
A proposal of buildingnew muon small wheels :the NSW proje
tDraft 0.00 30.06.2011Abstra
tabstra
t1 Introdu
tion [TK℄We propose to build a pair of new small wheel dete
tor (NSW) to repla
e the existing onesduring the se
ond long shutdown1 of the LHC during whi
h the LHC will be upgraded to a
hieveits luminosity beyond the nominal design value and up to 2-3�1034 
m�2s�1 in the followingrunning period. The goal of NSW is to bring a signi�
ant enhan
ement of the muon performan
ein the end
ap region, in parti
ular of the level-1 muon trigger as well as the pre
ision muontra
king, that would not be a
hieved by simple and thus lower 
ost modi�
ations alone su
h asimprovement of radiation shielding, addition of new dete
tor layers or upgrade of ele
troni
s.The muon small wheel is a part of the ATLAS muon spe
trometer lo
ated in the end
apregion in front of the end
ap toroidal magnet. This is the innermost station of the three muonstations of the end
ap. There are two identi
al sets of dete
tors in both sides of ATLAS. Thesmall wheel 
onsists of 4+4 layers of monitored drift tubes (MDT) for pre
ision tra
king inthe bending dire
tion (R dire
tion) and two layers of thin gap 
hambers (TGC) for azimuthal
oordinates. These dete
tors 
over the � range of 1:3 < j�j < 2:0. The inner part of the smallwheel is 
overed by four layers of 
athode readout 
hambers (CSC) be
ause of its high rate
apability. Ea
h CSC layers determines both bending and azimuthal 
oordinates. The 
overageof the CSC 
hambers is 2:0 < j�j < 2:7.Just to 
he
k if referen
e works [1℄. On
e more to see the order is OK [2℄.

1Currently it is foreseen in 2018. 1



5 Dete
tor 
on
ept 1 : MDT + TGC (working title)5.1 Introdu
tionThe dominant motivation behind the present proposal is to 
onsiderably in
rease the perfor-man
e and rate 
apability of the triggering and pre
ision tra
king system in the Small Wheelin order to mat
h the higher ba
kground levels in the phase II upgrade s
enario of the LHC.For this purpose, we propose the following layout for the upgrade of the Small Wheel.(a) a new type of TGC trigger 
hamber, providing 
onsiderably improved spatial resolution inthe bending plane but preserving the basi
 rugged stru
ture together with the operatingparameters of the proven TGC system, as presently installed in the muon end-
ap.(b) a new type of MDT 
hamber, made from tubes of half the diameter of the presentlyused tubes, otherwise operating under the same 
onditions with respe
t to gas gain, gas
omposition and pressure. The redu
tion of the tube diameter from 30 to 15 mm leadsto an in
rease of the rate 
apability of the tubes by a fa
tor of 7, suÆ
ient to 
ope withthe level of ba
kground hits expe
ted at the SLHC.With this upgrade of the existing 
hamber te
hnology towards higher performan
e the uni-formity of the present muon spe
trometer (MDT as tra
king dete
tors, RPC as trigger dete
torsin the barrel and TGCs in the end-
ap) is preserved while pro�ting from the existing te
hni
alinfrastru
ture and the experien
e to 
onstru
t su
h an assembly at the relevant institutions.For the trigger 
hambers we propose to maintain the basi
 operating 
on
ept of TGC 
ham-bers, 
omplementing them with a new, high-performan
e readout system. The pulseheight dis-tribution of signals indu
ed into the strips of the TGC 
athodes (measuring �) are 
onvolutedto give the pre
ision 
oordinate with an a

ura
y of <100 �m. To distinguish the new TGCs,proposed for the NSW from the existing ones in the Big Wheel, we will refer to them as to"sTGCs" throughout this arti
le.In the proposed dete
tor layout, a pa
kage of 4 sTGC 
hambers is pla
ed in front and behindthe MDT 
hambers, ea
h. A sTGC pa
kage will 
ontain 4 wire layers (wires running radially,perpendi
ular to the strips), 4 
athode layers for 
entroide �nding and another 4 
athode layerssegmented into pads, for fast sele
tion of a Region of Interest (RoI). In the o�ine analysis thepads will be an important tool for resolving ambiguities in the x-y pairing of 
oordinates, whenmore than one tra
k is present in a 
hamber.One important limitation of the present L1-trigger in the end-
ap is due to the fa
t thata majority of tra
ks 
rossing the Small Wheel do not originate from the primary vertex andshould therefore not be 
onsidered 
andidates for a high-pT muon by the triggering system.The present trigger, however, 
an not determine the slope of the 
andidate tra
k in the r-zplane and for this reason is unable to dis
ard tra
ks not 
oming from the primary vertex. Witha distan
e of about 300 mm between the sTGC pa
kages in front and behind the MDT, anangular resolution of < 0; 3 mrad 
an be a
hieved, whi
h allows to only 
onsider tra
ks pointing2



to the intera
tion as high-pT 
andidates for the L1 trigger. The slope of the tra
k in the �dire
tion will also be determined, though with less a

ura
y, to further redu
e the number offalse triggers. A detailed presentation of the method is given in se
tion 5.2.1.The limitations of the MDT pre
ision 
hambers at high luminosity are mainly 
aused byisolated hits in the tubes ("fake hits"), 
oming from neutron and gamma 
onversions in nearbysupport stru
tures, tube walls, 
hamber gas and tungsten wires. The presently used 30 mmdiameter tubes ("Large tubes") start to lose eÆ
ien
y if hit rates go beyond about 300 kHzper tube and, therefore, a new MDT 
hamber type with half the tube diameter is proposed,leading to 7 times higher rate 
apability.Both new 
hamber systems, the sTGCs and the MDTs, 
an be operated with the same
hamber gas as in the present system. Power requirements for the ele
troni
s of both systemswill be higher due to higher 
hannel 
ount. Whether this requires a
tive 
ooling, as is now usedfor the ele
troni
s of the CSC 
hambers in the region � > 2 is under study. Aim is to haveservi
es arranged in su
h a way as to be able to use the existing servi
e infrastru
ture like e.g.the 
able S
hlepps.5.1.1 Upgrade of the TGCThe basis of the proposed 
on
ept is to have as many as possible a

urate measurements in thetrigger layers, to allow to dis
ard a high per
entage of measurements where Æ-rays, additional 
0sor neutrons are present and still obtain a position measurement from ea
h of the two pa
kageswith a pre
ision of 100�m. To obtain su
h a pre
ision using the 3.5mm pit
h strips presentin ea
h gas-gap, while keeping simple ele
troni
s, a 
harge extrapolation method using Time-Over-Threshold as an approximated 
harge measurement has been developed. The a
hievedperforman
e using this method for large size sTGCs is dis
ussed in detail in 5.2.

Figure 1: S
hemati
s of the internal layout of a 4-layer TGC pa
kage, showing the pad-stripand wire readout for ea
h gas-gap.A
hieving this high a

ura
y for the bending 
oordinate in ea
h of the gas gaps allows the3



TGCs to provide a very good 
omplement to the MDT measurements (of similar pre
ision)and redu
e the number of tubes. In parti
ular, in the high ba
kground rate region of the SmallWheel, having a total of 16 potential measurement points, of whi
h up to 30% may have tobe dis
arded, ensure that an a

urate parti
le ve
tor will be provided in front of the End-CapToroidal �eld, even if some of the layers be
ome non-operational during the exploitation ofATLAS at SLHC. The overall signal pro
essing to produ
e the trigger is s
hemati
ally shownin �gure 36 of the appendix (C.1). A demonstrator to study the signal path, logi
s and laten
yin detail has re
ently been 
ompleted.By making a 
oin
iden
e among the pads in su

essive layers (within a 1 deg aperture),one is able to redu
e substantially the number of 
hannels that have to be readout for a fasttrigger de
ision. Furthermore, the pad-
oin
iden
e provide a unique 3-D address, where a
orresponding angle and displa
ement 
omparison 
an be made with the trigger input of thenormal muon end-
ap trigger originated in the ATLAS big wheels.To simplify the logi
 of what 
hannels to read for trigger purposes, one might loose someof the potential muon 
andidates, whi
h 
an be re
uperated by the measurements of the MDT(smaller number of 
hannels). The MDTs provide, furthermore an a

urate alignment that 
anbe used to align with tra
ks the exa
t TGC positions.5.1.2 Upgrade of the MDTAs mentioned above, the large majority of hits in the Monitored Drift Tubes (MDT) are 
ausedby Compton s
attering of 
0s whi
h, in turn, 
ome from neutron 
apture in the material of the
hambers and adja
ent support material. The resulting hit densities strongly in
rease towardsthe inside of the Small Whell, while, on the other hand, the length of the tubes in the trapezoidalgeometry of the SW de
reases proportional to the distan
e from the beam line (r). As the hitdensities are in
reasing 
onsiderably faster than with 1/r, the highest tube hit rates are at theinnermost radii of the 
hambers.Chamber tube lo
ation tube expe
ted rate per o

