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Abstract

The CMS MF1 milestone was set in order to evaluate system aspects of the CM S forward-backward
MSGC tracker, to check the design and feasibility of mass production and to set up assembly and test
procedures. We describe the construction and the experience gained with the operation of a system of
38 MSGC detectors assembled in six multi-substrate detector modul es corresponding to the geometry
of theforward-backward M SGC tracker in CM S. These modul eswere equi pped with M SGCs mounted
side by side, forming a continuous detector surface of about 0.2 m?. Different designs were tried for
these modules. The problems encountered are presented with the proposed solutions. Operation con-
ditionsfor the 38 MSGCs are reported from an exposure to a muon beam at the CERN SPS. Gain uni-
formity al ong the wedge-shaped strip pattern and across the detector modul es are shown together with
the detection efficiency, the spatial resolution, alignment and edge studies.



1 Introduction

The outermost part of the CM S tracker will be equipped with MSGCs. In the forward-backward region they are
arranged on disks perpendicul ar to thebeam pipe. Eleven such disksare foreseen on either side of theM SGC barrd,
covering theradia region from 700 mm to 1160 mm and extendingin z from+ 1215 mmto + 2760 mm. On these
disksthe MSGC counters are arranged in four rings made of modules containing several MSGC counters put side
by sideinacommon gas volume. A full description of the CM S forward-backward M SGC tracker can befound in
reference [1].

Themaindesign criteriaareafull radial coverage of the entireforward-backward areafor each di sk, minimization of
dead space between the detector modules, rigidity of the disk assembly consistent with material budget constraints,
and access for services. To fulfill these criteria, two different approaches have been investigated: the so-called
"open” and "closed” designs. They are briefly described in section 3 after a description of the individual counters
in section 2

The aim of the forward-backward MSGC milestone was to learn how to build such detector modules, keeping in
mind the future mass production and to compare the various designs. The most important problems and difficulties
encountered inthe construction and in the operation of the modul es are described in section 4. Another aspect of the
test wasto learn how to run all these modul estogether and study the uniformity of theresponse. For that purposethe
six detector moduleswere operated at the CERN SPSin the X5 muon beam. The experimental set-up is described
in section 5 and the data analysis procedure in section 6. The results are presented in section 7 before drawing the
conclusions.

2 Description of the MSGC counters
2.1 Substrates

Asitisconvenient for pattern recognition, the anode and cathode strips point towardsthe beam pipein singlesided
counters. A trapezoidal shaped el ectrode geometry is chosen. The anode width iskept constant. In order to keep a
constant gain over the full length of the substrate, both the anode-cathode gap and the cathode width vary with the
radial position on the detector module, following an homothetic rule proposed by NIKHEF [2]:

G = P/8 4 20pum, Q)

where G represents the anode-cathode gap and P the anode pitch.

For the present beam test two wedge-shaped masks have been designed, at |ReS Strasbourg and at BINP Novosi-
birsk, correspondingto the outermost and innermost ringsrespectively. Their characteristics can befoundintablel.
As an example, the mask layout for the outer ringisshownin Fig. 1.

| || outer ring | innerring |
number of anodes 512 512
anode pitch 250t0212 um | 200to 185 um
anode width 10 pm 7 pm
cathode width 139t0 110 pm | 100t0 90 um
cathodes grouped by 16 16
anode cathode distance || 51t0 46 um 47t044 pm
central anode length 170 mm 40 mm
total length 186 mm 52 mm
large base width 128 mm 102 mm

Table 1: Characteristics of the masks for the MF1 milestone

The final substrate material for the forward-backward MSGCs is forseen to be DESAG 263 glass, 300 pm thick,
coated with alayer of semiconductive glass. The strip material will be gold deposited on atitanium adhesion layer.
Such substrates meet the specifications defined for the CM S ” performance prototype” [1].

For the present milestone, aiming only to test the system aspects, cheaper substrates than the final ones were used.
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Figure1: Dimensionsin millimetreof an M SGC substrate and detailed view of the artwork at the edges of the active
area

Either aluminium or gold stripswere printed on bare DESAG 263 glass by variousmanufacturers: SRON [3], VOS-
TOK [4], OPTIMASK [5], IMT [6] as shown in thefirst column of table 2.

company strip materia errors yield | number of | number of | broken anodes | shorts
on mask substrates | anodes
IMT 0.5 umAu 0 84% | 25 12800 30 (0.2%) 5 (0.04%)
OPTIMASK || 0.8 um Al 0 68% | 32 16348 430 (2.6%) 3(0.02%)
on 0.15 pm NiCr
SRON 0.8 umAl 13hbr. 80% | 13 6656 169+20 (2.8%) | 3-5 per subst.
on 0.2 umCr 3sh.
VOSTOK 0.5 umAu 0 80% | 10 5120 250 (4.9%) 10 (0.2%)

Table 2: Statisticson the quality of MSGC substrates provided by the various plantsfor thistest.

2.2 Drift planes

For one detector module of the outer ring (see section 3.3), the drift plane was made of a 3 mm thick honeycomb
structure made of NOMEX (ARAMIDE) skinsand 0.8 mm glassfibers, coated with 1.2 um of copper and 1.2 um
of nickel. For the four other outer ring modules, it consists of 300 xm thick DESAG 263 glass, coated witha5 nm
chromium layer. Chromium was chosen for its good adhesion to glass. The layer was made so thin to obtain trans-
parent drift cathodes to alow an optical aignment of the countersin the case of the ”open” design.

It appeared that the latter type of drift planes prevents stable operation at more than 2.7 kV on the drift el ectrode,
instead of 3.7 kV for the former type, even in the low intensity X5 beam. Thisis dueto the high resistance offered
by the thin layer of chromium, leading to charge accumulation, discharging suddenly. This behaviour is observed
for both types of module designs, "open” and " closed”. Although full efficiency can be obtained at 2.7 kV, as will
be shown later, thislower voltage was considered as a drawback as it implies higher cathode strip voltages. Since
the milestonetest described in thisnote, new drift planes coated with 20 m of gold have been produced and tested
successfully in the X5 beam test, in June 1998, in an "open” detector module. These new drift planes hold 3.8 kV

without any problem.

