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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℄.2 Upgrade motivations [TK℄Dis
ussion of muon spe
trometer performan
e at high luminosity - pre
ision tra
king and L1trigger, and 
on
lude that new dete
tor and ele
troni
s are needed.Point out serious (?) performan
e degradation in the small wheel region in both MDT andCSC, referring to the radiation ba
kground dis
ussoin in Appendix. Performan
e of the present1Currently it is foreseen in 2018. 1



dete
tor should be evaluated for high lumi 
onditin, either using high lumi Monte Carlo oroverlay of real events. CSC is 4 layers.In the L1 dis
ussion, emphasise the importan
e of maintaining low pT threshold. Thereare two issues. the high rate of fake triggers in the end
ap region based mainly on the studyusing data. Then introdu
e basi
 idea of how this 
an be mitigated by integrating the smallwheel in the L1 trigger. As the se
ond point of trigger, dis
uss the pT resolution and possibleimprovement using the new small wheel. Physi
s requirement asks low pT threshold (20-40GeV), L1 rate should be maintained at 100 kHz. Need sharpening pT threshold. Here introdu
e1 mrad requirement.Finally 
on
lude that NSW should be built and repla
e the present ones as a phase-1 upgradeitem in preparation to running with luminosity beyond the nominal luminosity.3 Requirements for the new small wheel [LP℄A short se
tion with short subse
tions, summarising lists of requirements in numbers.3.1 Tra
kingSegment re
onstru
tion with required performan
e. Resolution, eÆ
ien
y, fake, ....3.2 L1 triggerReal-time segment re
onstru
tion with required performan
e. Resolution, eÆ
ien
y, fakes, ...Delay of signal availability.3.3 Dete
tor ageingIntegrated dose, Dete
tor (and ele
troni
s) has to survive, or foresee repla
ement.4 General Dete
tor ..... [JD℄There are n proposed dete
tor 
on
epts whi
h are dis
ussed in next se
tions. Here, the following3 points 
an be dis
ussed 
ommonly.
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4.1 Me
hani
al stru
ture8+8 large-small layout, total spa
e in z and R. Support stru
ture, a

essibility, ..4.2 Radiation shieldingThe same as now, or possible improvement of radiation shielding, ..4.3 AlignmentRequirements, target �gures, important 
omments whi
h 
an be made independent of the detailof dete
tor layout.4.4 Readout ele
troni
sIssues 
ommon to all 
on
ept. Around ROD.4.5 DCS, servi
es,
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5 Dete
tor 
on
ept 1 : Integrated MDT-TGC System5.1 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 15mm leads toan in
rease of the rate 
apability of the tubes by a fa
tor of seven, suÆ
ient to 
ope withthe level of ba
kground hits expe
ted at the SLHC.

Figure 1: Cross se
tion through the proposed arrangement of trigger TGCs and pre
ision MDTs.The MDT, made out of two multilayers (with 4 or 6 tube layers) is sandwi
hed between twopa
kages of 4-layer TGCs. The distan
e of 300mm between the TGC pa
kages is instrumentalfor the angular resolution of the triggering muon tra
k.With this upgrade of the existing 
hamber te
hnology towards higher performan
e theuniformity of the present muon spe
trometer (MDT as tra
king dete
tors, RPC as trigger4



dete
tors in the barrel and TGCs in the end-
ap) is preserved while taking advantage of theexisting te
hni
al infrastru
ture and the experien
e in 
onstru
ting su
h an assembly at therelevant 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 trigger system. The pulseheight dis-tribution of signals indu
ed into the strips of the TGC 
athodes (measuring �) are pro
essedto give the pre
ision 
oordinate with an a

ura
y of < 100�m. To distinguish the new TGCs,proposed for the New Small Wheel (NSW) from the existing ones in the Big Wheel, we willrefer to them as to "sTGCs" throughout this arti
le.In the proposed dete
tor layout, one pa
kage of four sTGC 
hambers is pla
ed in frontand one behind the MDT 
hambers (Fig. 1). A sTGC pa
kage will 
ontain four wire layers(wires running radially, perpendi
ular to the strips), four 
athode layers for 
entroid �ndingand another four 
athode layers, segmented into pads, for fast sele
tion of a trigger tower ofinterest. Centroids are found for those strips in the trigger tower. Also, in the o�ine analysisthe pads will be an important tool for resolving ambiguities in the x-y pairing of 
oordinates,when more 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 � 0:4mrad (in
luding multiple s
attering) 
an be a
hieved, whi
h allowsto dis
ard tra
ks not pointing to the primary vertex from the L1 trigger de
ision. In additionto the pre
ise measurement of the slope in the �-dire
tion, the slope of in the � dire
tion willalso be determined, though with less a

ura
y, to further redu
e the number of false 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 30mmdiameter 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 seven 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 the 
asefor 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 
exible 
hains ("
able S
hlepps").In the present ar
hite
ture of the Muon spe
trometer the pre
ise tra
king 
oordinates ofthe MDT are not used for the Level-1 trigger, pre
ision and trigger 
hambers being read outseparately and in an asyn
hronous way. The MDT information is only used at Level-2, whereit is instrumental in dis
arding the majority of Level-1 muon triggers, whi
h may either be5




aused by muons with too low pT or by tra
ks not pointing to the vertex. To 
apitalize on theLevel-2 sele
tion method already at Level-1, it has been proposed to implement a fast readoutpath into the MDT readout ar
hite
ture, making the a

urate MDT 
oordinates available tothe trigger logi
, early enough for use in the L1 trigger de
ision. A more detailed dis
ussionof the proposed 
on
epts for L1 trigger sharpening with MDTs is given in se
tion 5.1.3 and inappendix F.5.1.1 Upgrade of the TGC SystemThe basis of the proposed 
on
ept is to have as many as possible a

