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Abstract 

Fermilab experiment 690, a study of target dissociation reactions 

pp + pX using an 800 GeVlc proton beam and a liquid hydrogen target, 

collected data in late 1991. The incident beam and 600-800 GeV/c 

scattered protons were measured using a system of six 6” x 4” and two 

15” x 8” pressurized drift chambers spaced over 260 meters. These 

chambers provided precise measurements at rates above 10 MHz 

(2 MHz per centimeter of sense wire). The measurement resolution of 

the smaller chambers was 90 urn, and the resolution of the larger 

chambers was 125 pm. Construction details and performance results, 

including radiation damage, are presented. 

Introduction 

The FNAL E690 apparatus consisted of a high rate, open geometry 

multiparticle spectrometer used to measure the target system (X) in 

pp + pxreactions, and a beam spectrometer system used to measure the 

incident beam and scattered proton. In a data-taking period of 100 days, 

5.4 x log events were written to tape. The initial goals of the analysis of 

these data include the study of heavy flavor production (strange and 

charm) in the target fragmentation region and the study of light meson 
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production in the central region. Much of the analysis will concentrate 

on all charged exclusive final states in which energy and momentum 

constraints facilitate the unambiguous identification of every final state 

particle. In order to isolate a large sample of exclusive reactions, the 

spectrometer, especially the beam system, was designed to have very 

good momentum resolution and very high rate capability. To achieve 

these goals, the beam spectrometers used very long lever arms, large 

bends, and a system of small cell, pressurized drift chambers (minidrift 

PWC’s). In this paper construction details, performance results, and the 

effects ofradiation damage on these beam chambers are presented. 

Construction Details/Specifications 

Two types of chambers were used in the E690 beam spectrometers. Each 

type consisted offour sense planes, five shared cathodes, and two ground 

planes (see Fig. 1). Mechanical rigidity was provided by aluminum 

clamping frames. All of the anodes and cathodes were supported on 

frames milled from l/16” thick FR-4 fiberglass sheet material and 

ground to a uniform thickness of 55 mils. A 32 mil step surrounding the 

active area was machined into each frame on the side opposite the 

electrode. A sheet of 0.5 mil Kapton with a rectangular hole the size of 

the active area of the chamber was glued to the frame in this stepped 
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Figure 1: Assembly drawing for 6’ x 4” aperture chambers; 
the assembly details for the 15” x 8” chambers are very 
similar. 

region. The Kapton projected into the gap between anode and cathode 

and helped prevent electrostatic breakdown at the aperture edge. A 

20 mil deep gasket groove was machinedinto the same side of each frame 

as the step (see Fig. 1). Gas seals were made with dry gaskets of soft 

(30 durometer) silicon rubber cut from l/32” thick sheet material. All of 

the planes were oriented so that the gasket groove was towards the 

outside of the stack of planes and the electrode towards the center of the 
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stack. The gas seal in the middle of the stack was made by a spacer plane 

which did not carry an electrode and had gasket grooves on both sides. 

The signal planes were wound with Tungsten-Rhenium alloy wire 

(3% Rh), gold plated to 3-5% by weight. Winding was done using a 

precision winding machine built at Fermilab. The wires were secured by 

a thin bead of epoxy (less than 15 mils thick), and soldered to copper 

traces on the FR-4 boards. Both the glue bead and the solder cormections 

were located in the space close to the active region that was covered by 

the step in the next board in the chamber stack. The four planes in a 

chamber were oriented at angles of -21.6, -7.93, 7.93, and 21.6 degrees 

with respect to the shorter axis of the rectangular aperture. Detailed 

specifications for both types of chamber are listed in Table 1. 