For the inner ring module, the drift plane was also made on 300 pxm thick DESAG 263 glass but coated with a
50 nm nickel layer providing alow enough resistivity, ~1Q across the plate. However the metal layer had sharp
edges preventing to reach the required drift voltage.



2.3 Electrical connections

Theeectrical connectionsare made by means of two ceramic hybridssituated on each side of the stripsand aservice
board module.

On the hybrid at the large side of the trapezoidal counters the readout chips were mounted and connected to the
anodes. Asthefinal chipforeseen for thereadout of MSGCsin CM Sisnot yet avail able, the counterswere equi pped
with four PreMux128 chips[7] per substrate. These chips hold 128 preamplifiers and shapers with 45 ns shaping
time combined with a1 MHz multiplexer. The readout hybrid had to be specially designed for the MF1 milestone
and completed by a service board. The design was made at BINP Novosibirsk, the production of the PreMux128
hybridswas carried out at CERN and the service boards were produced at IEKP Karlsruhe.

The hybrid at the short side of the counters brings the high voltagesto the drift plane (~-3 kV) and to the cathode
strips (~-530V), by groups of sixteen. This hybrid holds protective resistors (4.7 M) for the cathode groups, an
high voltagefilter with 4.7 M resistor and decoupling capacitors (1000 pF, -2 kV). These hybrids have been de-
signed and realized at |ReS Strasbourg. Some counters had fuse resistorsintegrated in the bonding pads of the pitch
adaptorsat theinput of the PreMux128 chips. These were ment to allow remote disconnection of anode stripsdevel -
oping a short during operation, by applying a positive voltage through a high voltage diode bypassing the cathode
group protection resistor. The fuses have aresistor of ~400 §2 and constitute an additiona impedance at the input
of the PreMux128. More details on the e ectronics of the present milestone can be found in reference [8].

3 Thedetector modules

Several trapezoida MSGC counters are placed side by side in a common gas volume to form a detector module.
In two setups, it was shown that it is possible to operate safely, counters with their neighbouring anodes as close as
400 pm and that no loss of efficiency is observed for minimum ionizing particlestraversing the region between the
two counters[9, 10]. Placing detector modul es containing several adjacent countersin rings, should produce dead
space in ¢ only between modules, not between the countersinside a module, with a minimum materia budget.

Different designshave been investigated for these detector modulesand six of themwerebuilt by different institutes:
Aachen, Belgium, Karlsruhe, Lyon, Novosibirsk and Strasbourg. Four modules (O1 to O4) have been built follow-
ing theso-caled " open” design (see section 3.1), one module (C1) followsthe” closed” design (see section 3.2) and
the sixth module (C2) isa variant of the "closed” design (see section 3.3). All modules have outer ring substrates
except module O4, having inner ring substrates.

3.1 Theopen design

A full description of the "open” design can be found in [11]. Its main characteristic is to build and test complete
MSGC countersincluding their el ectronics before mounting and aligning them inside a module. During the entire
assembly and test procedure of theindividual counter, al partsremain accessible for interventionand even replace-
ment. For the present milestone, e ght counterswere enclosed in each ” open” modul e, except for O4 containingonly
two counters.

311 Thegashox

The gas box bottom plate consists of an aluminium carbon fiber honeycomb composite, while the curved edges are
made of a uminum tubeswith arectangular section of 3 x 10 mm? and awall thickness of 200 pm. These are used
as integrated gas distribution manifol ds, the gas mixture being delivered vialaser-drilled holes facing every MSGC
insidethe box. The radia edges are made of PEEK profiles. The gas box isfinally sealed by an a uminized kapton
foil glued on top of the frame (seefig. 2).

3.1.2 Theindividual MSGC counter

Each counter ismade of onesubstrate, onedrift cathode, onefront-end el ectronic hybrid and onehigh voltage hybrid
(seefig. 3). They aremounted stress-freeinside the box with three excentrics. They arevisually aigned throughthe
transparent drift plane, by meansof fiducial marksonthe central cathode. Thefront end chipsrestinthermal contact
with awater cooling circuit, made of athin wall aluminium tube, identical to the ones used for the gas manifolds,
glued on the gas box honeycomb plate.



Figure3: An MSGC counter of an ”open” design module.

3.2 Theclosed design

Asthisdesign wasfinally choosen by the CM Smanagement in December 1997, itisdescribed indetail inthetracker
Technical Design Report [1]. In this approach, four substrates are glued to a stiff frame. The detector moduleis
closed before thefront end e ectronic hybridis connected to the substrates. Thusthe exposuretime of the substrates
isminimized.

A detector modul e consists of three frames supporting the substrates, the drift cathodes and the el ectronic hybrids
(seefig. 4). For the present test, the frames were machined out of full material; for thebottom and top frame, Stesalit
was used, while the middle frame was made of PEEK, avoiding splintersfrom the Sresalit on the substrates.

metallized
Kapton foil
top frame ( ( { I

=

drift cathodes

distance frame

substrates
bottom frame

metallized
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complete
module

Figure 4: The various elements building up a” closed” design module.

The substrates are glued to the 2.5 mm thick bottom frame after relative alignment. The alignment procedure is
described in detail in reference [1]. Stiffening bars inside the frame are foreseen to avoid deformation of the sub-
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strates through sagging. Holes in these bars alow the counting gas to pass through. The distance frame, without
any internal bars, separates the substrates and the drift cathodes. With a3 mm height it defines the sensitive detec-
tion volume. It is glued onto the bonding pads of the substrates, which are bonded to the readout and high voltage
hybridsoutsidethe gas volume. The cooling of the readout el ectronics was not implemented on this milestone pro-
totype. The top frame supportsthe drift cathodes. The entire moduleis closed by a Kapton foil that is coated with
copper onthe outside. A cross section of amoduleis shown in figure 5. For the present milestone, the C1 module

Kapton foil top frame (Stesalit)
N C O o O
] [ I [ M
J driftcathodes ‘ .
gmm } - - B 4@ m
1 2 3 Substrates 4
[ | [ ] [ | [ ] gasoutlet
. m — I ] R

bottom frame (Stesalit)

ca 45cm

Figure5: Cross section of a”closed” design module.

is made of two such modules mounted side by side on the same a uminium plate support, leading to eight substrates
intota for C1 aso.