urate measurements in thetrigger layers, to allow dis
arding a high per
entage of measurements where Æ-rays, additional
0s or neutrons are present and still obtain a position measurement from ea
h of the twopa
kages with a pre
ision of 100�m. To obtain su
h a pre
ision using the 3.5mm pit
h stripspresent in ea
h gas-gap, while keeping simple ele
troni
s, a method using Time-Over-Thresholdas an estimate of 
harge has been developed. The a
hieved performan
e using this method forlarge size sTGCs is dis
ussed in detail in se
tion 5.2.A
hieving this high a

ura
y for the bending 
oordinate in ea
h gas gap provides a valuable
omplement to the MDT position measurements, similar in pre
ision, redu
ing the requirednumber of tube layers in the MDT ne
essary for an unambiguous tra
k identi�
ation at highba
kground rates. In parti
ular, in the high ba
kground rate region of the Small Wheel, havinga total of 20 potential measurement points, of whi
h up to 30% may have to be dis
arded,ensures that an a

urate parti
le ve
tor will be provided in front of the End-Cap Toroidal�eld, even if some of the layers be
ome non-operational during the exploitation of ATLAS atSLHC. The overall signal pro
essing to produ
e the trigger is s
hemati
ally shown in �gure 42of appendix (C.1). A demonstrator to study the signal path, logi
s and laten
y in detail hasre
ently been 
ompleted.By making a 
oin
iden
e among the pads in a tower of su

essive layers (within a 1 degreeaperture), one is able to substantially redu
e the number of 
hannels that have to be read outfor a fast trigger de
ision. Furthermore, the pad-
oin
iden
e provides a unique 3-D address,where a 
orresponding angle and displa
ement 
omparison 
an be made with the trigger inputfrom the existing muon end-
ap trigger, originating from the ATLAS Big Wheels. To simplifythe logi
 of what 
hannels to read for trigger purposes, one might loose some of the potentialmuon 
andidates.The MDTs provide, furthermore, an a

urate alignment that 
an be used for pre
iselyaligning the TGC positions by means of tra
ks.
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5.1.2 Upgrade of the MDT SystemThe large majority of hits in the Monitored Drift Tube (MDT) 
hambers are 
aused by Comptons
attering of 
0s whi
h, in turn, 
ome from neutron 
apture in the material of the 
hambersand adja
ent support material. The resulting hit densities strongly in
rease towards the innerradius of the Small Wheels, 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). Hit densities,however, are in
reasing 
onsiderably faster than with 1/r, and therefore the highest tube hitrates are at the innermost radii of the 
hambers.

Figure 2: The tra
king performan
e of 15mm with respe
t to 30mm diameter drift tube 
ham-bers at high n/
 ba
kground rates. An o

upan
y of 50% in 30mm diameter tubes (left) dueto ba
kground hits (red dots) 
orresponds to only 6% o

upan
y in the 15mm diameter tubes(right) due to the 3.9 times shorter drift time and the 2 times smaller 
ross se
tion.Redu
tion of the drift-tube diameter from 30mm to 15mm, while keeping the other pa-rameters un
hanged (gas 
omposition and gain, sense wire diameter and tube wall thi
kness)leads to a vast improvement of the rate 
apability of the drift-tube 
hambers, ex
eeding therequirements for operation in the NSW up to the highest 
on
eivable ba
kground rates (seeillustration in Fig. 2).Chamb. Tube Lo
ation Tube Expe
ted Count rate O

up- Tube eÆ- Segmenttype layers in r length hit rate per tube an
y 
ien
y eÆ
ien
y
m 
m Hz/
m2 kHz % % %EIL0 2�6 93 56 14000 1176 23,5 79,0 99.9EIL1 2�4 208 125 5150 965 19,3 82,4 99.9EIL2 2�4 318 179 1978 530 10,6 90,0 99.9Table 1: Expe
ted hit rates and eÆ
ien
ies for 15mm tubes in a large se
tor of the NSW. In 
ol. 3the radial lo
ation of the innermost tube of ea
h 
hamber and in 
ols. 4 to 8 the tube lengths, theexpe
ted hit rates, the 
ounting rates per tube, the o

upan
ies and the 3� single-tube and the tra
ksegment re
onstru
tion eÆ
ien
ies of a 
hamber are given for the tubes with highest 
ounting rate ata luminosity of 5 � nominal (times a fa
tor of 1.4, see text).Table 1 presents tube hit rates, o

upan
ies and eÆ
ien
ies for the innermost tubes of thethree 
hambers in a Large Se
tor of the NSW. Chamber EIL0 
overs the area now taken by the7



CSC 
hambers. The numbers in 
ol. 4 are based on hit rate measurements at a luminosity of9 � 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 an exponential law [23℄. In addition, these rates havebeen multiplied by a fa
tor of 1.4 in order to in
rease rates to the 14 kHz/
m2 spe
i�
ation ofthis Te
hni
al Proposal. This fa
tor of 1.4 
ould also be 
onsidered an additional safety fa
torin 
ase the real rates will in
rease faster than predi
ted by the extrapolation. The eÆ
ien
iesare 
al
ulated from exp(-� �f) � 1-� �f, where � is the dead time after a hit (we use as the minimaladjustable value the maximum drift time of 200 ns) and f the hit rate per tube.Being able to use the drift tubes as tra
king devi
es at very high ba
kground rates allowsto preserve the main advantages of MDT 
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
hamber plane. This property of drift tube 
hambers with their 
ir
ular drift geometryis a de
isive advantage over drift 
hambers with re
tangular drift geometry.(
) Operational independen
e of the drift tubes, where a malfun
tion of any individual tube
an only generate 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.(f) Extensive experien
e in the 
onstru
tion, quality assuran
e and operation of the MDT
hambers in ATLAS; easy integration into the DAQ, trigger and muon re
onstru
tion
hains.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 15mm diameter drift tubes(Table 9). Under these operating 
onditions, the maximum drift time is redu
ed by a fa
tor of3.8 from about 700 ns to 185 ns [15℄. In addition, the ba
kground 
ux, hitting a tube of givenlength is redu
ed by a fa
tor of two. Altogether, the drift-tube o

upan
y is thus redu
ed by afa
tor of 7.6. At the ben
hmark ba
kground rate of 14 kHz/
m2 at the inner bore of the NSW,
orresponding to a 
ounting rate of 1176 kHz in 0.55 m long tubes, the maximum drift tubeo

upan
y is 23% (
f. Table 1).The proposed layout with 2�6 drift-tube layers at radii R < 220 
m in the NSW andwith 2�4 layers at larger radii provides very robust tra
king with tra
k segment re
onstru
tioneÆ
ien
ies above 99% [18℄ and a sMDT 
hamber spatial resolution of better than 45 �mfor R > 160 
m and of better than 60 �m at smaller radii at the highest ba
kground rates
orresponding to 14 kHz/
m2 at the inner bore of the NSW (see Fig. 28). As also shown inFig. 28, the 
ombined sTGC-sMDT system provides a spatial resolution of better than 40 �mfor the whole NSW. 8



