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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 contact 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-



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 mum in diameter spaced on a 10 ¢cm grid. The 2 m
x 1 m chambers have been tested by raising one comner with respect to the two opposite
corners 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 2 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% cgﬁcicncy, typical for an RPC operating at plateau) from ~100 Hz/cm? to ~1000
Hz/cm=, '

Note that from Table 1 one can calculate that the weights of the individual chambers are
70 1bs, 104 1bs, and 146 1bs 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.



Table 1. GEM RPC Specifications

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

i n Rad. Len
Al 0.005” 8.9 0.14
Foam 4 mm 424 0.09
Mylar 0.005” 28.7 0.04
Bakelite 0.015” 344 0.11
Gas 2mm Large 0
Bakelite 0.015” 34.4 0.11
Mylar 0.005” 28.7 0.04
Foam 4 mm 424 0.09
Al 0.005” 8.9 0.14
Foam 4 mm 424 0.09
Mylar 0.005” 28.7 0.04
Bakelite 0.015” 344 0.11
Gas 2 mm Large 0
Bakelite 0.015” 34.4 0.11
Mylar 0.005” 28.7 0.04
Foam 4 mm 424 0.09
Al 0.005” 8.9 0.14
Total: 1.38
Nominal Radius (M): 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 (Ibs):
Bakelite: 1877 4943 9593
Aluminum perimeter frame: 1049 1472 2304
Cable: 385 641 963
Connectors, brackets: 1160 2855 5795
TOTAL/Super-layer 4471 9911 18655

TOTAL WEIGHT (TONS) 16.5 TONS



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.

5. 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% CO,, 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 wili 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 disposal or recirculation. Likewise, the remaining CO2/CF4 mixture
is further compressed with the CO; being the next gas to liquefy and be collected. All gas
components can be reintroduced into the input stage or property discarded at this point.

G. 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 form a single self-supporting lami-
nated plate. Spacers, consisting of 2 mm thick, 11 mm diameter PVC disks serve three
functions. First, they mechanically separate the two Bakelite plates and kecp the plates flar
with respect to one another by being placed on & 10 cm square grid, Second, they insulate
the resistive plates from each other. Third, they transmit the mechanical stresses from one
side of the plate to the other.

The edges of the RPCs will be sealed by gluing 1 ¢m wide, 2 mm thick PVC strips
between the Bakelite plates. This stiffens the edges mechanically so that the plate is self-
supporting, In additon, there will be an aluminum U-channel 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 purpose of this frame is, first, to protect the edges of the RPC dur-
ing shipping, handling and installation; second, to stiffen the edges 5o that the RPC can be
mounted by four corners (if necessary); and third, to furnish the base to mount the high
voltage connectors, the gas connectors and the LEMO signal connectors.

All the above technology is well understood and presents no engincering or manufac-
turing problems. There is a problem of availability of wide shcets of Bakelite. Bakelite
shect comes in arbitrarily long lengths, but the standard width is 48 inches. This concern
will be addressed in an upcoming section.

7. Impact on truss structure design

The weight of the largest RPC Chamber is 146 1bs. This weight should have a negligi-
ble impact on the truss structure design. Because the dimensionul tolerances of the RPC are
s0 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.  Super.layer configuration

The RPC system is broken up into three 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, middle, and outer. The inner, middle and outer RPC super-layers form a complete
RPC sector, with 16-fold symmetry in phi, and mimmor symmetry about the z-axis of the
GEM detector. Figures 5 - 9 show various sketches and drawings of the system

The RPC itself consists of two layers of detectors, slightly staggered within a single
chamber enclosure. This staggering is necessary to prevent trigger inefficiency due to the
presence of spacers and other hardware that contribute o dead area in the RPC.

The RPC chamber is a laminae which encloses the two layers of RPC and is envisioned
as an aluminum frame with thin 0.005” aluminum sheet covers. RPC charober widths and
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tengths vary 148.5 cm x 330 cm, 239.0 cm x 360 cm, and 329.6 cm x 380 cm, for inner,
middle, and onter super-layer chambers, respectively.

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

In summary, there are 64 inner sector chambets, 96 middle sector charobers and 128
outer sector chambers with & total projected surface area of 2743 square meters.

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
perimeter cable weight with an additional 10% added in cach super-layer for connectors,
brackets, et¢.

Summarizing, the inner super-layer weight is 4471 1b., the middle super-layer weight is
9911 1b., and the outer super-layer weight is 18655 1b. The total weight for the RPC sub-
system is 16.5 tons for the entire GEM detector RPC system, or about 1 tou 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 conneciors, gas connectors and LEMO connectors for strip signals w
be carried on RG-174/U 50 ohm coaxial cable.

10. Size Limitation

As aiready mentioned, the widths of the RPC presents a concern. Bakelite comes in
arbitrarily long lengths but in standard widths of 48 inches. Since the total amount of mate-
rial needed by GEM is small, it is unlikcly that we can afford to purchase special roachinery
for our widths. However, this avenue will be explored. Fortunately, due to the natural de-
sign of an RPC, it is very simople to “splice™ several narrower sheets to create onc “wide”
sheet,

As an example, we look at the largest chamber, which is 329.6 cm wide Since our
Bakelite 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 Bakelite plate. The two
edges facing the gas are hand-sanded to remove any burrs, As in the standard construction
of RPCs, all inner surfaces are coated with linseed oil after assembly. This oil is quite vis-
cous and will fill in the 400 micron or so creck and cover any glue that gozes up through
the crack. A visual inspection will be made to insure that the glue doesn't not protrude
above the surface of the Bakelite. This will be controlled before the chamber is 1aid out.
Note that the splices on the upper and lower plates do not line up so that the distortion of
the electric field in the region of the splice is kept to a minimum. Note also that the electric
field at the splice is somewhat lower than the normal electric field. ‘This has two conse-
quences. The first is that there is a smaller likelihood of a field breakdown in the vicinity of
the splice. Hence the splice should not 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
efficicncy is zero for the 400 microns of each of the two splices, we find this corresponds
to a loss of 0.02% cfficiency of the overall chamber. This is totally negligible, Of course
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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 accommeodated in the current truss structure de-
sign. The choice will depend on multiple scattering studies. The square geometry has mod-
erate multiple scattering over & 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
mx 2 m RPC.

