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ABSTRACT. A new large-area, lightweight tracker based on the GEMneldgy is under devel-
opment for the upcoming experiments in Hall A at Jeffersoh,lvehere a longitudinally polarized
electron beam of 11 GeV will be available in late 2013. Thiarhecombined with innovative po-
larized targets, will provide luminosity up to 3%(s-cnm?) opening exciting opportunities to inves-
tigate unexplored aspects of the inner structure of thesmuchnd the dynamics of its constituents.
The GEM tracker design is presented in this paper.

KEYWORDS. Micropattern gaseous detectors (MSGC, GEM, THGEM, RETNGEHSP, MI-
CROPIC, MICROMEGAS, InGrid, etc); Particle tracking detes (Gaseous detectors); Front-end
electronics for detector readout
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1 Introduction

The Jefferson Laboratory (JLak)][is one of the most important experimental facility prowigi
a multi GeV, high intensity, longitudinally polarized, eteon beam; the origin of the quark and
gluon confinement, the dynamics of the quarks and gluonseimtitleon and of the nucleon in
the nucleus, the structure of the nuclei and the limits ofstiamdard model are some of the most
relevant fields of fundamental physics investigations atJL

The laboratory is undergoing a major upgrade of its ContiisuBlectron Beam Accelerator
Facility (CEBAF) and experimental halls. In late 2013, tlreelerator will deliver electrons with
energy up 12 GeV (twice the present limit) with excelleneirgity (up to 10QuA) and longitudinal
polarization (up to 85%). The equipments of the three exgstixperimental halls are under upgrade
to optimally exploit the opportunities of the new beam.

Hall A, the largest experimental hall, presently equippéthwwvo high resolution (HRS) and
a moderate acceptance (BigBite) spectrometers and atlitiedicated detectors, will be exten-
sively devoted to high luminosity experiments (thanks atsthe developments of new fixed tar-
gets). In this direction, activity is ongoing to implemehetnew Super BigBite Spectrometer
(SBS) R] with large acceptance (both in angle and momentum), chtyatwi operate in very high
luminosity environment (up to #&(s-.cm?)) and at forward scattering angle (down to 7 degree),
easily reconfigurable to best fit the experimental needs.nélnespectrometer will consist (refer to
figure 1) of a dipole magnet with field integral up to 3r (it will operate at about 2 ‘W), a pri-
mary charged particle tracker (front tracker), two ideaitigroton polarimeters (made of a Carbon
analyzer and large tracker), a hadron calorimeter; theoprpblarimeters can be replaced by one
of the two modules of the HERMES RICH3] sitting at 90 degree respect to the original set up in
the HERMES experiment.

10ne of the HERMES RICH modules, with spare parts, is curyesatfely stored at the University of Virginia.
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Figure 1. Preliminary schematic layout of the SBS spectrometerfriir@ tracker is represented by 5 GEM
detectors out of 6 expected in the complete setup.

SBS will initially serve four experimentsd] dedicated to the study of the nucleon structure
in terms of elastic electromagnetic form factors at high élmentum transfe@? up to 15 Ge\
and of transverse momentum distributions of the quarks énSkmi Inclusive Deep Inelastic
(SIDIS) region.

The tracking systems of SBS will be mainly based on tripleMzdetectors with analog read-
out as detailed later. In the next sections the front tracke3BS will be described, along with
the most relevant features. One section will be dedicatebdegaeadout electronics based on the
APV25 [5] chip. Some details of the design analysis will be shortijmmarized. The preliminary
test beam results will be discussed in the last section.

2 GEM Tracker
The main requirements of the SBS front tracker are:
1. hit spatial resolution at the level of Zon,

2. capability to stand large background flux (250 MHZz#guhotons and 160 kHz/chtharged
particles, mainly electrons),

3. coverage of a transverse area of abouk 4Q0 cnt,
4. reconfigurable (reuse of the same detector in differentigorations),

5. event acquisition rate at the level of 20k event/s.



Electronics Service Frame Spacer sector Holding Bar

=]

@
Service ()
Frame

Figure 2. Layout of a single GEM chamber, composed of threex&D cn? GEM modules; spacer sectors
are represented in the middle module.

