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Abstract—At present, part of the forward RPC muon system of
the CMS detector at the CERN LHC remains uninstrumented in
the high-n region. An international collaboration is investigating
the possibility of covering thel.6 < |n| < 2.4 region of the muon
endcaps with large-area triple-GEM detectors. Given theirgood
spatial resolution, high rate capability, and radiation hardness,
these micro-pattern gas detectors are an appealing optionof
simultaneously enhancing muon tracking and triggering cap-
bilities in a future upgrade of the CMS detector. A general
overview of this feasibility study will be presented. The dsign
and construction of small (10 x 10 cm?) and full-size trapezoidal
(1 x 0.5 m?) triple-GEM prototypes will be described. During
detector assembly, different techniques for stretching te GEM
foils were tested. Results from measurements with x-rays a@h
from test beam campaigns at the CERN SPS will be shown for
the small and large prototypes. Preliminary simulation stulies
on the expected muon reconstruction and trigger performanes
of this proposed upgraded muon system will be reported.
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Fig. 1. One quarter of the CMS muon system. The colored deteere the
RPCs in the endcap system. RPCs (REi/1 and RE4/2-3) encloskdxes
have yet to be installed.

)

HE Compact Muon Solenoid (CMS) experiment [1] has

been collecting data successfully since the start of the
first Large Hadron Collider (LHC) physics run in 2009. During
two future long shutdown periods of the accelerator, the CMS
Collaboration intends to upgrade several subsystems of its
detector [[2]. In particular, the muon system as depicted in
Fig. I will be extended by completing rings 2 and 3 in
the fourth station in both endcaps to ensure efficient muon
triggering and reconstruction in that region as the LHC in-
stantaineous luminosity continues to increase. Durinditee
Long Shutdown presently scheduled for 2013-2014, thistfour
endcap station will be equipped with Resistive Plate Chambe
(RPCs) up toln| < 1.6. For the latter subsystem, which is a
dedicated CMS muon trigger detector, the very forward negio
beyond|n| = 1.6 will remain empty and could in principle be
instrumented up tdn| = 2.4 as is already the case for the
Cathode Strip Chamber (CSC) system that serves as muon
tracker in the endcap region. However, the present design of
the endcap RPCs, made of a double Bakelite gas gap and
operating in avalanche mode, is not expected to be suitable f
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the particle rates amounting to several tens of kHZ/amthe The "Honeycomb GEM” produced in 2010, was assembled
scenario of an LHC luminosity going up 1®3*—35 cm=2s~!. using honeycomb structures as spacers in the detector gaps
Here, we report on an ongoing feasibility study to insettetween the GEM foils, which avoids the need to stretch the
Gas Electron Multiplier (GEM) detectors in the vacant spadeils. Although this prototype could be operated withouy an
of the RPC endcap system beyong = 1.6. In general, problems, very localized efficiency losses were observéiueat
GEM detectors feature excellent spatiall00m) and timing position of the honeycomb structures. With honeycomb cell
(~5 ns) resolution and are proven to be able to withstarsizes of (6/12/12/12)mm or (6/0/0/0)mm in the (drift, traths
particle rates up to 10 MHz/ctnFurthermore, in the specific transf.2, ind.) gap, an overall detector efficiency of abtiuo
case of CMS, the use of such detector technology coul&s obtained.
in principle allow the combination of muon triggering and
tracking capabilities into one single subsystem. [
Generally desired for a trigger/tracker detector in the CM
high n region are a time resolution better than 5 ns, a spati
resolution in the range of 200-4Q0n and an overall detector
efficiency exceeding 97 %. ‘

Il. STUDIES WITH SMALL PROTOTYPES

In the course of this project that was initiated in 2009, () (b)
several different types of small triple-GEM prototypes &er
produced and then studied using x-rays in the RD51 [3] lg= %
of the CERN Detector Technology Group (DT) and/or particl&k
beams at the CERN SPS. Tafle | specifies the small detect!
that were produced so far along with their main constructic/
parameters. The first three small triple-GEMs listed in tide
were extensively tested during 2009-2010 using the 150 Ge
pion/muon beam of the CERN SPS H4 beam line. The ma
test results are summarized below; more details can be fouta
in [4].