The me
hani
al stru
ture and the alignment system will be similar to the present SmallWheel ar
hite
ture. The sTGC and sMDT 
hambers will be me
hani
ally aligned in the in-tegrated 
hamber modules with an a

ura
y of better than 20 mum. Like in the 
ase of thetrigger 
hambers, new readout ele
troni
s with higher rate 
apability has to be installed (seese
tion 5.5).5.1.3 Combination of MDT and TGC information to sharpen the triggerIn the present ar
hite
ture of the Muon spe
trometer, trigger and pre
ision 
hambers operateindependently. The information of both 
hamber systems is read out separately, and the pre
isetra
king 
oordinates of the MDT are only used at Level-2, where the majority of 
andidatetriggers is dis
arded, being either 
aused by tra
ks with pT below threshold or by non-proje
tivetra
ks (not pointing to the vertex). To 
apitalize on this trigger sharpening already at Level-1,it has been proposed to implement a se
ond, fast readout path, parallel to the existing one,into the MDT readout ar
hite
ture. This "fast lane" should supply MDT tra
king informationin a syn
hroneous way with BX, making the a

urate MDT 
oordinates available to the triggerlogi
 at a very early stage.

Figure 3: The tagged triggering method uses the RoI of trigger 
hambers in the same towerto de�ne a sear
h road inside whi
h to look for hits of the 
andidate tra
k. Tra
k segments ofseveral MDT 
an be 
ombined to give a pre
ise estimate for the pT of the tra
k.To simplify the drift time measurement for the fast readout, the 
lo
k frequen
y of 1.28GHz,used internally by the TDC and 
orresponding to a least signi�
ant bit (lsb) value of 0.78 ns,needs to be relaxed. For the fast readout a 
lo
k frequen
y of 80 or 160MHz may be suÆ
ient,
orresponding to lsb values of 12.5 ns and 6.25 ns, respe
tively. Given the drift velo
ity of37.5 ns/�m in the Small drift tubes, the 
orresponding RMS position errors are 135 and 68�m.With a lever arm of about 150 mm between the sMDT multilayers, this leads to an angular RMS9



resolution of 0.9 and 0.45mrad, respe
tively, both values being 
ompatible with the requiredangular resolution of < 1mrad.Two methods have been proposed for the implementation of a sMDT based L1 triggerings
heme. The "tagged" method (see Fig. 3) uses the early information ("Level-0") on a 
andidatetra
k (RoI), obtained from 
lose-by trigger 
hambers, as a sear
h road for tra
k hits in a narrow
orridor of the sMDTs along the tra
k. This way most of the ba
kground hits, lo
ated outsidethe sear
h road, 
an be safely ignored. On a Level-0 request, lo
al pro
essors start to sear
hfor hits in the RoI and derive the resulting tra
king angle and momentum, if appli
able. Thetagged method requires very limited output bandwidth, as in any given trigger tower the rateof L1 
andidates is very small (< 100Hz).The 
ommuni
ation path between trigger and MDT 
hambers leads to additional laten
y.Timing estimates show that a laten
y in the range 3.2{4.5�s is required, too long for theavailable laten
y of 2.55�s in phase I, but well below the limit of 6.4�s, foreseen for phase IIof the LHC upgrade. A detailed dis
ussion of this method is given in [24℄.

Figure 4: The untagged tagged triggering is looking for tra
k segments in a MDT whi
h pointto the primary vertex.The "untagged" method (see Fig. 4) uses all hits from all MDT tubes and looks for hitpatterns pointing to the primary vertex. It does not make use of a pre
eeding Level-0 tag fromthe trigger 
hambers. Consequently, the fast MDT readout needs to transfer all in
oming hitsto the pro
essors in USA15, leading to bandwidth requirements of up to about 2.5 Gbit/s pergroup of 24 tubes. Timing estimates for the untagged method lead to a laten
y of < 2.55�s,
ompatible with the phase I limit by a narrow margin of 160 ns. More details about this methodare given in appendix F.In both methods the information is fed into the L1 trigger logi
 at the level of the se
torlogi
 (SL). 10



5.2 Dete
tor te
hnology and layout5.2.1 Dete
tor te
hnology of the sTGC 
hambersThe stru
ture of the new sTGC 
hambers is shown in Fig. 5, while the s
hemati
 layout ofthe proposed NSW trigger 
hamber system is shown in Fig. 6. This layout should be 
onsideras one of the possible arrangements of identi
al small-large se
tors. The 4+4-layer Small tubeMDTs are sandwi
hed between two sTGC pa
kages, ea
h 5 
m thi
k, 
ontaining four gas-gapsea
h. Ea
h gas-gap provides pad, strip and wire readout. Sin
e the trigger 
hambers, unlikethe MDT, do not need an overlap region for relative alignment, that part of the MDT surfa
eis used to implement the alignment 
onne
tion (purple boxes) to the proje
tive alignment bars.