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 1 discusses this technique
in detail.



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 corner of the chambers and match cable
propagation speeds to strip propagation speeds then signals are matched in time when they
arrive at the chamber corner. At the Level 1 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.

Altemnately, 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-



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 10}! 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/cm? compared to a rate of about 50 Hz/cm?
for the MIT glass RPC (75 Hz/cm? for the LLNL glass RPC). On the other hand, the these
different RPCs agree remarkably well in terms of pulse characteristics, ¢.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.



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.

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

Re = Rs(1-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 108 - 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 10 Hz/cm2. We have
assembled a small RPC with this material and in fact measure a count rate of approximately
1.5 x 10# Hz/cm?. 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 Thick cm) Bulk Resistivity (Q-em) _Arc Resistivity (Q-cm?)
MIT mirror glass ~ 0.300 5.00 x 1012 1.50 x 1012
LLNL mirror glass  0.066 4.90 x 1012 3.23 x 1011
Kodak projector glass 0.123 6.42 x 1011 7.89 x 1010
Italian RPC Bakelite 0.200 1.00 x 1011 2.00 x 1010
LLNL Bakelite 0.161 4.50 x 109 7.24 x 108
Abstat-M310 plastic  0.072 578 x 109 4.16 x 108
Abstat-M310 plastic  0.060 5.78 x 109 3.47 x 108
Mitech-411 plastic 0.090 2.03 x 10° 1.83 x 108
Mitech-411 plastic  0.030 2.03 x 109 6.19 x 107
Corning 0211 glass 0.056 6.70 x 107 3.75x 106
Boron film 0.0001 1.00 x 106 1.00 x 102

6. Lifetime Testing of the Italian RPC

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 1033 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 hodoscope and the RPC arca. Aftex 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 scen from
Figure 16, within the 3% crrors, we find no change in efficiency for the equivalent 8.2
SSC year exposure at a luminosity of 1033.

C. RPC Manufacture/assembly
1. Manufacturiag approach/philosophy

As stated in the introductory section, identification of wacks in an RPC is a simple mat-
ter 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), im-
plies that itis essentially a digita! device. 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 break-
down and the subsequent induced pulse on the pick-up stips.

Our manufacturing philosophy is therefore to build as arge a chamber as possible for
each super-layer without compromisiag the performance necessary to achieve the above
stated goals. This intplies that the materials used in the individual chambers should be able
to be assembled into a self-supponing structure that first and foremost maintains the gas
gap dimensions with a tolerance of about + 5%, or in the case of a 2 mm ges gap, £ 100
microns. Similar dimensional tolerances are necessary for the distance between the pick-up
strip electrodes 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 ¢ or so in be-
tween the laminated sheets. The strip-electrode-to-ground plape gap is maintained by virtue
of the rigid fosm 10 form the proper impedance transmission line. Because of this design
flexibility the RPC can actually be deformed substantially from a flat plane and still operate
correctly,

As an extreme case, the RPC could be formed into a series of concentric cylindrical
shells rather than the flat sectors envisioned in GEM and theoretically provide the saroe op-
erating characteristics. Thus the structural support for the RPCs can be minimized to help
reduce muon scattering. The RPCs in GEM can be allowed to deform by as much as 10 cmo
over the largest dimensions without affecting the overall operation of the muon rigger sys-
tem, although proper support structure design can probably minimize this sag to less that 1
¢m. 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, RPCs could be
integrated into the drift tube structure, utilizing this structure to minimize sags.

Similarly, the tolerance associated with the placement of the pick-up strips is defined
by the desired measirements of timing (bunch crossing) and momentum (sagitta). This tol-
erance as we see it implies strips to be located also to about + S00 microns, a not too diffi-
cult tolerance to achieve using standard machining or photolithography techniques.

Materials stability is an issue for long term performance of the RPCs, Plastics degrade
over time due to out-gassing of plasticizers, 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 spark discharges. Proper ma-
terials choices and design will help to insure the Jong 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 voitage connectors (SHV
or GHYV), 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 photoetching aluminized mylar
sheet or by machining with fine cutting tools. Either method is capabie 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.
§. Vendor availability

RPCs have been manufactured in large quantities by Italian University groups for many
years. In fact, we have performed a large part of our R&D on an Italian RPC with dimen-

sions 1 m x 2 m at 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 Jaminate 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 internally. 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 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%. As mentioned previously, there are two redundant RPC layers per module.
These layers 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. These interconnects
are made using short lengths of RG-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. Fixturing and tooling requirements

Special tooling is not required for the RPC system. Electrical connectors use standard
machine threads for bulkhead feed-throughs, gas fittings use standard pipe threads.
Perimeter frames of aluminum are welded or glued together. Laminates are glued using
epoxies, Precision spacers for maintaining the gas gap can be turned out using computer
controlted machining techniques. Large area plastic sheets with strip electrodes need to be
1aid out either by machining strips in a solid alurinized 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 vertically to prevent undue
stress on the unsupported panel and would have wheels for allowing the charber to be
moved.

