4.	ENDCAP CHAMBERS -- CATHODE STRIP CHAMBERS


4.1 GENERAL DESCRIPTION


4.1.1 Overview


An overall view of the CMS Endcap Muon (EMU) system is shown in Fig.4.1.1. There are 540 endcap chambers of trapezoidal shape placed between the iron disks, which return the magnetic flux of the central solenoid and also shield the chambers. The chambers are arranged to form four disks, called stations (ME1, ME2, ME3, ME4). The station ME1 has three rings of chambers (ME1/1, ME1/2, ME1/3), while the other three stations are composed from two rings of chambers (MEn/1 and MEn/2). . All but the ME1/3 chambers overlap in ( and therefore form rings seamless in azimuth.  There are 18 or 36 chambers in every ring. The radial cracks between the chamber rings are not projective, and thus coverage, defined as at least 3 chambers on a muon path, is close to 100% - see Fig. 2.1.2. 


�


Fig. 4.1.1:   Side view of the CMS Endcap Muon system 


In the endcap geometry, an r-( view of the bending of a fixed pT muon track is (-dependent (Fig.4.1.2). Results of the direct simulation (Fig.4.1.3(a)) show that the sagitta, if expressed in linear (cm) coordinates, changes by a factor of 5 from (=1.6 to 2.4 for fixed pt muons. If the same sagitta is measured in (-coordinates it is substantially less (-dependent (changes by a factor 2 in the same range of pseudo-rapidity). Thus, (-coordinates are more natural for measuring pT and therefore the chambers have trapezoidal shape and readout is arrange in the way to provide (- and r-coordinates.
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Fig. 4.1.2:  Muon tracks of fixed pT=10 GeV/c as seen in the r-( view. The points at which muons cross the chambers are marked (filled circles for ME1 stations, open circles for ME2, ME3, ME4). The sagitta, for example, as measured between IP, ME1 and ME2 (s12 (expressed in cm) for fixed pt muons, is clearly (-dependent.
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Fig. 4.1.3:  Sagitta as measured between IP, ME1 and ME2 stations vs. (: (a) expressed in cm for fixed pT muons; (b) expressed in (-coordinates for fixed pT muons.


The detector technology chosen for the Endcap Muon System is the Cathode Strip Chamber (CSC), a multiwire proportional chamber in which one cathode plane is segmented into strips running across wires. An avalanche developed on a wire induces on the cathode plane a distributed charge of a well known shape which is defined by electrostatics [4.1, 4.2bib-gatti]:


	�EMBED Equation.2���


where l = x/h (x - coordinate, h - cathode anode spacing), K3 (0.45 for ME1/1 and (0.33 for the other chambers, where


	�EMBED Equation.2���


Charpak et al. [4.3] showed that by interpolating fractions of charge picked up by these strips, one can reconstruct the track position along a wire with a precision of 50 (m or better (for normal track incidence, the precision is almost entirely determined by the ratio of signal to electronic noise). The principle of operation is shown schematically in Fig.4.1.4. 
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Fig. 4.1.4:  Principle of coordinate measurement with a cathode strip chamber: cross-section across wires (top) and across cathode strips (bottom). Close wire spacing allows for fast chamber response, while a track coordinate along the wires can be measured by interpolating strip charges.  


The major advantages of CSCs are:


-	their intrinsic spatial resolution, being basically defined by signal-to-noise ratio, can be as good as 50 (m,


-	closely spaced wires make the CSC a fast detector,


-	by measuring signals from strips and wires, one easily obtains two coordinates from a single detector plane (the precise coordinate comes from interpolation of charges induced on strips),


-	strips can be fan-shaped to measure the (-coordinate in a natural way,


-	CSCs can operate in large and non-uniform magnetic field without significant deterioration in their performance,


-	gas mixture composition, temperature, and pressure do not directly affect CSC precision and thus stringent control of these variables is not required,


-	detector mechanical precision is defined by strips which can be etched or milled with the required accuracy and can be easily extended outside the gas volume, thus making survey of plane-to-plane alignment very simple.
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Fig. 4.1.5:  Schematic view of an endcap muon CSC: a six-plane chamber of a trapezoidal shape with strips running radially (strips have constant (( width) and wires running across.