Figure 5: 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.The internal stru
ture of ea
h sTGC pa
kage is the same as that shown in Fig. 5. Theinnermost radial sTGC pa
kages are subdivided into two stair-like pa
kages (to provide full
overage in 3 out of 4 layers), in order to keep short wires in the high ba
kground region.The readout of 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. 6. This
orresponds to a total of 192 pa
kages, ea
h of them 
ontaining 4 gas-gaps, 
orresponding to atotal of 768 gas-gaps.The 
orresponding number of ele
troni
s 
hannels is given in Table 2, where the pad surfa
esin
rease from 7.5�7.5 
m2 to 20�20 
m2 at the outermost radial layers. The dimensions of11



the "small", "medium" and "large" pads are determined with respe
t to the 
orrespondingba
kground rates. The pads are shifted every two layers (Fig. 7) to redu
e the size of the
orresponding Tower-of-Interest, whi
h de�nes those strips and wires to be used for the triggerde
ision and readout.The internal alignment a
hieved by the produ
tion of the strip patterns in the sTGC gasgap is pre
ise to better than 50�m, however, the transfer of this pre
ision from gap-to-gap hasonly been a
hieved to within 150 �m. For this reason, the �nal pre
ision alignment betweengaps will be done using tra
ks from the sandwi
hed MDT. This requires few tra
ks, sin
e theinternal strip pattern within a gap is extremely pre
ise.

Figure 6: 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.The me
hani
al stability of a TGC pa
kage is very good for verti
ally mounted dete
tors,based on ATLAS experien
e. The use of 
omposite materials allows for very small sensitivityto temperature 
hanges in the range expe
ted for the Small Wheel. To remove any me
hani
alsensitivity to magneti
 �eld in the Small Wheel region, the mounting needs to be kinemati
(one �xed point, one sliding point and one plane), of the same type as presently used in ATLAS.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 is required,and the resulting ve
tor has to be extrapolated to the 
orresponding trigger se
tor in the BigWheel. In this pro
ess, the trigger laten
y must remain below the limit de�ned by the presentATLAS trigger system, a limit whi
h will also be valid for Phase I. Details of the proposedtrigger and readout s
heme are given in 5.4. 12



Figure 7: S
hemati
s of Pad and strips arrangement (only 2 layers shown).Ea
h pa
kage will be 
onne
ted to four HV lines, three LV lines and the 
orrespondingopti
al �bres that transmit the trigger/data information. The HV lines will be 
onne
ted toone 
orner of the 
hamber, while the LV and �bres will be 
onne
ted to a trigger box, wherethe logi
 will be installed. In 
ase of a major failure, the full TGC-MDT-TGC pa
kage will berepla
ed. This means that two 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 
ounts for the three readout streams for the 192 pa
kages with 768 gas gaps.
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5.2.2 Dete
tor te
hnology and layout of the sMDT 
hambers

Figure 8: Stru
ture of the NSW (left) and 3D layout of the sMDT-sTGC 
hamber system(right) with the global alignment rays indi
ated as red tubes.

Figure 9: Layout of the integrated sMDT and sTGC 
hambers in the small (left) and large(right) se
tors of the NSW.The layout of the sMDT 
hambers for the NSWs follows exa
tly the present layout of theMDT 
hambers in the Small Wheels with fully proje
tive small and large 
hamber towersin 
ombination with the EM and EO layers. (see Figs. 8 and 9). The 
hamber parameters14



are summarized in Table 3. There are only three radial 
hamber segments in ea
h se
tor.The sTGC 
hambers are pre
isely positioned and kinemati
ally mounted on the outer tubelayers of the sMDT 
hambers on both sides. The integrated sMDT-sTGC 
hamber pa
kagesare 
onne
ted by light rays to the global opti
al alignment system and with the neighbouring
hambers via sensors mounted pre
isely on the outer tube layers of the inner multilayers ofthe sMDT 
hambers while the in-plane alignment system is integrated into the sMDT spa
erstru
ture whi
h also 
arries the 
ommon 
hamber supports. The well understood alignmentsystem implementation guarantees pre
ise absolute 
hamber alignment from the beginningwhi
h is essential for the performan
e of the muon spe
trometer.sMDT 
hambers EIL0 EIL1 EIL2 EIS0 EIS1 EIS2Number of 
hambers 2 x 8 2 x 8 2 x 8 2 x 8 2 x 8 2 x 8Radial extension (mm) 1095 1095 1457 1215 1276 1095Minimum 
hamber width (mm) 740 1428 1968 678 1056 1434Maximum 
hamber width (mm) 1380 1878 2418 1002 1380 1704Minimum tube length (mm) 560 1248 1788 498 876 1254Maximum tube length (mm) 1200 1698 2238 822 1200 1524Spa
er height (mm) 68 120 120 68 120 120Thi
kness in z, tubes (mm) 228 228 228 228 228 228Thi
kness in z, 
hamber (mm) 300 300 300 300 300 300Weight/
hamber (kg) 150 130 180 140 120 130Number of tube layers 2 x 6 2 x 4 2 x 4 2 x 6 2 x 4 2 x 4Number of tubes/layer 72 72 96 80 84 72Number of tubes/
hamber 864 576 768 960 672 576Total number of tubes 13824 9216 12288 15360 10752 9216Gas volume/
hamber (l) 122 162 219 102 110 127Table 3: Parameters of the sMDT 
hambers in the NSWs. The total number of drift tubes is 70656and the total gas volume in ea
h NSW 6750 l.The design of the muon drift-tube 
hambers with 15 mm diameter tubes for the new SmallWheels follows as 
losely as possible the 
urrent ATLAS MDT 
hamber design in the end
apregion of the muon spe
trometer (Fig. 10). 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 andthe 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. 11). The aluminum tubes have 15 mm outer diameter and 0.4 mm wall thi
kness and areprodu
ed a

ording to industry standards (DIN). The endplugs insulate the sense wire fromthe tube wall, 
enter the wire in the tubes, position it with respe
t to the external referen
esurfa
e on the endplug with an a

ura
y of only a few mi
ron and provide high-voltage-safe15



Figure 10: Small drift-tube 
hamber design for the new Small Wheels: 3D view (left) and 
rossse
tions in the 
hamber middle planes parallel and perpendi
ular to the tube layers (right).The mounting of the trigger 
hambers and of the external alignment sensor is also shown.
onne
tions to the gas distribution manifold (see Figs. 29) and to the 24-
hannel readout andhigh-voltage interfa
e boards ("hedgehog 
ards", Figs. 38).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.