3.3 Avariant of theclosed design

Another design, similar to the "closed” design described above, isillustrated in Fig. 6. Here the gas volume is
closed by the drift planeitself. Thereforeit consists of a 3 mm thick metallized carbon fiber honeycomb structure.
An attractive feature of this design is the large radiation length of carbon fiber composites, as compared to glass
used for the other drift planes. Details on the particular design can be found in reference [12]. Module C2 has only
one module with four substrates.

Figure 6: Scheme of the module following avariant of the " closed” design.



4 Outcome of the construction and oper ation of the modules

Prior to assembly into the detector modules, the M SGC substrates were optically inspected to record interrupted or
shorted anodestrips. Electrica testsusing probe stationswere a so used in some cases. Theresultsof thisingpection
can be found in table 2 showing the numbers of defective strips on the substrates produced by the different plants,
together with the total numbers of substrates and anodes produced. In the case of SRON, most defects are due to
errors already existing on the mask provided by OPTIMASK, which brings the quality of their production almost
to the very good level of IMT. The two other plants, less experienced, still need to improvetheir yield.

For the” open” design, wherethe substrates are connected to the readout e ectroni cs before modul e assembly, ahigh
voltage test was performed in a nitrogen atmosphere. Every M SGC counter was brought to 80% of the operation
voltages before instalation into the common gas box. For the "closed” design the connection to the readout el ec-
tronics was only executed after module assembly. Anodes |eading to problemsin the subsequent high voltage test
were disconnected by removing the corresponding bonding wire.

Some detector modul es had diodes bypassing the 4.7 M protection resistor at theinput of the groupsof 16 cathode
strips. These diodeswere supposed to conduct only a positivebias voltage applied to blow theresistor fuse through
the short, for the counters equi pped with fuses. Also some counters of the” open” design modules had these diodes
mounted, even if they had no fuses. Erroneous reverse mounting of these diodes prevented to test properly the
fuse system and made these "open” design detector modul es more vulnerable since the protection resistors to the
cathode groups were bypassed in normal operation conditions. This situation prevents us to draw conclusions on
the robustness of the strips and preamplifiers during this beam test.

During the initid testing of one of the open design module (O1), a flush rate of five times the nomina one was
used. When starting up the cooling circuit thisled to DME condensation due to the combined effect of the cooling
and the excessive flush rate in this high impedance gas distribution. As the voltages were on during that cooling
test, the shorts produced by the small DME dropl etsin conjunction with the reversly mounted diodes bypassing the
protection resistors, simultaneously damaged about 20% of anode strips, distributed everywhere in this detector
module. For thisreason the next " open” modules were built with larger holes for the gasinlet.

During the mounting procedure of thefirst 4-fold ”closed” design C1 half module, severe problems were encoun-
tered while aligning the three different frames one over the other, leading to a misaligned module with gas leak
problems. In agasleak search operation, water entered the module and caused areas with shorts leading to about
30% of broken strips. After these experiences the mounting procedurewasimproved and the second C1 half module
was built with only afew damaged strips.

For module O3, the recommended cleaning procedure of the substrates was not followed. Residuals from the pro-
duction procedure resulted in high currents driven by these substrates, leading to significant voltage drops and poor
performances of the O3 counters. Proper cleaning of one of the O3 counter after the beam test brought it to perfor-
mances comparabl e to these of the good counters.

More details concerning the modul e assembly and tests performed during the construction can be found in refer-
ence [8], both for the ”open” and " closed” design.

5 Experimental set-up

The six MSGC detector modules were tested in atertiary 100 GeV/c muon beam, obtained from the primary SPS
proton beam at the CERN X5 beam facility [13]. Beam particles were selected by means of a scintillator trigger
and their trgjectory reconstructed in two orthogonal directions (X and Y) thanks to a silicon microstrip telescope.
Figure 7 shows the experimental set-up consisting of two mechanically independent benches, one carrying the six
MSGC detector modules and one carrying the telescope, the trigger scintillators and other silicon detectors under
test for the CM Stracker (not used inthisnoteand showninwhiteonfigure 7). Thereference frameused in thispaper
is also shown on figure 7, with the Z axis along the beam direction, the X axis vertical and the Y axis horizontd;
the various detector planes are, in first approximation, parallel to the XY plane.

The trigger is performed by a coincidence of two out of three scintillators. Thefirst oneisalwaysa12 x 12 cm?
scintillator and the second oneiseither a6 x 6 cm? or a2 x 2 cm? scintillator.
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Figure 7: Top view of the experimenta set-up with the definition of the reference frame. The boxes |eft in white
are other silicon detectors under test for the CM S tracker, not used in thisnote.

5.1 MSGC detector moduleslayout

A special support structure has been designed and built at IReS Strasbourg to hold the six forward MSGC detec-
tor modules, as shown in figure 8. Each MSGC module isindividually mounted on a6 mm thick aluminium plate

Figure 8: Perspective view of the bench with the six MSGC detector modules.

supporting also the gas and cooling connectors, the high voltage lines and the el ectronics service boards. The alu-
minium bare plate had a hole of the size and shape of the detector module milled in it behind each module, to limit
multiple scattering. As can be observed on figure 8, the modules are mounted in such away that the counters have
their stripsroughly parallel to the X axis and perpendicular to the Y axis. In fact, due to the trapezoidal shape of
the MSGC counters, thisisonly true for one strip in each module, somewhereinits middle.

The whole platformis mounted on a movabl e support enabling trand ations of the six modulestogether, in X and Y
directions. The stepsare 1 mm by oneturn of ascrew for X and 1.5 mm by oneturnin’Y. The precision or control of
these motionsare rather poor. The maximum excursion allowsto scan awhole M SGC module, with atotal possible
trandation of 32cmin X and 110 cmin'Y.



A photograph of the MSGC bench during the beam test is shown on Fig. 9.

