.12]. 

2.3.4 Cost and sharing of responsibility  

The costs of the various components of electronics and of the mechanics of the 

DELPHI TPC are summarized in tables 2.3.2 and 2.3.3. They are based on previous 

experience, prototype construction and preliminary discussion with industry. They 

include a contingency of the order of 10%. 

TABLE 2.3.2 Cost of the components of an electronic channel 

Cost (in SF) Item 

30 Preamplifier 

Mother boards 30 

Shaper 40 

Power supply 20 

Digitization 110 

Read-out 40 

Cables and miscellaneous 30 

TOTAL 300 

TABLE 2.3.3 Cost of the PLC in kSF 

Item Cost in kSF Subtotal 

Mechanics Vessel 450 

Field cage 580 

Sectors 680 

Calibration 390 system 

Gas system 300 2400 

Electronics 22000 channels 6600 

. Trigger 300 6900 

9300 TOTAL 



The responsibilities are shared as follows: 

Vessel and field cage: 

Sectors and Calibration: 

Preamplifiers and shapers: 

Digitization and read out: 

Trigger and preprocessing: 

Saclay 

CERN-College de France-Orsay 

Orsay 

CERN-Lund-Saclay 

CERN-College de France-Saclay 

2.3.5 Construction schedule  

The prototype studies shall lead to a final design of the mechanics and 

electronics by end of 1983. Production is scheduled to start before summer 1984 for 

all items and to be finished for most by beginning of 1986. After an extended test 

period, installation of the sectors into the field cage is foreseen in autumn 1986 to 

allow several months of tests before final installation into the magnet. 
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2.4 BARREL RING IMAGING CHERENKOV COUNTER 

The prototype of the barrel RICH, as recommended by LEPC, is still under 

construction. The main components will be finished this summer and first tests will 

start soon thereafter. The final parameters of the barrel RICH will be determined by 

results of the prototype tests. The present design has approximately the parameters 

given in the DELPHI addendum to the letter of intent of October 4, 1982 [1.1.5] and 

summarized in table 2.4.1 

TABLE 2.4.1 Barrel RICH parameters 

Component Radius Material Thickness (X 0 ) Element (cm) 

Vessel Heat exchanger 123.0-123.6 Aluminium tubing .000 

Inner cylinder 123.6-126.6 Glass fiber epoxy .059 

tube 
Radiator Inner 

Liquid 

wall 

radiator 

126.6-127.1 

127.1-128.1 

Glass 

Liquid 

fiber 

C 6 Fil 2 

epoxy .030 

.049 

Outer window 128.1-128.6 UV quartz .040 

Lever arm Gas 128.6-140.6 Gas C 5 Fl 2 .000 

Drift tube Inner window 140.6-141.1 UV quartz .040 

Drift and - photo 
ionizing gas 141.1-146.3 800 20% .000 CH„ C1/41-11 0  

Outer window 146.3-146.8 UV quartz .040 

Gas radiator Gas 146.8-190.4 Gas C 5  Fli 2  .000 

Mirror array Mirror 190.4-191.0 Glass, Al + 0gF2  coated .047 

Support 191.0-193.4 Stainless steel tubing .003 

Vessel Outer cylinder 193.4-196.4 Glass fiber epoxy .059 

Heat exchanger 196.4-197.0 Aluminium tubing .000 

.367 R0 TOTAL 
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Fig. 2.4.2  Transversal cross section of the barrel RICH counter 



2.4.1 Description  

(a) 	Mechanical construction 

The longitudinal and transverse cross sections of the barrel RICH detector are 

shown in figs. 2.4.1  and 2.4.2. While the diameter remains unchanged with respect to 

the addendum design, the total length has been reduced to 2.9 m to fit with the TPC 

length and the improved coverage and cap design. The liquid radiator of the barrel 

RICH will cover the polar angular range 90° to 41° and the end-cap liquid RICH 

chapter 2.10) the region from 41° to 150  hence a total coverage of 96.6% of 4n. The 

gas radiator coverage of the barrel RICH will be between 90° and 50° (64.3% of 47r) 

while the end-cap gas RICH will cover the range 38.5° to 120  (19.6% of 4/r) for a total 

of 83.9% of 4r. 

The outer and inner cylindrical vessels are made of a honeycomb structure clad 

by epoxy resin and glass fiber mat. In this design the central well and end plates are 

also of the same material so as to have the same thermal expansion coefficient. It 

has been chosen because of its good insulating and mechanical properties. The vessel 

has been designed for use at 40°C and with an inner gas pressure up to 1.5 bar abs. 

the inner and outer half length cylinders are linked together by the central well and 

closed by the end plates which together provide the necessary rigidity and allow 

easier assembly than a single full length structure. 

A finite element analysis of the mechanical deformation of the system under its 

own weight and with internal pressure has been made. Fig. 2.4.3 shows the 

deformations of the vessel for an internal pressure of 13 bars; the calculation shows 

that all deformations are smaller than 0.7 mm. 

The drift tubes, radiator tubes and mirrors which enter the vessel, as shown in 

figs 2.4.1 and 2.4.2, have a ten degree azimuthal angular coverage hence comprise a 

total of 2 x Pb or 72 drift tubes, 72 radiator tubes and 4 x 72 or 288 mirrors. The 

drift and radiator tubes are fabricated in pairs, as indicated in fig. 2.4.2, with the gas 

or liquid flow inlets and outlets located on the and plates; thus the flow circuit is self 

contained within the pair. This modularity and independence of the elements will 

allow replacement of a defective pair without demounting the cylindrical vessel. 

The radiator tubes are made with one side of UV transmitting fused quartz 

windows with the remaining structure of glass fiber epoxy or of natural quartz. The 

radiator tube is 1 cm thick and is filled with a liquid freon (fluorinated hexane 
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Fig. 2.4.3  Finite element analysis of the deformation of the pressure vessel at 
13 bar inner pressure 
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.,) which has sufficient UV transparency so that a traversing charged particle 

(S = l) will produce 20 photoelectrons on a ring image in the detector drift tubes. 
The surface coverage of the liquid is 93 % of the total cylindrical surface. The choice 
of glass fiber epoxy-quartz versus all quartz radiator tubes will be made on the basis 

of the prototype tests. 

The drift tubes are made with two sides of UV transmitting fused quartz with 
the remaining structure of glass fiber epoxy or of natural quartz. Each drift tube has 

a length of about l.45 m and a thickness of 45 mm at the central wall end which 
expands linearly to 60 mm at the end plate. This allows for non-axial drift of 

electrons due to a radial component of the solenoid field (J1·"5 B d.2. ~ 150 G x m, o r 
B = 1.2 T). Note that the actual radial component, with the present magnet design, z 
is three times less than this value. The quartz window on the liquid radiator side of 
the drift tube is continuous whereas on the mirror side the quartz may be limited to 

the four regions coinciding with the images produced by the four parabolic mirrors. 
Field shaping conducting channels are deposited on the inside and outside surfaces of 

each drift tube. Field shaping conducting wires are also placed above and below the 
drift tubes. as shown in figs 2.4. l and 2.4 .2. These field shaping electrodes should 
insure a correct axial electron drift field inside the drift tube even near the quartz 
windows. 

The 144 parabolic mirrors of each "half barrel" are fixed on a cage-like 
structure, shown in fig. 2.4.4, which allows for optical adjustment of the mirrors 
before sliding this structure into the outer cylinder. This cage-like structure supports 
the inner heat exchanger whose purpose is, together with the heated liquid freon 
circuit, to maintain the inside of the barrel -RICH at a temperature of 40°C. A cold 
water heat exchanger outside the vessel is used to reduce the outside temperature of 
the barrel RICH to 20°C. 

A picket fence MWPC detector array is mounted at the end of each drift tube 
as shown in fig. 2.4.2. Each MWPC array consists of 91 wires 20 µm in diameter, 
spaced 2.54 mm apart. Each of these wires is optically separated from its neighbour 
by a "cloison", as shown in fig. 2.4.5, thus forming individual rectangular proportional 
counter type elements. The 11 cloisons 11 suppress photon mediated cross talk between 

wires and reduce by a factor 10 the cross talk into the drift gap. The 60 mm deep 
cathode surface will be segmented into twelve 5 mm wide strips in depth (r) and 
further segmented into three in the wire array direction (rep), hence a total of 36 
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Fig. 2.lj..lj. Structure to mount and adjust the mirrors 

Fig. 2.lj..5 Picket fence MWPC detector array 
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cathode strips per MWPC detector. Read-out of the arrival time of an electron gives 
the axial coordinate z, the wire address gives rq, and the cathode strip barycentre 
gives the radial (depth) coordinate r. 

The circuit for purification, circulation and temperature control of the liquid 
freon for the two pairs of radiator tubes at the same hydrostatic level is shown in 
fig. 2.4.6. Separate circuits will be necessary for the gas radiator (C5 F12 ) and for the 
drift tube gas (CH~ + isobutane + TMAE) [2.4.1]. 

Ar flush G.R. re fer. 
supply pressure 

R et ill Mechanical - t- Purifier - - Se para tor -...... ,_ 
..... ..... ... 

system filter 

Heat ---

Ir 
---

q"J:> I I Analysis • --
Exchang. 

Flow 
Control 

II Pressure Intrinsic 
control Pressure 

Safety 

Fig. 2.4.6 The circuit for the liquid radiator 

(b) Electronics 

The 2 x 36 drift tubes are terminated by MWPC's which contain 
2 x 36 x 91 = 6552 wires and cover "' 92 % of the circumference. This causes no 

photon loss for the gas ring images, whose photons are focused to the central region 
of the drift tube by t~e parabolic mirrors. However, for the liquid images, which 
span 3 drift tubes, this coverage corresponds to a mean loss of "' 10 %. The total 
number of cathode strips is 2 x 36 x 36 = 2592. 

~ 
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The electronic components have been chosen to minimize cost by limiting the 
performance to the level of 20-40 MHz response, which suffices since the resolution 
obtainable is limited by drift errors. For example, at 0.6 kV /cm the drift velocity is 
5.4 cm/µs and the longitudinal diffusion after m drift is a = 1.4 mm, corresponding z 
to 25 ns. 

The electronics is composed of two separate read-out chains, one for the MWPC 
wires and another for the cathode strips [2.4.6]. Each wire has a preamplifier (X02 of 
Ecole Polytechnique) followed by an amplifier, discriminator and TDC (10 bits, 30 µs) 

chain realized at Strasbourg. Each strip is equipped with a preamplifier (XO 1 of 
Ecole Polytechnique) followed by a 20 MHz CCD which measures the cathode pulse 
amplitude versus time. The CCD system has a rapid access time multiplexer realized 

at Ecole Polytechnique. 

The architecture of the data acquisition system is based on the CAMAC 
standard, similar to the system to be used by the prototype. It compacts the data in 
12 parallel branches, each containing 6 M WPC wire and strip outputs, by a fast 
microprocessor of the type CAB. The compacted data include zero suppression and 
digital base line subtraction over a predetermined time interval to obtain the strip 
pulse amplitudes and hence the barycentr.e to give the transverse coordinate 
corresponding to the depth of the photon conversion. The reduced data from the 12 
branches are stored in buffer memories which are accessed by the data acquisition 
system using a FASTBUS compatible processor. 

The volume of data generated may be estimated at 2 x 16 bit words for each 
photon detected. A single charged particle traversing a drift tube at 20° to the 
normal will hit "' 7 .5 wires hence generate "' 15 words. In an event with 20 charged 
particles in the Barrel RICH counter the charged particles generate 

' "' 20 x 15 = 300 words, the liquid ring images "' 600 words, the gas ring images 
"' 400 words, photons from quartz and other noise sources generate an estimated 
2400 words in addition giving a total of "' 4000 - 16 bit words per event. 

2.4.2 Performance 

When a charged particle traverses the barr_el RICH (figs 2.4.l and 2.4.2) it may 
produce two different ring images on the drift tube detector elements coming from 
photons produced by the charged particle in the liquid as well as the gas radiator 
media. These photons are focused onto the drift tubes, in the liquid case due to the 
thinness of the liquid radiator and in the gas case due to focusing parabolic mirrors. 
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(a) The liquid radiator 

The quality of the ring images produced in the liquid freon radiator 
(C 6 F 1 ~ = perfluore hexane) have been calculated analytically [2.4.2,2.4.3] and by 

Monte-Carlo simulation [2.4.4,2.4.5] with the results [2.4.4] shown in fig. 2.4.7. Here 
are plotted the error in th.e Cherenkov angle t:.. e due to various error sources versus 

the azimuthal Cherenkov emission angle ill (i.e. the Cherenkov cone angle) for two 
different angles of particle incidence ( e = 90° and e = 60° where e is the polar p p p 
angle of particle production relative to the e + e- beam axis) as shown in fig. 2.4.7. 

RADIATING PARTICLE p AT 7 GeV 
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Fig. 2.4-.7 Monte-Carlo results on the error of the Cherenkov angle as function of 
the azimuthal angle of the light 

The er~or sources correspond to: 

(i) The uncertainty in the refractive index of the radiating liquid due to the finite 
interval of photon energies t:..E accepted by the photoionization detector, which 
produces the chromatic error. 
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(ii) The uncertainty in the photon emission point in a radiator of radial thickness L 
(i.e. u = L// l2sine ), which causes an error due to the depth of the radiator. p 

(iii) The uncertainties in the measurement of the photon conversion point in the 
detector which give rise to the measurement error of fig. 2.4.7. 

As is seen from fig. 2.4.7 in the case of a = 90° (normal incidence), the errors p 
are independent of the azimuthal angle and all points of the ring image have equal 
statistical weights. When a = 60°, however, it is seen that the error 6 a at <1> = 0° p 
(perhelion) is about three times greater than 60 at q, = 100° (out on the wings); hence 

when calculating the average Cherenkov angle, the points out on the wings have a 
statistical weight 9 times greater than the perhelion points. With the weight W i so 
determined, the average Cherenkov angle is a = I. W i a i / J: W i where the sum is over 

l l 
the points of the ring image. Even with the increased precision on the Cherenkov 
angle obtained with this weighting method, the absolute precision decreases as a . p 
goes from 90° to 60° as shown in fig. 2.4.8. Here are plotted the difference between 
the averaged Cherenkov angles for a pion and a kaon (in units of the overall standard 
deviation versus particle momentum for a = 90° and a = 60°. Note that the p p 
momentum at which w/K identification is at the 4.2 standard deviations level is 

4.5 GeV /c (a p = 90°) and 3.5 GeV /c (a p = 60°). This loss in precision is caused 
partly by a loss of points on the ring image due to total internal reflection for 
<I> > 100° (i.e. 20 points are reduced to 11) and partly by the decreased absolute 

precision of each point for <1> < 80°. In fig. 2.4.9 are shown the same curves for K/p 

identification versus particle momentum with the 4.2 6 e tot level at 8 GeV /c 
(a p = 90°) and 6.0 GeV /c ( e p= 60°). 

(b) The gas radiator 

In order to estimate whether w /K identification is possible over the full 

momentum range, similar curves for the gas radiator images are shown in fig. 2.4.10 
for an absolute pressure of 1.3 bar (here we find no important dependence on e due 

. p 
to the focussing mirrors). Note that the w threshold (3 p.e.) is at 2.0 GeV /c whereas 

the K threshold (3 p.e.) is at 7 .2 GeV /c; hence. between 2.0 and 7 .2 GeV /c lf/K 
identification is obtained by threshold and nicely overlaps the 3.5 to 4.5 GeV /c limit 
for If I K identification in the liquid. for K/p identification the gas resolution is also 
shown in fig •. 2.4.10, with proton threshold (3 p.e.) at 14 GeV /c; hence K/p can be 
identified by threshold between 7 .2 and 14 GeV /c which barely over laps the angle 
dependent 5.5 to 8 GeV /c limit for K/p identification in the liquid. At higher 

momenta w/K identification to about 20 GeV /c and K/p to about 30 GeV /c seems 
feasible. The e/lf identification will be possible below 4 GeV /c. 



- 81 -

SEPARATION 7T- K 
LIQUID RADIATOR Fe 72 I cm 

15 
AT 90° AT Gcf 
(21 phe) (II phe) 

u 10 b 
' 

u ~ 
CD 

I 

u F: 
CD 

5 

o ......... _.._ ........ ..._~_._ .................. ~~~~ 

15 

u 10 
b 
' 

0.5 5 10 0.5 5 10 
K MOMENTUM GeV/c 

Fig. 2.4.8 Pion-kaon separation from the liquid radiator 
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Fig. 2.4.9 Proton-kaon separation from the liquid radiator 



- 82 -

GAS RADIATOR Fe 87 or C4H10 

u 
~ 10 ' .:-~ 

CD 
I 

us:: 
CD -

5 

Separation n-K 

4phe 1.3 Atm 

n=1, 11.2 phe 

10.3 

Separation p-K 

1.3 Atm 

n = 1, 11.2 phe 

u 
~ 

' u a. 
CD 

' u~ 
CD 

THRESHOLD- K THRESHOLO-p .., .., 

0 
5 10 20 30 10 20 30 so 80 

MOMENTUM Ge Vic 

Fig. 2.l/..10 Particle separation from the gas radiator 

The gap in K/p identification 
between 5 and 7.2 GeV/c is indicated by 
fig. 2.4.11 where the momentum at which 
K/p separation at greater than 4.2 cr 

c 
is possible, is plotted versus e • This gap p 
may be eliminated by using TMBI as the 
photoionizing gas (2.4.6] because of an 
expected increase of quantum efficiency 
for liquid radiators. Increased 
transmission of the liquid radiator would 
also help to reduce this gap and higher 
pressures in the gas radiator (i.e. 
1.5 atm.) or a higher refractive index gas 
will work also to reduce this gap. We are 
pursuing each of these three possibilities 
and feel that gains in this direction should 

be expected. 
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A typical event showing ring images from about 20 particles in a two-jet event is 
shown in fig. 2.4.12. Full pattern recognition has been accomplished [2.4.4] using the 

expected data obtained from the wire cathode strips with supplementary information on 
the particle trajectories and momenta from the TPC. The scattered background points 

are due to Cherenkov radiation from the quartz windows which has also been pattern 
recognized. A full Monte-Carlo and pattern recognition program is presently being 

debugged; it will generate also y-ray conversions and o-ray production. 
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Fig. 2.4.12 A typical event showing ring images from 20 particles in a two-jet event 
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2.4.3 Prototype work  

The barrel RICH full scale prototype is shown schematically in fig. 2.4.13  

[1.15]. Here is shown a transverse cut of the full RICH barrel detector with an 

overlaid cylinder which houses the three drift tubes of the three 1.7 m long drift 

tubes, one 1.7 long radiator tube and a single array of 5 mirrors. Also shown is the 

array of field wires above and below the drift tubes. Fig. 2.4.14 shows a perspective 

view of the prototype which shows more clearly the field shaping electrodes around 

(and inside) each drift tube as well as the field array and an indication of field 

shaping foils inside the insulating cylindrical housing. These foils, at linearly 

decreasing potentials, constitute a controlled way of degrading the high potential (up 

to 150 kV) at the central well inside the cylinder to earth potential on the outside in 

such a way that the electric field inside the drift tubes is not significantly pertubed. 

RICH PRO7TYPE 

Fig. 2.4.13 Schematic cross section of the barrel RICH full scale prototype 

Two types of drift tubes will be tested in the prototypes. The first, labelled 

type A in fig. 2.4.15, is the so-called hybrid drift tube where the structure is made of 

glass fiber epoxy and lined inside and outside with kapton sheets with conducting 

strips which define the field shaping electrodes. This structure is then cut out to 

allow the gluing of 2 fused quartz windows (150 mm x 200 mm) on the top side and 4 



Fig. 2.4.14 Overall view of Me barrel RICH prototype 

continuous quartz windows (350 mm x 200 mm) on the bottom side (as shown in 

fig 2.4.15 (type A). Each of these quartz windows is wrapped with loops of wire 

(0 100 um, 2.54 mm pitch) which, when the window is installed in the drift tube, 

make electrical contact with the kapton field shaping electrodes. This is the method 

which the RICH group has used up to now, however for much shorter drift distances. 

A second type of drift tube, called the full quartz drift tube, is shown in fig. 2.4.15 

(type 13). Here two continuous fused quartz windows (top and bottom) have field 

shaping electrodes deposited on both sides and edges by vacuum metallic deposition 

or sputtering followed by electrolysis to harden the metal deposits. After the 

metalization the tubes are glued together to form the final drift tube. A photograph 

(fig. 2.4.16) shows the first hybrid drift tube in the process of fabrication where one 

may see the external field shaping electrodes 00 kapton. 
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Fig. 2.4.15  Prototype drift tubes; type A: hybrid drift tube, type 13: all quartz tube 

Fig. 2.4.16  Hybrid drift tube prototype in process of fabrication 



A MWPC pid<et fence array (2.54 mm pitch) is attached at the end of each 

drift tube . Each wire is equipped with a pre-amplifier, amplifier, discriminator and 

ADC (10 bit, 25 }IS range). Two types of MWPC chambers are being constructed for 

the prototype tests. The first has "cloisons" between wires as shown in fig. 2.4.5 to 

reduce photon mediated cross talk between wires and also cross talk into the drift 

gap. This type MWPC detector has already been shown to work correctly with the 

methane, isobutane, TMAE gas mixture for charged particles with photon feedback 

into the drift gap reduced from Pb to 2 additional conversion points. A second type 

of MWPC array is composed of an array of cylindrical stainless steel tubes (2.54 mm 

pitch). The anode (sense) wire is centred inside the cylindrical tube and a .4 mm wide 

slot is cut into the tube parallel to the anode wire for the full length of the wire 

(> 6 cm). Full electron collection from the drift gap into the cylindrical proportional 

counter is assured by a plane of focusing wires placed 1 cm from the anode wire 

plane normal to the point where the cylinders are tangent. This type of proportional 

counter construction has great electrostatic stability and so allows much higher fields 

at the wire surface Which should lead to more efficient single photo-electron 

counting. In addition the shielding to reduce cross talk is excellent and the coupling 

to the cathode is significantly increased. This construction has been realized and a 

pre-prototype chamber is ready for test. If these tests are successful it is intended 

to fabricate a full MWPC array of this type for test with the prototype barrel RICH. 

The system for control of the prototype RICH liquid radiator (C6 F1 3, gaseous 

radiator (Cs  F12 ) and drift and photoionizing gas (80% CH„ 20% isoC,Hto  , 1 Torr 

TMAE) has been designed and is now being fabricated. 

The array of five spherical mirrors Is now being produced in the Muratori 

workshop at CERN and will be ready for aluminization in early June. A single 

parabolic mirror will be ordered for delivery in early fall so as to check the 

improvement in optical quality of the gas ring images obtainable from parabolic 

mirrors relative to spherical mirrors. 

It is expected that all components of the prototype barrel RICH will be at 

CERN by early July. Assembly and pre-testing of these components will be finished 

by mid August, hence beam tests could start soon thereafter. 
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2.4.4 Costs and sharing of responsibilities  

The estimated costs of the various parts of the barrel RICH counter are 

collected in table 2.4.2 together with the groups who are responsible for each of the 

components. 

TABLE 2.4.2 Cost of the barrel RICH and the groups responsible 

Responsible groups Cost (MSF) Element 

Vessel 1H 

0.6 

0.5 

0.2 

0.7 

0.45 

2.10 

0.35 

1.0 

1.20 

CERN 

CERN Handling 

Liquid 

tools 

radiator 

and 

tubes 

models 

Orsay 

Athens Field 

Drift 

wire 

tubes 

system and HV 

CERN, NIKHEF 

M 

Mirrors 

WPC 's 

+ supports Uppsala, Wuppertal, CERN 

Strasbourg, N1KHEF 

Has, liquid and temperature 
control 

Electronics 

Prototype 

system 

and data acquisition 

CERN, NIKHEF 

Athens College de France, 
NIKHEF, Strasbourg 

CERN, IN2P3 

8.30 

2.4.5 Construction schedule  

We plan to perform tests on the prototype and on several drift tube models until 

the beginning of 1984 and have the final design by mid 1984. This will allow us to 

place orders in the fall of 1984 and to receive all components by the fall 1986. 

