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I. INTRODUCTION 

The goal of this subsystem R&D project is to carry out a detailed study and design 

of a complete wire chamber tracking system covering pseudorapidity 1111 S; 2.5 in a 

solenoidal detector for the SSe. Most of our group are now pan of the Solenoidal Detector 

Collaboration (SDC), so the work has evolved into developing a tracking system 

conceptual design for the SDC detector. 

The tracking system requirements are the measurement of momentum and fast 

triggering over 1111 S; 2.5. The project includes drift cell designs, engineering of a precise 

mechanical support structure, evaluation of front end and triggering electronics, design of 

connections for high voltage, gas and electronics, and computer simulation of the tracking 

system. The collaboration consists of physiCists and engineers from Indiana University, 

the University of Colorado, the University of Pennsylvania, KEK National Laboratory 

(Japan), Lawrence Berkeley Laboratory (LBL) and the University of California, Berkeley, 

University of Michigan, Rutherford Appleton Laboratory (U.K.), University of Liverpool 

(U.K.), University of Glasgow (U.K.), Westinghouse Science and Technology Center 

(WSTC), Oak Ridge National Laboratory (ORNL) , Los Alamos National Laboratory 

(LANL), and the Stanford Linear Accelerator Center (SLAC). 

The design discussed in this report uses straw tube drift chambers for the central 

tracking region. Because of the high rates in the SSC environment, a small cell design is 

needed for wire chambers in the central region. Straw tubes as small cells offer many 

advantages because the sense wire is enclosed in a contin uous cathode, and the wire 

tension due to the sense wire only can be supported without a massive structure. The straw 

tubes are grouped together to form superlayers in order to provide local track segments. 

The superlayers are composed of modules consisting of about two hundred straw tubes 

enclosed in a carbon fiber composite shell. Straw tubes have been used in previous 

experiments for small vertex drift chambers. However, they have never before been used 

for a large tracking system. 

During the past year we have built several prototype straw modules. These allow 

us to develop all aspects of the design and construction. We are presently carrying out the 

design and fabrication of a full-scale module. The prototype modules are under test at 

several of the institutions (Indiana University, KEK, University of Colorado, University of 
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Michigan, and University of Pennsylvania). We are measuring positioning accuracy of the 

wires, chamber spatial resolution, attenuation length, effects of aging and radiation 

damage, and evaluating designs for interfacing of the wires to the electronics. 

This tracking system design requires the novel use of materials, such as carbon 

fiber composites, on a large scale in order to provide the necessary structural rigidity and 

alignment with as little material as possible. Our group includes engineers at the 

Westinghouse Science and Technology Center and Oak Ridge National Laboratory, who 

are carrying out design work in this area. The engineering work also includes design of the 

structure to support the modules, as well as costing and scheduling activities for 

constructing an SOC tracking system. 

We are evaluating prototypes of front end and triggering electronics, developed at 

the University of Pennsylvania, KEK, the University of Michigan, and the University of 

Colorado, on prototype wire chambers. We are investigating the layout and interfacing of 

the electronics on the chamber, including anyon-chamber signal processing. 

The U.K. groups are developing tracking detection for the intermediate angle region 

(1.6 < tTll < 2.5). During the past year a radial wire chamber wedge prototype was built 

and tested. 

We are continuing our computer simulation studies of the tracking system. As is 

well known, tracking at the SSC will be difficult because of the high rates and small bunch 

spacing. For these studies we include the integration of a silicon detector at smaller radius. 

Computer simulation studies were carned out by groups at Indiana University, University 

of Colorado, LBL, University of Michigan, and the University of Liverpool. During the 

past year we investigated stereo layers, pattern recognition algorithms, and track fitting 

procedures. We also included our simulation software in the SDC simulation/analysis 

package and studied effects of material in and near the tracking volume. The performance 

of the trigger algorithm was studied using the complete simulation package. The 

performance of the intermediate angle tracking system was also simulated. 

We are working towards the goal of fabricating full-scale prototypes of sections of 

the tracking system for beam tests in 1993 (test beams will then be available at Fermilab). 

These prototypes will test all of the designs for the full tracking system - chamber design 

and construction, mechanical suppon and alignment, and electronics. 
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II. CENTRAL TRACKING R&D 

Institutions: Indiana University, University of Colorado, Los Alamos 

National Laboratory, Lawrence Berkeley Laboratory and University of 

California, Berkeley, Stanford Linear Accelerator Center 

11.1. Central Tracking System Overview 

The central tracking system is composed of cylindrically concentric superlayers of 

straw tubes. 1 Each superlayer is made up of 6-8 layers of straw tubes. The straw tubes 

are arranged in modules of approximately trapezoidal cross section each containing about 

200 su-aws. Each straw module is essentially an independent tracking chamber with its 

own gas and power connections and its own electronics. The superlayers have straws 

running either parallel to the beam direction (axial superlayers) or at a small angle to this 

direction (stereo superlayers) in order to measure the coordinate (z) along the wire. 

As an independent tracking system, the central outer tracker would need more 

superlayers. However, as part of the SDC Collaboration we have been studying a straw 

tracker that is part of an integrated system including. a silicon inner tracker. For cost and 

material reasons neither part of the tracking system can be complete. One such system is 

the engineering baseline design,2 which was defined to provide a basis for the mechanical 

engineering studies. The baseline design is shown in Fig. II-I, and the numerical data are 

given in Table 11.1 for the four outer superlayers, which are composed of straw tubes (the 

inner two superlayers are made of scintillating fibers). 

Table 11.1 Straw Section of Engineering Baseline Design 

Superlayer Radius (m) Straws!Layer Layers/Super Zrnin (m) Zmax (m) Stereo Angle 

layer (0) 

3 1.21722 1912 6 0.03 3.550 -3 

4 1.34963 2120 6 0.03 3.900 0 

5 1.48205 2328 6 0.03 3.950 +3 

6 1.61447 2536 9 0.03 3.950 0 

Total number of straws (both ends): 121,968. 
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Current cost estimates indicate that the engineering baseline system exceeds the 

guidelines given to SOC by the SSC Laboratory. A possibility for the SOC proposal, 

which is due April 1, 1992, is an all-straw central tracking system3 with a future upgrade to 

scintillating fibers for the inner superlayers at higher than design luminosity. The cost of 

such a system is within the target goal for the descoped SOC detector, and, with the silicon 

inner tracker, it should provide a complete integrated tracking system that will perfonn well 

at luminosities at least up to the design value. The conceptual design of such a system 

consists of five straw super layers, three axial and two stereo. The outer three superlayers 

are positioned as in the engineering baseline design. The inner two will be positioned 

radially so as to provide the best linking to the silicon detector. The two outer axial 

super layers are trigger layers and have 8 straws per superlayer. We are also considering 

using the outer stereo supedayer in the trigger, which could be useful to provide z 

infonnation, particularly at higher than design luminosities. The other superlayers have 6 

straws per superlayer. The amount of material in the outer tracking system near 90° is 

3.5% of a radiation length including all supports (but not including the last superlayer). (A 

detailed description of the material in the tracking volume is given in Section IV.) The 

components of this tracking system are listed in Table n2 (the radial positions and lengths 

given are nominal and will be determined by simulation studies), and the design is 

presented in Fig. ll-2. We are currently studying the perfonnance of this tracking system 

design and reviewing the cost estimates for iL 

Table n2. Descoped Central Outer Tracker Design 

Superlayer Radius (m) StrawslLayer LayerslSuper Zmin (m) Zmax (m) Stereo Angle 

layer (0) 

1 0.708 1112 6 0.03 2.80 0 

2 1.04 1640 6 0.03 3.20 +3 

3 1.35 2120 8 (trijtjter) 0.03 3.90 0 

4 1.48 2328 6 0.03 3.95 -3 

5 1.61 2536 8 (trijtger) 0.03 3.95 0 

Total number of straws (both ends): 1.35 x UP. 
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11.2. Straw Tube Studies 

In the past year there have been several studies of straw tube operation under 

conditions which would be expected in the SDC detector. The tubes will be about 4 meters 

long and therefore the attenuation per unit length of the electrical pulse as it travels along the 

straw must be small. Also the radiation level and the accumulated dose of radiation in each 

straw tube are expected to be larger than those that have been experienced before in straw 

tube trackers, so possible difficulties arising from these higher radiation levels must be 

investigated. These studies continue the work that had been done in the year before.4 

11.2.1. Attenuation 

The attenuation of the signal pulse from the collection of electrons at some point 

along the wire depends upon the resistance of the cathode walls and the wire and, to a 

smaller degree, upon the rise time of the pulse because of the skin effect. In the past our 

tubes were found to have an attenuation length of about 4 meters.S The resistance of the 

25.4 IJ.m gold plated tungsten wire was 113 O/m. The surface resistivity of the aluminized 

polycarbonate cathode material was about 1 Wsquare leading to a resistance6 of about 90 

O/m. In the past year we have obtained tubes made with a much thicker coating of 

aluminum so that the resistivity of the cathode material is about 0.3 Wsquare leading to a 

resistance of about 30 O/m. Two types of material were used. One was the same 

polycarbonate material as before but this time it was processed according to our 

specifications. We asked for as thick a layer of aluminum as possible while still maintaining 

the integrity of the material and the coating. The second type of material was based on 

Kapton. We asked for and obtained 2500 A of aluminum. Both types of material had the 

same surface resistivity. Measurements of the attenuation length of the pulses from an Fe55 

source made in the same way as for the old material but now with the new Kapton 

aluminized material for the cathode resulted in a value of 5.7 m with a 25.4 IJ.ffi wire for the 

anode and a value of 6.9 m with a 51 IJ.m wire.7 Although a 51 IJ.ffi wire may be too big, a 

38 IJ.m wire would be satisfactory and with that we can obtain at least 6 m for an attenuation 

length so that the amount of variation in pulse height with respect to the middle in a 4 m 

tube would be about 28%. 
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11.2.2. Radiation Effects 

The behavior of the tubes in a radiation environment is rather a complex topic. Two 

types of measurements have been carried out to determine how stable the operation of straw 

tubes will be in the radiation environment of the SSC. One measure is the change in gain 

as a function of the accumulated charge per unit length of tube. The other is the change in 

the breakdown voltage limit as a function of accumulated charge and radiation level. The 

breakdown voltage in particular must be high enough so that the chamber does not trip off 

on overcurrent except under extraordinary conditions. If the effect is sufficiently severe, 

the lowering of the breakdown voltage as time goes on could make the straw tube detector 

unusable at some late time in the future of the SDC. 

It has been shown that operation of tube chambers with a gas mixture containing 

20% isobutane in tetrafluoromethane is very stable with respect to changes to the anode 

wire after large amounts of charge have been collected.8 These studies, however, were not 

done with aluminized plastic straw tubes. If the same type of anode, namely gold-plated 

tungsten wire, and the same gas mixture are used in a straw tube with a metalized plastic 

cathode, break down and gain change effects are observed after a large amount of charge 

has been collected.9 This points to the cathode as the source of the problem. One obvious 

effect that is observed is that the material is constantly being ablated as the current of 

positive ions keeps hitting the cathode surface. The rate of ablation is probably dependent 

on the type of material, how it is deposited, its thickness and perhaps other variables. 

During the course of ablation the surface properties change as the outer layers of the 

material are eroded away and the underlying layers are exposed perhaps to react with the 

chamber gas. The electric field at the cathode is about 2 kV/cm and at these energies ions 

may be implanted into the metallic . surface. In shon, there are many possibilities for 

changing the properties of the cathode as charge is accumulated. 

In our tests the radiation levels are drastically increased over those expected at the 

sse in order to accumulate enough charge on the wire and the cathode to make a 

meaningful test in a reasonably shon time. The tendency to break down increases as the 

radiation level increases, and this is the reason that breakdown problems were observed. 

In order to measure the dependence on radiation level several data points were taken on a 

sample straw tube chamber with a source of 2 MeV electrons at varying distances from the 

straw. This!s shown in Fig. ll-3. The straw had previously been exposed to 0.2 Clem. of 

accumulated cbarge. The· vertical axis is (GAIN)- 1 where the GAIN is the gain at the 
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breakdown voltage and the gain is related to the voltage across the tube. The horizontal 

axis is proportional to the, radiation level. Note that the full-scale horizontal axis 

corresponds to 500 times the nonnal SSC radiation level at the design luminosity. The gain 

should attain at least 105 for an inner straw layer for normal SSC radiation levels. The 

dependence of (GAINt 1 on the accumulated dose is shown in Fig. 11-4. The increase is 

linear as a function of accumulated charge density. 

The ablation rate imposes a minimum value of the thickness of the conductive 

coating. There must be enough that the pulse transmission properties are not too severely 

reduced after a nominal 10 year operation at design luminosity. The total accumulation of 

charge is estimated to be about 0.1 Clcm at about 80 cm from the beam using a gas gain of 

2 x 1 ()4. Our studies show that this would result in a loss of about 500 A of copper or 

aluminum. One would want to have, therefore, at least 1500 A of copper or 2500 A of 

aluminum at the beginning of operation. 

All these results are valid only if there are never any sustained breakdowns. A 

breakdown that maintains itself over a fairly short time will damage the tube more than the 

full ten year radiation induced current. 

11.2.3. Wire Aging Studies 

There have been several areas of investigation concerning aging of wires with CF4-

based gases: a) accelerated radiation aging test, b) investigation of plasma chemistry 

processes leading to wire aging, and c) surface analysis of aged wires. This work also 

continues the studies made in previous years.10 

• The gas CF4/'isobutane (80/20) (abbreviated as CF/IB), generally regarded as the 

most radiation-hard and "stable" wire chamber gas, actually shows a small (=10%) initial 

transitory gain loss. 

• The gas CF4 results in rapid aging using gold-plated wires quite contrary to 

expectations. 

• The CFIIB mixture, which works well with gold-plated wires, causes moderate to 

rapid aging when used with resistive wires, such as Nicotin, Stablohm and stainless steel. 
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• Strong evidence was found for the model of competitive ablation and 

polymerization (CAP), which is characterized by an equilibrium between deposition and 

removal of wire deposits, resulting in a finite avalanche gain, and a corresponding finite 

asymptotic value of current measured during tests. 

Trace impurities occurring in the single constituent gas CF4 were removed by 

passing the gas through a tube undergoing avalanche discharges induced by a strong 

radioactive source (Fe55). This was observed using our cryotrap system. This is, to our 

knowledge, the first time such an "electrostatic" filter has been conclusively demonstrated. 

(This did not, however, prevent wire aging when subsequently used in a chamber as a 

purified gas.) 

• Pre-coating of anode wires using established plasma techniques modified 

significantly the initial wire aging behavior suggesting the possibility (in the CAP model) of 

precoating the wire to the equilibrium coating level to circumvent gain loss. 

• Trace contaminants CFQ3 (Freon-11) and NH3 (ammonia), two contaminants 

which produce wire aging behavior, were added to a chamber operating with argon/ethane 

gas. The effluent gas was found to contain compou.nds with CCl3 and NH2 attached to a 

benzene ring (benzotrichloride or aniline, respectively). These are electronegative and 

could be drawn to the anode wire resulting in deposits on the wire. 

Studies have been made of the effect of wall and cathode material in aging and high 

voltage breakdown tests using CFIIB gas and also argon/ethane (50/50), and measured 

amounts of water vapor known to inhibit breakdown: 

• Cathode materials tested: nickel, gold, copper and aluminum 

• Wall materials used: Mylar, Kapton and polycarbonate (Lexan) 

• Gases tested: CF4fisobutane (80/20), argon/ethane (50/50) 

• Water vapor concentrations: ... 0 to 4000-6000 ppm. 

No important differences were observed among the cathode materials, but the 

polycarbonate wall resulted in much poorer aging performance than Mylar or Kapton. A 

significant suppression of breakdown was observed with water vapor added. Water vapor 

outgassing from plastic tubing was measured to be about 3000 ppm, which explains the 
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suppression of breakdown observed when using these tubings for gas plumbing (e.g., 

Nylon). 

11.3. Straw Tube Modules 

The basic module design is shown in Fig. 11-5. Three important areas for 

development are the carbon composite shell, the endplate, and the attachment of the module 

to the superstructure.ll The outer shell holds the straws in position and maintains 

alignment along the length of the module. At the points where the straws have an internal 

wire support (every 80 cm) they will be forced into a rigid close-packed array and bonded 

before insertion into the shell. The unsupported 4 meter external shell does not have to be 

straight to 50 J.I.I11, since it is only between the 80 cm attachment points that it will be a free 

span. An independent alignment method will be used to attach the modules to the structure 

and provide the overall straightness. Also the trapezoidal cross section must be maintained 

between the 80 em support points by the shell. The endplate structure and the bonded 

straw positions maintain this shape at the support points. 

One of the goals for the past year was to construct several working straw tube 

modules using the shell concept. This project served the needs of other groups who 

wanted a small straw tube chamber for trigger and electronics studies and for gas studies 

and also allowed us to test some of the expected benefits of modular construction such as 

self centering of the straw tube array by close packing them in a precisely-made shell. 

These modules contained 64 straw tubes. Also, a module with 228 tubes was begun 

recently and will be completed in the near future. 

Several composite modules of 30 cm length were constructed by Composites 

Horizons of Covina, California. The dimensions of these carbon shells are shown in Fig. 

11-6. These were made with 4 layers of 0.0025 in. prepreg carbon fiber tape (38 Million 

modulus). Measurements of these modules show that the intrinsic straightness over 80 to 

100 em can be held within the 50 J.UIl accuracy limit Working with Composites Horizons, 

several tests of the expansion or contraction of the composite structure with respect to the 

room temperature mandrel (mold) size have been performed. By using the computer 

program GENLAM, the final product size was accurately predicted. In particular, it was 

confirmed that the expansion coefficient along the fiber direction is very slightly negative. 

This shows that we can produce a final shell to the required specifications. 
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The composite shell also takes the compressional load of the wire tension, which is 

about 12 kg force for 240 straws. An analysis of a 240 straw module by Oak Ridge 

indicates that a 0.010 in. (250 ~m) wall will support the tension, as explained in the ORNL 

Appendix. 

An assembly view of the 64-straw module is shown in Fig. 11-7. The 64 straw 

tubes are arranged in a close-packed rhombus-shaped array of 8 rows and 8 straws to a 

row with an offset of half a tube between rows. Connections to the cathodes are made by 

dipping the ends of the 64 straws into conductive epoxy. A connection \s thus made from 

one tube to the next, and on the two opposite sides of the module the connection is carried 

outside with copper foil. The wires are positioned in the center of each straw with a so­

called double-vee, one at each end of the tube. The double-vees, shown in Fig. II-8, are 

made for us by RTI Plastics to a design by R. Foster.12 The double-vee centers the wire in 

the center of the tube. The wires are tensioned and soldered to clips inserted into the 

endplates, one at each end of the shell. Connection to the anodes is made via spring-loaded 

contacts (pogo sticks) stuck in the endcap, which covers the endplate. The pogo sticks 

press against the clips to which the wires are soldered. A gas manifold is also formed 

when the endcap is attached to the endplate. The outside ends of the pogo sticks are 

soldered on one end into a PC board which supplies the high voltage to each wire through a 

resistor and on the other end to another PC board which holds the blocking capacitors and 

connectors to carry the signals to a set of amplifiers. The modules were made at Indiana 

University and the PC boards at the University of Colorado. 

A total of six modules of this type were constructed. One each has been sen t to 

KEK in Japan, University of Colorado, University of Michigan and University of 

Pennsylvania. Two remain in Indiana. These prototype modules are or will be undergoing 

extensive testing to investigate and optimize their operating characteristics. One of the 

setups (at Colorado) incorporates a cylindrical drift chamber from an earlier experiment in 

conjunction with the prototype 64-tube module to study the performance (resolution, 

efficiency, etc.) of the module as pan of an overconstrained tracking system. A full 

complement of FASTBUS IDCs is operating and cosmic ray tracks can be displayed. A 

track finding and fitting program has been produced and the residuals of the fits are being 

studied. Such tests on the module alone are also being carried out at Indiana. 
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Various tests of the accuracy of the module construction technique have been made 

both in the course of building the modules and after their completion. Before the wires 

were strung the positions of the double-vees were measured. The positions were then fit to 

an ideal close-packed array. The result was that the standard deviation in each of two 

orthogonal directions was less than 50 11m where the error of measurement was probably 

the largest contribution. After completion the module was tested with cosmic rays. The 

difference between fitted and measured positions of the tracks indicated that the deviations 

from a close-packed array were about 20 11m Another test of the placement of the wires in 

the 64-tube module was performed by X-raying the module with a very small X-ray source 

at a large distance. The module was placed at an angle with respect to the X-ray flux so 

that the image of each wire was separated from the image from the wire in front or in back 

of it. In this way all 64 wires can be clearly resolved. The errors here also indicate about a 

25 11m error from an ideal close-packed array in one plane. 

The results of the placement error measurements of the 64-tube module led us to 

consider ways to improve the centering accuracy, and a new method was developed for use 

in the construction of the 228 straw tube module. The new method consists of clamping 

the straw tubes with their double-vee inserts inside precisely-machined steel clamps and 

gluing them. The shells then do not determine the close-packing of the wire pattern but 

they do keep the straws in line between the points along the straw where the clamp points 

are. The measurements of the placement accuracy were made on an optical comparator, 

and after fitting to a close-packed form, the result was that the standard deviation was 30 

~m.13 See Fig. II-9 for a plot of the deviations. Although the placement errors are not 

significantly better than for the 64-straw module, it seems clear that without this clamping 

method the errors on the 228 straw module would have been larger. 

The proposed end structure assumes that the sense wire can be forced, on an air 

column or following a stiff leader, through a 3-4 m long tube loaded with wire supports at 

80 em intervals. The injection-molded double-vee supports used in current prototypes do 

not allow use of this technique; a design from Duke University works rather well from this 

perspective but has not yet been adapted to mass production with precisely controlled 

dimensions. We have procured prototype supports made to our second-generation design 

shown in Fig. II-lO. It is a double-vee modified to funnel the wire through its aperture. 

We are encouraged by the performance of this model and expect to order injection-molded 

versions as soon as we are fully satisfied with the prototype evaluation. 
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We are now in the process of assembling two 1-meter-long and one ~meter-long 

prototype modules. The design of the carbon fiber composite shell is discussed in Section 

IV. 
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Fig. n-l. A section through one qUadrant of the tracking system of the baseline design. 

14 



PROPOSED CENTRAL OUTER TRACKING SYSTEM 
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Fig_ ll-2. A section through one quadrant of the descoped all-straw central outer tracking 
system. 
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Fig. II-3. The limiting inverse gain vs. radiation level for a straw after exposure resulting 
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design luminosity for a tube 70 em from the beam. 

16 



o 
o 
o 
o 

(/) 
Q.l 

0.5 

0.4 

E 0.3 

c: 
.~ 

OJ 

Q.l 
(/) ..... 
Q.l 

~ 0.2 

OJ 
c: 

E 
::i 

0.1 

0.0 

+ 

+ 
+ + 

+ + 

+ 

0.00 0.05 0.10 0.15 
Accumulated Charge Clcm 

Fig. ll-4. The dependence of the limiting inverse gain on the total exposure at a level of 

radiation 300 times the level expected at design luminosity for a tube 70 em from the beam. 

17 



SUPERLAYER go INCLUDED ANGLE 
WITH "3 MM GAP FOR INSIDE STEREO OR AXIAL LAYER 

fo-------116.00 MM ----------i 

6 X 24/29 
159 STRAWS 

60° 
BOUNDARY 

SUPERLAYER 3.75° INCLUDED ANGLE 
WITH 3 MM GAP FOR OUTSIDE AXIAL TRIGGER LAYER 

TRIGGER MODULE 

Fig. II-5. Cross sections of two proposed module designs. 
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III. INTERMEDIATE ANGLE TRACKING R&D 

Institutions: University of Liverpool, Rutherford Appleton Laboratory, 

University of Glasgow 

The intennediate angle region of the outer tracking system in a supercollider 

experiment is important if rapidity coverage is to be adequate for good acceptance for 

production of new heavy particles, for example, the Higgs boson. Using gaseous charged 

track detection, the intermediate rapidity ranges -2.3 < 11'\1 < -1.2 and 1.2 < 11'\1 < 2.3 are 

best covered using anodes (wires or microstrips) in planes perpendicular to the beam 

axis.14 The SDC experiment presently has plans to include two Intennediate angle Track 

Detectors (ITDs) to cover these end rapidity regions. 

The initial technique proposed for the lIDs used modules of radial wire drift 

chambers, similar in concept to those now installed in the HI experiment at HERA. At 
supercollider luminosity (S 1()33 cm-2 s-l) such chambers must have sufficiently small 

drift cell aperture and must be operated with the fastest possible drift gas. A "standard" 

design of radial wire drift chamber gives rise to two areas of concern for use in the SDC 

detector at a luminosity of 1()33 cnr2 s-l: 

1. Current Draw 

The current draw, which is expected to be 0.5 Jl.A per sense wire at a 

luminosity of 1()33, will induce a similar current in the voltage graded cathode 

plane which will cause voltage sag if a resistive divider is used. The 

consequences are intolerable drift velocity and gas gain variations as a function 

of radius. An alternative approach, which is now favoured, is to supply each 

cathode strip, via a distribution network, from a set of ganged power supplies, 

one for each different voltage in the chamber. Such a system introduces no new 

conceptual design problems other than the large number of voltage lines needed 

to supply the drift chamber. This solution has the additional advantage of 

permitting the inner radius of sensitivity of the chamber to be increased to cope 

with unexpected background levels. 
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2. OccuPanCY 

Occupancy, as presently used to evaluate the perfonnance of Straw tubes with 

single hit electronics, is misleading when multi-hit electronics are used. It is 

necessary to distinguish "memory time" and "busy time." Memory time is the 

maximum drift time, in this case 157 ns or 10 beam crossings. Busy time is 

twice the two hit resolution divided by the drift velocity, 2 x 2 nun divided by 

100 ~ns, or 40 ns. Using the busy time in the calculation, the effective 

occupancy is 12% at a luminosity of 1()33 cm-2 s-l. This is comparable to the 

occupancy of straws in the barrel outer tracker, as expected when one considers 

that the rapidity range and phi segmentations are similar. 

The operational characteristics of the radial wire drift chambers at the sse can be 

summarized by the following: 

1. In the simulation at a luminosity of 1033 cm-2 s-l the loss of hits due to the busy 

time of the anticipated two hit resolution (2 mm) is only 7%. 

2. The proposed inclusion of a "crossing tagger" with a time resolution 

conservatively estimated at 3 beam crossings has been demonstrated by 

simulation to reduce the fraction of minimum bias background hits per nigger in 

the TID from 79% to 27% of the total. This gives confidence that the pattern 

recognition problems could be manageable. 

A "single wedge" radial wire chamber prototype of suitable size was constructed in 

Liverpool and tested in a CERN test beam. Figure llI-l shows some details of the 

construction of the prototype. In attempting to establish acceptable operating conditions in 

new fast drift gas mixtures (see below), problems were encountered with distribution of the 

necessary sense and field HV to this small (relative to HI) drift wedge. They have now 

been solved by means of modifications to the construction of the prototype, and the 

modified version is now operating quietly with conventional slow drift gas. The spatial 

resolution and pulse height uniformity are under investigation using X-rays and cosmic 

rays. This work is being continued to a conclusion which will establish how well such a 

radial wedge chamber operates in fast CF4-based gas mixtures. 

In parallel with this work, we have carried out a series of measurements of the drift 

characteristics of fast gas mixtures which include CF4. IS In radial, or for that matter other 
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isochronous drift chambers which are suitable for ITDs, it is essential for design work to 

have a good understanding of both the drift velocity and the Lorentz angle as a function of 

the electric field A series of measurements is continuing, after initial chemical and physical 

damage to our test chamber due to the action, both chemical and physical, of the CF4 gas 

mixtures used. As an example of these measurements, Fig. lII-2 shows the results for a 

mixture with which we can achieve a suitable drift velocity and manageable « 45°) Lorentz 

angle, albeit at relatively high electric field 

As our design work for the SDe experiment at the sse has progressed, the need 

for a fast Level 1 trigger from the lIDs has become one of the most imponaDt criteria in 

their design. Radial drift wires with multi-hit readout and thus large occupancy, but with 

low busy time, cannot meet this requirement. We are now also considering lIDs which 

include gaseous micros trip chambers for fast signals. At first our approach was to 

construct a hybrid of radial wires with gas microstrips in which the latter played the 

combined role both of tagging the bunch crossing to eliminate unwanted hits in the radial 

chambers and of providing a Level 1 trigger. It is now becoming clear that the excellent 

spatial resolution of the microstrips can be used to provide adequate track reconstruction 

precision, thereby removing a major reason for the radial drift wires and in doing so also 

enhancing the luminosity capability of each TID to 1()34 cm-2 s-l. Simulation design work 

is now progressing well to fix the layout of an lID based on microstrip "tiles." R&D is 

also underway to establish the reliable operation of suitably sized tiles in both Liverpool 

and RAL. This work is now becoming the main activity of these groups in the SDe 

experiment. 
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IV. ENGINEERING R&D 

Institutions: Indiana University, Oak Ridge National Laboratory, and 
Westinghouse Science and Technology Center 

IV.l. Introduction 

This report contains the results of the second year of engineering development on 

the modules, the superlayers, and the support structure for the SDC tracking system. The 

goal of this study was to develop a detailed concept for a modular charged particle tracking 

system based on small cell drift chambers. 

areas: 

The initial design of the tracking system has made significant progress in all major 

1. A one-meter-Iong prototype module with 228 cells 

2. The cylindrical support for the modules 

3. The space frame for the suppon of all the cylindrical superlayers and the silicon 

inner tracker. 

There has also been a growing effort to complete the engineering studies of these 

systems. This has included: 

1. A finite element analysis of nested cylindrical superlayers 

2. A study of several space frame designs for holding the superlayers 

3. A series of studies of the modules, including buckling calculations, transverse 

stiffness, and effects of composite orientation. 

In addition, detailed manufacture and assembly studies have started on the 

following: 

1. The large cylindrical mandrel for the carbon composite-Rohacell foam cylinders 

2. The module support shim rings on each cylinder 

3. Space frame support system 

4. The four-meter-Iong modules. 
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Finally, in preparation for the full design repon for the SOC, the cost and schedule 

for the straw tracking system have been analyzed. This includes engineering and design as 

well as labor and materials for construction and assembly. 

We believe that a module-based central tracker using straw tube technology would 

have advantages such as simplicity, stability and repairability. The Straw Tube Placement 

Engineering Review Committee,16 which met in June, has indicated that the modular 

concept should be chosen for the SDC if a 4-meter module can be demonstrated by the end 

of the year. Much of the modular work we repon here is directly related to the construction 

of this proof of principle module. We are confident that this can be accomplished. 

Figures and supponing documents referred to in this section are representative of 

the work completed. More detailed work repons from Indiana University, Oak Ridge 

National Laboratory, and Westinghouse Science and Technology Center can be found in 

the appendices. 

IV.2. Concept 

The module is the basic building block of the outer straw tracking system. A 
nontrigger module consists of six layers of 4-mm-diameter straws surrounded by a 

trapezoidal shell of graphite composite ofO.01O-in.-thick wall. There are 29 straws in the 

widest layer. as shown in Fig. IV -1. The trigger module will have eight layers of straws in 

a shell with a transverse cross section· that conforms to the superlayer radius. In the 

engineering baseline design. these modules. ranging in length from 2.7 to 4 meters. are 
arranged in "four cylindrical superlayers distributed between 0.70 and 1.7 meter radius. 

The modules have positioning keys that are attached by shim rings to thin cylinders 

spanning the entire length of the eight-meter-Iong tracker. Each of the cylindrical 

superlayers is attached by an end flange to a space frame that keeps the superlayers coaxial 

and supports the tracker inside the magnet, as shown in Fig. IV -2. 

IV.3. Modules 

During this reporting period, a design of the graphite/epoxy straw module has been 

completed to request prototype fabrication bids. Detailed design calculations on the 
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module were performed, and specifications and detail drawings produced to define 

completely the module for fabrication. The design is shown in Fig. IV -3 and is described 

in the ORNL Appendix. During this design work it was found that the major loads on the 

module were the thermal loads that develop as it cools back to room temperature from the 

maximum curing temperature. The stress-free temperature of a cured composite is close to 

the maximum cure temperature at which most of the cross-linking occurs in the polymer 

used for the matrix. Because of the high coefficient of thermal expansion (CTE) of the 

epoxy, which is about 21 x 1O-6fF, and the negative CTE of the graphite, which is about 

-1.38 x 10-6/°F, compressive buckling stresses can be induced in the thin graphite 

laminates. 

The induced compressive stresses in the thin laminates would cause warping and 

waviness of the modules. Such warping and waviness are unacceptable in the module; 

consequently a design was found which involves laying up the thin laminates on a polyimid 

foam. This enormously increases the flexural modulus and buckling strength of the 

laminate while imposing very little weight penalty on the module. In fact, the design using 

the foam core saves weight over that of the solid laminate for the case of designing to 

prevent buckling due to the tungsten-wire forces; i.e., only O.OO9-in. thickness of graphite 

is required to prevent wire-force buckling, whereas six plies of 0.0025 in. per ply (0.015-

in. of graphite) would have been required in a solid laminate. 

Our studies have indicated alilayups of thin laminates should be reinforced by foam 

or other means. This has implications for the cylinder design. Also, the layups should be 

balanced and symmetric, and the effects of the flexibility of the foam on the symmetry and 

balance should be assessed. These effects have been incorporated in the prototype shell 

design. The specifications and design drawings to be used for fabrication are given in the 

ORNL Appendix. 

In addition to the detailed module design. the layout of the modules has been 

optimized for gapless azimuthal coverage by the active straw layers. This involved 

developing a program to optimize the size, position and separation of each module in a 

superlayer. In particular, the study investigated ways in which the modules could be 

positioned so that high momentum particles have a minimum number of lost hits in the 

boundary regions of modules. One way that this can be accomplished is to stagger 

alternate modules in the radial direction. The unequal radial spacing between modules 

reduces the required spacing between modules while maintaining a maximum number of hit 
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straws. Configurations have been found that should allow high momentum tracks to have 

the full complement of hits. A typical layout is shown in Fig. IV.4. See the ORNL 

Appendix or the WSTC report for more pictures and details concerning missed hits. 

The engineering baseline design incorporates stereo modules in two of the 

superlayers of the tracking system. We have worked out a stereo configuration of the 

modules that gives full coverage for all tracks using the nontrigger modules positioned at 3° 

to the axis of the cylinder. This is shown in Fig. IV.5. Details of this layout are in the 

WSTC Appendix. 

IV.4. Support Cylinder 

Each superlayer of modules is supported on a cylinder that spans the entire length 

of the tracker. The support cylinders are shown in Fig. IV-6. The structural stability of 

such a system has been studied. The assembly sequence has been developed. The 

materials to meet the stringent alignment and stability specifications exist 

The cylinders have shim rings that hold the modules at points separated by 80 em 

along their length. The module shells are fitted with key type attachments along their length 

where they attach to the support structure. The keys are precisely located with respect to 

the inside surface of the module. These keys lock into the shim rings on each cylinder. 

The design studies of the cylinders have indicated that the structure should be a 

graphite composite laminate composed of two 0.006 in. (3 ply) laminates sandwiching a 

I inch polyimid foam core. This satisfies the material constraints of the tracking system as 

well as the strength and stability requirements. The largest of these cylinders is 8 meters in 
length and 1.6 meters in radius. A design for shim rings made of polyimid foam is under 

way. It appears to meet the precision tolerance of 50 microns. Such a cylinder and shim 

ring is shown in Fig. IV -7. 

The manufacturing procedure for the cylinders will require the construction of large 

steel mandrels. The carbon composite laminates will be laid up on the mandrel. then 

covered with foam panels. The foam can be machined to tolerance before covering with an 

additional O.OIG-in. carbon laminate. Before removal of the cylinder from the mandrel the 
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shim rings will be bonded and machined to tolerance for holding the modules, and end 

flanges for the cylinder would be attached. 

Several finite element analySis studies have been carried out on the cylindrical 

superlayer design. An early study by WSTC looked at the displacements of the edge­

coupled cylinders when supported horizontally at two points on the outer cylinder. This 

study showed that while the cylinders themselves show very little catenary sag, they can 

become distorted and displaced downward. Details are in the WSTC Appendix. Clearly 

the method of holding the cylinders is crucial. This is the topic of the next section. 

IV.S. Space Frame 

The most critical alignment issue is the stability of the internal silicon tracker with 

respect to the outer tracker superlayers. The two systems must remain flxed with respect to 

each other within 25 j.1m. A finite element analysis study of the cylinders shows that the 

cylinders themselves will be stiff enough to be within tolerance. What is needed is an end 

support that can hold the cylinders rigidly and with the required stability. To this end a 

space frame constructed from composite elements has been designed. It is shown in 

Fig. IV -8. It will attach to the SDC calorimeter and support the cylindrical superJayers and 

the silicon system. The truss framework is very strong and should be stable against 

torques that would rotate one cylinder with respect to the other. The individual strut 

members would be made from carbon flber composites and be joined with carbon flber 

flxtures at the jOints. The conceptual design is shown in the WSTC report. A flnite 

element analysis is in progress to study the distortions introduced by supporting the frame 

at four horizontal points. The design is also being studied by a carbon fiber composites 

company to determine the assembly sequence and estimate the cost 

IV .6. Material in the Particle Path 

The amount of material in the tracking system is an important design consideration. 

We have taken taken considerable effort to keep it as small as possible. The basic straw 

material repn:sents a total thickness of 7t x wall thickness for each straw. For a six layer 

system this is 697 mm of mylar. We take into account the internal wire supports by 

incn:asing this by 10% giving a total of 0.32% of a radiation length for each straw layer. 
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The external carbon composite shell will have a thickness of 250 ~m. The entire shell will 

then have an equivalent thickness of about 600 ~m per superlayer or about 0.24% of a 

radiation length at normal incidence. The support cylinder will have about 0.24% of a 

radiation length at normal incidence. There will also be a small amount of Rohacell in the 

support structure for attaching modules on the cylinder. The material is shown in Table N-
1 for the engineering baseline tracking system. 

The endplates can be quite thin. The endplates for the prototype 64-straw module 

have an effective thickness of less than about 0.5 cm of plastic. This would contribute a 

thickness of about 2% of a radiation length normal to the ends. To this must be added the 

printed circuit board. electronics. cooling. cabling. and the cylinder support struts. Figure 

N -9 shows the effect of these items at the end of each superlayer. Figure N -10 shows the 

material for the whole tracking system in the engineering baseline design. 

IV. 7. Cost and Schedule 

In preparation for the SDC design report the cost of the straw tracking system has 

been studied. This study has covered all aspects of manufacture. assembly, and 

installation. The work has been carried out over the past year by WSTC in close 

collaboration with Indiana University. The full costing document is shown in the WSTC 

Appendix. We are continuing to work with vendors to get better estimates of the 

component costs and to follow the changes in the tracking system as the tracking design 

evolves. 
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Fig. N -6. The suppon cylinders for four superlayers in the engineering baseline design. 
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Fig. IV -7. The attachment of the stereo modules to the support structure using 
the shim rings. A close-up detail is also shown. 
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Fig. IV -8. Two views of the support structure, showing the end view as well 
as a more detailed view showing the cylinder and module attachment 

40 



-. 
~ --
i 
~ 
1:1 
0 -.. ., 
:a ., 
~ 

-~ 

15 

10 

5 

P8euclorapidity 

Fig. IV -9. The amount of material in radiation lengths as a function of" due to 

the straw tracking system. Dotted line: straws and electronics; dashed lines: adds the 

support structure; solid line: adds the modular shells. 

60 

20 ...... ~ ..... 'O, ___ ... 
. "r - - - ...... . - ....... , ........... . ............ 

0.5 1 1.5 2 2.5 3 
PHucloraplci1ty 

Fig. IV -10. The total amount of material as a function of" from the beam through the 

tracking sys~m. Solid line near the horizontal axis: beam pipe; next dotted line: adds the 

silicon system; dashed line: adds the scintillating fiber system; dotted line adds the straw 

system with no shells; solid line: adds the modular shells. 
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tracker component radiation sum with 
length(%) at modules 
90 shell 
degrees 

Silicon system + beam 8.0 8.0 
pipe 
fiber system+ supports 5.0 13.0 
support cylinder 0.29 
module shell (10 mil wall) 0.24 
straws and supports 0.32 
support cylinder 0.29 
module shell (10 mil wall) 0.24 
straws and supports 0.32 
support cylinder 0.29 
module shell (10 mil wall) 0.24 
straws and supports 0.32 15.6 
support cylinder 0.29 
module shell 00 mil wall) 0.24 
straws and SUDDorts 0.48 

Table IV-I. The material budget as a function of superlayer. 
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v. FRONT END AND TRIGGERING ELECTRONICS 

Institutions: University of Pennsylvania, University of Colorado, 

University of Michigan, KEK, Indiana University, Oak Ridge National 

Laboratory 

V.l. Introduction 

During the past year the front end and triggering electronics efforts have been 

concentrated on developing and testing prototypes of the electronics. We have developed a 

conceptual design17 for the electronics for a straw tube tracking system. We have 

fabricated prototypes of the preamplifier/shaper, the Time Memory Cell (TMC), and the 

triggering circuit (synchronizer). We have begun to be confronted with the detailed 

electrical and mechanical issues involved in testing the electronics prototypes on real straw 

tube modules and have designed an interface board to connect the sense wires to the 

prototype preamplifier/shaper circuits. We have completed the designs for an eight-channel 

preamplifier, shaper, tail cancellation and discriminator circuit and for the Time-to-Voltage 

Converter/Analog Memory Unit (TVClAMU), and are continuing tests of the various 

radiation-hard processes. 

V.2. Front End Electronics 

Technical details of the progress during the past year of straw electronics research 

and development effort are contained in the repon of the Front End Electronics Subsystem 

Collaboration, H. H. Williams, Spokesperson (September 1, 1991). Highlights from that 

effort are listed here. and some discussion of integration and system issues is attempted. 

During the past year we have: 

1. Fabricated, tested, packaged, and distributed the low noise, fast shaping time 

(5 ns) single channel preamplifier and shaper in large size (> 600) sample lots. 

This preamplifier/shaper is: 
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a. Constructed using the AT&T complementary bipolar process 

b. Designed with fully differential inputs to allow pickup cancellation 

c. Packaged in a small outline 16 pin package suitable for surface mounting 

d. Available with yields before packaging of - 95% and after packaging of 

-90% 

e. Radiation-hard to doses in excess of 5 Mrad; i.e., a 10% shift in gain after 5 

Mrad has been measured and there was no change in the signaVnoise. 

2. Designed, fabricated, tested, and distributed a small multilayer printed circuit 

test board 18 to house four of the AT&T single channel amplifiers. 

3. Finished the design and nearly finished the layout of an eight channel 

preamplifier, shaper, tail cancellation, and discriminator19 circuit. This circuit is: 

a. Designed using the Tektronix SHPi high speed bipolar process, which has 

lower parasitic capacitances than the AT&T process, but lacks the fully 

complementary (pNP as well as NPN) transistors of the AT&T process 

b. Laid out using Quick Tiles as a compromise between the very high densities 

possible with a full custom design and the predictability and high yield of a 

fully characterized fIxed array. We should note that even with this 

compromise density we are apparently limited by the number of pins rather 

than the actual silicon area needed for devices and connections. 

c. Likely to be capable of triggering reliably on a few femt<H:oulombs of 

charge generated by a single electron avalanche - the noise floor is set largely 

by the 300 n resistance needed to properly terminate long straw tubes 

d. Designed using a process that is also radiation hard (at least in tenns of gain 

and offset voltage variations - noise figures have not been measured yet) to 

better than 5 Mrad. 
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4. Finished the complete redesign of the TVC/AMU.20 

a. All cells have been examined and, where necessary, redesigned and re-laid 

out and re-simulated to operate properly at above the design rate 

b. The most complex parts of the logic (the transfer block) have been fabricated 

in a 2 ~ non-rad-hard process and have been tested and shown to work 

properly at> 60 Mhz 

c. Blocks which were inefficient in terms of area or power have been redesigned 

to make better use of the silicon - most notably the Delay Logic which is 

sensitive to changes in the length of the Levell (Ll) Trigger Time 

d. The complete, single channel, TVC/AMU up through Lllogic and including 

eight Ll and four L2 memory units has been tied together for simulations21 at 

both the schematic and layout level. 

5. Extensive measurements have been undertaken on the UTMC 1.2 ~m CMOS 

process to characterize DC and noise behavior before and after radiation. These 

measurements indicate that this process is likely to be capable of producing 

TVC/AMUs and other analog objects capable of operating successfully well past 

the 1 MRad region. 

6. Layout and fabrication of test structures in the mM 1.0 and 0.5 J.Ull CMOS 

processes has begun with the expectation of having partS to measure this Fall. 

The tasks remaining include: 

1. Fabrication and test of the eight channel preamp/shaper/discriminator. 

2. Fabrication and test of the single channel TVClAMU. 

3. Layout of the full (L210gic) TVClAMU. 

4. Layout of four or eight channel TVClAMUs. 
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5. Transfer of the TVC/AMU design to a radiation hard process. 

But, probably most importantly, the difficult issues will center around packaging of a 

complete system and interactions between the detectors, front end signal processing, and 

back end trigger and DAQ signals. The test chips and the test modules that are just 

beginning to be available are vital to a beginning understanding of the complex set of 

interactions that will occur in the full scale detector, but the present single channel devices 

fall far short of the densities actually necessary in the final detector. As multi-channel 

preamps become available in the Fall or Winter, it will be possible to begin making nearly 

full density mock-ups of electronics packaged directly onto the straw ends as is presently 

envisaged (see the Preliminary Conceptual Design Report for SDC Straw Electronics17). 

This will require closer co-ordination of mechanical and electronic efforts over the coming 

year. 

V.3. Time Memory Cell 

The Time Memory Cell (TMC)22 utilizes low-power and high-density 

characteristics of a CMOS memory cell. A four-channel 1024-bit Time-to-Digital 

Converter chip, which records input signals to memory cells at 1 ns intervals, has been 

developed at KEK. To achieve 1 ns precision, the chip incorporates a feedback stabilized 

delay element. The chip was fabricated on a 5.0 mm by 5.6 mm die using 0.8 J.1m CMOS 

technology. It dissipates only 7 mW/channel under typical operating conditions. Tests 

show that overall linearity and stability are very good. Several prototype modules have 

been built and distributed to groups making measurements on straws. 

V.4. Triggering Electronics 

V.4.1. Introduction 

We have continued the work on triggering with superlayers of straw tubes. The 

work is proceeding in both the simulation and the development of Application Specific 

Integrated Circuits (ASICs).23 The first all digital implementation has been designed and 

fabricated, and initial tests are underway. Results to date indicate that the unit functions as 

designed. A cosmic-ray test stand to exercise the chips with the 64-straw prototype module 

is complete and will be used to inject actual straw tube signals into the trigger chips. 
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V.4.2. Chip Development 

The circuit that is being tested is a single stage synchronizer based on 2 ns delay 

elements. It has 15 delay elements in the momentum selection portion of the circuit and 30 

delay elements in the total drift time section. This gives it a range of up to 30 ns in the 

timing difference of radial wires and up to 60 ns of maximum drift time. Values less than 

these extremes are programmable within the chip. The locking of the delay element timing 

to an external clock is provided as well as numerous diagnostic points. We have tested the 

delay cell and locking circuits and have found them to function over the range of 1.3 ns to 

4.0 ns, consistent with the CAD simulations. The mean timers have been found to work, 

and the drift time and momentum restriction circuitry has been panially tested. No design 

errors have so far been found. Testing is continuing. 

V.4.3. Trigger Algorithm Simulation 

We have continued to work on trigger simulation in the framework of GEANT, a 

fast emulation of a stiff track trigger, and with the parametrized global trigger being 

simulated at Chicago. The utility of a stiff track signal for electron identification has been 

demonstrated (namely that a 10 fold reduction of the qCD 2 jet rate of false electrons can be 

effected) and the stiff track momentum resolution requirements (approximately 10% or 

bener) have been shown. This matches the characteristics of the proposed straw track 

trigger well. We have assessed the effect of material on the trigger with regard to 

occupancy and additional false rate. At the level of material proposed no significant 

variations in false rate have been seen. The uncertainty rests with the low statistics inherent 

in the slow GEANT simulations. This work is continuing along with a program to 

determine the triggering efficiency for electrons which show significant losses as the 

amount of material is increased ahead of the trigger. We continue to pursue a trigger based 

on 8 straw tubes per superlayer. Numerous connection arrangements are being 

investigated as a means of optimizing the trigger characteristics and fabrication ease for the 

ASICs. 

V.4.4. Cosmic-ray Test Stand 

The cosmic-ray test stand is mechanically complete with scintillator trigger 

counters, straw tube layer, amplifier-discriminators, and cabling. We plan to connect this 
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stand to a LeCroy 1879 Fastbus TOC in the near future and begin testing the straw tube 

pattern. Our plan for testing trigger chips is to use the auxiliary card connection of the 

LeCroy TOC for pickoff of the straw outputs, form the trigger with one of several options, 

and reconnect the trigger results back into unused channels of the 1879. We will first 

exercise the chips that arrived in July. Later versions will also be tested. The auxiliary 

cards that we plan to use are already in hand. 

V.s. Interface Between Straw Module and Electronics 

We have worked out a number of refinements to the design reflected in the 

prototype modules that will be appropriate to a wire detector for the SSC. The connection 

of the detector sense wire to its readout electronics requires special care to minimize noise 

and crosstalk in view of the low gas gain and high amplifier sensitivity at which the 

detectors will be operated at the SSe. At the same time the burden of material placed in the 

path of the particles being detected is of concern, as is the management of failures (e.g., 

wire breakage) under conditions oflimited accessibility. We plan to supply high voltage to 

the sense wire via the same connection from which the signal is extracted, through an end 

structure which must also provide gas supply or return. A potentially bulky decoupling 

capac~tor must also be accommodated. The electronics board is to be removable for 

servicing. Space around the close-packed 4-mm-diameter tubes is extremely tight. 

As mentioned previously, the 64-detector short prototypes have passive connector 

boards to feed high voltage at one end and to extract signals from the other. Decoupling 

capacitors in this version are surface mounted on the boards. Constraints resulting from 

the presence of high voltage on the board limit options for mitigating crosstalk. We are 

designing a second generation connection board which will incorporate in-line capacitors 

perpendicular to the board arranged in the footprint of the module end. Besides improving 

crosstalk, this design brings us closer to the high density layout ultimately required. 

A conceptual design of the end structure is shown in Fig. V-I. Again the coupling 

capacitor is placed in-line between the sense wire and its preamp, while the cathode 

attachment is maintained locally and, as nearly as possible, in a coaxial configuration to 

avoid ground loops and coupling to neighboring channels. We have obtained quotes for 

fabrication of the parts which indicate that. with some funher refmements in the design, a 
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cost in the neighborhood of $1 per channel or less should be possible. We have not, 

however, invested the $30,000 startup cost for making prototypes at this time. 

V.S.l. Prototype Front End Electronics Board 

We have generated the layout (Fig. V-2) for a multilayer printed circuit board to 

contain 16 channels of the custom amplifier/shaper chips together with commercial 

comparators for use in prototype evaluation. The first boards have been made and are 

being loaded with components at this time. 

Our planned next step will be to prepare a layout incorporating next generation 

eight-channel amplifier-shaper-discrlminator chips, currently about to be submitted for 

production by the Tektronix SHPi high-speed bipolar process. This will be implemented 

f1Ist as surface-mount packaged chips, and subsequently as bare die on the board substrate 

to increase the density and approach the close-packed footprint to mate with the straw tube 

modules. 

Figure V-3 shows a conceptuallayout24 for a board to service a module. This was 

made as an exercise to help understand the requirements for trace dimensions, substrate and 

bonding techniques, etc. 

STRAIo' 

CONT ACT FINGERS 

COAXIAL CONNECTOR STPA~ CHAMBE~ 
CRO:::S SECTIONAL \lIE\./ 

Fig. V-I. A scheme for anode wire 'and cathode tube electrical connection to the readout 

board The sliding spring contacts permit ready attachment and removal of the board. 
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VI. COMPUTER SIMULATION 

Institutions: Indiana University, University of Colorado, Lawrence 

Berkeley Laboratory 

VI.l. Introduction 

The simulation program for the central tracking system has advanced greatly in the 

last year. A detailed GEANT-based model of the central region straw tube tracking system 

has been developed. This simulation effort was initially made using GEANT only, but 

now the GEANT models have been successfully incorporated into the SOC standard 

simulation/analysis program, the SOCSIM SHELL (which is commonly referred to as "the 

SHELL"). The SHELL is intended to provide an organizing superstructure for both the 

GEANT simulation and the online/offline analysis code for the SOC detector. Fixed 

versions of the SHELL are distributed to the entire collaboration via electronic computer 

networks to insure that a detailed simulation of the entire detector is rapidly available to the 

entire collaboration. As a service to the SOC collaboration, part of this distribution process 

was developed by the straw tube tracking group. This group also contributed greatly to the 

development of data structure banks for recording the hits within the SHELL and in 

development of the SHELL software. This year the straw tube simulation was expanded to 

contain a number of additional details: a model of the adjacent parts of the SOC detector 

(beam pipe, silicon tracking system, and magnet coil), a description of the cylindrical 

carbon support structures for each superlayer, an accurate model of the materials within the 

straw tube system, properly distributCd background (minimum bias) events, stereo detector 

layers, and a detailed model of the readout of the detector based on the timing of hits within 

the system. Preliminary occupancy, segment finding, and pattern recognition studies were 

made in the central region using the improved simulation. Much progress has been made to 

integrate the outer barrel tracker with the inner silicon tracking system and to study pattern 

recognition algorithms that take advantage of the integrated tracking system. We have also 

begun to study the descoping issues related to the central tracker particularly in the context 

of a combined silicon-straw system. The straw tube simulation has also been used as the 

basis for studies of the first level straw tube trigger, described in Section V.4.3. Much of 

this work has been done on a variety of UNIX-based workstations that execute the code 

much more quickly than the SLAC main frame and VAX computers used previously. 
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Converting the code to run correctly in an UNIX environment required a major investment 

of time and is now complete. 

VI.2. Simulation Details 

The description of the overall SDC detector geometry has been greatly improved. 

The simulation is now run as pan of the SHELL and consequently we automatically have 

access to the geometries of parts of the detector located near the central tracking system: the 

beam pipe, the silicon tracker, and the magnet coil (see Fig. VI-l for a picture of the 

combined system). Each SDC detector subsystem group has spent a great deal of effon to 

create a model of their detector compatible with the other detector subsystem models and 

the rules of the SHELL. The straw tube simulation is now made completely within the 

SHELL and as a result is available to the whole collaboration. Use of the SHELL 

automatically includes the effects of the materials in the other pans of the SDC detector. 

Also for explicitly studying the effects of materials, a simple set of commands can be used 

to turn on and off the use of the model of each pan of the SDC detector (within the 

SHELL). 

The proposed straw tube detector tracking geometry (which we are simulating) 

consists of a number of cylindrical detectors made from a support cylinder covered with a 

layer of straw tube modules that actually detect the charged particles. These structures are 

called superlayers and are spaced throughout the outer tracking volume. For simplicity and 

to reduce computer time consumption, the simulation does not introduce individual straws 

and modules; instead, the simulation uses a homogeneous volume of material with 

appropriate density to represent the modules. Within the simulation, the superlayer is 

divided into layers and during the tracking of the simulated particles, user-written code 

records which straws were struck. A layer is the smallest volume introduced. Both the 

real detector and the simulation are divided into two halves along the beam directions. See 

Figs. VI-2a and VI-2b for end and oblique views of this geometry. For each track, a 

superlayer measures a cluster of hits (known as a segment) which contains infonnation 

about the track momentum. While a track follows a curved path, the curvature of the tracks 

with rather high transverse momenta (PT) is small over the thin superlayers (2-3 cm), and 

the hits recorded fall on essentially straight lines within the superlayer. The angle of the 

segment relat;!ve to the superlayer depends on the curvature of the track which in tum 

depends on the PT of the track. High PT tracks produce segments that are perpendicular to 
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the superlayer, and lower PT tracks produce lower angle segments. Figure VJ-3 shows an 

end view of a straw tube tracker containing the hits from four tracks; lines are drawn 

through a low and a high PT track to illustrate the relationship between segment angle and 

PT. Each high PT (stiff) track passes through several superlayers so that a redundant 

measure of track momentum is obtained, and the process of assigning detector hits to tracks 

is facilitated. 

For the straw tube system, a detailed description of the detector material and 

geometry is read from an external file. The wires in straw tubes run parallel or nearly 

parallel to the central axis of the detector and hence provide an azimuthal measurement (¢) 

of the track. The support cylinder is made of a carbon fiber material and is modeled using 

the GEANT material "carbon" to match the parameters given in the straw tube placement 

report. I I The straw tube layers also contain an accurate allowance of material for the 

straws and the carbon fiber outer shells of the straw modules. This amount of material can 

be set within the geometry file. The geometry file inputs define the number of superlayers 

(8 before descoping, perhaps 5 after) and the number of layers within the superlayer 

(normally 6 for nontrigger and 8 for trigger layers). Since the straw tube detector 

description is read from a file, testing of multiple geometries for descoping and material 

studies is easily possible. The external file can also contain statements that activate 

debugging code. The external file can also contain a command to turn off the straw tube hit 

recording algorithm; this allows other subsystems to use our geometry as material only, 

without waiting for a full straw tube hit analysis. 

The geometry description includes the full use of both stereo and axial layers. Axial 

layers have their wires running exactly parallel the central axis of the support cylinder, 

while stereo layers have their wires tilted at a 3° angle to the central axis of the superlayer. 

When axial and stereo layers are analyzed in conjunction with each other, the z position of 

the track along the superlayer can be calculated (z is the direction of the central axis of the 

superlayer). The use of stereo layers required the introduction into GEANT of a new 

volume shape, the "HYPE". The HYPE is the surface created by rotating a hyperbola 

around a cylindrical axis which is the geometrical shape of an ideal stereo layer. The 

superlayer description can have any amount of support material (including none). The 

straw tube geometry file allows any layer to be defined with any stereo angle or to be axial. 

The simulation includes a detailed model of the way the straw system records the 

hits caused by the combined effect of an event of interest and background minimum bias 
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events occurring in crossings before, during, and after the event of interest. Low energy 

tracks both from the event of interest and the minimum bias events can spend hundreds of 

nanoseconds spiraling through the detector and affect the readout of events tens of 

crossings after the track was generated. Figure VI-4a contains a time distribution for the 

hits caused by 25 minimum.bias events in an accurate model of the SDC detector, and for 

comparison Fig. VI-4b shows the time distribution of hits with a very low mass SDC 

detector. Clearly while the mass of the detector causes a slight increase in the number of 

hits, it also has the desirable effect of clipping the long tail of late hits. The late hits are 

caused by low energy tracks that helically spiral (loop) around in limited areas of the 

detector and are consequently known as loopers. Loopers will strongly interfere with the 

readout of the detector along their trajectories. It is important to realize that these looper 

hits are not uncorrelated because the loopers affect groups of closely spaced straws. The 

background hits can either mask or supersede the hits from the event of interest and also 

produce legitimate stiff tracks which are not related to the event of interest. As the 

luminosity of the SSC increases, the detector experiences an increasing level of minimum 

bias hits, and the probability of losing a track or creating a false track from unrelated hits 

grows. 

To study the effect of loopers, our simulation records the hits over a wide time 

window (as wide as -20 to +4 beam crossings) and models how hits would be recorded. 

The minimum bias events are modeled using the programs PYTHIA 5.4 and JETSET 7.3 

to generate minimum bias tracks with an accurate rapidity distribution. The simulation 

stores all hits generated over this wide time region (in addition to the hits from the event of 

interest) and calculates which hits would actually be recorded by the front end electronics. 

The recording algorithm is blind to whether the hits it records are from the event of interest 

or a minimum bias event. The hits that are recorded must be in a 50 ns gate defined by the 

timing of the event of interest. The recorded hits must also not be blocked by a hit just 

before the event of interest because the front end electronics will not respond to the second 

of two closely-spaced signals. A realistic 40 ns dead-time for this effect is included. The 

hit recording algorithm considers the time offset (from the event of interest) of the bunch 

crossing producing the particle, the flight time of the particle producing the track, the drift 

time of the electrons to the sense wire, and the propagation time of the resulting signal to 

the front end electronics. Kinematical information about the track causing each hit is 

recorded for later use in understanding how well event reconstruction algorithms worked. 

All of the parameters for the model described above can be read from the external straw 

tube geometry configuration file. . 
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VI.3. Event Reconstruction Algorithms 

Two separate and independent superlayer-based segment finding and pattern 

recognition algorithms were developed and tested for the straw tube system. Work was 

begun to extend these algorithms to encompass a combined system of silicon and straws. 

Each algorithm has the same goals: (1) locating clusters of hits (segments) caused by 

individual tracks within a superlayer, (2) linking the segments into tracks, and (3) fitting 

the tracks to assign t/>, PT, Pz, and impact parameter to each track. 

The first algorithm is based on a "road" algorithm. In a road algorithm, hits are 

searched for along a set of trajectories within the detector. The test trajectories are 

calculated using a set of predefined curvatures (essentially pis). This type of algorithm 

can be used to both find segments and to link segments from one layer to the next. In the 

segment finding case, hits in the outer layers of a superlayer are used as starting points for 

the roads. The starting hits are known as anchor hits. The anchor hit has the effect of 

defining the azimuthal position (4)) of the segment For each of the curvature bins, the 

algorithm calculates using a straight line (the segments are essentially straight lines) which 

straws would be hit based on the track passing through the anchor hit; these sets of straws 

form the roads. Each road is examined to see if its straws are hit. Provided a minimum 

number of hits are found, a new segment is recorded for the path with the most hits. The 4> 

and curvature for the segment are also recorded using the hit drift time to improve spatial 

resolution of the hit A similar algorithm is then used to do the pattern recognition needed 

to link segments from different superlayers into overall tracks. In segment linking, 

segments are currently linked using outer superlayer segments as anchors (much as 

segments are formed using outer layer hits as anchors), This-algorithm first links the axial 

layers to define the track in t/¥curvature space and then links the stereo layer segments into 

the track to fmd the z of the stereo segments and ultimately the polar angle of the track. The 

algorithm is currently being modified to use a non-anchor segment approach for the linking 

in order to combine and link silicon and straw segments on an equal basis. 

The second segment finding algorithm starts a search for hits with the outermost 

and innermost layers of a superlayer, proceeding from pairs that would give a reasonable 

crossing angle. ~or allieft/right ambiguity combinations with these hits, it searches each 

remaining layer in tum for a compatible hit For either ambiguity choice of the candidate 
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hit, a fit of a line tangent to all of the drift isochrons is made. Solutions meeting a chi­

squared test are used to interpolate to the next layer to continue the search for new hits. 

The code works its way through the superlayer until all layers are exhausted, updating the 

segment fit with all accumulated infonnation at each stage. 

Track segments found by this algorithm are then linked with one another and with 

hits in the inner silicon detectors using an algorithm developed by ALEPH. Statting from 

the outermost superlayer, this algorithm uses the vector quality of a found segment to point 

to a location in the next inner superlayer. If a track segment there has similar parameters, 

the algorithm looks inward for segments. It continues in this fashion umil all superlayers 

of the straw tracker and all layers in the inner silicon have been searched. The final track fit 

then comes from fitting the segment parameters. Ultimately, the fmal track fit will have to 

be a refit of all the individual hits found to belong to the same track. The maximum number 

of superlayers that can be skipped while searching for segments to link together is 

controlled by a parameter, currently set to one. 

Although the segment finding algorithm works well on stereo layers, the segment 

linking and track fitting are not yet optimized when stereo layers are included. Better 

utilization of the stereo information will be installed in the next few months. 

VI.4. Simulation Results 

The simulation results fall into two main categories: occupancy results for the 

desigll luminosity using minimum bias events and pattern recOgllition results for Higgs 

events with and without a minimum bias background. Most of these results use hits from 

an eight-layer straw tube system where the silicon contributes only dead material to the 

result. The work on the descoped, combined silicon and straw tube system is at an early 

stage and will produce results in the coming year. 

The occupancy results for an eight-layer straw tube system are shown in Fig. VI-5a 

(straws with no other material) and Fig. VI-5b (a full system of beam pipe, silicon, coil, 

and straw). Even with a full set of material (except pixels) within the straw tube system, 

the innermost layer has an occupancy of about 10%. Conversions from the beam 

pipe/silicon slightly raise the occupancy of the inner superlayers. Th~ greatest increase in 

occupancy caused by material is in the outer superlayers of the straw tube system. In this 
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outer region, the occupancy almost doubles (going from the 1.5% to 2.5%) when the 

material of the coil is included. These results must be considered preliminary because the 

magnetic field was taken to be uniform over the entire thickness of the coil. 

The pattern recognition results are at a somewhat more rudimentary stage. Figure 

VI-6a shows the raw hits for a system of eight superlayers and Fig. VI-6b shows the hits 

found on stiff tracks using the road-type algorithm. Figure VI-7 shows the number of 

possible matching stereo segments found for this system when all four axial segments are 

found This plot used ISAJET simulated Higgs events and PYlHIA minimum bias events. 

We see that there is apparently a quite low inefficiency since there is almost always at least 

one possible segment (the right-most bin shows the number of times zero segments were 

found in the search region within a superlayer). Work still remains to improve the 

algorithm for selecting the correct stereo segment, especially when the background rate is 

high. Using a modified version of this algorithm, we hope to reconstruct hits in the entire 

silicon/straw tube tracking system to assist in defining the scope of the tracking system. A 

paper25 was presented at the Fort Worth Symposium showing preliminary segment finding 

efficiencies with a considerably different system than is now proposed to be built This 

paper used the second track fmding algorithm described above. 
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Fig. VI-I. A side view of the of the SDC tracking region detector geometry (as defined in 
the SHELL). The figure shows the beam pipe, a full silicon detector, a full (eight 

superlayer) straw tube system, and the solenoidal magnet 
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Fig. VI-2. a. An oblique view of an eight superlayer straw tube outer tracker. While not 

visible because of the scale of the drawing, this geometry includes individual volumes for 
each layer-half and carbon support cylinder. 

b. An end view of an eight super layer straw tube outer tracking system. 
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Fig. VI-3. A close-up end view of an eight layer straw tube tracker illustrating the 

difference between higher and lower PT tracks. The small x's represent hits caused by four 

tracks. The flight path of the highest PT track is almost a straight line and its hit segments 

are essentially perpendicular to the superlayers. The low PT track follows a circular arc 

with its hit segments tilted at an angle to the superlayers. 
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Fig. VI-4. a. The distribution of hit times recorded in an eight layer straw tube tracker. 

The plot shows the hit times recorded for 25 PYTHIA minimum bias events tracked 

through a full simulation of the SDC tracker system including beam pipe, a full silicon 

detector, and magnet coil. 

b. The distribution of hit times for a simulated SDC tracker identical to the one 

in figure VI-4a except all pans of the detector are made of air (essentially a zero mass 

detector). Again hit times are recorded for 25 PY1HIA minimum bias events. Note: Fig. 

VI-4b shows fewer total hits but more late hits than Fig. VI-4a. 
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Fig. VI-S. a. The occupancy fraction (fraction of wires with a hit) vs. superlayer in a 

simulation of the straw tube tracker by itself. The innermost superlayer is at a radius of 

about 0.7 m and the outermost is at 1.6 m. The occupancy is calculated using minimum 

bias events only and considers in-time hits from the previous 20 and the next 4 beam 

crossings. 

b. The same plot as Fig. VI-Sa, except the material of the beam pipe, silicon 

tral;ker, and magnet coil is included. The occupancy rises slightly except for on the outer 

superlayer where backscatters from the magnet coil increase occupancy considerably (see 

the text). 
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Fig. VI-6. a. End view of the hits in an eight layer straw tube tracker. The hits are caused 

by Higgs event in a design luminosity background of minimum bias events. 

b. The same picture as Fig. VI-6a except only hits on the found tracks are 

shown. For this plot, a track had to have a reconstructed PT of 0.8 Ge VIc to be found. 

and plotted. 
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Fig. ~-7. A plot of the number of possible stereo segments when linking a stereo layer's 
segments into a track previously found using axial segments. The left-most bin contains 
the number of times 0 candidate segments were found, the next bin 1 segment, the next bin 
2 segments, and so forth. 
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VII. CONCLUSIONS AND FUTURE PLANS 

VII.I. Central Tracking R&D 

The studies of the past year have been directed towards the goal of ascenaining 

whether the straw tube tracking idea is compatible with the SSC environment. The 

problem of pulse attenuation in long tubes was found to be sufficiently small as long as the 

cathode coating was made sufficiently thick. The material to be used as the cathode coating 

can be copper instead of aluminum and therefore the attenuation can be reduced even 

farther. Attenuation lengths in excess of 7 m can be attained. The problem of straw tube 

deterioration with time while operating in the radiation environment of the sse is still 

under study but the difficulties which have been encountered appear to be at much higher 

radiation levels than the sse environment. Operation at the design luminosity over a ten 

year period does not damage the tubes sufficiently to degrade their performance as long as 

sufficient care is taken to avoid breakdowns from occwring. Although the problem of gain 

change occurs to a limited extent as charge accumulates on the wire, the amount of change 

with the mixture of 20% isobutane in tetrafluoromethane is small (= 1 0%) and occurs only 

at the beginning of the radiation exposure. Any problem with the radiation hardness of the 

straw tube materials would be at radiation levels much higher than what would be 

encountered at the sse. 

The method of using modules to enclose the straws and hold them straight and in a 

regular array has been demonstrated in shon sections. Measurements of the regularity of 

the arrays of straws in modules and in gluing clamps give deviations with a standard 

deviation of about 20 Ilm. The wire centering spacers appear to center the wires with a 

precision which is again about 25 Ilm while still permitting the wire to be removed and 

replaced if need be. At the same time they do not present a dead region more than about 4 

mm apiece. Without these spacers, the concept of a narrow, thin but long straw tube 

chamber would be impossible. 

We are pursuing a vigorous program of research and development on the straw 

tubes, which includes the following: 

1. A program at LBL and Indiana University on chamber aging and radiation 

effects. This will allow us to proceed with confidence on the fmal selection of 
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the straw material and coatings. We have begun to concentrate on copper 

coatings on a Kapton substrate since there are indications that these are more 

resistant to damage. 

2. We will select a wire support system from among the several existing 

prototypes. This will allow us to pursue a study of the most cost-effective way 

to produce them in the future. 

3. In the next few months we will complete construction of an eight-layer, I-meter­

long test chamber to verify our assembly techniques. 

4. We will also complete a I-meter six-layer prototype using the final design for the 

modular shell. This she!' will use a foam sandwich and the same construction 

techniques as the final 4-meter design. 

5. We will complete and test a four-meter-long composite shell, which will be 

tested for sttaighmess and flamess and then used to construct a four-meter-long 

proof-of-principle chamber. The shell is scheduled to be completed by 

December 15, 1991. 

6. We will design and build an eight-layer 4-meter-Iong trigger module. 

7. We will begin the prototyping of a resistive tennination. 

VU.l. Intermediate Tracking Angle Tracking R&D 

A prototype radial wire drift chamber with dimensions scaled to match the crossing 

time and occupancy of the sse at design luminosity has been constructed and tested at 

CERN. These tests were done with standard gas mixtures but will soon be done with CF4-

based mixtures. Studies of the drift properties in a magnetic field of gas mixtures 

containing CF4 have been carried out in a small test chamber. These studies are continuing 

but it appears that a suitable gas exists. 

The requirement of a Level 1 trigger in the forward region is very difficult with a 

detector like the radial wire drift chamber. Gas microstrip detectors could be used to 
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provide a trigger. It also appears that given the good resolution of these detectors that they 

may be able to supplant the radial wire drift chambers. 

The intermediate angle tracking group will be concentrating on gaseous microstrip 

chambers for the intermediate angle tracking region. Future work will include: 

1. Simulation studies to fix the optimum layout of the microstrip tiles. 

2. Prototype systems of tiles will be constructed to establish maximum sizes for 

reliable operation. 

3. A fInal intermediate tracker design will be proposed for the SDC design report in 

April, 1992. 

VII.3. Engineering R&D 

One of the main conclusions of the engineering study is that a very rigid and light 

module can be built to hold the straws in position and to withstand the compressive load of 

the wire tension. This concept of module construction includes walls made of a sandwich 

ofpolyimid foam between two carbon fiber-epoxy composite layers. 

Another important conclusion is that a cylindrical support structure can be built that 

is sufficiently light and strong that the modules in a superlayer can be mounted precisely 

and stably with respect to each other. The total material of the modules and the supports 

would then amount to about 3.5% of a radiation length for an outer tracking system 

consisting of five superlayers of straw tubes. 

The mounting of the cylinders on a space frame which then connects to some fIxed 

rigid structure such as the calorimeter has been studied. 

A number of activities will need to be actively pursued for the SDC design report: 
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1. We will complete a fmite element analysis study of the support frame. The 

carbon composite truss structure will be studied for deflection due to support 

positions and the full gravity load of the tracker. 

2. We will complete a finite element analysis of the cylindrical superlayers. The l­

inch-thick Rohacell design will be examined in detail in this study. 

3. The trigger module design will be completed for a proof-of-principle module 

construction. 

4. The utilities for the outer tracker will be designed and costed. 

5. The gas recovery system will be designed and costed. 

6. Assembly details will be worked out for the tracker, including the alignment 

procedures. 

VII.4. Front End and Triggering Electronics 

The circuit for the differential, low-noise fast-shaping preamplifier for use on the 

straw tubes has been tested in a single channel package and works very well. The 

discriminator circuit has been designed but awaits incorporation with the preamplifier into 

an eight-channel amplifier-shaper-discriminator chip. 

The time-to-voltage converter and analog memory chip has been completely 

designed and is ready for prototype production. The UTMC rad-hard CMOS process has 
been evaluated and found suitable for the TVClAMU. 

We are actively working towards a fmal electronics design. During the next year, 

several milestones should be reached: 

1. The first Penn chip will be tested on a ASD ( amplifier, shaper, discriminator ) 

board now under construction. This will allow all of the groups to test the 64-
straw ,modules that we have for resolution and for cross talk with the low 

threshold Penn amplifier. 
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2. We will complete a new interface board with in-line capacitors. This 8 x 8 board 

will be used for both the eight and six layer prototype chambers as well as for the 

four-meter proof-of-principle chamber. Tests of the ability to reduce cross talk 

will be made. 

3. The eight-channel amplifier/shaper/discriminator chip will be mounted and used 

for chamber tests and for the first attempt to simulate the close packing geometry 

required on the chambers. 

4. The TVC/AMVs will be tested both on the bench and on prototype straw 

modules. 

5. The performance of the TMC in conjunction with the Penn front end electronics 

will be studied. 

VD.5. Computer Simulation 

The SOCSIM SHELL, the standard program for simulation of the SOC detector 

within GEANT, has been improved over the past several months to the point where it is 

generally useful to the members of the collaboration. After these improvements were 

made, both within the straw system and outside it, preliminary studies of occupancy, 

segment fmding, and pattern recognition were made. The stereo layers are now treated 

correctly. 

The simulation results for an eight-superlayer straw system with the silicon system 

presenting only mass show that the occupancy in the innermost straw tube layer is only 

about 10% and the efficiency for linking stereo segments is high. 

The simulation effort will evaluate the performance of the tracking system design 

chosen for the SOC design report due in April, 1992. This will include: 

1. The completion of the pattern recognition studies using the silicon and straw 

outer tracker system. The goal is to be able to treat the silicon and straw tracker 

on a more equal footing in the pattern recognition algorithms. 
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2. Use the pattern recognition and track fitting studies to settle on a traeking system 

design for the design report. For the selected design examine the dominant 

physics processes with the assumed background events present in order to look 

at momentum resolution, angular resolution (with stereo), mass resolution, and 

ability to track inside jets. 

3. Over the next few months incorporate the data structures and data display 

algorithms in the working Monte Carlo package for all groups working on 

simulation. 

4. The intennediate angle tracking system will be included in the simulation when 

the design is completed. 

We have attached a copy of the Outer Tracker Section of the draft of the 1992 

Research and Development and Engineering Plan for the Solenoidal Detector Collaboration, 

SDC-91-00036, July 8, 1991. 
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Table 4 
Scintillating fiber R&D and engineering 

Milestones and Goals 

1. Scintillating fiber R&D 
Selection of scintillator composition 
Selection of active cladding material 
Resolution of oxygen/radiation issue 

2. Waveguide R&D 
Selection of the waveguide composition 
Selection of cladding material 

3. Splicing R&D 
Selection of splicing technique and sequence 

4. Fiber manufacturing engineering 
Optimization of fabrication process 
Development of automated Q/ A apparatus 
Production of significant quantities of fiber 

5. Ribbon fabrication engineering 
Selection of ribbon fabrication technique 
Engineering design of production facility 
Determination of Q/A procedures and equipment 

6. Readout engineering 
Engineering design for the readout system 
Fully functional pre-production prototype 
Operation of a 1 K fiber/VLPC prototype system 
Operation of a 10 K fiber /VLPC prototype system 

7. Fiber placement onto superlayers 
Stable-base cylinder prototype development 

and construction 
Engineering of placement concept 
Construction of placement facility 
Placement of fibers onto superlayers 

of prototype cylinder 

Date 

6/92 
6/92 
4/92 

1/92 
1/92 

8/92 

9/92 
1/93 
2/93 

8/92 
1/93 
1/93 

12/91 
10/92 
1/93 
1/94 

9/92 

6/92 
1/93 
6/93 

Tracking system 



Tracking system 

field for fast drift mixtures based on CF .. should 
be complete by September 1991 In July 1991, 
the radial wire cell will be tested in a CERN test 
beam with fast drift gas mixtures. Design of a 
full-size 300-wedge radial wire drift chamber module 
is proceeding, and is now at the stage that manu­
facturing techniques for individual components are 
under discussion with industry. 

Small gas microstrip devices of both planar and 
non-planar (knife-edge) design are under construc­
tion and test. Excellent (12% FWHM) pulse height 
resolution at rates up to 107 cm-2s-1 has been 
achieved for planar electrode geometry on glass sub­
strates. Other substrates such as silicon, plastics, 
and different glass formulations are also under study. 
All of the above work has been done by SDC collabo­
rating institutions. In addition, there are many insti­
tutions and universities throughout Europe, the US, 
and Japan also engaged in such work, one of whom 
(Pisa) already has a system operational in a CERN 
experiment. We are in close contact with most of 
them and are collaborating with some of them. 

Simulation work is being undertaken in parallel 
with hardware development to achieve an optimal 
layout of either a microstrip system or a hybrid of 
microstrips and radial wire chambers in conjunct jon 
with the inner silicon tracker. The use of radial wire 
chambers alone has now been ruled out because of 
the prohibitively large occupancy in the full (sin-
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gle hit) memory time of a chamber with a feasible 
number of drift celis, and because of the need for a 
fast Level 1 trigger in Pt at intermediate angles. A 
hybrid system in which both the speed and the spa­
tial accuracy of microstrips are used to tag the long 
radial chamber memory time into a time slice asso­
ciated with an interesting bunch crossing remains a 
possibility. If simulation demonstrates that the ad­
vantages of precision drift measurements for track 
finding and reconstruction are no longer significant 
when considered in conjunction with the microstrips 
and inner silicon tracker, then a gas microstrip 
system alone could be chosen for the lTD. Further­
more at high luminosity (> 1033 cm-2 S-I), only a 
microstrip-based system remains a feasible option. 

Engineering of a full scale detector design and 
R&D to determine the appropriateness of each tech­
nology option for use in the SDC detector are the 
main themes for our FY1992 plan. We propose 
to continue to develop working elements of the de­
tectors with the actual cell dimensions required for 
the detector, and to complete initial design of a set 
of gaseous intermediate tracking detectors including 
engineering support, alignment, cooling and detector 
integration. 

The milestones and goals for lTD development 
work are shown in Tables 5 and 6. They include 
overall engineering studies to specify support and 
infra-structure of two lTD's in the SDC detector. 
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Table 5 
Milestones and goals for radial drift chambers 

Goal Date 

Fast gas measurements in B = 2 T 
Prove opera.tion of full size radial cell with fast gas 
Design full scale module (prototype) 

10/91 
10/91 
12/91 

First layout drawings 
First cost estimate 
Design and prototype electronics 
Build full scale module 
Layout of support structure 
Refine cost estimate 
Commence testing of full scale module (prototype) 

1/92 
1/92 
7/92 
8/92 
8/92 
8/92 
10/92 

Table 6 
Milestones and goals for gas microstrip detectors 

Goal 

Find stable and thin substrates 
Choose optimum metallization thickness 
Develop bonding to front-end electronics 
Measure pulse shape from min I. 
First measurement of efficiency 
First layout drawings 
First cost estimate 
E-CAD design front-end electronics 
Radiation hardness and aging 
Optimize gas composi tion 
Working devices ~ 15x20 em 
Detailed layout of support structure 

(includes gas, cooling etc.) 
Refine cost estimate 
Meuure efficiency, rate capa.bility, 'resolution 
Tested front-end electronics 
Final E-CAD design for front-end electronics 
Completed engineering study 

Date 

1/92 
1/92 
1/92 
1/92 
1/92 
1/92 
1/92 
4/92 
8/92 
8/92 
8/92 
8/92 

8/92 
8/92 
10/92 
10/92 
10/92 
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5.3.4. Outer tracker engineering plan 

We summarize here our plans for mechanical engi­
neering and alignment work to be done for the outer 
tracker in FY1992. 

The engineering projects are divided into three 
c:&tegories: I} the ba.&ic support structure for the 
outer tracker, including considerations of interfaces 
with the silicon tracker and intermediate tracker 
and overall support and assembly of the detector; 
2) issues related specifically to the placement and 
alignment of straw tubes into superlayers; and 3) the 
issues related to the assembly of scintillating fibers 
into st1perlayers. Tasks (2) and (3) are discussed in 
the respective technology sections above. 

Basic support structure 

The following list of tasks have been identified 
as critical to meet the schedule for the SDC outer 
tracker. 

• Cylinder design-analysis of support cylinders for 
the tracking elements, determination of precision 
limitation (finite element analysis), and develop­
ment of fabrication techniques for stable support 
cylinder. 

• Cylinder prototype fabrication-fabrication of one 
prototype carbon-based composite cylinder, 6 to 
8 m long and 1.5 m in diameter. 
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• Support structure design-design and analysis of 
the support structure designated to attach the 
superlayers to one another and to the exterior 
mounting interfaces. 

• Support structure prototype--fabrication and as­
sembly of a prototype of the support structure 
&nd mock-up of the cylinder and mounting inter­
faces. 

• Assembly concepts-analysis and research in to 
fabrication methods and assembly sequence for 
the central tracking chamber structure. 

• Alignment methods-development of techniques 
for alignment of the CTC components to the 
required tolerances and for maintaining those tol­
erances. 

• Tooling design-design of tooling necessary to 
allow construction of the CTC. 

• Fixturing design-design of fixturing necessary 
for handling and manipulating the CTC during 
fabrication and installation. 

• Development of silicon tracker support from outer 
tracker 

• Development of intermediate tracker support 

• Development of alignment techniques for inter­
mediate-central tracker registra.tion 

• Development of 3D model of entire structure. 
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Table 7 
FY1992 tracking system budget 

Tracking design task 

1. Silicon strip detector 
Front-end electronics 

Mechanical design and prototype construction 
Detector development 

Management and cost/schedule estimates 

2. Pixel detector 
Mechanical design and tests 
Electronics design 

3. Barrel tracker 
a. Straw tu bes 
Basic drift tube R&D 
Prototype construction and test 
Straw placement engineering and manufacture 
Termination, endplate design, and prototypes 
Aging studies 
Support structure and system engineering 

(common to straws and fibers) 
Management and cost/schedule estimates 

b. Scintillating fibers 
Scintillating fiber and clear fiber R&D 

Fiber and ribbon manufacturing 

Fiber placement and prototype fabrication 

VLPC system engineering 

Support structure and system engineering 
(common to straws and fibers) 

Management and cost/schedule estimates 

4. Intermediate trader 
Work on plastic substrates for 

microstrip detectors 

-Foreign budget not included. 