A typical EMU CSC is a six-plane chamber of trapezoidal shape with a maximum length of 3.4 m and with a maximum width of 1.5 m.  A schematic view of a CSC is provided in Fig. 4.1.5. The large chambers cover 10( sectors, while some the smaller chambers cover 20( sectors. (see Table 4.1.1). Cathode planes are formed by honeycomb panels with copper clad FR4 skins. Gas gaps defined by the panels are either 6 mm thick, for the ME1/1 chambers, or 9.5 mm thick, for all other chambers. Strips are fan shaped, i.e., they run radially in the endcap geometry and thus provide the phi-coordinate of muon hits.  The strip configurations are milled in the FR4, and the strip width ranges  from 3 to 16 mm for different chambers. Wires are stretched across strips without intermediate supports and, for readout purposes, are grouped in bunches from 5 to 16. They provide  the radial coordinate of muon hits with a few cm precision.  For the ME1/1 chamber, which is in a 3T BZ-field, the wires are strung at a 25( angle to a perpendicular to the chamber centerline to compensate for the skewed drift of electrons.


The most important parameters for all chambers are given in Table 4.1.1. Detailed discussions of the chambers are given in Sections 4.2 and 4.3. Overall, the Endcap Muon System consists of 540 six-plane trapezoidal chambers, with about 2.5 million wires, 210,816 anode channels and 273,024 precision cathode channels. A typical chamber has about 1000 readout channels.





Table 4.1.1


Chamber parameters.


Parameter�
ME1/1�
ME1/2�
ME1/3�
ME2/1�
ME3/1�
ME4/1�
ME234/2�
�
Basic single plane parameters�
�
full gas gap (2h), mm�
6�
�
�
9.5�
�
�
�
�
wire diameter, (m�
30�
�
�
50�
�
�
�
�
wire spacing, mm�
2.5�
3.16�
3.16�
3.12�
3.12�
3.12�
3.16�
�
Active area�
�
width (top), mm�
487�
819�
933�
1254�
1254�
1254�
1270�
�
width (bottom), mm�
201�
511�
630�
534�
617�
685�
666�
�
length, mm�
1505�
1635�
1735�
1900�
1680�
1500�
3215�
�
Wires�
�
wire tilt�
25(�
�
�
0(�
�
�
�
�
wires per plane�
600�
528�
560�
620�
550�
492�
1028�
�
wires per wire group�
11-12�
11�
12�
5, 6�
5, 6�
5�
16�
�
wire group width, mm�
27.5-30�
35�
38�
16, 19�
16, 19�
16�
51�
�
wire group cap., pF�
60-150�
40-70�
50-80�
20-60�
20-60�
25-45�
80-150�
�
wire channels per plane�
48�
48�
48�
112�
96�
96�
64�
�
Strips�
�
(((single strip), mrad�
2.96�
2.33�
2.16�
4.65�
4.65�
4.65�
2.33�
�
width (top), mm�
7.6�
10.4�
14.9�
15.6�
15.6�
15.6�
16.0�
�
width (bottom), mm�
3.15�
6.6�
11.1�
6.8�
7.8�
8.6�
8.5�
�
gap between strips, mm�
0.35�
�
�
0.5�
�
�
�
�
strip capacitance, pF�
90-140�
110�
145�
145�
130�
120�
250�
�
radial split of strips�
@(=2.0�
�
�
none�
�
�
�
�
strip channels per plane�
2x64�
80�
64�
80�
80�
80�
80�
�
HV�
�
Operating HV [kV]�
~3.0�
�
�
4.1�
�
�
�
�
HV segments per plane�
1 or 2�
2�
3�
3�
3�
3�
5�
�
Overall chamber parameters�
�
Number of chambers�
72�
  72               �
72�
36�
36�
36�
216�
�
Planes/chamber�
�
�
�
6�
�
�
�
�
(-coverage, degrees�
10(�
10(�
10(�
20(�
20(�
20(�
10(�
�
(-overlap, strips�
5�
5�
none�
5�
5�
5�
5�
�
(-coverage�
1.5-2.4�
1.2-1.6�
0.9-1.1�
1.6-2.4�
1.75-2.4�
1.85-2.4�
varies�
�
(-overlap�
�
�
�
none�
�
�
�
�
Length, mm�
1680�
1800�
1900�
2065�
1845�
1665�
3380�
�
Width (top), mm�
613�
1078�
1192�
1534�
1534�
1534�
1530�
�
Width (bottom), mm�
311�
740�
859�
751�
835�
903�
895�
�
Chamber thickness, mm�
148�
�
�
250�
�
�
�
�
Chamber weight, kg�
~60�
150�
160�
190�
180�
160�
276�
�
4.1.2	Special conditions and requirements


4.1.2.1  Reliability


Given the scale of the system, the primary concern is obviously its reliability. The system must be designed so that, once commissioned, it will require a minimum of maintenance and repairs.  We have paid particular attention to wire strength and fixation, HV segmentation, gas tightness, and chamber rigidity and stability.