8. Size limitations

The envisioned RPC design is constrained to sized less than 4 m in length for case of
handling. Our philosophy is to minimize the number of chambers for simplicity in the gas
system and electrical interconnects. The current configuration of 2 - 3 - 4 chambers per su-
per-layer do not match the presently envisioned configuration for the precision tracking
chambers (2 - 4 - 4), however, the RPC chamber design is flexible and can be re-designed
o overlap whatever final tracking chamber configuration is decided upon. RPCs have a
low mass of about 0.5 psi and so a fully assembled RPC chamber will weigh about 70
lbs., 100 1bs, and 150 Ibs for a single inner, middle, and outer chamber, respectively. The
weights and dimensions ar¢ within reason for 2 or 3 technicians to handle a completed
chamber using light duty chain hoists or overhead cranes.

D. Alignment

Because of the previously mentioned performance criteria for RPCs as a Muon System
trigger, precision alignment is not necessary for these chambers. The RPCs can be
mounted either separately from the precision drift tube 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 support frame. Sag 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 performed using cosmic rays or physics events at the
SSC. In addition, if the RPC system is incorporated into the drift tube structure, 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 to the drift tube align-
ment system. In any cvent, RPC Jocation to 2 mm in Z and @, 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 corners.

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 = 1.239x10% N/mm?, density = 1.87x10-5 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
Pplastic 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 3, 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. Foamn
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.LEMO connectors, and cabling to the edge of the magnet. Additionally, we assumne 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
substantiaily from our previous First Order estimate: $2M for the Bakelite RPC system (no
electronics cost inciuded) 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 $200/m2). The breakdown of
the cost is as follows:

Standard Bakelite RPC desi
Item Cost ($/m?) Total Cost ($K)

1. Aluminusm U-channel 43 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 Q.36 1.0
Total Materials 65.16 178.7
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Cost ($/m2) Total Cost (3K)

Total Materials (x.25 for mach'g 81.45 223.4
and waste):
Item Cost ($/m2) Total Cost (SK)
8. Fabrication cost estimate: $60/hr @ 1m2/hr  60.0 164.6
9. Gas fittings 4.6 12.6
edge x 2 for gas manifold)
10.  Steel tubing (1/4" diameter, 10.4 km long) 11.52 316
11.  RG-174 coaxial cabling (67.5 k) 5.18 14.2
12.  LEMO connectors (2 x 33,184 channeis) 80.0 219.4
13.  Gas (Recirculator ) 91,14 250.0
Total Miscellaneous 252.4 692.4
Subtotal: Cost ($/m?) Total Cost ($K)
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%,

Cost_($/m?) Total Cost ($K)
RPC Materials, Fab., Gas system 3339 915.8
Structural supports and integration with drift mbes  300.0 823
Materials contingency ( 5%) 15.85 43.5
Labor contingency (100%) 60.00 164.4
Cost ($/m?) Total Cost ($K)
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 # 3.2.1.24.1.5
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 PY: Comp. Rate($K/PY): PoP:
N/A

M&S: Engineering/Design and Inspection/Administration ($K): 14

Misc. office supplies for Administration: $6K
PC/Mac/workstation charges: $8K
Inspection/Administration PY: 2.25 Comp. Rate($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: (cost 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 ($K): 300

LSDT/Weinstein/Osbome estimate was $365K + $50K misc

- assumed misc assy equip: $250K

- assumed misc nuts/bolts, pins, etc.: $50K
Installation/Assembly PY: 6.0 Comp. Rate($K/PY): 112 PoP: 7/94-6/96

LSDT/Weinstein/Osbomne 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) 1.5PY

-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% = $272K/107K/PY 25PY
Material: Installation/Assembly ($K): 6
Misc. office supplies for Install/Assembly: $6K
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Contingency Total: 38

Technical: 0 Basis: none

Cost: 30 Basis: engineering judgment, labor rate & material concern
Schedule: 8 Basis: delays completion of critical path itemn

Comments

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

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'l avg) oversight of stock/material purchase activity: 1/4-time for 24 mos=.50 PY
Assumes Engineering (nat'l avg) oversight of mach’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
Aluminized myiar (0.005"): $42K
spacers, glue, etc: $1.0K
material for structural support: $444K

- for structural support material: Wuest/Pless "First Order” estimate of $600/m? 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 "First Order” estimate:

RPCs Machining

1.) $25/m? x 2743 m? = $69K/$74.5K/PY = 1.0 PY

2.) for structural support machining: Wuest/Pless estimate of $300/m?2 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: $18K
Contingency Total: 38

Technical: 0 Basis: none

Cost: 30 Basis: engineering judgment, labor rate & material concern

Schedule: 8 Basis: delays completion of critical path item

Comments

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

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 carried 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.
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4, Cost Uncertainties

The major cost uncertainty at this time is the structure cost, because the RPC may be in-
corporated 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 certain, 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 further 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.

5. _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.



I.

Summary

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

A

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 imnprovement in rate capability of a large RPC from 100
Hz/cm? to over 1000 Hz/cm? 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

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.

. They have the following pulse characteristics:

Pulse height about 0.5 volts without amplification into 50 ohms.
Pulse rise time less than 5 nanoseconds.

Pulse width about 10 nanoseconds.

Measured rise time jitter less than 1.4 nanoseconds

(no other Muon System technology has this speed).

el

. Lifetime is greater than 16.4 x107 pulses per square centimeter with no loss of

efficiency within the 3% measuring error. This is equivalent 1o 8.2 standard
SSC years (at luminosity 1033 and 2 x 107 seconds per year — the expected
neutron flux is 2 Hz per square centimeter.)

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.

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 - 10 further increase by utilizing thinner materials.

. Refinement of the RPC design has led to an extremely low mass system with

minimal muon scattering cross section of about 0.7% Xg/layer.

. 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
electronics.

increase in rate corresponding to 104 - 105 Hz/cm? 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 1 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.

1.

2.

10.

11.

12.

13.

14.

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

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.

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

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.

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

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

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-
minized mylar further strengthen the bond.