Institution Requested 
(K$) 

KEK; LBL, U. Oxford; RAL; and 
UC Santa Cruz 

970 

LANL and LBL 
Hiroshima U.,- Johns Hopkins U., KEK: 

2050 
210 

. U. New Mexico, U. Pittsburgh, UC River­
side, UC Santa Cruz, and others 

LB~ and LANL 

UC Davis, LBL, and others 
Hughes, LBL, and others 

Duke U., U. Indiana, and others 
Duke U., U. Indiana, and others 
ORNL, WSTC, and others 
U. Colorado, ORNL, and others 
LBL, TRlUMF: and others 
ORNL and WSTC 

ORNL and WSTC 

Subtotal 
240 

3,.70 

380 
650 

Subtotal 1030 

170 
540 
340 
110 
75 

700 

180 
Subtoial 2115 

FN AL, Florida State U., U. Dlinois at 370 
Chicago, Northeastern U., U. Notre 
Dame, Purdue U., and industry 

Bicron, FNAL, Northeastern U., U. Notre 530 
Dame, ORNL, and Purdue U. 

U. Notre Dame, ORNL, Purdue U., and 310 
WSTC 

UT Dallas, UC Los Angeles, FNAL, Pur- 495 
due U., and Rockwell 

ORNL and WSTC 700 

ORNL and WSTC 180 
Subtotal 2585 

Carlton U.,- CRPP (Ottawa); KEK: 75 
LANL, U. Liverpool; RAL: 
U. Rochester, and Texas A&M 

Total 9275 



IUHEE-90-17 
SOC-90-00l38 

Recent Developments in 
Wire Chamber Tracking at SSC 

Harold Ogren 
Department of Physics, Indiana University 

Bloomington. Indiana 47405 

Abstract 

All of the major sse proposed detectors use wire chambers in their tracking systems. The feasibility of wire chambers in an 
sse detector has now been established by a number of groups planning detectors at SSe.The major advances during the past 
year in understanding straw tube drift chambers are presented and several innovations in gaseous wire chambers are discussed. 

Introd uction 

I will try to review the work that has gone on 
during the past year on wire chambers al SSe. Thc major 
part of this will have lO do with straw drift chambers. 
since they ru" presenl in all three major delcclors proposed 
al SSe. This talk is divided into two major parts. I will 
qUIckly review the wire chambers being planned for sse 
detectors and then outline the major areas of research and 
developmenl for the sse environment. The R&D section 
will concentrate on progress in drift cell design. 
electronics and signal processing. and engineering aspects 
of the tracking deSigns. 

Wire Chambers at SSC 

SDe 
The wire chamber tracking syslem lhal is bcing 

planned for SDe is shown in Fig. 1. It consists of a 
central tracking system built from straw drift tubes 
comained in modules as shown in Fig. 2. This design has 
been worked on primarily by the Wire Tracking 
Subsystem Group. 1 The central tracker uses 4 mm 
diameter straws with lengths varying from 4 meters to 2 
melers from the outside radius of l.7 meters to the inside 
0.70 meter layers. The total number of modules in the 
two z halves is 1088 and the to&al number of straws is 
aboUl 188,000. As we will see, a good deal of the R&D 
concerns itself with producing a simple construction and 
assembly scheme for this large number of straws. The 
modular approach for the construction will allow each 
module to be tested with final electrOnics before insertion 
inlO the tracker. The modules also group the straws in 
precise pOSition and support the wire load of 
approximately 12 Kg per module. The traCking system in 
lhe intermediate region is a radial wire chamber as shown 
in Fig. 3. The traCking in lhe Intermediate region is 
being worked on primarily by the groups from the United 
Kingdom. The present intermediate tracker consists of 
a radial wire chamber module with a wire "bunch &agger 
chamLer" immediately in front. This &agger has sufficient 
timing resolution to select the proper crossing time for 
each event and tag the event for the somewhat slower 

radial wire chambers. There would be five radial modules 
required for a precise measurement of the track momentum 
in the forward direction. 

4.000 --------

3.000 ----..,1 

Fig.1. Tracking system for the SOC detector. The straw 
chamber superlayers surround the silicon system and radial 
wire chambers are used in the intermediate angle region. 

I . 118.62 MM-----_ 
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Fig.2. Straw module holding 196 straws. The module 
walls are constructed from a 250 IJ. carbon fibcr 
composite. 



Fig. 3. An exploded view of the radial wire chamber with 
a bunch tagger and a transition radiation section in fronL 

Work is also being done on a "Hybrid" detector 
consisting of axial straw superlayers and scintillating 
fiber stereo layers. This has been pursued in some detail 
by the Hybrid Tracking Subsystem Group.2 The Hybrid 
trac~ is sho.wn in Fig. 4. The sttaw layers are glued to a 
preclSlon cylmder, supported from each end by a conical 
supporL Stereo scintillating fibers are attached to a 
separate support.cylinder on the outer 2 or 3 superlayers. 
The tracker would use 4 mm straws and 750 micron 
SCintillating fibers. 

Fig. 4. Superlayer structure for the Hybrid Chamber. 

EMPACT 
The EMPAOf..tracker is shown in Fig. 5. As 

shown in the detailed c:lose-up, straw chambers are used 
for tracking and transition radiation detectors. These drift 
tubes are arranged in modules that span a small delta phi, 

delta z region. There are a total of 385K readout channels 
for this straw tracker. Although TDCs will not be used for 
each channel, the pulse height will be digitized for 
electron id. This wire uacking and electron id work is 
being pursued by Boston University and Brookhaven 
National Laboratory. 

Fig. 5. End and side views of the EMPACI' detector. The 
TRD chambers use straw tubes. 

LSTAR 
The central wire and SCintillating fiber tracker for 

the LST AR detector c:an be seen in Fig. 6. The straw tube 
chamber fills the region from a radius of 40 cm out to 
75 cm and is about 2.8 meters long. The straw traclcing 
system has about 75K channels with TDCs on all wires. 
As in the Hybrid system, the stereo tracking is done with 
scintillating fibers. The groups working on the straw 
chambers are from Boston University, New Mexico 
University, Indiana University and Los Alamos National 
Laboratory. 

Fig. 6. The tracker for the LSTAR detector. The outer 
straw and scintillating fiber modules surround a silicon 
system. 



Major Areas of R&D for the sse 
Environment 

Drift Cell Research 
One of the central concerns in tracking at the sse 

with straw chambers is shown in Fig. 7. This plot shows 
the occupancy. hit rate. and current for a straw drift cell in 
the SOC detector as a function of the radius. The cells 
were assumed to be half the length of the detector. The 

calculation was was carried out at KEK3 and used a 
PYTHIA particle generator. and GEANT for detector 
simulation. All known materials were included in the 
model. and looping tracks in the magnetic field were used. 
We see that we can expect occupancies near 16% at the 
inner radius. and currents of up to .6 Ii amps. Similar 

calculations have been carried out by other groups4 and 
are in agreement with these basic numbers. 
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Fig. 7. The radial dependence of the hit rate. occupancy. 
and current draw versus radius of superlayers. 

Although the occupancy is high. a Monte Carlo 
study at Colorad05 has shown that the number of hits 
found in a superlayer remains very high even in the inner 
super- layers. The number of good 7 hit segments in a 
super- layer with 8 layers is about 90% at design 
luminosity at 75 cm radius and climbs to about 98% at 
the ower super- layer. This is is a very encouraging study 
and is being continued with more realistic tube efficiencies 
to determine the optimal number of straw layers. 

These simulation studies show us what we can 
expect at sse and what sort of detectors will be required. 
However. what must now be addressed is whether such 
detectors exist or can be builL This past year there has 
been a considerable amount of work on straw drift 
chamber R&D. 

Gas selection: 
CF4-lsobutane(20%) appears we can be thc most 

promising gas for use at sse. In Fig. 8 the drift time 
distribution for a 4 mm straw drift tube fllied with CF4-
Isobutane(20%) is shown. It has a drift time of about 19 
ns. Additional measurements with 20% Isobutane show 
that straw chambers are fully efficient above 1900 volts. 
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Fig. 8. Drift time distributions in a 4 mm straw for CF4-
lsobutane (20%). 

Detailed measurements of the gain have been made 
by several groups6. As shown in Fig. 9. the gain of the 
CF4-Isobutane chambers is about 30,000 at 1900 volts 
for 4 mm straws and 25 Ii wire diameter. The 
measurements shown in the figure were made on a 3.5 
meter straw system. At Princeton University the single 
cluster timing distributions have been nlcssured.7 These 
were used to determine the diffusion limit of spatial 
resolution for 3.5 mm drifts. As can be seen from Fig. 
la, the diffusion limit for CF4-Isobutane is about 40 Ii. 
All of these measurements indicate that a fast efficient gas 
with good resolution in already in hand for the design of 
straw chambers. 
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Fig. 9. Gain measurement on 3.5 meter Straw chamber 
for CF4-Isoburane (20%) 4 mm straw 25 m wire. 
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Wire lifetimes 
There are a number of questions to be addressed 

concerning the lifetime of straw chambers at SSC. It is 
expected that wire gain and long tenn contamination will 
be a function of lhe gas used in lhe drift cell. However, 
the other 8Ie8 of concern is the mechanical Or structural 
damage due to the high l3diation dose of components. 
During this past year there has been considerable progress 
in this areas. 

In Fig. 11 we show some of the work that has 
been done at - LBL.8 The wire gain of CF4 -
Isobutane(20CJ&) is compared to Ar/ethane with a known 
contaminant injected in the chamber. The CF4 gas show 
liule sign of damage, but the Ar/ethane gain is seriously 
degraded. It appears that the CF4/Isobutane mixture has 
the ability to clean lhe signal wires. This has been also 
reported by a group at TRIUMF.9 In Fig. 12 a 
previously contaminated chamber running on 
Argon/Ethane is shown to return to its original state when 
running in CF4-lsobutane. The damaged area was isolated 
to a small region in the middle of the wire. After an 
accumulated charge of about 1 Clcm il had completely 
recovered. 

These measurements give us confidence that wire 
gain should remain constant at the SSC over the lifetime 
of the experiment for luminosities far above the design. 

Neutron Damage 
There were two reports at this conference on 

neutron damage to straw chambers. The North Carolina 
State reactor PULSTAR 10 was used to irradiate mylar 
suaws and glued suaws in chamber arrays with thennal 
neutron fluences up to 1016 cm·2 and fast neutrons 
fiuences up to 1015 cm-2. The basics straw components 
are confirmed to survf'le at much higher fiuences than 
those expected at SSC. 
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Fig. 11. The gain of a contaminated straw chamber 
system with CF4- Isobutane(20%) and Ar-ethane (50%) as 
a function of total charge. 

A dramatic test of an operating straw chamber has 
been reported by a group at Boston University. 11 A 25 
straw may was subjected to a 0.5 MeV neutron flux of 7 
x 107 1 cm 21 sec . The suaw chambers used CF4 gas and 
was running typically at 5 MHz. and drawing IS ~ of 
current The total fluence of neutrons was 6.5 x 10141 cm 
2 and no damage or gain loss was reported. Both of these 
tests give US confidence that lhe radiation levels predicted 
for SSC will present no obstacle to the operation of 
straw chambers. 
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Fig. 12. The pulse height of a straw 
drift chamber with a contaminated central region (10 cm) 
for different amounts of total charge deposited. 



High Rate tests 
The principle long range activity of the groups 

working on straw chambers is to demonstrate that 
tracking in a high rate beam is possible. Ideally this 
should be with a full length ( 3 meter) straw system. 
Preparations are underway for such tests. 

At Indiana University conscruction has started on a 
number of short 64 straw modules. These can be used for 
trigger and electronics tests by members of the SOC 
collaboration. A full length module is now under design at 
Oak Ridge and Indiana University. By next summer a full 
scale module should be ready for testing. At Duke 
University a full length cylinder of radius 0.8 meters is 
being conscructed. This prototype superlayer can be used 
for high rate tests. and for verifying construction 
techniques. 

Electronic related R&D 

Signal size 
There are a large number of electronics related 

issues under study. These include measurements of the 
signal size, effects of straw capacitance an\! attenuation in 
the straw chambers. There is also design of the preamps, 
shapers and fast TOC underway with an emphasis on high 
density, low power consumption, and radiation hardness. 
Finally, a design for a fast level one trigger has been 
worked out and will soon be rested on a straw module. 

Detailed calculations of the signal size expected 
with 3 meter straw chambers have been carried out at 
KEK12 for a 7 mm straws with a slow gas (Art Ethane). 
It is expected that a 4 mm straw diameter and a fast gas 
like CF4- Isobutane will give more that twice the signal 
size. From these calculations we can estimate the time 
jitter and time walk expected in a 3 meter straw at SSC. 
There does not seem to any difficulty in principle to 
attaining 100-150 micron position resolution. 

In Fig. 13 a pulse in a 3.6 meter straw chamber is 
shown along with the reflection pulse from the 
unterminated end. 

! 
-12.000 ft. 

-Fig. 13. The signal from an Fe 55 source Cor a 3.6 meter 
straw system. The reflection pulse can be seen to be 
attenuated. 

Termination has also been applied to eliminate the 
reflected signal.The attenuation of reflected pulse in the 
figure indicates one of the areas of interest in R&D. This 
attenuation comes about due to the resistivity of the 
cathode material and the signal wire. The resistance of 
both wire and cathode were about 100 ohmlmeter in the 
test shown in the figure, whereas the coaxial impedance of 
the straw is about 300 ohms. 

The signal attenuation in Straw chambers has been 
measured by several groups13 and is shown in Fig. 14. 
The average attenuation length is about 5 meters. There 
are several ways to increase the attenuation length. Work 
is in progress on with lower resistance cathodes and larger 
diameter wires. The effect of appreCiable attenuation 
would require an increase of gain in the straws and mighl 
require a more elaborate analysis to attain the desired 
time n.'SOlution. 
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Fig. 14. Measurements of the signal attenuation for a 
2.3 meter straws. 

Signal electronics 
The driCt chamber electronics has been worked on 

by groups from University of Pennsylvania 14 and the 
Japanese laboratory, KEKlS. The system that is being 
designed by the group from the US is shown in Fig. 15. 
It consists of a preamplifier, shaper, discriminator. and 
time to voltage convenor, and an analog memory for the 
Levelland Level 2 triggers. Their design has progressed 
significantly in the past year. They now have prototype 
chips with low threshold, low power and radiation 
hardness sufficient for SSC. The prototype preamplifiers 
have been used on several of the straw chambers, in fact 
they wcte crucial in the measurements of the single cluster 
characteristic presented by Princeton University. We 
anticipate that in the next year we will have a sufficient 
quantity of the amplifIers and shapers to rest several straw 
modules. The time to voltage converters (TVC) and the 
analog storage are shown in somewhat more detail in Fig. 
16. We anticipate that the fust prototypes of this will also 
be available next year. KEK is working on an alternative 
method (the TMC) of measuring the time and storing it 
for a level I trigger. 
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Fig. 15. A diagram of the Straw chamber electrOnics. 

Fig. 16. Details of the TVC and level 1 and 2 triggers. 

This Time Memory Converter or TMC is shown in 
Fig. 17. The chip has progressed to the fabrication stage, 
and should be available to test in a chamber by the end of 
the year. At University of Colorado there has been an 
attempt to design the layout for all of the front end 
electronics for a straw module. The resulting board layout 
is shown in Fig. 18. This is an existence proof that a 
compact layout of preamplifiers, shapers TVC along with 
all data and read out lines will fit in the modular scheme. 
The trigger electronics has also made rcal progress this 
YeM. At the University of Michigan16 a real time trigger 
has been designed to find stiff tracks in a straw 
superlayer. The technique and the circuit is shown in 
Figure 19. The scheme relics on the layout of sa-aw wires 

along radial rays from the interseCtion region. In this case 
a stiff track will produce a fixed relationship between the 
drift times in three successive straw layers. A 
synchronizer circuit will trigger on a stiff track within 30 
ns of the arrival of the last pulse. The circuit has been 
designed and constructed. Testing will begin this fall. 

act 
iI2 
X 

U 
'NC 

acl 
u 
X 

:12 
TUC 

1M 1M 

Fig. 17. The Time Memory Chip for recording and 
storing timing information from the straw chambers. 

Fig. 18. A prototype layout of the front end electronics 
for a straw module. 



Fig. 19. The synchronizer circuit for triggering on triads 
of straw in the straw superlayer. 

This has been a very productive year for the 
electronics R&D. Many circuits are now in the prototype 
stage and are ~y for testing. The next step is to measure 
the high rate capabilities of the electronics and to confront 
the important d~ls of chamber design such as proper 
straw resistance, proper wire auenuation, problems of 
capacitance, shielding and grounds. 

Engineering R&D 

Prototype Construction 
Straw chamber prototypes have been built at 

Indiana University, Duke University, Boston University, 
and Princeton University. The problems of wire support 
and straw support have been solved in a number of 
different ways. At Duke a 25 straw system has been 
constructed. The straws were laid out and glued together 
on a flat grooved substrate. The straw length was 2.7 
meters and the diameter was 4 mm. Measurements of the 
horizontal position in various rows show that the straws 
position for this configuration could be held to about 2 
mils. This same system was instrumented and run at high 
voltage successfully. There is an ongoing program to 
study ways to accurately layout and glue the straws to the 
support cylinders in this hybrid scheme. A large prototype 
full length cylinder of 0.8 meter radius is being worked 
on. At Princeton University there is also work on 
building large structur~ of 7 mm diameter strawS for a 
BCD experiment. Several straw clusters have been 
constructed and a novel method of pressurizing the saaws 
to handle them has been worked out.17 At Indiana 
University a 6 straw 3.6 meter long assemble was tested 

with electronics from University of Pennsylvania and 
attenuation in the system measured. IS The major work at 
Indiana now, however, is the construction of modUlar 
arrays to hold the straws in position. A 64 straw module 
shown in Fig. 20 has been constructed and is now under 
testing. The support shell is 300 11 thick carbon fiber 
composite. The end plates have been designed to have very 
little material. The positioning of the straws and wires is 
accomplished by self centering of the wire supports 
within the shell. This wire support is shown in Fig. 21. 
It consisted of two identical molded pieces that snap 
together to form a cylinder with opposing V shaped 
passages at either end. It has the added advantage that the 
straw chamber can be strung after being assembled, or can 
be rewired if there is wire breakage. 

Fig. 20. Detail of the end and side view of a 64 straw 
module. 

Fig. 21. Two view of a "double V" wire support. 



Design Studies 

Modular Tr~r 
All of the tracker engineering construction 

techniques are driven by the two somewhat incompatible 
considerations: First the amount of material must be kept 
small and second the straws and wires must be aligned 
with about 50 micron precision and be stable in that 
configuration. 

The calculation of the radiation length versus eta 
for the SDC ttacking system shows that in the region of 
the endplate of the central tracker there is more that 20% 
of a radiation length. It is difficult to reduce this 
significantly, since each superlayer has less than 1 % of a 
radiation length for perpendicular traversals, and about 1/2 
of this is from the straws themselves. The engineering 
challenge is to design a support system with 60-75 m 
tolerance with light weight materials. One sWport scheme 
that has been designed by Westinghouse 1 is shown in 
Fig. 22. The modules are held in position by a rigid 
support frame at three points. These frames have to only 
support the modules and not the wire tension. so they can 
be very lighL They would be made from light weight 
carbon composites. Each module has a set of alignment 
pins that locate and hold it in position in the support 
disks. Four of the eight super layers would be stereo 
layers. These are constructed by using the same modules 
as in the axial layers, but rotating them by 3 degrees. 
Modules could be assembled into the frame as the final 
operation after all electronics testing was complete and 
modules could be replaced in the case of accidental 
damage. 

Fig. 22. An assembly drawing of one half of the modular 
drift chamber tracker showing the support system. 

Hybrid TracUr 
The hybrid central tracker is shown in Fig. 4. The 

design work on this IJ'aCker has been done at Oak Ridge 
National Laboratory.20 In this concept the straws are 
supported on full length cylinders that are held on the 
ends by a cone and ring support. The details of the 
endplate with utilities are shown in Fig.n. This endplate 
must support wire tension for the entire cylinder, ~d also 
serve as the precision wire positioner. The amount of 

material in the support cylinder is comparable to the 
modular approach. however. there would need to ~ exu:a 
cylinders for the SCintillating fiber layers. Durmg thiS 

coming year both techniques will be designed in much 
more detail.The major R&D for reduction of material is in 
the endplates and utilities. This is being worked on at 
ORNL. 

Fig. 23. Details of the endplate for the Hybrid design. 
showing utilities. 

TRD TracJcer 
At CERN 21 there have been several very 

impressive tests of a straw tracking system coupled with 
TRD possibilities. A large array of straw tubes was tested 
in a CERN beam line to verlfy that the TDR tracking 
cell would give the resolution required by EMP ACT. 
They found that using only the cell hits (and not drift 
time) they were able to achieve an position resolution of 
0.4 mm. At Boston University a straw less detector is 
being developed.22 The idea is to combine two foam 
molds with cylindrical depressions into a straw chamber. 
This has the advantage of low mass. ease of construction. 
and economy of handing. It may well be excellent 
solution to the short straw arrays required for EMPACT. 

Intermediate Tracker 

Radiol Chamber 
The intermediate ttacker design is being worked on 

by several groups in the United Kingdom.23 The design is 
based on the radial chambers being built for the HI 
experiment at HERA. The details of the design are shown 
in Fig. 3. and Fig. 24. The present design involves 5 
radial chambers position along the z axis. They each span 
a SO cm to 150 cm radial space. Each has 300 azimuthal 
cells with a maximum drift distance of 15.7 mm. Within 
each module there are 8 layers of drift cells. The long drift 
times could be a problem at sse where the bunch 
crossing is 16 ns., so a plane of ragging counters is placed 
in front of each radial chamber. These " bunch tagging 
counters" are shown in Fig. 25. The tagging counter time 
resolution is about three crossing times. This has been 
shown to be sufficient to result in good pattern 
recognition in the radial chamber. The R&D effort at 
present is concentrating on current draw in the voltage 



grading resistors. Because of the higher currents in the 
chambers at SSC this could be a difficult problem. Also 
the Lorentz angle for the drift gas (CF4) must be 
measured24. This work is already underwlY and first 
results were presented at this conference. One of the 
primary advantages of the radial wire chamber is that the 
geometry matches the physics in the forward region and an 
excellent tracking system can be built with very few 
electronics channels. It is anticipated that the total channel 
count from both ends will be less than SOK. There is also 
an active design program on electronics for radial 
chambers at Rutherford Laboratory. Alternative devices 
such as microstrip chambers are also under study. 

Fig. 24. Details of a radial wire chamber. The SDC 
version would have larger inner and outer radii and 300 
sectors. 

New GastOUS Chambtrs 
In the intermediate region there have been a 

number of proposed detectors in addition to the radial wire 
chambers. Groups from Japan 25and Texas26 have been 
developing a new type of gaseous discharge chamber called 
the knife edge chamber with a signal and cathode structure 
printed on silicon. Reports from both groups were 
presented at this conference. In the case of the Texas 
design, an intermediate traCker has been proposed and the 
design swted. Another technique being looked into at 
University of Rochestet27 is a resistive cathode drift cell. 
This scheme effectively uses a drift pad with hexagonal 
pads to fill the forward area. Each pad has a graded voltage 
for electron to drift toward the center pin where they 
avalanche. Scanning Tunneling Microscope points could 

be use for the discharge pins. Work is under way to design 
in intennediate tracker with such a system. 

Fig. 25. Details of the bunch tagger counter which covers 
each sector and tags the proper bunch crossing time. 

Summary 

Wire chambers can play an imponan t role at the 
SSC. Although straw drift chamber are a mature 
technique, there have been a number of innovations in 
straw drift chambers during the past year. All of the 
principle SSC detectors have been developing straw 
chambers and have concluded that such systems are 
feasible. The counting rates in the Straws are high, but 
Monte Carlo studies indicate that tracking looks 
promising at and above design luminosity. The chamber 
lifetimes with CF4 gases look very good.and radiation 
effects appear to be no problem at sse for CF4 gas 
mixwres. 

In the intermediate region there is a radial wire 
chamber design under study and there are newer gaseous 
chambers that look promising. 

Full scale tests are being planned to verify tracking 
at high rates and to confum the triggering aspect of straw 
chambers. 
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In the last few weeks we have been testing our straw tube modules and also 

individual straw tubes in a flux of electrons from Sr90. This has been in response to the 

concerns of some people in the SDC that the straw tubes are not sufficiently robust to 

withstand the radiation environment of the SSe. There are two concerns: one is that the 

coating is so thin that it can be etched away during the lifetime of the SDC detector, the 

other is that experience with aluminum cathodes has shown that breakdowns can develop 

under certain conditions. With the sources at our disposal we could in a day or two expose 

small sections of the tubes to a dose that was equivalent to a full ten years accumulation at 

the SSC. This is a report of some observations to date. 

Apparatus 

The apparatus consisted of a single tube in a holder with a fixture at each end to 

allow the gas to be introduced and the voltage to be connected between the anode and the 

cathode. The anode was a 25.4 J..Lm gold plated tungsten wire stretched to 50 grams of 

tension. The tube was 4 mm in diameter with either aluminum, copper or gold deposited on 

a plastic substrate. A 2 mCi Sr90 source was used to irradiate the tube and a plastic 

collimator limited the extent of the exposure along the length of the tube.The amount of 

radiation was varied by changing the distance of the source from the tube. The High 

voltage supply furnished monitor outputs of the current and voltage. It also incorporated a 

trip on a certain level of current or a rapid rate of rise of current. If a discharge started to 

occur the voltage was turned off immediately. 
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Loss of Cathode Material 

The erosion or ablation of material from the cathode due to ion bombardment has 

been observed in two ways. First an electron micrograph of a 500 A gold coating on 

kapton showed that after exposure the irregularities of the coating resulted in uncoated 

areas. A rough estimate from this indicated that about half the coating was removed during 

an exposure of 0.25 C/cm. A more quantitative measurement consisted of measuring the 

resistance of a strip of a tube after exposure and comparing it with an unexposed strip. The 

observation was that for a mylar strip with a 1000 A coating of copper about half of it had 

disappeared after an exposure of 0.09±0.02 C/cm. The surface resistivity changed from 

0.19 rusquare to 0.40 O/square. The copper coating was also partially transparent. There 

is about a factor of 5 difference between the amount of gold and the amount of copper 

removed for a given amount of accumulated charge deposited on the cathode. There was 

some excess discharge current with the copper but only about as much as the normal 

current and that for a small fraction of the exposure. The gold was deposited by sputtering 

and the copper was applied by vacuum deposition and that may make a difference. So far 

the evidence for aluminum is consistent with both levels of ablation. 

Alteration of the Surface Properties of the Cathode 

. Some measurements were made of the progressive damage to an aluminum cathode 

under heavy current from 2 MeV electrons passing through a straw tube. Figure 1 shows 

the results of the exposure. The amount of current drawn in the exposed region of the tube 

was 0.46 ~cm up to an accumulated charge of 0.175 Clcm. The vertical axis is a quantity 

which characterizes the alteration or damage to the cathode surface. It is llG where G is the 

gain at the anode at which breakdown occurs. The gain is determined from the high voltage 

value. For the standard mixture of CF4 with 20% isobutane the shape of the gain as a 

function of voltage is shown in Figure 2. The absolute value of the gain may be off by as 

much as 20% but the relative gain as a function of voltage is given quite accurately by this 

curve. The gain is the appropriate variable because something is happening to pull electrons 

out of the cathode in response to ions landing on the cathode. When the gain times the 

probability of releasing an electron for each ion is more than 1, a self sustaining discharge 

occurs. l/G at breakdown is then equal to this probability. The tendency for the cathode to 

eject electrons must be reduced as much as possible. From Figure I it is seen that the 

accumulation of charge results in a unifonn increase in 1/G. 
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The people who have been doing aging and lifetime tests at Berkeley have seen 

breakdowns of this same type. 1 They say also that adding 0.1 % water to the gas has 

eliminated these breakdowns. Water was therefore added to the gas in this test also to the 

level of 0.13% vapor pressure by bubbling a fraction of the CF4 through iced water. The 

breakdown occurred at a higher voltage when the water was added but as soon as the water 

was turned off the breakdown voltage returned gradually to the point it would have reached 

if no water had been added (see Fig. 1). It seems that damage occurs to the cathode with 

the water present in the gas but the effect of the damage on the operation of the chamber is 

not as great with the water present 

The tendency to breakdown is also very much influenced by the radiation level. In 

these tests the radiation level is about a hundred times more intense than in typical operation 

of the SDC detector at the SSC. It is primarily because of this accelerated irradiation 

schedule that we have discovered this tendency of the tubes to breakdown. In order to 

measure the dependence on irradiation, several data points of 1/0 were taken with the 

source at different distances from the tube. This dependence is shown in Figure 3. The 

horizontal axis is the current at the trip point corresponding to the gain on the vertical axis 

shown by the solid line. The trip current is in microamperes but the current density in 

microamperes per centimeter can be obtained by multiplying by 1.4. The trip current is the 

product of the gain and a number proportional to the radiation level; therefore the limiting 

inverse gain as a function of radiation level on an arbitrary scale is obtained by scaling the 

horizOntal axis to obtain the dashed line curve. There are no measurements at low radiation 

levels so that the extrapolation towards zero is only a guess. Still it is clear that the gain can 

be raised beyond loS at low enough levels of radiation. The radiation level at the SSC is 

between the venical axis and the first minor division. 

Some observations of gold and copper surfaces have also been made. With the gold 

surface the gain went up to 3 x loS without breaking down even after and exposure of 

0.25 C/cm. The copper tube after an exposure of .23 Clcm broke down at a gain of 2 x 

105. Both of these were at radiation levels causing 0.64 J..1a/cm at a gain of 4 x 104 and 

therefore more than 100 times the radiation level expected at the SSC at design luminosity. 

Conclusions 

The loss of material from the cathode is at a level which must be considered when 

specifying the thickness of the coating. More work needs to be done to see which materials 

ablate the least while still being good conductors and having a long radiation length. One 

would like to have coatings of 2000 A or more of either aluminum or copper to provide 
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enough material to sacrifice over the lifetime of the detector (assumed to be 10 years) while 

still maintaining good electrical conductivity of the cathode 

Although aluminum probably would work sufficiently well at sse radiation levels, 

the extra margin of safety provided by a copper surface makes that material very 

attractive. The amount of material in radiation lengths of a 2000 A coating of various 

materials is given in the following table. It appears that copper is not a large additional 

amount in relation to the mylar material and even less considering all the other material in 

the outer tracking system. 

35 ~m mylar is 1.22 x 10-4 R. L. 

Compared with this 2000 A of aluminum is 2.25 x 10-6 R. L. 

chromium is 1.00 x 10-5 R. L. 

copper is 1.40 x 10-5 R. L. 

silver is 2.4 x 10-5 R. L. 

gold is 6.2 x 10-5 R. L. 

These are the only reasonably common solid elements with resistivity below 3 ~ 

CDl. (Aluminum coatings, however, have a resistivity about double the bulk value.) 

4 



1J. Kadyk. 1. Va'vra and 1. Wise. Use of Straw Tubes in High Radiation 
Environments. Nucl. Inst. and Methods A300 511 (1991) 
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Straw Chambers 

The basic drift cell is constructed with a plastic based cylindrical cathode structure and a 
0.025 mm diameter wire along the axis. The straws are fonned by winding several 
centimeter strips of the plastic wrap on a mandrel and then overlaying and gluing a second 
layer. This results in a rather uniform overall straw, but tension variations and gluing 
variation result in a diameter variation of about ± 25 microns and a deviation from 
circularity of about ± 50 microns. All methods proposed for using the straws for drift 
chambers require that the straws be held straight in some manner and be fanned in regular 
array by some means. These two aspects of the design of a straw module are critical. The 
ultimate precision of the drift chamber is obtained by knowing the positions both at the 
ends of the wire positions and at the intermediate wire support points. 

The proposed scheme for positioning the straws with respect to each other requires 
clamping and gluing the straws at the points along the straw where the internal wire 
suppons are located. The layout is shown in Fig. 1. This technique relies on the wire 
supports (double V's) close packing in a regular array when clamped and glued. The array 
must maintain this configuration when freed from the clamp. 

The design of the wire support (Double V) is shown in Fig. 2. The diameter has 
been measured to be 3.972 mm (0.1564 in.) The double V's are injection molded and are 
uniform to about 0.005 mm. 

This memo reports on the fIrst series of tests we have carried out on a 8 layer 
trapezoidal array that we are preparing for a one meter test module. 

Description of the clamp 

The clamp is shown in Fig. 3. It is designed to be used along with 4 other 
identical pieces in a linear array to clamp 228 straws in a one meter module. In this test, 
however, we used short (about 2 em) sections of straws with the double V's inserted and 
then clamped in only one clamp. The clamp dimensions are set by assuming a straw + 
double V diameter of 4.043 mm (0.1592 inches). The wall thickness is taken to be 0.035 
mm (1.4 mils). The reference blanks were cut by Liberty Advanced Machining of 
Columbus IN, using a numerically controlled mill. The clamps were then precision cut 
using a electrodischarge cutting technique at Wirecut Technologies in Indianapolis, IN. 
The drawing tolerance of 0.013 mm (0.5 mil) appears to have been achieved by this 
technique. 



Clamping and gluing tests 

Two types of tests were perfonned. First. the straws and wire spacers were 
clamped without gluing. This array was measured while still inside the clamp. The 
positions of the double V's were detennined by using a Nikon optical comparator with a 
measuring accuracy of about 0.005 mm (0.2 mil). However, it is estimated that the 
location of the vertex of the double V could be found to about 0.025 mm (1 mil). 

The second measurement was made on an array of straw sections that had been be 
glued with Eccobond 45 epoxy. This particular array was formed layer by layer with a 
bead of glue applied on the surface of each layer before the next was laid down. The 
bottom, top and sides (in contact with the clamp) were not glued. After the array had dried 
it was removed from the clamp and measured in the same manner as the fust array. 

Determination of the self centering errors 

The determination of the self centering errors of the double V's was made by fitting 
the measurements to an ideal close packed cylindrical array. This was done using MINUIT 
and using the x, y centroid, the rotation angle, and the close packed diameter as fitting 
parameters in a chi squared minimization procedure. The details were reponed in IUHEP 
91-6. 

The resulting fits gave the following results: 

Oamped arraY (no KIue) 

fitted diameter- 4.044 ± 0.00025 mm (0.15921 inches) 

Sigma- 35 microns (1.33 mils) 

The deviations of the fit in both X and Y are shown in Fig. 4 a, b. 

Unclamped Klued amy 

Fitted diameter 4.046 ±O.OOl mm (0.15930 inches) 

Sigma 30 microns (1.2 mils) 

The deviation of the fit in both X and Y is shown in Fig. 5 a, b. 

Conclusions 

The resulting fits showed several interesting effects. For the clamped array the 
fitted diameter was 4.046 mID (0.15921 inches) which corresponds to a midline width of 
115.2525 mm (4.5375 inch.) The unclamped. glued array had a fitted straw + Double V 
diameter of 4.044 mm (0.15930 inches.) Along the midline of the trapezoid this 
corresponds to a width of 115.3185 mm (4.5401 inches). So, it appears that the array 
expanded when unclamped by less than 0.066 mm (2.5 mils). We suspect that this is the 



effect of the elasticity of the double V. Depending on how reproducible the gluing 
procedure is we can compensate for this when designing the shell structure. 

The more important resul! is the self-centering error we have detennined. We 
conclude that the unclamped array can be modeled by a perfect array with an error at each 
wire position of less than 0.030 mm 0.2 mils). rw e believe that much of this error is 
measurement error due to a lack of precision in determining the vertex of the double V.) 
This error is well with in the requirements set for the tracking precision in the SDC. We 
intend to use this modeling technique for the final modules, so that a rather restricted 
number of parameters will be used to detennine the wire position at the four wire support 
points along a module. 
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Straw and module 

IUHEE # 91-4 
SOC 
Harold Ogren 
Indiana University 
April 23,1991 

placement 

(Presented at ORNL on Feb 11, 1991) 

I will begin by discussing support structure stability. I assume that 
Abe Seiden's numbers on correlated errors ,for the tracking layers 
are a statement of stability requirements for the structure. I will 
discuss module placement in a second section. In this report the 
numbers I will quote for errors are sigmas of the assumed gaussian 
errors. ie. +-sigma = +- 15 microns In order to be conservative we 
will assume that this should be interpreted as construction tolerances 
ie. +- 15 microns. (all points on the part within this window), with 1 
mil = 25.4 microns. 

Support stability: 

1) the centroids of the Si and the Straw system must not vary by 
more than +- 15 microns. This will require monitoring the relative 
position of the silicon with respect to the outer tracker. 

2) The rotational stability of the Si with respect to Straw layers is 
Il phi = + _ 10-5 radians= + _ 0.00057 degrees. This also should be 

monitored continuously. 

3) Each superlayer· must have a circumferential stability (phi 
rotation with respect to other superlayers ) that is about +- 50 
microns. ( actually the requirement is less strict for the inner layers 
of the straws, but lets be conservative). This will require a good 
understanding of the long term stability of support materials, but 
may not require continuous monitOring. 

4) The radial stability is much less stringent. The purely radial 
stability is +_1.5 mm. However, this assumes that the circumference 
position ( phi) does not change. So, I don't think this really allows us 
much design flexibility. Abe reduces this to +- 200 microns. 



1) Placement of each end of the system with respect to other end. 
( hard to say, needs more work, probably close to the rotational 

requirement for each module, ie. -+- 50 microns.) Will be fixed at 
assembly time using optical alignment techniques. 

2) Placement of the entire tracking system with respect to the beam 
is , in part set by the amount of beam movement we expect. (+-1 
mm?) 
It is also set by the triggering requirements in the Si system., so it 
should be smaller than a strip size, say +- 100 microns. This may 
require local (Si) adjustment. This can be done to high accuracy 
during initial installation, and then monitored each down time, and 
perhaps adjusted with the kinematic constraints. 

3) Assuming that the modules are aligned after the support structure 
is cc:nplete, the construction of the gross support frame need not be 
more accurate than +- 500 microns. This is an engineering detail of 
how the support cylinders are made. 

Module requirements: 

1) Placing modules on the cylinders (module placement) 

Assuming that we have monolithic support rings or cylinders for 
the modules in each superlayer, then the over all angular error 
requirement should result in a maximum placement error of + _ 50 
microns for each module.( this is the total placement error for the 
mean position of the module, ie placement of fiducial points at say 8 
positions on the module.) To be conservative I will assume that each 
of the 8 module attachment positions has this precision. 

2) Module intrinsic straightness. 

From our limited tests on a 1 meter, smaller section, carbon 
composite shell, the bowing should amount to less than + _50 microns 
between support points (80 cm). I will assume +- 50 conservatively. 
This is one place where the reduced radial requirement helps us, 
since the modules are thinner radially, and might have more built-in 
bowing in this direction. 



3) Straw placement within a module 

The wire placement error will add in quadrature with the intrinsic 
wire resolution, assuming that they are random , uncorrelated errors. 
We have attempted to determine the size of such placement errors 
by optical measurements of straw center (double vee) positions at 
the end of a 64 straw rhombus. The x-y positions were measured 
using a milling machine and an optical telescope. Our estimated 
reading error was about +- 1 mil. The measurements were done with 
the end plate inserted in the rhombus shell. These measurements 
were then fitted to a close packed pattern with arbitrary center, 
rotation, ,and straw radius. The individual deviations from a perfect 
close packed geometry are shown in Fig. 1. This resulted in a 65 
micron average sigma. determination of wire centers .(So a good part 
of this may be our measurement error.) But again. I will take 65 
microns as the deviation from true close packing. The best fit straw 
separation was 3984 +- 7 microns. 

1.50E+02 

1.00E+02 

x (microns) 

5.00E+01 

O.OOE+OO~~~~~~~~~~~~~~~~~~~~~~r.~~ 

-5.00E+01 

-1.00E+02 

-1.50E+02 

-2.00E+02 

1 222 2 2 3 3 3 3 344 4 4 5 5 5 5 
9 1 3 5 7 9 1 357 9 1 3 5 791 357 

Fig. 1 Wire displacements from best fit of close packed geometry 

In order to determine the effects of correlated errors in the 
straw and wire positions. the difference matrix from the above fit 
was used to fit vertical tracks. (see Figure 2). Correlation effects 
would show up as significant deviations from a "Zero "crossing. These 
were found to be small < 30 microns for all x positions. So we 
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conclude that correlated displacements are not a problem. We will 
assume a straw placement error of 65 micron wire placement, 
however we feel that this can this can be improved considerably in 
our final module design. 
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If we use an intrinsic wire resolution of 100 microns, wire 
placement error of 65 microns, Ipodule placement error of 50 
microns, and module intrinsic error of 50 microns. then we get get 
micron total superlayer error of 83 microns. I take this to indicate 
that we can build and align a modular system that will give us the 
required momentum resolution. 

Notice that unlike Abe, we conclude that the major part of 
the error in the superlayer measurement comes from 
alignment not intrinsic error in the straw. 
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Abstract 

The design of an integrated tracking system for a solenoidal detector will be presented. The tracking system consists 
of a silicon pixel and microstrip detector at smaller radii from the beam collision point and wire chambers at larger radii. The 
tracking system provides momentum measurements and a fast trigger for all charged particles with PT above a few Ge V Ic and 
for 1111 S 2.5. Research and development issues will be discussed. 

In trod uction 

The goals of a tracking system for the SSC are to 
provide momentum measurement and a fast trigger for 
charged particles with PT above a few Ge VIc and tTll S 2.5. 
In addition, the tracking system should provide a precise 
vertex measurement in order to identify long-lived traclcs, for 
example, from B decays, and detect separated vertices from 
multiple p-p interactions. Since the tracking system is only 
a pan of the complete detector, it must provide these 
functions in an economical manner. The tracking system 
must operate in the high-rate environment of the SSC at and 
above the design luminosity. 

We arc engaged in detailed design studies of an 
integrated tracking systeml for a solenoidal detector for the 
SSC. The tracking system consists of a silicon pixel and 
microstrip detector2 at small radii from the beam collision 
point and wire chambers at larger radii. The R&D includes 

wire chamber detector design for straw tubes and intermediate 
angle tracking detectors with wires transverse to the beam 
direction, engineering R&D including support structure and 
alignment, front end and triggering electronics, and computer 
simulation. 

Tracking System Design 

A conceptual design of the tracking system, 
contained inside a 2 Tesla solenoidal magnetic field. is 
shown in Fig. 1. The inner radius of the coil is located at a 
radius of 1.7 m, and the tracking volume half-length is 4.0 
m. In order to aid the pattern recognition in the high-rate 
SSC environment, the entire tracking system design, except 
for the pixel detector, is based on the concept of track 
segments. rather than individual track hits. Track segments 
in the outer b'aCking system (radius > 50 cm) are used in the 
first level trigger. Track segments in the superlayers are 
linked to form traclcs. 
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Fig. 1. Conceptual design for a silicon and wire chamber tracking system for a solenoidal detector. 



The silicon uacJcing detector, inside 50 em radius, 
consists of an array of high-resolution two-dimensional 
pixel detectors and segmented microstrip detectors; these 
provide venex measurement and pattern recognition 
capability even in the cores of dense jets.3 Some of the 
microstrip layers are double-sided silicon with axial strips on 
one side and stereo on the other. Track segments are found in 
superlayers consisting of two layers of silicon. 

Wire chambers are used for tracking between 70 and 
about 163 cm radius. The central tracking system, covering 
the region I'll S l.5, consists of superlayers of 4 mm 
diameter sttaw blbes", as shown in Fig. 2. In order to reduce 
radiation damage and current draw, the Straws are made as 
small as practical and run at low gas gain, -2 x 104 . 
Occupancy is reduced by the small straw diameter and the 
use of a fast gas, such as mixtures containing CF4.4 ,S The 
half-cell stagger between layers permits resolution of left­
right and crossing-time ambiguities. The coordinate along 
the wire is measured by means of small-angle (_3°) stereo. 
With a spatial resolution of 100-150 j.UJ1 per wire in the,,,, 
projection, the expected resolution in % is 2-3 mm. The 
superlayers alternate axial and stereo. Local track segments 
are fotmd in each ~yer. 

The intermediate angle tracking system6 covers the 
region of radius> SO em and I'll > l.5. It is composed of 
drift chambers with wiles IlanSverse to the beam direction 
and ·crossing taggers,· as shown in Fig. 3. A crossing 
tagger is set of planes of gaseous proportional detector with 
cathode suip readouL Crossing taggers are used to associate 
a wire chamber hit to within 3 or 4 bunch crossings and 
could be used for the trigger. The wire chambers are 
presendy envisaged to be radial wire chambers. 

----......... , ....... 

The performance of the tracking system is shown 
in Fig. 4. 

Engineering R&D 

The tracking system will be supported and aligned 
using a structure of graphite fiber composites.7 There are 
inner and outer support cylinders for structural stability. The 
superlayers in the central tracking system are made up of 
modules of Straws with an outer graphite composite shell to 
provide rigidity and positioning. The replaceable modules are 
positioned and supported by an open framework. The 
in1cnnediarc angle and silicon tracking systems are supported 
by the same structure. 

Fig. 2. Cross sectional view of a superlayer of straw tubes. 

---

..... -_ ..... 
Fig. 3. Intermediate angle tracking supermodule layouL 
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Front End and Triggering Electronics 

Custom integrated circuits for the front end and 
triggering electronics are being developed both as pan of this 
subsystem effort and as part of separate electronics 
subsystem R&D projects. A low-power radiation-hard 
integrated preamp, shaper, discriminator and time-to-voltage 
converter are being developed as part of an R&D program 
centered at the University of Pennsylvania.8 Similar 
developments are taking place in Japan. Circuits for 
triggering on track segments in superlayers using drift time 
(synchronizers) are being developed at the University of 
Michigan. 

R&D Issues 

The R&D issues involved in the design of the 
tracking system are being addressed by design and 
prototyping, as well as computer calculations and 
simulations. Some of these R&D issues are summarized 
below. 

In the design of the tracking system, we must 
minimize material (primarily because of the problem of 
photon conversions) and COSL Materials issues include 
sufficient rigidity and structural support in the module walls 
and support structure, and connections to the wires at the 
endplatcs, including terminations, wire-holding devices, 
interface boards, electronics, and cabling. Finite element 
analyses are carried out to optimize the designs of the 
module walls and the support structure. Design and 
prototyping are being carried out to minimize material at the 
wire connections. 
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Fig. 4. Momentum resolution in a 2 Tesla magnetic field 
as a function of trlJior the tracking system. 
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Wire chamber design and prototyping are being 
carried out for both the straws and the radial wire chambers. 
These studies include minimizing the resistance of the 
straws and determining the optimum technique for supplying 
graded high voltage to the cathodes for the radial wire 
chambers. Tests of suitable fast gases are being carried out. 
In addition, there are many construction and assembly 
problems to be solved. 

We are building prototypes for all of the 
components of the design: straw modules, radial wire 
chamber sectors, connections, electronics, and support 
structure. These will be tested in a beam when possible. 

Many crucial design issues are being addressed by 
computer simulation of the response of the detector to SSC 
background and physics events. With 16 ns between bunch 
crossings and 1.6 interactions per bunch crossing at the SSC 
design luminosity, high occupancy and its result, lost hits. 
are a major issue for wire chambers. We are using 
simulations to determine the best configuration for 
triggering on track segments in the outer superlayers of the 
central tracking and in the crossing taggers of the 
intermediate angle tracking. We need to continue to uigger 
on track segments as the luminosity increases beyond the 
design value, and we must do this with a sufficiently robust 
trigger using a minimum number of channels and at a 
minimum outer radius for the tracking system. We are also 
carrying out studies of pattern recognition for finding 
tracks.9 

·Work supported by the Department of Energy, contract DE­
AC02-84ER40 125. 

Presented at the Symposium on Detector Research and 
Development for the Superconducting Super Collider, Fort 
Worth, Texas, October 15 - 18, 1990. 
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REPORT of the REVIEW COMMITTEE 
on STRAW TUBE PLACEMENT in the SDC 

June 1991 

INTRODUCTION 

The SDC Technical Coordinator had charged the Committee to review the 
technical options of straw tube placement in the SDC tracking system. Appendix 
A lists the members of the committee. The committee submitted to the proponents 
of the SDC straw tracking system a list of criteria by which to decide on a preferred 
technical solution (Appendix B). A report describing the options and proposed 
mile stones and R&D plans was assembled by the proponents of the straw tube 
tracking system and a draft was submitted to the committee on May 16, 1991. The 
final report (Appendix E) was distributed to the committee on May 28-29 1991. 
In the report the proponents do not select a preferred solution but describe the 
alternatives and propose a date of October 1991 for a decision between two basically 
different approaches to the straw tube placement onto the support structure. 

The Committee met on May 29, 1991 at the SSC Lab and listened to presenta­
tions of physicists and engineers as outlined in the agenda appended as Appendix 
C. After discussions with the proponents present (Appendix D), the committee 
decided to forward the following recommendations. 

EXECUTIVE SUMMARY 

Aside from small variants, the proponents proposed basically two alternative 
designs for the straw tube placement onto the support structure: 

a) "single straw" approach where single straw tubes are assembled and placed 
one by one on the support structure, 

b) "modular" approach where about 200 straws are placed in rigid shells forming 
modules which are then placed onto the support structure. 

It is important to note that there are many R&D issues common to the two 
solutions. One of them is the support structure design which is envisioned to be a 
stable base composite cylinder. 

The Committee determined that several tasks must be completed to allow a 
choice to be made based on sound engineering results. It seems unlikely that the 
envisioned milestones can be met before January, 1992. These milestones are: 

a) for the single straw concept: an 8m straw must be constructed and tested 
with sense wires and mid terminations in place. A straw placement device 
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of appropriate length (-3m) has to be constructed for proof of principle to 
demonstrate quick and efficient glueing with low mass. 

b) for the module design: it is necessary to demonstrate that a 4m shell can be 
fabricated with the required 50 micron straightness after loading with straws. 
Time and funds must be made available for possibly two attempts. 

For both concepts, the consequences of the differential expansion and swelling 
of the tubes relative to their constraints (cylinders or shells) have to be evaluated. 

The above tasks should carry the highest priority even to the extent of dis­
placing present planned FY91 activities. Should additional funding be required to 
complete the above specific tasks, a request should be made immediately. 

If a 4m shell can be constructed with the required tolerances, it is further rec­
ommended that this configuration be selected as the central tracker straw baseline 
design. Within the time and funding available, the single straw activities should 
continue until the module design proves workable. If the module design proves 
unworkable within a finite amount of time (e.g., 6 months) then the single straw 
configuration should be adopted. 

We do not recommend construction of a full-size stable base support cylinder 
at this time. Instead we recommend that a vigorous program in Finite Element 
Analysis (FEA) should be undertaken to assess the effects of stresses, temperature 
and humidity on the complete structure of straw tubes/modules, supports and 
cylinders. Special attention should be given to the end flanges and the supports. 

:The committee is concerned about the very sketchy costing. 

DISCUSSION OF CONCEPTS 

Physics 

The performance of the two configurations appear to be nearly equal. The gaps 
required by the modules both at z = 0 and between modules would introduce small 
inefficiencies in track reconstruction and triggering. Single straws might require 
larger spacing between the straws. It is expected that the support cylinders are 
basically the same for all designs with the expected loads about equal. The module 
design will add about 0.24% of a radiation length per superlayer due to the lOmil 
shells, about the same amount again than either the straws or the cylinders. In 
addition there will be end plates for gas containment and for distribution of the 
wire tension both at ±z max and at z = O. The added material appears to 
be a disadvantage of the modular concept. Single straws will need thicker, but 
yet unspecified end flanges. Stereo straws are possible using any of the discussed 
configurations, but their support seems to be more matured in the modular concept. 
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Straws 

Several types of straws were discussed. The outside diameter selected is 4 
mm. A 3m straw made of two 0.5 mil Kapton tapes wound over a mandrel was 
shown. Aluminum had been deposited on the inner surface. Since some reports 
indicate that aluminum may have an ageing problem, copper is being considered 
as a replacement cathode material and its increase in the radiation length budget 
has to be considered. Although the details of wire connections at the ends were 
different for the two designs, it was agreed that the basic straw will be the same 
for all concepts. All straw designs use internal supports to accurately locate the 
wires. The preferred design seems to be a short rod with a helix cutout that allows 
the sense wire to be blown through and still provide accurate placement. A tube 
vendor to provide the large number required has not been found, but this is not seen 
as a problem. The groups are also developing a unique wire resistive/capacitive 
termination rod. 

Wire tension and connections 

The tension in the sense wires is held ultimately by a support cylinder end 
ring in the single straw design and by the module shell in the module concept. 
Deflection and buckling calculations indicate that no problems are expected for 
ei ther case. 

Several means of connecting the sense wire electrically and mechanically were 
presented. The final design should be able to incorporate the best features of each 
of the suggested connections. 

Single straw design 

A truly single straw design and a bundled design were presented. We did not 
consider the bundled concept separately but judged that as a modular design it 
was inferior to the "modular" concept. The major advantage of the single straw 
concept is the reduction of the material inventory in the tracker. One of the major 
disadvantages of this design is that most of the assembly steps must be scheduled 
in series as the support cylinder is also the local support for the straws. Only 
after completion and shipping of the cylinders to the assembly location can the 
final assembly of the straws begin. If several locations are used for assembly, they 
all must have the capability to handle the very large cylinders and high precision 
tooling has to be replicated. Another possible disadvantage is that the straws will 
follow distortions of the support cylinder and this may not be stable enough over 
the long term. There will be a different coefficient of expansion between the straws 
and the cylinder. A method of straw attachment must be developed that solves 
this possible problem. Possible distortions of the cylinder due to the load of the 
wire tension have to be evaluated. After assembly of the straws and the support 
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cylinder, the ability to repair and maintain individual or groups of straYVs appears 
very difficult. 

The straws are pretested and then individually placed upon the support cylin­
der. A special machine is being designed that will accurately place the straws. 
The final location of the wires is then determined after att~chment to the cylinder. 
The sense wire tension is carried by a flange attached to the end of the cylinders. 
No problems are anticipated with the proposed method of obtaining the required 
tension and the application of those loads onto this flange. Tests using a flat table 
have shown that the straws can be placed within the required tolerances. It is 
anticipated that the straw placement machine will be stationary and the cylinders 
will be rotated and accurately indexed so that there is no accumulation of errors 
as each layer is placed. 

The design calls for 8m wires to be used with a mid-tube termination. The 
present design of this item allows gas to pass through it. Prototypes of 2.im 
have been made and look promising. One area of concern is the gas tightness of 
individual tube assemblies. 

Module design 

The design using modules was thought to allow the greatest flexibility of the 
concepts discussed. Tests have indicated that, using x-rays, the location of each 
wire can be determined after module assembly. This method could be automated 
and its accuracy improved by existing centroid-finding measuring machines. Con­
struction of the various parts can be accomplished in parallel. Each module can 
be completely characterized both mechanically and electrically prior to attach­
ing to the support cylinder. For use in the trigger, overlapping modules have to 
be interconnected. The number of modules used is small enough to allow manual 
placement using external fiducials and fairly simple equipment such as microscopes 
and manipulators, if necessary. About 1000 modules are required and with a rate 
of about 10/day placed, only about 100 days for assembly would be required. If 
necessary, module assembly could be carried out at several facilities. 

The modules/cylinder attachment design may allow for tie down only on one 
end and some form of slip joint at the other. This minimizes the effect of cylinder 
movement due to possible creep or thermal gradients. 

The possible ability to remove and replace a module from the support cylinder 
after SDC installation was viewed as a very desirable feature of this design. Spare 
modules can be characterized and held as spares during the total assembly process 
and after installation in Texas. If modules are to be replaceable, a method of 
accurate indexing on the cylinders must be developed. The present suggested 
method of glueing the modules to the cylinders does not appear practical. 
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The accuracy of module placement on the cylinder is a strong function of the 
straightness of the 4m shell. It also depends upon the ability of the shell to hold the 
internal wire positioners in place. For these reasons, a 4m shell must be fabricated 
in the near future, prior to a choice of design. 

Costs 

The cost estimate available for the module design was that of the LOr. If 
costs should enter into the decision, a more reliable base for the costing should 
be attempted. Taking the LOI numbers at face value, it seems that nearly all 
the costs for the two designs were the same except an additional cost for module 
shells. This was estimated to be about $2.2M. This increment is well within the 
cost uncertainty of different tooling, etc., required for both concepts and thus the 
selection of a concept has been made for other reasons. 

Areas of concern 

There was much discussion of the effects of non-round support cylinders and 
the method of attachment of the tracker to the calorimeter. It was assumed that 
the cylinders will have a CTE of zero, but the movement of the calorimeter support 
points was not known. This possible difference of movement may cause stresses 
in the cylinder that affect their locations after turn on. Some form of kinematic 
mount may be required. 

The concept of a very thin support cylinder held round by stiff end caps should 
be pursued only if the planned "thick" cylinder is shown to have severe problems. 
Although such a thin design is possibly feasible with some R&D, it is a much 
more riskier concept. The thin skin would be vulnerable to radial point loading 
which could be encountered during shipment and/or assembly. The "thick" design 
is much more robust and is the preferred concept. Also, the "precision" cylinder 
is not seen to be an advantage over the "imprecise" design and is seen as much 
riskier. 

We consider it essential that modules be replaceable in situ without removal of 
the entire tracking system. Careful attention to the layout of the ends, including 
cabling, gas lines and power feeds, should preserve this option. The overall detector 
design should accommodate such a replacement in about One weeks time. 

The schedules for fabrication of the tracker did not include the necessary ap­
proval periods prior to the purchase of items in excess of $lOOK. The schedules 
need to be modified to include time for DOE approval (6 weeks), advertising the 
bid in the Congressional Register (4 weeks), bidding (6 weeks) and final approval 
of contracts by the DOE (6 weeks). These processes could add 4 to 6 months to the 
schedule for the acquisition of large, expensive items (e.g., the cylindrical shells). 
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Design suggestion 

As with any review panel, some real-time design will take place and this panel 
was no exception. The straw review panel suggests that two support cylinders 
may be adequate instead of the four presently planned. This reduces the material 
inventory and costs. The deflection of the present cylinders under the expected 
loads are very small and with little increase in size, if any, one cylinder should be 
able to carry two layers of straws. The maximum radius difference is about 14 
cm, therefore, intermediate support rings will be fairly short and contribute little 
material. 

Additional R&D 

Committee members with experience in building large tracking devices pointed 
out the following areas which need attention soon: 

A. Mechanical testing of all materials and assemblies 

B. Radiation testing of all materials and assemblies 

C. Quality control of all materials and processes 

D. Assembly and test procedures (or how they will be determined) 

E. Costing that is determined by the actual procedures proposed 

F. Some indication that this is being treated as a manufacturing problem (lOOk 
straws) and not a lab project 
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APPENDIX A 

MEMBERS of the 
MEMBERS of the SDC COMMITTEE on STRAW PLACEMENT 

Morris Binkley (FN AL) 
Richard Boyce (SLAC) 
Richard Kadel (LBL) 
Hartmut Sadrozinski (UCSC) 
Roger Stone (LBL) 

BINKLEY@FNAL 
RFB@SLACYM 
KADEL@LBL 
HFWS2@SLACYM 
RSTONE@LBL 

APPENDIX B 

(708) 840 3112 
(415) 926 2932 
(415) 486 7360 
( 408) 459 4670 (Chair) 
(415) 486 7360 

CRITERIA to DECIDE between 
DIFFERENT STRAW PLACEMENT SOLUTIONS 

1) Structural integrity 

2) Ease of assembly, alignment and servicing 

3) Amount of material (expressed in radiation length) 

4) Cost 

5) Ease of manufacturing 

6) Compatibility with stereo layers 

7) Ease of interfacing with electronics (grounds) and cooling 
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APPENDIX C 

AGENDA for the SDe STRAW REVIEW 
MAY 29, 1991, sse Lab 

8:30 Executive Session 

9:00 Discussion of Scope and Ground Rules of Review 

9:10 Presentation by Physicists & Engineers 

Al Goshaw (Duke): Introduction 

9:20 Straw Modules 

Harold Ogren (Indiana U.) 

Roger Swensrud (WSTC) 

John Mayhall (ORNL) 

11:00 Single Straws 

Seog Oh (DUKE U.) 

David Vandergriff (ORNL) 

13:00 Working Lunch with Speakers 

13:50 Executive Session 

. 14:15 Al Goshaw (Duke): R&D Plan 

14:30 Recall Engineers and Physicists for Open Floor Questions 

(Oh, Ogren, Goshaw) 

15:30 Executive Session - Write Report 

17:00 Adjourn 

8 



Institution 

Colorado 

Duke 

Indiana 

ORNL 

WSTC 

APPENDIX D 

STRAW TUBE PROPONENTS 
ATTENDING the REVIEW MEETING 

Person Technical Background 

Bill Ford physicist 

Al Goshaw physicist 

Seog Oh physicist 

Joe Simpkins mechanical engineer 

Gail Hanson physicist 

Harold Ogren physicist 

David Rust physicist 

Randy Foster programmer / designer 

Tony Gabriel physicist 

John Mayhall mechanical engineer 

Ted Ryan mechanical engineer 

John Shaffer mechanical engineer 

David Vandergriff mechanical engineer 

Roger Swensrud mechanical engineer 
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STll..A.W TUBE SUPERLAYER DESIGN CONCEPTS 

Prepared for SDC Traclcel' Review 

May 20,1991 

Uaiyusi~T of Colozado, Due UaiyusitT, IDdiaDa UlliyusitT, 

0&1: Ridge Na&iolJal L&bozatozT aDd Westmgbouse SciezJce aDd TecluaoloV CezJ&ez 

.ABSTRACT 

The P1UpOM of ~hia repon iI ~ rniew the procedures which haye been prop08ed for ~he eOlJS~ruetion 

of Itzaw ~llbe I1lpezla,.en aDd ~ naluh them agaiui ftl'iou ph)'Sics, mechanical aDd C08~ requirements. 

&. the procea of thiI naluaUOD, czitical BkD ian. han been identified which need ~o be resolved before 

a flDal decUioll Oil I1lpezlayel' CO"~Z1lctiOIl iI made. A. plaa ~ reach ~hia decision ia • timely m&lll1er is 

pzopoMd. The plaa makes muim1Ull ue of ollgaial FY 1991 BkD .. d focuses the don £Or FY 1992 on 

Ua. couincUoll of. fall-ecale multi-nperlayel' or liDgle I1lpezlayel' pro~~)"pe. 
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1. INTRODUCTION 

1.1. Ph,.aica Reqmementa for Outer Central Tracking 

The ha.c:k:i.ng .YI~ pIa,.. a major role in exploratol'1 physics, lepton and heavy quark identification, 

mau reconstruction, and in the formation or the trigger. We put emphasis on reliable pattem recognition 

capability, a.nd in COnj1UlCtiOIl with the silicon inner tracking a.nd the outer intermediate a.ngle tracking, 

precise momentum and "feria. !eIOlutioll Oft! pseudorapidity I'll < 2.5. At 1 TeV Ic tr&DSTene momentum 

(pr), the design goal {or momentum resoluUoIl is tr(pr)/P'r < 25% for I'll < 1.5. In order to achieve the 

design goal for momentum !eIOlutiOIl, the spatial resolutioll must be < 150 p.m per wire. The intrinsic straw 

chamber resolutioll is - 100 p.m. Added to thia are the erron due to alignment and electronics resolution 

OIl the cUi1\ time meuuement. The alignment requirements are the £allowing [A.seiden, ·systematic Erron 

ud Alignment-, 1UUlumbaed memo, 11. o. Ogren, ·Strawa.nd Module Placement-, IUlIEE 91-4 (1991)]: 

A4<35-50p.m 

/i.r < llD11l 

Iu < 0.5 IIUIl. 

Th. paUem ncopitiOD requirement is the rec:outruction with high efficiency o£ all re1atiTely high P'r 

(> 1 GeY.i?> c:JLa.rpd panicle Uacb for" I'll < 1.15. The 0Ilt. central tracki.q .,.nem must proTide leTel 

1 or 2 Uiger UaIoI'.lllAAoll fM Uacb with Pr > about 10 GeV Ie. The amoUllt at material in the tracking 

SJItem mut be minimised, Iiace it will baTe teYeral nepUTe d'edI on the phJSica per£orma.nce o£ the 

detector. Photou will conven, Prociuc:iJl1 an iac:zeued biger rUe fM hiP Pr electrou and inter£eting 

with ideatilc:ation or eleebou from decays orinterelt. The extra charpd pariicles will inaeue the tracking 

.,..tem occ:upancy, makinl pattem ncopition mole cWB.cu1t. Cbarpd particles will lose energy in the 

._.erial, clepadinl the momentum meuuremeat performance. 1I0wner, there is aipiAcant material in 

flont or the outer tn.c:kiD1 ayAem, about '" or a radiation lens\h at 90· incidence, due to the beam pipe 

ad Iilicon tnckinl.,..teaa. 

The -si-"';p. bueIia. cl.ip for the ouier tnckins ~ .. been deftned to proTide a bam for 

... h .. ical eqiaeezills. TIais bMe'ine .. not been optimiHd !or either ensineerinl or physics COllcema, 

bw.t lather npr .... u a -..mth- order la,out used to deflne the ensineerinl concepts Ileeded £Or a complete 

0Il_ u.cbr deaip reprcn.. or whid.. tnckins ~olos1 is ball,. chosen. The bueline design is shown 

in PiI- 1.1, &lid the n1lllle!ieal data is siTeD in Table 1.1 for the fou outer nperlayen, which are composed 

of IUaW tubes. 



Table 1.1. Sbaw Secuon of Engineering Baseline Design. 

Sllperlayu Radiu Numbu of Number of 
(m) SbaWi/Layu Layers/Sllperlayer 

3 1.21722 1912 1 

" 1.34983 2120 1 

5 1.48205 2328 1 

8 1.81441 2531 9 

Toialnumbc of SbaWi (both ada): 121,918. 

lmia 1-

(m) (m) 

0.03 3.550 

0.03 3.900 

0.03 3.950 

0.03 3.950 

Stereo Angle 
(0) 

-3 

0 

+3 

0 

om1 
OAK RIDE NATIONAl.. L.ABOQA TCRY 

3/11/91 

Pia- 1.1 • .A. leCtioa throup one quadran, of 'he uackinll)'ltem of the baaeline desip 



3. GENERAL DESCRIPTION OF STRAW TUBE SUPERL.A.YERS 

2.1. Support Structure 

The I1lppori Itructure for a straw tube superlayer will be a cylinder composed of a carbon-fiber epoxy 

mate1ial. The cylinder will span the full length of the .upedayer (6 to 8 meters) and provide the primary 

prec:iaion IUppori Cor the .traw tubes, either directly or by means of thin rings aUached to the cylinders. 

The cylinders will be I1lpporied only by means of end rings bonded to their ends. Calculations carried out 

at OllNL show that cylinders u thin u 0.3% Xo can I1lpport the gravitational and wire tension loads of a 

sUaw tube I1lperlayer. 

3.3. Generic Superla)"G' Structure 

All of'lbe.vaw placement schemes diIcuued in this repori in'Yolve the placement of straws in luperlayers 

of'liz, eisht, or nine (£Or lbe tzigpr I1lpedayer) .traws. Wilhin each supmayer, the layers are .taggered 

by lb • .vaw radius in order to raol'Ye left..right ambiguities locally and allow hits !rom out-of-time bunch 

czogiJlp to be redected. Locally identUiable track segments can be obtained at the pattem recognition 

.tap &Del £Or lbe t.ziaer. Tndt segments in I1lpedayers can be characterised u local .traight line segments. 

AInmiq ~ the track orilPDa*es at lhe eater of lbe tnckiq system, lbe slope of lbe line segment relati'Ye 

to the ~ dizedion p~ a meuurement of lhe cunatun, &Del therd'ore lbetrans'Yerse momentum, of 

the tnck. i tnckiq .,.aem desip buecl on bdinglocal track segments pro'Yides a powerful method Cor 

redectiq bIIckpoud. from ezba hits from uylO1llCe (LI., ollHf-u.e bueh c:rouinp, but this scheme 

wu loud. to be uefal ia the Mark II eaual drift chamber at the SLC where the IOlUCe of extra hits 

wul)'1lChroUon ndiation). Local track segment ftDdial &lao aimpliAes lbe patiem recognition, although 

nIlcient red1llldaney wilhin a I1lpedayer ud ia lbe number of' I1lpedayen must be maintained to keep the 

dlcieaey hiP- The eeaual uackinl.,.aieDll of'alaDY detectors haft been desiped to make use of local track 

MpUIIlts - JADE, Mark III, Mark II (SLC llpsrade), CDF. OPAL. A. I1lperlayer structure also simpliAes 

the m.ecbapi call1lppori. Siqle loq .vaws are not Mlf-nPportml' Howeftr, se'YeraJ. layers of straws held 

toplher ia I1lpeda,.. (probably at lead lilt are needed) can £oma a riPd, me'Cbanically stable .tructure. 

The • ecbui call1lppori problem illben redllced to I1lpportiq lbe I1lpedayen &Del alipinllbem spatially. 

There i.al.o the JK*ibility of' npportml lbe wire teuion witbia a I1lbdi'Yiaioll of a I1lperlayer. In the 

SDC detector. all of' the elemeau of' lhe track:inl .,.nan - iDaer .mCOIl system, outer central tracl:ing. and 

probably &lao lhe 01lter iIliermediaie upe tnckiq - are orpnised into l1lper!ayers. with each supedayer 

meuarinl lhe Ip.ce eooidiDate &Del the local slope of' the track segmeats. T:ack segments in each part of 

the uackinl s,..iaIl will be linked to hd tracb ill lbe complete tnckinl system. 
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3. OPTIONS FOB. THE CONSTRUCTION OF STR.A.W TUBE SUP.ERLAYERS 

This IeCUOIi deac:z:i.bes in lOme detail two proposed procedures for the coutructioll of straw tube super­

lareza. SecUOIi 3.1 diacuues a design hued 011 the coutrucuoll of straw tube modules which are self' cOlltained 

wu prondillgsuppon for wire tensioll, gaa 40w and electronics. Sectioll 3.2 discusses an approach in which 

incti'ridu.l.uaw tube dDft cella are pre-auembled and then trans£eneci directlr into luperlarelS 011 the sup­

perl crlbulera. Thia secUOIi delc:zibes the fabricauoll procedura, and Secuoll 4 enluates them based UpOIi 

ftZiou ph,.aca and engineering criteria. 

The buic 4 mm diameter sUaw tube is commoll to all superlarer construcUoIi methods. A brief 

desc:ripuoll of this dDft cell is pTeJl below. 

The buic: dDft cell is constructed with a pluuc hued crlindrica1 cathode structure and a 25 #'Ill diameter 

win aloq the uia. Ma.t of the sUaws that haTe been built are f'ormed !rom an outer mrlar wrap 12 I'm 

Uaick aacl a 15 pm al1lJllillPed pol7cuboute ftlm bmer layer. We haTe been uingluaws manufactured by 

PreciAoIi Paper Tabes, Wheeling. Dliaoia, and Stone Indusbial, College Park, M&r7land. The tubes are 4 

mill ia di.ameta with a 3T pm wall thic:b .... The sWidarcl aluminised cGa&g is t)'pica1l7 1000 A thick. 

The t_bea haft a DC nsistuce of 80 ohms/meter, the 25 pm wire !au a 100 ohm/m resistance, and the 

~ impeduce of the UaD.,.,iwiOIi be is 350 ohms. The weight of a suaw is 0.5 grams/meter. 

Sbaws ha_aJ.o be. made with .. alumiDised Kaptoll bmer layer. These haTe the adTaZltage that a thicker 

ala • in• coetinl is poaible (2000 A). The zesiaaace is abo_t 24 ohms/meter, and the sipal attenuauoll 

IapIl ia incnued to abo.t T meteD. The straws an f'ormed b7 windiq a COIlUauous 1 centimeter wide strip 

of ala·pi- p1utic OIl a naandzel aacl t.ha sims the owtlappins edges. This resulu in a rather 1Ulif'orm 

cmaU lbaw. btlt -.ion ftZiatiou aacl sims ftriaUou result in a diameter ftZiaiiOIi of about :I: 25 #'Ill 

uul a dnia&ion from ciIcaluit7 of abo_t :I: 50 p.m. Th ... ?aDaUOU call be important couideraUoIlS whell 

-blins • m1lkidaw smadure. TIl. mbe. an not uiura117 stnight. with anrap bowing of 200 to 

100 pm b a 50 em lenpJa uul W em bowins at the M meter length. The)' also haTe Tft7 weak bowing 

-.&ana aacl wiD not nppon the win &euional Io.da. na if slued in larger arra,... All methods proposed 

b uiq the lbaws b dziA c:hambers mm confroat thae properties of the sUaws. Thai is, the draws 

.... be MId. 8UaiPt in lOIII8 .eu_ ..... be formed into nplar un,.. h7 lOme means, and the wire 

..... l..t JD1Id be u.ulemIcl to lOIDe eDa'IIalnppon smacmaze. Two opt.iou for accomplishing tm. are 

cle.aibed below. 

S.l.L Buic Modale 

The buic modale desip is shown in FiS- S.l. Three iiDponant ueu Cor dC'Yelopment are the carboll 

compollite aheIl, the aclpla&e, aad the attachment of the mochal. to the npentructure. The outer shell holds 

tIae sUaws in poat.ion uul mainiaiu the alipment aloq the lenph of the modale. Since the uraws haTe 

.. 



aa intemal wire support nerr 80 em, they probably will be be forced into a rigid close packed array at this 

point aad bonded bet'ore insertion into the shell. The UDSupported 4 meter external shell does not have to 

be IUaight to 50 p.m, since it is only between the 80 em attachment points that it will be a free span. An 
-

independent alignment method will be used to attach the modules to the structure and provide the overall 

luaighbleu. Abo the trapeaoidal C%OII leciion must be maintained between 80 em support points by the 

Ihell. The endplate Itructure and the bonded straw PORtiOns maintain this shape at the support points. 

SUPERLAYER 9° INCLUDED ANGLE 
WITH 3 MM GAP FOR INSIDE STEREO OR AXIAL LAYER 

~---.----1I6.00 MM ---~----I 

NON TRIGGER 

SUPERLAYER 3.75- I NCLUDEO ANGLE: 
WITH 3 MM GA~ FOR OUTSIDE AXIAL TRIGGER LAYER 

..... -----120.00 MM------....j 

TR I GGER MO DU LE 

6 X 24/29 
159 STRAWS 

9 X 22/30 
234 STRAWS 

D.389.4136A46.R2 
01-28-91 

Pia· S.l. Czo.e Md.io .. of two pzopoeeci module daipa, 0Ile for laJUS 3,4 or 5, the other t'or layer 6. 

Snera1 cuba CODIpa.ite module. of 30 em &ad 1 J:Ddc lCDstU Uft been eoutmeted by Composite 

Homo .. of Co~ CaIitomi&. The climeui.ou ot' theM cubon Ihella are IhOWD in FiS. 3.2. These were 

made with 4laJas o£2.5 mil preprq carbon. fiber tape (31 Million modulus). Meuurementa of these modules 

thow tlW the inUiuic I\raishbl- OYer 10 to 100 c:eDDmeters can be held within the 50 /AlA accuncy limit. 
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Worm, wiih CompoeH Bodsou, wrcal teau of the expansion or contraction of the composite structure 

wiih respect to the room temperature maDchel (mold) lise have been performed. By using the computer 

propam, GENLAM, ihe final product lise was acc1Uateiy predicted. (See memo by R..Foster, May 8, 1991). 

III puiicular, it".. coDfimlecl that ihe expansion coefticient along the fiber direction is very slightly negative. 

Thil shOWl that we caD produce a final shell to the required specifications. 

$j:Ioc.,. 00. • I S10 
2x scr ... ", •• 0028 
!pet- c.... -.Q005 
'oded 410. • JSS1 

Vo&.L .,.C bow &. ... cIIM 
• ~ aC "';. IM;"C /" eU ... eI ..... 
"""f ......... ...,.-.ted lOX .CUII&'. 

"..,..". If... ..U ""c"'" 
-V" ftHdH •. 

- see note J. 

I 
I 
I 
I 
I 

I 
I 
I 
t 
t 
I ..... 

Hoop ~I,idlty ~.d In ~Ion 
1 • j,.. auppct'ts. 

r '------I¥"-, ._ ....... _--
t 
t 
I 
.... 0.160 

0.250 
I. "". I • .. 11" tloL .. t I_c.. 

Acew&. MeLL ""ctn..s to " 4., .... iNd 
~ SCI"Wc.ro&. ClWLVSls. AcCWOL ~II.Htion 01 8fW'" ., .,~,,,t -'-' L'oocMcf wi'" .U"OWS tIf'td 8fW'" ___ C Nt •• ce.4 0.002 • .... _..a_ liP _ . 

~~.a.:;.......-: __ 64-s trow enc Losur'e 
she L L3 z 

.., '" I 

lis- 1.2. Detail of the cuboll shell for a M sUaw prototJPe. 

TM eompoate shell abo taU. the eompn.ioullo..d of the win -.ioll which ia about 12 k, force for 

240 ...... .Ala ual,.. of the 240 maw modale bJ Oak Bid .. iIldic:ates that a 10 mil (250 pm) wall will 

_ppcm the teuloa. ThiI ia e:qalaiIled ill a memo bJ J. Ma,.haIl, Jaa. 2S, UUU. The molda for a 1 meter 

loq lDOclale of W. type ue beiq fabDcUecl, uul it ia ~ thai bJ J1Ule that sheila will be aftilable 

for ).oedi_, witllaua .... 
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A ioial oCt'ou 30 em 10Dg 64 Itraw modules have beeD built and tested using the 30 cm composite sh.el.ls, 

and two additional modules oCihe same sin are beiDg produced. Groups at Indiana, Colorado, UDivenity or 

Michipn, OK, and PeD.JLSYlftDia are using them to undentand multistraw tracking systems. An assembly 

new o£ \hia module ia shown in Fig. 3.3. We have measured the straw positioD.l at the end or the short 

module and £o1Uld them io be within the specified :: 2 mil tolerance, as diacuued in the memo by H. OgreD, 

Aplil 28, 1881. 

HLb OlttfHSlOH ANAL,,'S AT 5t.!'PQ!T STATION 
Spacer cfl_t.,.. .1560 

2x ."" ..... U. .0028 
!ipocer ello. oo.pt" .. Ad. -.0002 
PaelrH dl_t.,..O. .1586 
SheU IIlelth. C7.~. 1.1200 
ShoI-t el109. ea.D>. 1.2&811 
Long dlO9. e13. 124.0>. 2.0815 

SECT A - A 

Wlr. ten.lonl~ plOC •• 

I 
I 

l-o .•• 

-.... .u .... '" . 
encLosur 
she L LS 

.A. eouidaabla aaaoaai of d_sa and -siD-DI work raaaia io be doDe OIl the .. meter module. At 

Uae pnMIlt time DO faadam .. W cWIlcaltia with the concept an £oraeea. 

EKJa modale ia capped with an _plate, as shown in Fig. 3.4. This _plate baa multiple func:iioD.l. 

Ii laolda Uae Iipal wina and uaut'en the win teuioa io the shell. U ia abo a su mani£old and proTides 

I 



&II eleciric:al COlUlectiOD W Uae preampWier tor each signal wire. Prior to attaching the- eDdplate du.rin.g 

_bly, the straWi &lid the wire supporil will be premounted in the shell. The electrical connectioD to the 

ude metallsed cathode at the ends ot the module will be made by dip coatiDg the eDds ot the straws with 

conducting epoxy. (An altemati?e spring CODtact cathode cOlUlector is also being studied.) The eDdplate will 
Uaen be iuened inw Uae shell but will Dot touch the ends ot the straws. The sbaws caD theD be threaded 

wiUa the _pal wUes, which are attached &lid tensiODed with a solder colUlectioD W a clip in the eDdplate. 

(A. solduleu meUaod ot win connectioD is being dneloped.) The endplate also ads as ODe side ot a gas 

maDHQld. The dzif\ chamber gas enters each straw through. the same hole that holds the solder clip. The 

oUaer side ot Uae pa mauitold is a plate that cODtaiu signal teecUhroughs, which meDd through the gas 

maDif:old &lid make CODtact with the solder clips. The printed circuit board tor the electronics is attached to 

the leedthrough plate. This CODlUuCUoD result. in a ?cry shon end sectiOD OD each module and a ?ery low 

mua COlUleeUoD. The soal is DOt W allow the mateDa1 in the endplate to e%ceed a tew percent ot a radiatioD 

leqth. The pa _ !or Uae module is Uae two-piece endplate. This resulu in a simple leak tight unit &lid 

eljmiut. Uae Dec:a8ty ot!OmWaS a pa_ tor each straw. The module shell itaelfbeeomes the gas barrier . 

.... -----1.112----..,. ... 

• 015 O'A--HM!~) 

0.1250'" 
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I.. module tosether with the appropriate electroma becomes an independent operating drift chamber 

similar to a Saali heugonal chamber [R. Bouclier,et al., Nuel. Instr. and Methods, A283, 509 (1989)]. It 

is at.ieipated that each module will be completely tested and measured before insertion into the tracking 

atructure. This is a imporiant atep in the asaembly. Each module ean be mapped using X-rays to .... ure that 

placement toleraDces are met with respect to the attachment fiducial points at each wire support position. 

The ulWDa~ precUion of the d.z:ift ehamber is obtained by knowing the positions of the wires both at the 

ada of the modules ad at the intermediate wire npport points. 

S.l.S. Module Attachment to the Support Structure 

There are a number of methoda that haft been proposed for attaching the modules to the support 

atructure. 

a) Simple bondinS to the npport qlinder. This hu the ad:Ylmtase of simplicity. It might require the 

couinetion of a module holder that maiDtaiu the module in alipment aDd rigidly positions it for 

bondiq on the qlinder. There are a couple of diAdT&Dtases to this scheme. One is that it requires the 

erJiaden and the modules to be uaembled u a lUIit, 10 that each mui be ready early in the construction 

aequac:e. There mipt be u many u apt ncb qlinden to construct, which would require eazeful 

coo~n tond mipt preclude construction of the modules at leTeral sites. A.nother dil&chantase is 

thai. R doe. not allow for euy repair it the module is cIamapi or needs replacement. It would require 

eIi_blinS the ame atructure to pin accea to and replace the module. AA a alterutift in this 

8daeme, the mocbales coald be bonded to npport map spaced alanS the qlinder azia or directly to 

the CJWuler. The pp between the qlinder and its required position could be ftlled with a thickness of 

bondins..-t. 
b) BondinS of npport Uft'ftS to the qlinder. The npport uenes are positioned on a alipment maDdrel 

that poRtions them on the qIinder. The IIWlCbel tha is reJDoftd by slippinS it axially out of the 

Uft'ftS. The .G'Y"&Dtap of thia method is thai the ftD&l modules do not haft to be bonded to the 

qlinder early in the ..... bly teqllace. This is iJDporiant both fiom aehedulinS couidel"&tions aDd for 

aafety zeuons, since it !educe. the po.ibility of clamap duzinS couinction. At. a later atage in the 

_bly teq1UIIlC8, pehapll u late u the reaaembly at SSCL, the tested modules could be inst.alled, 

b7 alidiq them in azially. At that ame a alipmat eheck woald be made at leTeral points on each 

module. This allowa the option of bondinl the modules in the ueeTe at this poUlt or desiping an 

uaJocaDI .dl ... that woald allcnr the module ~ be remoftd at a later date. Ir the latter option were 

taka, it woald be po.ible to replace a module quite euily duiq a mended dlltciown, without 

din anblinl the atin &ft&y of nper1ayen. There is one daip. under couideration that build. these 

aleena u u intepal part of the qlinder. 

c) I..ttachiDI a module npportias cinice to the qlinder. This is more complicated than a UeeTe. The 

module apport cinice is bonded or mechanically attached to the qlinder uing a alipment maadrel 
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.. m the cue of the Ilene. It baa the advaDUges of the sleeTe design, but could be made 10 that 

the module could be iDa&alled by directly c1ippmg it in radially, rather than sliding it along its entire 

leng&h. Thia hu the adT&ll&age that radial obstructions m the mternal support structure do not prevent 

a module from heiDi remoTed au.d would in principle allow the interchange of a module at any time. 

