5. Resistive Plate Chambers

5. RESISTIVE PLATE CHAMBERS

5.1 GENERAL DESCRIPTION

5.1.1 Overview

Resistive Plate ChambefRPC) are gaseougparallel-plate detectors that combigeod
spatial resolution with @#ime resolution comparable tthat of scintillators [5.1]. They are
therefore well suited for fast space-time particle tracking as requirgdeforuon trigger at the
LHC experiments.

An RPC consists of two parallel plates, made out of phenolic (leskelite) with a bulk
resistivity of 10° - 10" Qcm, separated by a gas gap of a few millimefEns.whole structure
IS madegas tight. The outersurfaces ofthe resistivematerial are coateaith conductive
graphite paint to fornthe HV andground electrodeshe read-out is performed by means of
aluminum strips separated from the graphite coating by an insulating PET film.

So far, RPCs have been operated in streamer mode, i.e. the dledtriicside the gap is
kept intense enough to generlitgited dischargedocalized near therossing ofthe ionizing
particle. However, the rate capability obtained isuch operational conditions idimited
(~100 Hz/cm ) and not adequate for LHC.

A significant improvement is achieved by operating the detector in the so-called avalanche
mode [5.2]; the electric field across the gap (and consequenttyad@mplification) is reduced
and a robust signal amplification is introduced atftbat-end level.The substantial reduction
of the chargeproduced inthe gapimproves by more than one order of magnitulde rate
capability.

An RPC is capable of tagging the time of an ionizing event in times shorter than the 25 ns
betweentwo successive bunch crossin@X). A fastdedicatednuon trigger detector, based
on RPCscan therefore identifyinambiguousiythe relevanBXs with which the muon tracks
are associated, even in the presence ohitjerateand backgrounéxpected aLHC. Signals
from suchdetectors directly provide thane and theposition of a muorhit with the required
accuracy.

The trigger based on such a detector has to perform three basic functions simultaneously:
* identify candidate muon track(s);
» assign a bunch crossing to the candidate track(s);
» estimate their transverse momenta.

All these functions must be performed with high efficiency in an environmieeate due
to the gamma and neutron background, the hit rates may reddb/aor.

A total of six layers ofRPCswill be embedded in the barrgbn yoke, twolocated in
each of the muon statioddB1 and MB2 and one ieach of thestationsMB3 andMB4. The
redundancy in thefirst two stationswill allow the trigger algorithm to perform the
reconstruction always on the basis of four layers, even for Jdvagks, which may be stopped
inside the detector.

In the forward region, the iron will be instrumented with four layers of RPCs to cover the
region up ton= 2.1. However, ossibility for upgradinghe system up ta)= 2.4 iskept
open. Figs. 5.1.1and5.1.1b showthe RPC location in the R-Zview (both for barrel and
endcap) and in the view (barrel only), respectively.
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Fig. 5.1.1a: RPC locationin R-Z.
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Fig. 5.1.1b: RPC location inp (barrel only).
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5. Resistive Plate Chambers

5.1.2 Specific conditions and requirements

The RPCs should fulfill some basic specific requiremegasd timing, lowclustersize,
good rate capability. Moreover, they are expectecespond with highntrinsic efficiency and
to withstand long term operation in high background conditions.

Good time performance is crucial for triggering with high efficiency. Migemtification
within a 25 ns window requires not only a few nanoseconds resolution, but also thds tbke
the signal time distribution stay withthe window. This impliesthat the timewalk due to the
propagation of the signals alofite strips and tdhe possiblerate variation(which may affect
the drift velocity), should b&ept within afew nanoseconds. In CM&)ng stripsareused in
the barrel region where rate effects are negligible, while very short strips are tisecenucap
where the rate problem is more severe. @ tolerable timavalk introduced by both effects
should not exceed 4-5 ns.

In Fig. 5.1.2the achievable triggezfficiency, computedising afull simulation of the
CMS trigger detector [5.3], is shown aguaction of theRPCtime resolution and efficiency.
Results only refer to muons generated in the region -0rPg €.09 with 50 < p< 70 GeV/c
and subject to a.p't of 5 GeV/c. A moredetailed discussion ofthe trigger algorithm
performance will be presented in section 5.10.
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Fig. 5.1.2: Dependence of the trigger efficiency on BREC time resolution (a) and on the
RPC efficiency (b) for muonsgenerated in the regio®.09 <n < 0.09with 50 < g < 70
GeV/c and subject to g@'tof 5 GeVi/c.

The cluster size (i.e. the number of contiguous strips which give signals at the crossing of
an ionizing particleshould besmall (< 2 ) in order to ehieve the required momentum
resolution and minimize the number of possible ghost-hit associations.

Finally, the rate capabilitghouldreach 1 kHz/cr (€ > 95% at 1 kHz/cd). According
to recent computations (as discussed in Ch&jtehe hit rate associatedith the neutron and
gamma background is 20 Hz/éin the barrel region and reaches a maximum of 250 Hzftm
the forward region an=2.1. Areasonably safestimate of 1kHz/cn? gives therefore the
highest rate at which the RPCs are expected to operate.
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5. Resistive Plate Chambers

The full exploitation of the RPC time capability requivesrking at gains as high as 10
This makes the high rate operation sensitive to the resistance of the electrodes, because a sizable
voltagedrop isgenerated in thgas gap byhe flow of the currentacrossthe resistiveplates.
This point will be discussed in detail in Section 5.2.2. Moreover, in a parallel plate chamber like
an RPC, darge voltagehas to beapplied to generate a field intensity sufficidot electron
multiplication; this makesthe energy dissipated in tlgas non-negligible. Amit not much
larger than 2 W/rshould be achieved. Thedfect can be limited by aappropriate choice of
the gas mixture and the gap width.

In Table5.1.1 the main requirements alisted. It is alsamportant toavoid, during the
operation.the occurrence of streamers because the large amount of charge involved increases
the current unnecessarily.

Table 5.1.1

CMS requirements for RPCs
Efficiency > 95%
Time resolution < 3 ns (198% within 20 ns)
Average cluster size < 2 strips
Rate capability > 1 kHz/cnt
Power consumption < 2-3 Wim
Operation plateau 300 V
# Streamers < 10%

5.2 PRINCIPLES OF OPERATION

In this sectionthe relevant detector parameters and the basic physical principles
underlying the RPC signal formation will be briefliscussedThe electrode resistivitgnainly
determines the rate capability, while thap width determines th&tme performance.Other
parameters, such #se gascluster density and the electrotiieckness,arealso important and
should be optimized to achieve the best performance.

In Fig. 5.2.1 asimple model of the charge formation in &PC is schematically
presented: a cluster of electrons, produced by apnizing particle, ignites thevalanche
multiplication.

Fig. 5.2.1:Model of the charge formation in the RPC gap.
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5. Resistive Plate Chambers

An electronic charge &(d) is then developed inside the gap of height d. The drifsuath
chargetowards the anode induces on the pick-up electrode "tAst" charge @, which
represents the useful signal of the RPC.

The power supply has tmove the chargegqjin the circuitoutside the gap irder to
compensate the charge collected on the electrodess the number of ionizing encounters per
unit length undergone by one electron andatt@achment coefficierft the number ofttaching
encounters per uniength,the effective ionization coefficient can be definedhas a - 3.An
RPC is said to work in “avalanche” or “low gain mode” if the conditi@h< 20 is satisfied. It
has been shown [5.4] that, in this case, the average fast clavf@ gingle avalanche can be
evaluated as:

end (5.1)

-k - aum K
<Qe>— nd<Qe(d)>—CIeln0 nd n+A

where k= € d/s)/E,d/s +2) is a constant depending on material parameters, and
* Qs the electron charge,
* n,is the average size of the primary cluster from which the avalanche originated,
* A is the cluster density in trgasmixture (i.e. the number of primary clusters/unit
length produced by an ionizing particle),
» ¢gris the relative dielectric constant of the electrode,
* dis the gap width,
* sis the electrode thickness.

For a givemd, the factors k andl should be atarge aspossible, in order tonaximize
the useful signal on the strip.

This simple modetepresents &alid approximatiorfor our discussion. Howevemore
clusters may develop in the gap. A better estimate of the average induced charge can be obtained
by means ofMonte Carlo simulations, where fluctuations tfie avalanche camalso be
considered.

5.2.1 Simulation of avalanche growth and signal development

A detaileddescription of the simulation algorithms canfbend in [5.5]; a comparison
between model prediction and experimental results can also be found in [5.6].

The primary clusterpositions andthe avalanchegrowth are assumed tofollow,
respectively, simple Poisson statistics and the usual exponential law. After the simulation of the
drifting avalanchesthe total charge ) induced on the external pick-up electroggtsips or
pads) by the avalanches’ motion, can be computed by means of the following formula:

k _ .
Qe = ﬁQe(d) = z Noj Og Mik[en(d x0i) _ 1

cluster

where x;j is the i-th cluster’s initial distance from the anodéasithe number of initial electrons
in the cluster, and Nt the avalanche gain fluctuation factor [5.7].

In addition to g (and more interestinghe currenti,4(t) induced orthe same electrodes
(as a function otime) by the totaldrifting charge (Jt) canalso be computed [5.8]. The
computation of;,4(t) providescomplete information on theutput from an RPC; it is possible
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5. Resistive Plate Chambers

to input the simulategignals insimulated amplifiersdiscriminators, etc.reproducing with
accuracy the data-taking conditions of a real experiment.

Monte Carlo results orthe charge spectrum and the efficiency of a 2 mm RBC,
operated with an effective ionization coefficient=8.3 mmt and a gasluster densit\ = 5.5
clusters/mm, are reported in Fig. 5.2.2. Experimental results, obtained swthll®0x50 cnf
detector operated at equivalerdnditions, are also superimposedlhe experimental 1 mV
amplitude threshold has been simulated with a 100 fC charge threshold.
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Fig. 5.2.2:Simulated and experimental results for the spectrum and the efficiency of a 2 mm
RPC.

5.2.2 Material specification and basic parameters
5.2.2.1 Electrode composition and surface treatment

The resistive electrodes are usually made of bakelite (phenolic resin) plates covered with a
thin layer of melamine. Théulk resistivity p of the bakelite plateshould beoptimized
according to the required rate capability, which is strongly dependant Tmere argwo main
effects: first, the time constant= g,(€,+2)p of an elementary RPC cell involved in avalanche
process ismaller atlower resistivity; moreover, at very high ratbe flow of total current
through the plates becomes important and produces a draftage \ across them. A lower
“effective voltage” is therefore applied to thas gap,resulting in a lower gaamplification.

Both effectscan be reduced bgshoosing an appropriatew valuefor the bulk resistivity. By
simple electrostatic considerations [5.10], the voltage drop can be estimated as

Vd = 2<Qe>r Sp

where r isthe rate/crfy p is thebulk resistivity andthe other quantities have already been
mtroduced Assuming, for example, £G 25 pC and r = Bnv, a value op in the range 1-
2*10"" Qcm should be used timit V, to few tens of volts. A Iger voltagedrop would
influence not only the rate capability, but also the pulse delay due to the change of drift velocity,
as discussed later.
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5. Resistive Plate Chambers

The surface quality othe electrode is crucial in reducisgontaneous discharges which
might affect the rate capability of the chamber. Recently, a major improvement in the quality of
the surface has been obtained by using more precise tools in the production procedure.

The"roughness" B, defined as the vertical deviation of therface from itsaverage
profile, hasbeen measured on differdodikelitesheetsThe values of B averaged over the
sampling length of a few millimeters, are shown in Fig. 5.2.3, at several arbitrary positions, for
the following types of plates:

» standard Italian bakelite, used for the L3 and the BABAR RPC production,

» improved Italian bakelite, recently used by the CMS RPC group,

» bakelites used by other groups,

* melamine.
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Fig. 5.2.3:Values of roughnessgat several positions (1 cm apaid) different 10x10 cnd
bakelite sheets.