Allowing six moths for technical tests and final assembly, the barrel RICH should be 

ready in the spring of 1987. 
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2.5 OUTER DETECTOR  

DELPHI has proposed [1.1.1, 2.5.1] as an integral part of the detector a particle 

digitising system (the outer detector) at large radius (no 200 cm). The advantages of 

such a system are: 

(a) The measurement of the z coordinate to an accuracy of better than 10 cm, 

together with an rs measurement at the level of the granularity of the 

detector, provides, in conjunction with the output of other components of 

DELPHI such as the inner detector, the fast trigger in less than 2 ps as required 

to gate the TED. 

(b) Subsequent measurement of the rs coordinates to an accuracy of better than 

300 n on individual points may serve as a component of higher level triggers. 

(c) This accurate rs measurement improves the momentum resolution of fast 

tracks by a factor of nes 2 [2.5.2]. 

(d) Accurate measurements at radius le 200 cm contribute to efficient off line 

pattern recognition. 

2.5.1 Description 

(a) 	Mechanical construction  

The space available in the radial dimension is that between 197 and 208 cm, 

while axially the detector measures a 230 cm. The detector will be constructed from 

aluminium walled drift tubes, operating in the limited streamer mode and consisting 

of six layers staggered to resolve the left/right ambiguity and to reduce the effect of 

inefficiencies near the wall. Three layers will have both z and rs read-out and three 

will have only rs read-out (by drift time measurement). The wall thickness is of the 

order of 1 mm, corresponding to 0.15 radiation lengths presented radially by the full 

detector. The drift tubes will be bonded into modules ("planks"), 20 modules covering 

27r in azimuth, matching the modularity of the DEC. 

Until recently, we have considered a solution where the tubes are 2.3 m long 

and the wires are looped in pairs to allow the read-out electronics to be located at 

the ends of the detector. Arguments of efficient resolution of particles in a jet may 

favour the use 4.6 m long tubes. Such a solution can be supported mechanically and 

is not excluded at present. 
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Z read-out to a precision sufficient for the fast trigger can be achieved either 

Pp charge division or by timing the arrival of the pulse at both ends of the wire to a 

precision of 200 psec. The decision between these alternatives will be made after 

prototype tests. 

The tubes will be rectangular in cross section and to ensure a fast trigger within 

2 ps, the maximum dimension will be etp 2 cm. Tests are under way to determine the 

performance of such tubes in a 1.2 Tesla magnetic field. 

The wires are 50 µ in diameter and are under a tension of 	250 g. The ends of 

the wires are located in known positions by feedthroughs in precision bored end 

plates. The tubes are located with respect to the wires by moulded formers 

(fig. 2.5.1  shows both these aspects). 

Fig. 2.5.1  Outer detector. Details of location tubes and wires in a module. 



a 9 1 a 

Ego 

2080 

RICH 

DETAIL A 

Fig. 2.5.2  The support system for the outer detector; 1: hanging brackets (4x), 

2 module; 3: end ring; 4: central flange; 5: adjustable plate; 6: location 

dowel; 9 adjustable rail; 8: screw for adjustment of the endring 
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Fig. 2.5.2 shows the proposed method of supporting the planks, which can be 

inserted and removed without disturbing the supports. The support plates will be 

optically aligned while loaded with a weight equivalent to that of a plank. 

Relative alignment with respect to the TPC will be monitored with UV laser 

beams, which produce ionization tracks inside the TPC and connect these via quartz 

windows in the Barrel RICH to diode arrays mounted with high precision on the 

outer detector planks (see chapter 2.3.1 and ref. [2.5.3]). 

A full scale prototype of a plank and its support will be built over the next few 

months to test the design and performance of the detector system. 

(b) Electronics  

Fig. 2.5.3(a) shows a read-out scheme for z determination by charge division. 

Preamplifiers are mounted on the tubes and pulses are transmitted via twisted pairs 

to charge division and timing circuits in FASTBUS crates. Custom designed circuits 

using, for example, field programmable logic arrays or uncommitted gate arrays 

examine sets of adjacent columns for patterns of hits compatible with arising from a 

track from the collision region. This allows generation of addresses for fast z 

read-out. Fig. 2.5.3(b) shows an equivalent scheme for z determination by timing. A 

dedicated transmission circuit to link the outer detector read-out to the first level 

trigger circuitry will be built. The read out system for z and r4) readout will occupy 

11 FASTBUS crates. 

2.5.2 Performance and prototype work  

Tests of tubes in the limited streamer mode using flammable gas mixtures such 

as argon/ethane or argon/isobutane show that with tubes of 4 m length, fast charge 

division determines the z coordinate to 1% of the length and that drift time 

measurements can determine to the r4) coordinate to 300 s [2.5.4]. Tests are under 

way on the performance of non flammable gas mixtures. 
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2.5.3 

The 

Cost and sharing of responsibilities 

up as below: 

(KSF) 

cost of the outer detector is 2350 MSF made 

Mechanical construction 500 

Electronics 
Fast read-out system 1000 
FCC system 500 

MEN Miscellaneous 
Gas/HT supplies 150 
Safety 50 equipment 

transport 50 Alignment, 
Contingency 100 

2350 KSF 

The outer detector is the responsibility of, Paris (LPNHE) and Liverpool, who 

mill be supported by effort from the PAG and electronics groups at RAL. The cost is 

shared by the UK (Liverpool: 445 Kit) and France (LPNHE. 900 KSF). 

Responsibility for production and commissioning will be assigned once the 

designs are finalised after prototype studies and will be allocated to match the 

relative contributions from France and the UK to the budget for the outer detector. 

For mechanical construction, Liverpool/RAT will work on design and 

commissioning of the planks, including the precision end plates, while Paris will work 

on the support system. 

2.5.4 Construction schedule 

Mechanical construction will be complete towards the end of 1986. The system 

would then be transported to CERN to be tested in a beam and ready for the start of 

final installation, alignment and connection by April 1987. 
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2.6 BARREL ELECTROMAGNETIC CALORIMETER (ARC)  

2.6.1 Description  

The barrel electromagnetic calorimeter has a total length of 530 cm and is 

placed inside the magnetic field. The confining radii are given by the outer drift 

chambers at 208 cm and the inner well of the coil cryostat at 260 cm. The 20 rah. 

lengths of lead foreseen as converter material, distributed over this volume of 13 m3 , 

have a total weight of about 100 t. 

The calorimeter will be constructed using the High Density Projection Chamber 

(NEC) technique [2.6.1]. Showers are developed in a lead converter structure 

interleaved with gas sampling volumes (fig. 2.6.1)). The electric field built up along 

these gas drift channels (parallel to the magnetic field) extracts the resulting 

ionization electrons onto a single-plane proportional wire chamber at one end of the 

converter. 

VA 

VA 

BEAM 

ELECTRIC 

FIELD 

VA 

• •••••••••••• 

Fig. 2.6.1 Schematic layout of the high density projection chamber (NEC) 

The drift time and two-dimensional read-out of the proportional chamber 

provide complete information about the space distribution of the sampled showers. 

The active detector surface is minimized with respect to the overall detector 

volume. Excellent granularity in 3-dimensional shower reconstruction can be 

achieved 62 sampling the extracted charges in short time intervals. 
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Fig. 2.6.2  Arrangement of the modules of the HPC. HT = high tension plante, 
PC = read-out chamber 

We propose to build up a highly modular array of FTC units to cover the 

calorimeter volume. The total detector length of 530 cm will be subdivided into 

8 sections. This limits the maximum drift path for charge extraction to 62 cm. In 

azimuth the detector will be divided into 20 subunits, each unit covering 18° of angle 

(fig. 2.6.2).  This yields a total of 160 identical subunits with a weight of 0.6 tons 

each. Fig. 2.6.3  shows a pictorial view of a possible mounting scheme. 

Superconducting.  

Tall Assembly 
Barrel Hadron 

Calorimeter and 
Muon Chamber 

big. 2.6.3  Pictorial view of a possible mounting scheme for the FTC modules 
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(a) 	Mechanical construction  

For assembly of the HPC subunits we foresee at present to follow the method 

worked out in a detailed engineering study [2.6.2] and verified with a full-size 

mechanical prototype [2.6.3]. Mechanical stability of each subunit is provided by a 

series of perforated steel plates of 1 mm thickness, mounted on a stiff back plate. A 

cistance of 5 cm between support plates has been shown to be sufficient. Lead 

plates, again of 1 mm thickness, are stamped out in a pattern corresponding to the 

steel plates and indicated in fig. 2.6.4. The plates are glued together with an epoxy 

layer applied to each sheet with thick-film silk printing techniques. 

/P
v  0S„Ara ra. 	snit 
• .ers'n7e.21WSWaTnY MinsMNIS 	 v  

/// 

• 

0'•s  //////4 
	I; 

10mm 

HPC MODULE WITH 'PICKET FENCE ' FOR 

FAST TRIGGERIN G • 

Fig. 2.6.4 Cross section of a module, indicated the support rails, drift slots and a 
trigger chamber 

The resulting sandwich of insulated plates has good mechanical stability. The 

electric drift field is created by a potential difference between subsequent plates. It 

is of high geometrical precision and can be defined by a single voltage divider chain 

per calorimeter unit. 

At the end of sect. 2.6.3 we shall describe other manufacturing techniques at 

present under investigation. 

(b) 	Structure of Lead Converter  

The dimension of the gas sampling slots is determined by the charge transfer 

efficiency and its dependence on diffusion and electron optics of the drift channels. 

We plan to use a channel width of 9 mm. This results in a total number of 
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40 sampling slots separated by 2.8 mm lead thickness. We are also studying the 

possibility to use finer sampling in the first part of the converter, e.g. 20 layers of 

2 mm lead (up to 7 X0 ) followed by 20 layers of 3.6 mm thickness such that the 

overall depth of lead corresponds to 20 X0 . 

(c) 	Read-out chambers and electronics 

The shower ionization charge is received (after drift) and amplified by a 

single-gap proportional chamber. This chamber consists of proportional tubes of 

rectangular cross section, each tube covering one drift channel (see fig. 2.6.1). The 

charge information from the anode wires will be used, after convenient grouping of 

wires, for second level triggering purposes (chapter 4.1). The cathode surfaces of the 

tubes will be subdivided and grouped together into 72-read-out channels (pads) per 

detector unit, 	i.e. 	a 	total of 12 * 10 electronics channels for 	the complete 

detector. The distribution of these channels over the surface will be chamber 

optimized -for space and angular resolution, multiparticle and eiff separation as well 

as pattern recognition aspects. One possible arrangement with 6 samples in depth 

and one to two degree granularity in azimuth is shown in fig. 2.6.5. The electronics 

circuitry will sample the arriving charges in time windows of about 50 nsec, 

corresponding to 2.5 mm granularity in longitudinal (drift) direction. This sampling 

yields a total of 1.8 10' charge information units per detector subunit. 

20.0  X0 

	 13.0 

P.O 

6.0 

1.5  
0.• 

Fig. 2.6.5 The cathode pad layout for one module 



(d) 	Triggering  

With a drift velocity of about 5 cm/usec we will empty the HPC of charges in 

12 usec, i.e. well within the bunch-crossing interval. The total charge signal and its 

time and space distribution will therefore be available from the anode wires for 

second level triggering. In case information on neutral energy is needed already on 

the fast trigger level, e.g. if the TPC has to be gated, we will install one plane of 

proportional tubes close to shower maximum, in one of the 40 drift gaps (fig. 2.6.4) 

of the HPC. These tubes will be oriented along the electric field (longitudinally) and 

give a prompt signal with an energy threshold around 2 GeV for photons and electrons. 

2.6.2 Per for mance  

From our calorimeter test results (sect. 2.6.3) we can predict the HPC energy 

resolution, with uniform distribution of converter material, to be 15.5 %/IE. in 1.2 T 

Held. With non-uniform arrangement of lead thickness, this can be optimized to 

about 13 %//E. at energies around 1 GeV. Due to the coarser sampling after shower 

maximum, the resolution will then slowly change with energy such that at about 

20 GeV we expect a behaviour like 17 %/IE. 

Fluctuations from calibration uncertainties and non-containment at 20 X,3  total 

absorber depth will limit the resolution to about 3% at very high energies. 

The linearity of the device depends only on shower containment and on the 

dynamic range of the charge digitizer used. With an 8 bit fast ADC we expect to be 

linear up to 20 GeV. 

The quantitative evaluation of positiori and angle resolution from the test beam 

data is under way. Due to the good granularity of the HPC we expect a position 

resolution for photons of less than 3 mm along the drift direction and of less than 

10 mm in azimuth. Similar values should be obtained for the separation of 

background hadrons. The minimum separation between two photons of similar energy 

Pus been studied [2.6.4] to be of the order of 10 mm along the drift direction, or 0.250  

in angle. 

From the excellent granularity and pattern recognition capabilities we expect a 

rejection of pions of more than 99% from the HPC alone. Final values will be 

obtained from beam tests during the coming year. 
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2.6.3 Prototype work  

Since the WPC is a conceptually new approach to calorimetry, it has been 

necessary to prove the feasibility of this detector through a series of prototype 

devices. We have done extensive test and work simulation on charge transport, 

mechanical realization, pick-up proportional chambers and read-out electronics. 

(a) Charge transport 

The charge attenuation length of the HPC is given by the ability to drift 

electrons in confined channels. We have sIudied this behaviour in a range of tests 

which covered electron optics, diffusion, positive ion feedback, electronegative gases 

and the influence of non-longitudinal magnetic fields [2.6.1, 2.6.5, 2.6.6]. 

In our proposed channel geometry, fig. 2.6.1, the electron-optics behaviour is 

determined by the ratio between channel width and plate thickness. Tests have 

shown that the field inhomogeneities introduced by the finites-width potential grading 

become negligible if this ratio exceeds values of about 8 [2.6.1]. In this case charge 

losses are only limited by transverse diffusion if there is no electronegative per in the 

system. 

We have observed charge attenuation lengths of up to 10 m in a drift channel of 

10 mm width and 1 mm plate thickness, in 80% Cr/P0% CO2. This mixture is 

however sensitive to oxygen admixture with a charge absorption length of Pb m per 

ppm of oxygen. 

In order to verify the drift behaviour for different channel geometries and 

gases, especially for Cr/Cl-h, mixtures foreseen for the DELPHI detector, three 

different drift test modules of 1 m length have been constructed. 

The Rutherford stack module is made in the same way as the converter module 

proposed for the HPC [2.6.2]. It has five different drift channels ranging from 5 to 

15 mm width (fig. 2.6.6). 

Two further 1 m drift modules have been made from printed circuit boards at 

Rutherford Laboratory and at CERN. 

Preliminary results from all three devices indicate that the limiting factor on 

long drift is indeed transverse diffusion. The observed attenuation lengths agree with 

the diffusion coefficients published by the ISIS [2.6.7] and LBL-TPC [2.6.8] groups. 
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Fig. 2.6.6  The Rutherford prototype stack, 1 m long and with drift channels of 5 to 
15 mm width 

We have used these results to calculate the attenuation length as function of 

channel dimension and transverse diffusion, fig. 2.6.7.  The expected value for our 

proposed geometry and gas, in 1.2 T field, are indicated. Measurements of the 

reduction of transverse diffusion in longitudinal magnetic fields will be performed 

with the CERN drift channel. 

A further possibility to counteract charge losses from diffusion is a stepping-up 

of the drift potential over the length of the channel. The effect of a field increase 

by a factor of two is given in fig. 2.6.7. 
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Fig. 2.6.7  The charge attenuation length in a 9 mm drift slot as a function of the 
transverse diffusion; for a constant drift field (a) and for a drift field 
rising by 1%/cm (b) 

We have also investigated the influence of magnetic field components 

orthogonal to the drift direction [2.6.9]. Our data indicate an overall displacement of 

1 mm over 40 Gaussmeter normal to the drift field. The radial field components of 

the proposed magnet (see 1.4) will thus not deteriorate the performance of the HPC. 

Electron capture by positive ion feedback should not be problematic since the 

gas amplification is small (5 . 103) and the converter structure is well shielded from 

low energy background. Residual radioactivity in lead has been measured in 

connection with the NUSEX experiment [2.6.10]. Lead with small contamination can 

be found even if the radioactivity level varies from factory to factory. 
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(b) 	Electronics  

Two different complete electronics chains have been developed at University of 

Stockholm [2.6.11] and CERN [2.6.5]. The two systems differ mainly in the charge 

integration part. Delay line subtraction method is used in the first approach whereas 

the second one uses multiplexing integrators (fig. 2.6.8). Complete calorimeter 

read-out tests have been performed with integration time windows of 50 and 300 ns. 

This corresponds to a space granularity of 0.43 and 2.6 mm in the Cr/20%CO2  

mixture used. 
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Fig. 2.6.8 Schematic layout of two electronic chains considered; (a) delay line 
subtraction method, (b) multiplexing integrator system 
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A final electronics chain will be developed from the two prototype systems over 

the coming months. Given the large number of charge samples from the HPC (about 

3 106), this system will incorporate on-line zero-suppression and will be designed in 

FAST BUS logic. 

(c) 	Pick-up proportional chambers  

The active detector is a single plane proportional chamber with cathode pad 

read-out. Our test calorimeters have been equipped with classic planar multiwire 

chambers. We are actively working on an improved version using arrays of 

proportional tubes [2.6.12]. This will enhance the fraction of induced cathode signal 

available for read-out to 90%. In addition, both the mechanical stability and the 

tolerance limits for stability of gas amplification will be decisively improved. After 

tests of different tube geometries which are performed at present, we expect to have 

a complete chamber configuration ready within a year. 

(d) 	Calorimeter tests 

We have built and tested three calorimeter test detectors. The converter 

structure is in all cases similar to the one shown in fig. 2.6.1, but with a 10 mm 

sampling gap. 

The first unit has a copper converter with 18 samples of 0.6 A3 . The shower 

information was available over 4 samples in depth and integrated over the full drift 

time [2.6.5]. 

The second module has a lead converter with 31 samples of 0.25 A0 . The 

detector segmentation was in this case 12 samples in depth and 12 time windows 

along the drift direction [2.6.6]. 

The third detector is an extended version of this unit with 61 samples of 

0.25 Xo  i.e. a total depth of lb Xo. Tests with full three-dimensional read-out over 

50 cathode pads were performed. Both the Stockholm and the CERN versions of 

read-out electronics were implemented [2.6.13]. 

As far as energy resolution is concerned, all tests have shown that the HPC 

performs as expected from shower calculations [2.6.13]. Without magnetic field a 

resolution of 25%1 t/E has been obtained (5 = sampling thickness/X0 ). The third 

module was tested in a magnetic field from 0 to 1.5 T. Preliminary results [2.6.14] 

indicate an energy resolution of 11%/1E for t= 0.25, i.e. 22% Jat/E 	for 

B > 0.5 T. 
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(e) 	Design prototypes  

We have constructed a mechanical prototype [2.6.3] to show that it is possible 

to produce a self stable lead converter without excessive reinforcement (fig. 2.6.9). 

Systematic investigations of mechanical deformations and their time development 

are in progress. 

Fig. 2.6.9  The set-up for investigating mechanical deformations 

The optimum methods to construct' the final lead converter are presently 

studied along three different lines; 

(0 Punching plates - This method has been developed at Rutherford Laboratory 

[2.6.2, 2.6.151. The lead plates are stamped in a single punching step with a 

special tool. Epoxy layers are applied to the plates with silk printing techniques 

and the plates are bonded together to form a stable sandwich structure. 

(ii) Printed circuits - Lead strips are sandwiched between printed circuit boards 

which carry the potential grading pattern. We envisage to try both traditional 

printed boards and kapton (or other plastic) based flexible circuits which could 

be manufactured into a long ribbon connecting several drift gaps. A submodule 

would comprise several flat chambers with GIO rods serving both as spacers and 

for the overall mechanical stability. One detector module would contain six to 

ten submodules. 
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(iii) Lead wire ribbon Lead wires of 1 mm width are glued from both sides to a 

glassfiber reinforced epoxy strip. The resulting lead wire ribbon is produced in 

a length of about 40 m which allows the production of a complete section of 

5 cm height of one detector subunit by bending the ribbon in an accordion-like 

fashion (fig. 2.6.10).  The mechanical stability is again provided by stainless 

steel stiffening plates [2.6.16]. 

Vetronite 

support 

Fig. 2.6.10  Scheme for manufacturing 00 HPC submodule from a lead wire ribbon 
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The collaborating laboratories are at present working on the realization of 

sub modules which should allow a decision on the final contruction technique by the 

end of this year. We will then proceed to construct a first full-size detector unit for 

the second half of 1984. 

2.6.4 Cost and sharing of responsibilities 

The cost of the mechanics based on the Rutherford design is discussed in detail 

in ref. [2.6.2] and amounts to 1.9 NI = 5.8 MSF which includes the lead modules 

produced with the punching technique, the read-out chambers and the mechanics for 

supports. To this price one should add 350 KSF for the proportional tubes necessary 

for the trigger gap. 

The pad structure described in sect. 2.6.1(c) corresponds to 11,500 channels in 

total; this allows six longitudinal samplings and an azimuthal granularity of 10. At 

the estimated price of 300 SF/channel, the total cost of the electronics is 3.5 MSF. 

The overall cost of the detector is 9.65 MSF, which matches the estimated 

money available within the groups collaborating to its construction. 

The responsibilities are shared as follows: 

- Ames: 	 Electronics 

- CERN: 	 Mechanics 

Italy (Bologna, Genoa, When and Rome-Sanita): 	Mechanics + electronics 

Karlsruhe: 	 Mechanics 

- Stockholm. 	 Electronics 
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2.6.5 Construction schedule  

We foresee that it will take approximately until the end of 1983 for a first 

study of prototypes/submodules using the lead wire technique and the printed circuit 

technique in order to choose the best solution for the construction of the full scale 

prototype. At the same time the optimization of the read-out pad geometry should 

be carried out via detailed Monte-Carlo calculations and analysis of test data. The 

full scale prototype 1.0. one submodule (fig. 2.6.2) should be ready in the second half 

of 1984. Detailed drawings and final tooling should be prepared in parallel such that 

the construction proper can start at the beginning of 1985. The beginning of 

installation is foreseen from spring 1987 and the installation should be finished one 

year later with tests carried out on the installed modules in parallel. This estimate is 

based on the punched lead technique which is the only one evaluated in detail so for. 

It is expected however that the alternative solutions should lead to shorter schedules 

since they involve in principle much less manual handling and less preliminary work 

for preparation of tools. 
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2.7 SCINTILLATION COUNTERS  

2.7.1 Description  

The whole barrel region of the DELPHI detector will be covered with 

scintillator counters. They will be located outside of the magnet yoke, in between 

the external cryostat well and the hadron calorimeter (fig. 1.2.1), at a distance of 

about 3 m from the beam pipe. 

A total of 400 counters will be mounted. Each scintillator strip will be 350 cm 

long, 10 cm wide, 2 cm deep and will be equipped with photomultipliers at both ends, 

allowing Time Of Flight (TOT) measurement. 

The physics interest of these classical detectors is, mainly, 

(a) 	To provide a fast signal, easily incorporated into the first-level trigger. 

(b) To help in removing background events (cosmic showers and muons) via TOT 

measurements, both at the trigger level and off-line. 

Every individual channel (scintillator + 2 photomultipliers) will be equipped 

with pulse height discriminators, TOO s and ADC's. The whole electronics of this 

detector fits into two FASTBUS crates. Clean discriminated signals will be "ORed" 

and sent to the first-level trigger, whereas TOO information will be hardware 

processed and used for a higher-level trigger or veto. One important application will 

be, for example, to contribute to the Z° pi-p.a.  trigger [2.7.1]. 

2.7.2 Performances 

Cosmic s will be tagged by their large TOT difference At le 20 nsec whereas 

good elme  e interactions will give At le 0 nsec. We foresee time resolution 

measurements of the order of 1 to 2 nsec. This time resolution will allow to tag 

particles inside a cell of, roughly, 10 x 70 cm2  in the hit scintillator. 

2.7.3 Prototype work  

Prototype studies will be carried on during 1983 and 1984 along the following 

test of counters made of scintillating optical fibers, which offer better attenuation 

lengths, 

search for a good calibration procedure. 
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2.7.4 Cost and sharing of responsibilities  

The estimated cost of the whole scintillator detector is no 1 MSF with 0.2 MF 

for the electronics, the rest for the other items. 