The uial modules au.d the .&ereo modules will be " metera long (hal( the leng&h of the full tracking 

eyliader auJ)pOrt). Thia makes the couuuction of the modules 1 ... cumbersome au.d keeps the ~cupancy 

low. It abo nducea the module end di8placement during rotauon about the module center. 

The neno modules are rotated approJdmuely 3- about their centen. This corresponds to a tangential 

ahift 0( the ad of each module by about 10 em (the module width is about 12 em). The radial .hift ofthe 

ad 0( the module from the nt'ereDce circle due to this ball.llation is 0.34 em. In order to reduce inter£erace 

0( the COD ... 0( the modules, aliema&e modute. would be radially ahifted by about 0.5 em ... hoWD m Fig. 

S.I &lUI S.I. The bal conApzaUon siftS complete coftraP !or all bacb. 

The uwhmcU 0( the ateno modules to the aupport eyliacler C&Il be done in au.y of the &hree achemes 

lilted aboft. 

The "w modute. are bulepeadat UackiJaI wu that caR be _bled m parallel au.d completely 

pre*-&ed bd:a u...nioa mte» the auper!a,.. Thq call be calibrated &lUI ieded with the hal e1eeUonic:a. 

The mod ... an abo repUzable &lUI repl.ceable .. wu. The aTelope COnRI"IlcUGn abo DmpWles. the gu 

coaW· ... t, which baa ..rety adftlltapa. The hal alipmat of the modules on the auperlayera also is 

-- &lUI 1_ time COIIIlIJIIiq, Iiace there will Qpic:aUy be only about 100 modules to place around the 

cimuaIaac:e 0( one auperla,. U each ad. 
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3.2. Straw Tube BUDdl .. o~ Single Straws (Support ro~ Wire Tezuion and Elect~oDics 

PNYided b7 Support C71iDdv End Rings) 

3.2.1. Genezal Concept and Prototype Performance 

The goal or the straw tube bundle/single straw approach is to design a straw tube superlayer using 

simple, low risk engineering principles. B1 constructing and operating a 2.7 meter long prototype over the 

past 12 months, a techDique £Or superlayer fabrication based on bonding individual straws to a stable base 

I1Uface hu been developed. This fabrication procedure proTides the required precision and is simple to 

implement. Figue 3.7 shows data recorded £rom this prototype using cosmic ra1s, the detail5 of which are 

described in SDC Note 90-00119. The SDC barrel tracker can be fabricated using the concepts developed in 

the consuuction or the 2.7 meter prototype. 

a b 

1~~----------------____________ ~ 
1-40 

120 

1aa 
sa 
~ 

-40 

= 
a~--~~~ __ ~~~~~~~ -1. 

Fie. 3.T. PufonD&llce ora 2.T mloq nperlarcr couiftded o£indindUlauaw tube drift cells. a) 

A Uigerecl coemic 1&1 track traftlSing a npet!arcr. b) Dimibution or the residuals iii mi11jmeters 

obtaiDed uiq coemic 1&1 tracks. A standud cleTiation or 110 I'fA ia calculated from a puaian tit 

to the histopam. 

t. 

Two atraw tube nperlayer designs an clescribed in thia dOC1lJllellt. In both, the tubes an placed onto a 

C7lbtd zicel nppm stnctue _th_ indinduJ11 or in poup.. The primarJ' muc:iural cWr'erence between the 



ugle aUaw COIlCept aDd the modular approach is the method by which the wire teui1e loads are trlLIlSmitted 

to the base cylindu. The ugle atraw approach traumiu this load to the cylinder through rings on each end 

o( t1!e cylindu. Calculations dOlle at ORNL (David Vandergri1f) have shown that a carbon fiber cylinder 

with Webea lea thaD 0.3% radiatioll length C&Il support the wire teui1e and gravitational loads of the 

~w supedayu. For Uais desip, the aUaw tubes spall the (ull 6 to 8 metu length of the cylinder with no 

support structure ai " = O. All iDu..(ube tumiDator, centued iD the atraw, divides it iDto two drift cells 

read 01lt at each end. The term.iDator aDd aenae wire supports allow gas to iiow through the full length of 

the t1lbe, aDd permit wire atziDgiDg &ftu the cell is auem.bled. 

3.2.2. Aaembly o( Pretested Drift Cella 

Fisuzea 3.8 aDd 3.~ Dlutrate the auembly aDd testing sequence (or a ugle atraw tube cell. Wue 

suppona and ad plup are inaened iDto the aUaw tubes aDd the uaembled lIlIit placed on a temporary 

holdiq ilxture (see Reps 1 to 3 iD Fig. 3.8). This ilxture is mounted Oil a !at surface contaiDiDg ajig which 

.np. the t1lbes aiDg a .mes or ·com1W'. This teclmique has been perfected using the operatiDg 2.7 m 

piOtotype. Approzimately 50 tubes would be mounted at a time. The aenae wires. are blown through the 

t1lbes uiq the feed mecbanipg shOW1l iD Rep 4 iD Fig. 3.~. E%perimatal testa show that this procedure 

C&Il be uetjo blow a win thzoqh a t1lbe 5 meteD 10111 with up to 8 wire supports. It is simple aDd reliable. _. . 
.. .. • I 

(1) fnsert wire support into endplu'g 

t:§;J • 
Wire Support End Plug 

(2) Insert endplug/wire support into straw tube 

I::»J • 1:s5;! 
1. N /.0 ~ ./ Endplug/Wire Support 

Straw Tube 

(3) Insert straw tube assembly into holding fixture 

l~iU 
~Olding Fixture 
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(4) Insert wIre 
'- Sense Wire 

==3::;5~~~~~=~:::- Air 
Wire Feed Velve 

Holding Fixture 

(5) Tension, solder; and test 

\8".8 Wire D ( T.no;on;n9 

- t:§f;:1~ •. ___ .I_II!!!!I_IIti!~~ '- Solder 

Plug 

(6) Release tension and assemble for shipping 

---~I:SS;i • 

(7) Aaemble onto cylinder and retension· wires 

Jic; S.10. A..embl1 or tenecl 1Ua" tube chift cell Ollie) the support Cflinder. 
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Next, the wire is ieuioDed and seeured in a clamping plug. The drift cell can DOW be fully tested (gas, 

high Toliage and readoui with a radioacuve source). After these tests, the wire teDSioniDg plug is released 

and slips inio a recess in ihe iube end plug (step 6 in Fig. 3.9). The wire elasticity is sufficient to hold the 

ieuioDiDg plug in the iube. These preiesied drift cells are DOW ready for mounting OD the support cylinder. 

Completed Itraw tube cells OD the support cylinder are Ihown in Fig. 3.10. 

The deiaih of wire IUppOrt CODitruCUOD are diac:u.ued in SecUOD 4.1.5. A soluuoD for the fabricatioD of 

a mid-iube iermiDaior and iuulaUilg wire break is pre.enied in SecUOD 4.1.8. 

S.2.S. SuperiaJU Auembly CoDcept 

Auembly of the Itraw iube tracking S1siem into luperlayen is accomplished by placiDg individual straws 

OD, a support structure. The 1Usi coDlirucUOD liep is io auemble each Itraw hbe drift cell as described 

abo... The linw auemb1ies couiai of wire suppor", mid-termiDauoD, end plugs and a sense wire. The 

iested and ceniled Itraw drift cell is ready for farther assembly inio superlayers. 

! 
I 
I 
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I 
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.- ~.J 
17 -' 

~,; ::9: 
A .J~ -=-

-1--

I~----------------~~-~-~--~----------~ ~ "0·.", 

I 
i 

101 . .0 ~M. 

-L..L.-J,.L.... ~. 

Th. ceniAed linw tubes are pacbpcl and shipped to bal assembly aies. The,' are assembled ODio 

ill. apport cylhu:l_ illdiTidaall,. or ill pUp'- The sinpe sUaw coDcepi is pre£erred at ibis iime, but boih 

conc:epts &Ie lMiq nalaatecl. Ala automatic linw la,.ml dnice is beinl deTelopecl io appl,. indiTidual 
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lua .. ~ the npporl cyliDder (Fig. 3.11). The FY 1991 R&cD effort places high priority on automation 

of the maw laying procedure. This will Terify that precision and speed requizements have been met. A 

nper1ayer is completed by laying a Cull complement oC straws onto the cylinder (Fig. 3.12). The sense wires 

are n-tenaoDed br pulling the wire clamp into position in the end plate. The wire tension is transCerred 

~ the npporl cyliAder through the endplates. Each end plate consists oC two plates separated by a Cew 

millimeters, with the lpace between the two plates lening as a man.i£old to provide gas to groups oC tubes 

(Fig. 3.13). 

EN)S AItGS~ INSTALLED 
() 

PUCE STRAItS (JoI CVlIN)£R 

S €3 ca-- s-e-e-
~=ta~ 
AUf; .. TAAWS , FIAST LAY£R 

~ ~ 
ALL STRAWS rI SUIER LAYER 

~ <I) 
\~\ ' . -} ~ --------=---

ruCT~IC sue-ASS 'Y PUC04ENT ELECTRONIC SI.O-ASS'Y TESTING 

Fit- 3.12. Placemat of IUaW tubes OD~ npporl cylinder. 

Th. IUaW tlliMtis aliped nlaU .... ~ the npporl cyliDder br a placement hture. The tubes are glued at 

&boat SO em ia~ wbic:Ja locate. them with respec:t ~ a bed re£ereace point OD the cylinder. The position 

of the ..u. a& the win npporl loc:aaou will be· ~pped uina a Sr-iO or X-rar 801lrCe after construction. 

A.t bal UMIIlblr or. the uackinl npezla7US ia~ the Cull uackinl detector, the fiducial reference marks on 

the cyliader are aliped with respect ~ each other. This prondes COrelatiOD of the entire central tracking 

COIIlpoliata. 

The UMIIlblr sal is ~ aa.~m.a&e the IUaw la)'ial and alipment procedure 80 that a single straw is 

placed 011 the .table-hue cylinder ill ,. ~ 10 mialltea. nu. rate allow. 5tt ~ lOOK Itraw drift cells ~ be 

IDO .. ted per ,ear a& each UMIIlblr lite. This tlul Rep would be pedbmaed at olllr two sites due to the 

relati ... 8OphidicaUoD of the a"rirolUllelltal coDUolud placem.at toolinl required for the UlelDbly. 
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3.2.4. Stereo Straw Tube Superlayen 

Straw tubes caD be formed into hermetic:, simple geome~ry in anal superlayers. For s~ereo layers the 

Itraw tube pomeb,. caD be DO lODger UDiform or hermetic: aDd a ~rac:kiDg solutioD usiDg sciDti1la~iDg fibers, 

which caD be woud in a low pitch spiral OD the nrf'ace of a c:,.linder, is more desirable. Howenr, a solutioD 

aiDl the Ibaw tube coutruC:UOD described in this MCUOD is abo pouible. This requires replac:ing the simple 

qliDcbical npport Itrudue with a hyperbolic: npport lurface. The ItraWi would be laid with Imall aDpe 

Reno uing the l&II1e tabncaUoD teduaique described ahoYe for the axialltraw layers. 

~ Delrin insulator 
Pin. 

F-m 

3.2.1. CoIICl .... b Uae Siqle Suaw Appzoeda 

TIM ..t ..... tapa of uu. pzoceduze b sUaw tube nperla,. COutrueUOD stem from the ut.ilisatioD of 

low Dak uuI limple -1in-ri"1 TIle nnltiq cIetectM !au ftrflow IIL&a coUUucUOD ad results ill a 

i8o&iopic uuI Jaametic nperla,. c:outnctioa, adftJltapou for tziaainl uui tnc.k recoutruc:tiOD. B,. 
~ the bulbidul sUaw tube cbift c:eIla U JUDY sites, the adftJl~ of IIL&a prociUeUoD caD be 

...u..L To iuue qulity COIlUol ~ Uae Iul nped&,aa, oal,.· a few sitel (probabl,. two) would be used for 

Uae _~taD,. coaUoD.ed suaw tube plaam_t &ad alipmaat. TJU. f'abdcaUOIl pzoceduze will allow 

Uae coaapWM _bl,. of ~,. ho erWaddcai nperlayen pe:r 1aI u eac:h UMIIlbl,. site. 
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". EVALUATION OF DIFFERENT APPROACHES 

".1. Engineering and ManutacturiDg Feuibility 

In the outer tracking system, we can divide the feasibility into two different areas. One is the feasibility 

oC producing straw elementl, whether they are single cells or modules. The other is the feasibility of placing 

elementl on a IUpport cylinder to make a superlayer. The superlayen are combined to form the tracking 

.,.km. There are many OftUaP areu of the two approaches we haTe discussed so !a.r. The design of the 

cylinder and Itructure to support them is one. Another common area is the components used to complete 

a.mp liraw cell, IUch &I a wire IUpport. 

In the following subsection, we will discuss not only the common areu but wo the di1ferences between 

the two approaches and their consequences. 

r02 a £euibility nud,. oC coutructing the ou~ tracking Ifltem, there have been seTeral prototype 

~ baUl. One is hued On a modular concept, and the other is bued on a single straw concept. 

The coutruction oC Cour M liraw modules each 30 em long has been completed. The experience 

ia dealiq with these multistraw .,..tema has siTeD. 111 an UIldentanding oC the engineering feasibility of 

caadial the desip to "metas. We are uiDl them to nud,. alipment, resolution, electronics prototypes 

and iaied'ues to them. We haft desiped and built three dift"erent molds Cor COmUnl the composites and . ..-; -. 
worW cloeel,. with CompcMiie Romona and ORNL ia UIldentandinl the final shells. The design oC a 

:om.pcMiie aaoId far a trapaoidal module 1 mder ia lenstJl baa beeJa completed. The cOUtruction oC tlW 

mold is lIOW.iIl ita Aul phue, and the 4at trapaoidal shell should be zlniahed b,. the end of Ma,., 1991. 

The cieIIiP far a fulI-leqth, " meter trapaoidal mold should be started in lUlle, 1991. 

rac a protot".. emplorial a .mp liraw placiIll concept, a 2.1 me~er long M channel chamber wu 

coutruciecl in September, 1IU~0, on a fI.al nrf'ace (which simulates the IUpportltructue). The chamber has 

beaa operaWas .mee then. U.ml the prototype, nudia IUch &I resolution &I a Cunction oC hip voltage and 

1M miztue, atteau.tioD laagth, and performance oC diJrerent electronics have been performed. A test to 

.. 1Ila&e the sse rate is beial_ up uiDlMTeml hiP radiationlOurces (Sr80). Electronic responses, space 

eha:rp, and n.oluuon an 80Dle of the testa to be conducted. 

4.1.1. Support Crl:illder 

Straw elaaaata, whether th.,. are modules or .mgle IiraWl, are held in place br IUPpOrt cylinden. 

Studies carried out at ORNL and WSTe show that the I1lpport cyliader can be constructed with the desired 

thicb .. and the toleraace we want and at reuonable coA. The cyliDder is made oC carbon fiber composit~. 

The construction is 1 em of Rohac:ell loam IaDdwiched between two IG-millaren oC carbon fiber composite. 

Calc:ulaUOIl shoWl thai an a meter cylinder with a radilll of 1.5 meter deflects lea than 10 microns at 

the middle whaa ad map an attached. Exteuive con estimates were done b,. ORNL and WSTC, and 

Table 4.1 iliowa the I1UIUD&l'1 oC the coet estimates far DWlufactu.ziJl1 the cylinders. Smaller sise cylinden 
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an 101ltinely coatncied, aDd DO great clliBculues are expected. We have already proposed io consiruct a 

nnaUer me (abolli 4 meters in leD~h aDd 0.15 meier in tadins) cylinder in FY 1992. 

TOTAL COST (SK) 

CYLINDRICITY REQUIREMENT (IN.) 

CYl.. 0.0. .001 .002 .005 .010 .020 
(FI) 

4.4 660 330 173 145 

5.2 1810 390 205 170 

6.6 1190 
MACHINING REQUIRED 

400 258 

AFFORDABLE 
7.8 5SS 450 

. R&D REQUIRED 
9.2~ - 3310 1380 635 442 

10.5 3780 1890 722 S90 

Table 4.1. Coa ol Jarse cyliDden oll8Venl diameten aDd f'or HVeral grades of' precisiOD. 

4.1.2. Plaamal TooliDl 

The aD imponanl .... ia to develop a ~u to place anw element. .cc:ualely aDd reuoDably 

q1lickly oato \he nppon cylbuler. TJaia hIq1Iin8 .. iadaiq mecbapism aDd placinl eqaipmenl. Like the 

hue qIinda, toolias ia reqaind for both a~ altlaoap iU-deWla may be a liule cWrerenl. The 

deIip of th. tooIiq ia ill prop ... 

4.1.1. SlIpponiq Sb"lldve 

TUn laaw beG MIme c:oaceplul -pa from OB.NL aad WSTC OD how to nppon the several 

_pala,.. GIla tJa.J an couU'4cied &ad how th. Ollie tzacke will be npporiecl. Allhollp there is a 

sr-l cleal of detailed work nq1lincl, DO zally cWl.cll11 problema have been identiAed. 

4.1.4. sUa .. 

The bMic dziA cell ia CDIUU1Icted with a pluUc bued c:yI.i.DdDc:al ~ocie IU1lc:t1II'e aDd a 25"", diameter 



~ alonl t.he am, .. described in Section 3. Most o{ the st.raws that have been built up t.o now are formed 

from an out.er m1w wrap 12 J'm. t.hick and a 15 ~m aluminised polycarbonate tUm inner layer. We have 

been using st.raws manufactured by Precision Paper Tubes, Wheeling, Illinois, and Stone Industrial, College 

Park, MUfland. The t.ubes are 4 mm in diameter wit.h a 37 ~m wall thickness. Straws up to 3 meters 

haft been constructed. The manu!act.urers have indicat.ed that longer lengths are possible. A more detailed 

diKuGon will be required iflen~lu up to 8 meters are required. We also need to negotiate cost and schedule 

!or manu!adulinl runs ot Ter}'larle numbers ot snaws. 

4.1.5. W"ue Supporb 

Due to electzoatatic iD.ttabilit1, a wize support is required about. eTcry 80 em. Sneral designs {or wire 

supporb haft been canied through to !abrication. OTer 2400 pieces ot the -double V" design (Fig. 4.1) 

haft bea produced b1 B.TI plaatic:a. Other companies are now biddinl on the project. in order t.o establish 

eoN !or larp lC&le manufadure. 

bother desip is the -rwider,• which has a spiral hole iuide a plastic c1linder as shown in Fig. 4.2. 

The wire supporb are made b1 first C%trudiDl a lonlSOlid pluUc rod ot the appropriate diamet.er. The 

rod thea is palled Uarough a special flxtue Cor machiDjDg out. a spiral grOOTe along t.he len~h o{ the rod. 

Aa the ~t.a die flxtue, 1 em long 1CCii0ns are Ilic:ed. off t.he rod. St.rict. qualit1 connol will be used to 

aanze the depth of the spiral grooft and the diameter of the rod are within tolerance. This method {or 

.... prodllCing wile npporb has been shown to be nliable &lUi eaay to implement at. Tcry low cost. 

4.1.8. Shell 

POR a modalar concept., an uterul carbon compoat.e shell holds the st.raws in alignment. and supports 

the wire t.euioL Por the engiDeeriDl bueUae desiP, Cor uample, at. leaat 812 compoat.e ahells would be 

f'ablicakd. The nlUllber of modules would be diIpo.ed .. CoUow.: 

a) Tliger larer #8 would haft 182 modules. Then would be t.wo t.rpa ot molds required, one {or t.he 

ia-f'acial and oae !or the 01l~f'ac:Ut.s modules. 

b} Skno la,.. ~ - 118 idaatic:a1 modale. 

e) .A.zi.alla,. #4 - 180 iclatic:al modules _ ia larer #5 

d) stereo la,. #3 - 144 identic:al modules .. ia larer #5. 

Thu lUee cWreraat. tJPes of modale. ~ be required. The module desip and manufacture would 

npresent. the man apilc:&llt. UJHIC' of the engiaeering work in t.bia approach. Aa part ot the preparation 

of the 1 meter long mold deRp, we ha'ft compared the mold and part mes Cor a 8 x a inch test panel o{ a 

liz layer puel uUal Hereales t11IMS3S01-8 prepreg tape with a:sa million modulus. The nport (R. Foster, 

A.pzil, liU) is Uu:luded, and the results asree well with a simple c:alc:ulation using t.he GENLAM program. 

The teda os t.he t.he 1 meter module will help u undentand the problems in increui.nl t.he length to 4 



meien. Daip of a £ull-sc&le module .hell will begin about June, 1991, and the fi.rst protot.1Pe should be 

aftilable in rall, 1991. 

OoubLe-V wIre support 
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FiI. 4.2. Collceptual drawing of the "'twisier"wire support. 

4.1. T. Endplaia 

The adplUe daipa are difrera.i for the difrera.i approaches. For ihe modular cOllcepi, an endplate 

which lu iato the ad of the modnle ia nq1Iired. For the Usle lUaW collcepi, the siraw tube iennillatioll 

plaie &ad ... m •• ;f...,. ia put of the ad ziq ued to I1lppori the cyWt.der. 

p~ .....n ... adpla&e., JIIaIl1llact1lliAs haa been ca:meci oui for the 54 sUaw modnla uinSll1l.Dlerically 

coaUolled millial t.ec1uUques. P02 the .uaw Uackial ~ of the eIlliaecrml bueline design, aboui 266e 

pi-=- are nquind &ad wonld probably be done ia a similar JDaIUler, althoup. 1II0idiai ieclmiques are bems 

aamiaecL 

p~ a larp conUnuou eIldpla~, the pIa_ would be made of carboll COlllpoG~ material. The holes 011 

the plUes would be cbilled after the endplaia are 1II01lll~ on the hue cylinder uinl a prec.isi.OIl induing 

m .. buinn, Then an two plUes on each end of the cylinder, OIUI of which ia the ad =1 for ihe support 

cylinder. 



4.1.8. The Mid-tube Termination ud the Wire Coupling 

One way to reduce \he material at the middle or \he straw tube tracker is to terminate the sense wires 

iuide the tubes, u .hown in Fig. 3.10. The termination permits gas flow. For this scheme there are two 

requUemenu. One is the terminator itsel!, ud the other is the wire coupling through an insulator at the 

middle. 

The lD&Ilufadu:riDg or the mid-tube termination will employ many or same techniques used in manu­

*tuiDg the wile supports. First, a long composite rod whh all inner core or conductive plastic with the 

proper resiatiTity wi\h a coating or dielectric skiD will be made. The rod is then pUled through a fixture 

identical to \he one ued !or the wile supports. A spiraled groOTe (with a depth slightly less than cut in 

\he wile supports) will be machined out or the rod. ~ the rod exib \he fixture, 1 cm slices are cut. Strict 

quality colltrol will be uecl to euure \he electric:&l properties or \he composite rod meet specmcations. 

A mechaaica1ly COIlWaUOU wile wi\h all electrically iD.nlaWlg coupling will be lD&Ilu!actured using a 

boroGlica&e b.ucl glua to couple to \he ads o! 25 pm gold plated tUilptea wire. The eads or the wire are 

iuenecl into a IIIlall glua tube which is held in a c:arboll base hture. The'fixture is heated CIlough to 

allow \he fuing of \he wile ads to \he glua. This method aUo ... curreJlt automatioll teclmiques used ror 

h··cUin • .....n diamder wile to be employed. to mua produce the wile couples. The glus coupling proTides 

pod mecb(.;cN Anq\Jl uui good. elecUical iualaUOIl wi\h 'YV1littie mua aIld at a Verf naall COlt. This 

·\ecJuUque Ja.u abeecly bee demouUated _tiActod1y. 

4.1.1. SUaw Tab. Bad Pill" 

n. ad plu .. an 1l-=-al'1 for the ugle nraw COIl~. The ad plup Cor the nraw tubes IerY'C three 

pupo.ea: 

1. They proTide a pUla to groUlld !or \he maw tube. 

2. They ptOTide all ecce. t'or au into ad out o! \he maw tube. 

J. Th.,. ptOTide t'or wile support at \he eztreme ads of \he maw tube. 

n. ad plq will be a stepped (in outside diamder) hollow q'liader 2 em long made by iDjected molded 

COIUluctin pluQc. n. baa. nd'ace o! \he cad plq wm be coated wi\h all iuulator or haTe a iDlulatiAg 

eaamic alene U01lIlCl which Uae co_ucUn pluUc: is moJded.. A.....n diameter wile I1lpport will then be 

i...necl ba the larp diaiDder cad o! the ad plq (see Fia. J .• I). 

n. buic _bly or \he maw \rac.kiDg ~ c:ouiaUo! 4 stepe. The ftn\ is quality eolltrol or 

iadividul ma .... The secoad is to pnpue \hem t'or placement OIl \he support cylinder either individually 

or by _blbag thGIl bato maltiaUaw clemata. At \his stage \he buic straw tube clemou will UIldergo 

~ uui quality nUuaUOL The third is placiIlg &ad alipillg \he el~au Oil \he cylinder. The lut is 

the overall ten o! \he supedayer baeludiJlg electrollica. 
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-l.2.1. Eue o£ A.laembly 

Depending 011 the approach, the individual straw test steps will be a little differellt. For olle approac:h 

(Cor ezample, the single Itraw approach), the testing will be extellsive sinc:e it is somewhat diffic:ult to 

replace tubes ollce they are placed 011 the support c:ylinder. For nother approac:h (for example, the modul&r 

approach), the testinl m&Yllot ha"Ye \0 be &I extensiTe since the testing will be performed after a module is 

couUuded. 

Here are lOme scenariOi Ihoml how to assemble the outer tracker using di1rerellt c:ollc:epts. 

lor the single IUaW cOIlc:ept, the Collowing steps are required. After the straw tubes are inspec:ted by 

eye and the Ilecesaary compollellu, such &I the wire support ud end plugs, are placed inside the tubes, the 

tubes are placed in a jig ahoW1l in Fil. 3.9. We e.zpect \0 m01lllt about 50 cells at olle time. The jig is placed 

OIl a optical table or u equlli!at I1Uface. The RlUe wire is lUug ud tensiolled. 

Tb.e wire is iuened uUlg the special Y lhaped TalTe, shOW1l in Fig. 3.9. As air passes through the 

primary bru.ch of the Tal"Ye, the wire is pulled alolll ud f'ollows the path of the air flow through the wire 

nppona &ad ou, the othez end.. This technique hu been reliable Cor quickly inserling wires into horisolltally 

oneaUd 5 m luaWS with 8 wire nppona. This technique caD be euUy adapted for au'omatioll. The lellgth 

of wire ~ il!to _the maw could be IDeU1Ued by a low frictiOIL UackiIlI wheel Uaat ro~tes &I the wire . _... . 
»,...e4 oYer the wheel. 

After the .... wire is 1irllIl1. pa will be introduced into the tube £or gas leak, lUsh Tol~le ud IOUlce 

... After MlediJll pod cella, the kuiOIL in the wire is reliend br takiIlg out the feecUhrougll £rom the 

-=oad Plate &ad iuertiq i' iIlto the ad plUI (Iii, 3.9). TheM tubes are then ready \0 be placed 011 the 

cy1iDdez. TheM prdest .tepa caD be delle ill teTetal locaUou iIldependent of support cylinder preparatioll. 

The 1 mder lOllS u.embled -sle .naw c:ella caD thea be Uauported to the lite for placillg them 011 the 

cyliud.eIL 

After they are placed OIL the cylilldez, the wire is reteuiolled by simply momg the £eedthrough to the 

IeCOIld pla'- (!'is. S.10). Of cou:ne, it uy win- breaka u this poiIlt, it caD be replaced euUy. The glLS 

...was is 11.0' dou '-be by 'ube. It is accolllplWaed by pouilll a. thin layer of low TiKolhy siliCOIL slue 011 

the adp1a&es. n. slue will low &I01UUi the ad plq (or !eedthzoqh). This tedmique ".. used ill eadier 

c:JaambeIs dial ,.. C01I8Uuded &Ild fo1UUi 'TCZ1 e4'ecti"Te. 

III the moclulu approK!a the iIldhidual sUa". would pus u iDit.ial quali'J check ud then ha"Ye wire 

npporta bollded. u loc:atiou ~ br 10 em. Grou~ o!2~.na". would be held ill ajil clamped ud 

boadecl u the wire npport poGUeu to lock in an accurUe cloee peckecl muctue, &I shOW1l ill Fil. 4.3. 

n.. llIliu woald. thea be placed ill the carboll shella ad boaded. .A.ftez makinl the e1ecUical collllectioll 

\0 the .naw callaodes, the eadplates woalcl be added ad the wires would be Itrlllli' A.t this poillt the enUre 

lIlodule could be tesUd ad calibrated. 

III tIae-t...wa. desip, a \o~ of &bou' TOO lIlodules would be pzoduced. It is aticipated that the 



UMIIlbly could be dODe at leTeral dift'ereilt sites 0'9U a hro year period. As a sepa.rate assembly step the 

modul_ would be atUched to the luperlayer support ud aligned u shown in Fig. 3.5. In ODe of the 

UMIIlbly lCenariOi thia final step could be dODe at the SSCL. 

Open Box g Lid Shell Design 

.~~~ __ x ___ LJ_d ____ -+l __________ ~;" 
.. .wi. LIef 

... I... _ 

lit, • .;....z.'d '0 a.-d en ocr..· pad'''.' • ~ "'th 32 ocr..o en ..... 
r.e-&. o~ • 228 
"-ted ocr.. ", •.•• 1592 

.1 

PiI. ".3. Diapam of the box ad lid modular design. 

FRJ NOY 2 1990 

2X 

Pea u.. modular coaeept, ali ...... , taba pJ.ce ill Uazee Repe. The,' are the alipIDe' of .'raw tubes 

wiUl n.ped to the sIuIIl, the alip ..... , otaheJl wiUl IeIJMd to i... C)iiDcler, ad ~ alipmat or cylinders 

wiUl n.pect to ..cJa otJaer. Ia the Iza aMp, the win poauoa wiD be claecbd.ed uiq X-ray IOUC_ ODce 

tIaeJ an nnq. TIaia aMp c:aa be caaiecl 011' OD the moduI. ill puaIlel. The alipme' of lheUa to cylinder 

Nq1IinI • pi ....... , tooliq .. c:U.cuIed earlier. A low IIIUI RnctuU nppon bet".... Ule module and 

cyIUula ia .Ie ''7 tor boUl aiM .. dereo modula TJaM bal aliplllellt aMp'IhoDlAl be m1lcAlesa time 

COIIII'UIIiq dIaa ill tile ..... draw coacept. 

Pea u.. butiWlDal suaw coacept, oaly two stepe an req1Iized for detector alipma'. Fint, ODce the 

tube. an III01Ulted OD Ule cylbader, Ule poatioD of.ue. will be svnred uUac a 5,-0 101IZCe ad aUta. 

TIaia proceclue !au b-... ued ill pIOtotype teRa &Del foa:a.d to be de-:tb.. The.ecoad Rep, alipma.t of 
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I1lpezlaren with respect to each other, is the same as for the modular approach . 

•. 2.3. SerTic:iDg 

Although. a wUe chamber is quite reliable once it is made operational and stable, some kind of servicing 

will be liill ~uired. For electronics and gas leaks, the proposed designs are equally effective since gas 

I1lpply and. electronics are modular. It a situation where a section of tubes has to be removed occurs, it is 

TU'f likely the repair would be done during a long shut down where the chamber has to be moved out to 

an opeD area. B01l'eTer it may be poaible to c&nJ out this repair without remoTing the entire superlayer, 

depaadiDl on the design or the module I1lpport. One design requires remoftl, replacement, and realigning 

the bad module. In the other design it is necessary to remOTe the bad section of tubes, and then res tack the 

lUaWS. Tm. procedure has been deTelOped. The I1lpmayer cylinder mUlt be remoTed for this operation. 

U." Stereo Superlayen 

Modul. caD. be held in place on the I1lpport cylindc by attaching them to the lupport rings. This 

approech Call &lao be ued for the Itereo modul.es. In order to keep the tr&l1SYerse shift of the ends of the 

moclulel aull, each " mete% module is ro .. ted about its cente% by about 3·. The dift'erence in radial positioDl 

(nnlWaI fZPm this ro .. uon) alonl the lenph or the stereo module is made up by the low mau attachment 
~ -

tDan at· ~b Dial'·· The intcde%CDce between the comers of the modul. at each end is eliminated by 

displaciDl alterJWe moclulel br a smaIl (0'.5 em) radial oft'Mt. This diapiacement is &lao &&ken up by the 

utech-at tDue. The renlul nereo I1lpezla,., u ahowJa in Fip. 3.5 aIld 3.S, is quite similar in 

appear&Ilce to the uial nperJarer.· '1Dck coftfaP for the fteno larer 0Tel the whole length is complete. 

Par the .mpe IUaW t1Ibe approech, a stereo I1lpezla,. is to be CODltructed on a .. pered cylinder which 

.... a amaIlc radiu u the c:ente% compared to the ends. A. de~ed cost estimation or this type of cylinder 

.... aot been done. 

AD of &.he IUaW t1Ibe componenu are radialioa raiftaDt. Carbon Abc, mylar &Del t1lD.gsten wUe 

an YU1' radiation ~t. The draws haTe &lao been tested &Del present no problems. The eff'ects of 

.. ode &Del cathode asiDI due to hip CUftIlU are &lao well studied and doc:u.mented. The mat1Uel of CF4 

with a hycbocaEboa (nch u J.obutaDe) are well studied. Nnerlhel_, the radiauon resiataDce o{ all final 

COIIlpoaenu must be established by tesWal. 

U.2. Thermal EI'ect.a 

Bec:aue or the larp &mout of heat generated by the electronics and nearby cryogenics and the re-

quiremenu oa alipmcnt &Del stability, TU'f sood ennroDlDenial control is neceu&Q' {or the whole tracking 



l,.ueDl. Downer, i' it cxpedeci ,h .. , 'here will be some temperature ftriaUon during construcuon and 

opeu.uoa. 

The I1Ippon cylinder made or carbon hu Yinually lero thermal expansion coefficient. The 8 met.er long 

mylar chula .. boa' 2mm in length uder .. temperature change or S' C. Since the tubes are glued on the 

cyliader, Ulere will be lOme UDalllbell 011. 'he glue jom,. In t.he modular opt.ion, 'he st.raws would expand 

leqth1rile in Ule modale, ba' 11.0' wach 'he endpla~. 

An material ~, eapec:ially pluucs. Becaue or this, in all desipa, i' it imponan' 'u' the t.ubes 

are aot 1UlCler It rea. The ma'eri&l which ~es ap 'he mOlt or 'he Ihell m t.he ou'er 'racking is 'he carbon 

lbu. Since c:uboll. Sbet it e%Cellen' apiat aeep, 11.0 problem it anucipa'ed bec&lIIe of creep. Mylar hu low 

lIlOiaue &beorpuoa. Immened. in w&ler Cor 1 week .. , 25' C, h abaorbi 0.3% of ita weigh'. MoreaTer, the 

Uereace in the thermal upauiOIl. coe1Ilcien' chuses by &boat 5-10% when the relauTe humidity changes 

by 10", The beba'lior of the c:uboll. Sbet cyliader of Ule ahell may be more complex dae '0 mois'are 

&beorptioa tJaaa ~ of Ule 'mylar becaue it i.DTol'Yel fibers m UereII.' a.ngles a.nd glaes. A c:aret'al shdy 

Jau w be doa .. 

A. modale ia a .-d-alo .. dzift chamber wi\h ib OWD pa, hip "t'Oltqe, ud elecirollics. The basic 

mtm'vi:!,1 ia • tile adpla&e IU1lcture. Senral d.eIisu haft bee propolecl. 

la tile iacIi-n.b.al or baadled sUa" desisa, al\hoap the eDdplate is oll.e cOII.Waaolll pla'e, the eledrollics 

ud ... I1Ipply are pro'lided Cor nery 200-300 chuaelll1lc:A \l1a, a b&d electrollic card C&Jl be removed and 

nplaced ud \he ... I1Ipply tamed 0« w a let of tabes 10 a leak C&Jl be iIOla'ed. Becaue 'he endplat.e 

provida a pod I1Ippon Cor mouWaI elecUollics ud ProTidiJaI pa, oll.e does no' UTe to worry aboat \he 

mi .. i.,.ma' "hile worJdq oa Ule ada. The eoolial paliDes f1Ul &r01Uld 'he endpla'e proTidiJaI 'he cooliD.g 

Cor electrollic:a. Apia the eDdplate provides a sood I1Ippon Cor 'he cooliD.1 pa liIles. 

The belie RIa" ••• ";al repa .... " a wW thic:b .. of.. )C wall thicb .. Cor each ItmW. For .. sa 1&,..,.... thia it .IT ".m or.yIar. We \aU into accou.t tile intemal wire I1Ipportl by iacreuing t.m by 

10"'- sma. a toW of O,~2" of a Ndiatioa leqth £or ..:h RlaW layer. 

la, the aaodalu naioa the cuboa _ell thic:b_ will be 2ao".m. The aWe _ell will the haTe a.n 

eqaival.U thic:b .. or &boa' eoo JAm per I1Ipedayer or &boa, 0.24 perea' of .. radiaUOIl. iength a' 90' 

i.Jacidace. Th. I1Ippoft cyUader- will haft &boa' 0.24" of a radiatioa a' 90' (Table 4.2). There may also 

be .. ...n ua01Ult of mra materiaJ ia the I1Ippon dr1Icture Cor &ltachiallDodales oa ,he cyliD.der. The 

adplau. caa be quite thia. The adplatea Cor the proto*7Pe 84 sUa" .odale haft .. d'eciiTe 'hic:beu 



of lea thaD about 0.5 em oC plasuc. This would contribute a thickness oC about 2% oC a radiation length 

R~rmal to the end.. To this mut be added the printed circuit board, electronics, cooling, cabling, and 

cruder support strub. Figuze 4.4 shoW'S the effect oC these items. Figure 4.5 shows the material Cor the 

whole traci:iD.S system in the bueliDe design. 

tracker component radiation sum with sum without 
length('II ) at modules modules 
90 shell shell 
degrees 

Silicon system + beam 8.0 8.0 8.0 
~ipe 

fiber system+ supports 5.0 13.0 13.0 
support cylinder 0.29 
module shell (10 mil wall) 0.24 
sttaws and supports 0.32 
support cylinder 0.29 
module shell (10 mil wall) 0.24 
sa-aws and supports 0.32 
support cylinder 0.29 
module shell (10 mil wall) 0.24 
stdWs and· SUD1)Orts 0.32 15.6 14.8 
support cYlinder 0.29 
module shell (l0 mil wall) 0.24 
StraWS and SU1)1)orts 0.48 

-r.ble 4.2. The matuial budget Cor both the single IUaW ad modalar approach near 90·. 

Pc. the daip where ieuiOR is ~ up by the nable crliJlder rather than b,. the shell, the lLIII.ount oC 

.. *-rial at goo is .. thaD the modulu clesip by aboui 30", which is about 0.3% oC a r&diauoRlengih. 

The ihicb_ of the support crliD.de:r is about the lalDe Cor all desigu beQue compreuioR load. is not the 

cleimni.iRI factor of the thicb_ of the crliRder. 

The meWrjal ill the rqiOR o£the aui~ 111.&,. be .up.tl,. hiper when the eompreaioRload. oCihe wire 

Muioa is tn.u&aed Uazoap the auipla&. to the bue crliD.der. Bowne, siDc:e a bale cruder requires an 

cad rias £or ita support, aacl the ad riBl will be ORe o£ htQ plau., the mcrema.t or the material woald be 

...n compued to the modalu d ..... The praent desip lCheme calls Cor coRtinaou nraw tabes without 

a bnabp at " = 0.0. The .... win. are termipaied at the middle. This daip prondes the miDimam 

... -al ~ aacl at " = 0.0. 
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Pia- 4.4. The amout of mataial iJa ndiaUoalastU u a fudioa of " due to t.he maw uaddIll system. 

DoUed W sUa". ad elecboaics; cluIaed. liIle: adda t.he support aUuct1lftj tolid liIlr. adds the sheIla • 

... in"'" 

Pia- 4.1. The total UlOut of material u a fIuacUoa of" from the beam tluough t.he trac:kiJa1 sydem. Solid 

liIle Il-.r ilolisoatal azia: beam pipe; am bigher dotted liar. .ada t.he .wcoa l}'Siemi duhed liae: adds the 

ICiaqUeU·.lba qRem; dotted liae adds t.he maw sratem wit.h IlO sheIla; IOlid liae: adds the .hells iJa the 

moclu1ua~ 
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4.8. Triggering ConaideratiolU 

Both approaches use I11pedayer structures, so the differences are really in detail. Triggering on straws 

in both the OK 3/4 coincidence and synchronisers makes use o£ the dri£t time difference Cor radially aligned 

wires. The cun&ture determined Crom low track segments, assuming the tracks pus through the origin, 

is ued to make a cut in tr&DSTerse momentum. Modules for uial supedayers need to be curved to follow 

the circu.m1'erence o£ a cylinder in order to keep the wires radial. Since the stereo superlayers in the module 

approach e&DJlot haTe wires which are euctly aligned radially, we plan to use only axial supedayers in the 

niger. Perhaps the .tereo I11perlayers could be ued with a loo.er CUrT&ture cut, and in coincidence with 

aD uia1 ,upeUayer trigger. II .tereo .traws could be placed in .uperlayers direc:tly on a preciae hyperbolic 

erlinder, the wires would be radially aligned and could be used in the trigger in the same way u Cor uial 

I11pedayera, but it is Dot dear that this watraDU the mec:h&Dical c:omplexity o£ such a design. Computer 

limulaaou of the nigger are UJlder way &Dei will pronde iD!ormauoD u to the number o£ superlayers needed. 

II ODe or two uiall11pedayen are au1Iiciat, the DOaradial.tereo wires will not .cause a problem. Because o£ 

caet, w. do Dot aped. to implemat the niger Cor alll11perlayers in any c:aae. 

bother poaible problem for the niger with the module approach is the trigger cODllec:tioD across 

module bo_dari .. This caD. be accompliahed without iDdBciacy, in principle, since the modules overlap. 

TIle ~ lope, hoWftV, will be more c:omplicated with modules. 

b adftlltap for the module approach ja. that ~e niger electromCII CaD be an integral pari o[ the CrODt 

ad elect.roDics &Dei JDOUJltC directly OD the module. The froDt ad elec:UomCII, indudiDS the trigger, CaD 

thea be ~ for each module llep&r&tely u pan of a parallel CODlU1lcUOD and teaiiDS procedure. 

4.T. Pattena B.ecopitioll CoJUideratiolU 

The pattcm recopiUOD approach for all schemes, siDce ther UlTOlTe superlayer .tructures, is to find 

u.ck -smau locally in I11pedayertl &Dei then link them. The aegmau £rom all parts o£ the tracking system, 

the siliCOD inner tracker. the outer caual tracker. aDd the outer intermediate ansIe tracker. are linked to 

recouU1lc:t complete c:harpd panide U&c.b. Pattcm recopiuoD for the nigger is di.ac:uaed in the preTious 

eecUon. 

AI for Uae ni .... a module approach will in~n c:omplicatiou due to module boUJldaries and DOaradial 

winL Th ... complic:atiou would Dot be praat in the scheme with I11perlayers o£ wires placed OD precise 

erliDden. lIowenr, the probleme o£ p.utcm recopitiOD in c:roaiD, boundaries han heeD solved before for 

jet ceIl~. nch u the Muk n &Dei CDI' cabal drift c:hambers. A.a 10DS·u module boUJldaries do not 

liM 1lP radially. a back which CIa.. a bo1Uldary in ODe I11perlarer will be t'oUJld without complicatioD in a 

Deishboriall11pedarer. A.a IoDS u there is sdiciat redUJldaDer in the trac.kiDS system, module boUJldaries 

ahould Dot be a problem. The allOrithm c:ould abo be etta 10 that track aegmau c:rouiDS bOUJldaries 

wo1lld be fmuui in the Am pua. The seomeU1 o£ DOuradial wires caD. be calculated in software. The flrst 

pu. of the pattem recopitioD ahonld be able to flDd u.ck aegmau without c:onectiOD (this .hould be 



baYeStipted bathe compu~er limulaCion). For uial supedayers the eft'ect is small since the displacement is 

radial aDd 80 hu li~tle cd£eci On the cunature determiDation. Track segmenu will probably be round first 

bathe azial lupm&7eJ'S aDd then linked w those in the stereo superlayers. Stereo supedayers are somewhat 

more complicated since the radial displacement is coupled to the determiDation o{ the coordinate along the 

wire. 



5. CONCLUSIONS AND RECOMMENDATIONS 

The .upport .tructure £Or the .traw tube superlayers has evolved to a design which ca.n accommodate 

all the .traw tube auperlayer options discussed in this report (see Section 2.1). The mlLin remaining issue 

to be raoh'ed deala with the detailed procedure to be used to construct the supedayers. The institutions 

worms on thia problem (Colorado, Duke, India.na, ORNt a.nd WSTC) have formed an integrated straw 

tube pup which will puraue a coordinated R..kD program leadinS to the best, mo.t cost effective solution. 

The program we haft dneloped will iuue that a .traw tube tracker it available £Or the turn on or SDC. 

SecUoa 5.1 dacr.ibes the .traw tube placement concept and Section 5.2 presents the RkD work required to 

anift at the detailed IOlution. 

5.1. P~po.ed Sizoa. Tube Placement Concept 

The procedure £Or fabrication or .. cuperlayer has three main steps. 

STEP ONE: A.ucmbly and quality control or indiTidual .haw tube cells. Thia atep it common to all 

approedaea we are couidainl £Or the coutructi.on or superlayers. The straws could haft wire supports 

iue:rted and wires stt1UlS, high Toltap, and pa low, and be completely tested £Or pi leab and with 

a radio&cuft 101UCe, or simply be 'rinally iDapected. After this ~uality control, the chift cells would be ...-: .-
~ oa to uaembly .tap two or three. 

STEP TWO: I'ablicatioa or multi-ltraw tube e1emeate. The chift cella would aext be uaembled into 

m~w e1emeate. Th .. elemeate could be aelt coataiDed (Col., eee the modular description in Section 

S.l) or an intermediate fabricauoa stase which would be ued to trau£er the multi-straw elements 

dincily to the aupport cylinder. Ia either cue., the multi-straw element would be subjected to testing 

and quality control bd'ore puGnl to the next ueembly stqe. Note that .teps one and two can be 

pedormed at multiple auembly sitel. 

STEP TlIllEE: P1acemeat or Iilaw tube e1emeate onto support cylinden. At this .tap in the .. 

_bly pIOCeIe the pmeated IUaW tube elemeate would be placed oa the aupport cylinders, aligned 

and attacbed. ;. bal check or win placemeat and quality control or the aupedayer aection would be 

perloaaecl. 'I'Jaie step ie ill COIlUllOA to ..dl or the optio .. beiq couidered. 

Step oae is n~ £Or all methods or sUaw tube auperlayer construction and will be pursued as a 

cooperaUft d'ort. Step three, the plac:emeat or straw tube elemeate onto support cyliDden, it required £Or 

all method. or auperJayer coutndiOll, ~t will cWFer in detail if the elemeate are liDgle sUaW'l, siraw tube 

lnuadl-. or Ml1'-eoatained modulel. For the upe IUaW approach, step three is mod time czitiea!. Step two 

is ~ time czitiea! £Or the modular approeda. 

Thie UD pIOIr&IIl will lead to a Iinsle deaip or a auperlayer or leCtor in time £or the construction or 

a 2000 tube prototype by the ad or 1lan. Thie prototype will be ued to establish ill detail the superlayer 



COUinlcUOD procedure ud will demoubate the measuremeDt precisioD attainable. This plan requires a 

deciaioD OD the sUaw placement techDique by about October, 1991. In order to make this decisioD, we have 

.tabliahed miDimlUll RkD milestODes that mast be met ror a given supenayer fabrication procedure it it is 

to remain .. u altemaUft. The general FY 1991 RkD plu with the milestone requirements is presented 

ill SediOIl 6.2. 

1.2. entia! ~D Mi1utOIiU tol' Shaw Tubes 

The UD propam Deeded to deiermine the best lUaW tube luperlayer structure is described ill this 

teeUOL The c:ziucal iau. ill the desip will be alipment tolerance, the assembly techniques needed to 

achine it, ud the resulting cost. The RkD will be directed towards these issues. 

The RkD propaID is ouillDed below. 

1. Siqle cell Q. C. aDd tatills 

W"1n IUppons 

Temaiaatoa 

Ca&Jaocle iIl&epity 

W"~ Waiioa aDd holdiq 

~.- .. -" 
ZlecUical COIUlecUoU 

Straw " .. cUi-S '«"Diques 

2. ~ m1l1tinaw ...... , 

Suppon 8IaeIl eqiaeeriq 

A..aIlbly-.qu ... ce 

B.eIa&i'ft maw/wire alipDleD' 

Q. C. tediq uul acceptallee 

S. float au! uul tzigeDq elecUouic:a 

T .... uul naluatiall ol prototypes, iIlter1'ace boazda 

CooIi-S,utili_ 

~ Planm ... ' olmaw 'ube element. OIllUppoft eyliadea 

Suppon eyliader 

blliqcWp 

- Sb1Ichnl 

- Wbe, 1M coaaect.iou 

a......, placem. .. , too1iq 
_ R .. dJj-S 

- Boadiq 



- Alipmen~ 

5. Co.t ud schedule 

The c:ziuca! miles~oDes leading ~o a decisioD are: 

MODULES 

MilestoDe 

CoUUUctiOD ud e-n.luatioD or a 

1 meter module. EnluauoD i~em.s: 

alipmen~ 

preciliOD 

temperatue/humidity 

pa UpUe18 

cod 

aaembly procedure 10/91 

SINGLE STlUW 

Deap oC .. meter carboD Aber shell 1/91 

hbDcauon oC .. meter shell 11/91 

Eftl..aOD oC .. meter module 

Enl..aOD itema u &hem=. 

Detailed coDceptual desip or 
modular nperlayen (uial and Iiueo) 

CoUUUcUOD ud tesUD.1 or e meter 

chift cella, to nalua~ 

win nppon 

aUiJasiq two piece wUe 

mid-tllbe tennina&or 

Detailed. conceptual daip oC 

nper1a)'CS (uial ud stereo) 

Deniopmat oC detailed lChedule 

tor nperlayer COUUUctiOD 

1/92 

10/91 

10/91 

10/91 

10/91 



Critical elates: 

Protot)"pe 3 meter straw tube placement 

dencc; straw placement studies 

Begin construcuon of 3 meter 

luperlarer with endplates 

Conceptual design or 8 meter Itraw 

tube placement tool and fabricauon 

of a meter straw 

1 Oct 111 - IIltemal design renew: Straw placement decision 

10/91 

1/92 

3/112 

1 .lu g2 - IIltemal design reTiew: .lui before begin:Din1 construction of multi-superlarer prototype. 



8. COST A.ND SCHEDULE 

There hat been a detailed lChedule and cost estimate oC the central tracking system for the Lol. This 

work wu done by Westinghouse Science and Technology Center and Oak Ridge National Laboratory. The 

modular U&cking system was chosen for the cost estimate for the Lol, but it had an alternate support 

ueemblr, 10 we expect that there will be lOme di1l'crences in both cosu and schedule between the present 

daip ud that of the Lol The LoI estimate oC the cost for the central outer tracking system was SSO.OM, 

or which S20.8M were electronics co.'-. We will tl1 to haTe more up-t~date cosu and schedules Cor the 

daipa diIcuued in thia document by the time of the engineering renew. 
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PROPOSAL FOR CENTRAL OUTER TRACKING SYSTEM 

Introduction 
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Indiana University 

We need to decide on a central outer tracking design for the proposal since there is a 

great deal of work to be done - engineering, simulation, and costing. The decision will 

also influence the use of the FY 1992 R&D money, which is very limited. This note 

describes some of the thinking behind the conceptual design proposed by Gail Hanson at 

the Tracking Group Meeting at the SOC Collaboration Meeting at LBL. At this meeting it 
was proposed that the decision on outer tracking technology be made by a panel consisting 

of members of the tracking groups and collaboration members outside the tracking groups. 

We feel that it would be much better if the tracking groups could come to a consensus first 

and then have the decision reviewed by the panel. 

Fibers vs. Straws 
- Scintillating fibers offer an advantage at high luminosity because of their finer 

segmentation and therefore lower occupancy. However, there is still proof-of-principle 

R&D to be done, as well as costing information for the VLPCs. It is likely that we will not 

have enough information at the time the decision must be made for the proposal to be able 

to decide on an all-fiber outer tracker. An affordable all-fiber outer tracker may not have 

enough layers for adequate pattern recognition and stereo measurement. Since fibers 

introduce more material per superlayer, they are best used where really needed in regions of 

high occupancy for straws at high luminosity. 

A system of both fibers and straws could offer some advantages, but the cost will 

undoubtedly be higher because of carrying out both technologies. The Hybrid Tracking 

Group claims that this is not the case; both groups are reviewing costs. 

We would like to maintain the capability of upgrading to scintillating fibers for the 

inner superlayer(s) if needed for high luminosity, either later in the design of the detector so 

that we could have scintillating fibers at turn-on, or a few years after turn-on. It is expected 

that it will take two to three years for the sse to reach design luminosity. Meanwhile 

straw inner superlayers should perform well. It seems likely that the sse will reach a 



maximum luminosity of - 5 x 1()33 cm -2 s-l rather than 1034 cm -2 s-l, and in any case that 

will take several years. OW" proposal encourages the scintillating fiber R&D to continue, 

with funding from several sources (SSC, HE?, 1NRLC). 

How Many Superlayers? 

The minimum number of superlayers needed can be determined from the following 

requirements for the outer tracking system: 

1. High-PT track segment trigger 

2. Momentum measurement in conjunction with the silicon inner tracking system 

3. Sufficient pattern recognition capability to link track segments i'l the inner and 

outer tracking systems 

4. Measurement of the coordinate along the beam direction (z), in conjunction with 

the silicon tracker. 

In order to provide the high-PT track segment trigger, we need at least one axial 

superlayer at the outer radius. At higher luminosities we may require two axial superlayers 

for the trigger. There is also the possibility of including one of the stereo superlayers so as 

to obtain the z-coordinate for a high-PT track in the trigger. although we haven't included 

this in our proposal. We propose two axial superlayers at large radius/or the trigger. 
Momentum measurement is accomplished by using both the inner and outer 

tracking systems in an integrated manner. In order to do this, track segments have to be 

linked between the two systems. This is the main focus of the tracking simulation effort. 

Indications are that we will need an axial superlayer relatively close to the silicon tracker. 

The exact radius cannot be determined until we have progressed further with the simulation 

studies. This inner superlayer might be upgraded to scintillating fibers at high luminosity. 

if needed. Thus we propose a third axial superlayer at a radius 0/ about 70 em. 

The minimum number of stereo superlayers is two, one with wires running at about 

+3° to the beam direction, the other at _3°. The best choice would probably be to have both 

of them at large radius so as to obtain the best resolution in angle and the best coordinate 

measurement for linking to the calorimeter and muon system. However, some information 

about the z-coordinate may prove useful in linking to the silicon tracker, since it also 

provides z information. Note that with the present very small angle stereo (1 mrad) in the 

silicon tracker, the resolution per measurement in z is about the same (3 mm) in the inner 

and outer tracking systems The exact location of this superlayer needs to be determined 

from the simulation studies. We propose two stereo superlayers, one between the outer 
two axial superlayers and one at an intermediate radius of about 1 m. 
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The conclusion is that five super/ayers would provide a minimal system with 

reasonable perfonnance and essentially no redundancy, especially for the z measurement. 

It has been suggested that due to budgetary constraints four superlayers would be enough. 

In that case, two would be axial and two stereo. There are two possibilities: two axial 

superlayers at the outer radius for the trigger, or one at the outer radius and one at the inner 

radius to provide linking to the silicon. In the fonner case, linking to the silicon would 

probably be difficult. although more simulation studies are needed to substantiate this. In 

the latter case, we would not have the possibility of using two outer axial layers in the 

trigger, which could be needed at higher luminosities. 

It has also been suggested that we reduce the number of straw layers in each 

superlayer, allowing more superlayers. However, this would increase the material and the 

cost. Most of the material is in the supports for the straws, not in the straws themselves. 

The cost is dominated by a fixed cost and then by a cost per superlayer. The incremental 

cost per channel or module is relatively small compared with these. 

The Proposal 

The Table lists the components of the proposed outer tracking system, which 

consists of five superlayers of straw tubes, three axial superlayers and two stereo. The 

design is also shown in the figure. The three outer superlayers are placed as in the 

engineering baseline design. The inner superlayer is placed at about 70 cm radius, 

consistent with the envelope for the outer tracking system. The second superlayer is 

equidistant from the inner superlayer and the three outer superlayers. The radial positions 

of the superlayers and the exact arrangement (axial vs. stereo) are rather arbitrary here and 

are the subject of simulation studies. The lengths of the superlayers are in agreement with 

the 1'\ coverage as in the engineering baseline design and would be adjusted to 

accommodate the intennediate angle tracking system. The two outer axial superlayers are 

trigger layers and have 8 straws per superlayer. The other superlayers have 6 straws per 

superlayer. The amount of material in the outer tracking system at 90° is 3.5% of a 

radiation length including all supports (not including the last superlayer). A preliminary 

cost estimate, based on the costing structure developed by Westinghouse Science and 

Technology Center and Indiana University, is $34.8M. The cost is being reviewed, and 

there is some possibility of reduction. There are a total of 1.35 x lOS straws. 

We would like to continue the scintillating fiber R&D so that the inner superlayer(s) 

could be upgraded to scintillating fibers if needed at higher luminosity or even by turn-on if 
technology progress and funds permit. 

3 



Concl us ions 

This proposal offers a central outer tracker that, with the silicon inner tracker, fonns 

a complete tracking system that should perfonn well at luminosities up to at least the design 

value, which is imponant for presentation in the proposal. The amount of material is 

minimal. The cost is within the target value for the tracking system. The proposal also 

offers the possibility of continuing the scintillating fiber R&D for upgrading the inner 

super layers, where occupancy could be a problem with straws for higher luminosity, on a 

time scale consistent with the foreseen turn-on schedule for the SSC. We can use this 

proposal to plan future R&D, carry out definite simulation studies, and do the design, 

engineering, and costing needed for the SOC proposal. We would like our proposal to 

receive serious consideration. 

4 



5 

Table. Central Outer Tracker Design 

Superlayer Radius (m) Scraws/Layer Modules Layers/Super Zmax (m) Stereo Angle 

layer (0) 

1 0.708 1112 84 6 2.80 0 

2 1.04 1640 124 6 3.20 +3 

3 1.35 2120 160 8 (trigger) 3.90 0 

4 1.48 2328 176 6 3.95 -3 
5 1.61 2536 192 8 (trigger) 3.95 0 
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EFFECTS OF CATHODE AND WALL 
MATERIALS AND WATER VAPOR 

ON STRAW TUBE AGING· 

J. KADYK 
1. WISE 

Physics Division, Lawrence Berkeley Laboratory 
1 Cyclotron Rd., Berkeley, California 94720, USA 

and 

J. VA'VRA 
Stanford Linear Accelerator Center 
Stanford, California 94309,USA 

ABSTRACf 

Nine short straw tube with different cathode and wall materials have been 
used for accelerated aging tests and high-voltage breakdown tests. The 
gases used were argon/ethane (50/50) and CF4!lSobutane. The effect of 
adding water vapor in each type of test has been investigated. All but one of 
the tubes performed well in aging and HV breakdown tests, and water 
vapor was found to be effective in suppressing discharges during aging 
tests, but had no noticeable effect in the HV breakdown tests. 

1. Introduction 

. Nine straw tube prototypes about 15 em long by 4 mm diameter have been used for 
accelerated aging tests and high-voltage breakdown tests, as a function of several variables: 
HV or gain, principal gas mixture (two types), water vapor to quench discharges, and 
cummt densities. The tube wall materials are Mylar, Kapton, polycarbonate. and aluminum. 
and cathode materials are aluminum. copper, nickel. and gold. The anode wire was 38 JlIIl 
diameter gold-plated tungsten. except for one tube which used a carbon fiber of 33 J.UD 
diameter. The gases were: (l)argon/ethane (SO/50), and (2)CF4/lsobutane(80f20). The laner 
has properties that appear very attractive for use in high radiation environments, such as at 

an sse experiment..1 Aging studies of this gas mixture and of related gases will be 

·This work was supported by the Director. Office of Energy Research. Office of 
High Energy and Nuclear Physics. Division of High Energy Physics. of the U.S. 
Department of Energy under Contract No. DE-AC03-76SF00098. 

1 Use of Straw Tubes In High-Radiation Environments. 1. Kadyk. et a1.. 
NIM A300(1991 )511. 
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reported in an accompanying paper. The parameters used to measure aging are: (l)the 
C\lITent drawn by the straw tube vs. the charge traIlsfered; (2)gain uniformity using pulse­
height analysis. (3)spontaneous breakdown during aging tests; (4) measurement of the high 
voltage necessary to induce breakdown of the tube by deliberately raising the voltage. 

1 4000 

GAS: CF4l\aQbutane (80/20) 
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Fig. 1. Two examples of aging rests (see Table 1): (a)gold-plated AI 
tube, and (b) Mylar tube. The latter went into discharge mode after 0.1 
Clem, and subsequendy recovered when H20 was added. as shown by 
the graph (c). As can be seen, the cycle of removing and adding H2O 
vapor was repealed with similar results. 
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Fig. 2. High voltage breakdown tests on nine straw tubes. using 
CF4/isobucane gas. Ploued are the HV and elDTCnt when breakdown 
occurred. with and without H2O vapor. The tests were performed at 
three radiation levels:a)no source, b)200J,LCi, and e)2mCi sources. 



During an aging test. the CtIITent is induced by exposure to a relatively intense Fe55 
source, which results in an avalanche region of about 3 mm along the wire. Measurements 
of the current vs. charge are shown in Fig. 1, with examples of a small aging rate (a), and 
tube discharges (b). Breakdown resulting in large current "spikes" is typically a result of 
cathode surface coating by a thin insultating layer. Measurements of deliberately induced 
HV breakdown are summarized in Fig. 2. HV tests were done with and without the 
addition of water vapor at the level of 3000-6000 ppm; previous reports2 have indicated 
that breakdown and other aging effects can be suppressed by the addition of similar 
amounts of water into the gas. We have used a permeation device to control the amount of 
water vapor injected into the gas stream and also have monitors to measure continuously 
the amount of water vapor and oxygen. 

2. Result from Accelerated Aging Tests 

Table I summarizes the results from accelerated aging tests. The fractional gain 
decrease is parameterized by: 

R = - (l/G)dG/dQ, %/(Clcm), (1) 

where G is the tube gain, assumed to be proportional to current, and Q is the linear charge 
transfer in coulombs. The total charge accwnulated during each test is given, as are the wall 
and cathode materials of each tube. General parameters applying to all the tests, unless 
otherwise noted, are: 1) G is near 50,000; 2) the wire is gold-plated tungsten of 38~ 
diameter; 3) the current density is about 0.6 - 1.2 J.l.A/cm. Under "Comments" are found 
other relevant observations or departures from these general parameters. 

Under the most extreme conditions anticipated for use in sse experiments, wire 
chamb.ers might be expected to sustain a current of about one IJ.A per meter.3 Assuming 
this current over a period of "five years", or 5x107 sec, then the total charge transfer during 

the lifetime of the experiment is 10nNcm x 5xl07 sec = 0.5 coulombs/cm. The tube should 
not lose gain more than, say, 10%, requiring R<20%/(Clcm). This then sets the scale by 
which the results in Table 1 can be measured, assuming that accelerated aging tests can be 
scaled to lower radiation intensities. The general picture is that nearly all results are 
compatible with the required performance.The one test which has resulted in poor 

performance is that of the tube with a polycarbonate wal1.4 There is some evidence that the 
aluminwn cathode film does not adhere well to the wall in this case.5 

2Wire Chamber Aging, J. Kadyk, NIM A300(l991), p. 448 and references 24-29. 
3 See, for example, p. 25 of Radiation Effects At The SSC,SR-1035, SSC Central 
DeSign Group. M.G.D. Gilchriese. Editor. June 1988. 
4 Private communication with B. Dolgoshein at the Pisa Instrumentation 
Conference. Elba, May 1991; he has said that he used similar tubes successfully. 
5 Private communication with D. Rust of University of Indiana, which supplied 
much of the tubing we used to fabricate the test counters. 



Table 1. Accelerated Aging Test Results 
Gas Gain Loss, R Linear Charge Materials: Comments 

(%/(Clcm)) Transfer (Clem) Wall!Cathode 
Ar/Eth. S 1.2 Mylar/AI 33~mcarbon 

(SO/SO) fiber anode 
" 3 O.S AlIAI 
" 8 0.6 AVNi 
" S 0.6 AlICu 
" 12 0.2 AVAu 
" 8 0.4 Mylar/AI 2 discharges, 

then recovery 

CF4/Iso 3 O.S Mylar/AI Discharges 
butane quenched by 
(801l0) H20 (Fig. 1) 

" 6 1.0 Kapton/AI gain=I.Sxl05 
" 200 0.06 polycarbonate/ Rapid gain loss 

AI and discharges; 

gain=I.Sxl05 .. <1 0.5 AVAu Very stable, 
Sr90 (Fig. 1) 

" 2 0.2 Al/Ni Sr90 

" 10 0.2 AlICu Sr90 .. 9 0.1 polycarbonate/ gain=1.Sxl~ 
AI 

~. 4 0.4 Kapton.AI gain=1.SxlQ.5 
" 9 0.2 Mylar/AI gain=I.Sxl05 

+1000 S 0.4 Mylar/AI Same as above, 
ppm H20 with H2O 

added. 

Such a defect might lead to charging by positive ions of the plastic surface where the 
aluminum has come off, resulting in "Malter-like" discharges. It was found that all 
discharges could be suppressed by the addition of sufficient amounts of water vapor. In the 
case of the polycarbonate tube, which underwent both rapid decrease of gain and 
breakdown, between 4000 and SOOO ppm of H20 were needed to suppress the discharges; 
in the case of a Mylar/AI tube, a smaller amount, <1000ppro. seemed to suffice (see Fig. 1). 



3. High Voltage Test Results 

The capability of a straw tube to reach a level of high voltage momentarily does not 
appear to be correlated with its integrity over a longer time period, or its history of aging. 
The nine straw tubes were tested at three different radiation levels, both with and without 
addition of water vapor. Each tube was tested to find its maximum voltage before discharge 
(l)without a source, (2)with a 200IlCi source, and (3)with a 2mCi source. For each of 
these, tests were done with a low (about 200ppm) and high (3000-6OOOppm) water content. 

Fig. 2 summarizes the IN tests: each test is represented by a point having the HV 
at breakdown plotted on the vertical axis, and 10glO(lb) on the horizontal axis, where Ib is 
the cUITCnt at breakdown. Two points lying near 2.0 kV are from the tests of a damaged 
Mylar tube that subsequently recovered to about 3.0 kV when water vapor was added.. The 
remainder of the points cluster in the neighborhood of 3.0 - 3.6 kV, where there is no 
apparent effect of the water vapor! It is of interest that a typical breakdown HV far exceeds 
the operating voltage for our standard gain of 50,000 (2050 kV), and yet some of the same 
tubes that breakdown at 3.0 kV or more will enter the discharge mode operating at only 
2050 volts during aging tests. It becomes clear that the momentary HV breakdown test has 
only limited utility in identifying damaged tubes. 

4. Water Vapor From Gas Tubing 

Since it is confinned that water vapor is influential in suppressing discharges during 
aging runs, it is interesting to measure the "natural" outgassing which occurs from tubing 
commonly used for gas plumbing. The results of Table 2 were obtained by flowing 
argon/ethane (50/50) at a rate of 20 cc/min through a 3m length of the tubing; the gas was 
pre-flltered to remove the H20 and 02 in the supply gas: 

Table 2. Outgassing From Gas Tubing 
Tubing H20 Content, ppm 02 Content, ppm 

0.25" Nylon 3000 10 
0.25" polyethylene 300 70 

0.125" copper 4 2 

5. Summary 

Using CF4/isobutane(80/20) and argon/ethane (50/50), the potential influence of 
cathode and wall materials on straw tube perfonnance have been studied. All of the tubes 
perfonned well in aging tests except the one with poly carbonate wall. Water vapor added to 
the gas suppressed discharges occurring during aging runs, but did not significantly affect 
the HV at which a deliberate breakdown was induced. The HV test was found to have little 
usefulness in identifying damaged tubes. All tubes but one were compatible with 
anticipated running in an extended SSC experiment. 
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CHEMICAL MODELING OF AGING PROCESSES IN 
CF 4/ISOBUTANE GASES· 

J. WISE a.nd J.A. KADYK 
Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720 

and 

D.W. HESS 
Department of Chemical Engineering, University of California, Berkeley, CA 94720 

ABSTRACT 

We axe in vestiga.ting the chemistry tha.t lea.ds to wire a.ging tra.nsients tha.t 
we ha.ve observed in va.rious CF 4/isobuta.ne ga.s mixtures including the well­
studied 80% CF4 + 20% isobuta.ne mixture. Aging tests using such mixtures 
exhibit tra.nsients resulting in loss of gain. The magnitude a.nd dura.tion of these 
tra.nsients axe dependent on the CF 4/isobuta.ne ra.tio a.nd the wire m a.t erial , 
a.nd axe sufficiently la.rge to a.ffect the gain sta.bility during the eaxly opera.tion 
of a.n experiment. Film forma.tion on the wire ma.y explaln these observa.tions. 

1. Introduction 

The very good aging properties of the CF 4/isobutane (80/20) mixture ha.ve been 
known for some time,l,2 and there has recently been a report tha.t hydrocarbon deposits 
were etched awa.y by using this mixture.3 However, in aging tests using the 80/20 as well 
a.s other mixtures of CF4/isobutane, we observe transients in which the wire current 
changes (almost) exponentia.lly towaxds a nonzero steady-state va.lu~, a result that ma.y 
be interpreted as a competitive ablation and polymerization process.4 

This investigation is along three lines: 1) monitoring of the a.ging of the wire, 
2) ana.lysis of the aged wire surface, and 3) analysis of condensible species in the 
proportiona.l tube effluent, presumed to be associated with the gas-phase chemica.l 
reactions that may ha.ve led to the a.ging. Only the first two parts are discussed in this 
report. 

2. Experimental 

In this series of experiments, wire a.ging has been investigated as a. function of 
gas composition and wire ma.terial. Gases used were CF4 and isobuta.ne, both individ­
ua.lly and in mixtures with ea.ch other. Wire ma.terials used were gold-pla.ted tungsten, 

·This work was supported by the Director, Office of Energy Research, Office of High Energy and 
Nuclear Physics, Division of High Energy Physics, of the U.S. Department of Energy under Contract 
No. DE-AC03-76SF00098 



Table 1: Decay constants and gain changes for some wires and gases. 

Gas Wire 1", mC 100/10 
CF4 Au/W 1.9 ± 0.5 0.6 ± 0.1 
CF4 Stablohm 1.1 ± 0.1 0.75 ± 0.06 
CF4 Nickel 0.9 ± 0.2 0.4 ± 0.1 
CF4 Copper 1.2 ± 0.2 0.7 ± 0.1 
CF4 Carbon 1.2 ± 0.2 0.75 ± 0.1 
80/20 Au/W 7.7±2.3 0.96 ± 0.04 
80/20 Stablohm 25 ±5 0.59 ± 0.14 

Stablohm, nickel, copper, and carbon. The techniques used to collect "ging data have 
already been described. 2 

3. Exponential Curve Fits 

In aging tests using different mixtures of CF 4/isobutane, we observe transients 
in which the wire current approaches a nonzero value. We model these transients a a 
constant plus an exponential. The two parameters used are the gain change (100/10) 
and the decay constant. Although not always a good fit (X2/n "'" 100), this procedure 
nevertheless gives a consistent basis for comparison of different aging tests. 

Although the experiments are still in progress and little data is presently available 
for gas mixtures containing more than 20% isobutane, indications are that the decay 
constant increases with increasing isobutane content, but that the gain change shows no 
distinct trend. For CF" alone, the decay constant is independent of the wire material. 
For CF ... /isobutane mixtures, however, the decay constants for Stablohm wires are much 
longer than those for gold-plated wires, suggesting that the two types of wires age by 
different mechanisms. The decay constant for CF4 alone is also much smaller than for 
CF 4/isobutane mixtures. Gain changes and decay constants for some of the aging tests 
in this study are summarized in Table 1. 

4. Surface Analysis 

Wire surfaces are analyzed using secondary electron microscopy (SEM) and Auger 
spectroscopy combined with argon ion milling of the surface so that a composition­
depth profile can be obtained. Hydrogen is not detectable with the Auger technique, 
so hydrocarbons appear only as carbon. This technique has been used previously by 
Williams,S and an example of an Auger depth profile is illustrated in that work . 

.. . 1. Aged Gold-Plated Wires 

Aging deposits on gold-plated wires are predominantly carbonaceous: little or 
no fluorine is observed, suggesting that the gold surface is not significantly chemically 
attacked. This is so even for wires aged in CF4 without admixture of isobutane, in which 



case the source of the hydrogen presumed to be in the deposits is unclear. There is, 
however, evidence from other investigations that we have done on CF4 indicating that 
significant hydrocarbon contamination exists in this gas. The carbonaceous- deposits 
appear to be an agglomeration of spheres with diameters typically 1J.Lm. 

4.2. Aged Stabiohm, Nickel, and Copper Wires 

In contrast to gold-plated wires, aged Stablohm, nickel, and copper wires show 
deposits containing significant amounts of fluorine. These deposits are thinner than the 
carbonaceous deposits, and are not always easily seen at 1500x magnification. Heavy 
carbonaceous deposits, which are readily identified by Auger analysis and by their 
distinctive appearance under SEM observation, are sometimes present in addition to 
the fluorinated deposits. 

5. Discussion 

The fact that fluorine is a major component of deposits on non-gold-plated wires 
while carbon is the major component of deposits on gold-plated wires suggests that 
different aging mechanisms are in effect and that the surface plays a role in the de­
terminatiun of which mechanism dominates. This interpretation is supported by the 
observation that different wire materials have different aging decay constants. 

A possible explanation for these observations is that metals more active than 
gold react with the F" and/or CF 3" radicals expected to be produced in the avalanche 
to form an insulating metal fluoride. After the wire surface is passivated by this fluo­
ride, hydrocarbon or fluorocarbon deposits may also fonn, at a rate dependent on the 
CF ./isobutane ratio of the counter gas. 

In the avalanche environment, we expect that fluorine radicals will react with 
carbon on the wire surface to form volatile species (e.g., CF .). However, fluorine radicals 
will also react with hydrogen to form HF, leaving behind carbon-rich species that will 
tend to polymerize and deposit onto the wire. The necessary factors for a competitive 
ablation and polymerization process are thus present, and the fact that the aging curves 
approach nonzero asymptotes suggests that this process indeed occurs: a steady-state 
film thickness results from the two competing processes. 

Unresolved questions about this work that remain under investigation include 1) 
How does isobutane affect CF. so that the CF ./isobu tane mixt ure ages less rapidly than 
CF. alone, and 2) Why is the decay constant for aging of CF. essentially independent 
of the wire surface material. 
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WHY THESE TYPES OF GASES? 

• CF4 GASES ARE FAST( AT RELATIVELY 
LOW FIELDS) WHICH IS 
IMPORTANT ESPECIALLY FOR 
HADRON COLLIDERS . 

. He GASES HAVE BEEN SUGGESTED FOR -
USE IN CHARM-TAU AND 
B-FACTORIES WHERE THE 
IMPORTANT PHYSICS IS MORE 
SENSITIVE TO MULTIPLE 
SCATTERING IN THE GAS 
RATHER THAN TO INTRINSIC 
WIRE RESOLUTION. 



SUMMARY: 

• Measured the electron drift velocity and the single 
electron longitudinal diffusion in the following gas 
mixtures: 

CF4 only, 80% CF4+20% C4H10, 95%CF4+5%DME, 
78%He+ 15%C02+7%C4H1 0, 820/oHe+ 18% DME, 
91%He+9%DME, 9S%He+ 5%DME, 93%He+7%C3H8, 
9S%He+S%C2H6 and SO%Ar+SO%C2H6. 

• Effect of water addition on the electron velocity and diffusion. 

• Impurities in the CF4 based gas mixtures. 

• Single electron pulse height spectra. 

• Comments on relative breakdowns. 

• Measurement of the near wire diffusion. 

• Wire aging in CF4 gas. 

• Macintosh controlled CAMAC and GPIB system: 

1 . Steps the laser beam using a stepping motor 
2. Measures temperature, pressure, 02,H20 level, etc. 
3. A lot of on-line and off-line fitting. 
4. Monitor probability per event ( P < 5-100/0) 
5. MAC-UAJ software with our improvements. 
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CHARACTERISTIC ELECTRON ENERGY . 

• It is a measure how much an electron heats up 
while drifting relative to a "cool" gas behavior. 
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RELATIVE CATHODIC BREAKDOWN IN OUR STRUCTURE 

IN VARIOUS GASES. 

GAS Edrift [kV/cm/atml 

50°-' Ar + SO% C2H6 > 2.0 

9So/0 CF4 + S% DME > 2.0 Llftl T£J) 

80% CF4 + 20% C4H10 > 2.0 

CF4 1.7 

78%He+ 1S%C02+ ~/0C4H1 0 1.45 

81% He + 19% DME 1.0S 

90.S% He + 9.S% DME 0.8 

9S% He + S°-' DME 0.58 

95% He + 5% C2H6 0.55 

93% He.+ ~Io C3H8 0.7 

Note: 
The numbers are to be taken only In relative 

sense II! 

:gy 1:5. 
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SUMMARY OF POL YA FITS TO SINGLE ELECTRON 

PULSE HEIGHTS. 

GAS 

50% Ar+500/0 C2H6 

CF4 

A/~ 
~ ~.~ 

[J:.v] [V J 
e 

-/.5" 311 ;'S-x/oS' P,2S-2fp.~2J I.PS 
I 

5' I -/.t9S- 3'6 3.&;( /0 a2t?l.i /J,lllf. /.02. 
I 
1 

/, 
/)r 7 J~ - I: S 1 950/0 CF4 + 50/0 DME - ,O::J 3' '/ "i. 5 ;( 0 tJ.272 il1. p~~ /'1/"-

I 

800/0 CF4 + 200/0 C4H10 -/. -:;. Jlf1 3. 'i ~ 10 ~'2't t tJtJlli I.IS-
i 

~ i ) I -0., .11K ."xIO I' -f),q.! I 12>1 
4 I I 

.9 .£1/ · 5'" i< /0 ·~5J7:!lJ.f)() I J.I5' I 

950/0 He + 50/0 C2H6 

930/0 He + "T01o C3HS 

950/0 He + 50/0 DME -(). /Ig /f/ /0 If ..a!ltf ~S; 

-to 4 
90.50/0 He + 9.5% DME £/t t.5""x /0 0. 532t O,tJI /. II I 
81 % He·+ 190/0 DME -/15 ,?'tS- I 

I 
7S%He+ 150/0C02+ -/.35 2e3 "',!.'] x lo'la031.tt14' /.0/ +70/0C4H10 



- IIv' tJtJ£ 

DIFFUSION NEAR THE ANODE WIRE 

• F.Villa has suggested In 1983 that It might be an 
Important contribution to resolution for some 
gases . 

• To my knowledge nobody has addressed it since. 
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CONCLUSIONS: 

A) CF4 GASES: 

• CF4 gases are fast and their diffusion is near thermal. 

• CF4 data agrees well with Schmidt, but only to 5-10% level 
with Christophorou et.al. 

• CF4 alone quenches well for low enough gains. 

• 5 % addition of DME to CF4 slows it down considerably, 
more so than 20% of C4H10. 

• CF4 gases are prone to be dirty!! We found that NANOCHEM 
filter will clean it to allow a long electron drift time. 

• CF4 alone wire ages surprisingly fast in the 1-st mC/cm !!! 
NANOCHEM filter doesn't help. Effect being studied. 

• CF4 gases single electron pulse height spectra looks fine. 

• Water addition studied. 

B) He GASES: 

• He gases are slower and electrons tend to heat up quickly. 

• Longitudinal diffusion is not that large in these gases. Final 
resolution will be determined with poor ionization statistics. 

• Cathodic breakdown is a problem to watch. 

• Single electron pulse height spectra indicate that an admixture 
of a streamer mode is possibly present even at low gains. 

• Near wire diffusion is a larger contribution in He based gases 
than other typical gas mixtures. 
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Abstract 
DeSign concepts and developments are described for the consuucuon and use of charged panicle tracking detectors in the in­
termediate pseudorapidity range (1.4 < " < 2.4). Electron identification IS enhanced by simultaneOus detection of transition ra­
diation X-rays and ionisation energy loss. 

Physics Agenda and Detector Concept 
The physics agenda set the detector requirements. A represen­
I3Uve range of processes to consider includes Higgs searches. 
t-quark physics (Wb, Ws. HTb. fY. Wh. ZOc decays). Z' 
search and triple gauge boson venex sWdies [I]. 
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Figure I a) Charged tJlCk deleClOr layout for usc in 2T 
solenoidal magnetic flCld; 6 IlD modules arc shown [2.3] 

The (s)fennion channels have "large" cross-sections and de­
tailed signatures, and the boson channels have low rates (at 
high masses) and simple signatures. Both types of process 
identify tracking, e± identification and charge sign 
determination over an angular range exceeding ±2 units of 
rapidity as prime requirements. In congested events it is a 
great benefit to have c± identification (dE/dx + TRO) located 
on the electron crack, as well as calorimeter signatures. 

Figure 1 shows a detecror concept for an Intermediate angle 
Track Detector (IlD) [2.3} using dctcclOrS tha1 measure •. r 
( 150 J..IIIl accuracy) and r (2 em accuracy) at faxed z (beam di­
rection) in a 2T solenoid. The momentum resolution is 
compared to that of a dipole derector in figure 2. The accura-
cies arc comparable but a solenoid is preferred because of az­
imuthal uniformity, advantages in systematic errors and 
uack malChing to an inner uack/vencx dcleCror (e g silicon 

in SOC. see figure I). and in suppression of background 
caused by (very) low momenwm secondaries produced in tile 
beam pipe [4}. The measurement is obtained using radial­
wire drift chambers that measure CII-differences directly. To 
obtain given a momentum error the number of sense planes 
needed is only half that of a Canesian grid of the same cell­
size. Because the radial-wire cell size is better mau:hed to the 
varying hit density (d2N/drd~ - Ilr in endcaps) the advantage 
grows to a factor of three. 
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Figure I b) 48-SCClOr radial chamber module used in the HI 
experimcot [5]. 

The equations of a track originating on the beam line at 
r = z = 0 in a uniform magnetic field arc 

• = .0 + eBz/2Pz 
r;::; 2J>T .sin (eBz/'4lz>/cB 



Event associated uacks are thus exactly straighllines in the .-Z plane. This makes for easy track-finding within and be-
tween modules. 
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Figure 2: Comparative momentum resolutions for 
solenoidal and dipole inlennediale angle tracking detectors 
(FTD) [4). 