Figure 11: Exploded view of a drift tube with gas, signal and ground 
onne
tions.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 areintegrated with the hedgehog 
ards plugged onto the gold-plated pins of the signal 
aps and16



ground 
onne
tors. The ground pins are s
rewed into the gaps formed by three adja
ent tubesIn order to during 
hamber assembly to 
onne
t the tube walls to the ground of the hedgehog
ards. This s
heme allows for the high-voltage-free design of the readout hedgehog 
ards. Ea
hreadout hedgehog 
ard 
arries a mezzanine 
ard with the new radiation hard a
tive readoutele
troni
s (see below). The mezzanine 
ards follow the shape of the hedgehog 
ards and are
urrently under development. The ele
troni
s boards are en
losed in aluminum Faraday 
ageswhi
h also shield the readout hedgehog 
ards against the mezzanine 
ards. The modularity ofthe sMDT 
hambers in the NSW is given in Table 5.
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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 ageing 
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 6Cb/
m of wire (i.e. 33Cb/
m2). Fig. 12 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 12: 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. 13 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.

Figure 13: Deposits observed in the irradiated (left) and non-irradiated region of a wire.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 theH8 fa
ility at CERN, while the eÆ
ien
y for MIPs under a high full area irradiation with 
� swas performed at the SOREQ Nu
lear Center (Israel) using 60Co sour
e, while triggering on
osmi
 muons. 18



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 units of 0.8 ns in Fig. 14 (left). It 
an be seen that the time resolutionof the system is able to provide the bun
h 
rossing identi�
ation with high eÆ
ien
y.

Figure 14: Left: Time di�eren
e between 3-out-of-4 pad trigger with respe
t to the beams
intillator in units of 0.8 ns. The FWHM is 11 ns. 99% of the distribution is within 25 ns.Right: Strip multipli
ity for a MIP on a typi
al gas gap.Fig. 15 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. 14 (right).

Figure 15: Plateau 
urve for ea
h of the gaps used in the test, using the T-O-T method.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 4 (before and after the 
orre
tion for inter-gap misalignment). A typi
al dis-tribution for one layer is shown in Fig. 16. It 
an be 
on
luded that the position resolutiona
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 be19



repeated 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. 17.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 4: 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 (four gas gaps) with the one measured with the Small TubeMDT test 
hamber. The di�eren
e has a resolution of 3 mrad. Having su
h a resolution witha single sTGC pa
kage (5 
m thi
k) implies that with two pa
kages separated by 300mm, theangular resolution of the system would be better than 0.3mrad 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. 18, left.Similarly, this was done with 5.5MeV neutrons. The 
orresponding single layer eÆ
ien
y isshown in Fig. 18, right.

Figure 16: Typi
al residual for one of the layers with respe
t to the �tted line.

Figure 17: Resolution vs. in
ident angle as measured with muons in H8.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 a20



Figure 18: 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.
luster and a 
ut on the ToT. This is illustrated in Fig. 19, 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.

Figure 19: 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.
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5.3.2 Performan
e of the sMDT tra
king 
hambersIn order to verify the performan
e of the 15mm diameter ("small") drift tube 
hambers, ex-tensive tests of the full-s
ale prototype 
hamber with 15mm diameter drift tubes have beenperformed in the H8 high-energy muon beam in 2010 and 2011 together with integrated TGC
hambers (see Fig. 39, left) and, using 
osmi
 ray muon tra
ks, in the CERN Gamma Irradia-tion Fa
ility (GIF) with a 500GBq 137Cs sour
e (Fig. 39, right). The standard ATLAS MDTreadout ele
troni
s has been used with the adjustable deadtime set to the minimum value 
orre-sponding to an overall e�e
tive deadtime of 200 ns. The spatial resolution and eÆ
ien
y of theindividual drift tubes and of the whole 
hamber have been measured for di�erent 
 irradiationrates where the individual drift tubes have been illuminated uniformly over the whole length.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 from the muon tra
k of 3 times thedrift tube resolution �, where the muon tra
k is de�ned by the other tubes on the tra
k andextrapolated to the a
tive volume of the tube. Similarly, the drift tube resolution as a fun
tionof the drift radius is determined by an iterative method ex
luding the evaluated tube from thetra
k re
onstru
tion in the 
hamber [22℄.

Figure 20: The 3� eÆ
ien
y of individual drift tubes of 0.5 m length (as at the inner bore ofthe Small Wheels) as measured at the GIF as a fun
tion of the ba
kground hit rate. Results for15 mm and 30 mm diameter tubes are 
ompared. The 
orresponding 
al
ulated tra
k segmentre
onstru
tion eÆ
ien
ies in 2 x 4 layer MDT 
hambers and in sMDT 
hambers with 2 x 6 or,optionally, 2 x 8 tube layers are also shown.Fig. 20 shows the average 3-� eÆ
ien
y of 15mm 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 30mm diameter tubes from previous tests of a BOS MDT
hamber in GIF [12℄, [13℄. At low ba
kground rate, the 3� tube eÆ
ien
y of 30 and 15mm22



diameter tubes is 94%. The eÆ
ien
y loss is due to Æ-rays 
reated by intera
tions of the muonsin the tube walls whi
h produ
e hits earlier than the muons. The degradation of the eÆ
ien
ywith in
reasing rate follows the predi
ted behaviour. The redundan
y of tra
k measurements inthe di�erent drift tube layers is suÆ
ient to a
hieve more than 99% tra
k segment re
onstru
tioneÆ
ien
y up to the highest ba
kground rates.F