Recent productiomas reduced thé'roughness" otthe surface by a factor of 6. The
possibility of a quantitativeharacterization of the electrodarfacescan beexploited, during
the production, to set up a control procedure. Encouraging results (see Sectionch&nber
performance have been obtained with these electrodesThe linseed oil treatmerib.9],
which hasbeen traditionally employed ®mooththe electrodesurface, isnot crucial for the
detectoroperation, providedhe bakelite plates hawwod surfaceuality and theassembly is
cleanly and correctly done.

5.2.2.2 Gas mixture

The gascluster densityA is crucial for exploiting the best detectoperformance. In
principle,A should be as large as possible to maximize the signal anti¢veabighefficiency
(see equation 5.1). Recently, 2 mm dgdpCshave been successfully operated with., &,
basedmixture A ~5 clusters/mm). Lower density gas mixtures (for example, argon-based
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5. Resistive Plate Chambers

mixtures) haveA ~ 2.5 clugers/mm and do not allow high efficiency witbw streamer
contamination [5.10].

The drift velocity ofelectrons in different,B8,F, based mixtures at varioetectricfields
hasbeen recently measur¢sl.11,5.12]. In Fig. 5.2.4heresults for a 90% (H,F,, 10% i-
C,H,, mixture areshown. Inthe region of interest (streamer free operation) the wdeifbcity
grows linearly with the applied electrifield. At high rate, wherghe effective field applied to
the gap is reduced, as discussed previously, the decrease of drift velocity may result in a longer
response time. Again, laakelite resistivity value in the rang&-2 -10'° Qcm will keep this
effect within the requirements stated in Section 5.1.2.

N

N
< Streamer
. operation

ANRRNNNN

Drift velocity (cm/us)

—x
N
\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\

SX

56 58 60 62 64

E/p (V/cm Torr)

Fig. 5.2.4:Drift velocity for the 90% GH2F4, 10% i-CG4H10 gas mixture. The streamer
operation region refers to a 2 mm gap RPC.

5.2.2.3 Gap width

The gapwidth affectsthe time performance of thedetector.Fig. 5.2.5 shows the
simulated achievabléme resolution as a function of the gap widtégssuming a gasluster
densityA = 5 clusters/mm and an electron drift velocity 180 um/ns. Also the full width at
the base (FWAB),defined as theime interval containingd5% of the events, is given. The
performance, as expected, becomes poorer at wajes,due to the larger fluctuations present
during the avalanche development. A 2 mm gap width seems the most appropriate choice.

5.2.3 The double-gap design

More gaps may be put together to increase the signal on the read out strip, which sees the
sum ofthe single gapignals. Thignakes it possible toperatesingle-gaps at lower gamin
(lower high voltage) with amffective detector efficiencwhich isthe OR of the single-gap
efficiencies.
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Fig. 5.2.5: Simulated time resolution as a function of the gap width.
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Fig. 5.2.6:Layout of a double-gaRPC: a) standard double-gap, b) double gap with two
read-out planes.

The RPC proposed for CMS imade oftwo gaps withcommon pick-upstrips in the
middle (hereafter referred to as a double-§&C). A simplified layout of the double-gap
design is shown irFig. 5.2.6a. Alternatively, in thecases wherehe signal extraction is
difficult, the layoutshown in Fig. 5.2.6kcould beadopted, with two independergad-out
planes located externally and having their signals ORed, strip by strip, before entering the front-
end. Inboth casesthe total inducedignal is thesum ofthe two single-gapsignals. Several
studies on double-gap RPCs have been already repofted]in5.10] and [5.13].

The charge spectrummproves, as shown in Figh.2.7, where alsothe single-gap
spectrum (from Fig. 5.2.2) is shown feomparison (normalized to tlagea). Safeoperation
at higher threshold can therefore be achieved without loss of efficiency.
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Fig. 5.2.7:Simulated and
experimental charge spectra for
a double-gap RPC.

Also the time resolution is expected to improve, as shown in Fig. 5.2.8, where the results
of the simulatiorfor single-gap and double-gap (2 mm widRHCsare superimposedThese
distributions refer to the case ©t 5 clusters/mm. The arrival time is relative to gassage of

the ionizing particle.

The predicted resolution of the 2 mm single-gap time response is about 1.4 ngalldis
seems to be a lower limit,laged to the statisticadrocessesaking placeduring the avalanche
development and to thealk produced bythe signal amplituddluctuations. Howeverpther
effects, such alectronicnoise andlocal variations of electric field must be takeninto

Fig. 5.2.8: Simulated time distribution
for single-gap and double-gap 2 mm
RPCs

consideration, to account for the realistic experimental resolution.

In Table5.2.1 the basic construction and operating parameters of the CMS double-gap

RPCs are given.

Table 5.2.1
Basic construction and operating parameters.

Bakelite thickness

2 mm

Bakelite bulk resistivity

1-2-10°Q cm

Gap width

2 mm

Gas mixtures

95% GH,F,, 5% i-GH,,

Operating High Voltage

8.5-9.0 kv

# Gaps

2
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5. Resistive Plate Chambers

5.2.4 Aging studies

Three kind of aging effects should be considered:
» aging of the materials irrespective of the working conditions,
» aging due to the integrated dissipated current inside the detector,
» aging due to irradiation.

5.2.4.1 Aging of the materials

Resistive Plate Chambers have been used in various experiments since the 1970s, such as
E771, WA92, E831 and RD5 [5.14The mostrecent one is L3vhere a 600 rhdetector has
been successfully operated since 1994 as the muon trigthexforward part [5.15]. BABAR
has also decided to instrument the return yoke of its magnet with RPCs [5.16].

No experiment has reported any aging effect on the RPCs material over the péned of
in which they have operated. Moreovie efficiency and théme resolution of the chambers
have remained constant over the running period.

5.2.4.2 Aging due to the integrated dissipated current inside the detector

Although all the mentioned experiments have operak¥Cs in"streamer"mode, no
degradation of the performantas beenreported.The small charge (a factd00 less with
respect to the streamer) produced in the avalanche mode ensures safe long term operation.

5.2.4.3 Aging due to irradiation

One of themajor concerns rated to theneutron flux and doseate in the experimental
areas at LHC is the material radiation damage.

According to the energy of theeutrons,different processexan take place in organic
materials such as those usedRRCs. Inthe reactiorwith the nuclei of an irradiateshedium,
fast neutrons transfer a considerable amount of their energy.

Thermal neutrons undergo nuclear capture and the resulting emitted radiation (gamma rays
in the MeV range for the most probable reaction with hydrogemrat@gounds) is responsible
for subsequengxcitation and ionization vigecondary processésiainly Compton scattering
and photoelectric effect).

The expecteddoserate in the CMS barretegion does noexceed 1 Gylyeaf100
Rad/year). A factor ofL00 larger dose isexpected in thdorward region. A doseate of 1
Gylyear is consistent with @articledose of fast neutrons (>MeV) equivalent tassome 16¢°

n/cne.

In the case of bakelitdpr example,the fluence offast neutrons corresponding to a
deposit of 100 Rads/chis 4.61.0" n/cn®?. Similar fluences, for the same dose, meeded for
Mylar (6[11.0" n/cn?) and Polyethylene (2020 n/cn).

Some preliminary irradiation tests have been carried outthétB50 kW Triga Mark |1
research reactor located Ravia.Small bakelitesamples have been exposedha core of the
reactor. An initial heavy irradiation (about 4.5'8thermal n/cm) has been performed in order
to analyze the radioisotope content of gamples.More realisticexposures (10 LHC years
equivalent) of the bakelite samples will be performed.

Complete tets plannedor 1998 involve exposure of amall operatingRPC to afast
neutron beam.
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In parallel, an irradiation facility for long term aging tests is under development in the Bari
Physics Department and INFN laboratorylafge RPC cosmic ray telescope@sed inthe past
to study horizontal cosmic muons [5.17], teeen upgraded tbhost anirradiationarea, where
large RPCs (1.0 x 1.5%ncan be located.

The telescope offers good tracking and pattern recognition capability through eight 2x2 m
additional RPCs situated at both ends of the irradiatiea. Oreachside, two suclthambers
are read outwith vertical strips andthe remainingwo with horizontalstrips, in order tayain
information both on x and y coordinates. The response of the irradiated detetherpassage
of an ionizing particle can bstudiedaccurately and monitoreduring the operatiorfor the
whole chamber surface.

Three *'Cs sources, 5nCi each, have been installedThe chamber is uniformly
irradiated at a hit rate of 500 Hz/§mvhich is a factor of 2 larger than whateigpected in the
highern region of CMS. Fig5.2.9 shows #ayout of the telescopeith the irradiationarea.

The operation started in October 1997, and it is scheduled to continue with no interruption for at
least the next two years.

urce

10 m

Fig. 5.2.9:Layout of the Bari irradiation facility.

5.3 RPC CONSTRUCTION AND TOOLS

Recent R&Dresults haveshownthat RPCssuitablefor operation alow gain and high
rate can be constructaging materials and technologies developed in plast andalready
employed for the L3 and BABAR mass productions. Only a few basic physical parafgaters
mixtures, plates resistivityplate surfacetreatment) need to be adapteconder meethe CMS
operation requirements.

The large production oRPCs for CMScan therefore be made on an industbaskis,
following well established procedures developed several years ago by R. Santonico [5.1]. The
construction requires two rectangular 2 mm ttbekelite plates kept at a fixed distance (2 mm
+ 30um) by insulating spacers about 10 mm in diameter distributedtiogezntiresurface in a
square mesh of 100x100 rinA schematic layout of an RPC is shown in Fig. 5.3.1.

The bakelite plates arferst selected on théasis oftheir resistivity, which should be
peaked around[@.0" Qcm and distributed over a wide rangel[lL0"° Qcm). At the same
time, a sample surface roughness test is performed.
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bakel ite

pl anes nyl ar sheets

graphite coatir

:/Tm

sealing frame

seal

Fig. 5.3.1: Section of the end of a chamber (single-gap), showing plates, sfea®is,and
seal of one gap.

Basic steps for the construction are:

» the bakelite plates are cut to the required dimensions.

» one side of each bakelite plane is painted with graphite (surface resistivity about 300
kQ per square), by means of the facility shown in Fig. 5.3.2.

» on the graphite coatesurface a@.3 mmthick PET film is glued to provide HV
insulation. This is done by means of a ‘hot melt’ facility, shown in Fig. 5.3.3.

+ two such plates are glued together (graphite orotit®de) withthe spacemesh on
the inside, and a narrow (order of 7 mm) frame all around to form the basic chamber.

After drying, gasnlets are mounted at tHeur corners and aadditional araldite seal is
placedaroundthe entirepackageThe construction of the single-gap chamber terminates with
the connection of the HV cables. Then each chamber is tested fleagasflushed for deast
48 hours and a first V/I plot is made, which is checked against the resistivity values measured at
the beginning of the process.

Fig. 5.3.2: The RPC graphite spraying facility.
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Fig. 5.3.3:The PET film gluing facility.

The production capability of the existitgols is aboutl5-20large sizesingle-gaps/day.
An important constrainfior the CMS detectodesign isdetermined by the maximum size of
available bakelite platg4.3 m in wdth and about 4 m ifength). Also thetools havebeen
developed to treat platemt larger than the quotedimensions.The CMSdesign, therefore,
should be optimized to contain RPC module sizes within the above limits.

Finally two single-gaps are superimposed to form a double-gap chambehesipacers
overlappedAlthough this introduces some dearka, it ensures thadfter the assembly, no
deformation of the gaps is produced.

In parallel to the abovsteps, aspecial tool(Fig. 5.3.4) isdevoted to the production of
the read-out strip planes. They are made by milling @d@luminum sheet glued on a 10
thick PET film.

