
GEM TN-92-206 
Rev. A 

Resistive Plate Chamber 
Technology Review 

M. Widgoff - Brown University 

E. D. Alyea - Indiana University 

E. Ables, R. Bionta, M. Haro, D. Makowiecki, G. J. Mauger, M. 
McKeman, K. Miller, P. Ramsey, C.R. Wuest -

Lawrence Livermore National Laboratory 

Y. H. Chang, D. Chen, E. S. Hafen, P. Haridas, M. Lee, I. A. Pless, 
S. Yunus - Massachusetts Institute of Technology 

R. Santonico - University of Rome & Instituto Nazionale di Fisica Nucleare 

S. Berridge, W. Bugg, P. Y. C. Du - University of Tennessee 

October 6, 1992 

Abstract: 

A review of the resistive plate chamber technology option for the 
GEM muon system. 



RESISTIVE PLATE CHAMBER 
TECHNOLOGY REVIEW 

October 6, 1992 

M. Widgoff 
Brown University 

E.D. Alyea 
Indiana University 

E. Ables, R. Bionta, M. Haro, D. Makowiccki, G. J. Mauger, M. McKeman, 
K. Miller, P. Ramsey, C.R. Wuest* 

Lawrence Livermore National Laboratory 

Y. H. Chang, D. Chen, E. S. Hafen, P. Haridas, M. Lee, I. A. Pless*, S. Yunus 
Massachusetts Institute of Technology 

R. Santonico 
University of Rome and Instituto Nazionale di Fisica Nucleare 

S. Berridge, W. Bugg, P. Y. C. Du 
University of Tennessee 

*Co-spokesmen 



Table of Contents 

A. Design .................................................................... 1 

1. General Design Concept .................................................................... 1 
2. Standard RPC ............................................................................... 1 
3. Weight and other Design Parameters ..................................................... 2 
4. Wire or Strip Support ....................................................................... 2 
5. RPC Gas System ........................................................................... .4 
6. Chamber Structure .......................................................................... 5 
7. Impact on truss structure design ........................................................... 5 
8. Super-layer configuration .................................................................. 5 
9. E~ectron~c . Pa~kaging Requirements ....................................................... 6 
10. Size Lim1tat1on ....................................................................•.......... 6 
11. Utility routing .....................................................................•.......... 7 
12. Trigger ........................................................................................ 7 
13. Timing and trigger widths .................................................................. 8 
14. Failure tolerance ............................................................................. 8 

B . RPC R&D Results ....................................................... 9 

1. Standard Italian and Glass RPC Performance ........................................... 9 
2. Trigger Jitter ..........•..........................•...........•.....................•......... 9 
3. Neutron Sensitivity ....•.................................................................... 9 
4. RPC Theory ...•.•........................................................................... 10 
5. Alternative RPC Materials - High Rate RPCs ........................................... 10 
6. Lifetime Testing of the Italian RPC .............................................•......... 11 

C. RPC Manufacture/assembly ............................................. 12 

1. Manufacturing approach/philosophy ...................................................... 12 
2. Component fabrication ...................................•.............•................... 13 
3. Precision requirements ...•..................................•....................•......... 13 
4. Manufacturing technology development requirements ......................•........... 13 
5 . Vendor availability ..............................•........................................... 13 
6. Assembly procedures ...............•....................................................... 14 
7. F1Xturing and tooling requirements •...................................................... 15 
8. Size limitations ......................•....................................................... 15 

D. Alignment ................................................................. 15 

E. Structural Performance ......... ......................................... 16 

F. Cost ....................................................................... 16 

1. Assumptions, basis ...................................................................•..... 16 
2. Equipment, material and labor ....................•........................................ 17 
3. Development, engineering, procurement/fabrication, ................................... 22 
4. Cost Uncertainties ........................................................................... 23 



G. Schedule .................................................................. 23 

1. Long lead components/material. ........................................................... 23 
2. Component Fabrication Tune .............................................................. 23 

a. RPC fabrication time ................................................................. 23 
b. RPC gas system ...................................................................... 23 

3. Assembly time ............................................................................... 23 
a. RPC chambers ........................................................................ 23 
b. RPC gas system ...................................................................... 24 

4. Installation time .............................................................................. 24 
5. First availability ............................................................................. 24 

H . Strength of Supporting Group .......................................... 2 4 

I. Summary .................................................................. 25 

J. General References ...................................................... 2 6 

K. Figure Captions .......................................................... 2 7 

Appendix I. 

Appendix 2. 

Appendix 3. 

Presentation to the Muon Trigger Meeting, 22 January 
1992 by Prof. I. A. Pless. 

Meantimer (chronotrons) technique for use with 
Resistive Plate Chambers by Prof. D. Marlow. 

"Behavior of Large Resistive Plate Counters," Draft 
GEM Note, September, 1992. 



A. Design 

1 . General Design Concept 

Resistive Plate Chambers (RPCs) have been in operation since 1981. The current stan­
dard (Italian) design is two meters long by one meter wide with a sensitive gas gap of 2 
millimeters. There are no wires or conductors anywhere in the sensitive region. The walls 
of the chamber - in contaet with the gas of the sensitive volume - consists of a semi-con­
ductor (Bakelite, for example) with a bulk resistance of about 1011 ohm-centimeters. An 
ionizing particle passing through the sensitive volume (2 m x 1 m x 2 mm) breaks down the 
gap and creates an electrical discharge. This discharge is very fast (a few nanoseconds). 
The discharge is capacitively coupled to pick-up strips which are located outside the semi­
conductor walls of the gas cell. 

When the strip is terminated with a 50 ohm load the voltage pulses across the termina­
tion are typically 0.5 volts high with a rise time of 2-3 ns. A typical full width at half height 
(FWHM) is about 10 ns and the measured rise time jitter is less than 1.4 ns. Figure 1 is a 
schematic of the "standard" Italian RPC. 

RPCs are used to perform the fast triggering necessary to identify the SSC beam bunch 
crossing associated with a particular physics event, as well as the muon momentum trigger 
(Level 1 trigger) for identifying muons of sufficient momentum. Bunch crossing identifica­
tion is performed using straight line fits of tracks registered on projective strips oriented in 
the phi direction (non-bend plane), with widths of 3.9, 6.5, and 8.9 cm, for inner, middle, 
and outer super-layers, respectively. Muon momentum measurements are made using strips 
of 1.3 cm width oriented along the z direction (bend plane). The strip widths are chosen to 
provide the necessary precision for track identification. In the case of the bunch-crossing 
identification, the wide strips are all that is necessary to identify a straight line track. In the 
case of the muon momentum identification, 1.3 cm strips are sufficient to provide sagitta 
measurements of the necessary precision to identify muons of particular momenta, for ex­
ample,> 10 GeV/c, or> 50 GeV/c. This momentum identification is based on the mea­
surement of the muon passage through a set of strips in the three super-layers and the strip 
displacement from a straight line as projected from the origin through the outer super-layer 
strip. 

Identification of tracks in an RPC is a simple matter of reading the induced charge on 
the cathode strips, identifying the time of arrival of the charge, and the spatial coordinates 
of the strip. The RPC operation (spark chamber), implies that it is essentially a digital de­
vice. The critical conditions for RPC operation are 1) stability of materials used in the RPC, 
2) stability and uniformity of the gas supplied to the RPC, and 3) uniformity of the gas gap 
within the RPC that gives rise to the spark breakdown and the subsequent induced pulse on 
the pick-up strips. The RPC system, being a somewhat less mechanically precise system 
than the proposed drift tube systems, uses much simpler manufacturing methods than the 
precision drift tube technologies being considered for the GEM Muon System. 

2 • Standard RPC 

The Bakelite plates in a standard Italian RPC are 2 mm thick. As stated above, the gas 
gap is also 2 mm thick. The edges are sealed with a strip of PVC 1 cm in width. The di-
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mensional tolerances are modest. The thickness of the Bakelite plate is irrelevant for the 
proper operation of the RPC. The combined flatness and spacing requirements between the 
plates are± 200 microns. This requirement is trivial to maintain over arbitrarily large areas 
by using PVC spacers 2 mm thick and 11 mm in diameter spaced on a 10 cm grid. The 2 m 
x 1 m chambers have been tested by raising one comer with respect to the two opposite 
comers by 10 cm. There was no measurable change in the performance in this warped ge­
ometry as compared to the performance when the chamber is flat. The chambers have been 
stood up with the 2 m edge vertical and then allowed to fall flat. After this mishandling the 
chamber worked exactly as before the fall. 

Hundreds of these chambers have been produced and are operating in experiments all 
over the world. A set of these chambers have operated at Frascati for 7 years. Such cham­
bers are currently being used in E-771 at Fermilab. Recently L3 at CERN has ordered 400 
of these chambers from General Technica, Colli, Italy, which is a company that is a com­
mercial supplier of RPCs. 

This history has been related here to emphasize that we are not talking about a new 
technology, but rather a mature technology which is well understood and for which the 
manufacturing technology has already been transferred to industry. 

3. Weight and other Design Parameters 

Figure 2 is a sketch of our two gap RPC design. As stated in the General Design 
Concept (Section 1 ), there are spacers that maintain the sensitive gas gap distance. These 
spacers produce about a 1 % dead area. The two gap design we have chosen eliminates this 
1 % dead area by having two gas gaps with the spacers in one gap staggered with respect to 
the spacers in the second gap. This double gap constructions also has the virtue of provid­
ing practically 100% redundancy for the RPC system. 

Table 1, GEM RPC Specifications contains, among many other items, the detailed 
breakdown of the weights. Note that we have assumed 0.015" (380 micron) thick Bakelite 
plates rather than 2 mm, as this choice of thickness could increase the repetition rate (at 
95% efficiency, typical for an RPC operating at plateau) from -100 Hz/cm2 to -1000 
Hz!cm2. 

Note that from Table 1 one can calculate that the weights of the individual chambers are 
70 lbs, 104 lbs, and 146 lbs for nominal radii of 4.0, 6.0, and 8.0 m (inner, middle and 
outer super-layers), respectively. 

Hence any chamber can be easily handled by four technicians (one for each comer) 
without the use of cranes or special hoisting apparatus. 

4 • Wire or Strip Support 

As stated previously, there are no sense wires in this technology. The pick-up strips are 
formed on the aluminized mylar. There are several well-known technologies for this pur­
pose. The simplest method utilizes a shadow mask as mylar is aluminized. In addition, 
etching, grinding, and sand-blasting are all viable techniques for creating the strips. The re­
quired precision for the strips is± 100 microns. Once the mylar is glued into the RPC 
stack, the strip positions need to be known with respect to an outside fiducial with a preci­
sion of± 2 mm. 
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Table 1. GEM RPC Specifications 

Coverage: 100% - Z, 95% Phi 
Areal Mass: projected thickness= 0.7% Xo/layer 

Material Thickness Rad. Length % Rad. Length 

Al 0.005" 8.9 0.14 
Foam 4 llllll 424 0.09 
Mylar 0.005" 28.7 0.04 
Bakelite 0.015" 34.4 0.11 
Gas 2 llllll Large 0 
Bakelite 0.015" 34.4 0.11 
Mylar 0.005" 28.7 0.04 
Foam 4 llllll 424 0.09 
Al 0.005" 8.9 0.14 
Foam 4 llllll 424 0.09 
Mylar 0.005" 28.7 0.04 
Bakelite 0.015" 34.4 0.11 
Gas 2 llllll Large 0 
Bakelite 0.015" 34.4 0.11 
Mylar 0.005" 28.7 0.04 
Foam 4 llllll 424 0.09 
Al 0.005" 8.9 0.14 

Total: 1.38 

Nomjnal Radjus <Ml: 4.0 6.0 8.0 

# of chambers 64 96 128 
Width(cm) 148.5 239.0 329.6 
Length(cm) 330.0 360.0 380.0 
Total Length 631.9 1042.1 1475.0 
#Bend-plane strips: 114 183 253 
# Non-bend-plane strips: 166 166 166 
Width of bend-plane strips (cm): 1.3 1.3 1.3 
Width of non-bend-plane strips (cm): 3.9 6.5 8.9 

Weights (lbs): 
Bakelite: 1877 4943 9593 
Aluminum perimeter frame: 1049 1472 2304 
Cable: 385 641 963 
Connectors, brackets: 1160 2855 5795 
TOTAUSuper-layer 4471 9911 18655 

TOT AL WEIGHT (TONS) 16.5 TONS 
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Strips are an integral part of the mylar, therefore, the strip support is the mylar base. 
The mylar, in turn, is part of the RPC laminate. 

S • RPC Gas System 

LLNL is designing the gas system. The envisioned system is a low-flow, simple state­
of-the-art recirculating system using standard technology that has been tested and proven 
for many years. All components are standard, off-the-shelf items. 

The RPC muon trigger system covers a total 2743 square meters of surface area in the 
three muon super-layers and contains 0.4 cm total thickness of gas layers. This corre­
sponds to a total gas volume of 10.9 cubic meters. Typical RPCs operate with a gas flow 
rate of about 10% of their volume per hour or about 1.1 cubic meters per hour (18.3 liters 
per minute) for this system. The RPC gas system is designed to provide this flow rate for 
an accurately mixed combination of gases. 

Previous RPC systems have run successfully using a gas mixture consisting of 66% 
Argon, 32% n-butane and 2% freon. It is unlikely that this mixture of gases will be allowed 
at the SSC because of its flammable nature. Alternative gas mixtures are being explored in 
R&D. One candidate gas is a non-flammable mixture of 49% C~. 49% CF4, and 2% 
freon. 

Figure 3 shows one idea for the design of a gas system for mixing 4 different gases. 
This system is designed for explosive mixtures but is entirely suitable for non-explosive 
mixtures as well. Component gases are introduced into separate lines and combined in ac­
cumulators using precision mass-flow controllers and proportioning valves. All valves and 
controls are designed for fail-safe operation, e.g. valves will fail in closed positions and 
excess pressures are bled off into special vent lines into accumulators in the event of a 
power outage. Much of the gas system is designed to allow the proper inlet and outlet pres­
sures to the precision flow controllers for proper metering of gas. 

Mass flow controllers such as the MKS 1159B series are used. A separate mass flow 
controller, with a nominal range suitable for the particular gas, is used for each component 
gas. These controllers are interfaced to 8 channel power supply/readout modules with an 
IEEE-488 (GPIB) computer interface. 