The six moduleswere flushed in parallel with agas mixture of Ne/DME-30/70% delivered by asinglegasrack. Al-
though the water cooling pipes were mounted in some of the modul es, they were not used during the beam test. For
the present milestone, the high voltage for the cathode strips were connected separately to each individua MSGC
counter. For the drift high voltage of the "open” design modules, there were three lines per module, one line for
each of the two edge countersand the third linefor therest of the counters. In the case of the 4-fold” closed” design
half modulesthereis one drift voltage line per 4-fold module.

Figure 9: Photograph of the bench with the six MSGC detector modul es.

5.2 Telescope layout

A silicon microstrip telescope, built in Bari [14], was used to reconstruct in space the trajectory of triggered beam
particles. It consistsof four doublesided silicon microstrip detectorswith 50 m readout pitch, gathered intwo arms
of two detectors. These detectors are 300 m thick each, with 384 readout strips on each side, crossed at 90°. The
readout is doneusing VIKING multiplexer chips[15]. Onthe p side, measuring the Y coordinate, an intermediate
pt stripisimplanted between two readout strips, in order to improve the linearity of the charge collection whereas
on the n side, measuring the X coordinate, a p-stop strip isinserted in between two readout strips, to avoid charge
spread. Asaresult of thisasymmetry between thep and n sides, the spatia resolutionontheY coordinateisexpected
to be better than this of the X coordinate.

Unfortunatelly, as during the present tests the silicon telescope and the M SGC modul es were on different benches,
they underwent uncorrelated vibrations, especially during working hours. The situation is very unfavourableto an
alignment of the two systems. This situation is made still worse by the geometry of the set-up (seefig. 7), with a
small distance between the two telescope arms and alarge distance between the tel escope and the M SGC detector
modules.

5.3 Dataacquisition

The data acquisition was performed by a distributed system implemented by GRPHE Mulhouse. It is an updated
version of the system described in [16]. For the sake of performance and modularity the system’s hardware is di-
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vided into afront-end and an event builder part. The front-end part itself issegmented into three VME crates which
communicate with the event builder viaa daisy chained fast datalink.

During beam spills, the multiplexed analog output of the detector front-end electronics is digitized, demultiplexed
and stored by means of several VME FADC moduleswhich residein thefront-end crates. The readout cycleiscon-
trolled by one VME sequencer modul e per crate which providesthe timing signalsfor the front-end el ectronics and
the FADCs. A detailed description of these two modules can be found in [17]. For thetriggering of the whole sys-
tem, custom designed modules are used [18]. All front-end crates are equipped with areal time processor running
OS9 which starts the readout cycles, collects the data from the FADC modules and rearranges it for transmission
to the event builder.

The event builder tasks are distributed over two different processors residing in the same VME crate. A real time
processor running LynxOS synchronizes the acquisition in the different front-end crates, creates ZEBRA format
data banks [19] and transfers them to a dua port memory. From there a Themis SPARC processor writes them to
disc and sends them asynchronously via ethernet to the CERN Central Data Recording. During the beam test, an
acquisition performance of 75 events per spill was achieved (a spill delivers approximately 15,000 muonsin 2.5s).
To reach that rate, due to the large number of silicon detectors also under test, only the two MSGC countersin
each modul e that were in the beam, were read out. However, afew runswere successfully taken reading out the 38
MSGC counters together.

An online monitor task running on a Unix workstation collects portions of the data from the event builder RTPC
(Real Time Processor Card) viaadedicated interface. Thisdataisvisualized using PAW. The monitoring program
was written by PN Lyon.

Figure 10 shows a schematic diagram of the whole DAQ system.
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Figure 10: Schematic diagram of the distributed DAQ system

A Slow Control Module [20] in a separate VME crate communicates with the MSGC front-end el ectronics via a
serid bus. This alows the monitoring of PreMux128 supply voltages and temperatures as well as the control of
PreMux128 output signal offsets.

6 Dataanalysisprocedure

6.1 MSGC dataanalysis

In addition to the charge possibly deposited by an ionizing particle, the raw values given by the ADC channels
contain contributions from the channd pedestal and from a common mode fluctuation, different for each event.
The raw data ADC count for theit? strip in the k** event can be written as:

ADCF =S¥+ P+ CF
10



where Sf isapossiblesignal dueto anincident particleonstripi inevent k, P; isthe pedestal of theit® ADC channel
and C! is a common mode shift of agroup of channelsincluding channe! i, for the k** event.

Theretrieval of the particlerelated signa from raw data requires a subtraction of the pedestals and a correction for
the common mode shifts. The pedestals were computed for each ADC channel as the average charge value for the
500 first events of therun. An iterative procedure was used in order to reject eventsin which the considered strip
may have been hit by aparticle. After correction of theraw datafor the pedestal s, the common mode was computed
for each event, separately for groups of 128 strips physically connected to the same readout chip. It isgiven by the
average charge value for the group of strips considered.

After these two corrections, the strip noise o; was estimated as the standard deviation of the distribution of the
remaining signal S;, in the absence of an incident particle. Figure 11 shows the strip noise for each channel in
two typical MSGC counters of module O2. The average noise is of the order of 9 ADC counts. A few spikes
corresponding to slightly noisy strips are observed together with some dips corresponding to strips damaged either
during the construction of the modul es or during operation (see paragraph 4). Dead and noisy channel swere rej ected
from subsequent analysis. The channelswere identified as dead if their noise isless than haf the average noise, as
noisy if it is more than five times the average noise.
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Figure 11: Strip noise versus channel number for two Figure 12: Typica signal over noise distribution for an
typical MSGC counters. MSGC counter.

