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Hybrid Central Tracking Chamber Collaboration 

Abstract 

This Progress Report for FY1991 is submitted to the SSe; Laboratory in partial 

fulfillment of the terms of the Memorandum of Understanding (MOU) between the Hybrid 
Central Tracking Chamber (HCTC) Collaboration and the SSC Laboratory for FY90. The 

report for FY1991 provides a comprehensive account of the research and development 
carried out under the MOU during the current fiscal year. Since most of the HCTC 

collaboration members are also members of the Solenoidal Detector Collaboration (SOC) 

and since our research is in direct support of the SOC detector, no funding request for 
FY1992 is included here; rather funds will be sought directly through SOC to continue the 

research and development efforts in future years. The HCTC collaboration has the same 12 
member institutions as last year, with the cosmetic change that the group formerly from 

General Electric Canada, Inc. was acquired by EGckG. The Executive Summary presents a 
brief overview of the HCTC design and the major accomplishments of FY1991. The 

remainder of this report consists of mini-reports from the member groups providing 
detailed information on their activities during the year. During FY1991, we have made 
considerable progress toward our goal of developing a large volume tracking detector for 

the sse that borrows desirable features of two promising technologies, straw tubes and 

plastic scintillating fibers (PSF). Our research confirms our prior position that the hybrid 

straw-tube/PSF approach offers significant advantages in performance without 

compromising cost, permits straightforward and inexpensive upgrade to accommodate 

higher luminosity, and is a flexible option for central tracking in the large general-purpose 
SOC detector. 
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1.0 Executive Summary 

1.1 Introduction 

This progress report presents results from the second year of activity of the 

I:Iybrid Central Tracking Chamber (HCTC) Collaboration. Taking into account our 
R&D work over the past two years, plus the results of other workers, we now believe 
that we have the knowledge and expertise to design a central tracking system 

containing an optimized arrangement of both straw tubes and scintillating fibers for a 

major SSC detector. 

Over the past year the HCTC Collaboration has in particular focused its attention 
on the design of the outer barrel tracker for the Solenoidal Detector Collaboration, 

and nine of the 12 HCTC institutions are now members of SOC. We are participating 
in the development of the FY1992 R&D plan for SOC and expect to continue our 
tracking chamber research as part of this collaboration. Although the barrel tracker 
technology to be used by SOC has not been chosen as of this date, it appears certain 
that aspects of the straw tube and/ or scintillating fiber research done by the HCTC will 
be used in the SOC tracking detector. 

The SOC tracking system is composed of an inner silicon detector (strips plus 
possibly pixels) covering the pseudorapidity range 1111 < 2.5 and extends to an outer 
radius of 46 em .. The HCTC collaboration has been designing a detector to cover the 

central region outside the silicon detector. It covers the radial region 60 to 170 em and 
1111 < 1.6. This barrel tracker uses the basic principles proposed by the HCTC 
collaboration but has been modified to take advantage of the complimentary 
information provided by the silicon tracker and reduced in scope to conform to 
budget constraints imposed upon the SOC detector. Figure 1.1 shows the currently 

pr~posed radial structure of the hybrid barrel tracker. As described elsewhere in this 
report (see the report from SCRI in section 2) our simulation studies indicate that this 
tracking configuration looks very attractive for the SOC detector. 

This hybrid central tracking chamber takes advantage of the natural strengths of 
the alternate tracking technologies. Straw tubes yield excellent single track resolution 
while plastic scintillating fiber of the appropriate diameter yields good two track 
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Fig. 1.1 Radial structure of the hybrid design of the SOC barrel tracker. 
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resolution. A straw tube system has fewer channels than a comparable fiber system. 
Straw tubes can be readily used parallel to the beam line to give high precision 

azimuthal track measurements but with some difficulty to give stereo information. 

Fibers on the other hand are natural stereo det~tors but require a prohibitive number 
of channels in order to attain the azimuthal precision and pattern recognition 
capabilities of straw. tubes. At a given radius, fibers have lower occupancy than straw 

tubes. 

The cost of such a "mixed" system would be comparable to the cost of an all 
straw system with similar performance characteristics and much less than that of an 

all fiber system of similar performance. R&D costs over the next few years would be 
less for the mixed system because the optimized matching of the straw tube and fiber 
techniques means that neither technique would need to be stretched beyond our 

current knowledge of its performance limitations. Also, the hybrid system lends itself 
naturally and efficiently to upgrades that would be required if machine luminosity 

were increased. 

The remainder of "this report reviews the specific R&D results obtained by the 

HCTC Collaboration during FY1991. An overview is given in section 1.2 below and 

the details are presented in Section 2.0. 

1.2 Overview of Major R&D Results from FYl991. 

Some of the major R&D results obtained by the 12 institutions in the HCTC 

Collaboration are summarized below. These are grouped into four tasks. 

Task 1: straw tube drift chambers 

Duke: straw tube drift cell and straw tube superlayer construction and testing. 
KEK, NCSU, ORNL, and Penn: straw tube electronics 
TRIUMF and QRS: gas aging and radiation hardness of materials 

Construction and testinS of a 2.7 m straw tube superlayer 

• For the past 18 months we have had in operation an 8-deep straw tube 
superlayer constructed of 4 mm diameter straw tubes. This has been used to 
study construction techniques, to determine measurement resolution 
(<1 < 120 J.1m) and to study other straw tube performance characteristics 
(A. - 500 cm). To our knowledge, this is the only long (-3 m), small cell 
(4 mm diameter) straw tube superlayer in operation. 

3 



Construction and testing of 7 m straw tube drift cells 

• Recently, we have brought into operation 7 m long straw tube drift cells 
(4 mm diameter) using 25 J.IlIl sense wires and 1500 A cOPPeJ' cathodes. These 
include a mid-tube insulating break in the sense wire which will allow 
readout from each end of two electrically isolated half cells. 

Semi-automatic straw tube placement machine 

• A computer-controlled straw tube laying machine has been designed and all 
the components have been ordered. This will be the first attempt to 
automate the construction of straw tube superlayers. The prototype is 
designed to lay 3 meter long straw tubes to an accuracy of better than 100 1J.In. 

Sense wire position measurement 

• A technique has been developed to measure in situ the .positions of straw 
tube sense wires to an accuracy of about 50 1J.In. 

Radiation hardness studies 

• We have studied the radiation hardness of materials used to construct straw 
tubes. The aging of straw tube anodes and cathodes has been measured using 
CF4-isobutane (80:20). The only problems obseryed were connected with the 
deterioration of poorly constructed aluminum cathodes. Tubes with copper 
cathodes are presently being evaluated. 

Evaluation of straw tube readout electronics 

• The 27 m straw tube superlayer is being used to evaluate readout electronics 
as they become available from Penn and I<EI<. In particular, we report the 
fU'St evaluation of the I<EK designed Tune Memory Cell using real straw tube 
signals. A detailed computer simulation of the response of readout 
electronics to straw tube signals has been made. 

Task 2: scintillating fiber tracking 

EGkG and NU: properties of plastic scintillating fibers and ribbons; avalanche 
photodiode development 

CEBAF, FSU, NCSU, and QRS: radiation hardness of fibers and electronics 

APP's 

• Progress was made in developing fabrication techniques for large (0.5 mm) 
'Slik' APe's and in optically coupling large (-1 mm) fibers to 0.5 mm APO's 
using high-index ball lenses. 
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• Improvements in passive quenching were obtained (dead times on the order 
of 300 ns), but investigations of active quench circuits have not yet been 
successful. 

• Preliminary indications exist that in sub-geiger mode dead· times of 15 ns can 
be achieved with no afterpulsing and lmear count rates up to 107 s-l. 

Fibers 

• Fibers from Biaon, Kuraray, and Optectron were tested. The Biaon H fiber 
gives the best efficiencies at 0.5 mm diameter. 

• Promising results for 1 mm fibers were obtained for Biaon G2, Kuraray SCSF 
81, and Kuraray SCSF 3HF fibers. 

Radiation Damage 

• A systematic investigation of low-dose-rate effects on fibers was conducted. 
Early results indicate that, generally, fibers irradiated slowly in an oxygen
containing environment (air) suffer more damage than fibers irradiated 
slowly in an oxygen-free environment (argon). Further, and significantly, 
fibers irradiated at low dose rates (whether in air or in argon) suffer more 
damage than those irradiated at high dose rates. 

• Neutron irradiations of APO's show that damage is due to fast neutrons and 
the threshold for neutron damage occurs at relatively low fast-neutron 
fluences - of the order of 106 cm-2 for APO's operated in the geiger mode. 
Interestingly, a slow recovery, initially of about 10-20% reduction in dark 
count rate per month, occurs if the APO's are stored at room temperature 
with no further irradiation. 

• Mixed neutron-photon irradiations of three types of fibers indicated no 
residual damage one day after exposure to 2x1012 cm-2 fast fluence, 1013 cm-2 

thermal fluence, and -3 krad gamma-ray dose. Similarly, no appreciable 
difference in light output or light attenuation between irradiated and 
unirradiated fibers was measured one month after exposure of five fiber types 
(Bicron and Kuraray) to 4xl013 cm-2 fast fluence (2xlOI4 cm-2, thermal) and 
about 6-9 krad gamma dose. 

• Various types of fibers, including some with a new cladding material, were 
exposed to 3-MeV electrons. Fibers with the new cladding exhibit almost 50% 
increased light yield but 30% reduced attenuation length. The fibers recover 
fairly quickly but not fully over four weeks. The attenuation length of long 
. (3-4 meters) fibers increases by about 80% toward the end of the fibers. 

Ribbons 

• Fiber ribbons were obtained from two manufacturers (Biaon and Kuraray). 
The average center to center spacing of the fibers was measured and found to 
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be, for the Bicron ribbon, 1.1025±O.0015 mm over a one m length and, for the 
Kuraray ribbon, 1.072±O.20 mm. We conclude that fiber suppliers have 
developed sufficient expertise to manufacture ribbons of high enough quality 
for central tracking purposes. 

Task 3: mechanical engineering 

Duke and ORNL: support structure, integration and construction schedule for 
the hybrid tracker; general mechanical design of straw tube 
placement machine 

Superlayer Support Structure 

• The HCTC collaboration has proposed a superlayer support structure (for 
straw tubes and fibers) based upon large cylinders fabricated from carbon fiber 
sheets with foam spacers (thickness. on "the order of 0.25% of a radiation 
length). In FYl991 further studies of thiS support structure have shown that 
affordable stable-base cylinders of the required precision (10 mil total radial 
run out) can be constructed. These have been adopted by SOC as the preferred 
primary superlayer support structure. Details of the overall hybrid support 
structures and interfaces are under study. 

HCTC Desim. Cost. and Schedule 

• Various HCTC designs have been evaluated and cost estimates made based 
upon level-five work breakdown structures. These have shown that the 
hybrid barrel tracker required for the Solenoidal Detector would cost on the 
order of $30 M. The integration of the HCTC design into the Solenoidal 
Detector has resulted in a Resource Requirement Report and an extensive 
Gantt chart/ network diagram which describes complete interface 
relationships as they progress through fabrication and installation. 

Task 4: Monte Carlo simulation studies 

QRS and SCRI: simulation of hybrid detectors response to sse events and 
backgrounds; pattern recognition. 

InCOl"J!Oration of Here simulation into the SOC software environment 

• Simulation of the HCTC detector has been incorporated into the full SOC 
tracking detector. 'Ibis allows us to evaluate the performance of the entire 
tracking system and make more informed judgements about the HCTC 
architecture. It is essential to simulate the entire SOC tracker in order to 
optimize the performance and overall cost. 
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Momentum resolution 

• A detector consisting of 8 silicon,S straw, and one fiber superlayers has been 
simulated. The momentum resolution for 200 Ge V I c muons is measured to 
be alp =17%. 

Pattern recognition efficiency 

• A des coped version of the SDC tracker with 8 silicon layers, 4 axial straw 
layers and a single stereo fiber layer was simulated. The track finding 
efficiency for 200 GeV Ic muons in an SSC environment with luminosity up 
to 2xl033 cm-2-s-1 has been measured to be approximately 99%. Higher 
luminosity studies are in progress. 

CAD-to-GEANT Interface 

• With funding under the Small Business Innovation Research program, one 
of the Collaboration members has developed the rudiments of a robust 
interface between Computer Aided Design (CAD) packages and the GEANT 
simulation code. The work successfully demonstrated the conversion of 
CAD output files containing collections of shapes (in either multiple 2-D 
views or single 3-D representations) into the appropriate FORTRAN coding 
to effect input into GEANT. 
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2.0 Individual Group Reports 

Toward the end of August 1991, we asked each of the HCTC collaborating 
institutions to provide us with a short writte~ progress report of FY1991 activities. 
Rather than reformat them, we simply collect all these individual group reports 
together in this section. 
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ABSTRACT 

We report on the inidal results from the analysis of d:wl from a low dose rare « 10 
Gylbr) imdjarion of a wide variety of plastic scinti1WiDg fiber formubnicms. The resulIs 
are SlriJdng and seem ro be the following: (1) chose fibers imdiaIed slowly in air (i.e.. 
oxygeaar.eci) suffer the grea&est amount of damage. (2) fibers imIdiaIec1 rapidly in air and 
then allowed ro recover in air. suffer the least amount of damage. and (3) lhose fibers 
imdi'red slowly in argon (III GXygea-free aanosphere) suffer III inrermediar.e Jove! of 
damage somewhere between dle kwels seen in (1) and (2). We nare a panicu1ar excepdon: 
a peeD-emiaing fiber known as SCSF· Y8 which does not display any differences in 
damages Ieve1s. The clara analysis continues on such maaers as loss in inlrinsic light 
owput (as compared ro II'IIISIIIissio losses). and quantifying the overall losses among the 
fibers. 

introduction 

CEBAF· 

To our knowledge, this is the firSt report of a systematic investigation of possible low dose 

rare effectS in plastic scintillating tiber. Current and past investigations of radiation damage 

effects have used relatively high rates (100 to 10,000 Oylbrwhere lOy (Orey). 100 rad) 

to achieve the target doses (1 kOy to > 100 kay) within a realistic time frame. We will 

briefly summarize the chief characn:ristic results of such an iD'adjarion [1]. 

Under high.rate conditions, color centers are formed wbich absorb heavily in the 

UV and blue, but also in the green and red to some some extent. The concentration of 

these color centers is proportional to the dose and ~y saturate at extremely high doses. 

After completion of the in'adialion, an annealing phenomenon is observed. That is, the 

concentration of color centers decreases with passage of time. This annealing takes place 

most rapidly in the presence of oxygen which bleaches the sc:intilWor as it diffuses into the 

plastic (see figure 1). The rate of annealing is consistent with the rate of diffusion of 

oxygen into the material. and this rate will decrease somwhat with increasing accumulated 

dose. Annealing caD also take place in the absence of oxygen, but at a much smaller rate. 

An increase of the ambient temperature can increase the rate significantly. Affl:r 81nnUng 
is completed. there is a residual level of damage remaining wbich is proportional to the 

accumllJall:d close. ro appreciare the effect of these color centers upon the performance of 

the scindllator, we proceed to briefly describe the energy transfer mechanisms within the 

scinri11aror. 

The most popular scintillators consist of a weakly fluorescent plastic solvent 

(polystyrene) doped with a high concenll'ation of a primary fluor plus a much lower 
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concentration of secondary fluor. Excited states in the solvent primarily transfer their 

energy to the primary via a non-radiative dipole-dipole interaction. Subsequently, the 

fluorescent emission of the primary is absorbed and re-emitted by the secondary at a 

suitably longer wavelength (> 400 nm). 

The residual color centers absorb most sU'Ongly in the UV where the primary 
radiativcly tranSfers energy to the secondary. Hence these color centers compete with the 

secondary with a resulting decrease in light output being observed. There is also some 

level of increased absorption at longer wavelengths so that attenuation of the secondary 

emission also increases. Figure 2 displays the effect of decreased light output and 

transmission upon a scintillating fiber. 

A lcey concern that has arisen is whether the residuallcvel of damage observed after 

a high rab: imKtiation will be the same if the irradiation is perfonned at a more realistic rab:. 

There is plenty of evidence from studies of mecJuznical damage to polymers that indicates 

that oxygen diffusion during the irradiation can lead to increased levels of residual 

damage. At high rates. the oxygen does not have time to diffuse into the plastic and 

participate in deleterious reactions~ In fact. extraneous optical damage has recently been 

observed in undoped polystyrene samples [2] in a high rate Co-6O gamma irradiarion (0.5 

kGylhr). By using large samples (1 in3) and a high dose (160 tOy), the researchers were 

able to observe a thin layer (about 2 mm in thickness) after annealing that had increased 
color absorption. The thickness of this layer is consistent with the extent to which oxygen 

would diffuse into the sample during the irradiation. 

The Experimental Procedure 

In our experiment, we have selected a wide variety of blue and green-emitting fibers (listed 

in figures 8(a) through 8(t». The fibers labelled as SCSF-38C. -81C. and -Y8C are 

special formulations of the fibers SCSF-38. -81, and -Y8 that use a new low refractive 

index cladding n:sulting in higher light co1lecUon efficiency. There were a total of tell fiber 

typeS with 12 samples of each fiber. All fibers were ISO em long and 1 mm in diameter. 

The latter is typical for fibers and the length was sufficient for measuring attenuation 

changes. All fibers were shipped in straight lengths as curled samples would produce a 

wider variation in attenuation behavior. One end of each fiber was band-polished and a 3 

em long snip of flat-black paint applied to that end to eliminate any contributions from light 
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propagating in the cladding (as this light is a known source of noise). The other end was 

blackened to eliminate rcflcctions. 

The attenuation characteristics (and relati~ brighmcss) of the fibers were mcasumi 

on a scanning device shown in figure 3. A continuous x-ray source fromX-Tcch was used 
as the excitatioD source. This device generated 8 ke V x-rays which could penetrate the 1 

mm diameter fiber. The gencmed light was detected by a bialkali phototube set in DC 

mode. and the cmrent measured with a Keithley picoammctcr. The scan is conaollcd via a 

personal computer. By using the DC mode. the many necessary measurements could be 

made fairly quickly. A bialkali tube was used for several reasons: (1) it was readily 

av~ble, (2) although the goal is to use highly efficient green and red-sensitive 

photodctcctors. they are still a research curiosity at present, (3) most of the fibers are blue

emitting in any case, (4) bialkali tubes may still be used in calorimeter applications, and (5) 

the use of optical fllters can qualitatively simulate the effect of green-sensitive 

photodctcctors, and most importantly (6) any low dose rate effects will Dot qualitatively 

change by use of an improved photocletcetor. 

In terms of what dose and dose rare: one shoUld use, one can usc the recent study by , 
Groom for guidance [31. The central traCking chamber is envisioned to cover the radial 

region &om about 0.6 to 1.6 ~ At the design luminosity of lOl3 curls-I, one can 
estimate doses of 15 (outer radius) to· 110 Oy (inner' radius) per year. At the high 

luminosity option of 1()34 cm-2s-1 for teD years. this becomes 1.5 to 11 tOy which is not a 

negligible dose. Since it seems likely that a fairly appleciable dose is required to creare 
significant changes in attenuation. it was decided to choose somewhat CXamJe doses so as 

to clearly see a low dose rate effect, namely 5 and 20 tOy. With such doses, the 

information obtained could also be useful to calorimeter researchers who will be dealing 

with such doses (and worse) in the forward region. In choosing a dose rue. we wanted 
somerbinllow enough that OXYICD would have time to permeate the fibers during the 

irradiations. Other researchers [4] found that for dose rates below 45 Gylbr,oxYFII 

would permeate their 2.6 mm thick sheets of polystyreDe-basecl sciDril1aror (SCSN-38). 
Hence we aimed far a dose rate below 10 Oy/hr. 

figure 4 is a schematic of the imdiatioD setup at che Nuclear Reactor Facility of the 
University of Vqinia. A set of depleted Co-6O line sources was used to c:reare the low rate 

radiation field. The tiber sets were divided into 4 subselS (3 fibers of each type per subset 

far statis1ics). and placed in four stainless steel tubes sealed with ps-tight enclosures. 

Besides spliaing them into the two dose subsets. one tube from each dose subset was tied 
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into the same gas circulation system: twO with dry argon gas. and twO with dry air. The 

twO subsets closest to the line source experienced a dose rate of 6.7 Gy/hr. These were 

taken to 20 kGy. The outer ones were irradiated ~ 5 kGy at a rate of 5.5 Gylbr. Note that 

the first 30 cm of the fiber samples were shielded with a lead annulus with sufficient 

thickness to give a factor of 200 less in accumulated dose. This was done so that one can 

obtain a measure of inninsic light output loss by looking for a "step" beyond 30 em in the 

attenuation curve after the irradiations. 

In addition to the low dose rate irradiations. another two subsets of fibers were 

irradiated at a typical high rate at the 3 MeV electron beam facility of Florida State 

University. One subset was irradiated to 5 kGy and the other to 20 kGy. From past 

experience with irradiating such fibers at a high rate, one week of recovery in air was 
allowed before measurements were made. (For the low rate data. the fibers were also re

measured 2-3 weeks later to see if any recovery effects were presenL None were found.) 

Finally. some measurements (for the 5 kGy low rate) were made with a set of 

optical filters. These filters had several purposes: (1) for green-emitting fibers. an 

appIopriate filter can qualitatively simulate the use of a green-sensitive photodetector (this 

was verified by using" a multialkali green and red-sensitive phototube), (2) the extent of 

damage as a function of wavelength can be ascertained. and (3) the use of an optical filter 

can qualitatively simulate the effect of natUral optical filtration by long lengths of undopc:d 

readout fiber. Figure 5 displays the transmission characteristics of the filters. As a point of 

reference. the blue fibers emit in the range of 400 to 440 run. The green-emitting 3HF fiber 

emits at 530 nm and the SCSF-Y8 fiber emits at 500 nm. 

The Preliminary Results 

Figure 6 displays the relative light outputs of the fibers as measured with the bialkali 

phototube. BCF-10 was used as the reference. The second set of columnS displays the 

light output after 1.5 meters of aacnuation is allowed to take place. Again BCF-10 (at 1.5 

meters) is used as the reference. Figure 7 displays typical aacnuation data. Fits to the 
double exponential function y = At * exp(-xJA.t) + A2 * exP(-xJA.2) were used to 

quantitatively describe the attenuation behavior. 

Figures 8(a) through 8(t) display the results of the low and high rate irradiations. 

The "upper graphs are the results for the 5 kGy Uradiations and the lower for 20 kGy for 
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each fiber type. Only changes in attenuation are shown as changes in the inainsic light 

output are cmrently under investigation. Fmally, figure 9(a) through. 9(0) display the 

effects of using an optical filter for the low rate S ~y data. (Note that all the light outputs 

in figures 8 and 9 were normaJj= to the same value at 0 em (O.S) in order to best display 

the attenuation changes. Figure 6 is a guide to how the acmallight output would change 

when using a bjaJkaJi phototubc.) 

We see two primary effects. For the low dose data, we sec that in fact oxygen docs 
inaoducc an increased level of damage. Furthermore, there seems to be an additional low 

dose rate effect independent of the presence of oxygen. The high rate data shows 

considerably less damage fQr many of the fibers than for those imdiatcd slowly in argon. 
The one exception is SCSF·Y8 and .Y8C which do ~ot display this hierarchy. We are 

c:mrently investigating the possibility of some systematic effect creating the difference 
between the fibers imdiatcd slowly in argon and those irradiated quickly. However. as of 

this point in time. we sec no reason to disbelieve the results as shown. 