Figure 4 shows a sketch of a gas delivery system that could be used for the RPC sys­
tem. Each RPC module will have gas inlets and outlets (1, 2, and 3 each, for inner, middle, 
and outer super-layer modules, respectively). The inlet and outlet number increases from 
the inner super-layer to the outer super-layer because the RPC module width increases by 
about 1 meter per super-layer. To insure good flow characteristics, while allowing for rea­
sonable pressures, the gas system splits the flow into the outer and middle super-layers and 
circulates from the central membrane outward. The inner super-layer circulates the gas from 
end to end. This insures uniform gas flow in different size modules. All tubing and fittings 
are metal (copper or stainless steel tubing, stainless steel or regular steel swage-lok fittings) 
for fire safety. 

Exhaust gas will not be allowed to be vented to the atmosphere because of the admix­
ture of freon. Exhaust gas will be fed into a gas recovery system whose design is yet to be 
determined. This system will likely contain an accumulation tank and a compressor system 
that takes the exhaust gas and compresses it through various pressure stages to condense 
the lowest vapor pressure gases. In this case the first stage condenses freon gas to a liquid, 
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which is collected for dispOSlll or recirculation. Likewise, the remaining CCh/CF4 mixture 
is further compressed with the CQi being the ncxl gas to liquefy and be collected. All gas 
components can be reintroduced into the input stage or properly discarded at this point. 

6. Chamber Structure 

The chamber structure will follow the well-tested and proven Italian design, The cham­
ber will be made up of various layers glued together to fonn a single self· supporting lami­
nated plate. Spacers, consisting of 2 mm thick, 11 mm diameter PVC dfaks serve three 
functions. First, they mechanically separate the two Bakelite plates and keep the plates flat 
with respect to one another by being placed on a 10 cm square grid. Second, they insulate 
the resistive plates from each other. l'hird, they transmit the mechanical stresses from one 
side of lhe plate to the other. 

The edges of the RPCs will be sealed by gluing 1 cm wide, 2 mm thick PVC strips 
between the Bakelite plates. This stiffens the edges mechanically so that the plate is self­
suppoitina. In addition, there will be an aluminum U-channcl frame that will encompass 
the chamber on all four sides. This aluminum U-channel frame will be glued to the com­
pleted RPC body. The PlllJ>OSC of this frame is. fb:st, to protect the edges of the RPC dur­
ing shipping, handling and installation; second, to stiffen the edges so that the RPC can be 
mounted by four comers (if necessary); and third, to furnish the base to mount the high 
voltage connectors, the gas c:onnet."tOCs and the LEMO signal connector&. 

All the above technology is well understood and presents no engineering or manufac­
turing problems. There is a. problem of availabilicy of wide sheets of Bak.elite. Bakelite 
sheet comes in aibitrarily long lengths, but the standard width is 48 inches. This concern 
will be addressed in an upcoming section. 

7 • Impact on truss structure deslp 

The weight of the largest RPC Oiambcr is 146 lbs. This weight should ha.ve a negligi­
ble impact on the uuss structure design. Because the dimensional tolerances of the RPC are 
so loose, the RPC can be fastened directly to the drift chamber systems. Hence, they 
should introduce no geometrical impact on the truSS structure design. 

8 • Super0 layer confiuuration 

The RPC system is broken up into r=e levels: the RPC itself, the RPC chamber, 
which encloses two layers of the RPC, and the RPC super-layer, of which there are three; 
inner, n:rl.ddle, and outer. The inner, middle and outer RPC super-layers form a complete 
RPC sector, with 16-fold symmetry in phi, 111d mirror symmetry about the z·axis of the 
GEM detr.ctor. Figures 5 • 9 show various skeu:hes and drawings of the system 

The RPC itself consists of two layers of detectors, slightly staggered within a single 
chamber enclosure. This staggering ls necessary to prevent trigger inefficl.ency due to the 
presence of spacers 111d other hardware that contribute to dead lll"f:a in the RPC. 

The RPC chamber is a laminae which encloses rhe two layers of RPC and is envisioned 
as an aluminum frame with thin 0.005" aluminum sheet covers. RPC chamber widths and 
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lengths vary 148.S cm x 330 cm, 239.0 cm x 360 cm, and 329.6 cm x 380 cm, for inner, 
middle, and outer super-layer chambers, respectively. 

Each super-layer consists of overlapping RPC chambers, again, to increase trigger effi­
ciency. The inner, middle and outer super-layer secton are made up of two, three and four 
overlapping RPC chambers, respectively. 

In summary, there are 64 inner sector chambers, 96 middle sector chambers and 128 
outer secu>r chambers with a total projected surface area of 27 43 square meten. 

Table 1 provides estimates the weight of the chambers in each super-layer sector includ­
ing the RPC itself, the RPC chamber enclosure with aluminum perimeter frame, RPC 
pcrimelel' cable weight with an additional 10% added in each super-layer for connectors, 
brackets, etc. 

Summarizing, the inner super-layer weight is 4471 lb., the middle super-layer weight is 
9911 lb., and the outer super-layer weight is 18655 lb. The total weight for the RPC sub­
system is 16.5 tons for the entire GEM detector RPC system, or about 1 too per sector. 

9. Electronic Packaging Requirements 

As presently designed, there will be no electronics inside the magnet All that is re­
quired is high voltage connecaors, gas connec10J'S and LBMO connectors for strip signals to 
be carried on RG-174/U SO ohm coaxial cable. 

10. Size Limitation 

As already mentioned, the widths of the RPC presems a concern. Bakelite comes in 
mbitrarily long lengths but in standard widths of 48 inches. Since the total amount of mate· 
rial needed by GEM is small, it is unlikely that we can afford to purchase special machinery 
for our widths. However, this avenue will be explored. Fortunately, due to the natural de­
sign of an RPC, it is ~ simple to "splice" several narrower sheetS to create one "wide" 
sheet. 

As an example, we look at the largest chamber, which is 329.6 cm wide Since our 
Ba1ceiite is 121.92 cm wide, two splices are needed. Figure 10 illustrates a possible splice 
design. The scale is about 10:1. 

The critical feature of the splice is that it is recessed into the Bakclite plate. The two 
edges facing the gas arc hand-sande.d to remove any bum. As in the standard construetion 
of RPCs, all inner surfaces are coated with lillseed oil after assembly. This oil is quite vis­
cous and will fill in the 400 micron or so crack and cover any glue that oozes up through 
the crack. A visual inspection will be made to insure that the glue doesn't not protrude 
above the sutfacc of the Bakclite. This will be c:onb'Olled before the chamber is laid out. 
Note that lhc splices on the upper and lower plates do not line up so 1hat the distortion of 
the electric field in the region of lhc splice is kept to a minimum. Note also mat the electtic 
field at the splice is somewhat lower ?ban the normal elCIClric field. This has two conse­
quences. The fust is that there is a smaller likelihood of a field bl:eakdown in the vicinity of 
the splice. Hence the splice should noc be a source of noise. The second is that the effi­
ciency will be somewhat lowered in the neighborhood of the splice. If we assume that the 
efficiency is zero for the 400 microns of each of the two splices, we find this corresponds 
to a loss of 0.02% effwi.eoc:y of the overall chamber. This is totally negligible. Of course 

6 



there will be the need of special jigs and tooling to make these splices, but this is a very 
straight-forward manufacturing problem that contains no basic engineering difficulties. 

11. Utility routing 

As noted above, the only utilities for the RPC are the high voltage, gas, and signal ca­
bles. The high voltage and gas require two high voltage cables per chamber and two, four 
or six gas lines per inner, middle, and outer chamber, respectively. These obviously pre­
sent no routing problem whatsoever. 

However, the signal cables do present a problem. This problem was discussed in detail 
at the 22 January, 1992 Muon Group Meeting at SSCL in Dallas. The following para­
graphs are from that presentation. 

Note that in this report it is assumed that RG58/U, 0.193" diameter coaxial cable would 
be used. We have since decided to use RG174/U coaxial cable, which has a diameter of 
0.101". Therefore each linear routing dimension of the 22 January report can be reduced by 
a factor of 0.52. For the square geometry in the cable harnessing, we will have bundles 
with cross sections 2.7", 3.9", and 8.3" on a side. For the rectangular geometry we will 
have cable bundles of 1.1" thick with widths of 8.8", 14.7" and 66". Either the square ge­
ometry or the rectangular geometry can be accommodated in the current truss structure de­
sign. The choice will depend on multiple scattering studies. The square geometry has mod­
erate multiple scattering over a few inches, while the rectangular geometry has a large mul­
tiple scattering over 1.1 inches. 

12. Trigger 

A muon trigger should furnish at least two pieces of information. They are: 

A. Beam crossing tag. 
B. Momentum cut of the muon which created the trigger. 

The RPC technology is ideally suited for tagging the beam crossing time. The charac­
teristics of the RPC and cable routings are as follows: 

1. Rise time jitter is measured to be less than 1.4 nanoseconds everywhere on a 1 
mx2mRPC. 

2. By proper choice of cable routing, all signals from a beam crossing come to a 
common data collection point within a fixed time gate of eight nanoseconds. 
However, knowing which strips have been hit allows one to calculate the beam 
crossing time to 1.4 ns, the rise time jitter of the RPC pulse. 

There are three straightforward ways to take advantage of these characteristics in form­
ing a trigger which furnishes the beam crossing time and the muon momentum cut. 

1. Discrete components and pipeline fan-in. Appendix l discusses this technique 
in detail. 

7 



2. Field-programmable gate array devices. A preliminary study indicates that the 
objectives of the trigger can be met with standard field programmable gate array 
devices. 

3. Mean timers, or "chronotrons." Professor D. Marlow has proposed a simple 
analog scheme. This scheme is contained in Appendix 2. 

In summary, given the fast rise time and small rise time jitter of an RPC pulse, it is 
straightforward to generate a first level momentum selection trigger and to identify the 
proper beam crossing. 

13. Timing and trigger widths 

If we collect all signals from the strips in one comer of the chambers and match cable 
propagation speeds to strip propagation speeds then signals are matched in time when they 
arrive at the chamber comer. At the Level l trigger, we know the beam crossing to better 
than 12 ns: 8 ns due to the 1.49 m length of the strip and 4 ns due to the rise time jitter of 
the RPC pulse. This latter number has to verified by R&D, however, measurements made 
on the 1 m strips of the Italian RPC indicate time jitter of about 1.4 ns. 

Referring to Figure 11 a,b; at the time of the first level trigger, the identity of the x and 
y strips are known. At this point, one can calculate the beam crossing time to an accuracy 
of the rise time jitter of the RPC. For track 1, the signal from the outer layer arrives 9 ns 
after the signal from the inner layer and 4.5 ns after the signal from the middle layer. For 
track 2, the signal from the outer layer arrives 13 ns before the signal from the inner layer 
and 6.5 ns before the signal from the middle layer. Hence the trigger widths on the outer 
layer must be 13 ns long, while the trigger widths on the inner layer must be 9 ns long and 
the trigger widths on the middle layer must be 6.5 ns long. 

The first question with respect to the hardware is how does one get the signals out to 
the common electronics point? In our case we propose to bring the signals out along the 
edge of the RPC layers at the layer level and along the 60 degree line to the outer layer for 
the inter-layer connections. For each layer we have 161 cables running along the edge of 
the layer. Using RG-58 cable, this corresponds to a bunch 5.8 inches on a side. For the 
run from the inner layer to the central layer we use 274 cables. This is a cable bundle 7.5 
inches on a side. For the run from the middle layer to the outer layer we have 1,264 cables. 
This cable bundle is 16 inches on a side. 

Alternately, we can run all cables in a flat package two inches wide. This would give 
widths for 17, 28.2, and 128 inches wide for along the layer, from the inner layer to the 
middle layer, and from the middle layer to the outer layer, respectively 

14. Failure tolerance 

As stated previously, the RPC is a very rugged reliable device without sense wires or 
regions of high fields. However, failures do occur. In case of a failure one half of the 
double RPC would fail. Because of this possibility, we operate each RPC gap as a separate 
chamber. The loss of one RPC gap means a decrease of efficiency of 1 %. This is negligible 
from any practical point of view. Therefore we can state that the RPC system is, for practi-
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cal purposed, 100% redundant and that any single failure has a negligible effect on the 
practical efficiency of the system. 

Another way of looking at this situation is to suppose on gap fails per year. This is 
more than two orders of magnitude higher failure rate than is indicated by our current ex­
perience. Under this assumption one can show that the probability of two gaps failing in 
the same RPC chamber is ten years of operation is less than 10%. 

B • RPC R&D Results 

RPC R&D has been carried out using a multi-faceted approach with the goal being to 
completely characterize the RPC operation and applicability to the GEM Muon System. 
R&D has focused on studying the existing state-of-the-art as exemplified by the standard 
Italian design already described, as well as new RPCs using non-standard materials and 
fabrication methods, with an emphasis on reduced mass, stability and long term perfor­
mance, and increased rate capability. 

1 • Standard Italian and Glass RPC Performance 

MIT and LLNL have now studied a number of different RPC designs, including a 1 m 
x 2 m RPC provided by R. Santonico of the University of Rome, glass RPCs, cermet thin 
film RPCs and RPCs using a number of low resistivity materials such as static-dispersive 
plastics. Extensive testing of the Italian RPC and a custom built glass RPC has been carried 
out at MIT, including measurements of efficiency, rise-time jitter, and response to neutrons 
and the results of these tests are detailed in Appendix 3. LLNL has also performed similar 
measurements on a smaller glass RPC. 

In summary, the MIT and LLNL glass RPC (resistivity = 5 x 1012 ohm-cm), with its 
relatively high resistivity has a reduced rate handling capability and a reduced efficiency 
(70% for the MIT RPC with 2 mm glass and 90% for the LLNL RPC with 750 micron 
glass). The Italian RPC (resistivity= 1-2 x 1011 ohm-cm) exhibits about 95% efficiency 
using cosmic rays and a scintillator telescope for triggering. The Italian RPC has a mea­
sured saturated counting rate of about 560 Hz/cm2 compared to a rate of about 50 Hz/cm2 
for the MIT glass RPC (75 Hz/cm2 for the LLNL glass RPC). On the other hand, the these 
different RPCs agree remarkably well in terms of pulse characteristics, e.g., pulse height, 
pulse width, rise time and pulse velocity along the strip. 

2. Trigger Jitter 

Trigger jitter measurements on the Italian RPC give of the order of 1 ns. The MIT glass 
RPC exhibits a larger jitter of about 7 ns due to the inability to achieve an adequate high 
voltage across the gas gap as detailed in Appendix 3. 