up- eÆ-Type layers in r length hit rate tube an
y 
ien
y
m 
m hits/
m2 kHz % %EIL0 2�6 93 56 9000 756 15,1 86,0EIL1 2�4 208 125 3309 620 12,4 88,3EIL2 2�4 318 179 1271 341 6,8 93,4EIL3 2�4 426 205 497 153 3,0 97,8Table 1: Expe
ted hit rates and eÆ
ien
ies for 15 mm tubes in a large se
tor of the NSW. Col. 2gives the lo
ation of the innermost tube of ea
h 
hamber, 
ol. 4 the expe
ted hit rates for a luminosityof 5 � nominal (times a fa
tor of 1,7, see text).Table 1 presents tube hit rates, o

upan
ies and eÆ
ien
ies for the innermost tubes of the 4
hambers in a large se
tor of the NSW. Chamber EIL0 
overs the area now taken by the CSCs.EIL3 is the small re
tangular extension at the outside of the se
tor. The numbers in 
ol. 4 arebased on hit rate measurements at a luminosity of 9 �1032 
m�2s�1, s
aled up linearly to 5 �1034
m�2s�1. Rates in the CSC region (1 m<r<2 m) are extrapolated from larger radii, using an4



exponential law [22℄. In addition, a fa
tor of 1,7 has been applied to in
rease rates to the 9kHz/
m2 spe
i�
ation of this Te
hni
al Proposal. This 
ould also be 
onsidered an additionalsafety fa
tor in 
ase the real rates will in
rease faster than predi
ted by the extrapolation. TheeÆ
ien
ies are 
al
ulated from exp(-� �f) � 1-� �f, where � is the dead time after a hit (we usethe maximum drift time of 200 ns) and f the hit rate.Redu
tion of the outer drift-tube diameter from 30 mm in the present (MDT 
hambers to15 mm while keeping the other parameters, in
luding the gas gain of 2 � 104, the sense wirediameter of 50 �m and the tube wall thi
kness of 0.4 mm un
hanged, leads to a signi�
antimprovement of the rate 
apability of the drift-tube 
hambers whi
h is more than suÆ
ientfor their operation in the new Small Wheels up to the highest ba
kground rates expe
ted at 5times the LHC design luminosity. It allows to preserve the main advantages of the drift tube
on
ept:(a) High pattern re
ognition and tra
king eÆ
ien
y even at high ba
kround rates.(b) High position and angular resolution independent of the angle of in
iden
e onto the 
ham-ber plane (in 
ontrast to drift 
hambers with re
tangular drift geometry).(
) Operational independan
e of the drift tubes where any malfun
tion of a tube 
an onlygenerate a negligible ineÆ
ien
y.(d) Modularity and me
hani
al robustness of 
hamber 
onstru
tion.(e) Dire
t 
onne
tion of the high intrinsi
 me
hani
al pre
ision of the 
hambers to the globalopti
al alignment system.

Figure 2: Tra
k segment re
onstru
tion eÆ
ien
ies as a fun
tion of the ba
kground 
ountingrate for di�erent numbers of tube layers 
al
ulated requiring at least 4 hits on the tra
k andusing the measured 15 mm diameter single-tube eÆ
ien
ies as a fun
tion of the 
ounting ratefor �nding a hit within 3�r distan
e from the tra
k (3� eÆ
ien
y) where �r is the drift tubespatial resolution. 5



For the standard MDT gas mixture of Ar:CO2 (93:7) at 3 bar absolute pressure, the gasgain of 2 � 104 is a
hieved at an operating voltage of 2730 V for 15 mm diameter drift tubes.Under these 
onditions, the maximum drift time is redu
ed by a fa
tor of 3.5 from about 700 nsto 200 ns by shrinking the tube diameter by a fa
tor of two [14℄. In addition, the ba
kground
ux hitting a tube of given length is redu
ed by a fa
tor of two. Altogether, the drift-tubeo

upan
y is redu
ed by a fa
tor of 7. At the maximum ba
kground rate of 9 kHz/
m2,expe
ted at the innermost radius of the Small Wheels at 5 times the LHC design luminosity,the highest o

upan
y, o

uring in the shortest tubes of 0.56 m length at the innermost radius ofthe Small Wheels, is 15 % 
orresponding to a 
ounting rate of 750 kHz. 2 x 6 drift-tube layers atradii R < 2 m in the Small Wheels and 2 x 4 layers at larger radii provide very robust tra
kingwith tra
k segment re
onstru
tion eÆ
ien
ies above 99 % at the highest ba
kground rates(Fig. 2) [17℄. In this 
on�guration the point and angular resolutions of the drift tube 
hamberswill be uniformly 45 �m and 0.5 mrad, respe
tively, 
ompared to 40 �m and 0.45 mrad withoutba
kground irradiation.The me
hani
al stru
ture and the alignment system will be as similar as possible to theones in the present Small Wheel ar
hite
ture. Like in the 
ase of the TGCs, faster readoutele
troni
s will have be installed, see se
tion 5.5.5.2 Dete
tor te
hnology and layout5.2.1 Dete
tor te
hnology of the sTGC 
hambersThe s
hemati
 layout of the proposed dete
tion system is shown in Fig. 3. It should be 
onsideras one of the possible arrangements of identi
al small-large se
tors. The 8-layer small tubeMDTs are sandwi
hed between two sTGC pa
kages, ea
h 5
m thi
k, 
ontaining 4 gas-gap ea
h.Ea
h gas-gap provides pad-strip and wire readout. Sin
e the trigger 
hambers, unlike the MDT,do not need an overlap region for relative alignment, that part of the MDT surfa
e is used toimplement the alignment 
onne
tion (purple boxes) to the proje
tive alignment bars. Theinternal stru
ture of ea
h sTGC pa
kage is the same as that shown in Fig. 1. The innermostradial sTGC pa
kage are subdivided into two stair-like pa
kages (to provide full 
overage in3 out of 4 layers), in order to keep short wires in the high ba
kground region. The readoutof the wires is done as an OR of the segments, 
agged by the 
orresponding pad 
oin
iden
e.The preliminary dimensions of ea
h sTGC pa
kage 
an be seen in Fig. 3. This 
orrespondsto a total 192 pa
kages, ea
h of them 
ontaining 4 gas-gaps, 
orresponding to a total of 768gas-gaps.The 
orresponding number of ele
troni
s 
hannels is given in Table 2, where the pad surfa
esin
reases from 7.5�7.5
m2 to 20�20
m2 at the outermost radial layers. The surfa
e of the padsare determined by the 
orresponding ba
kground rates. The pads would be shifted every twolayers (Fig. 4) to redu
e the size of the 
orresponding Region-of-Interest (ROI), from whi
h thestrips (wires) will be digitized and used for trigger.The internal alignment a
hieved by the produ
tion of the strip patterns in the sTGC gasgap is pre
ise to within less than 50 �m, however the transfer of this pre
ision from gap-to-gap has only been a
hieved to within better than 150 �m. For this reason, the �nal pre
ision6



Figure 3: S
hemati
 of the dete
tor layout for the 
ase of equal small-large se
tors. Insert Ashows the stairs-type arrangement for the innermost radial sTGC pa
kage. The purple boxesrepresent the alignment elements for the MDT dete
tors.alignment between gaps will be done using tra
ks from the sandwi
hed MDT. This requiresvery few tra
ks, sin
e the internal strip pattern within a gap is extremely pre
ise.

Figure 4: S
hemati
s of Pad and strips arrangement (only 2 layers shown).The me
hani
al stability of a TGC pa
kage is very good for verti
ally mounted dete
tors,based on the ATLAS experien
e. The use of 
omposite materials allows for very small sensitivityto temperatures (in parti
ular within the range of the temperatures in the small wheel), as wellas no sensitivity to the magneti
 �eld in the Small Wheel region. To be able to a
hieve thisla
k of sensitivity, the mounting needs to be kinemati
 (one �x point, one sliding point and oneplane), of the same type as presently used in ATLAS.7



The pro
essing of the sTGC signals is 
onsiderably more 
omplex than for the existingTGCs. An a

urate determination of the tra
k position in the two 
hamber pa
kages has tobe done, and the resulting ve
tor has to be extrapolated to the 
orresponding trigger se
tor inthe Big Wheel. In this pro
ess the overall laten
y must stay below the maximum allowed inthe present ATLAS readout s
enarion and in phase I. Details of the proposed readout s
hemeare given in 5.4.Ea
h pa
kage will be 
onne
ted to 4 HV lines, 3 LV lines and the 
orresponding opti
al�bers to transmit the trigger/data information. The HV lines will be 
onne
ted to one 
ornerof the 
hamber, while the LV and �bers will be 
onne
ted to a trigger box, where the logi
will be installed. In 
ase of a major failure, the full TGC-MDT-TGC pa
kage will be repla
ed.This means that 2 su
h spare pa
kages for ea
h of the station types need to be 
onstru
ted.Component Number of 
hannelsStrips / side 135,000Pads / side 30,000Wires / side 27,500For two sides dete
tor 385,000Table 2: Channel distribution for the 3 readouts for the 192 pa
kages 
ontaining 768 gas gaps.5.2.2 Dete
tor te
hnology of the MDT 
hambersThe outer region of the ATLAS dete
tor, where the muon 
hambers are lo
ated, re
eives highrates of low-energy neutrons, mainly due to shower leakage from 
alorimeters and shieldingstru
tures in the high-� region. At the nominal luminosity, gammas from neutron 
apture andrelated 
onversion ele
trons are expe
ted to generate hit rates in the range 50{300 kHz in ea
hMDT tube. A 
onversion ele
tron may 
reate an ineÆ
ien
y if the signal arrives before themuon signal. The muon dete
tion eÆ
ien
y thus be
omes exp(-��f) � 1-��f, where � is theaverage drift time in the MDT tubes and f the hit rate due to gamma 
onversions.