5.4 BARREL DESIGN

5.4.1 Station layout

In the barrel iron, the RPCs are arranged in six layers. Each layer is a dodecadolh with
2rtcoverage. Two layers are located in MB1, two in MB2, one in MB3 and one in Migde
are a total of 360 rectangula@asons,eachone with a length inthe beam direction dictated by
the 2560 mmwheel length in the direction, and a width ranging from 20Q0dB1) to 4000
(MB4) mm.

262



5. Resistive Plate Chambers

_ - A A

BB R Ted A ed ol oL o o
B Bl Bh bodab bob

Fig. 5.3.4:The tool for the read-out strips production.

Physicsrequirements demand that in each stationstings, running alwayslong the
beamdirection, be divided intdwo parts for stations MBIVIB3 and MB4. Station MB2,
which represents apecial casdor the trigger algathm, will have strips divided into three
parts.

In each station, therefore, weéiave two (or three) double-gaps modulesounted
sequentially along the beam direction to coverwthele area. Irthe case ofwo double-gaps,
the strips will be 1300 mm long; in the case of three (only forstet@n inMB2), their length
will be 850 mm. Fig. 5.4.1 shows a barrel station made of two (or three) double-gap modules.

front-end boards front-end boards

VB2 MB1,MB3,MB4
/// i - i-gap
— —_—
870 mm 1300 mMm
B I
Z (beamline) Z (beam i ne)

Fig. 5.4.1: Schematic layout of a barrel RPC station.
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In each double-gap module, the front-end electronics board will be located at the strip end
which minimizes the signal arrivalniie. For eachdouble-gap 96 stripsvill be read out.
Therefore, dotal of 288 electronic channels are needed each MB2 statiorand 192 for the
other stations. The strip width will increase accordingly from the inner stations to the outer ones
to preserve projectivity (each strqgmvers 5/16 degrees ip). In Table5.4.1 some global
information on the barrel detector is given.

Table 5.4.1
Barrel detector totals.
Number of stations 360
Total surface area 2400 nt
Number of double-gaps 840
Number of strips 80640

To reduce the effect of the dead zgmeduced alonghe line of contact, any station
requiring only two sets of strips will bmade oftwo double-gap chambers different lengths
(1230 or 1270mm) with staggered single layers (seg. 5.4.4). Eachdouble-gap will be
assembled separately and completely covevitd an Al sheet carryinghe ground to the
termination resistors and to the electronics. Figs. 5.4.2, 5.4.3 and 5.4.4 show schematically the
layout of the front edge of tHest double-gap (A)the far edge of theecond double-gap (B)
and the overlapping region.

Front end el. Al sheet A
—— B
pin - Stri
% rps e :M
ez e
. fr] |
) L
Fig. 5.4.2:Double-gap module A. Fig. 5.4.3: Double-gap module B.
Front end electronics 5
|
‘ E:y | ||
A
: —
I- |
=] |
| | | S| ‘ T

=] . = ,
[ ] # Insulating material

term. resistor

Fig. 5.4.4: Overlapping region.
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5.4.2 Mechanical assembly and integration

As alreadystated,each barrel statiohas arectangular surface; one sidh@s constant
length (2560 mm in the beam direction); the other ranges 2@®0 to 4000 mmEach station
is self-supporting and therefore can be fastened in place by its edges only.

The RPCs alone, inhe double-gagonfiguration, have a weight of 14 kg/mTheir
mechanical structurdoes nothave sufficient rigidity to remain flagver suchlarge surfaces if
supported only athe edges; imddition, agentlepressure (orthe order of 15 kg/rf) must be
applied to the external surfaces of the double-gap assembly to make surestrgigheunning
between the two single-gaps, make good mechanical contact with them. This soluteerhas
adopted in place dfluing thewhole double-gap assembly for reasons of fragility, assembly
time and costs.

Foam plates with thin Al skins glued on both sides, pre-loaded with a radius of curvature
on theorder of 10 m and squeez#dt overthetwo surfaces othe double-gapshave been
used up to now itest chambers to provide timecessary pressure. Unfortunately, this very
attractivesolution cannot be applied ovsizes greater than000x1000 mrfy because the
pressure they can exert decreases as some powerlength. In addition, ithe CMS batrrel
the effect of the chamber weight is different at differgntso it is difficult to envisage the
extension of this technique to provide pressure and support for all the barrel stations.

The solution adopted is based @xperience withcommercial Al bars. Rectangular
15x40x2 mm bars, pre-loaded with a radius of curvature of ~10 m, have @mwn to
supportflat a distributed weight of 20 kg/frover a length 02560 mm.Mounted on a rigid
frame with different density oveahe two surfacesthey provide thenecessary support and
pressure, in all conditions, with an additional average weight of 22kg/m

In practice, in MB1 and MB2, where the chamber length perpendicular to the beam is less
then 2500 mm, the mechanics will consist of a rectangular frame with two stainless lstasl C
running along the two 2560 mm sides amthnected withwo (front-end) platesThe Al bars
run parallel to the front-end plates and are anchored inside the Csthbleeassembly ikept
flat within a tolerance of #w millimeters and has a thickness of $Bm. Fig. 5.4.5 is a
schematic view of this assembly, where the relevant components are pictured.

In MB3 and MB4 the rectangular frame will Isturdier andthe Al bars, onthe face
supporting the weight ahe asembly, are mounted parallel to théo&s andare anchored to
the front-end plates. In this case the front-end plates need to be supported at a few points on the
iron yoke.

The pre-loadedbarsare always mounted in correspondence witle spacers, tavoid
deformations of the gap.

A full-scale prototype of both structures has been built and shown satisfactory behavior in
both the horizontal and vertical position. The thickness of each stetiold, be kept within 55
mm with a maximum deviation from a plane surfacée@®f mm. Details of thefront-end plates
(with gas , power and signal connections) are shown in Fig. 5.4.6.

Further studiesire necessary to havecamplete engineeringesign ofthe chamber. A
full-size, operational prototype should be built by the end of 1998.
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Fig. 5.4.5:Mechanical assembly of a station.
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Fig. 5.4.6: Detail of ZZ section and front of circled zone in Fig. 5.4.5.

5.4.3 Production plans

To a largeextent,the barrelRPC construction will be handled bydustry, which has
reliably produced chambers for the L3 and BABAR experimdiits.necessary toolingpr the
basic single-gap production alreaéyists and nomodification is neededor the CMS
production, which should follow the established standard procedure.

As a first stepall the bakeliteelectrodes will be produced at one time, to ensupeal
characteristics, and then checlied resistivity and surface quality. Thisork will be the
responsibility of the group in Pavia, where a test station is wahatruction. It shouldllow
us to measure the bulk resistivity and the surface roughness at several positi@glates in
a fully automatic way.

The selected electrodes will then be transferred to industry, where the single-gap modules
will be produced according tive procedure described in Sectm®. At arate of 15single-
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gap/day,the entire barre(1680 pieces) could be produced in abal20 working days.
However weplan to distribute the productioover a period of 3/ears,starting around the
middle of 1999.

The double-gap assembly and the full station mechanical assembly will be gamalli
with the single-gap production.

Once completed, the stations will be transferred (at a rat®-&6 per month) tthe Bari
Physics Departmentand SezioneINFN, where alarge workshop (200 @) is being
instrumented. In Bari, the front-end electronics will be mountethestations and exhaustive
tests with cosmic rays will be performed before shipping them to CERN.

Recently, a group of universities from South Korea have expré@sgeest in joining the
barrel RPC effort. Details of their participation are still under discussion, but it is likely that they
will contribute significantly to the production, establishing a second assembly and testing line in
Korea.

5.5 ENDCAP DESIGN

In thefollowing, a desigrfully compatiblewith the required physical segmentation and
with the constraints of the existing construction technology will be proposed and discussed.

A schematic R-Z view of the Endc&PC systenand the detector location@th respect
to the iron walls is shown in Fig. 5.4.7. Four stations of R®€splanned in théorward part
of CMS (ME1, ME2, ME3,ME4) to cover theregion up ton=2.1. The stations have a
trapezoidal shape and the strips run along the radial direction.

In order to maintain projectivity, the strip shape is trapezoidal, so tleathm region its
width always covers 5/16 degreesprAlso the striplengthvaries,according to they region,
from ~25 cm to ~10@m. The endcaRPC stationswill also be builtusing the double-gap
concept. However, in the case of very short stripspgcially trudor ME1 and, in general, at
highn ), the use of the standard double-gap layout, where strips are embedded between the two
gaps, has the problem that signals can not be extracted unless the chamber segmentation follows
the striplength. Also the same limits on the bakelite platenensions, as discussed for the
barrel part, must be considered for the desigi@e&ndcap, resulting in a severenstraint on
the module size.

Different layouts, which avoid this limitation by placing the read-out strips on teenakt
face of thedetector, with a consequent increase tbé module size, are also under
considerationRecentlytwo chamberdiave been built and tested according to dhernative
layouts shown in Fig. 5.2.6bnd in[5.18], respectively. Their performanceage presented in
[5.19] and [5.21].

A basic concept of thdesign described below is to segmérd stations in a wayhat
strips, whosdengthshould alwaysover onen region ofFig. 5.4.7,can be easily read out.
This can be achieved bghoosingthe size of the double-gap modules to cdves n regions
and by instrumenting them with two sets of strips, running from the centez afiodule to the
edges, where signal can be extracted and fed into the front-end boards.

Of course different stationgould require different strip lengths (tmatch the exaa
segmentationand, consequenthdifferent module sies. However, in order tsimplify the
detectordesign andhe productiorprocedure, it haveen decided to maintain the sastap
length and, thereforethe same modulsizes inall the statns, according to the exaa
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segmentation oME2, as shown byhe horizontal lines ifrig. 5.4.7. The choice of ME2 to
determine the strip lengths is related to the trigger algorithm, which makes usestéttbis as
a reference plantor the track findingprocess. Of courseome minor differenceare still

present at very high, and the case of the small ME1 chambers at 1.65 has to bspecially
treated.
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Fig. 5.4.7:Forward RPC location in the R-Z plane.

5.5.1 Layout and assembly of stations ME1

The station MEL1 is the most demanding from the point of view of the design. It is divided
into three chambers, which in the following will be referred to as ME1/1, ME1/2 and ME1/3. A
front view of a smallkp portion isshown in Fig.5.4.8, wherethe station segmentation is
evident.

The ME1/1 chambers coveri@ @ and 4n regions; theyare composed of two double-
gap modules, each one instrumented, as discussed above, with two satdad 3&ips. The
double-gap modules are embedded between pre-ldadetslocated onboth faces andkept
together by means of aluminum C bars.

To limit the deadarea, two such chambewgll be overlapped ing according to the
scheme shown in Fig. 5.4.9, ensuring that at least one single-gap is always presehble
structure will be 60 mm thick.
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Fig. 5.4.9: Schematic detail of the ME1/1 chamber overlag.in

The same design concept will be used for both ME1/2 and ME1/3. HoweveNiEth2
case,due to the severe spalimitation in this region,each chamber will cover 2@nd no
overlap ing will be possible.

While in the case of ME1/2 the details of the mecharisaémblyare still to bedefined,
the ME1/3stations will be assembled accordingtihe same schemgroposed forthe other
ME/2 - ME/4 sations, which will bediscussed inrmore detail in thefollowing section.
Table 5.5.1 lists some global parameters of the ME1 system.
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Table 5.5.1
The ME1 RPC system totals.
ME1/1 ME1/2 MEL/3 MEL total
Number of stations 72 36 72 180
Total surface area 32°m 90 nt 144 nt 266 nt
Number of bi-gaps 144 72 144 360
Number of strips 9216 9216 6912 25344

5.5.2 Layout of stations ME2, ME3, ME4

These stations will consist of several double-gagalules, whose dimensiomsll cover
30 in @ and twon regions. In each module two sets of 96 strips, ftutal of 192 strips, run
along the radial R direction and are read out at the edges. Only the last module, at the highest R,
covers ong) region and is instrumented with one set of 96 strips.