Closing Remarks 

The analysis of the data is continuing. panicu1arly in the area of asccnaining any loss in 
inrrinsic light outpUt, and in quantifying the ovcrallight output losses (uansmission and 
inaiDsic) over the length of the tiber. In particular. we wish to COIDJ'IIC the performance of 

the PMMA-clad Kuraray fibers with the new versions clad in lower refractive index 

mm:rial. 
As to the implication of the results as they stand at present, it seems clear that high 

dose rate experiments may seriously underestimate the levels of damage to be expected wim 
sciDrilladDg fibers. It wiD be interesting to compare the results reponed here for fibers with 

those of an onaoing cxpc:rimcm on low dose rail: ctfeds upon p/Qa scintillaror [5]. 
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(iii) 

• arr argon 
FIGURE 1: A pictorial representation of post-irradiation 
annealing in polystyrene cubes after a high dose rate 
irradiation. In air. oxygen diffusion drives the bleaching 
process at a rapid rate while in an oxygen-free atmosphere 
(e.g •• argon). color center relaxation takes place slowly 
throughout the volume of the material. In air. the time 
scale from (i) to (iii) can be a matter of days while in argon 
the relevant time scale can be several months. 
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Figure 3: Schematic of the PC-controlled scanner used in 
measuring the allenuation curves for the fiber sample set. 
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Figure 8(e): Bic:ron RH-1 5 kGy 
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Figure 8(i): SCSF·81 5 kGy 
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Figure 8(m): SCSF-8"lC 5 kOy 

1~' ~' f¥§' ~_'L ~""~"" 
~ " " pre-imdiaDon -
~:"" 

'i' !~~l£l 

~o·.i_ 0.ltmlm~I~~I~·1 ij;~~~~~ ~~'(~Ii~i m~I::-~: §l 5... ..~ .. ~-.~-
:! fast - : ~ : : ~" " 