To find impact pointsof ionizing particleswith the MSGC counters, clusters of stripswith asigna wereformed. A
stripisconsidered to have asignd if S;/o; > 3. Adjacent strips satisfying this criterion were added together till no
more adjacent strips above threshold were found. To allow for dead strips, one strip below threshold was accepted
within a cluster. The cluster charge Q¢™***" was computed as the sum of the signals of the strips accepted in the
cluster. The cluster noise o°**t*" was defined as:

o,cluster — E o,iz, (2)

where N isthe number of strips belonging to the cluster. The cluster signa to noise ratio was then defined as:
S/N — chuster/o,cluster‘ (3)

Figure 12 shows atypical signa to noise distribution obtained for one of the M SGC counters operated on the effi-
ciency plateau with adrift voltage of -2700 V and a cathode strip voltage of -530 V. One can clearly see the separa-
tion between noise and signal. In order to reject the noise clusters observed on figure 12, a cluster was eventually
accepted if itssignal to noiseratio exceeds 5. This distribution correspondsto an average signal over noise ratio of
about 24, after the cut rejecting noise clusters. It should be pointed out that the definition of the signal over noise
ratio adopted in thisnoteis not the one usually used by the CMSM SGC community. Inthelatter case only thenoise
of asinglestrip istaken into account. Asaresult, before comparing it with our estimation, it should be divided by
the square root of the average number of strips per cluster. The average cluster size wastypicdly 2.3 stripsfor the
present milestone (see section 7.7).
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A coordinate of the incident particle impact point can be given, in strip number, by the charge centre of gravity

method: N
- niSi
Nstrip = 217\(1 s (4)

Ei:l S;
where n; isthe order number of the ¢t* strip in the cluster.

Duetothetrapezoidal shape of the countersleading to varying anode pitches, knowledge of the coordinatea ong the
stripsis needed to transform n,,;p, into aspatial coordinate. For this purpose use will be made of the information
provided by the silicon telescope as there are no MSGC stereo stripsin the present prototypes.

6.2 Telescope dataanalysis

As pointed out in the preceding paragraph, the silicon tel escope information is needed to calcul ate a spatial coor-
dinate for the impact points measured by the MSGC counters.

Pedestal and common mode correctionstogether with cluster finding are performed in away similar to the one used
for MSGCs. However no strip with a signal below the strip threshold is accepted within a cluster and the cluster
signal to noiseratio must exceed 15. In order to avoid ambiguities, events with more than one cluster in atelescope
plane were rejected.

Before reconstructing the trgjectory of beam particles, the telescope planes needed to be aligned. The first double
sided silicon detector encountered by the beam (right side of fig. 7) was assumed to have its p and n side strips
perfectly aligned respectively withthe X and Y axes of the reference frame. For thethree other detectors, the p and
n side strips measure local y and x coordinates. To go from these local xy frames to the XY frame, a trandation
along the X and Y axes may be needed as well as arotation around the Z axis. Shifts of the Z coordinates given
by the geometer are aso investigated. The estimation of these parameters for the changes of reference frames are
done using an iterative procedure.

Inafirst step, no rotation and no Z shiftsare assumed. Initia valuesfor thetrandationsin X and Y are obtained for
detectors 2, 3 and 4 by requiring that the average value of the X and Y coordinates of beam particlesimpact points
in these detectors, equal those of detector 1.

These initia parameter values are used to correct the x and y coordinates measured by each detector to give X and
Y coordinates. For each event ax? fit to astraight lineis performed in order to estimate the sl ope and intercept of
each track in thetwo XZ and Y Z projections.

These track parameters are then assumed to perform asingle x? fit for all events together in order to give a better
estimation of the parameters determining the changes of reference frames. The estimations are further improved
by going back to the track parameters estimation.

The distributionsof the residuals obtained for the corrected X and Y coordinates, T* and T (¢ = 1, 4), a theend
of this iterative procedure, are shown in figure 13. The standard deviation of these distributionsare of the order
of 5 um for theY coordinate and 10 um for the X coordinate that is less precise, as expected (see paragraph 5.2).
Assuming the same spatia resolution for the four planes providing a given coordinate, these residua s correspond
to resolutions of 3.5 gmand 7 pm respectively.

7 Results

7.1 Trigger timing adjustment

Before accumulating data, it was necessary to adjust the timing of thetrigger signa that controlsthe M SGC front-
end el ectronics and the sampling of the FADCs. For this purpose a delay box was introduced in the trigger line.
Figure 14 showsthevariation of the average cluster charge with the delay introduced, for two M SGC detector mod-
ules, O1 and C1. It can be observed that in both cases, the optimal delay is of the order of 20 ns. Thisvaue was
used for the rest of the data taking.

7.2 Beam profiles

Figure 15 shows the beam profile observed by the two times four MSGC counters of the " closed” design module
C1, for eight different positions of the module with respect to the beam. For each position, two different counters
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Figure 13: Distribution of the residua s for the eight telescope planes, after alignment.
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Figure 15: Distributionsof the number of timesthat each strip has the highest charge, in two counters of the module
C1. The beam scans one or two of the eight MSGC countersin C1.

areread out, those hit by thebeam. The figures show for each strip of thetwo countersthat are read out, the number
of timesthey had the highest charge. Counters5 to 8 show alarge number of dead strips damaged during the con-
struction (see section 4). Neighbouring strips have a higher counting rate as the ionization |eft by particlesabove a
dead strip is deviated to neighbouring strips, if not dead.

7.3 Efficiency plateaus

In order to find the adequate working conditions, efficiency plateaus were measured. The particle detection effi-
ciency of agiven module is estimated taking as reference, tracks reconstructed by the eight planes of the silicon
telescope. Trackswith an impact point prediction outsidethe M SGC sensitivearea aswell as those hittingaregion
with dead stripswererejected. A cluster reconstructed in an M SGC was accepted only if the difference, in absolute
value, between the Y coordinate of the impact point with this module, cal culated with the telescope information
only, and the Y coordinate caculated with the n,;,;, value measured by the MSGC module, is less than avalue
corresponding to about 3 standard deviations of the distribution of this difference.

Before applyingtheabove procedureit isnecessary to align theM SGC detector modul ewith respect tothetel escope
by requiring the distribution of that differenceto have azero mean value. Thisdistributionisshowninfigure 16 for
each module, after alignment; the difference of coordinatesis expressed in number of strips. The standard deviation
of each distribution, expressed in um, isdisplayed for each module. A slight increase from module O1 to module
O4 isobserved. It is due to the position of the module in the beam, module O4 having the largest distance to the
silicon telescope. The distribution observed for module C1 is 20% larger, due to the fact that the beam was hitting
abad substrate (number 5), with many dead stripsin thisrun (see fig. 15).