Detector Layout and Perrormance 
The lTD in figure I bas 6 (or 5) modules per end-cap with 
300 sectors (50 S r S ISO cm). The maximum drift dis­
tance varies with radius from 5.2 to 15.7 mm. Each module 
has eight radial wire sense-layers giving a modest total of 
14400 (or 12000) channels per end-cap. For readout. each 
sense wire is joined to another well separaled in azimuth 
(1050 in HI). Using resistive sense wire, charge division 
readout gives 2 cm position resolution in r. The whole de­
tector is consuucled of light composite materials. The z­
space between modules is filled with suitable transition 
radiator (TR) material (polypropylene foils in HI). 
Traversing electrons emit -1.4 collinear X-ray photons 
(<Ex>-6 keV) which conven in the chamber gas (30% Xe) 
in each module. Deposiled charge (dE/dx + TR) is used to 
distinguish e from badrons. 

With a gas gain of 2.104 the sense wire inadiaaion. dose' is 
0.08 C em-I y-l at L = 1.l()33 cm-2 s-1 mel the occupancy, 
(hit ratelceU) x (busy time), is 0.12. The busy time is equal 
to 2 x (two hit resolution)/(drift velocity). The HI forward 
tracker has already achieved 1.5 nun two-bit resolution (5]. 
Given radial wire sense wire geometry and azimudlal electric 
drift fields in a solenoidal magnetic field, the component of 
drift velocity perpendicular to the wire cannot exceed 

vpap= E/M'sin (280 
where 8L is the Laentz angle of rotation of the electron drift 
relative to ~, and k = EI (vB sin 8L). k - 1.1 for most gas 
mixtures. We therefore design our chamber for a fast gas 
with E = 3 - 4 kV em-I, B = n, 8L = 45°, vperp- 100 JUIl 
ns-1. (See [6] by J.M.Bailey for our work on gas mixtures). 

The occupancy and lifetime fi~s indicate mat the detector 
is viable up to L = 3.1()33. cm-2 s-l. Detector congestion 
and paw:m recognition is discussed below. The major ICCh-

mcal concern is the maintenance of the cathode-plane voltage 
gradient in the presence of the high anode current draw . 
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Figure 3 a) Position resolutions in ~.r as a function of drift 
distanCe in an HI 48 sector radial wire chamber [5] 
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Figure 3 b) lntcgrated charge measurement for three 12 wire 
modules in the HI configuration for 5 GeV e with preceding 
radiaIor. also shown are K spectra calculaled from measure­
ment of 5 Ge V e without radiaIor (5). 

The 48-scctor HI forward tracker (5) acts as a prototype for 
this device. Mechanical constrUCtion provides wire position 
accuracy of 38 JUIl rms. Pulse height measurement is inde­
pendent of position along the sense wire to within 2% and is 
very uniform between sense wires. Figure 3(a) shows posi­
tion resolution as a function of drift disaanc:e (everywhere 
better than ISO JUIl) and figure 3(b) the integrated charge 
measurement for elecuons and pions. At 9()Cjb elecD"on effi­
ciency these provide a pion rejection of 200 at 5 GeV Ie and 
25 at 40 GeV Ic. Similar precision is IDticipaaed in each case 
for the SSC lTD as described. The ~.r and r measurements 
are naturally c:orrelaIed by the readout (8-bil nonlinear FADe 
in this case). The device thelefore provides three-dimensional 
space points with deposiaed charge information. 



MEASUREMENTS OF ELECTRON DRIFf IN FAST GASES WITH CROSSED 
ELECTRIC AND MAGNETIC FlEIDSt 

EHIT Collaboration 

I.M.Bailey(I), G.A.Beck(I), S.F.Biagi(a\ P J.Bussey(bl, P.Colrain(b), I.B.Dainton(a), E.Gabathuler(a), 1.C.Hart(:), 
1.w.Hiddieston(e), SJ.Maxfield(al, N.A.McCubbin(e)~ I.M.Monon(a), B.T.Payne(e), C.Raine(b), EJ.Romans( ), 

D.P.C.Sankey(a), D.H.Saxon lO), I.O.Skillicom(b), DJ.White(c) 

~Supponed by the UK SERC and the US DoE through SSClab R&D project, SSC-PC-Q24 

(a) Depanmem of Physics, University of Liverpool, POBox 147, Liverpool L69 3BX, England 
(b) Depanmem of PhysIcs and Astronomy, University of Glasgow, Glasgow G 12 800, Scotland 

(e) Rutherford Appleton Laboratory, Chilton, Didcot, Oxon. OXII OQX, England 

Abstract 
Results are presented from theoretical and experimental studies of electron drift in gas mixtures which aim for high drift 
speed and good X-ray detection. Implications for the design of an Intermediate Track Detector at a supercollider are briefly 
considered. 

Introduction 
This paper reports progress in establishing the optimum 
gas mixture for an intermediate angle gaseous chamber 
system at an experiment at a future proton supercollider 
(SSC or LHC). The detector (Intermediate Track Detector 
lTD) will be designed to reconstruct charged tracks, and 
possibly also to identify electrons by means of transition 
radiation (TR) detection in the pseudo-rapidity range 1.2 < 
T\ < 2.2 [I]. The foreseen technique follows closely that of 
the forward track detector at the H I experiment at HERA 
[2.3,4,5]. An essential ingredient for the proper design of 
an lID is an understanding of the electrOn drift propenies 
of potentially suitable gas mixtures. 

Preliminary Considerations 
Theoretical and experimental studies of various gas 
mixtures are under wa~. Interaction rates at a proposed 
luminosity (1033 cm-2 s' ) of future supercoUiders together 
with the nature and configuration of drift cells in an lID 
at a "magnetic detector" (e g the SOC experiment at SSC 
[6]) pose the following minimum set of requirements on 
choice of gas mixture if optimal drift chamber operation is 
to be possible: 

high drift velocity for minimal cell occupancy 
with minimal drift Lorentz angle; 

• good spatial accuracy in proportional mode; 

minimal depreciation with radiation exposure; 

manageable physical and chemical properties; 

• X-ray sensitivity for effaciem TR deleCtion. 

Figure 1 shows a compilation of measurements of the 
eleclron drift velocity as a function of drift field for the six 

fastest known pure gases [7]. When mixed with noble 
gases for comfonable HV operation (Ar for cheapness, He 
for low density. Kr and Xe for TR X-ray absorption). high 
drift speed is still to be expected. Other components may 
also be included as quenchers, ionization increasers, or 
fillers. 
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Fig 1: Elecuon drift velocities in fast polYalOmic gases. 

4 

Admixtures of the gases of figure 1 to the noble gases 
also cool electron drift by vinue of their (inelastic) 
vibrational degrees of freedom. Nitrous oxide (N20) and 
neo-pentane «CH3)4C) have further good propenies. For 
example N20 contains no C atoms. so can never 
polymerize. while (CH3)4C absorbs the UV emission of 
Kr or Xe better than is<>-C4HlO or other quenchcrs. Kr or 



In choosing a particular mix we try of course also to 
minimize the toxicity and explosion risk. In what 
follows. we present first\ measurements of mixtures 
containing the cheapest noole gas (Ar) and the fastest pure 
gas (CF4), 

Experiment 

A multi-wire drift cell designed and constructed 
specifically for the purpose is used to measure drift 
velocity and Lorentz angle. The chamber follows closely 
the design of Atac et al [8]. Drift time in a constant 
electric field is measured over perpendicular distances of a 
16. 32 or 48 mm from a sense wire. Drift direction is 
measured using the known position of irradiation by a 
collimated 90Sr source (~ end-point energies 0.55 MeV 
90Sr• 2.23 MeV 9OY) and the position of gas avalanche 
along the sense wire by means of the induced signal on 
adjacent cathode strips. The chamber itself is operated in 
the uniform magnetic field of a C-magnet (B ~ 2 T) with 
the plane of ionisation drift and sense wire perpendicular 
to the magnetic field direction. 

150 + EHIT 

f:" ChnsloPhorou 90/10 (1985) 

/ 
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ARGON : CF. : 90.4 : 9.6 B. 0 
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Fig 2: Drift velocity measur~ent in an Ar:CF4 90: 10 
mixwre with B=O; previous measurements and calculation 
are also shown [9.11,12). 

Results of drift velocity measurements for CF4 : Ar 
mixtures in zero magnetic field are shown in figure 2 
together with preliminary calculations [9.10). In zero field 
our drift velocity measurements agree with previous 
measurements [11.12). Systematic errors of measurement 
are of MIer 10%. and may be reduced after further study. 

In fmite applied magnetic fle1ds (examples are shown in 
figures 3 and 4), where our mcasuremcills are unique, there 
is however some discrepancy of drift speed and angle with . 

calculation. These calculations involving CF4• and the 
parametrisations of input cross sections which they use, 
are new so the discrepancies should not yet be regarded as 
established. 
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Fig 3: Drift velocity and angle measurements in an 
Ar:CF 4 68:32 mixture and crossed B field of 0.92 T; 
theoretical calculation is also shown (9). 
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Fig 4: Drift velocity and angle measurements in an 
Ar:CF 4 52:48 mixture and crossed B field of 1.23 T; 
theoretical calculation is also shown [9]. 

11 is already clear however that the use of CF4 as a major 
component of drift chamber gas for the purpose of 



increasing ionisation drift velocity to at least 100 IJ1TI ns- 1 

is confinned and for the first time demonstrated in 
substantial crossed magnetic field. Nevenheless its use in 
a magnetic field of -1.8 T (likely in the SSC experiment 
SOC) with a suitable drift electric field may involve 
Lorentz angles substantially greater than 45° unless the 
chamber can be operated with a high drift field ~ -2 kV 
cm- l . 

A major problem associated with the use of CF4 is the 
chemical effect it has on materials familiar to us in the 
construction of low mass drift chambers, e g foam. 
phenolic and epoxy based composites. At least one of our 
insulating materials, probably phenolic-bonded fabric 
("Tufnol"), and perhaps also epoxy-bonded fabric ("G 10"), 
had shrunk significantly due to absorbing CF4. 

We are therefore now carrying out measurements of 
mixtures with N20. which on paper looks also to be a 
suitable gas for drift velocities of 100 11m ns- 1, as 
quencher while we prepare a new prototype using CF4 
resistant materials. To date it is not yet clear that we can 
achieve adequate avalanche gas gain in the externally 
applied magnetic field for the hithertO possible electric 
drift fields. 

Implications ror ITO Chamber Design 

The requirement of high drift field and thus acceptable 
Lorentz angle (- 45°) is easily achieved with modest 
applied voltage for the small chamber aperture which is 
essential at high rate supercollider experiments. Any 
significant Lorentz angle increases the memory time of a 
drift cell and thus increases me occupancy. One possible 
way of reducing this effect is to string the ITO sense wires 
to follow as closely as possible to equiangular 
(logarithmic) spirals (figure 5). 

Fig 5: Equiangular spirals for 45°. 

The problems experienced with the deformation, chemical 
andlor physical, of the construction materials used dicw.e 
the following: 

pre-shrinkage by long immersion in CF4 gas, 
or perhaps other CFCs 

identification and use of low mass, inert 
materials which also have the necessary 
mechanical propernes, e g Teflon (PTFE) 

and they are being pursued. 

Conclusions 

First measurements have been made of electron drift 
characteristics in substantial crossed magnetic fields with 
gas mixtures which appear suitable theoretically for 
gaseous drift chambers at high rate supercolliders. It is 
possible to achieve acceptable drift velocities 
(>-100 km s·l) in Ar:CF4 mixtures, but with the 
disadvantage of substantial drift angles for values of drift 
electric fields used hitheno (-0.12 MV m-I). At higher 
drift field (> -0.3 MV m-I) the drift angle can probably be 
reduced to 45° or less. Present theoretical calculations of 
drift velocity and angle for these mixtures are not yet of 
adequate precision for chamber design. 

A serious drawback of the mixtures so far investigated is 
their deleterious effects on the materials traditionally used 
for low mass construction. 
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1.0 Background 
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During this reporting period, the design of the graphite/epoxy straw module has been 
completed in detail to put out requests for fabrication bids. Detailed design 
calculations were performed, and specifications and detail drawings produced to 
completely define the module for fabrication. 

2.0 Detailed Calculations 

Attachment A contains the detailed calculations upon which the detailed design was 
based. These calculations led to the following conclusions: 

2.] Loads 

The loads that designed the module were found to be the thermal loads due 
to cooling the module back to room temperature from the maximum curing 
temperature. The stress-free temperature of a cured composite is close to the 
maximum cure temperature at which most of the cross-linking occurs in the 
polymer used for the matrix. Because of the high coefficient of thermal 
expansion (erE) of the epoxy (about 21.(1O)~rF), and the negative erE of 
the graphite (about -1.38(10)~rF), compressive buckling stresses are induced 
in the graphite filament. 



2.2 Stresses 

?" _ .. , 

The induced compressive stresses in the thin laminates, due to cooling from 
cure. result in various modes of buckling, which cause warping and waviness 
of the modules. Such warping and waviness are unacceptable in the module; 
consequently a design fix was found which involves laying up the thin 
laminates on a polyimide foam, which enormously increases the flexural 
modulus and buckling strength of the laminate while imposing very little 
weight penalty on the module. In fact, the design using the foam core saves 
weight over that of the solid laminate for the case of designing to prevent 
buckling due to the tungston-wire forces; i.e., only .009-in. thickness of 
graphite (3 plies of .0015-in. per ply layed up on each side of foam core) are 
required to prevent wire-force buckling, whereas six plies of .0025 in. per ply 
(.0 IS-in. of graphite) are required in a solid laminate to prevent wire-force 
buckling. However, the latter point is mute, since curing compressive stresses 
would cause buckling of the solid laminate. 

Required Layup on Foam 

In general, for curing temperatures over ] 50°F, thin laminates will buckle if 
there is no stabilization provided by foam or other reinforcements. Therefore, 
all layups of thin laminates should be reinforced by foam or other means. 
Also the layups should be balanced and symmetric, and the effects of the 
flt.'xihility of the foam on the symmetry and balance, should be assessed. 

3.0 Specifications and Drawings 

Attachment B shows the developed specifications and design drawings to be used for 
fabrication. 

Prepared by: 

Approved by: 



A 7rAcflll1£tf/i /l, 
SANDWICH MODULE 

Problem 

There are residual stresses generated in graphite-epoxy composites which can cause 
buckling in thin, unsupported layups. These stresses are zero at temperature near the 
maximum curing temperature, but the stresses develop during cooling back to room 
temperature. 

Types of Residual Stresses 

There are two types of residual stresses, as follows: 

1 . Shearing Residual Stresses Between plies 

There are residual stresses due to each ply of the laminate being differently 
oriented (e.g., ±30° layup), and, consequently each ply has different coefficients 
of thermal expansion in different directions. These differences induce shearing 
forces between plies and would cause warpage if the layup is not balanced and 
symmetric about the centroidal center line of the layup. If balanced and 
symmetric, however, the forces sum to zero and generally cause no trouble. 
Additionally, these stresses can be determined using finite-element laminated 
analysis, usually using the maximum curing temperature as zero stress 
temperature, and cooling back to room temperature, and reading out the 
resulting residual stresses. 

2. Shearing Resjdual Stresses Between Epoxy.Matrix & Graphite Filament 

These stresses result due to the enormous differences between graphite 
filament COE (coefficient of thermal expansion) and the epoxy COE. Again, 
these stresses do not cause warpage, providing the layup is symmetric and 
balanced about the centroidal plane. These stresses can not be determined by 
laminated finite-element analysis. One would need to perform a "micro-finite-
element" analysis, modeling individual elements of epoxy and elements of 
graphite in order to determine these stresses. These stresses can cause 
buckling of thin elements, because of the net compressive forces which they 
produce in the graphite filaments. The following example can aid in this 
understanding. Our current layup is as follows: 

[0/+30/-30/-30/+30/0] .0025"per ply. The properties of this layup have been 
determined by finite element analysis to be: 

e 
Eo = 20.0( 10) psi 

e 
EgO = 2.14(1 0) psi 

e 
G = 5.29(1 0) psi 
COE=a 

e 
-1.382(10) 

a o= OF 



6.315(10) 
agO = of 

-a 

For an approximate analysis, we will treat the layup as two bars, one is graphite with a 
COE of no and the other will be epoxy with a COE of 

-a 
21.0( 10) 
-....,;.o=-F~ ,a •. 

The equation that expresses the behavior of the two bars during cooling is as follows: 

Where 

AT = Cure Temperature - Room Temperature 
P = induced compressive force in graphite, equal to tensile force in epoxy 
Ag = cross sectional area of graphite 
A. = cross sectional area of epoxy 

(AD =.60; A. =.40) 

Eg = Modulus of graphite = Eo = 2~ 10) • 
e 

E. = Modulus of epoxy = to(10) psi 

In actuality, the induced forces will be shear as follows: 



However, the shear behavior will induce a force of P (equation 1) and we can use 
Equation 1 to determine the compressive stresses in the graphite. Using Equation 1, 

10-6(350 -70)[21.0 - (- 1.382)] = ~ 1 6 + 1 6J 
·L.4(10) .6(20)10 

or P = 2426 Ib 

P - 2426 Compressive Stress in Graphite = -A = 
g .6 

= - 4043 psi 

We consider that this longitudinal compressive stress exists everywhere in 
the trough and lid. 

10 . 
. r~$.J; 6~ -,' /' 
IBIICj(/';'1i cc.. ;;;,.../.'" '::',.' i I I . 

. ~ - I I oJ ::7 ./-.. '" I I I 
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~$7jb(e ckll;elo~' ! 
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We see that the equation 
p A = aT 14.0 

g 

will give a good estimate of the compressive stresses (that tend to buckle) that will be 
induced in the curing AT. Obviously, we would like AT to be as low as possible: 

Such residual compressive stresses would be no problem in thick laminates or in 
supported thin laminates; i.e., thin face sheets bonded to honeycomb or foam 
sandwich. 

Thus, we must worry about buckling or crippling during cure. Let us examine our 
current design. 

• We should use a 200°F curing epoxy; this will reduce AT from the current 
280°F to 130°F. 



1. 0 Buckline of Sides of Trou~h 

From Timushenko's Theory of Elastic Stability, 1 st Edition, 1936, page 339, 

--

Where 
o = LJ~( E~oE~9-o) ,J 

I = Bending moment of Inertia of cross section per running inch. 

For our 6-ply [0/301-30]5 layup, 

h = .015 in ; 

and Eo and EgO are the flexural moduli in the 0° direction [20(10)6 psi] and gOO 
direction [2.14(10)6 psi], respectively. 

Thus from Equation 2 

Thus, since the residual compressive stress is 4043 psi, the side will buckle badly. 
Let's try the following design: 

, 2 3 

I = (. 005( ~ ) 2 + (. 0~5) =.0025h,2 + 2. 08( 10) -7 =. 002s[h,2 + 8. 33{ 10) -6] 
.., I· C f 9/) I '~~ ;J fl'" I{ if '~)""")"I" ('/ It~-

h ~ Th"cl<"~f5 
f\olt'c~11 pOi'm 

_j /J,/5f/ 

--L- / "..I'I/~ C'J :"',)L- 9r.Jr 117' l'l"'''/ ~ '-l·;;.oc • 

'" -it' \ k" h -I- .N> 
T" T _Dog 



EgO = 3. 5( 1 0) 
6 

Solve for h' required to give factor of safety of 2. 

2( 4043) = .4571t2.J 19.8(3.5) 1 06(~0025ih'2 + 8.33(1 0) ~J 
(1.403) (.010) , 

h =.0411 
h = .0411 -.005 = .0361 

Rohaeell's thinnest foam is 1 mm, or .0394-in. We will use this. 

2. Bucklinr: of LID TOP 

Treat as plate, a inches long, b inches wide, simply supported all around, with axial 
compressive stresses of 4043 psi (page 2), use Timoshenko reference, page 329, eqn. 
213, K = 4. 

or 

or our cure) 
2 1[2.J AI )' e( .015) . 

Ocr ="3 2U\2.14 10 \..5.21 =178 PSI 



Since the residual compressive stress is 4043 psi, the plate will buckle. Now see what 
j" ,2 ~J 

thickness foam with the design 1=. 0025..h + 8.33(10) and with the layup [30/-
30/foam/-30/30] .0025 in. per ply, and with the cure temperature 200°F, producing a 
stress (a = 1 4 L\ T) of -1820 psi. Equation 2 becomes: 

[ ,2 -6] 6 
2(1820)= 47t2 .J19.8(3.5)(.0025) h +8.33(10) 10 

2 
(5.21) (.010) 

,2 ~ 

or h + 8.333(10) =.0012026 
h' = .0346 
h =.0296 

Thus .030-in foam would be required to prevent this buckling. 

Now, we will examine what thickness of foam will prevent bulging. 

3. Bulging Due to Straw pressure 

The straws will be squeezed between the lid top and the trough bottom. The 
straws will be squeezed down against the m-m's, which are spaced every 80 
cm (approximately), 31.5". While, clamped in this squeeze, the lid will be 
bonded onto the trough. Because of compliance of the st raw, it will exert 
pressure back against the lid and trough (after removal from the bonding fixture) 
causing bulging, analyzed as follows:· ; , 

.~(lil/'<~ ... "'fr"j 
i i ..--.--... 
I 

... - . I 
I 

5ralfw 
C ~()5j 5eCT/l'ji. i . 

! 

ot.e ~frilN! 

I.;~~ 
·-·~'BJ1C;J,bu,.':!f~ 

. . 

The force W (applied on 6 sides) can be determined versus deflection, S from Roark, 
5th Edition, page 226, case 7 as follows: 

_._@ 

The properties of the straw materials are as follows: 

Material Mylar Epoxy polycarbonate 

Specific Gravity .920 1.35 1.20 

CoNrl#U~l> i!c-.xr rAG/!' 



Young's Modulus, psi 25,000 200,000 330,000 
Ultimate Strength, psi 1,500 5,000 
Elongation, % 

~ 

90(10) 30(10) 
CTE of of 

- EyA E Item A EA Y 
330,000 1 .0005 165.0 .00025 .04125 
200,000 2 .0004 80.000 .0007 .0560 
25,000 3 .0005 12.50 .00115 .014375 

257.5 .111625 

l:EyA 
Y = l:EA =.0004335; 

R .1580 -= 2 + y;or 

R=.07943
H 

tT = l:Er + l:t AE - U:EA)V 
-s tT = 2.242( 10) Ib - in2 

Equation 4 becomes as follows: 

9= 30° 
-s 

a = - = 2.242(10) = t3a(10\-s·K = 1 
2 2 'I • 1 

AR 257.5(.07943) 

~= FEI
2

;; 1.5(2.242)10-
5 

2 = 3.8(10)4I;K
3 

= 1.0 
GAR [10s(1.4)(.07943) ] 

3 

9,000 
100 

~ 

37.5( 10) 
-6 

of 

E'iA -
B 

.0000103125 3.4375( 1 or6 

.0000392 1.0666(10).6 

.00001653125 2.60417(10r6 

6.604(10rS 4. 7646( 1 or6 

S = W (.07943) 
-5 

2.242(10) 
1 ( ~+ SinSO)_...1] =.037SW _ in 

4sin 230o S 2 ~ 
3 

W= KS= 25.SS 



Where K = constant of straw. 

Amount that straw will be squeezed 8 = .00160 = .1590 2.1558 
::;~;)IICJ I 

Pressure on shell of Module due to straw squeeze will be q Ib/in2lnY,.~ 

W 26.6(.00160) . 
q = strawpitch = [.1558 +. 0014(2)] =.268psl 

First determine bulge of 4 ply, (±30)s,withOut foam, and then with foam: 

t 

L . I ~ j- "'1/' If I, / : . 
_ - - - - -~1. - ~ - ! _ ~,. I -f'''' I ~/('f~ . I 

·f--f-1-~-r-... --.t-----r~-Cf'Y1i ; 1?f~1 3/'!!J-'/ :": ---.-1--I-_L.-L-.,...I.-.-.I- I fj' II 'I .. ,': 
.'P i ! I I: /, r., (br ~Hl'(" It\~~, 

. ------. ",,",--,-,; I s~ClII"~s -r~~J.j:: 
---5.':)./" :: I ;'i'.f'/7t ~y~~l'll~, 

I I I ~ I I 
//1»(111111- 0 S~ . bl/&~ fffchfll I" L?6 ! I . 

Roark, 5th Edition, pg. 386, case 1 a, 

a 315 b = 5.21 = 6.05 
.. 

fl = a q b 5; 
b E t3 

90 

E =E90 = 3.5{1 0)6 
a = .142 

.. 
A = .142(.268)(5.21) = 7 97 _. 
u b II 3 • In 

3.51(10) (.010) 

This is too flexible. But make the correction as follows: 

flb = (7 sin60+1)8 for 8 rows of straws. 

So, when 8 - .0016, flb should be no more than (7 sin 60 + 1 ).0016 = .0113 
Thus use enough foam so that this condition is achieved. 



Replace t in Equation 3 with t*, where 

3 ,2 
(t*) ._ h (.010) 
1"2- 4 

t* 3 =. 030h,2 
~ 

A
b
=.0113= .142(.2~8)(5.21)'2 

3.51(10) (.030)h 
h' =.1535 in 

Thus we see that .154-in of foam would reduce the' flexibility by a factor of 
7.99/.0113 or 707. (over 700 times as stiff as without the foam). 

Using the 1.9 Ib/ft3 Ruhacell WF Grade, .150 in of foam weighs the same as 1.07 
plies of graphite epoxy. Thus, we solve the terrible transverse flexibility problem 
with a minimum cost in weight. 

Thus, we solve the problem of the sides buckling and top and bottom 
excessively bulging by placing .015-in. foam in sides of trough and .150-in of 
foam in bottom and top of module. Now there is one more problem of instability 
to solve; i.e., because of one side of trough (or lid) buckling before the other 
side does, a form of twist-bend buckling occurs. 

We will check the lid first. 

Check the lid for twist-bend buckling. See appendix (see J.P. Den Hartog's 
Advanced Strength of Matenals, page 283) for explanation of this buckling 
mode. IV i 1 •. 

I, : :,1 1 I ; "'".IT:' ,-:.; ee-''''' I'! '. t V-! ! .. 1 ·1 I.,~f--J f: 
_--:-J--s,2I: : ' , : Fill 

L: I I I I': \ f . I . 

From the appendix, Mo = Mo' where -
1CJEI,. C 

Mo I 

Determine If : 



Item 
1 

A 
.0521 

-
Y Ay 

2.605(10)-4 

-2 
Ay I 

.005 1.3025(10)-6 4.3417(10)-7 

2 .02088 .452 .0094378 

.0096983 

analyzed for [± 30] .0025in/ply • 
A = .07298 
Y = .13289 in 

It = .0014222 + .0042672 - .0096983 (.13289) 
=.00440in4 

.0042659 

.0042672 

ce = T ; or twist angle per in of length = ~ = 6 
See Roark, 5th Edition, page 300, case 1., C=KG 

3 3 

K= ~ (h +2b)= (,O~O) [5.21+2(.904)] =2.34(10f
6 

8 

G of [± 30] layup = 6. 3g( 10) • 
:. C =KG = 14.95 in2 -Ib 

Equation 4 becomes: 

.0014218 

.0014222 

What differential stress and strain in the turned-up legs would produce this buckling 
moment:? 

Determine Iyy from Figure above 

3 

Iyy =.010(5;;1) + (t044)(.010)2(2.866/ =.289 in4 

= Moe = {112.6)2.87 = 1 118 psi 
(J I _289 • 

• (J 1118 in Stram = E = - = 8 =.000055g.:..:..:. 
E 20(10) In 



Now, we should estimate what possible differential stress exists in the cured graphite 
epoxy. 

Cured Graphite Epoxy Cools from 350°F to 70°F 

6 
Eepoxy = 1(10) psi 

8 

Egraphi,e = 60( 10) psi 

p 
st . h· ~ ressm grap Ite = .60 = (J g 

Onto 11i~ 
/IP$. 10 '" 

(J/ = - 4,870 psi compression 

Differential Stress in Flanges = (J's - (J.4 = - 2395 psi 
g g 

Also note that if one flange buckled before the other, twist-bend buckle would occur. 
The -2395 psi is more than twice the value required to buckle the lid in twist-bend. 

Now, we will see if the foam will solve the twist-bend buckling problem. 

To determine K(C=GK); use Roark, 5th Edition, a combination of case 1 (pg. 300) and 
case 16 (pg. 293): 

Treat the case as two springs in parallel 

T I ':i 
/'·051" JY \. ~~'t . I I'·: ~ 
~Cl ========='=" '~~~rll~:i-:: ..... ! ·'~k ,'-.t» i 5.,/--!---t--r--:-. r-, -ru:: I .> H 

; . 



(T = KG9) 
T1+T2=T 
TT = GKT = G(K1 + K2) 
KT= K1+ K2 

3 3 

K1= (. O~ 0) . 2(.904) + (.OOS) ;S.21)2 

-7 -7 
or K1= 6.027(10) + 4.342(10) 

2 2 

K = 2(00S)(S.12S-.00S) (.16-.00S) = 119394(10)-3 
2 (S.12S+.160-.010) 

KT=K,+ K2 = 1.1945(10) 
-3 

G = 6.39(10) 
-15 

C = GK T = 7630 in 2 /1b 

If If were the same, 
Mo = ;2 Jr-20-(-1 O-)~e .-0-04-4-0-(7-,-63-0-) 

=2S44 

and the critical differential stress would be (~ = MIC )2S,300 psi 

Thus, whereas the design without foam would buckle (twist bend) at a defferential 
stress of only 1,118 psi, the design with .1S0-in of foam between the face sheets (of 
±30 plies on each side), would require 2S,300 psi differential stress. Thus, it is proven 
that the .1S0-in of foam needed for minimizing bulging will also eliminate twist-bend 
buckling. 

Therefore, it is proven here in that .039-in foam in side walls and .1S0-in foam in the 
bottom and top of module (trough and lid), there will be no buckling or excessive 
bulging in the module. 



ADV ANCED STRENGTH 

OF l\IATERIALS 

J. P. Den Hartog 

ProJellor oj J[ echaniccl En¢nUri1&4 
).[ cwochuaetu I nstitu.te oj Technology 

-_ .. -_ ... -:. 
.. -_. - -... ~.: :.- -.- : .' .. _ .. -.. -_.--

. -.... .. " --~-. --
::.:: . 

1'\ '::' • - • ~ • 
\.: ........ 

. . l. ........ -
. -- ...... ., 

New York Toronto London 

McGRAW-HIl.L BOOK CO:'lIP.-L"\Y, I);,C. 

1952 

~wis d B ng ( ams a t is \ _ stili _ ~t 

bending in one plane and Yery flexible in a perpendicular plane, like a 
ruler or T square, and if that beam is loaded in the stiff plane, it h:ls been 
obsen-ed to buckle Ollt in the flexible direction_ and this bending buckling 
in the flexible plane is ahr:1Ys a5-<o)ci;lted \dt h ;l t\dst. COlliider the case 
of Fig_ 19U, where the be;lm of cro~:; section ht (the height h being mn.ny 

.410 
FIG. 190. A i>.!:lm n;th " » I, supportd :It its ends so th:1t the :Ingle <p is zero there, 
subjected to) i>.!n.iing moments Jr. in its stili plane_ When Jr. re:lches the critic:ll v31ue 
IEq- (150)1, the be:lm buck.l~ out in :1 combin:ltion or bending '.l in the flexible plane and 
torsion .p. 

times the thickness t) is simply supported on its ends between flat guides 
so that it cannot t\\;st-turn at those ends. The beam is loaded by two 
equal and opposite bending moments at the ends in the stiff plane, which 
puts the upper fiber in compression :lnd the lower fiber in tension_ When 
these stresses get sufficiently high, the upper fiber can buckle out side\\ise, 
while the lower fiber roughly remains straight. This means a side\\ise 
bending u of the middle line h. '2 of the beam together \\;th a t\\;st, becau!'e 
in the center of the span the h is no longer nrtical, while at the ends h is 
held in place by the end guides_ 

A similar situation e:cists \\;th the cantilever beam of Fig_ 192 (page 286). 
The bending deflection in the stiff plane is very small, and when the load 
P gets large enough, the be;lm can be in indifferent equilibrium in a condi­
tion of sidewise bending combined \\;th tl\;st_ This type of problem was 
solved in 1899 independently by Pranntl in Germany and by Michell in 
England. 

TU'ist-bend Instability by Bending J[ omen/so This is the simplest case 
in this class of problems, and the s:.-stem is sho\\-n in Fig_ 190. We call u 
the side\\;se displacement of the center line h,'2 of the beam. Ii the angle 
IF ",ere zero throughout, then this U would also be the side\\;se displace­
ment of the upper and lower fibers of the b€am. In the buckled shape 
howe\'er, there \\;11 be an angle .y = .;(X) , and u = u(=), so th:l.t then u is 
not the displacement of any fibers except the center one. [The top-fiber 
curve displaces by u + (hIF/2).) The bending moments M,) are represented 



in the plane sketch of Fig. 190 as double-headed straight arroWl, related 
to the cUJ"\'ed arro'Ws by a right-hand serew con"ention. 

The ditrerential equations are found from considering the equilibrium of 
a piece of the beam from 0 to % (Fig. 191). In the~lane ,;ew of Fig. 1914 
the moment exerted on the beam (or equilibrium must be Mo, as sho\'nl. 
The M. at point 0 is caUed a bending moment in the stiff plane, but the 
same moment M. at % can no longer be called that. We first break up 
M. into t'Wo components in the horizontal plane, as sho1\'l1. The moment 
ltl.(du,.'dz) is called a twisting moment, since it is directed along the center 
line. The magnitude o( the other component M' differs from M. only 
in quantities of the second order. Xow we proceed to the other projection 
(Fig. 191b). The moment "ector ltI~ in the horizontal plane is again 

M. DJ bJ 

r 
Ok------

\ '" 
~--:.{ 

SL • ~ ,~dx 1/ , f ,..'7'. 

M. 
FIG. 191, Left-bud portioD or the beam or Fl,. 190 ill the buckled .tate. The momeJIt 
N, it JeIOlved illta three compollentl: Mi- ill the ltilf beDdiDC direction, M., in the 
flezib1e belldiDC direction, ad ]Of,v.' in the t, .. ittinC direction. . " '-
resolved into components; Mof/l is called the bending moment in the ftexible 
plane, and M-.- (differing from the magnitudes of M. and M' by second­
order quantities only) is the true local bending moment in the stiff plane. 

Now consider a small element dz of the beam at % and write the deforma­
tion equations in the fte.~ble bending plane and in the t"isting direction: 

, (149) 

C",' - Mou' 
Here C is the torsional stiffness Ghf 13 (see page 15); E 1/ is the flexible 

bending stifness Ehf /12. The bending moment M oIP is so directed as to 
tend to cause a neptiY! cUJ"\'ature u" in the beam; hence the negative 
sign in Eqs. (149). The twist moment Mou' tends to increase", locally, 
so that in the second equation the sign is positive. Here then we ha"e a 
pair of equations in two yariables u, "', whereas in the simple Euler­
column problem 'We had one equation, 

Ely" = -Pr 
We are now ready to soh'e Eqs. (149). Difrerentiating the second one, 

we.find u" from it and substit~te into the first one, thus e)jmina~1 ~: 

or 

EI, . C "- -MoI/I 
Mo '" -

"+ M! 0 
'" EI, . C'" = 

The general s01ution is 

C . ( J! 0 ) + C ( M 0 ) IP- I!Hn %_1 ,cos %_1 
vEI,·C vEI"C 

At the left boundary % == 0, "'e hase II' = 0, and as 8 consequence C, - 0: 

.; = C1 sin (x V M 0 
) 

EI/· C 

At the other end % = l, 'We again have", = O. This can be done in 
two ways. One possibility is C1 = 0, which gh'es us a true but uninter­
esting solution: a non-buckled straight beam. The other possibility is that 
C1 has an arbitr&J'Y "alue lI'.u and that the sine is zero or 

Mol ~ 3 _ / = ", &''', ", etc. vEl, . C 

We are interested in the lo'West buckling load only, which is 

( _ "YEI, . C 
M o) .. ;, - I , (150) 

The shape of the buckling then Is II' = "'.u. sin (r:x/l), a half sine wave. 
From the second of Eqs. (149) we then conclude that 

. n 
II' = 11' ... sm T 

(151) 
C .n etc ,n 

u = Mo "' ••• sm T ::: ; -.vET; 11' .... sm T 
-

The reader is advised to 'Work Problem 200 to get a better visualization 
of the deformed shape. " 

If the beam is not sufficiently flexible either in bending or in torsion 
(Eq, (150) contains the product of the two], then the critical bending 
moment becomes large and the possibility e:\;sts that the beam 'Will );eld 
before it buckles. Assuming E = 2!-2G and a );eld stress of Ell ,000, this 
occurs when 

Yields before buckling for ~ :S 2,000 , .' (152) 

approximately. The derivation of this result is left to the reader tUI 

Problem 199. 



ATTACHMENT B 

CARBON FIBER SHEll.. SPECIFICATION 

1.0 SCOPE 

This specification describes the requirements for the design, analysis, fabrication, testing, and 
inspection of carbon fiber shell pans to be furnished to Indiana University, hereinafter 
referred to as the buyer. 

2.0 APPLICABLE DOCUMENTS 

Drawing No. X2E021147AOOl - SDC Central Tracker Straw Module Shell. 

3.0 SHELL PART REQUIREMENTS 

The Seller (subcontractor) shall fabricate one "one-meter" and one "four-meter" shell body 
and lid to meet the requirements of this specification and drawing X2E021147AOO1. Prior 
to fabrication of the shell pans the Seller shall furnish to the buyer, for review, a process 
specification that shall identify shell part and mold materials of construction, processing 
equipment, lay-up, and fabrication procedures. In addition, an analysiS shall be provided 
detailing the anticipated buckling strengths, deflections and wall thickness of the completed 
shell parts. 

3.1 Materials Materials used directly in the shell parts shall have carbon fiber as 
the reinforcement. The Seller is responsible for the selection of the particular 
carbon fiber, matrix and mold materials used in the fabrication of the shell 
pans. The completed shell parts shall be physically stable over a period of ten 
years within an operating temperature range of 700 to ll00F, and function 
efficiently after exposure to about three Mrad of radiation. 

3.2 Fabrication The same fabrication process shall be used to produce the one 
meter and four meter sht:ll parts. 

3.3 Cutting, Trimming, and Finishing All cutting, trimming, and finishing of the 
completed shell parts shall he defined and shall not have any degrading effects 
on material properties. 

3.4 Defects All reasonable measures will be taken to minimize defects during the 
fabrication of the shell pans. The following are maximum allowable and 
repairable defects. For defects which are beyond the limits shown, repair 
procedures shall be written by the Seller and submitted to the buyer for 
approval prior to repair of the defect. 



Defect Maximum Allowable 

Overlaps, 
Wrinkles, and 
Ridges 

Must be within flatness limits of 
Drawing No. X2E021147AOOI 

Voids, 
Delaminations, and 
Resin Starvation 

3.5 Mechanical and Physical Reguirements 

Non Visible 

3.5.1 The following information is provided to the Seller in order to clarify 
the design goals and requirements for the shell assembly which were 
ust:d to arrive at the design of Drawing No. X2E021147AOOl. The 
main goals of the design are to minimize the amount of material while 
using low atomic number materials and meet the structural strength 
and stability criteria stated below. The Seller is encouraged to suggest 
any means determined to achieve these goals which improve the 
design, final product, its producibility, or reduce cost and fabrication 
time. 

3.5.2 The module will consist of a trough and lid cured separately, which will 
later be filled with straws, and subsequently, the lid will be bonded to 
the trough to make up the finished module. The wall thicknesses of lid 
and trough can have a maximum total cured graphite-epoxy composite 
(50% minimum by volume fiber) thickness of .010 ± .003 inches. 
However, the total thickness of the top of the lid or bottom of the 
trough can be .166 ± .006 inches. The total thickness of the sides of 
the trough can be .0484 ± .005 inches. These total thicknesses are 
comprised of graphite composite and Rohacell foam, 3.1 Ib./fe. The 
graphite layup comprising each face sheet must each be symmetric and 
balanced about its midplane. 

When individual1y cured, all elements of the trough and lid must have 
a buckling (crippling) strength to resist a residual compressive 
longitudinal stress of 14.0 (AT) psi, with a safety factor of 2.0 on critical 
stress, where AT = Max. Cure Temperature -70 0 F. The lid and 
bottom of the trough shall have a plate-bending modulus D, where D 
= J ~ I; where Eo = Young's modulus in bending in longitudinal 
direction, psi; ~ = Young's modulus in bending in transverse 
direction, psi; I = bending moment of inertia per running inch of cross 
section; and D = 884. lb.-in. minimum. This value is required to 
prevent excessive transverse bulging due to straw compression. Each 
side wall of the trough must have a D of 64.0 Ib-in. minimum. 



Additionally, the completed module must be able to sustain a 
longitudinal compressive force (wire load) of 18.2 lbs, uniformly 
appli~d to the cross section, without buckling, using a factor of safety 
of 2.0. 

Drawing X2E021147 AOOl depicts the dimensions and tolerances of the 
module, with the inside mold line to be considered the fixed surfaces. 
The allowable thicknesses listed herein in this specification will 
determine the outer mold line as shown in the drawing. 

4.0 SHELL PART INSPECTION AND ACCEPTANCE 

All completed shell parts shall be inspected for conformance to this specification and 
drawing no. X2E021147A001 requirements using visual, nondestructive test (NDT) 
methods, and dimensional inspection techniques. The inspection techniques, NDT 
methods and equipm~nt used shall be fully described by the Seller in the proposal. 
Th~ buy~r or their designated representative will witness the inspection for the 
purpose of accepting the parts. 

5.0 OTHER REQUIREMENTS 

5.1 All tooling specific to the fabrication of the shell parts becomes the property 
of the buyer at the completion of the subcontract. 

5.2 The Seller shall package and ship the shell parts in a manner affording 
sufficient protection'so as not to damage the parts during transit. 

5.3 At the time of delivery, the Seller shall furnish the following quality 
documentation: 

,a. Manufacturer's certification documents for all materials used directly 
in the parts. 

b. Inspection and final test r~ports for all inspections and tests performed 
by the Seller. 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

INTRODUCTION 

The material presented in this final Fiscal Year 1991 Engineering 

Report on the Central Tracker for SOC is intended to represents the major 

areas of work that were pursued, under the direction of the High Energy 

Physics (HEP) Department of Indiana University. since the Interim Reporting 

period covering the first quarter of FY1991. 

The material presented is in view graph form. which is the standard 

reporting document format used by the HEP community, and in many cases, 

consists of documents presented as status reports to the Physicists 

throughout the subject period. This material represents the the key areas of 

work performed during the period and thus does not include all efforts that 

have been undertaken at (W}STC. This material was selected to be 

representative and is intended to present many of the key points that it was 

felt needed to be highlighted. 

f@\ Westinghouse 
\gJ Science & Technology Center 





CENTRAL AND FORWARD TRACKING SUBSYSTEM 

CENTRAL STRAW SUPPORT DESIGN 

Support Cylinders 
End Flanges 
Shim Rings 

Module Attachments 

~ Westinghouse 
\.HJ Science & Technology Center 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

SUPPORT CYLINDERS 

THE DESIGN USES: 

Support Cylinders 

1) Selected Graphite Composite Cylinders 

2) Selected Two 0.10 Inch 4 Ply Layups with Rohacell 

Core 

rv:r Westinghouse 
\.g) Science & Technology Center 



OUTSIDE CONNECTOR 

BRACK£T TYP 

CYLINDeR END C:~~~=:!~~::::::== R£iNFORCeMeNT 
~I 

'~I 

SUPPORT CYLiND[R U 6 

SUPPORT CYLINDeR U 5 

SUPPORT CYLINDeR U 4. 

URE FOR THE CENTRRL TRRCKER 
SUPPORT CYLINDeR U 3 ~I 



/4 

00 10 

SKIN 

I 
CYLINDER SECTION 

CYL 10 
1 
2 
3 232.0 
I., 258.6 
5 284..8 
6 311.2 

L 

SUPPORT CYLINDER DIMENSIONS 

DO L 

237.0 820 
263.6 820 
289.8 820 
316.2 820 

WESTINGHOUSE STC 

--I 

~10~ 
CYLINDER END SECTION 

ALL DIMENSIONS RRE IN eM 
-, ~_ .~. 0' ,OVA' .. 



CYL RRDIUS, M 

1 0.704-

2 1.04-

3 1.34-

4- 1.4-8 

5 1.61 

Su,rOr\ I' L I LIf~UL~ LR'I U? I lilT L.;~IA~~ 
TABLE 1 

LENGTH 

2.80 

3.20 

3.90 

3.95 

3.95 

CANDIDATE MATERIALS 
HERCULES RS4-, 0.0025" OlRM @ $500. / LB. 
AMOCO P75, o.oor OlRM @ $2200. / LB. 

MODULUS 75 MILLION FOR BOTH ABOVE MATERIALS 

HERCULES RS4- RMOCO P75 
fl PLYS LBS . COST $ # PLYS L8S COST $ 

4- 38.4-1 23,04-5. 5 34-.5 75.120. 

4- 54-.80 38,880. 5 58.3 128,250. 

4- 101.8 61,080. 5 91.5 201.520. 

4- 113.6 58,150. 5 102.4- 225.280. 

4- 123.9 74-,34-0. 5 111.5 254-.100. 

TOTAL $255,505 TOTRL $885.280. 

WESTINGHOUSE STC OM 8-20-91 



DATE 

CYLINDER SKIN CONSTRUCTION MRTERIRLS 
UNIDIRECTIONRL B-STRGE 

TABLE 2 

CANDIDATES » PL YS ANGLES VENDOR TYPE DIRM. MODULUS 

1 

2 

3 

~ 

5 

6 

7 
---------

8 

9 

10 
I 

1~/EC'Tlt-IGI Inl IrE 
I.. I r ) ST r 

RESIN SYS 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

END FLANGES 

THE DESIGN USES: 

End Flange Rings 

1) Selected Complex Space Frame 

2) Graphite Hardware (Bolts) at the Machined Cylinder 

Interface 

~ Westinghouse 
\gJ Science & Technology Center 



OUTSlO£ CONNECTOR 

CYUND£R £ND ~~~~::~~~:::::~ R£INF'DRC£M£NT 
BRACK£T TYP 

·~I 

·~I 

SUPPORT CYLlND£R # fj 

SUPPORT CYLiND£R # 5 

SUPPORT CYLlND£R U 4. ~I 

TURE FOR THE CENTRRl TRRCKER 
SUPPORT CYLiND£R U 3 

M R-fl •. q~ 



CENTRAL AND FO·RWARD TRACKING SUBSYSTEM 

AXIAL 
KNIFE EDGE 

CENTRAL TRACKER MOUNTING 

FLAT PLATES 

RADIAL 
KNIPE. EDGE 

BALL R SOCKET 

~ Westinghouse 
\gJ Science & Technology Center 



1-4t-- It, 00 

~~-s,oo 

NOTE 

OUTSIDE MEMBER 
OUTSIDE CONNECTOR 

RADIAL MEMBER 

LOADING CONNECTOR 

INSIDE MEMBER 

RLL DIMENSIONS RRE IN CM 

221.00 337.00 



STRUCTURAL TUBING OUANITIES FOR TWO SUPPORT FRAMES 

TUBE" L.CM OUAN"f'RAME TOTAL 
1 "-3."-5· 16 32 
2 5"-.36 2 I.-
3 53. 19 2 I.-
It. 55.92 28 32 
5 58.91 2 It. 
6 61. 91 2 It< 
7 6"-.55 12 2"-

TOTAL 128 pes. 2.00 

MATERIAL GRAPHITE - EPOXY COMPOSITE 

0.25 
1...00 

ALL DIMENSIONS lN eM. 
R 0.50 

SUPPORT FRAME STRUCTURAL TUBING WESTINGHOUSE STC 



68.5t.. 

65.t..2 

/ 

INS10E CONNECTOR SECTION 

I 
I 

I 
I 

I 
I 

.I 
I 

I 
I 

I 

11 
2.00 TYP 

I 

i 
I 

\ 

\ 

68.5t..~ 

SECTION OF SUPPORT FRAME INSIDE 
CONNECTOR, THI S CONNECTOR CONNECTS 
It. RECTANGULAR TUBES HAVING A SECTION 
OF 2.00 X t...00 CM WITH 0.50 CM OUTSIDE 
RADIUS AT ALL CORNERS, MINIMUM 
WALL THICKNESS = 0 SO CM 

RLL DIMENSIONS IN CM 

WESTINGHOUSE STC 
nM CL'JJlA 



SECTION OF THE SUPPORT FRAME LOAD CONNECTOR 

0.5 
t 

THIS CONNECTOR CONNECTS ~ RECTANGULAR TUBES 
HAVING A 2.00 X ~.OO CM SECTION AND 0.50 CM RADIUS 
AT ALL OUTSIDE CORNERS. MINIMUM WALL THICKNESS = 0.50 CM 

I 

---._Tl 
I 

LORD CONNECTOR SECTION 

57.29 

1..2.92 

WESTINGHOUSE STC 
r 'Lr 



II , , 

II II . I 





--

R 131.53 
R 118.251 R 11..1...65 \/t) 15789 

RING SECTION riP 

0.25 

R 0.25 

ALL DIMENSIONS IN eM 

COMPOSITE SUPPORT RINGS WESTINGHOUSE STC 



.... I~I--- 5.00 -~~ 

TYP 
0.25-~ 

NOTE 

1 SUPERLAYER 3 R = 115.7 5 
SUPERLAYER t.. R = 129. at.. 
SUPERLAYER 5 R :t 1t..2.16 
SUPERLAYER 6 R :: 155.39 

2 ALL DIMENSIONS IN eM 

6.00 

R1NG SUPPORT BRRCKET 

1-4---- 6.67 ---~ 

R 

1.00~ 
2.00 -J rL 

I 
W STC 

- . 7-2'- -



~---~----------- -~- - - - - - .-
CENTRAL AND FORWARD TRACKING SUBSYSTEM 

SHIM RINGS 

THE DESIGN USES: 

Shim Rings 

1) Selected Rohacell Rings as Simple Way to Get 

Precision Cylinders 

2) Required for Stereo 

rvr Westinghouse 
\g) Science & Technology Center 
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CYLINDER WRLL THICKNESS: T8D 

ABC ---------------------------------------------

~I~~-----------------------J------------------------~·I 

DIMENSIONS OF CENTRAL TRACKER SUPPORT CYLINDERS 

SUPRLYR A B MIN B MAX C 0 E F G H I J 
6 335.0 319.5 320.5 317.5 5.0 10.0 70.0 70.0 2.50 20.0 810.0 CM 
5 317.5 290.B 295.1., 288.8 5.0 10.0 70.0 70.0 2.50 20.0 810.0 CM 
I., 2BB.8 266.2 267.2 261.,.2 5.0 10.0 65.0 70.0 2.50 20.0 800.0 CM 
3 261.,.2 237.9 21.,2.B 235.9 5.0 10.0 30.0 70.0 2.50 20.0 730.0 CM 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

STEREO SHIM RING 

FEATURES 

o Machined in Place on Cylinder on Mandrel 

o Relatively Simple to Skew Machining Axis to Mandrel 

Cylinder Axes 

o Single Setup Produces All Module locations Therefore 

Initial Setup Not Critical 

~ Westinghouse 
\g) Science &. Technology Center 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

MODULE ATTACHMENT 

THE DESIGN USES: 

Mechanical Attachment 

1) 'Selected to Attach Modules Directly to Shim Rings 

2) Uses Precision Machined or Formed Rohacell Blocks 

as an Interface or 

3) Locations are Machined Directly into Shim Rings 

rv:r Westinghouse 
\.gJ Science & Technology Center 
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MODULE POSITIONING 

FIDUCIAL IBOTH SIDESI 

ff 

THESE REFERENCE LOCATIONS MAY 
BE ROUND HOLES OR SLOTS. 

A LOCATING PIN MAY BE MOLDED INTO THE MODULE COVER OR TO THE 
MODULE'S BOTTOM SURFACE. THE PIN LOCATION RELATIVE TO THE 
MODULE INSIDE SURFACE IS FIXED BY MOLD. 

THIS PIN FITS INTO A FEATURE OF THE SHIM RING, THE SHIM RING 
SURFACE MAY BE REINFORCED TO WI THSTAND LOCAL STRESSES. 

REINFORCED SOCKETS FOR 
MODULE FIDUCIAL S 

------------SHIM RING iSTEREOI AT 10 CM FROM MODULE END 

WESTINGHOUSE STC 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

COMPONENT MANUFACTURING AND COSTS 

Support Cylinders 

End Flanges 

Shim Rings 

Module Placement 

~ Westinghouse 
\EJ Science & Technology Center 



~------------------------------------------~~----------~ CENTRAL AND FORWARD TRACKING SUBSYSTEM 

SUPPORT CYLINDERS 

THE MANUFACTURING PROCESS USES: 

Support Cylinders 

1) Large Steel Mandrels to Form Graphite Composite 

Cylinders 

2) Large Custom Machine Tool to Apply Ply Layups and 

Rohacell Core 

~ Westinghouse 
\gJ Science & Technology Center 



MANDREL 

BED PLATE 

SYSTEM FOR TAPE FABRICATION OF SUPPORT CYLINDERS 





CENTRAL AND ~UHWARO rRACK1NG 
SUPPORT CYLINDER TAPE LAYUP MANDREL 

? THICKNESS SEE NOTE .4--------------------~ 
SEE NOTE +5 I 

-y--___ --.J--+ __ ..... ---------- ttL " -----32-/6----... ..-11 

--------------------r'----------------------------r'--------------------
I I I I 

I I I 

"0 to 0 I A I i 11 

7 "S" 0 I A -I------f-~:=:~=~~=:~~~:~n --'-----------~:~~~~~=~~~~=~~~:~+-r-~-/ 
SE E NOTE +5 --------________ JL ________________________ -LL _________________ _ 

"d" DIA 
GR.02 ~ 04 ONL Y 

1.151. OR AFTI 

01 THRU 06 

IT.NO. "L ft +2 "0" OIA GR.OI GR .02 GR .03 GR .04 GR .05 lid" DI A +1 

01 6100 1400 01 01 
02 6800 2000 01 01 
03 7600 2268 01 "'01 01 01 7589 
04 8300 2532 01 01 01 01 8288 
05 8400 2790 01 O! 01 01 8387 
06 8400 3064 01 01 01' 01 8387 
... 1- USE .Is/. TO CALCULATE ACTUAL DIAMETER AT "d" END 
+ 2 - :"L" INCREASE D BY .5 m FOR "AIR FLANGE" AND TEST COUPONS 
... 3- INCLUDE ONE SET SHAFT AND BEARING SEPARATE QUOTE 
... 4- SUPPLY BEARING CENTERLINE AND TOTAL SHAFT LENGTH 
... 5- SUPPLY SHAFT DIA AND SHELL THICKNESS 
... 6- ALL ITEMS TO BE BALANCED 

BOTH ENOS 

1¢IAI·125\ 

D.3B9.4136AB4.R I 
DIMS. IN MILLIMETERS 

KEPES 5 -10 -91 



lROMIUM INDUSTRIES, INC.· 4645 West Chicago Avenue. Chicago, Illinois 60651-3385· (312) 287-3716· FAX (312) 287-5792 

June 4, 1991 

Mr. Roger Swensrud 
Westinghouse Electric Corporation 
1310 Beulah Rd. 
Pittsburgh, PA 15235 

Dear Roger: 

Thank you for your time and patience as we review and prepare 
this proposal. The mandrels really are not complicated but 
the raw size of these and establishing tolerances is the difficulty. 

Below is a basic summary of what we have considered, followed 
by the pricing est~ates. We would imagine that the prices 
are accurate within 10% but changes could ~pact the price signif­
icantly. The considerations such as material type, wall thickness, 
and the taper have not only an impact on costs but in manufacturing 
techniques which can cause additional costs. 

MATERIALS - The shells would be made of grade A-36 plate 
that would be rolled and welded into tubing. Both circum­
ferential and longitudinal weld seams will exist. 

'WALL THICKNESS - For quoting purposes, we have assumed 
a .75 inch wall. This would have to be reviewed for deflec­
tion and deformation so not to "collapse". Also, the shell 
thickness is critical to the manufacturing processes. 
A thin wall could cause machining problems. 

WALL THICKNESS VARIATION - This is difficult to establish 
at this point but we currently beleive a specification 
of ±.125 inch is appropriate. 

BALANCING - The mandrels are to be statically balanced 
for manufacturing reasons:' 

SHAFTS AND BEARINGS - Shafts and bearings will be supplied 
for manufacturing and handling reasons. The bearings and 
shafts will be made so to be removable. The shaft diameters 
are assumed to be a" diameter for this quote. 

Precision fCJbficotion. pIaIing and finiShing of foils. drumS and cytinders 



Mr. Roger Swensrud 
June 4, 1991 
Page 2 

GROUP 1 

1400mm dia x 6100mm 
2000mm dia x 6800mm 
2268mm dia x 7600mm 
2532mm dia x 8300mm 
2790mm dia x 8400mm 
3064mm dia x 8400mm 

GROUP 2 

2268mm dia x 7600mm 
2532mm dia x 8300mm 
2790mm dia x 8400mm 
3064min dia x 8400mm 

GROUP 3 

1400mm dia x 6100mm 
2000mm dia x 6800mm 
2268mm dia x 7600mm 
2532mm dia x 8300mm 
2790mm dia x 8400mm 
3064mm dia x 8400mm 

GROUP 4 

2268mm dia x 7600mm 
2532mm dia x 8300mm 
2790mm dia x 8400mm 
3064nun dia x 8400mm 

PRICING 

1th = $114,970 
1th = 171,210 
1th = 223,260 
1th = 265,100 
1th = 309,250 
1th = 347,125 

1th = $245,590 
1th = 291,500 
1th = 339,900 
1th = 381,700 

1th = $105,775 
1th = 157,515 
1th = 205,400 
1th = 243,892 
1th = 284,510 
1th = 319,355 

1th = $225,940 
1th = 268,180 
1th = 312,708 
1th = 351,100 



Mr. Roger Swensrud 
June 4, 1991 
Page 3 

DELIVERIES - A delivery schedule can be established based 
on your requirements. We would expect a period between 
twenty-eight (28) and fifty-two (52) weeks depending on 
quanitites. 

TERMS - We would negotiate the terms with you at a point 
closer to establishing the actual requirements. We would 
need to have a downpayment for engineering and materials 
purchase. We would also like to have a progress payment 
schedule developed. 

We appreciate the opportunity to work with you. If Chromium 
Industries or I may be of further assistance, please call. 

Sincerely, 

CHROMIUM INDUSTRIES, INC. 

Scott Patterson 
General Manager 

SP/pf 



SDC 'COST AND SCHEDULE INTEGRATION 

UNIDIRECTIONAL PREPREG GRAPHITE 

VENDOR: AMOCO 
NUMBER 
THICKNESS 
MODULES 
RESIN SYSTEM 
COST/LB' 

NUMBER 
THICKNESS 
MODULES 
RESIN SYSTEM 
COST/LB 

P100 
5 MIL 
100 MILLION 
HYSOL MY720 
$2200. 

P75 
1 MIL 
75 MILLION 
HYSOL MY720 
$2200. 

~ Westinghouse 
':eJ Science & Technology Center 
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SOC COST AND SCHEDULE INTEGRATION 

UNIDIRECTIONAL PREPREG GRAPHITE 

VENDOR: HERCULES 
NUMBER 
THICKNESS 
MODULES 
RESIN SYSTEM 
COST/lB 

NUMBER 
THICKNESS 
MODULES 
RESIN SYSTEM 
COST/lB 

AS4 
5 MIL 
30 MILLION 
3501-6 
$300. 

AS4 
2.5 MIL 
75 MilLION 
3501-6 
$600. 

rvr. Westinghouse 
\gJ Science & Technology Center 



TRACKER IUPPOAT ITAUCTUAI! MATENAL COST 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

END FLANGES 

THE MANUFACTURING PROCESS USES: 

End Flanges 

1) Commercial Graphite Components to Fabricate End 

Flange Rings 

2) Components Fabricated into' a Space Frame 

3) Machining to Form a Precision Cylinder Interface 

rvr Westinghouse 
\g) Science & Technology Center 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

SHIM RINGS 

THE MANUFACTURING PROCESS USES: 

1) Large Steel Mandrels for Support During Machining 

2) Large Custom Machine Tool to Manipulate Router 

Type Spindle For Milling Precision Shape Rohacell Rings 

THE MANUFACTURING PROCESS MUST PRODUCE: 

1) Precision Diameter Required For Trigger and Axial 

Superlayers 

2) Precision Shape Required For Stereo Superlayers to 

Form Alternating Plus Minus 3 Degree Angles 

3) The Use of Machining Manufacturing Process Makes 

Possible Stereo and Thus Axial Position Measurement 

With Straws 

~ Westinghouse 
\eJ Science & Technology Center 



8Eo PLATE 

SYSTEM FOR MACHINING SUPPORT CYLINDER SHIM RINGS 
WESTINGHOUSE STC 
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CYLINDER WALL THICKNESS: T8D 

A 8 C ----------.-.~------.-.-.--------~-----------

I ~~~----------------------J-. ----------------------~~I 

DIMENSIONS OF' CENTRAL TRACKER SUPPORT CYLINDERS 

SUPRLYR A B MIN B MAX C 0 E .F' G H I J 
6 335.0 3i9.5 320.5 3i7.5 5.0 m.o 70.0 70.0 2.50 20.0 810.0 eM 
5 3i7.5 290.8 295.~ 288.8 5.0 m.o 70.0 70.0 2.50 20.0 8m.0 eM 
It. 288.8 266.2 267.2 26t...2 5.0 m.o 65.0 70.0 2.50 20.0 800.0 eM 
3 26~.2 237.9 2~2.8 235.9 5.0 m.o 30.0 70.0 2.50 20.0 730.0 eM 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

STEREO SHIM RING 

FEATURES 
o Machined in Place on Cylinder on Mandrel 
o Relatively Simple to Skew Machining Axis to Mandrel 
Cylinder Axes 
o Single Setup Produces All Module Locations Therefore 
Initial Setup Not Critical 

rvr Westinghouse 
\gJ Science & Technology Center 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

MODULE PLACEMENT 

THE MANUFACTURING PROCESS USES: 

Mechanical Precision L~cating 

t) The Large Steel Mandrels for Support During 

Placement 

2) Large Laser Optical Aligned Custom Machine Tool to 

Locate and Confirm Locations of Modules on Rohacell 

Rings 

~ Westinghouse 
\gJ Science & Technology Center 



MODULE INSTALLATION SYSTEM 
WESTINGHOUSE STC 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

STEREO MODULE SHIM RING PLACEMENT DETAIL 

FEATURES 

o Relatively Simple to Skew Placement Axis to Mandrel 

Cylinder Axes 

o Single Setup Produces All Module Locations Therefore 

Initial Setup Not Critical 

"ir Westinghouse 
~ Science & Technology Center 



~----------------------------~------~------------CENTRAL AND FORWARD TRACKING SUBSYSTEM 

REVISED TECHNICAL DATA ON TRACKER GEOMETRY 

~ Westinghouse 
\gJ Science & Technology Center 



Centrk18 7-23-91 D.M. P.1 
Revised Outer Tracker Parameters 
This revision is composed of a combination of four outer super1ayers of straws 
and two inner super1ayers of fibers. This program is to define the outer straw 
super1ayers with mj njmum radial. displacement and miniJDUID. modu1e side 
c1earance, this attempt has the modules mounted to rings 10cated on concentric 
cy1inders. 

Baseline information from Bi11 Ford re1ating to the Straw Section 

Suprlyr 
#3 

Radius em straws/lyr 
121.722 1912 

rows/mod 
6 

zmi.n 
0.30 
0.30 
0.30 
0.30 

#4 
#5 
#6 

134.963 2120 6 
148.205 2328 6 
161.447 2536 9 

Max~um Tracker radius = 168.5 em 
Total. straws both ends, 121,968. (baseline) 
Point of rotation for stereo 1ayers is now defined 

(zmax - %min) /2. 

zmax 
355.0 
390.0 
395.0 
395.0 

as 

stereo 
-3 deg 
o deg 

+3 deg 
o deg 

Superlayer '6 
Super layer '5 
Superlayer '4 
Superlayer '3 

Trigger layer, axial, curved lIlOdules, nine straws high 
Stereo layer, + 3 degrees, flat modu1es, six straws high 
Axial 1ayer, flat modu1es, six straws high 
Stereo layer, - 3 degrees, flat modu1es, six straws high 

Description of Flat, Axial Trapezoidal section modu1es, (superlayer '4) 
Each trapezoid is (N) straws wide on the long side and each succedinq 

1ayer contains one straw less. The height is (L) straws high with the straws 
nested. The modu1e has a epoxy-graphite wrapper (T) em thick. The straw 
diameter is d) em. ~ese trapezodial modules are alternated in position and 
are spaced (ap) em from the adjoining modules. Both the radial position (D) of 
the alternate modu1es and the number of straws (It) may be varied to change the 
superlayer radius. Trapezodial lIIOdu1es must be added. in groups of two to make 
large radius changes such as between superlayers. Bach modul.e contains (CB) 
straws. 

Flat Axial Element Definations (superlayer '4) 
sp . - 0 (space between lIlOdules, em) 

d .- .40437 (straw diameter, em) 
D := 1.03 (radial difference of alternating lIIOdu1es, em) 
T : = O. 025 (Wrapper thickness. em) 
N := 29 (number of straws, long side) 
L : = 6 (number of straws high) 
B := «L - 1) ·d·.866) + d + (2'T) (height of modu1e, em 

LS := N-d + (2·T) (1ength of modu1e 10ng side, em) 
SS := (N - (L - 1)1 -d + (2'T) (length of modu1e short side, em) 

U .- LS + SS + sp - (D' .5774) (total length of modu1e pair, em) 

L+ L : 1] CB . - CB = 159 (straws per modu1e) 

LS = 11.777 
SS = 9.755 

B = 2.205 



P.2 

Description of curved ~rapezoidal E1ements, (superlayer 16) 
Superlayer 16 is a trigger layer and the modu1e is nine straws high. The 

long and short sides, (top and bottom) are curved to the same radius as their 
distance from the beam centerline. other than the curved top and bottom and 
increased layers of straws these modules are simu1ar to the flat Ones and will 
be incorporated into the tracker like other axia1 layers. 

Curved Axial Element Definitions that may be different from above. 
spc . - O. 03 (space between modules, em) 

Dc := 0.45 (radial difference of alternating modules, em) 
Hc .- 30 (number of straws, long side) 
Lc . - 9 (number of straws high) 
Hc .- «Lc - 1) ·d·.866) + d + (2·~) (height of module, em) 

LSc : = Nc· d + (2·~) (length of module, long side em) 
SSc := (Nc - (Lc - l»·d + (2·~) (length of module, short side) 
Uc. LSc + SSc + ape - (Dc·. 5774) (total length of modu1e pr em) 

LSc = 12.181 
SSc = 8.·946 Bc = 3.256 

CHc = 234 (straws per module) 

Description of ~rapezodial stereo Elements, (superlayers 13 ~ 15) 
~he need is to generate stereo modules that have a trapezodial cross 

section and provide unifoDl spacing between modules. 
~he rotation of the stereo module is on a line starting at the beam 

axis and passing through the center of the module. ~o achieve unifoJ:Dl 
stereo module spacing the modules with the long side up are rotated 3.00 
degrees and the modules with the short side up are rotated 2.714 degrees. 

Definitions that may apply only to this set of modules. 
sps . - 0 (space between modules, em) 

Ds := 1.30 (radial difference of alternating modules, em) 
Ns .- 29 (number of straws, long side)· . 
Ls .- 6 (number of straws, high) 
as :=. «Ls - 1) ·d· .866) + d + (2·'r) (height of module, em) 

LSs := Ns·d + (2·~) (length of module, long side,em) 
SSs := (Ns - (La - l»·d + (2·'r) (length of module short side, em) 

:::=LS~.tN:S: ~ 71J (D:5:7:9 ::::1:~ ~~. pr eml 

LSs = 11.777 
SSs = 9.755 
as = 2.205 



P.3 

Super1ayer 13 Stereo anq1e (ac) 

BEFORE ROTATXON 
c := 36 modu1e pairs 

ac := 0.0524 radians, (3.00 degrees) 
c·os 

is3 :=--
inside radius (is3), short side up 2-x 
outside radius (os3), short side up os3 := is3 + as 
inside radius (i13), 10Dq side up i13:= is3 + Ds 
outside radius (013), 10Dq side up 013:= i13 + as 

is3 = 119.066 
os3 = 121.272 
i13 = 120.366 
013 = 122.572 

mean radius (m3) m3 := .5- (01.3 - is3) + is3 m3 ="120.819 

Super1ayer 13 (AFTER ROTATXON, DDmNSXONS AT MODULE ENDS) 
module 1enqth mlc : = 354. 7 em 
distance from modu1e center 1iDe to max radius after rotatioD (ABc) 

LSs ml.c 
ABc := -- + ----tan(ac) ABc = 15.19 em 

2 2 

outside radius, (01r),10Dq side up olr := j (013) 2 + (ABc) 2 
01r = 123.509 

de1c := 01r - 013 de1c = 0.938 em 
inside radius (i1r), 10Dq side up i1r:= i13 
inside radius (ir3), short side up " lor3 := is3 
outside radius (or3), short side up or3 := os3 

+ del.c 
+ dele 
+ de1c 

i1r = 
ir3 = 
or3 "= 
mr3= 

STc := CHa- (4 ·c) 

121.304 
120.004 
122.209 
121.757 mean radius (mr3) mr3:= IIL3 + delc 

Number of straws in this super1ayer 
= (ST) both hal.fs of tracker. STe = 22896 straws 

Super1ayer'4 Axial 
d := 40 module pairs 
module 1enqth mld := 389.7 em is4 
inside radius (is4), short side up 
outside radius (os4), short side up os4 
inside radius (i14), lODq side up il.4 

d·U 
:= -

2·1t 
:= is4 
:= is4 

is4 = 
+ He os4 = 
+ De i14 = 

2 LS 
outside radius (014), 100q side up 014:= (i14 + He) +--

2 

133.288 
136.544 
133.738 

em 
em 
em 
em 
em 

em 

em 
em 
em 
em 

em 
em 
em 

014 = 137.016 em 
mean radius (1114) m4:=. 5' (014 - is4) + is4 m4 = 135.152 em 
Dumber of straws in this super1ayer STd := ca' (4' d) 
= (STd), both ha.1fs of the traeker STd = 25440 straws 

Super1ayer 15 Stereo anq1e (ae) 
ae = 0.0524 radians 

BEFORE ROTATXON 
E := 44 modu1e pairs E'Us 

isS ._­.-
inside radius (isS), short side up 
outside radius (os5), short side up 
inside radius (i15), 10Dq side up 
outside radius (015), 10Dq side up 

mean radius (m5) 1IlS:- .5' (015 -

os5 
i15 
015 

isS) 

2·1t 
:= isS + lis 
:= isS + Ds 
:= i15 + as 
+ isS 

isS = 145.525 
os5 = 147.731 
i15 = 146.825 
015 = 149.031 

IllS - 147.278 

em 
em 
em 
em 
em 



Super1ayer's (AFTER ROTATION, DIMENSIONS AT MODULE ENDS) 
modu1e 1ength mde: = 394. 7 em 
distance from modu1e center 1ine to max radius after rotation 

LSs mde 
ABe := --- + ---·tan(ac) ABe = 16.239 em. 

2 2 

ore := J(01s)2 + (ABe)2 
outside radius, (ore), 10ng side up 

P.4 

(ABe) 

de1e := ore - 015 de1e = 0.882 em 
inside radius (ire), 10ng side up ire:= i1S + de1e 
inside radius (irS), short side up irS := isS + da1e 
outside radius (orS), short side up orS := oss + de1e 
mean radius (mrS) mrS : = m5 + de1e 

ore = 149.913 
ire = 147.708 
irS = 146.408 
orS = 148.613 
mrS = 148.16 

Number of straws in this super1ayer 
= (STe) both ha1fs of the tracker 

STe := CBs' (4 'E) 
STe = 27984 straws 

Super1ayer,6 Axia1 Trigger Layer, curved modu1es 
f := 48 modu1e pairs f·Uc 

is6 := -
inside radius (is6), short side up 2'x is6 = 159.644 
outside radius (os6), short side up os6 := is6 + Bc os6 = 162.9 
inside radius (i16), 10ng side up i16:= is6 + Dc il.6 = 160.094 
outside radius (016), 10ng side up 016:= il.6 + Bc 016 = 163.35 
mean radius (m6) .6 := .5' (016 - is6) + i.s6 .6 = 161 .. 497 
Number of straws in this super1ayer STf : = cae' (4' f) 
= (STf) both ha1fs of the tracker STf = 44928 straws 

rotal. number of straws in super1ayers '3 to,6 (both ends) 
---rotal. . straws : = STC + ~d + STe + STf 

TOtal. straws = 121248 

Tota1 number modu1es, (both ends) 
stereo := 2·c + 2'E 
axial. : = 2' d 

trigger : =2' f 
Tota1 Modul.es : = 2' (stereo + 

Aean radius of super1ayers 
Super1ayer 13 

'3 mr3= 121.7S7 em* 
'4 m4 = 135.152 em 
'5 mrS = 148.16 em* 
'6 m6 = 161~497 em 

Space betweem super1ayers em 

stereo = 160 
axial. = 80 

trigger = 96 
axial. + trigger) 

De1ta em 
m4 - mr3 = 13.395 
mrS - m4 = 13.008 
m6 - mrS = 13.337 

'6 - '5 '5 - 14 
14 - '3 

is6 - ore = 9.732 
i.rS - 014 = 9.392 
is4 - 01r = 9.779 

em 
em. 
em 

TOtal. Modul.es = 672 

em 
em 
em 
em 
em 

em 
em 
em 
em 
em 



Super1ayer '3 (stereo) 
Mean Radius (after rotation) 

Ma.ximaa Radius 
Mi.niaun Radius 

Shim Ri.nq Maximum Radius sr3lll:= i1r + 1 
Mi.ni.mun Radius sr3n: = ir3 - 1. 5 

Support Cy1 outside rad se30r := ir3 - 1.5 
inside rad se3ir:= se30r - 2.5 

Super1ayer '4 (axial) 

Shim Ring Maximum Radius 
Mi.nimun Radius 

Support Cy1 outside rad 
inside rad 

Super1ayer '5 (stereo) 

Mean Radius 
Ma xj 1II1JII Radius 
Minjmun Radius 

sr4m := i14 + 1 
sr4D := is4 - 1.5 

se40r := is4 - 1.5 
se4ir := se40r - 2.5 

Mean Radius 
HaxiJIma Radius 
Mi,nj1DUD Radius 

Shim Ring Maximum Radius srSm:= ire + 1 
Min.i.mun Radius srSn:= irS - 1.5 

Support Cy1 outside rad seSor:= irS - 1.5 
inside rad se5ir:= se50r - 2.5 

Super1ayer '6 (axial, trigger) 
Hean ltadius 
Max; __ Radius 
Hi n;.",. Radius 

Shim Ring Maximum Radius sr6a:= i16 + 1 
Kinimun Radius sr6n:= is6 - 1.5 

Support Cy1 outside rad . se60r := is6 - 1.5 
inside rad se6ir:= se60r - 2.5 

P.5 

mr3= 121.757 em 
01r = 123.509 em 
ir3 = 120.004 em 

sr3m. = 122.304 em 
sr3n = 118.504 em 

se30r = 118.504 em 
se3ir = 116.004 em 

m4 = 135.152 em 
014 = 137.016 em 
is4 = 133.288 em 

sr4m = 134.738 em 
sr4n = 131.788 em 

se40r = 131.788 em 
se4ir = 129.288 em 

m5 = 147.278 em 
ore = 149.913 em 
irS = 146.408 em 

srSm = 148.708 em 
sr5n = 144.908 em 

seSor = 144.908 em 
se5ir = 142.408 em 

m6 = 161.497 em 
016 = 163.35 em 
is6 = 159.644 em 

sr6m = 161. 094 em 
sr6n = 158.144 em 

se60r = 158.144 em 
se6ir = 155.644 em 

Radial Clearance between Super1ayers and Support Cylinders. 
Super1ayer '3 and Support Cyl.i.Dder '4 

cl34 := se4ir - olr cl34 = 5.779 em 
Super1ayer '4 and support Cyl; nder '5 

d45 := se5ir - 014 d45 = 5.392 em 
Super1ayer '5 and support Cylinder '6 

d56 := se6ir - ore d56 = 5.732 em 
Super1ayer .6 and coil 1:D 

d6e := 168.5 - 016 d6c = 5.15 em 



LENGTH OF' BASE AND COVER 100.0 CM 

228 STRAW MODULE FORM 
32 STRAWS WIDE X 8 LAYERS 

MATERIAL ALUNINUM 5051-T5 

07-12-7'/ 

ALL DIMENSIONS IN eM 

W STC 

~1 

14-- 9.91..6 

BASE 

104-----15.2 -~---I~ 

RADIUS 0.200 eM T'1P 

rcJLCr7A-NC& 3/-'t{)c6.3 /.Jccu rtJ ,A M1c OM 07-10-91-2 



W STC 

RADIUS 0.200 eM TYP 
LENGTH OF' BASE AND COVER 100.0 CM 

2.1 + 
...... 0.7=-
T + f..oIIIl~f----

COVER 

12.71..9 ., 
15.2 ~I 

12.BOO I 

9.91..5 ~I 
228 STRAW MOOULE FORM 
32 STRAWS WIOE X 8 LAYERS f 

5.2 

~ BASE 

MATERIAL ALUNINUM 5051-T5 / 
RADIUS 0.200 eM TYP 

RLL DIMENSIONS IN eM 



\ IL ___ ~\ 

\ t: 

Z = 177.5 CM \ t----- I 

Z:: 266.25 CM \'----t--

Z = 353.0 CM \'---~--

MODULES ROTATED ABOUT THEIR MIDPOINTS 
TRAPEZOIDS WITH LONG SlOE UP, ROTATlON = 3.00 DEGREES 
TRAPEZOIDS WITH SHORT SIDE UP, ROTATION = 2.86 DEGREES 
SUCCEEDING SECTIONS TRANSLATED INWARD FOR CLARITY 

RL _ -20- _ . 