For example,Fig. 5.4.10 showsthe layout of stationME2 with details of the
segmentation. Each module comes with an independent enclosure and will be instrumented with
the necessary electronidsoards,located at théwo edges andntegrated in the mechanical
structure. The strip lengths, and therefore the module’s dimensions are determined according to
then segmentation, as given in Table 5.5.2.
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Fig. 5.4.10: Segmentation of statioMEZ2. Location of the pre-loaded Abars and the
front-end boards locations is also shown.
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Table 5.5.2
Station segmentation mfor RPC at ME2. Same strip length and module dimensions apply to
ME3 and ME4 RPCs.

Module # N min Nmax Max. strip length | R, R.(mm) at| Dimension (mm)
(mm) center line

1 2.10 1.99 313 1840 599x1350
1.99 1.89 220 2437

2 1.89 1.78 254 2442 613x1678
1.78 1.68 293 3050

3 1.68 1.57 339 3055 793x2103
1.57 1.47 394 3843

4 1.47 136 560 3848 1054x2666
1.36 1.26 540 4893

5 1.26 1.18 436 4898 1054x3231
1.18 1.09 568 5948

6 1.09 0.90 836 5950 894x3710
6845

The design of the other statioddE3 and ME4) will be based orthe same strip lengths
and module size, as already discussed.

A set of pre-loaded Abars runningadially on bothsides ancembedded inwo C bars,
will stiffen the double-gap modules. The basic principle has already been descrileailifor
the barrelchambersSince this layout will unavoidably produce some dasgh in R between
modules, an attempt will be made to avoid dead area afsdlims is achieved by overlapping
two corresponding 30modules ofadjacent stations, according to the scheshewn in
Fig. 5.4.11. To limit the thickness in @nly single gapsreoverlappedThe totalthickness
of the RPC station is 6.7 cm.

Chamber counts for the ME2/3/4 system are given in Table 5.5.3.

View increasing in R Services
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access to Anchor

location
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Fig. 5.4.11: Detalil of the station overlap p
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Table 5.5.3
The ME2/3/4 RPC system totals.
Number of stations 72
Total surface area 750 nf
Number of double-gaps 384
Number of strips 66818

5.5.3 Production plans

So far physicists from Florida, Rice, and Warsaw have played a major tiodgeR&D
efforts for the forward RPC system. However very recetitigegroups from South Korea,
consisting often universities,haveexpressed stronigterest in taking responsibilitijor the
construction of the forward RPCs and related readout electronics.

They are Cheju Nation&niv., ChoongbukNationalUniv., KangwonNationalUniv.,
Wonkwang Univ., ChonnarNationalUniv., DongshinUniv., Konkuk Univ., KoreaUniv.,
Seoul National Univ. of Education, Seonam Univ.

Very fruitful contacts have already been established between this Korean Collaboration
and the CMS muon community. viorkshop onthe forward RPC system waseld in Seoul
last February to trigger the discussion, and some Korean physicists have discussed at length the
various options fothe constructiorduring a visit tothe University of Bari, Italy,and to the
RPC construction facilities existing in Italy.

Recently,the Korea Detector Laboratory (KODEL)hasbeen established at th&rea
University to co-ordinate all the research and construction RPC.

Two possible scenarios are under consideration:

» the establishment of complgbeoduction linesjncluding assembly o§ingle-gaps.
Bakelite productionwould, howeveryemain concentrated in omptace (same as in
the barrel case), to ensure uniform characteristic tnawvhole sample. It would be
necessary to build a certain number ofl¢p@ccording to the brief description
reported in Section 5.3.

« only station assembly lines are set up to produce final chambers (including front-end
electronics) from single-gap moduleshichwould be industrially produced,
preferably in one place (as in the barrel case) and distributed to the assembly centers.

It is worthwhile mentioninghat aChinese collaboration betwegmoups fromIHEP-
Beijing and Peking University is also trying to find resources for a possible limited involvement
in the forward RPC system.

5.6 FRONT-END ELECTRONICS

5.6.1 Design constraints

The choice of preamplifier configuration is determined byelpetrical taracteristics of
the detector and by the shape of the signal to be processed. In the barrel RPC, the current signal
comes from a strip-line 1.3 m long whose characterisiedance R for an RPC witl2-mm
double-gap geometry and a strip width ranging from 2 ¢4 ranges from 40 to 16hms,
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respectively.The corresponding strigapacitancegoes from ~160 pF/m to ~426F/m. The
propagation velocity is ~5.5 ns/m.

The shape of the curresignal,induced by a singleluster, is described ke function
i(t)=iexp(tr). This is a good approximation to the real sigsaice almost thevhole induced
current originates fronthe first two clusters. Fothe proposed GH,F,-based gas mixture,
which has an electron drift speed v of ~130 micron/ns (as shown in Fig. 5.2.5), t is in the range
0 < t < 15 ns. Furthermore= 1hv (n, effective Townsendcoefficient) is thegas time
constant that, at the nominal working point of the detector, is ~ 1 ns.

The total charge induced on the strgmgestypically from ~ 20 fC to more than 50 pC.
However, such a wide linear dynamic range is not required.

Since the rise time of the induced signal is shorter than the propagation delaysiipthe
the strip must be treated as a transmission line and properly terminated end®tfOneend is
terminated by the input impedance of the preamplifier; the other, by an ohmic resistotivAn
termination on botfends would be expensive and power consunyegyeldingonly asmall
decrease of nee. Teminating the stripwith a resistor having amall and variablevalue
requires AC coupling between strip and amplifier.

Simulations and past experience show that a threshold of about 20 fC allows the detector
to achieve full efficiency with small streamprobability. This meanshat anoise sigma not
exceeding 4 fC could be tolerated.

As will be discussed in Section 5.6.2, the timing error due to the walk (the onlytretror
could be corrected with a constant fraction discriminator) is abdouins. Compared to the
experimental total error (1.8 -2.0 ns), the walk contribution appears negligible. Teading-
edge discriminator is adequate.

The preamplifier should preserve the fast rise time of the input signal to fully exploit it in
leading-edge timing. A simpleray to atieve this is to design amamplifier having a single
dominant pole at relatively low frequency, while the rnieigh frequency polshould be as far
away as possible. The response will be a pulse having nearly the same fasthesmast and
a relativelylong tail. Since weexpect asinglesrate of lessthan 200 kHz/channel (with the
maximum strip area of 130x4 éna tail length below 50 ns would result in a negligible pile-up
probability. Of coursethe fast peakingime and theslow tail tend to affect theseries and the
parallel nose, respectively. This hdieen considered in thaesign in order not texceed the
required noise limit.

Often in anRPC, the avalanchgulse isaccompanied by an after-pulse withdalay
ranging from 0 to some tens p$. Killing the possible second trigger is necessdarius, a
one-shot must follow the discriminator. The choice of pulse length skakddnto account the
trade-off between thpossible second trigger atite dead time. A length df00 ns,giving a
dead time of 2%, is a good compromise

5.6.2 Electrical schematics

In the presentersion,the RPC front-endchannelconsists of a preamplifier, laading
edge discriminator plus one-shot, and a driver, as shown in the block diagram of Fig. 5.6.1.

273



5. Resistive Plate Chambers

RPC AMPLIFIER
- in indiscp DISD%REMSN,fg? R DRIVER
outp  TWISTED PAIR
~ S TLemete, [ >
F«:n—‘ T 2 r«:n—‘ vtest I test ampim P outp inp vop ¢
O_._,—H vinm
9nd vset vth indiscm outm P——®&—8—Q inm vom O—#—
4 ’—H vman vdrive outm
vmon [I—
Vdrive [

Fig. 5.6.1: Single channel block diagram of the front-end electronics.

The preamplifier startswith a transconductancstage, tomatch the characteristic
impedance of the strip. An exantatching, independent ahe signalcharge, cannot be
obtained; due to thevide dynamic range (the signal chargpans over 3-4 orders of
magnitude), a low power amplifier is soon overloaded. Assuthiagtrip correctlyterminated
at the other end, impedance matching at the amplifier input is imptotasinall signals,close
to thethreshold, wherghe reflections could affect trefficiency. However,looking attypical
charge distributionsthe probability of havingsignals around 20 fC iguite small. In the
present version of the front-end, the input impedance is about 30 olimssignal frequencies
(around 100 MHz).

The transconductance stage is followed by a gain stegetroduces the dominant pole
at 20 MHz, giving a tail length of ~ 30 ns. The next high frequency pole is set by the input stage
and is at 200 MHz, enough to preserve the leading edge. The charge sensitivity tiastbden
to 1.6 mV/fC, on the basis of past experience with RPCs. The equivalent noise charge (ENC) is
< 1.7 fC, in the worst case of a strip having-E5 Q.

The power consumption of the preamplifier is 7 mW.

The thresholdcircuit is made of cascaded differentgthges. The threshold can be
adjusted between 10 ar8DO fC using external voltagecontrol. As already stated, the
discriminator is followed by a one-shot circuit that gives a shaped 100 ns pulse.

The power consumption of the discriminator plus one-shot is also 7 mW per channel.

The driver has to feed a twisted peablewith a signallevel of 300 mVinto 110 Q, as
required bythe LVDS standard.The power consumption i$8 mW per channel. Ware also
consideringthe possibility ofhousingpart of the readout electronics on the sd@B as the
front-end chip. This solution would make the cable unnecessary, and the drivercpoldebe
decreased t& mW per channel. Because of thige chiphasthe possibility of reducing the
driver output current.

Fig. 5.6.2 showghe timeslewing (simulated) as a function of chameerdrive. The
dominant contribution of the discriminator at smallerdrives is due tdhe limited gain-
bandwidth product othe circuit. However, the stable performander overdrives down to
1 fC should be noted. Fig5.6.3 showsthe slewing contribution tathe time resolution,
obtained by weighting the time slewing with the probability of occurrence of each clzdinge
given by the charge spectrum. The vadye= 0.7 ns accounts for the effect of sigaaiplitude
variations. This error could be reduced by a constant-fraction discriminator (CFD) or by simpler
slewing correction techniques.

The intrinsic timingerror of the amplifier is due to thaoise andcan be evaluated as
follows. The total noise is,, < 3 mV rms athe discriminatofnput. The average signalope
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around the threshold is ~ 20 mV/ns. Thus, on average; 0.2 ns. Of course, @D would
have no effect on this error.

Since the experimental,, is 1.8 - 2.0 ns, the contribution of the time slewing and of the
noise is marginalThe dominant timingerror sourcas, for the moment, to be ascribed to the
detector technology and would be unaffected by any slewing correction.
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Fig. 5.6.2: Time slewing vs. charge overdriveFig. 5.6.3: Simulated time resolution.

5.6.3 The front-end chip

In the presentersion,the front-end chip(FEC) hasbeen madaising the semi-custom
bipolar technology of Maxim. This process has been already used in many high Eneigg
experiments. In addition, its radiation hardness is well characterized and is consieeuetead
even at the highest radiation levels of LHC.

The FEC contains 6 channe(§ig. 5.6.4). For every 3 channels of BEC there is a
common test input and a common thrests#tting. The number of channelgas limited to 6,
in order to optimize both the chip internal layout (component count) and theecreat
connections to thatrips. The requiredpower suppliesaare +3V and-2V; the overallpower
consumption is around 30 mW/channghe package is guad-flat-pack, 64ins, 10x10x2

mm®.

Test bench measurements on fing prototype chips havehown goodagreement with
the simulation. Fig. 5.6.5 compares the simulated and measuséglving. A large RPC
instrumented with thisew electronicshasbeen tested at the HAuon beam. Results, which
are encouraging, will be described in Section 8.1
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Fig. 5.6.4: Schematic of the Front-End Chip (FEC).
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Fig. 5.6.5: Comparison between simulated and measured time slewing.
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5.6.4 The front-end board

The Front-End Boar@FEB) is connected directly to thRPCsand contains 24 channels
of RPC front-end electronics. Its schematic is shown in Fig. 5.6.6. The phsigealf a FEB
is 24xW mm length (W being the strip pitch in mm), 50 mm high and 10 mm thick.FEBs
belonging to the same RPC chamber are connected together.
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Fig. 5.6.6: Schematics of the Front-End Board (FEB).