The financing and construction will be entirely the responsibility of the Spanish 

groups participating in DELPHI. Valencia and Santander. 

2.7.5 Construction schedule  

We intend to start the construction of the final detector in the beginning of 

1985 and have the system ready for installation by the end of 1985. 



2.8 MUON IDENTIFIER  

2.8.1 Description  

The DELPHI muon chamber system is designed to select muons by recording 

two spatial points on the tracks of.  those charged particles which penetrate the 

hadron calorimeter over its full depth. Coordinates are measured by drift chambers, 

a first layer of which is inserted in slots provided in the iron at a depth of 

approximately 0.9 m, a second layer being fixed to the outer surface of the 

calorimeter. The layout of the chambers is schematically represented in fig. 2.8.1(a)  

for the barrel and in fig. 2.8.1(b) for the end-cap regions. 

The moon identification relies partly on the measurement of the angle at which 

the moon traverses the final layers of the iron. Drift time measurements in two 

chambers spaced at % 20 cm in the iron give a measurement of a projected angle. 

The useful precision of that angle is limited by multiple scattering. The 

corresponding limit of useful spatial resolution is of the order of 1 mm at the higher 

momenta. To obtain space points, rather than projected points, the chambers also 

provide measurements of a second coordinate. This is important in removing 

ambiguity and punch-through background, although less precision is required (see 

sect. 2.8.2). 

To achieve the desired accuracy within the small depth available, % 4 m long 

flat drift chambers are used with a maximum drift distance of 10 cm to a central 

anode wire (fig. 2.8.2). Some 2000 chambers are required, of simple design such that 

manufacture is relatively cheap and fast. The chamber enclosure is an aluminium 

extrusion, the drifting field being provided by strips laid on plastic inserts inside the 

extrusions. The field is sufficiently uniform to achieve 1 mm accuracy in the 

direction perpendicular to the anode wire. Measurements of coordinates along the 

anode wire are performed with delay lines which also function as central field shaping 

electrodes. TDC measurements at each end of those lines, to an accuracy of 2 or 

with respect to anode pulse time, give a 10 mm spatial resolution. These twofold 

delay time measurements provide an important internal cross check on the data and 

improve the sorting of double hits. 
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a) 

1 crossed 
double layer 

4 chamber 
module 

\ECI crossed 
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b) 
1 m 

Fig. 2.8.1  Arrangement of the 9 and 5 chamber modules in the barrel (a) and the 
end-cap (b) 
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CELL END PLUG 

(PHENOLIC OR SIMILAR) 

DELAY LINE 

Cu FIELD SHAPER 

GAS OUT 
PVC EXTRUSION 

OX CONTACTS 

PRE AMP 

2 AL ALLOY EXTRUSIONS 

MUON DRIFT CHAMBER 
(SCHEMATIC ASSY ORG) 

Fig. 2.8.2 Assembly drawing of a single drift chamber 

In the barrel, all chambers lie lengthwise and are arranged in two staggered 

double layers, with 4 points measured for most tracks. The delay-lines provide 

T-measurements in this case. In the end-caps, chambers are 'crossed" at 90° in two 

double layers (fig. 2.8.1(0)) so that drift time measurements in both X and Y provide 

mm accuracy. In this case, the delay-line measurement is utilized only to resolve 

ambiguity. 

In the barrel, chambers are mounted together accurately in modules of 9 + 5 

c:hambers each. In the end caps the chambers are assembled in supermodules, each 

covering one quarter of the end-cap surface. Both inner and outer chambers are 

securely located in space to within 0.5 mm. 

It is intended to operate the chambers with a 90/10% argon-methane mixture, 

which gives a maximum drift time range of 2 p5. A Fastbus TDC system, with 2000 

channels having this range with 8 ns bins, and a further 4000 channels for the delay 

lines, 0.8 Lis range and 2 ns bins, is envisaged at the present time. It appears to be 

possible to construct a suitable system either with LeCroy 1800 modules, or one 

based on the MTD system of CERN. In addition, a fast trigger scheme is presently 

under study, to be incorporated in the Fastbus crate. 
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2.8.2 Performance  

An extensive Monte-Carlo simulation has been made to study the performance 

of the muon identifier as a function of the position and resolution of the chambes in 

r4 and z for the barrel and in x and y for the end-caps. In the optimisation it was 

assumed that the material of the a.m. calorimeter and magnet yoke was distributed 

as described in DELPHI note 82-27 with a layout of the muon chambers as shown in 

figs 1.2.1. 1.3.1 and 1.3.2. 

(a) Acceptance  

The products of 10000 interactions a ee  qaq (g) at the Z° pole have been 

tracked through the complete DELPHI detector, simulating decays, hadronic and 

electromagnetic cascades. The geometrical acceptance of the muon detection 

system is given as a function of 11-momentum in table 2.8.1, based on the total of 

2518 prompt moans contained in 1997 of these events. 

For moans crossing both planes, some 60% are detected in the barrel and 40% in 

the end-caps. If signals in both planes are required, 6% of the high energy moans 

(p > 4 GeV/c) are lost due to incomplete inner plane coverage. 

Table 2.8.2 gives the frequency/event at which a single chamber, in various 

regions of the detector, is traversed by a given multiplicity of charged particles from 

the hadronic cascades. 

TABLE 2.8.1 
• 

p < 2 
, 
2vyvb 4 < p < 6 6 < p < 8 p > 8 GeV/c Total 

Total No. u 963 547 359 213 436 2518 

% 

only 
inner 

u crossing 
plane 2% 8% 0 0 0 it % 

% 

only 
outer 

u crossing 
plane 0 C% 5 % 2% 2% 2% 

% u 
both 

crossing 
planes 

2% 83 % 95 % 93 % 22% 56 % 
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TABLE 2.8.2 

a single 
Frequency/event for which 

contains: 
Fractional multiplicity 

chamber 

1 hit 2 hits 3 hits 0 4 hits 1 hit 	2 hits 	3 hits a 4 hits 

Inner 

Outer 

Inner 

Outer 

barrel 

endcap 

barrel 

endcap 

1.3 

7.6 

1.6 

1.1 

10' 3  

10 -3  

10" 

10 -5  

9.7 

1.7 

4.0 

7.3 

10' 5  

10" 5  

10 -4  

10' 

2.4 

3.9 

1.7 

1.1 

10 -5  

10' 5  

10-5  

10' 5  

3.9 

1.5 10' 5  

5.2 

7.3 

10's 

10" 

10" 

0.905 

0.932 

0.872 

2.2142.442 

0.068 

0.049 

0.095 

0.017 

0.021 

0.015 

0.013 

0.011 

0.006 

0.013 

0.006 

(b) Muon-hadron separation 

Since there is little overlap between penetrating hadrons in the normal jet 

structure, most of the optimisation has been made with single 

hadrons of fixed momentum. Global results for the background to the mean sample 

in F5 . q-q(g) jets with all the multihadron confusion are given in subsection (c). In 

tne Monte -Carlo simulation the hadrons 	are 	allowed to 	cascade through the 

and hadron calorimeters and the background hits 	on 	the drift electromagnetic 

chambers are stored. Two independent Monte-Carlo cascade program codes have 

been used, giving similar results [2.8.1-2.8.2]. A reference trajectory is tracked up to 

the outer chambers and the multiple scattering matrix, complete with error 

correlation is computed at each step. 

The formalism described in ref. [2.8.3] is used to compute a chi-squared 

corresponding to the displacement of the reference trajectory with respect to •the 

nearest background hits from the hadronic cascade. A second independent 

chi-squared is computed corresponding to the displacement at the outer plane if the 

reference trajectory is assumed to pass through a near hit found on the inner plane. 

Cuts are made on the two chi-squared distributions at, for example, 99% acceptance 

for the muons, and the remaining punch through evaluated for different chamber 

resolution. 

There are two forms of background which have to be considered when discussing 

the performance of the muon identifier and the purity of the muon sample. 
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n or Chaney  

The background is dominated by ir decay, the number of pions is greater than 

kaons and the small pT  of the decay, 30 MeV/c, makes the decay vertex much harder 

to detect. About 105  pions have been generated with a uniform momentum spectrum 

between 2 and 12 GeV/c. They are allowed to decay before the electromagnetic 

calorimeter and the resulting muon is tracked to the drift chambers of the muon 

identifier. If the decay muon is associated with a probability greater than 1% tests 

are made for a visible vertex using the TPC track measurements and the outer 

detector 6(rt) = 200 pmt s(u) = 1 cm). 

It is found that 0.32% of the pions decay and correlate as muons, 57 % of these 

decay in the TPC and the remainder in the RICH counters. The detection efficiency 

of the decay vertex falls slowly with increasing momentum in the range 2-12 He and 

is an average of 30% for decays in the TPC and 50% for decays in the RICH 

counters. The overall background from pion decay is shown in table 2.8.3 as a 

function of the pion momentum. 

TABLE 2.8.3 Decay pions simulating muons as a percentage of all tracks 

P (GeV/c) 3 5 10 

All decays 1.3 	y 0.1 0.8 -.1: 0.1 0.40 ± .07 

Those 

outer 
which also 

(Prob. 
reach 

> 	1%) 
the 

0.60 ± 	.06 .37 ±. 	.04 0.21 ± .03 
chamber 

Those 

undetected 

which also 
vertex 

have an 
0.30 ± 	.04 0.28 ± 	.04 0.14± .02 

Hadronic "punch-through"  

The calculated punch through for a large number (104 ) of single bedroom at three 

different momenta is shown in table 2.8.4. For the barrel chambers two rather 

different values of the precision in the z coordinate are given. It can be seen that 

the punch through is not very sensitive to this parameter. 



TABLE 2.8.4 Percentage punch-through with 99 % ye-acceptance 

P GeV/c 5 10 20 

Barrel 

1 cArt) = mm 
cr(z) = 3 0.6± 0.1 0.8± 0.2 1.4 ± 0.3 mm 
a(z) = 10 0.6 ± 0.1 1.1 ± 0.2 1.6 ±0.3 mm 

Endcaps 

a(st) 

a(z) 

= 

= 1 

1 0.6± 0.1 1.0 ± 0.2 1.7 ± 0.4 Min 

mm 

In this analysis all primary kaon tracks are assumed to be identified in the RICH 

counter and hence cannot cause background by being misidentified as means. The 

additional background hits on the muon chambers due to the cascade of the Paces in 

the iron of the hadron calorimeter are however fully accounted for in the analysis of 

jets. It became clear in the optimisation of the performance that to minimize the 

punch through it was very important to have the space point provided by the delay 

line readout of the proposed chambers rather than projected points. The limit to 

further suppression of the hadron background comes from the proposed thickness of 

iron. This can be seen from the fact that, of the hadrons which simulate manes with 

an acceptable chi-squared, 70% have no apparent interaction before the first drift 

chamber plane. 

(c) 	Muon separation in Z° jets 

A sample of 10" events in the Z°  peak energy region has been generated with 

the "Lund" model. The technique described in sect. (b) has been used to evaluate the 

hadronic decay and punch-through background. In this case the full complexity of 

overlapping tracks and showers is involved in the simulation. The 

acceptance criteria retain e?, 97% of real manes. Table 2.8.5 shows the various 

contributions to the background and the final "signal to noise" ratio, defined as the 

number of prompt muons divided by the number of false means. The somewhat lower 

signal to noise ratio in the endcaps merely reflects the thinner absorber. 



TABLE 2.8.5 Accepted muon signals in 10 Z° decays(a)  

P (GeV/c) 2-4 4-6 6-10 > 10 

Barrel 

Real p 265 208 205 164 
(I/K) decay 49 24 13 5 
Punch through 11 35 34 49 
Signal/noise 4.40 .6 4.20 .5 4.40 .6 4.2± .4 

hubcaps 

Real µ 170 123 116 107 
(I/K) decay 41 18 9 2 
Punch through 22 29 22 19 
Signal/noise 2.40 .3 4.60 .4 4.40 .7 5. a I. 

(a) Values computed with (dr..) = 5(4 = a(y) = 1 mm ends(o) = 10 mm. 

• 2.8.3 Prototype work 

At present, a total of five different prototype chambers have been 

constructed. These chambers have been successfully operated either with radioactive 

sources or in the muon halo of the CERN-C13 test beam and/or in a Pb MeV proton 

beam at the cyclotron of Louvain-la-Neuve (Belgium). 

All chambers had an electrode configuration similar to that shown on fig. 2.8.2 

with gas gaps varying from 41  I to 2 cm. The end cathodes were at ground potential, 

the whole chamber being enclosed in a grounded box, so that the typical anode 

potential was about +7 kV. Central electrode strips as wide as 1.5 cm, maximizing 

the capacitive coupling if replaced by delay lines, have been tested but the other 

field shaping electrodes were only 5 to 10 Anode wires were 50 mm wide. pm 

gold-plated tungsten, 	thick enough for full-size of lengths. The chambers 4 m 

chambers were operated with 90% argon, 10% carbon dioxide and 80% argon, 20% 

isobutane mixtures, though it is now thought that 90% argon, 10% methane is the best 

choice because of its high drift velocity (4. 5 cm/us). Most of the testing was done 

with 90% Kr 	10% CO2 , a mixture for which the drift velocity was not at all 

saturated. In spite of this, the performance of the prototype chambers was very 

encouraging, linearity and pulse height remaining good out to the maximum drift 

distance of 0 100 mm (fig. 2.8.3). Chambers with an efficiency near 100% over the 

entire range of drift distances have been constructed. Fig. 2.8.3 also shows 



119 

measurements of the r.m.s. widths obtained with the CERN-C13 beam defined to a 

width of 1.5 mm using two small proportional chambers. The observed width is about 

2 mm, which after correction for beam width, gives an estimated chamber resolution 

of the order of 1.5 mm. With Ar-CH, gas the resolution is expected to be improved 

ten. 1 mm. 
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Fig. 2.8.3  Time-distance and resolution graphs, measured in a 1 m long prototype 

drift chamber 

Delay lines are required for the measurement of the coordinate along the anode 

wire. The specification calls for a resolution of 10 mm which, with readout having 

2 as bins, requires a delay line inverse velocity of 200 ns/m. Dela lines similar to 

those of the CCOR experiment [2.8.4] consisting of a long coil parallel to a strip 

conductor have been constructed with characteristics suitable for the muon 

chambers. Lines with delay of 200 ns/m and attenuation of q, 1.2 dB/m, 

corresponding to a loss of 	40 % in pulse height over a 4 m length of line, have been 

made. 

A distribution system is required for anode and grading field electrode 

voltages. Suitable circuits incorporating electrometers for monitoring and protection 

_have been developed, and have been used in the prototype testing. 
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Prototype tests will continue this year, using the West Hall test beam as soon as 

it becomes available, with the work terminating in the construction by extrusion of 

full-size chambers by the end of the year. 

2.8.4 Cost and sharing of responsibilities  

Cr with the development studies, the production of the moan chambers will be 

carried out jointly by the participating laboratories from Belgium and Britain. 

The manufacture of the chamber parts, extruded aluminium and plastic, delay 

lines, frames, etc., will be undertaken by industry the final sharing between 

laboratories depending on quotations received. The critical phase of the 

manufacture, also the labour intensive part, will be the assembly and testing of the 

2000 individual chambers, in the various lengths required. Facilities for this work are 

being set up by both the Belgian and Oxford groups. Assembly into 9/5 and 4 chamber 

modules will follow, in England and in Belgium, and the modules in this form will than 

be transported to CERN. Assembly of the end-cap super modules, and the final 

installation of all modules in the magnet will continue at CERN. 

The total cost of the project has been estimated to be 3.0 MSF, of which 

1.3 MSF will be financed by the Belgian groups and 1.7 MSF by the British groups 

involved. The estimate is based on the following cost breakdown: 

Cost (MST) Item 

mechanics (including delay lines) 	.6 Chamber 
Electronics and power supplies 1.6 
Gas system .1 
Support .3 frames 
Design, prototype work, transport .3 
Installation .1 

TOTAL 	3.0 MSF 

2.8.5 Construction schedule  

We intend to start tests on full-size extruded chambers towards end of 1983 and 

finish development work in the spring of 1984. Installation of the chambers could 

than commence at CERN as early as at the end of 1985. The schedule for the 

manufacture and delivery of electronics will depend on the solution chosen, but in any 

case delivery at CERN will occur during the chamber installation period. 
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2.9 FORWARD CHAMBERS  

The system of forward chambers serves the following purposes: 

(a) The momentum resolution for particles produced at angles less than 

considerably improved. 

is 320 

(a) The particle trajectories are picked up before and behind the two forward RICH 

counters. 

Cu) The chambers are involved in the trigger. 

2.9.1 Description  

The spatial resolution required for the improvement of the momentum 

resolution is about 150 µirl and can be achieved by drift chambers. We therefore 

propose a system of 3 circular chambers each with read out in 3 sense wire 

coordinate directions to allow unambiguous space point reconstruction. Some 

properties of the chambers are listed in table 2.9.1. 
• 

TABLE 2.9.1 Mechanical properties of the forward chambers 

Properties A B C Chamber Chamber Chamber 

Angular region of 
sensitive area 14.9°-29.5° 13.70-37.30  10°-34° 

planes 
of sense 

6 8 8 
Number 
wire 

Sense wire directions 2 * e = +60° 3 * e = +45° 3 * 0  = +45° 
2 * 0 = -b0° 3 * e = -450  3 * e := -45° 
2 * Y 2 * Y 2 * Y 

Outer radius of 
chamber 100 cm 165 200 frame cm cm 

Inner radius of 
42.5 42.5 42.5 chamber frame cm cm cm 

Thickness 10 9 cm 9 cm cm 

Accuracy of sense 
wire positioning 30 < 30 0 55 gm gm urTI 
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Chamber A consists of 12 identical half discs with the wires parallel to the 

edge of the half disc. The three coordinates are obtained by tilting the discs by 60 

and 120 with respect to the first (fig. 2.9.1).  Each of the half discs is made of plastic 

drift tubes with square cross section (14 mm side length, 1 mm well thickness) coated 

with graphite inside. The 64 sense wires have a diameter of 100 um. The tubes, 

arranged in 2 planes (each 64 cells), are staggered by half a cell width (7.5 mm). 

These two staggered planes define one coordinate [2.9.1]. A cathode strip readout on 

the front and back cover of the whole chamber package is foreseen with cathode 

strips 3 cm wide perpendicular to the anode wire direction. If a trigger from the 

forward chambers is needed using of coordinates, the cathode strip could contain 

either rings (r-trigger) or disc sectors (s-triggers), (see [2.9.2]). 

31 

Fig. 2.9.1  Arrangement of the forward drift chamber A 
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Details of the mechanical construction and the dimensions of chambers B and C 

are shown in fig. 2.9.2. All wires are soldered to printed boards glued to 5 mm thick 

Stesalite frames of half circular shape which also serve as spacers between adjacent 

planes. 0-rings guarantee the gas tightness of the system. The mechanical rigidity 

of the Stesalite frames is provided by 3 additional Stesalite plates of 3 and 1 mm 

thickness. Chamber B is flanged to the liquid RICH tank, chamber C to the support 

frame of the forward electromagnetic calorimeter. 

The wiring of the sense wires will be done with the help of special positioning 

pins bored into the frames with a tolerance of less than 30 pm [2.9.3]. The wire 

position will be measured with an optical measuring table. During construction and 

mounting specially designed mounting frames will be used. It is foreseen to use 

existing drift chamber electronics, e.g. a system used already in the EHS-experiments 

for chamber A [2.9.4] and the LeCroy system 4290 for chambers B and C. 

We are considering an increase in outer diameter for chamber B to improve the 

trigger and momentum measurement performance around 40° dip angle. 

2.9.2 Performance 

All chambers will measure the impact point for charged particles with an 

accuracy of no = Ay = 150 um. Small drift lengths have been chosen because the 

chamber plane is perpendicular to the magnetic field direction. 

Chamber A will perform drift time measurements in the limited streamer mode 

(which has seen to be feasible working with a source and in an SC-testbeam). For the 

cathode strip read-out not only charge, but also drift time will be measured to 

correlate wire and strip information. 

The sense wire electronics foreseen for chambers B and C can accept only one 

hit per wire per event. We have investigated the inefficiency of the chambers due to 

this effect, using the Lund generator for jets [2.9.5] and obtain an inefficiency per 

plane of about 3%. In view of the large number of sense wire planes, such an 

inefficiency should be tolerable. 
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2.9.3 Prototype work  

Prototype work for chamber A on small scale test modules has shown that a 

chamber with square tubes of 10 mm side lengths has the expected drift time 

behaviour in the limited streamer mode. Further prototype work with the projected 

side length of 14 mm and different gas mixtures will be done in July 1983 at the SC. 

The cathode strip read-out system should be tested with a source at the end of 1983, 

and in a test beam in 1984. 

Successful tests have also been performed with small chambers with the wire 

geometry of chambers B and C, including a test of a chamber with 4 m long wires. A 

study of the behaviour of a small scale chamber in a high magnetic field is in 

preparation. 

2.9.4 Cost and sharing of responsibilities 

The "Institut fur Hochenergiephysik der AAA-Wien" will take the full 

responsibility and costs of chamber A; chambers B and C will be financed by the 

"Fachbereich Physik der Universitat-GHS-Wuppertal". 

only 6 planes of chambers B and C with electronics. 

It is planned to equip initially 

In 1983 prices we assume the following costs: 

dmb Chamber A  

Measuring table and optical system 

Detector (tools for extrusion, material, printed 
printed circuits and connectors) 

Sense wire electronics (64 * 64 = 1536 channels) 

Preamplifiers for 2048 channels 

Cathode strip read-out for 64 * 8 = 512 strips 

Calibration and test electronics 

Per system 

Chambers B and C  

Measuring table and optical control system 

Chamber frames, support plates 
Printed circuits, pins, connectors, etc. 

Mounting frames 

Sense wire electronics (4100 channels) 

Preamplifiers, cables (6800 channels) 
Gas systems 
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2.9.5 Construction schedule  

It is intended to purchase all necessary measuring tables, optical systems and 

special tools for positioning, soldering and checking the wires during 1983. At the 

end of 1983 all technical details will be finalized and a full scale prototype test 

module of chambers A and C, i.e. one half of each chamber, should be ready in the 

second half of 1984. After testing, the production of chambers A and C can start in 

parallel. The production of chamber B will start after finishing chamber C. The 

chambers A and C will be ready for installation at the beginning of 1987, chamber B 

a little later. 

The development and test of electronics will start in the beginning of 1984. 

The sense wire electronics for chamber A can be produced during 1984, the cathode 

strip read out system will be produced subsequently starting in 1985. The electronics 

for chambers B and C will be purchased from middle of 1985 on. 
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2.10 FORWARD LIQUID RICH COUNTERS 

2.10.1 Description  

The two end cap liquid RICH counters respond to particles in the angular range 

15°-41°. Each counter is constructed as two half-caps. A half-cap consists of a 

radiator plane which is divided into seven semi-circular sections, followed by a 

detection plane of octagonal outline in which photon conversion and drift and 

detection of the photo-electrons take place. The front and rear outer surfaces of the 

assembly are flat. The total depth is 28 cm, the inner radius is 42.5 cm and the outer 

radial extension varies from 154 cm at the radiator to 170 cm at the detection 

plane. Figs 2.10.1, 2.10.2 show front views of the radiator and detection planes and a 

longitudinal not. 

RADIATOR PLANE  Ego 

ISISa 
• 

as 
D) 	 b) 

Fig. 2.10.1 Forward liquid RICH counters. Longitudinal cross section (a) showing 
the radiator and detection volumes and transverse cross section• (b) 
displaying the radiator plane 
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The radiator liquid is Cs  F„ (FC72) at room temperature. The 7 annular 

containers are tilted such that at the central lines the normal to the surface points to 

the interaction region. The radiator thickness is 1.5 cm. The exit windows are made 

of 5 mm thick UT-grade fused quartz; in order to match thermal expansion 

coefficients, the other walls of the containers consist of natural quartz or carbon 

fibre. The annuli are supported by a system of spokes and half-rings in the flat 

backing plate. The average thickness parallel to the beam axis amounts to 0.24 Ho . 