: ,r ." iL~:~ 

~-i-i-+--H-~-+-H-~~ ~:. 1 1 Vo ; ? 
~~~~~~~~~~~~~~~i ~~!+-I~~-~~ 

:! i: i 
0.01 ++ ..... ~i-+-............... ++++ .......... ~~I-................... 

CM 

o 15 50 7S 100 125 ISO 

Fipze I(n): SCSP-81C 20 kGy 

~l 81 -
~--~~~~!-r:~~:;:~:~:~~;~i~:~t:~!rtiii~~·riii~ir· ~i~~~:"j:-1 

0.01 ++ ...................... -+-t...e-.t"""""l~~i-f-'I~~ ........... t+ 
CM 

o 15 100 115 ISO 

CEBAF 



1 

-:--s·. 
~E 0.1 

t -
0.01 

Figure 8(0): Bicmn:3HF S kGy 

: .: 

i : 
H-++-~~"~~++-'Ho! -!Ho:-:~: p,e-imctiarioa 

l.L.U::;~~~~~~~!!;~~i~!U! 111111 i 

o 25 so 7S 100 

Piswe 8(p): Bic:raIl3HF 20 tOy 
• 

: : , : , 
1"""0.- : , , 
;~: 

I , i t I i 

I I . I ! II ! ! . i ! 

0 25 

• 

t I 
i ' 

i 
I 
i 

:1.1': 

100 

125 

i 
: ! 
i ! 

125 

CEBAF 

CM 

ISO 

CM 

ISO 
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1.0 Research and Development of Straw Tube Drift Chambers 

During FY90 we constructed a 2.7 meter long straw tube superlayer conSisting of 
60 channels of straw tube drift cells. The straw tubes have a 2 mm radius and are 
stacked in a pyramid with 8 tube layers. There are two wire supports inside each tube 
for electrostatic stability. During FY91, 28 tubes out of 60 in the superlayer have been 
instrumented. with electronics for measurement of resolution, gas gain, and 
attenuation length. There have been two publications in Nuclear Instruments and 
Methods related to this work. The publications are included at the end of this 
progress report. 

This 27m prototype has been used for a variety of studies. First, it was used to 
demonstrate that long tubes can be placed on a surface to an accuracy of better than 
100 microns. Second, we have shown that the sense wire can be supported with 
proper wire supports inside a long straw tube. Our earlier studies have shown that 
for 50 gram tension in the wire, a wire support is required about every meter. Third, 
we have verified that a sense wire can be threaded through a straw tube with wire 
supports in place. Fourth, we have demonstrated that a chamber with a large number 
of straws can be made operational without difficulty. 

The detailed method used to construct the chamber is presented in the NlM 
articles enclosed so it will not be repeated here. During the construction many 
original ideas were implemented, such as a wire-support design, an end-plate design, 
and a mid-termination design. Mid-termination is necessary if wires are to be read 
out from both ends as in our present outer tracker design for SOC. 

Presently we are constructing a straw tube module. This module is different 
from the one being developed at the University of Indiana and Colorado. Unlike 
their module, ours does not require an outer shell. By not having a shell, the 
material in the chambers is reduced by over 35%, and cost is less because an expensive 
outer shell is not required. Also an outer shell could have structural changes over a 
long period, which might result in sense wire mislocation. Another advantage of the 
shell-less module is the flexibility of the module. Since a module is flexible, it can be 
aligned to a great accuracy when the module is placed on the cylindrical base. The 
detailed method of construction of the shell-less module is given in Section 1.5.2. 

1 
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Another area of study at Duke is construction and operation of 7 meter long 
straw tube drift cells. A 7 meter long cell is necessary if we want to construct the SOC 
barrel chamber using one of our schemes which calls for laying single straws on a 
cylindrical base. Presently we have several working 7 meter long cells under high 
voltage. Preliminary tests of these cells are presented in Section 1.6. 

1.1 Attenuation Length Measurement (2.7 meter long straw tubes) 

The attenuation length is measured using an Fe55 source. Because of the gain 
variation near the straw tube joints, the peak of the signal is measured from both 
ends of the chamber. From the ratio of the two peaks as a function of distance from 
one end, the attenuation shown in Figure 1.1 is calculated. An attenuation length of 

about 500 an is measured. 

1.2 Resolution Measurement 

Tw~nty eight channels of the 2.7m straw tube superlayer have been 
instrumented for a resolution measurement. The sense wires are connected to Lecroy 
2735 amplifier-discriminators. The discriminated output is connected to a Lecroy 
TOC's (2282). Using cosmic rays, the resolution of the chamber is measured. In 
Figure 1.2, the residuals are plotted. The residuals are calculated using tracks with six 
or more hits. By fitting the curve with a gaUSSian, a resolution of 120-130 microns is 

obtained. A 50-50 mixture of CF4 and ethane is used for the chamber gas. The 
average electron drift velodty in the gas is about 90 microns/ns. 

The intrinsic resolution of the chamber should be much less than the 120-130 
microns, since the resolution includes the timing uncertainty in the amplifier

discriminator and in the electronics. The resolution is also measured as a function of 
the high voltage and shown in Figure 1.3. There is little change in the resolution 
after the high VOltage reaches about 2100. volts. 

1.3 Test of the 2.7m Prototype in a Simulated sse Environment 

Using five 10 milicurie Sr90 radioactive sources, the SSC environment can be 
simulated. The sources are placed in front of the chamber such that the count rate 
from each cell is between 1 to 2 MHz and the current draw is about 5 micro-amp per 
cell. Under these conditions, the resolution of the chamber is obtained using cosmic 
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tracks The results are shown in Figure 1.4. Compared to the measurement without 
the sources (Figure 1.2) there is almost no change in the resolution of the chamber. 

1.4 KEK Time Memory Chip Test 

The 2.7m chamber has been also u~ to test TOC's developed at KEK for the SOC 
straw tube tracker. The TOC based on the time memory chip (TMC) is replaced by the 
LeCroy TDC's and the resolution is remeasured. In Figure 1.5, the residual plots using 
LeCroy TOC's (with 100 ps least count) and KEK TMC's (with 1 ns least count) are 
shown. The difference between the resolutions can be explained by the difference in 

the least count of the two TDC's. 

In the near future, the LeCroy amplifier-discriminators will be replaced with a 
prototype amplifier-discriminator for the SSC developed at the University of 
Pennsylvania. Presently a gas gain of close to 10 .... 5 is necessary to obtain a good 
efficiency and resolution. This is because the gain of the LeCroy amplifier
discrin\inator is not high enough. Using the new amplifier-discriminator, we hope 
to operate the chamber with a gas gain less than 21t}0 .... 4. 

1.5 Prototype SOC Cylindrical Barrel Tracker Construction 

According to the SOC construction schedule, a full size prototype superlayer 
must be constructed in 1992. Presently there are several schemes for construction of 
the straw part of the tracking chamber. In one scheme the tension of the sense wires 
is taken up by the cylindrical support base while in the other they are not. In the first 
scheme, each straw is layered on the cylindrical base and glued to it Straws are tested 
with sense wire loaded before placing them on the base (see Section 1.5.1 below). 

There are two variations in the second scheme. One of them uses a shell 
. . 

(trapezoid shape) to make a self-sustaining module consisting of about two hundred 4 
meter long straws. The shell is necessary because the 'wires are under tension. A 
variation of this scheme being developed at Duke does not use the outer shell. like 

the module with the shell, about 200 straws are glued in a shape of a trapezoid. In 
this scheme, sense wires are strung and tensioned for test For this test, modules are 
placed on a jig with the sense wires under tension. After the test the tension in the 
wire is relieved. The tension in the wire has to be relieved since the shell-less 
module cannot sustain the wire tension. The wire is re-tensioned after the module is 
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placed on the cylinder (see Section 1.5.2 below). As mentioned earlier, this scheme is 
advantageous since there is less material, less cost and reduced structural 

complications from an outer shell. 

1.5.1 Single Straw Superlayer Construction Scheme 

One way to construct the SeD straw chamber is to place straws directly on the 
cylindrical. surface. A procedure for testing straws under tension and relieving the 
tension in the wire after the test for subsequent steps has been developed at Duke. 
This procedure is necessary to expedite parallel construction and to reduce the repairs 

due to defective tubes. 

In this approach, tubes with all the necessary components (like wire supports, 
end-plugs, and mid-terminator) are assembled first. The assembled tubes are placed 
on a jig to straighten them. There are holding flXtures at both ends to hold the tubes 
and feed-throughs (Figure 1.6). The wire is blown through, tensioned and soldered 
(clamped). After the sense wire is strung gas will be introduced into the tube for gas 
leak, high voltage and source testing. ' 

After selecting good cells, the tension in the wire is relieved by removing the 
feed-through from the holding fixture and putting' it into the end-plug. This is 
possible since 2S micron diameter tungsten wire stretches about 28 mm per meter 
under 50 grams of tension. 

The completely tested straw tube drift. cells are placed directly onto the support 
base cylinder. After they are placed on the cylinder, the wire is re-tensioned by simply 
moving the feed-through to the end-plate. 

This scheme calls for straws as long as the chamber itself ( up to 8 meters) and 
eliminates end-plates in the middle to reduce the material at 90 degrees. To reduce 
the occupancy, sense wires have to be cut and joined at the middle with an insulating 
connection. By doing so, signals can be read out from both ends thus reducing the 
signals rate by half. 

Figure 1.7 shows the scheme developed at Duke. The sense wire is cut and 
joined by a very thin glass tube. Each sense wire is terminated to ground to reduce 
reflection. Without the terminator the dead time of each cell may be increased. As 
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shown in Figure 1.8, the terminator consists of a wire support made of a conductive 
plastic (about 300 ohm) and a 50 micron mylar tube.( forming a capacitor with about 

50 pf capacitance). We are in the process of testing this scheme using 7 meter long 
straw cells. 

1.5.2 Shell-less Module 

The first step to construct a shell-less module is to make straw ribbons.Ten to 
twenty straws are lain on an L shaped jig. The length of the jig does not have to span 
the whole tube length. We found that about a 30 em length was sufficient. The tubes 
are pushed slightly against the wall of the jig from one end by a plate as shown in 
Figure 1.9. The distance between the plate and the wall is set using a traveling 
microscope to set a gap calculated from the size of the tubes. Once the plate is 
positioned, the tubes are glued together. Tubes are glued about every 20 an (half of 
the gluing is done on the opposite side of the ribbon). 

Once enough ribbons are made, they are stacked on top of each other forming a 
trapezoid as shown in Figure 1. lOa. After they are stacked, trapezoidally shaped bands 
(Figure 1.10b) are inserted and positioned every 20 em. The length of a band depends 
on its lOcation. The bands at the end of a module are about 7 an long and those near 
the wire supports are about 5 an. The remaining bands are Ian long. 

The most important function of the bands is to keep the tubes and wire supports 
in place by compressing them slightly. Once straw tube ribbons are stacked, the 
vertical dimension of the module is slightly larger than what it should be. This is 
because the tubes are not perfectly straight when manufactured. A slight compression 
keeps them in place. The compression at the wire support locations is especially 
important since the wire supports determine the accuracy of the sense wire position. 
We have not measured the pOSition of the sense wires yet. This will be done in the 

near future. 

Since these modules are not stiff (unlike modules with an outer shell), each 
module can be aligned with a good accuracy when it is-installed on the cylindrical 
base. This is another advantage of the shell-less module. The alignment is done at 
the band locations. 
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Once a module is completed, it is placed on a flat surface for sense wire stringing. 
The surface should be stiff enough to take up the wire tension. After all wires are 
strung, the module is tested for gas leaks, high voltage, and detection sensitivity. 
After it passes these tests, then the tension in the wire is relieved for storage of the 
module. The tension in the wire is relieved by simply removing a stopper (Figure 
1.11). This procedure is reversed when the modules are installed on the stable base 

cylinders. 

The module being constructed at Duke is expected to be completed within a few 
months. We plan to instrument it with electronics from Penn and/or KEK when the 

electronics becomes available. 

1.6 Test of 7 Meter Long Straw Cells 

We have placed six 7 meter long straw tubes on an optical table. Each tube has 8 

of the wire supports designed at Duke. Presently a sense wire is strung in two of the 
tubes. In one, the sense wire is cut and joined in the middle with a Imm (O.lmm) 

outer (inner) diameter glass tube. In both straw tubes, we were able to raise the high 
voltage to about 2700 volts. We believe that this is the fll'St operational 7 meter long 
straw tube drift cell. 

One of the studies made was designed to understand the efficiency near the wire 
support and the wire joint. For this study, a Sr90 source was collimated by a 1 mm slit 
and placed on the top of a tube and moved in steps of about 2 mm. In Figure 1.12, the 
singles counting rate is plotted as a function of slit position around a wire support. 
As expected, the region of the wire within the wire support is not sensitive at all. The 
sharpness of the curve at the ends of the wire support shows that the chamber is 

useful even very near the wire support. 

In Figure 1.13, the scan near the wire joint is shown. The collimated source is 
moved as in the previous study. Again there is a sharp drop of singles count at the 
wire joint. Once the source has passed the wire joint, the count rate drops close to 
zero, which shows there is no problem with cross talk between two separated wire 
halves. 

In the near future, the mid-terminator described earlier will be placed in the 
middle of a tube to study its effect on the signal. One important study is to determine 
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if the terminators are necessary. Not using terminators inside the straw tubes would 
simplify the chamber construction and reduce the amount of material. 

In Figure 1.14, the result of an attenuation length measurement using the 7 
meter tubes is shown. In Figure 1.1, we showed the same measurement using our 2.7 

meter long chamber. The cathode material for the 7 meter long tubes is different 
from the material used in the 2.7 meter prototype. The new cathodes are made of 
1500 angstrom copper rather than 1/3 mil thick aluminum. By fitting the data points, 
we obtain 510 ± 20 an for the attenuation length, which is compatible with the earlier 

measurement. 

1.7 Wire Position Measurement 

To obtain a detector resolution of 150 microns, the sense wire location has to be 
known to better than 100 microns (the intrinsic drift cell resolution is about 100 

microns). Although the position of sense wires can be calibrated using tracks from 
interactions, it is desirable to be able to measure the wire location before installation. 

We have devised a technique for measuring the wire position using a collimated 
Sr90 source. Preliminary studies show that the wire position can be measured to an 
accuracy of about 50 microns. 

In this technique, a chamber is sandwiched between two slits as shown in Figure 
1.15. A Sr90 source is placed behind one slit and a scintillator is placed behind the 
other slit. A signal from the scintillator is used to start a TOC and a signal from a tube 
is used to stop the me. As the slits move across a tube, the drift time is measured as 
a function of the slit position. Figure 1.16 shows a typical time measurement as a 
function of the slit position. The sense wire position is calculated by fitting the data to 
the form T(x)=a(x-XO)+b(x-xO)"2+c(x-XO)"3 where xO is the sense wire location. 

The accuracy of this technique was tested using a 4 tube chamber with known 
wire positions. A small hole was made in each tube to measure the wire location 
using a traveling microscope. The chamber was then placed between the slits as 
shown in Figure 1.15 and scanned. Figure 1.17 show the results of the scan of the 
chamber. From a fit to the data, we obtain 4280, 4350 and 4390 microns for the 
distance between wires. These distances are in good agreement with the measured 
sense wire positions: 4270,4320 and 4410 microns. 
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Another way to test this scanning technique is to move the chamber by a known 
amount after the wire positions are measured. The wire positio~ are remeasured 
after the chamber is moved. By comparing the wire positions to the distance the 
chamber is moved, one can estimate the accuraCy of this technique. For this test, the 
chamber is positioned as shown in Figure 1.18. In Figure 1.19 the two sets of data are 
shown from one of four wires. One set is before the chamber is moved, and the other 
set is after the chamber is moved by 160 microns vertically. The measured change in 
the wire positions are 160, 158, 168, and 180 microns. 

There is a limitation of this technique. Since the energy of electrons from Sr90 is 
about 3 MeV, more material in the path of the electrons means worse accuracy in the 

wire position determination. We have tested the t~que with up to 8 tubes in a 
row and found the the accuracy is still better than 100 microns in good agreement 
with the known translation of 160 micron. 

1.8 Ownber Stabfiity 

Using the setup discussed in Section 1.8, the chamber stability (in drift time) 1s 
studied. For this study, the slit position is fixed and the drift time is measured as a 
function of time. In Figure 1.20, the drift time is plotted over a period of one day. As 
can be seen in the figure, there is little variation of the drift time. 
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2.0 Design of a Semi-automatic Straw Tube Placement Machine 

2.1 Overview 

Our proposal for ~e construction of straw tube superlayers for the SOC tracking 
detector involves the precision placement of on the order of lOOK straw tubes on large 

stable-base cylinders. Over the past six months, Duke, in collaboration with Oak 

Ridge National Laboratory, has designed the first prototype of a machine which will 
semi-automatically lay three meter long straw tubes. The construction and testing of 

this three meter prototype is necessary for the proof of principle required before a full 
scale straw placement machine is designed. This R&D work is a high priority task for 
Duke within the Hybrid Subsystem collaboration and has been identified as a critical 

R&D issue by the overall straw tube group within SOC. 

An end view of the straw placement machine is shown in Fig. 2.1. The straw 

tube guide is formed from two 10 foot long precision ground steel beams having an L 
shaped cross section (3 in. by 5 in.). Precision spacers are used to separate the steel 

beams, leaving a slot with a width approximately 4 mm (the straw tube diameter) and 
length 10 feet. To achieve the required flatness and straightness, the steel beams will 
be manufactured using the following sequence of steps: 

1) rough machined 

2) heat treated 

3) precision machined 

4) heat treated 

5) precision ground 

We have placed an order for the precision steel beams from HatH Machine 
Tool Company Inc. (Dayton, Ohio) and expect deUvery by early October. The 
manufacturer has guaranteed that the beams will be flat to 0.001 inch (total run out 
over 10 feet). 

For this test, the straw tube superlayer will be constructed on a horizontal flat 
surface mounted on a precision roller bearing slide table (see Fig. 2.1). The straw 
dispenser will not move horizontally, but can be raised and lowered vertically with a 
lead screw drive controlled by micro-stepping motors. The straws are picked up into 
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and dispensed from the 10 foot long slot by means of a computer controlled vacuum 

pickup and over pressure ejection. 

Using this basic concept, we have designed a semiautoma"tlc procedure for 

constructing a 3 meter long straw tube superlayer on a flat surface. A PC based control 
system implemented by a menu driven s,?ftware is being written specifically for this 
straw placement task. The general procedure for the construction of a superlayer 

consists of the following steps: 

1) The superlayer base plate is indexed to the proper horizontal location for the 
placement of a straw tube. 

2) The straw dispenser is raised vertically and a straw is loaded into the straw 
slot and pulled into pOSition using a low vacuum. 

3) The straw guide is then lowered until the dispenser edge is 2 mm above the 
top of the present straw tube layer. 

4) After the straw dispenser is stationary, the straw is ejected by a slight 
overpressure in the guide slot. The straw is held in position by two razor 
thin (4 mil) guides attached to the lower of straw dispenser. 

S) The straw is then glued to the superlayer with an automatic hypodermic glue 
injection system. 

6) The straw dispenser is raised and steps 1) to S) repeated for the next straw. 

Details of the straw placement machine and alignment concepts are given below. 

2.2 Straw Tube Superlayer Surface 

In this prototype, the superlayer surface consists of a flat plate mounted on two 
precision slides. The slides are driven by a micro stepping motor and ball screw 
mechanism. This preciSion indexing is critical to construction of the superlayer since 
the motion of the surface will detennine the horizQntal spacing between adjacent 
straws. The absolute position of the surface will be determined by an encoder 
attached to the indexing motor. 

2.3 Position Control 

All motions of the superlayer surface and the straw machine will be controlled 
using a UNIDEX 14 four axis controller made by AeroTech, interfaced to a PC. All 
feedbacks for positioning and sensing will be controlled from the PC using an AID 
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interface board. A schematic of the system control architecture is shown in Fig. 22 
The UNlDEX controller allows the micro-stepping motors to be synchr,?nized in pairs 
by running off the same clock. If slight alignment adjustments are necessary, the 
motors can be operate independently. 

2.4 Software Interface 

Software for the PC control system is being written in the program language C. 
The interface with the user is a menu driven interface to allow users with limited 
familiarity with the control system to operate the straw placement controls. The 
software consists of a set of routines that allow the user to look at input parameters, 
setup system defaults, calibrate and monitor the alignment system, move the straw 
superlayer surface plate, move the straw placement diSpenser and record data. Figure 
2.3 illustrates the design of a typical terminal menu option with its sub-menus. 

11 
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3.0 Alignment and Measurement System 

An important part of any straw placemen.~ device is the alignment procedure. 
We will use a laser based measurement system made by United Detector 
Technologies (UDT, Orlando, Florida) to assist in alignment of the detector during 
construction and to check alignment of the superlayer as it is being fabricated. The 

UDT system has the ability to measure the centroid of a laser beam to a precision of 6 
microns. This system has been thoroughly tested for resolution and reliability in 
measuring transverse displacements from a laser beam over a distance of 3 meters 
along the beam. A HeNe laser is flltered and collimated to establish the straight-line 
reference. The 2 em by 2 em lateral effect photodiode is then monitored using 
instrumentation provided by UDT (model 431 X-Y axis monitor). The lateral effect 
detector is a photodiode array made up of individual light sensitive photodiodes that 
transduce incident light into charge which is proportional to the light intensity. A 

narrow bandpass filter is used to insure that only the 633 nm HeNe light reaches the 
detector. The 431 monitor uses an LCD to display the X and Y offsets of the beam on 
the photodiode. The monitor also provides X and Y access ports to allow direct 

interface with the PC using an AID board. 

An overview of the laser alignment system is shown in Fig. 3.1. 

3.1 Alignment System Calibration 

The UDT system was carefully calibrated to obtain the results discussed in the 
next section. A 1 mW HeNe laser was mounted to an optical table using a gimble 
mount. The iaser beam was roughly leveled with the optical table. The detector was 
then mounted on a 1 mia-on resolution stage with 20 mia-on divisions which was 
mounted to another stage fixed to a magnetic base. The detector was placed' a distance 
(x) from the adjustable aperature at the laser. The top stage was set to zero. The 
lower detector was then moved transverse to the beam line until a near zero voltage 
indicated the beam spot was near the center of the detector. The top stage was then 
moved from 0-200 miaons at 20 miaon inaemertts while the voltage was recorded 
at each ina-ement. To account for hysteresis, the top stage was moved back to zero 
from 200 mia-ons at 20 mia-on inaements, recording the voltage at each 20 mia-on 
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Fig. 3.1 Overview of laser alignment system. 
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increment. ~ procedure ~stablished the calibration curve for the detector at the 
given distance, x, from the variable aperature. 

3.2 Verifying the UDT Measurements 

The measurements taken from the UDT system was verified in three ways after 
calibration was completed. The first method was to simply move the x translation 
stage a known amount and compare the calculated (using the calibration curve at x) 
transverse distance to the known value. The second method was to survey a known 
surface and compare the results from the UDT to the known profile. This was done 
at ORNL using a 2 m diagonal on a granite table known to be flat within +/- O.OOOS in. 
The results from this measurement are shown in Fig. 3.2. A third method was to 
survey along a line on an optical table and then place a known thickness of shim at 
the survey points and resurvey the line and compare the results with .the original 

results. 

The best measurement resolutions were obtained using the UDT system with a 
collimated beam having a spot size diameter of approximately 3mm. Test results 
indicate that a measurement resolution of 9.0 microns (sigma) can be obtained at up 
to 4 m from the beam source. This is well below the alignment precision required for 
our straw tube placement. 

3.3 Future Tests on Alignment System 

Tests on the UDT system will continue to better understand the capabilities of 

the system. Software is currelltly being written to allow the system to be monitored 
over long time intervals to observe any possible drift or changes that may occur in the 
system over time. Various beam spot sizes and power settings will also be tested to 
achieve the best possible results. 
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APD Readout R&D Progress During FY1991 

Work had concentrated in the following areas: 

1. APD development; 0.5 mm 'Slik' detectors 

2 Faster Quench circuits 
a. passive quench 
b. active quench 

3. Fiber-detector coupling 
. a. ball lens 

b. non-imaging concentrators (NIC's) 

4. Device modeling 

S. Sub-geiger operation 

L 0.5 mm '51ik' APD 

EG&tG 

This device is desirable for its higher detection ef~ciency in both the geiger and sub
geiger modes, and its lower noise in the linear mode. 'Large' devices are difficult to 
fabricate, however, because of their extreme sensitivity to thickness variations. A 

procedure has been developed to avoid the. necessity of etching wells; this, however, 
resulted initially in poor blue-green response. This problem has now (we believe) been 
cured, but the final results are not yet in. Dark count rates will be higher than 009025, so 
that cooling may be required. 

2. Faster Quench Circuits 

a. Passive Quench: A new passive quench circuit has been developed which is an 
improvement on the simple RC circuit. The RC circuit gives exponential recovery, 

requiring several RC time-constants to recover to initial photon detection efficiency. New 
circuit uses an PET to replace R; result is a linear recovery: dead time reduced from -500 ns 
to about 300 ns.or less. depending on V. Usable recovery slope limited by trapping, and 
avoidance of latching. Count rates (-2 MHz) limited. by diode heating. 

b. Active Quench Circuit: Chris Moir's circuit was tried anc:t found not to work. C. 
Moir has also had difficulty reproducing it. Initial reported results either a fluke or 
incorrect. 
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Other fast quench circuits tried, but none found fast ~ough to pr~vent a considerable 
portion of the charge going through the diode. Problem seems to. ~e that one needs a 
sensitive trigger so that quench pulse is initiate~ in the first ns. We will abandon this 
work for now until we investigate sensitive frond ends. 

3. Fiber:-to-Detector Coupling 

Fibers are likely to be in the 0.8 to 1.5 mm range; detectors should be 0.5 mm or less to 
reduce their capacitances, dark count rates, and cost. Problem: how to collect the light. 

We have demonstrated, both by computer modeling and experiment, that a 1.5 mm 
diameter high index (l.82) ball lens will concentrate 90% of the light which emerges from a 
fiber with angles within ±20o of the axis onto the detector provided the fiber lens spacing is 
small and the lens is coupled directly to the detector. This approach has been designed into 
prototype packages using 'standard' (k=.02) and low-k (.006) devices (C#0902E(5)BL; 
C30607E(5)BL, respectively. The '5' designation implies a lower dark count rate and better 
device uniformity, and is required for Geiger or sub-geiger operation). 

An experiment is in progress to measure the angular distribution of light from a 
Scintillating -fiber as a function of source-ta-detector distance. 

We have also begun an investigation of now-imaging-concentrators (NIC's) as a 
possible alternate to the ball lens [see Scientific American, March 1991]. These are 
moldable shaped light-guides based on off-axis parabolas which are supposed to be quite 
efficient an4 possibly of lower cost than ball lens. No results yet 

4. Device Modeling 

Efforts are continuing to try to understand in detail the mechanism by which the 
Geiger pulse develops and spreads. We are working on this in cooperation with 
Ripamonti, et al., at University of Milan. Nothing definite to report yet. 

5. Sub-geiger Operation 

This work was delayed because of work on fast quench and ball-lens approach and 
limited effort. However, a paper sent to RJM for review reports dead times of 15 nsI , 

virtually no after-pulsing, and linear count rates up to at least 107/sec. Preamp used was 