The "Timing GEM” was mainly used to study the time
resolution that could be obtained with such detectors,
function of the used gas mixture, and the drift and inductio
fields. A time resolution of 4 ns could be reached with a
Ar/CO,/CF, 45/40/15 gas mixture and a 3/1/2/1 mm (drift,
tranf.1, transf.2, ind.) gap size configuration, which regbe
requirement for the CMS muon triggering system.

Adopting a geometry for the GEMs similar to the RPC:
in the CMS endcap disks, the smallest active GEM detector
area needed by CMS is of the order of 50x1002crRor

(e) ®

such sizes, the standard double-mask technique to prodbige2. Theself-stretchingtriple-GEM assembly technique : (a) GEM foil

e G : : : efore assembly; (b) external frame for foil stretching) (@ounting the
the GEM foils is not ideal as it suffers from alignmen EM fails; (d) stretching the foils; (e) stretched GEM; (Dropleted detector

problems of the two masks on either side of the foils duringciuding readout board.
the photolitographic hole etching process. The singlekmas
technique([5] overcomes this problem and was used to producé\n important development in 2011 was the introduction of
the "Single-Mask GEM” prototype. The performance of thanother new GEM assembly technique, here referred to as
single-mask GEM was quite similar to our “Timing GEM".theself-stretchingechnique. The procedure is demonstrated in
An efficiency up to 98 % was measured, albeit for a slightlifig.[2 showing a few photographs taken during the assembly
higher gain than for the double-mask GEM. Nevertheless, the CERN of the firstl0 x 10 cm? triple-GEM, “CMS Proto
single-mask technique appears quite mature and was chosEn prototype using this new technique. The GEM foils are
for the production of our large prototypes. produced with a pattern of holes in the edge on each of the four
Depending on how many endcap disks would be instrgides. The foils are then placed on a detector structurehwhic
mented with GEMs, the number of detectors needed for CMfas a set of alignment pins matching the hole pattern in the
could amount to several 100s. For such quantities, the tirde goil edges. Next, using a special external frame that isqulac
certainly the cost of the detector production becomes arissaround the ensemble, the foils are mechanically stretchdd a
The most time-consuming and labor-intensive part of triplehen fixed with screws to the detector structure. In the end,
GEM production is the foil stretching and the gluing of th@nce the foils have been completely stretched and fixed, the
spacer frames. To avoid these steps in the production mocesadout board can be mounted, closing the detector.
two novel assembly procedures were tested as describes.belo Clearly, compared to the standard assembly procedure, the



TABLE |
OVERVIEW OF THE SMALL TRIPLE-GEMPROTOTYPES THAT WERE CONSTRUCTED AND STUDIED IN THIS PROJEC

Name Mask Type Prod. Active Readout Gap Sizes #strips Prod.
Tech. Area (drift, transf. 1, transf. 2, ind. Site
(cm?) (mm/mm/mm/mm)

"Timing GEM” double-mask standard 10 x 10 1D (3/2/212)&(3/1/2/1) 128 CERN
"Single-Mask GEM” | single-mask standard 10 x 10 2D (3/212/2) 512 CERN
"Honeycomb GEM” | double-mask standard 10 x 10 2D (312/212) 512 CERN

"CMS Proto III” single-mask | self-stretching| 10 x 10 1D (3/1/2/1) 256 CERN

"CMS Proto V" single-mask | self-stretching| 30 x 30 1D (3/1/211) 256 CERN

"Korean 1" double-mask standard 8 x8 1D (3/212/2) 256 New Flex

self-stretchingtechnique offers many advantages. No gluing nw_mm}_kM,Ehi“'d'"g

nor soldering is required during the assembly procedure and WEAT E'*—‘E"O-‘lif_f'?-""-'hs_w-
the detector is produced without the need to place any spacer Readout .
in the active area, in the gaps between the foils. The tecleniq Frame —.
is very fast, for example this small prototype was assembled
in only 1 hour. As an additional benefit, if needed, it allows
for the detector to be re-opened in order to make modification Bt plane
or repairs, or to replace a GEM foil.