The aluminum foil cathodes and ground planes were glued to lucite 

rings which had been cooled in a household freezer, and stretched by the 

expandinglucite as it warmed to room temperature. The ground planes 

were then glued to copper clad FR-4 using conductive epoxy. The cathode 

foils were glued to their FR-4 frames using a bead of Eastman 910 

adhesive. A very thin Teflon insulated wire was glued using conductive 

epoxy to the edge of the cathode foil and extended to the outside of the 

frame in a shallow groove in the FR-4 frame. To protect against high 

voltage leakage current, the insulation was stripped from this wire only 

inside the gas seal. After the wire was in place, the groove in the FR-4 
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SPECIFICATIONS 

Smaller Chambers Larger Chambers 

Horizontal Aperture 6 inches 15 inches 

Vertical Aperture 4 inches 8 inches 

Anode Wire Spacing 0.040 inches 0.060 inches 

Anode Wire Diameter 12 microns 15 microns 

Anode Wire Tension 20 grams 35 grams 

# of Wires/Plane 160 256 

Plane-Plane Gap 0.055 inches 0.055 inches 

Cathodes 0.5 mil hard temper Al. foil 0.5 mil hard temper Al. foil 

Ground Planes 

Windows 

0.5 mil hard temper Al. foil 1 roil hard temper Al. foil 

2 mil Kapton + 1.7 oz/yd2 10 mil Mylar 
Kevlar cloth (Operation @ 7 psig) 
(Operation @ 30 psig) 

Material in Radiation 0.24 % 
Lengths 

0.39 % 

Material in 0.06 % 0.12 % 
Interaction Lengths 

Table 1 
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was filled with glue and sanded smooth so that it would not cause a gas 

leak. The five cathodes were connected through current limiting 

resistors (typically 1 Ma) to a common high voltage connector. 

All of the chambers were operated with a gas mixture consisting of 

82% Argon, 15% Isobutane, and 3% Methylal. The smaller chambers 

were operated at pressures up to 30 psig. This pressure was contained by 

windows consisting of a sheet of 2 mil Kapton clamped to a layer of 

1.7 ozJyd2 Kevlar cloth. The Kevlar cloth [*I was oriented with the bias 

along the short vertical span (so that all fibers were at 45” with respect to 

vertical). This allowed the cloth to deform and spread the load evenly. 

The choice of orientation of the weave was a result of tests to determine 

the pressure at which the windows failed. These tests were performed 

using two window clamping frames placed back to back with only a water 

volume in between. The water pressure was increased until one window 

failed. In tests with the Kevlar oriented with fibers in the direction of the 

short span, the fabric did not stretch to distribute the load evenly. 

Instead, a small number of fibers took the entire load and broke at fairly 

low applied pressure. This caused the fabric to develop a “runn after 

which the Kapton window quickly ruptured. With the fibers at 45” with 

respect to the short span, a test window failed at 75 psig. 

* PurchasedfromHi-Pro-Form-Fabrics,Inc. Newark,Del. Designatedas“style 120”; 
plain weave Kevlar 49, 1.7 oz/ydz. Through holes for the bolts used to clamp the 
window frames together were drilled in the cloth using a bit made by sharpening a 
punch. This cloth represents 1.35 x 10-4radiation lengths of material, which is less 
than the 2 mils of Kapton used as a gas seal. 

7 



The larger chambers were not operated above 7 psig. At higher 

pressure, the frames distorted slightly and released the tension in the 

outer aluminum foil planes enough to allow breakdown between the 

outer cathodes and the ground planes. 

Use of “PWC” Geometry for Drift Chambers 

Drift chambers are usuallybuiltwithfield shapingelectrodesin addition 

to anodes and cathodes. For chambers with long drift distances, this is 

necessary to assure a large uniform drift velocity. One might assume 

that small and moderately sized drift chambers designed with short drift 

distances for high rate capability also require field wires in the anode 

plane to avoid problems in the region of zero field. The success of our 

simple “pwc” design demonstrates that there is no limitation caused by 

electrons slowly dilfusing out of a dead region. In fact, field wires in the 

anode plane are not only unnecessary and very difficult to provide, but 

they also reduce measurement resolution. 