Measured along the beam axis, the distance between radiator exit window and 

detection plane varies between 10 and 16 cm. The detection plane of a half-cap is 

divided into 5 parallel segments. Each segment consists of a 4 cm deep 

photoconversion and drift region with a 5 mm thick quartz entrance well, terminated 

by a row of MWPC modules. The drift gap of the first segment (nearest to the beam 

pipe) is 36 cm, of the other segments it is 30 cm (fig. 2.10.2). The drift direction 

across consecutive segments is alternatingly up or down. The gas mixture - 

methane/isobutane (80/20) plus TMAE photoconverter 	will be maintained at a 

temperature of 4. 35°C and the material in contact with the gas at a temperature 

somewhat higher. 

Fig. 2.10.2  Forward liquid RICH counter. Transverse cross-section displaying the 
detector arrangement 
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Photo-electron losses due to the Lorentz force are small and nearly independent 

of its precise value and of reversal of the magnetic field along the length of a 

segment there are no internal walls, and at the extremes of the third and fifth 

segments (where drift occurs to the shorter side of the segment) the drift field is 

rotated to point to extra MWPC modules fitted along the octagon boundary. For good 

drift efficiency for photo-electrons created close behind the quartz window, the drift 

direction points slightly away from the window. This also provides a safety margin 

against a Lorentz force component perpendicular to the detection plane from a 

residual radial magnetic field. 

Photo-electrons are detected by MWPC modules with anode wires of 6 cm 

length at 5 mm pitch separated by 'cloisons' . The wire direction is across the depth 

of the drift volume. The wires are backed by 8 cathode strips. Drift time, wire 

address and strip information thus determine the point of origin of a photo-electron 

in three dimensions. Adjacent MWPC's of consecutive drift segments are housed in 

the same module, with one common read-out channel per pair of opposite sense wires 

(the separately read strip cathodes decide which one of the two wires was hit). The 

layout of a detection module is given in fig. 2.10.3. The number of drift-timing 

Fig. 2.10.3 Layout of a detector module 
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channels per full end cap is 3300. Without multiplexing the number of strip channels 

is 550 per end cap. Preamplifier/driver electronics and cable trays find place in the 

structure of support frames and bars at the back-side of the whole assembly. Cables 

and tubing are brought out radially through the sides of the back structure; the back 

surface proper is entirely flat. The cathode strips are read by 7-bit flash ADC's at 

20 MHz clock rate. Drift times are recorded with a shift-register TDC system of 

9-bit range at 40 MHz clock rate. Proper correlation of strip and drift coordinates is 

ensured by timed-bucket correspondence of FADC and CDC. 

2.10.2 Performance 

The dead areas in the radiator assembly are such that in about 7% of the 

nominally subtended solid angle (0.106 x 4/ per end-cap) particles with weakly bent 

trajectories do not pass through the radiator liquid. The image of the Cherenkov 

cone on the detection plane is an ellipse for particle angles below 37.3* and a 

hyperbola for larger angles. For images that fall entirely within the boundaries of 

the detection plane, about 28-29 photo-electrons are expected at 13 = 1 on the basis 

of the TMAE quantum efficiency and absorption and reflection losses. However, an 

average of 6.4% of the photons reaches the detection plane at inactive areas, and of 

the produced photo-electrons about 5% do not reach an MWPC module. A maximum 

of 25-26 photons per image is thus expected. 

Photon loss due to (a) extension of the Cherenkov image beyond the boundaries 

of the detection plane and (b) interception by the edge of the neighbouring radiator 

annulus is never more than 50%. It is envisaged to rescue most of these photons with 

mirrors on the radiator side-supports and on the walls of the intermediate space 

between radiator and detection plane. 

The precision of the velocity measurement varies with the radial position of the 

particle track within a radiator annulus but is about the same at equivalent positions 

on different annuli. Fig. 2.10.4  shows the r.m.s. error in velocity B versus particle 

angle if (a) no mirrors are used or (b) if 2 out of 3 photons that are lost in case (a) are 

recuperated by mirrors and can be used in the image reconstruction with the same 

weight as direct photons. The separation between pine-Pan and kaon-proton pairs at 

given momenta is shown in fig. 2.10.5  for the case without mirrors. The separation is 

expressed in units of the average r.m.s. error in B for particle angles between 15° and 

41°. In case (b) the average separation is about a factor 1.2 better. At low momenta 

the RICH detector acts as a threshold counter. Pions and Panes have a 90% 

probability of producing at least three detected photons at p = 0.2-0.25 and 

p = 0.7-0.9 GeV/c, respectively. 
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2.10.3 Prototype work  

Confirmation of the physical principles will come from the small prototype 

barrel RICH that will be tested from summer 1983 onwards. For studying problems 

specific to the end-cap liquid RICH, a test chamber is nearly completed and a small 

prototype will become operational towards the end of 1983. If financed, a full scale 

prototype of a half-cap could be ready by the end of 1984. 

2.10.4 Cost and sharing of responsibilities  

Table 2.10.1 gives the cost breakdown of an end-cap. The total cost of the 

system (2000 KSF) is obtained by adding to 2 x 900 KSF the cost of the prototype 

and of the spare electronics and quartz (200 KSF). 

TABLE 2.10.1 Cost of one end-cap of the forward liquid RICH 

_ 
Cost 

, 
Subtotal Item 

Mechanics 280 
50 
50 
50 430 

14 
Natural 

rn2  of 
quartz 
quartz (including manipulation) 

Other materials 
Heating system and FC72 

Electronics 3300 
550 strips 

wires 
(at 
(at 

150 
100 

SF) 
Pb) 330 

90 
50 470 HP supplies 

TOTAL 900 

In the present financial situation of the DELPHI Collaboration, the NIKHEF 

group, which is responsible for the construction of the forward liquid RICH counters, 

has been asked to concentrate on the construction of the barrel RICH counter. The 

capital investment left over is sufficient to complete the prototype described in 

sect. 2.10.3 and prepare for the construction, which will start as soon as new capital 

money will be available either within the Collaboration or from new Collaborators. 
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2.11 FORWARD GAS RICH COUNTERS  

2.11.1 Description  

The gas RICH counters in the end cap regions of DELPHI cover the polar 

angular region of 12°-38.5°. Each of the two end-caps is made up of an array of 44 

RICH Cupolas arranged in three concentric annuli (fig. 2.11.1). A Cupola consists of 

a spherical mirror, a UV photon position detector and the radiator gas filling the 

3olume in between. A full gas RICH end cap counter has the shape of a wheel of 

392 cm outer diameter, 85 cm inner diameter and 66 cm width and is divided into 

two separate, semi-circular detector vessels. In such a vessel the 22 photon position 

detectors are mounted on the well nearest to the e0-  e collision centre, each facing a 

spherical mirror mounted on the opposite well. The detector vessels are filled with 

the radiator gas C5F22  (FC87) at 40°C (approx.) and atmospheric pressure. 

The basic principles of the UV photon position detectors are the same as for the 

ether RICH photon detectors in DELPHI. The mechanical design, based on the work 

of the EP Technical Assistance Group at CERN, is shown in fig. 2.11.2. The MWPC 

has an active surface of Pb x 4 cm2  and a wire pitch of 1.5 mm i.e. 270 anode wires 

(not all of these use an independent electronics read-out channel). The quartz 

window of the photon-to-electron conversion and drift box is 15 cm long in the 

direction of the electric drift field (in each cupola this field is oriented so that it 

points towards the solenoid axis), about 41 cm wide in the end near to the MWPC and 

about 33 cm in the opposite end. This design of the sensitive area of the photon 

detector takes into account the fact that low energy, radiating particles (in 

particular electrons) have their trajectory significantly bent in the magnetic field and 

therefore have their image-field displaced in azimuthal direction with regard to the 

solenoid axis. Furthermore, the Lorentz force causes the photo-electrons to drift at 

an angle to the electric field, also requiring a widening of the drift volume in the 

azimuthal direction. 

The spherical mirrors all have a focal length of 48 cm and are made of 3 mm 

thick slumped and polished glass. After polishing, the mirrors are not to the shapes 

required (see fig. 2.11.1) and the reflecting surface is obtained by vacuum-deposition 

of a layer of aluminium covered by MgF2. 
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Forward gas RICH counter. The front view (left) shows the photon detectors (above), the mirrors 
and the support-bar structure (below). The side view (right) displays the three annuli with 
mirrors, photon detectors (detection plane indicated as straight line) and the radiator gas volume. 
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Fig. 2.11.2  Gas RICH photon detector. Front view (left) and side view (right) 

to the left), the MWPC (at the top) and the flange for attachment to the 
showing the photon-to-electron conversion and drift box (quartz window 

detector vessel. 

The vessel in which the photon detectors and the mirrors are mounted provides 

the mechanical support for these elements, the containment of the radiator per and 

the thermal insulation of the radiator and the photon detector. The basic structure 

of the semi-circular vessel is a skeleton of aluminium bars supporting the walls which 

are made of 2 mm aluminium sheets welded together. There is one large flange ioint 

running around the periphery of each semicircular vessel. Thus the front-face well, 

which holds the 22 flanges for the photon detectors can be demounted, allowing 

direct access to the mirrors. The heating of the radiator and the photon-detectors is 

provided by resistive printed-circuits mounted on the aluminium walls. The vessel is 

covered with a layer of insulating material, the outside of which is air-cooled. 

Each anode wire has a preamplifier mounted on an integrated circuit socket 

plugged into the backside of the MWPC (8 preamplifiers per socket). The 270 

preamplifiers of a photon detector are connected through twisted pair cables to 

135 read-out electronics channels mounted in crates in the electronics hut. One 

read-out channel consists of an amplifier, a discriminator and a time digitizer 

)MFR-•type, 8 bits, time bin 16 ns). There are 135 readout channels per photon 

detector. Since the occupancy of the 270 signal wires is quite low (only particles 

with him > 17 radiate), the reduction through multiplexing of 270 signal wires to 

135 readout channels does not deteriorate the RICH detector performance in a 

significant way. 
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2.11.2 Performance  

The Cherenkov angular resolution of the cupola RICH counters has been 

evaluated using a Monte-Carlo program which simulates the emission, reflection and 

absorbtion of UV photons and includes the drift and detection of the photoelectrons in 

the detector. The Cherenkov angle e 
ph 

 for each photon is obtained in an iterative 

way by reconstruction of the photon trajectory which starts from the midpoint of the 

particle track in the radiator and then hits the photon detector in the recorded 

position after being reflected in the mirror. The Cherenliov angle for a particle 8 is 

then obtained as the mean value of e 
Ph 

from all the detected photons. For a particle 

far above threshold Co = I) the number of detected photons is about 13 and the 

Cherenkov angle is about 59 mrad. In table 2.11.1 are listed the contributions to the 

standard error in the single-photon Cherenkov angle as obtained from a Monte-Carlo 

study of the various error sources separately. The error obtained from the 

Monte-Carlo programme with all listed sources contributing together is also given. 

TABLE 2.11.1 Contributions to the error in the detected Cherenkov angle 
S ph for a single photon 

Chromatic (n = 1.001757 + 0.000047 . 	7 eV)) 
	

0.47 mrad 

Geometric (average over all impact parameters) 
	

0.35 mrad 

Binning (ex = 1.5 mm, Ay = 0.9 mm) 
	

0.74 mrad 

Diffusion (Ax = 0.18 mm . ix(cm), average over a) 
	

0.90 mrad 

Conversion depth (mean free path r = 5 mm) 
	

0.61 mrad  

All effects acting together 
	

1.36 mrad 

• 

The average Cherenkov angle error for a particle (B = 1) is plotted as a function 

of momentum for the three different annuli in fig. 2.11.3 (full lines). In this case the 

smearing of the ring image due to the bending of the particle track in the solenoidal 

magnetic field has also been taken into account. At high energies this effect is 

small, but below 10 GeV it becomes sizeable, influencing the upper limit for eh 

separation. In fig. 2.113 is also plotted the difference in Cherenkov angle, divided 

by 4.2, between the different particles (dashed lines). The cross-over points of these 

curves with the Cherenkov-angular-error curves indicate the upper momentum limits 

at which two particles can be separated at a level of 4.2 standard deviations. 
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Fig. 2.11.3 The full curves show the Cherenkov angular standard error for a 8 = 1 
particle (left scale) as function of particle momentum for Forward Gas 
Cupolas in the three annuli (inner, mid, outer). The variation in 
influence from the magnetic field is seen. The dashed curves show the 
difference in Cherenkov angle (right scale) as function of momentum 
between K s and p's (K/U, between Iris and K's (u/K( and between e's and 

(e/i). Momenta at which curves of the two types cross over are upper 
limits for particle separation at a level of 4.2 standard deviations. 
Thresholds for 	K's and g's are indicated with vertical, dashed lines. 

2.113 Prototype work 

The prototype work for the gas RICH counters is in a comparatively advanced 

state. First rings with a 10 x 10 cm' active surface counter were detected more 

than two years ago [2.11.1-2.11.3]. On the basis of the results obtained in the most 

recent beam tests performed in November-December 1322 (for an account see 
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ref. [2.11.4]) a fourth improved version (Mark IV, see fig. 2.11.4) is now being 

prepared by the EP Technical Assistance Group at CERT. This photon detector will 

be tested in a full-scale cupola counter using a Pb x 60 cm2  mirror of 60 cm focal 

length. The mirror to be used has been polished, and a first aluminium deposition has 

been made to allow optical tests of the spherical uniformity yielding fully 

satisfactory results (measured focal length 600 a 1 mm). The overall detector vessel 

for this single cupola has been designed by GWI, Uppsala and the MSC drawing office 

at CERN and the fabrication of the vessel will be completed in June. The 

preamplifiers and the amplifying-discriminating circuits to be used for these tests are 

presently being produced at CERN and will be ready in July. Existing DTR units will 

be used for the time digitization. Systematic tests will be carried out at the PS from 

July to December 1983. The behaviour of the photon detector in a strong magnetic 

field will also be tested during this period. In January 1984 the tested RICH cupola 

will be installed in the UA2 detector at the 5p-collider to be used for actual physics 

measurements, seeking to determine the Or ratio in the pT  range 1-5 GeV/c at 

collider energies. This use of the counter in a physics experiment will constitute the 

ultimate test of the RICH endcap cupola design for DELPHI before the start of series 

production of components in the summer of 1984. 

Fig. 2.11.4 The MARK IT prototype of the gas end-cap RICH photon detector 
showing the drift box and the MWPC separated 
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2.11.4 Cost and sharing of responsibilities  

The cost estimate for the different parts of the detector equipment (including 

wares) are given in table 2.11.2. 

TABLE 2.11.2 	Cost estimate and sharing of responsibilities for the different 
detector parts 

Cost Responsibility Items 

(a) 

I,b) 
(c) 

Four 

100 
100 

drift 
MWPC's 

detector 

boxes 
1  

vessels 

100 
detectors 

photon 

0.2 

0.4 
0.2 
0.2 

0.1 
0.2 

0.35 
0.65 

MSF 

MSF 
MSF 
MSF 

MSF 
MSF 

MSF 
MSF 

1 

1  
I 

1  
I  

Uppsala 

Cracow 
and 

in 

Wuppertal 

Copenhagen, 

collaboration 

Participating 
collaboration 

Uppsala in 

labs 

(d) 100 mirrors spherical 

(e) HV, gas and heating systems 

(g)  

(0 

(h)  

26000 

Cables 
13000 readout 

preamplifiers 

channels (MTD-type) 

TOTAL 2.30 MSF 

In making the cost estimate it has been assumed that some of the elementary 

detector parts of items (a), (b) and (c) will be produced in industry, but that all of the 

assembly will take place "in house". The raw material for these parts is not 

expensive, except for the drift boxes where about 0.2 MSF will be needed for the 

quartz plates. The funds allocated will meet the cost of industrial production for 

elementary parts including labour. For item (d) special tools will be required. 

Items (e), (f), (g) and (h) are nested as if ordered in industry. Any additional effort 

which could be provided in the electronics w,orkshops of the collaborating labs would 

therefore lead to a saving. 

The design and construction of the prototypes for the photon position detector 

and the spherical mirrors have been realized by the EP Technical Assistance Group at 

CERN. The collaboration of this group for the continued elaboration of the final 

designs of these items is essential. Furthermore, the use of the mirror fabrication 

equipment of this group for the production of the spherical mirrors would be highly 

desirable. 

The laboratories which have taken committments to contribute to the 

production of the full-scale Endcap Gas RICH counters are the Niels Bohr Institute in 

Copenhagen, the Nuclear Physics Institute in Cracow, the Gustaf Werner Institute in 
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Uppsala and the Physics Department of the University of Wuppertal. The sharing of 

the responsibility between these laboratories for the various detector parts is 

indicated in table 2.11.2. In addition to the four labs listed, the University of Oslo 

has put workshop capacity at the disposal of the project without, so for, assuming a 

responsibility for a given part of the detector. 

2.11.5 Construction schedule 

It is important that the series production of the mechanical parts (b), (c) and (d) 

be launched as soon as possible in order to be ready for assembly in early 1987 and 

installation in the second half of that year. The detector vessels (a) should also be 

ready by that time. The installation of the readout electronics, in particular item (h), 

requires less coordination with the installation of other parts of the DELPHI detector 

and could therefore be made at a later time. The commercially available service 

units (e) and cables (g) can be bought when needed, counting six months for delivery. 

As discussed in sect. 2.11.3 it is planned to freeze the final design of the photon 

detector by summer 1984. Counting a maximum of 2 1/2 years for the production 

(five working days per unit .for each of items (b), (c) and (d), using parallel production 

lines) would allow assembly beginning of 1987. Starting the detector vessels (a) in 

summer 1984 would allow ample time for their production. 

In the present financial plans of DELPHI the responsible groups have sufficient 

manpower and capital money to start and complete the production of items (a), (b), 

(c), (d) and (e). 

The start of the production of the read-out electronics and of the other items 

will be determined by the schedule of the start-up of the LEP machine and by the 

availability of funds for the project. 
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2.12 FORWARD ELECTROMAGNETIC CALORIMETER  

The construction of the forward electromagnetic calorimeter is based on a 

development of the well-known shower counter technique which samples the showers 

developed in high Z materials with plastic scintillators. Such counters [2.12.1-2.12.3] 

are designed to operate in an intense magnetic field and the simplest read-out is done 

wish vacuum photodiodes. This is possible because the light output, even for 1 GeV 

showers, is much larger than the electronic noise allowing full benefit to be obtained 

from the good energy resolution of this technique. 

2.12.1 Description  

(a) Mechanical construction  

The end-cap electromagnetic calorimeters are two disks of radius R. = 245 cm 

placed at a distance of 284 cm from the interaction point. The disks have a central 

4hole of radius R. = 2.5 cm. 

The longitudinal depth of each disk is 56 cm, shared between the calorimeter 

components in the following way: 

Shower production and sampling material: 
	

44 cm 

- Photodiodes and electronics: 
	

7 cm 

- Mechanical support and cabling: 
	

5 cm 

The elementary cell of the calorimeter has a square cross section, whose size is 

chosen by optimizing the following requirements: 

(i) Small number of read-out elements to keep the cost of the read out system 

within reasonable limits. 

(ii) Lateral dimension of the cell smaller than the radial size of the showers, to 

measure the position of the shower centre of gravity by energy sharing among 

contiguous cells. 

(iii) Small probability per event of overlap in a single cell of a photon and a pion in a 

jet. 

The calorimeter materials we have considered have effective radiation lengths 

of about 2 cm and a Moliere radius close to 5 cm. The optimal cell for a pointing 

geometry turns out to be that given by a truncated pyramid with a front face 



-165- 

5.0 x 5.0 cm' and the back face 5.6 x 5.6 cm'. The total number of cells for the full 

calorimeter is close to 102  and the granularity of each cell is slightly less than 

1° x 1°. 

The calorimeter cell can be either a multi-layer sandwich of lead glass and 

plastic scintillator or a close space lattice of scintillating optical fibers, inclined at 

small angle with respect to the incident particles, where the space between the fibres 

is filled with lead. The two kinds of cells have similar electromagnetic features 

(radiation length, critical energy and Moliere radius) for almost equal light output. 

Two prototype cells realized according to the above techniques have been 

recently tested in an electron beam at DESY. The results are satisfactory for both 

prototypes (see sect. 2.12.3, but since the tests of the lead-glassiscintillator 

sandwich are more advanced, the cost estimate and the construction schedule have 

been based on this technique. 

The mechanical support to hold the elements of the end caps calorimeter, 

shown :in fig. 2.12.1  is designed to provide a pointing geometry with cells of equal 

dimensions. The last requirement is essential for economical mass production of the 

10' cells. The counters are packed into groups of one hundred in containers of square 

cross section, where possible. The containers can slide on horizontal rails mounted on 

the first plate of the calorimetrized iron return yoke. The boxes running on the some 

rail are linked together to allow easy extraction. The lateral walls of the boxes are 

made of stainless steel sheets 2 mm thick. Vertical sheets 1 mm thick inserted 

between each vertical row of counters give rigidity to the container. The counters 

themselves with the photodiodes and their hciusing are fixed to the vertical sheets, so 

that they can be inclined at the proper polar angle. 

The back plate of each box is bolted at the top and the bottom to allow its 

removal for counter installation. The vertical and horizontal walls of the container 

produce a 3.4% dead space. In order to minimize the effect of the dead regions on 

the energy resolution, the counters are mounted to point slightly upstream of the 

interaction point. In such a way the counter axis is always at a few degrees with 

respect to a photon trajectory. 
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Fig. 2.12.1  Support structure for the modules of the forward electromagnetic 
calorimeter; (a) transversal and (b) longitudinal cross section 

(b) Electronics 

The electrical signals of the photodiodes are amplified by a chip directly 

mounted on the photodiode. The small capacitance of this device and the use of a 

reasonably long integration time (2 psec) keep the electronic noise to a level 

equivalent to about 200 electrons [2.12.4]. This noise level is a small perturbation 

compared to the measured 7000 photoelectrons produced by 1 GeV shower. The 

processing of the photodiode signals to produce the trigger and the analog read out 

considered for the end-cap calorimeter is the same as the one studied for a liquid 

argon calorimeter [2.12.5] and the reader is referred to this note for details. 

m
a 

m 

The production of phototriodes at a reasonable cost seems to be likely 

according to discussions we are having with various producers. The gain of these 

devices would allow a simplification of the amplifiers and/or the use of a detector 

element which would give better energy resolution. 
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2.12.2 Performance  

(a) 	Single particle performance 

The counter thickness is 20 radiation lengths and the shower containment is 

larger than 95% up to electron energies of 20 GeV and larger than 90% up to 

40 GeV. The correction for energy leakage modifies the absolute value of the energy 

resolution by less than 1% at 20 GeV. 

The energy resolution and the linearity of a prototype counter made from layers 

of 5 mm lead glass (SF6) and 2 mm acrylic scintillator for a total of 17 X. has been 

measured up to 6 GeV in an electron test beam at DESY. The predicted energy 

resolution of 10 %HEGeV 
was experimentally confirmed, without deviations of the 

counter response from a linear behaviour [2.12.3]. 

The global energy resolution of a calorimeter with a large number of 

components is usually parametrized by the expression AE/E = a + 7E. Based on the 

experience with operating calorimeters and taking into account the intrinsic stability 

of the photodiodes, the expected value of 'a' for the end cap calorimeter is= 1%, due 

mainly to relative calibration errors and to the electronic noise. 

The proposed transverse dimensions of the end-cap shower counters matches 

those of the Intermediate Gamma Detector of the CERN spectrometer ENS, which is 

a matrix of more than 103  counters with similar Moliere radius and noise figures. 

The transverse position of the shower centre of gravity has been determined, in this 
8.2 

experiment with an error a = 	[2.12.6]. 
1-Ge V 

A system of individual optical fibers fed by a high power laser and connected to 

the front face of the cells will monitor the relative stability of the calorimeter cells. 

(b) 	Performance in jets 

The behaviour of the detector in the presence of complex events has been 

studied by investigating the possibility of identifying electrons from the decay of 

Peony flavours inside a jet. 

It has been shown [2.12.7] that the e.m. calorimeter has to provide a rejection 

factor of the order of 1:100 to achieve this goal. Separation of pions and electrons is 

obtained first of all by comparing the momentum, as measured by the forward 
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chambers A, B, C and, at large angles, by the TPC, to the energy measured in the 

e.m. calorimeter [2.12.8]. As shown in ref. [2.12.9], additional ir/e separation is 

obtained using the difference in the transverse dimensions between hadronic and 

electromagnetic showers. 