3. Neutron Sensitivity 

Neutron sensitivity measurements were made using a strong Cf-252 source. The sensi­
tivity of the RPC to 1-10 MeV neutrons is measured to be 4.8 x 10-3 and to 1-10 MeV 
photons to be 6.6 x 10-3. 
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4 . RPC Theory 

A related effort has been carried out at LLNL to understand the theory of operation of 
RPCs in order to make better selections for resistive materials that can substantially increase 
the rate capability of the RPC. The RPC can be modeled as an equivalent circuit as shown 
in Figure 12. This circuit has been used as the basis for SPICE modeling of the RPC re­
sponse for different resistive materials. This response is characterized by a recovery time 
that is dependent on the resistive properties of the material used in the RPC, as well as the 
capacitance of the different sections. Figure 13 shows the recovery time expected for a 
number of different RPC materials. As can be seen, the recovery time can vary over a large 
range depending on the material. This recovery time is directly related to the saturated rate 
capability of the RPC as discussed below. 

The.following is a simple model that lets one deduce the rate of a counter at a fixed ef­
ficiency given the saturation counting rate. This model usually underestimates the rate for 
high efficiencies. 

Asswne: 
Rs = saturation rate 
Re = rate at a fixed efficiency E 

Re=Rs(l-E) 

This equation is trivial to derive but it is only an approximation as it assumes a linear 
relation between saturation counting rate and the period of inefficiency of the counter. Note 
that this equation predicts that there is no rate for which a counter can be 100% efficient, 
which is true as every counter has to have a dead time and regardless of rate there is a 
nonzero probability to have two random counts within this dead time. If one assumes E = 
0.95, which is the number that is normally used for this equation, then for Rs= 20,000 Hz 
we can assume that the counter will operate at 1,000 Hz. Because of the approximation 
previously mentioned, this derived rate is actually an underestimate of the real rate. 

S • Alternative RPC Materials - High Rate RPCs 

RPCs have been fabricated at LLNL using sputtered resistive cermet thin films on thin 
glass or plastic substrates. We have demonstrated that Cermets can function as RPCs how­
ever the long term aging characteristics of these thin films is not clear. Indications are that 
the films are not strongly bonded to the substrate and are subject to sputtering effects be­
cause of ion bombardment. Alternative materials to Bakelites have been explored, concen­
trating on static-dispersive plastics with low bulk resistivities in the range 1 OS - 1011 ohm­
cm. We have successfully demonstrated RPCs with a number of different plastics. Table 2 
summarizes the properties of these materials along with the Bakelites and glasses. 

We have measured the saturated counting rates from two different static-dispersive 
plastics, Mitech-411 and Abstat-M310. For the case of the Mitech plastic, our SPICE 
model predicts a saturated counting rate capability of about 2.3 x 104 Hz/cm2. We have 
assembled a small RPC with this material and in fact measure a count rate of approximately 
1.5 x 104 Hz/cm2. Figure 14 plots the counting rate versus high voltage for an RPC made 
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with Mitech-411. This rate has not been determined to be saturated and further work is in 
progress to determine the absolute saturated count rate of the RPC with this very interesting 
material. 

Figure 15 plots the rate capability of these various RPCs as calculated by SPICE versus 
the measured count rate. The SPICE calculated rate capability is arbitrarily chosen to be the 
inverse of the half-height point on the recovery curve for each material. As can be seen in 
Figure 15, the calculation is simply related to the experimental measurements by a linear 
relation. The confirmation of the SPICE model by this result indicates that the properties of 
the RPC are dominated by the bulk resistivity of the plates and not by the surface resistiv­
ity. 

This count rate is substantially faster that any other standard RPC materials measured to 
date, and constitutes a significant improvement in the state-of-the-art. In addition, the 
Abstat plastic has a significantly higher dielectric strength and is available in thinner sheets 
than those used in this measurement (720 microns) that could potentially give an increase of 
5 - 10 times the rate of the present detector. 

Table 2. RPC Resistive Materials Properies 

Material Thickness <crol Bulk Resistivitv ID-cml Arc Resistiyitv <O-cro2} 

MIT mirror glass 0.300 
LLNL mirror glass 0.066 
Kodak projector glass 0.123 
Italian RPC Bakelite 0.200 
LLNLBakelite 0.161 
Abstat-M310 plastic 0.072 
Abstat-M310plastic 0.060 
Mitech-411 plastic 0.090 
Mitech-411 plastic 0.030 
Corning 0211 glass 0.056 
Boron film 0.0001 

5.00 x 1012 
4.90 x 1012 
6.42x 1011 
1.00 x 1011 
4.50x 109 
5.78 x 109 
5.78 x 109 
2.03 x lo9 
2.03 x 109 
6.70x 107 
1.00 x 1()6 

6. Lifetime Testing of the Italian RPC 

1.50 x 1012 
3.23 x 1011 
7.89 x 1010 
2.00 x 1010 
7.24 x 108 
4.16 x 1()8 
3.47 x 1()8 
1.83 x 1()8 
6.19 x 107 
3.75 x 1<>6 
1.00 x 102 

Lifetime (aging) tests have also been performed using the Italian 1 m x 2 m Bakelite 
RPC. We chose an area of this RPC approximately 5 cm x 10 cm which was irradiated 
with a radioactive source. The counting rate on this area was approximately 250 Hz/cm2. 
We placed a cosmic ray scintillation counter telescope which had approximately the same 5 
cm x 10 cm area over the chosen area of the RPC. We chose the RPC region so that one of 
the PVC spacers was contained in the area. 

We define one SSC year (at a luminosity of 1033) to be 2 x 107 counts per square cen­
timeter. This is the expected neutron interaction rate at the 1()33 luminosity. We accumu­
lated 16.4 x 107 counts per square centimeter in our test, which is equivalent to 8.2 SSC 
standard years. The data is shown in Figure 16. 

Before irradiation the chosen area had an efficiency of 93.6 ± 3%. The fact that the 
measured efficiency is not about 97% is a reflection of the mismatch between the cosmic 
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ray hodoscopc and the RPC area. After an irradiation equivalent to 8.2 SSC years of op­
eration, we measured the efficiency of this area to be 92.4 ± 3%. As can be seen from 
Figure 16, within the 3% errors, we find no change in efficiency for the equivalent 8.2 
SSC year exposure at a luminosity of 1033. 

C. RPC Manufacture/assembly 

1. Manufacturlni: approach/philosophy 

As stated in the introductory section, identification of traeks in an RPC is a shnplc mat· 
ter of reading the induced charge on 1he cathode strips, identifying the time of arrival of the 
charge, and the spatial coordinates of the strip. lbe RPC operation (spark chamber), im­
plies that it is essentially a digital device. The critical conditions for RPC open.ti.on arc 1) 
stability of materials used in the RPC. 2) stability and uniformity of the gas supplied to the 
RPC, and 3) uniformity of the gas gap within the RPC that gives rise w the sparlc bfealc· 
down and the subsequent indllCCd pulse on the pick-up strips. 

Our manufacturing philosophy is therefore to build as large a chamber as possible for 
each super-layer without compromising the performance necessary to achieve the above 
stated goals. lbis implies that the materials used in the individual chambers should be able 
to be assembled into a self-supponing structure that f"ll'St and foremost maintains the gas 
gap dimensions with a tolerance of about:!: 5%, or in the case of a 2 mm gas gap,± 100 
microns. Similar dimensional tolerances are necessary for the distance between the pick-up 
strip eleclJ'Odes and their ground plane, in order to control the strip impedance. The gas gap 
is maintained by gluing 2 mm thick, 1 cm diameter disk spacers every 10 CJXJ or so in be· 
tween the laminated sheets. The strip-clecttodc-to-ground plane gap is mamtafacd by virtue 
of the rigid foam to fonn the proper impedance transmission line. Because of this design 
flexibility the RPC can 8C1ually be deformed substantially from a flat plane and still operate 
correctly. 

As an cxueme case. the RPC could be fonned into a series of concentric cylindrical 
shells rather than the flat secton envisioned in GEM and thCOICtically provide the same op­
erating characu:ristics. Thw; the structural suppon for the RPCs can be minimized to help 
reduce muon scattering. The RPCs in GEM can be allowed to defo.nn by as much as 10 cm 
over the largest dimensions without affecting the overall operatioa of the muon trigger sys­
tem. although proper support structure design can probably minimize this sag to less that l 
cm. Because materials associated. with the RPC should be minimized, the addition of sup­
port frames will probably not be allowed. Also, depending on the design, lU'Cs could be 
integrated into the drift tube strueture, utilizing this structure to minimize sags. 

Similarly, the tolerance associated with the placement of the pick-up strips is defined 
by the desired measurements of timing (bunch crossing) and momentum (sagitta). This tol­
erance as we sec it impli's strips to be located also to about:!: 500 microns, a not too diffi. 
cult tolerance to achieve using standard machining or photolithography tcebniques. 

Materials stability is an issue for long tcnn pcrl'onnancc of the RPCs. Plastics degrade 
over time due to out-gassing ofplasticiz:ers, interaction with ambient UV light, temperature 
fluctuations. radiation, and, in the case of RPCs, uniformity and stability of the bulk resis­
tivity of the resistive plates and interaction of the plates with spaik discharges. Proper ma­
terials choices and design will help 10 insure the long term stability of the RPCs. We can 
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benefit from the experience of other RPC systems that show long term (years) operation of 
RPCs without degradation, albeit, under lower rate conditions than that expected at the 
SSC. Aging tests are easily performed in R&D to determine the proper long term operation 
of RPC materials. 

2. Component fabrication 

Component fabrication will be based on commercially available materials of more-or­
less standard sizes in order to keep costs to a minimum. For example, Westinghouse can 
provide Bakelite of a standard width of 4 feet (or less - they can cut to any specified width 
in this range) and with a length of many meters. Bakelite sheets would be cut to the neces­
sary lengths for the particular RPC chamber dimension and then butted together with adhe­
sives while cross laminated with aluminized mylar sheet for strength. The assembly of 
RPC chambers is a relatively simple process of laminating layers of material together into a 
final structure that is then incorporated into a perimeter frame containing gas and electrical 
connections. In addition this frame allows for attachment points for the RPCs to the preci­
sion tracking chambers or to the superstructure of the Muon System. 

Other components for the RPCs include rigid foam board, aluminized mylar, glues, 
PVC spacers (1 cm diameter, 2 mm height) for maintaining the gas gap, gas fittings 
(swage-lok), electrical connectors (LEMO or Kings K-lok), high voltage connectors (SHY 
or GHV), and extruded aluminum channel All these components are commercially avail­
able. Fabrication of the RPC laminates requires large area benches of approximately 4 m x 
5 m at the largest for the outer super-layer. 

3. Precision requirements 

There are no precision requirements necessary for the RPC assembly. Standard toler­
ances on thicknesses of Bakelite and other commercially available laminate materials are 
sufficient for the proper operation of the RPCs. The PVC disk spacers can be turned out 
using computerized machining with the necessary height tolerance of± 100 microns (± 4 
mils) without difficulty. Pick up strips can be laid out by photoctching aluminized mylar 
sheet or by machining with fine cutting tools. Either method is capable of providing the 
necessary dimensional tolerance of± 100 microns. 

4 • Manufacturing technology development requirements 

There are no major technology development requirements needed to manufacture 
RPCs, except perhaps, fixturing for holding the RPCs during storage, testing, shipping 
and assembly into the Muon System. 

S. Vendor availability 

RPCs have been manufactured in large quantities by Italian University groups for many 
years. In fact, we have performed a large pan of our R&D on an Italian RPC with dimen­
sions 1mx2 mat MIT. A factory to build these RPCs is already in place and is capable of 
building RPCs to our specifications with minor modifications to their manufacturing pro-
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cess to take into account our new materials. If the need arises the manufacturing of RPCs 
could be carried out in the US at LLNL or MIT or also in China. Tsing Hua University in 
Beijing has written a Letter of Intent with the GEM Detector Collaboration to perform a 
number of manufacturing services for the various sub-systems including electronics for 
calorimeter and muon systems, as well as structural component assembly for calorimetry 
and the muon system. 

6 . Assembly procedures 

288 modules in three different sizes are needed to make a complete system. Table 1 lists 
the module dimensions, and other parameters. The modules are seen to have non-standard 
dimensions and will have to be made from smaller sized pieces. The joining of pieces of 
rigid foam board, for example, will be accomplished by utilizing the specially coated mylar 
films as cross-plies glued on each side of the boards. Additional rigidity will come from the 
joining of the mylar/foam laminates through the gluing of the small gas gap spacers. The 
overall laminate will be somewhat flexible but will not exhibit any substantial shear defor­
mation. 

Figure 17 shows a detail of the RPC where the laminate layers join the perimeter frame. 
Refer to Figure 18 for identification of the various materials in the RPC laminate. There is 
an insulating margin of 1 cm around the perimeter of each RPC laminate layer to allow the 
attachment of the laminate to aluminum U-channel without shorting the cermet electrodes or 
the edge pick-up strips. The laminate layers fit into 1.3 cm wide grooves machined in the 
U-channel and a bead of glue is applied around all edges to provide a gas-tight seal. Gas 
feed-throughs (2, 3, or 4 for inner, middle, and outer super-layers, respectively) are at­
tached on the outside of the end perimeter frame in-line with the RPC gas gaps. There are 
two redundant layers of RPC per module and each layer of pick-up strip electrodes are 
daisy-chained together intemally. Pick-up strip electrodes are connected to LEMO bulkhead 
connectors in the perimeter frame using short lengths of wire. 

The perimeter frames are assembled with three sides welded together. The RPC lami­
nates are guided into the perimeter frame grooves and the fourth perimeter frame piece is 
attached and glued, rather than welded. Holes in the perimeter frame are also provided for 
mounting brackets. If additional stiffness is required, carbon composite or aluminum cross 
beams can be installed. 

Figure 19 shows an assembled half-sector of RPCs. The RPC modules overlap in Zin 
order to provide 100% coverage for muon trigger efficiency. 100% overlap in phi may not 
be possible because of structural supports between the sectors. Jn this case the phi coverage 
is about 95%. As mentioned previously, there are two redundant RPC layers per module. 
These layers are intereonnected internally for both bend-plane and non-bend plane strips. 
Module-to-module daisy-chaining is done in the Z direction (1.3 cm bend plane strips) to 
effectively form single strips spanning the length of each half-sector. These interconnectS 
are made using short lengths ofRG-174A/U (50 ohm) coaxial cable. Non-bend plane strips 
are distributed to individual RG-174 coax cables along the longitudinal sides of the RPCs. 
These cables are bundled are routed out to the trigger processing electronics at the ends of 
the RPC system. 
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7. Fixturlng and tooling requirements 

Special tooling is not required for the RPC system. Electrical connectors use standard 
machine threads for bulkhead fecd-throughs, gas fittings use standard pipe threads. 
Perimeter frames of aluminum are welded or glued together. Laminates are glued using 
epoxies. Pmc:ision spacers for maintaining the gas gap can be turned out using computer 
controlled machining tcehniques. Large area plastic sheets with sttip electrodes need to be 
laid out either by machining snips io a solid aluminized mylar sheet or by photolithography 
methods. 