Consider the details of the signal detection and the measurement of 

the drift time. Electrons ionized along the trajectory of the high energy 

particle drift along fieldlines to the nearest anode. These electrons have 

the statistical fluctuations of the production of primary ionization and 

subsequent diffusion. The average drift time for electrons on a particle 
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trajectory has a minimum, usually at the point closest to the anode. For 

tracks with a fixed angle of incidence, this minimum drift time is a 

monotonically increasing function of the distance of closest approach of 

the trajectory to the anode wire. As the minimum drift time increases, so 

does the length of the trajectory with the same minimum drift time, 

effectively improving the rise time of the signal at the anode. If the 

trajectory passes very close to the anode, the number of electrons 

arriving at the beginning of the pulse is small, resulting in a signal with 

a poorly defined leading edge. A track with normal incidence to the 

anode plane, passing halfway between anode wires, has a well-defined 

shortest drift time, with a large number of electrons arriving together at 

thelongestdrifttime. Iftherewereafieldwire betweenanodewires, this 

focusing effect would be lost. The number of electrons near the minimum 

drift time would decrease as the trajectory approached the field wire, 

causing the measurement of driR distance to deteriorate near the 

field wire. 

Performance in E690 

Eficiency 

All eight chambers were checked for gain uniformity at installation and 

after all repairs. This test was done using an Fe55 source, a “pickoff 

amplifier” (Fig. 2) and a Tektronix 2440 digital oscilloscope. The 
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Figure2: Wirechamberpreamplifierand“pick-off’amplifierused 
withFe55 source and Tektronics 2440 digital oscilloscope for gain 
measurements. 

chamber under test was operated with reduced high voltage to avoid 

saturation of the preamplifier output. The oscilloscope trigger level was 

set high enough so that signals from the escape peak did not cause a 

trigger, and the scope was set to average 256 pulses. This allowed a 

reproducible measurement ofthe gain to be made for any given channel. 
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Gain variations within a plane were typically lo%, which is consistent 

with expected channel to channel differences in the preamplifiers. 

Plane-to-plane differences were larger, with the highest gain plane 

typically 40% higher than the lowest gain plane. Presumably, these 

differences were the result of variations in the size of the gap between 

anodes and cathodes, caused by differences in the thickness of the glue 

beads holding the cathode foils or other similar construction imperfec- 

tions. The smaller chambers had wide enough voltage plateaus so that 

all planes could operate efficiently, even with as much as a factor of two 

gain difference between planes. The larger chambers did not have as 

large a margin for error, primarily because of the cathode to ground 

plane breakdown described above. The gain variations in one of the 

larger chambers were severe enough that it did not operate efficiently 

above atmospheric pressure without sparking, even after having been 

rebuilt twice. In order to equalize the gains for this chamber, “9 volt” 

batteries were added in series with the center cathode (decreasing the 

voltage by 29.5 volts) and one outer cathode (increasing the voltage by 

47 volts). With this modification, the chamber operated at 7 psigwith all 

planes fully efficient. 

During data taking, the chambers were operated with a gas gain of 

approximately 105. [*I Preamplifiers mounted on the chambers drove 

* Thisnumherishasedonthecurrentdrawnfromthehighvoltagepowersuppliesat 
known beam rates, and an estimate ofthe number ofprimary ionization electrons 
produced hy each heam particle. 
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Figure 3: Typical efficiency plateau curves for one of 
the 6’ x 4” aperture chambers. 

small differential signals to leading edge discriminators. The 

discriminators drove differential ECL signals to purely digital TDC’s. 

The TDC’s encoded drift time using 2.5 nsec bins. Given an average 

electron drift velocity in the gas mixture used of approximately 

40 pm/nsec, this bin width corresponds to -100 Fmin a chamber. 
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Typical efficiency plateaus are shown in Fig. 3. [*I As expected, the 

knee of the curve moves to higher voltage as a linear function of the 

operatingpressure. This figure alsoillustrates the typical plane-to-plane 

gain variation within a chamber; in this chamber, plane 4 required 

higher voltage to achieve full efficiency than the other three planes. In 

every case, the operating voltage was set at least 50 volts above the knee 

in the efficiency plateau of the lowest gain plane in a chamber. 