- We have used the 3 and 5 And pion data of ref. [2.12.10-2.12.12] to compute 

the rejection factors with our counters, at different polar angles in the range covered 

by the end-cap calorimeter. The results are shown in table 2.12.1 where the last 

column is obtained by taking into account both the p-E comparison and the 

information on the transverse dimensions of the shower. We recall that a further 

factor larger than 102  is given for p < 8 GeV/c by the forward gas RICH counters 

(chapter 2.11). 

TABLE 2.12.1  Pion rejection factor at p = 5 GeV/c 

e alVID 

Rejection factor 

p-E comparison Total 

130  0.15 1:20 1:80 

20° 0.07 1:40 1:100 

370  0.01 1:80 1:120 

The above results have been confirmed by an independent Monte-Carlo study. 

The probability that a charged pion and a photon hit the some counter and fake 

an electron has been evaluated with a Monte-Carlo jet study [2.12.13]. The results 

are shown in fig. 2.12.2.  With a surface granularity of % 15 mrad, a pion and a 

photon overlap in less than 5% of the events. The fraction of events with a faked 

electron is reduced to less than 10-3  after the comparison between measured 

momentum and the energy released in the electromagnetic calorimeter. 
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Fig. 2.12.2 Probability for overlap of i's with charged tracks 

For reconstruction of e 's the relevant parameters are: the energy resolution, 

the position resolution, and the two-shower separation, which can be smaller than the 

counter size. In ref. [2.12.6], with lead glass blocks of 5 x 5 cm2 , a two shower 

separation of 25 mm at 95% CL has been obtained for showers of equal energy. By 

Monte-Carlo we have computed the ratio of signal to background for tins of variable 

energy. The results are shown in table 2.12.2 together with the resolution obtained 

on thee mass. The reconstruction efficiency is > 30% in the energy range 5-10 GeV. 

TABLE 2.12.2 Ratio signal/background for 'C's 

pro  (GeV/c) 1-3 3-5 5-10 10-20 

S/B H 0.5 1.0 1.4 13 

(MeV) 12 14 15 1%, 	22 cr(m) 
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2.12.3 Prototype work 

Several tests with electron beams at CERN and DEPT have been carried out on 

prototypes of shower counters built both with sandwiches of lead glass and plastic 

scintillators and with scintillating fibers embedded in lead. 

Co important result of the tests is the optimization of the wavelength of the 

light emitted by the scintillator for the best optical transmission through the lead 

glass. In the last test done at REST, using scintillators emitting in the green, the 

energy resolution was found to be 11%/./E, while previously a similar sandwich with 

NE102 gave 13%// E. The results of the last test with this counter are shown in 

fig. 2.12.3. 

A prototype shower counter with scintillating fibers embedded in lead (Wood's 

alloy) has been built at Saclay and tested at DESY [2.12.3]. The main aim of this test 

was to measure the light output from the scintillating fibers. The result obtained, 

1500 photoelectrons for a 1 GeV shower, is very encouraging considering that (a) the 

fiber to lead volume ratio of this prototype is a factor 2 smaller than that of the final 

counter and that (b) the scintillator doping of the fibers can be increased by a factor 

2 without light losses. Saclay has started construction of a new fiber shower counter 

with an expected yield of 6000 photoelectrons per GeV. 

The next step of the prototype work foresees the construction and the test of 

two counter matrices, each with 9 elements, built with both techniques in order to 

finalize the technical choice and to decide on the final sampling and geometrical 

parameters. This prototype work will occupy 1983 and part of 1984. 

Prototypes of vacuum photodiodes of special design produced by EMI for our 

shower counter specifications have been tested to measure the efficiency in magnetic 

fields. The results (fig. 2.12.4) show that the output signal varies by less than 15% in 

the angular range covered by the end-caps. This result is independent of the 

magnetic field in the range 0.2-1.2 Tesla. 

2.12.4 Cost and sharing of responsibilities  

Since the scheme for mass production of the counters is not yet finalized and a 

firm cost of the photodiodes is not yet available from industry (EMI, HAMAMATSU, 

PHILIPS), the cost can only be estimated to about 20%. 
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TABLE 2.12.1 Cost estimate of the main components of the end-cap calorimeters 

Unit cost Quantity 
Total 

(MSF) 
cost 

Lead 

Glue 
Tools 

Monitor 

Scintillator 
Photodiodes 
Electronics 

Mechanical 

glass 

for production 

Pb 

Pb 

200 
1.3 

F/kg 

102  
F/ch 

Pim&  
F 

4.6 

10" 
10" 

1700 
10" kg 
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5.2 

The institutions engaged in the construction of the end-cap calorimeters are the 

INFN Institutes of Padova and Torino and the Spanish Universities of Valencia and 

Santander. The financial contributions of these institutes integrated over the next 

5 years sum up to about 4 MSF. The available funding is thus smaller than the total 

cost for the construction of the end-cap calorimeters by more than the uncertitude in 

the cost itself. Complete funding can be secured if one or more new groups will join 

in the construction. Otherwise, the electronics will be staged over a period longer 

than 5 years. 

2.12.5 Construction schedule 

The work for the construction of the end-cap calorimeters foresees four major 

and independent steps: 
• 

(a) Production of the lead glass and scintillator slabs. 

(b) Assembly and calibration of the 10" counters. 

(c) Coupling of the photodiodes and electronics to each counter. 

(d) Construction of the mechanical support and installation of the counters in the 

mechanical boxes. 

The first two operations are the more labour intensive and time consuming ones 

and will dictate the time schedule of the construction. Production of the basic 

material for the counters will be done in industry and the work required from 

physicists at this stage will be the control of the quality of the materials and of the 

production schedule. 
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The assembly of the 104  counters will be carried out in the laboratories of the 

participating institutes and will be executed in a semi-automatic may. The 

construction time for one counter is estimated to be 4-5 h, corresponding to a total 

workload of Pb manyears for the 104  counters. To match the two year time 

scheduled for the assembly, the manpower required is 12 technicians working in 

parallel in 3-4 crews. 

The counters need to be calibrated in an electron beam. The calibration will be 

carried out toward the end of production and will take only a few months, using a 

computer controlled platform. 

The photodiodes produced by well known factories (like EMI or Philips) are 

professionally quality controlled at production. Only a sampling test is considered 

necessary following delivery. The work to couple the photodiode to the counter and 

to install the electronics up to the signal output from the preamplifier is estimated to 

require 1-2 h per counter. 
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2.13 HADRON CALORIMETER  

A hadronic calorimeter is necessary for the detection of neutral hadronic 

particles. It permits the measurement of the total hadronic energy and leads to a 

correct definition of the variables for jet analysis such as thrust, sphericity and 

spherocity. Hadron calorimetry also allows the direct measurement of exclusive 

neutral hadron production. This is already of the order of 5% at PETRA energies and 

might become more sizeable at TEN. Finally the hadron calorimeter will allow the 

possibility of selecting events in which a large fraction of energy or transverse 

momentum is missing. 

(a) 

2.13.1 

Mechanical 

Description 

construction 

The hadronic covers the full solid angle 10° < s < 1700  (see calorimeter almost 

figs 1.2.1 and 1.2 2) It consists of two parts: 

(i) The 

thickness 

barrel 

of 100 iron. 

which covers 	the central region for 	a 	total calorimeter 

cm of 

(ii) The 

thickness 

end -caps 

of 80-100 

which cover 

iron. 

the forward and backward region for a total 

cm of 

The geometry is projective: the calorimeter is arranged in small towers pointing 

to the interaction region in order to be optimized for neutral detection and to give a 

good energy flow estimate. 

The iron return yoke is build up mostly of 5 cm thick plates interleaved with 

gaps of 1 7 cm where the detectors for hadron calorimetry are inserted. A muon 

tracking detector plane is inserted into an 8 cm gap. The barrel is subdivided into 

24 modules 7.60 m long covering an azimuthal angle of 15 degrees each (fig. 1.3.1). 

Each of the 24 modules has a trapezoidal shape with a small dead space between two 

adjacent modules. A particle traversing the barrel calorimeter sees a minimum of 

110 cm of iron corresponding to 6 absorption lengths. 

The two end-caps are shown in fig. 1.3.2. They are made of 15 + 6, 5 cm thick, 

iron plates. The outer part (large end-cap) is made of petal-shaped sections, 4.0 in 

high, matching the barrel module in front of it. The inner part gives additional 

information in the polar region from 13 to 30 degrees. 
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The detector elements are multicell wire chambers, working in the limited 

streamer mode. The wires are contained in tubes of resistive plastic with 1 cm2  cross 

section (type NUSEX, the Mont-Blanc experiment) but with a cathode resistivity of 

several MU/square, for ease of read-out. A detector plane is covered by a read-out 

board which is subdivided into pads where the induced charges are picked up and 

transmitted to connectors located at the end of each module. Ribbon cables, housed 

in the general cable ducts, transfer the signals from the end of the module to the 

electronics located on the outer periphery of the magnet. 

3,6° 

Barrel  Ssrfsr End Cap Sector 

Fig. 2.13.1 Hadron calorimeter. Layout of read-out pads and grouping into 
projective towers 

The division of the read-out boards into pads is such that corresponding pads of 

different planes point to the interaction centre (see fig 2.13.1). An optimized pad 

size of se = 2.8° and so = = 3.6° (polar coord.) resulted from a compromise between 

experimental requirements, ease of grouping and connecting, and financial 

limitations. Corresponding pads of sequential planes are connected together in 

towers. Almost everywhere there are four towers in depth, pointing to the beam 
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crossing point. In general 16 towers adjacent in one plane (named super-towers) are 

read-out by one analog card. Different trigger signals are derived from each 

super-tower. Super-towers are grouped into hyper-towers. A hyper-tower is the 

assembly of all the super-towers along the same angular direction. One half of a 

barrel sector (15°) contains 232 towers (15 super-towers, 4 hyper-towers) and an 

end-cap sector of the same angular width contains 176 towers (13 super-towers, 4 

hyper-towers). The total number of towers, super-towers and hyper-towers are 

19584, 1344 and 384, respectively. 

(b) 	Electronics 

A scheme of the electronics for the hadron calorimeter is shown in fig. 2.13.2. 

The charge of a tower is converted into a voltage signal with a sufficient accuracy 

after about 1 n5 with the help of the amplifier Ai  (see fig. 2.13.2(a)). A storage 
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Fig. 2.13.2 Electronics scheme for hadronic calorimeter; (a) analog chain and (b) 
card controlled with digitizer 
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capacitor C. is charged up to that voltage after about 2 pS, and on request of the first 

level trigger the switch Si  is opened, i.e. the voltage is held. This signal is 

multiplexed into an analog charge line. The 16 amplifiers of a super-tower are 

assembled on one analog card. The outputs of the 16 Ai  s are added together and fed 

over the analog trigger line to the trigger card. Furthermore by closing Sr a test 

charge may be applied to each amplifier for calibration purposes. The second level 

trigger starts the sequential read-out of the Ci's (up to 256) onto the analog line, 

common to a read-out block. 

Each read-out block contains a Card Controller (see fig. 2.13.2(b)) on which the 

analog charge signals of each tower are converted into 8-bit digital signals and stored 

together with their corresponding 8-bit wide addresses. Only the content of towers 

surpassing a presettable writing level are digitized. 

Muon and hadron trigger signals from each super-tower are synthesized on a 

trigger card (fig.  2.13.3).  The first level triggers and all analog hadron trigger signals 

are added up, digitized and used in the second level trigger. 
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Fig. 2.13.3  Trigger card for the hadron calorimeter 
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Each read-out block is connected to the Memory Buffer by 20 twisted pair 

cables and to the Trigger Logic by 22 twisted pair cables, housed in the 

Control-Room [2.13.1]. 

(c) 	Trigger  

It is possible to derive very valuable triggers from the hadron calorimeter. 

(0 At the first level it is possible to detect any activity in the iron, either 

from charged particles (which can be correlated at a higher level with the 

signals of the inner detector, the TPC and the RICH) or from neutral 

hadrons (which cannot be correlated with any other detector). 

(ii) Still at the first level, it is also possible to get a good trigger for isolated 

muons using the signals coming from a hyper-tower. 

(iii) At the second level it is possible, after digitization, to get signals which 

can select events with for example, missing momentum, or opposite jets, 

or 3 or more jets, or clusters of high energy hadrons. 

(iv) At the third level it is possible to make very sophisticated correlations 

with all the other inner detectors. 

2.13.2 Performance  

A Monte-Carlo simulation was made to study the performance of the proposed 

barrel hadron calorimeter. The result of this calculation for positive pions in the 

energy range from 2 to 20 GeV is shown in table 2.13.1. We should mention that it 

was assumed that the first interaction takes place inside the hadron calorimeter and 

that the pion interaction length above 2 GeV is about 20 cm. The Monte Carlo 

simulation was performed with the assumption that 19 gaps, sandwiched with 5.0 cm 

o f iron, are equipped and that the incoming pions are perpendicular to the entrance 

face. 

The effect of the presence of the electromagnetic calorimeter is under study. It 

is not possible to neglect the energy deposited in the lead when the first interaction 

of the hadron takes place in the e.m. calorimeter. In this case the energy carried by 

the neutral pions of the first generation would immediately be degraded and to have a 

correct definition of the primary hadron energy this contribution has to be taken into 

account. 
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TABLE 2.13.1 The performance of the barrel hadron calorimeter 

Energy (GeV) 

2 5 10 20 

of 
Average number 

10 23 58 110 
streamers 

Average 
deposition 

energy 
(keV) 

67 138 277 532 

(keV) 30 42 68 140 r.m.s. 

Resolution 
r.m.s./average 

= 
( %) 

45 Pb 26 
 

25 

The longitudinal energy leakage was also studied for primary pions in the energy 

range from 2 to 20 GeV. It was found that while the energy leakage is almost 

negligible below 5 GeV, it becomes of the order of about 10 % in the region 

10-20 GeV. The average longitudinal position of the shower in units of Fe-slabs was 

found to be reasonably well described by the formula: 

Average depth (Fe-slabs) = 4.6 + 1.7 * In 
(E  GeV)  

2.13.3 Prototype work 

A 	set-up consisting of 20, 1 x 1 m2  5 Fe-plates, equipped with cm 	thick 

tube planes and read-out boards has been assembled. Tests have 19 streamer 

started. Furthermore, a read-out block (without trigger card) has been built and 

tested. Its characteristics are: • 

Offset 	: U 20 ± 5 mV 

Conversion : 15 pC + 37 mV + 

Linearity 	: a 
u 

= 1.4 mV 

Temp. stab. 	2 * 10''/°C 

1 <streamer> 

Reading time 

for 50 pads 	: 410 vs 

Power cons. 

per channel 	: 50 mW 

2.13.4 Cost and sharing of responsibilities  

Table 2.13.2 summarizes the cost of the various components. 
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TABLE 2.13.2 Cost of hadron calorimeter 

Cost in KSF Subtotal Item 

Mechanics Tools 
Streamer 
Read-out 

and test 
tubes 
boards 

250 
550 
700 1500 

equipment 

Electronics 20,000 towers 700 700 

2200 TOTAL 

The layout and fabrication of prototypes for the electronics have been carried 

out by CERN. In the present financing, the interested INFN groups (Rome-Sanita and 

Genoa) foresee to invest about 500 KSF of capital money. It is foreseen that the 

major responsibilities for the construction of the barrel and end-cap hadron 

calorimeters will be taken by the Serpukhov and Dubna groups respectively. At 

present, in these two laboratories the organization of the work is under careful 

examination with the aim of reaching an agreement on a detailed construction 

schedule by summer 1983. 



2.14 SMALL ANGLE TAGGER 

2.14.1 Description  

The Small Angle Tagger (SAT) is positioned as shown in fig. 2.14.1(a)) between 

233 cm and 293 cm from the beam crossing. It is built in 45° modules (fi_g. 2.15.1(5)) 

and consists of two detector parts: 

(A) A six layer proportional tube chamber system, and 

(B) an electromagnetic calorimeter, figs 2.14.1(a) and 2.14.2(a) 

The proportional chamber system (A) has an outer radius of 33 cm and a 

thickness of 10 cm, and is built up of 1 cm x 1 cm tubes as shown in fig. 2.14.1(c,d) 

mounted in double planes, the tubes in a double plane being oriented at 22.5° to the 

tubes in the next pair. The total number of tubes (2 SATs) is ru 1900. 

The calorimeter (B) has an outer radius of 31 cm and a total length of 50 cm. 

It consists of Pb radiation lengths (35 cm) of active material made of 1 mm 

scintillating fibers embedded in lead-bismuth alloy. The fibers are parallel to the 

SAT axis (fig. 2.14.2). Behind the calorimeter a space of 15 cm will be used for 

collection of fibers and for the photodiodes (triodes). 

2.14.2 Performance  

The estimated energy resolution of the calorimeter is below 10 %/I E, based on 

prototype tests using a somewhat different geometry (sect. 2.12.3). 

The tube chambers have a double purpose: 

(a) 	To measure the position of the electron and 

(b) 	to discriminate between photons and electrons. 

The precision in the radial position of the impact point is 1.5 mm leading to a 

resolution e s/s which matches the energy resolution of 10 %/IE. in the computation 

of the Q2  of the virtual photon. 

The SAT will provide a good measure of the luminosity, giving 70B5a55a events 

per minute for a luminosity of 6 * 10" cm 2 s-  [2.14.1]. 
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Details of the SAT calorimeter. (a) Longitudinal cross section 
indicating the read-out to the photo-diodes, (b) transverse cross section 
showing the arrangement of the scintillating fibers 

2.14.3 Prototype work 

Work on prototypes will be coordina.ted with similar work for the endcap 
calorimeter. Such work is under way and will continue during 1983 and 1984. A first 
block of fibers imbedded in lead has been made and tested (sect. 2.12.3). 
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2.14.4 Cost and sharing of responsibilities  

Table 2.14.1 gives the cost of the various parts of the SAT. 

TABLE 2.14.1 Cost of the small angle tagger 

Subtotal Item Cost in KSF 

Mechanics Fibers 150 

530 

Chambers 
Photodiodes 

+ gas 
(triodes) 

system 200 
80 

Other materials 100 

350 Electronics For 1900 tubes + for photodiodes 350 

Prototypes 120 120 

TOTAL 1000 

This cost will be covered by the Norwegian groups, who are responsible for the 

SAT construction. The work will be shared between Oslo and Bergen according to the 

manpower situation in the two institutes. 

2.14.5 Schedule of construction  

Construction of the SAT will start in 1984 and finish in 1987. The data 

acquisition logic will be installed and tested in 1987. 
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2.15 OVERALL MOMENTUM RESOLUTION  

The expected spatial resolution values of the track detectors are collected in 

table 2.15.1, together with the main sources of multiple scattering. 

TABLE 2.15.1 Spatial resolution of track detectors 

Component 
Position 

(X a) 

Thickness cr(rs) a(z) 
Information 

(mm) (mm) (mm) 

Vacuum r = 80 5 10' chamber mm 

Inner detector 120-274 24 drift wires 0.100 
well 300 .05 5 prop. wires 0.100 0.5 

T PC drift 354-1114 16 pad rows .250 1.0 
wall 1220 .16 

Barrel RICH 
1300 

1960 

.26 

.11 

Outer detector 1990-2050 .15 6 wire tubes .300 8.0 

.73 TOTAL 

Inner 

well 
detector 

z = 600 .10 

TPC end plate 1450 .45 

Forward Chb A 1600-1650 .02 6 (xuv) inf. .150 

Sip. RICH 
1730 

1990 

.14 

.10 

Forward Chb B 2020-2090 .03 8 (xuv) inf. .150 

Gas RICH 2120 .10 

Forward Chb C 2730-2800 .03 8 (xuv) inf. .150 

TOTAL .97 

The momentum resolution curves of fig. 2.15.1 were computed in the following 

way: we have accurately described the DELPHI track detectors generating tracks of 

given momenta and simulating multiple scattering effects and measurement errors. 

We fit the resulting points by a helix. The fitted momentum is then compared with 

the generated one, and for 155 such tracks we compute the mean and standard 
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deviation of the quantity (pfit  

is statistically non significant, 

resolution. 

fit. The mean, without misalignment errors, 
P gen)/ P 

and the standard deviation gives the momentum 

We have also tested the potential effect of systematic misalignments on 

momentum resolution. The main effect is not on momentum resolution but on a 

displacement of the mean leading to a systematic error on the momentum which is 

small and can be corrected [2.15.1]. 

Around 90°, the DELPHI momentum resolution can be summarized by the 

following formulae: 

p > 2 GeV/c: 	[(0.06 g  + (1.5)] 	W 

p < 2 GeV/c: 	C(.7 02  + (.5)]'/2  % 

In the present geometry, in a small angular region around 40°, the momentum 

resolution is worse than indicated by the dashed line. We are looking into various 

modifications to improve the situation. One simple solution considered is a forward 

chamber B of larger diameter. 

20 	  

10 

100 GeV/c 4"  

50 set/ca 

 

a_ 2 10 GeV/c 

5 GeV/c 

1 GeV/c- 1 

0.5 	  
20° 	. 40° 	600 	80° 

Fig. 2.15.1  Overall momentum resolution, including information from the inner 

detector, the TPC, the outer detector and the forward chambers 
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PART III: DATA ACQUISITION AND ANALYSIS 

3.1 TRIGGER AND DATA ACQUISITION/FILTER SYSTEM  

3.1.1 Design principle  

Not all components of DELPHI lead readily to first-level triggering, since 

detectors with more than a metre driftlength are not very suitable for delivering 

information quickly. However, sufficient information is available to provide a 

seriable first-level trigger (in sect. 3.1.2). 

The danger of ion feedback in the TPC may require the presence of a grid to be 

closed as soon as possible after the bunch crossing if no trigger is present. This 

implies that a fast trigger should be able to decide whether the event candidate is 

promising or not within a fraction of the total TPC drifttime, say 2.2 usec. 

Therefore DELPHI needs a first level trigger 2 usec after the bunch crossing. This 

trigger needs to encompass all topologies of a final trigger as the TPC information 

cannot be recuperated in case of a first level veto. 

We assume, based on existing experience [3.1.1,3.1.23 that all first level triggers 

of DELPHI (tracks + calorimeters etc.) will run at a rate not exceeding I kHz. 

This trigger will be completed by TPC and HPC information in a second level 

trigger, which should be ready at t = 35 usec so that not more than 1 bunch is lost in 

this stage of triggering. 

For the second level trigger one has to use processors, which are highly 

integrated in 	the detector electronics. of the sources 	of track An example 

information in this stage is the TPC 33.1.13. The second level trigger follows tracks 

over a long distance, so we expect a rate compatible to the rate measured in existing 

experiments [3.1.2]. This rate is a few Hz, but we take 20 Hz as a working hypothesis 

to allow for differences in machine conditions and energies. 

The second level trigger as defined here still falls in the category of 

conventional first level triggers: nothing gets moving before this signal comes. At 

20 Hz the average spacing of triggers is 50 msec, which implies that, for event losses 

to be kept below 1% at this stage, dead time should not exceed 500 rs. Thus we 

impose, that all detector systems digitize their data and free their inputs within 

355 usec after a second level trigger. 
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At this point digital readout and processing starts, but without additional 

buffering one still would lose 1% of the events for every 500 us processing time. This 

implies the use of a fronts-end event buffer to allow 10 to 20 msec for event transfer 

and evaluation without introducing excessive deadtime. Results derived from queuing 

theory show that one needs capacity for buffering 4 to 5 events. These buffers are 

located in the electronics of the various detector parts, thus the elements of an event 

are still scattered around DELPHI at this stage. 

3.1.2 First and second level triggers (t = +2 usec and t = +35 usec) 

Information available at t = +2 usec: 

(a) The track trigger 	The detectors involved are the inner detector, the outer 

detector, the forward chambers and the trigger counters [3.1.3-3.1.5]. Task: 

count number of tracks in an interval in (r,$) and (z) and correlate data from 

the four systems. Make allowance in (z) for bunch length and extra length for 

beam-gas measurement. Allow for absorption in e.m. calorimeter. 

(b) Mean trigger 	Minimum requirement: one track candidate from (a) plus 

candidates from muon chambers. (rot)) and (z) sectors should be harmonized as 

no recording can be done within 2 usec. 