Fixturing for supporting the RPC units during shipping, storage and assembly will 
need to be designed. A simple fixture would support the RPC vertical.ly to prevent undue 
stress on the unsupported panel and would have wheels for allowing the chamber to be 
moved. 

8. Size limitations 

The envisioned RPC design is consuained to sized less than 4 m in length for ease of 
handling. Our philosophy is to minimize the number of chambers for simplicity in the gas 
system and electrical inter<:onnects. The current configuration of 2 - 3 - 4 chambers per su­
per-layer do not match the pl'CSently envisioned configuration for the precision tracking 
chambers (2 - 4 - 4), however, the RPC chamber design is flexible and can be re-designed 
to overlap whatever final tracking chamber configuration is decided upon. RPCs have a 
low mass of about O.S psi and so a fully assembled RPC chamber will weigh about 70 
lbs., 100 lbs, and 150 lbs for a single inner, middle, and outer chamber, rcapectivoly. The 
weights and dimensions are within reason for 2 or 3 technicians to handle a completed 
chamber using light duty chain hoists or ovemcad cranes. 

D. Alignment 

Because of lhe previously mentioned perfonnance crillria for RPCs as a Muon Sysrrm 
trigger, precision alignment is not necessary for these chambers. The RPCs can be 
mounted either separately from the precision drift rube technology, or co-located with the 
drift tubes. It is assumed during construction that sufficient care in fabrication will allow 
strips to be located with an accuracy of about 0.1 mm with respect to a fiducial plAced on 
the edge of the RPC suppon frame. Saa in the RPC will be within the limits imposed for 
proper muon timing and momentum determination so that monitoring of the sag will not be 
necessary. 

In-situ RPC alignment can be perfol'nted using cosmic rays or physics events at the 
SSC. In addition, if the RPC system is incmpotated into tho drift tube stru~. alignment 
will be coupled to the drift tube alignment system without added cost. This is because the 
RPC strip readout is referenced to a fiducial that can be referenced 10 the drift tube align­
ment system. In any event, RPC location to 2 mm in Zand~. and 1 cm in R is sufficient 
to insure proper operation for Level 1 triggering. 
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E. Structural Performance 

A first attempt at modeling the RPC structural performance has been made at LLNL. A 
standard Italian RPC was modeled using the following assumptions: 

1. RPC sandwich assumed to be 3000 mm x 4000 mm x 2 mm Bakelite sheets 
with 10 mm diameter, 2 mm thick disk spacers every 10 cm. 

2. Aluminum 6061-t6 frame with cross-stiffeners. 

3. Support fixed at four comers. 

4. Sandwich bonded to frame and stiffeners. 

5. FEA model has stiffeners on one side only but with 2x section modulus. 

6. Bakelite properties: E"' 1.239xl04 N/mm2, density "' 1.87xl0-5 N/mm3 

The results of the analysis are shown in Figure 20. Deflection under the RPC's own 
weight is 109 mm. Frame stress is less than 25 ksi. The fundamental frequency is esti­
mated to be less than 10 Hz. 

The next set of calculations will examine the RPC for the two layer design with thinner 
Bakelite layers. These calculations indicate that the stresses to not appear to limit the design 
of the largest RPC chamber. The deflection is likely to be reduced, in the case of 0.015" 
Bakelite, to about 10% of the deflection seen in this calculation. In addition, there is ample 
room to increase stiffener cross-sections and to increase frame heights. If the RPC is 
mounted on the drift chamber, then calculations will be needed to establish the deflection of 
the drift chamber due to the added load of the RPC. It is likely that this added load will not 
adversely effect a properly designed drift chamber system. 

F. Cost 

1. Assumptions, basis 

The cost of the RPC system has undergone a series of refinements starting with studies 
begun in October, 1991. In this time two addition cost studies have been performed, cul­
minating in the Cost Estimate prepared on June 2, 1992 after experiences with the May 5, 
1992 cost review held at SSCL. This costing was performed for both the Bakelite design 
and an alternative Cermet thin film design that held promise for reduced weight. R&D on 
the Cermet concept is continuing, however there is sufficient indication that thin Bakelite or 
plastic sheets of the proper resistivity can offer the desired performance and weight reduc­
tions without resorting to the exotic thin film technologieS needed to fabricate Cermets. The 
June 2 costing reflects a Bakelite system using 2 mm thick sheets of Bakelite material for 
the resistive plates. Thinner sheets, for example 15 mil Bakelite, might be suitable and 
provide a reduction in the cost. In addition the cost of structural support will certainly be 
reduced as the RPC system is made lighter. We assume a cost of $300/m2 for this structure 
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although a detailed design for the structure has not yet been made. The June 2, 1992 cost­
ing memo follows (with modifications based on reduced structure cost). 

2 • Equipment, material and labor 

Based on our experience with the Cost Review of May 5, 1992, we have attempted to 
revise our cost estimate to reflect new design changes and also to incorporate more "realis­
tic" cost estimates based on vendor quotes. 

Design changes have occurred that radically alter the RPC concept. This is based on 
new experience with the "Italian" RPC now in testing at MIT. It has been realized that a 
rigid, gas-tight box of aluminum honeycomb is not necessary. In addition, a new cabling 
scheme has cut the amount of cabling substantially. 

In the process of revising the cost estimates a couple of errors were uncovered in the 
costing of Bakelite sheet and rigid foam sheet. The errors were in the calculation of the total 
volume of material needed and they have been corrected in this new Cost Estimate. Foam 
sheet is substantially cheaper in this estimate than in the previous (First Order) estimate, 
due to a change in the foam to Styrofoam, and the cost was determined by contacting a lo­
cal plastics supplier. The cost of Bakelite sheet was confirmed verbally by contact with 
Westinghouse sales representatives to be the same as in the lLNL stock catalog. 

For all estimates we have now included stainless steel tubing and swage-lok fittings, 
I.EMO connectors, and cabling to the edge of the magnet. Additionally, we assume that the 
electronics cost is specified by the Trigger and Data Acquisition Group cost estimate 

We estimate the total projected surface area of the RPC system to be 2743 m2 consist­
ing of two (somewhat redundant) concentric layers of RPCs in each super-layer. 

With our more accurate description of the RPC system, we find that the cost has fallen 
substantially from our previous First Order estimate: $2M for the Bakelite RPC system (no 
electronics cost included) compared to our "zeroth order" estimate of about $6M for a 
2,000 m2 system (which included the cost of electronics). So the cost of the RPC system 
will be about $700 per square meter (the RPC itself is about $20Qfm2). The breakdown of 
the cost is as follows: 

Standard Bakeljte RPC desjgn 

___ 1..,te .. m ___________ _.c..,o .. s .... t_.( ... $wlmw;2l Total Cost f$K) 

1. Aluminum U-channel 4.3 11.8 
2. Bakelite sheet or Cermet coated plastic film 27.0 74.1 
3. Foam (e.g. polyurethane sheet) 1.2 3.2 
4. Aquadag 16.9 46.4 
5. Aluminized Mylar sheet 15.4 42.2 
7. Spacers , glue 0.36 1.0 

Total Materials 65.16 178.7 
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Cnst !$lm2l Iatal Cost (SKl 
Total Materials (x.25 for mach'g 81.45 223.4 
and waste): 

Item Cost (Slm2> Iatal Cgst <SK> 

8. Fabrication cost estimate: $60/hr@ lm2/hr 60.0 164.6 
9. Gas fittings 4.6 12.6 

edge x 2 for gas manifold) 
10. Steel tubing (1/4" diameter, 10.4 km long) 11.52 31.6 
11. RG-174 coaxial cabling (67.5 km) 5.18 14.2 
12. I.EMO connectors (2 x 33,184 channels) 80.0 219.4 
13. Gas (Recirculator ) 2l l4 2:iQ Q 
Total Miscellaneous 252.4 692.4 

Subtotal: Cgst ($h1J2l Tatal Cast CSK} 

Materials, Fab., Gas system, 333.9 915.8 
Electrical system: 

Thus the total cost is $1 M for a 2,743 m2 system. We will take the cost of electronics 
to be $36/channel x 33,184 channels= $1.19M, although this cost does not appear in the 
WBS worksheets. We will conservatively estimate the cost of any RPC specific structural 
support to be $300/m2 which is probably a gross overestimate and so zero contingency is 
assumed for this. Contingency for materials is set to be 5% and contingency for labor is as­
sumed to be 100%, 

Cast <$h1J2 > Total Cast <SI<> 

RPC Materials, Fab., Gas system 
Structural suppons and integration with drift tubes 
Materials contingency ( 5%) 
Labor contingency (100%) 

333.9 
300.0 
15.85 
60.00 

915.8 
823 
43.5 
164.4 

Cost C$Jm2l Total Cost <$Kl 

TOTAL 709.8 1,947 

Thus for a 2743 m2 system, the total cost would be about $2M . The largest uncertainty 
is in the structural support and integration cost estimate. 

The two Cost Estimate Worksheets: WBS # 3.2.1.2.4.1.3 and WBS # 3.2.1.2.4.1.5 
have been revised to reflect these new costs. Percentages are broken down differently than 
was done in the last worksheet to reflect what we think is a more realistic percentage for 
Materials, Machining and Fab/Ass'y. The total Materials cost is now about $98.25/m2. 
Taking 25% of this number for machining and waste (our previous estimate of 100% of 
this number now seems somewhat high) gives $25/m2 and we still use $60/m2 for 
Fab/Ass'y. This gives the percentages: 54%, 13%, and 33%, respectively. Which is used 
for the basis of estimates in WBS # 3.2.1.2.4.1.3 and WBS # 3.2.1.2.4.1.5. 
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MUON SYSTEM 
COST ESTIMATION WORKSHEET 

WBS Element Title: Central Region Sector Assembly; RPCs; Off-Site; Assembly 
WBS Element No: 3.2.1.2.4.1.3 Date: 11 Sep 92 Rev: 3 Estimator: T. Hamilton, C. Wuest 

Scope: This element covers the labor and labor cost for the assembly of the RPC chambers, and 
the purchase and labor cost for assembly equipment 

Engineering/Design 
NIA 

PY: Comp. Rate($K/PY): 

M&S: Engineering/Design and Inspection/Administration ($K): 14 
Misc. office supplies for Administration: $6K 
PC/Mac/workstation charges: $8K 

PoP: 

Inspection/Administration PY: 2.25 Comp. Rate($K/PY): 133 PoP: 7/94-6/96 
Assumes Eng (nat'l avg) oversight of assy equipment purchase activity: 1 eng, full-time for 3 mos = 
.25 PY from Weinstein/Osborne estimate: fcost of production') 
- reduced to 76% (for central region only), actually time-scaled reduced from 36 to 24 mos (67%) 
- Eng (nat'l avg) oversight of assembly activity: 1 eng, full-time for 2 years = 2.00 PY 

Procurement/Fabrication Material 
LSDT/Weinstein/Osbome estimate was $365K +$SOK misc 
- assumed misc assy equip: 
- assumed misc nuts/bolts, pins, etc.: 

($K): 300 

$250K 
$SOK 

Installation/Assembly PY: 6.0 Comp. Rate($K/PY): 112 PoP: 7/94-6/96 
LSDT/Weinstein/Osbome estimate was 1 PY Eng, 1 PY Sr. Tech for machine set-up 
- assumed same for RPC estimate 
from Wuest/Pless estimate: 
- $60/m2 x 2743 m2 = $165K/$107K/PY(sr. tech, nat'l avg) 1.5 PY 
-for assembly: Wuest/Pless estimate of $300/m2 was prorated against materials, 
machining, and assembly based on percentages established on Page 3 of Wuest/Pless "Second Order" 
estimate: $300/m2 x 2743 m2 x 33% = $272K/107K/PY 2.5 PY 

Material: Installation/ Assembly 
Misc. office supplies for Install/Assembly: 
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Contingency 
Technical: 0 
Cost: 30 
Schedule: 8 

Comments 

Total: 38 
Basis: none 
Basis: engineering judgment, labor rate & material concern 
Basis: delays completion of critical path item 

Because all costs were given in $/m2, all labor rates/categories were assumed to be national average. 
This assumption is reflected in the PY labor loading. If lower rates were assumed by Wuest/Pless, 
the labor loading would be higher. 

20 



MUON SYSTEM 
COST ESTIMATION WORKSHEET 

WBS Element Title: Central Region Sector Assembly; Bakelite RPCs; Off-Site; Machining/Inspection 
WBS Element No: 3.2.1.2.4.1.5 Date: 11 Sep 92 Rev: 5 Estimator: T. Hamilton, C. Wuest 

Scope: This element covers the labor and labor costs for the machining and inspection of the Bakelite RPC 
and assembly fixturing. Also, costs for oversight and purchasing of stock and material for machining. 

Engineering/Design 
NIA 

PY: Comp. Rate($K/PY): PoP: 

M&S: Engineering/Design and Inspection/Administration ($K): 45 
Misc. office supplies for Inspection/ Administration: $15K 
PC/Mac/workstation charges: $22K 
Travel: 1 person, 4 trips to machine shop, inspection shop @$2K/trip $8K 

Inspection/Administration PY: 6.19 Comp. Rate($K/PY): 72 PoP: 1/94-3/96 
Assumes Engineering (nat'I avg) oversight of stock/material purchase activity: 1/4-time for 24 mos=.50 PY 
Assumes Engineering (nat'I avg) oversight ofmach'g & inspect activity: 1/2-time for 2.25 yrs= 1.13 PY 
Assumes Sr. Tech (job shop) performing inspection activity: 1 tech, full-time for 2 yrs= 2.00 PY 
Assumes Jr. Tech (job shop) performing inspection activity: 1 tech, full-time for 2 yrs= 2.00 PY 

- no inspection cost estimate provided from Wuest/Pless 
- estimate of$100K (approx. 2 PY) for inspection from Weinstein/Osborne estimate 
approx doubled 

Procurement/Fabrication Material ($K): 900 
from Wuest/Pless "Second Order" estimate: Wuest/Pless cost estimate multiplied by 2743 m2 for central 
region 

Aluminum U-channel: $12K 
Bakelite sheet (2mm): $74K 
Foam sheet (2mm): $3.2K 
Aquadag: $46K 
Alumini7.ed mylar (0.005"): $42K 
spacers, glue, etc: $1.0K 
material for structural support: $444K 
- for structural support material: Wuest/Pless "First Order" estimate of $600/m2 was prorated against 
materials, machining, and assembly based on percentages established on Page 3 of Wuest/Pless 
''First Order" estimate : $300/m2 x 2743 m2 x 54% = $444K 
- general M&S (nuts, screws, gas fittings, elect. connectors): $232K 
- fixtures stock (ss tubing, coax cable): $46K 
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Installation/Assembly PY: 9.0 Comp. Rate($K/PY): 75 PoP: 1/94-12/95 
from Wuest/Pless "Ftrst Order" estimate: 

RPCs Machining 
1.) $25/m2 x 2743 m2 = $69K/$74.5K/PY = 1.0 PY 
2.) for structural support machining: Wuest/Pless estimate of $300tm2 was prorated against materials, 
machining, and assembly based on percentages established on Page 3 of Wuest/Pless "Second Order" 
estimate $300/m2 x 2743 m2 x 54% = $444K/$74.5K/PY = 6.0 PY 
Assumed assembly fixtures: 2 machinists, full-time for 1 year: 2 PY = 9.0 PY total 

Material: Installation/ Assembly ($K): 18 
Misc. office supplies for Installation/Assembly: 

Contingency 
Technical: 0 
Cost: 30 
Schedule: 8 

Comments 

Total: 38 
Basis: none 
Basis: engineering judgment, labor rate & material concern 
Basis: delays completion of critical path item 

3. Development, engineering, procurement/fabrication, 
installation/assembly 

$18K 

Research and development will likely continue to refine the RPC with emphasis on re­
duction of materials (for increased muon resolution and decreased structural cost). In addi­
tion, new materials that show promise for high rate applications in the expected neutron 
background are being studied at the present time. These materials are typically low resistiv­
ity plastics that are commercially available with similar costs to Bakelite, however the man­
ufacturers have greater flexibility to provide these materials in odd sizes and non-standard 
thicknesses with little impact on cost. 