The diagrams in figure 17 show the detection efficiency as a function of the applied cathode strip voltage (a) and
as afunction of the average cluster signal to noise ratio (b), for module O1, with a drift voltage of -2500 V. A full
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efficiency of about 97.5% starts with a cathode strip voltage of about -520 V and an average signd to noise ratio
of about 17. Similar results are obtai ned for other modules but the lack of statistics with the appropriate conditions
to calculate the efficiency of each counter with the above procedure prevents us to show them al. To compare
the uniformity of response of all counters, the signal to noise ratio, easier to calculate, will be used instead (see
paragraph 7.5). Indeed, for a given gas, the efficiency plateau is expected to start at the same average SIN for all
counters.

Full efficiency can be reached at a lower cathode strip voltage with a higher drift voltage. Thisisillustrated by
figure 18 showing for module C2, the variation of the average signal to noiseratio with the drift voltage for afixed
cathode strip voltage of -530V. One point at -510V is aso shown. It demonstrates that an increase of about 700 V
on thedrift alowsto decrease thestrip voltage by 20 V. Thisisinteresting regarding possibl e sparks as their energy
isproportional to the square of thestrip voltage. A lower strip voltagethus decreases therisk of damaging the strips
with sparks. Unfortunately, as explained in paragraph 2.2, only module C2 could be operated at high drift voltages
inthistest. However in June 1998, counters of an " open” design modul ecould betested in the same beam, with new
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Figure 18: Average signal over noiseratio versusdrift Figure19: Average signal over noiseratio versusdrift
voltage for module C2 at two cathode strip voltages: voltage for an "open” module with a new drift plane,
-530V and -510 V. measured during the June 1998 beam test at a cathode

strip voltage of -530 V.

drift planes. Figure 19 shows the variation of the average signa over noise ratio as a function of the drift voltage
for an MSGC counter of the Junetest. The detector was filled with a Ne/DM E-40/60% gas mixture and operated at
a cathode strip voltage of -530 V. A drift voltage of 3.8 kV isnow aso reached. It should be noted that the higher
neon content in the June gas mixtureis expected to lead to a higher signa to noiseratio, at the same voltages[21].
However the lower signal to noise ratio observed for C2 in figure 18 is mainly due to a higher noise (see section
75

7.4 Cluster characteristics

Figures 20 shows distributions of the strip multiplicity within clusters and distributionsof the cluster multiplicity
for one module of the outer ring(O1) and one module of the inner ring(O4). These data were taken with a drift
voltageof -2700 V(-1500 V) and a strip voltage of -530 V(-510V), for 01(04), well on the efficiency plateau. The
average cluster width is about 2.4 stripsfor the outer ring counter, as usua with the Ne/DME-30/70% gas mixture
used here. Itissignificantly larger, 3.6 stripsfor the counter of theinner ring but one should keep inmind thesmaller
anode pitch for theinner ring: 190 pm in average instead of 230 um. However trandated in pm these cluster sizes
amount to 680 pm for the inner ring substrates and 550 pm for the outer ring substrates, although the lower drift
field in the latter case should lead to a 20% smaller transverse diffusion coefficient [21]. On average, 1.2 clusters
satisfy the cluster selection criteria for each trigger, for both types of substrates. It should be noted that as only
two counters per plane were read out at the same time, this correspondsto 1024 MSGC channels. This number of
clustershigher than oneisto be attributed mainly to true beam particles as the same cluster multiplicity distribution,
taken with arandom trigger, between beam spills, shows an average value of 0.05 only. Rising the thresholds does
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Figure 20: Strip multiplicity distributionswithin clusters (left) and cluster multiplicity distributions (right) for one
outer ring counter (top) and one inner ring counter (bottom)

not decrease that number significantly but decreases the detection efficiency. It was estimated that this number of
random clusters corresponds to a strip occupancy of 0.03% only.

7.5 Gain uniformity study

A careful tuning of individual high voltagesfor each MSGC counters, in order to reach therequired gain, should be
avoidedin CMS. For thisreason al M SGC counters were scanned with the beam in variousregionsof thesubstrates
in order to check the uniformity of the response.

75.1 Scan alongthestrips

Asthe distance between the anodes and cathodes varies along the strips, it isimportant to verify that the gain does
not vary too much along the strips. Figures21 (a), (b) and (c) show the variation of the average signal to noiseratio
as afunction of the anode pitch, separately for the six modules.

For thisscan looking at gain variationsinside agiven counter, it was not important to operate the different modules
at the same voltages. The various operating conditionscan be found on the figure. They explain most of the signal
to noise variations from one module to another. However, in the case of O3, the 60% lower signa to noise ratio,
is also due to the high current(afew pA) drawn by the substrates of this module, leading to a significant voltage
drop in the protection resistor (see section 4). In the case of module C2, operating at a higher drift voltage than the
other modules, the signal to noiseratio isstill 20% lower. Thisisdueto abad connection to the readout €l ectronics,
leading to important common mode fluctuations and an average noise twice as large as for the other modules (see
section 7.6). 1t should aso be noted that the inner ring module O4 needs lower voltages due to the smaller anode
width.

For modules shown in figures 21 (a) and (c), it is observed that the pulse height isindeed constant a ong the strips.
The gain variationsare lessthan 10% which isbelow the usual gain variation obtai ned from one substrateto the next
for MSGCs with parallel strips. These substrates were produced by IMT, SRON and VOSTOK. On the contrary,
for modulesin figure 21 (b), for which the substrates were both produced by OPTIMASK, adecrease of up to 20%
is observed with increasing pitch, athough the larger pitches are towards the readout side (see fig. 21(b)).
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Figure21: Average signal to noiseratio as afunction of theanode pitch, for modules O3, O1 and C1(a), for modules
02 and C2(b) and for module O4(c).

7.5.2 Scan perpendicular tothe strips

The uniformity of the response in a direction perpendicular to the strips was also checked. Figures 22 show the
variation of the average signal to noiseratio for the eight MSGC counters of modules O1, C1 and O2, and for the
four substrates of module C2. Modules O3 and O4 were not in the beam during this scan. For thisscan all counters
were operated at the same voltages, -530 V on the cathode strips and -2700 V on the drift plane, but module C2,
operated with -3500V on the drift plane. The different marks correspond to different positionsof the beam, in each
four cornersof the substrates. The statistical errorson these measurements are negligible. Thefull linescorrespond
to the average value of 25 for all measurements. The dashed and dotted lines to one and two standard deviations
from that mean (o = 2.8) respectively.