The maximum rate at which the chambers could be operated was 

given by the occupancy and the electronic memory time. The electronic 

memory time was equal to the spread of leading edge time (15-20 nsec) 

plus the width ofthe discriminator pulse (15 nsec). With only eight wires 

illuminated in the most upstream chamber, we chose not to run above 

2.4 x lo* protons per 20 second spill (12 MHz average; 25-30 MHz 

instantaneous). Most of the E690 data was taken with a beam rate of 

1 x lo8 per spill. This corresponds to an average rate of 5 MHz, and an 

instantaneous rate of lo-12 MHz (approximately 2 MHz/cm of sense 

wire). All planes remained fully efficient (~99.9%) at these rates. 

* The efliciency of plane n is defined as: 

(The number of tracks with no missing measurement) 
(‘Pp;;sz;;ftt;;&z;h ),(The number oftracks missing 

only a measurement from plane n 
) 
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Measurement Resolution 

Scattered high energy protons from data taken in the middle of E690 

with a beam rate of approximately lo8 per spill were used to determine 

the spatial resolution ofthe chambers. In order to determine how to map 

measured drift times into drift distances, a sample of events was chosen 

in which every plane of every chamber contained either one hit or two 

adjacent hits. Using these events, a separate time distribution 

histogram was constructed for each wire of every chamber. When a 

plane had one hit, the associated drift time was entered with a weight of 

one. When a plane had two hits, the hit with the larger time was ignored, 

and the shorter time was entered with a weight of one. If both hits had 

the same time, both were entered with a weight of l/2. Time to distance 

maps were then constructed assuming that these distributions resulted 

from uniform (or at worst linearly varying) illumination of the drift cells: 

[ ,iil N(tj)]+gN(t,l 

d(ti) = + (wirespacing) J=ttin t,, 

&f N(tk) “I” 

(bin 9 hnax = the first and last time bins populated by in-time hits.) 

Tracks were found and fit using all but one of the 32 planes of the 

8 chambers. The track positionin the 32nd plane was calculated and the 
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Figure 4: Typical residual distribution for one plane of a smaller 
chamber(without driR times). Therms ofthis distribution is ,291 
(inunitsofl wire spacing= .040”). Theinferredpredictionerroris 
35 pl 

difference between this position and the coordinate ofthe closest hit wire 

was computed. If the track fits were perfect and the plane under study 

were 100% efficient, the distribution of (prediction-measured wire 

number) would be a square with a full width of one wire spacing and an 

rms of I/&!? of a wire spacing. All of the planes were essentially 100% 

efficient, so once systematic alignment errors are removed, the deviation 

of this distribution from a square shape can be ascribed to the random 

error in the prediction of the track coordinate given by the fit. The 

variance of the prediction can be estimated by subtracting l/12 of 
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Figure 5: (Prediction-wire number) for slices of the measured drift 
distance-these distributions are for the same events as in Fig. 4. 

a (wire spacing):! from the variance of the measured distribution. A 

typical distribution for one of the smaller chambers is shown in Fig. 4. 

The rms prediction error inferred from this distribution is 35 pm. 

Figure 5 shows the same residual distribution (prediction- 

measured wire number) as in Fig. 4, as a function of the measured drift 
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Figure 6: Residual distribution for the same events as in 
Figures 4 & 5, including drift information. The rms of this 
distribution is ,095 (in units of 1 wire spacing = .040”). The 
inferred rms measurement error is 90 km. 

distance. This figure demonstrates that the measured drift times are 

very strongly correlated with the distance of a track from the wire, as 

expected, and that the left/right assignment can be made unambigu- 

ously, except for very short drift times, simply by assigning a sign to the 

drift measurement based on which side of the wire the prediction is on. 

The corresponding residual distribution, including drift measurement, 

is shown in Fig. 6. 
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Figure 7: Measurement error as a function of measured drift distance 
from the closest wire and as a function of predicted distance from the 
closest wire. 

The measurement resolution is calculated by subtracting the rms 

prediction error in quadrature from the rms of the residual distribution 

calculated using drift times. For the smaller chambers operating at 

30 psig, the rms measurement error was 90 pm. For the larger chambers 

operating at 7 psig the measurement error was 125 urn. 
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We have also computed residual distributions separately for bins of 

measured drift distance. As is shown in Fig. 7, the measurement 

resolution is not a strong function ofthe measured drift time. Figures 5 

and 7 also illustrate the focusing effect described above; tracks that pass 

very close to the wire are usually associated with short times, but are 

occasionally associated with long times and hence are most poorly 

measured. Tracks that pass near a cell boundary are always associated 

with long times and are measured best. 