Engineering is being canied out at LLNL to determine the structural requirements of the 
RPCs and will likely continue in coordination with engineering efforts at Draper Labs and 
SSC Laboratory. 

Procurement will be carried out by coordinators at LLNL and SSCL and fabrication of 
RPCs can take place overseas if cost of labor is an issue. Installation/assembly, of course, 
takes place at SSCL and requires similar conditions for installation/assembly of drift tube 
technologies, although the individual chamber weights are not as demanding on personnel 
and facilities. Estimates of manpower for these items are given in the Cost Estimation 
Worksheets in the previous section. 

22 



4 • Cost Uncertainties 

The major cost uncertainty at this time is the structure cost, because the RPC may be in­
coiporated into the drift tube structure and utilize its interface to the super-structure. In ad­
dition, the cost of machining and fabrication is somewhat uncertain. Also, electronics costs 
are not included in this review and estimates vary from about $12/channel to about 
$35/channel depending on the source of the electronics and the fabrication in the US or 
overseas. Cost of materials is more cenain, given the standard nature of the materials in­
volved. Cost estimates for materials have been based on manufacturer's quotes or LLNL 
stock book prices for fittings, connectors, plastics, glues, etc. Details of costs have been 
presented in a number of reviews over the past year and can be found in various Cost 
Review proceedings. 

In summary, it appears that a complete RPC system can be built for a cost of less than 
$3M. This cost can perhaps be funher reduced by a simplification of the structural require­
ments if the RPCs are incorporated in the drift tube support system. 

G. Schedule 

1 . Long lead components/material 

All material and components are off-the-shelf stock items. Once the items have been 
identified, all items and materials can be at the RPC Factory within 120 days of receipt of 
purchase orders. 

2 • Component Fabrication Time 

a. RPC fabrication time 

If we assume a team of four people, we estimate that construction can proceed at a rate 
of about 160 square meters per week. Our average chamber has an area of 10 square me­
ters. Hence, we can estimate that this assembly team can assemble about 16 chambers per 
week or about three chamber per day. The total of 288 chambers will therefore take, under 
this assumption, 18 weeks. We have added a factor of 2 in our contingency for this item. 
In this case, the 36 week estimate for fabrication time would fit into any envisioned 
SSC/GEM schedule. 

b. RPC gas system 

All the components of the gas system are off-the-shelf items, hence there is really no 
component fabrication time. 

3 • Assembly time 

a. RPC chambers 

Once the RPC chambers are fabricated there is no further assembly time. 
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b . RPC gas system 

Gas systems, such as the RPC system, usually take about six months to assemble. We 
now have gained experience in assembling a 4 component gas system at LLNL and feel 
reasonably confident in this estimate. 

4. Installation time 

The installation time of the RPC system is completely dictated by the drift chamber in­
stallation time. Given the weight of the RPC and the alignment tolerance of the RPC, the 
RPC system will not slow down the drift chamber system installation time. 

S. First availability 

From this point in time, we still need a one year final R&D effort to construct the 
largest prototype RPC chamber. This chamber would be constructed by the members of the 
RPC Collaboration. It would then take a second R&D year to set up a proper factory in­
cluding special jigs and handing tools, and to work out the assembly line bugs. At the end 
of that year the first production line chambers would be produced. Given the appropriate 
R&D funding for those two years, the first production RPC chamber would appear in 
January, 1996. 

H. Strength of Supporting Group 

The RPC collaboration consists of a number of physicists, engineers and technicians 
from 6 institutions and are listed at the beginning of this report. We have demonstrated a 
strong multi-disciplinary R&D effort in FY 1992 in fields of RPC theory, design, fabrica­
tion, and characterization, materials science, structural engineering, and costing. We draw 
on our experience from a number of different programs in high energy physics, nuclear 
physics, applied physics, chemistry and materials science, mechanical engineering, and 
electronics engineering. MIT and LLNL both maintain laboratories exclusively dedicated to 
RPC research and development. In addition, a number of special purpose facilities are 
available. For example, MIT has facilities for measurement of RPC behavior in magnetic 
fields. LLNL maintains a number of electron linear accelerators for beam testing of RPCs. 
LLNL also has an extremely strong mechanical engineering support group already in place 
for the GEM Muon system with expertise in designing very large systems, CAD/CAM, 
structural engineering, systems integration, costing, and mass production techniques. Both 
LLNL and MIT have very strong shop support for prototyping large chambers. We have 
fostered contacts with overseas institutions such as ITEP in Moscow and Tsing Hua 
University in Beijing, as well as contacts at the highest levels of the Chinese Academy of 
Sciences which could be useful for mass production of chambers with a substantial cost 
savings in labor. 
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I. Summary 

We summarize this report by reiterating a number of important facts about RPCs: 

A. They are the only Muon System technology currently made by industry. The 
standard sized RPC is one meter by two meters. In principle sizes much larger 
than this can be built 

B. They have the following pulse characteristics: 

1. Pulse height about 0.5 volts without amplification into 50 ohms. 
2. Pulse rise time less than 5 nanoseconds. 
3. Pulse width about 10 nanoseconds. 
4. Measured rise time jitter less than 1.4 nanoseconds 

(no other Muon System technology has this speed). 

C. Lifetime is greater than 16.4 xl07 pulses per square centimeter with no loss of 
efficiency within the 3% measuring error. This is equivalent to 8.2 standard 
SSC years (at luminosity I033 and 2 x 107 seconds per year - the expected 
neutt0n flux is 2 Hz per square centimeter.) 

D. Commercial RPCs have demonstrated essentially 100% efficiency at about at 
about 100 Hz per square centimeter using standard Bakelite resistive plates. 
This can be compared to CSCs, which can only tolerate, for electronic reasons, 
2 Hz per square centimeter. 

E. RPC prototypes built with new lower resistivity materials have demonstrated 
non-saturated counting rates of about 20,000 Hz per square centimeter, with an 
expectation of a factor of 5 - IO further increase by utilizing thinner materials. 

F. Refinement of the RPC design has led to an extremely low mass system with 
minimal muon scattering cross section of about 0. 7% Xo/layer. 

G . A series of cost reviews carried out over the past year indicate that the cost of 
the complete RPC system for GEM is about $2M not including the cost of the 
electt0nics. 

As part of our planned R&D program in the next year, we will measure RPC lifetimes 
out to 109 pulses per square centimeter. This corresponds to approximately 5 standard SSC 
years at a luminosity of 1034. We plan to build an larger prototype RPCs up to 3 meters by 
4 meters. The demonstrated improvement in rate capability of a large RPC from 100 
Hz/cm2 to over 1000 HzJcm2 is a significant result and there are indications that with the 
proper combination of low resistivity materials and plate thicknesses, a factor of 10 or more 
increase in rate corresponding to 1 ()4 - 1 OS Hzlcm2 is achievable in RPCs. 

Based on the R&D we have performed, along with a detailed analysis of the cost of 
constructing a full RPC trigger system for GEM, we feel that the combination of pressur-
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ized drift tubes (PDTs) for precision tracking coupled to RPCs for fast Level I triggering 
has the least risk, the highest muon resolution, the best beam crossing timing accuracy, and 
the lowest cost of all competing technologies. 
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K. Figure Captions 

1. Sketch of Italian (single layer design) Resistive Plate Chamber. 

2. Schematic layout of materials in the proposed two layer RPC for the GEM Muon 
System. See Table 1 (p. 3) in the text for the corresponding radiation length fractions. 

3. Four component gas mixing system designed and built at U..NL. A similar system 
will be utilized for the RPC system in GEM. 

4. Schematic layout of the gas delivery system for the RPC chambers. Note that the gas 
is split at the central membrane and directed to the ends of the sectors for the outer 
and middle super-layers. The inner super-layer directs the gas from end to end 

5. Representation of an RPC/drift chamber sector concept using a 3-3-2 configuration. 

6. Detail of RPC attachment concept 

7. Schematic of inner RPC super-layer showing dimensions and Z overlaps. 

8. Schematic of middle RPC super-layer showing dimensions and Z overlaps. 

9. Schematic of outer RPC super-layer showing dimensions and Z overlaps. 

10. Sketch of the bonding of two Bakelite (or similar material) panels. The upper splice is 
filled in with epoxy and the linseed oil coating covers the bond. Cross plies of alu­
miniz.ed mylar further strengthen the bond. 

11. Sketch showing the trigger timing concept. In a) the key is to match strip propagation 
speeds with coaxial cable propagation speeds (by matching their characteristic 
impedances) so that signals in X and Y anive at a chamber comer at the same time. In 
b) the signals are fed out to the sector 60 degree edge and then routed out of the mag­
net. 

12. Equivalent circuit of the RPC used in SPICE to predict the operating characteristics of 
the RPC. The RPC is modeled as a capacitor and a resistor for each plate coupled via 
a capacitor, corresponding to the gas gap. The calculated RPC characteristics include 
recovery time, which is directly correlated to the saturated counting rate capability of 
theRPC. 

13. SPICE calculation results for different RPCs. In this figure we compare a number of 
different materials: Bakelite, glass, and plastics. 

14. Experimental measurement of counting rate versus high voltage for an RPC fabricated 
with Mitech-411 plastic. Note that the vertical scale is in counts/second/2 cm2. Thus 
this RPC has a peak counting rate of about 1.5 x 104 Hztcm2. 
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15. Comparison of SPICE calculated RPC rate capability with measured rates for a 
number of different RPCs. The RPCs plotted are, in order of increasing rate, the MIT 
glass, the LLNL glass, the Italian Bakelite, theAbstat-310, and the Mitech-411. The 
linear fit to the points is also indicated. The rate capability is defined as the inverse of 
the half-height time of the curves in Figure 13. 

16. Results of lifetime measurements performed on the Italian RPC. The data is consis­
tent with no degradation in performance for an equivalent of 8.2 SSC years of opera­
tion, assuming a 2 Hz/cm2 rate at a luminosity of 1 ()33. 

17. Concept sketch showing the RPC laminates bonded to an aluminum U channel 
perimeter frame. Also shown are gas and signal connectors. Refer to Figure 18 for 
details of the laminated layers. 

18. Detail ofRPC laminates in Figure 17. 

19. Sketch of an assembled half-sector of RPCs. The RPC modules overlap in Z in order 
to provide 100% coverage for muon trigger efficiency. 100% overlap in phi may not 
be possible because of structural supports between the sectors. In this case the phi 
coverage is about 95%. There are two redundant RPC layers per module. These lay­
ers are interconnected internally for both bend-plane and non-bend plane strips. 
Module-to-module daisy-chaining is done in the Z direction (1.3 cm bend plane 
strips) to effectively form single strips spanning the length of each half-sector. Non­
bend plane strips are distributed to individual RG-174 coax cables along the longitu­
dinal sides of the RPCs. These cables are bundled are routed out to the trigger pro­
cessing electronics at the ends of the RPC system. 

20. Displacement contours for a 3 m x 4 m Bakelite RPC supported at its corners. The 
maximum displacement is about 10.9 mm in the center of the panel. Details of the cal­
culation are given in the text on p. 15. 
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Inner RPC box layout - 2 chambers overlap per sector 
x 16 sectors x 2 halves = 64 chambers 

- 28. 1 cm overlap 

28.1 cm _ I 
typ. ~ ~ 

: 
' : • : 
' : T 
1 
~ 
' : 
1 _, 

148.5 cm 

j_ 

5.0cm 
typ. 

C=::==:===========~~ ~ 
L. ... 330cm 1--

I_-- -

J.. ' 
6319 330cm T 

• cm :1 
Figure 7 



Middle RPC box layout - 3 chambers overlap per sector 
x 16 sectors x 2 halves = 96 chambers 
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Outer RPC box layout - 4 chambers overlap per sector 
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I. INTRODUCTION 

THIS PRESENTATION IS DESIGNED TO DISCUSS 
ONLY THE TOPIC OF THE BARREL RPG TRIGGER. 
SOME ASPECTS OF THE TOPIC CONSIDERED MIGHT 
HAVE RELEVANCE TO THE FORWARD DIRECTION. 

WE HAVE AS OUR STARTING DATA THE CURVES 
CALCULATED BY B. ZHOU AND R. McNEIL. THESE . 
SEEM TO BE IN AGREEMENT WITH THE TABLE 
CALCULATED BYD. GREEN AND D. HEDIN. 

WE WILL SHOW THAT TAKING ADVANTAGE OF 
THE ISOCHRONISITY OF THE BARREL GEOMETRY, OUR 
TRIGGER WIDTH NEED ONLY BE NINE NANO-SECONDS 
WIDE, PLUS THE RISE TIME JITTER OF THE RPG. WE 
SHOW THAT AT THE LEVEL 2 TRIGGER, THE BEAM 
CROSSING TIME IS KNOWN TO THE RISE TIME JITTER 
OF THE RPG. THE BEAM CROSSING TIME AT THE 
LEVEL 1 TRIGGER SHOULD BE KNOWN TO BETTER 
THAN 12 NANO-SECONDS. THIS MEANS THAT AT 
THE LEVEL 1 TRIGGER THE BEAM CROSSING IS 
UNAMBIGUOUSLY KNOWN. THE TRUTH OF THIS 
STATEMENT DEPENDS ON THE RPG RISE TIME JITTER 
BEING LESS THAN 4 NANO-SECONDS. THIS IS ONE 
OF MANY RPG PROPERTIES THAT WILL BE 
MEASURED BY THE RPG RAND D PROGRAM. 