Z = 2.0 eM 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

BASELINE DESIGN 

THE DESIGN USES: 

Four Outer Superlayers of Straw Modules 

~ Westinghouse 
\BJ Science & Technology Center 



INTER ME OIATE 
TRACK ING 

IYIOLuLA S n. I dAvv TGoE EXPLODED V~~WKI'~~ S 151 c.M 

~~~J~~~ TRACK ING 

SUPER LAYER .~ 

INTERMEDIATE 
TRACK ING 

@ 
0.389.4136A44 R I 
KEPES 12 ·4·90 



4.000 -----~---
3.000 



Baseline layout: 

Central outer barrel. 

Fiber section: 

superlr layer <r> Nfiber half length 
1 1 0.700-0.0235 22670 2.80 

2 0.700+0.0235 24245 2.80 
2 1 1.000-0.b235 32723 3.15 

2 1.000-0.0205 32823 3.15 
3 1.000+0.0205 34197 3.15 
4 1.000+0.0235 34298 3.15 

total (both ends) 361912 

Straw section: 

superlr r 1 Nstrawsjlr Nlr/s1 zmi.n zmax 
3 1.21722 1912 6 0.03 3.550 
4 1.34963 2120 6 0.03 3.900 
5 1:48205 2328 6 0.03 3.950 
6 1.61447 2536 9 0.03 3.950 

total (both ends) 121968 

Interm~ate angle fiber tracker. 

disk 
1 

downstream z 
3.20 
3.60 
3.95 

r inner r_outer. Nfiber 
0.52 1.09 34851 

2 0.585 1.22 39207 
3 0.65· 1.34 43563 

total (both· ends) 235242 

stereo 
0 s.c. y.:S = c. . I 
0 
0 t;.3 -T.S· (..'7 -4.5 deg 
3 deg 
0 

stereo 
7.~ -3 deg 7. I r. :J or 

0 "/. Y +. :s - 3.3 
+3 deg 7. "l -? .. S - P.y. 

0 ? '1;..,"J - r. y. 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

BASELINE COSTS 

fW\ Westinghouse 
\eJ Science &. Technology Center 



I RBL~ .. w,\~ER " 
STRAW TUBE CENTRAL TRACKER 

HAN DAY SUMMARY 08-06-91 

NBS TASK EN ENM EA EAM DR DRII TE TEtl lA lAH 
1.2.1.1 TRIGGER HODULES(1921 744 0 0 0 255 (I () 28S6 (I I) 

1.2.1.2 AIIAL(1601 & STEREO(3201 MODULES 1271 0 0 0 410 (I (I 10098 0 0 
1.2.2 SUPPORT COKPONENTS 278 441 121 0 295 S4 232 1398 (I I) 

1.2.3 SUPERLAYER (S/L I ASSEli8l Y 175 123 1 0 12(1 30 29b 828 (I 0 
1.2.4 SIL TO SIL ASSEH8LY ISO 72 12 0 180 4b 45 231 0 0 

1.2.5 EOUIPHENT, TOOL ItIG,' F IlTURES 971 200 IS4 IS2 1299 175 3(14 2q6 (I (I 

1.2.6 FINAL FACTORY ASSEH~lY 309 0 14 17 485 56 10 545 0 (I 

1.2.7 FINAL FACTORV TESTING 43 1(1 2 4 44 7 10 354 0 (I 

1.2.B TRACKER TRANSPORTATION 15 0 0 0 20 ., 
t) I) I) t) ,) 

1.2.9 SURFACE EREClIOri AT SSCl 165 51 50 0 112 29 10 145 (I 0 
1.2.10 FACILITIES 22 1500 14 0 44 757 0 1500 0 I) 

1.2.11 PROGRAM MAIIAGEMEHT 2454 500 875 0 630 0 (I (I 0 0 
1.2.12 R , 0 EFFORT 400 0 0 0 800 0 480 j) (J () 

8.2 INSTALLATIOH , TEST 106 152 2 5 81 42 104 277 (I 35 
SUBTOTAL 7103 3049 1245 178 4775 1199 1491 18528 (I 35 

TABLE NUtlBER 18 
STRAW TUBE CENTRAL TRACKER 

LABOR SUMMARV CALCULATIONS 08-06-91 

EOIA KFAL 
WBS TASt (MOl (ttYI (lID) (MV) 
1.2.1.1 TRIGGER MOOULES(1921 999 4.0 28S6 11.4 
1.2.1.2 AXIAL(1601 l STEREO(320) HODUlES 1681 6.7 10098 40.4 
1.2.2 SUPPORT COMPONENTS 694 2.8 2125 8.5 
1.2.3 SUPERLAYER (S/L) ASSEH8l'( 296 1.2 1277 5.1 
1. 2.4 S/L TO S/L ASSEKBLY 342 1.4 394 1.6 

1.2.5 EOUIPMENT,TOOLING,& FIXTURES 2424 9.7 1127 4.5 
1.2.6 FINAL FACTORY ASSEMBLY B08 3.2 628 2.5 
1. 2. 7 FINAL FACTORY TESTING 89 0.4 385 1.5 
1.2.B TRACKER TRANSPORTATION 35 0.1 3 0.0 
1. 2. 9 SURFACE ERECTION AT SSCl 327 1.3 235 0.9 
t. 2 .10 FACllI TIES 80 0.3 3757 15.0 
1.2.11 PROGRAM tlAHAGEHEiH 3959 15.8 500 2.0 
1.2.\2 R ,: D EFFORT 1200 4.8 480 1.9 
8.2 INSTALLATION ~ TESI 189 0.8 615 2.5 

TOTAL ntn 52.S 24480 97.9 



STRAM TUBE CEHTRAl TRACKER 
COST SUHMARY CAlCUlATIOHS 07-30-91 

TABLE HUH8ER 1 PERCENT OF ITS 01'11. TOT Al PERCEHT OF TASE BASE TorAl 
IISS TASK EOIA HFAl THAT BASE SAS+CON lEOlA IHFAl mlAT 7.~ASE 'l.BAS+(ON leOlA WFAl 'f.TllAi mSE 
1.2.1.1 TRISSER MOOUlES(192) 425859 833952 959000 2218811 3013414 6.91 9.62 8.12 8.30 B.39 19.19 )7.59 43.22 1(10.(10 
1.2.1.2 AXIAl(1601 & STEREO(3201 "ODUlES 293322 2114664 1931000 4338986 5444456 4.69 24.;(1 16.36 16.24 IS.16 6.76 4B.74 44. ~(I I (i(J. 0(1 
1. 2. 2 SUPPORT COHPONENTS 4219B7 1134037 1990000 3546024 5367600 6.75 13.09 16.B6 13.27 14.Q4 11.90 31. 98 S6.12 Itil). (1(1 
1. 2.3 SUPERlA~ERIS/LI ASSEHBlV 191972 657b81 10000 859653 1104987 3.07 7. 59 O.OB . " ,).LL 3.08 22. 33 76.51 1.16 1(1).00 
1.2.4 S/l TO S/l ASSEH9lY 21)7b20 206996 165000 579616 858505 3.32 2.39 1. 40 2.1 i 2039 35.B2 3S.71 28.47 IO(I.(I(i 
1. 2.5 EDU I PHEtl1, TOOLING ,6 F IITURES 1428995 574639 445600(1 6459533 8981661 22.85 6.63 37.75 24.17 25.0(1 22.12 B.QO 08.96 lNI.('i) 
1.2.6 FINAL FACTORY ASSEHBlY 44m6 255303 237000 936839 1184219 7.11 2.95 2.01 3.51 3.30 47.45 27.2S 25.3(1 100. (Ill 
1.2.7 FINAL FACTORV TEST INS 44093 139917 93000 277010 378898 0.70 1.61 0.79 1. 04 1. 05 IS.92 50.51 33.57 100.00 
\. 2. 8 TRACKER TRANSPORTATI or. 21040 1364 10000 32404 47958 0.34 0.02 O.OB 0.12 (1.13 &4.93 4.21 30.86 100. (1(1 
1. 2. 9 SURFACE ERECTION AT SSCl 146273 101119 475000 722392 1058805 2.34 1.17 4.02 2.7(1 2.95 20.25 14.00 65.i~ 100. (10 
1. 2.10 FAClll TIES 45737 2096405 630000 2772142 3548512 0.73 24.19 5.34 10.37 9.88 I.&S 75.62 22.73 100.(11) 
1.2.11 PROGRAM HAHASEHEHT 1955940 334136 379000 2668976 3304137 31.27 3.86 3.21 9.99 9.20 73.28 12.52 14.2(1 1(10 JJO 
1.2.12 R l 0 EFFORT 627310 214989 470000 1312299 1627252 10.0.3 2.48 3.98 4. 91 4.S3 47 .80 1&.38 35.82 100.00 

TOTAL 6254494 8665201 11805000 26724685 35920404 100.00 100.00 100.00 100.00 100.(10 23.40 32.42 44.17 100.(10 

8.2 IHSTAllATIOH 1 TEST 102416 268682 67500 438598 590039 1.&1 3.01 0.57 I. 61 I. 62 2.3.3; 61.26 15.39 I (II). (II) 
TOTAL 635&900 8933883 11872500 27163283 36510443 100.00 100.00 100.0(1 100.00 100.00 23.40 32.8~ ~UI 1(1(, .(I(j 

TASLE HUWSER 2 PERCEIH OF BASE COST PERCENT OF BASE PLUS CONTiNG~nC~ COST 
WBS TAS~ EOIA IlFAl TIIAT BASE BAS+CON lEOlA %HFAl W1AT 'l.BASE 'l.BAS+COtI 7.EDIA %~IF AL 'I.TNAT ·i.BASE 'l.BAS+COU 
1.2.1.1 TRIGGER 110DUlES( 192) 425859 833952 959000 2218811 3013414 1.59 3.12 3.59 8.30 II. 28 1.19 2.32 2.67 6.18 8.39 
1.2.1.2 AXIAl(1601 & STEREO(320) NODULES 293322 2114664 1931000 43.38986 5444456 1.10 7. 91 7.23 16.24 20.37 (1.82 5.e9 5.:;8 12. (18 15.lb 

1.2.2 SUPPORT COMPONENTS 421987 1134037 1990000 354b024 5367600 l. 58 4.24 7.45 13.27 20.0S I.! 7 3.1 b U4 9,87 14. 94 
1. 2.3 SUPERlAYERIS/ll ASSEMBLY 191972 657681 10000 859653 1104981 0.72 2.46 0.04 3.22 4.13 0.53 1.83 0.03 2.39 3.(18 
1.2.4 S/l TO Stl ASSEMBLY 207620 206996 165000 579616 858505 0.78 0.77 0.62 2.17 3.21 0.58 0.58 0.40 J.bl 2. 3'~ 
1.2.5 EDUlftlEHT. TOOlHI6.& FIXTURES 1428895 574638 4456000 6459533 8981661 5.35 2.15 16.67 14.17 33.61 3.98 1.bO 12.41 17.98 25.00 
1.2.6 FIUAl FACTORY ASSEMBLY 444536 255303 237000 936839 1184219 1.66 0.96 0.89 3.51 4.43 1.24 0.71 (1.60 2.61 3.30 
1.2.7 FINAL FACTORY TESTING 44093 139917 93000 277010 378898 0.1b 0.52 0.35 1.04 1.42 0.12 0.39 (J.n v.77 1.05 
1.2.8 TRACKER TRANSPORTATION 21040 1364 10000 32404 47958 0.08 0.01 0.04 0.12 0.18 0.0& 0.00 (i.03 0.09 0.13 
1.2.? SURFACE ERECTIOH AT SSCl 146273 10U19 475000 722392 1058805 0.55 0.38 1.78 2.70 3.9b 0.41 0.28 I. 32 2.01 2.95 
1. 2 .10 FACILI TIES 45737 2096405 630000 2772142 3548512 0.17 7.84 2.36 10.37 13.28 (1.13 5.84 I. 7~ 7.72 U8 
1.2.11 PROGRA" MANASE"ENT 1955840 33413b 379000 2668976 3304137 7.32 1.25 1.42 9.99 12.3& S.44 0.9.3 1.06 7.43 9.20 
1.2.12 R&D EFFORT 627310 214989 470000 1312299 1627252 2.35 0.80 1.76 4.91 6.09 1. 75 0.60 1.31 3.65 4.53 

TOTAL 6254484 8665201 11805000 26724685 35920404 23.40 32.42 44.17 100.00 134.41 17.41 24.12 32.8& 74.40 100.00 

8.2 INSTALLATION 1 TEST 102416 268682 6noo 439598 590039 0.38 0.99 0.25 l. 61 2.17 0.28 0.74 0.19 1.20 1.62 
TOTAL 63Sb900 8933983 11872500 27163283 36510443 23.40 32.89 43.71 100.(10 134.41 17.41 24.47 32.52 74.40 100.00 



~8LI TO 1 ONL 'ERSI ~OR I 

_, RAH , _ ~Elm il..~r 

COST SUHMARY CALCULATIONS 08-06-91 

TABLE .lUMBER 11 PERCEWT OF ITS ONN TOTAL PERCEHT OF TAS~ BASE TOTAL 
BS TASK EDIA MFAL THAT BASE BAS+COH ~EDIA 'LtIFAL m1AT ZBASE I.BAS+COll I.EDIA ZtlFAL mlAT '4 BASE 
.2.1.1 TRIGGER HODULES(192) 42~a59 833952 959000 2218811 3013414 9.00 12.S1 8.12 9.56 9.6~ 19.1 9 37.59 43.22 10(1.00 
.2.1. 2 AIIALllbO) , STEREO(320) MODULES 293322 21146b4 ml000 4338986 5444456 6.20 31.73 16.36 18.70 17.43 6.76 48.7~ ~uo HIO. (to 

:.2.2 SUPPORT COMPONENTS 26~35B 696811 1990000 2950169 4499381 5.57 10.45 16.86 12.72 14.41 8.93 23.62 67.45 HIO.O(l 

.2.3 SliPERLAYER I S/L) ASSEH8L 'f 120000 394661 10000 S24Hl 673770 2.54 5.92 0.08 2.26 2.16 22.87 75.22 1. 91 100.(t(1 
1.2.4 S/L TO SIL ASSEH8L~ 131550 128134 165000 425284 631121 2.7B 1.93 1. 40 1. B3 2.02 30.93 30.27 38.80 1(10. Of) 
1.1.5 EOUIPHEHT,TOOLING,~ FIXTURES 91 9856 373675 4456000 5749531 8008411 19.45 5.61 37.75 24.7B 2~.64 16.00 6.50 77 .50 HIO.OO 

\.2.6 FINAL FACTORY ASSEHBLY 304624 182535 231000 124m 915898 6.44 2.74 2.01 3.12 2.93 42.01 25.21 32.73 100.00 
\.2.7 FINAL FACTORY TESTING 34713 114473 nooo 242246 332308 0.74 1.72 0.79 1.04 1. 06 14.35 47.25 3B.39 1 (10. (1(1 
t. 2. 8 TRACI:ER TRANSPORTATIOW 13415 975 10000 24390 3&097 0.28 0.01 1).08 0.11 I) .12 5S.00 4.00 41. 00 100.00 
\ .2.9 SURFACE ERECTION AT SSCL 128715 78196 475000 681911 1002130 2.72 1.17 4.02 2.94 3.21 18.88 11. 47 69 .66 100.00 
I. 2 .10 FACllI TIES 28992 1315525 630000 2034517 2&04HI 0.61 20.64 5.34 8.77 8.34 I. 43 67.61 30.97 1(10.00 
1.2.11 PROGRAM MHAGEHOn 1620419 230500 379000 2229919 2764549 34.26 3.46 3.21 9.61 B.85 72. 67 10.34 17.0(1 10o.0Ct 
L.2.12 R l D EFFORT 444400 140160 470000 10545&0 1307656 9.40 2.10 3.98 4.55 4.19 42.14 13.29 44.S7 100.00 

TOTAL 47H283 6664861 11805000 23199144 31233482 100.00 100.00 100.00 100.(10 100.00 20.39 2B.73 50.89 100.00 

9.2 INSTALLATION' TEST 75841 200799 67500 344140 468094 1. 58 2.92 0.57 1. 46 1. 48 22.04 5B.35 19.61 100.00 
TOTAL 4805124 6865660 11872500 23543284 31701576 100.00 100.00 100.00 100.00 100.00 20.41 29.16 50.43 100.00 

TABLE NUM8ER 12 PERCENT OF BASE COST PERCEHT OF BASE PLUS COHTINGEWCf (OST 
HBS TASK EDIA HFAL THAT 8ASE BAS+CON lEDIA IHFAL 'LTHAl 'LBASE ,8AS+CON I.EDIA 'JJIFAL 'J.THAT 'J.BASE I.B~S+COII 

1.2.1.1 TRIGGER HODULES(112) 42!,BS9 833952 959000 2218811 3013414 1.84 3. S9 4.13 9.56 12.99 l.36 2.67 3. (1/ 7.10 9.65 

1.2.1.2 AXIAL(160) & STEREO(320) HODULES 293322 2114664 1931000 433898& 5444456 1.26 9.12 B.32 IB.70 23.47 O.H 6.77 6.18 13.89 17.43 

1. 2.2 SUPPORT COHPOWENTS 263358 69b811 1990000 2950169 4499381 1.14 3.00 8.SB 12.72 19.39 0.84 2.n 6.37 9.45 14.41 

I. 2. 3 SUPERLAYER(S/L) ASSEHBLY 120000 394661 10000 524661 673170 0.52 1.10 0.04 2.26 2.90 0.38 1.26 O. (13 I.bB 2.U 

1. 2. 4 S/L 10 S/L ASSEKBLY 131550 128734 165000 425284 631121 0.57 0.55 0.71 1.83 2.72 0.42 0.41 0.53 1.36 2.62 

1.2.5 EQUIPMEHT,TOOLING,. FIXTURES 919856 373675 4~56000 5749531 8008411 3.97 1. 61 19.21 24.78 3~.52 2.95 1. 20 lU7 IB.41 2U4 
1. 2. 6 ' FI»AL FACTORY ASSEMBLY 304624 182535 237000 724159 915898 1. 31 0.19 1.02 3.12 3.95 0.98 0.58 0.76 2.32 2.93 

I. 2.1 FINAL FACTORY TESTIHG 34173 114473 93000 242246 332308 0.15 0.49 0.40 1. 04 I. ~3 0.11 0.37 (1.30 0.78 1.06 

1.2.8 TRACKER TRANSPORTATION 13415 975 10000 24390 36097 0.06 0.00 0.04 0.11 0.16 0.04 0.00 (1.03 0.08 0.12 

1. 2. 9 SURFACE ERECTION AT SSCL 128115 78196 475000 681911 1002130 0.55 0.34 2.05 2.94 4,32 0.41 0.2S I. 52 2.18 3.21 

1. 2 .10 FAC III TIES 28992 1375525 630000 2034517 2604291 0.12 5.n 2.72 8.17 11.23 0.09 4.4(1 2.02 6.51 8.34 

1.2.11 PROGRAH "AMAGEHEtIl 1620419 230500 379000 2229919 2764549 6.98 0.99 I. 63 9.61 11.92 5.19 0.74 1. 21 7.14 B.B5 

1. 2.12 R l D EffORT 444400 1401110 470000 1054560 130765& 1.91 0.60 2.03 4.55 5.6~ 1. 42 0.45 1.50 3.3B 4.19 

TOTAL 4729283 6664861 11805000 23199144 31233482 20.39 28.73 50.89 100.00 134.63 IS.14 21. 34 37.80 74.2B 1(10.00 

B.2 INSTALLATION l TEST 7S841 200799 67500 344140 468094 0.32 0.85 0.29 1.46 1.99 0.24 0.63 0.21 1.09 1. 4B 

TOTAL 4805124 6865660 11872500 23543284 31701576 20.41 29.16 50.43 100.00 134.65 15.16 21.66 37.45 74.27 100.00 



----------------------------------------------------------------------------------------------------------------------------------
-STINGHOUSE DEPARTMENT TMO PRIMAVERA PROJECT PlANNER 

:PORT DATE lAUG91 RUN NO. 16 TRAK-SSC DETECTOR CENTRAL TRACKER 
14:17 

lS-L3 Summary of Budgets without Contingency 

OUR 
SUHHARY DESCRIPTION 

BUDGET EARNED 

1.2 CENTRAL TRACKER 

START DATE IJUL91 FIN DATE IBJAN99 

DATA DATE IJUl91 PAGE NO. 

SCHEDULED 
START FINISH 

- --- ---------- ------------------------------------------------ -------- -------- -------- -------- -----
121 1527 D 1 . 2 . 1 HODULES IOCT92 5DEC96 

6557797.00 .00 

122 ll07 0 1.2.2 SUPPORT STRUCTURE IOCT92 12OCT95 
3546016.71 .00 

123 923 D 1.2.3 SUPERLAYER (S/L) ASSEMBLY 29DEC94 SJUL97 
B59654.10 .00 

124 1748 0 1.2.4 TRACKER Sll TO SIL ASSEH8LY 9APR93 20JAH98 
579613.40 .00 

125 1784 0 1.2.5 EQUIPMENT,TOOLING,& FIXTURES IOCT92 19AUG97 
6459542.ll .00 

126 1836 0 1.2.6 FINAL FACTORY ASSEMBLY 25HAR93 3APR98 
936835.01 .00 

127 1884 0 1.2.7 FINAL FACTORY TESTING 25HAR93 21HAY98 
277010.41 .00 

128 1016 0 1.2.8 TRACKER TRANSPORTATION SYSTEM l0A0095 21HAY9B 
32404.50 .00 

129 1875 0 1.2.9 SURFACE ASSY AT SUPERCOlliDER SITE 21HAY93 aJUL98 
722391.28 .00 

12A 1878 0 1.2.10 FACILITIES 30110Y92 20JAH98 
2772141.00 .00 -

128 1583 0 1.2.11 PROGRAM MANAGEMENT lOCT92 18JAH99 
2668973.42 . -.00 

12C 900 0 1.2.12 R&D EFFORT lSJUL91 3ODEC93 
131%299.60 .00 

821 1268 0 8.2.1 SUBSYSTEM INSTAlLATIOI III HAlL 28OCT93 9NOY98 
335295.48 .00 

822 895 0 8.2.2 SUBSYSTEM AND SYSTEM TEST IN HALL 27JUfC95 18JAN99 
103304.20 .00 

REPORT TOTAL 271&3278.22 .00 
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TECHNICIAN MANPOWER 
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!iiU5UM1~ FILE 1 DF 2:F5i~ C~LCULAr 3UriHAR1ZE FILES TIUS~"11: 

TABLES 11 TO 19 USE OKLv UHlvER5IT, LABDR ~~TES 
STRA~ TUBE CEHTRAL TRA(iE~ 

TAKE ;IlIH~EP. 13 
I~PUT DATA 06-v6-Ql 

w~s 

1.2.i.1 
1.2.1.2 
t 'j i 
......... L 

1. 2. 3 
1. 2. ~ 
1.2.5 
1. 2.0 

1.2.t! 
1. 2.9 
i. 2.1(' 
1.2.11 
1. 2 .12 

TI;5i 
TRI5GEP nODULESI1921 
AIIALI160, I STEREO(3201 MODULES 
SUf'~Oi'T Cfi~if'O~ENTS 

SUPERLAiE~IS/LI ASSEMBLY 
S!L TO S/L ~SSE~BL' 
EQJlfHEHT, TDuL1HG.~ FIXTURES 
FlN~L FACTORi ASSEKBL' 
FlHAL F~STORi TESTINE 
TRA[.I:E~ TRA~SPOP.TATlOH 

SU!(~hCE EilECTIOli AT SSCl 
i=HCIUiIES 
PRu3R~n ~AHA6E"EHT 

R t il EFFORT 
iH5TALLATION & TEST 
5UBTDT~L 

TABLE liUHBEFI 14 
STRAW TUBE CEHTRAL TRACKER OB-Ob-91 
SCALIH6 COHSiAHTS INCLUDINS CONTINGENCy 

1.2.5 
1.2.7 
1.2.e 
1. 2.9 
1.2.10 
1. 2.11 
1.2.12 
8.2 

1.:.2 
1.2.3 
1.2.4 
1.2.6 

1.2.1.1 

1.2.1.2 

FilED COSTS 
EDUIP~EHT,TOOLIHG,. FIXTURE 
FINAL FACTOR1 TESTING 
TRASKE? TRANSPORTATION SVST 
EP.E~T!ON AT SUPERCOLLIDER S 
FAC!L! TiES 
rRuSRAn HA~AGEKEHT 
R ~ [, efFORT 
IH5TA~LATICN t TEST 
TOTAL: 

SUPPORT STRUCTURE COSTS 
SUPPORT STRUCTURE 
SlIFEf:i.ti'tER (S/l) ASSE"BLV 
T K;;U:EF SU~ {;SSE"BL Y 
FIHH~ fACTORy, ASSEI'BLV 

, SUPERlAYERS 
Ont Sif'ERlAVER SUPPORT: 

TRi~E~ "ODUlES COSTS 
Fi2 TRISSER tWDULES 

uH~ iRl66ER "ODUlE 

SlE~,:l> OR AHAl ~ODULE enSTS 
!70 STEREO 
10l' AtIAL 
1a4 STEREO 

(tl) 
B006 

332 
3b 

1002 
2604 
2705 
1308 

46& 
16524 

4499 
674 
631 
916 

b72lj 
li180 

3013 
15.695 

4Et~ TOiHL !l4H 
o:¢ ~::i"L or. STEREO I1C'[iULE 11.3U 

EDIA MFAL TMAT BASE BAS+COH 
425SSQ 
293322 
2b3358 
12(t(t(i(t 
13155(; 
919856 
50462~ 

34773 
13415 

128715 
28992 

1620~1q 

444400 
75841 

4805124 

833952 
21i46b4 
69b811 
394661 
128734 
373675 
182535 

950;:,(I(i 

19310(i(, 
19-10(1(10 

1(1(;(10 

165vvtl 
4456(10(, 

237(1(1(; 

2218811 3013414 
4338~8b 5444~5b 

29501b9 4499381 
52~bb1 673770 
425284 631121 

5749531 8(i(18411 
724159 91589B 

114473 93000 242246 332308 
975 1(1000 2~39(l 3b097 

78196 475000 681911 1002130 
1375525 b30000 2034517 2604291 
230500 379000 2229919 27b4~49 

140160 47(1000 10545bO 1307656 
200799 b750v 3HHO ~6809~ 

bBb5b60 11872500 23543284 31701~7b 

TABLE HUMBER 15 
SCALIN6 TABLE FOR NUKBER OF "ODUlES VS. 
SUPERlAYER DIAKETER (REF 1.7 " DIA. DES1SHi 

DIAK IN KHERS itO. REQUIRED 
NDIlIHAL ACTUAL 

1.7 1.61 192.00 
1.48 176.00 
1.34 IbO.OO 
1.22 14~.(lO 

TABLE NUKBER 10 
SCALING TABlE FOR COST VS. TRACHR LEnGTH 
(REF 1.7 " DIAI'I.) I 683 ;:s i AVER 1.3 COIHW6EItC't) 

LEN6TH IP. METERS COST (~S) 

EACH liETEr. 
s 
7 

5 

-867.9 
31702 
3tl814 
29926 
29038 



CHEet 
HiT 4~ ~i;St [,:':;:-

TABLE IiliHSEP. 1~ 

STRAW TUBE [ENiR~L rRACLE~ OB-08-~! 
SCALIHE CGHSiAHTS INCLU&iH6 CGHTiHGENCY 
(THIS TABLE USES U~IVERSil1 LABOR RATESi 

BASt COST iti'=~·~!I.Fi)£[; COSTS: ,. 
;B' ~( i CF SUPERlAiERSL) t 

1[' • " O~ THISSER MDDULES) t 

!~, ~ !~ OF RIIAL HODULES, t 

IE~ I ;~ OF 5TEhE~ HDDULES) 
FOR THE REFER£HCE (BASE; iRAC~ER: i. DF SUPER UWERS i: 

DiAMETEr. 
lAyERt6 i- Of TR6GER MODULES;: 
LA'fERt5 (j [iF STEREO MDUlES)" 
LAyEPt4 Ii OF AXIAL "ODULES): 
LAYERI;:'\ (I OF SiEREO "(jDULES)= 

(A)= 0:$; 
(iil: i;:S) 

(C)= (U) 
(u)= (U) 
IE)= IrS) 

B) FOR LEn6r~ CHANGES USE THE FOLLOWiNG: 

4 
3.4 
192 
170 
100 
144 

Ib524 
108(; . 

15.695 
11.343 
11.343 

FIXED 
LAYERS 
TRISSER 
AIIAL 
STEREO 

rI~AL COST ;l$!=13ASE COST tS) - iF! t it OF METERS REDUCTION) 
FOF. THE REFE~:~(E (BASE! TRAC~EP.: 

it OF METERS LONG)= 
(I OF "ETERS REDUCTiON)= 
iF): lU) 

DESCOPE 1 (BH~£ T~A~KEf!1 

[:A1'~ 

irikEr, COSTS) 
DIA!'!EitP. (HAASE 
(EFFECTS LAYER &: HOlt C[lSTS) 
,I u"SU~ER LAvERS;= 

L;t~:;t: ;. fiF TRI6SER MODULES)= 
LATE:.:, 

\ - m: STEREO MODULES)= 
L"IE~,.A it OF AlIAL IIOnUlES,= 
LA!t~': ii D~ STEREO MODULES;= 

til GF flE1ERS LONS)= 
TOltiL Cil51 

nE5COPE .., 
I F.t~ ~·~t;! il14KETER TRACY.ER) ~ 

il··· H~M 

(FUED COSTS) 

6 
() 

-881.9 

B£FORE 
Ib524 

3.4 

4 
192 
110 
lbCi 
144 

8 

SEFORE 
10524 

AFiER FkCi~R 
1b~24 

3.4 NIA 

4 , NfA 
1'i2 
176 
i6{; 
144 

e !tll 

AfTER rACiOR 
10524 

COSi(U) EXAMPLE 
(, 16523 Z l-lO, 

(BELOIl) MIA 
IjI' .H 

6720 N/'; 
tl 3013 I (-192! 
tj 1990 I (-192; 
(; 181~ , (-1921 
1) Ib33 I (-192) 

0 I {-l'm 
31701 

COSi(U) 
U 10523 



[lJHYt~TER CHAtiGE =,.4 ; riiA iBELOW ~ 
(EFFECTS ' . ~"" L.H .tt. ~ tim:. C[i:. is i 
i I OF SUr:f.' L4tE~5!~ ~~/ ~ :,93(1 

L>;lEHi6 \ I OF TfdGGEF: i'iODULES, : .-., 
l~" loC; (, 2b5Cf 

L':'!ER'~' 
" 

OF STEREO !10['tiLES ,: ' -.It, 155 IJ 170i 

LAvEfHI4 fil OF AXIAL "OvULES:: 10\' 141 i) HOl 

Ul"IER.3 \' n~ ~·r STEREO "uDULtS,: 144 1" -, (~ 1441 
II OF I1ETERS LOIlSi: 8 8 Hili (} 

TOTAL COST 29915 

I:ESCOf'E ~, iREiiUCED LEli6TH TRACKER: 
~HTA BEFur.t AFTER FACIOIt C05T(Ui 

(FDED COSTS) t6524 16524 & 16523 
niAI'!ETEF. CHMI6E 3.4 3,4 IVA (8ELm" 
iEFFECTS LHIER ,~ nvD COSTSl 
Ii OF 5U~Eii LAIERSj= ~ 4 HlA 6720 

LAIERtc fI OF TRIG6ER tlOfiULESj= IQ"; .~'l (: 3013 ,,,- .'1L 

LtIlEP.iS i. OF 5THEIi I1ii&ULESi= 176 176 (I 1996 
LAYER#.4 (. OF AXiAL 110DULESi= 16(, 100 0 IB15 
LfI'IH.3 If OF STEREO KODULES 1= H4 144 (; 1633 

(i OF iiETERS LOnE!= S 6 Iii' ,II -1776 
TGTAi. COST 29925 

DESC{iPE -4 li\EvLlCED Ii I AfIETEf. & LEnGiH TRACKER; 
DAH' BEFGRE AFiER FACTOR COSi(~$i 

(F UfL; COSTS) 1652~ 16524 (I Ib523 
DIAKtTER CHANGE 3.4 3 NiA (BELOW) 
(EFFECTS Liii'ER & HOD COSTS) 
Ii fiF SUPER LAYERS!= 4 4 NiA 5936 

LAVERI6 (t OF TRISSER I'IODUlES) = 192 109 Ii 26S9 
LAYE~IS ,I Of STEREO KODULESi= 176 iSS 0 libl 
L.AT'ERt4 Ii OF AXIAL KOiiiJLESi~ 160 141 Ii IbOl 
LA~£~;3 Ii OF STEREO .1Or-ULES )= 144 1 "i ... , (i 1441 

(i! OF IIETERS LOn6)= E 0 NIA -17ib 
T(liAL COST 28140 

DE5COf'£ 5 (REflUCED TO 3 SUPERLAYERS iRACKER) 
IiMT/! BEFORE liFTER FACTOR COST(I:S i 

(FIXED COSTS) IbS24 1b524 (I 1bS23 
£IIAHETER CHANGE :>.4 3.4 NIA (BELOW) 
IEFi=ECTS LAYER t HOff COSTS; 

" 
OF SUPER LAVERS)= 4 3 N/i< 5(>;0 

L~'iEP." If OF TRISGER HO£ilILES)= 1"'i 192 (I ;)013 
Lt;1E;:IS " OF STEREO ~ODULES)= p~ , w 17b U 1990 

LH~E~14 (I fiF HlIAL MODULES,= Ill!) 1b(t -lilO (; 

LH1F,t3 II ilF STEREO ~OuULESI= I'" -"" 144 (\ 1633 
(I OF METERS LONG)= 8 B HIH (, 

TOTAL COSi 2B206 

DESCC?E 6 (REv~[E~ TO 3 SUPERLAYERS. DiAMETER. LEnGTH. ~ 25; FIXED COST TRACKER! 
il4i~ BEFORE liFTER fiiCTOR COSTO:') 

iFI1.ED COSTS; 10524 16524 -2~ 12392 
Dlk~tTER CHANGE iBtLOWi 3.~ ~\ Hi? 
\EFFECTS LAYER 1 HOr. COSTS, 
(' 0;: SU~ER LATERS;= ;,,4i 4 oJ H " • t~ 

1~2 • '0 10, (; 



LA I EIl;~, Ii OF STEREu I'iODULES)= lib 1 ~I~~ (; 1:t;.1 
LA'iERH (t OF AtIAL KOiiULESj= 16{' 141 -16') -~i4 

LH'iERI3 ,. Or STEREO I'iODULES!= 1';4 i~: C' 1441 
It OF HEiER:, lOii61= 8 :-;ii; -177t 
TOTAL COST 2'j 712 

[lESCOPE 7 (iNCREASED TO 5 SUPERlA'iERS AHD lJECREASH ltlSifJE fJ!MiETEii uF TRACKER) 
NEW SUPERLAVER DATA; 

• DIAI'IIII) 
1.~(lB 

Z (U) STEREO 

2 
3 

5 
PilTA 

2.08 
2.68 
'I c' L 1,0 

3.22 

2.80 
3.20 
3.90 
3.95 
3.95 

(F HED COSTS i 
f'IAHEiER CHAH6E 

3 

f EFFECTS bi'iER & IIOD COSTS) 
II OF SUPEF. lAVERS)= 

lATERt5 (t OF TRIGGER "ODUlES)= 
lAYERj4 II OF STEREO KODUlES)= 
LAYERt3 (I OF TRIGGER IIODUlES;= 
lAYER42 ii Of STEREO "ODUlES)= 
lAYER.1 (t OF AXIAL "ODUlES)= 

it OF KETERS lONG)= 
HlTAl COST 

t tiODULE5 
94 

i24 123.6E 
btl 
, 7' 1.0 

l'i'2 
BEFORE AFiEr. 
16524 16524 

3.4 3.4 

4 c .' 
192 i92 
176 176 
100 16Ci 
124 124 
84 84 
B B 

FACTOR COST 0;$) 
(, 16523 

"Hi i~ELOii) 

Ii/A 840(i 
(, 3013 
(i 1996 
Q 2511 
Co 1406 
(i 953 

HiA 0 
34803 
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~~~l lfNRtlH WBS1 MAJOR ITEM l'i'il ~92 1 1993 J 1'i'H l'i'i~ I 19961 ~997 I 1'i'iB 1999 121 1.2. 1 MODULES 10CTq2 SDECq6 j ': 122 1.2.2 SUPPORT STRUCTURE 10CT~ 120CTQS I I 
123 1. 2. 3 SUPERLAYER (SIll ASSEMBLY ~DECq4 BJULq7 i ] 
124 1.2.'4 TRACKER S/L TO S/L ASSEMBLY QAPRq3 20JANQa I I 
125 1.2.5 EQUIPMENT, TOOLING, & FIXTURES 10CTQ2 1~UGq7 

••••••••••••• 1 •••••• """ ... , ........ ..... , . .. 
I I 

126 1.2.6 FINAL fACTORY ASSEMBLY 2SMARQ3 3APRQa I I 
127 1.2.7 FINAL fACTORY TESTING 2SMARQ3 21MAYQa I . 

t 
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I 

12A 1.2.10 FACILITIES 30NOV92 20JANQa I I 
128 1.2. 11 PROGRAM MANAGEMENT 10CT~ 1BJANqq I I 
12C 1.2.12 R&D EFFORT ISJULQt 30DECQa I • . . 

SUBSYSTEM INSTALLATION IN HALL 2BOCTQ3 1BJANqq 
,., .. " ....... .... , .......................... , ....... ,' ... .. ....... ...... .......... 821 B. 2.1 : I I 

822 B.2.2 SUBSYSTEM AND SYSTEM TEST IN HALL 2?JUNQS 1BJANqQ [ I 

: 
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ACT IV lTY 10 O~n~HON I 'N' I 1 'lOP L993 I 1'1'14 1995 I l'i'ib 
t-::'::=:----==:::-::'::::::::'':'"::=.:::::-----------:=:_:__----tU.l "ODULES 

5001 5TMr IllOUl£ PE51Ql locrQ2 • 
SOOS SlMT ASSY If HOOULES 2IIff'RCl3 • f003 fIIII!II IIlDULE PIIROIASING (,JUL 114 
~;;-----;~~=~~~~:-:---------~:::::'.:!-~""""""""'" . fOO2 Fllll!ll IllDULE D$II f(TlvnrES 14JUII16 

. .. " .. , .. 
• fQJI fl/CI!II IlJDllLE ASSr ~rl\'lTlES I81CT'l6 

F004 FIII9I 9UPl£IT OF IIID11l£S !lJECII6 

t-:::"!"'""----==:::-::==:-::::=~=:__----~=~--~1.2. 2 SUPPORr STRUCTURE 
SOO6 SlMT STRUCTUI( SII'PORT DESIQI 1ocr~ • 
SooQ SlMT STRUCTUI( SUPFIIRT PURCHASING 1 SEpq3 
SOO8 STMT STRUCTUI( SUPPORT fABRlCAlIOIl I?JAN!!4 ;t 
fOQll filiI" STIIIClURE !lPPDRr PURalASIIlII 2'-EBII4.., • , 
SOO7 STNtT STRUCTURE !IUPPIIRT II!IST 12fPRII4 ' .. ' .............. , .. ' ................ t' . , . . .. . . .. . . .. . . . .. ............. , .. , 

~f~00~6:-----~fl~III~!II~ST=IIICl~URE~!I~PPDR==r~~~I~~------~~~-2~81~~~II4--t 

fOO1 flNISII STIIIClURE !lflPDRT ASSY _16 
FQJI mIll SlIllCTUR£ !IIPPOAr F,.RICATION SOC116 

~----~~=~~~--------~~~----4'.2, 3 ~UPERlAYER tSlq ASSEtIllY 
SOlO SlMr 9IPERLAYER ASS'f 6O[cq, 
FOlD rtNI9I IlFERlAYER ASS0f8l Y IJULC17 

t-::~----==:::-::==_::~::-:_::_:=:::_::_-------:~::__-----i'. 2, 4 1RACKER SlL TIl $/L A5SEttlLT 
5011 STMr TRACKER SlL 1D SlL ASSD1BL r II.IIIL 117 
fOIl ,.INI!II SlL TIl S/L AllanOr 

~------~~=~~~=~-------:=~----f1.2. S ERVIPHEHT, TIIOlIliG,l FIXTURES 
5013 STMT ElUlPJ TIIOLING DESI~ 1 DCT412 t 
5014 5TMT TOOLING PAllDlII:KNTS 28JANQ~ 

SOIl SlMT TOOLING AS5Y t6fPRCl3 • 
t-~~:.;.,;::---~~:;;.;.;:;~:_[QU~TOO~~~~~G1~:OC~L1~:~~~:~;~~:-----------:;~~~~~:~, ..... : .... , , .. , ,., ,: .. , ..... ,., , , ,:,' '" , , , , , " ,.: .... , . " . , , , .: ' , '" , , . , ...... 

fOl2 fiN I!! TOOLJII; , fIxtURES AS51 2JUNC17 

~~--~=~~=~==~~----~=-----It.2.6 FINAL FACTORY AS!£tIIlY 
S015 STNtT FINAL fACTIIRT PERIPHERAL ASSY 1IMYCIt 
fOl5 FIIII!II f'lNAL fAClIIRY PERlPIIEML II!IST 

~~---=:":"":'==~=:-::=::__------:":'=::------t'. 2.? rIm fACtORY rESlING 
9016 S1MT FM. fACTIIRT 1ESTJNG l4IMYQI 
F016 flN11I FINAL FACtORY TESTING 2111ATII 

~ ...... ---==~~~-:::=__---------_===-I" 2 .• ~WKER TR"'''~TATIDN 5lSlDt : 
F017 I(ClIVE TMCKfR AT SITE 211tAY1I 

~....----=~==:-::==_::::_::==_::::=_--~~:_:__----ft.2.11 SURFACE ASSY Ar'SiPERCOllIOER SITE 
SOl. 51Mr UllPlQIIIG 1RACKER FOR !lIfACE AS5T 1.11111411 
fOI. COtPUTE ClII1ML TlKKtR _ACE ASSY IJUL. 

1.2. It 'PRDGRM "AH~EKENT 
~B~I0000=-:. rn=----1-=7~IIf::G-:,T::OO::-::llN::-::G~'-:TE::S:::TI~NG:":PRE::=:LI==Il'7.D£~S::I(JI::-::::R£VI=[\/:---:I-::1f[::B~q3:--"7.12f:::EB:::II3=-; : I 

.'0000.04 14 SUPPORT SlIllC1. Pll:L. DSGN IlEVI£\! 1tIMRCI~ 1:!ItM1\3 I 

i~~~i llefl.'ty WICIfoI, ..... 
I Cr.t'tli Actl.l" 
1"...111' 
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ACTlvlTr 10 o~~Ullo. ~~2hJ lfNRfsTt I'RI I 'I'lL' J 1"1'1J I'I'H 1'1'15 L'l'i~ 1'197 
1.2. 11 'PRO~M "!WIMEJ1ENT 

J'I'1tl 

810CXl0. DI II "DOUL£ P~L. DESIQI REVIE\I 2SMR'l3 2&1Mq:] I 
810000. OS IS SUPPORr STRIICT .IIITERI" DESIQI REVI£W ~3 211APRq:] I 
81000D.~ 12 HDDUL£ IIITERI" DESIGN REVIEW 11 MYQ3 12HAYq:] I 
81000D.aI 18 "fG, TOOLING l TESTING INTERI" DESIGN REVIEW Q.ftlNq3 IOJUllq:] I 
810000.06 16 SUPPORT STRIICT. rINAL DESIGII REVIE\I 21.ft111Q3 

............... .... -, . . ... , ..... ..... , . ... . . . ... .. """ . 22JUllq:] I ... 

810000.03 13 "DOUL£ fINAL DESIGN REVIEW IBItlGQ3 ICVlUGq:] I 
810000.oq Iq "It TOOL ING l TESlING F DIAl. DESIGN I('(I£N 60m2 ?OCTq:] I 
810CXl0.IO .'0 TRACKER INST. I1EST ~L. DESIQI REVIEW IQD£CClS 2OO£CI6 I ........... , ., ..... '., ..... ,. ,., ".' ...... .. , . ... .. 
810000.11 111 TRAQ(ER INsr./lESr INTERIH DESIGII ~VI£W srnq, U£BCVt .. : i . ... 
810000.12 112 TRtlCKER INST.lTESr rDlAL DESIell IEYIEN 14.ft1NQ, 17JUNCVt I 

1.2. 12'R, 0 EffORT 
CI200D DSIJ\ PrototYPI ItlcllIIS 'SJULQ, 23SEPQI 0 
50)0 STIRT PROTOnPE D9iW IS.ftILQI • 
CI1000 DSIJ\ Protot~Cyllndfr 24SEpql 2HM'l2 c::::;::J 
CI300D DlIJ\ PrototYPI Cyllnllll"' ~ll Intrflcl 24SEpql 2OJM'l2 c=J . . 
C1400D DI9' PrototYPI .."...t StN:ture 24S£pq, IWDl~ 

... t::::::::::J ........... ; ............. ; ............. . ... ..... , ... .... ' ...... , ... .... ""', .. , 

C1200A AllY l T.et Proto~fIa IIcd.Il •• 230£CCI, 30SEPte 
. 

I I 
C1400A _ Protot~. Suppart Stru:ture 18MYQ2 3OOECq:] : I , 
CI300A AllY , Tlet Prototype Cyllnd .. "adull IntrflCl IDCT~ 31 AUGq:] : I I 
fOlIO CONTE PROTOTYPES 3OOECq:] 

............................ "" ............ ", .. '" ...... , . .... ' ...... ,. ' .. ... , • 
8.2.1 SUBSYSTE" INSTALLATION IN HALL 

.0 STIRT Of JNSTALLATIDII In\YQ7 . . . . . t 
'020 END CEIITRAL TRACKER INSTALLATION I TEST IBJFflqq 

8.2. 2 ~II8SYSTE" !WID S'fSTD4 TEST 1M H~LL 
9021 ST MT !!£TUP FOR TRAa<ER TEST lNG 2BDCTQ8 t 
F~I FINI9I FOR TRI'ICICER TESTIIIC IBJFflqq 

~-. ~,.l ~ 



I 

I-:-:~:::-_____ ~~~=:--~=:--Il. 2. 1 MODULES 

~~==------~~~~=--...;:.;:;.,.::~ ...... : .............. : .... ' ....... i················· .. ············· .. ·············; ................. . 

~~~ ______ ~---,.=-_____ --Il. 2. 2 SUPPORT STRUCTURE 
C::' ========::;j, , 

I'I'IR 1'1'1'1 

• • • «i . 
• ••••• :' ••••••••••••• : •••••••••••••• : •••• I' •••••••• '0' ••••••••• • i ... : .... , . , ..... , . ~ ............. , ;. ". " .. ,.,., ......... , .. . 

J-~ _________ ---,.~~~_~~--tl. 2. 3 ~UPERlA1ER (S(U ASSEMBLY 

P"'-""rI Sr'-· Inc .• 1lII"'Gq, 
L,; --

....... : .............. i .............. ; .............. ; ............... : .........•.. '" ...... ,0 ••••• , 

j , 

1.2.4 YRACKER S/l TQ S/l ASSEMBLY 

c::=:J: 

. . . c:=::::II · ..... :' ............. : ............. ': ............. ':' .............. :. . . . . . . . . . . . . . .. . . . .. . ............ . 
c::::::::I 
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1. S~y 

Westinghouse is working on the second phase of a preliminary 

conceptual design, evaluation, and analysis of the feasibility of 

building a modular type straw tube central tracker for use in the 

Superconducting Super Collider at the SSC Laboratory. The following 

list summarizes the status, results, and conclusions of that work: 

• Concept layouts of the following have been developed: 

Several conceptual versions of the tracker 

Several module cross sectional geometries 

Fabrication and assemblies for modules and support 

structures 

Proposed alignment equipment and methods for obtaining 

required alignments 

Module design and fabrication for needed automation 

• Module sizing and spacing geometrical calculations have been 

done. 

• Conceptual evaluation indicated that for several reasons, 

including potential for automation fabrication and assembly, 

ability to accommodate maintenance and repair, and potential 

for good alignment, the design is very attractive. 

• Finite element analysis of the deadweight deflection of a 

cylinder support structure including eight ·superlayers· of a 

detector-straw module with attachment to a rigid external 

structure. 
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• Scheduling and cost estimating of a complete central tracker 

using straw tube technology was developed from technical 

information and input from a wide cross section of 

individuals. 

• A module based central tracker using straw tube technology 

would have advantages such as simplicity, stability and 

reparability. With respect to mechanical engineering design 

issues, conceptual feasibility has been demonstrated, but 

many conceptual and preliminary design, and analysis tasks 

remain to be addressed. 
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2. INTRODUCTION 

This report contains the results of the interim phase of a 

conceptual design study. The goal of the conceptual study was to 

develop a concept for a structural support system for small cell straw 

tubes used for charged particle tracking. This charge particle tracking 

detector would ultimately be a subsystem of an overall detector for use 

in the superconducting super collider at the sse Laboratory near Dallas, 

Texas. 

Figures and supporting documents referred to in this report are 

but a few of the many generated during the course of the study. These 

attached documents are intended to be representative. To prevent this 

report from becoming burdensome, the majority of the balance of the 

material in the form of approximately 100-page hardcopy viewgraph 

presentation is attached but is only a reference document with respect 

to this report. 
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3. STEREO CENTRAL TRACKER SUPERLAYER STUDIES 

The method by which the straw modules are shaped and positioned 

to accomplish the stereo requirements of the central tracker were 

studied. Eight different cases were studied and listed in Table 3.1 and 

Figures 3.1 through 3.10. 

Case 

#1 
#2 
#3 
#4 
#5 
#6 
#7 
#8 

Table 3.1 -- Case Summary 

Module Shape 

Alternating Trapezoids ............................ . 
Parallelograms .................................... . 
Radial Modules .................................... . 
Rectangular Modules ............................... . 
Overlapping Rectangular Modules ...........•.•.....• 
Twisted Alternating Trapezoids .................... . 
Overlapping Alternating Trapezoids ................ . 
Dual Angle Alternating Trapezoids ................. . 

Figure # 

3.1 
3.2 

3.3 - 3.5 
3.3 - 3.5 
3.6 &: 3.7 
3.8 &: 3.9 

None 
3.10 

The goal has been to create a tracker geometry using as few 

style modules as possible. The above stereo schemes with the exception 

of cases #3, #4 and #6 may be accomplished with a single module style; 

however, triggering, channel count, and other factors have deemed 

multiple styles necessary. 

Alternating trapezoids, rectangular and radial modules allow for 

symmetry in the radial portion of the support structure. Parallelogram 
modules bias the direction of the radial support structure, thus 

reducing its stiffness. All the above cases except Case #6 (Twisted 

Trapezoid) generate larger radial superlayer dimensions, thus reducing 

the support structure sections and stiffness. 

Alternating Trapezoids, with dual angles of rotation (Case #8) 

offer uniform module spacing with minimum radial build and the best 

overall selection to date. The eight cases listed in the above table 

are described below. 
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Attached at the end of this memo is a program (A:Centk11). This 

program and earlier versions were used to generate the support structure 

geometry used for these studies. 

The software used is Mathcad 2.5 from Mathsoft, Inc., Cambridge, 

MA. 

Case Explanations 

Case #1, Figure 3.1, (Alternating Trapezoids). This was the 

first stereo option studied. Figure 3.1 illustrates the result of 

rotating super layer #2 three degrees about the mid-point of the 300-cm 

length module. In this case the side spacing was 0.20 cm. with all 

modules identical and all modules of a given super layer at the same 

radius. The result is not suitable because of the alternating 

interference and large gaps generated at the non-radial side surfaces 

after rotation. The section shown in the figure is the surface nearest 

to us, Z = 300 em, at the far end, Z = 0 cm. The interference takes 

place between the modules that show large gaps at the near end. 

The disadvantages of this configuration are non-uniformity, 

module to module interference side spacing and increased radial 

dimension after rotation. 

Advantages: symmetrical radial support structure. 

Case #2, Figure 3.2, (Parallelograms). Parallelograms suffer 

the same difficulties as alternating trapezoids above plus the 

additional problem that the support structure radial members through the 

superlayer, between modules are biased in one direction reducing the 
support structure stiffness. The series of radial lines passing through 

each module to the origin are the axis of rotation for each module. 

Case #3, Figures 3.3, 3.4, I: 3.5 (Radial and Rectangular 

Modules). Radial modules have sides that are parallel to lines 

radiating from the origin, rectangular modules have a rectangular 

section. Both radial and rectangular modules respond similarly during 

rotation. There is no advantage.. to making radial modules over 
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Figure 3.1 -- Alternating trapezoids, superlayer HI rotated 3.00 degrees. 

1£1.6£1 em 

1£1.6£1 em 

73.21 em 



Figure 3.2 -- Parallelogram modules, before rotation. 





Figure 3.4 -- Radial modules after rotation, front view. 



Figure 3.5 -- Radial modules after rotation, rear view. 



rectangular in respect to straw count. Figure 3.3 shows radial modules 

before rotation, Figure 3.4 the front surface after rotation and Figure 

3.5 the rear surface. With both radial and rectangular modules the side 

spacing remains almost uniform. The radial increases are not serious 

but the major difficulty is missed hits caused by the radial spaces 

between modules. Another difficulty is that this geometry does not lend 

itself to fine tuning superlayer spacing as well as alternating 

trapezoids at different radiuses. 

Case #5, Figures 3.6 and 3.7 (Overlapping Rectangular Modules). 

This was an attempt to avoid missed hits. Figure 3.6 shows the radial 

space necessary to avoid contact after rotation. Figure 3.7 shows the 

modules after rotation. This configuration would leave very little 

space for the support structure, which becomes more complex and less 

rigid. 

Case #6, Figure 3.S (Twisted Alternating Trapezoidal Modules). 

This configuration offers the best of the above with one big negative. 

The twisted module produces a small cross sectional area change from the 

module ends to the point of rotation; however, the module side gaps 

remain almost constant end to end. 

Case #6, Figure 3.9. Measurements of the twisted module show 

the amount of cross sectional chance for a full length module. None of 

the stereo super layers are full length, and the axis of rotation is at 

what would be the center of full length module. The measurements shown 

on this figure are a worst case since they are made at the intersection 

of line segments, not the center of the extreme straws. 

Case #7, (Overlapping Alternating Trapezoids). This case does 

not offer any more advantages than Case is. 

Case #S, Figure 3.10 (Dual Angles for Stereo Modules). This 

method illustrates the uniformity in geometry generated by this system. 

The three module sections showuand their gaps show almost uniform 
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Figure 3.6 -- Overlapping rectangular modules, before rotation. 





Figure 3.8 __ Twisted alternating trapezoid module with selected straws. 



1 

LEFT SIDE SHORT SIDE 
i-A = 2. t..61 CM A-A' = 9. ~ 17 CM 
2-8 = 2.~~8 CM 8-S', = 9.369 CM 
3-C = 2.t..1t.1t. eM C-C' = 9.353 CM 
·It.-O : 2.t..~8 CM 0-0' = 9.369· CM 
5-£ = 2.~60 eM E-[ = 9.4-17 CM 

POSITION Of SECTIONS 
A = 2=0 CM 
8 : 2=75 CM 
C = 2=150 CM IP01NT OF ROTATION) 
o = Z=225 eM 
E = 2=300 eM 

LONG SIDE 
1-1' = 11. 876 eM 
2-2' = 11.816 CM 
3-3' = 11.795 CM 
t.. -t..: = 11.816. CM 
5-5' = 11.875 eM 

MEASUREMENT OF TWISTED STEREO MODULE SECTIONs 

Figure 3.9 --- Twisted alternating trapezoid module, sections. 

RIGHT SIDE 
f-A' = 2.lr60 eM 
2'-8' = 2.4-4.8 eM 
3' -C' = 2 .4-~4. eM 
4.'-0' = 2.4.t..B eM 
s· -E' = 2. ~51 eM 

s· 



Section Gap#1 
Gap#2 

/ '\ 
Gap #3 

- 100 em 

0.0 em 1'--______ --' --__ _ 

+ 100 em L.! ________ ~_J ___ ~ 

Section 

- 100 em· 

0.0 em 

+ 100 em 

Long side out, rotation = 3.00 degrees 
Short side out, rotation= 2.71 degrees 

Gap #1 Gap #2 

.442 .455 

.415 .415 

.455 .442 

Figure 3.10 -- Stereo study using dual angles for 
alternating trapezoids. 
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.442 

.415 
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spacing for angles of 3.00 and 2.71 degrees. Calculating the above 

table errors show the second angle should be 2.714 degrees for uniform 

spacing. 

The advantages of the dual angle system are uniform radial 

structural elements and minimal radial build. The main disadvantage is 

requiring two alternating stereo angles. This will be handled by 

calculating the alternating module positions separately. 

Conclusion 

At this time the arrangement for stereo super layer modules 

should be straight alternating dual angle trapezoids. Within any given 

superlayer the modules with the long side toward the outside will be at 

some greater radius than the modules with their long side inward. 

Approximate Radial Space Required for Several Geometry Cases 

Radial Displacement 
llodule Required Radial of Alternating 

Geometry Space em llodules em 

Alter. Trapezoids 6.38 1.8 

Parallelograms 3.75 0 

Radial Sides 3.55 0 

Rectangular 3.55 0 

Overlapping 
Rectangular 7.19 5.0 

Twisted Trapezoidal 4.80 1.1 

Dual Angle Trap 3.85 1.1 

The above table reflects geometry as per Centrak10 dated 1-~-91, 

for superlayer i1, stereo + 3.00 degrees. The dual angle trapezoid case 

was generated using 3.00 and 2;71 degrees. 
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STEREO STUDY USING DUAL ANGLES FOR ALTERNATING MODULES IN A SUPERIAYER 
The Tracker as presently defined consists of eight modular concentric 

superlayers. Four of the superlayers will be aligned with the beam axis. The 
other four superlayers are stereo layers; two are set at an angle of plus 
three degrees arid the other two are set at minus three degrees to the 
beam_ Alternating modules within a given stereo superlayer are set slightly 
different angles to accomplish a more uniform module spacing. 

The outermost two axial superlayers, layers #8 and #6 are trigger layers, 
these trapezodial modules have curved tops and bottoms, these modules also 
are nine straws deep. The remaining layers have trapezoidal modules that are 
six straws deep, with flat tops and bottoms. 

Superlayer #1 stereo + 3 degrees flat trapezoid (inside superlayer) 
.. # 2 axial 0 " II II 

II #3 stereo - 3 " .. " 
II #4 axial 0 " II " 
II #5 stereo + 3 " " It 

.. # 6 axial 0 " curved It trigger 
II #7 stereo - 3 " flat .. 
II #8 axial 0 " curved " trigger (outside) 

The Central Tracker support structure is to be manufactured from light weight 
graphite epoxy composite. The system requirements for the structure are 
minimum radiation length, high stability and provide precision positioning of 
the modules and easy module replacement. 
The maj or support structure components are 

1. Inside torsion cylinder 
2. Disk, (intermediate radial supports 

Keystones, (radial structure through superlayers) 
Rings, (ring beams between superlayers) 

3. COnes, (radial supports at the Tracker ends 
Keystones r (radial structure through superlayers) 
Cylinders, (cylirider beams between superlayers, longer that rings) 

4. outside torsion cylinder 
Description of Flat Trapezoidal modules, (layers #2 and #4) 

Each trapezoid is (N) straws wide on the long side and each layer contains 
one straw less. The height is (L) straws high, (H) em hiqh (straws nested) 
and has a epoxy, graphite wrapper (T) em thick. The straw diameter is (d) 
em. These trapezoidal modules are alternated in position and are spaced 
(sp) from the adjoining modules. Both radial position of the alternate 
modules (D) and the number of straws (N) may be varied to change the 
superlayer radius. Trapezoid modules must be added in groups of two to 
make large radius changes such as between superlayers. The module contains 
(CH) straws. 

sp := .3 
d := .4 
o := 1.1 
T := .025 
N :- 29 
L :- 6 
H :- «L - 1)-d- .866) 

LS :- N-d + (2-T) 

(space between modules em) 
(straw diameter, em) 
(radial difference of alternating modules, em) 
(wrapper thickness, em) 
(number of straws, long side) 
(number of straws high) 
+ d + (2 - T) (height Of module, em) 

SS := (N - (L - 1»"d + (2-T) 
U :- LS + SS + sp - (D" .5774) 

(length of module long side, em) 
(length of module short side em) 
(total length of module pair em) 

CH = 159 (straws per module) 
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Description of CUrved Trape~oidal Modules, (layers #6 and #8~ 
Layers '6 and ,8 are tr1gger layers and are nine straws h1gh. The long and 
the short sides, (top and bottom) are curved to the same radius as their 
distance from the beam center line. other than the curved top and bottom 
and the increased layers of straws these modules are simular to the flat 
modules and will be incorporated into the tracker like the other axial 
layers. 
Listed below are the definitions that may be different from the flat 
modules above. 

spc := .3 (space between modules em) _ 
oc : = .5 (radial difference of alternating modules, em) 
Nc := 30 (number of straws, long side) 
Lc := 9 (number of straws high) 
Hc := «Lc - l)-d- .866) + d + (2-T) (height of module, em) 

LSc := Nc- d + (2- T) (length of module long side, em) 
SSc := (NC - (Lc - 1» -d + (2- T) (length of module short side em) 

Uc := LSc + SSc + spc - (OC- .5774) (total length of module pair em) 

Clio := Le. [NO _ Le
2 
- 1] CHc = 234 (straws per module) 

Description of Trapezodial Stereo Modules (layers '1,'3,'5 and '7) 
The idea here is to generate stereo modules that will have a trapezoidal 
cross section, provide close to uniform spacing between modules and 
straight solid support for each straw. The stereo module point of 
rotation is on a line starting at the beam axis and passing through the 
center of the module. 

Rotation of modules to achieve uniform stereo spacing, the modules 
with the long side up are rotated 3.00 degrees and the short side up 
modules are rotated 2.68 degrees. 

Listed below are some definitions that may apply only to this set of 
modules. 

sps : = • 3 (space between modules em) 
Os := 1.1 (radial difference of alternating modules, em) 
Ns := 29 (number of straws, long side) 
Is := 6 (number of straws high) 
Hs := «Is - l)-d- .866) + d + (2-T) (height of module, em) 

LSs :- Ns- d + (2- T) (length of module long side, em) 
SSs := (Ns - (Is - 1» -d + (2- T) (length of module short side em) 

Us := LSs + SSs + sps - (Os-. 5774) (total length of module pair em) 
Hs = 2.182 em 

afs - 159 (straws per module) 
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Defined geomentry limits for the Central Tracker 
The size of the central tracker and it·s support structure are presently 
defined as having a maximum outside radius of 168.5 em and a minimum 
inside radius of 60.0 em. 
The mean superlayer radius as defined by Bill Ford 10-1-89 are as follows 

superlayer radius 
#1 72.0 em 
#2 85.2 em 
#3 98.5 em 
#4 111.7 em 
#5 124.9 em 
#6 138.1 em 
#7 151.4 em 
#8 164.6 em 

The length of the superlayers as defined at this time are as fOllows, measured 
from Z = o. 

super layer 
#1 
#2 
#3 
#4 
#5 
#6 
#7 
#8 

length 
200.0 
225.0 
250.0 
275.0 
300.0 
300.0 
300.0 
300.0 

em 
em' 
em 
em 
em 
em 
em 
em 

The point of rotation for each stereo superlayer is now defined as the module 
mid point. 

superlayer point of rotation 
#1 100.0.em 
#3 125.0 em 
#5 150.0 em 
#7 150.0 em 
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Definition of the super1ayers 
Super1ayer #1 stereo +3 degrees 

a .- 20 module pairs 
is1 := 

inside radius (is1), short side up 
outside radius (osl), short side up osl:= 
inside radius (ill), long side up ill := 
outside radius (011), long side up 011.-
mean radius (m1) m1.- .5- (011 - is1) + is1 

Superlayer #2 Axial 
b .- 24 module pairs 

is2 := 
inside radius (is2), short side up 
outside radius (os2), short side up 052:= 
inside radius (i12), long side up i12 := 
outside radius (012), long side up 012:= 
mean radius (m2) m2.- .5- (012 - is2) + is2 

super1ayer #3 stereo -3 degrees 
c : = 28 module pairs 

inside radius (is3), short side up 
is3 := 

outside radius (os3), short side up os3.-
inside radius (i13), long side up i13 := 
outside radius (013), long side up 013:= 
mean radius (mJ) _ -mJ := .5- (013 - iS3) + is3 

Super layer #4 Axial 
d4 := 32 module pairs 

inside radius (iS4), short -side up 
iS4 := 

outside radius (OS4), short side up os4: = 
inside radius (i14), long side up il4 := 
outside radius (014), long side up 014:= 
mean radius (m4) m4:= .5- (014 - iS4) + is4 

Super1ayer #5 Stereo +3 degrees 
e : = 36 module pairs 

inside radius (isS), short side up 
iss := 

outside radius (os5), short side up_ os5:= 
inside radius (i15), long side up il5 := 
outside radius (015), long side up 015:= 
mean radius (mS) mS:= .5· (015 - isS) + isS 

Super layer #6 Axial curved 
f := 40 modu1e pairs 

inside radius (is6), short side up 
is6 .-

outside radius (os6), short side up os6:= 
inside radius (i16), long side up i16 := 
outside radius (016), long side up 016: = 
mean radius (m6) m6:=. 5- (016 - iS6) + is6 
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a-Us 

2-1f 
is1 + Hs 
is! + Os 
ill + Hs 

b-U 

2-", 
is2 + H 
is2 + 0 
il2 + H 

c-Us 

2-". 
is3 + Hs 
is3 + Os 
i13 + Hs 

d4-U 

2-", 
is4 
is4 
i14 

+ H 
+ 0 
+H 

e-Us 

2-". 
isS 
isS 
i15 

+Hs 
+Ds 
+Hs 

f-Uc 

2-". 
is6 
is6 
i16 

+ Hc 
+Oc 
+ Hc 

is1 = 
osl = 
ill = 
011 

m1 = 

66.733 
68.915 
67.833 
70.015 
68.374 

is2 = 80.08 
os2 = 82.262 
i12 = 81.18 
012 = 83.362 

m2 = 81. 721 

is3 = 93.427 
os3 = 95.609 
i13 = 94.527 
013 = 96.709 

mJ = 95.068 

is4 = 106.773 
os4 = 108.955 
i14 = 107.873 
014 = 110.055 

m4 = 108.414 

isS = 
os5 = 
i15 = 
015 = 
mS= 

is6 = 
os6 = 
i16 = 
016 = 

m6 = 

120.12 
122.302 
121.22 
123.402 
121. 761 

133.125 
136.347 
133.625 
136.847 
134.986 

em 
em 
em 
em 
em 

em 
em 
em 
em 
em 

em 
em 
em 
em 
em 

em 
em 
em 
em 
em 

em 
em 
em 
em 
em 

em 
em 
em 
em 
em 



Superlayer #7 stereo -3 degrees 
g .- 44 module pairs g·Us 

is7 := 
inside radius (is7), short side up 2· ". is7 = 146.S1.3 em 
outside radius (os7) , short Side up os7 .- is7 + Hs os7 = 14S.995 em 
inside radius (i17) , long side up i17 .- is7 + Os i17 147.913 em 
outside radius (017), long side up 017 .- il7 + Hs 017 150.095 em 
mean radius (m7) m7 .- .5·(017 - is7) + is7 m7 = 14S.454 em 

Superlayer #S Axial curved 
h .- 4S module pairs h·Ue 

iss .-
inside radius (isS), short side up 2·", iss = 159.751 em 
outside radius (osS), short side up osS := iss + He osS = 162.972 em 
inside radius (ilS), long side up i18 .- isS + Dc ilS = 160.251 em .-
outside radius (ols), long side up ols .- ilS + He olS = 163.472 em 
mean radius (mS) mS := .5· (olS - isS) + is8 mS = 1.61.611 em 

Definition of the support structure 
Radius of Torsion Cylinders, Rings and Cylinders 

Inside Torsion Cylinder 
inside band (a1) a1 .- m1 - .5· (m2 - ml) a1 == 61.701 em 
outside band (a2) a2 .- a1 + 2.5 a2 = 64.201 em .-

Ring, Cylinder 1-2 
inside band (b1) b1 := m2 - .5· (m2 - ml) - 2.5 b1 - 72.548 em 
outside band (b2) b2 :- m2 - .5' (m2 - ml) + 2.5 b2 = 77.54S em 
mean radius (bm) bm .- .5' (b2 - bl) + bl bm == 75.048 em 

Ring, Cylinder 2-3 
inside band (el) el := mJ - .5· (mJ - m2) - 2.5 el = 85.894 em 
outside band (e2) e2 := mJ - .5' (mJ - m2) + 2.5 e2 - 90.894 em 
mean radius (em) em .- .5, (e2 - el) + e1. em == 88.394 em 

Ring, Cylinder 3-4 
inside band (d1.) d1 := m4 - .5, (m4 - mJ) - 2.5 d1 = 99.24l. em 
outside band (d2) d2 := m4 - .5' (m4· - mJ) + 2.5 d2 = 104.241 em 
mean radius (dm) dm := .5· (d2 - dl) + d1 dm = 101. 741 em 

Ring, Cylinder 4-5 
inside band (el) el := m5 - .5· (mS - m4) - 2.5 el - 112.587 em 
outside band (e2) e2 := m5 - .5· (mS - m4) + 2.5 e2 = 117.587 em 
mean radius (em) em .-.- .5· (e2 - el) + el em == 115.087 em 

Ring, Cylinder 5-6 
inside band (f1) f1 := m6 - .5, (m6 - mS) - 2.5 fl == 1.25.873 em 
outside band (f2) . f2 := m6 - .5, (m6 - mS) + 2.5 f2 = 130.S73 em 
mean radius (ful) fm := .5, (f2 - fl) + f1. fm= 128.373 em 

Ring, Cylinder 6-7 
inside band (gl) gl := m7 - .5· (m7 - m6) - 2.5 gl = 139.22 em 
outside band (g2) g2 := m7 - .5· (m7 - m6) + 2.5 g2 = 144.22 em 
mean radius (gm) gm .- .5' (g2 - g1.) + g1. gm= 141.72 em 

Ri.ng, Cylinder 7-8 
ins ide barid (hl) hl. := m8 - .5· (ms - m7) - 2.5 hl- 152.533 em 
outside band (h2) h2 := m8 - .5· (m8 - m7) + 2.5 h2= 157.533 em 
mean radius (hm) hm := .5, (112 - hl) + hl hm= 1.55.033 em 
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Outside Torsion Cylinder (l..l"iO\U5 
inside band (il) il:= 018 + (iS1 - a2) 
outside band (i2) i2:= i1 + 2.5 

Swnmary 
Superlayer mean radius em. Delta em. 

lay 1 m1 = 68.374 
lay 2 m2 = 81. 721 
lay 3 m3 = 95.068 
lay 4 m4 = 108.414 
lay 5 m5 = 121. 761 
lay 6 m6 = 134.986 
lay 7 m7 = 148.454 
lay 8 m8 = 161.611 

Space between components 
Tor cyl and superlayer 1 
Super layer 1 and ring 1 
Ring 1 and super layer 2 
Super layer 2 and ring 2 
Ring 2 and superlayer 3 
Superlayer 3 and ring 3 
Ring 3 and superlayer 4 
Super layer 4 and ring 4 
Ring 4 and superlayer 5 
Superlayer 5 and ring 5 
Ring 5 and super layer 6 
Superlayer 6 and ring 6 
Ring 6 and superlayer 7 
Super layer 7 and ring 7 
Ring 7 and superlayer 8 
Superlayer 8 and tor cyl 

m2 - m1 = 
m3 -m2 = 
m4 - m3 = 
m5 - m4 = 
m6 -mS = 
m7 - m6 = 
m8 - m7 = 

is1 - a2 
b1 - 011 
is2 - b2 
c1 - 012 
is3- c2 
d1 - 013 
is4 -d2 
e1 - 014 
is5 - e2 
f1 - 015 
is6 - f2 
gl - 016 
is7 - g2 
h1- 017 
is8 -h2 
i1 - 018 

13.347 
13.347 
13.347 
13.347 
13.225 
13.468 
13.157 

= 2.532 
= 2.532 
= 2.532 
= 2.532 
= 2.532 
= 2.532 
= 2.532 
= 2.532 
= 2.532 
= 2.472 
= 2.252 
= 2.373 
= 2.593 
= 2.438 
= 2.218 
= 2.532 

i1 = 166.004 
i2 = 168.504 

em 
em 

Space between superlayers em. 

Cyl-lay1 
Lay 1-2 
Lay 2-3 
Lay 3-4 
Lay 4-5 
Lay 5-6 
Lay 6-7 
Lay 7-8 
Lay8-CYl 

em 
em 
em 
em 
em 
em 
em 
em 
em 
em 
em 
em 
em 
em 
em 
em 

is1 - a2 = 2.532 
is2 - 0~1 = 10.065 
is3 - 012 = 10.065 
is4 - 013 = 10.065 
is5 - 014 = 10.065 
is6 - 015 = 9.724 
is7 - 016 = 9.966 
is8 - 017 = 9.655 
i1 - 018 = 2.532 

Inside radius of inner torsion cyl a1 = 61.701 em 
outside radius of outer torsion cyl i2 = 168.504 em 

spec minimum = 60.0 
spec maximum = 168. 5 

Number of Modules (Total System). 
Modules, ful1 system mod:- 4- (a + b + c + d4 + e + f + g + h) 

mod - 1088 modules 

Number of channels (Total System). 
tell :- 4- (CBs- a + ca- b + aIs- c + ca· d4 + aIs- e + cac- f + CBs- g + alc- h) 
tell - 199392 channels 

Number of Axial channels (Total System). 
ach := 4- (CR-b + CH-d4 + CRc-f + CHc-h) 
ach = 117984 channels 

Number of stereo channels (Total System) 
sch := 4- (aIs- a + CBs- c + aIs- e + CHs- g) 
sch = 81408 channels 

Number of Trigger channels (Total System) 
tell := 4- (CRc-f + CHc-h) 
tell = 82368 channels 
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4. FINITE-ELEMENT ANALYSIS OF DEADWEIGHT 
DEFLECTIONS OF FIVE-CYLINDER CENTRAL 
TRACKER SUPPORT STRUCTURE 

ABSTRACT 
The gravity-induced deflections of the five-cylinder central 

tracker support structure were calculated using the ANSYS package. The 

loading included the eight 'superlayers' of detector-straw modules, but 

omitted the silicon tracker inside the innermost cylinder. 

4.1 INTRODUCTION 
The deflections of the central tracker under its own weight have 

been estimated for the design shown in Figure 4.1. This design is 

composed of five concentric structural cylinders which support eight 

'superlayers' of trapezoidal modules which are packed with straw-shap~d 

detectors. The five cylinders are made of identical sandwiches of foam 

core symmetrically sandwiched between layers of graphite-epoxy skin. 

The entire structure is supported at the four corner points 

indicated in Figure 4.1: the points where the circular ends of the 

outermost cylinder intersect the horizontal plane through the axis of 

the structure. Each of the four inner cylinders is supported at each 

end by a ring-shaped plate which connects it to the next-outer cylinderj 

these end rings are of the same sandwich construction as the cylinders, 

but with the foam core twice as thick. Figure 4.2 shows the structure 

in cross-section. 

The detector modules which are supported by the structure are 

shown in cross-section in Figure 4.3. An arc of one superlayer made up 

of these modules is sketched in Figure 4.4. Each superlayer is attached 

to its supporting cylinder by a number of 'hanger' rings which can be 

seen in Figures 4.1 and 4.2. The modules pass more or les~ loosely 

through trapezoidal holes in these rings (and in the structural end­

rings). Since the modules are not connected to each other and are not 
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CYLINDER (5) 

END RINQ 
(4 EACH END) -~ro... 

ASSEMBLED 
CENTRAL TRACKING 
SUPPORT STRUCTURE 

TRACKING 

Figure 4.1 -- Isometric sketch of tracker structure, including corner support 
points; module super layers have been omitted from the left half to 
show the structural elements more clearly. 
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Dimensions of structural elements. 
Attachment of superlayers to stru~ture; 
layes 6 and 8 (.) contain the heavier 
trigger modules. 
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Figure 4.3 -- Cross-sections of the modules incorporated 
in the superlayers. 
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Figure 4.4 -- Schematic cross-section of a super layer arc. 
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firmly attached to the cylinders, their contribution to the stiffness of 

the structure is negligible when compared to the stiffness of the 

cylinders. They can therefore be treated as non-structural mass whose 

deadweight contributes to the loading of the structure. The modules 

shown in Figure 4.3 are estimated to weigh 0.0100 lb/in (non-trigger 

module) and 0.0125 lb/in (trigger module). 

To assess the static deflections of this structure due to 

gravity loading, a finite-element model was constructed us~ng the ANSYS 

package. This model will be described in the following section. 

4.2 FINITE-ELEMENT MODEL 
Figure 4.1 shows that the structure has two vertical planes of 

mirror symmetry, dividing it end-to-end and side-to-side. Because of 

this symmetry, only a quarter of the structure needed to be modeled; the 

model mesh (using curved shell elements) is shown in Figure 4.5. The 

symmetry of the structure is enforced in this partial model by applying 

appropriate constraints to the nodes lying in the two vertical symmetry 

planes. As the figure indicates, the model has been constructed with 

the origin of global coordinates at the geometrical center of the 

structure, so that the symmetry planes are the global X-Y and Y-Z 

planes. 

The single-point support indicated in Figure 4.1 is spread into 

a vertical constraint applied to five nodes along the edge of the 

outermost cylinder, in order to avoid the unrealistic creation of a 

point-load singularity in the problem. 

The aodel mesh is relatively coarse because only displacements 
are being sought~ and not stresses. This is why the simple five-node 

representation of the corner support is acceptable. Similarly, the 

application of the deadweight of the modules at the discrete locations 

of the hanger rings has not been considered. Each super layer has been 

incorporated into the model of its support cylinder as a sort of non­

structural (but heavy) 'cladding.' Thus, each superlayer is considered 

to be exactly as long as its support cylinder. The short extensions of 
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- Figure 4.5 -- ANSYS shell-element model of the tracker, representing one 
quadrant of the structure shown in Figure 4.1. 
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the cylinders beyond the structural end-rings, which can be seen in 

Figures 4.1 and 4.2, were omitted from the model. 

The elements shown in Figure 4.5 are the ANSYS "Layered Shell 

Element" STIFg1, which models a sandwich of various materials all with 

different thicknesses and material properties. The sandwich for the 

most general cylinder element, with a superlayer "cladding' both inside 

and outside, is shown in Figure 4.6. It contains a symmetrical sequence 

of seven materials. The center (No.4) layer is the struc~ural foam 

core of the cylinder, a 25-mm layer of IRohacell 31.1 The centerline of 

this layer ~orresponds to the nominal radius assigned to the shell 

element, using the values shown in Figure 4.2. Attached to either 

surface of the foam (i.e., material layers 3 and 5) are the graphite­

epoxy skins of the cylinders, with a 0.22g-mm (g-mil) thickness and 

incorporating the combined elastic properties of a six-ply filament­

wound layup with filaments oriented along the zero-degree 

(circumlerential) direction, +60 degrees, and -60 degrees. 

Each super layer of modules is modeled by a two-layer sandwich of 

non-structural (very compliant) materials. Just outboard of the skins 

(material layers 2 and 6) are dummy standolf layers whose density is 

negligible as well as its stiffness. These layers are present only to 

space the layers representing the modules themselves to the correct 

midline radius, and in most cases are 67 am thick. 

The module layers (material layers 1 and 7) are given a nominal 

density of 1678 kilograms per cubic meter; non-trigger module layers 

have a nominal thickness of 1.00 mm, while the heavier trigger module 

layers (nuabered 6 and 8 in Figure 4.2) are assigned 1.256 mm thickness. 
The iDDe~ost and outermost cylinders are modeled by a slightly 

different shell element; since these cyiinders each support only one 

module superlayer, they need only a five-layer shell element. The 

stand-off layer is also reduced in' thickness from 67 mm to 53 mm; this 

closer separation between cylinder and super layer can be seen in the 

lower half of Figure 4.2. 

The end rings are modeled with a three-layer STIFg1 element, 

using materials 3, 4, and 5 from Figure 4.6, but with the thickness of 

the foam doubled to 50 mm. 



1 

2 

........................................................... 3 

) 
- -

........................................................... 5 

6 

7 

Figure 4.6 -- Sandwich of materials specified for layered shell element 
modeling a general case (numbered 2, 3, or 4 in Figure 
4.2) structural cylinder with its attached module 
superlayers. 

1 l 7: 

2 l 6: 
3 l 5: 

4: 

Nonstructural super layer of modules with mass 
included. 
Dummy nonstructural standoff layer. 
Six-ply filament-wound epoxy-graphite skin. 
'Rohacell-31' foam core. 
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4.3 DISPLACEMENT RESULTS 

Figures 4.7 - 4.9 display the element displacements calculated 

by ANSYS for gravity loading on the model described in the previous 

section. The original element positions are indicated in dashed lines, 

and the deflected elements are drawn in solid lines. The displacements 

have been exaggerated by a factor ('DSCA') which ANSYS selects 

automatically for each disp1aYi as appears in the annotations to the 

right of the plot frame, its value varies between 2126 and 2626. The 

value 'DMX' gives the vector-sum displacement (in meters) of the largest 

nodal displacement associated with the disp1aYi the value 0.899E-04 

shown in Figures 4.7 and 4.8 corresponds to 0.0899 mm, or about 3.6 

mils. As the end-view in Figure 4.7 suggests, the displacements are 

predominantly in the vertical direction. 

Figures 4.7 and 4.8 exhibit significant local deformation around 

the five-node support constraint, which contributes to the absolute 

vertical motion of the rest of the structure. These figures also show 

some warping of the outermost cylinder and end-ring in the vicinity of 

their common edge. This is the only area where any of the cylinders 

depart noticeably from their original circular shape. 

Figure 4.9 displays only the displacements in the Y-Z symmetry 

plane, and has been annotated with the values of downward vertical 

displacement at the corner and end nodes. Examining these values gives 

an idea of how much each cylinder sags out of its original straight 

profile. For example, the innermost cylinder sags about (0.0859 -

0.0692) = 0.0167 mm, or about 0.67 mil. Similarly, the inner span of 

the second cylinder sags (0.0878 - 0.06905) = 0.01875 mm, while the stub 

end of that same .cylinder, which carries a shear load of most of two 

cylinders including three superlayers, undergoes a relative displacement 

of (0.06905 - 0.05545) = 0.0136 mm over a rather short length. 

The maximum-displacement ('DUX') value in this figure is given 

as 0.878E-04 meters, or 0.0878 mm, and occurs at the top and bottom 

nodes in the mid-section of the second cylinder. The maximum 

displacement in the whole .odel,. the 0.0899 am .entioned above, also 

occurs in this cross-section, b~t in the horisontal I-Z plane; its 

direction is almost exactly vertical. 
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Figure 4.7 -- End view of elements displaced by gravity load. 
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Figure 4.8 -- Isometric view of elements displaced by gravity load. 
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Figure 4.9 -- Deadweight displacements in the Y-Z plane. 
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5. INTEGRATED COST/SCHEDULE DATA 

Attached is the integrated cost and schedule data created from 

the Central Tracker Work Breakdown structure. To provide a meaningful 

presentation of the data we grouped the work packages according to a set 

of functions. This helped us to see the span of time required to 

complete each function. The schedule is made using precedence 

diagramming method assuming a product life cycle for each component with 

its scheduled calendar time estimated from the labor and material 

estimates and/or supplier delivery times. Purchases are free float (as 

late as possible) with material spending at the end of each work 

package. The expected spending curve for the Central Tracker effort 

lies between the early and late date curves on the summary of costs 

profile. More specifically, we expect to level the resources so that a 

smoother labor loading is achieved for the. first 2.5 years of the 

program. 

Attached are the following: 

BAR CHARTS 

• Summary of TARGET versus Planned network 

• Grouped by Function, early start 

LOGIC DIAGRAMS 

• Critical Path 

• Conceptual Design i Prototype Devel Assy 

• Component Design 

• Elect. Design 

• Tooling Design 

• Manufacturing (Subassy) 

• Tooling Fabrication 
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RESOURCE AND COST PROFILES 
• Engineering and Dsgn/Drafting Manpower 

• Technician and Labor Manpower 

• Labor and Material Costs 

• Summary of costs 

5-2 



CJ1 
I 

W 

SUMMARY 
WBS 



U1 
I 

-l:a 

r I 
1 a 01 I a 03 

!UPPORT !TRUCTUII! HOOUL! tN!!RTION 

I. 2.02 I. 2.04 

~DUL' 'A.~tC~'tON COOLINO A"'"ILY 

1.2 
C!NTRA\. TRACKER 

I 
I I I 

I I OS 1 2 07 1.2.011 

UTl\.lTlU TIIAII5POII TA flOM tLtCTIIOlIlCS 515Tt" 
Sl'!T£HS 

I. 2.06 1.2.08 I. 2.10 
,~, . INUALLAf ION IH""UlrlOH ,Ae I~ If It' 

fur "ICfUAts 



c.n 
I 

t.., 

SUMMARY 
BAR CHART 

• TARGET 
• ACTUALS vs. TARGET 



en 
I 
0\ 

-

fUNCTION 
CONCEPTUAL DESlGN I RLD) 
COMPONENT DESIGN 
PURCHASE SUPPORT STRUCTURE 
TOOLING FABR[CAHON 
HANUFACTUR£ SUPPORT STRUCTUR£ COHPONENTS 
FABRICATE ASSEI18L'1 SUPPORT STRUCTURE 
fACTORY TESTlNG 
SHIPP(NG 
UNPACK AND TEST 
INSTALLATION 
FINAL PLUHBING t CABLlNC, 
F[NAL CHECKOUT 
OPERA Tl ON -TURN IT ON ! 

I I ~"","'l'h'''" 
(rai"1''':,,,_ 

I ........ &r 

P,.OJKt 5,.,., 10«(<10 
.,. ..... .,.. 1"" .. , IN. 111101" 'n)'K' , I~;"" llll((~1 

~~~l 
3JANql 
2JULQ2 
JOCrQa 
10Crqa 
lJULq4 
lW1RQ£, 
10CrQ7 
3FEMe 
4W1YQe 

l1MAYQe 
lSEpqe 
~JAHQQ 

10CrQQ 

l(~~~ .... I ,"'I I ,'"I 

3OSEPq4 · · , 28FESC6 I I · · IqoECq{, I I · I 

2QS[PQS I I I 

· 2QAPRq? I I , · · · 2qSEPQ7 I I · · 
I · • I' " " 2FESqa 

lHAYqa 
I' " . '. '. " 

" · . .. .. " 8HAyqa 
I. 

• I .' " " 31 AUGqa 
I. .' " 28JANQQ I , · · 30SEPQQ , I · · 10CTQQ I I 

I , 
I I 

I I 

I I · · 
I I , · 
I I I 

, I I I 

, I I I I 

I I I · 
I I 

I I I 

I I I 

I I I , 
I I I · , I I I · 
I I I I 

, I I 

I I , · 
I I · 
I , I 

I I I 

I I I 

I I 

I . · , . I 

I I I · 
SOLENOIDAL DETECTOR COLLABORATION 
CE~ITRAL TRACKER REV 1 NETWORKED 

TARGET HASTER SCHEDULE 

, .. , I .... I , ... I ..., ... , .. 
1~1t"""H1J JJ"Is~"IfI~IIoJol,l.oh .1J"".I00"~ ~ 101+\0,. 

, 
· 

· . . 
· : : : . 

'. . : : .. , 
I , 

" " -, , I - " " " , ' , " " ' " " -· . .. .. .. , , , " , , " .. 
• · I I " " " " ' , , " " , " " -" I • " 

" : : -
: : ,-

, 
• 

I , 
, , 

I I 

, I I 

I · , 
I I 

· 
I 

I 

, 
, 

I , . 
I I 

· , · 
, 

, · , 

~tI 1 0' 1 "" _,OIl , .. "'" ".,. !\Ill ,."p ""MI 
"1, ..... .., wo .... 1-.. .. 

0 ... 0 ... · lJ'lr'l1 
"0' O~I" Il>1<Aql 



U1 

• ......, 

%0 

'471 

747 

372 

481 

21 

450 

1010 

525 

, .. I,~ ,., \ ,... ,... r ,... i , .. , L ,... '"' 
,I'L·\-I.I, , •• 1"".,.", 1 I' II". ,Ioil" •• 11 •• " ••• ,' el. I •• " ••• , , •• I. I" ••• ,' _ ••• I ,1'1.1.1.1,1,1.IIIII-I-IITi\.I.I.I,I,I.I ••• ,"'1.1.1.1. ,. II. I 

CONCEPTUAL DES [GN lIUD) . '. . " 
fJRQJOTYPF I DEVELOPMENT ASSEHBI ffS ' 

" 

" 

" 

. ' 
" 

. . . . . . .. ". . , " ia"U;,ilmuiilMMmm»}»), 
~~'I)'iWn£{;iJ&~)))}@))~)}»»m»m»»iu»»mnm)b;i'»JUi))m))))j : .................... 
~U~)YX)A'JlliiijMmmij)M . 

• • •••••• \ I' . • • '. \ 

" 
m~~t~Q'iM'Q~'J»]mmm)»ftm»)m»»>>»d)})i 

~NAGE'HE~r' - 'DE~IGH 'Rr'V,IEWS ............. 
" 

" 

" 

" " 

: "WM1JJ~~JJMf))»)))m)))))m~hn»mJ)a :. ' ........................... 
.' ' . ~~tt~®)iPt.,Q!!>I!!!~ __ lWl!!J!)J!MlihiJi!!l!p'm!!»)lii)))»>>>>m)))))));))))))))2))1i)))))i~))))~ID) • 

l&~~){I»&all~{.J{g~»'hJJff»FilliIJJJJJJijWJ)& . · , " " 

" 

" 

" 

'. 

" 

222 1-==--1-

583 ',' " 

630 
" " 

465 

351 

170 
" , ' 

84 
" · , 

5 

103 

170 

'. 

" " 

'. " 

" " 

" " 

, ' '. " 

. " 

SOLENO[DAL DETECTOR COLLABORAT[ON 
CENTRAL TRACKER REV 1 NETWORKED 

rARGET VERSUS PLANNED NETHORK 

.' 

.... 
t;~~\§~~JUhfu)!M\Q!!!MJaHS 

'. 

b., 10' , 

. . .. 
~~hl~~ 
~~~RY TEST [NG 

• ...... tl ',r,' I"'", 
"'''';f'tl'i''l;''' lIlHIIIIII, 

...... ,.. )"" .... 
"" •• IH._ ..... "". 