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 arrive at a chamber corner 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.

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
the RPC.

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

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 Hz/cm?2.
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15.

16.

17.

18.

19.

20.

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, the Abstat-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.

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/cm? rate at a luminosity of 1033,

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.

Detail of RPC laminates in Figure 17.

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.

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
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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
X 16 sectors x 2 halves = 128 chambers

- 15.0 cm overlap
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PRESENTATION TO THE MUON TRIGGER
MEETING AT THE SSC LABORATORY
22 JANUARY 1992

IRWIN A. PLESS

BARREL RPC TRIGGER
INTRODUCTION
RATES
TIMING AND TRIGGER WIDTHS
TRIGGER STRATEGY
HARDWIRE IMPLEMENTATION

ASSOCIATIVE MEMORY IMPLEMENTATION

SUMMARY



. INTRODUCTION

THIS PRESENTATION IS DESIGNED TO DISCUSS
ONLY THE TOPIC OF THE BARREL RPC 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 BY D. 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 RPC. WE
SHOW THAT AT THE LEVEL 2 TRIGGER, THE BEAM
CROSSING TIME IS KNOWN TO THE RISE TIME JITTER
OF THE RPC. 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 RPC RISE TIME JITTER
BEING LESS THAN 4 NANO-SECONDS. THIS IS ONE
OF MANY RPC PROPERTIES THAT WILL BE
MEASURED BY THE RPC R AND D PROGRAM.

WE WILL PROPOSE A FOUR LEVEL TRIGGER. WE
WILL ALSO DEMONSTRATE THAT THIS TRIGGER CAN



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.
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Table 2: Muon Rates versus Absorber Thickness

0<Ini<3 0<[nl<1 ‘1<nl<2 2<inl<3
All 28,000 400 4100 23,000
punch 4,900 70 420 4400 Q)
prompt 400 16 130 250
All 18,000 250 2700 15,000
punch 430 5 30 400 12 O\
prompt 400 16 130 250
All 11,000 130 1500 9600
punch 40 0.4 3 40 15 ‘)\
prompt 380 13 120 250
oAl 6800 80 700 6000 '
(@ punch 5 - 0.4 3 1A
prompt . 270 13 70 190
All 4400 50 460 3900
punch 0.7 - - 0.7
prompt 270 10 70 190
All 2700 30 270 2400
punch - - - -
prompt 270 10 70 190
All 200 12 70 800
punch - - . , .
prompt 150 7 10 135
All 400 2 24 340
punch - . - -
prompt 140 0.6 T 130

:b summed aver p; Rale ( h“i’-)

RATES IT-5
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Il.  RATES

THE CALCULATIONS | HAVE JUST SHOWN

ASSUMES A LUMINOSITY OF 1033, FOR THIS SAME
LUMINOSITY, | INTERPELLATE AND EXTRAPOLATE
THE DATA FOR THE BARREL, AND ARRIVE AT THE
FOLLOWING RATES FOR THE BARREL. WHERE THE
DATA DID NOT AGREE, | ASSUMED THE HIGHER

NUMBERS.

TOTAL RATE, NO P; CUT 1.3 X 108 HERTZ
P; > 10 GeV/c 2,000 HERTZ
P > 20 GeV/c 200 HERTZ
" Py > 30 GeV/c 75 HERTZ

THE TRIGGER LOI OVERVIEW CALCULATED THE
FOLLOWING RATES:

Pt > 10 GeV/c 1300 HERTZ
Pt > 20 GeV/c 390 HERTZ
Pt > 30 GeV/c 70 HERTZ

| CONSIDER THIS SURPRISING AGREEMENT.

THEREFORE WE WILL TAKE AS THE RATES THE
HIGHER NUMBERS: ,



Pi>0
Py>10
P;> 20
Py > 30

5

1.3 x 108 HERTZ
2,000 HERTZ
400 HERTZ

75 HERTZ



1. TIMING AND TRIGGER WIDTHS

[F WE COLLECT ALL SIGNALS FROM THE STRIPS
IN ONE CORNER AND MATCH CABLE SPEEDS TO
STRIP SPEEDS WE ARE MATCHED IN TIME AT THE
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 THERPC RANDD.

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.




TRALR 1

A
-

CENTER |

ovrER

INVER

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

FOR TRACK 2, THE SIGNAL FROM THE OUTER
LAYER ARRIVES 13 NANO-SECONDS BEFORE THE
SIGNAL FROM THE INNER LAYER 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 LAYER MUST BE
9 NANO-SECONDS LONG AND THE TRIGGER WIDTHS
OF THE CENTER LAYER MUST BE 6.5 NANO-SECONDS

LONG.



V. TRIGGER STRATEGY

IN THE LOI OVERVIEW, THE GOAL OF THE
OUTPUT RATE OF THE LEVEL ONE TRIGGER WAS

10,000 HERTZ AT L =103, AP, CUT AT 10

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

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

A P; 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 Py 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 ISOLATED SINGLE
HITS AND TWO TRACKS IN THE SAME ACTIVE TIME.

IF WE ASSUME THE VALUE OF 1.3 X 10 HERTZ
RATE WITH NO P; 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 103, THIS
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WOULD IMPLY ABOUT 1% 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 1982 AT BNL
IRWIN A. PLESS

BASE LINE GECOWMETRY
830 \ / OVTER - /
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cALoR JMV

60°

I NTERACTION

PoINT

RADIUS LENGTH WIDTH
Outer plane 830 1450 330.2
Center plane 600 1048 239.7
inner plane 370 664 147.2
CALORIMETER
Inner radius = 75
Quler radius = 370
Interaction thickness = 12 A
Total number of radiation lengths = 12/.56 x 18.5 = 396
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BEND PLANE CALCULATIONS

All strip widlhs = 1.3 cm

Qutside plane = 254 slrips
Center plane = 185 sirips
Inner plane = 113 strips

Total number strips 952 (= number of discriminators)

I



\ A—ma Aot 370
75
M% _

A 20 GeV/c track has a sigma of 2 strips around the ideal
intersection point at R = 370 due to mulliple scattering. In order to have a
95% acceptance we have to be able to handle + 4 strips around the ideal {(no
multiple scaltering) intersection point.