The FEB accommodates:
* 4 FECs for a total of 24 channels,
» 2 Synchronization Units,
» 2 DAC:s for threshold setting,
» the Front-End Board Controller.

The Synchronization unit (SU) stores the FEC output data if they fall within a pre-defined
time window within a bunch crossing period and synchronittesn with a selected bunch
crossing period. The SU contains its own histogramming of rates for every data channel.

The Front-End Board Controller (FEBC) is a device controllirgfront-end electronics.
It will:
» store and distribute the threshold to the FECs,
» set the test pattern and test sequencefamnish them in a precissynchronous way
as input to the FECs,
» set the time window properties for the SU,
» read out the SU test histograms.

The input threshold will fix the equivalent chargehreshold value applied to the
discriminator, varying between 10 fC and a maximum of 300 fC, with a resolutibi2®ffC.
An 8-bit DAC will be used to give the proper threshold value toFIBE discriminators. To set
the correct DAC digitavalue, an8-bit serial-to-parallel shift register will be loaded serially by
the FEBC, and the analog output value of the DAC will be sent to an operational amgéfier
as a buffer in order to provide a higher driver capability.

The test input is common to three channels, and its function is to apply a particular pattern
to the amplifier input in order to check the channel connectivity and functionality.
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A FIFO isplanned to stor¢he test patterns to be fed into fREC;the same serial link
used to load the DAC will be used to load the patterns into the FIFO.

5.7 GAS SYSTEM

The RPC chambers have a gas volume of ionthe barrel region and about & for
both endcaps. All chambers operate with a non-flamngddenixture of GH,F, and i-GHq
(95.5%/4.5%). The basic function of thegas system is tomix the two components in
appropriate proportions and to distribute the clean gas mixture into the individual chambers at a
pressure between 1 and 3 mbar above atmospheric prefsarbydrostatigpressuregradient
of thegasmixture is0.3 mbar/m.The total height of th&kCP’s inside CMS is about 15 m
which makes a compensation of hydrostatic pressure differences necessary.

The large detector volume and thse of arelatively expensivegas mixture makes a
closed-loop circulation system unavoidablée system proposewill consist of functional
modules, which are designed as far as possible uniformigllf@MS gas systems (s€kable
5.7.1). The componensizes and rangeme adapted to meet the specific requirements of the
RPC system.

Table 5.7.1
Modules of the RPC gas system.

Module Situated in
Primary Gas Supplies SGX Building
Mixer SGX Building
Inside closed circulation loop:
Chamber Distribution Systems UXC55 Caverr
Purifier SGX Building
Pump and Return Gas Analysis USC55 Area
C2H2F4 Recovery Plant (if economically justified) SGX Building
5.7.1 Mixer

The flows of componentgasesare metered bynass flow controllers, whiclhave an
absolute precision dd.3% inconstant conditiong¢Fig. 5.7.1). Flows are monitored by a
processcontrol computer, whicttontinually calculates anddjuststhe mixture percentages
supplied tothe system.The medium-term stability in constafibw conditions isbetter than
0.1%: absolute stability will depend ¢ime absolute precision of the analyzingtrument. The
gas mixture is treated non-flammable, permanent mixture monitoring reakethat this is the
case.The gas flow is stoppedautomatically if the i-GH,, fraction increases beyond the
flammability limit.

Running flowsare typically abouB0% of full-scaleflow on the mass-flow-controllers.
For fast detector filling the parallel rotameters will be used, yieldicgnaplete volume renewal
in about 8 hours.
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5.7.2 Closed circulation loop

The RPC gas igirculated in a common closddop system forthe barrel and both
endcapsWith an expected regeneration rate 9% andexchange rate obne volume in
24 hours the entire gas volume is re-newed ones every ten days.

As shown in Figure 5.7.2, the circulation loop is distributed over three different areas:

» purifier, gas input, and exhaust gas connectaassituated in th8GX building on
the surface

» pressure controllersseparation of barrel and endcagstems, compressor and
analysis instrumentation are located in th&C service areand therefore accessible
at any time

» the manifoldsfor the chambegas supplies anchannel flowmeters are mounted in
distribution racks near the detector.

5.7.2.1 Barrel-chamber distribution system

The RPC detector in the barrel regimmnsists of 360 chambenodules assembled on 5
distinct wheels.Every wheel is divided into 1® sections of 3Dsupplied by individual gas
lines for each of thefour muon stations (MS1 td1S4). Thuschambers are supplied
individually or ingroups of twoleading t0240 indegndent gas channels fdre full barrel
detector. These gas lines are connected to five distribution racks situdtesd mitom ofeach
wheel.
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5.7.2.2 Forward-chamber distribution system

The RPCdetector in the endcap regionnmgmde of372 charber modules. Stations ME3
and ME4 aresubdivided in 30 ¢ sectors,eachsector beingnade of 5 chambemodules.
Station ME2 is subdivided in 3@ sectors,eachsector beingnade of 6 chambenodules. In
these three statiorsach chamber moduleas an independent gas connection. ther ME1
station thegas connectionare suchthat chambemodules argrouped in 20¢ sectorsgeach
sector having 6 independent gas connections. Mbeensthat, in stationdME1/1 and ME/1/3,
two adjacent chamber modules in the phi direction are connected in series.

5.7.2.3 Pressure regulation system

The pressure regulation is independent for the barrel and the two endcaps, but the splitting
in height is organised ithe samemanner. In order to correct for hydrostatic pressure
differences in theipper,middle andlower section ofthe CMS detectofseeFig. 5.7.3 and
Fig. 5.7.6) )the gas distribution iglivided into three distinct heigl#ones. In such a way
relative pressurevariations from chamber to chambesn be keptbelow 2 mbar during
operation. Evenheight sectiorhas itsown pressurecontrol andpressureprotectionsystem.

The latteruses bubblersituated in the distributioracks onthe bottom of the wheels; the olil
levels are adjusted to account for hydrostatic pressure differences in the threedweghtThe
mechanical stability of the chambmust, however, bsufficient to standhe full hydrostatic
pressure of about 5 mbar for correct filling or purging of the chambers.

The pressureregulation is done fronthe USC areafor the three height sections
individually but in common fowheels. Foithatreasoneach of the whealistribution racks is
split into three distribution panetipplying gas fothe different heighzones.The panels of
one height zone are connected then together to a common return pipe WSEharea
(Fig. 5.7.7).

The pressurecontrol is donausing a pressuresgulator on the inleaind a back-pressure
regulator on the outlet. The outlet pressure at the regulator will be -1.0 mbar plus the hydrostatic
pressure returned frothe particular height zone connected; at norfioal rate thepressure
drop inthe returnline is < 2 mbar leading to pressurebetween 1 and 3 mbar inside the
chambers at operating conditions.

5.7.2.4 Gas distribution in the experimental cavern

A schematic layout of the gas distribution system to the chambers is sh&wgn $17.5.
Distribution racks are installed on the bottom of each whe&r(fhe barrel and 4 per endcap)
housing 3 distribution panels for gas supplyhe different heighzones (se&ig. 5.7.4 and
5.7.7.). The distribution panels split into two manifold leedglial stations and plsiections),
the outeronesare equippedvith remotely read flowmeters monitoririge flow in a radial
sector. The flow measurement will be either differentiadiogle,and can beised for possible
leak detection and chamber flow adjustments using the needle valves at the inlets. In view of the
large number of gas channels, and the fact that the instruments are in a zone witladiogts]
the flow metering technology must bsimple, reliable and inexpensive. Currently two
measurement principles are being considered: hot-wire anemometers and ultrasonic time-of-
flight meters. A choice will be made on the basis of test results and a cost evaluation.

Every gaschannelhas a shortlexible pipe with a self-sealing quick connector allowing
gas channels to bedividually disconnected frorthe circulationloop for flushing withinert
gas. This facility is also very useful for leak tests on single gas channels.
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It is planned to sample the chamber output gas on the distribution panels éoragass,
this can be done for every channel or for a group of chambeessampledjas is returned to
the USC area with a small pump. Thus, gas analysis instruarengccessible at atiyne and
can be shared by several detector groups, if necessary.

5.7.2.5 Pump and return pipe pressure regulation

The gas from the distribution system must be compressed to approxid@@etgbar for
return to thesurface and recyclinthroughthe purifiers. At the same timepme ofthe return
pipes from UXC55 may need slight under pressure (-2 to -5 mbar) in order to insure correct gas
flow through the chambers situated in the bottom pa@M#f. This pressurean be controlled
by a regulation valve in parallel with the pump driven with the signal of a pressure transmitter in
the main return pipe.

5.7.3 Purifier

Most closed-loop circulatiosystemaneedgaspurification in the returrline in order to
achievehigh recycling rates (usual§0%). Forthe RPC systemthe gas purityrequirements
are notvery high. The principal impurities that may harm aretrogen (<1%) and oxygen
(<1%). Astandard purifier using a twicolumn filled with e.g. activatedcopper can beaised
allowing water and oxygen removdlhe compatibility of the gH,F, with the cleaning agent
remains to be tested; this will be donesasn aghe proposed gamixture is approved. The
advantage of having two parallel cylinders is to thumgasmixture through one othem while
the other one is regenerating. The activated copper can be regenerated by heating up the column
to 180_C and flushing with an ArgH93%/7%) mixture. The amount of oxygen to be removed
is determined mainly by the leak rate of the chambers. The estimated oxygen levels in the return
gas suggest a purifier with automated and in-line regeneration.

Nitrogen canonly be removed in @as recuperation plant after having separated the
tetrafluoroethane frortheisobutane. As a consequertbe amount of N penetrating into the
circuit will give a limit to the achievable regeneration rate.

5.7.4 Distribution pipework

There will be one supply and one return pipe between the SGX building and underground
service aredJSC. The barrel andoth endcaps will have S8upply and 3 returtines each,
between the experimental cavern and W&C. Internal detector piping is planned in copper
with inner diameters of 8 and 10 mm for supply and return line respectively.

5.7.5 Gas recovery

For the presentlyproposed gamixture (95.5% GH,F, + 4.5% i-GH,o), the expected
gas cost for eight months of RPC operation are between 50 and 90 kCHF (gas tk@8)of
A gas recuperation plant separating thegh value component, tetrafluoroethane, from
isobutane, nitrogen anmther residual impurities may reduites expenditure t®0% or less.
Thus, a recuperation plant may pay for itself after less than two years of operatiase lhis
gasmixture is confirmed in the future a feasibilisgudy forthe recovery of ¢H,F, will be
undertaken.
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Table 5.7.2

Main gas specifications.
Gas volume 18 M
Concentration ratio €1,F,/i-C,H,, (95.5% 0.3): (4.5 0.3)
Tolerable contamination: O <1%
H,O <1%
Chamber pressure over atmospheric < 3 mbar
Leak rate of the whole system <80 I/h
Maximum flow rate 2.2 milh
Gas Flow rate at operating conditions 0.7%m
Fresh gas replenishing rate < 0.18hm

5.8 CONTROL SYSTEM

5.8.1 Front-end control and monitoring

In Fig. 5.8.1, a general scheme for the front-end control system and the data transmission
interface to the optical link is shown.

The data will be sent to a Link Board (LB)r zerosuppression and transmission to the
trigger processorsThe LB will be located close to the detectord will be connected, via
optical link, to the RPC Trigger Crates and to the network. It should also supply thela¢kC
and broadcast test pulses to the FECs.

The LB board will havethe dimension of astandard VME 6U module (160 x
233.35 mm) and its power consumption will be around some tens of watts.