Radiation Damage 

The current drawn from the high voltage power supplies was used to 

estimate the amount of charge per unit length of sense wire collected in 

the beam spot by each chamber. For the small beam chambers, 12 nmA 

was drawn at anintensity of8 x lo7 protons per 20 second beam spill. In 

the most upstream beam chamber, the beam spot illuminated 

0.6 cm of eight wires approximately uniformly. This implies 

1.56 x lo-l3 Coulomb/cm ofwire was accumulated per beam proton. The 

area ofthe beam spot was roughly the same (-0.5 cm2)in all ofthe small 

beam chambers. Since the high voltage current drawn was also roughly 

the same, the charge accumulated per unit length of signal wire was 

approximately equal for all of the small chambers. 
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We have used the computer log of beam flux as measured by an ion 

chamber located at the end of the forward beam spectrometer (kept by 

the FNAL Operations Department) to estimate the total beam flux seen 

by the chambers. The integrated flux recorded by this ion chamber 

during periods when the beam chambers were at operating voltage was 

5.6 x 1012 protons. This means that the average charge accumulated by 

sense wires in the beam spot was 0.87 C/cm. 

The beam spot was small compared to the active area of the three 

chambers which measured the incident beam. In order to minimize 

radiation damage effects, these three chambers were moved twice 

during the run so that no spot accumulated more than an average of 

0.36 C/cm of charge. About halfway through the run (after an average 

exposure of 0.43 C/cm), a small decrease in efficiency in the beam spot 

was noticed for one of the three small beam chambers in the forward 

spectrometer. The high voltage for all three of these chambers was 

increased (from 2000 V to 2100 V) for the duration of the run. This 

restored the affected chamber to full efficiency. The two larger chambers 

lost efficiency in the beam spot even more quickly. Since these two 

chambers were operating closer to breakdown, it was not possible to 

restore full efficiency in the beam spot by increasing their high voltage. 

Noincreaseintheamountofcurrentdrawnatagivenbeamrateand 

high voltage was observed for any of the eight chambers. The TDC 
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distributions for the small beam chambers which were not moved were 

broadened for hits in the beam spot. This was not correlated to a 

dramatic decrease in position resolution. 

We have measured the loss of gain in one of the three chambers 

which measured the incident beam. This measurement was made 

(one year after the end of the run) using a collimated Fe55 source and the 

setup described above. For wires exposed to an average of 0.36 C/cm, the 

gain in the beam spot was measured to be approximately a factor of two 

lower than outside of the beam spot. 

Chambers which have been disassembled all have obvious 

discolored spotsin the shape ofthe beam, both on the anode wires, and on 

the aluminum foil cathodes. The anodes appear black in the beam spot. 

No points or hairs are evident. The black material can be washed off 

(with some difficulty) with ethyl alcohol, isopropyl alcohol, or acetone. 

The cathode foils have a white deposit in the beam region. Cathode 

deposits made by shorter beam exposures are in the form of stripes 

located between the signal wires. This is easily understood if one 

assumes first that the avalanche at the signal wire is localized, rather 

than encompassing the wire, and second, that the whitish deposit is 

carried to the cathode by positive ions. The white film is very difficult to 

wash off. The only solvent which has been at all effective is 

THF (tera hydro fur-an). 
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Conclusions 

“Conventional” multiwire proportional chambers, operated as small cell 

drifi chambers, performed very well for an extended run in FNAL E690. 

No unexpected effect limited the chambers’ instantaneous rate capabil- 

ity, even at rates exceeding 2 MHz per centimeter of sense wire. Gain 

loss, due to radiation damage, was observed after an exposure of 

-4.5 x 1Ol2 protons/cm2 (0.36 C/cm), and would have become a problem 

in a significantly larger exposure. Presumably, the chamber lifetime 

could be extended by at least a factor often by operating at lower gas gain 

with higher gain preamplifiers. 
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