1 15 ns dead time was determined primarily by the recovery time of the comparator used. 
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an overkill: a noisy one with a 200 MHz bandwidth; this resulted in a detection efficiency 
of only 5%. With a better amplifier and a low-k or slik detector, siI!gle photon detection 
efficiencies of 30-40% should be possible. 
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1.0 Introduction 

For a SSC detector, fibers in conjunction with straw tubes make a powerful 
tracking system, where performance exceeds bOth straws alone or fibers alone. Even 
though this effort was performed under the auspices of HCTC, the results are also 
applicable to an all fiber system as well as shower maximum in the calorimeter. In 
tracking of the barrel region, even at luminosities of 1()34 for 10 years, the radiation 

levels will be only about 400 Krad. Essentially all fibers that we have tested show little 
damage at this level of irradiation. We have studied a large number of 1.2 meter long 
fibers and two samples which were 4 meters long. A sample of the results are 
discussed under Section 2.0 of this report. The' critical value is not what the 
attenuation length is at the end o~ the fiber, but how many photons are lost by the full 
length of the fiber. During the past year we have tested several hundred samples and 
our opinion is that if APO's or VLPC's can be made to work economically, then we do 
have working fibers. 

For the intermediate section of tracking, the situation is not the same, as 
radiation levels are considerably higher. In the very forward direction present day 
fibers will have marginal number of photons. 

We have also irradiated straw tube subassemblies to 10 Mrad and find no 

damage. 

The FSU group has now been working on various radiation damage studies for 
many componen~ of sse detectors. Our effort on this project is about 20% of our 
total effo~. The rest is mostly calorimetry. The HCTC funds received in 1991 for this 

. project totaled $15,000. 
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2. Results 

Fibers were irradiated by 3 MeV electro~s and recovered for 1 month. Most 
recovery occurred in one week, but after 4 weeks recovery was still continuing. 
Measurements were by Hamamatsu R329 biakali photomultiplier tubes. The relative 
quantum efficiencies of the R329 at various wavelengths are given in Table 1. Results 
of various fiber tests are given in Table 2. 

Fibers employing a new cladding material are identified by the deSignator -N in 
Table 2. It is seen that the new cladding reduces attenuation length by about 30% ± 
5%, and increases light yield by about 47% ± 16%. 

For a fiber with 200 em attenuation length and 140 em new cladding attenuation 
length the new cladding fiber has 1.47 times the light yield. The cross over point is 
180 em, i.e., after 180 em the new cladding fiber will have less light output. 

Attenuation length increases toward the end of long fibers. Between 3 and 4 
meter RH1 fiber attenuation length increased 80%, BCF-E (3HF) increased also by 80%. 
BOth fibers tested are manufactured by Bicron. 

Note: After 1 Mrad radiation and recovery, the ratio of attenuation lengths 
between old cladding and new cladding is smaller, i.e., 13% ± 8% instead of 30% ± 5%. 

Table 3 presents some reults of fiber irradiation to 10 Mrad. 3HF attenuation 
length is now much lower than before, also light output is lower. The 3HF got 
damaged by being under fluorescent lights in the lab. 
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Table 1. Hamamatsu R329 Relative Quantum Efficiencies for Various Fibers 

Fiber Spectrum Peak ReI. Quannun Eff. of R329 
(nm) : 

Kuraray SCF38 430 1.0 
Kuraray SCSF81 430 1.0 
Kuraray SCSF81 Y7 490 0.70 
Kuraray SCSF81 Y8 515 0.63 
Kuraray SCSF81 Y9 485 0.74 
Kuraray SCSF3HF 525 0.41 
Biaon02B 430 1.0 
Biaon 00 RH-1 425 1.0 . 
Biaon 180-1 472 0.73 
Biaon23G-2 492 0.66 

Table 2. Representative Fiber'Tests Results 

UghtYieJd Irradiation 1.2 Mrad 
Attn. YlCld Y1Cld 

l.aIgth Attn. Loss so em 
Fiber (em) Measured Cam:cted (em) (If,) (If,) 

SCSF38 166± 4 1.3 1.3 49 4.6± 1 18 
SCSF38-N 144± 2 1.6 1.6 52 4.5 20 

SCSF81 177± 3 1.0 1.0 84 3.5 43 
SCSF81-N 126± 2 1.4 1.4 71 3.1 43 

SCSF81Y1 170± 16 0.29 0.41 116 3.8 73 
SCSF81Y1-N 123± 3 -0.44 0.63 111 3.6 81 

SCSF81Y8 201± 12 0.20 0.32 142 4.3 82 
SCSF81Y8-N 153± 5 0.28 0.44 128 3.9 79 

SCSF81Y9 160± 5 0.33 0.45 69 4.2 39 
SCSF81Y9-N 115± 6 0.48 0.65 55 3.9 35 

SCSF3HF 216± 5 0.33 0.81 118 2.1 70 
SCSF3HF-N 159± 4 0.53 1.3 . 106 1.5 67 

02B 215± 5 1.2 1.2 95 2.9 47 
(1l RH-l 195± 10 1.0 1.0 112 3.1 62 
18 G-l 160± 9 0.69 0.95 104 10 67 
23G-2 141± 4 0.47 0.71 _ 81 19 43 
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Table 3 Results of 1Q-Mrad Irradiation on 10 April 1991 

.. 
UghtYield Irradiation to 10 Mrad 

: 

Attn. Yield Yield 
Length Attn. Loss 80cm 

Fiber (em) Measured Corrected (em) (%) (%) 

SCSF81 134± 10 1.0 1.0 44 23±3 7 
SCSF81-N 111 ± 3 1.4 1.4 40 23 9 

SCSF81Y7 161 ± 10 0.29 0.41 64 22 2S 
SCSF81Y7-N 111 ± 3 0.44 0.63 54 24 24 

SCSF81Y8 171 ± 12 0.20 0.32 83 23 40 
SCSF81Y8-N 147± 5 0.28 0.44 70 26 33 . 
SCSF3HF 90± 5 0.33 0.81 52 13 32 
SCSF3HF-N 90±4 0.53 1.3 52 13 32 

02B 203± 5 1.2 1.2 46 27 5 
07 RH-l 186± 10 1.0 1.0 44 23 6 
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Conceptual Design of Straw Tube Readout with TMC 

The electronics group at KEK received no ~ding from the Hybrid Subsystem grant. 
However, KEI< (Y. Arai, H. Ikeda and Y. Watase) and Duke (5. Oh) have collaborated on 
testing the Time Memory Cell (TMC) developed at KEI< as a time digitizer for signals from 

a straw tube array constructed at Duke. The results of these tests are discussed in Sections 

1.4 of Duke's contribution to this progress report. The TMC development was not part of 
the Hybrid System work and will not be described here. A recent ~rticle describing the 
conceptual design of the TMC is available from Y. Arai, et al., at KEK. 
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S11mmary Report 
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Abatraci 

NCSU 

All ~igaiioa of the .ipal chal-aciel"iaiica ot ioDisaiioD pulaa pner
aied ill HCTC. atraw tub. w .. pertol'lll8cL The mOli releftDt characterisiic 
of theM .ipaJa is tJaei&o riM iim. uul their taiL The behaTior of the pro-
pOMCl .iraw iub. cleIip wu ezamiaecl far aii.DuaUoD uu:l rea.ctiou. The 
..... tail re.pODM ot the ioniMUoD pulMa wiD impede double-hit timiDg 
r.oluiioD lor the atraw va'._ the tail c:ua b. flIt __ out. A .uitable 81t .. 
far ibia appJicaiioD is proposed. TJmiac atudlel far ihe tail caDC811aiioD 41-
i .. and far ihe trDiy. ofPeDD. clmc. an perfol'ZDllCi far ~ track radii 
uul toz. ?aI')bag hit positiou. TJmjac performence far ~ua becl azul 
proportional ibraholU is COQlP...L The t ... ibiliiy of 1IIIiDg 10111 liraw 
tub. detectors depeDda OD the impaci of .ipal re4ectioDi r.u1tiag hm 
ihe improper iermiDatioD of the liraw iub.. ThaiDgstudia an peH'ormed 
to .. artaba ihe impact of these reSectiou OD double-hit timing Nlolutioa. 

1 Straw Tube Physical and Electrical. Param.eters 

The propoMci wire chamber elemau for the Hybrid Central Tracking Chamber (HCTC). 
ccmsiIi of 4 .... diameter mylar straws that have beeD coated on the inside wall with a 
- 8 ~_ layer of aluminum. Thmugh the middle of each straw a 2S ~_ diameter gold-plated 
tuqsten wire i8 Itrung under teDSion. Under operation the tube will be preaurized with 
&Il ionization SU (pouibly ArtCH. or OF 4) with ~ 1500 v potential between the center 

1 



NCSU 

(anode) wire and the straw tube wall. An ionization track will be formed in the gas when a 

collider generated particle intersects the tube. The ionization charges will generate avalanche 

c:ummts as they collect on the anode wire; these ava.la.nche currents will form a current pulse 

that will propagate down the straw tube to the front-end electronics. The behavior of the 

straw tube as a transmission line must be understood to ensure accurate timing recovery at. 

the front-end. Table 1 lists the RL C parameters for the straw tube transmission line. 

TABLE 1 
Passive equivalent parameters for HOTC straw tube. 

Parameter Value 
Ro 113.0 O/m. 
RaNfJ . 0.270 o/m. 
Co 10.96 pF /m. 
1,0 1.015 I'll/m. 

The c:ha.racterisiic impedance of the siraw tube is given by (1) [1]. 

Zo= 
Ro +;wLo 

;wCo 
. (1) 

The conductmce of the gas medium and R.aND are negligible md are thus ignored. Note 

that this imped&llce is complex. At high frequencies the characteristic impedmce Zo C&Il be 

approximated by 

where c .. is given by 

1 
Zo == Ro + -. --,wC .. 

a 2.;r;c; .. = . 
Ro 

(2) 

(3) 

For the particular sira w tube parameters given the characteriatic impedmce approximation 

is given by 
1 

Zr =- 305 a + . 59 . ,w pI 

Thia is the desind impedance for use at the termination and at the froni-end of the straw 

tube. A capac:itmce at the termination and at the front-end it required in my event to block 

the high DC voltage of the &11Ode wire. Using Zr u the termina.iing impedance at each. end 

of the Itraw tube, the derived rdection coefficient p is given by 

p = 0.00644 
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at; 50 MIla [1). The rdection coef!icient is non-zero due to the approximate matching of the 

terminating impedance to the characteristic impedmce. The derived propagation ~Y per 
unit length ~ .. is given by 

~ .. = 3.384 "./ m 

at 50 MIl. [1). The propagation delay matches the delay observed in simulations. 

In the SPICE simulations of the straw tube a lumped-parameter RL C model is used. 

Forty RLC sections are used per meter (see Figure 1). The simulated attenuation length of 

6.15 rra appears to match experimental result. obtained at Duke University. 

straw Tube RLC SectIon 

2.IZS ..... 

'Figure 1: Lumped RL C section for Itraw tube iraD.lmiaiOl1 line model. Forty sections per 
meter of tube used. 

2 Ionization Avalanche Response and Straw Tube 
Reflection Behavior 

Ionization eleciroDa produced by & c:ollicler panicle track will drift towards the &DOcie wire &nd 

will C&UIe & cbarp &nlnw due to the high fielci naioD at; the wire [2). The cietermiDation of 

the appropriate &ftlnw c:ummi for the liraw tube simulations 11''' bued OIl the following 

auumptioDa [3): 

• The &valu.che Oc:c:uD at; the surface of the &DOde wire with c:onstmt gas gain :II: 75000. 
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• The mobility of the positive ions ~ + is 1.9 em 2/_/ V . 

• The anode voltage is 1750 V. 

• The tube radius 6 is 2 "''''. The wir~ radius. is 12.5 ~m.. 

The avalanche current i •• ( ,) is given by (4) where q is the total charge collected on the wire 

i..(') = 2lu~6/.) . , ~ to (4) 

and to is the time scale, given by 

(5) 

and equal to 1.192 ._ for these assumptions [3]. Within &'scale £actor this current exhibits 

a to/(' + to) response. Figure 2 is a plot of the a.valanche current along with an exponential 

a.pproximation h(,) used to derive an optimal tail cancelia.tion filter (see Section 4). This 

response is characterized by a long tail response that remmns a. substantial fra.ction of the 

maximum, pulse height tens of nanoseconds after the a.valanche occurs. This tail can impede 

the double-hit resolution of the front-end timing circuitry. 

ftraw TUbe Avalanch. C:-.,u:nnl: and !x'CIonenl:ial Approxilaal:ion 
1. 

0.8 

, 
0.6 , , , , , , 
0.4 • , , , , , 

\ 

" 0.2· ~ 
~'" 

:-.. .. "'-

0.993.-6 1:0/11: • 1:0) ---
0.993.-6 b(l:) -_. 

-

-

-

-
.-............... -

oL-~==~--~-======~ o 1.0 20 30 40 so 60 
nae<: 

Figure 2: Straw tube a.vala.nche current and exponential approximation (dotted line). 
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Figure 3 shoWi the straw tube response for a single avalanche 1 ftI from the front-end on 
a 2.75 ftI tube terminated with the optimal zie at each end. Little evidence of refiections 
c:an be seen. Figure 4 shows the same avalanche occurring 1 ftI froDi:the front-end, of an 

8 ftI tube. The anode wire of the tube. haa b~_ broken at the 4 ftI point to reduce total 
tube occupancy. The break is modeled· a.I a 0.1 ,1' capacitor. Figure 5 is a diagram of 

the straw tube configuration used in this simulation. This break corresponds to an open 

circuit termination for the half of the tube observed.. Notice the pronounced reilection off 

the line break. In 8 ftI tube simulations very little crosstalk W'u observed between the tube 

sections « 1%). A single avalanche pulse, with its fast rise time, should have the largest 

high frequency components of any signal observed. It C&Il be seen that proper termination 

at both enda of the tube reduces signal re1ied:ions. 

Straw '1'WM Avaluu:h. R •• pon..1 2. 'Sill cube 1. 0111 Hi c 

2.-05 ~----~------~----~------~------~----~ volts 

o ~ ........•...•.........•..•......•.....•......•..•......•..............•... ~ 

· 

· 

· 

-I.-OS I- · 
-0.0001 '-----..... ---""'---.... -----...... ----""----.... a 10 20 30 40 50 60 

Figure 3: Avalanche respouae for a 2.75 ftI straw tube termizWed by zr at both ends with 
the avalanche 1.0 .. from. the &ont-end. 
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2.-05 ~----~------~------~------~------~----~ volt. 

o •••••••••••••.••••••••••••. ~ .• : .••••••••••.•••••••••..••..••••••••.••.•..•• 

-2.-05 

-4.-05 

-e.-os 

-a.-os 

-0. 0001 ..... ----....... -----..... ----...... --~--... ----------....... o 10 20 30 
ns.c 

40 so '0 

NCSU 

Figure 4: Av&lanche response for a 8.0 "' straw tube terminated by Z'l' at the front-end with 
all open circuit in the middle with the avalanche 1.0 III from the front-end. 

Simulation Configuration for 8 meter Straw Tube 

Una break is modeled as a 0.1 pF capacitar 

1

1--: -- 1 ... -----+ 
J-.• --- 4. ----+ 

.. I.on. 

Figure 5: Diagram of the 8 III straw tube coDfiguration used in simulatiol1l. 
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3 Ionization Pulse C~rents 

The ionization tracks produced by' collider particles intersecting a straw tube will in general 

produce a few tens of free electrons that will drift'towards the anode wire at constant velocity 

[3]. The statistics of the electron distribution on the ionization track are not examined 

here. Each elect1'011 azriving at the anode wire will produce an avalanche ~t pulse (see 
Section 2). An intuitive way of viewing this proceu is as a linear system; the avalanche 

current is the impulse response of an electron azrival event. The current pulse produced by 

an ionization track would be the sUPerp9sition of all the avalanche pulses produced by the 
azrival of individual elect1'011l, and could be modeled as the convolution of the avalanche 

pulse response with a series of impulses. 

Since the distribution statistics of ionization elect1'011S on the track is neglected, the 

ionization track caD. be modeled &I a uniformly distributed line o( charge, where the total 

charge on the track is equal to the average observed charge density times the track length. 

The charge o~ the ionization track will then appear at the anode wire &I a continuouS current, 
which then is convolved with the avalanche response to. produce the ionisation pulse current 

[2}. For this analysia it is aaumed that tracks paa through the straw perpendicular to the 

length axis. The arrival current i..(') is given by (6) for the listed conditions: 

• < .s. - .. 
JL<.<J:. ". - " . (6) 

• > J:. ". 
• The tube radius ,. =- 2 "' •• 

• The track radius from the mode wire is CI. 

• The ionization c:harp cieuity /I =- 10 _I",,,,. 

• The charge drift Ye1oc:ity •• - 100 ".-1... . 
Figure 6 is a plot of the various arrival current. for varying track radii. From (6) it caD. be . 

seen that the arrival cummu will instmta.neously ciec&y to zero at , = 20 •• (the muimum 

.drift time of all ioDization charge). For the cue,..here the track intenec:U the center of the 

straw I the arrival current is a C011Itazlt 2 -I.. over the 20 •• drift time. The form of the 

avaluche current makes the aulytica1 convolution untractable. IODiz&ti~ pulse currents 
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were obtained by numerical convolution. Figure 7 is a plot of the corresponding ionization 

pulse currents for varying track ra.dii. Note that the maximum pulse height for these currents 
exceeds 6.5 "A in &ll cases. The track radius that produces 25% of the maximum ionization 

charge (lO .) is l.94 mm. This results. ~ a pulse height of 9.228 "A-. The height of the 
ioniza.tion pulse does not exhibit a large variance for inc:rea.sing track ra.dii; however, the rise 

time of the pulse is reduced for tracks thai are near the &nOde wire. It appears that the 
pulse height variance should not affect the choice of the timing threshold at the front-end. 

Anode Wire Arrival CUrrenca vs Track Rad1u. 
30 ~--------~.--------~--------~---------.--~ 

e/na 

2S .. 

20 f-

lS I-

10 I-

. , , .. 
" 

0.0 1IIIIl-
0.2 IIIIIl -_. 
0.4 IIIIIl ---
0.6 IIIIIl ._-
1.2 IIIIIl -.-
1.S IIIIIl -.- I 

J 
~ .. .I 
I' .1 
!i 
Ii i, 
i' . , 
I \ , . , 

, 
1 
~ 
~ 
!i 
!i 
I' ,I 

" I 

, 
. '.~ ~ 

......... _._._ • .J 

. 

. 

.. 

O~ ________ ~ ______ ~ __ ~ ____ ~ ____ .,' __ ~l __ ~ 
o 5 10 lS 20 

. Mec: 

Figure 6: Anode wire arrival currents ':'1. track radius for the continuous charge ioniza.tion 
track model. 
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Figure 7: Straw tube ionization pulse c:ummta vs. track radius for the "cOntinuous charge 
ionization track model. 

4 Ionization Pulse Tail Cancellation and Preamp Band
width 

It is dear from Figure 7 thU the c:,haracteristic ta.il response for ionization pulses remains 

a substantial fractiOl1 of the maximum pulse height 32 .. (or ~wo colllder collisioll periods) 
after the ODIet of the pulse. This may impede the ac:c:uracy of double-hit timing for circuits 
at the froa.t-ea.d that obtain a timing estimate by meuuring the time for the ionization 
signal to croa & threshold, since the bge!ine of the secoa.d arrival is. not at zero. A low
threshold detector could be swamped by the puln tail. Filtering of t~ ionization pulse to 
supprea the tail is required to support adequate double-hit resolution 011 the straw. The 
choice of preamplifier aud filter baudwidth must couicier the noise environment the froa.t
ad electronics will operate in; baa.dlimiting must be c:hosm as low as pouible to limit the 
noise baudwidth of the detector while presening th8 rise time of received ioDization pulses 
uui the tail C&Ilc:eWng properties of the filter. 

From Sect:iOl1 3 it wu determined thU the ionizatioll pulses could be decomposed into 
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the convolution of the characteristic avalanche response of the stn.w tube with a series 
of impulses representing the arrival of ionization electrons. This signal can be identically 
modeled as a sum of delayed. avalanche pulses. Since the distribution of electron arrivals at 

the anode wire is variable, the only degree of freedom in the tail cancellation filter design is 

to shorten the tail of a single avalanche pulse as much as possible. The tail of the summed. 

ionization pulse will consequently be shortened. 

In [2) an approximate model of the 1.0/(1. +1.0) response of the avalanche pulse is given by 

-. -. -. h( 1.) ~ Ae'" + Be Tat + a c ~ (7) 

where the constants equal 

A = 0.790; a = 1.60; B = 0.185; (J = 13.5; a = 0.024; ., = 113.0 . 

This model tracks the actual tail decay of t~e t.o/(1. + to) response exactly, while diverging 
slightly in the 1. !i 15 ,,_ region. The approximate model A(t.} is shown along with the 

avalanche pulse in Figure 2. The exponential component with time constant at.o decays 

much faster than the other two components. The tail canc:ell&tion filter should preserve the 
wt exponential component of the avalanche pulse wbile cancelUng the slower components. 

The spectrum of the approximate model II (_) is given by 

. A B a 
1l(_) = 1 + 1 + l' 

-+; .+Te;' -+; 
(8) 

In (2) it was shown that a filter with the frequency response F(_). 

-+ie; .+* F(_) = 1 • 1 

- + lit Te;' - + 112; 
(9) 

will yield a response ,(1.) for input h( 1. ) 

,(1.) == .c-1[1l(_)F(_») ~ .051- (10) 

for the given p&r&meter values A, B, a, a, p, .,. and the constazaia lit. 112 

lit = 2.50, 112 = 1.62 • 

F(_) is chosen u the frequency response of the tail canc:ella.tion filter. For 1.0 == 1.19 .. this 

results in a zero-pole, zero-pole fil:ter with pole-zero frequencies 

f., == 1.183 Mll~; f", == 1.916 Mll~; f .. = 9.907 Mll~j fPl == 24.77 M.ll~ . 
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~igure 8: Response of the NCSU filter to &Il ionization pulae of 1.8 .. u" track radius at 1 rJI 

from the front-encl. 

This filter is implemented in the SPICE simulatiolU u a bWferecl seria of 11 C filters. 
No attempt i. made to try to compeDJ&te for the frequency respODle of the Itraw tube 

tr&11llDiuiCm line, the straw tube coupling, or the intercoDDeCtion paruitiCi. Figure 8 ia a 

plot of the response of the dacribed tail C&Dc:ell&tion filter (NCSU filter) to aD ionization 

pulae with track radius 1.8 "'''' propagating 1 '" down a 2.75 '" terminated straw tube. The 
respODSe of the filter with varying degrees of bmdlimiting.ia &lao shown. Notice how quickly 
the filtered pulae retuma to the bveline, in comparison to the ionization pulse iUelf. Figure 

9 shoWi the s&me ionization sigul puaeci through the University of PeDDSYlvaDia (UPenD) 
preamp/ah&per integrated circuit. The UPemL preamp/shaper exhibit~ ,&in that ia not 

modeled in the NCSU filter simu1&tiolU. No attempt wu m&cle in the UPemL preamp/shaper 

design to perform tail cancellation, mel it is evident in Figure 9 that the ionization pulae tail 
is DOt suppreaecl. Figure 10 shoWi the response of the NCSU filter for m ionization pulse 

with tra.c:k radius 0.6 "'... Some overshoot in the response is evicimt. ThiI is likely due to 
the fact that the aval&Dche pulse m.oclel UIeci ill (1) is not ~t .. well .. the fact that the 
AC couplinl of the straw tube to the froDt-end (through a 59 " capacitor) is not taken into 
account in the NCSU filter daip. . In my event, thia overshoot is well below the iODiz&tiOD 

pu1ae tail. Figure 11 is the respozue of the UPemL preamp/shaper to the same signal. 
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UP.nn Shaper a.spons.: 1.S mm erack 1 m Hie 
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Figure 9: Response of the UPenn shaper to an ionization pulse of 1.8 mm track radius at 
1 m from the front-end. 
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Figure 10: Response of the NCSU filter to aD. ionization pulse of 0.6 mm track radius at 1 m 
from the front-end. 
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UPenn Shaper ae.pon.e: 0.6 mm crack 1 m Hit 

volta 
o 1----_ .................................................................. . 

-0.1 

-0.2 

-0.3 

-0.4 

-0.5 ~-~--~-~---~--~-~-----~ o 10 20 30 40 so 60 70 80 
naec: 

Figure 11: RespollSe of the UPenn shaper to m iomz&tiol1 pulae of 0.6 11&11& tr&ck radius a.t 
1 11& from the frol1t~d. 

One c:hvacteristic of the NCSU filter is ita ht gam at arbitrarily laqe bmelwieltha. 

Clearly thia C&IU1Ot be implementeci in & real elevice, nor it it elesir&ble. Some bmdlimiting 

of the filters frequency response is necessary to reduce the noise bmelwielth of the frol1t-enel 

amplifier. The collSequence of this ba.rummjting is that the rise time of the filtered iomza.tiol1 

pulse will be reduceci, mel the decay time of the pulse may be extendecl. It is clesira.ble to 

praerve u much of the rise time of the ioniz&tiol1 pulse u pouible, since & fut rise time 

reduces the sensitivity of & time-te-thresholel meuurement to noise. It is not desirable to 

,smear the filtered pulae by extencling ita decay time, since elouble-hit resolution 011 the tube 

will be impaired. 

BandUmitiq for the NCSU filter is implemem:ecl in the SPICE simula.ticms by & series 

of bWfered Jl.C lowpau filters; one filter with & pole a.t frequency h mel &IlOther filter with 

two pola at frequency 2h. Values simul&teci for h inducle 40 MBa, 60 MBa, 80 MBa, mel 

100 MBa. It".. fOWlel that bmdlimiting &t 40 Mila severely reclucecl the rise t~ of the 

ioDization pulse mel proelucecl smearing. Bmdlimitmg a.t 60 MBa &Ilcl at 100 MBa were 

founel to proeluce the molt interesting resulta. The resuita of the' baDdUmitiD.g C&11 be seen 

in Figures 8 mel 10. Both ba.ndUmiting filters reduce the rise time of the ioDizati011 pulae, 

though the bmdlimiting filter with h = 100 MIla does so less severely. Both bmdlimiting 

13 



NCSU 

filters cause - 5 ft.. of smearing of the ioniza~ion pulse, with the bandlimiting filter with 
h = 60 14 1l~ producing more smearing. It is interesting to note t~· neither bandlimit

ing filter increases the time at which the filt~ ionization pulse returns precisely to the 

baseline. If an extremely low threshold is chosen for the front-end detector, then the choice 

of ba.ndlimiting filter will not impa.c:t the double-hit resolution per ,e. Figure 12 shows a. 

plot of the NCSU filter frequency response, as well as the frequency response of this filter 

through both ba.ndlimiting filters. This response is calculated for a fixed amplitude current 

signal a.pplied directly at the front-end of the straw tube (the amplitude is chosen so that 

the mid-ba.nd voltage at the input of the NCSU filter is at 0 dB). The efFects of the straw 

tube impedance a.nd the front-end coupling ca.n be seen on the filter input signal; roll-oil at 

low frequencies a.nd peaking at high frequencies. 

Figure 13 shows ·the corresponding frequency response for the UPenn preamp/shaper 

circuit. Notice the fast roll-oil of the sha.per response, with a. 3 liB frequency of 63 M 11~. 

~ ba.ndwidth was chosen to reduce the noise ba.ndwidth of the front-end detector, as well 

as to prOduce a. Ga.ussia.n response pulse (the Ga.ussian response is often used in proportional 

chambers since the output volta.ge is proportional to the total charge collected). It is clear 

£rom Figures 9 a.nd 11 that the result of this limited bandwidth is & slower rise time for the 

filtered ionization pulse. 
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5 Time-to-Threshold versus Track Radius 

The design goal for the HCTe straw tube drift :chamber is to determine the radius of the 
ionization track produced by an incidene'collider generated particle with a positional resolu
tion of - 100 I'm. For a front-end detector that forms its timing estimate by measuring the 
time-to-threshold of a filtered ionization pulse, a timing resolution - 500 p. is required. An 
additional requirement is that time-to-threshold measurements on the ionization pulse must 
be linear with respect to both track radius and hit distance down the straw tube. This has 
imJ)lications for the choice of front-end signal processing and detector threshold selection. 

. The linearity of time-to-threshold measurements with respect to track radius was ex
amined. SPICE simulations were performed for hits 1 m from the front end of a 2.75 m 

straw tube for track radii of 0.0 mm, 0.2· mm, 0.4 mm, 0.6 mm, 1.2 mm, and 1.8 mm. 
The straw tube was terminated at both ends by Zr. The simulations were performed for 
the NCSU ta.il cancellation filter with bandlimiting of both 60 Mati and 100 Mati, and the 
UPenD. Pre&U;1p/sh&per. The variable of comparison within each simulation is the threshold 
used on the filtered signal by the front-end timing detector. Three thresholds were used for 
each simulation. The first is an idealized proportional threshold set at half the maimum 
p~ height. The second is a fixed threshold set at the maximum height of the filter out
put for a single electron avalanche occurring on the straw tube at 0 m from the front-end 
(1 • threshold). This threshold level will vary for the NCSU filter for different bandwidths, 
and will be much larger for the UPenD. preamp/shaper due to the circuit's gam. The other 

threshold is a multiple of the 1 • threshold (5 .). The maximum pulse height of the filter 

outputs for ionization pulses varies with track radius ancl hit distance, but usually exceeds 
the corresponding 10 • threshold. Note that the 1 • threshold for each case may lie below the 
noise Hoor of.a reaJjzable circuit implementation. It should be noted that the performance of 
the i~ half-height threshold used. in these simulations will probably exceed. the perfor
mmce of & realizable constant-fraction disc:rimin&tor set at half of the average pulse height. 
Also, . the UPenD. preamp/shaper was designed. for & front-end timing detector with a low 

I 

(- 2S m V == 1.) threshold; the 5 • threshold results are includ~ for comparison with the 
corresponding NCSU filter results. 

Figure 14 compares the simulation results for the NCSU filter with 60 Maa bandwidth. 
For this case the 1 • threshold is == 6 ~ of the maxin",m pulse height of a hit with 
0.6 mna track radius. The solid line is a plot of the ideal propagation delay of the ionization 
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NCSU 

pulse, auuming a charge drift velocity of 100 '''_/ ". md a pulse propagation velocity of 

3.384 "./ "'. The top .line shows the results for the half-height threshold, the second line doW1l 
shows the result, for the 5 • threshold, md the third line doW1l shows the results for the 

1 • threshold. Lower thresholcb give lower time-to-threshold readinp since the rise time of 

the filtered ionization pulae is bite. Ideally, for liDear time-to-threshold periorm&Dce, each 

line would be par&llel to the ideal delay liDe. Linearity is roughly observed for track radii 

> 0.4 __ ; however, for tracb near the mocie wire, t~ time-to-threshold i, laqer than a 

liDear respODle would predict. Thia is intuitive colUicleriDg the shape of the ioDization pulae 

fOl' smaIl tra.ck radii (see.Figure 7). ~ Dear the mocie wire produce ionization pulses 

with relatively gentle slopes; the icmU:&uon pulses don't exhibit the discontiDuoul leaciiDg 

edges seeD for larger track radii. TbiJ skew i, moat pl'ODOUDceci for the half-height mel 5 • 
thresholds. 

Figure 15 ahcnn the comparable result. for the NCSU filter with 100 JlIl~ baachridth. 

For thiI cue the 1 • threshold is:::: 8" of the maximum pulse height of a hit with 0.6 til_ 

track radius. The 1 • threshold for the 100 Jl11~ b&Ddwidth cue is larger thaD the 1 • 

threshold for the 60 MIl~ cue siDee from Figures 8 and 10 it em be seeD that the 100 MIl~ 
bandwidth filter preserves the lut rise time of m ioDiation pulse better than the 60 MIla 
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Figure 15: Time-to-Threshold vs Track R&dius: NCSU Filter - 100 MH~ LPF 

NCSU 

ba.nd.width filter; the faat peak of the avalanche pulse is not &I havilly suppreasecl. Another 
result of faater rise time is the tighter packing of the time-to-threshold measurements, as 
seen in Figure 15. Good linearity is exhibited for all thresholds for all track radii except 
0.0 ..... The 1 • thres~ld appears to exhibit margin&lly better performmce thm the 5 • 
threshold. 

Figure 16 shows the results for the UPenD. shaper circuit. The results of the UPenD. 
bmcUimiting C&D. be seen by the del&y between time-to-threshold readings at a fixed radius 
for ~erent thresholds; the rise time of the-ionization pulse is distorted by the UPenn 

filtering. Some slight skew from linearity em be seen for all track radii, and again linearity 
is violated for a 0.0 .... radius track. The 1 • a.ud 5 • thresholds appear to exhibit the best 
linearity. 

, 
From Figures 14, 15, a.ud 16 it is apparent that good prediction.l of ionization charge drift 

time c:&1l be obtained from time-to-threshold measurements at the front-end. The simUlations 
of the NCSU filter for both 60 MH~ a.ud 100 MH~ bmdwidth demonstrate comparable 
linea.rity with the UPenn shaper for the 1 • a.ud 5 • thresholds, and slightly better linearity 