(c) Electron trigger 	One track candidate plus v x GeV in e.m. calorimeter; 

two track candidates plus a 0.5 x GeV in e.m. calorimeter. 

(d) Gamma trigger Minimum energy deposition in e.m. calorimeter sector. 

(e) Per trigger a 1 track candidate plus a. y GeV in hadron calorimeter. 

The first level trigger has to contain at least all these subtriggers, so the 

detectors involved are: 

Inner detector, outer detector, forward chambers, e.m. calorimeter, trigger (TOP) 

scintillation counters, hadronic calorimeter, muon chambers. 

We give up one burst after the first level trigger to collect drift information 

from the APO, so the second level trigger has up to 35 usec available taking reset 

times into account. Part of these data will be used in special purpose trigger 

processors [3.1.6] to form refined track and energy triggers, giving reasonable 
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resolution in space. This information will be combined with first level trigger 

results. The operation of the first and second level triggers requires a central logic 

to decide on the validity of the various signals. 

3.13 Third level trigger and data acquisition procedure 

The timescale for this trigger is tuned to the read-out time of the TPC wires 

which need 10 to 15 msec [3.1 7,3.1.8]. During this time data from all detectors are 

acquired and processed in parallel to provide individual information for the third level 

trigger decision. The results from each detector are correlated by fast trigger 

processors which decide to reject and flush the event from the pipeline or pass it on. 

Typical computational tasks performed by each detector subsystem are refinements 

on the scheme given in sect. 3.1.2. Fig. 3.1.1 shows a schematic diagram of the 

architecture proposed for the data acquisition and filtering in third and still higher 

levels. 

The figure 3.1.1 shows schematically the data paths and major components, 

while fig. 3.1.2 indicates some modules necessary for the flow of data. The upper 

Paces indicated by "detector electronics" might contain the 5-fold first level buffers, 

Pot for some detectors with small data volumes these can be located in the 

Equipment Computer Crates (ECC) located below the detector data chains. The Dual 

Port Memory Modules (DM) shown will serve this purpose. These crates are attached 

to the Equipment Computers (EC) (see chapter 31) and they will serve as ports 

through which data from the detectors pass onto the EC during test phases or onto 

the main system as indicated in the figure during data taking. 

These crates also house the processors which prepare the data for the third 

level master, to which all are connected in parallel. The DAS procedure needs here 

coordination so as to control the status of the various detector buffers. 

The main data are read into a "multi-event buffer" which serves as the 

collecting station from which more sophisticated event analysis can be done in the 

emulators located in the computer house next to the data acquisition computer. The 

depth of the event buffer is determined analogously to the depth of the first level 

buffer. The result is also the same. the buffer should have a capacity to hold four to 

five events. 
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The arguments for incorporating emulators are twofold. Firstly, we would like 

to reduce false triggers still further; a 5 Hz rate from level 3 of the trigger could 
saturate conventional magnetic tape recording as a typical event size is 
"' 150 Kbyte. Secondly, we intend to flag event classes for calibration, monitoring 
and extraction of simple physics on-line. 

We will install an array of flexible processors ("' 3) which will be fed with data 

from the event buffer and will present their results to the data acquisition computer. 

At an input rate of "' 5 Hz a processing time of "' 0.5 s would be available. 
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Table 3.1.l gives an overview of the process timing, the estimated rates and 
dead times. 

TABLE 3.1.l - Process timing, rates and cumulated deadtime 

t (µsec) Freq. Deadtime 

- 0.2 TPC grid open 50 kHz 

0 ID: track count (r41) and (rz) 
OD: track count (r41) and (rz) 
Forw. ch.: track count (r41) and (rz) 
e.m. cal.: AE per module (2 levels) 
Tr. cntrs: coincidences (r41) + (rz) 
Hadr. cal.: AE per supertower 
Muon ch.: µcand. in {r41) and (rz) (hits) 

+ 23 µsec Logic array has combined all first 
trigg. possibilities OK l kHz --
Bue: level ON 
TP , RICH, HPC drift and record . 

+ 20 µsec Bunch lost 
TPC track trigger ready 2% 
Logic combines tracks with AE 
(e.m. + hadr.) and muons 

+ 35 µsec Second level OK OK 20 Hz -Busy keeps Ot_i 
All detector data read into buffers -

+ 500 µsec Inputs free 
Busy OFF 

+ 15 msec Third level OIS., event stored in.buffer "' 5 Hz 5% 

+ 400 µsec Emulator ready, OK 2 Hz 
+ 400 msec Event stored on tape 2 Hz 7% 

The present trigger proposal allows to bypass the third level phase, i.e. the 
event data can simply be collected from each detector and then sent directly as a 
whole to the DACQ computer. It could be used in the early days of DELPHI and (or) 
in case of a low luminosity situation. It is nevertheless foreseen, that the magnetic 
tape speed will introduce appreciable deadtime even in case of low data rate, as the 
first and second level triggers will not be selective enough to ensure collection of 
reasonable quality data. It still might be that in low luminosity situations the second 
level trigger rate is below 10 Hz, which leaves sufficient time to tackle the full 
event in a filter processor consisting of the proposed emulator array. 
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In the area of bus systems we intend to standardize on FASTBUS where high 

performance and advanced architecture are required. In other areas we would 

foresee the use of CAMAC. We are still investigating our precise needs for 

programmable processors in higher level triggering. However, it is already clear that 

high speed microprocessors such as the Motorola 68000, XOPS and the proposed 

3081E emulator are of major interest. 

3.1.4 Cost 

Table 3.1.2 gives ad estimate of the costs of the trigger and read-out system 

described in this section. The estimate has been made in 1983 prices and is based on 

the assumption that equipment will be built in the FASTBUS standard. 

TABLE 3.1.2  Cost estimate (KSF) 

The cost listed covers only part of the trigger and DAS system. It does not 

contain DAS modules situated higher than the ECC's nor fast trigger logic for first 

and second level triggering in as far as this logic deals with data from one detector. 

Such logic as is needed has been included in the costs of the individual detectors. 

We foresee 14 equipment crates connected to the various components of the 

detector, where the crate to component correlation is not one to one, since the 

division will be based on a combination of the number of channels and the data 

volume per channel. Furthermore we estimate that 5 FASTBUS crates will be needed 

for general read-out and processors. 
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The ECC's are costed in the oneline computer section, so that we count here 

only the contents of these crates in so far as the modules are needed for data 

transfer and filtering. 

The cost estimate for prototype development is meant for special fastbus 

modules, r-processors and for chip development as needed in the contiguity processor 

[3.1.63. 
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3.2. ON-LINE COMPUTING SYSTEM 

3.2.1 Abstract  

In common with the DELPHI detector itself, the computer system proposed is 

highly modular employing many computers, each chosen to provide the optimum CPU 

power and linked into a distributed architecture via FASTBUS and local area network 

techniques. The essential philosophy behind this approach is the requirement to 

cesign a system that can be implemented initially as a set of separate entities, each 

developed separately at remote locations but which can be readily combined to form 

a coherent whole. The system is designed around standard manufacturer-supplied 

hardware and software in order to minimise development time and to simplify 

on-going maintenance problems. This philosophy of standardisation dictates the use 

of a single computer family, and current experience strongly indicates the use of a 

32 bit systems architecture. At the present time the VAX family of computers 

seems to be the one most suited to the needs of DELPHI and is the basis of our 

planning for the on-line computer system. 

3.2.2 Objectives 

The fundamental requirement of the data acquisition system most be the ability 

to read and record basic event data at the required rate in the case of DELPHI, 

200 Kbyte events at up to a few Hz. 

The large scale and complexity of the DELPHI detector impose in addition 

other important requirements. In particular, the on-line computer system most: 
• 

I. Provide a means of controlling and monitoring the whole detector. This should be 

possible not only locally from single terminals located at the intersection region, 

but also from terminals at remote locations on the CERN site or distant institutes. 

Multiple terminal control should also be possible. 

2. Provide a flexible, modular system capable of expansion to meet future 

requirements and incorporate new technologies. 

3. Provide a means of developing equipment at the home institute with the minimum 

of hardware and software changes when moving between these sites and CERN. 

S. Provide a method of connecting the individual detectors, developed separately, 

together to form one experiment. 
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7. Provide a data base system for storing information concerning the experiment in an 

easily accessible form. 

6. Provide a reasonable level of redundancy. 

7. Provide program development facilities. 

3.2.3 Proposed solution  

The DELPHI detector is highly modular comprising several separate and distinct 

elements. The reasons for this structure are various but fundamental is the 

requirement to break up a large complex piece of apparatus into manageable parts, in 

particular, parts that can be separately developed in widely different geographical 

locations. It is strongly felt that this some philosophy should apply to the on-line 

computer system to be used to control, monitor and acquire data from the detector. 

It is therefore proposed to implement such a system with multiple computers and a 

distributed architecture. It is believed that such an architecture is also best suited to 

meet and satisfy all the required objectives outlined in sect. 3.2.2. Fig. 3.2.1  

illustrates the overall system architecture as proposed for the DELPHI computer 

control/data acquisition system. The essential elements of the system area: 

I. Equipment computers one per major subdetector system e.g. TPA. 

P. An "OPS" computer a large general purpose computing facility serving the whole 

experiment. 

3. A "DAQ" computer whose major role is to write basic event data onto a suitable 

recording medium, e.g. magnetic tape. 

4. Emulators (e.g. 370/E) to provide additiOnal "number crunching" power 	to be 

available to any computer in the overall system. 

5. Communication and data links between components. 

6. Interfaces to operators/physicists e.g. VDU's. 

These elements, which are illustrated in fig. 3.2.1, are described in more detail 

in the following sections: 

(a) 	The equipment computers 

Each major detector subsystem (e.g. TPC) will be provided with its own 

computer the Equipment Computer (EC). In principle it is possible for more than 

one minor detector to share an EC. However, the lack of flexibility generated by 
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such sharing may weigh against any cost savings: given the timescale of the 

experiment we believe cost will not be a limiting factor. 

Local area network 

Readout 
electronics 

Readout 
electronics 

Equipment 

computer 

Equipment 

computer 

Other 

equipment 

computers 

Many branches 

one per detector 

-1 

Trigger and filter 

processing 

Dumb terminals 

FE 

Fj  
Main control 

system 

OP' 

Data writing 

system 

DAC 

Shared disks, 
tapes, graphics 

Cernet 

gateway 

0 
CERN wide 

and European 

wide communications Emulators to support 'OP' and ' DAC' on dedicated LAN 

DELPHI on-line system 

Fig. 3.2.1  Overall system architecture for DELPHI computer control/data 
acquisition system 

During the development phase of the detector and for special maintenance and 

diagnostic work the EC will provide a self contained and complete data 

acquisition/monitoring system. (It is believed that the existing VAX system 

maintainable by CERN should be adapted for this task). All equipment computers 

should run the same system. 
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These computers would initially be used at the home institutes and in test 

beams for the development of both hardware and software for the control and 

monitoring of a detector and for the development of both hardware and software 

associated with the lower levels of the data acquisition system. Any support for 

lower level processors associated with a specific detector is assumed to be provided 

by the equipment computer. On assembly of the whole experiment at the interaction 

region it will be possible to commission each detector element in a minimal time and 

with minimal interference between different detector groups. 

During the data taking stage of the experiment, when the DELPHI detector is 

operating as a whole, the equipment computers will assume a slave role continuing to 

control and monitor the data from their own subsystem. 

This modular approach using equipment computers avoids the need for the data 

acquisition group to have detailed knowledge of each detector element and allows the 

detector group themselves to make changes with minimal risk of disrupting the whole 

system. 

It is essential for all equipment computers to be as alike as possible bother to 

avoid duplication of effort. They should be from a single family and run the same 

operating system and a standard data acquisition system. The power of the 

computers should be matched to the requirements of the particular detector to be 

controlled. 

(ID) The "OPS" computer 

The "OPS" computer will provide a major computing resource to the whole 

distributed system and will have overall control of the system. In particular it will: 

1. Provide overall interlock/control functions. 

P. Act as central data-base holding on its disk files calibration constants, 

programmes, etc. 

P. Be responsible at start up for loading and initialising all computers in the system. 

4. Run monitoring programmes requiring access to information from several detector 

elements. 

5. Host specialized peripheral devices such as 3D and 2D interactive displays, status 

displays, touch pannels, voice input, etc. 
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6. Act as a general programme development facility. 

7. Host specialized microprocessor support packages. 

(c) 	3.2.3.3 The "DAQ" computer 

The role of the DAQ computer will be the transfer of data from the main data 

acquisition tree to the output recording medium. The choice of recording medium is 

not yet fixed but a strong candidate is magnetic tape. Current 6250 b.p.i./125 i.p.s. 

technology results in a full tape being written every 4 min. if DELPHI events are 

written at 4 Hz. The DAQ computer will be responsible for data formatting and 

checking, with emulators being employed as necessary to provide extra computing 

power. 

(d) 3.2.3.4 Emulators 

A set of emulators will be attached and available to any computer in the whole 

system. The emulators should be capable of running, unchanged, any Fortran 

programme that runs on an IBM 3081 computer and execute at some significant 

fraction of the speed of an IBM 3081. As such, they will be available as a general 

computing resource and considerably enhance the overall computing power available 

at the intersection region. 

(a) 	Communication and data links 

Communication is the most vital element in a distributed computer system. 

The proposed system uses two quite distinct methods: 

C) Fastbus/CAMAC network 

This is a high speed network over which the basic raw data will flow 

(fig. 3.2.1). The structure of the network will be essentially: 

A CAMAC/FASTBUS tree from each detector element to an EC crate. This EC 

crate will interface to both the Equipment computer for that element and to the 

main FASTBUS data acquisition tree. The crate will be "switchable" in the sense 

that control of the lower data acquisition tree specific to that element can be from 

either the equipment computer or the main "DAQ"/"OP" computers. In the mode 

where control is via the "DAQ" system (i.e. during data taking) the equipment 

computer will only be able to "spy" on the data. 



The main data acquisition tree is based on FASTBUS with processors built in to 

provide the necessary trigger, filtering and data reduction capability (see 

chapter 3.1). The "OP" computer will have access via a FASTBUS interface to the 

main "DAQ" tree at a point where data from all detector elements is available and 

will be able to monitor such information. The "DAQ" tree will end in a single 

FASTBUS interface to the "DAQ" computer. 

(ii) Local area network 

An Ethernet local area network operating at 10 Mbit/sec will link all the 

computers in the system. The majority of terminals (VDU's) will be attached to this 

network via PAD's (Packet Assembly Disassemblers). It will hence be possible for 

any terminal to communicate with any computer on the network. The LAN will be 

used for: 

Terminal traffic (note: this includes histograms, etc.). 

a- Commands/messages. 

File transfer. 

It will not be used for event data. 

All monitoring and control of individual detector elements will be via terminals 

attached to this LAN. It should be noted that this scheme still allows a hierarchical 

control structure with the "NP' computer controlling access to key programmes 

running on any computer. 

A gateway will be provided from the LAN to CERNET and thence onto 

European wide networks. We strongly advocate that CERN provide this gateway 

from CERNET to European wide networks. This should then allow access to any 

computer on the system directly from home institutes (fig. 3.2.2) 

3.2.4 Responsibilities 

(a) 	The on-line computer system group 

This group will provide the following on-line systems: 

(i) Hardware  

A CAMAC/FASTBUS equipment computer crate for each detector element (e.g. 

TPA(. 
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(ii) Software  

▪ Full data acquisition system for implementation on equipment computers. 

- All local area network software. 

- "OP" computer control system. 

▪ "DAQ" computer software. 
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- Interfaces with trigger, event filtering and special processors. 

- Standard software interfaces in equipment computers for message handling. 

▪ Software packages for graphics, histogramming, data base operations, etc. 

▪ Standard pp support. 

(b) The detector groups 

These groups will provide: 

(i) Hardware  

- All readout electronics (e.g. CAMAC/FASTBUS tree) down to EC crate. 

• Detector level filtering (e.g. zero suppression). 

• Signals required by trigger. 

- All monitoring and control electronics/processors. 

(ii) Software 

All monitoring and control tasks to run under supplied local data acquisition system. 

- Stand alone test programmes. 

▪ Software support for special processors specific to local elements. 

(c) 	Choice of computers  

The total number of computers to be installed is large 	16). In order to 

minimise the effort required both to implement and operate the system it is 

necessary to standardise at both hardware and software levels to the greatest extent 

possible. We have decided therefore to standardise on a single minicomputer family. 

The VAX family has been assumed for the specification, and the costs given in 

Table 3.2.1 are derived from current prices. 

(d) Manpower  

At the present time, three groups have a strong committment to the on-line 

computing aspects of the data acquisition system. Provisional estimates of available 

manpower for on-line computing are: CERN: (2); RAL: (2); Oxford (2 1/2). 

An important characteristic of these groups is that they all have considerable 

experience with VAX systems and already have the following VAX systems installed: 

CERN: 11/750; RAL: 11/750 and 11/780; (RAL/Liverpool): 11/730 and Oxford: 

11/780. 
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TABLE 3.2.1 Cost estimates of the on-line computing system 

and 
System component Cost 

KSF of 
Proposed 

purchase 
date 

configuration 

Operating System 

PADS 

(14x) 

interfacing 

550 

1270 

575 

180 

450 

400 

170 

100 

Pb 

70 

80 

80 

1984 

1983+ 

1984+ 

1984+ 

1984+ 

1984+ 

1984+ 

1984* 
1984+ 

1987 

1986 

• 

1987 

1986 

1986 

1986 

1986 

1986 

1986 

1986 
1986 

Data acquisition 

Equipment computers 

Emulators (4a) 

graphics, Terminals, 

or CAMAC FASTBUS 

Networking 

software 
hardware 

computer 

test 

and 

Microprocessor 

Ethernet 

[Gateway 

based systems 

Development 

"CAVIAR 44" 

costs 

systems (5x) 

systems 
Interfaces, 
microprocessor 

Ethernet, 

Total costs 

Apart from the obvious advantage of experience with these systems, the 

availability of the systems has a strong influence on the schedule of implementation 

and more particularly, the schedule for purchase of the computers. 

The continuing fall in the price/performance curve for any computer system 

makes it desirable to delay the purchase of computers as long as possible.It is 

proposed that the purchase of the two major computers (the "DAQ" and "OP' ) be 

delayed and development work for these systems be started on existing systems at 

the above laboratories. 
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3.3 OFF-LINE SOFTWARE  

The basic goal of the off-line software effort will be to arrive before the 

start-up of TEE with a well-tested suite of software, sufficiently flexible in operation 

to be usable by any member of the collaboration on any of its computers with a 

3irtual addressing capability. The time-scale permits or to make use of new 

packages, techniques and algorithms, in order to have programs suitable for use on 

the new hardware we see coming into operation in the next decade. The main areas 

of activity and concern are summarized below. 

3.3.1 Evera generation  
• 

A package of routines, fitting into a common program, have been written within 

the collaboration for the generation of events from the main processes of interest at 

TEE, as indicated in our Letter of Intent. Presently available are the following: 

0 + 
e y + Z fr 

e e 	+ H° Z° 	, H° + f f-, E°ff  + 

where the Z can be real or virtual, 

e+e-  + H+He  .go 

where It can be a lepton-antilepton pair (including r) or a quark-antiquark pair, with 

hard gluon emission and subsequent hadronisation treated by the Lund Monte-Carlo 

program L3.3.11. A simple treatment of initial state radiation is included; work is in 

progress on full treatment of radiative corrections and on the generation of 2-gamma 

physics events. 

3.30 Event simulation 

An active group of about 12 people is involved in writing the necessary 

software to simulate Monte-Carlo generated e+e-  and background events through the 

DELPHI detector. The modular nature of the detector has forced modularity on the 

software. The processors one per detector element are designed to fit into an 

agreed common framework to allow full comprehensive event simulation through all 

elements of the detector with the final aim to produce simulated data 

indistinguishable from the real data. Utility routines for track following with the 

generation of tracks from secondary processes such as delta-ray production, 

bremsstrahlung, gamma-conversion, etc. have been written. Each processor will be 

made up of two parts: 
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(a)  To determine space points for display purposes and for checking track finding 

algorithms. 

(b)  convert these space points into the final electronic channel pulse heights To 

using 	the appropriate response functions and adding in 	realistic noise and 

background signals. 

The simulated data would provide 

(a) • Input to pattern recognition/analysis programs now being considered within the 

collaboration; 

(b)  Feedback to 	detector builders on of both the detector and performance 

electronic aspects; 

(c)  Help in checking the efficiency of proposed algorithms, including trigger 

schemes, for: 

filtering out the background events and 

finding different types of e+es  events. 

To achieve these aims the built-in modularity of the software will enable 

repeated realistic simulations of a given detector element under different detector 

and electronics parameters. 

An input tape of a common set of Monte-Carlo events has been prepared and 

each individual processor will, in the first instance, provide simulated output from its 

detector element for these events. The data formats for the simulated output are 

being considered in close consultation with the on-line data acquisition group bearing 

in mind the real-time overheads on the on-line computer(s) and the need to interface 

the real simulated data with the analysis programs. 

By the end of 1983/early 1984 it is hoped to put together a complete set of 

detector simulation processors into a• coherent whole capable of running on virtual 

memory machines. 

333 Analysis chain  

At this early stage in the planning of the off-line analysis it would be premature 

to try to describe the actual algorithms which we plan to employ in the analysis of 

our data. Rather we prefer to state some overall guidelines which we propose to 

follow, in order to simplify the complex task. 
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• Each part of the detector will be treated by a program module which will 

handle its particular data in a manner which is independent of other detector 

components, as far as is reasonably possible, (for instance, the effective analysis of 

the RICH data could well require a prior processing of the EEC) [3.3.2]. A track 

management system will be written to support this mode of working. Simplified 

versions of these modules will be available for on-line use. 

In order to be able to process data from individual detector components, and to 

be able to reprocess data in a flexible way, data will be organized such that they are 

accessible in logically associated blocks, and that these are preserved throughout the 

processing chain, newly generated results being added at each step. In this task we 

shall rely on the new dynamic memory manager (GEM) [3.3.3], and it is of vital 

importance to or that this project be brought to a speedy and successful conclusion. 

The algorithms will utilise the fact that our detector provides 3-D information 

from most of its detector components. We recognise that completely new algorithms 

will have to be developed for the novel devices we are planning to use; for the TPC, 

in addition, we are investigating the LBL PEP4 track-finding algorithms. 

We are considering setting up a chain of book-keeping programs, based on a 

data base system which we expect CERN to provide. 

3.3.4 Rates and batch-load 

It will be of the utmost importance that sufficient computer power be available 

to process the considerable amount of data which we envisage being generated by our 

detector. 

In the first year of LEP running we estimate that the off-line computing 

capacity required will be about 32000 CP hours of IBM 168 equivalent. The 

assumptions on which this estimate is based and the breakdown of time by function 

are given in table 3.3.1. 
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TABLE 3.3.1 Breakdown of computer time required in first year of LEE 

CP h of IBM 168 equi. 

(a)  [3.3.4] Assumptions 

Effective running time 2500 h 

PEE luminosity at the Z° 6 x 103° 2 sms' cm 

No. of real events 1.5 x 10. 

Background ratio 4 : 1 
Analysis per real event 20 s of IBM 168 time 

Filtering per event 2 s of IBM 168 time 

No. of Monte -Carlo events 1.5 x 103  
Average generation time 5 s 

(b)  AP thane requirements 

Total analysis for real events 8000 h time 

Filtering for 7.5 x 106  background events 4000 h time 

Base-load for general activities 2000 h 

Monte -Carlo event generation and analysis 10000 h 

Calibration and DST analysis 8000 h 

32000 h TOTAL 

It is assumed that in the first year of running the AP requirements for DST 

analysis will be fairly small, but those for calibration will be rather large. 

As the accelerator luminosity increases, a potential increase must be envisaged, 

compensated by our wish to follow the existing policy of exporting data for 

production processing as soon as the detector and software are sufficiently well 

understood. However, at that time DST analysis and Monte-Carlo processing will 

assume a greater role, and we most reckon with a remaining load at CERN not less 

than that in the first proper running periods, and in all probability greater. What will 

remain true is the need to process large amounts of data quickly in real time on a 

high-speed processor, and we most insist that steps be taken to ensure that the CERN 

computer centre grow in advance of and in line with LEP requirements, and the 

capacity we require be made available to or at high priority in order to ensure the 

fastest possible turn-round for our data. Whatever processors are used, fast physics 

feedback will be essential in order to exploit the full potential of our detector. 