4.1.2.2  Off-line spatial resolution: (-coordinate


Detailed Monte Carlo studies have been performed to identify the required CSC spatial resolution [4.4]. The optimisation was done by requiring that the chamber spatial resolution contribution to the precision of muon momentum measurement (standalone muon system) be less or comparable to the contribution of the multiple scattering. Muons with pT=100 GeV/c were chosen as a reference since this range of momenta covers most of plausible physics processes.  The outcome of the analysis is the 75 mm requirement for the ME1/1 and ME1/2 chambers and 150 mm for the others (both numbers refer to resolution per six-plane package). Prototype results show that this goal is well within reach (see subsection 4.8.2.1).


4.1.2.3  Off-line Spatial Resolution: r-coordinate


To reconstruct muon pT or p, one needs to know the radial position of hits. High background rates impose additional requirement on maximum width of anode wire groups. Radial resolution also affects efficiency of finding a muon track in the tracker by tracing it backward from the muon system. An additional constraint is wire group capacitance, which should remain sufficiently small to ensure high precision of time measurements. Optimisation among all of the above requirements lead to the choice of wire group segmentation as specified in Table 4.1.1. Wire group hits are read out in yes/no mode every 25 ns, and thus the radial spatial resolution per plane is defined by the wire group width.


4.1.2.4  Magnetic field


The map of magnetic field shows that ME1/1 chambers will have to operate in the range from 2.7 to 3.1 T of the axial magnetic field.  The effect of such a field cannot be fully compensated by tilting wires but can be minimised to an acceptable level. The ME1/2 chambers, on the other hand, will be placed in a highly non-uniform field of up to 1.2 T which will inevitably affect their resolution. However, their performance remains within our specifications despite this deterioration. Some of the other chambers will also experience quite  noticeable magnetic fields. Discussion of how B-field affects the CSC spatial resolution and results of prototype tests and simulation can be found in subsection 4.8.2.2 and 4.9.


4.1.2.5  Background Rates


Backgrounds and shielding issues are discussed in section 1.4. To remind, there are four major sources of background hits:


- random hits induced by neutrons/gammas, 


- punchthrough and pi/K on flight decays, 


- tunnel muons, 


- e/m debris associated with energetic muons going through the matter, i.e. calorimeter, iron disks, etc.


The rate of random hits is the largest and goes as high as 1000 Hz/cm2 in the bottom area of ME1/1 chambers. Although the rate per plane is very high, hits rarely penetrate more than  a few planes [4.5], so that this background can be suppressed by having multilayer chambers. Experimental results and simulation have shown that six-plane chambers with a requirement of having 4 out of 6 planes hit will provide sufficiently robust performance (see sections 4.8.4 and 4.8.5). 


The rate of punchthrough background reaches about 300 Hz/cm2 in the worst spots. The danger of punchthrough is that the charged particles will get through the entire six-plane chamber. 


The rate of tunnel muons is in the range of a few Hz/cm2.  Although this is relatively low, the hits induced by these muons in the (-coordinate view appear as if they were produced by muons coming from the IP with infinite momentum. Thus this background is a primary concern for the trigger. The capability of the chamber of pointing back to the IP ((-angle) is of critical importance for suppressing these fake triggers. 


The last source of background (muon Bremsstrahlung) will compromise track measurements with a few percent probability per station. If one requires high precision measurement, this can reach almost 10% (for details see subsection 4.8.4). It is worthwhile mentioning that this background is associated with real muons themselves and is therefore luminosity independent.   


4.1.2.6  Aging  


High hit rates up to 1000 Hz/cm2 raise a question of chamber aging due to gas polymerisation on wires or cathodes. The baseline operational point corresponds to about 100 fC charge as seen by fast cathode pre-amplifiers, which have shaping time of 100 ns. This corresponds to about 1 pC total charge released in an avalanche. Assuming that one year of LHC operation corresponds to 3(107 seconds, one immediately estimates that the total accumulated charge on wires in 10 years of operation at the full LHC luminosity will be 0.1 C/cm. The results of aging tests (see subsection 4.8) show that this number results in a very good safety margin, provided that CF4 gas is present in the mixture. 