Figure 5: The tra
king quality in 30 mm and 15 mm drift tubes in a region of high n/
ba
kground. The o

upan
ies from ba
kground hits (red dots) are 50% in the 30 mm tubesbut only 7% in the 15 mm tubes due to shorter drift time and smaller area.8



At high rates of n/
 ba
kground, the eÆ
ien
y may be further redu
ed by a de
rease of thegas ampli�
ation due to spa
e 
harge from slowly drifting positive ions in the tubes, while the
u
tuations of the spa
e 
harge tend to degrade the spatial resolution by up to about 20 % atthe highest rates.The e�e
ts of gamma 
onversions in the MDT tubes have been studied in detail using amuon beam in the presen
e of intense 
-irradiation of up to 500Hz/
m2 (i.e. �300 kHz/tube),as delivered by the Gamma Irradiation Fa
ility at CERN (GIF) [10℄. While the 
-rates atthe GIF 
orrespond to only about 30 % of the ba
kground levels expe
ted for the hottestregions at the SLHC, the results of these measurements already allow to de�ne the baseline ofa 
hamber design with mu
h improved tra
king 
apability: MDT drift tubes with only half thetube diameter o�er a redu
tion of the drift time by a fa
tor 3.5, due to the non-linear relationbetween tra
k distan
e from the 
entral wire and drift time (r-t relation) and in addition by afa
tor 2 from the exposed area, thus yielding a fa
tor 7 in the redu
tion of the hit rate due ton/
 ba
kground. Moreover, up to two times more tube layers 
an in prin
iple be a

ommodatedin the available spa
e, leading to improved tra
k �nding eÆ
ien
y and position resolution (seeFig. 5.2.2).

Figure 6: EÆ
ien
y vs. hit rate per tube for 30 mm and 15 mm drift tubes.The redu
tion of the tube diameter of the MDT tubes allows to maintain the main advan-tages of the drift tube 
on
ept:(a) independen
e of the position resolution from the angle of in
iden
e onto the 
hamberplane (
ontrary to drift 
hambers with re
tangular drift geometry)(b) operational independan
e of ea
h tube, where the malfun
tion of a tube 
an only generatea negligible ineÆ
ien
y(
) modularity of 
hamber 
onstru
tion.To verify the performan
e of 15 mm ("small") tubes, a number of tests was exe
uted, using
osmi
 muon tra
ks. A pair of 30 mm ("large") drift tube 
hambers was used as referen
e,9



de�ning the position of the muon tra
k, while a layer of small tubes was the devi
e under test.Tubes along the tra
k are 
alled 'eÆ
ient' when the hit is dete
ted inside a 3� road, as de�nedby the referen
e tubes.This measurement was done in the presen
e of adjustable levels of gamma ba
kground dueto the GIF fa
ility at CERN [11℄. Fig. 6 shows the eÆ
ien
y of small and large tubes vs. hitrate from gamma 
onversions. As expe
ted, small tubes provide a mu
h better performan
e athigh ba
kground rates. The eÆ
ien
y at rate zero deviates from 100 % due to tra
ks passinga
ross or 
lose to the tube walls and due to Æ-ele
trons shifting the hit position outside the 3�a

eptan
e road. The average position resolution in the small tubes was about 120 �m. Due tothe short drift 
ompared to large tubes, this value showed little dependen
e on the ba
kgroundrate.5.3 Performan
e5.3.1 Performan
e of the TGC trigger 
hambersThe most important issue for a dete
tor that needs to operate at high rate during a period ofmore than 10 years, is its aging 
hara
teristi
s. For this reason, a series of small TGCs (10 �10 
m2) dete
tors were 
onstru
ted and exposed to 
 irradiation for various periods of time.No deterioration was observed in any of these prototypes. The one with the longest exposurewas opened after a total irradiation of 6 Cb/
m of wire (i.e. 33 Cb/
m2). Fig. 7 shows therate and 
urrent behavior of the dete
tor during the irradiation. No noti
eable degradation isobserved after the MIP dose equivalent to 2,000 days of operation at the hottest lo
ation inthe ATLAS Small Wheel.
Figure 7: Counting rate and 
urrent as a fun
tion of the integrated 
harged in the dete
tor.The irradiated dete
tor was opened to see the e�e
t of the irradiation. Fig. 8 shows ami
ros
ope pi
ture of a wire in the irradiated region, as well as in the non-irradiated region.The deposits in the irradiated region were analyzed, the deposits being mainly Carbon andOxygen, as expe
ted from the gas 
omposition.In order to perform the R&D needed for the use of TGC�s in the ATLAS Small Wheels, sixlarge (ranging from 120�100 
m2 to 70�40
m2) pa
kages of TGCs, ea
h one 
ontaining fourgas-gaps, ea
h gap with pads-strips and wire readout, have been 
onstru
ted. These dete
torswere irradiated in various fa
ilities to evaluate their behavior and position resolution. Thetime, position and angular resolutions were determined from measurements performed in the10



H8 fa
ility at CERN, while the eÆ
ien
y for MIP�s under a high full area irradiation with 
� swas performed at the SOREQ Nu
lear Center (Israel) using Co(60) sour
e, while triggering on
osmi
 muons.The sensitivity to neutrons was measured at the Demokritos Nu
lear Center (Gree
e). Tosimulate the present proposal, the trigger used at the H8 test-beam was the expe
ted 3-out-of-4 
oin
iden
e of pads. The time resolution of this trigger with respe
t to a beam-de�neds
intillator is shown in Fig. 9 in units of 0.8 ns. It 
an be seen that the time resolution of thesystem is able to provide the bun
h 
rossing identi�
ation with high eÆ
ien
y.

Figure 8: Deposits observed in the irradiated (left) and non-irradiated region of a wire.Fig. 10 shows the individual eÆ
ien
ies of ea
h of the layers for Pads, Strips and wires ofone su
h pa
kage, using the Time-over-Threshold method. It 
an be see that they are all fullyeÆ
ient at an operating voltage of 2.9 kV, whi
h was used for the rest of the tests.The position resolution of ea
h individual gap was measured by using 
lean muon tra
ks inthe small tube MDT test dete
tor that was part of the test beam set-up. The strip multipli
itydistribution that provides the 
harge 
entroid is shown in Fig. 11.

Figure 9: Time di�eren
e between 3-out-of-4 pad trigger with respe
t to the beam s
intillatorin units of 0.8 ns. The FWHM is 11 ns. 99% of the distribution is within 25ns.The TGC position resolution was 
al
ulated from a �t to the di�eren
e between the mea-sured position in a given layer and the position extrapolated from a �t to the other three layers,as shown in Table 3 (before and after the 
orre
tion for inter-gap misalignment). A typi
al dis-tribution for one layer is shown in Fig. 12. It 
an be 
on
luded that the position resolution11



Figure 10: Plateau 
urve for ea
h of the gaps used in the test, using the T-O-T method.a
hieved with the TGC layers ful�lls the requirements for the NSW and provides a valuable
omplement to the position measurements of the MDT.The position resolution as a fun
tion of in
ident angle has been measured in the past usinga regular ADC to determine the 
harge in ea
h individual strip. This measurement will berepeated in the August 2011 test beam using Time-over-Threshold. The dependen
e of thesingle layer resolution as a fun
tion of angle is shown in Fig. 13.Layer �
orr(�no
orr)���[�m℄1 66.2 (120.9) � 1.22 66.7 (79.8) � 1.13 63.6 (76.0) � 1.04 63.8 (116.49) � 1.0Table 3: Position resolution in the 4 layers after (before) 
orre
ting for individual layer position.The angular resolution of a single sTGC pa
kage was obtained by 
omparing the anglebetween one pa
kage of sTGC�s (4 gaps) with the one measured with the Small Tube MDT test
hamber. The di�eren
e has a resolution of 3 mrad. Having su
h a resolution with a singlesTGC pa
kage (5 
m thi
k) implies that with two pa
kages separated by 300 mm, the angularresolution of the system would be better than 0.3 mrad at the Level-1 trigger.The measured single layer eÆ
ien
ies for MIP�s in a 
 ba
kground has been measured bytriggering with 
osmi
s under a high irradiation 
ux. The results are shown in Fig. 14, left.Similarly, this was done with 5.5 MeV neutrons. The 
orresponding single layer eÆ
ien
y isshown in Fig. 14, right.Finally, by using the Time-over-Threshold method, one 
an reje
t single gas-gaps measure-ments, polluted by a Æ-ray, a 
 or a neutron-
onversion, by demanding less than six strips in a12



Figure 11: Strip multipli
ity for a MIP on ea
h of the individual gas gaps.

Figure 12: Typi
al residual for one of the layers with respe
t to the �tted line.