The first and second requirements, taking into account tteenately large area (and therefore
costs), are well fulfilled by the recent GEM technology; intgallar the high particle flux which
corresponds to a hits rate on the tracker entrance at thiede§60 kHz/cn? (from simulation, the
reduction is due to the low efficiency of the gamma photondiete) is well below the stable gain
limit > 10 MHz/cn? reported in literatured]. In fact, the front tracker is based on 6 high reso-
lution, large GEM detectors (chambers), for a total tradkagth of about 50 cm. Each chamber,
schematically presented in figuPehas an active area of 40150 cnf, made by 3 adjacent GEM
modules; each module has #®0 cn? active rectangular area, for a total of 18 modules.

The modules are largely independent, characterized biydiwe readout, high voltage supply
and gas inlet/outlet as well as front-end electronics;dHeatures provide adequate modularity to
fulfill the aforementioned requirement for a reconfiguratidgector.

2.1 GEM 40x 50cm? basic module
The size of the GEM 4& 50 cnf module has been defined considering the following aspects:

e technology limits on GEM foil production: at the time the jat began, the double mask
technique was the only consolidated way for the constrnatibgood quality GEM foils;
the precise alignment required by this technique limitslithear size of the foil to less than
60cm.

e noise and pile-up: longer strip are generally more noisytdulee increased strip capacitance
and higher probability of noise pick up from the environmeloreover, longer strip has
higher hits pile up, which degrades the track reconstroatepability.

e experimental requirements in terms of tracker reconfignmathe GEM tracker will be used,
in different geometries both in the SBS and in BigBite spwutters (in particular for the
SIDIS experiment); moreover, the same module will be thes lzmsnponent of chambers
of different size and characteristics used as polarimeaekér in SBS or single coordinate
detector in front of a segmented calorimeter.
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Figure 3. Schematic top and side views of part of the GEM module. Aévant elements are represented.
The numbers distinguish the different frames of the module.

The main mechanical support of the single GEM module (reféigure3) is one 3 mm thick
honeycomb plane where the readout foil is directly gluede Téadout foil is made of two strip
layers (same design of COMPASBH)[that represent the x and y coordinates; strip pitch is e
in both layer; the lower layer is made of330x 400 mn¥ strips while the upper layer has strips of
0.080x 500 mnt. Three identical cascaded GEM foils are glued on 2 mm thiaknés; the first
GEM sits at 2 mm above the readout. A metalized foil providesdrift of the GEM detector, with
a drift gap of 3 mm; a mylar foil on top of the drift foil guaras the gas tightness and avoids the
drift deformation due to the gas pressure.

All frames between the drift foil and the readout foil inckuthternal thin spacers (300m
width) which help keeping the flatness of the foils, as memwlater. The spacers have small
apertures to facilitate the gas flow. The grid of spacers fibrenspacer sectors represented in the
middle module in figur@ and visible in the prototype picture reported in figire

The charge collected on the strips is transferred to thetrelcs through FPC (Flexible
printed Circuit) with ZIF (Zero Insertion Force) termindlsat avoid soldering of connectors on the
readout foil? the detailed layout of GEM and readout foils (superimposedhown in figures.

2The connectors are only on the front-end electronics; irsfieeific application the 73FXZ-RSM1-6-ETF(LF)(SN)
connectors by JST9] are used.
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Figure4. Layout of GEM foil and readout foil; clearly visible the 204$ectors, the 7 high voltage contacts
near the top-right edge and the 18 readout ZIF terminalsioliséd along the perimeter. Four HV contacts
are connected to the bottom copper layer, three to the 20 lgidrse only two contacts are used to power a
single foil. Each ZIF terminal connects 128 strips to onefrend card.

One side of the GEM foils is divided in twenty>520 cn? sectors to avoid discharge propagation;
each sector has its own SMD (Surface Mount Device) proteatgistor, placed inside the 2 mm
thin, 8 mm wide composite laminate frame (PERMAGLAS ME 78]) {vhere the foils are glued.

Drift, GEM and readout foils are fabricated by the CERN TDNDPhoto Mechanical Tech-
nologies group.