4.1.2.7  Trigger: r-coordinate and timing


A track stub in the wire readout side of a CSC is recognised when at least 4 planes have hit wire groups in a way that they line up in a pattern consistent with a track pointing back to IP. The time measurement from a single plane has a spread exceeding the 25 ns window and, therefore, a single plane cannot provide a reliable bunch crossing identification. However, one can take advantage of multiple planes in a chamber: prototype tests show that by taking the  second or third earliest hit out of six hits in a pattern, one can achieve a very high efficiency in tagging the bunch crossing (see subsection 4.8.5). The earliest hit out of six also has a very narrow distribution, but this scheme would be very vulnerable to random hit backgrounds. Once all four local track stubs found in chambers are linked to form a muon track, one can take the most frequent bunch crossing ID (out of the four linked stubs) as the bunch crossing ID for the track.  In this scheme, one obtains the correct bunch crossing assignment in more than 99% of the time, if the chambers provide the correct identification with 92% probability or better.  This goal is well within the CSC reach (see subsection 4.8.3 and 4.8.5).


4.1.2.8  Trigger: (-coordinate precision


Trigger rates simulation shows that one needs to have about 30%  momentum resolution at the L1 trigger up to pT of around 50 GeV/c.  This ensures sufficient sharpness of the trigger turn-on curves and thus makes it possible to control the trigger rate, should the background problems  turn out to be worse than anticipated. To achieve 30% momentum resolution, one would need to localize muon hits within about a half-strip width per chamber plane. Hardware implementation to provide half-strip digitization at the trigger level will be discussed in subsection 4.4, and prototype tests proved the capabilities of this approach (see subsections 4.8.2.3 and 4.8.3.2). Having muon hits localized to within a half-strip per plane, special trigger logic will look for patterns of hits consistent with passage of muons of interest.


4.2	DETAILED CHAMBER DESIGN: ME1/2, ME1/3, ME234/1, ME234/2


4.2.1	Introduction


This section covers design of the seven types of EMU CSCs, ME1/2, ME1/3, ME2/1, ME3/1, ME4/1, ME234/2, the total number of which is 468. Although being very different in terms of size, number of readout channels and resolution requirements, the basic design grounds for all these chambers are essentially the same.  A exploded side view of a CMS Endcap Cathode Strip Chamber, identifying all the major chamber components, is shown in Fig.4.2.1. Seven panels are stacked together to form six gas gaps. Six out of the seven panels carry strip artwork on one side (strips face up in the drawing), the other side being a smooth uninterrupted ground.
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Fig. 4.2.1:  Exploded view of a cathode strip chamber (not to scale) showing its main components and the way the chamber is assembled.


Anode wires are wound onto both sides of the three panels called anode panels.  Naturally, these panels also carry artwork for taking anode signals out at one side of the panels and for feeding high voltage in at the opposite side (HV is applied to the wires). The wires are soldered and glued to the wire fixation bars. Each wire plane will be connected to an independent HV power supply channel. Within a plane, the HV is split between up to 5 segments which can be disconnected from outside of the chamber should HV or wire noise problem persist in any of these segments.  


Schematic views of the strip and wire planes are given in Fig.4.2.2. Insulating guard strips are glued to the panels under the first and last wires of each of the HV segments.  By charging up, the strips decrease the electric field on the edge wires, which otherwise would be too high. The other four panels, the ones which are free of wires and of referred to as cathode panels, have gap bars glued to them. These bars define the full gas gap between cathodes. These panels also have long guard strips, or isolation strips, which go over the anode wire ends and isolate them from being exposed to the ground. The entire stack of panels is bolted along the chamber perimeter with the bolts going through the gap bars.  When the chamber is assembled, the panels are also tightened down at a  few intermediate points, and the cathode-to-cathode distance, or panel-to-panel spacing, at these points is defined by special spacers, referred to as buttons. This is done to relax tolerances on panel flatness and to prevent bulging due to gas over-pressure inside a chamber when the working gas mixture is flushed through the chamber.
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Fig. 4.2.2:  Face of a cathode panel showing the arrangement of strips (left) and face of an anode panel showing subdivision of wires into 5 independent HV segments.


Not shown in Fig.4.2.1 is a global frame which runs around the chamber perimeter: it stiffens the stack of panels, distributes the compressive force of the assembly bolts,  carries all the chamber mounts, and provides RF shielding along the chamber sides.