The small “CMS Proto IlI” prototype was tested using an
x-ray gun with a Cu target in the RD51 lab. With an Ar/€O
70/30 gas mixture, the detector exhibited stable operdton
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I1l. STUDIES WITH LARGE PROTOTYPES ®)

Besides the small prototypes described above, two fudl-sigig- 3. (a) Exploded view of the first full-size triple-GEM giotype for
triple-GEM prototypes were produced, called “CMS Proto ICMS. (b) Layout and gap size configuration of both full-sizetptypes.
(April 2010) and “CMS Proto 1I” (March 2011). The design
of the first prototype was reported earlier [n [6]. The large
prototypes have a trapezoidal shape with a GEM active af@epto II”. The first prototype was divided into foyrpartitions
of 990 x (220 — 455) mm2. Their geometry follows the designWith 256 strips per partition, while the second had eight
that was foreseen for the RPCs to be installed in the fifg@rtitions with 384 strips each. Following the results otee
endcap disks in the high+egion, ie. RE1/1 in Fid]1. In fact, with the small prototypes on the GEM timing performance,
the GEM detectors are embedded in a similar aluminum coJ8e gap size configuration for the second large prototype was
box as was designed for the RPCs in that area. The chamb##d2/1 mm (drift, transf.1, transtf.2, induction) in coat to
each cover a 10sector of the endcap disks. F@(a) shows dhe 3/2/2/2 mm Configuration for the first prototype. Diffete
exploded view of “CMS Proto I, while Fid- 3(p) displays thesteps of the assembly procedure of the large prototypes are
general layout and gap size configuration of both detectorsdepicted in Fig[}. Figll5 shows the gain curve for “CMS
The GEM foils for both large-area prototypes were prd2roto I, measured with an x-ray gun in the RD51 lab.
duced at CERN using a photolithographic process with aThe large prototypes were tested in 150 GeV pion/muon
50 um thick kapton sheet with a m copper cladding on beams at the CERN SPS H2 and H4 beamlines during several
both sides. Given the size of these large prototypes, tlghesin campaigns in October 2010, and from June to September 2011.
mask technique had to be used to produce the foils. To linfitg. shows the first large-area prototype installechat t
the discharge probability, the foils are divided in 35 sextf SPS H4 beam line in October 2010. A special mounting frame
about 100 cr each. The drift electrodes, made of a 3@® allowed to move the detector in the transverse plane with
kapton foil with a 5um copper cladding, were glued directlyrespect to the beamline, such that the beam could be pointed
to the 3 mm thick bottom aluminum plate of the detectaat different locations along the GEM surface in order to gtud
cover boxes. The readout planes provide a one-dimensioted uniformity of the detector response. The influence of a
readout with radial strips, i.e. pointing to the LHC beanel|in magnetic field on the performance of the prototypes was also
with a pitch varying from 0.8 (short side) to 1.6 mm (londested by inserting them in the M1 magnet at the SPS H2
side) for “CMS Proto I” and from 0.6 to 1.2 mm for “CMS beamline. This magnet can produce fields up to 3 T. Inside



Fig. 4. Assembly procedure of the full-size CMS prototypega) foil
stretching in the oven; (b) gluing the spacer frames; (c)nguthe glue; (d)
mounting the readout plane.
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- Fig. 6. (a) The “CMS Proto I" detector installed at the SPS téérh line.
(b) The “CMS Proto II” detector installed inside the CMS M1 gnat at the
SPS H2 beam line.
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100 o