For module O4, containing only one working counter, the uniformity of the signal to noiseratio has been studied
as afunction of the distance of the average beam impact point to the central strip of the counter (seefig. 23). The
counter was operated with-510V on the cathode stripsand -1500 V on thedrift plane. The gain variationsobserved
are less than 15%.

Thisgain uniformity study indicatesthat it might be possibleto operate at the same high voltages, all MSGC coun-
tersinagiven module. Gain variations smaller than 25% are then expected. 1t should however remain possible to
modify the voltages on some counters showing some defect. Therelation 1, between the anode pitch and the anode-
cathode gap will need to be checked and maybe adapted, depending on the substrate provider. All these results on
uniformity need to be checked with coated "CM S performance” substrates and at the higher drift voltage foreseen.

7.6 Noise comparison

Figure 24 shows the variation of the average strip noise per substrate, as a function of the substrate number, for
modules 01, 02, C1 and C2. Asaready explained, the higher noiseobserved for C2 isdueto bad connectionsinthe
electronic service board and thisreflectsinto the signal over noiseratio (see sections 7.3 and 7.5). Thelower values
observed for O2 are dueto adifferent tuning of the FADC amplification used for that detector module. Indeed, their
signal over noiseratiois the same asfor O1 and C1, at the same voltages (seefig. 22).

Module O2 contains counters with and without 400 €2 resi stors between the anode strips and the preamplifiers. The
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average noise of thefive detector moduleswithout input resistorsis9.3+.5 ADC counts. Substrates3 and 7 contain
resistors but substrate 3 is partially broken. The noise of counters3 and 7is11.5 and 10 ADC counts, respectively.
Figure 22 showsthat the signa to noiseratios of counters 3 and 7 in O2 are not significantly different from the ones
obtained for counters with no series resistor. The conclusion isthat the preamplifier protection offered by a400
resistor largely outweighstheincrease in noise caused by thisresistor.

7.7 Spatial resolution study

The digtribution of residuals shown in figure 16 istoo wide to be used to determine the M SGC spatid resolutionas
thisis expected to be of the order of 40 um. These large residual s between the silicon tel escope prediction and the
M SGC measurement are to be attributed to uncorrel ated vibrationsof thetwo detectorssitting on different benches,
together with an unfavourable level arm.

Trackswere reconstructed using the measurements in two M SGC modul esjust before and after athirdmodule. The
prediction for the impact point in the central module is then compared to the measurement in that module. In this
analysis, theinformationfromthesilicon telescopeisonly used to determinethe coordinate along the stripsin order
to find the appropriate anode pitch. This procedure is applied after alignment of each concerned MSGC detector
with respect to the telescope. A typica distribution of residuals obtained in thisway for module O2 is shown in
figure 25. The standard deviation of 52 um corresponds to an MSGC spatia resolution of about 40 pm assuming
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Figure 25: Difference betweentheY coordinate of theimpact point of beam particleswith module O2, measured by
module O2 and extrapol ated from measurements in modules O1 and C1. The appropriateanode pitchisdetermined
with the help of the silicon telescope.

the same resolutionin al three modules. Thisestimation is corrected neither for mutiple scattering nor for the error
coming from the way the pitch is obtained. However both contributions are expected to be negligible.

Figure 26¢ shows the spatial resolution measured for module O2 as a function of the anode pitch. The result of
38 um obtained for apitch of 218 pm is compatible with the spatial resol ution measured for counters with parallel
stripsand an anode pitch of 200 pm, filled withaNe/DM E-50/50% gas mixture: 36+2 pm [22]. The spatial resolu-
tion degrades only to 44 pm for the largest anode pitch measured, of 240 pm, whichis still quite acceptable for the
trackingin CMS. These resultsare in agreement with a preceding measurement donefor atrapezoida counter [23].
Figure 26a shows the cluster size as a function of the anode pitch for modules O1, O2, O3, C1 and C2. Except for
O3 working at a lower signal to noise because of their important leakage current, the cluster size is 2.3 stripsin
average. For module O4 shown infigure 26¢, itis 3.6. Thisdifference was already discussed in section 7.4. For all
modules the cluster size does not vary significantly with the anode pitch.
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7.8 Alignment study

All countersin a given module need to be precisely aligned with respect to the gas box ( ~30 xm). Optica aign-
ment was performed for the " open” design modul es (see section 3.1). The relative alignment of two neighbouring
substrates was tested for two " open” design modules, O1 and O2.

A given substrate of each moduleisfirst aligned with respect to the silicon telescope, using the procedure described
in section 7.3. The histogramsto the left of figure 27(28) show for the aligned counter of O1(02) the distribution
of the difference between the Y coordinate of the beam impact point with thismodule cal culated with the tel escope
information only, and the Y coordinate cal culated with the n,;,;,, value measured by the M SGC modul e, expressed
innumber of strips, for two anode pitches. Thedistributionsto theright of thesefigures show the distributionsof the
same quantities for the neighbouring substrate, estimated without modifying the alignment parameters, assuming
that the stripsof both substrates point to acommon point and that the di stance between the last anode of the substrate
to the left and the first anode of the substrate to the right, is twice the nominal anode pitch. A broadening of the
distributionisobserved together withashift of theaveragevalue. Convertedin pmthisshiftisof: 67 pumand 43 um
for O1 and 0 and -39 um for O2. Asan example, for O1 at a pitch of 237 um, arotation of 90 mrad is needed to
also align the right counter, in addition to the shift of 43 um in Y. These results signify that the optical alignment
used here isnot accurate enough and afina alignment with particlesis necessary.

For the "closed” design, afiber scan controlled machine is used to automatically position the substrates within a
module. The lack of statistics with beam particles hitting the common edges of two neighbouring good substrates
of module C1, prevents usto test that system with the datataken. However, after the beam test, the position of the
substrates in C1 module was checked using an independant coordinate measuring machine. These measurements
show that with thismethod, it is possible to position the substrates with a precision around 5 m [24].