for the half-height threshold, due to the NCSU filters' better preservation of the ioDization 
l1U;lae rise time. The 1 • threshold provides the moat linear measurements, although it is onl:: 
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maqinally better thaD. the 5 • threshold. Performa.uce ,aiD. betweea. 60 M1I. a.ud 100 Mila 
bandwidth for the NCSU filter C&1l oDly be sea for the half-height threshold. The deviation 

from linearity for short track radii is likely .. desaerate cue for time-to-threshold detector 

approad1ei a.ud not .. function of detector threshold or bandwidth. Also, this deviation is 
probably leu sipifiC&1lt in real operation, where electrons arrive u discrete c:ha.rps; the 

continuum model for electron a.rrival current used in these simulations will overstate this 

deviation. 
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6 Time-to-Threshold versus Hit Distance 

Simulations similar to those in Section 5 were performed to determine the linearity of time
to-threshold measurements with respect" to hit distance down the straw tube. SPICE sim
ulations were performed at hit distances of 0.25 m, 1.00 m, 1.75 m, and 2.50 m for track 
radii of 0.0 mm and 1.8 mm using the straw tube from Section 5. The simulations were 
performed for the UPenn preamp/shaper and the NCSU tail cancellation filter using both 
60 MIIa and 100 MIIa bandwidth. The variable of comparison within each simulation is 
again the threshold used by the front-end detector. The set of thresholds used in Section 5 

is again used here. 

30 
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Figure 11: Time-to-Threshold VI Hit Distance: NCSU Filter - 60 MIIa LPF 

Figure 11 compares the simulation results for the NCSU filter with 60 MlIa bandwidth. 
Result. for the three thresholds are shown for 0.0 m.. and 1.8 m.. iracka. The solid line for 
each cluster of results is a plot of the ideal propagation dol&y of the ionization pulse, sc:&led 
by a constant delay to match the simulation results for each track radius. The top data 
line for each cluster shoWi the results for the half.height threshold, the second line down 
ShoWi the results for the 5 • threshold, and the third line down ShoWi the. results for the 
1 • threshold (this line is-partially obscured by the ideal delay line). As C&D. be seen, the 
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half-height threshold gives lineal" results for the 0.0 mill &Ad 1.8 mill tracb. This indicates 
that .the attenuation of the straw tube does not significantly aifect the shape of the ionisation 
pulae. The 5 • threshold sho .. some skew for the 0.0 111111 track, but is fairly linear for the 
1.8 mill track. The deviation from linearity for the 0.0 mill track should be related to the 
lack of a. discontinuity in the track's rising edge. 

Figure 18 shows the comparable results for the NCSU filter with 100 M1l. b&D.dwidth. 
Again excellent linearity is demonstrated for the half-height &Ad 1 • thresholds. The 5 • 
threshold again shows skew for the 0.0 mill track. Tighter packing of the time-to-threshold 
meuuremenu is due to the fuW rise time of this bancWmitiug filter's respODM. 

Figure 19 .ho .. the results for the UPezm super circuit. The results for the 5 • and 1 • 
thresholds are comparable to the results shown for the NCSU filter with 60 M1l. b&D.dwidth. , 
The rault. for the half-height threshold qain exhibit good linea.rity. 

Figures 11, 18, &D.d 19 demonstrate that a good prediction of the propagation time along 
the straw tube for &11 icmiz&tiOl1 pulse can be obtained from time-to-threshold meaaurements 
at the front-end. The result. for the NCSU filter with 100 M1l. bandwidth for the half-height 
and. 1 • thresholds a.ppear to be ma.rgiua.lly better than those for the other two filters. Skew 
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in linearity is observed for the 5 • threshold for 0.0 ,.,. track radius. This is likely & result 

of the gradual rise of the ionization pulse for this case. A.. the pulse is attenuated along the 
straw tube, the threshold voltage moves along the pulse curve. 
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7 Double-Hit Timing Resolution 

The simulation results from Sections 5 md 6 ~e that there is only one ionization pulse 
occurring on the straw tube during the observation period (100 II.). In the actual operation 
of the SSC the period of particle generation is - 16 II.j the probability of only one event· 
occurring in 100 II. is low. The design of the pulse-shaping electronics in the HCTC must 
account for the possible interaction at the front-end of ionization pulse current. from separa.te 

event.. Since the ionization pulses will not arrive synchronously a.t the front-end (due to 
t~ variability of hit distmce md track radius) the best that em be achieved. is to reduce 
the temporaJ. width of the pulses through the appropriate choice of front-end preamplifier 
bandwidth a.nd ta.il emce1lation filtering (see Section 4). 

If -ideal" ta.il ca.ncell&tion ca.n be achieved by front-end signal processing on the ioniza

tion pulses, then the double-hit resolution of a straw tube terminated 011 both ends by the 
optimum matching impedmce (Z.,.) will DOt be impaired if the two hits do not occur within 
the time range when the initial pulse is rapidly decaying back to the ba.seJiue (- 30 II. for the 

NCSU tail cancell&tion filters). Simulations were performed using the straw tube from Sec
tiona 5 and 6 to determiue the performance of the NCSU filter. The pouible combiutiOl1l 
of double-hib that could be observed am endless; for these simulationa, two hib of 0.6 111111 

track radius separated by 32 .. mel occazziq at the .&me point along the straw tube are 
used. The variable of interest is how the time-to-threshold varies betwea the two hib &I 

~hey occur a.long aerent poinb 011 the straw tube. Ideally, the time-to-threshold for the 
second hit should occur 32 .. after the time-to-threshold for the first hit, however, if the tall 
of'the first pulse hal DOt deca~ back to the bueliue (or if it haa overshot) before the arrival 
at the front-end of the second pulse then the aerence betweel1 the two meuurements will 
deviate from 32 h. 

Figure 20 is a plot of a double-hit occurring 1 .. from the front-end. The output response 
of the NCSU filters for 60 JllI~ azu:llOO JllI~ bazulwidth is shoWIL. Note that the voltage at 
the front-eDcl from the initd iODizatiOll pube doa DOt decay back to the bas-line before the 

sec:oad. pube aniYeL It can be seen = both bmelwidtha that the NCSU filter dnmatically 
impzoves the decay time of the initial ioDiAtion pulse's tail. By the time the second ionization 
pulse arrives, each filter's output is very c:loae to the baseline (some overshoot in the filters' 
response is evident). In comparison, Figure 21 is a plot of the response of the UPenn 
preamp/shaper to the same double-hit. The lack of tail ca.ncella.ti0ll for this filter is clearly 
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Figure 2"0: Response of the, NCSU filter to a double-hit of ionization pulses of 0.6 nara track 
radius. The straw tube is 2.75 na long and is terminated by Zr at both ends. The hits are 
·32 ru apart and occur 1 ra from the front.end. 

evident given the fact that the filters respollSe for the initial ionization pulse does not decay 

back to the baseline before the arrival of the second ioDiza.tion pulse. 

Figure 22 is a plot of the decrease in time·ta-threshold between two hits of 0.6 nara track 

radius for the NCSU filter for 60 MIl~ and 100 MIl~ bandwidth. The values plotted are the . 
decrease in the time to reach each spec:Uied threshold for two hits separated by 32 ••• Values 

are plotted for hi, distances of 0.25 na, 1.00 na, 1.75 na, and 2.50 ra from the front-end &1ong 

& 2.75 I'll straw tube. The thresholds plotted are the 5 • and ideal half.height thresholds 

from SectiOIlS 5 and 6 (the half.height threshold used here varies for the first and second 

ionization pulses with maximum pulse height). Values for the 1 • threshold are not reported 

ace the tail of the initial ioDiza.tion pulse does not decay below this threShold before the. 

arrival of the second ionization pulse for all hit distances. A trend c:'an be seen in the results 
for inc:reuing hit distance; the decreue in time-to-threshold inc:reues. This could pOllibly 

be a result of ionization pulse attenuation and .smearing in the straw tube. The results for 

both NCSU filters are nicely packed within an absolute ~erence of 0.5 •• , and actually go 

negative for hits near.the front-end (due to pulse overshoot). The increase in filter bandwidth 

to 100 MIl~ results in a tighter packing of the results. 
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Figure 21: Response of the UPenD. shaper to a double.hit of ionization pulaes of 0.6 __ 
track radiua. The straw tube is 2.75 na long &Dei is terminated by Z'l' at both~. The hib 
are 32 .. apart anei occur 1 na from the front-end. 
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The possibility of using long straw tubes in the RCTC detector is curren~ly being ex

amined. One proposal is to use 8 '" straw tubes, with a break in th~ .middle of the anode 

wire to reduce total tube occupancy. This break in the wire will cause the two halves of 

the tube to behave identically to 4 '" tubes with. an open circuit termination at the far-end 

(see Figure 5). In Section 2 it W&l shown how this open circuit termination can lead to 
severe refiections of an ionization pulse in the straw tube. The impact of these re1iections is 

made worse by the 4 '" tube length, since the end-to-end propagation' delay exceeds 25 ft6. 

These reB-ections may have a small impact on time-to-threshold measurements for ionization 

pulses occurring near the break, since t~e rising edge of the pulse will be reinforced by the 

re1iection. The reB-ections should have a severe impact on the decay time of ionization pulses, 

since the re1iection will appear as another incident pulse occurring up to 27 ft6 later. 

Simulations were performed to determine how reB-ections in the proposed 8 m straw tube 

design would impact double-hit timing resolution. The straw tube used in the simulation 
W&l 4 m long, terminated by the optimal matching impedance Zr at the front-end and open 
circuit terminated at the far-end. Simulations were performed a.t hit distmces of 0.5 m, 

1.5 ,., 2.5 ~, md 3.5 m for two hits of 0.6 m,. track radius occurring at the same hit 

distmce. The time separation between the hits W&l 32 ft •• Figure 23 is a plot of a double-hit 

occurring 1.5 ,. from the fron~-end. The response of the NCSU filter for 60 11 H ~ and 100 M H ~ 
bandwidth is shown. The distinct: arrival of refiect:ions can be seen in the plot. The first 

re1iection prevents the tail of the first ionization pulse from returning to the baseline before 

the arrival of the second pulse. Simulations using the UPenn preamp / shaper indicate that it 

is infeasible to use an 8 '" straw tube without tail C&ncellation in the front-end preamplifier. 

Figure 24 is a plot of tlie decrease in time-to-thres'hold between two hits of 0.6 ",m 

track radius for the NCSU filter for 60 MH~ and 100 MH~ bmdwidth. For the 100 MH~ . 
b&ndwidth filter, results for the 5 • md ideal half-height thresholds are plotted. For the 

60 MHa bandwidth filter only the half-height threshold result. are plotted since results for 
the 5 • threshold could not be obtained in all cases due to the impact; of refiections. The 

result. for the 4 ,. straw tube are dearly worse than those shown in .Figure 22 for the 2.75 m 

tube with matching termination at both ends. Intuitively, the impact; of refiections on the 
double-hit time-to-threshold measurements should be worse for hits dosest to the front-end, 
since the refiection will then incur an end.to-end propagation delay. Why the double-hit 

timing errors are less for hits a.t 0.5 "' distmce th&n a.t 1.5 "' distance is not obvious. 
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The maximum deviation in time-to-threshold measurements for the 60 MI1~ bandwidth 

filter is - 1.5 ••. For the 100 MI1~ bandwidth filter the maximum dev:iation is -1.2 •• (for 

the 5 c threshold), which corresponds to a dist~ce measurement error of - 120 I'm.. The 

half-height threshold results for the 100.M!1~ bandwidth filter exhibit even less variance. 

In general, the bandwidth increase to 100 M 11 ~ appears to improve the double-hit timing 

resoluticm. This is likely due to the fact that this higher bandwidth filter better preserves· 

the rise time of ionization pulses. A fast rise time at the filter output decreases the sensi

tivityof time-to-threshold measurements to the baseline voltage of the filter output when a 

second ionization pulse arrives; since the filter response reaches any threshold faster, time

to-threshold errors due to the baseline voltage will not exceed the rise time of the pulse. The 

use of a high-bandwidth front-end preamplifier in conjunction with a tail cancellation filter 

appears to make the use of an 8 m straw tube detector feasible. 

8 Conclusions 

.It was shoWl1 in Section 2 that proper termination of the straw tube at both ends will 

effectively elim;nate any signal reilections. In the proposed 8 '" straw tube design, reilections 
off the anode wire line break will pose a problem. In either event, tail cancellation at the 

front-eud preamplifier must be included to permit adequate double-hit timing resolution. 

The results from Section 7 seem to indicate that this is feasible. 

The results from Sections 5 and 6 seem to indi.cate that the preamplifier bandwidth will 

not have a significant effect on timing performance for varying track radii and varying hit 

distance. However, higher bandwidth· does improve timing performance in the presence of 

double-hits. These results seem to indicate that the front-end preamplifier bandwidth should 

be greater thm 60 M 1I~. Of course, the trade-oil with increased bandwidth is increased noise 
sensitivity. However, increasing the preamplifier bandwidth reduces the timing detector's 

sensitivity to noise when a small threshold is not used, since the fast'rising edge of ionization 
pulses is preserved. A threshold greater than 1 • must be used in any event to allow for 
double-hit detection. 

Given the simulation results of Sections 5, 6, and 7, the choice of detector threshold is 

inconclusive. Overall, the results from the idealized half-height threshold appear. to be supe

rior to those of the 5 • threshold. This is due in. part to the fact that straw tube attenuation 
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does DOt appear to signiiicmtly affect the ioniz~tion pulse shape. The 5 , threshold results 
are comparable to the half.height threshold result., except in the case of time-to-threshold 

versus hit distmce measurements where the ionization trac:k radius is amau. ID this case skew 

is obserted. in the 5 , threshold distmcep~ctioDS. However, for both large thresholds, the 
prediction of track radius i. skewed for small radii ionization pulses due to the lack of a fast 
edge in the pulse. Accurate timing predictioDl for trac:ks with small radii may be impossible. 
Also, it must be remembered that the results reported for the idealized. half-height threshold 
are probably much better thaD those that would be observed in a realizable implementation. 

Given ita simplicity of hardware implementation, a large fixed. timing threshold - 5, may 
be the molt appropriate choice. 
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Studies of Plastic Scintillating Fibers with Avalanche Photodiode Readout 

The plastic scintillating fiber (PSF) research task associated with the HCTC 
collaboration includes the following three major subjects: (1) continuing studies of the 
avalanche photodiode (APO) as a fiber readout device; (2) continuing evaluation of the 

optical characteristics of individual fiber samples with the aim of selecting the tracker fiber 
type; (3) investigation of ribbon manufacture alternatives. The progress of these studies 

are discussed in the following sections. 

1.1 APD 

We have tested a number of APO's manufactured by EG&G (C30921S) which consist 

of a 0.5 mm diameter APO and a 0.5 mm diameter light guide in a package. The light 
guides in our devices have been changed from the standard 0.25 mm diameter ones to 
improve the optical coupling between fiber and APO. The detection efficiency for ionizing 
particle of a fiber was measured using a fiber telescope and l06Ru source. The test setup is 

shown in Fig. 1. We have used APO's in the Geiger mode in this application. Corrections 
for geometrical effects due to mismatching between the fiber and APO dimensions have 
been applied to the raw 2-fold and 3-fold coincidence counts. The best result for detection 

efficiency were obtained with Bicron G2 fibers and are shown in Fig. 2. These results are 

very encouraging and show that the efficiency is never below 80% over the length of 4 m. 

To reduce costs, the diameter of plastic scintillating fibers in the design of the HCTC 

was increased from O.S mm to 0.875 mm last year, and again from 0.875 mm to 1.5 mm this 
year. This has lead EG&tG to fabricate APO's with 1.5 mm ball lenses which provide a 

better optical coupling for fibers with a diameter greater than 0.5 mm as compared to the 
standard light guide. A schematic of an APO with a ball lens is shown in Fig. 3. The 
testing using this device is currently under way. 

1.2 Fibers 

We have measured the detection efficiencies of several fibers as a function of distance 
from the photo detector, using the above mentioned setup. We have tested fibers from 
three manufacturers, Bicron, Kuraray, and Optectron. The test results are shown in Figs. 
4-11. Most of the fibers with a 0.5 mm diameter do not give high enough efficiencies, 
except for the Bicron H fiber. Two Optectron fibers with 1 mm diameter have rather short 

attenuation lengths. We have . obtained promising results from Bicron G2 fiber, and from 
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Kuraray SCSF 81 and SCSF 3HF fibers. From the tests we nave conauctea, we are leaning 

toward choosing Bicron G2 fibers. 

1.3 Ribbon Fabrication 

We have measured the average center to center spacing of individual fibers and the 
average width of fiber ribbons manufactured by Kuraray and Bicron. The Bicron ribbon 
consists of 282 fibers of 1 nun diameter. The average spacing of this ribbon is 1.1025±O.0015 
mm over the length of 1 m. The average total width of the ribbon is 310.92±O.30 mm. The 
Kuraray ribbon consists of 100 fibers of 1 mm diameter. The average center to center 
spacing of fibers is 1.072±D.20 nun. From these results, we conclude that the manufacturers 
of plastic Scintillating fibers have developed the necessary technique to fabricate fiber . . . 
ribbons. We propose to purchase the full scale ribbons from these manufacturers and 
evaluate them in FY1992 A price estimate was obtained for 4-m long ribbons which 
contain 1024 fibers in two layers, with 50-J,1m fiber location preciSion (see Fig. 12). 
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TO: 
ATTN: 
FROM: 
DATED: 

BICRON FAX 

NORTHEASTERN UNIVERSITY. PHYSICS DEPARTMENT 
DR. S. REUCROFT 
CHUCK HURLBUT 
29 AUGUST 1991 

SUBJECT: FIBER RTBBON RUnGRTARY PRICING 

Steve, 

NU 

Confirming our conversation of last evening, here arp. the budgetary 
estimates for the fiber ribbons that you requested. 

DESCRIPTION: 
Precision scintillating fiber ribbons consisting of two n~sted 
layers of parallel round fihprs af diameters as stated helow ~nd 
four meters lon~. The fiber~ would be parallel and uniformly 
spaced at about"1.02 timeR rhp nnminal fib~r diameter- T~e second 
lay~r would lie in the valleYA of the first. 

Rach rjboon would contain 1024 fibers, 512 per layer. 

Thp. fih~r typP. quoted in the examples h~low 1S BCF-12 with an 
emi~~inn pp.ak at 434 nm and a principal d9cay time of 3.4 net 

Fiber location would be gUArAntppd to a precision of fifty microns 
or b~tter referp.nc~d to on~ edge of the ribbon. 

he ends of th~ fiber~ would hp pv~n nnrl diamond mill~d flat and 
p~rpendiculRr to the fiber axes and ribbon plane to assure good 
optical coupling to optical wavegUides. Both ends would be clamped 
jn prp.cision mp.tal frames providing perman~nt positjoning of the 
fiber ends and easy AttA~hm~nt ~nd alignment to similar waveguide 
A~Rpmblies. The frames would b~ curv~d to match the curvature of 
the harrp.l fram~ over which the ribbons would be wound. 

PRICING eSTIMATES: 
The follOWing prices Apply to quant~ti~s of twenty arrays. 

A. FIBER DIAMETER: 1.0 MM Unit Price: $5,300 

The raw fiber is priced at 36 cents per meter. 

B. FIBER DIAMETER: 1.5 MM tTnie Pr1cp: $6,800 

The raw fiber is priced as 69 cents per meter. 

~~,I£ ~,/c-~/s(L--
Charl~s R. Hurlbut 

Figure 12. 
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HCTC Straw Tube Electronics 

Support activities for HCTC straw tube electronics during FY91 has been limited due 
to the absence of sse funding for most of the year. Therefore, no electronics development 
was conducted in FY91. We have, however, made an effort to attend most SOC meetings, 
particularly those related to straw tubes and to maintain contacts with collaborators at 
Duke, Pennsylvania, Colorado, and Indiana. ORNL overhead funds have been used to 
underwrite the cost of our travel. Funding (-$70K) finally arrived in the ORNL fina~cial 
plan in August 1991. Although too. late to allow anything to get done in FY91, this funding 
will help get us started on the work we propose to do for FY92. 

Proposed FY92 Support of HerC 

In August of 1990, ORNL developed a printed circuit board assembly that allowed 

readout of a partial straw tube superlayer (32 straw tubes, 3 meters in length) located at 
Duke University. This assembly provided physical contact to the anode wires, high 
voltage distribution to the wires, termination of the straw tubes into their characteristic 
impedance, and a decoupled signal for the readout electronics. That effort was a successful 
first order exercise to develop techniques for terminating, biasing, and readout of the 
thousands of straw tubes that will be required in a full-scale SSC straw tracking system. 

For FY92, we propose to extend the work mentioned above, proceeding to the next 
level of complexity. Although work with the 32 channel array has answered some 
questions, at least to a first order, some questions can only be answered in experiments 
using more than 32 channels. Critical issues such as packaging densi ty, crosstalk, power 
and bias distribution, mechanical alignment, and cooling must be addressed. We believe 
important information, helpful in the resolution of these issues, can be attained using a 
straw tube array of -100 tubes (see Fig. 1). This array, together with appropriate readout 
electronics, will provide a much needed testbed for addressing the critical questions 
mentioned above. Duke will be the site for this testbed since they are already involved in 
building a 10o-tube array. . 

This work will progress in two phases: 

a. This first phase will involve designing and fabricating a PC board assembly 
(endplate} that will provide the necessary physical connection to the straw tubes, 
high voltage distribution, characteristic impedance termination, and decoupled 
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Figure 1. Proposed lOD-tube testbed array 
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signals for readout electronics. Since 7 meter long tubes will be used for this 
experiment (for the first time ever), it is essential that the tubes themselves be 
fully characterized and understood. Therefore, initially only a fraction of the tubes 
(32 channels) will be instrumented for readout. Rather than introducing yet 
another variable during this important stage of the work, L~roy 27350C wire 
chamber readout electronics (16 channels/card) will be used for the first set of 
experiments. These electronics are w:ell understood and documented. 
Furthermore, new techniques for making physical connection to the anode wires 
will be explored. The "pogo sticks" used in the earlier work on the 32 tube array 
will not be appropriate for arrays of larger numbers. The alignment of the "pogo 
sticks" will be come very difficult as the tube count increases. One alternative that 
will be evaluated is the use of conductive elastomer strips (e.g., zebra strips). 

b. This second phase will involve the development of 100 channels of custom 
rea~out electronics based on an eight-channel readout chip being designed at Penn. 
A delivery date for this chip has not been set but is expected in late 1991. Having 
fully characterized the straw tubes themselves in phase a above, the objective of 
this phase is to begin the process of addressing issues associated with achieving the 
density of readout required for an SOC straw tube tracker. Some of these issues 
include packaging and interconnect techniques, cooling, substrate/materials 
selection, high/low voltage distribution, and signal routing. Using the testbed and 
the co"ncept of modular electronics, it will be fairly easy to evaluate different ideas 
and techniques in all of these areas. In addition to supplying the necessary 
hardware, we will document the results of all tests and produce a report outlining 
our findings and recommendations. 

During all phases of this work, we plan to continue our attendance at appropriate 
meetings and maintain a close collaboration with groups at Duke, Pennsylvania, Colorado, 
and Indiana. The successful completion of this work will be of significant interest to our 
SOC collaboration because, for the first time, we will have a working demonstration of the 
packaging, cooling, etc., necessary for a full-scale straw tube tracking system. 
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1.0 Introduction 

Oak Ridge National Laboratory (ORNL) provided engineering design support to the 
Hybrid Central Tracking Chamber (HCTC) subsystem in FY1991. Mechanical and electrical 
components of the HCTC were evaluated, and the r.equirements to integrate the HCTC 
into the Solenoidal Detector were determined. These requirements include the physical 
integration as well as costing and scheduling etforts for the tracker. The following sections 
summarize the support provided to the HCTC by ORNL. 

2.0 Mechanical Engineering 

The mechanical engineering requirements of the HCTC continue to be refined. In 
FY1991, the mechanical engineering effort concentrated on developing the model for 
fabrication and assembly of the hybrid tracker. This model includes such parameters as 
straw assembly; cylinder fabrication and accuracy require~ents; straw tube lay-up 
procedures; and superlayer arrangement and attachment. Each of these tasks are 
performed in conjunction with the other members of the collaboration. 

The basic model of the Hybrid Central Tracker relies on 4 mm straw tube sense 
elements for providing radial and phi particle locations and 1.5 mm diameter plastic 
scintillating fibers for providing stereo locations. The straw sensing elements are 
individually placed on preciSion graphite-epoxy composite cylinders. The fibers are 
combined into ribbons prior to their placement on similar cylinders. The elements are 
arranged in a manner that maximizes the physics of the tracker whiie at the same time 
reducing the structural complexity associated with stereo straws and preciSion axial fibers. 

The two phases of the HCTC tracker, the straw tube and fiber portions, will be built in 
parallel. Each phase will begin following completion of the stable base cylinders. The 
cylinders will be fabricated to a tolerance of approximately 0.010" total indicated runout. 
This will provide the necessary surface for mounting the sense elements without 
extending the state-of-the-art for this type of cylinder. In parallel with the cylinder 
fabrication task, the straw tube and fiber ribbons will be assembled. 

The straw tubes will be completely assembled and tested prior to placement on 
cylinders. The straw tube assembly will consist of the tube itself, the sense wire, 
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intermediate wire supports, a mid tube terminator, end plugs and wire tensioning plugs. 
~ese items will be assembled en masse on fabrication jigs. The wires will be tensioned 

,d subjected to operating conditions as an intermediate test. The certified ~traw tube 
units will then be packaged and shipped to the final assembly site. 

The plastic scintillating fibers and waveguide fibers will be assembled into ribbons 
consisting of two layers of approximately 512 fibers each at the fiber manufacturers site. 
The use of the fibers for stereo measurement only reduces the tolerance requirements of 
the fibers to a level that is currently being met by the fiber manufacturers. The fiber 
ribbons will then receive end prep treatment and aluminization as required, prior to being 
packaged and shipped to the final assembly site. 

The completed straw and fiber. sense element units will arrive at the final assembly 
facility for placement onto the cylinders, producing the superlayers. The placement 
procedure is the most critical step in the process of fabricating the tracker. As a result, a 
significant amount of effort has been placed on the development of a device for placing the 
~ense elements onto the cylinders in a precise and controlled manner. A straw tube 
placement machine has been developed in a joint effort by ORNL' and Duke and is 
currently being fabricated at Duke University. This device will be used to place straw tubes 
~to a reference surface and measure the accuracy of the overall system. The lessons 

amed in the development and use of this device will be, directly applicable to the final 
assembly device. The principles shown with the straw tube device will also be applicable 
to placement of plastic scintillating fibers onto cylinder. 

The central tracker will be ready for final assembly upon completion of the 
superlayers. The superlayers are assembled and aligned within the tolerances specified for 
the detector. The support structure is the major component in this assembly step. Several 
designs for this structure were evaluated in FY1991 and are presently being analyzed. The 
structure will be fabricated from a low-z material such as graphite-epoxy composite tubes. 
The attachment of the superlayers to the structure will provide the structural integrity 
necessary to retain the alignment of the assembly, and will allow for relative movements 
due to thermal and moisture differences. This feature is referred to as kinematic 
mounting. The details of this mount will evolve as the design reaches maturity. The 
assembly of the superlayers to the support structure provides a mechanically complete 
Hybrid Central Tracker. 
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The HCTC subsystem group has evaluated numerous tracker layouts in FYl991 to 
determine a design that meets the budgetary constraints associated with the SOC detector. 
The goal of the HCTC is to optimizer the physics of the detector while providing a cost 
effective solution. To this end, the model has progressed to its current cpnfiguration. As 
the cost and scheduling effort continues, additional or modified versions of the basic 
model will surface and be considered for the final HCTC configuration. 

3.0 Integration 

The integration of the HCTC into the SOC. detector was a major focus of the 
engineering effort at ORNL in FY1991. The requirements of this integration task include 

both the physical integration and interfacing of the detector components and the 
integration of the cost and schedule associated with the HCTC into the SOC. Significant 