Although a briefdiscussion ofthe LB issues rated to RPC control is necessary, it
should however be pointed out that this is part of the trigger electronics and it diidossed
in more detail in the appropriate section.

In the case of the barr&dhown in Fig.5.8.1), one LB board serves @mplete RPC
station (192 channels in the case of MB1, MB3, MB4 and 288 channels in the case of MB2). In
this last case, a maximum of 12 flat cables with 24 conductors (1 cable/FEB) will be necessary
to bring the signals from the front-end electronics to the LB.

The RPC control system handles two aspédidts.first concerns functionselated to the
detector operation, namely :
» control of low voltages on the FEBS,
» control of low voltages on the LBs,
» check of the thresholds of the FECs.

285



5. Resistive Plate Chambers

RPC

24 ¥ 24 ¥ 24 ¥ 24
FEB FEB FEB FEB
| | |

RN

link board |—— tooptical link

FEB FEB FEB FEB

Fig. 5.8.1: General layout of the front-end system and transmission interface.

The second type of function is a&dd to theslow dataand triggerdatapath, which will
make use of a slow clock frequency. It will:
» enable the test patterns to the FEC input,
 allow the setting of the thresholds for the FECs,
» allow the control and read-out of the SU histograms.

5.8.2 High voltage system

Each RPC gap must be operated ataximum of 10 kMwith a currentimit of at most
200 pA. Thevery high number of single-gap modules with independent vottageections,
makes it difficult to build a system with a one-to-one correspondence between detectors and HV
channels.

For example, imone barrel sectorAp=30" of one wheel) 28 HV channels would be
necessary for the 14 double-gap RPCs. This makes 336 HV channels/wheel actattils
in total.

It is therefore important to provide a distributions to supplyseveral detectors with a
single HV channelThe bus should offethe possibility ofswitching off aparticularnoisy
detectorunder aparticular currentraw condition (exceeding a pre-defined limit). Any HV
module distributor should work with a full scale voltage of 15 kV, a voltage resolution of 4 V, a
full scale current of ~10 mA and withnaaximum ripple voltage peak-to-peak8®0 mV. The
main HV crate will consist of a standard 19” Euro Crate which lvalise a Control Unit at the
front end, and HV plug-in channelsthe rear. The entire HVsystem will belocated near the
detector to minimize the cablengths and the voltagdrop overthe cable. Moreover, &erial
link is planned for controlling the voltage settings remotely.

5.8.3 RPC low voltage system

Each FEC needs two analog power supply voltages, +3\f2Ahdwith atolerance of at
most £10% to operate properly withirthe design specificationAnother digital +5V power
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supply is required fothe FEBC andSU. The same +3\power supplywill be used for the
DAC on the FEBC.

Switching and low noise lowoltagepower supplieswill be distributedall around the
detectors, 8 meters away from the RPC station, where the magnetic field oDdabdutan be
shielded for appropriate working conditioi$ere are commercial devicesth 8 ChA3V/3A
and with 8 Cht12V/1.5A having current protection programmable @&nnel with a current
resolution of 10 mA, a programmable voltage ramp-up and ramp-downraagimum voltage
ripple peak-to-peak at full load of <5 mA, whiahe appropriatéor this. Low drop-outinear
regulators will also be put on the front-end boards. Fig. 5.8.2 shows a pas$ibedor the
LV connection.

from strips fr om str ips

) &6 A6 6 y o X b ye

|regu| i @_ _Im l'regull
reclFeecHre]  [eec _& FECHr=ccHFeC|  |FEQfeccHFEC
1,2 2 12 I 19
MCk (40 MHz) MCk (40 MHz)
MCk (40 MHz) MCk (40 MHz) a 4424
to/from LB
LV

Fig. 5.8.2: LV connections.

One LV linewill be distributed betweetwo FEBs.Linear regulators can be connected
between the internal power bus and the analoglagiiél sections ofthe board separately. The
use of low drop-outlevices is intended to keep thewer dissipation to a minimum. For the
scheme shown, a global consumption of 3 W and a curretitemrder of0.5 A isexpected.
As in the case of the H¥ystem, alistribution LV bus would be used to supply withsmgle
LV channel an entire detector partition. Fuses rated at | > 2 Aeressary aach distribution
point of the bus to protect the connector and input traces of each board.

5.9 RPCPERFORMANCE

Double-gapRPCshave been tested oviire past years and results ¢ime performance
with differentworking conditionshave been extensively reported in [5./H,10] and [5.13].
These studies have shown the reliability of such detectors and have helped to highfiggit the
physical principles of theioperation.The results from CMS iated testswhich havebeen
performed recently5.20], [5.21], [5.22]will be presented here in a preliminary and more
details will be given in forthcoming notes.

All results presented below have been obtained wabla GHoF4, 10% i-GH1g gas
mixture. Although othemon flammablemixtures were also tested, giviegmparableresults,
extensive long term tests were done using the mixture mentioned.
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Two main items will be discussed:
» global performance over a large surface,
» study of the rate capability.

5.9.1 Global performance

A 120x130 cri double-gap RPC with 2 mm gasp width, 130 cm long an8.5 cm
wide strips, has been exposed to the H2 SPS muon beam thaisgmmed 997 [5.20]. The
strip size alqd length atgpical of the barretegion. The bulk resistivity ofthe bakelite planes
was 1-210 Qcm. The chamber was instrumented with boards empldh@gew Front-End
Chip discussed i®ection5.6.3 and operated with a threshold of 30 mV ( equivalent to ~20
fC).

In order to have different regionbuminated by ionizingparticles,the chamber was
displaced, duringthe test, by steps of 10 cm ithe plane perpendicular to thHseam.
Displacementsvere arranged to ensutfgat the maximum of the beam profikas awayfrom
the spacers. A lowintensity muorbeamwas used for this tests (200 Hz/con a 2x2 crh
area).

Fig. 5.9.1 shows the efficiency vs. the applied high voltage when the beam is centered on
the 10x10 crhcentral region of thehamber Also the in-spilldrawn current (after subtraction
of off-spill current) is given. In Fig. 5.9.2 the distribution of the signal arrival times is plotted at
HV=8900 V. It isnicely fitted by agaussiand¢ =1.7 ns )and thebase is within 2hs. The
cluster size is also measured at different voltages (Fig. 5.9.3).
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Fig. 5.9.2: Arrival time distribution at Fig. 5.9.3: Cluster size (within a 10 ns
HV=8900 V (arbitrary zero). window after the fastest strip) vs. high
voltage.

Itis, however, important to study the response uniformity ovame surface. Atotal of
18 different regions othe chambewere thereforalluminatedand tested: 9egions along the
vertical direction (perpendicular to the strip directi@amd 9 regions alonghe horizontal
direction (parallel to the strip directior§ach10x10 cm large, 10 cm away frorthe previous
one and located along the central axes of the chamber.

In the following we will only discuss the vertical scanning, sith@ehorizontal ongives
very similar results.

Fig. 5.9.4 reports the efficiencies as a function of the position, at several high voltages. It
can clearly beseen that, ahcreasing voltages the point-to-point fluctuations tentbeicome
smaller, and eventually negligible at the detector working voltage.

The same behavior isbserved forthe average signal arrivéime and its jitter. Both
guantities are also computed at the different positions and high voltages.

In Figs. 5.9.5the values,averaged ovethe differentpositions, oftime of arrival and
resolution are given as functions of the high voltage. The dashed lines select a region of 1 RMS
around these mean values.

The chambeshows gooduniform response ovethe whole surface fortime related
guantities as well.

5.9.2 Studies of rate capability

As discussed irBection5.2.2, one of thecritical parametersvhich could affect the
performance at highate is the bakelitbulk resistivity. To study thigffect two small 25x25
cny double-gap chambe(@.2 mmwide gap) ofidentical construction, but wittbakelite of
different resistivity, werellumlnatedV\{lth the high intensity plorbg,'am at the HSPSline: in
one case the resistivity was= ~510 Qcm; in the othep ~ 57110 Qcm. The low resistivity
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material was developed on special request; further studies to understaegroducibility and
stability of this material are in progress [5.21].
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Fig. 5.9.4:Efficiency, as a function ofhe vertical position (perpendicular tdahe strip
direction).

The strips read out were arranged according to the layout shown in Fig. 5.2.6b; they were
10 mm wide with a 12 mm pitch. A hybrid version of the amplifier already discussed in Section
5.6 was used as front-end electronics.

The two chambers wergested undethe same experimental conditio(80% GHoF4
plus 10% i-GH10 gas mixture, 30 mV threshold, equivalent to 20 f0)e 150 GeV/c pion
beam was de-focused in order to illuminate almost uniformly an area of 5 cm in diameter.

Tests were performed in a range of rates up tdHZ/cn¥, as measured by 4x4 ém
scintillators placed behind thevo RPCs. Although they were carried on in puldgam
conditions, the 2.5 s SPS spill duration can reveal possible rate capability limitations.
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Figs. 5.9.6 show the average efficiency in the 2.5 s spill, as a function of the applied high
voltage and the beam flux for the high and low resistivity RPCs.

The timeresolution and the average signal arrivale arealsoshown in Fig. 5.9.7 for
the low resistivity RPC. These results confirm that low electrode resistivity makes it possible to
operate RPCs at high rate whactically no shift of thevorking point, with goodiming and
negligible time walk up to 7 kHz/cin

The cluster sizdistributions for both low and high resistivilgPCs are shown in
Fig. 5.9.8. In the range of resistivity studied no significant change is observed.
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Fig. 5.9.6: Efficiency curves, adifferentrates, forthe low resistivity RPC (top)and the
high resistivity one (bottom).
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Fig. 5.9.8:Cluster size distribution$or low resistivity (left) and high resistivity (right)
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The CMS requirements on rate capabilign, therefore, benatched bytuning the
resistivity to an appropriate value. For example, at the expected 1 KHztaratebackground,
a resistivity of about 0Qcm should guarantee a safe operation.

5.9.3 Test at the gamma irradiation facility

The Gamma Irradiation FacilityGIF) offers the possibility of studying the RPC
performance in a high background environméke, LHC, by means of a powerful 15 Gi
sourcelocated at th&SPS X5beamline. Efficiencies andime for minimum ionizing particles
can, therefore, be studied withe detector uniformlyrradiated. A system of several filters
positioned in front otthe source,and remotelycontrolled, allows varying background rates
according toknown factors. Aprecise calculation of theumber ofys hitting, at a given
absorption factor, a detector located in the area, deserves careful simulation andtiutieer
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Also the translation of the GNrrate to the LHC is not straightforward, because of the different
energy spectrum, which may result in different detector sensitivity.

Two double-gagRPCs werarradiatedduring the 1997 test period late in theummer.
Thefirst was a 50x50 cichamber with 3 mm gas gap width, 25 cm long &rid cmwide
strips [5.22]. The strip sizel?nd length is typical of the endcap region. The bulk resistivity of the
bakelite planes was ~ ZID0™ Qcm (referred to as “high resistivity” in tHellowing). It was
positioned at a distance of 2 m from the source.

Also the low resistivityRPC, whosegerformance on the H2 beam lihasalready been
described in th@revious Sectiof5.21], wasplaced infront of the source, at alistance of
1.5 m.

Both chambers were instrumented with boards employing a “hybrid” versibe fsbnt-
end amplifier discussed in Section 5.6.3 and were operated at a threshold of 30 mV (equivalent
to ~20 fC) with a 90% &HoF4, 10% i-GH10 gas mixture.

In order to estimate the hit rate produced by the Compton electrpnsjrainary cluster-
finding of the signals coming from different strips is necessary, because of the intrinsic detector
cluster size and the electroniceoss-talk. Firstthe single stp signalsare sorted in time,
starting from the fastest one; adjacent strips are then searched and clustered withinter250 ns
window.