WE WILL PROPOSE A FOUR LEVEL TRIGGER. WE 
WILL ALSO DEMONSTRATE THAT THIS TRIGGER CAN 
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BE IMPLEMENTED IN A HARD WIRE FORM AND 
PROBABLY BE IMPLEMENTED USING ASSOCIATIVE 
MEMORIES. 

IN OUR SUMMARY WE COLLECT ALL THE 
FEATURES OF THE TRIGGER SCHEME. 

3 
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Table 2: Muon Rates venns Absorber Thickness 

0 < 1111 < 3 0 < 1111 < 1 ·· l < 1'71 < 2 2 < ,,,, < 3 

All 28,000 400 4100 23,000 
punch 4,900 70 420 4,400 <\ ~ 
prompt 400 16 130 250 
All 18,000 250 2700 15,000 - -punch 430 5 JO 400 ) 2. )._ 
prompt 400 16 130 250 
All 11,000 130 1500 9600 -punch 40 0.4 3 40 IS~ 
prompt 380 13 120 250 

CIJ 
All 6800 80 100 6000 
punch 5 0.4 5 11"A 
prompt. 2i0 13 iO 190 
All 4400 50 460 3900 
punch 0.1 0.7 
prompt 270 10 70 190 
All 2700 30 '270 2400 
punch 
prompt 270 10 70 190 
All 900 12 iO 800 
punch 
prompt 150 7 10 135 
All 400 2 24 340 
punch 
prompt 140 0.6 7 130 

~b summed over Pt RcrlG ( P.H~) 
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II. RATES 

THE CALCULATIONS I HAVE JUST SHOWN 
ASSUMES A LUMINOSITY OF 1033. FOR THIS SAME 
LUMINOSITY, I INTERPELLA TE AND EXTRAPOLATE 
THE DATA FOR THE BARREL, AND ARRIVE ATTHE 
FOLLOWING RA TES FOR THE BARREL. W~~ERE THE 
DATA DID NOT AGREE, I ASSUMED THE HIGHER 
NUMBERS. 

TOTAL RATE, NO Pt CUT 

Pt> 10 GeV/c 

Pt> 20 GeV/c 

. Pt> 30 GeV/c 

1.3X106 HERTZ 

2,000 HERTZ 

200 HERTZ 

75 HERTZ 

THE TRIGGER LOI OVERVIEW CALCULATED THE 
FOLLOWING RATES: 

Pt> 10 GeV/c 

P1>20 GeV/c 

Pt> 30 GeV/c 

1300 HERTZ 

390 HERTZ 

70 HERTZ 

I CONSIDER THIS SURPRISING AGREEMENT. 

THEREFORE WE WILL TAKE AS THE RATES THE 
HIGHER NUMBERS: 



Pt> 0 

Pt> 10 

pt> 20 

Pt> 30 

5 

1.3 x 106 HERTZ 

2,000 HERTZ 

400 HERTZ 

75 HERTZ 



6 

Ill. TIMING AND TRIGGER WIDTHS 

. 

... 
~ 

' 
~ ~ 

' 

IF WE COLLECT ALL SIGNALS FROM THE STRIPS 
IN ONE CORNER AND MATCH CABLE SPEEDS TO 
STRIP SPEEDS WE ARE MATCHED IN TIME ATTHE 
CORNER. AT THE LEVEL 1 TRIGGER WE KNOW THE 
BEAM CROSSING TO BETTER THAN 12 
NANO-SECONDS, 8 NANO-SECONDS DUE TO THE 
1.59 M LENGTH OF THE STRIP AND 4 
NANO-SECONDS DUE TO THE RISE TIME JITTER OF 
THE RPC PULSE. THIS LATTER NUMBER HAS TO BE 
VERIFIED BY THE RPC RAND D. 

HOWEVER, AT THE TIME OF THE FIRST LEVEL 
TRIGGER, THE IDENTITY OF THE X AND Y STRIPS 
ARE KNOWN. AT THIS POINT, ONE CAN CALCULATE 
THE BEAM CROSSING TIME TO AN ACCURACY OF THE 
RISE TIME JITTER OF THE RPC. 
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--------

....... ----·~ 

FOR TRACK 1, THE SIGNAL FROM THE OUTER 
LA YER ARRIVES 9 NANO-SECONDS AFTER THE 
SIGNAL FROM THE INNER LA YER AND 4.5 
NANO-SECONDS AFTER THE SIGNAL FROM THE 
CENTER LA YER. 

FOR TRACK 2, THE SIGNAL FROM THE OUTER 
LA YER ARRIVES 13 NANO-SECONDS BEFORE THE 
SIGNAL FROM THE INNER LA YER AND 6.5 
NANO-SECONDS BEFORE THE SIGNAL FROM THE 
CENTER LAYER. -

HENCE THE TRIGGER WIDTHS ON THE OUTER 
LAYER MUST BE 13 NANO-SECONDS LONG, WHILE 
THE TRIGGER WIDTHS ON THE INNER LA YER MUST BE 
9 NANO-SECONDS LONG AND THE TRIGGER WIDTHS 
OF THE CENTER LA YER MUST BE 6.5 NANO-SECONDS 
LONG. 
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IV. TRIGGER STRATEGY 

IN THE LOI OVERVIEW, THE GOAL OF THE 
OUTPUT RATE OF THE LEVEL ONE TRIGGER WAS 
10,000 HERTZ AT L = 1033. A Pt CUT AT 10 

GeV/c YIELDS A RATE OF 2,000 HERTZ. THIS IS 
ONLY 20°/o OF THE TOTAL TRIGGER RATE. 

HOWEVER AT L = 1034 A 10 GeV/c CUT YIELD 
A RATE OF 20,000 HERTZ, WHICH IS TOO HIGH. 

A Pt CUT AT 20 GeV/c YIELDS A RATE OF 400 

HERTZ AT 1033 AND A RATE OF 4,000 HERTZ AT A 
RATE OF 1034, WHICH MAY NOT BE ACCEPTABLE. 

HENCE A TRIGGER WITH Pt CUTS AT 10, 20, 30 

AND 50 GeV/c SHOULD BE THE DESIRED GOAL. 

THERE IS THE QUESTION OF PATTERN 
RECOGNITION IN THE PRESENCE OF ISOLA TED SINGLE 
HITS AND TWO TRACKS IN THE SAME ACTIVE TIME. 

IF WE ASSUME THE VALUE OF 1.3 X 106 HERTZ 
RATE WITH NO Pt CUT, WE FIND THE RATE PER 

SECTOR TO BE 40,600 HERTZ. IF WE ASSUME A 
LIVE TIME OF 200 NANO-SECONDS WE FIND THE 
PROBABILITY OF GETTING TWO TRACKS IN THE 
SAME LIVE TIME TO BE ABOUT 8 X 1 o-3. THIS 
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WOULD IMPLY ABOUT 1°/o OF THE EVENTS WOULD 
NEED SOME SPECIAL PATTERN RECOGNITION 
ANALYSIS. HENCE IT IS DESIRABLE TO KEEP THE 
LIVE TIME BELOW 200 NANO-SECONDS. 

AS WE WILL SHOW, THIS IS EASILY DONE USING 
THE HARD WIRE APPROACH, AND PROBABLY CAN BE 
DONE USING THE ASSOCIATIVE MEMORY. 



PRESENTATION TO THE GEM MUON TRIGGER SUBGROUP 
MEETING OF 6 JANUARY 1992 AT BNL 

'ilso .-----~ 

INNEI\ 

.. I JVT E~A Cf/DIV 

pc1t1r . 

Outer plane 
Center plane 
Inner plane 

CALORIMETER 

Inner radius 
Outer radius 
Interaction thickness 

IRWIN A. PLESS 

BASE LINE GEOMEl RY 

CALD/(JMETE R 

RADIUS 

830 
600 
370 

LENGlH 

1450 
1048 
664 

= 75 
= 370 
= 12).. 

WIDTH 

330.2 
239.7 
147.2 

Total number or radiation lengths = 121.56 x 18.5 .. 396 

0o = 21/E ..Jxlxo = 21/E '1396 

0RMS = 11..J2 0o 

plane 

aRMS = 11..J3 L eRMS 

plane plane 

Io 



Outside plane 
Center plane 
Inner plane 

Total number strips 

BEND PLANE CALCULATIONS 

All strip widths = 1.3 cm 

- . . . . 
• • 

I ' 

.. 254 strips 
= 185 strips 
= 113 strips 

= 552 (= number of discriminators) 

2 

I f 



570 

A 20 GeV/c track has a sigma of 2 strips around the Ideal 
Intersection point at A s 370 due to multiple scattering. In order to have a 
95% acceptance we have to be able to handle ± 4 strips around the Ideal (no 
multiple scattering) intersection point. 

'"0 
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To handle the multiple scattering problem we must have many 
circuits. 

10 GeV positive charge. For example: 

8 x 254 = 2032 

10 GeV 
20GeV 
(30 + 40) GeV 
50GeV 

.. 2032 
= 2032 
= 2032 
.. 1524 

Total number of circuits for positive charge 

For both charges = 2 x 7620 

The logic gives four momentum trigger ranges. 

> 10 GeV/c 
> 20 GeV/c 
> 30 GeV/c 
> 50 GeV/c 

=7620 

= 15,240 

5 
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Circuit "Design" using signetics 100 K series ECL chip 100101. This 
is a 5 input and/or chip. 

Need a fast infinite Ian in circuit (infinity = 2032) 

I oJL.. 
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10 GeV Circuit= 8 x 2 x 254 ... 4,064 circuits (2,032 positive; 2,032 
negative). 
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20 GeV circuit - need 4,064 circuits. 
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50 GeV/c circuit - need 6 x 2 x 254 = 3,048 circuits (1524 positive; 
1524 negative) 
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POSITIVE MUON 

Trigger> 1 O GeV 
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NON BEND TRIGGEFl 

9.o 

C,oo 

3 70 

7{ 

For each outer strip there are three, three fold coincidence circuits. 
Any triple coincidence generates a non-bend trigger. 

I~ 



NON BEND TRIGGER 

Tower geometry. 

Each plane is divided into 161 strips. 

Outer 
Center 
Inner 

= 9.0 cm 
= "6.5" cm 
= 4.1 cm 

Center is really 5 strips OR'd together, each strip is 1.3 cm wide to 
furnish the z coordinate of the track. 

For each outer strip there are three coincidence circuits to account 
for multiple scattering. 

This implies there are 3 x 161 = 483 circuits per sector. Each circuit · 
is as follows: 

. 
Du I~ R. L 

I 
0 

10 

0 /./Of\/ B 
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f, !YD 
. () -•• ,, 
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AND 
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NON BEND CIRCUIT 

JI/ of'/ 8 E.V o . SIG-/VAL i-
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This has 100°/o acceptance for Pl> 30 GeV/c. 

This has about 70o/o acceptance for P1 = 1 O GeV/c 

Acceptance falls rapidly for P1<10 GeV/c 

We have 161 strips 
161 strips 
805 strips 

.._ 

1 .1 

Non bend trigger 

4.1 cm (inner) 
9.0 cm (outer) 
1.2 cm (center) 

Hence a total of 1127 strips==> 1127 discriminators per sector. Trigger 
box must accommodate 1127 connectors or about 2254 cm linear length. 

;?.o 



SUMMARY 

Strip count 

Non Bend 1, 127 
Bend 552 

Circuits 

Non Bend 483 
Bend 15,240 

Chips 

Non Bend 644 
Bend 45,720 

Each discriminator must connect to a maximum of 70 circuits. This 
puts either a constraint on the output impedance of the discriminator or a 
series input resistor to the 100101 ECL chip. As an alternative, to save 
power and money, all this can be redone in C-MOS with large scale 
integration techniques. 

Question: 

How do we write the simulation program? 

12 
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V. HARDWARE IMPLE~JIENTATION 

THE FIRST QUESTION WITH RESPECT TO 
HARDWARE, IS HOW DO YOU GET THE SIGNALS OUT 
TO THE COMMON ELECTRONICS POINT. IN OUR CASE 
WE PROPOSE TO BRING THE SIGNALS OUT ALONG 
THE EDGE OF THE RPC LAYERS AT THE LAYER 
LEVEL AND ALONG THE 60° LINE TO THE OUTER 
LA YER FOR THE INTER LA YER CONNECTIONS. 

FOR EACH LAYER WE HAVE 161 CABLES 
RUNNING ALONG THE EDGE OF THE LA YER, USING 
RG 58 CABLE. THIS IS A CABLE BUNDLE 5.8 
INCHES ON A SIDE. 

, FOR THE RUN FROM THE INNER LA YER TO THE 
CENTRAL LAYER WE USE 274 CABLES. THIS IS A 
CABLE BUNDLE OF 7.5 INCHES ON A SIDE. 

FOR THE RUN FROM THE CENTER LA YER TO THE 
OUTER LA YER WE HAVE 1,264 CABLES. THIS IS A 
CABLE BUNDLE OF 16 INCHES ON A SIDE. 

ALTERNATELY, WE CAN RUN ALL CABLES IN A 
FLAT PACKAGE TWO INCHES WIDE. THAT WOULD 
GIVE WIDTHS OF 17, 28.2, 128 INCHES WIDE, FOR 
ALONG THE LA YER, FROM THE INNER LAYER TO THE 
CENTER LA YER AND FROM THE CENTER LA YER TO 
THE OUTER LA YER RESPECTIVELY. 
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VI. ASSOCIATIVE MEMORY IMPLEMENTATION 

AN ASSOCIATIVE MEMORY OPERATES BY 
HAVING STORED HIT PATTERNS AND THEN FOR 
EACH INPUT PATTERN, COMPARING EACH OF THE 
STORED PATTERNS WITH THE HIT PATTERN 

THE NUMBER OF PATTERNS WE HAVE IS: 

10GeV 12,880 
20GeV 10,304 
30GeV 7,728 
50geV 3.864 

TOTAL 34,776 

SINCE EACH ASSOCIATIVE MEMORY CAN 
HANDLE 128 PATTERNS, WE NEED ONLY 272 SUCH 
MEMORIES. HOWEVER EACH MEMORY CONTAINS 
OVER 120,000 CIRCUITS. HENCE WE ARE TALKING 
ABOUT 9 X 106 CIRCUITS PER SECTOR. 