]2
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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 = 2032
20 GeV = 2032
(30 + 40) GeV = 2032
50 GeV = 1524
Total number of circuits for positive charge = 7620

For both charges = 2 x 7620 = 15,240

_The logic gives {four momentum trigger ranges.

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

14



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

Need a fast inlinite fan in circuit (infinity = 2032)

[}
|
, oa{

10 GeV Circuit = 8 x 2 x 254 = 4,064 circuits (2,032 positive; 2,032
negaltive).
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20 GeV circuit - need 4,064 circuits.
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(30-40) GeV circuit - need 4,064 circuils
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50 GeV/c circuit - need 6 x 2 x 254 = 3,048 circuits (1524 positive;

1524 negalive)
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NON BEND TRIGGER

930 * ——— -

Goo

6.5 ,;',

s f, l
370 — ©
: ff/// :
74 '

For each ouler strip there are lhree, three lold coincidence circuits.
Any lriple coincidence generates a non-bend trigger.

/9
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NON BEND TRIGGER
Tower geomelry.

Each plane is divided into 161 strips.

Outer =9.0cm
Center ="6.5" cm
Inner =4.1cm

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:

OUTER ¢
| [ l .
: o
’ o - MW BENMD
! B
v - O
CEVTER | S1G-NAL
AND
INN E R 4. —j—
—
4 = L-JJ iJ L.-H



NON BEND CIRCUIT
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This has 100% acceptance for P, > 30 GeVic.
This has about 70% acceptance for Py = 10 GeV/c
Acceptance falls rapidly for Py < 10 GeVic

We have 161 strips

161 strips
805 strips

- Non bend trigger

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

Hence a total of 1127 strips => 1127 discriminators per seclor. Trigger
box must accommodate 1127 conneclors or about 2254 cm linear length.
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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?
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V. HARDWARE IMPLEMENTATION

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
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 IS A CABLE BUNDLE 5.8
INCHES ON A SIDE.

- FOR THE RUN FROM THE INNER LAYER TO THE
CENTRAL LAYER WE USE 274 CABLES. THISIS A
CABLE BUNDLE OF 7.5 INCHES ON A SIDE.

FOR THE RUN FROM THE CENTER LAYER TO THE
OUTER LAYER 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 LAYER, FROM THE INNER LAYER TO THE
CENTER LAYER AND FROM THE CENTER LAYER TO
THE OUTER LAYER 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:

10 GeV 12,880
20 GeV | 10,304
30 GeV 7,728
50 geV 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 10° 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.

24
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MORE WORK MUST GO INTO THE ASSOCIATIVE
MEMORY SCHEME TO SEE IF IT CAN BE MADE TO
WORK.
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VIl. SUMMARY

WE FIND THE FOLLOWING TRIGGER RATES FOR
THE BARREL: |

P, > 0 GeVic 1.3 x 108 HERTZ
P> 10 GeV/c 2,000 HERTZ

P > 20 GeV/c 400 HERTZ

P, > 30 GeV/c 75 HERTZ

WE CONCLUDE THAT IN ORDER TO OPERATE AT

A LUMINOSITY OF 1034 WE SHOULD HAVE FOUR
TRIGGER LEVELS:

P> 10 GeV/c
Py > 20 GeV/c
P; > 30 GeV/c
P; > 50 GeV/c

USING OUR PROPOSED WIRING GEOMETRY, WE
HAVE THE POSSIBILITY AT THE FIRST LEVEL
TRIGGER OF CALCULATING THE EVENT TIME TO THE
LEVEL OF THE RISE TIME JITTER OF THE RPC. IF THE
RPC RISE TIME JITTER IS LESS THAN 4
NANO-SECONDS, THEN THE BEAM CROSSING IS
UNIQUELY IDENTIFIED AT THE FIRST LEVEL TRIGGER.

pYA
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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 AFACTOR 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.



APPENDIX 2

Meantimer (chronotrons) technique for use with
Resistive Plate Counters
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Daniel Marlow

A

A Simple Clrcult for TimesDeskewing in the GEM RPC's

Introduction

The baseline option for the barrel muon trigger system in GEM is the Resletive Plate
Chamber (RPC). The good timing resolution (o; = 1 = 2 ns) of these devices makes
realtime bunch-cross tagging possible. This feature helps to simplify many other aspects
of the trigger and DAQ system design. Practical complications arise, however, because of
the large size of the GEM muon system, which produces constderable variations in arrival
times and pulse tranglt times along the readout strips.

As an example, consider the simple skatch of Figure 1, which approximately corre-
sponds to an outer-layer RPC in the GEM barrel, Muons leaving the vertex at right angles
to the beam (trajectory A) travel ahout nine meters and reach the RPC after roughly 27
ns (to keep the numbers simple, we assume muon flight times 3 ns/m). Although the RPC
avalanche developa quickly, the resulting current pulse must propagate to the readout elec-
tronica jocated at the end of the strip, as shown, The total delay is then 27475 = 102 ns. In
constrast, muons leaving the vertex at the most forward angles (trajectory D) must travel
VT F 16k = 17.5 meters, resulting in & pulse-arrival time of 3 ns. The 50 ns difference
in arrival times corresponds to three bunch erossing intervals, which is unacceptable,

Possible Solutions

Perhaps the most streightforward way. to address this problem would be to segment
each strip in 2 into lengths short enough to reduce the time variations to less than 16 ne.
In practice this would require scgmenting the 15-meter-long sisip shown into four pieces.
Unfortunately, this simple expedient raises the channel count and the attendant electronics
costs by a corresponding factor. Other schemes, where the x strips are used to dynamically
generate time corrections, have also been proposed, but these are complex and involve 250
MHa2 logie.