4.2.2	Panels


The panels are the basis of the chamber mechanical structure: they carry the stress of the wire tension, and a strip pattern is milled on their surface and defines chamber precision. Panel flatness is of critical importance for gas gain uniformity and consequently for the width of a chamber's operational plateau.  In addition, the cost of panels amounts to almost half of the cost of all chamber materials.  Therefore, we have conducted a thorough panel R&D program, which included quality tests of panels produced by a few of the most promising vendors. The detailed report of the results can be found elsewhere [4.6].  Described below are the baseline panels.


A panel consists of two copper clad FR4 (non-flammable fiberglass epoxy) skins interleaved with a honeycomb core made of polycarbonate - material known for its high structural stability and strength. FR4 skins of 1.6 mm thickness with 34 mm copper are a standard commercial  product.  The core of our choice has 3.2 mm cells, 80 kg/m3 density and a crush strength of 140 kPa. Its thickness is 12.7 mm (1/2 inch).  Both the core fabrication and the entire process of bonding the skins is  done at Plascore [4.7].  Edge filling is not envisioned in our design since the compressive force of the through-bolts is broadly distributed along the panel perimeter by means of aluminum extrusions forming part of the external frame.  The ratio of the buckling strength of the panels to the wire tension stress is 9, i.e. there is a sufficient safety factor in the panels to carry this stress. The panels have passed the CERN requirements on  flammability and toxic fumes [4.8].


Panel flatness is one of the most crucial characteristics, since the variations in the full gas gap will change the electric field on the anode wire surface and, thus, will result in gas gain variations. Large variations in gas gain will inevitably shrink the operational HV range. Typical sensitivity of gas gain to the electric field on the wire surface is


�EMBED Equation.2���


We set a goal to keep gas gain variations within a factor of two, which is comparable to the charge spread due to unavoidable Landau fluctuations and would roughly corresponds to about 100 V variations in operating HV. Garfield-based electrostatic calculations [4.9] show that, to satisfy this specification, one needs to  ensure that panels do not sag by more than 250 (m on a span between points of support, which does not exceed 60 cm for our chamber design. Plascore-made panels satisfy this criterion. (an example is shown in Fig.4.2.3). Direct measurements of gas gain variations in the full scale prototypes show that gas gain is indeed uniform within our requirements (see section 4.8).


� EMBED Excel.Chart.5 \s ���


Fig. 4.2.3:  Panel flatness as obtained in direct optical measurements. The panel flatness over 60 cm spans is well within the 250 (m specification.


4.2.3	Strips


Pattern of strips and connector artwork are milled directly on the panels by computer controlled machines available at Fermilab: the Gerber, a 2D plotter fitted with a milling head (fig.4.2.4), and the Axxiom machine, a 3D router (fig.4.2.5). A specially developed cutter tilted at 45 degrees to the panel plane (see insert in fig.4.2.4) makes a smooth groove virtually free of burrs which otherwise could cause electrical discharges. Fig.4.2.6 shows an artwork for an anode panel (i.e. the panel which carries wires and, therefore, in addition to strips, also has an artwork associated with anode signals and HV. Strips are milled radially, i.e. they have constant width in ( as specified in Table 4.1.1. The gap between strips formed by the cutter is about 0.5 mm wide and about 0.2 mm deep.  Strips end with traces routed directly to the top panel edge (wide side of a trapezoid) in groups of 16, where 34-pin connectors are later soldered.  Mechanical precision of milling has been verified by direct measurements: errors in absolute strip position did not have any accumulative systematics (less than 15 (m over (60 cm range from a symmetry line of a chamber) and had a local spread of 30 mm (RMS). Strips were also checked for straightness and were found to be straight to withstand the same precision (22 (m RMS). As a consequence of wearing of the cutter (one cutter is used per plane), the gaps between strips do widen slightly from one side of the panel to another, the change being less than 0.1 mm.  Beam tests of the P0' prototype, which had strips milled with both 1 mm and 0.5 mm gaps, showed that the difference in gaps had hardly any affect on the induced charge shape and chamber spatial resolution.
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Fig. 4.2.4:  A photograph of the Gerber machine. It is capable of milling artwork over 1.5x3.6 m2 area. The insert shows a specially developed cutter which is tilted at 45( to the panel plane and can follow panel thickness variations so that the groove comes out to be very uniform in thickness and depth and is virtually free of any burrs. 
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Fig. 4.2.5:  A photograph of the Axxiom machine, a 3D-router. This machine is used for cutting trapezoidal panels, drilling all holes, and milling non-precision artwork.
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Fig. 4.2.6:  Milling artwork for an anode panel, i.e. a panel which carries anode wires (in addition to strip artwork, it also has an artwork associated with anode signals and HV to be applied to the wires).