HOWEVER, THESE SEEMS TO BE A FAIR AMOUNT 
OF EXTERNAL LOGIC THAT REQUIRES ADDITIONAL 
CIRCUITS, AND TIME, IN ORDER TO UTILIZE THIS 
APPROACH. IN PRINCIPLE, HOWEVER, IT SEEMS 
THAT ONE CAN USE THE ASSOCIATIVE MEMORY 
SCHEME FOR THE RPC TRIGGER. 
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MORE WORK MUST GO INTO THE ASSOCIATIVE 
MEMORY SCHEME TO SEE IF IT CAN BE MADE TO 
WORK. 



13 

VII. SUMMARY 

WE FIND THE FOLLOWING TRIGGER RATES FOR 
THE BARREL: 

Pt> 0 GeV/c 

Pt> 10 GeV/c 

Pt> 20 GeV/c 

Pt> 30 GeV/c 

1.3 x 106 HERTZ 

2,000 HERTZ 

400 HERTZ 

75 HERTZ 

WE CONCLUDE THAT IN ORDER TO OPERATE AT 
A LUMINOSITY OF 1034 WE SHOULD HAVE FOUR 
TRIGGER LEVELS: 

Pt> 10 GeV/c 

Pt> 20 GeV/c 

Pt> 30 GeV/c 

Pt> 50 GeV/c 

USING OUR PROPOSED WIRING GEOMETRY, WE 
HAVE THE POSSIBILITY ATTHE FIRST LEVEL 
TRIGGER OF CALCULATING THE EVENT TIME TO THE 
LEVEL OF THE RISE TIME JITIER OF THE RPG. IF THE 
RPG RISE TIME JITIER IS LESS THAN 4 
NANO-SECONDS, THEN THE BEAM CROSSING IS 
UNIQUELY IDENTIFIED AT THE FIRST LEVEL TRIGGER. 
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WE FIND WE CAN DO COINCIDENCES OF THE 
VARIOUS STRIPS WITH GATE WIDTHS OF 13, 9, AND 
6.5 NANO-SECONDS. THIS WILL REDUCE SINGLE 
RANDOM NOISE HITS BY A FACTOR 7. 

WE HAVE SHOWN A TRIGGER STRATEGY THAT 
CAN BE IMPLEMENTED IN FIXED HARDWARE OR BY 
USING ASSOCIATIVE MEMORIES. IT WILL TAKE 
MORE STUDY TO DETERMINE WHICH IS THE OPTIMAL 
WAY TO GO FOR THE GEM DETECTOR. 

1. 
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Daniel Marlow 
Jime D, 1002 

A Sbnpl• Circuit for Tlme•De1kewlng ln the GEM R.PC11 

ltitroductioa 
The baseline option for the barrel muon trigger •ystem in GEM ia the Resl1Uve Plate 

Chamber (RPC). The good timing resolution (111 !::! 1 - 2 n1) of the.a devicoa makel 
realtime bunch·cros1 tagging poaslble. This feature helps to elmpllfy ma.ey other upect1 
of the trigger aad DAQ l)'Btem deelp. Practical complica.tlons arlae, however, bec:am• of 
the la.rge size of the GEM muon l)'ltem, which producm conalclera.ble 'YUiatiom In arrival 
tlmee 1111d pulae tranaU timee a1cmc the readout stripa. 

As 1111 example, conelder tlu: Blmple eketch of Figure 1, which approximate17 corre­
eponda to an outer-layer RPC in the GEM barrel. Muona leaving the veriex at riPt angles 
to the beam (trajectory A) tra.vel about nine meter• and reach the RPO after~ 2T 
ns (to keep the nwnbet• almple, we u•ume muon flight times 3 m/m). Although the RPC 
avalanche developii qulc:kly, the resuUing current pulse must propagate to the readout elec­
trooice kicated e.t the end olthe strip, u ahown. The total delay le then 2T+T5 = 102 m. In 
conatraat!i muons leaving the vertex at the man forward a.nglea (trajectory D) must travel 
,,/92 + 15 "" 17.5 meten, resulting In a pulse-arrival tlme of 53 119, The 150 119 cllif'erence 
in arrival Um.es comt11pond1 to three bunch cronlng lntcrva.IB, which i• v.naoeeptable. 

Po11lbl6 Solutlona 
Pc:rhape the m01t etraigh\forwa.rcl way. to address this problem would be to segment 

each 1trlp in • into iengtbl 1hort enough to reduce the tlme varlatlom to leea than 16 111. 

In practice tbia. would require aeaza.enting the 15-meter-lonc strip lhown into four piccee. 
Unfortunate1T1 Um aimple expedient raiaell the ahannel count and the attendant electronica 
COBta by a comt11ponding factor. Other 1chem111 where the• ltrip1 are und to d,namlcall7 
generate time correc:tiol19, he.vt also been propoaed, but then are complex and involve. 260 
MHe logic. 

. . 
Meantlmen for Long Sclntlllaton 

A eimillll' problem arlaes ln the readout of long 1c:lntillator11 where tra.mit time varla­
tlone produce 1jpficant timing jitter If only 01!.e PMT la used. However, the average time 
of lll'riva.l of pulses from a pair of phototubu arranged 10 u to view each tmd of a long 
acintillator (see top pa.rt of ft&ure 2) le independent of the particle'• impact poaition. In 
practl~, the average a.rrlftl time aan be genemted iD real time 11•1n1 elther analog or dig­
ital circndta, ealled "meantime•" or "cbronotrona". A elualc dlglta.1 approach emplO)'lng 
tapped delq llna ia mown 1n the lower portion of figure 2. If the total length ot each cle1&f 
line is choaen to be the same as the time required £or li1ht to prop91at. the length of the 
counter ( ~. the output marked "MT" will fb:.e a.ftar a Bxed delay time /).'1', lndepadent 
of the position of Incidence. The lpa.clng between tapB is eonstant and the number of tap1 
(and the number of AND gates} ean be ad,iumd to give the desired reeolutlon. A tap 
11paclng of 6t limit• \he 1ingle-meuv.rement error to -J:8t/2. . 
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Application of Meantimera to RPC's 
A vvlant of tho chronotron technique can be applied to the RPC problem. ·The 

spacing betmu tape may be adjusted '° u to simultaneously correct for the difference in 
muon fllght tlmea. Thi• la illuatrated i11 figure 3 ad the aecompan,ylng table. bom the 
table it 11 evident that latcat anival time occ\ll'B in Case D 1 where the arrival time at the 
left (L) end is 128 na. The epaciu.g of the taps for BDf other cue la then determined 10 Ill 
other pulaee see that 1ame total delay-1.e. 

muon &ght tlme + RPC propt.gatlon time + delaf - line time ""' 128111 

The choice of four comcidmce tape 11 made for purposes of illustration only. In practice, 
finer tap apaclnp would be emplo)'td. 10 u to minimize this souree of Jitter. EWA with 
the relatively coane tap spacing shown the epread In leading-edge timee at the chronot:ron 
output is leu tbe 16 111 spacing between bi.meh•. 

Implementation 
The large number ("" 33K pairs) or channels contemplated for the RPC syatem, 

renders cable delays, or even lumped delllf elemeilti, impractical. However, techniquee 
employed in the duign of FLASH-TDC11, where CMOS gates are used as delay elements, 
may be uaed instea.cl. Theae clevicea 1hould be 1uftlcicm.tly c:ompact to include on· the 
cliacriminator board. 

It 1hould be poeaible to teat this approach uaing inexpensive :Beld-programm•b\e pto 
array deviC011. 
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ABSTRACT: 

The performance of two Resistive Plate Counters, one made of 
Bakelite and the other out of two Wall Mirrors, Is compared with a view to 
determine the operating characteristics as a function of the resistivity of 
the chamber wall material and the style of construction. We find that 
reslstivlties as high as 5 x 1012 n-cm (the Wall Mirror RPO) prevents the 
chamber from achieving adequate voltage In the gas gap, thereby limiting 
both chamber efficiency and time resolution. The time resolution of the 
Bakelite RPO (resistivity ~ 1O11 n-cm) was measured to be 1.2 ns, and 
efficiency over 95%. Despite the differences In the construction style, the 
pulse characteristics of the two RPCs are remarkably similar. Results 
regarding the sensitivity of the Bakelite RPC to low energy (1 - 1 O MeV) 
photons and neutrons are also provided. 

09116 16:37 7312025 103 
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I. INTRODUCTION 

Resistive Plate Counters (RPCs), are wireless, gaseous detectors that 
operate at a voltage sufficiently high to cause the fast formation of a 
streamer, when the gas Is Ionized by a charged particle traversing the 
chamber. The central Idea behind the prlnclple of operation Is to confine 
the discharge (spark) caused by the developing streamer to a localized 
region by using plates of high resistivity. In the last twenty years there 
has been considerable activity In the development of two different types 
of RPCs. 

The first type of Resistive Plate Counters (Ref. 1) were small 
Chambers (1 o cm x 1 o cm) that operated at a high electric field 
(E - 40 KV/mm) and about 6 to 12 times atmospheric pressure. These 
counters are characterized by signal rise times well below 1 ns and time 
Jitter of the order of 50 ps. However, the highly demanding construction 
criteria of these counters Inhibited the production of large chambers of 
this type. The second type of RPC (Ref. 2, 3, 4), operate at lower electric 
fields (E - 4 KV/mm), and at atmospheric pressure. They provide signals 
with rise times of 2 - 3 ns and time jitter of the order of 1 ns. It was 
also demonstrated that large RPCs of the order of 1 m x 2 m could be 
constructed, and this development was quickly followed by Its use In fixed 
target accelerator and cosmic ray experiments (Ref. 5). The general 
behavior of both types Of counters Is predictable In terms of standard 
parameters like the drift velocity and the Townsend's first coefficient for 
the gas mixture for any particular choice of the electric field and gas 
pressure. The fast rise time and low jitter of these counters make them 
very appealing for use In fast trigger and time of flight applications. This 
study grew out of our Interest In the use of RPCs for the muon trigger 
system In Mure colllder detectors for SSC and LHC. In this note, we 
compare the performance of two large RPCs, one made of Bakelite (at the 
University of Rome) and the other made out of two Wall Mirrors (at Mil). 
This comparative study focuses on the dependence (If any) of RPC 
performance parameters like efficiency, pulse rise time, time Jitter and 
rate capability on the choice of chamber wall material as well as the style 
of construction. It Is our opinion that comparative studies, such as this, 
Is necessary to highlight those aspects of the construction of large RPCs 
that might require special care In Its Implementation. 

In Section II we outline the details of construction of the two RPCs. 
In Section Ill we compare the performance of the Glass RPC against that of 
the more fully developed Bakelite RPC. Section IV contains a discussion of 
the sensitivity of RPCs to low energy (1 - 1 o MeV) photons and neutrons. 
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II. DETAILS OF RPO CONSTRUCTION 

The details of the construction of the Bakelite and Glass RPCs are 
compared In Table I and a cross sectional view of both RPCs is given in Fig. 
I a, b. An important parameter that controls RPC performance Is the 
resistivity of the materlal that make up the chamber walls. The Bakellte 
RPC has a resistivity of 1O11 o-cm, whlle the Glass RPC resistivity was 
measured to be about 5x1012 O-cm. To achieve low noise and high 
efficiency, the Bakelite surfaces facing the gas were polished and painted 
with a linseed oil based semi-conducting paint (Ref. 1 ). The Glass RPO 
was bullt out of two mirrors (1.35 m x .4 m) purchased from a local 
hardware store and so no care has been taken to control the glass 
composition or surface Irregularities. The gas gap for both RPOs Is 2 mm 
and the wall thickness differ by 1 mm. 

The high vol1age and ground for the Bakellte RPC Is provided by 
graphite paint on the outside surface of the Bakelite, to which the 
electrical connections are made. The high voltage and ground for the 
Mirror Glass RPO is provided by the metallic refiectlve coating of the 
mirrors, to which electrical connection was made using copper tape. It 
should be noted here, that these mirrors were not produced with the 
intention of using them for RPC construction and hence the electrical 
properties of the metallic coating was not finely controlled as In the 
Bakelite case. The signal readout for the Bakellte RPC Is achieved by using 
aluminum strips, Isolated from high voltage and ground by a thin Insulating 
film. For the Glass RPO, the readout is achieved by segmenting the 
metallic coating on the ground side Into strips that run along the length of 
the mirror. This was achieved by removing .. 1 mm of the reflective 
coating between adjacent strips, thus eleotrlcally Isolating them from one 
another. 

Ill. PERFORMANCE CHARACTERISTICS 

In this section we discuss the results of various measurements 
performed on the Bakellte and Glass RPCs. We emphasize here that both 
RPOs were studied using the same experimental setup, I. e. the same gas 
system, the same high voltage supply, the same electronic components and 
In the case of efficiency and time Jitter measurements, the same 
sclntlllator telescopes. A summary of the various measured parameters 
for the Bakelite and Glass RPCs Is collected together In Table II. We 
discuss these results below. 
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I} pylse Charagterlstlgs 

The characteristics of the pulse from RPCs are quite well known. We 
find the pulse shape and rise time for the two RPCs agree remarkably well. 
To Illustrate this. we show In Fig. II a, b the pulses from the Bakelite and 
Glass RPCs as observed on a Lecroy 9250 digitizing oscilloscope. In the 
case of the Glass RPC It was possible to Ionize the gas mixture using a 
pulsed nitrogen laser. Fig. II c shows a laser Induced pulse from the glass 
RPC. Since the pulsing frequency of the nitrogen laser can be varied, the 
laser Is a very effective way to examine the local recovery time of the 
RPC. The laser beam can Inject pulses Into the same local region and the 
recovery time directly measured. We observed that the recovery time for 
the Glass RPC was about one second. 

II) Efflglency 

Efficiency measurements using cosmic rays and a sclntlllatlon 
counter telescope for trigger, yields about 95% efficiency for the Bakelite 
RPC and 70% efficiency for the Glass (mirror) RPC. The results of 
efficiency measurements for various discriminator threshold values from 
16 mllllvolts to 1000 mllllvolts are shown In Fig. Ill a for the Bakelite 

5 

RPC and In Fig. Ill b for the Glass RPC. A threshold Of 100 mUllvolts was 
chosen as a good operational value for the Bakelite RPC. No measurements 
were made for the Bakelite RPC for high voltage greater than 9.5 KV, 
becaUse of the onset of noise. 