3.3.5 Programming environment 

As shown in ref. [3.3.5] it is likely that our whole approach to computing will 

undergo changes during the period we are considering here, and this means that we 

must be ready to exploit new possibilities, wherever they can be shown to benefit our 

overall efficiency. Among the most important trends is the ability to interconnect 

systems over large distances, and to take advantage of this we shall try to limit the 
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number of operating systems used within the collaboration, and to ensure that within 

that restricted range, the facilities offered to users are fairly similar. To this end we 

shall investigate the use of, for instance, a common data base, and we shall insist on 

adherence to agreed standards. 

The problem of constructing a major set of programs in a distributed 

environment is a major task in software engineering but one we consider feasible 

given proper design and careful management. To help in this task we intend to use 

appropriate tools as they become available, and we wish to cooperate with CERN and 

the other collaborations in their design and implementation. There will be a strong 

software group from our collaboration at CERN. 

Na stress our dependence on powerful networks both within the CERN site and 

between CERN and the participating laboratories. These should provide us with mail 

facilities, on-line documentation and access to common data bases over the whole of 

E urope. 

Na consider the availability of powerful interactive facilities to be vital to the 

early success of our analysis chain, both for program development and for the data 

analysis of such a complex detector. 

3.3.6 DELPHI computer complex 

Now the estimates above translate into actual hardware is as yet difficult to 

determine. Clearly, CERN has to increase its computer capacity over the years up to 

LEP startup. However, there exist optimiStic predictions that emulators like the 

370E [3.3.6] and 3081E [3.3.7] will be able to soak up large fractions of the batch load 

at a real cost less than that of the equivalent mainframes. Within the next two years 

we shall know whether this is the case, and plan accordingly. 

Na foresee that in any case we shall require our own computing facilities for 

those functions which are best obtained from a dedicated system, rather than from a 

general purpose batch-oriented centre. Here we think especially of powerful 

interactive systems, especially important for graphics which will be essential to the 

fast analysis of early data through event scanning. Other interactive devices are 

program tuning and the analysis of calibration constants. In a study of how such a 

complex might be integrated with the planned on-line facilities [3.3.8], the technical 
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and economic advantages have been established. The sharing of common files, and 

the smooth transition from on-line to off-line, combined with a reasonable cost of 

1.2 MSF for a sufficiently powerful complex (equivalent to 4 presentm-day 

VAX11/780's with 4 Mbytes of memory, 1 Gbyte of disc, 4 6250 bpi tape units 20 

medium resolution terminals, 4 colour work stations and 1 high-resolution colour 

Megatek style device), mean that we would have a facility complementing those 

provided by the CERN computer centre. 
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PART IT: SAFETY AND INFRASTRUCTURES 

4.1 SAFETY ASPECTS 

The risks posed by the DELPHI detector (fig 1.2.1) are in decreasing order of 

importance 	due to the presence of: inflammable gases, asphyxiating gases and 

fluids, high voltage and magnetic field. Amongst these possible risks, the only major 

one is that caused by inflammable gases, as may readily be seen: 

4.1.1 Magnetic field 

The magnet will be powered only with the yoke closed. The outside stray field 

at 0.5 m from the magnet varies from 50 to 200 gauss, rising to a local maximum of 

400 gauss at the cable exits. This is comparable to existing detectors; and standard 

precautions will be taken, such as attaching movable objects, use of non-magnetic 

tools, etc. 

4.1.2 High voltage 

High voltages will only be introduced via standard cables and connectors. The 

requirements are similar to those for most existing detectors. Again, standard safety 

precautions will be imposed, like automatic interlock for any demountable front 

panel, etc. High voltage supplies delivering more than 5 mA (the tetanisation limit) 

will not be used. 

4.1.3 Asphyxiating gases and vapours a 

Asphyxiating gases and vapours do not present a significant credible risk. All 

gas detectors except the gas RICH'es operate close to atmospheric pressure. The 

maximum volume that could be instantaneously released would be caused by a total 

failure of half of the Barrel RICH gas radiator. When the magnet is open, a volume 

of 8.4 m' at 13 Per (absolute) would release 1.9 m' of C5 F12  into the detector hall 

within seconds, the remaining 9 m' would be released more slowly. Dilution to a 

tolerable level will occur within the first 20 cm next to the RICH. These volumes of 

inert vapour will thus not present any risk of asphyxiation. The ventilation system 

will extract 2000 m3 /h from below the detector, to prevent collection of heavy 

vapours or gases in these areas. When the magnet is closed, internal leaks will be 

diluted by the forced ventilation system described below. 
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We may, therefore, consider inflammable gases as the only source of major  

risks in the DELPHI detector. 

4.1.4 Inflammable gases  

(a) 	Inventory of gases and liquids 

The inventory of fluids is given in tables 4.1.1 and 4.1.2. We are actively 

studying the possibility of reducing the percentage of hydrocarbons. However, the 

tables lists figures which are known to give acceptable detector performance. 

TABLE 4.1 1 DELPHI Gases and Liquids 

(All at NPT, except (a,b)) 

(a) 1.3 atm., 40°C- 

(b) SC coil. 

(c) The use of non-flammable gases is being studied. 



I. 	Flammable gas mixture 

G as 	 m3 	H equiv. 

(kg) 

Cr + 10% CH„ 	 16 	0.5 

Ar + 20% CH„ 	 44 	2.5 

C114 + 20% iso C„HI„ + TMAE 

Ar + 50% C2  H6 	II 	3 

CO2  + 25% Ar 	 56 	18/(11) 

+ 25/(15)% n-05  
••••••••••SMIIIII 

H12  

130 25 (18) TOTAL 

2.  gases Non-flammable 

C 5 F12  25 

Cr + CO2  0.3 

TOTAL —25 

3.  Liquids 

C 6 F1t, 0.5 

2.5 He 
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The total amount of hydrogen equivalent is 18 to 25 kg, i.e. well below the limit 

of 40 kg for risk class III. This quantity is contained in a large number of separate 

volumes, mainly those of the hadron calorimeter. 

TABLE 4 1.2 DELPHI gases and liquids II 

(b) 	Gas safety precautions  

To fully exclude risk class III, we will show that the ventilation foreseen is 

adequate for the maximum leak potential. 
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Forced ventilation at the rate of 4000 m3 /h is proposed for the internal 

detector volume. 2000 rn3 /h will be supplied along each beam pipe entry, and exit via 

the cable passages in the ends of the barrel magnet yoke. The internal "free' volume 

of n, 6 m3  at each end is thus flushed to the outside air every 10 sec, making it 

impossible for significant quantities of leaking gas to accumulate in a confined 

volume. All gas connections except those of the HPC are made in the ventilated 

3olume by the end-caps. Additional ventilation air will be distributed within the 

barrel in the neighbourhood of the HPC gas connections; this air will return along the 

barrel to join the air flowing to the exits. The principal load of inflammable gas is 

used in the hadron calorimeter units, whose connections lie in the exits from the 

yoke. Thus any leaking gas here is swept immediately to the exterior. 

The air velocity of Ft, 2.7 m/s in the exits (providing a 2 cm gap for ventilation) 

and rta 30 cm/s inside the magnet satisfy the requirements for forced ventilation 

(CERN Safety Instruction 20, eq. 4(a)). The pressure differential to maintain these 

velocities is estimated at + 0.1 mb, which will not cause any problems for chamber 

operation. 

Leak rate is considered under two headings depressurization, and steady leaks. 

All detectors containing flammable gas work close to atmospheric pressure, 

with the exception of the relatively small drift tube volumes of the RICH detectors. 

The maximum credible single depressurisation potential is that of the entire drift 

detector system for half of the barrel RICH depressurising from IA bar to 

atmosphere. The amount of gas released within seconds would be approximately 

0.11 kg 1-12  equivalent, corresponding in itself to a Class 0 risk. 

Once the overpressure (t< 5 mb in the other flammable mixtures) is dissipated, 

steady leaks can only be supplied at the rate of injection of fresh gas into the 

circuit. The maximum rate of injection into one half of the barrel RICH of 6 5/min 

(0.36 m' /d( defines the maximum credible leak. If we conservatively take the LEL of 

the 80% CH, + 20% C,Hic, mixture to be that of the most inflammable component, 

isobutane, LEL = 1.8%, then Safety Instruction 20, eq. (5) requires: 

- 	100 Vxh> > 
e C x LEL Vleak 

» 55.5 x 0.36 = 20 m3/h 
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The proposed flow rate of 2000 m3 /h to each end of the DELPHI detector is adequate 

for this requirement. 

The cable passages (24 at each end) have to be considered separately. Forced 

air will flow through them at an average rate of 80 m3 /h per passage. The gas flow 

rate to any single hadron calorimeter module (1/24 of total flow) will be 0.3 z/m of a 

35% n-pentane mixture, or 0.1 z/m (.006 m3 /h( of n-pentane; with CLEL  = 1.3%. 

Once again, since 

80 m3 /h an  (100/1.3) x 0.006 = 0.46 m3 /h 

the requirements of Safety Instruction 20 are satisfied. 

We therefore conclude that in view of the total quantities involved and the 

v entilation proposed, 

Risk Class 3 can be excluded 

Further Safety Measures  

We foresee the following additional safety measures: 

(a) Standardisation of all fluid circuits. The DELPHI Collaboration decided to 

appoint one person responsible for gas systems, who will with the "gas systems 

group", will prepare the design of all systems and make sure that 

standardisation is achieved, although many institutions will participate in the 

construction. This is essential in view of the great variety of gases required. 

(b) Detection of leaks by: 

Flammable gas detectors outside all cable passages, above and below the 

detector and gas distribution systems. 

A calibration system to improve gas detector reliability. 

Oxygen measurements in the gas return lines. 

Limitation of maximum flow in all input lines. 

Passive pressure limitation in most detectors to ambient plus 5 mb. Detector 

modules will be interlocked during flushing cycles, with a view to preventing 

premature application of high tension. 

- Installation of gas storage and mixing above ground. 
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Mechanically solid construction of all pipes and detectors. 

Ventilating of the experimental hall: 20,000 m'/h to 40,000 m'/h in case of 

major leaks. 

A comprehensive alarm matrix, integrating fire, ventilation, flood, and gas 

alarms to be supplied by LEP machine division). 

The advice of other responsible services, TIS, SB, etc. will be sought in the 

design of passage ways, balconies, and other means of access; also in the 

provision of lifting gear for apparatus and personnel. 
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4.2 REQUIREMENTS FOR SPACE, FACILITIES AND SERVICES AT CERN  

Because of the relatively small size of most collaborating groups of DELPHI 

and of the large number of CERN physicists involved (see sect. VII), CERN is 

expected to contribute in several areas of the project. It is, therefore, essential to 

foresee an adequate support from CERN. 

4.2.1 Space requirements 

(a) Construction and assembly space [4.2 1]• 	 3500 ml. 

About 1500 rni  should be equipped with a 60 t crane, capable of handling up 

to 75 t occasionally. A limited area with a crane ceiling of < 13 m would be desirable. 

The areas proposed for DELPHI (14 at ISR) and Bldgs 153/ 162075) are adequate for 

our present needs. 

(b) Laboratory space: 	 600 ma  

This space is partly available already. We require, however urgently at least 

additional 200 ma permitting the use of inflammable gases for prototype work on 

gas systems and for various detector tests. 

Cu) 	Office space [4.2.4: 	 120 desks  

Of these, 70 are already occupied. A major fraction of the additional desks will 

be required from 1983 onwards. It would be highly desirable to have the offices 

concentrated in one or two areas. 

(d) 	Test beam areas (see sect. 4.3):  

High energy beam in West Area plus low energy hadron beam in East Area. 

The zone freed for DELPHI in the West Area is adequate for our present need. 

It is presently being equipped for data taking (see sect. 4.3.1). We require, however, 

in addition a high flux low energy hadron beam (1-10 GeV) and request space and time 

in the t9 beam in the East Hall (see sect. 4.3.2) 



-196- 

4.2.2 Facilities required  

(a) 	Water, electricity and air conditioning 

The principle sources of power consumption are the compressor for the 

refrigerator of the superconducting coil and the electronics for the detector. 

Our present estimates are: 

Below ground Above ground Total 

*Electronics 

Refrigerator 10 

750 

240 

100 

250 

850 

kW 

kW 

760 340 1100 kW TOTAL 

An optimum choice for the relative contribution of direct water cooling and 

air-conditioning to the cooling of the electronics is being studied, in collaboration 

with the other LEP experiments. 

(2) 	Surface buildings around the intersect 

Our requests are summarized in table 40.1, taken from [40.3): 

TABLE 40.1 Surface buildings for DELPHI 

Was storage and distribution 200 m2  

Workshops 100 
150 

Control and computer 
• 

300 room 

Offices conference room 300 

Main hall above pit 1040 

Temporary hall 450 assembly 

Compressor building 200 

Below ground, we require one fixed and four mobile counting rooms as shown in 

figs 5.2.1 and 5.2.2. 

(c) 	Infrastructure in the interaction region and cost 

Table 4.2 2 summarizes the requirements for infrastructure and cost 

estimates. The total cost of 6.8 MSF is substantially higher than the 5 MSF set aside 

for this purpose by CERN. 
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Upgrading of crane capacity 
Special movable radiation shieldings 
Electrical distribution 
Air-conditioning systems 
Fixed counting room structure 
Stairs, passage-ways, platforms 
Safety installations 
Vertical gas piping gas distribution 
Mobile counting rooms and special racks 
Cable and pipe installation 
Cable transport systems 
Load transfer equipment 
Vacuum beam pipe 

TABLE 4.2.2 Infrastructure for DELPHI 

4.2.3 Services required  

(a) Computer centre 

An inquiry into future computing capacities inside our Collaboration has been 

launched. In any case, DELPHI intends to follow the present policy of exporting 

approximately 2/3 of the computing load to its collaborating institutions after the 

running-in period (for details see chapter 33). Nevertheless, a large computing load 

will fall on CERN. In the first year of LEP operation, we estimate that the off-line 

computing capacity required at CERN will be about 32000 UP hours of IBM 168 

equivalent. In the following years, the load on CERN will not decrease, although data 

for production will be exported; this, because higher luminosity will increase the total 

time required for DST analysis and Monte-Carlo processing. We therefore wish to 

insist that steps are taken to strengthen the CERN computer system to match the 

LEP requirements. 

(5) CAD systems  

We are very interested to make use of the CAD system for mechanics presently 

being introduced at CERN, as well as of a possible future system for electronics 

design. We request access to the 1983 lot of 2 working stations to form an ED/PP 

cluster, for some 6 persons to work on these stations on a regular basis [4.2.4]. 
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(c) Central workshop  

Precise requests will be formulated before the end of 1983, when final designs 

are available and the amount of CERN contribution will be known in detail. 

(d) PCP 

DELPHI is interested in having access and connecting to the computer planning 

system for the PPP machine. 
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9D TEST BEAM AREAS  

4.3.1 The West Hall test area for DELPHI  

The upgraded (for 450 GeV/c operation) West area has been organized to allow 

test beam facilities up to 100 GeV/c for LEE experiments. The area allocated to 

DELPHI is to be found on the north side of the West Hall in the upstream part of the 

X7 beam. The experimental space available is 20 m long, 5.5 m wide over half the 

length and 8.7 m wide for the remainder (fig. 4.3.1). The beam height falls from 

2.10 m at the upstream end to 1.98 m at the downstream end where it continues into 

the zones allocated to ALDER and luminosity monitor tests. For large vertical 

equipment, the beam height can be increased by 80 cm on removal of the concrete 

blocks comprising the base of the area. It is envisaged that the Venus magnet 

(aperture 170 x Pb crna) will be installed. This would operate normally at 11 T, 

although 1.5 T is possible using 33% more current. 

A counting room, installed adjacent to the area, contains Pb CERN standard 

electronic racks and a VAX 11-750 computer system. Standard (-1 s, 	ms, +5 ms) 

SPS pulses will be available as well as links to CERNET and INDEX. 

The SPS will operate for fixed target physics in 1983 with a repetition rate of 

12 s and a flat top of 2.1 s at 450 GeV/c. It is expected that the normal intensity on 

the target XT7 will be n. 10° ppp, although this will be a factor 100 less under 

certain conditions. The predicted particle fluxes per burst are shown in fig. 4.31 for 

"normal" operation. It is clear that at low energies the beam contains a high electron 

flux which can be removed by inserting lead into the beam. The momentum bite )2a( 

of the beam will hoc 7% with an intrinsic momentum resolution of 0.8% (la). The 

beam will be equipped with two threshold counters, each roughly 10 m long. The user 

will be able to change momentum and polarity within certain limits which depend on 

the H3 operation, and sweeping magnets are provided downstream of the target to 

provide a clean two-stage produced electron beam. 

4.3.2 The Pb East Hall test area  

The rearranged East Hall will have three test beams t9, t10 and tl 1 with 

highest momenta of 10, 5 and 3.5 GeV, respectively (the aim of the rearrangement is 

to free the downstream half of the Hall for ADD-machine mounting work). The 

lengths of the useful beam-areas are about 10 m each and the beam heights are 

2.28 m, 2.50 m and 2.50 m respectively. The experimental barracks, each 4 x 8 

are provided with electric power and air conditioning. 
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The PS can operate with a cycle of 2.4's and a spill length of 0.4 s. In view of 

the number and complexity of the tasks of the PS (injection SPS, AA, ISR) ejection to 

the East Hall will at most occur at half this cycle rate. The intensity on the primary 

target will be about 2 . 10" protons per pulse resulting in around 104 -10,  

particles per pulse in the secondary beam lines. In 1984 parasitic operation of the 

East Hall during -pp-collider-operation of the SPS will be possible. There will be one 

threshold Cherenkov counter in each beam line. 

The DELPHI Collaboration has requested space and beam time in the to beam 

primarily for the tests of the RICH counters. For these tests a high flux of low 

energy (1-10 GeV) hadrons is essential, which can only be obtained at the Pb (see 

fig. 4.3.2 for the situation at the SPS). 
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PART A: SCHEDULE AND INSTALLATION 

5.1 SCHEDULE FOR CONSTRUCTION AND INSTALLATION  

The overall construction and installation schedule and the corresponding 

natural" spending profile are summarized in Table 5.1.1. More details are presented 

in the sections on the various components. 

The most important conclusions  are: 

DELPHI will require a minimum of two years for installation and final check-out. 

This is due to the unusually large number of detectors required by our physics 

program, which have to be installed in series (details given in chapter 5.2.). Early 

availability of the intersect is therefore, essential for DELPHI. 

The construction schedule is compatible with a beginning of installation by mid-86 

and first beams x 

ISO "Staging" of components because of present underfunding (see chapter 6.4) does not 

alter these conclusions. The installation of staged items- will be prepared in such a 

way, that the addition of these will require only short access time or none at all (as 

for staged electronics). 

The "natured' spending profile 	corresponding to ideal delivery dates and 

immediate payment for all items shows a strong peak in 1984 and 1986 and does 

not comply with standard funding profiles. It is, therefore, essential to work out a 

compromise by aiming for: increased funding in 1984 and 1985, early orders and 

payments in 1983, delayed payments for 1986 and 1987, large flexibility in handling 

common fund money and other measures. 

Various comments: 

••• Table 5.1.1 summarizes only the situation for the barrel detectors. The 

construction for the end-cap components follows a similar structure, the 

installation too, assuming that end-cap and barrel can be installed in parallel. 

Yoke: After pre-assembly of the first modules in industry, these modules are 

scheduled for arrival at CERN from end 1984 onwards. Early availability of the 

assembly hall (14 at the ISM) is, therefore, important. 
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Coil: Delivery is foreseen for spring 1986. We are discussing the possibility of a 

cold test (at about half the maximum field) above ground, before final installation 

in the underground hall. The cryogenic plant should, therefore, be delivered to 

CERN by the beginning of 1986. 

Hadron calorimeter: The detector modules have to be finished much earlier than 

the other detectors, to allow mounting into the magnet yoke modules from 1985 

onwards. Late installation becomes progressively more difficult and expensive and 

finally almost impossible, once cabling has started. 

For the other detectors, the milestone for installation lies between the beginning 

and the middle of 1987, except for the inner muon chamber planes, which should be 

mounted inside the yoke as early as possible, from the end of 1985 onwards. 
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5.2 INSTALLATION  

Very probably some assembly work on the superconducting coil will be carried 

out on the surface of the experimental zone before being lowered into the pit. 

Almost all the installation activities will take place in the underground hall. The 

mounting of the experiment can be described mainly in two steps: installation of 

various elements in the so-called garage position (fig. 5.2.1) and final assembly in the 

data taking position (fig. 5.2.2). 

5.2.1 Ground level activities 

(a) 	Transport and handling of the coil 

The transport of an item such as the superconducting coil of DELPHI is quite 

unusual. Three different means of transport are being studied and seem today 

f easible: 

ank The entire coil + cryostat could be transported as a unit by a mixed road and water 

route: unloading from a boat near Marseille, then on a barge up the RhOne to 

Valence or Lyon, then by road to CERN via Grenoble and Annecy. Possibly also 

from Rotterdam to Strasbourg on a barge up the Rhine, then by road through La 

Ira* be Belfort to CERN. 

• The transport of the coil and cryostat in modules from Basel by Swiss motorways, 

after using a barge up the Rhine between Rotterdam and Basel. 

▪ The use of a "Super guppy" belonging to .the Airbus Industries (Toulouse) to fly 

separately the coil, inner and outer walls of the cryostat from any European airport 

to Geneva. 

The final choice will depend on cost and technical considerations. 

(b) 	Assembly and testing of the coil and cryostat  

Assembly of the various elements of the coil in its cryostat and operational 

tests should be carried out at ground level as these activities would prevent other 

assembly work in the underground hall to proceed for several months. Furthermore, 

if the total weight finally exceeds the 80 t it will be easier to use a 100 t mobile 

crane at ground level to lower the assembled coil rather than having to assemble it in 

the underground hall. The superconducting coil after being assembled, should be 

tested and commissioned with the full cryogenic plant. 
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5.2.2 Preparation work in the underground hall  

(a) Access to the experimental hall for the heavy equipment  

All the heavy equipment (over 1 t) will be lowered down the vertical access 

shaft of 10 m diameter by means of a crane with 80 t total capacity. A multiple 

purpose chariot system will be designed to transport the loads from the bottom of the 

vertical access shaft to the experimental hall through the connecting tunnel. 

(b) Preliminary assembly 

For several months, the underground hall will be occupied by the mounting of 

the various detectors. Fig. 5.2.1 shows how we foresee the use of the area. The 

short wing will be allocated to the forward detectors including the SAT but excluding 

the hadron calorimeters. In the long wing, we will: 

Mount all the heavy equipment such as the barrel and end pieces of the hadron 

calorimeter on their movable supports. 

Construct the. mobile counting rooms. 

Store sub-assemblies like HPC modules. 

Equip large detectors (TPA, HPC, RICH, ...) 

(c) Final assembly  

(i) The first operation in the assembly of the central part of the experimental 

set-up will consist of the introduction of the superconducting coil into the 

barrel hadron calorimeter by means of rails and a winch system. This operation 

will take place in front of the connecting tunnel for access space reason. The 

HPC modules should be mounted on permanent tracks fixed on the inner wall of 

the cryostat, each module being loaded onto the track by crane. The 

installation of the barrel RICH and outer detector will then follow, their 

supports being anchored to the cryostat's inner wall. Eventually, the TPC 

detector will be introduced and fixed to the barrel RICH counter. 
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(ii) The inner detector will be mounted around the vacuum chamber before the 

latter is installed. In fact, the vacuum experts have agreed that the vacuum 

chamber could be opened for a short period in order to slide the inner detector 

in one piece. The opening will occur at the level of the flange arrangement 

between the cylindrical and conical sections (see sect. 1.6.1). Hence the 

vacuum chamber plus inner detector will be slid into the TPC detector. As the 

isolating valves have an overall transverse diameter of 600 mm, it is foreseen 

to have on one side of the vacuum system a flange and seal arrangement 

allowing the connection of the valve after the introduction of the vacuum 

chamber plus inner detector. A temporary vertical support will hold the 

vacuum system. This support could be common to the vertical support needed 

for supporting the SAT detector in the garage position (see fig. 5.2.3). 