Meantimers for Long Sclntﬂluto.l:l .

A similar problem arises in the readout of long scintillators, where transit time varia-
tions producs significant timing jitter if only one PMT is used. However, the average time
of arrival of pulses from a pair of phototubes arranged so sa to view each end of » long
scintillator (ses top part of figure 2) is independent of the pasticle’s impact position. In
practice, the average arrival time can be generated in real time using elther analog or dig-
ital cirouits, called “meantimers” or “chronotrons™. A classic digital approach employing
tapped delay lines is shown in the lower portion of figure 2. K the total length of each delay
line is chosen to be the same as the time required for light to propagata the length of the
counter (AT, the output marked “MT” will fire after a fixed delay time AT, independent
of the position of incidence. The spacing between taps is constent and the number of taps
(and the number of AND gates) can be adjusted to give the desired resolution. A tap
spacing of &t limits the single-measurement error to £6¢/2.
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Application of Meantimers to RPC's

A variant of the chronotron technique can be applied to the RPC problem. ‘The
spacing between taps may be adjusted so as to simultaneously correct for the difference in
muon flight timea, This is illustrated in figure 3 and the accompanying table, From the
table it is evident that Jateat arrival time occurs in Case D, where the arrival time at the
left (L) end is 128 ns, The spacing of the taps for any other case is then determined so all
other pulses see that same total delay=i.e.

muon flight time + RPC propagation time + delay — line time = 128ns

The choice of four coincidence taps s made for purposes of illustration only. In practice,
finer tap spacings would be employed so as to minimize this source of jitter. Even with
the relatively coarse tap spacing shown the spread in leading-edge times at the chronotron
output is less the 16 ns spacing between bunches.

Implementation

The large number (~ 33X pairs) of channels contemplated for the RPC system,
renders cable delays, or even lumped delay elements, impractical. Howaver, tschniques
employed in the dasign of FLASH-TDC's, whers CMOS gates are used as delay elements,
may be used instend. These devices should be sufficiently compact to include on’ the
discriminator board.

It should be possible to teat this approach using inexpensive field-programmable gate
array devices.
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ABSTRACT:

The performance of two Resistive Plate Countars, 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 raesistivity of
the chamber wall material and the style of construction. We find that
resistivities as high as 5 x 1012 g-¢m ( the Wall Mirror RPC) prevents the
chamber from achleving adequate voltage in the gas gap, thereby limiting
both chamber sfficiency and time resolution. The time resolution of the
Bakelite RPC (resistivity ~ 1011 0-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 iow energy (1 - 10 MeV)
photons and neutrons are also provided.

@9s16 16237 7312889 463



I. INTRODUCTION

Reslstive 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 principle 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 iwenty years there
has been considerable activity in the development of two different types
of RPCs.

The first type of Reslistive Plate Counters (Ref. 1) were small
chambers (10 cm x 10 ¢m) 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. Howaever, the highly demanding construction
criteria of these counters inhiblted 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. Itwas
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 coefficlent for
the gas mixture for any particular cholce of the electric fleld 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 future collider detsctors 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 MIT).
This comparative study focuses on the dependence (if any) of RPC
performance paramaters like efficlency, 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 ag this,
Is necessary to highlight those aspects of the construction of large RPCs
that might require special care in its Impliementation.

in Sectlon Il we outline the detalls of construction of the two RPCs.
In Section 1il we compare the performance of the Glass RPC against that of
the more fully developed Bakelite RPC. Section IV contains a discussion of
the sensltivity of RPCs to low energy (1 - 10 MeV) photons and neutrons.

B9s16 16137 7312025  #84



{l. DETAILS OF RPC CONSTRUCTION

The details of the construction of the Bakelite and Glass RPCs are
compared In Table | and & cross sectional view of both RPCs is given in Fig.
1 a, b. Animportant parameter that controls RPC performance Is the
resistivity of the material that make up the chamber walls. The Bakslite
RPC has a resistivity of 1011 n-cm while the Glass RPC resistivity was
measured 1o be about 5 x 1012 0-cm. To achieve low nolse 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 RPC
was bullt out of two mirrors (1.35 m x .4 m) purchased from a local
hardware store and 0 no care has been taken to control the glass
composition or surface irregularities. The gas gap for both RPCs Is 2 mm
and the wall thickness differ by 1 mm,

The high voltage and ground for the Bakelite RPC is provided by
graphite paint on the outside surface of the Bakelite, to which the
slectrical connections are made. The high voltage and ground for the
Mirror Glass RPC is provided by the metallic reflective 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 cage. The signal readout for the Bakelite RPC is achieved by using
aluminum strips, isolated from high voltage and ground by a thin insulating
film. Forthe Glass RPC, the readout is achieved by segmenting the
metallic coating on the ground skde into strips that run along the length of
the mirror. This was achieved by removing ~ 1 mm of the refiective
coating between adjacent strips, thus eleatrically isolating them from one
another.

lIl. PERFORMANCE CHARACTERISTICS

In this gsection we discuss the results of various measurements
performed on the Bakelite and Glass RPCs. We emphasize here that both
RPCs were studied using the same experimental setup, 1. e. the same gas
system, the same high voitage supply, the same electronlc components and
in the case of efficlency and time Jitter measurements, the same
scintillator telescopes. A summary of the various measured parameters
for the Bakslite and Glass RPCs Is collected toqether in Table l. We
discuss these resulis below.
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) Bulse Characteristics