Figure 21: Dependen
e of the average drift tube resolution (with time-slewing 
orre
tions) onthe ba
kground hit rate. The measurements for 30 mm and 15 mm diameter drift tubes at theGIF are 
ompared.ig. 21 shows the dependen
e of the average 30 mm and 15 mm diameter drift tube resolution(taking into a

ount time slewing 
orre
tions) on the ba
kground hit rate measured at the GIF.The measurements 
on�rm the expe
tation that the degradation rate of the spatial resolutionwith the ba
kground 
ux is redu
ed by a fa
tor of 10 for 15 mm 
ompared to 30 mm diametertubes (see the dis
ussion in the Appendix).At low ba
kground rates, the average resolutions of 15 and 30mm diameter drift tubes atlow ba
kground rates have been measured to be 110 � 2�m and 83 � 2�m, respe
tively. Atthe maximum ba
kground hit rate of 10 kHz/
m2 at whi
h the GIF measurements 
ould beperformed, the average 15 mm diameter drift tube resolution is 143 � 4 �m. At 14 kHz/
m2rate it will still be better than 170 �m.
23



5.4 sTGC Level-1 trigger and readout ele
troni
sThe strip signals in the sTGC of the NSW are used to extrapolate tra
ks to the Big Wheelwhere they are 
orroborated by the Se
tor Logi
 with the existing 2-out-of-3 and 3-out-of-4
oin
iden
es in the Big Wheel 
hambers. The �ne granularity of the extrapolation results inhigh eÆ
ien
y for trigger reje
tion. The ele
troni
s added to a

omplish this must not 
ausethe laten
y to the Se
tor Logi
 to ex
eed the existing 1.05�s. A detailed breakdown of thesTGC trigger laten
y is given in the appendix (C.1).The sub-se
tor in the Big Wheel trigger station of the extrapolated muon is found as follows:In the two sTGC pa
kages of the NSW, a lo
al trigger is made from two sets of 3-out-of-4 pad
oin
iden
es, 
orresponding to a tower of four pads in ea
h of the two quadruplets. Padsin alternating layers are shifted by half a pad in both dimensions to give a 4-times highergranularity of logi
al towers. The triggering tower sele
ts the strips in its region for transmissionto eight 
entroid �nders, one for ea
h layer. This sele
tion leads to a 20-fold redu
tion in thenumber of strips to be pro
essed as well as in the number of 
entroid �nders. The four 
entroidsin ea
h sTGC pa
kage are averaged to give two points in 3-D spa
e, de�ning a ve
tor whi
hpoints to a sub-se
tor in �,� of the Big Wheel. The �60�m resolution together with theirdistan
e of 250mm provides an angular a

ura
y of better than 0.4mrad.A simple blo
k diagram of the trigger pro
essing 
hain is shown in Fig. 42. Its elements areelaborated below. The trigger fun
tionality is split between on- and o�-
hamber lo
ations. Twoar
hite
tural options are dis
ussed. A more detailed blo
k diagram of the sTGC trigger logi
 fortwo quadruplets is shown in appendix (C.1) as part the des
ription of a trigger demonstrator.In order to measure the trigger laten
y for a realisti
 FPGA design, a demonstrator has beenimplemented with a 
ommer
ial FPGA evaluation board.ASD: The baseline is to use BNL's VMM Front End 
hip, now under development. Theplanned analog parameters of this 
hip, 0.11 to 2.0 pC input 
harge range, 20-25 ns peakingtime, and time-over-threshold dis
riminator, mat
h the needs of the sTGC dete
tors. The �rstprototype 
hips will be available early in 2012. The sTGC version of this ASD has LVDSdis
riminator outputs suitable for the Time-over-Threshold trigger logi
.Pad tower trigger: The Pad tower trigger, whose logi
 is des
ribed above, is on-
hamberand implemented in radiation tolerant ele
troni
s. The 
oin
iden
e tags a bun
h 
rossing andthe group of strips passing through the triggered tower in ea
h layer that must be sele
ted forpro
essing by the Sele
tor.Sele
tor: From the pad tower trigger, the Sele
tor re
eives the Id of one of about 20 groupsof 16 strips that must be routed o�-
hamber for further pro
essing.Time-over-Threshold 
onverter: This module measures the time between the rising andfalling edges of the ASD Time-over-Threshold level in steps of 1 ns and with a 7-bit dynami
range. This time is approximately in proportion to the 
harge on ea
h strip. Optimizedparameters will depend on the �nal ASD 
hara
teristi
s. The 
onverter is fairly simple. Thedemonstrator implementation uses a 1-to-10 serial-to-parallel 
onverter and logi
 running at1/10th the sampling 
lo
k speed to 
ount the time between edges.Centroid �nder and averager: The 
entroid �nder 
urrently 
al
ulates the 
entroid from24



the 
harge on up to �ve strips. Centroids are in
luded in the average only if the number of stripsabove threshold is below a 
ertain maximum value in order to ex
lude Æ-rays and 
onversions(see Fig. 19). It is expe
ted to implement this logi
 o�-
hamber in reprogrammable FPGAs.Extrapolator: The extrapolation of the tra
k ve
tor to the Big Wheel is done using Look-up-Tables (LUTs) for both the R and � 
oordinate. The LUT inputs for a given R are the
entroid average, the radius and the di�eren
e in the 
entroid averages of the two quadruplets.The LUT input for � is the triggering pad tower ID.We seek to minimize the amount of on-
hamber ele
troni
s, be
ause a