The observedate can be computed by simple cluster countingmore accurately, by
measuring the time differences between two subsequent clusters, in a given fiducial area, within
the 64ps time buffer of the TDC which was used.

The distribution oftime differences follows arexponentiallaw, whose slope gives the
rate ofclusters. Both methods giveijthin the errors, the same result: webserve aate of
about 2.2 kHz/crhat absorption 1, and aboli4 kHz/cnt at absorption 2, ithe case of the
RPC located 2 m away from the source.

Because of the double gdgyout, the observedhit rate account$or ionization taking
place in both the gagaps. Undethe assurmtion that no ionizatiorfrom a giveny goes from
one gap to thether, asingle gaprate half of the measurashe should be considered as an
estimate of the background.

Some care must be taken in the calculation of the efficiency. In a tyivewindow, the
number of observed events, Né:

Nob =€ Nt + Ps(l' € )Nt

where€ is theRPC efficiency, Nis the number ofriggers and Pis the probability that a
spurious hit appears in the chamber. The efficiency is therefore given by:

€= [(Noy/Ny) - F] 7 (1-F)

and Ris determined by counting the hits in a time window delayed 500 ns after the trigger.

Fig. 5.9.9 showthe efficienciescurves andhe timeresolutions at various absorption
factors for the high resistivity RPC.

In Fig 5.9.10 the mean arrival time is also given at different voltagesatexcbnditions.
In this last plot we prefer to consider the ratescamputed according to the method explained
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above, instead of absorptiofiactors. Even for the high value ofresistivity, the chamber
behavior is already satisfactory for CMS operation.
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Fig. 5.9.9: Efficiencies (left) andime resolutions (right) forthe high resistivity RPC at
different rate conditions.
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applied voltage for the high resistivity RPC.

Even better performances can be achieved by decreasing the resistivityelgicthedes,
as already noted in th@evious sectionThe efficiencies and thmeansignal arrival times for
the low resistivity RPC are shown in Fig. 5.9.11.

In this casethe rateconditions are even moisevere,since the chambawas located
closer to thesource.The resultsare very encouraging, and allow us tmncludethat, by
choosing an appropriate low value of resistivity, RPCs can opeffatiently at very higtrate.
Of course aareful evaluation of the realistic ratenditions in the experiment recessary to
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tune the resistivity of the electrodes to an appropnalee, as required fothe expected
operational conditions.

au

=

o

o
1

O Source off
| O Source on, 12 rate
45 4 & Source on, full rate

Efficiency [%0]
3
1

60 - 44

O Source off
[0 Source on, 1/2 rate

40 i @ Source on, full rate 3 ]

20i 30_-

0

I I I I I I T T T T T
7600 8000 8400 8800 9200 9600 10000 10400 8000 8400 8900 9200 9A00 10000 1400

High Voltage [V] High Voltage [V]

Fig. 5.9.11: Efficiencies (left) and mean signal arrival time (right) as a function ofatee
and the applied voltage for the low resistivity RPC.

5.10 PATTERN COMPARATOR TRIGGER FOR RPC

This section containthe definition of the algorithms and a brtethnicaldescription of
the RPC trigger electronicsfor which we usethe acronym PACT (Pattern Comparator
Trigger). Detailed description of treystem will be given ithe forthcoming Trigger anData
Acquisition TDR. The dedicated detectors — RPCs — and their front end electronics were already
described in theprevious sections of this chapter. In Sectibri0.2 we describe the
segmentation plannddr the PACTtrigger. Section5.10.3 isdevoted to a description of the
trigger electronicsFirst, we present the general layout of the PAE€IEctronics, and in the
following subsections we discudise basic components of the trigger systamtical fiber
transmission with multiplexing / demultiplexing, layout of the trigger crates and the constituent
trigger, sortertiming and readouboards. We finistBection5.10.3 with a description of the
PAC processor, which islkernel of the PACTrigger. Section5.10.4 contains results of the
PACT simulation.

5.10.1 The algorithm

The PACT algorithmhasbeen described idetail elsewherd5.23] but, forthe sake of
completeness, we recall here its basic features. Because of energy loss fluctuatiookiglad
scattering there are mampssiblehit patterns in the(RPC chambers for muons dhe same
momenta emitted in a particuldirection. In order to trigger on a muon withparticular hit
pattern found in the RPCs, the PACT electronics performs two functions:

» requires the time coincidence of hits in several (3 or 4) muon stations, and

* matches the spatial distribution of thdsts with one of manyossible pre-defined
hit patternsfor muons of various momenta. This way btitk bunch crossing and
the momentum code of a muon are given.
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Initially, the pre-defined patterns will be obtained from simulation, and progranmeed
Pattern Comparator (PAQyrocessorsThe pre-defined patterns will be divided irnttasses
with a momentum codassigned to a clas§he more curved tracks will bassigned lower
codes. The PACT trigger is a threshold trigger; it gives a momentum code if the actual pattern of
hits is straighter than any of the pre-defined patterns with a lower code.

The number of pre-defined patterwhich have to be compared withe actualone is
large. To reduce this number we have takéwo steps. Firstly,the RPC signalsfrom
neighboring strips are OR-é¢dgether. This is done durirtge demultiplexing oRPC signals
(see below for details). For very curved tracks of low momenta, we do not requirgphtgth
resolution and we can perform the pattern matching on the GfRipd, thusreducing the
number of pre-defined patternBresently, weenvisage double (OR2) and quadruple (OR4)
ORs. Forthe high momentummuons we use singl®R1) strips. Secondthe design of the
PAC processor implements the parallel matching of all pre-defined patternspakghhrough
a given strip in the reference RPC plane (Muon Station 2), thus saving processing time.

The algorithm described above willork very well in an idealworld, in which every
muon always leaves ortat strip in everyRPC station. In reality, howevethere are both
chamber inefficiencies arldPC cluster size to be taken intcount.The realistic algorithm
which accounts fothese effectsvas called by usthree-out-of-four (3/4). It requires three- or
fourfold coincidence and pattern match. In the case of several matches in a given spatial region
connected to one PAC processor (called segment, see the next section) a candidate with fourfold
match, carrying a so-calleguality bit set toone, is alwaygreferred ovethat of a threefold
match, with quality bit set to zero.

In case of equal qualityits, the candidatevith the higher momentum code ¢hosen.
Since one muomay result in several candidatesniaighboring segmentghe sorting and
vetoing algorithm described in Sections 5.10.3.4 and 5.10.4.3 is then implemented.

5.10.2 Segmentation of the PACT trigger

It is useful to recall that the strip layout for the RPC chambers is designed to be projective
in azimuth. Therefore the strip width varies with radius from about 10 nowatadii at high
n to about 40 mm at the outeadius ofthe CMSdetector. Inthe otherdimension the strips
length varies from about 1300 mm in the barrel to about 100 mm in the endcaps.

The currently planned segmentation in pseudorapidity is shown in Figure 5.10.1, together
with a currently planned segmentation thie RPC chambers[5.24]. The size of each
pseudorapidity ring - a projective region in pseudorapidity - thenranged.1-0.2. It isclear
from this figurethat thesignals from severadtrips have to be brought together to form a
projective ring structure.

The most basic logical unit of PACT is called a segment. It subtends approximataty 2.5
azimuth and 0.1 units in pseudorapidity. A segnsefitendseight RPC strips irthe reference
plane in Muon Station 2, and tk&ips from widerareas in other statiorse connected to it,
forming a cone. The size of a cone was optimized by extensive simulations. In azimuth the cone
size is 18, 18, and 22 strips for stations 1, 3 and 4 respectively. It is evident that the signal from
a given strip in a non-reference plane of RPCs has to be shared between several segments in
and between several ringsrnThe difficult technical problem of realizing the large number of
required reliable interconnections is still being studied.
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The baseline design of the RPC system covers pseudorapiditypsyé.| Provision is
madefor an upgrade up toy|=2.4. The full n range is divided into 33 (baseline) or 39
(upgrade) rings. Each ring contains Igidegments.
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Fig. 5.10.1: PACT segmentation in pseudorapidity.

5.10.3 Technical description
5.10.3.1 General layout of the pattern comparator trigger (PACT)

The general layout of the PACT electronicssigown in Figures.10.2. There are two
basic components: 1) the multiplexing and link system, and 2) the trigger crate.

The purpose of the multiplexing and link system is to transport the RPC signals from their
front-ends on the detector to the trigger crates in the counting house a2@ymPresently we
envisage using a 1.2 Gbit/second optical link system.

The output of the trigger cratgeesinto two streams: tdhe DAS system through the
Readout Board and the Global MuorFirst Level Trigger (GMTLV1). The purpose of the
latter is twofold: first, to perform final sorting of muon candidates in order to reédadest of
muon candidates to a manageable leagith, second, toompare the PACTvith the DT/CSC
trigger and decide on the final list of muon candidates to be presented to the Global LV1.
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Fig. 5.10.2: General layout of the PACT trigger electroni€se optical linksystem joins
the front-end electronics othe detector to trigger crates in the countingm. The incoming
signals are split and transported to several Trigger Boards and/or Trigger Crates.

5.10.3.2 Optical fiber link and multiplexing/demultiplexing scheme

An optical link system is needed to transptre RPC signals fronthe detector to the
trigger crates in the counting houdde transporteddata have to be multiplexd¢dnd possibly
packed) in order to efficiently utilize the bandwidth of the costly §pktem. Thisncreases the
latency of the PACTrigger. At presenthe cost of onetransmitter / receivewith appropriate
parallel-to-serial and serial-to-parallel converters having a bandwidth of 1.2 Gbit/second reaches
500 CHF,; this is clearly one of the cost driving items of the PACT electronics [5.25].

The presently envisaged scheme shown in Figure 5.10.3 consists of the following steps:

a) theRPC signals orthe detector argynchronized with a given bunarossing and
placed in the input buffer,

b multiplexing and serialization is performed on the data in the input buffer recognized as
being from one bunch crossing, 3

c) serialized data are sent and received frame by frame,

d) demultiplexing and (possibly) resynchronization are performed.

We have performed simulatior}5.26] of the scheme,taking into account recently
calculated neutron and gamrbackground ratefs.27] and realistic clustesizes inthe RPCs.
In order to minimize the cost we have assumed 2 RPC chambers / link in the low rate region of
the barrel, one link per chamber for most of the remaining chambers, and 2 links per chamber in
the small region of very high rates (pseudorapidity arduiid- 2.1 inME1/1 and ME2/1). It
turns out that for the 1.2 Gbit/s transmission speedcaneéhave negligibleransmissiorlosses
(at the level of one millionth of lBunch crossing, corresponding tdrigger efficiencyloss of
lessthan 1%) for thereasonably smalbuffer sizes (12 fothe input, 8 forthe output), and
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modest increase in latencyMoreover, we have started the VHDL simulation of the
multiplexing / demultiplexingecircuit and we foundhat presentlyavailable ALTERA FPGAS
are already capable of performing the task. Thereforbelieve thathis scheme isechnically
feasible.The optimization of the linksystemis, however,still not final because of the rapid
progress inoptical transmission technology whiamay result in drastic reduction of prices
and/or faster transmission.
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Fig. 5.10.3: Schematic diagram of the link and multiplexing/demultiplexgygtem for
PACT.

5.10.3.3 Trigger crate

The trigger Crat€TC) is a functional unitvorking on RPC signals frorone ring - a

projective sector in pseudorapidity (approximately 0.1 units). Its main functions are:

» elaborating the PACT algorithm and producing a list of up to 4 muon candidates from

the ring,

» providing the readout of the relevant RPCs,

» providing control, programming and calibration functions.