progress was made in both arenas. A summary of these efforts is described below, with 
detailed integration and costing documents available through the SOC 

-
The physical integration of the HCTC resulted in the production of a. document called 

the Resource Requirements Report (RRR). This document contains detailed dimensional 
descriptions of the detector. These dimensions provide both enveloped descriptions and 
interface descriptions necessary for incorporating the HCTC into the SOC detector. 
Additionally, the RRR contains tables that define the functional interfaces; the electrical 

requirements, the gas requirements and the cooling requirements. This information was 

developed through extensive research and analysis into the operation of the tracker. The 
RRR is a "fluid" document that will change many times over the design life of the detector 
as changes are made and incorporated. 

The final area of interest in FYl991 at ORNL in support of the HerC is the costing and 
scheduling effort. This effort began early in FYl991 and is continuing into FY1992 as the 
overall detector is evaluated and scrutinized. ORNL developed the work breakdown 
structure (WBS) for the hybrid tracker and has used this as the backbone for both the 

costing and scheduling. The costing has progressed from a "top~down" approach at 
estimating the cost per channel of the tracker to a detailed ''bottoms-up" estimate. The 
current estimate assigned costs to each task and item associated with the design, 
procurement, fabrication, assembly, testing and installation of the HerC. The scheduling 
effort has followed a similar path. It has developed into an extensive Gantt chart/network 
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:iiagram product complete with interface relationships of the various components as they 
.At"ogress through the fabrication process. Both the cost and the schedule are part of the 

!rall SOC design package. 

4.0 Summary 

ORNL has supported the HCTC collaboration for two years now. During this time, 
significant design directions have been established in both the mechanical and electronic 
readout areas. In FY1991, the focus of the entire collaboration has been on the cost of 
building the detector and the time required to do so. ORNL has provided concentrated 
efforts allowing the HCTC to remain a viable option for ~e central tracker. 

5 



Hybrid Subsystem Progress Report for FY1991 

Radiation Damage Assessment Activities 

Quantum Research Services, Inc. 
100 Capitola Drive, Suite 109 

Durham, NC 27713-4411 
William L. Dunn and Abdelfatah M. Yacout 

and 

Department of Nuclear Engineering 
Box 7909 

North Carolina State University 
Raleigh, NC 27695-7909 

Thomas S. Elleman 

September 1991 



Hybrid Subsystem Progress Report for FY1991 

Radiation Damage Assessment Activities 

Quantum Research Services, Inc., and N.C. State University 

Section 

1.0 Introduction 

20 Irradiation Preparation 
2.1 Dosimetry Measurements 
2.2 Neutron Spectrum Calculations 
23 Availability of Cf-2S2 Fission Sources 
2.4 Variable-Dose Irradiation Scheme for Long Fibers 
2.5 Nonuniform Damage Assessment Model 

3.0 Radiation Damage Testing 
3.1 Avalanche Photodiode Recovery 
3.2 Alternative Straws and Glues 
3.3 Complete Straw Assembly 
3.4 Mixed Neutron/Photon Fiber Tests 
3.5 Cf-2S2 Fiber Tests 

4.0 Related Activities 
4.1 SOC Support 
4.2 SAHEP 
4.3 CAD Modeling 

References 

ii 

QRS/NCSU 

~ 

1 

2 
2 
5 
7 
7 
8 

12 
12 
14 
14 
15 
17 

18 
18 
18 
18 

20 



QRS/NCSU 

1.0 Introduction 

This report summarizes progress during FY91 by the team from North Carolina 
State University (NCSU) and Quantum Research Services, Inc. (Quantum) who are 
concerned with radiation damage ass~ssment of components that are candidates for 
use in the central tracking subsystem of the Solenoidal Detector Collaboration (SOC) 
detector. The NCSU/Quantum team has been concerned principally with neutron 
and mixed neutron/photon irradiations of both straw-tube and plastic scintillating 
fiber (PSF) components, including readout electronics, as part of the Hybrid Central 
Tracking Chamber (HCTS) concept. NCSU operates the PULSTAR research reactor 
and associated laboratories where the components are irradiated, has performed 
dosimetry measurements in the irradiation port that is used for the HCTC studies, 
and assists in the planning and conduct of the irradiations. Quantum is performing 
analyses to characterize the neutron spectrum in the irradiation port, coordinates the 
pre- and post-irradiation testing of the components,' has developed a procedure for 
damage assessment of nonuniformly irradiated fibers, and also assists in the planning 
and conduct of the irradiations. 

These studies are being funded primarily through the Hybrid Subsystem, with 
Duke University providing funds to NCSU to cover irradiation charges and 
Northeastern University providing funds to Quantum. Some funding also came 
directly to NCSU, who then subcontracted a portion to Quantum, from the Texas 
National Research Laboratory Commission (1NRLC). 

This progress report is divided into three main sections. The first section 
describes activities that were necessary to prepare for the irradiations; these include 
neutron and gamma-ray dosimetry measurements, neutron spectrum calculations, 
consideration of ~lternativePSF irradiation schemes, and development of an 
assessment model for nonunifonrily irradiated fibers. The second section describes 
the tests conducted to date and those that are planned in the immediate future. The 
third section describes sundry activities by the reporting institutions that are related to 
the HCI'C and SOC, such as related R&D support that has been obtained from lNRLC 
through the Southern Association for High Energy Physics (SAHEP) and activities 
involving CAD modeling. 
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~.o Irradiation Preparation 

The irradiations conducted in the PULSTAR reactor during FY90 for the HCTC 
collaboration did not require more than a general knowledge of the neutron-to
photon mix or of the specific neutron energy spectrum. For instance, a simple 
procedure of comparing the responses of ava1anche photodiodes (APD's) which had 
been irradiated with and without cadmium covers was sufficient to demonstrate that 
APD damage was caused by "fast" neutrons. However, for the more challenging 
prob~em of characterizing PSF response to neutron and photon irradiation, a more 
detailed knowledge of the gamma-ray dose rate and the neutron spectrum in the 
PULSTAR irradiation port was necessary. Since irradiation in the PULSTAR 
necessarily exposes the samples to a complex mix of gamma rays and thermal and fast 
neutrons, schemes were developed to isolate the radiation type and spectrum effects. 
Also, since the neutron flux varies appreciably over the S-ft height of the irradiation 
cannister, thus leading to variable-dose delivery over the length of enclosed fibers, we 
developed a damage assessment model for variable-dose fiber irradiation. These and 
other preparatory activities are summarized in this section. 

2.1 Dosimetry Measurements 

Damage to scintillation fibers and straw tubes that have been irradiated in the 
PULSTAR nuclear reactor can result from fast neutrons, gamma rays and (to a lesser 
extent) thermal neutrons. It is necessary to have an understanding of the fluxes and 
dose rates from all of these radiations in order to establish if neutron effects are 
qualitatively or quantitatively different from lower LEf radiations in their damage to 
components. 

Thermal neutron fluxes along the axis of the radiation capsule were determined 
at low reactor power using pure indium dosimeter foils. The foils were transmuted 
through the reaction: In115(n,y) In116m and .the radioactive In116m was counted in a 

calibrated scintillation detector to establish the disintegration rate. Similar foils 
covered with cadmium to absorb thermal neutrons were also irradiated to obtain the 
epithermal neutron fluxes (E > 1.5 eV) which were roughly one order of magnitude 
below the thermal fluxes in most capsule positions. These results have been reported 
in an earlier publication.1 
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In subsequent irradiations at higher neutron fluences, pure cobalt or Co-AI wires 
were used as thermal neutron dosimeters and these values were .~elated linearly to 
the flux distributions established with In. It is planned to use nickel wires which are 
activated through the reaction: NiS8(n,p) CoS8 :as an additional dosimeter to measure 
the fast neutron flux. These wires are sensitive to an effective average neutron 
energy of about 2.5 MeV and will provide a measure of fluxes at higher energy. 

The determination of gamma ray dose rates presents some measurement 
problems in that devices that are sensitive to gamma rays are also sensitive to some 
extent to neutrons. In addition, the gamma rays coming from fission products in the. 
cold core present a continuous gamma ray backSI:0und that has to be considered in 
establishing total gamma-ray dose rates. 

A student project was undertaken to estimate the background (cold-core) gamma 
dose rate and to measure the gamma dose rate after reactor shutdown .. The student 
concluded2 that the background gamma-ray dose rate was approximately 0.05-0.1 

Mrad/hr and that mid-core dose rates of up to 3 Mrad/hr were present a few minutes 
after reactor shutdown. To supplement and refine the student project, reactor staff 
placed thermoluminescent dosimeters conSisting of Li(6)F and CaF2 at six inch 
intervals along the HCTC irradiation capsule axis (see Fig. 1) and exposed them at a 
reactor power level and time sufficient to minimize exposure from decay fission 
product gamina rays while still staying below the total dose limits of the dosimeters. 
Lithium-6 fluoride was selected as it has essentially zero thermal neutron sensitivity 
while exhibiting sensitivity to gamma rays and fast neutrons while CaF2 has differing 
sensitivities to the three radiation fields. In principle, the results from the two 
dosimeters, along with the thermal and fast neutron results, can be used to calculate 
the dose contributions from the three radiation sources. 

This method of dOSimetry was chosen over direct ion chamber measurements 
since it allows measurements in the actual capsule where specimens are exposed. 
The measurements have been made and the data appear generally reasonable but the 
gamma ray dose rates have not yet been calculated. Future work in dosimetry will 
involve measurements of the flux at higher neutron energies, confirmation of the 
reproducibility of existing dosimetry results at known reactor power, and comparison 
with results from neutron spectruin calculations. 
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2.2 Neutron Spectrum Calculations 

The PULSTAR core occupies a rectangular par~llelepiped volume ClppCUxllllately 15-
in. x 16 in. x 24 in. high. As the plan view of the core shown in Fig. 2 indicates, the 
core is highly heterogeneous with 25 rectangular fuel assemblies arranged in a 
nonuniform array incorporating four control rods; the entire core is immersed in a 
water pool and lined on two sides by graphite reflectors. Each assembly structure is 
made of Zircaloy-2 and consists of 25 individual fuel pins. Several irradiation ports 
are located near the core; the port marked Y in Fig. 2 was used for the irradiations 
described in this report. Water is an excellent neutron slowing down medium and 
hence the fission spectrum is highly moderated at the irradiation ports. Although 
some fast neutron measurements using foils and wires (see Section 2.1) have been 
made, the neutron spectrum in port Y is not adequately known. Hence, we 
undertook a limited theoretical study to calculate the neutron spectrum within 

port Y. 

If the irradiation· volume were small with respect to the size of the core, axial 
dependence could be ignored; however, in our case the irradiation length of 5 ft 
exceeds the core height by more than a factor of 2. Simple analytical models are out of 
the question because of the heterogeneity of the core and the tremendous variability 
of neutron cross sections with energy. In addition, standard core homogenization 
methods are inadequate, as has been demonstrated by PULST AR staff in attempts to 
use the LEOPARD/PDQ codes and by Lee, et a1.3 Thus, we needed a 
multidimensional analysis procedure and, since the core characteristics change with 
time due to bumup of the nuclear fuel, we also sought a procedure that could account 
for bumup. After investigating various approaches for performing the spectral· 
calculations, we eventually elected to use the WIMS reactor lattice cell code package.4 

The W infrith improved multi-group scheme (WIMS) code provides a 
sophisticated scheme of reactor cell calculations for a wide range of reactor types.S 
Rod or plate fuel geometries in either regular arrays or in clusters can be handled by 
the code. Up to 69 energy groups (14 fast groups, 13 resonance groups and 42 thermal 
groups) can be used. However, the user is offered the choice of accurate solutions in 
many groups or rapid calculations in few groups. Sohltion of the transport equation 
is provided either by use of the Carlson DSN method or by collision probability 
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methods. Leakage calculations including an allowance for streaming asymmetries 
may be made using either diffusion theory or the more elabora~e Bl-method. In 
addition, the WIMS D/4 code allows multiple cell calculations which will be used in 

this work for core calculations. 

We have had to convert a V AX version of WIMS to run on an IBM machine. 
This process and the setup and proper characterization of the PULST AR core within 
WIMS are nearing completion and neutron spectrum results are expected soon. 

2.3 Availability of Cf-252 Fission Sources 

Two Californium-252 spontaneous fission sources are available at NCSU to 
conduct low-dose fast-neutron exposures on scintillation fibers or electronic 
components. The two sources provide neutron yields of 1.1xl07 n/sec and 3.2xl06 
n/sec, respectively .. It is likely that fluxes on the order of lxlOS n/sec-cm2 could be 

obtained from the more intense· source, which was only recently obtained, for 
specim~ placed in close proximity to the source. This would produce an exposure 
of lxl010 n/cm2 per day which should be sufficient to show effects in electronic 
components and to conduct low-delivery rate tests on scintillating fibers and other 
samples. The sources produce a fission spectrum of neutron energies with an average 
value of approximately 1.5 MeV, similar to the average neutron energy expected in 
detectors at the SSC. 

2.4 Vanable-Dose Irradiation Scheme for Long Fibers 

It is desirable to know if damage to scintillation fibers is a function of total dose 
only and is essentially independent of the type and LET of the impinging radiation. If 
this is true, then tests using electron sources or gamma ray sources become the most 
convenient means for exposing test specimens. Alternatively, if neutrons produce 
unique damaging effects, then reactor irradiations or exposure to other fast neutron 
sources become highly desirable. 

It is possible to measure the damage in a scintillation fiber as a function of 
position along the fiber. . This fact supports an experiment where the fast
neutron/gamma-ray /thermal-neutron dose rates are varied along the fiber length 
during a single irradiation to provide information on the effects of different radiation 
types. 
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The fibers are exposed at the core face of the PULSTAR reactor where the lower 
two feet of the fiber are directly opposite the reactor core face and ~e upper length of 
the fiber is as much as two feet above the top of the react~r. It is planned to conduct 
an experiment in which the bottom 8-10 inches of fiber is immersed in water during 
irradiation to produce a deposited dose which is primarily from gamma rays with 
lesser contributions from fast neutrons and thermal neutrons. The next length of the 

fiber would have minimum absorbers between the fiber and reactor core to give the 

maximum fast neutron exposure while the next fiber segment would have a 
cadmium cover to give high gamma ray and fast neutron exposures but no thermal 
neutron dose. The upper regions of the fiber above the core would be essentially 
exposed only to gamma rays since neutron levels drop appreciably at short distances 
from the core. 

The result would be a fiber that has been divided into four regions where the 

ratios of dose from gamma rays, fast neutrons and thermal neutrons are different 

along the fiber length. The observed damage in the four regions would be compared 
against measured neutron and gamma-ray dosimeter results for the regions to 
determine what conclusions can be drawn about the effects of different radiation 
types. 

2.S Nonuniform Damage Assessment Model 

Radiation damage to PSF expresses itself in two distinct effects: reduction in 

light output and increased light attenuation, i.e., reduction in attenuation length. 
Models of the form 

(1) 

fit attenuation data for fibers of modest length, say L S 3 m, very well. Here I is a 
measure of relative light output of the fiber, x is the distance along the fiber at which 

the fiber is excited by ionizing radiation, Rt and R2 are relative magnitudes, and 1t 
and A2 are attenuation lengths. The values of Rt, R2, At, and A2 - which depend on 
fiber diameter and composition, wavelength, radiation dose, and time since 
irradiation - are obtained by fitting the model of Eq. (1) to measured attenuation data. 

Equation (1) fits attenuation curves for both unirradiated and uniformly 
irradiated fibers. However, if the fiber is subjected to grossly different doses over 
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different regions, the model of Eq. (1) would not be expected to be adequate. (An 
example of nonuniform irradiation is the practice of shielding a short length of fiber 
from exposure during irradiation and using the resulting "hump" in the attenuation 
curve to infer the intrinsic scintillation loss._ m this situation, the hump is ignored 

when fitting the model to the attenuation data.) If we were to irradiate a fiber as 
described in Section 2.4 above to four regions of different total doses and fluences, we 
would expect the model of Eq." (1) to apply approximately over each region but not to 
the fiber as a whole. We have thus constructed a model for nonuniformly irradiated 
fibers, as described below. 

Let us suppose a fiber is irradiated to different doses over each of J regions, as 
shown in Fig. 3; we further assume that within each region the dose is approximately 
constant. We collect attenuation data at K = kJ points along the fiber, giving us K data 
pairs (X",Ik). We assume models of the !orm of Eq. (1) apply over each region, and so 
construct a composite model, F, of the form 

J . 
1== F = L [Rjl e-xl.Ajl + Rj2 e-X/ Aj2] [H(X-Xkj) - H(X-Xk)] , 

;-1 (2) 

where H is the unit step function and the Xkj are the endpoints of the regions of 

differen t dose. 

Fiber 

Data points taken at xk' k = 1,2, ... , kJ 

end of 1st 
region , 

end of 2nd 
region , 

end of 
jth region, 

end of 
last region 

XkJ = L 

Figure 3. Nomenclature for multiregion fiber irradiation. 
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We can impose the condition that the model is continuous at the region 
endpoints Xkj' j=I,2, ... ,J-l, as of course the data are, to within sta~tical uncertainties. 

This constrains the values of J-l of the magnitude parameters. We form the weighted 
least-squares function 

(3) 

wh~re the Fj are given for j=I,2, ... ,J as 

• + • 
Fj = R;1 e-<x-xio//Ati + R;2 e-<x-xio//1;2, xjk.t S X S xlej (4) 

and the CJk2 are the variances (or other weights) in the measured Ik. In Eq. (4), the R· 
are modified magnitude constants from which the R values can be obtained by 
equating Eqs. (2) and (4) over the appropriate intervals. In our procedure we took the 
Rjl·, j=2,3, ... ,J as the constrained parameters. To find the parameters, we take partial 
derivatives of Eq. (3) with respect to Rn·, the Rj2·, j=I,2, ... J, and all the A.jl and A.j2I and 
set them equal to zero. We supplement the resulting equations with the J-l 
constraints which result from requiring continuity at the internal region endpoints. 
The following system of 4J equations for the 4J parameters is obtained: 

oE2 = I, 2(Ik - Ft(xtJ]e-<x_xkj>/1tt = 0 
ORt1 . k-1 ~ (5) 

(6) 

OE2 ~ 2{Ik - Fj(xtJ] R~ (x-xlo/ -' VL.\/'l_ • 

OA.,1 == = ~ A,1 t: .x-...." "t. = 0, J = 1,2,. •• J 

aE2 = r 2(Ik - Fj(xJJ] R~ (x-XIct> e-<x-x~rA.p = 0, j = 1,2,. .. J 
oAj2 k-1 ~ A.;2 (8) 

and 

(9) 
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The final procedure involves inputting the attenuation data and initial 
estimates for the A's, finding the R· values by a matrix inversi~n of Eqs. (5)-(9), 
checking parameter constraints (e.g., all R· > 0), calculating the least-squares function 
value, E2, incrementing the nonlinear parameters (the A's) by-a modified gradient 

search algorithm subject to parameter constraints, and calculating a new value of E2. 
If the new E2 is smaller than the first, the nonlinear parameters are updated and the 

entire process is repeated; if not, the step size is adjusted and a new set of nonlinear 
parameters is obtained. This establishes an iterative procedure that is terminated 
when the relative difference between successive E2 values is less than a specified 
tolerance or when a specified number of iterations is exceeded. Once the search is 
completed, a final iteration is carried out, treating all parameters as nonlinear, in 
order to estimate the uncertainties in the obtained values of the parameters. Finally, 
the R values are determined from the R· and A values. 

We note that the model of Eq. (2) is a disjoint collection of models of the form of 
Eq. (1). However, the cumulative effects of . damage along the fiber are' inherently 
accounted for by the fact that we solve for all model parameters simultaneously. We 
will employ this model in analyzing fibers exposed to different fluence and dose 
levels over different regions, as described in Section 24. We will then attempt to 
recover information on the relative damage within each region by further analysis. 
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3.0 Radiation Damage Testing 

3.1 Avalanche Photodiode Recovery 

In FY90, ten GE Electro Optics modified C30921S APD's were irradiated in the 
NCSU PULSTAR reactor at low power (1 watt), at preset positions within the 

irradiation capsule shown in Fig. 1, for various times from 10 to 240 sec. Dark count 

rate and dark current data were collected before and after irradiation. An ultra-stable 
power supply and a high-precision voltmeter were used to record the variation 
inherent in dark count rate as the bias was varied by ±O.S volts about the nominal 
voltage. This variation and the statistical count-rate variances were used to estimate 
the uncertainty in the ratio, R, of dark count rate after irradiation to that before. 

We plot in Fig. 4 the dark count ratio, R, as a function of fast fluence for the ten 

exposures. The results indicate a damage threshold at approximately 2x106 cm-2, as 
evidenced by a rapid increase in R, indicative of higher dark count rates due to 

radiation damage, above the no-damage value of unity. The dark currents, on the 
other hand, were unaffected by the neutron exposures. Estimates of gamma-ray dose 
received during the irradiations are a few rads or less. That the damage is due to fast 
neutrons was verified by comparison of points A and B in Fig. 4. The APD for point 
A was covered entirely by cadmium, which filters out thermal neutrons. Since the 
dark count ratios represent comparable damage (7.9±0.9 for test A and S.8±O.7 for test 

B), we conclude that the damage is due to fast neutrons, which is consistent with the 

fact that the silicon elastic scattering cross section exhibits a significant increase at and 

above 0.15 MeV. An early version of these results was presented in last year's report. 

This year we undertook a study of long-term recovery of the damaged APD's. 
Quantum personnel tested several of the damaged APD's at various intervals after 
irradiation. Over the first few months, the damaged APD's all indicated slow 
recovery, of approximately 10-20% reduction in dark count rate per month. Also, the 

three APO's that were tested after a little over a year all showed reductions of about 
60-70%, indicating that the recovery continues but the rate of recovery eventually 
declines as the dark count rates approach the pre-irradiation values. We do note, 
however, that in a test run on February 28, 1991 - about seven months after 
irradiation - all four diodes tested gave higher dark count rates than in the previous 
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Figure 4. Variation with fast neutron fluence of the ratio of dark count rate 
after irradiation to that before irradiation 

test (some were even higher than the rates just after irradiation). We suspect, 
although we cannot verify, that in the intervening five months the discriminator 
setting may have" been changed and when reset was put at a slightly lower value than 

in the other tests, which would pass a greater fraction of the dark count pulses on to 
the counter. Otherwise, we have no explanation for this one-time anomalous 
behavior, since all experimental conditions (such as ambient temperature) and 
procedures were carefully monitored and controlled. We have since verified that the 
dark count rate is very sensitive to the discriminator setting near the value employed 

in these tests. 

We plot in Fig. 5 the dark count rates as a function of time after irradiation for 
four of the damaged APD's and the pre-irradiation values (all ~ear 5,000 cps). With 

the exception of the anomalous results at seven-months, the trend is clearly a gradual 
recovery toward the pre-irradiation dark count rates. The major conclusion to be 
drawn is that APO's operated in the geiger mo~e at room temperature begin to exhibit 
noticeable ~adiation damage at fast fluences of approximately 2x1()6 cm-2, and that 
APD's stored unbiased at room temperature exhibit slow partial recovery. However, 
the recovery is not complete even after a year, and thus may not be significant for the 
intermittent irradiation conditions typical of sse operation. 
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Figure 5. Dark count rate variation with time after irradiation 

3.2 Altemative Glues and Straws 

In FY90 we had tested mylar straws glued together with a cyanoacrylate glue 

(super glue) and found that the glue was quite radiation tolerant, showing only a 
slight (-10%) reduction in the force necessary to cause failure after exposure to 
neutron fluences of -1015 cm-2 and gamma-ray doses of several krad. We also 
irradiated an array of mylar straws and found no detectable distortion effects after the 
irradiation. In FY91, we are preparing to irradiate copper-coated mylar straws that 
have been glued together with two different glues, including a highly-aromatic glue. 

The straw sections have been obtained and the irradiations are scheduled to take place 
at the next availability of the PULSTAR reactor in October. 

3.3 Complete Straw Assembly 

Duke University has constructed and tested several long straw tube drift 
chambers using copper-coated mylar straws, gold-plated tungsten wires, plastic wire 
supports, and aluminum end plugs. We have requested a small array of straw tubes 
with wires, gas, wire supports, and end plugs installed. The array win be tested with a 
Sr-90 beta source before and after irradiation to a neutron fluence of about 1015 cm-2 to 
verify proper operation of the full assembly after mixed neutron/photon exposure. 
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3.4 Mixed Neutron/Photon Fiber Tests 

In a series of three irradiations, five types of fibers were irradiated to fast neutron 
fluences ranging from about 1012 to 5x1013 cm-2. In the first test, multiple Bicron Type 
H, RH1, and B fibers were irradiated at a reactor power of 10 kW for 100 sec and the 

capsule was withdrawn, inverted, and reinserted for another 100 sec. This procedure 
delivered an approximately uniform exposure of about 2x1012 cm-2 fast fluence and 
1013 cm-2 thermal fluence over the length of the fibers. The gamma-ray dose was not 

directly measured but can be estimated to be on the order of 3 krads. The irradiated 
fibers and one unirradiated fiber of each type were shipped using overnight delivery 
services to Northeastern University. The fibers were tested the day after irradiation 
and no measurable differences between unirradiated and irradiated fibers were seen. 

Based on these results, five types of fibers (H, RH1, B, 3HF, and 81) were 
irradiated in two batches at twenty times the reactor power of the first tests. The 
_procedure was the same in both cases: a 100-sec exposure at 200 kW followed by 
capsule inversion and exposure for-another 100 sec. These fibers were thus exposed to 
fast fluences of about 4x1013 cm-2, thermal fluences of about 2x1014 cm-2, and 
measured gamma dose rates of between 6 and 9 krad (depending on position). At 

these levels, the ink and tape used to identify the fibers became sufficiently activated 
to delay by several days reshipment of the fibers (without special packaging, etc.) to 
Northeastern for post-irradiation testing. Also, problems with the fiber scanner 
further delayed the testing so that two of the fiber types were not tested unti125 days, 
and the other three fiber types until 29 days, after frradiation. Again, no appreciable 
difference in light output or light attenuation between the irradiated and unirradiated 
fibers was detected. Although we cannot distinguish whether the fibers were 
undamaged by the exposure or simply recovered, we can say that they were either 
undamaged or that 25 days is sufficient for full recovery. These tests are summarized 
in Table 1. 

Northeastern University is preparing and testing a collection of fibers for 
another series of irradiations. The fibers will be about 59 inches in -length so that they 
can be hung in the 5-ft irradiation capsule without bending. This year we are using a 
procedure to strike identifying marks on a plastic plug at one end of the fiber so as to 
avoid the activation problem encountered last year. A series of irradiations in the 
PULSTAR reactor is planned beginning soon after the fibers are received from 
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Northeastern. Some of the fibers will be irradiated so as to receive a nearly uniform 
exposure by inverting the 5-ft capsule mid-way through the irra~ation. Others will 
be irradiated nonuniformly using the scheme described in Section 2.4. Still others 

will be exposed to a Cf-252 source. It is hoped that we will be able in this way to 
differentiate effects due to neutr~ns from those due to gamma rays or to verify that in 
fact the effects are the same, within a simple fluence-to-dose conversion factor. 

Table 1. Results of Initial PSF PULSTAR Irradiation- Tests 

Fiber Fluence (cm-2) Gamma-Ray 
Dose Rate £\Tl Results 

Type Number Fast Thermal 
(krad) (days) 

RH1 2 2x1012 1013 -3 1 No damage 

B 3 2x1012 1013 -3 1 No damage 

H 3 2x1012 1013 -3 1 No damage 

RH1 2 4x1013 2x1014 -6-9 25 No damage 

B 2 4x1013 2x1014 -6-9 25 No damage 

H 2 4x1013 2x1014 -6-9 29 No damage 

3HF 3 4x1013 2x1014 -6-9 29 No damage 

81 3 4x1013 2x1014 -6-9 29 No damage 

1 AT is time between irradiation and fiber testing. 
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3.5 Cf-252 Tests 

It is planned to expose components to one. or both of the Cf-252 sources to see if 