ess and powerare very limited for the Small Wheel, and on-
hamber ele
troni
s must be radiation tolerant.Radiation tolerant ASIC's are likely required on-
hamber even though reprogrammable FPGAswould be more 
exible. Radiation tolerant FPGA's are possible for lo
ations away from theSmall Wheels.Two ar
hite
tural options for the Sele
tor and Time-over-Threshold to digital 
onverterare shown. One option requires more 
omplex radiation tolerant ele
troni
s, but 
an handlemultiple triggers; the other option requires higher bandwidth links. The two options, detailedbelow, are:Option A: Time-over-Threshold 
onverter per 
hannel, either in, or behind theASD, but BEFORE the Sele
tor: Here, on every beam 
rossing, the Sele
tor sele
ts 20 stripToT's per layer (7-bits ea
h) indi
ated by the pad tower 
oin
iden
e. The needed link band-width to the o�-
hamber Centroid Finder (in
luding ToT's, BCID, R and � IDs, parity) is140+20=160 bits at 40MHz = 6.4Gb/s.Option B: Time-over-Threshold AFTER the Sele
tor: Here, the ToT 
onverter 
anbe o�-
hamber with the Centroid Finder; also fewer ToT 
onverters are needed. The neededlink bandwidth from the Sele
tor to the o�-
hamber TOT 
onverter is: 20 
hannels at 1Gb/se
per 
hannel = 20Gb/se
 for the expe
ted maximum ASD pulse width of 100 ns.The disadvantage of Option A is the in
rease in 
omplexity and amount of on-
hamberradiation tolerant ele
troni
s. The ToT 
onverters are not overly 
omplex, resembling simpledeserializers, but on-
hamber radiation tolerant ASICs are none-the-less higher risk than o�-
hamber FPGAs.The disadvantage of Option B be
omes 
lear when the ba
kground is high enough thatanother pad tower trigger o

urs in one of the 19 non-sele
ted groups of strips during the100 nse
 of the TOT 
onversion. Su
h triggers will be lost sin
e both the sele
tor and ToT
onverter are busy until the end of the 100 nse
 maximum pulse duration. One 
an in
rease the
omplexity of the sele
tor and route subsequently triggered strips in a round-robin fashion toadditional TOT modules after the sele
tor. This in
reased 
omplexity of the radiation tolerantsele
tor probably eliminates any advantage of this option. Option A on the other hand 
anhandle a pad tower trigger anywhere every 25 nse
.The 
hoi
e between the options depends on reliable ba
kground estimates and details ofradiation tolerant ASICs and of serializer speeds and power, all of whi
h are not suÆ
ientlyknown at this time. 25



Further details of the sTGC Level-1 trigger and readout ele
troni
s 
an be found in appendix(C.1).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.3, Table 17.
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5.5 Readout Ele
troni
s of the sMDT ChambersThe 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 four times higher tube density at the ends of the 
hambers.Finally, the radiation toleran
e of all 
omponents will have to 
omply with the high radiationlevels, in parti
ular at the inner boundary of the Small Wheel.5.5.1 Ar
hite
ture of the present MDT 
hamber 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").

Figure 22: S
hemati
 diagram of the present (left) and of the future MDT readout 
hain (right).Using the GBT in the new readout s
heme improves the readout bandwidth and simpli�eslogisti
s, as TTC, Data readout and DCS are transferred over the same bi-dire
tional link. Theomission of CANbus 
abling due to GBT will redu
e the risk of ground loops between 
hambersand improve system reliability.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. 22 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℄.27



5.5.2 Ar
hite
ture of the sMDT 
hamber readoutFor 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 tubes in the NSW would run up to 1200 kHz (Table 1). An improved TDCis therefore an essential requirement for a new readout design.Another limitation of the readout bandwidth 
omes from the opti
al link, 
onne
ting theCSM to the ROD, whi
h only provides a usable bandwidth of 1,4 Gbit/s. Fig. 23 showso

upan
y and eÆ
ien
y of Large and Small tubes as a fun
tion of tube hit rate.

Figure 23: Green: O

upan
y as a fun
tion of tube hit rate, assuming a dead time of 200 ns(equal to the maximum drift time) after ea
h hit. Red: Resulting eÆ
ien
y with 200 ns deadtime. Blue: Saturation of the mezzanine-to-CSM link at 100 kHz L1 trigger rate. The load of15% at zero hit rate is due to overheads in the transfer proto
ol.The te
hnologies used for the existing ASICs in the MDT readout are no more availablefrom industry, and the following new 
omponents have therefore to be introdu
ed into the newreadout 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. A full 4-
hannel prototype 
hipin
luding the digital part (see Fig. 24) has been delivered in September 2011 and is undertest. The �nal step in the ASD 
hip design is the extension to 8 
hannels.(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. If only 24 out of the available 32 
hannels are used, the unused
hannels 
an be disabled to save power. 28



(
) 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. While thepresent CSM serves up to 18 mezzanine 
ards, the new CSM will have to serve up to 24
ards.(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 presently used S-link [9℄.(d) The readout of voltages and temperatures on the mezzanine 
ards will be done via theDCS 
hannel of the GBT. To 
olle
t ADC readings from temperature sensors on the
hamber and from B-�eld probes, a new version of the ELMB will be used. Aim wouldbe to interfa
e this new devi
e ("ELMB++") dire
tly to the CSM, so these data 
ouldbe read out through the DCS 
hannel of the GBT. This way, the presently used CANbus
abling 
ould be omitted, simplifying installation and redu
ing the risk of ground loops.

Figure 24: The new 4-
hannel ASD 
hip with full analog and digital fun
tionality on the testboard.Chamb. Tubes� Tubes/ Tubes Mezz.
ards/ Mezz.
ards CSMs/ CSMstype layers�MLs 
hamber total 
hamber total 
hamber totalEIL0 72� 6� 2 864 13824 36 576 2 32EIL1 72� 4� 2 576 9216 24 384 1 16EIL2 96� 4� 2 768 12288 32 512 2 32EIS0 80� 6� 2 960 15360 40 640 2 32EIS1 84� 4� 2 672 10752 28 448 2 32EIS2 72� 4� 2 576 9216 24 384 1 16Total side A + C: 70656 2944 160Table 5: Ele
troni
s 
hannels (drift tubes) and readout boards in the NSW. Ea
h mezzanine
ard serves 24 drift tubes, mat
hing the modularity of the 
hambers with 6 and 4 tube layersper multilayer. Ea
h CSM serves up to 24 mezzanine 
ards. Chambers with more than 24mezzanine 
ards are served by two CSMs. 29