7.9 Edgesstudy

The dead space expected between two modul es may be studied withmodule C1 made of two half moduleswith four
counters each, the beam hitting the edge counters of the two haf modules. The tracks are reconstructed using the
silicon telscope. Figure 29 shows the rel ation between extrapol ated and measured strip number for particles hitting
the two halves of module C1. Two peaks separated by about 8 mm are clearly observed. They correspond to the
different alignment shiftsneeded for the two half modul esand thusto the di stance between the two counters. Taking
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Figure 27: Distributionsof the difference between the Y coordinate of the impact point of beam particles with the
six modules, cal culated with the tel escope information only, and the Y coordinate cal culated using the n,;,;, value
measured by the MSGC module. The distributionsto the left are for a substrate of O1 aigned with the telescope,
the distributionsto the right for the neighbouring substrate. the results are shown for two different anode pitches
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Figure 28: Distributionsof the difference between the Y coordinate of the impact point of beam particles with the
six modules, cal culated with the tel escope information only, and the Y coordinate cal culated using the n,;,;, value
measured by the MSGC module. The distributionsto the |eft are for a substrate of O2 aigned with the telescope,
the distributionsto the right for the neighbouring substrate. The results are shown for two different anode pitches
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Figure 29: Relation between extrapolated and measured strip number for particles hitting thetwo halves of module
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into account the width of one half module, this corresponds to 2% dead space in the azimuthal angle ¢. However
for thismilestone, the C1 4-fold half modul eswere not mounted on disksintheway described inreference[1]. The
two haf modules had to be fixed on a support identical to these used for the " open” design modules. It ishoped to
decrease thisdead space to 1.16% for the inner ring and 1.44% for the outer ring [1].

Following the various accidents and mistakes that occured during the construction many counters are damaged and
only three pairs of adjacent counters were observed with al stripsin good condition near the common edge. As
no data were taken for these three regions with the 2X2cm? scintillator trigger selecting beam particle traversing
the silicon telescope, it was not possible to measure the dead space between two adjacent counters in the present
milestone. However this dead space was measured to be negligiblefor the same configurationin reference [9].

Thefact that there are only three good pairs of adjacent counters on atota of 32 that should be present, in principle,
brought some suspi cion that the region near the edges of adjacent counters might be dangerously morefragile. This
was not observed in the Hermes MSGC tracker [10]. However, if one removes al pairsin which at least one of
the countersis bad on alarge area, and al pairs for which no data were taken, there are three good edge regions
on atotal of 13 good pairs which is still worrying. Again this bad score could be due to the overal bad quality
of many counters. Indeed the fraction of dead strips among the twice four strips near the edges of good pairs of
adjacent substratesis (2545)%. For thetwelvenext stripsof the same pairs, itis(12+3)%. Thedifferenceishardly
statistically significant. However this potential problem needs to be watched in future tests.

8 Conclusions

Six sector modules of the CM S forward backward MSGC tracker were built by various ingtitutionsand were all
operated together in the X5 muon beam in CERN.

Different designs were tried, belonging to the categories " open” and " closed” design. Both optionswere proven to
befeasible. During the construction, we learned how to avoid some problems encountered at thefirst attempts.Four
protypes, belonging to both categories, had the same drift planes that prevented to raise the voltage higher than
2.7 kV in the milestone test described in thisnote. New drift planes, with lower resistivity, are now available and
were proven to hold up to 3.8 kV in amore recent beam test.

The analysis of the data taken also do not allow to choose between the designs. A response with again dispersion
of 11% standard deviation was observed both when going from one substrate to the next in a given module and
when going from one modul e to another, excluding moduleswith an e ectronics problem (C2) or drawing too much
current (O3). However thisresult should be tested with thefinal CM S performance substrates. Indeed the presence
of coating could deteriorate the uniformity of the response.
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It isalso shown that the presence of a400 2 protection resistor between the anode strip and the readout electronics
does not affect significantly the signal to noiseratio.

A scan aong the strips of the trapezoidal counters also shows a constant gain, within 10%, for al modules but for
the two modules for which the substrates were produced by OPTIMASK. This showsthat the rule adopted for the
rel ation between the anode-cathode distance and the varying anode pitch, alowsto maintain a constant gain aong
the strips but might need modifications depending on the substrate production procedure.

For counters with no dead strips a detection efficiency of 97.5% is measured for an average signal to noise ratio
starting at about 17. The spatial resolution in the trapezoidal countersis measured. It variesfrom 38 um for apitch
of 218 um to 44 pm for apitch of 240 pm, which fullfills the requirements for the CM S tracker.

The aignment of the” open” design substrates was checked with beam particles. Shiftsof upto 70 pm with respect
to thenominal positionwere observed, together with rotation of 90 mrad. Thiswouldimply the measurement of the
effective positionfor each substrate, in order to reach the required precision of 10 xm on the counters positionning.
The lack of statistics prevented to test the alignment procedure of the "closed” design substrates with data but it
was checked by a direct measurement after the beam test, showing a positionning precison of the order of 5 um.

A dead space of 8 mm is observed between two contiguous”closed” half modules. This corresponds to 2% dead
space in theazimuthal angle ¢. It ishoped to reduce dlightly that number when using the final mounting procedure
of these modules onto disks.

A number of 38 substrates corresponding to atotal of 19456 channels were present. However none of the six mod-
uleshave all their countersin a state that is acceptable for afinal production, except the second 4-fold half module
of C1. These failures are not related to the type of design ”closed” or "open” but can all be explained by mistakes
done during the construction that will be avoided in the future. This demonstrates the difficulty to build such asys-
tem and the need for al institutionsto gain experience with the fina design. Since the test period it was decided
to adopt the so called " Aachen closed design” as the construction requires less human intervention. As only one
such module, C1, was present in the test beam, new prototypes of this type should be built by al institutionsin
order to gain experience, to improve the gas tightness, to test the alignment and to check the quality of the strips at
the edge of adjacent counters with the new drift planes. Since the present milestone, one more closed module was
successfully built and tested in the X5 beam, in September 1998.

The uniformity test, which was successfull here, should be repeated with the final substrates.
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