Figure 13: Resolution vs in
ident angle as measured with MUONs in H8.
luster and a 
ut on the ToT. This is illustrated in Fig. 15, where one 
an see the passage of amuon through the four gas-gaps, (a) without 
ontamination, (b) with a Æ-ray in layer one and(
) with a neutron impinging in layer three. 13



Figure 14: Left: Single layer eÆ
ien
y in kHz/
m2 on a large 
hamber under uniform 
-irradiation (strip length= 1.2 m). Right: Single layer eÆ
ien
y for MIPs under 5.5 MeVneutron irradiation.

Figure 15: Event display of a) a 
lean muon tra
k, b) a muon tra
k with a Æ-ray in the �rstgas-gaps and 
) a neutron intera
ting in the third gas gap. The unit of the horizontal axis is25 ns/division.5.4 L1 trigger and ele
troni
sComment: Here we will show a diagram showing the two pa
kages with the MDT in between.The strip signals in the sTGC of the NSW are used to extrapolate tra
ks to the Big Wheelwhere the Se
tor Logi
 
orroborates it with the existing 2-out-of-3 and 3-out-of-4 
oin
iden
esin the Big Wheel 
hambers. The �ne granularity of the extrapolation results in high eÆ
ien
yfor trigger reje
tion. The logi
 added to a

omplish this must not 
ause the laten
y to theSe
tor Logi
 to ex
eed 1.05 �s. A detailed breakdown of the sTGC trigger laten
y is given inthe appendix (C.1).The sub-se
tor of the extrapolated muon is found as follows: In the two sTGC pa
kagesof the NSW, a lo
al trigger is made from two sets of 3-out-of-4 
oin
iden
es, 
orrespondingto a tower of two times 4 pads. Pads in alternating layers are shifted by half a pad in bothdimensions to give a 4 times higher granularity of logi
al towers. The triggering tower sele
tsthe strips in its region for transmission to 8 
entroid �nders, one for ea
h layer. This sele
tionleads to a 20-fold redu
tion in the number of strips to be pro
essed as well as in the number of
entroid �nders. The four 
entroids in ea
h sTGC pa
kage are averaged to give two points in14



3-D spa
e, de�ning a ve
tor whi
h points to a sub-se
tor in �, � of the Big Wheel. The ~60 �mtogether with their distan
e of 250 mm provides an angular a

ura
y of better than 0.3 mrad.A blo
k diagram of the sTGC trigger logi
 is shown in the appendix (C.1). A demonstrator hasbeen implemented from 
ommer
ial 
omponents to verify the simulated behaviour, in parti
ularthe resulting laten
y of the trigger logi
. Ea
h pair of sTGC 
hamber pa
kages has its dedi
atedtrigger logi
. The extrapolation of the tra
k ve
tor to the Big Wheel 
an be very fast, using aLook-up-Table (LUT).Some details about the 
entroid �nding strategy:� The 
entroid �nder 
urrently 
al
ulates the 
entroid from the 
harge on �ve strips.� The 
harge on ea
h strip is approximated by the Time-over-Threshold (ToT), whi
his 
urrently measured in steps of 1 nse
 and with a 8-bit dynami
 range. Optimizedparameters will depend on the �nal ASD 
hara
teristi
s.� Centroids are in
luded in the average only if the number of strips above threshold is belowa 
ertain maximum value in order to ex
lude Æ-rays and 
onversions (see 15).� To 
ompensate for time di�eren
es in signal routing and parti
le time-of-
ight, stripsignals 
an be delayed in steps of 1 nse
, up to 25 nse
, with groups of 16 strips sharinga delay parameter.ASDThe baseline is to use BNL�s VMM Front End 
hip, now under development, in
luding bothan ASD and readout logi
. The planned parameters of this 
hip (see table) mat
h the needs ofthe sTGC dete
tors. The �rst prototype 
hips of the Front End will be available at the end of2011. The sTGC version of this ASD has LVDS outputs suitable for the ToT trigger logi
.Division into On-
hamber and O�-
hamber Logi
We seek to minimize the amount of on-
hamber ele
troni
s, be
ause a

ess and power islimited, and on-
hamber ele
troni
s must be radiation tolerant. Therefore, ASIC�s in radiationtolerant te
hnology may be preferable over reprogrammable FPGAs.The row sele
tor, driven by the pad tower 
oin
iden
e, redu
es the number of 
hannels tobe read out to the o�-
hamber ele
troni
s by a fa
tor of about 20. This sele
tor and the pad
oin
iden
e must 
learly be on 
hamber. The 
hannel delays depend on the 
hannel, so theymust be before the sele
tor. If the Time-over-Threshold (ToT) logi
 is done on-
hamber, thebandwidth needed between on and o� 
hamber ele
troni
s is mu
h redu
ed, sin
e 100 bits of1 ns signal samples are redu
ed to an 8-bit ToT. To do this redu
tion, however, the ASIC�smust be more 
omplex. On the other hand, if pla
ed o�-
hamber, more bandwidth, meaningmore links, �bers and probably more serializer power, is needed, while the radiation tolerantele
troni
s is simpler. The �nal de
ision on this optimization will be taken when details ofradiation tolerant ASICs and of serializer speeds and power are better known. The 
entroid�nding through 
al
ulation of the Big Wheel sub-se
tor will be done in o�-
hamber FPGAs.15



Laten
y (
al
ulation, measurement with demonstrator)A detailed dis
ussion of the laten
y expe
ted for the sTGC readout is presented in theappendix (C.1).Compatibility with Phase II upgradeThe pipelines and derandomizers will be designed to handle a 500 kHz Level-1 trigger rateand to a

ommodate up to 10�s Level-1 laten
y.Time s
hedule for the sTGC ele
troni
s developmentThe s
hedule for prototyping, development and produ
tion of the sTGC trigger ele
tron-i
s is given in the appendix C.2, Table 7.5.5 Readout Ele
troni
s of the MDT and integration in DAQThe readout of the Small MDT tubes will follow the proven ar
hite
ture of the present MDTsystem. A number of additions and modi�
ations, however, will be ne
essary in order to adaptthe rate 
apability of the readout 
hain to the requirements of the SLHC. For the me
hani
alintegration of the readout ele
troni
s with the Small tube 
hambers, the layout of the ele
troni
swill have to be adapted to the 4 times higher tube density at the ends of the Small tube
hambers. Finally, the radiation toleran
e of all 
omponents will have to 
omply with the highradiation levels, in parti
ular at the inner border of the Small Wheel.5.5.1 Ar
hite
ture of the present MDT readoutIn the present readout s
heme tube signals are routed via a PCB ("hedgehog 
ard") to a piggy-ba
k 
ard ("mezzanine 
ard"), 
ontaining an Ampli�er and Shaper, followed by a Dis
riminatorwith adjustable threshold, all three fun
tions being integrated in a radiation tolerant ASIC(ASD). The dis
riminator outputs, in turn, are routed to a TDC, where ea
h leading andtrailing edge signal re
eives a high-pre
ision time stamp, whi
h is retained, together with the
orresponding 
hannel number, in a large internal bu�er of the TDC ("Level-1 bu�er").When the TDC re
eives a Level-1 trigger, a subset of the re
orded hits, 
orresponding to apre-de�ned time window, are retained for readout and are forwarded to the data 
on
entratorof this 
hamber, the "Chamber Servi
e Module" (CSM). From there, data are sent to theo�-
hamber ele
troni
s in USA15, the "Readout Driver" (ROD). A CSM 
an serve up to 18mezzanine 
ards. The operation parameters of the analog frontend (ASD) and the TDC are
ontrolled by a JTAG string, whi
h is distributed by the Dete
tor Control System (DCS) tothe CSM, whi
h sends it individually to ea
h mezzanine 
ard. Fig. 16 gives the layout of thepresent system. A detailed presentation of the MDT readout ele
troni
s is given in [5℄. TheASD and TDC ASICs are des
ribed in [7℄ and [8℄.16



Figure 16: S
hemati
 diagram of the present MDT readout 
hain. The Chamber Servi
e Module(CSM) 
olle
ts all data of a given 
hamber and sends them to the ROD via an opti
al link. Upto 18 TDCs, 
orresponding to 432 tubes, 
an be servi
ed by a CSM. The 40 MHz 
lo
k andthe Level-1 trigger are broad
ast by the TTC system to the TDCs.5.5.2 Ar
hite
ture of the readout for MDTs with Small tubesFor the evolution of this ar
hite
ture into mat
hing the requirements of the Small tube readout,a number of problems limiting the performan
e of the present s
heme has to be over
ome. Giventhe high rate 
apability of the Small MDT tubes, the bandwidth of the readout system hasto be in
reased. Due to the limitations of the internal bu�ering s
heme and pro
essing speed,the present TDC 
an only handle average tube rates up to about 300 kHz per tube withoutlosing data, while Small tubes would operate beyond 1 MHz per tube. Therefore, an improvedTDC is an essential requirement for a new readout design. Another limitation of the readoutbandwidth 
omes from the opti
al link, 
onne
ting the CSM to the ROD, as the S-link proto
olonly supports a usable bandwidth of 1,4 Gbit/s. Fig. 18 shows o

upan
y and eÆ
ien
y of Largeand Small tubes as a fun
tion of tube hit rate.When upgrading the performan
e of ASICs (ASD, TDC), we have to take into a

ount thattheir te
hnologies are no longer supported by industry. The following new 
omponents hadtherefore to be introdu
ed into the readout system.(a) The ASD is re-designed in the IBM 130 nm te
hnology. A 4-
hannel prototype, demon-strating the analog parameters, has already been produ
ed and works 
orre
tly. Mostanalog parameters of the previous design are preserved.(b) The TDC will be repla
ed by the HPTDC, designed by the CERN-MIC group ( [6℄). This32-
hannel devi
e has an improved internal bu�ering s
heme as well as higher transferand pro
essing speeds.(
) The CSM 
olle
ts data from a MDT 
hamber formats the event and sends data, trigger-by-trigger, via an opti
al link to the ROD in USA15. All logi
al operations are performedby an FPGA, whi
h will need to be upgraded to higher radiation toleran
e. The interfa
eto DCS, needed for 
ontrolling ele
tri
al and temperature parameters on the 
hamber17