resolution an upper limit of 10m could be derived using
. . . | . the information on the charge sharing among adjacent strips
3900 4000 4100 4200 4300 4400 4500 . . . e .
HVdivider [V] which is significantly better than the resolution expectefrf
a purely digital readout (as used for the result in Fig.]7(a))
IFig. 5. Gain curve for the “CMS Proto |I” measured with x-ragdtie RD51 | o strip pitch/\/ﬁ — 573/\/ﬁ =165 um.
o In Fig.[9 the measured shift in the average strip cluster
position due to a magnetic field is shown for “CMS Proto
the CMS detector, the GEMs would be installed at a locatidi inside the M1 magnet. Measurements were performed
where the magnetic field can reach up to 1.5 T with an angdfe June and July 2011 using the SPS H2 150 GeV muon
between the magnetic field and the GEM electric field leggam, with the detector flowing an Ar/G(CF, 45/15/40 gas
than 8. mixture. The angle between the GEM electric field and the
Fig. [1 shows a few results obtained with “CMS Protéxternal magnetic field could be varied by rotating the detec
I” in the October 2010 campaign. Using an Ar/¢@0/30 inside the M1 magnet. The data are in good agreement with
gas mixture, with the beam pointing at the detesjesector @ Garfield/Magboltz[[7] simulation performed for a9@ngle
with the smallest average pitch size, ie. 1.05 mm, a sp2etween the magnetic field and the GEM electric field. The
tial resolution near the value expected from the strip pitdReasurement at 1.5 T was performed for an angle 6f 30
(1050/+/12 = 305 um), and a detector efficiency above 98 9avhich explains the observed small deviation between dada an
were obtained. The uniformity of the detector responsesacrgimulation for that point.
the GEM active area was found to be very good. Up until recently, the readout of both the small and large
In Fig.[8 some results are shown for the “CMS Proto IIprototypes was based on the TURBO front-end electronics
detector, which has a smaller strip pitch than “CMS Proto IWith the VFAT [8] chip that produces digital output for its
obtained during the August 2011 test beam campaign. Wit28 analogue input channels. Efforts are ongoing to design
the detector flowing an Ar/CECF, 45/15/40 gas mixture, a new, enhanced version of the VFAT2 chip to replace the
the data were taken with the H4 pion beam pointing at thresent system. Furthermore, in the August-September 2011
region with the smallest strip pitch, i.e. 573n. An average campaigns the prototypes were for the first time succegsfull
cluster size of about 3 strips was found and for the spaoperated with the APV25 chip in combination with the Scal-
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g " 4 IV. GEM PRODUCTION FACILITIES
& 70;— / . . . .
T ook ' One of the possible scenarios that is presently under in-
50 vestigation for the installation of GEMs in the CMS detector
0= proposes the use of double chambers in each endcap disk,
30E J i.e. two chambers installed face-to-face. This would deubl
e the total number of detection layers and would thus greatly
10— . : . .
e e improve the tracking capability of the system. In such a
600 620 640 660 680 700 720 740 760

AV Diyidor Cotront [ua] scenario, to equip thé.6 < |n| < 2.4 region of the first and
() second CMS endcap disks, ie. the disks closest to the beam
interaction point on either side, a total GEM foil area ofard

Fig. 7. Results obtained with “CMS Proto I” during the Octl12Qest beam 500 n? would be needed. In such a case. an industrialized
campaign : (a) residual distribution; (b) detector hit édficy as function of . ) . . !
the current in the HV divider (proportional to the electrieldis in the GEM). pI’Od.UCtlon process beCQmeS Imperative.

With the ever-increasing demand for GEMs at CERN, the
production facility will be significantly expanded in 2011-
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2013. A completely new production line with machines suit-
able for large numbers of large-area GEMs, up to about
2x0.6 m?, is presently being put into place. In the end, the new

8

facility will be housed in a dedicated building (#107) at Q&R
With this new setup, it is expected that the production cdst o
large-area GEMSs could be lowered to about 1 kCHF/GEM,
E N with a production rate of 240 GEMsl/year.
" * detta x (mm) Recently, an alternative GEM production facility was put in
@) place at the New Flex company near Seoul in South Korea.
Initial contacts with this company were made by CERN in
e 335 November 2008 and in June 2011 a full technology transfer
from CERN to New Flex was organized. In the meantime, the
b3 company has produced its very figtx 8 cm? double-mask
triple-GEM, complete with voltage divider. The “Korean 1"
prototype (see Tablé 1) was tested with a Cu target x-ray gun
‘ in the RD51 lab. The detector and voltage divider exhibited
o J = very stable operation with an Ar/GO70/30 gas mixture;
B smooth exponential gain curves were measured, similareto th
CERN GEMs. The company is now progressing towards the
production of large-area GEMs.
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Fig. 8. Results obtained with “CMS Proto II” during the Au@12 test beam
campaign : (a) difference\z between hit positions measured with “CMS