However, the width of the gap between strips does effect strip capacitive coupling and therefore strip-to-strip cross-talk. (Cross-talk is defined by the interplay of the following parameters: strip-to-strip and strip-to-ground capacitances, preamplifier input impedance, and shaper wavefunction response). Direct measurements on the full length prototypes equipped with cathode electronics of essentially the final design showed about 12% signal cross-talk. These levels of cross-talk can be calibrated and taken out in the offline analysis.  However, at the trigger level, they are irreducible and their asymmetry (cross-talk to the left vs cross-talk to the right) may affect comparator-based 1/2-strip resolution. This cross-talk asymmetry was measured on the large prototypes and was found to be less than 0.25% (RMS) and, as simulation has shown, its effect on the trigger is negligible [4.10].


Each plane of a chamber has either 64 or 80 fan-shaped strips to measure the (-coordinate of tracks when the chamber is placed in the system. Patterns of strips in all six planes are essentially identical, except that odd and even strip planes are rotated with respect to each other to make a half-strip staggering. All but the ME1/3 chambers overlap in (, and  there are five strips in the overlapping region.  In addition, each plane has one extra strip of constant width running next to the set of readout strips. This strip, when pulsed from outside the chamber, induces signals on wire groups which allows for calibration and gives a quick check of the anode electronics readout. 


4.2.4	Gap bars and gas seal


Spacing between panels in a chamber is defined by gap bars (fig.4.2.7), one bar along each side of a trapezoidal cathode panel  (the four panels free of anode wires - see fig.'s 4.1.1 and 4.1.2). The bars are saw-cut from FR4 sheets and have a width of 25.4 mm (1 inch). Then the bars are sanded to the required thickness of 9.525 ( 0.050 mm (the only dimension of high tolerance). This is a very efficient process and yields relatively inexpensive bars.
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Fig. 4.2.7:  Gap bars attached to a cathode panel. 


Holes of 10.7 mm diameter for assembly bolts are drilled in the bars with a spacing not exceeding 25 cm, and 2 mm deep counterbores are machined on one side of the holes.  During chamber assembly, O-rings will be inserted in the space provided by the counterbores to prevent gas leaks through the bolts.


The gap bars, commercially made, will be inspected on arrival and subsequently glued to the cathode panels.  {Fig-cscside}).  First, the bars are attached to their proper position by means of double-sided scotch tape, which itself makes a very strong bond, and then a continuous bead of epoxy is applied along each side of the bars to insure even stronger bonding and a reliable gas seal (an automated glue dispensing head mounted on a 3D-machine will be used for this operation - see fig.4.2.8). A photograph of a complete set of panels with gap bars is shown in fig.4.2.9. 


Gas inlets are inserted in the gap bar of the top plane while outlets are placed symmetrically in the bottom plane (these two bars have specially milled grooves for more uniform dispensing and collecting of the gas over the 1.5 m width of the chambers - Fig.4.2.10).  Gas flows through all six gaps in series in zigzag manner through the holes made in the panels.


When the chamber is assembled and the bolts are tightened down, RTV is applied  from outside along the contact line between gap bars and panels, which provides a gas-tight seal. This scheme of gas sealing, while simple, has proved to be very efficient.  Measurements with the two-gap large scale prototype, where the technique was implemented, showed that the leak did not exceed 0.5 cc/min at 12.7 mm H2O over-pressure, which corresponds to a less than 0.5% per day leak at the nominal gas volume exchange (1 CSC volume per day). 


�


Fig. 4.2.8:  A photograph of an automated glue dispensing machine being set up and tuned  for applying a continuous bead of epoxy in the corner line between a gap bar and a panel.


�


Fig. 4.2.9:  A photograph of a complete set of cathode panels for the US P1 prototype with gap bars fixed and glued. The top panel will be flipped and three anode panels with wires will be placed between this set of four cathode panels.


�


Fig. 4.2.10:  The gas connection goes through the gap bars in the top and bottom planes. Gas flows in a zigzag manner from the first plane to the last one through holes made in the panels.
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