Figure 17: S
hemati
 diagram of the 
hain for the readout of the Small tube 
hambers. Thehigher tube density at the tube ends requires a higher modularity for the readout ar
hite
ture.will be done via the GBT (see below). The adapter box to the CANbus (ELMB) 
antherefore be dropped, redu
ing 
omplexity of 
abling.(d) The link 
onne
ting the CSM to the ROD will be repla
ed by a GigaBit Transmitter link(GBT), developed by CERN. This link provides a 3 times higher transfer rate (Gbit/s),
ompared to the S-link [9℄.
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kHzFigure 18: Three performan
e parameters for the 15 mm MDTs as a fun
tion of the tube hitrate. Red 
urve: eÆ
ien
y, assuming a dead time of 200 ns (equal to the maximum drift time)after ea
h hit. Blue: Saturation of the data link from TDC to CSM. Purple: Saturation ofthe link from CSM to ROD. The links have a useful bandwidth of 80 Mbit/s and 1,4 Gbit/s,respe
tively. Both have a base load of about 15% due to the overhead of the transfer proto
ol.18



Figure 19: Spa
e requirements at the tube ends on the Small tube 
hambers ne
essitate aseparation of the HV-
oupling 
apa
itors from the signal routing 
ard ("hedgehog 
ard"). TheHV 
apa
itor is mounted in a small Noryl (??) 
ylinder.Another stringent requirement for the realization of the new readout s
heme is the me-
hani
al integration of the on-
hamber readout ele
troni
s with the 
hamber me
hani
s, as thedensity of 
hannels at the tube ends is four times higher than in the 
ase of the Large tubes.The following design 
hanges will therefore be implemented.(a) HV de
oupling 
apa
itors are lo
ated in 15 mm diameter 
ylinders at the tube ends, seeFig. 19. The density of signal routing on hedgehog 
ards is thus no longer limited by HVinsulation distan
es between HV and signal tra
es on the PCB.(b) To mat
h the higher tube density, the spa
e on the mezzanine 
ard has to be used moreeÆ
iently. For this purpose, the passive prote
tion 
ir
uitry of the ASD inputs will bemoved to the hedgehog 
ard. In addition, the modularity of the ADSs will be 
hangedfrom 8 to 16 
hannels per 
hip, whi
h goes well with the 32-
hannel modularity of theHPTDC.(
) For the inter
onne
tion between mezzanine 
ards and New CSM we foresee to use thesame 40-wire 
ables as was used in the present system. Its moderate diameter and high
exibility may be important for �tting the new MDTs into the limited spa
e in the SmallWheel.(d) While the power dissipation of the on-
hamber frontend ele
troni
s of the present systemwas xx W/
hannel, leading to a dissipation of yy W/m in multilayers with 4 tube layers,the dissipation would now be about zz W/m. This may require 
ushing with dry air oreven liquid 
ooling, as natural air 
onve
tion is hampered by the tight spa
e 
onstraintsof the Small Wheel.Now something about me
hani
s, real estate, 
omponent density, pa
kaging et
.19



Finally something about rates.5.6 Servi
es, infrastru
ture, and DCS1. Des
ription of servi
e s
heme (in
luding power system, read-out, trigger, alignment),
ooling needs and other spe
ial requirements2. Table with number of servi
es (number of 
ables, outer diameter, 
ross se
tion of leads)3. Table with power 
onsumption (per 
hannel, 
hamber, total)4. Required ra
k spa
e(a) UX15 (in
lude maximum allowed distan
e to dete
tor if any)(b) US15 (power system)(
) USA15 (DAQ)5. Gas system and distributionDetails on number of gas manifolds per se
tor (in
lude drawings) and 
onne
tions to
hambers (serial, parallel?)). Size of pipesRequired nominal, minimum, and maximum 
owRequired pre
ision of gas mixtureSafety measures in 
ase of in
ammable gasRequired ra
k spa
e for gas system in SGX1, USA15, UX156. Integration in DCS system, requirements for DCS !!! Via GBT or ELMB++ ?? !!!Gas system and distribution The gas system is a natural extension of the present TGCgas system, whi
h will be extended from the present eight manifolds (four for EIL4 TGCs andfour for the SW TGC 
hambers) to one 
ontaining 20 manifolds (four for the EIL4 
hambersand 16 for the new Small Wheel 
hambers (one/layer for the upper and similarly for the lower
hambers). This will be less than the normal manifolds in the Big-Wheels and 
an be easily beadded to the present SW ra
ks. The manifolds will be running at a 
ow rate of 40l/hr of theregular TGC gas mixture, whi
h 
orresponds to a volume ex
hange every four hrs. The extra
ow 
orresponds to a 25% in
rease to the present TGC gas 
ow, whi
h 
an be implementedin the present gas system, without any additional modi�
ations, ex
ept the extra 
owmetersin the present SW ra
ks. The safety system for the new dete
tors will be the same as for thepresent one, that were approved by TIS.Integration in DCS system, requirements for DCS� Chamber 
harge monitor� HV 
ontrol and monitoring, trip re
overy20



Cable Number of 
ables Outer 
able Cross se
tion(granularity) diam. (mm) of leads (mm2))HVLVMonitoring and 
ontrolFront-end linksCalibrationAlignmentMis
ellaneousTable 4: Example table number of servi
es per 
hamberChamber Number of 
hannels Power 
onsumption per 
hannel Total power 
onsumptionTable 5: Example table: Number and types of 
hambers per se
tor� LV power 
ontrol and monitoring� Temperature monitoring� Link health statisti
s� ASD 
on�guration parameters (threshold, peaking time, et
.)� Front End trigger and readout 
on�guration parameters (delays, 
hannel masks, pipelinedepth, et
.)
6 Expe
ted muon performan
e with NSW [SV℄Dis
ussion of overall performan
e. L1 trigger, muon re
onstru
tion, eÆ
ien
y, fake, sensitivityto a few layout parameters (number of layers, ...),7 Integration, assembly and 
ommmissioning [JD℄8 Cost, resour
es and s
hedule [LP, TK℄9 Con
lusions

21



Appendi
esA Radiation ba
kgroundDis
ussion of expe
ted 
avern ba
kground and its un
ertainty based on simulations and mea-surements with muon dete
tors, and �nally give a referen
e �gures and safety fa
tor.� Overview of 
avern ba
kground. It's nature, origin, shielding strategy� Simulation result. R distribution in the small wheel region. 14 TeV, Al beam pipe, 14TeV steel beam pipe, 7 TeV steel beam pipe.� Measuremenents with pp 
ollision. MDT, CSC� Summary �gure. Referen
e �gures.A.1 simulation

22



B Small-Diameter Muon Drift Tube Dete
torsB.1 Tra
king in a high{ba
kground environmentIn order to study the performan
e of the MDT 
hambers at high ba
kground rates, a full-s
aleATLAS BOS 
hamber has been extensively tested in the CERN Gamma Irradiation Fa
ility(GIF) [12, 13℄. The results showed that the drift-tube 
hambers provide eÆ
ient and high-resolution tra
king in 
ombination with fast trigger and se
ond-
oordinate 
hambers up to veryhigh o

upan
ies above 20 % [19℄, whi
h are expe
ted to be rea
hed in the ATLAS end
apmuon spe
trometer already at twi
e the LHC design luminosity.
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Figure 20: Drift-time spe
tra of 30 mm and 15 mm diameter drift tubes operated under standardgas and gas gain 
onditions (see text), normalized to the same area. The measurements with
osmi
 ray muons for the 15 mm diameter tubes are 
ompared to the Gar�eld simulation [15℄.Redu
tion of the outer drift-tube diameter from 30 mm in the present ATLAS MonitoredDrift Tube (MDT) 
hambers to 15 mm while keeping the other parameters, in
luding thegas gain of 2 � 104, the sense wire diameter of 50 �m and the tube wall thi
kness of 0.4 mmun
hanged leads to a signi�
ant improvement of the rate 
apability of the drift-tube 
hamberswhi
h is more than suÆ
ient for their operation in the new Small Wheels up to the highestba
kground rates expe
ted at 5 times the LHC design luminosity. It allows for maintaining themain advantages of the drift tube 
on
ept:(a) High pattern re
ognition and tra
king eÆ
ien
y up to high ba
kround rates.(b) High position and angular resolution independent of the angle of in
iden
e onto the 
ham-ber plane (in 
ontrast to drift 
hambers with re
tangular drift geometry).(
) Operational independan
e of the drift tubes where any malfun
tion of a tube 
an onlygenerate a negligible ineÆ
ien
y.(d) Modularity and me
hani
al robustness of 
hamber 
onstru
tion.23