As mentioned above, the size of the GEM foil was driven by thabie mask technique;
however, considering the achieved production quality efgimgle mask, the current performance
(comparable to the double mask, in terms of gain and leakagerd) and the lower cost, the single
mask will be adopted in the final production.

The modules are integrated in a way to minimize the dead ar@ar@ supported by an outer
carbon fiber frame (the service frame shown in fig®)rto keep thermal deformation small enough
to achieve the required spatial resolution; this frame $o alsed to support all services: readout
electronics, signal cabling, gas pipes, HV components.

The module internal volume is expected to be continuouskshéid by a gas mixture of Ar
(70%) and CQ (30%).
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Figure5. The readout electronics chain based on the APV25 chip |alesd for the GEM tracker.

3 Readout electronics

Compactness, simplicity and versatility have driven theigle of the readout electronics based on
the 128 channel APV25 ASIG]. Each APV25 channel consists of a preamplifier followed by
a shaper and a 192 cell analog pipeline, where the shapeal $$goontinuously sampled at 20
or 40 MHz (user selectable). The samples awaiting readeuti@gged by external triggers, with
adjustable latency.

As shown in figureb, the readout electronics consists of two active componehts front-
end cards, directly connected to the detector strips antinigothe APV25, and a multi-purpose
digitizer board (MPD).

One MPD handles up to 16 front-end cards (for a total of 2048nkls) and can be used in
VME environments (also VMEG4x or VXS). It is managed by an ARA Arria GX FPGA and it
includes sixteen 12 bits A/D converters synchronously ingpnat 40 MHz, and ancillary electronics
for driving the 12C protocol used to configure the APV25, adlae Ethernet 10-100, and SFP
(Small Form-Factor Pluggable) Optical transceiver, fasteyn diagnostics and future extension;
2 x 64 Mbyte SDRAM is used to buffer the data and 8 front panel @dd*O connectors are
provided to interface external control signals.

The FPGA performs several real-time tasks that maximizedtia transfer rate: common
noise and pedestal subtraction, sparse readout, triggemrelated hits suppression (based on the
multi sample capability of the APV25), event building.

The electronics system is flexible enough to be used in offications and experiments with
minimal modification; in fact its architectural simplicjtyse of standard components and scalabil-
ity, make it suitable to small scale experiments, such afllgepus experiment at DESYL(],
where the very same electronics is used to readout sixI®cn? GEM chambers with 2 dimen-
sional readout (pad-strip configuration, 0.40 mm pitch).

4 Design analysis

Mechanical structure and gas flow have been optimized byytcell considerations and finite
element analysis (in the COMSOL framewodkl]).

—6—



The GEM foil will be stretched before gluing to guaranteecadde flatness of the GEM and
drift foils (deformation less than 1% of the gap width betwdeils). In fact, the maximum foil
deformationu depends on the foil linear tensidn on the pressurk due to the electrostatic fields,
and the largest unconstrained surf&ef the foil (the area of the spacer sectors mentioned above
and represented in figuB; as a first approximation, the above quantities are relaydd?):

P-S
T
wherek is a function of the geometry of the surfaBéfor rectangular shape, the maximum value
of kis about 0.7367 which corresponds to a square).

Assuming the foil is one of the two parallel planes of a cajeacvith 2 mm gap, with a field
of 5 kV/cm, the electrostatic pressure on the foil is at thvellef 0.1 Pa, which may become larger
during a discharge; to account this fact, a safe factor ofi¢@pplied to the above electrostatic
pressurgto getP = 10 Pa. With a target deformation of 20 um, the above expression becomes
S< 266- T whereSis expressed in cfmand T in kg/cm. Taking into account that the maximum
tension that does not deform noticeably the honeycombtaneiés at the level off ~ 1 kg/cm,
the surface of the sector spacer musSbe 266 cnf. This approximate analytical result has been
refined by a finite element analysis showing that with a spseetor of 170 crha maximum sag
of the foil below 10um is expected.