~N~ACK AND TESf 

~LLAfI,ON 
-..-, 
FINA~ING & CABL[NG 
~ .. \ ... 

, U~~bS$\~5fOU f 
" 

OPERAT[ON-rURN [T ?N I 

D", 



U'I 
I 

00 

BAR CHART 

CRITICAL PATH 
WITH FABRICATION 

TASKS 



U1 
I 

10 

, 

ACflYlTY 10 o~lM~HoN _L~~[ fE(~~~~ . .., ... , .... . .. . ... I ..., .... I .... 
HOOS START OES[GN 2JUL~ I JULq2 · AI44 CONES INs[OE BAND DTY ~ OSGN. 2JUL~ 3OJULq2 • · . 
Alq8 DISKS INS[OE BAND lQTY 2) DSGN. 3IJUL~ IqAUGQ2 I 
A204 RING ., (OTY 4) OSGN. 20AUG~ 2QSEpq2 • · · 
A210 RING -2 (QTY 41 OSGN. 3OSEP~ 13NOyq2 •• ; : 
A216 RING 13 l QTY 41 OSGN. I6NOY~ 2qDEC~ • · 
A222 RING 14 lQTY 41 OSGN. 300EC~ I1fEBq3 • · A229 RING a5 lQTY 41 OSGN. 12fESqa 2APRq3 · · .. ~ 
A234 RING 16 lQTY 41 OSGN. SAPRqa · .. " . .. . .. · .. ... .. 2SMAyq3 •• ... " . · A240 RING 17 lQTY 41 OSGN. 26HAyqa 23JULQ3 • AQq6 KEYSTONE STYLE II OSGN. 26JULqa 2OAUGQ3 .I 
AQqa PURCH KEYSTONE STYLE II 21 AUGqa 28DECQ3 •• AI04 PURCH.KEYSTONE STYLE 12 31JANq4 QJUNQ4 ••• AlIO PORCH. KEYSTONE STYLE 13 21APRQ4 28AUGQ4 • AII6 PORCH. KEYSTONE STYLE 14 IOJULQ4 16NOYQ4 ' •. · 
AI22 PORCH. KEYSTONE STYLE IS 28SEPQ4 4fEB% • AI28 PURCH KEYSTONE STYLE 16 I?D£CQ4 2SAPRQS •• AI34 PURCH KEYSTONE STYLE 17 7HARqs 14JULqs •• AI40 PURCH KEYSTONE STYLE 18 26HAYqs 20CTQS · · · . -AI42 KEYSTONE STYLE 18 ASSEMBLY 30CTqs 27NOYQS • · 
AOS4 PURCH ANT[SAG FIXTURE TOOLING 15NOYqs 2MAYq[, 

... .. . · · .. " . .. . .... · .. " . . . . ' ... '. ' 

A080 ASSY OUTER SUPPORT CONES QTY 2 28NOYqs · · 24JANQ6 • A526 PURCH TEST EQUIPMENT 150EC'6 2MAYCl6 · · -. A074 ASSY SUPPORT DISKS INTERMEDIATE ory 2 2SJAN~ 13MARCl6 : ••• .' A4QO PREPARE HOOULES FOR [NSTALLATION [N STRUCTURE 22FESq[, 2OAUGQ6 .-H025 STMT FABRICATION IHMQ6 2QfEBQ6 , 0 
5025 fABRICATION IHAR% 2QSEPQ7 · I I 
A068 ASSY SUPPORT DISKS Z·O OTY 2 14HAR% 211AYQ6 · • •• 
A088 PRE-INSrAll ALIGN SEGHENTS ON RlNGS & CONES lBAPR% 1611AY% I' 
A028 SETUP OUTER TORS[ONAL CYLINDER :J1AY~ 1611AYQ6 · I . 
A032 BUILO MOOULE SUPPORT STRUCTURE l HAHMOCK 1 3HAYCl6 305EPQ7 
A026 INSTALL INNER DISCS [N OUTER TORS[ONAL CYL 17HAY% 28JUNCl6 • INSTALL CONES IN OUTER TORSIONAL CYL IJUL% 13AUGCl6 

. . . '. ' · · .' '. ' '. ' ' . · .' '. ' 
, .. ' ' .. A024 • AQq4 INSTALL INNER TORS[ONAL CYLINDER [N STRUCTURE 14AUG% 2SSEPCl6 • 0050 ASSEMBLE ALIGNHENT R[G 4SEP% 2SSEPQ6 · I A042 ALUGN SEGHENTS 26SEP% 7JANQ7 

! • A040 LOCK SEGHENTs IN STRUCTURE ory 336 3OCT% 14JANQ7 : : • 
I I .Ui.i" ..... '.' ..... SOLENOIDAL DETECTOR COLLABORATION ~I 101 l IIf._, .. " ..... ,. ... Ml ,_u '''1oU 

"a:w' "'t;.~" CENTRAL TRACKER REY 1 NETWORKED ... -, .... """'''' l~ .. J ......... , .... 

P'O,K' S.arl ' 10Wlil 
CRt TICAL PATH ANO FABRICATION rASKS 

Do'. 0.'0' lPl11 ,,. •• ,.,,,.. 1,u,.,. Int •• , ..... Pro it" , I~;'h' "0((1'1' Pl91 .,,,, It>fl/I~I 



U'I 
I .... 

o 

ACflVlTY ID 
AOl6 
A4q2 

-ASI2 
'AS64 
AS02 
A4q8 

_ AS40 
'Aol8 
A020 
A022 
ASH 
AS46 
AS36 
AS42 

"AS48 
lt030 
'AS30 

- H03S 
ASS4 

. 'H040 
ASS8 
H04S 
5045 
HOSO 
SOSO 
H052' 
SOS2 
MOSS 
SOSS 
H060 
5060 

, H06S 
S06S 

D~~l~noN 
fINISH MODULE SUPPORT STRUCTURE 
INSTALL MODULES IN SUPPORT SrRUCTURE 
ASSEMBLE ELECTRONICS COOLING COHPONENTS 
ASSEHBLY MOUNTING FIXTURES 
PURCH F lTTlNGS 
ASSEHBLY MANIFOLD 
PURCH SHIPPING CONTAINER 
CONNECT HANIFOLD TO STRAW TUBE MODULES 
INSTALL HOUNT ING FIXTURES ON SUPPORT STRUCTURE 
INSTALL ELECTRONIC COOLING SYSTEH 
DESIGN SHIPPING ATMOSPHERE SYSTEH 
PURCH ATHOSPHERE SYSTEM fOR SHIPMENT 
ASSEMBLE SHIPPING SUPPORT 
ASSEMBLE SH[PPING CONTAINER 
ASSEMBLE ATMOSPHERE SYSTEH 
START FACTORY TESTING 
PERFORM TRACKER FUNCTIONAL T£ST 
START TO PREPARE TRACKER FOR 5HIPt'£NT 
PREPARE TRACKER FOR SH IPI£N T 
START SHIPHENT TRACKER 
SH IP TRACKER 
START UNPACK AND TEST fRACKER 
UNPACK TRACKER 
START INSTALLATION OF TRACKER 
ASSEHBLE TRACKER PARTS FOR INSTALLATION IN COIL 
START INSTALL TRACKER IN COIL 
INSTALL TRACKER IN COIL 
START FINAl PLUMBING AND CABLING 
FINAL PLUMBING AND CABLING 
START TO PERFORM FINAL CHECKOUT 
PERfORM FINAL CHECKOUT 
START DElEC TOR TURN ~ 
DEfEC TOR TURN ON 

'~J h~~~~ . .., 
14JANq7 

ISJANcr7 ?JUL'f7 
26FEBcr7 ?JULQ7 
26F£8"7 7JUlQ7 , 

2HARq? 30~~7 
IHAyq? ?JULq7 
ISJUN~ 22SEPq7 
8JUL~ 3OSEP~ 
8JUL~ 3OSEPq7 

., . 
8JULQ? 3OSEPq7 

28AUGQ? 4SEPq7 
8SEP~ 22SEPq7 
23SEP~ 2FEBqa , 

23SEPQ? 2FEBqa , 
23SEPQ? 2fEBqe , 

10CTcr7 3OSEpq7 , . 
10CTQ? 2FESQa , 

3FEBqe 2fESC\9 , 

3FEBqe 2APRC19 
3APRC\9 2~RQa 

. 
3APRC\9 ItlAYQa 

., . 
4HAyqe ll1AyQa , 
4HAyqe 811Ayqa 

IIHAYC\9 811AYQa 
IIHAYC\9 31JULqa 

3AUGC\9 31JULQa 
3AUGC18 31~Gqe 

lSEPC18 31~Gqe , 

ISEPqa 28JANqq , 
2qJANQQ 29JANQq , 

2qJANqq 30SEPQQ , 

10CTQQ 30SEPQQ , 

10CTQQ 10CTQQ " . 
, 

, 

.... I .... I ." I ... I ..., .... .-, , , , • , 
, , ,-

, '. '0 , , ••• • • , .. .. . 
" '" ". " 

.. , ... . .. 'p .. ' .. , ... 
, . 
, • 

· I 
, : , · I , , • , , , • • . • , -, , 

, . 
, '. • .. . . .' , .' ... . ." .. ' ... i .' . " ... 

, , 

• , I, 
, : I. 
, -. . , 

•• , 
•• , 
•• • , , •• , 

•• , 
:~ , , 

" . • . . ' ' .. ' .. '., .. ' , .' " . . . " . . ' " . 
, 
, , 
, , . 

_ . . 



BAR CHART 

FUNCTION BY 
~ EARLY START 



U1 
I .... 

N 

. llerlmf CD mil 1IE~~n,. 
~ Sf AlII PIIIICMH 
I END Of PfHIGItM 

~ 0201020101 IIIUII IDIISIOll4l C'fllIlOEII D!iGH 
~14' 0201020301 CONES IIISIDE ItHD QTr 4 OSGII 

. 1GlS IA~ET Sf AliI DES IGH 
~ f~ET DmGII 
~150 0201020302 CnlllDEII II IOff 21 DSGII. 
~I. O201D20401 D 15Il5 IllS IDE 8IWD II rt 2 1 PD. 
UJO 02D I 02060 I DUISIDE I~IOIIAl CIlINOER DSGN 

'''30 02020101 5P1A1! IUIIE I10DIIlE DESIGil 
A20' ~DI02O'02 RIIIG II 1 Qn 41 PSGII 
~I" 0201D20303 efllNOEII .2 lart 21 OSGII 
_ .. 2 0201020304 CfLlIlDEII 13 I an 21 PSGII 
A210 02DID20403 IIIIIG 12 Ul't 41 DSGII 
416. 02010203DS CfllNDEII 14 lart 21 DSGII 
42" 0201020'04 RIIIG 13 U" 41 PS6II. 
A17' 0201020306 CfllllDEII IS lart 21 PSGII. 
11222 02DID204OS IIIIIG 14 II" 4 J 0S611 
~IIO 0201020307 efLlNDEIl I' lart 2J D5G11 
~22' 0201020106 IIIIIG IS 1 Qn 4 J OSGII 
At" ~01020308 CfLlIIOEII I' lar, 2 J OSGII 
11231 0201020'07 RIIIG I' tIln 4J PSGII 
AICl2 O20102030C1 COIIES OUISID£ 8ANO UI 4 DI'M 
A240 0201D20408 IIIIIG 17 10" 41 PSGII. 
A532 020701 05611 !IIIPPING UPORf 
II<M 0201020201 ItEmOllE 5THI II DS611 
U4' 0201 D2040C1 OI5ItS OUTSIDE MIlO 1m 21 D5GN _25. 0201020SDI ~LIGllt£1I1 !lGl1ENf Sr1LE I afll1 .. DSGI 
~'02 02DI020202 .£'91011' snl1 a2 09(.11 
453. 020'102 DESI'" 9IIFPING COIII"IIIEII 

*"0 0201020S02 ALlGllt£1II SEGHEHf. SnLE 2. on 6U I5GII 
A2 .. 020102~03 ALlGllt£1IT SEGHENf. SnLE 3, on 7 .. D5G1I 
4272 020 I 020S0I 4L1G11t£1IT SEGHENf. srtLE I. art a .. D5(;II. 
4108 0201020203 "E15JONE SI1L1 '3 DSGII. 
~27a 020102OSOS ~LlGllt£1IT SErIIENf. Sf1LE S. ar, ..... "" 
~2I' ~01020S06 ~LlGllt£1IT SEGHENf Sf1LE 6. af1 IOX6 DSGII 
~2CIO O20102OSO'1 ~LlGllt£1I1 !lrllENf L Sfru 7 art 1IlI6 PSGII 
42116 020102OS08 4l1Gllt£1I1 FA!T£N£1I9 fir )36l(4 O~II. 
AlII 02010202D4 K£1SIONE ST1L1 a4 OSGII 
4120 02010202~ ItE1SIONE ST1L1 'S DSGH 
A1211 0201020206 ItE1SIONE SI1LE ., OSGH 
4132 020 I 0202D7 ItEmONE SInE .7 DSGH. 
AI3a O20102~08 IIE1SIONE ST1L1 18 D5G11. 

'M'.'''' I I flUi.lt, .... r .... , .. _,.U~ 

"';ti ... '~rifi" 

I ........ "" 

Pr: .. _.,., "a I,." Ire ........ 

1(" ••• 
0 
0 

23 
20 
D 

670 
la 
14 

240 
125 
28 
20 
21 
33 
26 
2" 
30 
31 
32 
3S 
35 
37 
3 

40 
21 
20 
IS 
6 

18 
42 

• • 
6 

21 
6 , 
6 ,. 

23 
26 
2q 
32 
35 

'~l ,':tl. , .. , 
''''' ,~ J I'" 

3,JA11"1 
I '"" I I ... 1-' ,-. I ,. 

4OCf .... IIICIQQ 

COMPIINEIIf DE S I GIl · · 2J1M2 41W1G1l2 0 
2JULQ J)JUl~ · · • 
2JUlQ IJUl~ I 
2JUlQ 28fEBC6 · . . 

cp""",crW"''''H"UttQ'U'b 

llJULII2 i2SIIIG0.2 0 .. .. 
llJUllI2 IWG0.2 , I 
SIlJGI\2 IIIJUl'3 I I 
WGII2 2fEB'3 C:=:I 

2Oft1G42 ~~ • · . 
2~ 235EP1l2 0 , , 
24SEpq 22IIGIC12 0 , · , 
JlSEpq 13IIOYC12 • . , . · .' · .. . .' . '. . 23OCfq2 J)I!QYC12 D 
16110N MC0.2 

, , • 
IDECII2 I4J1W'3 0 , 

_e"2 IlfEB'3 • , 

ISJM13 IfM«13 '0 
Im142 2NlAIG , '. , , , 
21W143 lON'IIlG · ·0 · , , , , 
IiAP~3 25M''3 '. • , . . : 

21'""3 2M'3 , · I , 
26*fCl3 23JUl'3 · • , , 
20JUlQ 2OIIIG'3 · D · · 26JUlQ 2OIIIG'3 • 
26JUlCl3 IMIG'3 

. .. . · a' 
., · ,. . .. . , . . 

11UCI3 2M1G'3 
, · I 

231tJG412 I6SPIG · , a 
231tJG413 .IIG 0' 
24fW13 31..,c;'3 · · . 1 , 

ISEpq3 9'3 · I 
IOSEpq3 17!lP'3 , I 
17SEPCl3 ISOCI'3 · D 
2OSEPCl3 ~ '. 

I 
2ISEPCl3 SOCI«13 , · I , . 
6OCf"3 1311CI«13 I 

140Cf43 llIOYIG · D 
18OCf43 17IIDYIG 

" . - '. · .' - " .. ' , 
0 

18MO~3 ClDEC'3 D 
2II0ECQ3 &FEBQ4 , 

D 
4fESClI 24~1 '0 

25IWl'I4 1.1114 , . · 0 

SOLENOlOAL DETECTOR COLLABORATlON ''''A1.I'rr •• I'U~ ru._'.r ...... " ... Ml ... u" ...... 
CENTRAL TRACKER REV 1 NETWORKED ·,.. ... 'I'j"iM ,ltH'''_ .. " . ,,'.~ I "..,,, -.... 

FUNCTION BY EARLY START It .. ,." J""I 

",", I or ~ ...... "" ..... , 



U1 
I 
-' 
W 

II:IIWIII m 

MH 
A62. 
A6S6 
A&7D 
A680 
A602 
A608 
IWIO 
11664 
Af60 
A64D 
4622 
ASS4 
AS42 
A63' 

8002 
8010 
8040 
HQJI 
5001 
8C6O 
8038 
81120 
8030 
8042 
8052 
8044 
805' 
8046 
8056 
Il002 

All6 
A312 
A318 
A436 
Af44 
A330 
A342 
AlS' 
A366 
A378 
A052 
A~O 

A'2D 
A40~ 

A4" 

IIIU 

O2OClOIH 
02()q()204 
020'1021' 
1121J11030' 
112000Of03 
1120110110 
1120'10112 
II2O'IOS03 
1120'103112 
1120'10212 
020C10208 
02~02 

1121J11010' 
1120110101 
1I2IJII0206 

1121120001 
112112000l 
112020005 
rAIIGU 
rARGET 
02II200cs 
I12I12OOCS 
02II2000J 
112l120004 
1121120005 
112Il20005 
1121120005 
02020005 
~ 
11211200cs 
rAAtEl 

0201112070 I 
020 11120702 
0201020703 
1121120102 
0202DIOf 
02011»0705 
02011120707 
O2011121J7()q 
1120111207 II 
020 11120713 
1120 10 I 0303 
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DE51GN PI SlMIi ruBE I10DUlE (Off 2tO X I 11 J 61 
51I1ULlIIE MIrEAN RECDGII UlIINEr I 250 
trART R&O DUIGN 0 
R&O OESIGII 1147 
SII1ULATE DESIGII PAAAtlrERS4r I 230 
Sll1UlATE TRIGGER RESPONSE lOS 
DE'''II PT SlMIl ruBE IIIIDUlE lOrf 2tO I( 3 11. J 85 
DESIGII MIITIAL PER LAY tit 5TRUCIUAE 105 
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CENTRAL AND FORWARD TRACKING 

Summary 
Superlayer mean radius em. Delta em. Space between superlayers em. 

lay 1 ml .. 68.374 CYl-lay1 is1 - a2 c 2.532 
lay 2 m2 .. 81.721 m2 - ml .. 13.347 Lay 1-2 is2 - all = 10.065 
lay 3 m3 ... 95.068 m3 - m2 .. 13.347 Lay 2-3 is3 - 012 = 10.065 
lay 4 m4 a 108.414 m4 - m3 .. 13.347 Lay 3-4 is4 - 013 I: 10.065 
lay 5 m5 ... 121.761 m5 - m4 .. 13.347 Lay 4-5 is5 - 014 ::: 10.065 
lay 6 m6 a 134.986 m6 - m5 - 13.225 Lay 5-6 is6 - 015 ... 9.724 
lay 7 m7 - 148.454 m7 - m6 .. 13.468 Lay 6-7 is7 - 016 ... 9.966 
lay 8 m8 .. 161.611 m8 - m7 .. 13.157 Lay 7-8 is8 - 017 ::: 9.655 

Lay8-CY1 il - 018 ::: 2.532 

Space between components 
isl - a2 .. 2.532 Tor 011 and super1ayer 1 em 

Super1ayer 1 and ring 1 bl - 011 .. 2.532 em 
Ring 1 and superlarer 2 is2 - b2 - 2.532 em 

> Super1ayer 2 and r ng 2 cl - 012 - 2.532 em 
I Ring 2 and super1arer 3 is3 - C2 - 2.532 em ..... 

N Super1ayer 3 and r ng 3 dl - 013 ... 2.532 em 
Ring 3 and super1arer 4 is4 - d2 .. 2.532 em 
Super1ayer 4 and r ng ~ el - 014 .. 2.532 em 
Ring 4 and super1ayer ~ is5 - e2 .. 2.532 em 
Superlayer 5 and ring 5 fl - 015 ... 2.472 em 
Ring 5 and super1arer 6 is6 - f2 .. 2.252 em 
Super1ayer 6 and r ng 6 gl - 016 I: 2.373 em 
Ring 6 and superlarer 7 is7 - g2 ... 2.593 em 
Superlayer 7 and r ng 7 hl - 017 ::: 2.438 em 
Ring 7 and superlayer 8 is8 - h2 ::: 2.218 em 
Superlayer 8 and tor cy1 i1 - 018 ::: 2.532 em 

Inside radius of inner torsion cyl a1 ::: 61. 701 cm spec minimum = 60.0 
outside radius of outer torsion cyl i2 c. 168.504 em spec maximum = 16B.5 

A:Centkll 1-30-91 D.M. Westinghouse STC 
STEREO STUDY USING DUAL ANGLES FOR ALTERNATING MODULES IN A SUPERlAYER 

RLS 
f'W\ Westinghouse 
\gJ Science & Technology Center 
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CENTRAL AND FORWARD TRACKING 

Number of Modules (Total System). 
Modules, full system mod:= 4· (a + b + c + d4 + e + f + 9 + h) 

mod = 1088 modules 

Number of channels (Total System). 
tch := 4· (CHs'a + CH'b + CHs'c + CH·d4 + CHs'e + CHc·f + CHs·g + CHc·h) 
tch = 199392 channels 

Number of Axial channels (Total system). 
ach := 4· (CH'b + CH·d4 + CHc·f + CHc·h) 
ach a 117984 channels 

Number of stereo channels (Total System) 
sch :a 4· (CUs'a + CHs'c + CHs·e + CHs·g) 
sch a 81408 channels 

Number of Trigger channels (Total System) 
tch := 4' (CUc·f + CHc·h) 
tch = 82368 channels 

A:Centk11 1-30-91 D.M. Westinghouse STC 
STEREO STUDY USING DUAL ANGLES FOR ALTERNATING MODULES IN A SUPERLAYER 

~ Westinghouse 
\gJ Science & Technology Center 



MODULAR CENTR AL TR ACKI NG 
SUPERLAYER MODULES 

POST LOI 

SUPERLAYER go INCLUDED ANGLE 
WITH 3 MM GAP FOR INSIDE STEREO OR AXIAL LAYER 

~---- 116.00 MM ------~ 

NON TRIGGER MODULE 

SUPERLAYER 3.75° INCLUDED ANGLE 

6 X 24/29 
159 STRAWS 

60° 
BOUNDARY 

WITH 3 MM GAP FOR OUTSIDE AXIAL TRIGGER LAYER . 
~----120.00 MM------~ 

TRIGGER MODULE 

31 71 MM 9 X 22/30 
. 234 STRAWS 

60° 
BOUr4DARY 

D. 389.4136A4 6.R2 
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ACCURATE FORMED 
GRAPH ITE SHELL 

WITH ALIGNMENT KEYS 

CENTRAL TRACK ING SUBSYSTE M 
COMPONENT MANUFACTURE 

MODULE ASSEMBLY 

ELECTRON ICS 

SUPER LAYER 
MODULE 

WITH STRAWS, WIRE S, 
AND SPACERS 

HOLD DOWN REGISTERS 
REGISTERS 

!DECREASED IN SIZE) 

SUPER LAYER 
MODULE WITH 
ELECTRONICS 

MALE AL IGNMENT 
REGISTERS 

INTEGRAL WITH SHELL 
!DE C REA SIN GIN S I Z E ) 

@ 
0.38 9.4136ASB.R I 
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MODULE ATTACHMENT 

ALIGNMENT 
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GRAPHITE 
REINFORCEMENT 

HOL D DOWN 
REGISTER 
ASSE MBL Y 

ALIGNMENT 
RE GISTER 
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CENTRAL AND FORWARD TRACKING SYSTEM 

ASSEMBLED 
C E NT R AL T R AC KIN G 
SUPPORT STRUCTURE 

SUPER 
LAYER (8) 

TRACK ING 

ELECTRONIC 
AND 

GAS CONNECTIONS 



:» , 
N --

CENTRAL AND FOR.WARD TRACKING 
STEREO STUDY USING DUAL ANGLES FOR ALTERNATING MODULES 

Section. Gap#l 
Gap#2 

• 100 em (c..... __ ---~--' ---~. 

0.0 em l-/_---~-C----

+ 100 em L[_----\~----

Long side out, rotation = 3.00 degrees 
Short side out, rotation= 2.71 degrees 

... . .j 

Section Gap#1 Gap#2 

·IOO·em .442 ..455 

0.0 em .415 .415 

+ 100 em .455 .442· 

Gap#3· . 

.442 

.415 

.455 

Gap#3 

Westinghouse 
Science & Technology Center 
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COST ESTIMATE OF CENTRAL STRAW TUBE TRACKER 

DESC NO.OF UNITS COST/UNIT $ 

STRUCTURE 2121 LBS. 3048 

STRAW MODULES 905 Les. 9320 
1088 MODULES 7752 

188000 CHANNELS 45 
• 

ELECTRONICS 188000 CHANNELS· 85 
• 

FACILITIES 3 FACILITIES 1337417 

FIXTURES, TRANS,MISC. ..... . ..• 

TOTAL INCLUDING BASE AND EDIA 

.Table 6.16 

COST M$ 

6.5 

8.4 

16.0 

4.0 

0.7 

35.7 

AEV3B 120290 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

BENEFITS OF USING 
MODULAR DESIGN FOR STRAW SUPERLAYERS 

• Entire Compression Load is Taken by the Module Shell + Straws 
9 Kg Total Wire Load/Module (192 Straws) 

• 

Support Structure Can be Lightweight 

Mass Production Possible 
Construct 1088 Modules 
188,000 Channels 
Straw Size Identical 
End Cap Design Identical, HV, Gas. Electronics 

• Each Module Can be Tested; Calibrated, and Measured Prior to 
Assembly 

HV and Gas Tests 
Complete Electronics Assembly, Trigger 

• Modular Structure Allows Repair and Replacement 

• Modular Shell Aligns the Straws 

• Support Structure Aligns the Modules 
f(j)'I Westinghouse 
\BJ Science & Technology Center 
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CENTRA'L AND FORWARD TkACKll\Ju 

ALIGNMENT REQUIREMENTS 
1. Module Location 

Module Itself (Intrinsic) 
Straightness +-75 Micron 
Circumferential +-50 Micron 

,(X-Ray to Establish Map of Wire Position -With Respect to­
Precision Located Module Register) 

Structural Support Module Placement (Position) 
Circumferential +-50 Micron 

(Precision Located Male Module Register -Matched Fit With­
Female Register Located with Optically Aligned Tooling in 
the Alignment Ring) 
(Alignment Rings Which are Located with a Precision Calabrat d 

Radial +-400 Micron 
2. Support Stability 

Centroids of Si and Straw Systems +-15 Micron 
Rotational Si with Respect to Straw System +- 0.00057 Degrees 
Each Superlayer Circumferential +-50 Micron 
Radial +-1.5 MM 

3. Placement Support System 
One End With :,Respect to Other End +-50 Micron 
Entire Tracking ·System With Respect to Beam +-1 MM 
Si System (Triggering System) +- 100 Micron 

~ Westinghouse 
\gJ Science & Technology Center 



Harold Ogren 
Indiana U ni versi ty 

Feb. 11.1991 

Support structure alignment and stability 
and module and straw placement considerations 

As a starting point, I assume that Abe's numbers on correlated errors 
are a statement of stability requirements for the structure. I will 
discuss initial placement later. The number I will quote for errors are 
sigma of the assumed gaussian errors. ie. +-sigma = +- 15 microns In 
order to be conservative we will assume that this should be 
interpreted as construction tolerances ie. +- 15 microns, where 1 mil 
= 25.4 microns. 

Support stability: 

1) the centroids of the Si and the Straw system must not vary by 
more than +- 15 microns. This will require monitoring. 

2) The rotational stability of the Siwith respect to Straw layers is 
!:l phi = + _ 10-5 radians= + _ 0.00057 degrees. This also should be 
monitored. ° .0 

3) Each superlayer must have a circumferential stability (phi 
rotation with respect to other supedayers ) that is about +- 50 
microns. ( actually the requirement is less strict for the inner layers 
of the straws, but lets be conservative). This will require a good 
understanding of tbe long term stability of support materials, but 
may not require continuous monitoring. 

4) The radial stability is much less stringent. The purely radial 
stability is +_1.5 mm. However, this assumes that the circumference 
position ( phi) does not change. So, I don't think this really allows us 
much design flexibility. Abe reduces this to +- 200 microns. 

Placement errors:Support system: 

1) Placement of each end of the system with respect to other end. 
( hard to say, needs more work, probably close to the rotational 

requirement for each module. ie. +- 50 microns.) Will be fix.ed at 
assembly time using optical .alignment techniques. 

°A_2G 



2) Placement of the entire tracking system with respect to the beam 
is , in part set by the amount of beam movement we expect. (+-1 
mm?) 
It is also set by the triggering requirements in the Si system., so it 
should be smaller than a strip size , say +- 100 microns. This may 
require local (Si) adjustment. This can be done to high accuracy 
during initial installation, and then monitored each down time, and 
perhaps adjusted with the kinematic constraints. 

3) Assuming that the module supports are aligned after the support 
structure is complete, the construction of the gross support frame 
need not be more accurate than +- 500 microns. This is a detail of 
how' the support cylinders are made. 

Module requirements: 

1) Placing modules on the cylinders (mod placement) 

Assuming that we have monolithic support rings for the modules in 
each superlayer, then the over all angular error should result in a 
maximum of + _ 50 microns for each ring.( this is the total placement 
error for the' mean position of the ring, ie placement of fiducial points 
at say 8 positions of the ring.)( this keeps the correlated errors under 
control) 
This is conservative, since we have 3-4 attachment points on each 
module. 

2) Module intrinsic straightness. 

From our limited tests on 1 meter, smaller section shells. the 
bowing should amount to less than +_50 microns between support 
points (80 cm). T~e +- 50 conservatively. This is one place where 
the reduced radial requirement helps us, since the modules are 
thinner radially, and might have more built-in bowing in this 
direction. 

A-27 



The straw placement error will add in quadrature with the intrinsic 
wire resolution, assuming that they are random , uncorrelated errors. 
We have attempted to determine the size of such placement errors 
by optical measurements of straw center (double vee) positions at 
the end of a 64 straw rhombus. The x-y positions were measured 
using a milling machine and an optical telescope. Our estimated 
reading error was about +- 1 mil. The measurements were done with 
the endplate inserted in the rhombus shell. These measurements 
were then fitted to a close packed pattern with arbitrary center, 
rotation, and straw radius. This resulted in a 65 micron average 
sigma. determination of wire centers. So a good part of this may be 
our measurement error. The best fit straw separation was 3984 +- 7 
microns. 

In order to determine the effects of correlated errors in the 
straw positions, the difference matrix from the above fit was used to. 
fit vertical tracks. (see Figure 1). Correlation effects would show up 
as significant deviations from a "Zero "crossing. These were found to 
be small < 30 microns for all x positions. We will assume a straw 
placement error of 65 micron wire placement, however this can be 
improved considerably.'· 

Fig. 1 Fitting tracks with wire displacements 

A-28 



For the trapezoidal modules the required straw placement precision 
will be obtained by fitting the wire positions as measured by x-rays 
to the fiducial points on the underside rails. (See Figure 2). We 
anticipate that these will be measured as the quality control step In 

fabrication, since it will also tell us if we have loose wires or 

irregular placement. 

'\ -
\ , 

\ , 
'. 

Fig. 2 Detail of Straw and Module fiducal 

A-29 



Intrinsic wire resolution 

The intrinsic wire resolution for CF4- Isobutane is about 100 

microns. Since this is not the limiting feature in the superlayer 
resolution. I will not go into the details of the measurement here. 

S u perlayer resol u tion 

We will take the final superlayer resolution to be 80 microns. 
So we can write (assuming 6 straw layers) 

802 = (0'2 wire in + 0'2 wire placement)/6 +0'2mod in +0'2mod placemenl 

If we use an intrinsic wire resolution of 100 microns. wire 
placement error of 65 microns. module placement error of 50 
microns. and module intrinsic error of 50 microns. then we get get 
micron total superlayer error of 83 microns. I take this to indicate 
that we can build and align a modular system that will give us the 
required momentum resolution. 

Notice that unlike Abe, we conclude that the major part of 
the error in the superlayer measurement comes from 
alignment not intrinsic error in the straw. 

1\-3u 
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Silicon Tracking System 

TYPICAL ALIGNMENT CAPABILITIES 

• Angle 
". Alignment Telescopes 
• Precision Theodolites 
• Precision Electronic Levels 
• Electronic Autocolilmators 

• Length 
• Hewlett Packard Interferometer 

• Position 

,.,. 15 Jlradians 
I0OI 3 J.lradlans 
,.,. 3 J.lradians 
I0OI 0.05 Jlradlans 

,.,. 0.05 microns 

• Quadrant Detectors ,.,. 0.5 microns 
• Camera's & Centroid Software 

• - 1/100· 1/200 of Pixel Spacing (25 microns) 
• - 0.25 • 0.1 microns 

• Misaligned Fibers 0.001 microns 

MEE '''A''M"32~ 

Los Alamos 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

ALIGNMENT RING FABRICATION 
Ring Blank 

rv:r Westinghouse 
\gJ Science & Technology Center 
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GRAPHITE FOAM CORE 
R IN GS 

(8 DIAMETERS) 
LASER CUT OVERSIZE 

MODULE OPENINGS 

COMPONENT MANUFACluR~ 
SUPPORT RINGS 

RING FORMING TOOL 
MUST BE FLAT 

TO WITHIN 50 MICRON 

FINAL SUPPORT RING 
FOAM FILLED CAVITIE~ 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

ALIGNMENT RING FABRICATION 
Ring Blank 
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COMPONE NT MANU r AC I uRt.-­
SUPPORT RINGS 

GRAPH ITE FOAM CORE 
RINGS 

18 DIAMETERS) 
LASER CUT OVERSIZE 

M 0 OU LEO PEN IN G S 

RING FORM ING TOOL 
MUST BE FLAT 
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ALIGNMENT RING FABRICATION 
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MUST BE FLAT 
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SILICON TRACKING SYSTEM 

Detector Alignment 
Approaches 

• Visual and IR 

• X-ray 

Considerations 

• Convenient - personnel present during 
operation 

• Commercially available Instumentatlon 
• Visual pre~entatlon • easier Interpreta-

tion 
• Fast rise time pulses 
• Will pass through silicon, but blocked 

by metalization 
• Good tools for assembly 

• Particle like - smaller track 
• Will "pass through metal and G/E 

structure 
• Inconvenient for assembly operation 
• Electronic sensing required " 
• Good tool for assembled alignment! 

electronic checkout 

Los Alamos 



SILICON TRACKING SYSTEM 
GENERAL SILICON SYSTEM 

ALIGNMENT CONCEPT 

• Use visual optics and IR laser sources for silicon tracker 
part • to part and sub-assembly - to sub-assembly pattern 
registration and therefore alignment. This requires close 
coordination between chip layout, chip manufacture and 
assembly/alignment teams 

• Use x-ray source for final In situ alignment checks, regis-
tration of straw tubes to silicon tracker and final electron-
ic check out. This requires an x-ray alignment system 
at Los Alamos for final assembly check prior to shipping 
and Installation 

- Beam tube diameter may be a limiting factor 

• Complementary techniques also give useful cross checks 

MEE·12IWM·299 

Los Alamos 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

MODULE FABRICATION AND ASSEMBLY 

~ Westinghouse 
\E) Science & Technology Center 



CENTRAL AND FORWARD TRACKING 

COMPONENT MANUFACTURING 
Developed for Ease of Automation, Maintenance and Repair 

1. Fabricate the Superlayer Module Shells 
Manufacture the Module Shell Tops 

Preplace Hold Down Registers Into the Precision Tooling 
Manufacture the Module Shell Bottoms 

Preplace Prefabricated Alignment Registers Into Precision Tooling 

tV:r Westinghouse 
\gJ Science & Tech nology Center 



B S1 AGE 
OACRON VEL T 

GRAPI-H1E 6 ST AGE 
40 M \CRON TAPE 

6 LAl'ERS 

BOTTOM SlOE 
PRESS 

10P S \OE 
PRESS 

HOLO OOV,m REG\STERS 
RE G\S1ERS 

\DECREASEO \N SlIE) 

MALE AL \GNMENT 
REG\STERS 

\N1E GRAL W\TH SHELL 
tOE eRE AS \ N G \ N S \ 2E ) 

@ 
O.3S9.4136A57.R \ 
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CENTRAL AND FORWARD TRACKING 

COMPONENT MANUFACTURING 
Developed for Ease of Automation, Maintenance and Repair 

2. Assemble the Superlayer Modules, (Designed for Manufacturing) 
Machine Insert Support Spacers, End Caps and Wires Into Straws 
Form to Desired Straightness In Tooling While Inserting Epoxy 
Potting at Discrete Locations? 
Place Assembled Straws Into Module Shell Bottoms 
Bond Shell Top Onto Shell Bottom in Tooling 
Install Electronics 
Test Straw Functionally (as a Complete Assembled Module) 

fW\ Westinghouse 
\fY Science & Technology Center 



STRAW 

ACCURAT-E FORMED 
GRAPHITE SHELL 

WITH AL IGNMENT KEYS 

C,E N TR AL TR AC KIN l:) SUb~ YS 1 t."M 
COMPONENT MANUFACTURE 

M ODUlF ASSE MBl Y 

ELECTRON ICS 

SUPER lAYER 
MODULE 

WITH STRAWS,W IRE 5, 
AND SPACERS 

HOLD DOWN REGISTERS 
RE GISTERS 

!DECREASED IN SIZEI 

SUPER lAYER 
MODULE WITH 
ELECTRON ICS 

MALE AL IGN ME NT 
REGISTERS 

INTEGRAL WITH SHELL 
!DEeRE AS IN GIN SIZE) 

@ 
D.389.4136AS8.RI 
KEPES 1-30-91 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

SUPPORT STRUCTURE COMPONENT FABRICATION 

fW\ Westinghouse 
\gJ Science & Technology Center 
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tl:N I ~AL AI\lu fLr(\l\tARu 1 nA\..,r(II\lG 

COMPONENT MANUFACTURING 
Developed to Accommodate Conventional Fabrication Tolerances 

1. Manufacture the Inner, Outer and Three Intermediate Foam Core Torsion 
Cylinders 

Layup Machine Tape Inner Skin on Mandrel 
~ Add Foam Core Segments 
~ Layup Machine Tape Outer Skin 

~ Westinghouse 
\gJ Science & Technology Center 



CENTRAL TRACKING SUB SYSI t.M 
CO·MPONENT MANUFACTURE 

TORS ION CYL IN DERS 

GRAPHITE B STAGE 
40 MaCRON TAPE 

6 LAYERS 

FOAM CORE 
SEGMENTS 

FIVE TOT AL 

TORS ION 
C YL I N DE R 
MAN OREL 

TORSION 
C YL I N DE R 

240 M ICR ON SK IN 
2.5 CM TOTAL 

@ 
D.3B9.4135A96.R3 

KEPES 2-4-91 



CENTRAL AND FORWARLJ THALKII\lG 

COMPONENT MANUFACTURING 
Developed to Accommodate Conventional Fabrication Tolerances 

2. Fabricate Alignment Ring Module Attachments 
Mold in Accurate Tooling Matched Male and Female Alignment 
Registers 

The Mold Component Will Be Attached to the Bottom of 
f Module Shell 
~ The Female Component Will Be Attached to the Alignment 

Rings 
Mold and Assemble the Hold Down Registers 

The Slight Spring Loaded Component Will Be Attached to the 
Alignment Ring 
The Bearing Surface Will Be Attached to the Top of the 
Module Shell 

W Westinghouse 
\EY Science & Technology Center 
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CENTRAL AND FORWARD TRACKING ~y~ I t-M 
MODULE ATTACHMENT 

AL IGNME NT 
RING 

GRAPH ITE 
REINFORCEMENT 

HOL 0 DOWN 
REGISTER 
ASSEMBL Y 

AL IGNMENT 
REGISTER 

D.389.4136A66.R I 
KEPES 2-9-91 
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CENTRAL AND FORWARD TRACKING 

COMPONENT MANUFACTURING 
Developed to Accommodate Conventional Fabrication Tolerances 

3. Manufacture the Alignment Rings 
Fabricate the Ring Components by Layup on Flat Tooling 
Rough Laser Cut Openings 
Optically Align Tooling 
Preplace "Female Register" and "Hold Down Positioner" on Tooling; 
One at Each Module Support Location 
Place Laser Precut Ring Over Tooling With Attached Registers 
Bond Into Single Unit Producing a Very Accurate Alignment Ring 

. Remove From Tooling 
Proceed to Manufacture Next Ring 

rv:r Westinghouse 
\gJ Science & Technology Center 
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C EN! R AL T R AC KIN G S U 8 S Y S T E M 
COMPONENT MANUFACTURE 

SUPPORT RINGS 

GRAPHITE FOAM CORE 
. R IN GS 

(8 DIAMETERS) 
LASER CUT OVERSIZE 

MODULE OPENINGS 

RING FORMING TOOL 
MUST BE FLAT 

TO WITHIN 50 MICRON 

FINAL SUPPORT RING 
FOAM FILLED CAV]TIE~ 

@ 
O.389.4136A59.R 1 

1- 30 -91 
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RACKING'SUBS;YSTEM _. . . \ 

'. 
: . . ..,' . ~; ~ 

GNMEN"t,~:(RING FABRICATION 
·.·.~2.~~~:V: . .. . :Riiig;~Blank 

''''., 

W Westinghouse 
\gJ Science & Technology Center 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

ALIGNMENT RING FABRICATION 
Adhesively Joined Completed Alignment Ring 

~ Westinghouse 
~ Science & Technology Center 
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CENTRAL AND FOR"WARb- TRAt-KII'fG '::fubSY;:, TI:.IVI 

SUPPORT STRUCTURE ASSEMBLY AND ALIGNMENT 

tVr Westinghouse 
\E) Science & Technology Center 
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CENTRAL AND FORWARD TRACKING SYSTEM 
ASSE MBL Y 

CAL lBRAT ION 
TAR GETS 

OUTER SUPPORT 
CYL INDER 

AL IGNMENT MANIPULATOR 
WITH LASER 
INTERFEROMETER 
AND TELESCOPE 

@ 
0.389 .4136A63.R 1 

KEPES 2·8 ·91 
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ALIGNMENT SEQUENCE 
Developed to Eliminate Gravity and Accumulated F abrication Tolerances 

2. Set Up and Calibrate the Alignment System 
Place a XV Alignment Manipulator Fixed with a Laser Interferometer 

~ and a Precision Theodolite at One End of the Tracker 
I 

e:; Set Up the Target With a Laser Interferometer 
Calibrate the Alignment Manipulator and Theodolite Against the 
Target 

fV)\ Westinghouse 
\gJ Science & Technology Center 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

;:n-:ltlon k.,tlon'nv Equrpm.nl 

•• I. • 

ALIGNMENT 

-----_. 

c------ -·~~3 . . -~.::::-~~;;:-_=r =-~ .. -

., ......... ,.- -- , ... -

'--.. ---- .. . .... ____ Cl 

~. 

I . 
I 

. I 

I 

"/ / ! / / /7 II / / 
PHWf.: Id2 .. 74/.-4451 (IN PI.) 

.600-2/,5-6903 (TOLL fR.EE) 

~\X: ~12-]~~-7626 

r.:jj\ Westinghouse 
\BJ Science & Technology Center 
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CALIBRATION 
TARGETS 

ASSEM~L Y 

OUTER SUPPORT 
CYL INDER 

AL IGN ME NT MAN IPULATOR 
WITH LASER 
INTERFEROMETER 
AND TELESCOPE 

@ 
0.389. 4136A63.R 1 

KE PE 5 2 -8 -91 



3. 

CENTRAL AND FORWARD TRACKING 

. ASSEMBLY SEQUENCE 
Developed to Eliminate Gravity and Accumulated F abrication Tolerances 

Sequentially, Globally Align and Fix the Position of Each Alignment Ring 
By: 

Temporarily Mounting. Optic Targets on Each Ring/Ring Attachment 
Align the Ring Attachment Via the Laser I nterferometer and the Ring 
Via the Precision Theodolite on the XV Precision Manipulator 

First Fix the Longitudinal" Position of Each Ring Attachment By 
U sing the Interferometer 
Second Fix the Radial and Circumferential Position of Each Ring 
U sing the Precision Theodolite 

Use Four Points at 90 Degrees for X& V Precision Theodolite and 
Four Points for Z Alignment Interferometer 
Repeat Steps 1 and 2 for All Five Cylinders 

The Outer Cylinder Has Inner Modules Only 
The Three Intermediate Cylinders Have Inner & Outer Modules 
The Inner Cylinder Has Outer Modules Only 

t@\ Westinghouse 
\gJ Science & Technology Center 



CUTOUT 
FOR AL IGNMENT 

... "it. 
~ , -

CAL IBRAT ION 
TARGETS 

A-,...JE , .. ~L . 

CYLINDER SUPPORT 

INTERME DIATE MODULE 
SUPPORT CYLINDER 

CYL INDER SUPPORT 

MODULE 
HAN GERS 

ASSE MBL Y 
ACCESS 
MANHOLE 

AL IGNMENT MANIPULATOR 
WITH LASER 
INTERFEROMETER 
AND TELESCOPE 

@ 
0.389. 4136A64.R 1 

KEPES 2·5 -91 



CENTRAL AND FORWARD TRACKING 

ASSEMBLY SEQUENCE 
Developed to Accommodate Conventional Fabrication Tolerances 

4~ Assemble the Support Structure 
Assemble the Intermediate Module Support Cylinders Into the Outer 

f Torsion Cylinder 
~ Check Alignment While Fitting and Attaching the End Supports 

Between Each Cylinder 
Adhesively Join All Components 

fW\ Westinghouse 
~ Science & Technology Center 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

FINAL ASSEMBLY AND TEST 

~ Westinghouse 
\g} Science & Technology Center 



CENTRAL AND FORWARD TRACKING 

SEQUENCE OF ASSEMBLY 

1. Install Modules and Perform Functional Tests 
Insert the Superlayer Modules Into the Support Structure 
Connect Hoses and Cables 
Test Straw Functionally 

r.j.j\ Westinghouse 
~ Science & Technology Center 



MODULE ASSEMBLY 
1672.5-

u w. 1.1 u 

141"1.2-

n " n 
I 

1150.'-

w ... 
" " 
I ·11 

/ 

~ 
u ;- / tl n 

MOOULE HANOER~ i~L~NDERJ UP DRT 

•• --------------- ~ ---. . ... . . .0-

GRAPHITE 
RE INF'ORCEME NT 

~7 

-'-- -

~ 
.-
'mm 

/'" 

,TYPICAL STRAW 
MODULE 

AL IGNMENT 
REGISTER 

D.389.4136A60.R 1 
DIMS.IN MILL IMETERS 

KEPES 2-1-91 
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CENTRAL AND FORWARD TRACKING 

STEREO 

~ Westinghouse 
\gJ Science & Technology Center 



------------------------------------------CENTRAL AND FORWARD TRACKING 
STEREO STUDY USING DUAL ANGLES FOR ALTERNATING MODULES 

Section. Gap#1 
Gap #2 

- 100 em L( _____ -~..J -----

0.0 em IL_----~--' ~---

+ 100 em L-I_--\C = ::2 
Long side out, rotation = 3.00 degrees 
Short side 0llt, rotation = 2.71 degrees 

Section Gap#1 Gap #2 

- 100·em .442 .455 

0.0 em .415 .415 

+ 100 em .455 .442· 

Gap #3 

.442 

.415 

.455 

Gap #3 

Westinghouse 
Science & Technology Center 
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CENTRAL AND FORWARD TRACKING 

FINITE ELEMENT ANALYSIS 

~ Westinghouse 
~ Science & Technology Center 



CENTRAL AND FORWARU TRALKU\llJ ;:,Ub-:iY ~'T~I\/J 

ANALYSIS 

1. The Mechanical Analysis Models 
Classical Beam Theory Predicts Low Deflection from Gravity Load 
(ORNL 'on 01-24-91) 
Finite Element Analysis by (W)STC Indicates the Same 

Tried to Start Simple But! 
Five Concentric Cylinders with Drum Type Composite Ends 
Support at Four Corners 
Weight/Density Increased to Account for Module Mass 
Sophiftlcated Composite F EA Element Used 

W Westinghouse 
~ Science & Technology Center 



CENTRAL AND FORWARD TRACKING SUBSYSTEM 

FINITE ELEMENT MODEL 

~ Westinghouse 
\!::Y Science & Technology Center 
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CENTRAL ANDR FORWARD TRACKING SUBSYSTEM 

ANALYSIS 

2. Weights, Densities, and Stiffness 

f@\ Westinghouse 
~ Science & Technology Center 
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CENTRAL AND FORWARD TRACKING ~UI:SS't~TI::I\II 

WEIGHT 

COMPONENT WT.lBS 
1. Inside Torsional Cylinder 54.6 
2. Intermidiate Cylinder #1 95.9 
3. Intermidiate Cylinder #2 151.7 
4. Intermidiate Cylinder #3 186.7 

:r> 5. Outside Torsional Cylinder 220.4 
I 6. End Rings 55.5 co 

---
7. Alignment Rings 146.7 
8. Modules 1315.8 

TOTAL 2227.3 

W Westinghouse 
\g} Science & Technology Center 



CEN.TRAL STRAW TU·BE TRACKER 
wt of graphite .epoxy module 

Layer , = area sq in * length in. * density * , of modules * 2 halfs 

Ll := .101- [200 ] - .06- 40- 2 
2.54 

L1 = 38.173 lbs 

L2 ._ .101- [214.3]_ .06-48-2 
2.54 

1.2 = 49.0S3 lbs 

LJ := .101- [228.6]_ .06-56-2 
2.54 

1.3 = 61.085 lbs 

[
242.9] . 

LA .~ .101- - .06-64-2 IA = 74.178 lbs 
2.54 

IS ._ .101- [257.2] _ .06- 72- 2 
2.54 

L5 = 88.363 lbs 

[
271.4] 

L6 .- .101- -.06-S0-2 
2.54 

: L7 :==.101· [285.91_ .06· 88· 2 
2.54 J 

L6 = 103.602 lbs 

L7 == 120.051 lbs 

L8 := .101- [300 ]- .06-96-2 L8 - 137.424 lbs 
2.54 

wtmodule wrappers :- Ll. + L2 + L3 + IA + L5 + L6 + L7 + L8 
wt module wrappers = 671.96 lbs total 

wt straws lbs. . 
layer' * .., straws * , modules * length 11. * .5 gm / 11. * (1/453.6) * 2·= lbs 

lay1 .- 159-40-2.00-.5- .0022-2 
1ay2 :- 159-48-2.143·.5- .0022-2 
lay3 :- 159-56-2.286-.5-.0022-2 
lay4 := 159·64-2.429-.5-.0022-2 
lay5 :- 159-72-2.572- .5-.0022-2 
lay6 .- 234-S0-2.666- .5- .0022-2 
lay7.:= 159-88-2.S01- .5- .0022-2 
lay8 := 234-96-3.00-.5-.0022-2 

lay1 = 27.984 
lay2 = 35.982 
lay3 = 44.78 
lay4 = 54.379 
lay5 = 64.777 
lay6 = 109.797 
lay7 - 86.222 
layS = 148.262 

Wt_straws :- lay1 + lay2 + lay3 + lay4 + lay5 + lay6 + lay7 + layS 
Wt_straws = 572.182 lbs total 

Wt_strawsylus_wrappers := Wt_straws + Wt_module_wrappers 
wt_strawsylus_wrappers = 1244.142 100 total -

A-U2· 



)::-
I 

OJ w 

RLS 

CENTRAL AND FORWARD TRACKING 

SUMMA~Y OF I~~I~ DATA (MATERIAL PROPERTIES) 

AI-lOCO P-75 TAPE 

TRANSVERSE 
COEF. OF SHEAR TRANSVERSE, COEF. OF 

MATL MODULUS OF 
NO. ELASTICITY 

POISSONS THERMAL MODULUS OF MODUl.US OF THERMAL 
RATIO EXPANSION ELASTICITY ELASTICITY EXPANSION ___ ._1 •• __ • _____ •••• _ •. ...r ___ _ •• ____________ . __ • ___ ._._ 

1 

"1ATL 
NO 

1 

1 I). It90E+Oa 
2 O.100E+07 
3 0.100E+07 

THERI'1AL 
CONDUCTIVITY 

0.300 
0.300 
0.300 

-0.540E-06 O.850E+06 
0.167E-04 O.380E+06 
0.167E-04 O.850E+06 

DENSITY 

.... _ ... _-_. __ ._-- - -... -----_._-- .. _-
1 O.OOOE+OO O.620E-Ol 
2 O.OOOE+OO 
3 O.OOOE+OO 

SUI,1t1?\RY OF LAYER CONSTANTS 

LAYER MATEF~IAL AVERAGE ANGLE OF 
NO. NUMBER THIC.<NESS 'ORIENTATION 
---.-_. ---_._-._--- --_ ... _----- -----------_._. 

1 0.150£::--02 O.OOOE+OO 
~, 1 O.150E-02 '-60.0 c. 
:3 1 0.150E-02 60.0 
(I 1 O.150E-02 60.0 
~5 1 O.150E-02 -60.0 
6 1 (I.150E·-02 O.OOOE+OO 

----

tVr' Westinghouse 
\gJ Science & Technology Center 
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CENTRAL AND FORWARD TRACKING 
SUMMARY OF INDIVIDUAL LAMINA PROPERTIES 

***~********************.********* 
«. IN-F'LANE ENGINEERING C£JNSTANTS * 
********************************** 
MATL. 

10 
ELAST lC MODULUS 

El E2 E3 
---------------------~---------

SHEAR MODULUS 
812 G23 " 813 

1 0.4qOE~Oa 0.100£+070.100£+07 0.850E+06 0.380E+06 0.850E+06 

POISSON RATIO 
MATL. 10. MU12' t1U21 MU2S MU32 HU13 NU31 ---------- ------------------.-- --------------------- ---------------------

1 0.300 0.612E-02 ' 0.300. 

I 

********************************* * THERt1AL PROPERTIES * 
* ** iI' "'01('* *1* ... *** * *** ***«.**.*** *«·.·iI·*** 

I'IATL. 
I D. 

THERMAL EXPANSION COEFS. 
ALPHA-l ALPHA-2 ALPHA-3 

0.30c) 0.300 c).612E-02 

THERMAL CONDUCTIVITY 
t( 1 .<2 t<3 

------- -------------------------------- -------------------------------
1 -0.540E-06 O.167E-04 O.167E-04 O.OOOE+OO O.OOOE+OO O.OOOE+OO 

" 
***~*****.*******~** 

~ DENSITY * 
**~***************** 

t'IATL. I D. DENSITY 

1 O.6~OE-Ol 

tV:f.' Westinghouse 
\B) Science & Technology Center 
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CENTRAL AND FORWARD TRACK~l.l 
MATERIAL STIFFNESS FOR MULTIPLE LAYERED COMPOSITE 

[ 0 , +/-60 ]sym 
-********************************* * IN-PLANE ENGINEERING CONSTANTS * 
********************************** 

ELASTIC MODULUS SHEA~ MODULUS 

.- ............. _ .. .. _---_._---_._.----_ ... -._---_.- ----.- ---_.-. __ .... _- ... _ .......... --.--._ .. __ ._ .......... -... .. 

. 
0.174£+08 0.174E+06 0.109E+07 0.661E+07 O.615E+06 O.615E+06 

POISSON RATIO 
11UX'Y MUYX MUYZ. MUZV MUZX 

- ... _ ............... ,- ... _. _ .. _-----_ .. ---------- -----.. _--- -_.---_ ... __ .. __ ... - --_._ ........... _--

(1.31. " 0.314 O.e38 0.149E-01 0.288 

*****.****~********************** 
* THERMAL PROPERTIES * 
*****~***************************' 

THERMAL EXPANSION COEFS. 
ALF"-Ir,-x ALF'HA-Y ALPHA-XV ALPHA-Z 

THERMAL CONDUCTIVITY 
1< 1 .<2 1(3 

------------------------------------------ -----.--------------------------
-O.971ij,(l7 -0.971E-01 0.173E-13' O.e16E-04 O.OOOE+OO O.OOOE+OO O.OOOE+OO 

~******************* * TOTAL THICKNESS * 
***********~******** 

******************** * DENSITY * 
*******,************ 

~' Westinghouse 
\.8) Science & Technol<?gy Center 
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CENTRAL AND FORWARD TRACKING 

r()hacelr IG 
ROHACELL -10 Is a lightweight, rigid, hlgh·quallty, polymeth-
acryllmlde 'foam .. It Is especially suited for use as a core 
material for compo sUe construction. 

Applications 
ROHACELL IG has a variety of uses In composite construe· 
tlon as a core material, e.g.: 
• Alrcrafl construction 
• Radiation technology 
• Electronics 
• Construction of sporting goods, tennis rackets, canoe 
paddles, cross country and downhill skis, etc. 
• Freight containers 
• Marine construction such as: hulls, decks, bulk-heads, 
and rudders. 
• Model building In Industry and archflecture 
• Thermal expansion molding mandrels 

~ Westinghouse 
\g) Science & Technology Center 
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CENTRAL AND FOR'WARD TRACKING" ~UbSY ~ TI:IVI 

ANALYSIS 

3. What Have We Learned? 
Denectlon~mall- 100 Microns Size 
Structure~ Basically Round But: 
- End' Support Rings Connecting Cylinders Have High Shear 

Strains Resulting From Center Cylinders Translating Downward 
Structure Stays Basically Straight But: 

longitudinal Deformed Shape do to Gravity Load is Fundamental 
Pin- Pin Beam Mode 
Appears to be a Lot of Shear Near Ends of Cylinder at Support 
limited Beam Bending Occurs 

Spreading Support Load (Restrain More Nodes) Simulating 
Reinforcement Results in: 

Decreases Large Shear Strains Around Supports 
Reduces Overall Deflection by 30% 
Distorts Outer Cylinder Roundness 

~ Westinghouse 
\gJ Science & Technology Center 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 

1 

NUTED SUPPORT CYLINDER. 

Finite Element Analysis 
ANSYS •• 4A 

FE B 8 18 81 
18146:00 
PLOT NO. 1 
POST 1 OUPL. 
OM X -0 .lIeeE -04 

D SCA-2020 
XV -0.6 
Y V -0.3 
ZV -1 

·0 IST-2 .315 
·XF -0.886308 
·Y F -0.048887 
·ZF -1.368 

PRECISE HIDDEN 

POSTl NODES 
TD IS 

x v -0.15 
YV -0.3 
ZV -1 

·0IST-2.38 
·XF -0.866308 
·YF -0.048887 
·ZF -1.368 
PRECISE HIDDEN 

W Westinghouse 
\g) Science & Technology Center 



CENTRAL' AND FORWARD TRACKING SUBSYSTEM 
Finite Element Analysis 

1 

El*--- ---- --- --------- ---------------------- ----- - ---, 

~- -- ---------_.--------- ---------- --- ---- - -- ----

~--~--------------------------------------------r------I 

~----------- .. -------------------r------f 
~-------------------------------

I 

L 

9*--------------------.----------, 
I 

9*-------------------------------.. -------, I 
~----------------------------------------------jl------} 

I 
I 

~----------------------------------------------1 
I 
I 9*-------------------------------------------------J 

NESTED SUPPORT CYLINDERS 

ANSYS 4.4A 
f'EB 91991 
2lJ12J2~ 
PLOT NO. 1 
POSTI DUPL. 
O).l X -O.1S71S!:-04 

D SCA -224'1 
XV --1 

-OIST-1.973 
-Xf' -0.63620 
-Yf' --0.086074 
·Zf' -1.346 

POSTI NODES 
'I'DlS 

XV --1 
-OIST-1.973 
·XF -0.83820 
·YF "-0.086074 
·ZF -1.040 

POSTl NODtS 
TDlS 

XV "-1 
-OUT- 1.973 
·Xf' -0.83628 
·Yf' "-0.088074 
·Zf' -1.3-4.6 
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1 

NUTED SUPPORT CYLUfDZRI 

Finite Element Analysis 

ANSYS •• 4"'" 
1"2: S 9 H~ 9 1 
1811)1123 
PLOT NO. 1 
POST10ISPL. 
OM X -O.seeE-O. 

DSCA-212S 
ZV .. 1 

·OIST .. 1.911 
"XF -0.8'70107 
"YF --0.11880'7 
·ZP' -1.438 
PRECISE HIDDEN 

POST1 NODES 
TOIS 

ZV .. 1 
-DlST"'1.911 
"XF -0.8'7011)'7 
"YF .. ·0.11880'7 
·ZP' -1.438 
PRECISE HIDDEN 
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CENTRAL AND FORWARD 'TRACKING SUBSYSTEM 

FUTURE PLANS 

1. What Do We Do Next1 
Study the Mechanics of Alignment 
Continue to Ballpark the Design 
Look Closer at Module Attachment and Build Prototype 
Exercise and Analyze the F EA Model 

Do Design Optimizing 
Study Thermal Loads 

~ Westinghouse 
\,gJ Science & Technology Center 
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CENTRAL AND FORWARD TRACKING 

INTEGRATION SYSTEMS 
SUBSYSTEM MOUNTING 

1. Central Tracker Mounting 
Concept Would: 

Uses Aluminum Bracket at Four Corners of Central Tracker 
Mounted Off Calorimeter 
Has Manual Adjustment in Elevation 
Features Kinematic Mounts 

(.j.)'I Westinghouse 
\B) Science & Technology Center 
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CENTRAL;~ AND:~1EO"RWARb,:i~TRACKII\IG SUBSYSTEM 
,;CE'NTRAl'TRACKER MOUNTING 

AXIAL 
KNIFE EDGE 

FlAT PLATES 

RADIAL 
KNIFE, EDGE 

BALL 8 SOCKET 

r.:;:r Westinghouse 
\gJ Science & Technology Center 
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INTEGRATION SYSTEMS 
SUBSYSTEM MOUNTING 

2. Intermediate 'Tracker Support 
Uses Aluminum Bracket at Top 90 0 of Intermediate Tracker Mounted 
Off Calorimeter 
Concept Would Use: 

Manual Adjustment In Elevation 
Four Corner Kinematic Mount 
Rail System for Longitudinal Movement 

Requires Optic/Diode Position to Central Tracker Stability Monitor 
Access to Central Tracker Electronics Would Require at Least 1-1/2 
Meters Motion 

Mounting of Tooling to Achieve This 1-1/2 Meters is Required 
One Meter Motion to Clear Calorimeter 
1/2 Meter for Access 

fW\ Westinghouse 
\::;J Science & Technology Center 
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INTERMEDIATE TRACKER SUPPORT 
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CENTRAL AND FORWARD TRACKING 

INTEGRATION SYSTEMS 
SUBSYSTEM MOUNTING 

3. Silicon Tracker Support 
Concept Would: 

Mount Silicon at Four Corners on the Bore of the Central 
Tracker 
Use Four Corner Kinematic Mount 

Require Optic/Diode Position to Central Tracker Stability Monitor 

~ Westinghouse 
\gJ Science & Technology Center 
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CENTRAL AND FORWARD TRACKING SUBSYSTEM 
SILICON TRACKER SUPPORT 
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CENTRAL AND FORWARD TRACKING 

INTEGRATION SYSTEMS 
UTILITIES FOR CENTRAL TRACKER 

1. Electronics Cables 
Per Module 

Power Cable Requires 
(Electronics) 

3 MM Diameter High Voltage (Jacketed?) Twisted Pair 
1: Logical Signals Require 
2 (Module Control. Trigger and Data Output) 

50 MM Wide x 1 MM Thick Flat Kapton Cable 
Per Tracker End 

Power Cable Requires 
528-3 MM Diameter 

logic Signals Require 
528-50 MM x 1 MM 

~ Westinghouse 
\g) Science & Technology Center 
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~----------------------------------------- --CENTRAL AND FORWARD TRACKING 

INTEGRATION SYSTEMS 
UTILITIES FOR CENTRAL TRACKER 

2. Service Plumbing 
Per Module 

Drift Gas Requires 
Two One-Inch Diameter Tubes 

Electronics Cooling Requires 
Two One-Inch Diameter Tubes 

Per Tracker End 
Drift Gas Requries 

Sixteen One-Inch Diameter 
Electronics Cooling Requires 

Sixteen One-Inch Diameter 

tV:r Westinghouse 
~ Science & Technology Center 



> 
I 
-' 

i 

CENTRAL AND' FORWARD TRACKING SUBSYSTEM 

SCHEDULE 
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WBS 

1.2.1 
1.2.1.1 
1.2.1'.1.1 
1.2.1.1.2 
1.2.1.1.3 
1.2.1.1.4 
1.2.1.1.5 
1.2.1.2 
1.2.1.2.1 
1.2.1.2.2 
1.2.1.2.3 
1.2.1.2.4 
1.2.1.2.5 
1.2.1.2.8 
1.2.1.2.7 
1.2.1.2.8 
1.2.1.2.9 
1.2.2 
1.2.2.1 
1.2.2.1.1 
1.2.2.1.2 
1.2.2.1.3 
1.2.2.1.4 
1.2.2.2 
1.2.2.3 

COST ESTIMATE OF CENTRAL STRAW TUBE TRACKER 
TABLE 3 

DESC ENG DSGN TECH LABOR PROC BASE 
MAN DAYS MAN DAYS MAN DAYS MAN DAYS • s 

'SUPPORT STRUCTURe 
SUPPORT ASSEMBLY 

EOIA 
s 

STRUCTURALSYPPCRl~ :~MBIL~~~~~ __ T-________ 2~0r-_____ 3~2 ____ ~~e4ri-____ ~0+-__ ~1~09~3~6~~~22~4~55*-___ '~5~g8~0 
MOt)ULE LOCATINO u:nul All InNU,""IT 0 0 1~~ 0 0 280820 0 
SUPPORT STRUCTune 81r flO 30 32 20 0 40000 43600 20210 
PRECISION ALLIGNMENT I _ING 12 28 0 0 380438 380438 11658 
STRUCTURAL COMPONEN SUBASSEMBLY 74 160 139 0 325000 350020 68902 
SUPPORT STRUCTURE COMPONENTS FABRICATION 
INNER TORSIONAL CYLINDER 23 7 100 o 76695 94767 11275 
RADIAL SUPPORT COMPONENTS 198 63 862 o 789622 944782 97492 
DISK COMPONENTS FABRICATION 185 60 826 o 756909 905481 92073 
CONE COMPONENTS FABR!QATION 188 57 801 o 742598 886706 92919 
ALIGNMENT COMPONENT FABRICATION 31 50 338 o 27944 88424 24769 
OUTSIDE TORSIONAL CYLINDER 480 624 637 o 490437 687025 349837 
SUPPORT STRUCTURE COMPONENT TOOLING 220 474 439 o 603537 682550 204497 
DESIGN REVIEW 80 64 o o o o 48880 
PROTOTYPES o o 1000 o o 180000 o 
MODULES FABRICATION 
MODULE DEVELOP AND FABRICATION 
MODULE DESIGN 500 500 100 400 100000 165600 329000 
MODULE ASSEMBLY AUTOMATION 500 600 65 260 100000 142640 329000 
MODULE ASSEMBLY o o 2250 9000 o 1476000 o 
MODULE TOOLING 1000 1500 100 400 o 65600 n5500 
SHELL FABRICATION o o o o 2284800 2284800 o 
STRAW COMPONENTS o o o o 1690752 1690752 o 

Page 1 
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WBS 

1.2.3 
1.2~4 
1.2.5 
1.2.6 
1.2.7 
1.2.8 
1.2.9 
1.2.9.1 
1.2.9.2 
1.2.9.3 
1.2.9.4 
1.2.9.5 " 
1.2.10 
1.2.10.1 
1;2.10.2 
1.2:10.3 

COST ESTIMATE OF CENTRAL STRAW TUBE TRACKER 
TABLE 3 

DEse 

MODULE INS!:", IUN 
COOLING ASSEMBLY 
UTILITIES 
PRE·INSTALLATION TiS" 
TRANSPORTATION SYS~ rEMS 
INST ALLA TION FIXTURES 
ELECTRONICS SYSTEM 
ELECTRICAL PC WER 
FRONT.END ELf:CTRONICS 
DATA ACQUISITION INTERFAce 
TRIQGER SYSTEM 'NT !t1IH~1I: 
CALIBRATION SYSTEM 
ri=ACILIJIES 
SIJPPQAT ASSEMBLY 
MODULE ASSEMBLY 
ELECTRONICS ASSEMBLY 

TOTAL MAN DAYS 
TOTAL DOLLARS 

GRAND TOTAL DOLLARS 

ENQ DSGN TECH 
MANDAY8 MAN DAYS MAN DAYS 

0 0 1083 
216 0 250 
813 0 250 
20 0 31 

155 278 250 
127 136 114 

• 403 701 334 
2381 5165 167 
733 1351 167 
233 541 187 
350 810 187 

1600 750 760 
1500 750 1500 
1500 750 3750 

13468 15380 18047 
6697037 3614394 3248498 

35680668 

Page 2 

LABOR PROC BASE EDIA 
MAN DAYS $ $ S 

0 30000 221340 0 
0 4380 49380 90945 
0 425000 470000 343899 
0 180000 185825 8480 
0 177000 222000 130425 
0 70000 90520 85881 

0 1818479 1878599 335204 
0 8093533 8123593 2220938 
0 1672419 1702479 627544 
0 319224 349284 225694 
0 213900 243960 338400 

0 225000 360000 810750 
0 225000 495000 810750 
0 50000 725000 810750 

10060 21923600 26369238 9311431 
1197140 21923600 26369238 9311431 

REV3BI20190 
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CENTRAL STRAW TUBE TRACKER 
Design Estimated Manpower 

90 91 92 93 94 95 96 97 98 99 
Concept 

~ 

DESIGN 

2 vrs Bu i I d 
DESIGN TRACKER 
(Requires 50 People for 2 Yrs) 3 yrs Insta I I 

• 
SUPPORT STRUCTURE STRAW MODULES 

- Components - Components 
4 Engg 8 2 Engg 4 

3:> 
3 Design 6 2 Design I 4 ..... 

0 
1 Tech 2 1 Tech ...... 2 

16 MYrs , 10 Yrs 
- Too ling - Too ling 

2 Engg 4 2 Engg 4 
1 Design 2 3 Design 6 
1 Tech 2 1 Tech 2 

8 MYrs 12 MYrs 

ELECTRONICS 
8 Engg 16 

17 Design 34 
2 Tech 4 @ Westinghouse 

60 MYrs - Science & Technology Center 
Rev. 3A 
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CENTRAL STRAW TUBE TRACKER 
Build Estimated Manpower 

90 

BUILD TRACKER 

91 
Concept 

(Requires 40 People for 

SUPPORT STRUCTURE 
- Production 

2 Engg 
1 Design 
9 Tech 
1 Tech (QA) 

ELECTRONIC 
2 Engg 
1 Design 
3 Tech 
2 Tech (QA) 

92 93 94 95 96 97 

Design 

2 yrs BUILD 

3 Yrs) 3 yrs 

STRAW MODULES 

6 2 Engg 
3 1 Design 

27 14 Labor 
3 2 Tech (QA) 

39 MYrs 

6 

3 
9 
6 

98 99 

Insta I I 

6 
3 

42 

6 

67 MYrs 

24 MYrs 
fW\ Westinghouse 
\gJ Science &. Technology Center 



A TIME TO VOLTAGE CONVERTER AND ANALOG MEMORY UNIT 
FOR STRAW TRACKING DETECTORS 

L. Callewaer'; W. Eyckmana-, A. Stevena, W. Sanaen-, 
J. Van der Spiegel, 2.. Van Berg, H.H. WiWaml, T.Y. Yau 

University oC Pennsylvania 
Philadelphia, Pa. 19104 

A low power, su~nanosecond accuracy, quick recovery, data-driven, multiple 
sample Time to Voltale Converter suitable for use on hilh rate straw trackinl 
detectofl is described. The described TVC includes "virtual" storale of analOl 
data in both Levelland Level 2 queues and an on board ADC with first "rlier 
correction Cor capacitance variations and non- linearities. 

Introduction 

In a hilh precision drift tube or straw trackinl system, one 
measures the time of arrival oC the first electron at the anode. 
While many possible schemes exist, our initial judlement 
was that an anal0l time measurement would offer both lower 
power and Ireater resolution than an equally complex dilital 
system. In addition, we believe that it will be necessary to 
incorporate all of the sy.tem features such as connection to 
the triner and DAQ systerna in any usable desi,n in order 
to lceep the power, mas. and complexity of the final system 
under control. 

Design Goala 

The m.inimwn set of specifications necellary for a successful 
time measurin, device would .eem to be: 

• < O.Sns time accuracy, - 0.2ns ,ime resobuion - in order 
to ensure spatial prec:iJion of < lOO"m without esten­
sin (prderably wi,hou' any) cali~auOll. 

• Deadtimeleu continuous multw&operaUon- second hit 
or double track resolution better ,han any conceivable 
chamber (i.e. ~ 30n .. ). 

• Hip rate capability - a' the SSC aver"e rates for a 
straw chamber near the inner radius of survivability 
approach 10 MHI. . 

• Local.tora,e of da'a durin, the triller decilion time(.) 
- to keep cabLin, and power (rom domiDatin, a de'edor 
de.i,n, it will be neces.ary '0 move data of[ the detec'or 
only after the triller has had time to reject most of the 
uninterestin, event •. 

Time to Voltage Conyel'.ion 

In previous work, we have fabricated and measured a Time 
to Volta,e Conver'er [1] [2] in a 1.6 I'm dili,al CMOS pro­
cess that easily met the first criterion as can be seen in the 
differential nonlinearity di.tribution, Fi,ure 1. 

1.8 V,-------------

Out 

O~ -=~------------------~ s Input ~ Time. as 36 

Figul'e 1: TVC Differential N on- Linearity {rom 7 to 31 
n.. Note that SO m V is equivalent to 1 n •. 

Thil eipt channel prototype TVC de.illl depended 
upon cardul matchin, of capacitance values Crom one sam­
ple '0 the next usin, common centroid layoutl. It became 
obvious in thil desi,n that while the common centroid lay­
out ,ave very ,ood ma'chin, channel to channel, the cost 
in area and layout complexity for a much lar,er number of 
capacitors would be prohibitive. Becauae of thil, we decided 
to purlue a char,c-measurement .cheme that would. to first 
order, be inleDli&in '0 capaci'ance vuues. In addition. we 
have attemp'ed to include in the TVC/ AMU all of the lo,ic 
necessary for a full SSC compatible reaclout .y.tem. The 
block dia,ram in Fi,ure 2 showl many of these features, the 
most saliem of which will be discusled below. The first pr4> 
totype of the TVC/ AMU was &lao fabricated in a 1.6"m 
CMOS procesl, but a number of layout enop prevented full 
operatioD of the device. A second version of the TVC/ A~IU 
it now bein, readied for fabricatioD and measurement. 

Any capacitor memory scheme capable of simultane­
ous readinl and writin, will have at least three switches. 
around each individual capacitor - an input charCin, switch. 
an output dischar,e switch. and a reset Iwitch. By pl"c. 
inK charle on the capacitor at a constant input rale "IIJ 
then usinl the OUlput tWilch 10 r~lIIo"e "hArlte at a."". h 



Current Sources 
r-t----® 

ADC 
~------~ "---... ~ 
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sr.rt 
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r--..!...!~~=~:::;:=---;;=--;;;:==:::-;:::;;=---====-- L~!!~.~·p: . .\ 
Delay Generator 

Figure 2: Tve/ A~IU Block Diagram. Dotted blocks associated with L2 Trigger identification are not implemented 
in the prototype version 

lower rate. it is possible to measure the time duration of the 
input current to high preciJion with a relatively slow com· 
parator. If the input and output current. are ratioed to 
each other. then the accuracy of the measurement can be 
kept high even with relatively large integrated circuit pro­
cell and device variations since both the capacitance and 
the absolute values of the current. ratio out of the first or­
der time equation. ~t .... = AI," "'i". We have cho.en a ratio 
of i ... /i .... 1 - 150 :: 1 in order t·~·iive - 0.2n. resolution over 
a 16 ns (plus 8 ns pedestal) range. 

Levell Storage 

For a two to three ". Levell .torage time it would be neces­
sary to provide 121 to 192 .torale locatiou for a simple .,.. 
chronous sy.tem. However. by implemeDtiBc a data dri ... 
system which use. a .torale 10catioD oaly it Dew data is 
present, many fewer locations willsuJ1ice p ... the aeceuar-
ily modest occupancies oC any viable tracJdaa .,..tem. Thus 
in the design oC the prototype TVC / AMU. we have limited 
the nwnber oC Levell locations to eipt which is more thaD 
enough Cor a 1 ". delay with a 5 MRI averase input rate. 
This desiln may be expanded to III or more locations ill 
Level 1 at the cost oC additioaal .WCOD real estate. 

Level 2 Storage 

While a Cew microseconds oC .ynch.roDous .torase for Leyel 1 
is conceivable. eveD if awkward, maay teu of miaoIecODds 
is clearly outside the realm oC realiaable circuits aad thus 
Level 2 must also be implemented ill a data driYeD (uhioD. 
For the TVC/ AMU we haye choleD to use a Yirtual Level 
Z scheme in order to .implify the analol storale problema. 
The particular technique adopted is add,.. ... wGppin, which" 
is 10licaUy similar to minimum FIFO or pointer schemes. 
but minimizes the lenlth oC analol control silnal lines· at 
I he expense of lonler control buses. 

The Levelland Level 2 queues are implemented by us· 
ing a write and read address counter Cor each queue. Thus 
the storale location neltt to be used iJ identified by the Level 
1 Write Address (Ll WA) counter which is incremented by 
the discriminator pulse. the LUtA. which is incremented 
by a delayed version of the discriminator pube. identifies 
the next data to be tested for a valid Levell trigger. Sim· 
ilarly L2WA (incremented by a transfer from Levell) and 
L2ILA. (incremented by an End of Convert) identiCy the be· 
liDDial aad end oC the Level 2 queue. The output of these 
couaters then serves to select the required capacitor by par· 
aUel comparison with the address contained in local address 
resisters. The local address relister is implemented as a five 
bit latch. the Leyel 1 couaters (Ll WA. LllLA.) are imple· 
mented with four bitl. aad the Level 2 counters (L2WA. 
L21LA.) are three bit. wide. appropriate for a system with 
1. LeYel 1 locations aad 1 Level 2 locations eyen thoulh the 
illitial prcKotype TVC/ AMU realiles only 1 and .. locations 
respectiyely. 

Time Me •• u~emeDt Logic 

To accurately reconstruct tradu. it is necessary to know the 
time oC arriY&! of the first electron at each suaw anode rel­
atiYe to lOme commOD time that relates aU oC the data (or 
a liYeD eYeDl. The TVC/AMU operate ... a common·stop 
time meuuriDl deYice • Itartilil OD an aaode ditcrimiDator 
pulae aad .toppilll OD the pOliti .. loinl clock edle after the 
Dest nelatiYe 10UaI clock edle. 

This Icheme leaYes a guaraD~eed minimum o( one-half 
of a clock cycle for any time meuuremellt and Cor a nominal 
1& III clock meaDS that the actual time ramp in the TVC 
10es hom 1 to 24 Ill. This n:Waimwn time aUows the TVC 
response to be linear in the ranle o( interest and avoids the 
possible race conditions associated with a system that allows 

a aero minimum measurinl time. 



Event Delay 

In a data driven architecture. there i. no one-to-one corre­
spondence between phy.ical .torale location and event twe. 

. Thus there must be some provi.ion in the TVC/ AMU to al-
low 'ynchroniaation of an event with a pOllible Level 1 Tril­
ler si,nal. A simple 64 element .hilt relister would allow 
about 1 ~. o( delay with a 16 ns clock period. but all 64 
element. would be clocked at 60 MHs and si,nificant power 
would be dinipated. In this desi,n we have chosen to u.e 
1. 64 element dynam.ic memory ceU with read and write de­
codin, done by a sin,le decoder but with write select di­
.ected to the (N)th. element while read select is directed to 
the (N + l)th. element. One input line and one output line 
bussed to each of the elements then results in any input bein, 
delayed by 64 clock pulses before appelLrin, on the output 
line. 

Level 1 Trigger Interface 

After a delayed data pulse exits £rom the delay lenerator. 
it is simply ANDed with the Levell Tri"er signal and the 
result in, si,nal. Llok is used to provide the transfer signal 
that 10lically moves data £rom Level 1 to Level 2. If the 
Levell Tri"er signal remains hi,h for more than one clock 
?eriod. then the same simple 10lic will continue to transfer 
any existinl Levell data to Level 2. thus providin, for the 
~ase where the detector response time is Ireater than one 
dock period (in this case the electron drift in the straw de­
lector). In order to differentiate data £rom different clock 
cycles within anyone Levell Tli"er time. a separate small 
:ounter must keep track of clock pulses. 

Level 2 Trigger Interface 

The Level 2 Tli"er is asynchronous .0 that a delay line is 
not appropriate for providinl the triller-data synchronism. 
Since the Level 2 Tliller is monotonic, however, it is only 
necessary to provide two counters (L2WA. L2RA) to keep 
track of Level 2 input. and output.. Each new entry into 

.Level 2 increment. the L2WA counter and each read (or 
reset) of Level 2 increment. the L21lA counter. 

A. the Level 2 Tri"er is async:1vOIlOU., it must be ac­
companied by a timiDl .ilnal. The Left! 2 Strobe is used 
to clock a D-FUp Flop with the Level 2 Accept at the data 
input of the flip ftop. For an accepted event, the ADC cycle 
IS started, for a rejected nent, the L21lA is simply incre­
mented and the .torale location is relet. 

Event Identification 

Ourinl normal SSC operation, individual detector elements 
and .y.tems will be involved in simultueous input proce ... 
·.nl, data storale, data conversion, ud data output. GiYen 
the non-deterministic nature of multiple Uync:1vOIlOUS de-

-vices, the data .tream out of a detector will be m.ordered in 
time and it will be necessary to include ill each data paet 
aome time identifier. 

The .implest time .tamp, of cour.e, would be a crossinl 
counter - advancinl every 16 ns. However. for Level 2 .torale 
:imes of 501" or more plus realistic DAQ pipeline delay. of 
many ten. of micro.econd., a 13 or 14 bit crossinl counter 
would be necessary in order to avoid ambiluity. We have 
chosen to count not the crossinl' at 60 ~IHI but the Level 

1 Tri"ers at 1 to 100 KHI. Even at 100 KHa the ei,ht bit 
Tri"er 1.D. Counter rema.i.ns unambi,uoUJ (or 2.5 ma. 

Since the Level 1 Triller may in many case. remain 
true (or more than one crossin,. to completely specuy time 
it is necessary to have a small (our bit Bunch Counter to 
keep track o( bunches. This counter is enabled by Level 1 
Tri"er true and counts until Levell Tri"er ,oes (alse. 