(e) Dire
t 
onne
tion of the high intrinsi
 me
hani
al pre
ision of the 
hambers to the globalopti
al alignment system.For the standard MDT gas mixture of Ar:CO2 (93:7) at 3 bar absolute pressure, the gasgain of 2 � 104 is a
hieved at an operating voltage of 2730 V for 15 mm diameter drift tubes.Under these 
onditions, the maximum drift time is redu
ed by a fa
tor of 3.5 from about 700 nsto 200 ns by shrinking the tube diameter by a fa
tor of two Fig. 20) [14℄.In addition, the ba
kground 
ux hitting a tube of given length is redu
ed by a fa
tor of two.Altogether, the drift-tube o

upan
y is redu
ed by a fa
tor of 7. At the maximum ba
kgroundrate of 9 kHz/
m2 expe
ted at the innermost radius of the Small Wheels at 5 times the LHCdesign luminosity, the highest o

upan
y, o

uring in the shortest tubes of 0.56 m length atthe innermost radius of the Small Wheels, is 15 % 
orresponding to a 
ounting rate of 750 kHz.2 x 6 drift-tube layers at radii R < 2 m in the Small Wheels and 2 x 4 layers at larger radiiprovide very robust tra
king with tra
k segment re
onstru
tion eÆ
ien
ies above 99 % at thehighest ba
kground rates (Fig. 2) [17℄.

Figure 21: Left: Spatial resolution of 30 mm diameter drift tubes as a fun
tion of the driftradius r measured for di�erent ba
kground rates at the Gamma Irradiation Fa
ility (GIF) atCERN [13℄. Right: Spa
e-to-drifttime (r-t) relationship of 
ir
ular drift tubes operated withAr:CO2 (93:7) gas mixtures at 3 bar. (Please ignore the inset!)The spa
e-
harge distribution 
aused by the ion 
louds drifting towards the tube wall duringa parti
le 
rossing modi�es the lo
al ele
tri
 �eld, in
uen
ing both the drift velo
ity and thegas gain. By lowering the e�e
tive potential experien
ed by the ele
trons drifting towards thewire, high ba
kground 
ux leads to de
reasing gas gain. The resulting signal loss grows withthe inner tube radius r2 proportional to r32 � ln(r2=r1) [16℄, where r1 = 25 �m is the wire radius,and therefore is about 8 times smaller in 15 mm 
ompared to 30 mm diameter drift tubes.Flu
tuations of spa
e 
harge and ele
tri
 �eld lead to variations of the drift velo
ity 
ausinga deterioration of the spatial resolution in non-linear drift gases like Ar:CO2 where the driftvelo
ity depends on the ele
tri
 �eld. The latter e�e
t in
reases strongly with drift distan
eabove a value of about 7.5 mm while the gain drop e�e
t on the spatial resolution dominates fordistan
es 
lose to the sense wire (see Fig. 21, left)[18, 12, 13℄. For drift radii below 7.5 mm, i.e.for the 15 mm diameter tubes, the spa
e-to-drift time relationship is more linear leading to aredu
ed sensitivity to environmental parameters su
h as gas 
omposition and density, magneti
�eld and irradiation rate (Fig. 21, right). 24



Sin
e the spatial resolution of the drift tubes improves with in
reasing drift radius, theaverage single-tube resolution, after 
orre
tion for time slewing e�e
ts, is degraded from 80 �mfor 30 mm diameter tubes to about 110 �m for 15 mm diameter tubes at low ba
kground rates.The average 30 mm diameter tube resolution deteriorates linearly with the 
ounting rate toabout 115 �m at 0.5 kHz/
m2, the maximum ba
kground 
ux expe
ted in the ATLAS MDT
hambers at the LHC design luminosity (see Fig. 22) [13℄. Fig. 22 also shows the ba
kgroundrate dependen
e of the average 15 mm diameter tube resolution as expe
ted from the measured30 mm diameter tube resolutions given in Fig. 21. The linear deterioration rate of the average15 mm diameter tube resolution with in
reasing ba
kground 
ux is about 10 times smaller thanfor 30 mm diameter tubes resulting in a resolution degradation by only 20 �m at the maximumba
kground rate of 9 kHz/
m2.

Figure 22: Dependen
e of the average spatial resolution of 30 mm and 15 mm diameter drifttubes on the ba
kground 
ux registered by the tubes. The results are derived from Fig. 21(left)by averaging the resolutions for di�erent ba
kground rates over the radial ranges of the 30 mmand 15 mm diameter tubes, respe
tively. The redu
tion of the gain drop in 15 mm diametertubes 
ompared to 30 mm diameter tubes is taken into a

ount by multiplying the 
orrespondingba
kground rates by the relative signal suppression fa
tor of 8 (see text).At the highest ba
kground rates at 5 times the design luminosity, the point and angularresolutions of the drift tube 
hambers in the new Small Wheels with 2 x 4 and 2 x 6 tubelayers, depending on the radial position, will be uniformly 45 �m and 0.5 mrad, respe
tively,
ompared to 40 �m and 0.45 mrad without ba
kground irradiation.B.2 Te
hni
al ImplementationThe design of the muon drift-tube 
hambers with 15 mm diameter tubes for the new SmallWheels follows as mu
h as possible the 
urrent ATLAS MDT 
hamber design in the end
apregion of the muon spe
trometer (Fig. 23). The 
hambers 
onsist of two multilayers of four orsix layers of drift tubes ea
h in densest pa
kage. The aluminum tubes of 15 mm outer diameterand 0.4 mm wall thi
kness are produ
ed a

ording to industry standard and are 
hromatizedfor 
leaning and reliable ele
tri
 
onta
t. The tubes are separated by 0.1 mm wide glue gapsduring 
hamber assembly. The two multilayers are separated by a spa
er frame 
arrying thesupports of the integrated drift-tube and trigger 
hambers on the Small Wheel stru
ture and25



the in-plane opti
al alignment system monitoring the planarity of the 
hambers. The aluminumspa
er frame is of similar design as for the present Small Wheel MDT 
hambers. The main
hanges in the 
hamber design are due to the four times denser pa
kaging of the drift tubesand their gas and ele
tri
al 
onne
tions.Central to the 
hamber design is the design of the drift tubes and of their endplugs (seeFig. 24). The aluminum tubes of 15 mm outer diameter and 0.4 mm wall thi
kness are produ
eda

ording to industry standards (DIN) with toleran
es of �0:1 mm on diameter, roundness and
on
entri
ity of inner and outer 
ir
umferen
e and of �0:5 mm on straightness and 
hromatizedfor 
leaning and reliable ele
tri
 
onta
t. The endplugs insulate the sense wire from the tubewall, 
enter the wire in the tubes, position it with respe
t to the external referen
e surfa
e onthe endplug with an a

ura
y of better than 10 �m and provide high-voltage-safe 
onne
tionsto the gas distribution manifold (see Figs. 25) and to the 24-
hannel readout and high-voltageinterfa
e boards ("hedgehog 
ards", Figs. 26).

Figure 23: Small drift-tube 
hamber design for the new Small Wheels. (( The integration withthe trigger 
hambers is also shown. !!! NOT SHOWN!!! ))The wire is �xed at both tube ends in 
opper 
rimping tubes inserted into the 
entral brassinserts of the endplugs and 
onne
ted to the signal and high-voltage hedgehog 
ards via brasssignal 
aps whi
h are s
rewed onto the brass inserts, sealing the tubes with respe
t to the gasmanifold with O-rings. The brass insert of the endplug holds the spiral-shaped wire lo
ator("twister") in a 
entral bore on the inside of the tube and transfers the wire position to thepre
isely ma
hined referen
e surfa
e at the outside of the tube whi
h is used to a

uratelyposition the drift tubes during 
hamber assembly. The wire position information is transferredsolely via the pre
ision ma
hined brass insert; pre
ision ma
hining of the 
omplete endplugsis not ne
essary anymore, fa
ilitating the produ
tion of the tubes and improving the a

ura
yof 
hamber 
onstru
tion. The two most 
riti
al problems for the ATLAS MDT drift tubeprodu
tion, 
ra
king of the Noryl r
 plasti
 insulator and pre
ision ma
hining of the inje
tionmoulded endplugs, have been eliminated by the new design.26



The insulators of the endplugs 
onsist of Crastin r
, a PBT based thermoplasti
 with 30 %glass �ber admixture to improve me
hani
al stability whi
h shows little shrinkage and out-gassing and, unlike Noryl r
 (material in the present MDT endplugs), high stability against
ra
king under stress. The material is of similar 
hemi
al 
omposition as Po
an r
 whi
h is usedfor the inje
tion moulded 
omponents of the gas manifolds of the present and the new drifttube 
hambers. The endplugs are fabri
ated by inje
tion moulding and sealed in the aluminumtubes with O-rings by 
ir
ular me
hani
al 
rimping of the tube walls.

Figure 24: Exploded view of a drift tube with gas 
onne
tion, signal and ground 
onne
tionand en
apsulated high-voltage de
oupling 
apa
itor.