effects can be produced from fast neutrons only. In particular, we plan to coil a few 
fibers into a large circular configuration so that all points of the fibers are equidistant 
from the source. Irradiation for 10 days would expose the fibers to fast neutron 
fluences of -1011 cm-2, with no gamma contamination. In a few months we expect to 
have a local fiber scanner (see Section 4.2), and so can test fibers very soon after 
irradiation. Comparison of results for these strictly neutron exposures with results 
for the mixed neutron/photon exposures should allow us to isolate effects from the 
varous radiation types. 
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4.0 Related Activities 

4.1 SOC Support 

In early 1991, Quantum applied to join the ~olenoidal Detector Collaboration 
(SOC) as an Industrial Collaborator. Quantum's application was accepted and 

Quantum is now a collaboration member. Quantum attended the collaboration 

meeting at ORNL in February and there presented results of its radiation damage 
ass~sment activities to that date. Quantum also participated in the sessions held at 
ORNL and Duke in July and August, respectively, to develop a detailed Work 
Breakdown Structures (WBS) for a combined straw-tube/scintillating fiber central 

tracker. 

4.2 SAHEP 

Both NCSU and Quantum are members of the Southern Association for High 
Energy Physics (SAHEP). Dr. William Dunn of Quantum serves on the SAHEP 

Executive B~ard. SAHEP submitted a solicited proposal to the TNRLC which was 
funded effective April 1, 1991. Quantum received $20,000 first-year funding to 

construct a fiber scanner, which will be useful in short-term PSF radiation damage 
testing, and NCSU received $40,000 (first-year) to construct a special-purpose neutron 

irradiation facility in the PULST AR reactor. This facility will allow irradiation of 
relatively large-volume samples under controlled environmental conditions (e.g., 
oxygen-free atmosphere, electrical bias applied, etc.). Design of the fiber scanner and 

the irradiation facility are now underway. Both of these projects will help the Hybrid 
Subsystem and SOC efforts in future radiation damage assessment activities. 

4.3 CAD Modeling 

Quantum has an active interest and capability in Monte Carlo simulation and in 
Computer Aided Design (CAD) modeling. During FY91, Quantum obtained a Small 
Business Innovation Research (SBIR) Phase I grant from DOE; the purpose of this 
research was to construct the rudiments of a computer code that would link CAD 
packages to the GEANT high energy physics simulation code, in order to demonstrate 
the feasibility of constructing a robust CAD-to-GEANT interface. Quantum 
constructed and integrated three components of a full CAD-to-GEANT interface: an 
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extensive Graphical User Interface, which serves as the communication link between 

the user and the code applications; a Shape Interpreter, whi.ch incorporates a 
procedure for recognizing CAD shapes from ~rawing Exchange Format (DXF) CAD 
output; and a GEANT Input Generator, which ·writes the appropriate FORTRAN me 

to input the geometrical and material information into GEANT. The integrated 

code6,7 recognizes six basic shapes from either multiple 2-D views or single 3-D CAD 

representations and produces GEANT input files from DXF CAD files, prepared in 

accordance with certain rules, for single volumes and systems containing multiple 
volumes. The Phase I code forms the foundation for the CAD or GEANT Entity 

Translator (CoGEnT) code, which would be a valuable tool for the simulation 

community since it would provide direct access between powerful CAD packages and 

GEANT and would streamline the process of geometry input to GEANT. Quantum is 
now seeking follow-on funding to develop the CoGENT code. 
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Just.as FY91 has seen theintegratioD of the HCTC into an overall 
tracking detector design for the Solenoidal Detector Collaboration 
(SDC), it has also seen the incorporation of the HCTC simulation 
software into the SDC software environment ("Shell"). In the Shell, 
the HCTC simulation, as .described in the HCTC FY90 progresl 
report, coexists alongside simulations of other SDC detector sub
systems, such as the silicon strip inner tracker. 

The SCRI group has led the development of a common tracking 
data structure for all the tracking subdetecton being considered 
for SDC. Thia has enabled the HCTC reconstruction software to 
be extended to perform track finding and fitting in the combined 
inner (silicon) and outer (hybrid) tracking detector in a single step. 
Thia is important, since budgetary pressures within SDC make it 
impossible to design a single tracking subdetector with adequate 
stand-alone performance. It is esaential to simulate the combined 
system in order to optimize the overall cost and performance. 

The HCTC detector haa been descoped several times from the 
design of the FY90 progress report, which had 8 uialluperlayen of 
8 Itrawl each, and 3 stereo lcintillating fiber superlayen. Interme
diate designs have had 7 and later 5 atraw auperlayen of 8 and later 
6 Itrawl per layer, with two Itereo fiber superlayen. The later de
sign also had an inner axial fiber superlayer for improved two track 
reaolution at high luminosity. An of these designa were simulated. 

Figure la shoWi the isolated single track momentum resolution 
for 200 Ge V I c muons for a sYltem with 5 straw, 1 fiber and 8 silicon 
axial superlayen. Figure Ib Ihowl the same for a sYltem with' one 
leu straw superlayei, corresponding to a reduction in the magnet 
radius from 170 to 150 em. The momentum resolution is degraded 
by over 30%. SDC haa lubaequently decided to retain a coil radius 
of 170 em. 

Figures lc and ld show examples of the resolution in the tan
gent of the dip angle, obtained from Itereo silicon and scintillating 
fiber measurementl. The dip resolution, typically about 2 mrad, 
will contribute lesa to the uncertainty on the Z· maaa than will the 
momentum resolution. 

Figures 2a-d show fitted track residuala in projection for the ver
tex, silicon(pairs), fiber, and Itraw tube superlayen. The nominal 
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resolution for a single layer of Imm fibers is just under 300 microns. 
Figure 2c confirms that adding a second layer offset by half a fiber 
width improves the position resolution for near-radial tracks by a 
factor of 2 (and not simply the square root of two). 

The study of Higgs decays via ZO pairs into four muons is con
tinuing. Figure 3 shows an example of such an event having three 
muons within the acceptance of the central barrel tracker. All three 

. muons have been found and reconstructed, with momenta close to 
the generated values. The central tracker geometry in this figure is 
5 straw, 1 figer and 8 silicon axial layers. The fiber layer and the 
2nd and 3rd straw superlayers have nearby stereo fiber superlayers 
(Imm fibers, 5 degree stereo). 

The current (further descoped) HCTC design has 4 axial straw 
~uperlayers, and a single outer stereo fiber superlayer. The perfor
mance of this chamber, in conjunction with an inner silicon system 
of either 8 or 4 layers, is being investigated. Figure 4 shows the 
momentum. resolution for single 200 GeV Ic muons superposed on a 
minimum. bias background corresponding to luminosities of 0, 1 or 2 
x 1033 cm-2s-1 , for both inner tracking options. Here a beam con
straint of + / - 10 microns in both transverse directions is assumed. 
The track finding efficiency and momentum resolution are approxi
mately 99% and 2%, falling only slightly from figure 4a to 4e. The 
deterioration is more noticeable for the more sparse detector at the 
higher luminosity in figure 4£, where the efficiency and resolution 
become 92% and 3% respectively. 

Detailed simulation of the complete SDC tracking system is very 
cpu-intensive and is limited by available computing resources. Work 
on adapting the simulation to parallel processing on high perfor
mance, networked workstations is being pursued. This will be ex
ploited to push the studies of figure 4 to higher luminosities. 

Figure 5 shows a detailed simulation of pulse formation in a single 
straw tube. This takes into account the formation of primary ioniza
tion clusters, electron trajectories through the electric and magnetic 
fields, and avalanche iuctuations, amplification and signal formation 
at the wire. Thiais of value in predicting .drift time-distance rela
tionships (Figure 6), pulse shapes and dependence of me~ured time 
on pulse height. . 
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Straw Tube Radiation Damage Studies 

In the last year we continued our work of radiation damage of gaseous detectors and 
straw tubes in particular with the aim of selecting the best combination of gases, cathode 
material and other operating conditions for use in the central tracking volume of the SOC. 
We have identified problems with the aluminum cathodes due to non-uniformities in the 

straw surface. These were policarbonate straws of very poor construction. The 

imperfections were the source of sparking and eventual damage of the straws. They had to 

be rejected. 

New straws made of Kapton with Cu cathodes were much better, and the tests with 

them and CF4+Isobutane (80,20) have just started. We are also studying other cathode 

materials. This is a very important problem because we have observed in the past that 
when using the radiation resistant CF4+Isobutane combination there was a slow but 
persistent erosion of the aluminum cathodes. The solution to this problem is either to use 
a thicker cathode or to find other conducting layers less susceptible to the ion 
bombardment. We have tried carbon, copper and nickel with several thicknesses and each 
of these alternatives have advantages and disadvantages, and some are easier to fabricate 
than others. We are still in the process of evaluation. 

The selection of cathode material is also related to another line of activity we are 

presently starting. This is to construct our own straws. The reason for this effort is the fact . 

that the straws we have received so far from manufacturers has variable quality and in 
general are not thin enough to insure total low mass for the tracker. This work is still in 

its infancy and we have nothing to report yet. 

Several stringing methods are presently investigated, and the mechanical support for 
anode wires and their tensioning are being tested. 

It is clear that the gas will have to be recirculated if the cost of operation is to be 
reasonable. A very important problem in the recirculation of CF4 gas is the type of filters 

required. This problem is also addressed now and long term effects are investigated. The 
main objective of the fllters is to remove oxygen and water vapor from the gas. These 
impurities are incorporated to the original gas mixtures when circulating through the 
detector and need to be removed for proper operation. The recirculation rate is related to 
the flow rate one wants to achieve. This in turn is related to radiation damage as well as 
cooling of the straws. We are studying these variables now. For a realistic tracking 
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detector, most of the functions an.d controls in the recirculation system will be automated. 
This will require a system of sensors and controls that will be rather .complicated. We are 
studying now how to do it, and towards that end we have built a smaller and simpler 

- -
system for a transition radiation detector for HERA which is being tested now at CERN. 
This device recirculates Krypton gas and has some of the problems that will exist in the 
SOC straw tube tracker. 
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Straw Electronics 

Exhaustive technical details of the progress during the past year of straw electronics 
research and development effort are contained in" the report of the Front End Electronics 

Subsystem collaboration (1 September 1991), but highlights from that effort are listed here 
and some discussion of integration and system issues is attempted. 

During the past year we have: 

• 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: 

- Constructed using the AT&T complementary bipolar process. 

- Designed with fully differential inputs to allow pickup cancellation. 

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

- Available with yields before packaging of -95% and after packaging of -90%. 

- Radiation hard to doses in excess of 1 MRad-Signal/Noise and offset voltage 
variations after 1 MRad of co6O are nearly unmeasurable. 

• Designed, fabricated, tested, and distributed a small multilayer printed circuit test 
board to house ~our of the AT&T single channel amplifiers. 

• Finished the design and nearly finished the layout of an eight channel 
preamplifier, shaper, tail cancellation, and discriminator circuit. This circuit is: 

- Designed using the Tektronix SH-Pi high speed bipolar process which as 
lower parasitic capacitances than the AT&T process, but lacks the fully 
complementary (PNP as well as-NPN) transistors of the AT&T process. 

- Layed 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 the 
compromise density we are apparently limited by the number of pins rather 
than the actual silicon area needed for devices and connections. 

- Ukely to be capable of triggering reliably on about one femto-coulomb of 
charge generated by a single avalanche - the noise floor is set largely by the 
3000 resistance needed to properly terminate long straw tubes. 

• Designed using a process that is also radiation hard (at least in terms of gain and 
offset voltage variations - noise figures have not been measured yet) to better 
than 1 MRad. 

• Fmished the complete redesign of the TVC/ AMU. 
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• All cells have been examined and, where necessary, redesigned.and relayed out 
and resimulated to operate properly at above the design rate. 

• The most complex parts of the logic (the transfer block) have been fabricated in a 
2 J.1lI1. non rad hard process and have been tested and shown to work properly at 
speed. 

• 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 Level 1 Trigger Time. 

• The complete, single channel, TVC/ AMU up through Ll logic and including 
eight Ll and four L2 memory units has been tied together for simulations at both 
the schematic and layout level. 

• Extensive measurements have been undertaken on the UTMC 1.2 J1m 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. 

• Layout and fabrication of test structures in the IBM 1.0 and O.S J1m CMOS 
processes has begun with the expectation of having parts to measure this fall. 

The tasks remaining include: 

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

• Fabrication and test of the single channel TVC/ AMU. 

• Layout of the full (L2 logic) TVC/ AMU. 

• Layout of four or eight channel TVE/AMUs. 

• 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 SOC Straw Electronics). This 
will require closer coordination of mechanical and electronic efforts over the coming year. 
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Design and performance of a straw tube drift chamber 
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The design and performance of the straw dnft chambers used in E73S is reported. The chambers are constructed from 2.5 em 
radius alumuuzed mylar straw tubes with wall thickness less than 0.2 mm. Also. presented are the results of tests 1Io1th : mm radius 
straw tubes. The small tube has a direct detector application at the Superconducting Super Collider. 

1. Introduction 

Drift chambers are now used in almost every high 
energy physics experiment. There are many different 
designs of drift chambers and one of them uses straw 
tubes as detector elemenu [1). In this article. we report 
the design. construction. and performance of large straw 
tube drift chambers used in the spectrometer arm of 
E735 at the Fermilab collider. E735 is an experiment to 
study low transverse momentum panicles to search for 
a phase traDSition of hadron gas to quark-gluon plasma 
from the highest center of mass energy pp interactions 
[2}. We also present preliminary resulu of a study done 
with 2 mm radius tubes which have a direct detector 
application at the Superconducting Super Collider 
(SSC). 

Using Straw tubes has several advantages. First. since 
the cells are isolated from one another. cross talk is 
minimized. If a sense wire is broken. then the channel 
can be easily removed without turning off all channels. 
Second. straw tubes can be pressurized for better resolu
tion. and for mechanical rigidity. 'Third. the resolution 
of tracks is independent of a panicle's incident angle. so 
one does not have to incof1)Orate angular correction 
factors when the drift distance is calculated from the 
drift time. as with typical drift chambers. 'This was the 
maiD re:ISOIl we chose straw drift chambers since tracks 
in the spectrometer arm have larJe slopes. 

'This anicle is orpnized as follows. In section 2. we 
discuss the design and construction of chambers. and in 
section 3. testing and performance of the chambers are 
discussed. In section 4 we describe a method to measure 
the drift velocity and resolution. Section 5 includes the 
track reconstruction in the chambers. and section 6 
contains a study done with 2 mm radius tubes. which 
may have a detector application for the Supen:onduct
ing Super Collider. 

2. Design and constnlction of chambers 

The basic ingredient of the chamber is a 2.5 cm 
radius tube made of aluminized mylar. The wall of the 
tube consists of 0.018 mm of aluminum. 0.075 mm of 
paper and 0.075 mm of mylar. a thickness of about 
0.04~ of a radiation length. The tubes were wound by 
Stone Industrial (3) with length of about 110 cm. The 
tubes are strong enough to support about 10 Itg of 
weight piaced on one end. and an internal pressure of at 
least 3 atm. 

The tubes are positioned between two aluminum 
plates as shown in fig. 1. Two aluminum plates on both 
the tOP and the bottom provide protection for the tube 
ends. feed-throughs and electrOnics. The size of the 
holes and the distance between holes were milled to be 
better than 0.1 mm. There are about 60 to 100 holes in 
each chamber. The holes in each chamber are in two 
stagered rows. After the holes were made. the center of 
each hole was measured with respect to a survey point 
to determine the exact position of the sense wire. 

As shown in fig. 2. each tube is connected to the 
plates by means of aluminum end-pieces. A hose clamp 
is used to ensure the mechanical and electrical connec
tion between the aluminum end-piece and the tube. 
Each aluminum piece is grounded to the frame by a 
ground cable. An end-piece made of delrin and a feed
through are inscned into the aluminum end-piece. 100 
I'm diameter gold plated Cu-Be wire is strung between 
feed-throughs under 250 g of tension. The elastic limit 
of the wire is about 1000 g. Cu-Be wire is used because 
iu thermal expansion coefficient is close to that of the 
aluminum frame. A larger diameter wire is chosen to 
provide a higher electric field ncar the OUter wall of the 
tube. The drift velocity saturates if the electric field is 
high enough. 

Gas leakage. especially around the ends of the tubes. 

0168-9OOl/91/$O3-'O C 1991 - Elsevier Scie:nc:e Publishers B.V. (Nonh-HOIland) 
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Fig. 1. The alununum frame structure of a Slraw drift tube 
chamber (or £735 ... , few lubes between the two aluminum 

plates arc also shown. 

was a major problem during construction. The gas se:il 
is ac:c:omplished by pouring low viscosity RTV-61S 
around the tubes. RTV -112 is used to provide the g:as 
seal around the fced-throughs and around the g:as tub
ing. 

Gas is provided by 0.6 cm diameter plastic tubing at 
the top of the aluminum end-piece. 16 tubes arc con
nected in series and an independent g:as line is provided 
for each group of 16. This is to minimize contamination 
to other tubes in a chamber in case a tube develops a 
leak. When data is being taken. each chamber receives 
gas at a rate of about 1 reJ /h. 

The output from the sense wire is connected to an 

end plug 
Alend 
piece 

RTV61 

100 11m 
Au-Cu wire 

Feed-through 

Fi .. 1. A detailed view of a tube end includinl end pieces. 

amplifier-discriminator through a 0.001 "F capacitor. 
The amplificr-discrimin .• uors are mounted on the top 
oan of the frames of the chambers ncar the ends of the 
tubes. The amplificr-discriminator is desilUled usinll 
MCI0116 and its perfonnance is quite comp;rable with 
LeCroy 273S0C whose minimum threshold is :1 "A. 
130 rt of twisted pair ribbon cables connect the output 
of the amplifier-discriminator to LeCroy TOCs. Wc 
have used 42998 with 1 ns time resolution. 

There arc seven ch:unbers with two planes of tubes 
in each chamber. The size varies from 75 cm (height) x 
210 em (length) to 110 cm x 340 cm. Four out of se .. ·cn 
chambers ha .. ·e lubes positioned verticaUy to measure 
the horizontal position of tracks. The strong component 
of the magnetic field is along the vcnlcal direction. The 
tubes in the other three chambers arc slanted by 4 0 for 
stereo reconstruction. When in place. chambers with 
slanted tubes alternate between chambers with ,·ertical 
tubes. Thcre are about iOO channels in the detector. 

3. Tesring and perfonnance of chambers 

In order to find the operating voltage for the cham
bers. the singles rate as a runction of voltage was 
studied. Fil~7 3 shows a i~icaJ plateau taken with cosmic 
rays. and Cs source wllh Ar-ethane (50$-50$ mix-
ture,. The operating voltage is selected at the end of the 
plalCaU curve as shown in the figure. 

After chambers were constructed. we measured the 
resolution by using cosmic rays. A chamber is sand
wiched between t'NO scintillators. A trigger is generated 
rrom the coincidence signal from the two scintillators 
and used to stan the TOC. The measured time is 
converted to distance from the sense wire. For the 

10000,--------------

7500 

--=: SOOO 
o 
tJ 

3'1,00 

Opcratinl YOltalc 

o Cosmic Rays 

• Clll7 

",000 

Voltale (V) 
Fi.. 3. Two plalCaU curves obtained usin, cosmic rays and '»,.., . 

~ The pi used IS Ar-elhane (50,"-50" miJuure,. 
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conversion. the drift time as a function of distance is 
measured (section 4) and plotted. This curve was fitted 
with a polynomial and used to convert the measurec;i 
time to distance. Sometimes it was necessary to divide 
Ihe data into two regions to get a good overall Cit. Arter 
the conversion of time to distance. tracks were recon
structed (section 5) and the residual was calculated. 

We ha\'e tried two different gas mixtures. Ar-ethane 
(50%-50~) and PtO (Ar-methane. 90$-10$). The 
Ar-ethane mixture produced slightly better reSOlution 
than Ar-methane mixture. Fig. 4 shows the residuals 
for the two gases. and the (J is less than 200 11m. The 
residual is calculated from tracks with more than 6 hits. 

An earlier study (4) showed that the radiation level 
from the accelerator at the chamber position was ex
pected to be high. Therefore a radiation test was per
formed on a prototype consisting of a single tube. The 
tube was exposed to an intense source ('IOSr) such that 
the sense wire drew about 1 I1A/cm. This corresponds 
to about 0.09 C cm -I d -I. We used the Ar-ethane 
(50$-50%) mixture for the test because of the higher 
hydrocarbon content. Hydrocarbon is a known aging 
agent. The exposure lasted for four months with peri
odic checks made of the current draw. single count and 
the shape of plateau. The mulls of the current draw 
and the single count as a function of integrated 
charge/em on the sense wire is shown in fig. S. They 
remained conswn during the period. After the test. the 
tube was opened and examined for radiation damage. 
No signs of whisker growth or other deterioration were 
found. It was reponed that some chambers using the 
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Fig. S. Results of :m aging test using 'IIlSr source. (a) Sho ... ·s the 
current draw by the sense wire as a function of lotal charge 
deposited on the sense ... ·ire. (b) Shows the single count as a 

funCtion of total deposited charge. 

same gas became inoperative after much less dosage (S). 
We believe that this is due to the lower electric field at 
the cathode and a much larger cathcXie area. 

4. Drift yelocity measurement 

We have used a simple method to measure the 
relationship between the drift ttme and the distance 
from the sense wire. A 1 mCi ~r source is placed in 
front of a slit followed by a chamber and another slit as 
shown in fig. 6. The twO slits (1 nun wide and 1 cm in 
height) detennine the beam position. A scintillator is 
placed behind the second slit and used to start a TDC 
and the signal from the tube is used to stop the TOe. 
Since the energy of electrons from the 90Sr source is low. 
we did not use the coincidence of two scintillators. We 
used one small scintillator large enough to cover the slit 
to reduce the random background stan. This method 
provides a fast way to measure the drift velocity and 
resolution of different gases under operating conditions 
as shown below. 

The time distribution for a given slit position is 
plotted and fitted with a Gaussian to determine the 
mean time and (J. The mean time and (J are plotted as a 
function of the slit position. In fig. 7 the mean time is 
plotted as a function of distance for methane. The 
position of the sense wire is the intersection point 
between two curves which fit the data points in the left 
and right side of the sense wire. By differentiating the 
fitted curve. the drift velocity can be calculated as a 
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Amplifier-
Discriminalor 0- 5,- 5 •• ", 

Fig. 6. SchematiC to measure drift velocilY and dispersion usinl a "'sr source. The size of the slil is 1 mm (width) by 1 em IheiplI. 
Sec lexi (or delails. 

funcuon of Ihe distance from the sense ~ire or the 
elc:c:tric field since the elc:c:tric field is easily calculable 
for the: cylindrical geometry. In fig. 8. the me:lSurc:d 
drift velocity as 3 function of elc:c:tric field is ploned for 
several gases. Fig. Sa shows the elC:C:lron drift velocilY 
for At-ethane (50$-50$) and P10 (90$ Ar-10$ 
methane). Fig. 8b shows the same: for pure: methane and 
methane with 5$ ethyl-alcohol. This mixture is tried 
because mixing alcohols increases the lifetime of cham
ben. Mixing alcohol changes the characteristics of the: 
drift velocity as a function of the: elc:c:tric field. 

In fig. 9. the drift velocity using mixtures of CF" and 
CH. is presented. The mixtures arc: tested bC:C:3use of a 
possible application to an SSC detc:c:tor. For an SSC 
drift chamber. gas with fast elc:c:tron drift velocity (larger 
than 100 ILm/ns) is desirable since: the: time bctwcc:n 
bunches is 16 ns (sec sc:c:uon 4). As seen from the figure. 
pure: CF" as well as the mixtures of CF. and CH. have 
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Fil- 7. A Iypical meaD drift time plotted as a function of 
dis&ancc. The sense ,."ire is at Ihc: symmetry axis. The: data is 

obtained with CH •. 

drift velocities larger than 100 ILm/ns. Although nOI 
ploued. some of our data points are: comp:u-ed with the 
existing data (6) and they are in fair agrcc:ment. 

The tI of the time distribution is related to the 
resolution as a function of drift distance. We conven 
1he tI. measured in time to distance using the time to 
distance conversion plot. i.e .• I ± tit. in time to d ± tid in 
distance. We point out that the tid docs not measure: the 
absolute resolution directly because of the slit size and 
the: multiple Coulomb scattering of elcc:trons. However 
till provides a good way to compare the: relative resolu
tion as a function of the drift distance bctwcc:n different 
gases. 

In fig. lOa the tid (dispersion) is plolted as a function 
of drift distance. For PlO and Ar-ethane. the disperSion 
is fairly constant as a function of distance. In fig. lOb. 
the same is ploued for methane and me:thane with 5~ 
ethanoL It is interesung that the dispersion rises steeply 
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Fil- 8. Drift veIoc:ilY as a function of electric field as measured 
usiDllhc: setup in fil- 6 for PIO. Ar-ethane (SO~-SOf.). CH •• 

aDd CH. + Sf. ethanol. 
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Fig. 9. Sam~ as fig. 8. but With different mixtures of CF4 ;and 
CH •. 

at a certain distance from the sense wire when the 
alcohol is mixed. This may be due to the electron 
attachment to alcohol molecules. W~ have tned several 
mixtures ot different gases with different kind of al
cohols. and we found that mixing alcohol always in
creases the dispersion at a large distance ( - 1 em from 
the sense wire). 

(n fig. 11. the dispersion is plotted for the mixtures 
of CF4 and CH 4 as a function of distance. (t was shown 
earlier that these mixtures produced fast electron drift 
velocity as required for an SSC detector application. 
Fig. 11 shows that CF4 alone is not a suitable gas for a 
drift chamber due to a large disperston. As will be 
shown later. pure CF4 not only results in a large disper
sion. but also produces a long tall tn the time distribu
tion. The di:spcrsion is reduced when CH 4 is mixed. The 
reduction increases as the fraction of CH. incrC3SCS. 
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Fia- 10. Dispersion :as a funclion of driit distancc from the 
sense wire for sevcr.al different gases; PI0. At-ethane (50$-

50$). CH 4 ;and CH. +5$ ethanol. 
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Fig. 11. Dis~rslon :as a function of drift distilncc for different 
nuxtures of CF. and CH •. 

:vfixing other hydrocarbon gases, such as ethane pro
duces the same effc:ct. It seems to us that a mixture with 
more than 50CC of CH. may be acceptablc in tcrms of 
dispersion. 

(n fig. 12. the converted time distribution (to dis
tance) is plotted when the slit is about 2 mm away from 
the sense wire for different mixtures of CF. and CH 4 • 

As pointed out earlier. pure CF. produced a long tail. 
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Fia- 12. Conveneci lime (to discancc, distribution when Ihe slit 
is about 2 mm away from the sense wire for different mlluures 

of CF. and CH •. The width of the slit is 1 mm. 
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The dispersion and th~ t:u1 g~t smaller as th~ CH 4 

.:ont~nt IncrC3S~S. 

5. Track reconsmaction 

Fig. 13 shows ~om~ tracks p3Ssing through the cham
b~rs. Since a drift time r~presents th~ distanc~ from th~ 
s~nse wire. a hit is repres~nted by a circ1~ around th~ 
sense wire. Trac:1ts are reconstruct~d in th~ chamb~rs 
with vertical tubes and th~n th~ chamb~rs with slant~d 
tubes are us~d for the st~r.:o r~construction. 

The first step to reconstruct a Irack is to calculat~ 
the four possibl~ tangeruial lines b~tw~n two circ1~s 3S 
shown in fig. 14. The two circles are chos~n in th~ 

furthest chambu from th~ interaction r~pon to avoid 
any field from the analysis magnet. The magn~tic field 
strength is a Gaussian with ma.'umum str~ngth of 3 kG. 
Th~ fi~ld strenglh drops to about iOO G at th~ first 
.:hamber (20 em from th~ c~nter) and to about 10 G at 
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Fil- 13. Tracks passin, throup Ihe E73S Spccuomclcr ann. 
E73S is one o( the collidcr experiments al Fcrmilab. Hits in the 
straw c:lwnbers are repnseIIted by a circle With a radius 
correspondlnl. the converted drift time 10 distance from the 
sense wire. The tubes in the chambcl's with C\-cn numbers are 
lilted by 4·. The ditec:uons o( prcnons and anuprotons are 1l1so 

shown. 