The gas flow has been analyzed by means of a 2D model: numbefoot-lets, apertures
in the frame spacers and positions have been chosen in ardeaximize homogeneity of the
flow [13]. All inlets and outlets have the same shape that has beemrletbih the attempt to
minimize the gas turbulence; in fact, these openings reptele most critical point for the laminar
flow of the gas. The final design is presented in fighjréhe choice of the inlet and outlet positions
has taken into account the gas flow, the rigidity of the frangbthe better accessibility of the edges
of the modules, once composed into a chamber.

u=k

5 GEANT4 simulation and GEM digitization

Tracking performance of the system has been investigatéddnte Carlo events. The GEANT4
simulation framework14] has been used to model the SBS spectrometer and the GEMitiack
detail. ROOT [L5] tree output has been used to store the simulated hits ardigitieed data.

The digitization algorithm implements the basic physiaxesses that generate the electronics
signals in the readout strips and the corresponding puls@sng out from the readout electron-
ics from the deposited enerd)E of the primary particle in each GEM chamber of the tracker,
simulated by the GEANT4 code.

The main processes modeled by the digitization are:

e lonization: the number of ion pairs is distributed accogdia a Poissonian distribution with
mean parametat,n, = AE /W; the ionization point is assumed to be uniformly distriloute
along the primary particle track in the drift region of the KBE

3The large safe factor tries to take into account the conailerflux of ionizing particles expected in the high lumi-
nosity experiments where the GEM chambers will operatethfeisame reason the maximum deformation of the foil has
been chosen very restrictively (L%), as long as it does not impact significantly on the desidineomechanical support.
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Figure 6. Gas flow analysis; final design. The colors represent thecitglfield magnitude in m/s (scale on
the right); the black lines represent the gas velocity fi€ldtical regions, in terms of turbulence, are the 3
inlets and 3 outlets and to a lesser extend the apertures wéttical spacers. Flow is basically horizontal (in
the picture): there is no significant mixtures between dififik vertical sectors (there are four barely visible
apertures in each horizontal spacer).

e Drift: the average drift time is given btyist ~ L/vg, WhereL is the distance between the
center of the drift region of the GEM and the readout planeijemy is the drift velocity
(typically vy = 5+ 6 cmjus);

e Diffusion: the spatial distribution of the charge in thedeat plane follows some sort of
distribution (from gaussian to rectangular) with standéediationos = /2DL /vy, whereD
is the diffusion coefficientl) = 200+ 300 cnf/s);

e GEM multiplication: the distribution of the number of sedany particles is assumed to fol-
low either the Poissonian or the Furry distributions, theits of the Polya distribution6];

e Charge collection: the spatial distribution of the colésttharge is assumed to follow the 2D
Heaviside step function, which reproduces reasonably tveléxisting dataf], with spatial
width defined by thess provided above;

e Pulse formation: the shape of the analog pulse coming ont the electronics (APV25) is
represented by a double exponentiad][

The digitization results are tuned by means of the GEM COMPASta 7].



Figure 7. First full scale GEM module prototype during assemblindirée components are visible: the
stretched GEM foil; the thin support PERMAGLAS frame withetepacers which form 18 open sectors
(their configuration is different respect to the final verspresented in figure2 and 6); the foil stretcher,
whose design is derived fror2().

Hits from signal and background particles can be mixed dfierdigitization process; the
number of background hite,cx has been assumed to follow a Poisson distribution with mean
parameterpg - At, whererpek is the background rate arit is the effective trigger time window
(depending on the width of the shape signal coming out fraaéladout electronics).

The simulated and digitized data have been reconstructdtetiyack reconstruction algorithm
used in HallA at JLab, adapted and improved for the GEM trafk8. The main outcome of the
analysis shows that the tracking efficiency is at the levél@o at full expected background; the
10% tracking inefficiency comes from the background hitg t@mnot be disentangled from the
signal and therefore they cause a degradation of the trackutéon which do not pass the recon-
struction quality cuts (when half of the expected backgdbisnsimulated the tracking efficiency
becomes larger than 96%).

Large part of the background hits is removed by time cotieiab the trigger, exploiting three
consecutive samples of the APV25 shaped signal. The tinmelation is also used to suppress hits
ambiguity; in fact, the analysis has also shown that chaswéh u/v strips in addition to the x/y
ones do not improve noticeably the ambiguity suppression.