The characteristics of the puise from RPCs are quite well known. We
find the pulse shape and rise time for the two RPCs agree remarkably well.
To lllustrate this, we show In Fig. Il a, b the pulses from the Bakelite and
Glass RPCs as observed on a LeCroy 9250 digitizing oscllioscope. In the
case of the Glass RPC it was possible to lonize the gas mixture using a
pulsed nitrogen laser. Fig. Il c shows a laser induced pulse from the glass
RPC. Since tha 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 locat region and the
recovery time directly measured. We observed that the recovery time for
the Glass RPC was about one second.

i) Efficiency

Efficiency measurements using cosmic rays and a scintillation
counter telescope for trigger, yields about 95% efficiency for the Bakelite
RPC and 70% efficlency for the Glass (mirror) RPC. The resuits of
efficlsncy measurements for various discriminator threshokd vaiues from
16 miliivolts to 1000 millivolts are shown In Fig. Iil a for the Bakelite
RPC and in Fig. Il b for the Glass RPC. A threshold of 100 milllivolts was
chosen as a Qood operational value for the Bakelite RPC. No measurements
were made for the Bakelite RPC for high voltage greater than 8.5 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 8, b. While the Glass RPC draws upto $ microamps for the voitage
reglon under study, the Bakelite RPC draws 50 microamps. To investigate
the lack of full efficiency for the Glass RPC we calculated the effective
voltage across the gas gap, using the measured current vaiue and the
resistance of the chamber walil material as input. V (eff) is here defined
as V (eff) = [V (8) - 2 (DV)], where V (s) is the supply voltage to the RPC,
and DV is the voltage drop across one chamber wall, Fig.V a, b shows
V (eff) as a function of the supplied voltage, V gls). For the Bakelite RPC
we find a linear increasse for a resistivity of 101 Q-cm, with a negligible
difference between the effective and supply voitage. For a resistivity of
1012 a-cm, the calculated effective voltage deviates from the supplied
voltage by increasing amounts as supply voltage is increased. At a supply
voltage of 8.5 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. AtV (s) = 10 KV, V (eff) = 6.9 KV. The measured efficiancy
curve for the Glass RPC (Fig. Il b) shows a behavior quite compatible with
the behaviar 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
resistivity greater than 1012 -cm for RPCs, because of the limitation it
imposes on chamber efflclency.

i) Counting Rate

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.

The data from both RPCs show an increass in the counting rate as the
voltage is increased. Since the efficiency of the RPCs (see Fig. lll &, b) is
essentially flat In the high voltage region from 7 10 9 KV, it is clear that
this increase In the counting rate Is indicative of a growth of nolse of the
system as the high voltage is increased. Furthermore, the counting rate
shows a steady decrease for threshold values greater than 100 mv and
stesp drop from 16 mv to 100 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
aithough 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 RPC results, where
the efficiency shows about 10% to 15% decrease in the region of 8 to 9 KV.

The counting rate per unit area (cm?) for both RPCs is given in
Table I, for wo ditferent thresnoid vaiues ot the discriminator. For both
RPCs the counting rate at 16 mv Is twice as large as the vatue at 100 mv.
To compare the response of the two RPCs 10 a strong radioactive source
we measured the counting rate for a localized reglon using a 1 Milllcurie
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

89/16 16:39 7312025  &87



radiation exited. A copper collimator was slipped onto the cylindrical
barrel containing the source, 50 as to prevent radiation form exiting
through the sides. The Irradlated area was 1.33 ¢m?. Using this
arrangement, we found the Bakelite RPC to have a counting rate of
543 Hz / sqcm and the Glass (mirror) RPC, 48 Hz / sqcm. From the
resistivity of the materials (2 x 1011 9-cm for bakelite and 5 x 1012 for
glass) and the discharge area of the spark 0.1 cm= for bakellte (Ret. 2)
and 0.4 sqcm for glass (Ref. 6) we calculate the "saturating counting
rates" to be 561 Hz / sqem for Bakelits RPC and 41 Hz /sqom for Glass
RPC. (At the "saturating counting rate” the localized region Is dead for
particle detection). For a beam intensity of 100Hz / cm* the above result
for the Bakelite RPC would imply a 20% loss of efficlency, Fora
resistivity of 1 x 1011 a-cm, the loss in efficiency would be 10%.

iv) Time. Resolution flitter]

Several measurements of the time resolution were made for both
RPCs at different locations of the chamber. The measurements were made
with a scintiltator telescope arrangement and a LeCroy 2228A TDC. The
best measurad resolutions are shown in Fig. Vil a, b. The Bakelite RPC has
a resolution of 1.25 ns at 8 KV, while the glass RPC resolution is at about
7 ns.

Fig. VIl a, b shows the behavior of the time resolution measurements
as a function of the chamber high voltage. For the Bakelite RPC
(Fig. Vil 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 fiat
behavior, and this Is to be expected, because, as demonstrated earller the
effective voltage variation in the gas gap for this RPG is also almost flat.

IV. RPC SENSITIVITY TO LOW ENERGY PHOTONS AND NEUTRONS

_ The sensitivity of RPC to low energy photons and neutrons is an
important conslderation when these chambers are operated in high
radlation environment like the SSC er LHC. A high sensltivity to this type
of radiation would not only degrade the RPC efficlency for muons, but
could also give rise to accidental triggers. An Investigation of the
performance of RPC in a high radiation was carried out (Ref. 7) by
measuring the chamber efficlency in a beam emerging from a nuclear
reactor. However, the neutron compenent of the beam was shisided 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 RPC to a strong Cf-252 source. Knowing the
effective mass of the source, and the geometry of the experimental setup,
weo 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.