radius r: 

radius r: 

Fig. 14. Tracl.:s ""hlch aro! lango!nllai II) IWI) .:m:h:s (hiISI. The 
numbo!r 1. :!. J an~ 4 an~ .~mbl)i» cnrro:splln~ 10 Iho! .amo: In 

0:4. (II 

the last chamb~r IlXation ( 100 cm from th~ co!nl~r of th~ 
magn~lI. 

The lin~s satisfy the following ~quations (s~~ fig. 14 
for th~ definition of "ariablesl: 

sin( I H :c: - .\".) - ,:os( I H:: - :. ) + (r: - r.) - O. (I) 

sin( I H :c: - .\". ) - cos( 1)( =: - =.> - (r: - r.) - O. (2) 

sin( 1)( .1:: - .\". ) - cost 1)(:: - :.> - (r: + r.) - O. (3) 

sin( 1)( x: - .1:'> - cost 1)( =: - =.) + (r: + rtl - O. (4) 

After I is found from ~ach equation. th~ slope (tane I» 
and intercept an: calcula~ for ~ach lin~. Once the 
equation of a line is found. the lin~ is projected to the 
next chamber (tow3rd the interaction region) and th~ 
predicted position is compared with th~ m~3Sured posi
tion. If th~ diff~rencc is within a given limit. th~ hit is 
tagged to belonging to the lin~. A hit can ~ tagg~d by 
more than on~ line. Th~ search continues until there are 
five good points or the search rlt3ches chamb~rs with 
appreciable magnetic fi~ld (first chamb~rJ. Wh~n the 
se3rCh is o\·er. those tracks with mor~ than four points 
are fined with a straight line. If only Ol\.~ track is 
reconstructed and its X: / dl is I~ss than 2. then ! he 
trac:k is ac:cepted for further processing. If more ::'.In 
two tracks wilh X: Idl less than 2 resulted from lne 
four tangential lines. the trac:k with the most points is 
selected. If the number of points is the same. then the 
line with best x:/dl is chosen. ThO!iC hilS belonging to 
good tracks are deleted from the dina bank and not 
used further. This process is continued until all hits are 
tried. 

Using the slope and intercept of the selected track. 
the approximate mom~ntum 'Of the track is C3lculated 
using the interaction verlex and the integrated magnetic: 
field. Using this momentum. the track is swum through 
the magnetic field to the remaining chambers and the 
nearest hits within a given limit are selected. After all 
hilS belonging to a track are round. the track is finally 
fitted with a second order polynomial. 
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After the horizontal position of a track is found. the 
hits in the slanted tubes along the track are collected. 
From the hits and known horizontal positions of the, 
track. the corresponding vertical position of each hit in 
the slanted tubes is calculated. A linear fit is performed 
with the hits and the track with most hits (with good 
X: / dj) is chosen. We found this pr.ocedure reconstructs 
tracks correctly with better than 95~ efficiency. 

6. Application for the Superconducting Super Collider 

The concept of using straw tubes can be easily 
e:'(tended to a detector for the Superconducting Super 
Collider. As discussed earlier. there are several ad
vantages of using tubes for a drift chamber. The cham
ber could be eHher a cylindrical central chamber or Just 
a rectangular type tracking chamber (71. 

The upper limit of the tube radius is set by the 
bunch spacing of the SSC. Since electrons produced 
from tracks of an Interaction should have reached the 
:;c:nse wire before the next bunch arrives. the radius of 
the tubes should be about 1.5 mm if a fast gas with 
electron drift \'eloc:ity 100 Ilm/ns is used. As shown 
previously. there are gases with drift velocity higher 
than 100 Ilm/ns within the small tubes under an oper
ating voltage. 

In this section we present some tests performed 
using 2 mm radius tubes. The tube wall is made of 0.025 
mm thick mylar coated with 200-300 A thick aluminum 
(81. Sc:\'eral single straw tube prototype chambers were 
constructed with 25 Ilm diameter gold plated tungsten 
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FiS- 15. Plateau CUf'"eS obtained usinl small siraw tubes (2 mrn 

radius) filled wilh CH. under different pressures. 

Fig. 16. The shape of the averaged Signal usIng 'OOSr iOlo a SO n 
resistor. 1000 signals are averaged. HV - 2~OO V. 1:15-
melhane. The verucal sc:ue is O.S mV Idiv and the honzonlal 

scale is 20 nS/div. 

wire under 50 g tension. We were able to pressurize the 
chamber to 3 atm for a month without any problem. 
Pressurizing tubes not only keeps them round and stiff 
but also could result in a better resolution. 

In fig. 15. plateau curves obtained with a 'IOSr source 
at several different pressures with pure methane are 
plotted. We observe a very nice plateau for all pres
sures. It is interesting that the knee of the plateau 
changes as a function of pressure. Fig. 16 shows an 
averaged signal USing oJIlSr source. The gas mi;uure is 
pure methane at 1 atm and the high voltage is set at 
2200 V. The peak is about 2 mV into a 50 n resistor. 
The signal rises to the maximum within 3 ns and falls to 
about 10~ of the peak after 30 ns. 

Using " mm diameter straw tubes. we have con
structed a 60 channel. !.7 m long prototype. It has eight 
layers of tubes. Some preliminary results are already 
reponed (91. The detailed construction and performance 
test will be reported in the ne:u- future . 
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We reoon Ih~ consrruction ana latinl of a 2..1 m lonl slraw lUbe drift chamber consisnnl of 60 channels. The str:aw lUbes WIth 
! mm ~dius :are sr:aclcea in a pyramId shape up to ellhr tube layers. There :are twO Wire suppons InsIde e:ac:n lUbe for elec:rrostanc 
stabdiry. =s lubes Qur of 60 are Insrrumented ror me:asurement or resolubon. I:IS laIn. :ana artenuarion lenlth. ResotutlOn ot dose 
10 IlO ~m :ana :auenuatlOft len ph of SOO em are obtamed. 

1. Introduction 

The design of the central tr.lcltinl chamber in a 
solenoidal detector (1] for the Superconductinl Super 
Collider (SSe> calls for a cylindrical tr.lcltinl chamber 
~ 6 m IanI- Usin, straw rubes with small radii is one of 
the options (2) for the traclcinl chamber. Oue to the 
bunch spacinl and the occupancy r.lte. the tube radius 
should not be Il=lcer than 2 mm. The central tr.lckinl 
chamber will likely consisr of several cylindrical super· 
'layers. with e:lch supertayer tYPicaUy made up of abouc 
eilhclayers of tubes. In order to cover a larae tracltin, 
volume. superlayers are se-paraced by about 10-lS em 
Crom e:lcn other. In this chamber. track seamena are 
found in each superlayer first and then the sepnenlS 
from differenc superlayers are linked to (arm a com
plete track. 

For a ieasibility study. we have consU'UCted a 2.7 m 
lonl supertayer on a !lac surface. In the procotype. 60 
stnw tubes with 2 mm radius are stacked in a pyramid 
shape up to eilht tube layers. The tubes used in the 
prototype have a wall thic:icness of 50 110m of mytar on a 
S or 12 110m thick aluminum cathode. Because of the 
lenlth of e:lCh ceU. sense wires have to be supported 
and our Study shows thar the SUppeR is needed about 
every meter. Two wire suppens are placed inside each 
tube in the prototype. 

By successfully construcrinl and operannl ehe pro-
totype. we have verified rhat rhe basic: desi ... concept is 
sound and can be extended to a full size cylindricaJ 
cencral chamber. Specifically we have demonstrated 
the followinl: Firsr. we showed thar layers of tubes can 
be placed SCfa1lht wlch an accuracy bener than 100 110m 
over several meters once a Oar base surface is pro
v1c1cd. Second. a double·wall endplace desi,ned by our 

lroup provides a simple way to supply las. tension the 
sense wire and mount electronics. Third. the wires an 
be supponed inside rubes at 1 m intervaJs to mate a 
lonl workinl straw cell. Founh. a larle number of 
channels an be made operational simulcaneously with· 
out difficulty. This is imponant since the expected 
number of channels (or the final tracltinl chamber is 
about 200000. Finally. we showed thac spacial resolu· 
tion of close to 110 110m can be achieved and the 
arrenuation lenlth is lonl enoulh thac sipaJs trom the 
end of the detector (anhesr from the readouc electron
ics are nor sianificantly dearaded. 

AJthoulh usin, a tube for a drift ceU is ROC new [31. 
and there have been ettons to use small radius straw 
tubes [41. our prototYPe is the first of ilS kind in terms 
of lenlch. tube radius and number of channels. 

This artide is oraanized 41S follows. [n section 2. we 
present resullS of an elecuoscacac stability study. We 
measured the position of the sense wire inside a 2 mm 
radius tube as a function of hiiD volcaae wrch differenc 
tension in the wire and diHerenc initial displacemenc. 
In section 3. we discuss a desi... of a wire SUCllM)rt. 
Sec:Qon 4 contains derails of the desi... and consmac· 
tiOG of the 2.7 m procotYPe. [n section 5. we present 
the results of teslS to measure the pin. auenuation 
lenath and resolution of the procotype. We presenr our 
condusions in sccrion 6. 

1. ~&acic s&ability 

The desip for the centm tradcinl chamber in a 
solenoidai det=or ac the sse uses 2 mm radius straw 
rube detectOr elemena. The sense wire wouJd be oper-
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ated at around 2000 v to achieve gas pins whicb live 
suitable silnal pulses. The ideal =sc in which the 
sense wire is ClClCtly centered within a perfectly cylin
liric:ll c:uhode is elccrrost:uically stable. PraCtic:llly. 
however. the sense wire will not be exactly centered 
due to positioning error :lnd gravitational sal :lnd the 
stnw tube =thode will be neither perfectly cylindric:ll 
nor perfectly stnilht. Thereiore it is imponant to 
determine the conditions under which an operational 
straw tube detector element will pcriorm satisfactorily. 
The electrostatic force per unic lenlch due to offset of 
the sense wire in the straw tube is liven by (mks unit> 

2~C.,V18 
F. - ... 
• Rl(ln( R/I'>f 

where V is the sense wire potentia~ 8 is the offset of 
the sense wire irom the center of the scraw tube. R is 
the radius of the suaw tube cathode ~nd I' is the radius 
of the sense wire. 

We have consmacted a suaw rube model usinl a 
StainJess steel rube whicb is held in aJilnment by a 2 
em square steel "backbone" and machined mountinl 
bracketS. The tubinl has 3n inner radius of 1.9' mm. 
The steel tube is placed in a horizontai orientation. A 
manifold on one end allows gas now to puqe air. We 
have used CH •• COl and CF. u stable pscs. 

We find Ihat the lonlest cell thac is stable above 2.5 
k.v with a 2S .. m sense wire centered in the rube under 
SO I tCftSlon is aDo", 1 m. The tensile strenlth of 2S 
.. m diameter told pl.led tunlSten wire is 150-200 I so 
the applied tension to the wire shoutd be Icc1JI below 
100 I- Kecoinl the wire tension to a minimum will aJso 
reduce the mechanical load on the detectOr :assembly. 

Usinl a 1 m lonl tube. we have conducted 3 series 
of tests to determine the effect of the Wire orfset in the 
rube on the maximum voltqe the cell c:ua sustaan 
beiore brealcdown. A sense Wire is positioned in the 
tube so as to be centered venicaUy. The horizontal 
position of the sense wire with reIDect to the cenl., of 
the rube is adjustable. The diSlance from the center of 
the tube to the posation of the sense wire is measured 
by mans of a U'lMSlIinl mic:ralcope to an ac:cuncy of 
better tban 20 .... The wire position was adjusted 
relative to the center of the rube and the potential on 
the wire wa then incre:ased until bre:aIcdown occurred 
in the ceiL 

Fi .. 1 shows the maximum stable operarinl votta .. 
that a 1 m lonl cell fDled witb 01. can suscain as a 
function of the saIIO wire _laa:mcnt from the cen
ter of the cathode for wire tensions of 50 and 100 I
Two ocher IUCI mencioncd cartier live slithdy differ
ent resula. The test snows thar die wire offset of up to 
a few hundred micrometers wiD noc COIII1'romise cell 
operation. 

One can srudy the displacement of the sense wire 

1.8- • • • - • • • > .. ~ %.7' • .. • 
:2 .. .. = %.5 • • ., 
;f 
j Z.S • • 

.. • j %.4 

• 100 4",1M 
1.3 .. 50 4",1M .. A 

-o,s -o.l -0.1 OJ Q.l 0.5 
WIre orr_ hnlft. 

Fi.. 1. Maximum aD" 0lMfUIft. voka.. for cwo differenc 
wtnt tllftllOna of SO and 100 • as a (uncaon of iaiUaA WIre 

OffML 

under inc:reasinl electric potential. This hIS been done 
by drillinl a hole in the middle of the sreel tube to 
observe the position of tbe sense wire with a uavellinl 
mic:roscope :as the wire potential is raised. 

In our serup. the sense wire wu posilioned off 
center by a known amount (8) horizontally. and then 
the sense wire polential wu increased. The detlcction 
of lbe midpoint of tbe .wire (d) from ilS inilial position 
WII measured for sever:U different potentials. This 
detlection is relaced to the pcxeatial on the wire oi 
lenlCh L to aaod approaimation by the aprasion 

II. -1.1F.l8T. 
This problem is similar to the wire sal calculation due 
to pavicy. For a 50 I tension. the sal due to Ir&Yicy "I 
tbe middle for a 1 m Ionl wire is abouc 2S .. m thus we 
i....". the paviry eifecE in tbis analysis. Usinl the F. 
previously defined. then it can be written IS 

% .... oY11.1(c1 +11.1%) 
II. - -....;,-----or-.;. 

R'( In( R/r»l 
11.1% is added to 8 in order to taIre inlO account the 
additionU force (approximately) due to rbe wire deflec
tion d.. For 1 m Ionl win. tbe disoIIcemenc is liven by 

I(Y/Yo)z 
II. - 4. l-!<Y/Yo)-
where Yo - noo,Jt /50. widl T rbe wire tension in 
sniDs and Y the applied pocenrial in vola. 

Fi .. % sbaws maaaremena of the wire deflection 
versus sense wire potential for rensiofts of SO and 100 
Ie The lower sec·of data in ~ cae is with an inilial 
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o,*, cird. daca DOmes are for inicia& offser in one direction while ell. dosed daca pomes are (or iniciai ofCsec m ehe OOOOIIe. 

directIOn. 

offsee of 100 ~m and the uoPer sec of daca is for an 
initiai offsee of 200 ~m. The solid CUMIS are predic· 
tions from the formula for the -wre defiec:lion. The 
open circle data poina are for inibai oCfsec in one 
direc:cion while the closed cirde daca poina are for 
inibai oflsee in the opposice direction. The discrepan
cies between the daca are indicacM of some nonlinear
itY of the cube. The measuremena aarec quite well 
-wlh the predicrions of the above c:aicuialions. 

Wilh SO • -wre teftSlOn the amoune of defieccion of 
the wire from ia iniliai posicion is about 80 ~ for the 
iniliai displacemenl of 100 IIJD al pocenciais al which 
the seraw tubes are expec:Ied to be operaced. In order 
to optimize spabaJ meuuremenl resoiution such -wre 
defieccion muse be minimized. SO I of tension is proba
bly acceptable wilh wire suppons al discaaca inlerlais 
of 1 m if the inilial wire d~nc is Iell than 50 
~m. 

l. Sea .. win support 

To ac:bicve adequace aeomeuic acceptanee for 
charpd trlldcs the sse cencral trac:Iciq chamber -wll 
have co be 6 m Ion. ae an oucer radius of 1.7 en. Some 
dcsians COns1se of twO 3 m lona c:Iwnben.. In tbis case 
there is a PI' in the middle of the chamber. In either 
case it will be necessary to pnMcle cenccrinl suppcm 
for the sense wires in the scraw cubes al aboue 1 m 

ineavats to ensure eJecuosralic scabilitY_ and minimize 
the wire detleccion. 

The wire sUI'POfl$ musl cenler the wire in the scraw 
tube while ae the same time noe rCSU'icbn, au flow 
throup the tube. Our dcsilD Cor the wire suppan 
consisa of a pl.be cylinder with a heAa IfOOYC 
which is a cylinder radius deep and makes al lease one 
c:ompieCe te¥Olution around the cylinder in a lenllh of 

&----
----~ 

----~ 

Rio 3. 0._ wire sullllOft <*ips. A helical hole is made 
inside a otaIIic cytinder. 



less man 1 em. Such a c1eY1ce will pravide craviwional 
suppon reprdless of the oriencation of the tube. A 
schemaeIC d~winl of the wire SU~" desilD lllrieh 
crass sc=ion Yi~ is shown in til- 3. We have pro
duced a few Sanl1'tes USlnl twO meenods. injection 
rnaldinl ~d uslnl a mlilini madline to maiu: tne 
sroove. In the laaer c::I.Se the plastic: cylinder translaees 
as wen as roeales while beinl alt. The autin, meehod 
seems to produce beaer pieces wilh lesser cost. 

The Wire sU1'OC)ftS will be accached to the suaw 
tube. The WIre w1l1 men be thre:lded tmulA ehe tuDe. 
This has ehe aciYancace thal if a wire shoWd brak 
durin, inscaUanon in a scraw rube it will be e:ssy to 
resnG¥e the broken wire ~d re·smnl ene tub .. 

We have sw:ccssiuUv consuucced a 2.7 m Ionl pro
tocype dwnber wilh eipe lavers of cubes. In this 
section. we presene the consaucaon of the protolYDC-
The pornecry of Ihe tubes in the pracacype is sboWft in 
filo 4. The 60 rubes are arrantec1 in a pyramid sna.,. 
wicn eieven rubes ae the bonom and four tubeS ac the 
top. The radius of each tube is 2 mm. 

The consuuc:tion of the proeoCV1'e scans wich a 
saardy base. The base could be an ocmc:li table or a 
raiL Ie is im1'Qnanc lbae the buo ftU a ilac suriacD cbaC 
tuDa c::an be ptaced on. Our base IootcI tiko lho bCmana 
tbird of a disle. 11 is l.l 1ft lonl Wlda a 7 em wtde 
rnadlinec1 face. The suri=a wu SClaMd wida a sumIY 
ra.:ape and found to be ilac to bear dian lS ..... 
ower the enare suriIcL Presae d81i1ll CDIlCII1H for our 
fIaa& tndcinl cIIaIIIDc {or sse teqWnI a c:ylilldftcU 
suriaaa for e:a.dI supertayer. wtricb is conscnac:&eCl ouc of 
cuaon fiber. PretimlllUY sruay (SI snows thai a 6 1ft 

IonS c:ylindric::U surfaco coasmac:zecl Wllh carDon fiber 
rllick.aea of less thaa O.J4r. of radiacion lenllft hu a 

,,_ 
PI .... c:n- ..... of ,be suaw raa. ........ ia die 

D~ l1ta ..... cuo. .... inmWRGII'" 

Tube UMIIIDl,. 
Fic. 5. TIlDe aacmOty Wltn luGe COftnccmr ~ WI,. su~ 

rnuialum ciellccrion of less ehaa 2.S IIoJIl al die cenler 
when the ends are tined with endolalCS. 

On the tOCl of the base. tour ahuninum places with 
madlined Sroovel are placed. The srooves on the 
plales are to pllde tne tubes. The places are aliened 
aIDOfti ChemsciYes uslnl the su~ insuwnenc. The 
place simulaces the c:ylindric=i base to be used in the 
(ma! tneXinl dWnber. 

Straw tubes were mcmbled prior to placinl them 
Oft tbe aluminum ptal" Th. tubes used in the proto-
type haft a waD Chidtness of SO .... m and were made of 
raytar sail'I wound on tOCI of S or II .... m tbick aJu
rninum foil (cadlode) Itri", [61. Allboulb we have 
choIa the aluminum =dlode for comenieftce. it is noe 
dear whether thac wu the besc cnoace. Ie has been 
IcaowIl thac a ceil wilh aluminum cacnode wiU draw a 
I.,.. continuous currenc when il is ~ to a hilA 
raai,&iaa. The SlNCUlaaoa is dlac the alumaaum c:a&h-
ode bec:oma ovaizect and resuill in die bui1chqt of 
__ ioaI Oft the omde la,.,.. a.,.naU&v die CIQCIIII-
tiai across tbe 0IIde laver becama I ... cnoulD to 
.... -=ana iroIn die c::acnaaa. wtIicb caUMI me 
c:aacinuauI currene draw. This eifea is Icaowft u the 
Mateer eifec:E ('71. We are inve:scilUinl diffcrenc CIIh
ode ... cenaIs NCb as a scven1 tnandreG 1ftlluDios 
t!Iick c:G1'Pef. 

-n.r. tubeS of 90 em len"" wen joined. BcfcmI lhe 
cuba .... canaec:&eG co ...... \ISIIII lhin aluaunum 
..... wirw SIqIpOftS ...... inserted i ..... tuba as 
sIIGwa in Dc. S. Sec:a .... we were noc able to oDCUft the 
... SUIIPOft ~bed above in rime for 11M in t .... 

PIOIDCY'-' we i ..... used twO V-sbaoed disa bIa to 
ba. AWIouID eM disa WI8ftt lIIICDiaeG c:aretualy. 
.... ICIINIlII IlliaS a lftilQ'OlCDCl8 snow.d thai tDey 
... UIouC 7S .... in ccHcrancL AS we .... ~ 
jaiaiaa cuba was noc Cfte bell &CIOI'DICb silICa dlc cube 
joiall inuoducIId ali ........ ' eft'DIS alan, tbe ~ 
dia&Ciiia at die joint. In the _ ~ differene 
~ _I be mea. for va ..... die wi,. ~ 
wiI be iuened &am the linda of canciauaua saaws. 

0.. ........ cuba are '111 nbled for a ~. die, 
are i ...... to ebe endDwa (Rio 6) and ... on tbe 
.... of die aIuIIIinwn place. lbe ..... dai ... is 
.,., iaIoonaac siaca suaw tuba. ciccInnIic:L sa and 
biaII-eqe CDIIIItICcioaI and CDOtiaS are·done dIrauIb 
......... Our end1'lace cansisII of twO ptara wieh 
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Fie. 6. The endolate used in the PfOtOtYOe. The delalil of the 
tuDe end DfUi and feedtJIraulh are SftOWft. 

space between them. Tubes llre fined to the inner 
plate. and feedthrouPs are insened from the outer 
plate for sense wire. hip voUale and amplifier connec· 
tion. The space between the places serves as a plenum 
to provide las flow to the straw tubes. The las may be 
cooled to reduce ohmic hearinl inside the tubes. In 
order to aetach the tubes to endplaees. the tubes were 
bowed slilhdy. 

Afeer :111 tubes for a layer ;ue placed. the tubes are 
&tued to the layer below (or on the aluminum base 
place for the tirst layer). To obtain bener placemene 
accuracy, the tubes arc pressed stilhely usinl finler· 
shaped jip irom the tOC'- Afeer the tubes are property 
placed. II smaU amount of fast dryinillue (c:yanoacyt. 
aee) IS used to Ilue the tubes. The &tuinl has two 
pUf1'C)Ses. Firse. the lixed tubes act like the arooves on 
the aluminum places. so thae the nexe layer of tubes 
ean be :1lilncd :accuraeely. Second. ie ser:ulhtens the 
tubes. The tubes from the faccory ;ue ROC only very 
flexible bue oUso arc slipdy benL Tubes are a1ucd 
aboue cYery 10-20 em deocndinl on the qualiry of 
tubes. 

As we memblcd e:u:b layer. the venic:aj and hori· 
zonral posiCion of ehe eubeS was measured. Fi .. 7 shows 
the horizonral posicion of the CUbes in the ehird layer ae 
three different locations alonl the tube lenleh. The 
plotted points are the diUerence between the expccccd 
tube posuion :and masured tube posation with ~ 
to the firse tube. The tipre snows thac tubes can be 
posieioned to an accuracy of beccem than 100 110m. Fi .. 
a shows the venica1 posicion of the top layer (eilch 
layer) measured alonl ehe tube lenlttl from one end. 
As we meneioned earlier. the tube joint ae 90 em is oue 
of place by aboue 100 110m. 

After all tubes were placed and a1ued. sense wires 
were sentn .. To accomplish this. hilb pressure air (we 
used 20 psi air from a tube with 1.5 mm radius) was 

• • 
• • • • 

• • • . . 

• • • • • • • 
• .. 

• 
• • • • • 

• • • 

o Z 4 6 8 
1\abe NWIdMr • 

File 7. Horizonw PQSIlion of straW tuOea in lhe thara layer as 
:l funcrion of Slraw rube number. The ploned IIQInrs are the 
diffllt'enCll berween the meUW'ed posICion :lnd me exoecIed 
posirian with ~ 10 the fim tube. Eacft plor IS caken at :l 
differenc dillance trom one ena aionllhe lenllh of tubes. The 

meuuremenl error in each poinl II aboul l5 110m. 

blown from one end of a tube to strinl 4l guide wire 
wich 100 ~m diameter. A !Old plated tunlleen sense 
wire with 2S 110m diameeer was aecached to the guide 
wire and pulled throulh. (The procedure can be done 
wichoue the IUlde wire.) The sense wire wu passed 
tbroUlb a feectehroulh and then tensioned to SO I. 
piaaed. ~nd soldered. The fecdttlroulh desilft shown 
in ti .. 6 COnsislS of three pieces: a c:ylindricU insulator 
made ot detrin. 4l brass insen wtlich fits inside the 
ins.ualor and a pin. At the end of ehe brass insen there 
is a 60 ~m diameeer openinl which posteions the sense 
wire accuracelY. 

Eacb ceU was teseed for hish voleale. Oue of 60 
tubes. we inserumeneed 28 of them (shaded tubes in fi .. 
4). Of these. we found ebat only one tube does noe hold 
all operacinl volt ... (1800 V). For the rest of the 
tubes. we were able to raise ehe hip voila .. to at lease 

100 ZOO em D __ 

F'"" a. n. ~ posicion of straw rutIeI Oft tM taw» layer as 
a fuacrion of dilcanca from one ena. 
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2500 V. It is not clear why one ceil is bad. but we think 
that the wire sUlJport inside the cell may not be posi
tioned proC)Crly or was moved by hilh pressure air. In 
this one tube. we strunl 3nother wire. with 100 I 
tension. anc1 were :!ble to raise the voltage to 1900 V. 

S. Performance or the prococype 

In this section. the tests C)Cnormec1 with the proto
type chamber are c1escr'ibec1. We stuc1iec1 the :lUenua
tion lenlth. au pin anc1 resolution. to eliminate silnal 
reilccrlon. one enc1 of the sense wire was terminateG. 
Since the imC)Cc1ance of :l ! mm rac1ius Nbc with 25 110m 
sense wire is about 300 n. one enc1 of the sense wire is 
temunatec1 to Irounc1 throulh :l 150 pF C&lJacicor ana 
300 nresistor in series. 8y comlJarinl the time c1iffer
ence between the retlectec1 sipal ana uareslccred sil
RaJ. we obtain (2.9:: 0.1> x 10' mls for the PrQl'ap
tion velocitY. 

Fit- 9 sllow the 3verapc1 silnat usial "Sr. 1000 
sipals are avented in the plot. The las usec1 for the 
plot was a mixture of CF.-Ar-erhane (33-33-33) :lnc1 
the hilh yoltale was sec at 1800 V. AlthoUlh different 
au mixtures show slilhtly c1ifferent c1eelY time. the 
rypicaJ sipWs (usial 'IOSr) iato 50 n from the chamber 
have a rise time of :lbout :-3 ns. About 30 ns latet. the 
si ..... is rec1uc:cc1 to about 15~ of its maximum. 

Fit- 10 shows plateau curves obtained usinl a L.ccroY 
mSDC :unplifier-c1iscriminator with a 3 110ft thresh
old.. A 'IOSr rac1iation source is used. One cune is caken 
with the source near the readout enc1 :lnc1 the other 
wilh the source 250 em from the readout end. The PI 
usec1 is CF. -Ar-ethane (33-33-33) mixture. As ex
pected. the knee of the placcau CUIVC measured al the 
far enc1 locatIOn maves coml'&rec1 co the ocher cune. 
The shal'C of the sipal from the near enc1 coml*Cc1lO 
the far end (with resl'CCl to the readout end) is very 

20ns/div,O_!mv/div 
OP.. 9. The awn ... Ii .... Ulinl-S, SOUI'CIL The sa miIIIure 

• - - ..... (33-33-ll) and IIi ... vcMlqa is 1800 v. 
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Fi.. 10. Placau cunei obCained Uliq ·Sr saura at cwo 
differac PGliClOlll from the end of tuOa. The PI 18.1'11 IS 

CF. -N-etlWle (l3-33-j3). 

similar althouah the heilhl is down by about IWf' (i.e. 
the c1isoersioa is small). 

The attenuation lenlch (,\) is measured usial a "Fe 
sour=. Because of the variation of lIS pin ncar the 
StraW tUbe joines. the peale of the sianal is masum 
from bam ends of the chamber. From the racio of the 
two peaks as a function of c1iscaace from One end. the 
acteftuarian ·Ienllh is calcWated. Fit- 11 sbows the 
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-1laoL See taE for dead. 



S.H. 011 et tli. I SII'tlW tube drift dr","_ ;Q" rJw sse 7 

o 
• 4. 

1.4 1.6 HV (~ 2.0 

Rio 12. The pm u ;a func:cion of hip voilale fOf several PI 
mixtures. 

plotted ratio (or several channels. The oYeriapped 
c:um:s are fits usinl an ex~nentia1 funcion. AJthoulh 
there is some variation between tubes. an averap 
attenuation lenlth of 500 em is obtained. (The :lltenua
non lenlth calculated this way is one half of the true 
attenuation lenlth. The 500 em and the numbers in fil. 
11 are already multiplied by a f&cor of 2.) The silnai 
attenuation is likely due to the resistance in the sense 
wire. The resistance of the sense wire is about 100 
aim which is much l&tIer than the resistance of the 
cathode. which is less than 1 aim. Our vaJue is 
somewhat hiaDer than a previously ~ned value of 
450 em {4J. The difference may be due to the different 
cathode thic:lcness. 

Fi.. 12 shows the cas lain 3S a funcion of hip 
vol tap for 5e'IeraJ different cases usinl a "Pe source. 
The output from a ceil is connected to a ch ..... ampli
fier :met then to a multichannel analyZer. Fi.. 13 shows 
the typical charp spectrum from the multichannel 
anaiyZer. The rms width of the peak is about 359&. The 
absolute calibration is accomplished by insemnl a 
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known amount of chllraes inco the amplifier. However. 
due to the uncertainty in the calibraClon. we CXl)cct 

about 10-:09& systematic error in the absolute pin 
values. We have tried several different mlXlures in an 
attempt to find a mixture with hiCh .:Iectron drift 
velocity and hiCh au lain. [c is desirable to lower the 
sense wire volcaae as much as possible since the e:ll'lier 
electrOStatic stability StudY showed that the wire dellec· 
tion incre:ases as a function of V 1• 

The 18 channels were instrumented with electronics 
for the resolution Study "sinl a cosmic ray tnner. The 
ouqnus (rom the chamber were connected to the 
1.ccroy :735DC aJIlOlifier-discriminator wteh S IIoA 
threshold. The discriminated ouqnacs were connected 
to 1.ccroy TOCs (22:9). Fi .. 14 shows the raw time 
disaibution (or several different J&SCS: At-Ethane 
(50-S0) mixture with the operatinl voltap - 1100 v, 
CF.-cchane (SO-SO) milaure with the o~tinl voitale 
- 2100 v, and CF.-lsobutane (80-20) mIXture wich 
the operannl voltaae - z:oo V. The averaae electron 
velocity inside tubes for the ,ases are 51. 89. and 110 
""m/ns. respcaively. Because the bunch crossinl of 
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Fi.. 14. Raw time dismbucions IIIaIUIed IIIinI different .. miaaIreI: (a) At-Edlane (50-SO). (b) CF. -ed ..... (50-SO), (el 
CF. -isoDuc .... (80-ZO)' 
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die sse is 16 ns. ud die avera,e number of iacerac:· 
tiona is 1.5 per c:rassinl :u die desip IWlliaasilY of 10n 
em - Z S -I, Ute faa eiec:uan drift veioc:ilY is necessuy in 
order CD reduce ehe oc=apuu:r rue. 

Fi .. 15 sDawI a crigered. casmic: ray track a:Mnin1 
cbe scraw cube array. Usial dle crw:a. dua sense wires 
UtI aiilDCd &lllDft1 UlcmseMII beian raid."'. an 
Clk:"llcod. The amouac of c:arnc:&ioIl co aUlD ... 
...... is call1ilcenc willi ebe de¥iaaDn of tbe cube posi. 
tiaaI sbown ia n.. 1. Usiq tbe BUIld cnca. die 
raidt'II. an calcuilleG anci s*Icced in r ... 16 for the 
III IIIiIaant of Ar-echane <.SO-SO) .. ell ooeraIinI '401l· 
a .. of 1700 v. n. raieft .... UtI cab.llI. IlSinI 
mea wilb six or more hies. A. si..- of 110 IWII is 
obaiaed ." nainl the dismbulioa wiell a 0 ....... 
~ ScwraI differenc III nWmares an cried far cam-
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Fic. 17.1'11. error as a (unalClft af ~ il'Dlll die ..-
....... See cne c.- tor eM defllliciaa at Cfte ..... 

parilon. For CF. -cenane U0-50 mixcun. ~al 
'IOtcap - 1100 V) a sipaa of 120 ..m. and for CF.-eso
bucaac (so.-lO mi&a&re. opef'lCinl '4Olcqc - l2DO V) a 
siJlll& of 12.5 110m is obcaincd. 

The resolucron is aJIo rnea.sured as a Cunaian of 
discuce Crom tbe sense win. Fi.. 11 shows lbe errar 
ploU8d for cwo PI mimua. The error is Clailled 
liIaI dle resaduI1 c::Uc:utacion ac:epc me hie franI die cell 
of incenR is ROI used in the track tiL Ia ora.r co 
inclt •• scaascicl. any aac:iI:I wten man e .... four lUes 
an ...... AS sea ia ehe fipare. the raofullOft is worse 
liar die win. 

PnMady we UtI saadyiftl lonl rena qial cffeca. 
The ~ r'ldi&1iDn I..,. ac 50 em disllllCe from 
tile inwncaon t'qIOQ CUIICI abouc O.OS C/(c:aa yr) 

cIIarI8 dcOOIIl on a sense wtre ~ lbe dell ... tuminality 
wida ebe PI PIG of 5)( 10-. Ie is ..... uu co IiDct a 
PIal*' .. mam&nS wnida resulcs in a IaacI raatlllion. 
Il. pin. fuc elecU'an emit ~lY ad a IonI dIaIn
bet lifecilftL RaWcs of ebele tacs wei, be i.~ 
...... avadabl .. 

'" Co. ell ... 

For a feuibililY scudy of Ulinl small radia cuDeI for 
a CIIIUIal rncIcinc cbInIber for a sse ........ we 
..... CDIIIIIUaed aad ~ a %.1 m toni p...,pe 
... na. drifc dIaInber. The proaxype CDIIIiIII of 
.. llyers of nabeI wicls a tOca& of 60 c:tw ...... 2 
...... = ....... iftllnllll.nClld willi tadau& cia:laCMICI. 
Ir daiaI so we ...... dcmansInCCld eM CoIlawinc Fim. 
we sbawed eblc layers of cuDa c:aa be ptaad ... _ 
.... aD aa:uracy benet' rMa 100 IWII eMIl' ...... 

..-s 0ftCII a Oac bale surfIa is prawided. s.a.d. all 
•• , .. desi .... UIInlcwo p .... prawide aD eay way 
to IllDUftI tubes. supply sa. suinl wire and mounc 
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electronics. Third. the wires can be supported inside 
tuDes with proper wire supportS to make a 10nl work
ina straw celL Founh. a larp number of channels can 
be made operational simweaneousiy without difficulcy. 
Usinl the prototYPe. we obrain 3boue SOO em for the 
altenuation lengtD and about 110 !'om for the resolu
tion. We believe thar the desip and consuualOn con
eepe Cln be extended to a full size cylindrical central 
tradtina chamber. 
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