Proto 11" and with a reference tracker GEM,; (b) strip clussére distribution. V. SIMULATION STUDIES

The CMS Monte Carlo simulation package is used to

study and quantify the improvements in the trigger and muon

able Readout System (SRS) [9] that is being developed mconstruction performance of an extended muon system in

the RD51 Collaboration. The results shown in Hij. 8 wethe CMS forward region as proposed here. As a starting

obtained with this system. point the geometry of the RPCs as described in the CMS
More details on test beam results obtained with the twduon Technical Design Report [11] is takeDR). To
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Fig. 11. Example results from GEM simulation studies : (d¢@f of the
(b) outer hole diameter on the GEM gain; (b) locations of avdianelectron
losses in the GEM material near a GEM hole.
Fig. 10. Monte Carlo simulations for various detector gtarities of the
extended CMS muon endcap system : (a) muon momentum reswuifb)

simulated spatial residual distributions foy = 1 TeV muons.
P or electron losses due to the GEM geometry or attachment to

gas molecules. As an example, Hig. I1(b) shows the position
mimic the GEM spatial resolution, the strip widths of th&oordinates of electrons lost in the GEM material. Finaliy
RPCs in the forward region.6 < || < 2.1 are gradually effect of an external magnetic field on the GEM performance
increased# x TDR) for the first two endcap stations. Using'S @S0 studied in detail.
single-muon Monte Carlo simulation samples the effect of
the GEM spatial resolution on the muon reconstruction can VI. SUMMARY AND OUTLOOK

be studied. Examples of first results on the reconstructedagar intense studies on small-size prototypes, two fully
muon momentum resolution and track residuals are showndRe ational large-area triple-GEM detectors were designe
Fig.[10 for various simulated GEM spatial resolutions. For 2nd assembled during 2010-2011. With several test beam

pr = 1TeV muon, up to a strip segmentation a factor 8 high%%lmpaigns at the CERN SPS H2 and H4 muon/pion beam
than in the current RPCs, the tracking resolution is dorehat;; < it was demonstrated that thes®) x (445 — 220) mm?
bY the S.tl’lp width; for even §mal|er strlp \{v!dths_ the r,es'ldqurototypes exhibit stable and reliable operation and can be
dlstrlbuqon becomes gaussian. These initial S|mplat|arfs run with high gain and detector efficiency. The prototypes
now being extended to study the improvements in the CM@ye tested inside a 1.5 T magnetic field, and could also
muon rigger system. The effect of_the exten_ded muon systejg operated successfully with the RD51 Scalable Readout
on the detECtOT acceptance for various physics Ch"’m”emurgystem. GEM detectors based on these full-size prototypes
study at C.MS Is also being addressed. are being proposed for the extension of the CMS muon
Simulations of the GEM detectors themselves are also be'é‘ﬁdcap system in the forward region. Simulation studies of

pursued([12]. The modeling of the GEM is based on ANSY ¢ jmproved CMS trigger and physics performance with this
while the Garfield/Magboltz packages are used to simulai€ciarm are ongoing.

the electron avalanches and interactions with the materia
With these simulations the GEM gain is studied, and possible
influences on the gain from various construction parameters
such as the outer hole diameter (see Fig. 11(a)), the drift an This work has partly been performed in the framework of
induction field, the thickness of the metal layers, and aldhe RD51 Collaboration. The authors that are members of the
the Penning effect for the Ar/CQOgas mixture are addressedCMS Collaboration would like to explicitly thank the RD51
Detailed studies of the electron avalanches also allowudyst Collaboration for its continuous support of this work, foet
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