Because the occupancy o( a trackin, system must be 
relatively low. most Levell and Level 2 Tri"ers will not have 
data in any liven detector channel. For Levell Tri"ers. the 
Levell Tri"er 1.0. Counter advance. on the L1 Accept. but 
the delayed data is AN Ded with the L 1 Accept and Level 
2 data is .tored only on a coincidence. At Level 2. it is 
neceulLrY to ta, each piece of data with the Level 1 Tri"er 
1.0. and then. at each Level 2 Trig&er •• elLrch the on chip 
memory for any relevant data. 

The L2WA counter provides the write address for this 
memory and the L2!l.A provides the readout address. In or­
der to skip over Level 2 Accepts not associated with stored 
data. the Trig,er 1.0. output of the present L2!l.A is com­
plLred with the value of the Level 2 Trigger to. Counter 
which is advanced by the Level 2 Strobe. If the memory· 
Level 2 Triuer to. Counter complLrison is true and Level 2 
Accept is true. the A/O converter is stlLrted and the L2RA 
i. advanced on the end of the A/O conversion cycle. For 
events where Level 2 Accept i. fal.e. the L2RA i. simply 
advanced on the Level 2 Strobe. 

ADC 

The Analo, to mlital Converter is implemented as a Wilkin· 
son run-down device with a capacitor (i_, dischlLrge current 
ratioed (at 1/150) to the char,inl current (i ... ). The capaci­
tor voltale is then viewed by a comparator which trips when 
the yoltale reaches the reset value. A 60 MHI counter that 
belan countinl when the diJcharie current be,an Rowin, is 
stopped when the comparator trip' and the counter value is 
loaded into an output re,ister. This value is then the rel­
atiYe time of the detector hat in units of about 0.2 ns per 
leut .ipificant bit. 

Data Output 

Day &om the TVC/ AMU prototype consist. of the contents 
o( the ADC resister and the content. of the four bit Bunch 
Counter. The Data Present .ilnal ,oes true at the be,in­
ninl o( the ADC cycle and the Data Valid line lOes true at 
the end of the ADC cycle. For the production version. the 
data output must contam the AOC and Bunch Counter in· 
formation. but also a leolraphic addres. of the hat wire (or 
element). and a temporal address in the form of the Triller 
1.0. Number. 
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A LOW POWER TIMING DISCRIMINATOR 
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Abstract 

A bipolar monolithic discriminat.or with programmable threshold and 
hysteresis is being developed for proportional drift t.ube tracking sensors. 
Design goals include low power( 4-BmW), sub-nanosecond cluster det.ection 
accuracy. and uniform channel to channel response. Technology, circuit 
design and expected performance are discussed. 

Introduction 

In a proportional wire tracking detector each sensor is 
instrumented with a signal amplifier. shaper and di~ 
criminator. The discriminator serves the dual purpose 
of providing a logic pulse to indicat.e that an element 
has been t.riggered and a timing edge to determine the 
closest point of approach of the t.rack t.o the wire. 

Crit.ical design parameters for an SSC wire chamber 
discriminator are power, time slewing and chip to chip 
threshold matching. 

Technology 

Silicon bipolar t.echnologies offer the best ehoiee of 
trade-offs in speed, power, matehing and reliability. 
Bipolar transistors have the highest. transeonduetanee, 
9m, per unit st.anding eurrent. of any available teehnol­
ogy. The typieal, on ehip, matehing of the base emitter, 
or controlling, voltage is 1 m V or less. This low offset. 
voltage allows the use of a simple emit.t.er eoupled pair 
as a discriminat.or input stage wit.hout. trimming or the 
use of other offset caneellat.ion t.eehniques. It. also may 
lead t.o a reduced the gain requirement. in earlier signal 
processing st.ages whieh will directly affect t.he power. 

Low values of eolleetor subst.rate eapacitance, Cu , 
and collect.or base eapaeit.ance, Cd, in the advaneed 
bipolar processes allow t.he designer t.o depend more 
heavily on resist.ive elements for gain. In the Tektronix 
SH Pi proeess Cd is 39fF and Cel is 24fF for a min­
imum size t.ransistor. These values are the same or 
smaller than the expected int.erconnect capacitance. A 
direct benefit of low transistor capacit.ance is high band­
width at low power. A minimum size SHPi tr.ansist.or 
has an expeet.ed unity gain bandwidth of 3 G H z at. 100"A 
of collector eurrent. 

Design Considerations 

Power 

The fixed logic output swing and requirement for a 
nearly constant internal delay requires a circuit with 
both high gain and bandwidth. Typical commercial 
comparators with ECL outputs and good delay versus 
input overdrive characteristics, consume several hun­
dred milliwatts per channel and require off chip com­
ponents to provide threshold and hysteresis feedback. 
The power budget for an entire channel of SSC wire 
chamber electronics is less than 25m W . 

Power depends on teehnology, output logic levels, 
drive load eapacity, input range requirements and t.he 
details of the eircuit design. 

Output Signal 

The diseriminator eouples direetly to a time eonversion 
unit loeated a few em away. Differential output.s will 
minimize feedbaek to the preamplifier. Sinee the elec­
tronics is expected t.o be fully eustom, t.he output logic 
levels ean be set. to any convenient. magnitude. 

A bipolar differential pair, or CMOS line receiver 
with an int.ernal gain st.age, can be fully switched with 
an input voltage difference of 150m V. We have chosen 
this as t.he minimum aceeptable logic swing for modeling 
purposes. Open collector outputs in t.his design allow 
larger logie levels, at. the expense of output rise time. 

Gain 

Given the 150m V logie levels described above, a eonven­
tional analog amplifier ,would require a gain-bandwidth 
of more than SOGHz to switeh its outputs (10 to 90%) 
in Ins with aIm V input. High speed bipolar transis­
tors, operating at. low current., rarely have a unity gain 
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Figure 1: Prototype Wire Chamber Discriminator Circuit. 

bandwidth, f., greater than 5GHz, so it is necessary 
to employ multiple gain stages to achieve a compara­
ble level of performance. Since the objective is a digital . 
output, positive feedback can be employed to boost the 
near crossing poin t gain. 

Circuit Description 

We have designed a prototype timing discriminator 
based on requirements for an intermediate tracking, pre> 
portional drift tube system at SSC. General character­
istics based on known process variations and HSPICE 
simulations using model parameters for the Tektronix 
SHPi process are given below. 

Performance Specification 
Power Dissipation 5mW 
Time Slewing Less than Ins/decade 

Input offset 
Internal Threshold 
Threshold Uniformity 
(chip to chip) 

of overdrive 
ImVor less 
Greater than SOm V 
Better than 10% of setting 

A simplified schematic is shown in figure 1. This de­
sign is similar to one previously developed Cor a fixed tar­
get silicon strip detector using the Tektronix SHS pre> 
cess. Tbe major performance differences are in power 
and overdrive response (1]. 

Referring to tbe lCbematic, INL and INR are the 
differential inputs .. If the outputs of the shaping stage 
are balanced to witbin an acceptable threshold error, 
tbey may be directly coupled to INL and INR. The DC 
level at the input may be between ± 600m V . 

Gain Stages 

The input transistors, Ql and Q2, operate at a quiescent 
current of 100#'A. They perform a voltage to current 
conversion with a gain, Ai, equal to the 9m of Ql or 
Q2. This may be defined: 

i. Ie 
Ai=:- = -. 

~n v. 
(1) 

Ie is the 100#,A collector current and v. is a constant 
equal to 26m V at room temperature. 

Ql and Q2, togetber with cascode transistors, Q3 
and Q4, form the first stage amplifier. Similarly Q7 
and Q8 with a quiescent current of 50#,A each, form the 
second stage amplifier. 

The small signal voltage gain of a differential pair 
with load resistors R, is: 

Av = 1mB.,; ('m = Ie/v,). (2) 

In a monolithic design, semiconductor resistors of­
fer the lowest capacitance cboice for B." but process vari­
ations of up to ±30% will directly affect A" unless some 
form of compensation is applied. 

The DC gain is stabilized by making the reference 
current in QCS depend on a resistance of the same type. 
This current is ratioed among QCl, QC2, and QC3, 
which contribute to the gain of the first two stages. 

Assuming a small voltage drop across the emitter 
resistor of QCR and setting the current in QC 1 to four 
times the reference current in QCR, the transconduc­
tance above may be expressed as Collows: 

_2VEE - v,e (3) 
1m - v.Rre/ 

effectively placing tbe same process dependent resis­
tance in the denominator of Av. 
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Figure 3: HSPICE simulat.ion showing the effect. of 
hysteresis. 

The first and second st.age gain is set. to 15 and 7, 
respectively, by using 4kn collector resistors. Since the 
collect.or node t.ime constant. is nearly t.he same for both 
stages and t.he gain of t.he first st.age is much larger t.han 
the second, t.he first st.age dominates the overdrive delay. 
Figure 2 is a simulation result showing the elapsed time 
from input. to a 20m V crOl8 over in the first. st.age and 
from input to a 75% out.put. t.ransit.ion, as a function of 
input overdrive. This plot clearly shows that the output. 
overdrive characterist.ic is determined in t.he first. stage. 

Threshold and By.tere.it 

The t.hreshold aDd hysteresis circuits operate by supply­
ing offset current. into reaiators RCI and RC2, shift.ing 
t.he differential volt.age acroea the collector nodes. 

The threshold input, VSET, is attenuated by a fac­
tor of t.en and used to set. a voltage difference acrou the 
t.ransistor pair QTL and QTR. In the linear operating 
region, the current. difference bet.ween QTL and QTR is 
approximately VSET/10It., where It. is t.he sum of the 
resistor, Rt, and the emitter node impedance of one of 
the t.hreshold setting tr&D8istors. Using Ai to relate this 
to an equivalent. input voltage, \';n, defined in 1 and re­
placing t.he output signal, io, with the current difference 
in QTL and QTR, the effective threshold is: 

Vcll = !!. Rref ( VSET ) 
20 ~ VEE- Vh 

(4) 

where \-'in has been re-Iabeled Vcll. The threshold de­
pendends on ratios of voltages, rati06 of resistors and 
VI • The inherent temperature of dependence VI is par­
tially compensated by the shift in Vbe, resulting in an 
expect.ed threshold shift of .13%;oC. Resistor ratioing 
errors are typically 1% or smaller for this process and 
should not contribut.e significantly t.o the chip to chip 
threshold variations. 

Assuming an input offset error of 1 m V or less, the 
gain of t.he shaper can be set 80 t.hat a typical minimum 
signal will be 10 to 20m V . The discriminator t.hreshold 
set.t.ing would t.hen be in the range of 5 t.o 15m V depend­
ing on amplifier and system noise. The prototype design 
maintains a linear response t.o the t.hreshold reference, 
VSET, up to 60m Vof equivalent input t.hreshold. 

A st.andard technique to eliminat.e output. oscilla.­
tion due to noise on near t.hreshold signals, is t.o add a 
small amount. of posit.ive feedback, or hysteresis. This 
posit.ive feedback may be t.uned t.o great.ly improve the 
gain of the input. st.age and therefore reduce t.he output 
delay for near t.hreshold signals. 

In t.his design, a resistor and car.acitor pair, Rf and 
Cf, connect. cross coupled from t.he emit.t.er outputs of 
Q9 and QI0 t.o t.he cascode input nodes at. Q3 and Q4. 
The capacit.or and resistor are matched (within expected 
process variat.ions) t.o provide the same level of posi­
tive feedback. Rf is chosen to provide a current differ­
ence equivalent to a few m V input offset.. This value, 
added to Va", determines t.he effective input. threshold. 
When t.he out.put. changes state, t.he hyst.eresis offset is 
reversed, lowering t.he threshold. Figure 3 shows an ex­
ample this threshold shifting behavior. The two input 
pulses differ by only 1 m V in t.heir initial magnitude. Af­
ter IOns they both revert to a value 2m V below thresh­
old. The output is triggered only once and remains on 
for the duration of the input pulse due to the lowering 
of the effect.ive threshold. 

This design is present.ly being prepared for fabrica­
tion in the Tektronix SH Pi process. 
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Abstract 

An architecture and design for a' front end electronics circuit intended for the 
readout of a wire tracking chamber at the sse is described. A detailed high-level 
simulation has been developed and is being used to study the behavior of this 
circuit. Initial results from this simulation study are described. 

Introduction 

Proton-proton collisions at the sse will occur at a rate 
of 60 MHz, but of this we estimate that the rate of "in­
teresting" collisions will only be of order 100 to 1000 Hz. 
Thus, a detector will have to reduce the event rate by at 
least five orders of magnitude in order to obtain a reason­
able readout rate of events. We also expect a typical sse 
detector to have of order 101 channels of front end elec­
tronics, which means that these front end (FE) systems 
must have high channel density. In addition, they must 
have low power consumption and be resistant to radiation 
doses in excess of 1 MRad. These functional and techni­
cal requirements can only be met by electronics systems 
that employ the latest fabrication technologies and rather 
sophisticated control structures. 

The behaviour of such systems is difficult to predict 
without detailed modelling and simulation. We have em­
ployed a high-level modelling language known as VerHoge 
to simulate the behaviour of a specific FE circuit designed 
for the readout of an SSC wire t,racking detector (such as 
a "straw" chamber). Our simulation models the circuit by 
implementing each of its functional components and the 
control and logic signals required by each component (in­
cluding signal delays). The simulation is driven by input 
signals from the wire chamber, the SSC beam clock and 
the Levell (Ll) and Level 2 (L2) trigger system. We de­
scribe this model and report the preliminary results of a 
study using this simulation. 

·VeriloS is a product or Cadence De.ip Sy.&_ 
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Figure 1: The block schematic of the portion of the FE 
circuit that manipulates the data prior to a L1 decision. 

System Architecture 

We show the schematic of the readout system in Figs. 1 
and 2. Because of the inherently low channel occupancy of 
a wire tracking detector, we have taken a "data-driven" ap­
proach to buffering data on the FE circuit. The data con­
sists of an analogue voltage signal produced by a time-to­
voltage circuit (TVC) [I), which converts the time elapsed 
from the arrival of a hit on the wire chamber anode to 
the next crossing into a voltage signal. The edge of the 
discriminator pulse that starts the time-to-voltage ~onver­
sion also signals that valid analogue data is available for 
storage. The circuit must store this data for a fixed delay 
time (on the order of several 1'8), during which time the 
Ll trigger has made a "decision and a L1 Accept (L1A) 
signal has propogated to the FE circuit. Since the LIA 
signal is always delayed with respect to the interaction by 
a fixed number of crossings, this signal is synchronized to 
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Figure 2: The block schematic of the portion of the FE 
circuit that manages the data prior to the L2 trigger deci­
sion. 

the beam clock. This implies that only one signal is essen­
tial between the Ll trigger and the FE circuit (excluding 
the beam clock). 

When the Ll trigger decides to accept a crossing, the 
FE circuit must store all data associated with the inter­
action that occurred on that crossing, which for a wire 
chamber system will be any data that is recorded by the 
circuit within some number of crossings of the interaction. 
The circuit then waits for a L2 trigger decision, which 
in our model may come at any time between a minimum 
and maximum time after the Ll trigger decision is made. 
When the Ll trigger rejects a crossing, any recorded data 
associated with that crossing are discarded by the circuit. 

We expect the L2 trigger decision time to be of order 
50 PS, and to vary considerably from event to event. We 
assume that the L2 trigger decisions will be made in the 
same order as the Ll trigger accepts, as otherwise the L2 
trigger would have to identify to the FE circuit the Ll ac­
cept to which the L2 decision pertains; this would involve 
the distribution of a large number of signals from the L2 
trigger to each FE circuit. The L2 trigger decision is com­
municated to the FE circuit using a pair of signals: the 
L2 Strobe signal (L2S) indicates to the circuit that a L2 
trigger decision has been made, while the L2 Accept (L2A) 
signal is used to inform the circuit whether the L2 trigger 
accepted or rejected the Ll accept. The data associated 
with interactions rejected by the L2 trigger are then dis­
carded by the circuit, while the data associated with a L2 
accept are digitized and transferred to the data acquisition 
(DAQ) system. 

Model Cor the FE Circuit Inputs 

We have developed a Verilog module that provides as out­
put a beam dock signal, a LIA signal, a L2S signal and 
a L2A signal. The behaviour of the LI Accept signal is 
determined by two parameters: the LI accept rate, and 
the LI trigger delay. We define the LI accept-rate as the 
probability that the LI trigger will generate a LI accept 

for a crossing (a typical value would be 0.001). The Ll 
trigger delay is the number of crossings that is required 
before the Ll decision has propagated to the FE circuit 
(typically - 120 crossings). . 

We specify the behaviour of the L2 trigger by (i) the 
fraction of those interactions passing the Ll trigger that 
are accepted by the L2 trigger; and (ii) the L2 trigger 
decision time, which in our model is a random variable 
that can have various distributions (we typically choose a 
Gaussian distributon with a mean and width of 40 JJS and 
25 JAS, respectively. We also restrict the L2 decision time; 
typically we require that it be at least 5 JAS and no more 
than 200 JJS. 

A separate Verilog module generates the input signal 
from the TVC circuit that prepares the analogue input 
and the hit signal. We characterize this signal by (i) the 
nominal hit rate, or wire occupancy, and (ii) the minimum 
time between hits, which is defined by the width of the 
signal pulse from the chamber. Typical values for these 
parameters are 0.05 hits/crossing and 30 ns, respectively. 
We note that we define the nominal wire occupancy to be 
the probability that a hit will occur in a given time, and 
does not reflect the dead time experienced by the wire due 
to the finite pulse width (i. t!., the observed hit rate is less 
than the nominal rate). 

Schematic of the Front End Circuit 

The design oCthe FE circuit features (i) a Ll buffer, which 
stores all the analogue data during the time required for 
a LI decision; (ii) a L2 buffer, which stores the analogue 
data associated with interactions accepted by the Ll trig­
ger; (iii) a "buffered" LI-L2 transfer, in which the data 
transfer between the LI and L2 buffers is performed by 
using an intermediate FIFO; and (iv) an output buffer, 
which holds the digitized data that will be transferred to 
the OAQ system. These components can be seen in the 
block diagrams shown in Figs. I and 2. 

The LI analogue buffer is implemented as a circular 
buffer, with a write address register (LIWA) that holds 
the address of the next LI location into which data will be 
stored, and a read address register (LIRA) that points to 
the location that contains the oldest piece of data in the 
buffer. The TVC hit signal triggers the circuit to store the 
data in the next LI buffer location and then increments 
the LIWA counter. The same hit signal is also fed into a 
delay line that stores the signal for the time required for 
the LI decision. 

The arrival of the LI trigger decision is coincident 
with the arrival of the hit signal out of the delay line. Each 
hit signal increments the read address register (LlJitA). If 
the LI trigger accepts the crossing, each hit signal that 
comes out of the delay line during the time resolution of 
the detector is associated with the same Ll trigger and 
is transferred to the L2 buffer. In order to be able to 
associate each hit with a specific L 1 trigger, it is neces­
sary at 'this atage to~ each data with a Ll identification 
(LlIO). We do this by having a separate register that is 



Paranleter Min Max Default 
L I Accept rate 0.0001 1.0 0.001 
Ll Delay (ns) 480 3000 960 
L2 Accept rate 0.001 1.0 0.02 
L2 decision time (Jls) 0.5 100 8 

Hit rate (hits/crossing) 0.001 0.20 0.05 
Minimum hit separation (ns) 20 50 30 
Maximum readout 

time per event (ns) 16 500 50 

Length of Ll buffer 8 32 16 
Length of L2 buffer 2 32 4 
Length of Ll Read Fifo 2 8 4 
Time for writing into L2 (ns) 100 2000 100 
Time for reading from L2 (ns) 100 5000 100 

Table 1: The range of values used to specify the readout 
system. 

incremented on each LI accept. The data associated with 
a specific L1 accept is tagged with the LHD value for that 
L1 trigger and this digital value is stored with each piece of 
analogue information that is transferred to the L2 buffer. 

The data transfer from the L1 to L2 buffer is per­
formed by storing the LI address in the short address FIFO 
(L1RF). This can take place rapidly so several hits can be 
stored for the same interaction if necessary. The analogue 
data transfer to the L2 buffer can take place on a much 
slower time scale, even allowing for a low power analogue­
to-digital conversion in the process if desired. 

Simulation Results 

We have begun a study of the performance of this buffered 
LI-L2 circuit using this simulation. We are varying the 
system parameters, as shown in Table I, where we also 
indicate the default parameters for the readout system. 
Although the potential parameter space is large, it is sig­
nificantly restricted by the demand that the overall L2 
trigger rate be of order 103 Hz and that a significant frac­
tion of the rejection be achieved in both trigger levels. 

We show in Fig. 3 the meas.ured "dead time" of the 
circuit due to L 1 and L2 buffer saturation as a function of 
the wire occupancy, keeping all other system parameters 
constant. We note that this dead time (defined as the frac­
tion of hits lost because the buffer was full) is small even 
for wire hit rates in excess of 0.20 hits/crossings. Since 
·the actual wire efficiency is well below 0.90 in this case 
due to the width of the wire chamber pulse, the additional 
loss of efficiency because of the buffering on the circuit is 
~cceptable. 

The simulation executing on a SUN 40/40 takes ap-
proximately 3 ms to perform a single 1 ns time-step (the 
time step we are currently using in the Veritog model). 
Thus, although it is possible to simulate a reasonable num-

0.20....----------------, 

0.15 

«I 

.~ 
~ 0.10 
0 
«I 

0 

0.05 

o.oo~~~--. ---.-----l 
0.0 0.2 0.4 0.6 0.8 

Hits/Crossing 

Figure 3: The deadtime of the the L1 buffer (solid line) 
and the L2 buffer (dashed line) in the as a function of the 
nominal wire occupancy (excluding the effects of the pulse 
width). Other system parameters are set to their default 
values. 

ber of Ll and L2 triggers, the task of simulating 1 ms of 
actual operation requires approximately 1 hour of elapsed 
time. 

Conclusions 

We are continuing our simulation studies of this buffered 
LI-L2 data-driven circuit in order to fully characterize the 
behaviour of this circuit as a function of the salient sys­
tem parameters such as input hit rate. LI and L2 trigger 
rates and delays, and LI-L2 buffer transfer times. The 
simUlation has already shown that the data-driven scheme 
explained here results in negligible excess dead time for a 
sparsely occupied detector such as a wire tracking cham­
ber. 

We are also undertaking a simulation of the data col­
lection network which will be responsible for collecting the 
data from each of the FE circuits after a L2 accept has been 
received. This requires us to take into account the correla­
tions between nearby wire channels in a typical sse event. 
We intend to do this by using as input to our hit generator 
the actual time structure of hits as predicted by a detailed 
simulation of the wire tracking detector in minimum-bias 
events. 
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Straw Preamp/ShaperTest 
Board 
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A four channel teat board 
de.lgned to aupport the 
MCOnd (and fully dlft.entlal 
v •• Ion) of the Penn AT. T 
preamplifier and .haper Ia 
deecrlbed and varlou. optional 
fnture. a,. detailed. 

This small four layer printed circuit board is designed u a test vehicle for in~gating 
eilber die perfCX1lUlllCe of the preamplifier/Shaper chip or the behavior of detectors using 
die chip in a vanilla fashion. The board suppans fully cWferential inpulS. fully cWferen­
tiaI SO Q oulpUt drive capability, and very c:ouervaIive sbieJding and decoupling design 
to try to allow the lowest noiIe envinJament pouibIe. 

MUP1343 PreampilflerlShaper 

'Ibe MUPI343 is a 16 pill small oudiDe peckapd wnioa of die hiP speed. low noise, 
low power. bipolar preamplifier and sbIper deIcribecl in die anrbed NIM reprinL'Ibis 
venioa differs elec1rically only in baving a fully differendal input SIrUCbII'e. The exigi-
uaI deIip bas a 3.3 pF capICir.or onlhe reference side of die amplifier dial serves to kill 
bip fiequency gain and thus reduces the equivalent input noise by a factm eX Ji. Aft1:r 
some experience wiIb die pnxotype. it became obvious dial an ability to reject common 
mode noise migIU be IIlCR adWJlaapous dian a IOIDewballower imema1 noise and the 
3.3 pF caplCilDl' was reduced to a symmeaic O.3pF. 
P8clalgtng 

'Ibe MUPI343 is pacbpcl in a plISIic small oadiDe surface IIlOUIIl packqe. An outline 
of the pecbae is sbowIl in Figure 1. Pins 7, 10 IIId llll'e DOl c:canec1ieCl iDranal1y. 
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Single Channel Circuit 

The individual channel circuit is shown in Figure 2. Several poincs are obvious-

1. There are a great many different power supply leads - this is pattia11y because of the 
developmenw namre of this circuit, it is. for insaance. inrcreSlin, (but non-essentill) 
to move V cu and waach the circuit tum off ou&side Ihe 1.6 CD 1.8 V oper3bn' range. 
The separation between the OUIpUt power (VC4 and VE4) and the preamp and shaper 
power is. however. probably essential CD avoid feecn.ct. LaIer versions of this 
preamplifier and shaper will have fewer power linea. 

2. The test pulse is injecred via the A input usin,a 10: 1 divider tftID • small couplin, 
capacitor. This is also the normal sipal inpuL 

3. The differential inpucs are negative inA (pill IS) and positi~ Ina (pin 12). 

4. The input reference (pound) is pin 14 (Illd 9). 

5. The differential ouqJUt pins (and their poMI') are on the opposille side from abe input 
lines. 

SOICL 16 Pin Package 

1014 101. 101& lOa 10M lOa 
10' 

.2.0 .415 .415 .415 .415 
.240 .2.0 .510 ."0 .710 
.115 .3«) .310 .410 •• •• .151 .2M .211 
.155 .151 .101 .103 .101 
.070 .070 .070 .101 
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FIGURE 2 

UC2B UE2B 
~( ,-

UC4B 

UE4B 

OUTA ~: .. 
OUTe r): 

~ 

Four Chenn.1 CircuIt 

Single Channel Circuit 

# .... -

uCCB VC~SB SUB Te~lB 

,-, I~ -w 

~i ' II " 
1\ 

~vcc q. '. VCASI.' I -
t.U£2 I"A 

Ii 
PRRE~ VC4 

:5 I, t ... " ATT -... 
U£4 SU8 

'i uorp 'J 
OUTA M\.JP1343 1"8 

f I\. 

OUT8 10 "e -, 
- "C 1-

10) "C ~ 

IIVC2 ,G"O 

'* 

Four Channel ClrcuH 

1be c:in:uit diapIm of abe full boIrd is simply roar of die Ibove smale chip circuits plus 
power supply. power disaibution and filIeriDa ... puIIe cIi.tIriburioa. _ coaneaor., , 
ouqa connecaar opcions. and YO" tell poiDIL 
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FIGURE 3 

Four Channal CIrcuit 

Power Supply 

In order to be compatible with many different leSt set ups. the four channel board has on 
board positive and negative regulators capable of dealing with input power from ±6V to 
±2S V. TIle regulators arc set to provide about ±4 V which is then dropped via various 
diodes to give the required working volrages 

Each voltage is distributed via a venical bus with one or two test points and decoupling 
capacitors at both the top and bottom of the board. 

Power input and regulator circuit 

VlN+ 

O.1~ 

GNO 

VCAI 

R49 
(2400) 

R50 
(51 (0) 

(2000) 
R57 . 

(1200) O.1J.LF 
R58 

+4V 

1be cascode voltage is aitical (1.6 to 1.8 V) and is developed by using die forward vok­
• drop ofa single red LED (CR3) to pound. fed by RSS (33 0). 

+4V __ ~ i 
Vea 
1be shaper coDector voltage is made by lakin. a silicoa diode forward vobap drop 
(CR2) plus a sropper resistor (ltS3) from die .... V bus. 

R2 

urwer.lty 01 Pennsylvania High Energy Ph,.. 



Four Ch.nnel Circuit 

Vee 
The preamp colieclOr voltage also uses a diode (CR1) and resistor (RS1). 

VC4 

"" 9R1 
+4V--/\l'v-~ Vee 

RS1 

The output collector voltage comes directly off the +4 V bus. 

VE2 
The preamp emiuer vOltage should be in the range of -1.6 to about -2.0 V and is derived 
by subcracting twO diode drops (CR4 and CR5) from ground (or. as stuffed. one red 
LED) going &hrougb R59 (33 Q) to -4V. 

-4V RS9 ~ ~R-i CRS 

-Ve-2 -'V'v I ~~ 
VSU1 
The subs1rat.e voltage is auac:hed directly through 161 (33 Q) to -4V. the most nepave 
voltage - the subSUlle voltage is discribuled duoulh I prinred circuit plane. 

VI4 
The OUIpUt emiucr voltage is also c:onnecred direcdy to -4V. 

Power Supply Decoupllng 

In 1ft effort to provide an extremely COIIIeI'YItM baird design. each power supply input 
to eKb chip is decoupJed via I saopper resisIor (33 Q) and. filter Cll*itor. It was clear 
after iniIiIlleSIS dial the individull filler ClIpS were I luxury and 10 SlUffed versions of 
the baird have • number (6) of UllSlllffed capecitar IocaIions fm eKb chip. Stopper 
...... were, bowever, SlUffed in order to sa caalinay - DO experimealS .. ve been 
DIllIe. 0I,a1D &ry • bon willa simple wile ...... ill pI8ce of the 33 Q aappen. 

,...,..Iae 
Tbe .. pulIe enters the baird via the LeIno coanector • die lOp. proceeds ICI'OIS abe 
boIrd and down the right (input) side of the pramp chips. and is IaIIlinIIied in • S 1 Q 
resis8Jr. ~2. 

At acb chip die pulse is aa.enuaIIed via I nsiaive 10: 1 divider - for Ul, 910 Q R7 and 
100 Q R 12. After abe auenuaaor. pIir 011 pF QIW':i1rJrl in __ wilb I 200 Q damping 
resisa (R6) join wilh the inpuL Bee ... die 1 pF Cll*i1Dn have millively ... varia­
tioas (:t25 "), it is DOl possible to .. the .. pulIe 11) c:aliIde die mlalive pin of abe 
c:IumeIs - it is. bowever, usefullD net pia -... 

UIWerllty 01 Pennaylvanla High Energy "''''' 5 



FIGURE 4 

, 

Test Puise Connection 

H~ 
1 pF ; pF 2000 Vu1... 

I"puta 

The individual channel differential inputs are brought in on the right side of the b<md as 
a 16 position 0.1 x 0.1 inch grid with grounds interspersed between signal pairs -
GSSGSSGSS ... Fer use with straw detectors, it is probably useful to bring in bach the 
Anode and Cathode signals (suitable decoupled from HV) as direcdy as possible to 
these inputs and take advantage of the common mode rejection offered by the fully dif-
ferential inputs.Note that both inputs sit a V BE above ground and should not be aaached 
to any DC voltage point except by a blocking capacilor. 

Input ground tie points lie available at die lOp, boCIan, and right edges of the boIn1. 

OUtput. 

The individual channel OUIpUIS lie decouplecl via a 33 Q clamping resisror and a 0.01 J.LF' 
decoupling capacilor(required) - R8 ~R13IOC62 andC64 forU1. 

The 0UIpUIS lie available It eilber the 0.1 x 0.1 inch 16 pin connector footpaint or on 
(unstuffed) Lemo c:onneclDl'S It the left band boanI edp. At the 16 position connector 
the signals lie inla'Spa'led wilb pounds - GSSGSSG._ - 10 allow die use of flat ribbon 
cable for Ibe 0UIpUII. 

Tbe outpuII_ an ref'ereaced 10 the 0UIpUt pound IIId VB4 111d V C4 are boIb decoupled 
to die oatpII& pound wbicb is a mesh ofo.25" aces onlbe lOp IIId boaDm sipallaycn. 
This pallid mesh is COftnecleCllD Ibe pound pllDe which IeI'YeIIS the refcreace for Ibe 
input sipals • oaly one poiIa - just 10 die ri8bt m IIId below Ibe 'IbIt IDpal signIL 
'lbel811e two jumper poiDIs far c:oaaec1iD& die iDput ad CJUIPUl grounds. one is SlUffed 
wiIh alOlidjumper - it is poIIibIe dial ill IOIDe circumsranres 1ft inducliw jumper 
would be .tvInIapous. 

0uIput pamd lie poinII_ aYIiIIbIe .. &be .. iDpIl LaDo COIIIIeCtOr and below die 
boaDm Lema 0UIpUl COIIDeC1Dr. 

Board Laye ... 

In die foIlowingiprea.1be various desip layers of Ibe board lie pracated 10 allow 
ncq m cin:ui1S ar IIIAIysis m possible odd bebaviar. 



FIGURE 5 Silkscreen and Top Signal Layer -
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Board Lay.r. 

FIGURE 6 Top Signal Layer -
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B~rd uy.,. 

FIGURE 7 Bottom Signal Layer· 
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Board Lay.r. 

FIGURE 8 Ground Plane 
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FIGURE g 

Board LAy.r. 
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HIGH-SPEED BIPOLAR INTEGRA TED CIRCUITS FOR SSC APPUCA TlONS 

F.M. NEWCOMER. R. VAN BERG. J. VAN DER SPIEGEL and H.H. WILLIAMS 

U",vr'S/l~' of Prnns,vlvQnla. PhIladelphIa. PA. USA 

As para of our research and development program to Invesugate signal'processing electrorucs at high·lurrunosity machines we 
have studied the general problem of opumwng electroftJcs for pad or WIre chambers 1ft a low·gam. high· rate enVIronment. Usmg 
A ITs serru-custom monolithic bipolar process. we have designed a prototype amplifier /shaper (0 teSt our slmula,\ons and help gam 
IftSlght into cnucal design constraints in the development of integrated circuJlS for proponional drift tube systems. DeSign 
conslderauons. compansons among monolithic technolOgies and details of slmulallon results are presented. 

1. Introduction 

In the sse environment the expected interaction 
rate of 108 events/s sets a difficult dcslgn constraint. 
The impact on readout electronics for proponional gas 
detectors is twofold. First. to minimize the effects of 
ageing. the gas gain will need to be low. The noise in the 
preamp may ultimately set the lowest value of allowed 
gain. Second. since the beam crossing rate is expected to 
be about 60 MHz. deadtime-less operation will require a 
double pulse resolution of about 15 ns. Since the shap­
ing time for minimum noise is usually longer than this. 
the two requirements are in indirect competition. Opti­
mal signal shapin, in this case is a symmetric pulse [1). 

A typical trackin, detector proposed for sse has 
100000 4 mm diameter straw tubes assembled as six to 
eight sup~rlay~n starting at a radius of 0.5 m from tbe 
beam and extendin, to 1 m. To keep the heat dissipa­
tion at the end-caps below 100 mW /art-. the maximum 
power dissipation for eacb channel must be less than 2S 
mW. inciudin& readout. storqe and trigam, if re­
quired. 

Table 1 summarizes desipl requirements for front­
end readout electronics suitable for most gas traekinl 
detector systems. 

Table 1 
Desip panmcIaI for' Pre&IIlp/sbaper 

Noile 
Power 
Dynamic ranac 
Inpul impedance 

Rise time 
Double pulse resolution 
PackiDl density 

< 2000 l11li eIec:uons E.N.C. 
5-20 mW per c:lwmel 
2-8 bill depeDdeDt on sensor type 
100-300 0 optimize for chamber 

impedaDc:e 
3-5 as to minimize timinljitter 
<lOu 
4-16 c:IwmeJs/ em' 

0168·9002/89/$03.50 IC Elsevier Science Publishers B.V. 
(Nonh·Holland Physics Publishin, Division) 

2. Noise 

Noise in the tracking system modifies the true mea· 
surement in two ways. First. false trigering when there 
is no signal information may contribute extra. /n·flm~. 
hits that can confuse tracking al&oritbims. or inef· 
ficiencies can result if a signal appears while a noise 
triger is being processed. Second. the superposition of 
noise on the true signal will cause a timin, jitter by 
changing the amount of signal required to 'fire the 
timin& comparator. This can ultimately affect the posi· 
tion resolution. There are three sourccs of noise that 
require careful consideration: 
<a> detector noise includin, sip.ificant leakage currents 

and rf pickup; 
(b) amplifier shot and thennal noise: 
(c) system noise induced by control logic and data 

conversion. 
Reductions in pickup noise from the sensor are 

achieved by tbe addition of good high·frequency Fara· 
day shielding and the provision for low-impedance ref­
erence connections to the sensor. Differential designs 
with perhaps dual anode readouts would be ideal. but 
are not generally used due to performance limitations. 

Pickup from outputs and control logic is minimized 
by makin, all logic transitions only as fast as required. 
minimizin, logic level swinas and usin, differential 
tranSmission where signal ed,es must be fast. 

Amplifier sbot and thermal noise. including noise 
caused by terminations. can be modeled as noise cur­
rents which are summed and added in parallel with the 
input signal and noise voltqes whicb are summed and 
connected in s~ria with the inpuL An illustrative ex· 
pression for the total equivalent input noise charge is 
liven below. T. is proponional to the output signal rise 
and fall times and Tp is proponional to the output 
signal duration for an impulse input. ~" represents the 
total seria equivalent input noise voltage and i" repre· 
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Table 2 
Technology selection. Tabulated values are based on equiv­
alenl lOW dra&n or collector current o( 1 rnA; nOle lhal Ihe 
large value o( the Inpul capacitance (or Ihe translslor In weak 
inverSIon IS a result o( Ihe low current denSIlIe5 requIred 10 

opera Ie In Ihe weak Inversion region 

Technology BIPOLAR CMOS CMOS 
strong inversion Weak Inversion 
(W/L -1(00) (W/L - 20(00) 

8m [mS} 38 11 2S 
/, [GHzl 1.6 1.1 0.077 

R •• [01 26 100 20-50 
R.o (kO} 4.5 none none 
C.n [pFJ 3.2 2.0 52 

sents the total parallel equivalent input noise current 
[2]. 

(ENC)~ = e;C,2/T, + i~Tp. 

In this fonn it can be easily seen that the series noise 
charge is proponional to detector capacitance and in­
versely proponional to the measurement time. Parallel 
noise charge. however. is proponional to the shaping 
time and therefore is not necessarily minimized in the 
design of fast. low-noise amplifiers. The optimal shap­
ing time may be determined once elf, i" and tbe total 
input capacitance are known. For an optimized design 
using present technologies. this will usually be longer 
than the maximum allowed measurement time as set by 
occupancy requirements. In these designs. series noise 
dominates and parallel noise can be allowed to grow to 

COMMON EMITTER PREAMP 

• ••• -•• -.. 

.... 

TO 

satisfy other more critical deSign constraints. A thor­
ough treatment of amplifier and detector nOise IS gIven 
in ref. (3). 

3. Technology 

Bipolar technology offers a clear advantage for low­
power shaping amplifiers since for a fixed standing 
current it has the highest transconductance (gain) and 
for fixed transconductance it has the lowest serles nOise 
of any available transistor technology. It should be 
noted that base current in bipolar transistors adds 
parallel noise that is IIOt 'Present in FET technologIes 
and therefore bipolar is a good choice for fast shapmg 
only. Table 2 shows the perfonnance of the A IT LA200 
bipolar transistors compared with two examples of 1.6 
....m lelf CMOS transistors. first optimized for speed 
that rivals the bipolar and secondly optimized for noise 
performance similar to the bipolar. 

Extensive modeling using parameters from commer­
cially available bipolar processes (1.75-2.0 .... m emitter 
width) has shown that for a 15 os base-ta-base shaping 
time and equivalcot input noise charge of less than 
l100e rms (CDET - 10 pF) can be achieved at a power 
requirement of less than 20 mW with a dynamic range 
of 50: 1. The base-ta-base time is taken as the .interval 
during which the output exceeds the baseline by S~ for 
an impulse inpuL 

Trends tOwards low-voltage. high-frequency tran­
sistors with lower substrate capacitance integrated reSIS­
tors are leading to the development of commercially 

O.C. BALANCE AMP 

« 
•• I.'" •• --- SHAPER -I - .. 

F'", 1. Preamplifier secUoo of the prolOlype circuit fabricaled ill the A TI' ALAlOO bipolar proc:e$s. 
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available processes from several vendors that will pro­
vide the same or better performance at a per-channel 
power disslpauon of less than 10 mW. 

4. Circuit design 

We have studied In delail both common-base and 
common-emitter preamplifier circuits. Suitable signal­
to-noise performance may be obtained from either con­
figuration but the common-emitter one is clearly supe­
rior when power dissipation is a driving concern (4). It 
requires lower voltage rails for the same value of trans­
conductance. The common-emllter configuration (fig. 1) 
has good power supply rejection and can be designed to 

An C.E. PREAt.lP!SHAPER 
IC1=.72mA COET=10pf" 01=5X 
01lotat=. ib= 0 ic= c rb= 6 

Fig. 4. Noise Speclrum of the first transistor after signal 
processina by the shapero QI.... is very nearly the sum of the 
other three curva. indicaliD& tbat DO odler sipiflCUIl aoise 

IOUrCCS ue associated wuh Ibis transistor. 

have a stable input impedance over frequency when the 
unity gain bandwidth of the transistors IS much higher 
than the cutoff frequency of the amplifier. 

To shape the pulse we make use of a differential 
shortening filter that eliminates the preamp tail by 
proVlding a zero to cancel the dominant pole of the 
preamp. This is followed by three R-C Integrations 
that symmetrize the OUlput pulse (see shaper schematic. 
fig. 2). Fig. 3 shows the Simulated pulse response for a 
series of input charge pulses ranging from I to 50 fC. 

Noise contributions from the input transistor. mea­
sured at the shaper output. are broken down into com­
ponent noise sources and plotted as a function of 
frequency in fig. 4. The;, increase in noise power at :0 
MHz is due to the low impedance of the detector 
capacitance at this frequency and its resultant dfeci on 
the input noise voltage due to base resistance. 

5. Implementation 

A single-channel version of this circuit with ad­
ditional test structures is in fabrication at A IT in the 
LA200 serni-custom bipolar process. Chips are being 
prepared for testing at this time and results will be 
publised at our earliest opportunity. 

Previous experience leads us to expect that t;neasure­
menU on working devices should closely agree with 
simulation [S) 
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SDC Straw '!racking Electronics 
Preliminary Conceptual Design Report 

Draft Version 1.1 

1 Introd uction 

August 16, 1991 

F.M. Newcomer, R. Van Berg, H.H. Williams 
Pennsylvania 

In order to make reuonable eetimatee of donar coats, deeign and manufacturing schedulee, cable access 
needs, material budgets, cooling loads, and installation (and repair) stra.t.egies, it is neceesary to have a 
complete conceptual design of the straw readout system. The fonowing deeign is baaed upon the work 
that we have done in making a detailed electronic design for the straw readout. We are describing a 
system that goes from a contact at the straw anode (and cathode) and contains all of the DAQ and 
trigger functionality neceesary for full SSC operation up to but not including the SDC Standard DAQ 
and Trip:er boards and fiber optic transmission cable(s) going to the off-detector DAQ and Trigger 
systems Wijle much of the following is fairly obvious or part of the perceived wisdom of the 
community, there are many places where we have had to make assumptions or extrapolations with little 
or no hard justification. In general we will try to note all such assumptions. 

After a discussion of the technical and performance requirements demanded by the application and 
the particular implementation (including details of deeign, simulation, and test); we will then describe 
the necessary electrical connections and components followed by a description of a scheme for actually 
implementing the physical interconnections and support required. In all of the following, we are assuming 
a module of 200 active straws per readout assembly. A module is an independent subsystem that may be 
bench tested and verified independent of detector and central DAQ and Trigger connections. 

The number 200 is close to the modularity (at least of electronics) of both the Duke and Indiana 
mechanical designs. Actual straw counts will depend upon super layer structure and whether or not a 
particular layer is included in the first level trigger. A final design will probably be divided at about the 
200 straw level and we do not believe that any of the cost or material estimates depend strongly on this 
assumption. 

A group of about 16 modules connects to a standard SDC crate via a Crate Interface Card (Straw 
System specific). The Crate will be located in the Electronics/Access area outside of the calorimeter as 
indicated in Fig. 30. The crate is also independently teatable.with or without Crate Interface Cards using 
the standard DAQ/Trigger interfaces. High Voltage is supplied to the Crate Interface Cards (and thence 
via the module cable to the module itself) either directly from the High Voltage Supplies (whereever they 
are) or indirectly via a Straw System Specific connection within the SDC standard Crate. 

2 Systems Requirement and Overview of Electronics System 

2.1 Design Requirements 

For a high precision drift ~ube or straw tracking system, it is necessary to accurately measure the time 
of arrival of the first electron (or cluster of electrons) at the anode. This, combined with the desire of 
opera.t.ing with u Iowa gas gain as possible, impliee the use of a low noise preamplifier with risetime 
sufficiently fut to provide the desired time resolution, but sufficiently slow to provide acceptable signal­
~noiae. 

In addition, because of the high rate of pulses on individual wires - for the inner wires the rate will 
approach 5· - 6 MHz - excellent double pulle reeoiution is very important. 
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Figure 1: Block Diagram ofthe Straw Readout System 

The basic design goals which seem reasonable are: 

• < 0.5n. time accuracy in order to ensure spatial precision of < 100"m 

• Double pulse resolution or 20 - 30 DBeC. We have adopted the specific goal of having the return to 
bueline for a aingle cluster be leu than 15 DBeC 

• Seroi-gauuian shaping to minimize bueline shifts and noise from parallel current sources 

• On-chip Level 1 storage for 3 - 4 ".ee and Level 2 storage for a latency interval of order 50 ".ee 

• Able to withstand> 1 MRad over the life or the experiment 

2.2 System Overview 

Figure 1 shows a simplified schematic of the key elements in the front end; to date it is these blocks which 
have been given the IDD8t attention and rightfully 80 since they are repeated for every straw tube and 
since they define the performance of the system as a whole. We discuu briefly the nature of the lignal 
from the straws as thia is important for optimizing the electronics. 

2.3 Analog Signal Processing 

Each straw 8eDBOr will require a preamplifier, shaper, discriminator, time converter and sparsification 
unit. Bipolar technology otrers the optimal performance for the preamplifier, shaper and discriminator. 
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It's high gain-bandwidth at low power is unmatched by any other commercially available technology as 
is the noise performance for shaping times of less than 20ns and the matching of the control voltage 
between transistors. CMOS is clearly the technology of choice for the time-to-voltage conversion, which 
includes analog memory for at least the Levell storage, and for the overall control logic due to its high 
density and low power. 

Due to the high occupancy and low value of operational gain in the straw tube system, it is necessary 
to carefully consider the characteristics of the straw tube as part of the readout system. 

2.3.1 Properties of the Straw Signal 

The drift velocity for ionized electrons in CF4 , the ItJlt gas being explored for use in straw tubes, is about 
100IJm/n •. A pCl8ition accuracy of 100IJm, therefore requires sub-nanosecond timing accuracy from the 
electronics. Since there is no plan to store charge information for oft' line analysis, it will be important to 
trigger on the avalanche from the first arriving drift electrons to get the most accurate timing information. 
This condition severely restricts the amount of charge available to trigger the electronics. Most of the 
signal from the straw is induced by the motion of positive ions towards the cathode, a process that takes 
about two hundred microseconds to complete; much of this signal must be truncated. The equation below 
gives the ratio of the total charge collected at the anode .. a function of time for a straw tube of wire 
radius a and cathode radius b. 

Q In(l + t/to) 
Q", = 21n(6/a) (1) 

For a typical straw tube to is 2ns or less and 2ln(6/a) is about 10. After three to, about 6ns, only 
14% of the induced charge h .. been collected. Adding 2% for the electron contribution only about 16% 
total charge for a single avalanche cluster h .. been collected. It becomes quickly apparent that the to 
for a chamber directly a'fl'ects the timing resolution when the g .. gain must be limited. Extending the 
measurement time decreases the timing accuracy for signala of different amplitude due to time slewing. 
Decreasing the measurement time reduces the available signal and, in gain limited applications, may 
leverely affect the signal to noise. 

To estimate the timing resolution for a given charge collection, or shaping time, the input signal is 
convoluted with a preamplifier and shaper transfer function. Figure 2 shows a simulation result of the 
effects of intrinsic noise from the straw and preamplifier with multipole shaping on the timing resolution. 
These studies have led to the conclusion that a five to seven nanosecond shaping time gives reasonable 
signal to noise, without compromise to the goal of a locally determined sub-nanosecond timing accuracy. 
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Figure 3: Simulated timing resolutiion showing of the effects of intrinsic noise from the straw, amplifier 
and shaper. The straw to is 2ns, and electronic tm , 5ns, SIN is 6:1 and the effective threshold is 3 times 
the RMS noise. 

This gives an approximate available signal of .64fC (4000e) per drift electron for a terminated straw tube 
operated at a total gain of SXIO". 

We have developed and tested a lumped sum model of the straw tube as a loay transmission line. 
Signal to noise for a straw tube with a transmission line termination requires careful analysis. The 
complex impedance of the 1000Y straw tube requires a complex rather than purely resistive termination. 
A suitable paasive circuit is formed by adding a small capacitor in series with the termination resistor. 
The signal, of course, is absorbed at the termination end and therefore only half of the total charge is 
available to the readout amplifier. In addition, when formed with only pusive components, the intrinsic 
noise in a measurement is dominated by the termination. (Assuming a well designed preamplifier.) In 
this situation, the choice of symmetric shaping may help reduce the noise. In figure 3 the shaping time 
is usumed to be 5ns and the the straw is aasumed to be terminated with a 3000 resistor. The R.M .S. 
equivalent noise in electrons is ploUed as a function detector capacitance, (length of the straw tube) for 
different numbers of equivalent pole shaping stages. It can be seen that a considerable reduction in noise 
is achieved as the number of shaping stages is increased. 

Simulations show that significant additional DcUe reduction is poesible by replaciDg the paasive com­
pODeDts at the terminatioD end with an acuve load, at a power coat. of about 3mW per chanDel. 

2.3.2 Bipolar Preamp aDd Shaper 

Circuit Design For the preamplifier de8ign, we have chaaen a cascaded common emitter configuration 
with a dominant pole primarily determined by the feedback Detwork. (Refer to figure 5) This self-biasing 
circuit allows the input transistor to be large ad operate Dear it's Doise optimum, while requiring only 
a mode8t supply voltage of 3 to 4 volts. The power dissipation is therefore relatively low and the 
circuit may be easily implemeDted in advanced, high speed teclmologies that characteristically have low 
breakdoWD volt.... As ShOWD in the figure the commoD emitter structure is duplicated and forms a 
paeude>ditrereDtial input for the fully clift"ereDtial shaper. 

A differential structure has beeD implemeDted in the shaper to help elimiDate seDSitivity to exterDal 
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80urces of noise conducted in through power supply lines or radiated into the chip itself. In the original 
prototype version of the amplifier, fabricated in the AT&T ALA200 linear array, the "dummy" side of 
the preamplifier had a bandwidth limit of 3MBz. This helped to reduce the thermal noise, improving the 
SIN by about IS% in a realistic system with a 10pF detector capacitance. In a new version fabricated at 
AT&T in December 1990, the bandwidth of the balance side amplifier is matched to the input amplifier 
to provide fully differential inputs (other than the inherent asymmetry in the straw tube itself). While 
this increases slightly the thermal noise, it was felt that it would aid significantly in noise rejection (such 
as from RF pickup in connections to the straw tube) and would provide a more robust system, at least 
for initial field tests. 

The shaper has one zero matched to cancel the dominant pole of the preamplifier and three equivalent 
integrations that limit the bandwidth and maintain pulse symmetry (Figure 6). Good matching is 
achieved in the pole-zero cancellation by choosing components of the same types to dominate the pole 
and the zero. The integration poles are formed in the collector nodes of each differential pair. The 
collector resistor times the stray capacitance at each node lets a time COD stant of about 1.7ns fot each 
stage. These time constants match to within a few percent between stages, but are expected to vary 
chip to chip by as much as ±2S%. We are inwstigatiq methods to program this shaping time, 10 that 
preamplifiers may be matched to each other ·and perhaps tuned for the best system ·S/N. 

The lemi-gauaaian pul8e eymmet.ry realized by ue of multiple pole shaping is demonstrated in figure 7 
which shows the shaper response for a IfC input pulse formed by injecting a ImV signal into a IpF 
capacitor. The amplitude of this pulse is within IS% of the value predicted by SPICE simulation and is· 
well within range of unce~ty in the meuurement. 

The intrinsic amplifier noise is primarily determined by the aize of the input transistor and it's 
quiescent current. In the design stage, the noise performance wu optimized for an amplifier with a 
pure detector capacitance of S to 10pF. The quiescent current was let to about O.SmA and an input 
transistor of 7Spm emitter length wu ued to achieve a bue resistance of about ISO. Noise performance 
in the prototypes was cheeked using a method suggested by Juron where the threshold required for 
a discriminator efficiency of 12, SO and 88 percent is recorded for a input pulse of known charge. The 
12 and 88 percent points give the noise FWBM in terms of threshold voltage and the SO percent point 
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Figure 7: Shaper response for a HC impulse input, averaged over 40 pulses. 
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calibrates the threshold voltage in terms of input charge. A comparison of the measured results and 
SPICE calculations using transistor models provided by AT&T for several values of detector capacitance 
is shown in figure 8. The agreement between measurements and model based calculations encourages our 
reliance on SPICE based modeling to predict the performance of Iystem blocks. 

2.3.3 Mealurements with Straw Tu~ 

The detector tail may be eliminated by adding a set of poles and zeroes to the shaping function determined 
by the to of the chamber. In figure 1.0 the digitizing oscilliscope was triggered by a cosmic ray scintillator 
coincidence above and below the 2 meter Itraw discussed above. The waveform in this figure Ihows the 
output of the prototype amplifier when attached to a passive detector tail cancellation network. It is 
likely that this lignal is due to a lingle ionization cluster. In this case the lignal processing time is less 
than lSns. In a more typical case, a minimum ionizing track passes near the center of the tube and leaves 
a trail of 20 to 30 clusters of ions. The electrons from these ionization clusters will drift in to the anode 
OVer a 30ns period. This implies that the double pulse resolution is the lum of the difference in drift 
time for all collected clusters and the lingle cluster processing time. It is clear that dead time depends 
critically on the ability to accurately cancel the detector tail and the use of a fast gas. The multichannel 
chip now being layed out in the Tektronix SHPI process (and discussed in more detail below) includes 
tail cancellation optimized for a 4 mm Itraw. 

Independent measurements of the performance of the preamplifier/lhaper circuit by other groups 
have confirmed the expected performance. In pa.rt.icular, a number of detailed tests have been carried 
out at Princeton University. Their measurements of the noise of the preamplifier as a function of the 
input capacitance lead them to conclude that the preamplifier is more than five times less noisy than 
the LeCroy TRA402; in addition they observed an ENC of about 2000 electrons when the amplifer was 
connected to a 2m long Itraw tube. These numberl could decrease aomewhat further as the final system 
is refined, but are close to the performance expected and demonltrate that good results may be obtained 
in an actual IYltem. 

Measurements of the obtainable position reeolution were al&o made. Figure 9 shows the measured 
apatial resolution, uaing the AT&T preamplifer/lhaper, for lingle eledrons emitted from near the wall of 
the Itraw tube. 

A 200 channel prototype IYltem is currently under construction at Princeton for tests at FNAL. It is 
very encouraging that the yield from the recent fabrication run at AT&T was 90% after packaging; (only 
those devices from the center half of the wafer were packaged). Four channel prototyping boards have 
been sent to a number of different groups and lixteen channel boards with a commercial di&criminator 
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will be available soon in quantity; the printed circuit board is presently being layed out at the University 
of Colorado. 

2.3.4 Bipolar Discriminator 

We are presently exploring the design of very low power timing discriminators intended for use with the 
preamp and shapero The present design goals are: 

Power 
Minimum Threshold 
Hysteresis 
Time Slewing 
Output Drive 

5- 10mW 
lOmV 
2mV 
lns (3-300 mV overdrive) 
l50mV diff. into 5pF 

Our designs attempt to take full advantage of the benefits of advanced bipolar technology. Since base 
emitter matching between transistors is about lmV, it is possible to design for a reliable minimum input. 
signal of 10mV or leas without input trimming. High unity gain bandwidth transistors allow for the use of 
cascaded gain blocks with feedback to implement hysteresis and reduce time slewing. Drawing on previous 
experience in the design of differential discriminators, we have developed several possible configurations 
suited to particular bipolar technologies and are piMping to implement a design in our next bipolar run. 
An example of the near threshold performance of one design, modeled using Tektronix SH-PI technology 
is shown in figure 11. The top part of the figure shows the response of the discriminator to inputs just 
below and just above threshold; the bottom h~ shows the change in the output timing as a function or 
the overdrive. From 3mV to 4cmv, the largest overdrive used, the output delay shortens by about lns. 
From about 500pV to 3mV the Qutput delay changes by nearly 2ns. Wit.h a power requirement of 7mW 
thi:; circuit should easily .. tisfy .ur design goals. 

2.3.5 New Prototypes 

AI noted abo'Ye, a multi-channel (probably 8 channels per chip) preamp/shaper/discriminator with de­
tector tail cancellation has been designed and will be fabricat.ed in the Tektronix SBPi process (layout of 
the preamplifier and first shaper section is shown in Figure .12.. The low stray. capacitance of this process 
allows a much lower power dissipat.ion that in previous designs, 7 mW in the preamp and shaper and 7 
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mW in the discriminator. Revision of the preamplifier, increasing the open loop gain has reduced it's 
sensitivity to the size of the detector capacitance. It is no longer necessary to optimize the preamp power 
supply voltage for input capacitance in the range of 0 - 20 pF. To satisfy impedance matching criteria 
for the muon group, the input impedance has been tuned to be approximately 120 ohms over the usefull 
bandwidth of the preamplifier, with a smooth roll off at high freqency. The tail cancellation circuit is 
based on a design by John Oliver. 

This second protyping amplifier will have current programmable analog outputs, before and after the 
detector tail cancellation, as well as current programmable differential discriminator outputs capable of 
driving 50 ohm lines. To make it easier to use in a variety of designs, only two power supplies are required. 

2.3.6 Radiation Hardness of AT"T and other ProcealM 

Given that it is possible to obtain the required performance with integrated circuits, the critical question 
is whether there exist available processes that are sufficiently radiation hard. While ultimately each 
individual circuit must be demonstrated to be sufficiently radiation resistant, two of the most critical 
parameters to be cheeked are the current gain, p, and the inherent noise of the transistors. Figure- ·13 
preaents measurements of p for transistors produced in the AT&T CBIC U process as a function of 
collector current, before and after 2 Mrad Coeo radiation. For NPN devices the current gain remains 
well above 100, which is quite suitable from the point of noise and circuit design, for integrated doses of 
2 Mrads. For PNP the initial beta is significantly lower, but the decrease after radiation is again quite 
modest. Figure 1!t presents results on the degradation of current gain as a function of n fluence; after 
an integrated ftuence of 6. 1013n/cm2, the current gain remains above 100 for NPN devices except for 
operation at low Vc,(l V) and very low currents « 10"A). Figure 15 shows the percentage change ~ P 
due to both n and ionizing radiation for devices operated at a current of 100"A. 

The intrinsic noise of transistors in modern bipolar processes is quite insensitive to radiation. There 
is little if any increase for ionizing doses of up to 5 Mrads of C060 irradiation. 

2.3.7 Radiation Hardness of Complete Amplifier 

Six channels of the AT&T preamplifier have been exposed to C 0"0 radiation at BNL. Three channels were 
exposed to 1 MRad and three to 2 MRad. A small gain loss of approximately 5% was measured for those 
channels exposed to 2 MRad and there was essentially no change in the noise (the measurements actually 
indicated a small decrease, but this is probably due to systematic uncertainties in the measurements). 
Rise time measurements indicate an increase of approximately 0.6 ns for all channels and only one channel 
out of six had more than a 1 mV shift in the DC output voltages. 

2.4 Time to Voltage Converter/Analog Memory Unit (TVC/AMU) 

While many p08lible schemes exist for making the precision time measurements, providing data to the 
Trigger, and providing data to the final DAQ readout, our judgement has been that a measurement 
scheme which t.akes advantace of the precision and simplicity of analog time ramps coupled with the 
&reat dynamic ranle of dipt.al counters and the ~nl precision storage available from CMOS capacitors 
will offer both lower power and &feater resolution than an equally complex all digitalsyatem. In addition 
any system for SSC detectors is bound to have a aipifieant djptal component because it is necessary 
to incorporate all of the desired system. features (connection to trigger and DAQ systems, for instance) 
directly into the custom silicon in order to keep power and mass of the final systerri as low as possible. 
The SLAC SLD detector serves as an example of a device where a &feat reduction in the volume and 
complexity of the electronics system was accomplished by using custom integrated circuits, but. where 
the total gain was very much lea than it might have been just because some of the simple interface and 
control functions were left as off-claip commercial devices. 

Another eerious potential limitation of any system may be the very high density required ofthe readout 
electronics coupled with the fact that the high rate environment requires that there are asynchronous 
data acquisition, data conversion, and data readout processes occurring simultaneously. Because self 
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intereference may limit our ability to take data and because we may not be aware of such limitations 
until full scale prototypes have been constructed, it is important that the electronics design be as robust 
as possible against pickup interference and as benign as poesible in terms of generating such interference. 
This leads to a whole set of system level design decisions: 

• maximal physical separation between detector input and DAQ/Trigger outputs to limit coupling 

• high power supply rejection for the preamplifier and discriminator 

• low « 300m V) analog and digital voltage swings 

• all fast signals are differential 

• all non-differential signals have slow, controlled, rise and fall times 

• smallest possible number of off-chip connections 

The TVC/ AMU is designed to be as complete a system as poesible for an entire group of straws 
(four or eight). The preamp/ .. /discriminator would also, of course, benefit from common integration, 
but, as pointed out above, bipolar technology is ideal for the functions involved and rad hard BiCMOS 
technologies are not yet (if they ever will be) available. Also the break from discriminator to TVC is a 
minimum signal point in the entire system and is, thus, an appropriate place to have an interconnection 
if one is necessary. For power and interference reasons, however, this interconnection is designed to be 
local (a cm. or so) and acts as a limit on satisfying the separation criteria from the list above. The 
set of criteria, especially the completeness criterion, has resulted in a design that handles all of the 
communication with the Trigger and DAQ systems in the smallest number of signals and where the only 
external components required are the DCC's which serve multiple TVC/ AMU chips. 

The block arrangement of the TVC/ AMU is shown in Figure 16. The major cells are discussed in 
some detail below. 

2.4.1 Capacitor Accuracy aDd Analog Design 

In previous work we had fabricated and measured a CMOS Time to Voltage Converter that easily met the 
accuracy and linearity requirements as can be seen in the differential nonlinearity distribution, Figure 17, 
and the eight channel superimposed transfer function, Figure 18. ' 

This eight channel prototype TVC design depended upon careful matching of capacitance values from 
one sample to the next using common centf9id layouts. It became obvious in this design that while the 
common centroid layout gave very good matching (cf. Figur~ 18) channel to channel, the cost in area 
and layout complexity for a number of capacitors sufficient for Levelland Level 2 storage would be 
prohibitive. In fact the interconnection capacitance would dominate a sixteen capacitor version, largely 
defeating the matching effects of common centroid layout. Because of this, we decided to pursue a 
charge-measurement lCbeme that would, to first order, be insensitive to capacitance values. 

Any capacitor memory scheme will have at least three switches around each individual capacitor as 
mown in Figure 19 .The prototype TVC implemented eipt individual capacitor storage elements with a 
common reset control and individual voltage' outputs. By uainl the input switch to place charge on the 
capacitor at one rate and then instead of .DeuuriDi the voltace on the capacitor, one were to use the 
output switch to remove charge at a much slower rate, it becomes pouible to measure the time duration 
ofthe input current to hich precision with a relatively slow comparator. If the input and output currents 
are ratioed to each other" then the accuracy of the measurement can be kept high even with relatively 
large process and device variations since both the capacitance and the absolute values of the currents 
ratio out of the first order time equation; 

We have adopted the, 
reeolution over a 16 ns range. 

A
• _ Atin )( iin ._. - . 1_. 

ratio of iin/i_. -

16 

(2) 

150 :: 1 in order to cive about 0.1 ns 
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versionl 
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Figure 16: TVCI AMU Block Diagram. Each time-~voltage conversion is stored ill one of eight Level 
1 capacitor loeations (AMUCEL); there are alJo .. Le'Ve12 storage locations ill this prototype version. 
Whene'Ver a pulse from tbe discriminator occurs a 1 is loaded illto tbe delay generator which haa 
a delay exactly equal to tbe Level 1 trigger delay. A coincidence of the 1 emergiDg from tbe delay 
generator and a Level 1 Accept causes data to be transferred from Le'Ve1 1 to Level 2 storage. Each 
Ll and L2 storage location haa an address lIIIOCiated with it, ill the block labelled "'fianafer." The 
Level 1- Level 2 "transfer" is accomplished by awappillg the appropriate addresses. 
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Figure 17: TVC Differential Non-Linearity from 7 to 31 ns. Note that 50 mV is equivalent to 1 ns and 
that the maximum peak to peak deviation is leas than 250 ps . 
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Figure 18: TVC Output Voltage VB. Input Time DifFerence, 8 Independent Channels Superimposed _ 
Note that los - 50 mV 
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Figure 19: Input, Output, and Reset Switch Configuration 

2.4.2 Level 1 Storage 

For a two to three "second Levell storage time it would be necessary to provide 128 to 192 storage 
locations if we were to have a simple synchronous system. However, by implementing a data driven 
system which WIeS a storage location only if new data is present, many fewer locations will suffice given 
the relatively low occupancies of the .tracking system. In the prototype TVC/ AMU, we have limited the 
number of Level 1 locations to eight which is more than enough for a 2 JUlecond delay with a 1 MHz 
average input rate. This design may be easily expanded to 16 or more locations in Levell at the cost of 
additional silicon real estate. 

2.4.3 Level 2 Storage 

While a few microseconds of synchronous storage for Levell is conceivable, even if awkward, many tens 
of microseconds is clearly outside the realm of realize able circuits and thus Level 2 must be implemented 
in some data driven fashion. There are several conceivable methods of tranafering information from Level 
1 storage to Level 2 storage. For the TVC/ AMU we have chosen to use a virtual Level 2 scheme in order 
to simplify the analog storage problems. The particular technique adopted is "address swapping" (as 
suggested by L. Calleweart and W. Eyckmans of the Catholic University of Leuven) which is logically 
similar to FIFO or pointer schemes, but minimizes the length of analog control signal lines - at the 
expense of longer control buses. 

2.4.4 Time Measurement Logic 

To accurately reconstruct tracks, it is neeeaary to know the time of arrival of the first electron at each 
atraw anode relative to lOme common time that relates all of the data for a given event. The TVC/ AMU 
operates as a common-stop time measuring device - atarting on an anode discriminator pulse and stopping 
on the next negative going clock edge after the next p08itive going clock edge (Figure 20). 

This scheme leaves a lUaranteed minimum of one-half of a "clock cycle for any time measurement 
and for a nominal 16 nanOsecond clock means that the actual time ramp in the TVC goes from 8 to 24 
nanoseconds. This minimum time allows the the TVC response to be linear in the range of interest and 
avoids the ~ible race conditions aaaociated with a system that allows a zero minimum measuring time. 
The control signals that switch on or oft' the current in the time measuring capacitor are generated in a 
circuit called the Width Generator (Figure 21 ) which derives the required one-half to one-and-one-half 
clock period signals and also provides the address increment signal to the L1WA counter. 
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Figure 20: Timing Diagram of the TVC Measurement Cycle 
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Figure 21: Width Generator Schematic 
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Figure 22: Width Generator Response - The connected points show the width of the generator output in 
nano seconds as a function of the relative time in ns between clock and discriminator pulse. The deviation 
from linearity is plotted in pico seconds on the right hand seale. 

The Width Generator has been carefully optimized for high linearity and low propagation delay 
differences. Figure 22 is a simulation of the Width Generator output which shows the characteristic 
Awtooth shaped response in DB per ns as the relative time is varied between a discriminator pulse and 
the beam clock. The unconnected points show the deviation from linear response in pico seconds on the 
right hand seale. 

2.4.5 Delay Generator 

In a data driven architedure, there is no one-to-one correspondence between storage location and event 
time. Thus there must be some provision in the TVC/ AMU to allow identification of data for a particular 
event with a pCl88ible Levell Trigger signal. A simple 64 element shift register would allow about 1 
paecond of delay with a 16 nanoeecond clock period, but all 6.4 elements would be clocked at 60 MHz 
and significant power would be dissipated. We have. therefore. implemented this function as a modified 
aerial, parallel. dyuamic shift register block (Figure ~3) . 

In thitl version, synchronized discriminator pu1aea enter at the lower left (Figure23) and are advanced 
upward at 60 MHz along a aerial shift register of length A. Then every A clock pulses the contents of this 
aerial shift regitlter are loaded into A porallelshilt regiJlters each of length B (where A + A x B = N). 
The parallel registers are then clocked at a rate of 60/ A MHz. At the output of each of the parallel shift 
registers, the contents are unloaded into another aeriolshift regiJlter which is also operating at 60 MHz. 
Thus any individual bit of data takes N dock pulaea to p .. through the delay generator, but only 2A 
out of the N total cells are operated at 60 MHz while the bulk of the cells are running at a much lower 
power. The total simulated power for N=64 itI about 3 mW. 

This architecture can then be optimized for the lowest poasible power for any given length N. Table 1 
indicates the relative power dissipation for a 64 and 128 crCl88ing delay at different ratios of A and B.lt is 
intereatin to note that the minimum power goes up roughly as .;;N since the relative number of slow. low 
power, parallel cells can increase for larger N. This design is capable of operating well above the required 
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Figure 23: Delay Generator Block Diagram 

60+ MHz SSC crossing frequency. It is also interesting to note that about one third of the cell area is 
control, divide by A, and buffer circuitry that would be shared in a multichannel version - thus the delay 
cell area as well as power would go up at a less than linear rate. 

2.4.6 Level 1 Trigger Interface 

After a delayed data pulse exits from the delay generator, it is simply ANDed with the Levell Trigger 
signal and the resulting signal, Llok is used to provide the transfer signal that logically moves data from 
Level 1 to Level 2. If the Level 1 Trigger signal remains high for more than one clock period, then the 
same simple logic will continue to transfer any existing Levell data to Level 2, thus providing for the 
case where the detector response time is greater than one clock period (in this case the electron drift 
in the straw detector). In order to differentiate data from different clock cycles within anyone Levell 
Trigger time, a separate small counter must keep track of clock pulses as explained below in the section 
on the Bunch Counter. 

2.4. 'T Level 2 Trigger Interface 

The Level 2 Trigger is asynchronous so that a delay line is not appropriate for providing the trigger-data 
synchronism. Since the Leyel2 Trigger is monotonic, however, it is only necessary to provide two counters 
(L2WA, L2RA) to keep track of Level 2 inputs and outputs. Each new entry into Level 2 increments 
the L2WA counter and each read (or reset) of Level 2 increments the L2RA counter. In the final version 
of the TVC/ AMU a digital comparator will keep L2RA from crossing over L2WA. This interlock is not 
implemented in the teat version of the TVC/ AMU. 

As the Level 2 Trigger is asynchronous, it must be accompanied by a timing signal (or conversely 
there must be a Level 2 Reject as well as a Level 2 Accept). The Level 2 Strobe is used to clock aD-Flip 
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N = 56 N = 112 
A B Power A B Power 

32.0 0 64.0 64.0 0 128~0 
21.3 1 43.6 42.6 1 86.2 
16.0 2 34.0 32.0 2 66.0 
12.8 3 28.6 25.6 3 54.2 
10.6 4 25.2 21.3 4 46.6 
9.1 5 23.2 18.3 5 41.6 
8.0 6 22.0 16.0 6 38.0 
7.1 7 21.2 14.2 7 35.4 
6.4 8 20.8 12.8 8 33.6 
5.8 9 20.6 11.6 9 32.2 
5.3 10 20.6 10.6 10 31.2 
4.9 11 20.8 9.8 11 30.6 
4.6 12 21.1 9.1 12 30.2 
4.3 13 21.5 8.5 13 30.0 
4.0 14 22.0 8.0 14 30.0 

7~5 15 30.1 

Table 1: Total Delay Generator Power - 56 and 112 c:rossing total delays, for various Serial (A) and 
Parallel (B) lengths - The power figures are relative, the total power for the N=64 case is slightly less 
than 3 mW. 

Flop with the Level 2 Ac:c:ept (or Trigger) on the data input ofthe flip flop. For an acc:epted event, the 
ADC c:yc:le is started, for a rejec:ted event, the L2RA is simply incremented. In the prototype version, 
there is no additional queue to allow a sec:ond Level 2 Trigger to c:ome in during the ADC c:yc:le - in 
the final produc:tion version, this additional queue will be needed to allow Level 2 Triggers to proceed 
without interlocking with ADC conversion times, unless SOC dec:ides to impoae a minimum delay time 
between Level 2 Ac:c:epts. 

2.4.8 Event Identification 

During normal SSC operation, individuaJ. detec:tor elements and systems will be involved in aimultaneous 
input proceasing, data storage, data conversion, and data output. Given the non-deterministic: nature 
of mUltiple uync:hronous devic:es, the data stream out of a" detec:tor may be non-monotonic: in time and 
space c:o-ordinatea and it will be nec:eaaary to include in each data packet from any detector element some 
c:r088ing identifier. 

Trigger I.D. Counter The simplest time stamp, of coune, would be a c:r088ing c:ounter - advancing 
every 16 naDoeeconds. However, for Level 2 atorap times of 5Op8econds or more plus realistic: DAQ 
pipeline delays of many tens of mic:roeeeonds, a 13 or 14 bit cro.ing counter would be nec:euary in order 
to avoid ambipit.y. A leas m&rpnalllCheme with much longer unambipous periods would be t.o count not 
the cro.inp at 60 MHz but the Levell Triggers at lij3 to 10" Hz. Even at 104 Hz an eight bit Trigger 
1.0. Counter would remain unambiguous for 25 milliaeconds. A Trigger 1.0. Counter at each detec:tor 
element would then keep track of t.he time atamping of events and only the Central Triger System would 
be required t.o keep a long 60 MHz counter - and then only if the absolute t.ime of day were of interest. 

Bunch Counter As noted above, the Level 1 Trigger may in many cues remain true for more than 
one crOlllling. In order to completely specify the time it is nec:eaaary to have a amall two bit counter, 
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enabled by Levell nigger, and clocked by the crossing clock. This counter is enabled by Levell nigger 
true and counts until Levell Trigger goes false. 

Level 2 RAM Because the occupancy of a tracking system must be telatively low, most Levell 
Triggers will not have data in any given detector channel and most Level 2 Triggers will, similarly, not 
correspond to any data in a given channel. For Levell Triggers, the delayed data is ANDed with the 
trigger and no empty Levell Triggers are stored in Level 2 (but the Levell nigger I.D. advances in any 
event). At Level 2, it is neeeasary to tag each piece of data with a Levell Trigger LD. and then, at each 
Level 2 Trigger, search the on chip storage for any relevant data. 

For the TVCI AMU prototype, this function will be handled oft' chip, but for the production design, 
we intend to implement a amall on chip memory (Figure 24), one memory location per Level 2 location 
containing the relevant Trigger I.D. word and Bunch Counter value. The L2WA counter provides the 
write address for this memory and, of course, the L2RA provides the readout address. In order to skip 
over Level 2 Accepts not 'associated with stored data, the Trigger I.D. output of the present L2RA is 
compared with the value of the Level 2 Trigger I.D. Counter (i.e. the Trigger I.D. of the event presently 
being considered by the Central Trigger System; thia counter ia advanced by the Level 2 Strobe so that 
it is synchronized with the Level11.D. Counter but delayed, on average, by the Level 2 deeiaion delay). 
If the memory-Level 2 Trigger I.D. Counter comparison is true - thaf'is if the chip has data uaoeiated 
with the event that the Central Trigger System is presently considering -then, for an event where Level 
2 Accept ia true, the AID converter ia started. For events where Level 2 Accept is false, the L2RA 
is simply advanced on the Level 2 Strobe. For events with data and where Level 2 Accept is true, the 
L2R.A ia advanced on the end of the AID conversion cycle (i.e ... 800n as the analog data can be reset). 

2.4.9 ADC 

The Analog to Digital Converter is implemented as a Wilkinson run-down device with a capacitor dis­
charge current (ioua) ratioed <at 1/150) to the charging current (iin). The capacitor voltage is then 
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Figure 25: Comparator Schematic 

viewed by a comparator which trips when the voltage reaches the reset value. A 60 MHz counter that 
began counting when the discharge current began flowing is stopped when the comparator trips and the 
counter value is loaded into an output register. This value is then the relative time of the detector hit in 
units of about 0.1 ns per least .ignificant bit. 

Comparator The requirements ror the comparator are .traightrorward but challenging. 

• The power consumption must be very low. 

• The comparator must trigger on a A Vin of - 5m V. 

The comparator is a conventional Operational 'lranseondu'Ctance Amplifier (OTA) rollowed by a digital 
mwrter which .hields t.he OTA output from the load ea~tance. Rather t.han optimize t.he OTA ror 
apeed alone, the required .peed ror the circuit (Figure 25) was aet and t.hen t.hen the transiston were 
.ized so that the power consumption was minimized ( < 50 - lOOpW) and t.hen the circuit was checked 
via .imulation to veriry that it would runction within t.he required delay time. 

While the comparator need not. reapond inltant.ly to an input. crossing the- threshold, the propogation 
delay JIlUIt be .table to better than one clock cycle (16111) in order to awid errors. If we uaume worst 
c:ue proc:ea variations that would lead to :1:20% propogation delays, then for a 16 ns clock we need an 
average propogation delay of < SOns. 

With the tranaistor dimensions below, and an 1~. = lOpA, t.he propogation delay is equal to 70 ns 
ror a ramp mput.lignal or 5 mV /15 DI and the aver .. e current consumption is .lightly larger t.han either 
10pA or 30pA depending upon which node it driven (a raet that we take advant .. e of to reduce the 
quieaeent power or the comparator to the lowest pouible value). 
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Figure 26: Comparator Offset Cancellation Circuit 

7han6i.ttor W(pm) L(pm) 
M1 5.4 1.6 
M2 5.4 1.6 
M3 2.4 1.6 
M4 2.4 1.6 
MS 2.4 1.6 
M6 2.4 1.6 
M7 4.8 1.6 
M8 3.2 1.6 
M9 3.2 1.6 
M10 4.8 1.6 

Offset CompenaatioD Tile oft8et. variat.ion of t.he comparator must. be leas than one bit (- 5mV). but 
siven minimum size CMOS t.ransistors and normal lot. to lot process variations. it is necessary to provide 
an act.ive ofl'aet compensation aeherne. The circuit. shown in Figure 26 has a capacitor Cc which is initially 
connected acroes the comparator inputs by closing t.he .1 swit.ches and t.hen opening t.he .1 switches 
and closing .2. t.hus •• ttnading t.he measured comparator ofl'aet. voltage from t.he reference volt.age. To 
settle t.he offset. volt.age to < 1%, it. is necessary to allow about 8 clock cycles for .1' In addit.ion, by 
adding a t.hird phase at t.he end of conversion, it. is pc:.ible to bias t.he comparator in a low power mode. 
All of t.his timing "logic is performed by simple decoding of t.he single ADC counter, result.ing in a simple 
logic block siving a 7+ bit 60 MHz Wilkinson ADC wit.h offset. compensation and extremely low power 
consumpt.ion. 

The layout of t.he complete ADC is shown in Figure ? 7 . 

2.4.10 Data Output Interrace 

Data from t.he TVC/ AMU prototype consists of t.he cont.ents of t.he ADC register - measuring t.he t.ime 
between the anode diaerimina.t.or pulse and the following clock edge and the contents of t.he t.wo bit Bunch 
Counter. The Data Pre.ent sipall0e8 t.rue at the belinning of the ADC cycle and the Data Valid line 
loea t.rue at the end of t.he ADC cycle. " 
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FiFe 27: ADC layout with comparator, offaet cancellatioD, lltch, coUDter, and controls. 
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This arrangement is adequate for a high speed test 8ystem where the central control is able to monitor 
aU signal lines, but for the production version a 80mewhat more sophisticated interaction with the Data 
Path (and the DAQ system in general) will be required. In general, we do not expect the upstream parts 
of the Data Path to have or need to have knowledge of what events have been or may have to be digitized 
or have knowledge of the geographic location of any 8ubelements - all8uch information can be dealt with 
locally and should be. 

For the production version, the data output must consist ofthe ADC and Bunch Counter information, 
but also a geographic address of the hit wire (or element), and a temporal address in the form of the 
Trigger 1.0. Number. A fixed length packet with this information (plus necessary flags etc.) may then be 
assembled in a leisurely fashion with others bearing the same Trigger 1.0. number to create a complete 
event record - this assembly can take place outside the detector with no feedback of information or 
requests from the DAQ to the detector. In consequence of this it is necessary that the local detector 
element (the TVC/AMU in this case) must keep intelligent track of all interactions with the Trigger and 
DAQ systems, must keep a log of possible or actual data errors, and must be down-Ioadable with starting 
values for a variety of counters and registers. In addition, it is highly desirable that the interaction 
with the Trigger and DAQ systems be exceptionally simple in character and detail in order that the 
physical connections remain uncluttered and in order that the logical connections be easily modeled and 
understood by all concerned. 

Thus for the production version, another effective queue mU8t be provided 80 that new Level 2 Accepts 
may arrive during digitization of lOme previous event - this does not add greatly to the present complexity 
as the function can be implemented with two additional counters and a small number of gates (analogous 
to the prototype Level 2 scheme). A queue will also be provided for the output data 80 that the next 
level ofthe Data Path (DCC) is not required to provide a deterministic response to a Data Present signal 
J 

2.4.11 Data Input Interface 

The present TVC/ AMU has no down-loadable or presetable registers and 80 has no data input. The 
production version must not only have provision for down-loading constants. but also test patterns (to 
test the entire Data Path) and for reading back various error registers. Because all of these functions are 
Ilow or very 810w in character, the DCC 8pecification, which treats these problems in some detail, assumes 
that a 8imple serial link from a DCC to and through each of its local front end chips will be adequate -
very analagous to the present commercial and military effort&. to provide .en-paths for complex chips or 
chip sets. This interface should be common across all of the high density 8y8tems - certainly including 
Silicon Tracker, Straw Tracker, Forward Tracking, and Muons - but mayor may not be used for t.he lower 
density, crate based 8ystems. This interface 8till requires considerable effort in terms of simulation and 
definition before it can be finally Ipecified. 

The Threshold Control DACa for the discriminators may be included on the final TVC/AMU. The 
lilicon area and power required for low dynamic range DACa is not large, but the extra pins may be a 
consideration. This part of the IYltem design is not yet decided. 

2.5 Summary and Status 

At the present time we have demonstrated: 

• Low power. low noise, lingle channel preamplifier/lhapers in a radiation hard technology 

• The Transfer Logic block (by far the most complex block in the TVC/ AMU) operates properly at 
full speed (in a 2#,m MOSIS test chip) 

1 The .... ' DrUt Dee ..,ecificat.ion •• hich. in need of a aipifiCUlt update. __ a ailllie Data Preeentline &om a 
froat end chip &0 &he DeC and a aincJe Rud Out Enable hili ihe DeC back &0 &he &on, end chip .. the aimpl_t pouible 
UMlul mlerface. 
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• AD TVC/AMU blocks have been simulated from layouts (u well u schematics) and aU blocks 
individually satisfy the design criteria 

• The Comparator hu been submitted to both UTMC and IBM for fabrication in rad hard proceaes 

• Detailed radiation damage measurements on bipolar and CMOS technologies indicate that the 
TVC/ AMU wiD work to long term doses in excess of 2 MRads 

3 Straw Module Component Summary 

The major components necessary for the eleetrlcal operation and readout of the straw tube module are 
indicated in the block schematic Fig.28. These are described in .ame detail in the .ections below. The 
Part Name and quantity per module are indicated at the right end of each sub aeetion header. 