S.A.T. around vacuum pipe 

S.A.T. during 

installation 

Vertical temporary 

support for S.A.T. 

Temporary platform 
Inner wall of 
cryostat 

Fig. 5.23  Temporary support for the SAT 
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(iii) The installation of all the forward detectors on the end pieces of the hadron 

calorimeter should be carried out mostly in parallel with the operations 

described in (i) and (ii) depending on the availability of cranes. 

(iv) The mobile counting rooms will be equipped with racks of electronics when 

ready. As soon as a detector is installed in its final position, the cable 

installation of transmission lines and electrical distribution will be carried out. 

The same principle will be applied to all gas piping and cryogenic lines. We 

expect to organise some bunches of cables, pre-assembled with connectors, in 

order to gain time and minimize the congestion around the experimental 

equipment. 

5.2.3 Set-up of the experiment along the beam line 

(i) As soon as the beams of the LEP machine are ready, as well as the detectors, 

the central part of the experimental equipment, the so-called 'Warred, will be 

rolled into the data taking position. The rails and driving system will be 

common to the central part and the two mobile counting rooms attached on 

each wing. During this operation, the beam line will be cleared of all elements 

(vacuum chamber, quadrupoles, ...) at the level of the experimental area. 

(ii) The next stage is the rolling in of the end pieces and the small mobile counting 

rooms also by means of rails and driving system. Before the following step, the 

two end pieces and the central part will be aligned with the beam line. 

(iii) Then the low-beta insertion system will be slid from the LEP machine tunnel on 

each side of the experiment through the 90 cm diameter hole in the end pieces. 

Thereafter, the vacuum system of the machine will be linked to the experiment 

3acuum chamber and the SAT detector transferred from the temporary vertical 

support to its horizontal support provided by the structure holding the 

superconducting quadrupole and vacuum valve. Then the SAT will be cabled and 

gas connected. The temporary supports and platforms will then have to be 

removed. 

(iv) Afterwards the two end pieces will slide around the beam equipment and close 

the central part. 

(v) The radiation shielding will then close up each side of the non-self shielding 

area of the experimental area (fig. 1.2.3). The radiation shield will be 

constructed as a retractable system. 
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(vi) Cables between various mobile counting rooms will be also connected during the 

last stages. Fig. 5.2.2 shows the experimental equipment in the data taking 

position. 

5.2.4 Auxiliary surface buildings 

Before and during the entire installation period, considerable work will be 

carried out in various areas: 

Fixed counting room in the underground hall and control/computer room at the 

sur face; 

Facilities for the superconducting coil and quadrupoles; compressor building at the 

surface and refrigeration system in the mobile counting room located on the short 

wing of the underground hell,; 

Gas storage, purification, mixing, controls, distribution at ground level and down in 

the hall; 

Power supplies and ventilation systems. 

5.2.5 Model work  

Model work (see photo on front cover) has been carried out in order to 

understand the problems of installation, shielding, survey, accessability to the whole 

set-up and in particular for the central region around the vacuum pipe. More work of 

modelling is foreseen to optimize cable and pipe installation. 
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PART VI: FINANCING 

6.1 THE FINANCING OF DELPHI  

The collaborating institutes contribute to the construction of DELPHI with 

manpower, materials and capital investment. Each one of them has taken the 

responsibility of providing working parts of the detector and/or of software, on the 

basis of the available manpower in the home laboratory. Moreover, the cost 

estimates given in the previous chapters take into account the local situation and 

represent the required capital investment, without counting the manpower which is 

already available inhouse. For this reason, in discussing the financing of DELPHI we 

shall consider only the contributions of the groups in materials and capital investment 

without quoting the manpower which is implied. 

The groups of IHEP (Serpukhov), PING (Dubna) and Cracow foresee to 

contribute the return yoke of the magnet. As mentioned in sect. 1.3.3, the Serpukhov 

group is at present studying the details of the production of the 24 barrel modules and 

the Dubna group, in contact with the group from Cracow, is looking into the best way 

of producing the modules of the two end-caps. These three groups will participate in 

the construction of other parts of the detector but will not contribute further capital 

investment to the Collaboration Fund since they provide a significant part of the 

magnet themselves. 

Table 6.1.1 contains the foreseen capital investments of the other groups. It 

has to be stressed that: 

(i) the financing of the group is subject to the approval of the funding authorities,  

(ii) the quoted figures represent direct investments in the construction of DELPHI, 

so that they do not include the cost of infrastructures in the home laboratories, 

salaries, travel expenses and so on. 

(iii) for most of the groups the quoted capital investment is the integral over the 

years 1983-1987; exceptions are indicated. 
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TABLE 6.1.1 	Capital investment in DELPHI of the collaborating institutes 

(1983 MSF) 

Country Group 

Capital 

Investment 
(MSF) 

Country Group 

Capital 

Investment 
(MSF) 

Austria 

-Britain 

Orsay 

Vienna 

College 

Saclay 

Oxford 

Athens 
Athens 

Karlsruhe 

Wuppertal 

Liverpool 

Strasbourg 

Rutherford 

Copenhagen 

de 

T.U. 

France } 

1.0 

1.8 

0.5 

8.5 

4 .0 

5.0 

6.6 

1.0 

(a)  

(a) 

Italy 

Holland 

Norway 

Sweden 

Oslo 

Padua 

Milan 

Bologna 
Genoa 

Rome-Sanita 

17.0 

10.5 

3.0 

1.5 

2.5 

2.8 

3.5 

Belgium 

Denmark 

France 

Torino 

Spain 

USA 

Bergen 

Valencia 

NIKHEF 

Santander 

Stockholm 

Germany 

Great 

Greece 

Lund 

Uppsala 

Ames 

CERN 

69.2 TOTAL 

(a) Integrated over six years. 
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6.2 COLLABORATION FUND  

The Collaboration intends to set up a fund to which the collaborating institutes 

will contribute proportionally to their capital investment in DELPHI. The fund will 

cover the expenses indicated in table 6.2.1 for a total of 19.3 MSF (1983 prices). 

TABLE 6.2.1 Items to be paid by the Collaboration Fund (1983 prices) 

Section 

is specified 

where cost 

(APR) 

Cost 
Item 

Coil + cryostat + refrigerator 1.5.6 11.0 

Magnet supports + controls 1.3.2 1.2 

Manpower for the yoke 13.1 0.3 mounting 

Infrastructure 4.2.2 6.8 

19.3 TOTAL 

In the present financial plan it is foreseen that each institute will pay nd 28% of 

their total capital investment to the Collaboration Fund. Such a contribution is 

subject to the approval of the funding authorities and has been included in the 

requests of the groups. 
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6.3 COST OF DELPHI AND SHARING OF RESPONSIBILITIES  

The costs of the various components are specified in the chapters of Part II. In 

table 6.3.1 we summarize the electronics cost updating the corresponding table 

given in ref. [1.1.5], p. 67. 

TABLE 60.1 Number of electronic channels and cost 

Detector independent 
channels 

of ADC 

multiplexing 

s 
of 

by TDC's 
or CRC's 

of 
cost 
(MSF) 

Total 
Number 

Number Number 
FADC's (divided 

factor) 

Number of 
 

Inner detector 2184 1800 384 0.55 

TPC 22000 22000 6.9 

Barrel RICH 11200 8000 3200 2.1 

Outer detector 7500 7500 1.5 

Barrel 11500 11500 3.5 am. 

Scintillators 800 800 800 0.2 

Muon 6000 6000 1.6 chambers 

Forward A 2048 512 1536 0.4 chamber 

Forward B+C 4100 4100 0.52 chambers 

Forward liquid 7700 6600 1100 0.95 RICH 
I 

Forward gas RICH 11880 11880 1.0 

Forward 13000 13000/64 0.9 a.m. 

Hadron 19584 19584/256 0.7 calorimeter 

SAT 2100 200 . 1900 0.15 

la 122000 eu 3600 41200 45300 20.97 TOTAL 

Table 6.3.2 summarizes the required capital investments in electronics and 

"mechanics" (i.e. all the rest) for all the components described in Part II together 

with the costs of the common trigger and data acquisition system and of the on-line 

computers. For the being we have not 	included the 1.2 MSF quoted in time 

sect. 3.3.6 	for 	the computer proposed for on-line analysis, waiting for complex 

further developments, for example in the field of emulators. 
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TABLE 63.2 Breakdown of the electronics and mechanics cost 

Component 
Section 
giving 

details 

the 
Capitol (MBA) investment 

Electronics Mechanics Total 

Microvertex R + D 2.1 0.3 0.1 

Inner detector 2.2.4 0.55 0.27 

TPC 2.3.4 6.9 2.4 

Barrel RICH 2.4.4 2.1 6.2 

Outer detector 2.5.3 1.5 0.85 

Barrel 2.6.4 3.5 6.15 a.m. 

Scintillators 2.7.4 0.2 0.8 

Muon 2.8.4 1.6 1.4 chambers 
Forward A 2.9.4 0.4 0.22 

N
 

•

D
 a
 

0
 chamber 

Forward B + C 2.9.4 0.52 0.98 chambers 
Forward liquid RICH 2.10.4 0.95 1.05 

Forward gas RICH 2.11.4 1.0 1.3 
Forward 2.12.4 0.9 4.3 a.m. 

Hadron 2.13.4 0.7 1.5 calorimeter 

SAT 2.14.4 0.15 0.85 
Trigger + DAQ 3.1.4 1.75 

On-line computer 3.2.4 3.95 

TOTAL 26.97 28.37 55.34 

Finally table 6.3.3 summarizes the responsibilities indicated in the relevant 

sections of Parts II and III. For more details see the sections indicated in table 6.3.2. 

TABLE 633 Sharing of responsibilities among the collaborating groups 

Responsible groups Component 

Microvertex R + D 
Inner detector 

TPC 

Barrel RICH Orsay, 

Outer detector 
Barrel a.m. Rome, 

Scintillators 

Muon chambers 

Forward chamber A 

Forward chambers B + C 

Forward liquid RICH 

Forward gas RICH 

Forward a.m. 
Hadron calorimeter 

SAT 
Common trigger + DAQ 

On-line computers 

TEAT, Milan 
Cracow, NIKHEF 

CERN, College de France, Lund, Orsay, Saclay 

Athens, TEAT, College de France, NIKHEF, 

Strasbourg Uppsala Wuppertal 
Liverpool, Paris (LPNHE) 

Ames, Bologna, TEAT, Genoa, Karlsruhe, Milan, 
Stockholm 
Santander, Valencia 

Belgium, Oxford 
3 ienna 

Wuppertal 

NIKHEF 

Copenhagen, Uppsala, Wuppertal 

Padua Santander, Torino, Valencia 
Dubna, Genoa, Serpukhov, Rome 

Bergen, Oslo 
Ames, CERN, Vienna 

Ames, CERN, Oxford, Rutherford 
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We have to add a few comments: 

0) The groups of Strasbourg and Saclay are interested in participating in the 

development of the microvertex detector but in the next two years do not plan 

to invest money in it. 

(ii) The participation of the Dubna and Serpukhov groups in the construction of the 

hadron calorimeter is at present under discussion. 

Oil) Saclay is strongly contributing to the development of the forward e.m. 

calorimeter, as described in sect. 2.12.3, and will continue to he so even if at 

present no major capital investment can be foreseen from them on this item. 

(iv) The groups appearing in the last two lines of the table are the only ones which 

plan to invest money in the common trigger and data acquisition systems and/or 

in the on-line computers. However, many other groups take responsibilities in 

these two areas. 
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6.4 STAGING  

The global investment of 74.64 MST required for constructing DELPHI is 

obtained by adding the total capital investment in components of table 6.3.2 

(55.34 MSF) to the money requested in sect. 6.2 for the Collaboration Fund 

(19.3 MST). Since the money available to the collaboration in the next five years is 

69.2 MST (table 6.1.1), at present we lack 5.44 MST if we want to cover our expenses 

So five years, and we are thus obliged to delay some of our investments. 

As already mentioned in Part II, when discussing some of the detector 

components, we foresee the following actions: 

(i) Delay part of the hadron calorimeter if the groups of Dubna and Serpukhov 

cannot accept to take the major responsibility for its construction. Note that, 

as explained in sect. 2.13.4, the groups of Genoa and Rome plan to invest about 

0.5 MSF while 2.2 MSF are needed. In this event, the Collaboration will 

consider the possibility of diverting about 0.5 MSF from less urgent items (for 

example on-line computers) to cover the expenses of the mechanical 

construction of the hadron calorimeter and have the chambers installed in 

time. This action corresponds to postponing expenditures for n. 1.5 MST. 

(ii) Delay the start of the overall construction of the end-cap liquid RICH 

counters. As explained in sect. 2.10.4, the NIKHEF group was requested to 

concentrate on the barrel RICH, so that their remaining capital investment is 

sufficient only to complete the prototype work on the forward liquid RICH 

counters. This would postpone an expenditure of n. 1.8 MST. 

(iii) Start the construction of the most time consuming mechanical parts of the 

forward gas RICH counters, while delaying its 	electronics. Details of this 

staging 

postponing 

procedure 

expenditures 

have been 

for n. 1 

given 

MSF. 

in sect. 2.11.5. The action corresponds to 

(iv)  Delay the purchase of electronics of the forward some electromagnetic 

calorimeter corresponding to about 1 MSF. 

(v) If absolutely necessary, delay until early 1988 the purchase of about 10% of the 

electronics of the TED. 
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The foreseen actions are enough to balance our budget but we do not consider 

them final at all. We intend to closely follow the evolution of the experiment so as 

to adjust rapidly to any new situation with the firm intention to have a complete 

detector when LEP will turn on. In spite of the above numerology, this Sr certainly 

possible given the fact that for most of the collaborating institutes the capital money 

appearing in table 6.1.1 is the integral from 1983 to 1987 while LEP is foreseen to 

provide collisions at the end of 1988. 
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PART VII: MEMBERSHIP OF DELPHI 

Chapters 7.1, 7.2 and 7.3 of this part contain information on the composition of 

the Collaboration on January 1st 1983 in the following order: 

	

7.4 	List of the physicists forming the groups of the DELPHI Collaboration 

	

7.2 	List of the engineers and high level technicians 

	

7.3 	List of the CERN members of the DELPHI Collaboration 

Since January 1983 four groups have joined the Collaboration: IHEP, PINK, 

Copenhagen and Ames. 

The groups of IHEP (Serpukhov) and PINK (Dubna) will take the responsibility of 

constructing the iron return yoke (as discussed in sect. 1.3.3) and are investigating 

their contribution to the hadron calorimeter (sect. 2.13.4). The composition of these 

groups is not yet defined. 

The group of the Niels Bohr Institute (Copenhagen) is formed by: 

H. Boggild, O. Botner, E. Dahl-Jensen, I. Dahl-Jensen, G. Damgaard, K. Hansen, 

Hager R. Moller 

The group of the Ames Laboratory (Iowa State University) is formed by: 

H.B. Crawley, A. Firestone, J M. Hauptman, J.W. Lamsa, W.T. Meyer, 

E.I. Rosenberg 
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7.1 PHYSICISTS OF THE DELPHI GROUPS (on January 1st, 1983) 

One (two) star(s) means that the person will work on TEE more than 50 

of the time by January 1983 (January 1984). The names of the Contactmen are 

underlined. The groups are listed in alphabetic order by nation. 

AUSTRIA  

0. Bartl*, G. Leder*, F. Mandl*, W. Mitaroff*, G. Neuhofer, 
M. Pernicka*, M. Regler**  

Vienna 

BELGIUM  

D. Bertrand
** 

C. De Clasp*, J. Gaudaenn, F. Grard, P. HerquiC, 
J. Kesteman , J. Lemonne, C. Poiret*, J. Sacton S. Tavernier , * 

C. Vander Velde-Wilquet*, W. Van Doninck*, F. Verbeure, J. Wickens 

FRANCE  

P. Billoir**, J.M. Brunet*, M. Crozon, P Delpierre*, P. Frenkiel, 
P. Lutz, J. Maillard*, A. Meric he Bellefon, J. Tocqueville*, 

G. Tristam 
College he France  

E. Barrelet*, P. Busson*, P. Fleury, J. Fries*, D. Lellouch**, 
J. Seguinot*  R. Salmeron, M. Urban*, T. Ypsilantis*  

Poole Polytechnique  

J.E. Augustin*, B. Bouquet*  G. Cosme, F. Couchot, B. D Almagra*, 
A. Ferrer*, F. Fulda*, J. Haissinski*, B. JeanMarie, P. Petroff , 

F. Richard*, P. Roudeau, G. Wormser 
LAL, Orsay  

M. Baubillier*, M. Boratav*, Z. Dimkowscy , B. Grossetete, 
M.C. Touboul, Ch. he In Vaissiere**, F. Vannucci, 

Ph. Villeneuve he Janti*, R. Zitoun**  
Paris-LPNHE 

R. Arnold**  J.P. Engel**  F. Etienne*, T. Galligaro*, 
J.L. Guyonnet , M. Schaeffer*  

Strasbourg 

R. Barate**, T. Bolognese*, P. Borgeaud*, Ph. Charpentier**4  
J. Pamela A. Roussarie, Y. Sacquin, P. Siegrist*, G. Smad'a , 

P. Verrecchia, D. Villanova*, M. Virchaux 
Saclay  
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GERMANY  

J. Engler, G. FICigge, G. Hopp**, H Noire, H. Miller**  
Karlsruhe  

K.H. Becks*, H. Braun, J. Drees, G. Lenzen*, H. Muller**, 
D. 2chaTiaT*7-11-1. Wahlen*  

Wuppertal  

GREAT-BRITAIN  

S. Biagi
*  4  P.S.L. Booth*, L.J. Carroll, R.A. Donald*, 

D.N. Edwards *, J.N. Jackson
**, M.A. Houlden

*AA W.H. Range 
Liverpool  

J.G. Laken*, G. Myatt*, K.J. Powell*, D. Radojicic*, P. Renton*, 
A.M. Seger*, W S.C. Williams**  

Oxford  

J. Barlow*, R. Ely% B. Franek**4  G. Gopal*4  J. Guy**, 
G. Kalmus *, M. Tyndel , W. Venus * 

Rutherford Lab  

GREECE  

S. Katsanevas*, P. Kostarakis*, C. Kourkoumelis, 
A. Markou**  D Martakos*, L.K. Resvanis  

Athens 
• 

T.A. Filippas, E. Fokitis**, E.C. Katsoufis**, R. Papadopoulou, 
S.D.P. Vlassopoulos, J. Yiomataris*  

Athens-NT U  

ITALY  

A. Argento, A.C. Binivenuti, D. Bollini**, T. Camporesi, 
G. Heiman 	L. Monari F.L. Navarria*  

INFN-Bologna 

G. Barbiellini*(1), M. Bozzo**, R. Carosio*, C. Caso**, 
S. Ferroni*, F. Fontanellr,, V. Gracco*, M. Maar, 

R. Parodi*, L. Rossi**, M. Sannino**, S. Squarcia*, R. Vaccarone*  
INFN-Genova 

C. Meroni**, P. Negri**, A. Pullia*  S. Ragazzi*  
M. Rollier*, G. Vegni 

INFN-Milano 

(1) 	INFN, Laboratori Nazionale, Frascati and Scuola di Perfezionamento, Genoa. 
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A. Bettini, D. Bisello*, G. Burette**, P. Checchia
* 

 , 
F. Gasiparini**, U. Gasparini**, M. Mazzucato*, 

A. Meneguzzo *, M. Nigro, LliPescara, M. Posocco, P. Sartori*, 

L. Ventura  G. Zumerle**  
iNeNs•Padua 

A. Baroncelli*, C. Bosio,  A. Cattai*, C. Santoni**, C. Stanescu, 
L. Torture 

INFN-Rome-Sanita  

R. Nester, D. Gamba**, F. Marchetto**, E. Menichetti*, 
.* 

L. Riccati , G. Rinaudo**, S. Romero" 
INFN-•Torino  

NETHERLANDS  

A.N. Diddens*, J. Dorenbosch**, D. Holthuizen*  W. Kittel, 
B. Keene*, S. Stergiou*, J. Timmermans**, D. Teel*, F. Udo*, 

P. Van Dam**  
NIKHEF  

NORWAY  

A.G. Frodesen”, A. Klovning*, E. Lillestol*,  E. Lillethun*, 
J.M. Olsen

*  

Bergen  

T. Buren*,  K. Kirsebom**, G. Skjevling
** 

Oslo 

POLAND  

W. Dulinski*, Z. Hajduk**, B. Muryn*, G. Polok*, K. Rybicki, 
M. Turala, J. Tureen, A. Zalewska*  

Cracow 

SPAIN  

3.M. Bolta, M. Va. Castillo, E. Higon*, M.A. Sanchis*, J. Velasco**  
Valencia(1)  

3.3. Garcia**, R. Niembro**, A. Ruiz*, E. Villar*  
Santander  

(1) A. Ferrer, presently at VAT, acts as the Contactman. R. Llosa*, JEN (Madrid), is 
working for DELPHI. 
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SWEDEN  

** 	 ** 
S. Almehed , G. Gustafson, G. Jarlskog , L. Tonsson, B. LOrstad , 

** 
U. Miornmark , T. Sylistrand 

Lund 

P. Carlson, G. Ekspong , H. Gennow, S.O. Holmgren, P.O. Hulth , 
** 

C. Walck , N. Yamdagni 

Stockholm  

L.D. Eek , T. Ekelof , K. Fransson , A. Hallgren , S. Kullander, 

B. Lund-Jensen 

Uppsala 
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The following table gives an overall feeling of the composition of the 

Collaboration (for the CERN group see sect. 7.3). 

Total Group 
One 

asterisk 
Two 

asterisks 
No 

asterisk 

7 5 

4 6 4 14 

4 
6 
7 
4 
4 
5 

1 
1 
2 
2 
2 

College be France 
Ecole Polytech. 
Orsay 
Paris-LPNHE 
Strasbourg 
Saclay 

10 
9 

13 
9 
6 
12 

5 
2 
5 
3 
0 
5 

5 3 Karlsruhe 
Wuppertal 3 2 7 

Greats-Britain 8 3 
6 
4 

Liverpool 
Oxford 
Rutherford 

2 
0 
0 

7 
8 

Greece 3 Athens 
Athens NEC 

6 2 
1 6 3 

4 
0 
0 
4 
3 

4 

1 
2 

2 
6 
3 
5 

1 
7 
3 
5 
2 
2 

7 
13 
6 

14 
6 
7 

N etherlands NIKHEF 10 

Norway 

1 
4 

4 

1 4 Bergen 
Oslo 

5 
3 

4 Cracow 8 

3 3alencia 
Santander 

6 
2 4 

Sweden 7 
7 
6 

1 

1 

0 
0 

3 

2 
0 

3 
3 
1 

236 63 64 109 

Lund 
Stockholm 
U ppsala 

1 
3 
5 

2 

1 

2 

3 
1 
0 
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7.2 ENGINEERS AND HIGH LEVEL TECHNICIANS (on January 1st, 1983) 

One (two) star(s) means that the person will work more than 50% of the time by 

January 1983 (January 1984). 

BELGIUM 

L. Etienne*, G. Goorens, G. Van Beek, L. Van Lancker 

FRANCE  

P Bonierbale*, P. Courty*  A. Diaczek*, J.P. Jobez*  
9  

P Marqueste*  M. Pairat4, G. Saget*, 3.13  Turlot*, 
J. Valentin*  

College de France  

G. Fouque, C. Gregory*, J. Guillon*, L. KaIt*, R. Marbot, 
B. Montes*, J. Morinaud*  

Ecole Polytechnique  

* 	* 	
. 	* 	

* J. Carnet, J.C. Drulot, A. Hrisoho , J.M. Noppe, 
J. Paget*, K. Truong*  

LAL, Orsay  

Ph. Etienne*, J.F. Genet*, D Imbault P. Nayman
**

, 
Cl. Pambrun*, F. Rosse14:  

Paris-LPNHE 

E. Aria*, D. Berst*, E. Christofel*, J.C. Marsaudon*, 
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