Flg. IX shows the attenuation in the counting rate for various shield
combinations interposed between the Cf-252 gource 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 ata time to
the shield. It is well known that when polyethylene is used as a neutron
shleld, nautron capture in polyethylene leads to gamma emission. In order
to make this explicit, we have labelled the curve obtained as a result ot
the shielding as (n + T+ vg) Where n stands for neutron, 1/ for the primary

gammas from the source, and v, for those secondary gammas generated in

the polyethylene shield. The secondary gammas enter the detector and
thus masks the behavior expected from nsutron attenuation alons. By
subtracting off the T 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 microcuries) and the geometry of the experimental setup we find the
total flux entering the detector to be;

N, =2.0x108/s
Ny=12x10%/s

Using the number of 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 1l is the calculated value of the expected
interaction probabillity for the gas alone. For neutrons, the sensitivity of
the gas alone is an order of magnitude less than the measured value. Itis
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 cholce of material that have
low cross section for neutron interactions. However, gas contaminates
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(mostly hydrocarbonsg) would eventually precipitate out onto the walls and
thereby negate the possible gain of using spacial materials.

V. SUMMARY

We have examined the behavior of two large RPCs, one made of
bakelite (resistivity = 1to 2 x 10 1 -cm) and the other of ordinary
mirror glass (resistivity = 5 x 1012 Q-cm).

We find that the high resistivity of the Qlass 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, rige time
and pules veloclty along strip. in addition the readout technique employed
in the Glass RPC suggests the possibliity of creating readout strips by
cutting out (for electrical isolatlon) 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 tallure of the
Glass RPC to achleve a time resolution comparable to the bakelite one can
be sasily explained by the failure of this RPC o achleve adequate high
voltage across the gas gap. By using a strong C-252 source, we estlmata
the sensitivity of the RPC to MeV (1 - 10) neutrons to be 4.8 x 102 and to
MsV (1 - 10) photons to be 6.6 x 10°3. It has been damonstrated (Ref. 8)
that Bakelite RPCs can handle rates upto 100 Hz / cm?, without
significant loss of efficlency. We are currently engaged In the exploration
of various techniques to enhance the rate capabllity by at least another
order of magnltude.
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FIGURE CAPTIONS

Cross-section view of (a) Bakelite RPC and (b) the Wall
Mirror (Glass) RPC.

Cosmic ray induced puises in (a) Bakellite 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 ﬂgure
(a) Bakelite RPC (b) Glass RPC.

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, I8 the voltage drop across each resistive
plate. V (effective) is displayed for two different limiting
volume resistivity values of (a) Bakellte RPC and the
measured resistivity of 5 x 10 12 g-¢m 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 cm? for Bakelite
RPC and (b) 400 em® for the Glass RPC.

Distribution of the relative delay between the RPC and a
scintlliation counter cosmic ray telescope. (a) Bakelite (b)
Qlass RPC.

Time resolution as a function of the chamber high voltage.

(a) Bakelite RPC and (b) Glass RPC. The high constant value
of the Glass RPC 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 materlal inserted between source and RPC. In labelling
the curves, n refers 0 neutrons, % refers {0 primary

(direct)
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photons from the source, and ¥ refers to photons generated
by neutron capture in the shielding material.
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RETAILS OF CONSTRUCTION
PARAMETERS BAKELITE RPC GLASS (MIRROR) RPC
MATERIAL OF CHAMBER BAKEUTE GLASS
{Phenolic Polymer)
SIZE emxim 135 mx04m
WALL THICKNESS 2 mm 3 mm
VOLUME RESISTIVITY 1071 g.cm 5x10'<0-cm
GASGAP 2mm 2mm
INTERNAL SPACERS . YES NO
HIGH VOLTAGE SUPPLY GRAPHITE PAINT ON REFLECTING SURFACE OF
SURFACE BAKELITE MIRROR
READOUT STRIPS ALUMINUM STRIPS CUT OUT ON
REFLECTING SURFACE
STRIP IMPEDANCE 50 OHM 60 OHM
STRIP WIiDTH 3cm dcm
QAS COMPOSITION 64% ARGON, 4% F13B1 65% ARGON, 4% F13B1
30% ISOBUTANE 30% ISOBUTANE
Tabie |
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PERFORMANCE CHARACTERISTICS
PARAMETERS BAKELUITE RPC GLASS (MIRROR) RPC
EULSE HEIGHT 0.3-0.86 VOLTS 0.2- 0.5 VOLTS
WPULSE WIDTH ~10ns ~20ns
PULSE RISE TIME ~3ng ~3ns
PULSE VELOCITY > 0.5 (< 6.6 ng / meter) > 0.5 (< 8.6 ns / meter)
along strip
EFFICIENCY » 95% ~ 70%
PLATEAU KNEE ~7KVOLTS ~7KVOLTS
PLATEAU WIDTH ~ 2000 VOLTS ~ 2000 VOLTS
CURRENT DRAWN ~ 25 microAmp @ 8 KV ~ 2 microAmp @ 8 KV
COUNTING RATE 0.3 Hz / sqgom @ 0.016v 0.2 Hz / sgcm @ 0.032v
al 8 Kvolts 0.1 Hz/ sgom @& 0.100v 0.1 Hz / sgom @ 0.100v
(@ two thregholds)
SOURCE
RATE /C| ~ 543 Hz / sqem @ 0.016v ~ 48 Hz /sqem @ 0.016v
("medical souroe")
TIME RESOLUTION ~1.1ins ~7n$
(JITTER)
Table Il
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RPC SENSITIVITY TO LOW ENERGY (1 - 10 MeV) PHOTONS & NEUTRONS

PARAMETER BAKELITE RPC
PHOTON SENSITIVITY 6.6 X 103 / PHOTON
NEUTRON SENSITIVITY 45X 10"3 /NEUTRON
NEUTRON SENSITIVITY 1 X104 /NEUTRON
in Gas Alone

Table Il
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