* One TC consists of:

* twelve TriggerBoards (TB),each of themserving 12 segments.€. one RPC

chamber in the reference plane),

* one Sorter Board (SB),

» one Readout Board (including FED),

» one Timing and Control Board containing the TTC receiver chips, and

» one Crate Controller.
The inputsignals fromthe RPCsare brought to 12 LinkCards,sitting in the back of arate.
The necessary interconnections between segments are realized by:

* acustom design back-plane between Link Cards and the TB,

» optical fibers carrying the split signals from the Link Cards to the Trigger Boards,

« aTBPCB, and

» asmall number of crate-to-crate flat cables.
The design of this aspect of PACT is still under way.
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5.10.3.4 Trigger board

This board contains:
» demultiplexing, resynchronization and timing/delay circuits,
* PACT segment processors servicing 12 trigger segments,
» the layer of sorter/ ghost buster circuits [5.28], and
* necessary control and monitoring circuits.

It is not yet decided whether the demultiplexing ends of the link system will reside on the
Trigger Boards or on the Link Cards at the back of the Trigger Cratgi@@eus subsection),
but at the moment thatter seems to bé¢he preferablesolution. Since one segment receives
signals from different muon stations, the need for resynchronization and propealignment
is obvious. Therefore the TriggeBoard is equipped with programmaldelays. The PAC
processor is discussed in more detail later in this chapter.

The necessity oforting and vetoing of muon candidatesind in the neighboring
segments (both in azimuth and pseudorapidity) was already mentioned. The segment processors
on one trigger board are connected to neighboring segments of stpipgie triggerboard is
a logical place tdhousethe vetoing ofghosts ing, realizing theghost-buster (GBalgorithm
[5.28].

This algorithm is based otle observationthat most of the ghosts ing found by the
Pattern Comparator are either due to clusteteafiRPCs ordue to use oOR-edsignals. The
GB algorithm detects contiguousgions in segment space with several candidates and selects
one of them (that with the highest quality bit and / or highesnhentumcode). Therefore, the
GB algorithm allowdor at most 6 muorandidates fronthe initial 12segments on a trigger
board. The layer of GB ithen followed by one sorter chjp.29] to produce a list of at most
four muoncandidates from a triggdroard. Atthis stageeach candidatbasthe 8 bitaddress
added to its 7 bimuon codeThe vetoing ofghosts in pseudorapidity is donetlae level of
final sorting in the Global Muon LV1.

5.10.3.5 Sorter board

The basic function of this board is to redtlce number of candidatauonscoming out
from a trigger crate to four. Each of twelve trigger boards indiaitegives at most four muon
candidates.Their addresses anthomentumcodesare passed tahe Sorter Board, which
contains four layers of sorter chips (10 chips)detaileddescription of thesorter chipcan be
found in [5.29]. Here, weecall that thesorter chip selectthe 4 muon candidates with the
highestmomenta (including the quality bit selection in t@rit of the 3/4 algorithm) out of
eight input candidates.

5.10.3.6 Readout board

This board provides a standanterface - Detector Dependddhit (DDU) between the
detector dependent information and #®nt End Driver, adata acquisition module being
designed by the DAS group. The design of the DDU board has not yet started.

5.10.3.7 Synchronization and control board

The purpose of this board is:
 to provide the distribution of the Timing and Trigger Contol signals to the boards in a
trigger crate, and
 to provide control and monitoring of various boards.
The board is in a very early stage of defining its specifications.
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5.10.3.8 Pattern comparator (PAC) ASIC and PACT segment processor

The PAC is a fully custom ASIC which perforrtiee matching of an actuBRPC pattern
to a set of pre-defined patterns programmed iintand outputghe five bitmuon candidate’s
momentumcode, its sign and ajuality bit. The size of a cone dtrips in muon stations 1, 3
and 4 to be connected to a strip in the reference flanen station 2)was optimized by
extensive simulations [5.23]. Presently, one PAC is connected to 4 RPC sthpsréfierence
plane, and tdl4, 14and 18 strips in stations 1, 3 and 4, respectively. We envisage the
possibility of setting some inpugtrips artificially always on or off.Input stripscould be
masked in a programmabley. Presently we plan spader 160 programmable pre-defined
patterns for each strip in the refereqtane.The pre-defined patterns have todbwsen from
the cone oft 5, + 5, £ 7 strips in stations 1, 3, and 8ince several muon candidates with
different momentum codes and quality bits could be found inside the chip, the final stage of the
internal logic applies the 3/4 agthm, described earlier, to produti® unique outputode.
The chip is equippeavith a boundary scanircuit which, besidesthe usual diagnostic and
debugging functions, is used for programmihg masks forinput strips, patterns andlelays.
The matching procedure occupies the time of 2 bunch crossings.

When designindghe ASIC we foundthat thePAC described above is at thmit of 0.7
um ES2 technology, witt800 000 transistors on a silicon surface of 80 ﬁ{&BO]. One
PACT segmenhas todealwith OR1, OR2and OR4 signals and it ®nnected to ®R1, 4
OR2 and 2 OR4 strips itne referencelane.That iswhy we presently needour PAC chips,
connected in cascade, to form one PACT segment processor.

The PAC pocessorsaredesigned to be connected in cascadarking in thismode the
output code from one PAC is transmitted to the €, where it iscompared witlthe code
produced internallyThe 3/4 algorithm is thensed to producéhe new (joint) output code
which is then again passed to the next PAC. This produces a unilumdon code from one
PACT segment. Working inhe cascade mode may require ekinachcrossings. Therefore,
the output circuits of a PAC are equippedh a buffer of (programmable) 1 or 2 bunch
crossings depth. Thereforihe total latency of a PACT segmamocessomay be 4bunch
crossings.

The pre-production PAC ASIC design is now complete. Beforapleting thedesign of
a pre-prototype, the test chips with various PAC building blocks were produced and measured
to check the reliability of the simulatiand verify thedesign.. The series of pre-production
prototypes will be available for tests late in 1997.

5.10.4 Simulated performance
5.10.4.1 CMSIM and MRPC

The three-out-of-four PACT trigger algorithm, described datail in Sec. 6.2.3, is
implemented in CMSIM5.32] (from version 101 on) as a segar package calleMRPC
[5.33]. This package performs twoajor tasks: 1) simulation othe PACT trigger electronics
response, and 2) preparation of a list of pre-defipatierns.The philosophy guiding the
design of the MRPC package is to be as close as possible to the electronic realization of PACT.

The simulation of the PACT trigger electronics response consists &RRedigitization,
optionally taking into account chamber clustgze, and theimplementation of full PACT
algorithm with ghost busting, sorting and vetoing. There is a special routine which performs the
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pattern recognitiome. decides which segment (which pseudorapidity tower) contains a muon
candidate. Multiple candidates (ghosts) caused by a single incoming muon are included.

The task of preparing a list of pre-defined patterns is for expelys The list is required
both by the PACT simulation and by the PAfcessorsinto which it isprogrammed. In the
specialruns, the simulatednuons ofgiven momenta argansported througthe CMS muon
system and their hits in the RPCs are digitized and recorded (on separate files for each incoming
momentum). Then apecial analysis prograproduceshe list ofall possiblehit patterns and
counts their frequency. The frequency tables from diffem@nnenta are then mergéagether,
ordered, and some rare patterns are rejected.

The recent, most extensive simulation of single and double muon triggers is described in
[5.34]. The results quoted below are mostly taken from there.

5.10.4.2 Efficiencies and rates

In the datapresented in this subsectidhere are neitheclusters norinefficiencies
assumed fothe RPCs,and theghostsare cutaway by vetoing 8 segments tine @-n plane
surrounding a muon candidate. The resaits therefore too optimistic: the rates are somewhat
low. The more realistic case with clusters gastswill be discussed irthe nextsubsection.
The typical quality of the PACT trigger algorithm is shown in FigurE0.4, wherethe PACT-
reconstructed transverseomentum of a muon frorthe sample of minimunbias events is
shown as a function of itgenerated transversgomentum at thgertex, and irFigure5.10.5
wherethe same variables are plottiedt muons from asample of 2 decays.The data in the
above figures are fon| < 2.1 i.e. forthewhole range covered lithe baseline PACTrigger.
The plots reflect the PACT design, which always assigashighespossiblemomentum code
to a given pattern of hits. Therefore, most of the data on these twdi@lait®ve thediagonal,
and reasonably close to it.

Single muon trigger rates coming from different physical chararelshown in Figure
5.10.6. They are comparedith the inducedbackground rates in Figu®10.7. The muons
from minimum bias events, shown in Figure 5.10.6 are those from (prbegijy anccharm
decays as well as those from pion and kaon decays in flight indidekar. There are two
mechanisms which give rise to induced background: a rarmmneidence ofbackground
gamma/neutron hits in the RPCs, and a coincidence of a random gamma/hieutitima low
momentum (stopping) muon track, which increases its apparent momentum.

The doublemuon triggerrates, simulated withthe same assumptions, asbown in
Figure 5.10.8. The second muon from a hard source fitr VWY pair production magome
from a pion or kaon decay. The detailed composition of the doubdss fromminimum bias
events isshown in Figures.10.9. Most of them comdrom events withbb pair production,
where the most energetic muon is typically coming from b decay while the second muon is most
likely coming from a pion/kaon decay.

5.10.4.3 Clusters and ghosts

The three out ofour algorithm, described i8ec.6.2.3, hasbuilt-in ghost busting and
vetoing procedures. These depend on the sizdusters inthe RPCs, the declusterization
algorithm implemented in the PACT electronfpsesently envisaged to be done together with
the demultiplexing and resynchronisation of Igignals),and also orthe RPCssegmentation
and detailed connections to the particular Trigger Crates.
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Fig. 5.10.6: Single muon trigger rates from physical sources for L2 dfi*s™.
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In order to increase the PACT efficiency we implemented a threefold temporal and spatial
coincidence betweesignals fromthe differentRPC stations, otop of thefourfold one. We
have also decided tase double or quadrup{@R-edsignals in order to redudbe number of
pre-defined patternsThese measures introduceghosts — spuriousmuon candidates. An
example of a severe ghost problem is shown in Figut8.8, wherethe simulation of the old
PACT algorithm with no ghost suppression results in a spudouble muorrate comparable
to or higher than the real|Rrate.

They are mostly due to PAC finding candidates in three planes on tepnad other
candidate based on four planes. Thisspecially easy ithe muon’s passage through an RPC
results in a cluster dhfit strips. If both candidatesre found within the samesegment, its
processor isble to dealith the problem(see Sectiorb.10.1 fordetails). If, however, the
candidates are in differenegments, weneed some additional refinementtte algorithm -
ghost busting and vetoing, described in more detail in Section 5.10.1.

While the final parameters of RPCs to be used in CMS are still being optimized, we have

studied the triggerate dependence on the cluster sipel declusterization algorithm. Single
muon ratesfor various cluster sizes and declustering algorithrase compared in
Figure 5.10.11.The ghost bustingalgorithm was applied here. The curves for anaverage
cluster size ofL.9 cmclosely correspond toecent measurement &PC prototype$5.10].
With the present version ahe GB afjorithm, we keemhosts athe 0.001 %level of single
muon trigger rates. True and fake dimuon trigger rates, obtainedheiiimproved simut#on,
are shown in Figure 5.10.12. Comjpmon with Figure5.10.10 showsthat the spurious
dimuon rate went down to manageable proportions.

'ﬁ' 10 6§ T T T T T T T T T T T T T T T T T T T T T T T §
L. e Ghost 2 p from anything
% 10 Ske—e—- 2 Real 2 p from anything
xx E -e-
-o-

Fa—a—A--A- _‘__‘_ :
[ 3
-’-

3 ]
10 °F 3
3 -A- :*: g

Fu

F MARE S ]

L -*- i
10 b,

- L=10%cm %t t-o—0—s]

Fig. 5.10.10: Ghostrate of spuriousdouble muon candidates comparedréal double
muon trigger rate. Early version of PACT algorithm (CMSIM 101).
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Fig. 5.10.11: Single muon ratedor several average cluster sizes with and without
declustering algorithm.
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Fig. 5.10.12: True and fake dimuon rates.
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