Figure 25: Two design models of the gas manifold (left) and a photo of the �nished part (right)The modular gas distribution system 
onsists of inje
tion moulded plasti
 tubes made ofPo
an r
 without glass �ber whi
h inter
onne
t adja
ent tubes in the dire
tion perpedi
ular tothe multilayer and 
onne
t them to an aluminum gas distribution bar on the readout and thehigh-voltage end of the multilayer.The readout and high-voltage supply s
heme follows 
losely the one of the present MDT
hambers using the same parameters and spe
i�
ations. The high-voltage de
oupling 
apa
itorson the readout side and the terminating resistors on the high-voltage supply end are individu-ally en
apsulated in plasti
 
ontainers for high-voltage prote
tion. The plasti
 
ontainers are27



Figure 26: High voltage (left) and signal distribution boards (right), the "hedgehog 
ards", tobe mounted at the two ends of the tubes.integrated with the hedgehog 
ards plugged onto the gold-plated pins of the signal 
aps andground 
onne
tors. The ground pins are s
rewed into the gaps formed by three adja
ent tubesduring 
hamber assembly to 
onne
t the tube walls to the ground of the hedgehog 
ards. Thiss
heme allows for the high-voltage-free design of the readout hedgehog 
ards. Ea
h readouthedgehog 
ard 
arries a mezzanine 
ard with the new radiation hard a
tive readout ele
troni
s(see below). The mezzanine 
ards follow the shape of the hedgehog 
ards and are 
urrentlyunder development. The ele
troni
s boards are en
losed in aluminum Faraday 
ages whi
h alsoshield the readout hedgehog 
ards against the mezzanine 
ards.B.3 Chamber AssemblyB.3.1 Produ
tion of the drift tubesThe drift tubes are fabri
ated and tested in a 
limatized 
lean room of 
lass 10000 using a semi-automated assembly station (Fig. 27). The wires are fed through the tube by air 
ow withouttou
hing them by hand over their whole length. Wire tensioning and 
rimping is performedfully automati
ally. After fabri
ation, the tubes are immediately tested for wire tension, gastightness and leakage 
urrents under high voltage (see below).B.3.2 Pre
ision pla
ement of the tubes and 
hamber assemblyThe individual tubes are assembled to 
hambers using pre
ision jigs on a 
at granite tablein a 
limatized 
lean room as shown in Figs. 28. The jigs are ma
hined with an a

ura
y of10 �m. The two multilayers are assembled and glued together within one working day using twoidenti
al jigs. The assembly pro
edure is illustrated in Figs. 29. The jig elements positioningthe endplugs and sense wires of ea
h layer in the transverse plane are sta
ked layer-by-layerforming a pre
ise two-dimensional grid. Bearings for mounting of the trigger 
hambers and, forthe �rst multilayer, platforms holding the external alignment sensors are glued to the bottomtube layers positioning them pre
isely with respe
t to the assembly jigs and, therefore, to thewires. 28



Figure 27: The semi-automati
 wiring line.

Figure 28: Setups for jigging, i.e. pla
ing the tubes into pre
isely de�ned positions during theglueing pro
ess.On the se
ond day, after letting the glue 
ure over night, the spa
er frame is glued to thetop of the �rst multilayer in its jig and the in-plane alignment system is 
alibrated. The se
ondmultilayer is removed from the jig and glued to the top of the spa
er, aligning it pre
isely withrespe
t to the assembly jig and thus to the �rst multilayer. Monitoring of the tube and layerpositions during 
hamber 
onstru
tion is not ne
essary with this assembly s
heme.After the assembly of the drift tubes, the mounting of the gas manifolds and testing forleak tightness requires about one week. Another two weeks are foreseen for mounting of thehedgehog 
ards, installation of the Faraday 
ages and 
abling of the 
hamber. Mounting of thetrigger 
hambers on the drift tube 
hambers and 
ombined test will be performed at CERN.B.3.3 Prototype produ
tion and wire positioning a

ura
yA full-s
ale prototype of a 15 mm diameter drift tube 
hamber for the innermost region of theSmall Wheels presently 
overed by CSC 
hambers has been 
onstru
ted in 2010 (see Figs. 31and tested in the CERN Gamma Irradiation Fa
ility GIF as well as in the H8 testbeam in 2010and 2011. The 
hamber 
onsists of 2 x 8 layers of drift tubes and is readout with the existing29



Figure 29: Assembley of the tubes into a sMDT 
hamber.

Figure 30: The small tube prototype 
hamber after assembly, 
onsisting of two modules of 8tube layers, 72 tubes per layer and 1152 tubes in total.

Figure 31: Prototype assembly. (( This must be the wrong pi
ture:: to be CHECKED!! )).MDT mezzanine 
ards and Chamber Servi
e Module (CSM). With this prototype 
hamber all30



aspe
ts of the 
hamber design and performan
e as well as the 
onstru
tion and test pro
edureshave been veri�ed and the required time and manpower for 
hamber produ
tion and test hasbeen evaluated in detail. With the semiautomated drift tube assembly fa
ility, 100 drift tube
an be routinely produ
ed per day at ea
h 
onstru
tion site. The tubes assembled every daywill be tested for gas tightness and leakage 
urrents under high voltage in automated test standsover night.The wire positions in the prototype 
hamber have been measured in the 
osmi
 ray teststand at LMU Muni
h with an a

ura
y of few mi
rons. The measured wire grid agrees withthe expe
ted grid to better than 20 �m rms (Fig. 32).

Figure 32: The a

ura
y of wire positioning in the prototype 
hamber is better than 20 �mrms.B.3.4 Splitting of work and logisti
s between produ
tion siteThe 
onstru
tion of the 96 drift tube 
hambers with approximately 70000 drift tubes of lengthsbetween 0.5 m and 2 m for the new Small Wheels 
an be performed at two 
onstru
tion sites,the MPI Muni
h and the University of Freiburg, in the years 2013 to 2016. The intergrationof the drift tube and trigger 
hambers at CERN will pro
eed in parallel.LMU Muni
h and the University of W�urzburg will 
ontribute to the testing of drift tubesand 
ompleted 
hambers before and after shipment to CERN as well as to 
hamber integrationand 
ommissioning of the Small Wheels at CERN. The relative wire positions of all 
hamberswill be measured with an a

ura
y of about 10 �m in the 
osmi
 ray test stand at LMU Muni
hlike for the BOS and BOF MDT 
hambers in ATLAS. With additional institutions joining theproje
t, the 
hamber 
onstru
tion 
an pro
eed faster. 2-3 FTE manpower per 
onstru
tion siteare planned for the 
hamber 
onstru
tion.The parti
ipating 
ore institutes have extensive experien
e with the 
onstru
tion of theATLAS MDT 
hambers as well as the asso
iated quality assuran
e pro
edures. The required
lean rooms and test equipment and the design of tooling for 
hamber 
onstru
tion and testingalready exist. The University of Freiburg and MPI Muni
h will also be involved in the design,31



fabri
ation and measurement of the alignment referen
e bars for the new Small Wheels in
ollaboration with Brandeis University.B.4 Quality Assuran
e and CommissioningThe quality assuran
e and 
ommissioning pro
edures follow 
losely the spe
i�
ations for theMDT 
hamber produ
tion for the ATLAS muon spe
trometer [20℄. Ea
h tubes will be testedfor wire tension, gas tightness and leakage 
urrents under high voltage before installation ina 
hamber. Wire position measurement for individual drift tubes is no more ne
essary due tothe new endplug design (see B.3. Monitoring of the tube positioning in the 
hamber duringassembly has also be
ome unne
essary.The hedgehog 
ards and the mezzanine readout boards with the new radiation hard ASDand HPTDC 
hips as well as the new 
hamber servi
e modules CSM (see below) will be desiged,produ
ed and tested by MPI Muni
h. New improved noise �lters for the high-voltage supplylines for ea
h 
hamber layer have been designed and will be produ
ed at MPI Muni
h.The 
ompleted 
hambers will be tested for broken wires, gas tightness, leakage 
urrents andnoise rate before and after delivery to CERN. In addition, all 
hambers will be tested in the
osmi
 ray test stand at LMU Muni
h and their relative wire positions will be measured withan a

ura
y of about 10 �m as was done for the BOS and BOF 
hambers.After the integration of trigger and drift-tube 
hambers a measurement of the relativepositions of strips in the trigger 
hamber with respe
t to the wires in the drift tube 
hambers isforeseen. The full quality 
ontrol pro
edures have already been developed during the prototype
hamber 
onstru
tion.2-3 FTE manpower at ea
h of the 4 
ore produ
tion sites are planned for 
hamber testingand 
ommissioning.B.5 Operation, Maintenan
e and SafetyDue to their robust design and the high quality assuran
e standards during 
onstru
tion and
ommissioning, the ATLAS MDT 
hambers operate with very high reliability and data takingeÆ
ien
y. The same design, fabri
ation and testing pro
edures will be applied for the smalldiameter drift tube 
hambers. Also maintenan
e and repair pro
edures will be essentially thesame as for the existing MDT 
hamber system. The foreseen numbers of drift tube layersprovide suÆ
ient redundan
y. The drift tubes are supplied with separate high-voltage lineslayer-by-layer and for ea
h radial segment. If a wire should break, whi
h is a very rare event,only one tube layer has to be dis
onne
ted from the high-voltage. During shutdown and a