S.l High Voltage 
Bigh voltage power (- 2KV at up to a few "A per straw at C=lOU) for an individual straw is brought 
in through a decoupling resistor, RH, ( - lMO, 1 KV) from a local BV bus which wal have one or more 
BV filter capacitors, CFH ( - 500pF, 2.5KV) per module. The local BV bus wiD be earried on a aeparate 
physical substrate which will also mount the filter capacitors and the BV channel decoupling capacitors. 

S.2 Termination 

For short straws of less than 1 meter, no termination should be necessary. However, for long straws 
(certainly the preaent SDC tracker with all straws electrically longer than 2 meters), termination is 
probably mandatory. The proper electrical termination for a typical 4 mm diameter straw is about 300 
Os in leries with about 60 pF. In the positive BV design, this implies a separate BV decoupling capacitor 
for each straw. In terms of noiae the 300 0 resistor is an additional .aurce of thermal noiBe, and significant 
improvement can be made in signal to noise (SIN) if an active termination is used (esaentially a preamp 
input stage with no output). An active termination is, however, more complex mechanically and would 
require more power (- 3mW) per channel. For the purposes of this eoat estimate we have usumed a 
passive termination and tbe eoat of this termination is included in the detector eoat estimate not in this 
electronics estimate. If noille performance were to force the use of an active termination, then that cost 
would have to be added to the total. 

S.S Coupling to Preamplifier Cc(200) 

At the preamplifier it is also nec:eu&ry to have a BV coupling capacitor for each channel. This capacitor 
should be large enough to paIS significant signal (for at least one Tm ) but .mall enough to limit the 
damage cauaed by BV discharges into the preamplifier. The final value is likely to be about 100 pF 
at 2500 V. We are making the implicit Ulumption that the preamplifier will be sufficiently sturdy to 
withstand a straw discharge (at operating voltage of about 1800 V). If the preamplifier were not able to 
withstand likely discharges, it would be nec:e&Ar)' to provide protective diodes aDd snubbing resistors at 
each input. The large size of sueb components arllles strongly for including the protection necessary on 
chip. It is a1so true that additional components would add significant kT noise to the system. Radiation 
&,est.a are now underway to check the hardneas of posaible on chip Schottky protection diodes u weD u 
other pouible devices. 

S.4 Preamplifier, Shaper, Discriminator PI 5(50), D(50) 
The low noile preamplifier, shaping amplifier, and discriminator are all fabricated in a single high speed 
bipolar process .. described above. The coat estimates are bued upon quotations for quantities of high 
speed wafers fabricated in proc:esle& demonstrated to have adequate radiation hardness. Because of the 
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Termination 
(Costs in Mechanical P.acage) 
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To Trigger 
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Figure 28: Block Schematic of a Straw Readout Module. Note t.hat in t.his cue we are describing a 
8)'stem with t.he straw anode at positive BV, it is also possible to operate t.he anode at &round (or near 
&round) potential and use a negative BV on t.he cathode. The negative BV scheme has some advant.ages 
in terms of t.he number of required BV capacitors per module but may have some disadvantages in terms 
of increased lensitivity to breakdown. Until further work is completed on bot.h possibilit.ies, we have 
choeen to describe t.he positive BV scheme both because it is somewhat more conservative and because 
it is, perhaps, a t.rifle more obvious to the reader. 
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apeed of the discriminator output and the extreme eensitivity (a few femto-coulombs) ofthe input stage, 
coupling from input to output may be a problem in the final design. While it is possible that all three 
functions can be combined on a lingle die, to be conservative in costing and space planning we have 
assumed that two different die will be necessary. In any event we intend that the final configuration will 
have eight channels per die (with an outside possiblity of having to go down to four channels per die) and 
the individual die will be about 2 mm x 2 mm for the more conservative 4 channel case (this is nearly 
constant whether or not the discriminator is included because of input/output pad sizes). 

The bipolar chip(s) will have a pin count (eight channel case) approximately as follows: 

Signal (-) Inputs 8 
Signal (+) Inputs 8 
Ground Ref Inputs 4 
Discriminator Outputs (+/-) 16 
Thresholds 8 
Power In 4 
Power Return 4 
Ground Out 4 

Total 56 

3.5 Time Measuring Circuit TVC/AMU(50) 
The time to voltage conversion circuitry, analog storage, and analog to digital conversion are all contained 
on a single Imall feature size CMOS chip. If a sufficiently dense (0.5 to 0.8 I'm) process can be obtained, 
it should be possible to pack eight channels of TVC/ AMU per chip. For the purposes of this estimate, 
we have assumed only four channels per chip and have used preliminary quotations for radiation hard 
1.2 I'm processes. 

The TVC/AMU will have a pin count (eight channel case) approximately as follows: 

Discriminator Inputs (+/-) 16 
Threshold Outputs 8 
Clock Input (+/-) 2 
L1 Trigger Input (+/-) 2 
L2 Accept (+/-) 2 
L2 Strobe (+/-) 2 
L2 Strobe (+/-) 2 
R.esynch (+/-) 2 
Reset (+ / -) 2 
TestTime (+/-) 2 
Data Ready (+ /-) 2 
Grant{ + /-) 2 
Data Bus (+/-) 18 
Slow Data In 1 
Slow Clock 1 
Slow Data Out 1 
Slow Shift/Load 1 
Slow Read /Write ' 1 
Power In 4 
Power Return 4 

Total 75 
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3.6 Data Collection Chip DCC(5) 
The Data CoUection Chip (Dec) collects output data from a local group of TVC/ AMU chips via a 
poUing scheme and then puts data packets out to a higher level DCC (and then ultimately to some data 
path into the DAQ system). This tree structure continues until either all channels in a physical module 
are coUected or the output bandwidth of the DCC is saturated. For 200 straws, a simple calculation of 
data rates yields the numbers shown in Table 3 which is weU within the limits for the proposed DCC 
byte wide protocol. 

Thus for 200 straws we have included four DCC chips for the first level of the tree (SO straws per 
DCC) and then one additional DCC on the module to serve as the top of the tree. 

3.7 Trigger Formation Trig(15) 
A fast trigger can be formed by looking for stiff (i.e. radial) tracks in any given superlayer. Jay Chapman 
(Michigan) has shown that a limple triplet input mean-timer circuit wiD work quickly enough and with 
great enough resolution to be interesting. While the final configuration is nowhere near certain, a possible 
arrangement would have 21 straw inputs per trigger chip, thus about 15 (with neighbors and overlaps) 
chips per module. 

3.8 Low Voltage Power 

Low voltage DC power to the straw electronics will likely be split about ground and will require multiple 
analog and digital voltages. For this estimate it is sufficient to calculate the total power. At 20 mW per 
channel, a 200 channel module will require about 5 W or 1 A at 5 V. The 16 filter capacitors included 
here are arbitrary but probably close to the final number. 

It is UBumed in this estimate that no regulation will be done on the chamber for power reasons (low 
voltage linear regulators are not much more than 50 % efficient), which means that ttte power distribution 
from the resulators to the chamber must be very low impedance. The additional conductor required to 
maintain a low impedance connection may cause multiple scattering which would overweigh the problems 
UBociated with extra power dissipation. On the other hand both aluminum and berylium are p08Sible 
and promising conductor materials and power distribution via, for instance, a berylium cable would add 
only Very slightly to the radiation length of the tracking system. Only a detailed iteration of the design 
for the entire system can properly select the 6ut power distribution scheme. 

3.9 Cooling 

The Module cooling problem is important and difficult but is not covered in any detail in this document. 
ORNL has completed lOme calculations that indicate that sufficient air flow may be introduced near 
the modules with a relatively small piping plant (four I" tubes). Direct liquid cooling of the modules 
is pOllible but would introduce significant mechanical and reliability problems. More work is needed to 
clarify this problem. 

4 Cable - Module to Crate 

The cable(s) connecting the straw module with the outside world must provide: 

• Power input and return 

• Fut controllipals in 

• Slow control sipals in and out 

• Fast Trigger lipals out 
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• Dat.a out. 

The number and size of t.he power conductors are det.ermined by t.he load and allowed volt.age drop. 
The logical signal~ in and out of t.he module could be carried by optical fiber or copper conduct.ors 
and copper could be either single ended or differential. Because t.he mUll (and mUltiple scattering) is 
dominated ent.irely by t.he power cabling, the extra complexity of fibers is not attract.ive for any of the 
signal groups. 

4.0.1 Optical VI. Electrical Tr-ansmillion 

From a pickup point of view t.he inherently single ended drive for fiber t.ransmit.ters (unless one wished 
to provide a dummy t.ransmit.ter to keep the currents differential) is far worse than a different.ial copper 
t.ransmitter or a slow rise t.ime lingle ended driver. From a power point. of view t.here is nearly a factor of 
ten increase in t.ransmission power required for opt.ical rather t.han direct. coupling just. from t.he elect.ro­
opt.ical conversion proc:esses. In addition, opt.ical receivers t.end t.o require somewhat. more power t.han 
equivalent. bandwidt.h copper receivers unless t.he launched opt.ical power is very large. Opt.ical modulators 
may provide a mechanism for removing almost all of t.he power dissipation from t.he t.racking region and 
successful demonstration of luch devices may change t.he power part of t.he decision. The additional 
complexit.y of technologies and physical connections associated wit.h opt.ical techniques is unlikely to 
disappear. 

4.1 Power 'Il-ansmission 

To provide power t.o a module a cable 50 mm wide wit.h 50#Jm of copper would give a voltage drop of 45 
mV over 3 m and 90 mV for a 6 m lengt.h for a 1 A current at 5V. This volt.age drop is probably near t.he 
limit of what would be accept.able, so a full 50 mm by 5O#Jm Cu foil mounted on t.hin Kapton Or ot.her 
flexible subst.rate has been assumed. This laminate would be wulated on t.he outside wit.h a very t.hin 
layer of t.he same insulat.or. It is possible to imagine using aluminum or berylium rather than copper to 
decrease t.he effect. of mult.iple scat.tering and conversions, but. t.he increased difficult.y of connect.ion may 
make t.his opt.ion unat.t.ract.ive. So, again for reasons of conservat.ivism, we will estimate using copper. 

4.2 Number of Conductors 

The logical signals for cont.rol of t.he module and for t.rigger and dat.a out.put. could be accomodated on 
t.he obverse side of t.he flat. power cable described above. If all of t.he fast lignals are dift'erent.i~l (a worst 
case design) then t.he number of conductors will be approximately as described in Table 2. 

If we assume t.hat. normal powt.h will t.ake t.he 41 total above t.o 50 conductors, and assume t.hat. 
very conservat.ive design rules of 0.5 mm conductor, 0.5 mm space are used for t.he signals, then our 50 
conductors fit. nicely onto t.he 50 mm wide power cable described above. Since some cable manufact.urers 
(d. Hughes) are capable of building cables a factor of ten denser than t.hese est.imates, t.here should be 
plent.y of room for even explosive expanaioo, in the number of conduct.ors (not. that. we wish to advocat.e 
such p'Owth), certainly enoup to include ext.ra pound conductors to allow very conservative differential 
transmission lines made wit.h pd, siC+, siC-, end conficurations. 

The other class of sipals not. covered in Table 2 are the fut. triuer out.puts. The number of sipals 
in t.his eate,ory depends upon t.he resolut.ion needed in mat.cbin, t.raekin, and calorimeter informat.ion. 
At. the outer radiul of t.he- central tracker, the st.raw module occupies about. 10 cm of circumference and 
if 1 em resolut.ion in t.he calorimet.er is desired, t.hen about. t.en fut. triuer out.put. sipals need to be 
transfered - an addit.ional 20 conductors. At. t.he inner radius the ancular spread is about t.hree t.imes 
u poeat 10 that u many u sixty conductors might. be necessary. If t.riuer out.puts are needed from t.he 
inner super layers, a slight.ly more aggressive cable technology would be required. 
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Signal Conductors 

TlUling and Control 

Clock 2 
LI Accept 2 
L2 Accept 2 
L2 Strobe 2 
Resynch 2 
Reset 2 
TestTime 2 
Total T & C 14 
Data Path 

Data Ready 2 
Grant 2 
Data Bus 18 
Total Data 22 
Slow Control 

Data In 1 
Clock 1 
Data Out 1 
Shift/Load I 
Read/Write 1 
Total Slow Control 5 

Grand Total 41 

Table 2: Signal count for the Module Output DCC to upstream connections. Note that the DAQ path is 
Illumed to be Byte wide (with parity), but other path widths are poesible and an optimization remains 
to be carried out. 
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5 Packaging 

While there are multiple possibilities for fitting the electronics on the end of the straw modules, a system 
with all of the electronics mounted on a plane perpendicular to the long axis of the straw would allow 
all of the interconnections to be made i~ one plane and avoid the problems (reliability, material, and 
complexity) associated with mother boa:d / daughter board schemes. However, we are attempting to 
fit rather a lot of functionality' in this area and it is useful to crudely calculate whether the density 
required is even feasible. 

The ends of the straws themselves, for 200 straws in a module, occupy an area of 30mm x 120mm for 
a total of 3, 600mm' and the area between super layers will offer at least an area of 60mm x 120mm for 
a grand total of about ll,OOOmm'. 

Bowever, the total area required by active silicon is not small and must be considered. Using the 
estimates above, we lee that we need the following pieces of silicon: 

Active Electronics - Silicon 

Chip Ch/Chip Chip/Mod Size Tot. Area 
mm mm' 

Bipolar - PIA 4 50 2x2 250 
Bipolar - Disc 4 50 2x2 250 
CMOS-TVC 4 50 6x6 2,300 
Trig 21 15 6x6 550 
DCC 5 8x8 350 
Total 3,700 

This is about 34 % active silicon. For comparison, 50 mil pitch chip carriers are 1.5 % active silicon 
and even large pin grid array packages (PGA) are only about 9 % silicon. 

The saving grace is an emerging eet of thin film technologies using IC class lithography on silicon, 
quartz, or ceramic substrates and polymer dielectrics. These thin film technologies have many different 
proprietary names and parameters, but concentrate on providing multi-chip packaging and are capable 
of reaching packing densities of from 30 to over 50 % depending upon the die to substrate bonding 
technology. In even the least exotic form with wire bonding flom die to substrate, densities are around 
30 % and flip chip or tab bonding offers significant additional improvements. Figure 29 shows a cartoon 
version of the module and cable system with active silicon area indicated by shaded blocks. 

5.1 High Voltage Capacitors and Resistors 

The high voltage sections of the module, of course, would not fit well into a multichip module approach 
and will require a separate substrate (either ceramic or plastic laminate). The BV substrate is the obvious 
place to have the first level interconnects from the Itraw anode and cathodes. The connections to the 
Itraws ought to be removable, if possible, and pin and IOcket,lpring loaded pins to pads, and elastomeric 
pad to pad connectors are all possibilities. Considerable work has gone into defining this area at both 
Colorado (Figure 30) and ORNL and we will not go into any further details here. 

The BV capacitors are a possible nuisance since they are both physically large (- 3mm x 3mm x 2mm) 
and, in lOme eases, compoeed of high Z materials. 

The materials question mUlt be addressed by a relatively extensive R&D effort to find the best mate­
rials and manufacturers, but the physicallize can be aeeomodated at both the readout and termination 
ends by Itacking the capacitors between two lubstrates with one lubstrate carrying the anode and cath­
ode connections and the other carrying the BV bus and the printed decoupling resistor, RH, on one side 

21~ ~sh~ be DO~ed tbat CIIle of '- 10 x 12 em modula ia the equivalen~ 0125 e.isht channel preamp carda. 3+ amplifier 
.Juaper diaaimiJaa&or boarda. 2+ I .. thus TOe carda. and abou~ fif~)' mil. 01 ANle)' cable - all operMiq at abou~ 200 &Un. 
the .peed 01 p __ n~ collider .)'S~ema. 
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FiJure 29: Approximate layout of the electronica module and attached cable. 
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Figure 30: Placement and Layout Study for a 256 channel Module - E. Erdos, University of Colorado. 

and connections to the active electronics on the other lide of the lubstrate. The connection between 
the .eeond HV lubstrate and the active lubstrate could be either permanent or removable as desired. 
At the termination end the active terminators could be supported on the HV substrate so no additional 
tubstrate is included in the cost or material estimate. 

6 Interconnection 

As is obvious from the above, interconnection technologies will play an important part in determining the 
final functionality of the ttraw readout system (as well as for other types of detectors) and a significant 
effort must begin immediately to qualify and develop commercial veudort of various advanced packaging 
technologies. 

We can not attempt to cover all of the poIIibilities in this note, but we will describe below the basic 
teehnolgy that we are assuming for the purpoees of making this cost and material estimate. 

6.1 HV Substrate to Active Substrate 

For timplicity we are assuming that the BV lubatrate8 form a rigid beam (eeparated by the HV capacitors) 
and that the active lubetrate is &llembled (after eeparate qualification testing) to the BV aseembly via a 
permanent soldered (or epoxied) connection or ~ibly an elastomeric disconnect. The part of the BV 
aubstrate in the inter tuper layer gap is available for low voltage deeoupling networks, BV filtering, and 
attachment or cables - HV and the combined LV / Data cable described above. 
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6.2 Chip to Substrate 

Chip to active substrate connections will be either wire bonds or, more likely, tab bonds (photo-lithographically 
produced frames carrying all of the c~nnections to a given chip and attached via indium or gold solder 
bumps to both the chip and substrate pads), or full flip chip connections (where the chip is inverted 
and gold or indium bumps are used directly to attach the chip pads to the substrate pads). The choices 
are governed by density, cost, and reliability considerations (the list above is ordered by both increasing 
density and increasing cost - in a low volume application such as ours). 3 

6.3 Substrate to Cable 

In order to keep the mass and complexity at a minimum, we are assuming that the LV / Signal cable is 
permanently attached to the straw electronics module and disconnects only at the Crate end. While there 
are a variety of possibilities for connecting the cable to the electronics module, we are assuming a very 
simple standard soldered connection for both the wide voltage supply connections and the multiple signal 
connections. There would, however, need to be some 80rt of sizable strain relief to prevent accidental 
tearing of the connections. 

6.4 Cable to Crate 

The cable must disconnect at the Crate in order to allow construction of the system, but the Crate is, by 
definition, in a relatively high density part of the detector and 80 any commercial connector technology 
(consistent with the cable design) would be appropriate. Even a standard O.lin x O.lin pin and socket 
connector would have high enough density and power handling capabilities. It is also probable that an 
intermediate disconnect may have to be provided at about the radius of the Coil in order to facilitate 
replacement and maintenance of the Straw Modules. This disconnect would also use standard connector 
technologies. 

7 Crate Level Electronics 

In order to keep the material at the ends of the straws at a minimum and in order to avoid many cross 
connections from module to module, we have placed a minimum set of electronics and connections at 
the detector end. The connection to the out&ide world is vi&:. a single low mass flexible cable. In order, 
however, to provide reasonable power to the electronics on the detector and in order to collect signals from 
the detector to go to the trigger and DAQ systems the cable from the straw module must terminate fairly 
close to the central tracking volume. From a power point of view a cable longer than about 6 m would 
require local regulation at the module - increasing the cooling and density problems somewhat. From a 
signal transmission point of view, the differential signals should retain their integrity over distances up to 
20 or 30 m. For this estimate we have assumed no local power regulation on the straw electronics module 
and a 3 to 6 m cable length to the Crate which would provide power regulation and conditioning. 

The crate to module interface board must provide not only power but also buffer all of the signal lines 
in and out and provide the translation from the crate standard signal voltages to the module standards 
(probably low level differential) as well as the locieal translation to the appropriate DAQ and nigger 
formats. We estimate that 8 modules would fit reuonably on a single SDC standard 9U board - the 
usociated logic and power conditioning should not be very dense and the total power level per board is 
likely &0 be high (60-+ W) but bearable. 

The entire system may either be housed in a small number of dedicated crates (four per end for a 
130,000 straw system) or could be spread out in the calorimeter/shower max counter crates. There are 

ITo .Ull ,he immecli&w: _&ion, hip volume in &he ...ucoaduct.or world .a..ru && rouahl)' 10' &0 lOT iden&ic:al object. 
• our I~ or 10' eMnMI, 11ft ae'l.ini padrapd _)' per chip. The sse .... in'-lin& voI_ !or IDAft)' of &he UDalJer 
(especiUI)' Rad Hard) oper.u-, but it ;. nowhere _ lill volume. 
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advantages and coets to both arrangements in terms of detector integration, data and trigger flow, and 
physical installation. Two different schemes are shown in Figure3 ~ and Figure 3~~ 

7.1 Inputs 
The Crate Interface Card connects to cables from about 16 straw modules - in the first version that we 
are imagining here each Crate Interface Card handles half a wedge of the central detector for ease of 
trigger formation. It is poesible that reliability concerns would dominate and a single Crate Interface 
Card would serve some more complex section of the traeker, but for simplicity we will assume a wedge 
based arrangement goinS from one module at the inner super layer to abput three modules at the outer 
layer as shown in Fig:31. . 

7.2 Trigger Collection 

Fast trigger signals from the modules indicate .tiff tracks in some given angular region which is matched 
to the calorimeter and muon system resolution. If it is desired to use more than the outer super layer for 
triggering at Levell or 2, then signals from different super layers must be compared to see whether or not 
a linked track can be found to extrapolate toward the calorimeter. While it is possib:e to imagine doing 
segment linking directly in the Crate, the desire to have as much of the Trigger formation electronics as 
poesible readily available probably implies that the found segments are simply forwarded by the Crate 
Interface Card to the standard SDC Trigger Interface Card. 

7.3 Trigger Left/Right Connection 

Because even stiff tracks will have some curvature and because the modules wiD not break at the same 
~ position at each super layer, it may be necessary to interchange signals from the outer edges of each 
super layer with the Crate to the left or right of the present Crate. Given that the Crate is in a relatively 
high density (of detector) area and that the number of signals needed per edge module is at most two or 
three, this extra connection should add little to the system cost. A single thirty signal (60 conductor) 
cable between adjacent Crates should suffice. In the case of dedicated tracking Crates, so much of the 
solid angle would be in a single Crate that it might wen make sense to ignore the lo.t region between 
Crates. 

7.4 Data Collection 

The load imposed by t.he Straw Tracker on the DAQ syst.em depends somewhat upon t.he organization 
chosen - interspened with Calorimetry or dedicated, but Table 3 gives an approximate idea of t.he rates 
out of a module, a wedge based Crate, and an entire Straw Tracker. 

7.5 Power Distribution 

For t.he purpoees of t.his estimate we have usumed t.hat t.here is ,ood local reaulat.ion of power at the 
Crate and that t.his power is t.hen distributed to t.he individual modules via the module cables. Power 
mput to the Crate comes from st.andard supplies. The Crate Interface Cards are also a consumers of 
power - we have .. umed that there is as much power dissipated at the Crate as at all t.he modules which 
it serves, for lack of detailed designs for the internal components. Sixteen modules at five t.o seven Watts 
apiece would yield 80 to 110 Wat.ts for a tot.al input power of 160 to 220 Watts plus 25% for reauiation 
and distribution.drops, pvin, a total power demand for t.he system of 200 to 280 W. 

7.6 Trigger and DAQ Interconnections 
The system uses the SOC st.andard DAQ and Trigger interface cards - either one each per dedicated 
Crate or shared with the Calorimeter system. All of the cloek and Trigger control lines are fanned out 
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Muon Chambers 

SOC Standard Crate 
(' 01 48 • 24 per end) 

Figure 31: Module aDd Crate physical placement on the detector - interspersed version. In this version 
the Straw Crate Interface Cards are inserted in the lame crates used by the Calorimeter aDd Shower Max 
detectors - one per wedge. 
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(8 per Crate Interface 
card· 16 per Crate) 
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(DediCated Tracking) 
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Ficure 32: Module and Crate physical placement on the detector - dedicated Crate version. The usumed 
sranularity of 8 modules per Crate Interface Card implies 8 dedicated Tracking Crates for a 130,000 straw 
detector - 4 Crates per each end of the barrel calorimeter. 
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Module Level Data PaCket 

Header + Flags 6 bits ('?) 
Physical Address 1 Byte 
L1 Trigger I.D. 1 Byte 
Bunch Counter 2 bits 
Fine Time 7 bits 
Total per hit 4 Bytes 1.4 x 101: Bytes per second 

Crate Level Data Packet 

Header + Flags 10 bits (1) 
Module Address 4 bits 
Physical Address 1 Byte 
L 1 Trigger I.D. 1 Byte 
Bunch Counter 2 bits 
Fine Time 7 bits 
Total per hit 5 Bytes 2.5 x 10' Bytes per second 

Straw System Level Data Packet 

Header + Flags 10 bits (1) 
Crate Address 6 bits (1) 
Module Address 4 bits 
Physical Address 1 Byte 
Ll Trigger I.D. 1 Byte 
Bunch Counter 2 bits 
Fine Time 7 bits 
Total per hit 6 Bytes 1.4 x 109 Bytes per second 

Table 3: Data Formats and Rates for the Straw Tracker System. These estimates are based upon a 60 
MHz croasing rate, a very conservative 10% occupancy per crossing with a three crouing overlap and a 
10,000:1 L1 x L2 rejection. The system hu 135,000 straws with 200 per module, 14 modules per Crate 
(wedge), and 48 Crates for the en~e system. 
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SOC Stra .. Tracker 
135,000 Straws 

TVCOptiOD 192 Triger Modules of 260 Straws Each 
8/15/91 RVB 480 Axial Modules of 175 Straws Each 

Start DuratD Effon Total $ 
WBS Task Name Date EDd Date (Days) (Days) (EAC) 

5,1,2 Straw Tncter 1-oct-9'l 2-Jul-99 1,694 7,422 $8,462,577.48 
5,1,2.1 FJectroaica Deaip DocameDl 1-oct-9'l 21-Ju-93 75 75 $31,638.00 
5,1,2.2 Prototype FJectroaica 16-oct-9'l 26-Apr-9S 632 3,()S6 51,876,066.54 
5,1,2.2.1 FroDt EDd l6-Oct-9'l lo-Nov-94 519 1,4g'7 $1,074,511.32 
5,1,2.2.1.1 Hi&b Vokage DiaL 011 Modules l6-Oct-9'l 27-Apr-93 132 87 $73,70U6 
5,1,2.2.1.1.1 CapKilon aDd ReaiIt.on 16-oct-9'l 9-Nov-9'l 17 5 53,500.00 
5,1,2.2.1.1.2 AI ADode HV Substrate ~Ju-93 27-Apr-93 78 35 S26,607.56 
5,1,2.2.1.1.3 Secoad HV Subllrate 9-Nov-9'l 19-Mar-93 88 35 $29.746.00 
5,1,2.2.1.1.4 ADode CoDIIec:tioa l6-Oc:t-9'l 9-Nov-9'l 17 5 55,603.33 
5.1,2.2.1.1.5 Cathode CoDIIec:tioa l6-Oc:t-9'l 19-Nov-9'l 23 7 S8,l44.67 
5.1,2.2.1.2 Active CoaapoDeDtJ l6-Oc:t-9'l 7..Jul-94 431 922 5683.960.66 
5,1,l.2.1.2.1 Preamplifa /Sbaper l6-Oc:t-9'l 3-Nov-93 263 100 5113.963.16 
5,1,2.l.1.2.2 DilcrimiDator ~May-93 14-feb.94 193 110 5104,213.33 
5.1,2.2.1.l.3 TVC/AMU 11-.-93 lo-May-94 227 5lS $299,209.09 
5,1,2.2.1.2.4 DeC 11.Jaa-,. 7.Ja1.94 123 160 5116,503.os 
5,1,2.2.1.2..S Triger ll-May-93 lo-May-94 250 0 $0.00 
5,l.2.l.1.2.6 Pallive CalDpoDCDIi 16-Qct-9'l 14-Apr-93 123 27 5tS,()72.00 
5,1,2.2.1.3 Active Sabmate l6-Oc:t-9'l l~May-94 396 338 S22S.477 .37 
5,1,2.2.1.3.1 Sublttate l6-Oc:t-9'l 24-Aal-93 214 210 5131.011.43 
5.1,2.l.1.3.2 Mcwmtina 7-May-93 18-Aal-93 72 43 517.984.07 
s,1,2.l.1.3.3 Bcwutiaa 3-Nov-93 l~May-" 133 as 566.481.88 
5.1,2.2.1.4 Tat 01 MocluIe(I) 2l-Mar-94 lo-Nov-94 163 ~ S91,371.74 
5,l,2l.2 Cable - Module 10 Crate 16-Oet-91 18-Aal-" 462 348 S203.930.16 
5.1.2.2.2.1 Cable 16-Qct-91 8-Nov-93 7G1 100 5114,19l.oo 
5,1,2.2.22 CanDecror (Crarc cad) 1-Dec-9'l 2l-Mar-93 16 28 517.627.16 
5.1,2.l.l.3 AMy 10 Module 24-AIII-9l J.3.Dec-93 75 60 $35.779.00 
5,1,2.l.2.4 Tat 01 Cable A8y 29-Sep-93 18-AIII-94 m 60 $36,332.00 
5.1.l.2.3 Crate l6-Oct-92 tl-Aas-" 461 600 1314,246.28 
5.1,2.l.3.1 Crate Mechanics 16-Oet-91 3O-Mar-93 111 10 S29,14222 
5,1,2.l.3.2 a.ctp&ane 3O-Mar-93 4-Qca-93 131 180 SIO,390.07 
5,1,2.l.3.3 Module Iaterface Cant 26-Aal-93 18-Aal-94 lA5 350 5144.713.99 
5.1,2.l.3.4 DAQ Iaterface 17-Jun-93 4-May-94 220 0 $0.00 
5,1,2.2.3.5 Slow lnIaface - put 01 DAQ 17-Jun.93 4-May-" 220 0 $0.00 
5.1,2.3.6 CnteOWina 9-AllB-93 n-Apr-" 179 0 $0.00 
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Start DuraID Efrort Total S 
WBS Task Name Date Eod Date (Days) (Days) (EAC) 

5.1,.2.2.4 Low Voltage Power 16-Oc:t-92 4-Apr-94 366 110 SS6.882.85 
5,1,.2.2.4.1 Regulators - JOOW -DC or 400H 16-Oc:t-92 9-Aug-93 2(M 55 S32.251.11 
5,1,.2.2.4.2 CabliDg WatbiD Crate 17-JUD-93 24-Scp-93 69 27 S14,042.65 
5,1,.2.2.4.3 CabliDg OIl Detector 3O-Mar-93 4-Apr-94 155 28 S10,.589.09 
5,1,.2.2.5 High Voltage Power l6-Oc:t-92 17-Aug-94 461 76 $36,193.76 
5,1,l.2.5.1 HV Regulator 16-Oct-92 3-Nov-93 264 0 $0.00 
5,1,.2.2.5.2 CabliDg - Module to Crate 3-May-94 17-Aug-94 75 38 S18,OO9.41 
5,1,.2.2.5.3 CabliDg - Crate to Replator 4-Nov-93 B-Mar-94 83 38 518,1&4.35 
5,1,.2.2.6 SyllClD Level Tesu 24-May-94 26-Apr-9S 231 415 Sl90,302.17 
5,1,.2.3 Produc:tiOll EJcctroaics 27-Apr-93 18-JUD-99 1.5"2 3,.275 $6.164,033.25 
5,1.2.3.1 FroDl EDd 27-Apr-93 27-May-98 1,.274 1,720 14,374,874.57 
5,1,.2.3.1.1 HV Dist. - Trigcr Modules 27-Apr-93 ll-Mar-94 1lS 200 5341,.281.33 
5,1,.2.3.1.1.1 Ca..ators aDd Resistan 27-Apr-93 ll-Aug-93 75 0 5156,600.00 
5,1,.2.3.1.1.2 At Anode HV Subllrate 1-Dec-93 1l-Mar-94 75 0 153,000.00 
5,1,.2.3.1.1.3 Secoad HV Subante ll-Aug-93 1-Dec-93 75 0 SS3,OOO.00 
5,1,.2.3.1.1.4 Anode C'GInec:tion 27-Apr-93 B-Jul-93 SO 0 SS,800.oo 
5,1,.2.3.1.1.5 Cathode Coaaectioa 27-Apr-93 B-Jul-93 SO 0 S5,300.oo 
5,1,.2.3.1.1.6 Auembly ci Modules 27-Apr-93 1B-Mar-94 m 200 S81.,S81.33 
5,1,.2.3.1.2 HV Dist. - Asia1 Modules 27-Apr-93 2-Jua-94 275 300 5625,020.91 
5,1,.2.3.1.2.1 Capac:ilors aDd R.esiaon 27-Apr-93 12-Aug-93 75 0 $248,400.00 
5,1,.2.3.1.2.2 At Aaodc HV Substrate 1-Dec-93 22-Mar-94 75 0 S132,SOO.00 
5,1,.2.3.1.2.3 Secoad HV SabItratc 12-Aug-93 1-Dec-93 75 0 S13l,.5OO.oo 
5.1,.2.3.1.2.4 ADode CamcctiOD 27-Apr-93 ll-Aul-93 75 0 $9,.200.00 
5,1,.2.3.1.2.5 Cathode c:c.aectiOD 27-Apr-93 ll-Aul-93 75 0 S9,.200.oo 
5,1,.2.3.1.2.6 Allembly ci Modules 27-Apr-93 2-Jua-94 275 300 S115,220.91 
5,1,.2.3.1.3 HV ProdUdiOD Test 2-J .. -94 17-Feb-9S 179 200 $61,414.29 
5,1,.2.3.1.4 Adive Com~t5 10-Mey-94 26-Nov-96 640 0 Sl.629,720.oo 
5,1,.2.3.1.4.1 PramplifJel'/SbIper 7..Ju1-94 13-Fcb-9S 150 0 S40S,ooo.oo 
5,1,.2.3.1.4.2 DiKrimiDator 13-Fcb-9S ~9S 150 0 S405,OOO.oo 
5,1,.2.3.1.4.3 TVC/AMU ~9S 23-Apr-96 150 0 1630,000.00 
5,1,2.3.1.4.4 DeC 23-Apr-96 26-Nov-96 150 0 S148,272.oo 
5,1,.2.3.1.4.5 T,., ~9S 26-Nov-96 300 0 S86,OOO.oo 
501,.2.3.1.4.6 Pauive Component. 10-May-94 21..Ja1-94 SO 0 S15,ooo.oo 
5,1,.2.3.1.5 AdM Substrate T,., 17-May-94 31-Mey-9S 28) 200 1473,683,08 
5,1,.2.3.1.5.1 Subtlrate 17-Mey-94 :zo..Dec-94 150 0 S227.ooo.oo 
5,1,.2.3.1.5.2 MOUDtias 21-Dec-94 10-Apr-9S 75 0 142,400.00 
S,l.2.3.1.5.3 8mcting . l3-Feb-95 31-May-95 75 S128,ooo.oo 
5,1,.2.3.1.5.4 AllemblyciModalc 17-May-94 27-Doc-94 1S4 200 $66,283.08 
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was 

5.1.2.3.1.6 
5.U.3.1.6.1 
5.1,2.3.1.6.2 

5.U.3.1.6.3 
5,1,2.3.1.6." 
5.1,2.3.1.7 

5.U.3.1.8 
5,1,2.3.2 
5,1.2.3.2.1 

5,1,2.3.2.2 
5,1,2.3.2.3 

5~.2.4 
5,1,2.3.3 
5,1,2.3.3.1 
5,1,2.3.3.2 
5,1.2.3.3.3 

5.1.2.3.3." 
5,1.2.3.3.5 

5.1.2.3.3.6 

5,1.2.3." 
5.1.2.3 ... .1 

5.U.3 ... .2 
5,1.2.3 ... .3 

5~.5 

5~.5.1 

5~.5.2 
5,1,2.3.5.3 

5,1,2.3.6 
5,l,2.3.7 
5,1,2.3.8 

5,l,2.3.9 
5,1,2.3.10 
5,1,2.4 

Start DuraID Effort 
Task Name Date EDd Date (Days) (Days) 

Active Substrate-Alia! 17-May-94 l()'May-9S 2A6 320 
Substrate 17-May-94 2O-Dec-94 150 0 
MOUDtiag 21-Dec-94 l()'Apr-9S 75 0 

Bondi", 21-Dec-94 l()'Apr-9S 75 0 
AuelDbly of Module 17-May-94 l().May-9S 2A6 320 
Test of Module(I) 26-Nov-96 13-Feb-98 304 350 

rrest of Cable/Module AMy 24-Sep-9'7 rT-M.y-98 167 150 
Cable - Nodule to Crate 18-Aua-94 ll-Apr-96 .. U 275 

Cable 18-Aua-94 13-Ju-9S 100 10 

CoaDec:tor (Crate cad) 13-Ju-95 28-Mar-9S 50 5 

AMy to Nodule 21-Dec-94 15-"y-95 100 10 

Teat of Cable AMy 16-M.y-95 ll-Apr-96 227 2SO 
Crate 18-Aug-94 28-,.y-9'7 695 0 
Crate MerMnQ 18-AiII-94 17-oct-94 40 0 

a.ctplaDc 17-Oct-94 18-Apr-9S US 0 

Module IaterfMe Card 26-Nov-96 28-M.y-9'7 US 0 

DAO IJIIerfICe 18-Apr-95 16-oct-95 US 0 

Slow IDterfICe - pm of DAO 18-Apr-95 16-oct-95 US 0 

Crate CooIina 18-~-94 28-Mar-95 150 0 

Low voltaae Power 4-Apr-94 19-Oct-95 389 128 
R.cpIaton - 300W -DC or 400H 4-Apr-94 28-J1ID-94 60 0 
CahliDa WdbiD Crate 18-Apr-95 19-Oct-95 128 64 
Cab .. ca Detector 17-oct-94 21-Apr-95 128 64 
Hip valrap POftr 18-Aua-94 l1-oct-96 540 102 

HV R.cpIatar 18-Alll-94 17-Feb-95 US 0 

Cab .. - Modale to Crate ll-Apr-96 ll-oct-96 128 64 
CabIiaa -Crate to R.cpIaIar 21-"'95 1..JaD-95 16 38 
Crate Tau 28-...,.-9'7 rT-May-98 250 250 
s,..l.cvel Tau rT-MaJ-98 14-Dec-98 139 500 
IAaeaabty to DetecIar 15-Dec-98 ~Feb-99 38 150 
Pall Derec:lor Tau 9-Peb-99 26-May- 15 150 
~ 21-... 21-Jaa-99 0 0 
ProjDcl Me .... aKat 1-Oc:t-92 2-Jul-99 1,694 1,016 

NOU IIttn ."., IIIIIl ef,"" UUb I1tebIIk IIIl of IIwIllbsitlillry IIUk com. 
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Total S 
(EAC) 

Sl.072.332.92 
SS45.000.00 
Sl06.000.00 
$305,280.00 
Sl06.052.92 
S138,328.70 

533.093.33 
5649,840.91 

SS6S,500.00 
Sl6,500.oo 
533,750.00 

534.090.91 
1596,300.00 

$16,000.00 

548,000.00 
S537,soo.oo 

$0.00 
$0.00 

$19,200.00 
$84,800.00 

538,400.00 
S22,1OO.oo 
$24,200.00 
$81,600.00 

$0.00 
$44,200.00 

143,400.00 
$61,130.00 

S220,2.2'7.'78 
531,SOO.oo 

S51,060.oo 
10.00 

5390,839.68 
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Executive Summary 

This document is a conceptual design report of the readout system for the straw tubes of the 

central SOC tracking system. The proposed system is based on the TMC (Time Memory Cell); a 

VLSI time digitizer newly developed in order to meet the specific requirements imposed by the SSC 
experiments. A prototype 4 channel TMC chip with IJ.LS deep pipeline memory (TMC1004) has been 

successfully developed at KEK using N1T O.8J.1.IIl CMOS technology. The prototype has 

demonstrated the feasibility of the basic concept as well as the following performance; 

time resolution 

power consumption 

a = 0.52 ns 

7 mW/channel (1 % readout duty factor). 

Amp/Shaper and Discriminator chips have also been developed at KEK using NIT bipolar 

process known as Super Selfaligned Transistor (SSn. Prototype chips are successfully tested and 

used for straw-tube readout. 

The present repon describes the architecture of the readout system that can be accommodated 

physically with the current SOC detector design. The final TMC chip with the memory capability of 

4J.LS for the level-l nigger is proposed. The proposed readout system for the case of the 130K straw 

tracker is 

AmplShaper/Discriminator chip 

TMCchip 

TMC level 2 Buffer chip 
HybridIC 

Data Collection Chips 

Front End BoaId (FEB) 

Multi Data Buffer (MOB) 

Local Buffer Crate 

4ch/chip 

4ch/chip 

4ch/chip 

8 chJhybrid 

256ch/Unit 
256c:b,1)oan1 

1024 ch!module 
8 crales x 2 sides. 

The data transfer rate is examined to be reasonably practical with the present-day technology. An 

initial attempt of the cost breakdown showed approximately $8.7M for the total readout system. 

Radiation damage study is under way. The preliminary analysis has indicated promising results. 

In conclusion, we have successfully developed the prototype preamp/shaper, discriminator, and 

TMC chips. The proposed readout system meets almost all the SOC requirements with few critical 

paths left. 
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Photograph 2. CAMAC 32 ch TDC module using the TMC chip 
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[abbreviations] 

ASIC: Application Specific IC 
CSR : Control and Status Register 
OCC : Data Collection Chip 
DTX : Data Transmission module 
FEB : Front-End Board 
KEK: Kou Energy Kenkyuusho, National Lab. for REP 
LBC : Local Buffer Crate 
L2B : Level 2 Buffer chip 
MDB : Multi Data Buffer 
NIT : Nippon Telephone and Telegram Co. 
P/S/D : Preamp/Shaper/Discriminator chip 
P.S. : Power Supply 
SCP : Superlayer Control Processor 
SOC : Solenoidal Detector Collaboration 
SST : Super Selfaligned Transistor 
TMC : Time Memory Cell 

---------------------------------------------------------------

1. Introduction 

We describe here a conceptual design of the readout electronics for the Straw-tube Detector. Our 

scheme is based on the Time Memory Cell (TMC) chip (photograph 1) which is developed at KEK 

with collaboration ofNTr. The TMC chip is a low-power and high«nsity time-UHiigital 

conversion VLSI which has enough ability for the wire chamber readout at the SSC. The prototype 

chip is already tested and a CAMAC module (photograph 2) which use 8 TMC chips are used for 

straw-tube readout [1,2,3]. 

In this document, we try to optimize the readout scheme to the TMC, but most of the pans except 

the preamp/Shaper/disaiminator and the TMC chips are very primitive stage. There remain many 

places which must be adjusted in a whole data acquisition system. There are many intensive studies 

for the Straw electronics by the people in Univ. of Pennsylvania [4]. 

Most of the electronics described here will be also applicable for the readout of muon chamber. 
We are trying to fulfill the requirements of both straw and muon detector to reduce the cost and 
development effon. 

2. Conceptual Design 

2.1 Requirements and Detector parameters 
In the SOC a straw-tube detector is proposed for the central tracking detector. Since the detector 

parameters are still not fixed, we assume following parameters for the Straw-tube detector presented 

at LBL meeting on Aug. 1991. 



T bl 1 S be de a e traw-tu tectorparanneters. 

Superlayer layers angle(deg) r(cm) 

SLI 6 0 70.4 

SL2 6 3 104 

SL3 8 0 134 

SL4 6 -3 148 

SL5 8 0 161 

• Tube diameter: 4mm 

• No. of Straws/module 150 - 256 tubes 

135 k channels • No. of Channels : 

length (m) 

2.8 

3.2 

3.9 

3.95 

3.95 

Hit rate of the straw tube at the radius of70 em is a few MHz at a nominal luminosity of 1()33 

cm-2sec-1. The front-end electronics must work without deadtime and keep the information for 3 - 4 
J.IS of the first level trigger decision time. The drift time of the straw tube is around 30 ns with fast 

gas of 100 J.lI1l/ns drift velocity. To get a spatial resolution of 150 J.1I11, the timing error of the front­

end electronics must be less than 1 ns. Furthermore, the front-end electronics must be low-power 

and high-density devices, because it is mounted in a very limited space. Finally the front-end 
electronics must survive from the radiation damage of '1 rays and neutrons. 

2.2 Data Flow Diagram 

Figure 1 shows a data flow diagram of the proposed straw-tube detector readout system. Front­

end boards (FEB) are mounted on the detector, and Local Buffer Crates (LBC) are placed outside of 

the barrel calorimeter. Since each straw module has 150 - 256 tubes, each board deals up to 256 

channels. Assuming the data size of 4 byte/channel, 10% occupancy, and 10 kHz level 2 trigger 

rate, the required transfer rate at the output of the FEB is -1 Mbyte/sec. Thus a data bus of a 2 

MB/sec band width is enough for this purpose. Output data from the FEB are transmitted to a Multi 

Data Buffer (MOB) module outside the detector through shielded twisted pair cables. The MDB 

receives data from 4 FEB's. A Data Transmission module (DTX) collects the data from ten MOB's 

in a crate and sends it out through an optical fiber cable. The average data size transferred through 

the DTX is 6 kB/trigger. For level 2 trigger rate of 10 kHz, the data transfer rate becomes 60 
MB/sec. Thus the transmission rate of IGbps is required here. Since the straw-tubes are read out at 

both ends of the detector, eight local buffer CrateS are placed at one side. 

2.3 Control Path Diagram 

Figure 2 shows a diagram of the control path for the front-end electronics. Each FEB has a serial 

network interface of 10 Mbps. The serial networks in each superlayer are linked to a Superlayer 

Control Processor (SCP) in electronics room at the surface. The SCP's are controlled from a host 

computer. The FEB includes test pulse circuits for the preamp and the TMC. All the monitoring, 

calibration, diagnostics are done through the serial network. 
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2.4 Trigger Flow Diagram 

Signals from the outer one or two superlayers are used to form tr3.ck trigger signals. These 
trigger signals will be used with calorimeter, muon, and silicon tracker signals by checking ~ 

matching. Since the straw-tubes are arranged in pointing to a beam interaction point and half-cell 

staggered, two types of trigger logics, time difference and time sum (mean timer), are possible. 

Method of measuring the time difference within cells on a line is shown in Fig.3 -(a). The time 

difference is inversely proportion to the transverse momentum Pt. By changing the clipping time Tc, 

Pt threshold value is adjustable over a few Ge VIc. 
The mean timer circuit for the staggered cell is shown in Fig.3 -(b). Since the sum of straw signal 

timing is constant and equal to the maximum drift time, the mean timer circuit creates a pulse at fixed 

timing after passing the track. Although the signal has timing ambiguity depend on the z-position of 

the track, the ambiguity is only < ± 3 ns, thus the timing from the mean timer can be used for 

identifying the bunch crossing. 

There are several schemes to use combination of this information and compose a nigger signal. 

Jay Chapman (Michigan) is studying 9 cell and 8 cell track trigger circuits by using above circuit. 

Muon chamber and shower maximum detector will have 1024 ~ bins, whereas the outennost 

superlayer has about 2600 • bins. Thus it is better to combine several track trigger signals at the 

FEB to reduce the number of cables. We need fmther study to optimize the logic to be effective, 

reliable and flexible. 

Figure 4 shows the trigger-information flow of the straw-tube detector. A key element in the 

above circuits is a delay line. The TMC itself is a combination of delay lines and memories, and has 

precise delay elements. It is natural to include the trigger circuits in the TMC, but it is also possible 

to implement the circuits in a separate chip. Several stiff track trigger signals which have different Pt 
thresholds can be used. To reduce the number of cables while keeping the several Pt thresholds, 

multi-value logic which has two or three different levels may be used. 

More detailed Pt and track position infonnation can be available for the level 2 trigger if 
necessary. We can send SOO bit information to the Global Level 2 Processor in 5 ~ by using a 

100 Mbps serial line . 

2.5 Functions of Each Block 

2.5.1 Front End Board 

Figure 5 shows a block diagram of the front-end board. The FEB includes HV decoupling 

capacitor, hybrid IC's, and Data Collection Chips (DCC). The Hybrid IC has 8 input channels and 

co~ of two preamp/shaper/discri (PISID) chips, two TMC chips. and two Leve12 buffer chips 

(L2B). Those chips will be mounted on a ceramic substrate or printed circuit board by using TAB 

bonding, wire bonding or flip chip technique. These hybrids are connected to a simple 8 bit bus 

through which the DCC reads out data from the UB and controls various functions in the front-end 

electronics. 
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2.S.1.1 Preamp/ShaperlDiscri chip 
Prototype preamp/shaper chips and discriminator chips are now being developed at KEK. The 

bipolar process used is NIT's Super Self-aligned Transistor (SST) with fT = 20 GHz. 

The preamp/shaper chip has 16 channel inputs. As shown in Fig.6. each channel has 4 
integration stages. 1 differential stage. and a pole zero cancellation circuit. Two types of chip which 

have different time constants of 2.3 ns and 4.5 ns are designed. The gain is more than 300 m VII OS 
electron. One of the prototype prearnp/shaper was tested with straw tubes by the Duke University 
group. Figure 7 shows the pulse shape for FeSS y-ray source. 

The discriminator chip also has 16 channel inputs which contains input hysterisis circuit. The 

circuit diagram is shown in Fig. 8. In final chip. the prearnp/shaper and the discriminator will be 
imp lemented in one chip. and will have 4 or 8 channels. 

2.S.1.2 Time Memory Cell 

Time Memory Cell (TMC) chip is a low-power time-to-digital converter chip which includes the 

first level buffer inside the chip. TMC records the history of the input signal to memory array in a 

digital method. The input signal is fed to the data line of CMOS memory cell. and each "write" 

signal to the memory cell is delayed with a variable delay element which is controlled by a feedback 

ciIcuit. Table 2 summarizes the specifications of the present chip (TMCl004). The detailed 

explanation of the chip is given in appendix A. 

Table 2.TMCl004 and TMC-SSC Specifications 

TMCl004 TMC-SSC 

No. of Channels 4 channel 4 channel 

Least Time Count Ins/bit 2ns /bit 

Time Range 1.024 ~ (4 ch). 2.048 ~ (2 ch) 4~ 

or 4.096 ~ (1 ch) 

Clock!"" ,y 31.25 MHz 31.25 MHz 

Time Resoludon a= 0.52 ns a=0.75 ns 
Data Encoding 32 bit to S+ 1 bit 16 bit to 4+ 1 bit 

No. of Pins IJOpins=S4 IJOpins-SO 
Power / Gnd pins = 34 

Supply Voltage 3.0V 3.0V 

Power Consumpdon 7mW/cll -8mW/cll 

Chip size 5.0 x 5.6 = 28 mm2 6x7=42mm2 

Time resoludoo of the present chip is a = 0.52 os. This can be explained with a combination of ' 

the digitization error (adil = 0.29 ns) and t1.te TMC error (OTMC = 0.43 ns). To increase the buffer 

length while keeping the Si area within the-acceptable level, we propose to increase the least count to 

2 rWbit instead of Ins1bit of the pIeSent chip. -If the OTMc of new chip is the same as the present 



Fig.7 Output pulse shape of the prototype Preamp/Shaper for FeSS "( rays. 

( 2Ons/div and 50m V Idiv ) 

• 
-=..1.1 v 

~ 
ZII 

11. 11.5 IC 

,1.z11 o 

III: 

III 

• i .Ifl .v 

lUI 

'1.211 

11C 

1 -=- 5 V 

Fig. 8 Schematics of the prototype discriminator chip. 



one, the time resolution will be 0.75 ns (= "(2ns/...) 12)2 + (0.43 ns)2 ). This resolution is 

expected to be within the requirement of the wire chamber readout. 

The increase in Si area is only 50% even if we doubled the buffer length, because the control 
logic and pad occupy about 70% of area in the present chip. Table 2 also shows the specification of 

the proposed TMC-SSC chip. 
Figure 9 shows a block diagram of the TMC-SSC. In the TMC-SSC, we propose to encode 16 

bit data to 4 data bits plus one carry bit, and use the system clock of31.2S MHz (32 ns period). As 

described in the next section, it is stiI1 possible to extract data synchronized with 16 ns trigger signal. 

The encoding scheme reduces required output pins and data size, and the lower clock frequency ease 

the chip design and reduce the power consumption. 

2.5.1.3 Level 2 Buffer 
Figure 10 shows a block diagram of the Level 2 Buffer (L2B). The L2B consists of an encoder 

logic and a buffer memory, a buffer controller, a bus interface, a TMC control logic, and a trigger 

control logic. The buffer controller has two pointers and the buffer works like a ring buffer. This 

chip is a fully digital chip using ASIC's such as gate arrays or standard cells. 

In the UB, the data from the TMC is reconstructed to drift time as shown in Fig.11. Since the 

maximum drift time of a straw is around 30 ns, several rows of data have to be read out from the 

TMC for a trigger taking into account of the uncenainty in beam crossing. The UB reconstructs the 
drift time from those data. Referring to the phase synchronization of the level 1 trigger signal, the 
UB recognizes starting point of the data then calculate the drift time. Although the figure shows 

only one hit data, but it is possible to process multi hit data. 

2.5.1.4 Data Collection Chip 
Data Collection Chip consists of several Ie's as shown in Figure 5. The CPU moves the data 

from the L2B to the internal memory, and send it out through the serial J/F by adding infonnation of 

a trigger number and sttaw address. The CPU also communicates through the serial network 
interface for monitoring; calibration, and diagnostic purpose. One of candidates for the CPU is a 

transputer which has 4 link interfaces and a high-speed external bus interface. 

2.5.1.5 Power Consumption of Front-end Electronics 
We estimate power consumption for the front-end electronics as shown in Table 3. 

Tab} 3 Estim· f e anon 0 power consumption for th front-end electronics e 

PIS/D 8mW/dl 

TMC 8mW/dl 

L2B 8mW/dl 

DeC 6-mVi/dl 
Total 30mW/Ch 
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The power consumption for the P/S/D as well as for the TMC is based on the working prototype 
chips. In total, we have a 2 kW heat source at one end. We think. this magnitude of power 

consumption is manageable with a conventional cooling technique. 

2.5.1.6 Higher density option 
The proposed scheme of the front-end chips shown above is assuming 4 channels per chip and 8 

channels in a hybrid. There is no difficulty in increasing number of input channels to 8 for the 

P/S/D. For the L2B, it seems possible to include 8 channel buffer in a chip, though the number of 

connections becomes somewhat high. 

For the TMC, we have new idea which may possibly shrink the cell size by more than 30 %, and 

reduce power consumption. This enables us to make a 8 channels chip cost effective. 

We continue to work on this option, because this reduces the cost per channels and eases the 

implementation of the front-end board. 

2.5.2 Local Buffer Crate 
The Local Buffer Crate (LBC) are placed at outside of the barrel calorimeter as described in the 

section of packaging. The crate contains 10 MDB modules and one DTX module. Four data cables 

from the FEB's are connected to one MDB module. The DTX transfeIS the collected data through 

optical fiber link with 1 Gbps transfer rate. 

In this crate, another module such as a clock driver, nigger driver/receiver, etc. may also be 

inserted. 

2.6 Radiation Hardness 

The radiation level induced by charged particles is about 10 kradlyear at the inner most straw 

layer, while the neutron flux is an order of 1012 neutron!cm2/year with almost no dependence on 

location. Thus the front-end electronics must survive for more than 100 laad and 1013 neutron/cm2 

radiation. Radiation damage tests are being done for both the bipolar process used in the 

preamp/shaper/di.scriminator and the CMOS process used in the TMC chip. The results of radiation 
damage test of the bipolar process for neutrons and "trays are reported in reference 5 and 6. It is 

shown that the process has radiation hardness up to 1 Mrad and 1013 neutron/cm2• 

A radiation damage test for the CofIJ "tray has been done for the CMOS process. We have 

preliminary results. In power off condition, both PMOS and NMOS transistors show very little 
change up to 1 Mrad. In power on condition, PMOS shows little difference with power off 

condition, whereas NMOS transistors showed some degradation at the level of 100 laad. 

We need further study about the radiation damage of the CMOS process. 

3. Packaging and Layout 

As mentioned before, fron,t-end IC's are packaged in a hybrid as shown in Fig. 12-(a). One 

hybrid takes care of8 channels. This hybrid is mounted on the FEB. Figure 12-(b) shows an 
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example of arrange around straw-tube end. Only surface copper lines from straw tube are shown. 

Another half lines are drawn in the real side. Since the minimum distance between superlayers is 13 

cm with the current design of straw tubes, the maximum length used in the FEB is about 9 cm. As a 

hybrid takes 8 inputs, the pitch of the hybrid is 4 mm if it is implemented in one side. Space after the 

hybrid is used for the DeC's. Cables are connected with or without connector to the FEB. 

Figure 13 shows the mounting scheme of the FEB to the straw superlayer structures. Since the 

spaces between SLI and SL2, SL2 and SL3 are more than 30 cm, the front-end boards to the SLI 

and S1..2 can be mounted upside down to minimize the radiation effects and utilize maximum lever 

arm for tracker. The Local Buffer Crate is placed at outside of the barrel calorimeter, and module 

cables are connected between the MDB and the FEB. 

4. Cost Estimate 
Table 4 shows our cost estimate for the main parts. Cost for the FEB does not include IC's and 

HV capacitor listed in the table. Cost for other boards (MOB, OTX, etc.) includes all the part's cost 

used in the board. No R&O money is included in the table but it contains contingency. Total cost for 

135k channels is about S8.7 M, or S65/channel. 

Table 4 Cost estimate for the straw-tube electtonics 

Item Channel/parts Cost/parts ($) Cost/ch ($) Total Cost (k$) 

HV Capacitor 1 3 3 405 

P/S/D 4 20 5 675 

TMC 4 60 15 2,025 

L2B 4· 40 10 1,350 

Hybrid Paclaurina 8 60 15 2,025 

DeC IC's 256 1,000 4 540 

FEB- 256 1,000 4 540 

Cables 256 1,000 4 540 

MDB 1,024 3,000 3 405 

DTX 10,240 4,000 0.4 54 
LBC with P.S. 10,240 4,000 0.4 54 

optical fibers 10,240 2,000 0.2 27 

SCP 25,000 10,000 0.4 54 

Total 64.4 8,694 

(-) exclude cost of parts listed above. 

5. Crucial R&D 
Most aucial R&D is a nldiation claJilage test fOr the front-end electronics. TheJe is no problem for 

bipolar process used in the preamp, ere. The CMOS process used is relatively radiation hard 
compared with cornmen:ial ones, but still need further studies. 



Another crucial R&D is high density readout. Although the packaging seems to be not so difficult 

with present technology, the system deals with small analog signal and high-speed digital signal in a 

very limited space. Cross-talks and oscillations must be carefully minimized or eliminated. 
Most of the pans used in our scheme is based on very conservative design. Although it will take 

long time to develop and debugging each module, we think there is no crucial item in implementing 

data acquisition modules. 

6. Schedule 
Table 5 shows possible development schedule. Each front-end IC requires two prototype 

productions before the final mass production. The most of the mass production will be done in 

1996. Fmal assembly test with straw-tube detector will be done in 1998. 
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CMOS technology. It dissipates only 7 mW/channel under typical operating 

conditions. 
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I. Introduction 

Particle detectors for future high energy accelerators have demanding requirements for time-to­

digital conversion. A VLSI circuit designed specifically for this application is an efficient way to 

meet the requirements. The circuit must achieve 1 ns resolution, and it must maintain the history of 

the input for more than 1 IJ.S pending receipt of a readout trigger. The readout must not create dead 

time. As more than 100,000 channels of the time-to-digital electronics will be mounted in the very 

limited space of a detector, the chip must be high density and low power. Furthennore the device 

must not deteriorate in the ambient flux of particles and 'Y rays that is present in the vicinity of the 

detector. 

The idea of Time Memory Cell (TMC) was proposed by us and tested by making a TEO chip [1]. 

The cell utilizes low-power and high-density characteristics of a CMOS memory cell and gate delay 

time. Figure 1 shows the basic operation of the TMC. As the write signal (WL) timing in each TMC 

cell is delayed by 1 ns, timing infonnation of the input lines (TIN and TIN·) is recorded to memory 

cells sequentially. To keep the delay time constant, the delay time of the delay element is controlled 

through the V g line by a feedback circuit which refers to an external system clock period. 

In an alternative approach described by Stevens et al. [2] the timing information is stored in a 

switched capacitor array and digitized much later. Our approach depends much less on small signal 

analog electronics and is therefore preferable in the detector environment where levels of radiation 

and electrical noise may be high. 

A new TMC LSI chip (TMC1004) has been developed using an 0.8 J.I.Dl CMOS process. h 

contains 4 channels and each channel has 1024 TMC cells (32 rows and 32 columns). The chip 

achieves more than 10 times the density of a 1 GHz OaAs shift register (3] while dissipating less 

than 1 % of the power. 

II. Time Memory Cell Technique 

A.Concept 

A GaAs shift register clocked at 1 G~ :would provide the 1 ns precisi~ that we Jequile. but the 

power dissipation of this technology is unacceptably large. Therefore we sought to accomplish our 

objectives in CMOS technology for which the power dissipation is intrinsically low. 



In CMOS circuitty the objective of low power is fmther served by use of a low clock frequency 

and minimization of data transfers from gale to gate. The difficulty with CMOS where timing is 

critical is thal the propagation delay of a gate may vary by more than 20 % because of fluctuations in 

chip processing, supply voltage, and temperature. However, the delay time of a gate which has a 

same physical layout is fairly unifonn within a chip. We make a feedback circuit which controls 

delay time of the series of gates, and eliminate the process, voltage and temperature variability. 

In one channel of a TMC1004 chip, 1024 TMC cells are configured as 32 rows of 32 cells. 

Within a row the input is written to successive cells at intervals of approximately 1 ns. The rows are 

successively enabled for writing by an external clock with period 32 ns. 

B. Feedback circuit 

The principle of our feedback circuit is analogous to the principle of a phase locked loop (PLL). 

Whereas a PLL stabilizes an oscillator frequency by referencing to the phase of an external clock, 

the TMC feedback stabilizes a variable delay element by referencing to the period of an external 

clock. 

Figure 2 shows the schematic of the feedback circuit. When an external clock (+1) sets the flip-
-

flops FI and F2 at its falling edge, capacitors CI and C2 begin to charge. The charging of CI stops 

at the falling edge of the pulse from the end of the reference row. The charging of C2 stops at the 

next falling edge of the clock pulse (+2). Hence, the voltage difference between CI and C2 is 

proportional to the time difference between me delay line and clock period. Comparator Al checks 

the voltage difference and adjusts the feedback voltage (V g). If the delay time is less than the clock 

period, C3 charges during a store period increasing the delay of the delay line. If the delay time is 

longer than the one clock period, C3 discharges reducing the delay. 

C. Timing Accuracy 

We give here a rough estimate of me timing accuracy attainable by me TMe circuit. There are 

three main sources of error; the input and clock signals, the feedback circuit, and the non-uniformity 

of the delay element In the following Qisc.ussion, we assume the error disqibution has the Gaussian 

shape, and use the word "error" as the standard deviation of the distribution. 



Time jitter of the input and the clock (write) signals arise when those signals pass through 

buffers (see Fig. 3-(a) ). We assume time jitter of SO ps for the signal passing a buffer. Since we are 

using about 20 buffers between input pad to a TMC cell, the total time jitter is summed in 

quadrature, and will be ~20 x SO ps = 0.2 ns. 

The signal jitters in the write line (WL) is accumulated from the first cell to the last cell in a row. 

In the last cell this jitter becomes ~32 x SO ps = 0.3 ns. By averaging the jitter in a row, it becomes 

0.2 ns/bit. 

Although those buffers have variation of delay time caused by the change of supply voltage and 

temperature, the delay variation for input and clock line is cancelled each other by designing the 

number of buffers from input to the TMC cell to be the same. 

The errors in feedback circuit come from sensitivity of the comparator and controllability of the 

feedback voltage (see Fig. 3-(b». Since the input voltage of the comparator changes l.5V for 32 ns 

period (= SO mV/ns), and the comparator detects ill mV voltage difference from the reference 

voltage, the sensitivity of the comparator is ±O.5 ns 132 ns ( = ±1.5 %), so the effect of this error to 

each bit can be neglected. Since the adjustment of the feedback voltage is < 20m V per feedback 

cycle, the corresponding delay time change is less than 30 ps I cycle. Thus this error can also be 

neglected. 

Non-uniformity of the delay element may cause difference of delay time between reference row 

and actual row, and causes discontinuity in data between row. If there is 5% non-uniformity in 

delay time of each delay element, the discontinuity will be ~ x 0.05os = 0.3 os. Also the non­

uniformity appears as differential linearity error. 

In addition to these errors, digital conversion device has digitization etTOr intrinsically. For 1 os 

digitizarlon step the digitization error <Jdig is 11M = 0.29 os. From these considerations, it may be 

possible to make the device which has the timing error of a - 0.5 ns. 

m Circuit Description 

A. Circuit Block 

A Block diagram of the TMClOO4 is shown in Fig. 4. The chip has four TMC arrays, each with 

32 rows by 32 columns of TMC cells. Each may has a feedback circuit. For accessing the four 



arrays, there are two pointers Write and Read each of which consists of a 7 -bit counter and decoder. 

The Write Pointer is incremented in each clock (eLK) cycle which initiates a pulse in the write line 

of the designated row. The Read Pointer selects a row for readout and is incremented by the same 

clock (CLK). This scheme with two pointers and dual port cells enables read and write operations to 

proceed simultaneously. The four TMC arrays can be configured as 4, 2, or 1 channels by setting 

external pins. The 4,2, and 1 channel modes utilize respectively the lower 5,6 or 7 bits of the 

counters and retain the input history for l, 2 and 4 J.Lsec. 

The 32 bits of row information are encoded to 6 bits at readout time so as to reduce the data size 

and the required number of leads to the chip. 

The chip maintains various parameters in three control and status registers (CSR) which can be 

read as well as written. 

B. Time Memory Cell 

The schematic of the TMC cell is shown in Fig. S. Each cell has one timing-infonnation write 

port (TIN and TIN·) and one data-read/write port (BL and BL .). We used static memory in the 

TMC cell, because it may be more stable for radiations than the dynamic one. Two PMOS 

transistors (Ml and M2) are added to the previous design [1]. They make the write operation 

insensitive to the ptevious contents of the cell by intenupting the feedback paths during the write 

pulse. Transistor parameters of the delay element were selected to obtain a gate delay time close to 1 

nslbiL 

The delay time of the delay element is controlled by the PMOS transistor MJ. Since the input 

signal is latched in memory cell at the falling edge of the signal on WLt
, only the falling edge is 

controlled via the feedback voltage V g. The transistor M3 changes the rise time of the signal at node 

A. At the input to the second inverter the pulse width changes and at its output the regenerated signal 

edge is again sharp. 

C. Feedback Circuit 

The operation of the feedback circuit ~~described in previous section. I;gure 6 shows the 

result of sinmlatioo of the delay elemenL With V g fixed the delay varies by more than ±20% with 

changes in power supply voltage (2.7 V - 3.3 V), temperature (27 ·C -70 .C), and transistor 



threshold voltage (-10% - +10%). With Vg controlled by the feedback circuit (1.2 V - 2.3 V), the 

delay time is kept at 1 ns. 

D. Encoder 

The 32-bit row data is encoded to 6 bits. Since transition times are spaced by at least 32 ns in our 

application, the encoder logic accommodates only one "0" to "1" transition in a row of memory. 

Thus the encoding reduces the output pin requirement and the amount of data without sacrificing 

data qUality. Table 1 shows the encoding scheme. The most significant bit shows the value of the 

first bit of a row, and the remaining 5 bits show the position of the fust "0" to "1". transition. 

E. Readout Pipeline 

Simultaneous reading and writing require that the operations proceed in phase so that the memory 

operates as a ring buffer. One row must be read out during each 32 ns interval in which a row is 

written. The readout cycle (memory read and encoding) is pipelined to two stages and the cycle 

continues while the trigger signal DS· is asserted. The data are presented on the DOur lines. 

F. Control registers 

There are three CSR registers which set I show the operating mode and the settings of the 

pointers. Two bits of CSRJlO encode the operating mode, and four bits provide serial access to the 

cells of the TMC arrays. This access path is used for testing each TMC cell. The Read Pointer can 

be written and read via CSRtl and the Write Pointer via CSRt2. The CSR register is accessed 

through the CS· and the CIO lines. 

m Measmed Perfonnance 

The specifications for the TMClOO4 are summarized in Table 2. Each item is discussed below. 

A. Linearity 

F'1pIe 7-(a) Shows the linearity curve of the TMC1004. As the chip is ieferencing an external 

quanz oscillalor (31.25 MHz), the slope of the linear fit to the data (time-to-digital conversion 



factor) is very stable and has the value of 1.000 ± 0.001 bitlns without any tuning. The integral 

linearity error (Fig. 7- (b» is the deviation from the ideal response function. A Gaussian fit to the 

integral linearity error distribution shows a = 0.31 ns, and the maximum deviation is less than 1.5 

ns. 

Figure 8 shows the fine structUre of the linearity curve. The first pan of the row has a nearly ideal 

response to input, but in the latter pan of the row the response is rather broad. This trend reflects the 

accumulation of jitter along a row and the resynchronization at the stan of the next row. Making the 

rows shoner could reduce the integral linearity error but at the cost of increased power dissipation. 

Figure 9 shows the differential linearity error. We get a = 4% from Gaussian fit to the data and 

maximum deviation is less than 20 %. This indicates the non-uniformity of the delay element is 

around 4%. 

We observed discontinuity in data is less than 0.5 ns for row-ta-row, and less than 1 ns for TMe 
array-to array. 

B. Stability 

While the chip has non-negligible amount of integral and differential errors, its overall 

characteristic is very stable. FIgUreS 10-{a) and (b) show the variation in slope with voltage and 

temperature for a channel The variation is plotted as a deviation from the data point of 3.0V and 25 

·C. Due to the feedback circuit, the slope is stable within 0.1 % for voltage variation of 2.6 - 3.4 V 

and temperature variation of 15 - 55 ·C. 

C. Power Consumption 

The most power consuming part of the chip is a sense amplifier circuit. There are 128 sense amps 

on a chip, one for each colulIUl of each channeL To minimize power dissipation, the DC current to 

the sense amps is normally held off and is raised only when a readout trigger arrives. With the 

feedbaCk circuit operating, the power dissipation is about 3 mW/ch in 4 channel mode. When 

continuous write operation starts, the power dissipation mcreases to about 6.5 mW Ich. Finally, 

during readout the power dissipation increases by 24 mW Ich. With a readout duty factor of 1 % as 
-. - . -

expected in a typical operating environment, the average power dissipation is 6.7 mW/ch 



D. Time Resolution 

Figure 11 shows results of time resolution measurement. In this measurement, the deviation 

from ideal response line is measured and plotted. Gauss fit to the data shows Ototal = 0.52 ns. 

Assuming the Ototal is the quadrature sum of digitization error (Odig = 0.29 ns) and the TMC error 

(OTMC), we get OTMe - 0.46 ns. This value is in good agreement with the our rough estimate in 

section II. 

E. Layout 

Figure 12 shows the photograph of a TMCl004 chip. Four TMC arrays are arranged in· 

quadrants. Conttollogic is placed in the cross shaped area separating the mays. The chip was 

designed by full-custom layout, and the size is 5.0 mm by 5.6 mm. 

IV. Summary 

A new time-to-digital converter chip, the TMCl004, has been designed. It has 1 nslbit least count 

and can record for up to 4 ~. A novel variab1e delay element and a feedback ciIcuit are employed to 

get 1 ns accuracy. Power consumption is very low due to the CMOS static memory-like sttucture. 

Tests show that overall linearity and stability are very good. This chip is designed for time-to-digital 

conversion chip, but the methods used to get 1 DS timing and to recmd to memory can be adapted to 

other applications such as a memory for IeC01'ding high-speed signals. 
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Table 1 Data Encoding scheme 

BitPanem 
3322222~22221111111111 
10987654321098765432109876543210 
00000000000000000000000000000000 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxl0 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxl00 

10000000000000000000000000000000 
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 111 1 1 1 1 111 

(not appear) 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxl.01 
xxxxxxxxxxxxxxxxxxxxxxxxxxxxl0xl 

10xxxxxxxxxxxxxxxxxxxxxxxxxxxxxi 

x .. xx .. x = 0 .. 01..1 

Table 2.TMCl004 Specifications 

No. of Channels 4charmel 

Least Time Count 1 ns /bit 

Encoded Data 

543 2 1 0 
000000 
00000 1 
o 0 0 0 1 0 

01111 1 
1 000 0 0 
1 0 000 1 
1 000 1 0 
100011 

1 1 1 111 

Time Range 1.024 J1S (4 ch). 2.048 J.LS (2 ch) or 

4.096 J.LS (1 ch) 

Clock~- ;v 31.25 MHz 

Time Resolution a = 0.52ns 
,,- 11 Linearity Error a = O.3ns « 1.5 bit) 

Differential LinearitY Error in a row a = 0.04 ns « 0.2 bit) 

row-to-row Discontinuity <0.5 bit 
TMC array-to-array DiscontinuitY < 1 bit 

Variation of Slope < 0.1 % (2.6 - 3.4 V) 
(time-to-digital conversion factor) < 0.1 'I> (15 - 55 ·C) 

< 0.1 'I> (chip to chip) 

DaraOutput 32ns cycle 2 stage pipeline. 
6 bit encoded output. 

No. of Pins 54 I/O pins and 34 Power / Gnd pins 

SU1Jl)ly Volta2e 3.0V 

Power Consumption 7 mW/ch for 1 'I> readout dutY factor. 
-. 

Olipsize 5.0 mm x 5.6 mm 
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of track crossings, the number of segments matching a 
generated track perfectly, the number containing one hit 
that does not belong, and the number with more than 
one wrongly assigned hit. For the inner superlayers, the 
efficiency is around 90%, if we take the strict criterion for 
success. If we accept one misassigned hit, the number is 
about 98%. Efficiency is higher for the outer superlayers, 
as expected from the decrease of occupancy with radius. 
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Figure 2. Segment finding efficiency and ac­
curacy for (above) 8-layer and (below) 6-layer 
superlayers. For each superlayer (1-13) are plot­
ted the reconstruction statistics described in the 
text. 

, 
I 

Comparing the two histograms in Fig. 2, we find the 
efficiency is just as good if we have only six layers per 
super layer as with eight. It should be noted here that we 
have not accounted for inefficiency of the cells. 

A different accounting is illustrated in Fig. 3. The open 
histograms show the number of hits in each layer (iden­
tified with stiff tracks, as defined.above); singly hatched 
histograms are those that have been correctly assigned 
to segments; doubly hatched histograms are the hits for 
which the correct choice of ambigui ty sign was made. The 
performance with eight layers per superlayer is slightly 
better in terms of ambiguity resolution than with six. 

Conclusions 

We have developed a segment finding program that is 
quite efficient according to simulationS for sse condI­
tions at design luminosity. Superlayers with either six 
or eight layers perform quite well, given that all cells are 
perfectly efficient (a limitation of the evaluation that will 
be removed in future work). These results are rather en­
couraging in view of the high occupancies at the smaller 
radii. 

Figure 3. Linking accuracy by layer for (above) 
8-layer and (below) 6-layer superlayers. Open 
histogram is number of layer crossings by stiff 
tracks; single hatched is hits correctly detected 
in the layer; double hatched is hits assigned the 
correct ambiguity sign. 
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Segment Finding Efficiency in Superlayers 

8 layers 6 layers 

mner outer mner outer 

ftube = 1 : (Nhits) 7.1 5.5 

fseg (perfect) 0.98 (0.89) 0.99 (0.96) 0.98 (0.92) 1.00 (0.98) 

ftube = 0.95 : (Nhits ) 6.8 5.2 

fseg (perfect) 0.97 (0.89) 0.99 (0.96) 0.96 (0.91) 0.97 (0.97) 

ftube = 0.83 : (Nhits) 6.0 4.8 

fseg (perfect) 0.96 (0.89) 0.97 (0.94) 0.86 (0.81) 0.87 (0.86) 

Segment finding efficiency in straw superlayers, as a function of the assumed 

tube efficiency, for 8- and 6-layer superlayers. The efficiency fseg allows at 

most one hit not originating on the track the segment is matched to. The 

corresponding number for no false hits is given in parentheses. Also given 

are the average numbers of hits included on segments, (Nhits). 
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Abstract 

We have developed a program to reconstruct track segments in dense wire drift chamber arrays. We compare our 
ISAJET simulations of signal and background events for SSC parameters with previous studies and report measure­
ments of the pattern recognition efficiency for a large solenoid detector geometry. We find that the tracking is quite 
reliable for superlayers placed more than 50 cm from the beam axis. Without accounting for detection inefficiencies 
we find comparable performance for either six or eight layers per superlayer. 

Introduction 

We have begun a study of the reliability of track recon­
struction in a combined silicon strip and wire drift cham­
ber detector with solenoidal magnetic field under design 
for operation at the SSC[l]. Previous studies[2,3,4] have 
delineated some of the parameters for such a system. To 
make the pattern recognition manageable, cylindrical lay­
ers of drift cells are organized into groups (superlayers). A 
preliminary phase of data reduction is performed to iden­
tify strings of consecutive measurements along a track 
(segments), resolve right/left ambiguities, and fit for lo­
cal position and direction. High particle fluxes pose the 
potential problems of information loss caused b'y pileup 
and confusion of the pattern recognition. Qualitative ev­
idence that the information of interest can be extracted 
has been presented previously[4]. Here we discuss a quan­
titative study of pattern recognition at the segment find­
ing level. One of the objectives is to establish the appro­
priate number of layers required in a supedayer, bearing 
in mind that less is better from the perspective of min­
imizing cost and the amount of material in the particle 
path. 

The following sections of this paper describe the model 
used for simulation, the pattern recognition scheme, re­
sults and conclusions. 

Event simulation and occupancy estimate 

To make sure that our performance tests will be suffi­
ciently realistic we first made some simple calculations of 
occupancies with the available physics process simulation 
programs, putting in the appropriate detector geometry 
but omitting detailed tracing of particle progress through 
the detector. Some of the omitted effects are accounted 
for by hand after comparison of our results with previous 
studies. 

We use the lSAJET package to generate signal events. 
In the present work, these are pruduction of Higgs bosons 

of mass 800 GeV /c" and their subsequent decay to leptons 
through ZO pairs. For the background, we ran ISAJET 
with the TWOJEToption and a minimum transverse mo­
mentum (P.L) of 4.5 GeV /c, the value that gives a two-jet 
cross section equal to the total inelastic cross section ex­
trapolated from data (about 95 mbarns). The charged 
particle yield is about 10 per unit of rapidity. 

The detector geometry is that of the barrel straw 
tracker described in the SDC expression of interest[l], 
namely, eight superlayers at radii between 0.i3 and 1.80 
m and ma.ximum half length 3.0 m, in a magnetic field of 
2 T. To measure occupancy in this detector we compute 
the intersections of helical trajectories with the cylindrical 
detector surfaces. The number of crossings of one track 
may be zero (looper never reaches the layer), one (track 
exits through the coil and does not return), a few (looper 
traverses the superlayer, then reenters), or many (looper 
passes through the superlayer tangentially). We take the 
number of loops made before a track leaves the detector 
through the ends to be two, a rough a',erage inferred from 
event pictures. 

The integration time is taken to be 40 ns, based upon a 
drift cell radius of2 mm, drift velocity of 100 jjm/ns, and 
allowance for time-of-flight plus signal propagation delays 
and pulse duration. This implies that the detector inte­
grates over 2.6 bunch crossings on average. At the design 
luminosity of 1033 cm- 2s- 1 there are 1.6 interactions per 
crossing, so the detector sees 4.2 events per trigger. The 
occupancy we find from this calculation is shown by the 
dashed curve in Fig. 1. 

An earlier study by Makoto Asai[5] can be compared 
with this one, if we interpolate to the approximate rapid­
ity acceptance ofSDC and correct for the slightly different 
straw radius. Asai's calculation used the PYTHIA event 
generator. The present result at 1 m supedayer ra.dius is 
about ten percent higher than Asai's for primary parti­
cles only. He finds that with secondary interactions the 
occupancy is about two times as large. Therefore we have 



scaled our result to get the solid curve in Fig. 1. 
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Figure 1. Occupancy vs radius in the SDC 
barrel straw tube tracker. The curves are: 
(dashed, dotted) primary charged tracks from 
(ISAJET,PYTHIA); (solid, dot-dashed) scaled 
by the factor 1.9 to account for secondary inter­
actions. 
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Our calculation repeated with the PYTHIA event gen­
erator shows that the yield is about 60-;0% of the 
ISAJET value (6.5 per unit of rapidity). The correspond­
ing occupancy curves are included also in Fig. 1. 

For the pattern recognition study discussed below we 
used a file of background events generated with ISAJET 
as described above, selecting the number of interactions 
from a Poisson distribution with mean of 4.2. Secondary 
interactions within the straw detector are included, but 
none in the silicon detector. The net occupancy is within 
the range of our present best estimates. 

Pattern recognition 

Each superlayer contains six Or eight layers ofstraw tubes 
in a close-packed configuration. The time measurement 
can be converted into a simple circular contour of distance 
from the wire, to which the trajectory is tangent. This 
is true provided the time of arrival of the signal at the 
readout electronics is given solely by the drift time. In 
fact the delay from particle time of flight to the detector 
and propagation of the signal pulse along the wire to its 
end is not completely negligible: it amounts to the time 
equivalent of roughly 100 microns of track displacement, 
which is comparable to the measurement resolution from 
electron diffusion in the gas. Systematic variation of the 
pulse height may aggrevate this effect. Of course this 
delay is not random, and can be corrected for once a track 
is fully reconstructed and the axial position of the track 
is known. This information is not available, however, 
to the segment finder. It may be necessary to treat the 

track crossing time as a parameter to be inferred from the 
segment fit, along with the azimuth and direction of the 
track. In the present study, we have just set the resolution 
to 150 JJm for the segment reconstruction to account for 
this effect. 

The segment finder works as follows: one superlayer is 
considered at a time. A search over layers begins with 
the outer one (layer 8 if that is how many \Ve ha\'e and 
we number from the interaction point outward). Each hit 
in that layer is a starting point for a candidate segment. 
The search continues in layers beginning with layer 1 for 
a hit with azimuth not too different from that of the first 
hit. This pair of hits is a seeci for the segment; a segment 
is quite well determined for each of the four choices of 
right/left ambiguity for the seed hits. 

The track is interpolated to layer 2 (or layer 3 if the 
second hit of the seed was found in layer 2, etc.). That 
layer is searched for a hit within a window of the inter­
polated track (both of the hit's ambiguity signs being 
considered). When one is found, the three hits are fed to 
a least-squares fit. The fit is subjected to a chi-squared 
test and, if passed, provides an updated set of segment 
parameters. The program is wri tten so that this fit can be 
readily expanded to include additional parameters, such 
as the track crossing time, if needed. The search contin­
ues through all of the internal layers, with a chi-squared 
test and parameter update at each stage. When the layers 
and hits are exhausted, we ask are there enough hits; if so, 
the candidate is saved temporarily until all four right/left 
choices for the seed have been considered. Then the (up 
to four) condidates are compared. The test variable is: 
(Nlayers - Nhits)2 + X2/dof. The candidate with smallest 
test variable value is saved as a segment. Hits on the 
segment are excluded from further consideration as the 
search for more segments proceeds. The results below 
were obtained with the requirement of at least four hits 
per segment. 

Performance results 

For the evaluation studies we have used GEANT, with 
a geometry package written by Hanson, Palounek, et 
a1.[4.6], which we shall refer to as the Large Solenoid De­
tector (LSD) design. There are thirteen superlayers of 
eight layers each, with radii between 0.57 and 1.6 m. The 
lengths are stepped in three groups (superlayers 1-3. !i-7, 
and 8-13). The straw diameters are graded from 4 mm 
at the inner radius to about 6 mm at the outermost. The 
straws run the full length .of the detector. 

The question we address is: given a reasonably stiff 
track (p~ > 1 GeV Ie). which has crossed a superlayer, 
is it found, in the sense that we have a segment all of 
whose hits came from that track. The results are given 
in the .plot of Fig. 2. For each superlayer there are four 
histogram bins: from left to right, these are the number 