6 Prototypetest

The first prototype of the full scale module with the newly eleyped readout electronics has been
tested at the DESY-II 1 to 6 GeV lepton beam at the end of 2@&Kd;Has been partially supported
by the EUDET program1[9].



Figure 8. First GEM module prototype, from the drift side (proteetMylar foil visible). The 18 front-end
cards are located behind the 4 rectangular backplanesthédrsg the 4 sides of the module.

Picture in figureB shows the test setup: the module is equipped with the APV@&Srehics;
precise tracking has performed by small silicon strip detsdocated before the GEM; Ar (70%)
and CQ (30%) gas mixture has been used. The GEM HV has been powertbe ffiyst version of
the HV-GEM systerfiproviding 7 independent HV levels.

Two typical events collected at the test are shown on fi@uren the upper 2 plots, good
eventwith a single hit, at the center of the module, with large geamvell above the noise level.
On the lower 2 plots aoisy eveneffected by apparently random misalignment of the raw aedui
data due to bugs in the electronics firmware, which have batetylfixed. This misalignment
causes a wrong compensation of the pedestal, ending up iffithedt types of periodic pattern
which obfuscates the signal. These bugs make a comprebensilysis of the data quite difficult.

Different criteria have been studied to selgobd eventsthe most stable criterion consists of
the following steps:

1. each axis is divided in two regions: beam region (wherdo#zen is expected to pass), empty
region (where no signal is expected); the beam region istabom wide, while the empty
region is 36 cm or 46 cm wide, depending on the axis.

4The HV-GEM is under development at the Laboratori Naziodgkrascati 21].

—10-



2. the root mean square of the strip chatgis evaluated in the empty region; it represents the
level of noise;

3. the charge maximummand its positionps are searched in the beam region;
4. a narrow symmetric peak region is defined aropgd mm wide;

5. the mean chargeis computed in the beam region (excluding the peak reglorgpresents
the baseline of the signal;

6. the event passes the selection & b) > 20 for both axes.

Once thegood eventhiave been selected, adjacent hits are grouped in clustértharx and
y cluster chargesare estimated. The x-y charge correlation goes up to abd¥t @gure 10),
and signal and noise distributions look rather good (figltealthough they are still biased by
the quality cuts. These results are preliminary, but, gidiciations of the general validity of the
hardware design and of some critical aspects that have heestigated in the past months.

Recent test in high intensity gamma and electron backgrduasdbeen carried on at MAMI
(Mainzer Mikrotron) at the beginning of September 2011 wihg excellent on-line data without
noisy events like the one presented above. Analysis is igrpss.

Since the GEM tracker will seat behind a momentum analyzpegtsometer, where the ex-
pected magnet fringe field on the first chamber is at the lel/&D0 Gauss, oriented prevalently
perpendicular to the GEM electrostatic field, new tests areseen in the first quarter of 2012 to
measure the performance in a low intensity uniform magriegid (up to 500 Gauss).

7 Conclusions

Most of the design of the GEM based tracker and its readoatretdcs is finalized; analytical con-
siderations and numerical simulations have been used ify wad optimize the adopted solutions.
The assembling of the first full scale prototype, late in 2013 been very useful to improve details
of the design and of the ancillary tools, such as the GEMdest First beam test on the prototype
has been performed at the end of 2010; some bugs of the pmaliynélectronics firmware have
affected the quality of the acquired data. However, the fastlts show an excellent signal to
noise ratio on a significant subset of the events, demoimgrttie general validity of the design
and the electronics, which seems to be confirmed by a recgrnhtkigh intensity beam, similar to
the conditions of the experiment where the GEM tracker wik@ate.

Work is in progress to finalize the design and to start the ginstiuction; to this end, specific
effort is devoted to the optimization of the assembling poage which includes the quality checks
of the GEM and readout foils.

The GEM tracker project largely benefits of the expertisgeerence and valuable facilities
provided by the CERN RD51 collaboratio®d].

5The cluster charge is the sum of the charge of the hits beigrigi the cluster, baseline subtracted (Geybove);
the x strips are 8@um wide, the y strips are 340m wide.

—-11 -
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