essto the Small Wheel, the a�e
ted tube 
an be dis
onne
ted from the hedgehog 
ards.Gas leaks in installed MDT 
hambers are due to 
ra
ked Noryl r
 endplugs, damaged gas
onne
tions and perforated aluminum tubes. Me
hani
ally, the tubes are prote
ted from theoutside by the mounted trigger 
hambers. To avoid gas leaks due to 
ra
ks in endplug insulators32



and gas 
onne
tors thermoplasti
s with mu
h higher robustness against 
ra
king have been
hosen (see B.2, above). In addition, the smaller volume of the 15 mm diameter endplugs areless prone to me
hani
al stress and 
ra
ks introdu
ed by the inje
tion moulding than the 30 mmdiameter endplugs.In the 
hamber layout and the design of the SmallWheel stru
ture, the possiblity for openingand a

ess to the Faraday 
ages of the drift tube 
hambers for the ex
hange of ele
troni
sboards has been taken into a

ount. The 
hamber servi
e modules (CSM) of all 
hambers willbe installed in a

essible and radiation-safe regions at the outer radius of the Small Wheels.B.6 Performan
eTo verify the performan
e of the 15 mm diameter ("small") drift tube 
hambers, extensive testsof the full-s
ale prototype 
hamber with 15 mm diameter drift tubes have been performed inthe H8 high-energy muon beam in 2010 and 2011 together with integrated TGC 
hambers (seeFig. 33, left) and, using 
osmi
 ray muon tra
ks, in the CERN Gamma Irradiation Fa
ility (GIF)with a 500 GBq 137Cs sour
e (Fig. 33, right). The standard ATLAS MDT readout ele
troni
shas been used with the adjustable deadtime set to the minimum value 
orresponding to anoverall e�e
tive deadtime of 200 ns. The spatial resolution and eÆ
ien
y of the individual drifttubes and of the whole 
hamber have been measured for di�erent 
 irradiation rates where theindividual drift tubes have been illuminated uniformly over the whole length.

Figure 33: The test setup in the H8 test beam (left) and in the GIF (right).As a measure for evaluating the tra
king eÆ
ien
y, we de�ne the "3�-eÆ
ien
y" as theprobability of dete
ting a tube hit within a distan
e of 3 times the drift tube resolution � fromthe muon tra
k, the muon tra
k being de�ned by the other tubes on the tra
k, extrapolatedto the a
tive volume of the tube. Similarly, the drift tube resolution as a fun
tion of thedrift radius is determined by an iterative method ex
luding the evaluated tube from the tra
kre
onstru
tion in the 
hamber [21℄.Fig. 34 shows the average 3-� eÆ
ien
y of 15 mm diameter drift tubes and the tra
k segmentre
onstru
tion eÆ
ien
y of the prototype 
hamber as a fun
tion of the 
 ba
kground 
ux in
omparison with the results for the 30 mm diameter tubes from previous tests of a BOS MDT
hamber in GIF [12℄, [13℄. At low ba
kground rate, the 3� tube eÆ
ien
ies of 30 and 15 mm33
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Figure 34: EÆ
ien
y versus ba
kground hit rate as measured at the GIF.diameter tubes are 94 % and 96 %, respe
tively. The eÆ
ien
y loss is due to Æ-rays 
reatedby intera
tion of the muons with the tube walls whi
h produ
e hits earlier than the muons.The degradation of the eÆ
ien
y with in
reasing rate follows the predi
ted behaviour. Theredundan
y of tra
k measurements in the di�erent drift tube layers is suÆ
ient to a
hievealmost 100 % tra
k segment re
onstru
tion eÆ
ien
y up to the highest ba
kground rates.
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Figure 35: Spatial resolution of large and small tubes in the H8 test beam together withsimulation results.In Fig. 35 the spatial resolutions of 15 mm and 30 mm diameter drift tubes measuredwithout ba
kground irradiation in the high-energy muon beams H8 and X5, respe
tively, atCERN as a fun
tion of the drift radius r. The latter is determined using an external referen
e,the other drift tube layers of the prototype 
hamber in the H8 beam vs. a sili
on strip dete
torbeam teles
ope in the X5 beam. The radial dependen
e of the 15 mm diamter tube resolutionagrees with the 30 mm diameter tube resolution measurement for r < 7:5 mm as expe
ted.The average resolutions in
luding time-slewing 
orre
tions of 15 and 30 mm diameter tubes atlow ba
kground rates are 110� 10 �m and 80� 5 �m, respe
tively.
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B.7 Aging TestsDes
ribe in detail results from aging tests for all 
omponents, the dete
tor itself in
luding the on-
hamber gas distribution, read-out and/or trigger, alignment, and dete
tor 
ontrol ele
troni
s.No aging is expe
ted to o

ur in aluminum drift tubes with 
lean Ar:CO2 gas. No aginghas been observed in test of the MDT tubes up to a 
olle
ted 
harge on the wire of 0.6 C/
m.Low-outgassing endplug and gas system materials evaluated previously and 
lean 
omponentsof drift tubes and gas system are used to prevent 
ontamination of the drift gas.Aging tests of the new drift tubes up to 2-3 C/
m 
olle
ted 
harge in
luding irradiation ofthe endplugs are on the way with strong radioa
tive sour
es at the a

elerator laboratory atLMU Muni
h.B.8 Cost, Funding, and Manpower1. Table of 
ost of ea
h 
omponent, full 
hambers and total2. Additional 
osts (e.g. integrating two te
hnologies)3. Arrangements for funding (if any so far)4. List of manpower needs, espe
ially in
lude statements on the the 
urrent and future avail-ability of experts (for at least the full 
onstru
tion and 
ommissioning period, i.e. 2012 {2019, better also for the operation)
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C The TGCs for the New Small WheelIn this se
tion of the Appendix we present more te
hni
al details about the sTGC 
on
ept.C.1 Laten
y of the sTGC triggerTo be used in phase I of the LHC upgrade, the overall trigger laten
y must be below a value of2.55 �s. This means for the sTGC trigger that the signals from the 
hamber frontend have toarrive at the input of the Se
tor Logi
 not later than 1.05 �s after the o

uren
e of the 
ollisionat the primary vertex.The layout of the trigger and readout ele
troni
s for the sTGCs is presented in Fig. 36. Thedelays 
al
ulated for ea
h step are listed in Table 6.A demonstrator for this readout 
on
ept has been developed and measurements of therespe
tive laten
ies will soon be available (37).

Figure 36: S
hemati
 layout of trigger and readout as presently implemented in a demonstrator.
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Min (ns) Max (ns) notesTOF from intera
tion point to SW (10 m) 35 35Propagation delay in 
hamber 25 25ASD 10 10On 
hamber 
abling (1.5-2.5 m) to sele
tor 8 13 5 ns/mup- to down-stream pa
kage (50 
m) 0 3delay for pad trigger and deskew 15 25sele
tor 5 10 swit
hserializer 5 10deserializer 8 16Run Length En
oder 16 24laten
y for the last sample of the pulse 64 100 depends on shaping time�nd largest signal 7.5 15
entroid of a layer 13 25 8 layers done in parallel
entroid 
hooser 5 10
entroid average 8 15tra
klet 
al
 (LUT) 8 10 datasheet BRAM a

ess time =2 nsoutput serializer 50 75 GBT: 3 
lo
ks�ber to Se
tor logi
 90 m 495 495 5.5 ns/m776 916Table 6: Laten
y 
al
ulation - The table shows the laten
y with the insertion of the pre
isionstrip trigger logi
 into the existing path from the Inner Layer 
oin
iden
e logi
 to the Se
torLogi
. We take as a model the Xilinx Virtex6. All numbers are estimates ex
ept that for the
entroid �nder for whi
h a realisti
 design has been simulated.

Figure 37: The trigger demonstrator board based on a 
ommer
ial evaluation board.C.2 Time s
hedule for the sTGC proje
tThe s
hedule for prototyping, development and produ
tion of the sTGC trigger ele
troni
s isgiven in Table 7. 37



Date NameAugust 2011 Demo-0 Goal Demonstrate total laten
y, ASD to Se
tor Logi
 input,of pad lo
al trigger, strip sele
tion and sub-se
tor 
al
ulationfrom 
entroids in an FPGA.In
ludes KEK TGC ASDs and Cario
a ASDs, 4 layers of 16 strips,4 layers of 8 or 14 pads, simple non-pipelined readout,based on 
ommer
ial FPGA eval boardEx
ludes links and �bers, pipelined readout, rad tol te
hnolgyDe
ember 2011 Demo-1 Goal Add 
hannels to do full 8-layer logi
, 64 strips per layerIn
ludes based on purpose built FPGA boardEx
ludes pipelined readout, rad tol te
hnologyFebruary 2012 Demo-1a Goal Run with BNL VMM Front End 
hip (ASD only)Early 2012 De�ne on-
hamber/o� 
hamber split and 
hoose link hardware.Design on-
hamber boardsprodu
e rad tol ASICs for on-
hamber part2nd spin of rad tol ASICsdesign o�-
hamber boardsprodu
tion of on- and o�-
hamber boardsTable 7: sTGC trigger development s
heduleReferen
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