Current measurements were made for the two RPCs as a function of 
the supply high voltage. Results of these measurements are given In Fig. 
IV a. b. While the Glass RPC draws upto 5 mlcroamps tor the voltage 
region under study, the Bakelite RPC draws 50 mlcroamps. To Investigate 
the lack of full efficiency for the Glass RPC we calculated the effective 
voltage across the gas gap, using the measured current value and the 
resistance of the chamber wall material as Input. V (eff) Is here defined 
as V (eft) • {V (s) • 2 (DV)], where V (s) Is the supply voltage to the RPO, 
and ov Is the voltage drop across one chamber wall. Fig. v a, b shows 
V (eft) as a function of the supplied voltage, v \•>· For the Bakelite RPC 
we find a linear Increase for a resistivity of 1O1 o-cm, with a negligible 
difference between the effective and supply voltage. For a resistivity of 
1O12 o-cm, the calculated errectlve voltage deviates from the supplled 
voltage by Increasing amounts as supply voltage Is Increased. At a supply 
voltage of 9.5 KV the difference between the supplied and effective 
voltage Is about 1 KV. The two values of the resistivity used here are the 
limiting values for the Bakelite RPC. 
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The effective voltage for the Glass RPC shows a quite different 
behavior. After a steady Increase from V (s)- 6 KV to V (s) • 7 KV, the 
value of v (eff) dips a smaller amount and then proceeds to have a very 
slow growth. At V (s) - 10 KV, v (eff) • 6.9 KV. The measured efficiency 
curve for the Glass RPC (Fig. II b) shows a behavior quite compatible with 
the behavior of V (eff). This suggest that the flattening off, of the 
efficiency at 70% Is due to a lack of adequate growth of voltage across the 
gas gap. This result suggests that It Is Impractical to use materials of 
reslstMty greater than 1012 n.cm for RPCs, because of the !Imitation It 
Imposes on chamber efficiency. 

Ill) Cgynting Bate 

The counting rate of a single strip (3 cm wide) as a function of the 
threshold setting of the discriminator Is shown In Fig. VI a, b. Data were 
taken at three different high voltage values, 7, 8 and 9 KV. The strip 
length Is 2 m for the Bakelite RPC and 1.35 m for the Glass RPC. 

6 

The data from both RPCs show an Increase In the counting rate as the 
voltage Is Increased. Since the efficiency of the RPCs (see Fig. Ill a, b) Is 
essentially flat In the high voltage region from 7 to 9 KV, It is clear that 
this Increase In the counting rate Is Indicative of a growth of noise of the 
system as the high voltage Is Increased. Furthermore, the counting rate 
shows a steady decrease for threshold values greater than 1 OD mv and 
steep drop from 16 mv to 1 OD mv. This suggests that the Intrinsic noise 
Is constituted of pulses with varying pulse height, the larger fraction of 
which have pulse heights less than 100 mv and a smaller fraction with 
pulse heights greater than 100 mv. It Is Important to emphasize that 
although a large percentage of the noise can be filtered out from the 
readout electronic modules by appropriate choice of the discriminator 
threshold setting, they could lower the efficiency of RPCs with high 
volume resistivity. This can be seen from the Glass RPO results, where 
the efficiency shows about 10% to 15% decrease In the region of 8 to 9 KV. 

The counting rate per unit area (cm2) for both RPCs Is given In 
Table II, for two different thresno1<1 values ot tne discriminator. For both 
RPCs the counting rate at 16 mv Is twice as large as the value at 100 mv. 
To compare the response of the two RPCs to a strong radioactive source 
we measured the counting rate for a localized region using a 1 Mllllcurle 
Strontium -90 medical source. 

The source was placed at the center of a strip, and the Irradiated area 
was defined as the area of the front face of the source through which the 
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radiation exited. A copper colllmator was slipped onto the cylindrical 
barrel containing the source, so as to prevent radiation fonn exiting 
through the sides. The Irradiated area was 1.33 cm2. Using this 
arrangement, we found the Bakelite RPC to have a counting rate of 
543 Hz I sqcm and the Glass (mirror) RPC, 48 Hz I sqcm. From the 
resistivity of the materials (2 x 1o11 n-cm for bakelite and 5 x 1o12 for 
glass) ana tne a1scnarge area ot the spark 0.1 cm2 for bakellte (Ref. 2) 
and 0.4 sqcm for glass (Ref. 6) we calculate the •saturating counting 
rates• to be 561 Hz I sqcm for Bakelite RPC an.d 41 Hz /sqcm for Glass 
RPC. (At the •saturating counting rate" the localized ~Ion Is dead for 
particle detection). For a beam Intensity of 1 OOHz I cm the above resutt 
tor the Bakelite RPC would Imply a 20"/o loss of efficiency, For a 
resistivity of 1x1011 n-cm, the loss In efficiency would be 10%. 

Iv) Tl!Dft Resolyt!on [Jltttrl 

7 

Several measurements of the time resolution were made for both 
RPCs at different locations of the chamber. The measurements were made 
with a sctntl!lator telescope arrangement and a LeCroy 2228A TDC. The 
best measured resolutions are shown In Fig. VII a. b. The Bakelite RPO has 
a resolution of 1.25 ns at 8 KV. while the glass RPC resolution Is at about 
7ns. 

Ag. VIII a, b shows the behavior of the time resolution measurements 
as a function of the chamber high voltage. For the Bakelite RPC 
(Fig. VIII a), the time resolution exhibits a characteristic fall off, 
reaching a minimum at 8 KV and then rising to a slightly higher value at 9 
KV. The Glass RPC time resolution on the other hand shows a flat 
behavior, and this Is to be expected, because, as demonstrated earlier the 
effective voltage variation in the gas gap for this RPO Is also almost flat. 

IV. RPC SENSITIVITV TO LOW ENERGY PHOTONS AND NEUTRONS 

The sensitivity of RPC to low energy photons and neutrons Is an 
Important consideration when these chambers are operated In high 
radiation environment like the SSC or LHC. A high sensitivity to this type 
of radiation would not only degrade the RPC efficiency for muons, but 
could also give rise to accldental triggers. An Investigation of the 
performance of RPO In a high radiation was carried out (Ref. 7) by 
measuring the chamber efficiency In a beam emerging from a nuclear 
reactor. However, the neutron component of the beam was shlelded out by 
water, and further more the experiment did not provide an estimate of the 
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sensitivity of the chamber to photons. 

To get an estimate of the sensitivity of the Bakelite RPC to low 
energy photons and neutrons we exposed a limited region (135 cm2) of the 
sensitive area of the RPO to a strong Cf-252 source. Knowing the 
effective mass of the source, and the geometry of the experimental setup, 
we were able to determine the total flux of photons and neutrons passing 
through the RPC. We employed shielding techniques to Isolate the photon 
and neutron components. 

Fig. IX shows the attenuation In the counting rate for various shield 
combinations Interposed between the Cf-252 source and the RPC. The 
counting rate drops from no shield value of 9800 Hz to 1500 Hz, when 6.2 
cm of lead Is placed between source and detector. Counting rates were 
also measured for two additional polyethylene slabs added one at a time to 
the shield. It Is well known that when polyethylene Is used as a neutron 
shield, neutron capture In polyethylene leads to gamma emission. In order 
to make this explicit, we have labelled the curve obtained as a result of 
the shleldlng as (n + Yp + rs> where n stands for neutron, Yp for the primary 

gammas from the source, and rs for those secondary gammas generated In 

the polyethylene shield. The secondary gammas enter the detector and 
thus masks the behavior expected from neutron attenuation alone. By 
subtracting off the 'rp component, we obtain the second curve below the 

first one. This curve when extrapolated to the no shield value, gives the 
number of neutron Interactions In the detector. The remaining 
Interactions are thus attributable to photons. From the source strength 
(62 mlcrocurles) and the geometry of the experimental setup we find the 
total flux entering the detector to be: 

N1 •2.0x 106/s 

Nn • 1.2x 105 ts 
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Using the number or n and gamma Interactions In the chamber, and the 
total flux through It, we obtain the neutron and photon sensitivity given In 
Table Ill. Also given In Table Ill ls the calculated value of the expected 
Interaction probablllty for the gas alone. For neutrons, the sensitivity of 
the gas alone Is an order of magnitude less than the measured value. It Is 
clear that the above discrepancy can be accounted for by the Interaction of 
neutrons In the walls of the chamber. This suggests that a lower 
sensitivity could be achieved by appropriate choice of material that have 
low cross section for neutron Interactions. However, gas contaminates 
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(mostly hydrocarbons) would eventually precipitate out onto the walls and 
thereby negate the possible gain of using special materials. 

V. SUMMARY 

We have examined the behavlOr of two large RPCs, one made of 
bakellte (resistivity - 1 to 2 x 1O11 n-cm) and the other of ordinary 
mirror glass (resistivity - 5 x 1O12 n-cm). 

We find that the high resistivity of the Glass RPC not only degrades 
the rate handling capability, but also prevents the chamber form achieving 
full efficiency. On the other hand, the two RPCs agree remarkably well In 
terms of pulse characteristics, like pulse height, pulse width, rise time 
and pules velocity along strip. ln addition the readout technique employed 
In the Glass RPC suggests the possibility of creating readout strips by 
cutting out (for electrical Isolation) strips from a uniform deposit of 
conductive material on the outside of the chamber walls. We obtain a time 
resolution of the order of 1 ns for the Bakelite RPC. The failure of the 
Glass RPC to achieve a time resolution comparable to the bakellte one can 
be easily explalned by the failure of this RPC to achieve adequate high 
voltage across the gas gap. By using a strong Cf·252 source, we estimate 
the sensitivity of the RPC to MeV (1 • 10) neutrons to be 4.8 x 10·3 and to 
MeV (1 -10) photons to be 6.6 x io·3. It has been demonstrated (Ref. 8) 
that Bakelite RPCs can handle rates upto 100 Hz I cm2, without 
significant loss of efficiency. We are currently engaged In the exploration 
of various techniques to enhance the rate capability by at least another 
order of magnitude. 
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Figure I 

Figure 11 

Figure Ill 

Figure IV 

FlgureV 

Figure VI 

Figure VII 

Figure VIII 

Figure IX 

FIGURE CAPTIONS 

Cross-section view of (a) Bakelite RPC and (b) the Wall 
Mirror (Glass) RPC. 
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Cosmic ray Induced pulses In (a) Bakelite RPC and (b) the 
Glass RPC as observed on a LeCroy 9250 digitizing 
oscilloscope. (c) Laser (Nitrogen) Induced pulse In the Glass 
RPC. 

Chamber efficiency as a function of high voltage for various 
discriminator threshold settings Indicated In the figure. 
(a) Bakelite RPO (b) Glass RPO. 

Current drawn by (a) Bakelite and (b) Glass RPCs at various 
values of the chamber high voltage. 

The effective voltage In the gas gap as a function of voltage 
supplied to the chamber. V (effective) - V (supplied) - 2 DV, 
where DV - IR, Is the voltage drop across each resistive 
plate. V (effective) Is displayed for two different limiting 
volume resistivity values of (a) Bakelite RPC and the 
measured resistivity of 5x10 12 O-Cm for the Glass RPC. 

RPC single strip (3 cm wide) counting rate as a function of 
discriminator threshold setting for three different high 
voltage values. Area of the strip Is (a) 600 cm2 for Bakelite 
RPC and (b) 400 cm2 for the Glass RPC. 

Distribution of the relative delay between the RPC and a 
sclntlllatlon counter cosmic ray telescope. (a) Bakelite (b) 
Glass RPO. 

Time resolution as a function of the chamber high voltage. 
(a) Bakelite RPO and (b) Glass RPC. The high constant value 
of the Glass RPO time resolution Is due to a lack of growth 
of the voltage In the gas gap. 

Counting rate as a function of effective Interaction length 
of material Inserted between source and RPO. In labelling 
the curves, n refers to neutrons, Yp refers to primary 
(direct) 
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photons from the source, and 'Ys refers to photons generated 

by neutron capture in the shielding material. 

7312025 113 ... -...... . 
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QETAILS OF CONSJBlJCTION 

PARAMETERS BAKELITE RPC GLASS (MIRROR) RPC 

MATERIAL OF CHAMBER BAKELITE GLASS 
(Phenollo Polymer) 

SIZE 2mx1 m 1.3Smx0.4m 

WALL THICKNESS 2mm 3mm 

VOWME RESISTIVITY 1011 n.cm 6 X 10"' 0.cm 

GAS GAP 2mm 2mm 

INTERNALSPACERS • YES JID 

HIGH VOLTAGE SUPPLY GRAPHITE PAINT ON REFLECTING SURFACE OF 
SURFACE BAKELITE MIRROR 

READOUTS I RIPS AWMINUM STRIPS CUT OUT ON 
REFl.ECTlNG SURFACE 

STRIP IMPEDANCE SO OHM 600HM 

STRIP WIDTH 3cm 3cm 

GASCOMPOS!TlON 64% ARGON, 4% F13B1 65% ARGON, 4% F13B1 
30% ISOBUTANE 30%1SOBUTANE 

Table I 
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PEBEOAMM!CE CHARACTERISTICS 

PARAMETERS BAKEUTEBPC GLASS (MIRROR) BPC 

PULSE HEIGHT 0.3 • 0.8 VOLTS 0.2 • 0.5 VOLTS 

PULSE WIDTH • 10ns •20na 

PULSE RISE TIME ·Sna •3ns 

PULSE VELOCllY > 0.5 (< 6.8 ns I meter) > 0.5 (< 8.6 ns / meter) 
along strip 

EFFICIENCY >95% •70% 

PLATEAU KNEE •7KVOLTS •7KVOLTS 

PLATEAU WIDTH •2000VOLTS •2000VOLTS 

CURRENT DRAWN • 25 mlcroAmp@ 8 KV • 2 mlcroAmp@ 8 KV 

OOlMH3 FIATE 0.3 Hz I aqcm @ 0.016v 0.2 Hz I aqcm @ 0.032v 
at 8 Kvolts 0.1 Hz/eqcm@0.100v 0.1 Hz/aqcm@0.100v 
(@ two 1hresholds) 

SOURCE~ 
RATE/C 
rmedlcal aouroei 

• 543 Hz/ sqcm@0.016v • 48 Hz I sqcm @ 0.016v 

·-
TIME RESOWT!ON • 1.1 ns ·7ns 

(JITTER) 

Table II 

09116 16144 7312025 1115 



15 

RPC SENSITIVITY TO LOW ENERGY (1 -10 MeV) PHOTONS & NEUTRONS 

PARAMETER BAKELITE RPC 

PHOTON SENSITIVITY 6.6 X 10"3 I PHOTON 

NEUTRON SENSITIVITY 4.5 X 10·31 NEUTRON 

NEUTRON SENSITIVITY 1 X 1 o-4 I NEUTRON 
In Gas Alone 

Table Ill 
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