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 30mm tubes.The following design 
hanges will therefore be implemented.(a) HV de
oupling 
apa
itors are lo
ated in 15mm diameter 
ylinders at the tube ends, seeFig. 38. The density of signal routing on hedgehog 
ards is thus no longer limited byinsulation distan
es between HV and ground or 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.(
) 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.The modularity of the readout system of the Small tube sMDTs for the NSW is given inTable 5.Power 
onsumption of the ele
troni
sWhile the power 
onsumption of the on-
hamber frontend ele
troni
s of the present sys-tem is about 30{40 W/
hamber ([5℄, table 3), the 
onsumption will now be about 2.5 times ashigh, due to tube density and in
reased 
onsumption of TDC, opti
al link and other 
omponent.Chamber mezz.s/ 
urrent/ 
urrent/ 
urrent/ power/ power/type 
hamber mezzan. CSM 
hamber 
hamber 
hamberat 3.3 V at 4.5 VA A A W WEIL0 36 18 3 21 69.3 94,5EIL1 24 12 1.5 14 44.6 60.8EIL2 32 16 3 19 62.7 85,5EIS0 40 20 3 23 75.9 103.5EIS1 28 14 3 17 56.1 76.5EIS2 24 12 1.5 14 44.6 60.8Power per Large + Small se
tor [W℄ 353 482Power per side [W℄ 2825 3852Table 6: Power requirements for the readout ele
troni
s of the NSW. Ea
h mezzanine 
ard
onsumes about 0.5 A, ea
h CSM about 1.5 A at 3.3 V. The voltage delivered to the CSM isassumed to be 4.5 V, the voltage di�eren
e being 
onsumed in lo
al voltage regulators.A detailed breakdown of the expe
ted power 
onsumption of the MDT 
hambers in the NSWis presented in Table 6. The total power 
onsumption of 8.4 kW is less than the 
onsumption30



of the presently installed CSC (11.5 kW, see [2℄, Table 46). Yet, the removal of the heat mayrequire 
ushing with dry air, as signi�
ant temperature gradients may in
uen
e the spatialresolution of the MDT and natural air 
onve
tion is obstru
ted by the tight spa
e 
onstraintsin the high-� region of the Small Wheel.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 DCSGas 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 31



Cable Number of 
ables Outer 
able Cross se
tion(granularity) diam. (mm) of leads (mm2))HVLVMonitoring and 
ontrolFront-end linksCalibrationAlignmentMis
ellaneousTable 7: Example table number of servi
es per 
hamberChamber Number of 
hannels Power 
onsumption per 
hannel Total power 
onsumptionTable 8: Example table: Number and types of 
hambers per se
tor� HV 
ontrol and monitoring, trip re
overy� 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
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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
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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 tovery high o

upan
ies above 20 % [20℄ whi
h will be rea
hed in the ATLAS end
ap muonspe
trometer already at twi
e the LHC design luminosity.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 the gasgain of 2�104, the sense wire diameter of 50 �m and the tube wall thi
kness of 0.4 mm un
hangedleads to a signi�
ant improvement of the rate 
apability of the drift-tube 
hambers whi
h ismore than suÆ
ient for their operation in the new Small Wheels at the highest ba
kground ratesexpe
ted for LHC luminosity upgrades in the forward regions of the ATLAS muon spe
trometer.

Figure 25: Drift time spe
trum (left) and spa
e-to-drifttime (r-t) relationship (right) of 
ir
ulardrift tubes of 30 mm and 15 mm diameter operated with Ar:CO2 (93:7) gas mixture at 3 barand gas gain of 20000. The Gar�eld simulation [16℄ of the drift time spe
trum of 15 mm tubesis overlaid.The standard MDT operating parameters are kept for the small-diameter drift tubes (seeTable. 9). With the MDT gas mixture of Ar:CO2 (93:7) at 3 bar absolute pressure, the gas gainof 2 � 104 is a
hieved at an operating voltage of 2730 V for 15 mm diameter drift tubes. Underthese 
onditions, the maximum drift time is redu
ed by a fa
tor of 3.8 from about 700 ns to185 ns by shrinking the tube diameter by a fa
tor of two (see Fig. 25, left) [15℄. In addition,the ba
kground 
ux hitting a tube is redu
ed by a fa
tor of two. Altogether, the drift-tubeo

upan
y is redu
ed by a fa
tor of 7.6. 2 x 6 drift-tube layers at radii R < 220 
m in the SmallWheels and 2 x 4 layers at larger radii are suÆ
ient to provide very robust tra
king with tra
ksegment re
onstru
tion eÆ
ien
ies of better than 99 % up to the highest expe
ted ba
kgroundrates (see details of the 
hamber performan
e below).The spa
e-
harge distribution 
aused by the ion 
louds drifting towards the tube wall during34



a 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 towardsthe wire, high ba
kground 
ux leads to de
reasing gas gain. The resulting signal loss growswith the inner tube radius r2 proportional to r32 � ln(r2=r1) [17℄, where r1 = 25 �m is thewire radius, and therefore is 8.7 times smaller in 15 mm 
ompared to 30 mm diameter drifttubes. Flu
tuations of the spa
e 
harge and, therefore, of the ele
tri
 �eld lead to variationsof the drift velo
ity 
ausing a deterioration of the spatial resolution in non-linear drift gaseslike Ar:CO2 (93:7) where the drift velo
ity depends on the ele
tri
 �eld. This e�e
t in
reasesstrongly with the drift distan
e above a value of 7.5 mm while the gain drop e�e
t on the spatialresolution dominates for distan
es 
lose to the sense wire (see Fig. 26, left) [19, 12, 13℄). For15 mm diameter tubes with drift radii below 7.1 mm, the e�e
t of spa
e 
harge 
u
tuationsis essentially eliminated leading to a redu
tion in the degradation rate of the average spatialresolution by another fa
tor of 2.Parameter Design valueTube material AluminumOuter tube diameter 15.000mmTube wall thi
kness 0.4mmGlue gap between tubes 0.1mmWire material Gold-plated W/Re (97/3)Wire diameter 50 �mWire tension 300� 15 gGas mixture Ar/CO2/H2O (93/7/� 1000 ppm)Gas pressure 3 bar (absolute)Gas gain 2 x 104Wire potential 2730 VMaximum drift time � 185 nsTable 9: The operating parameters of small-diameter MDT 
hambers.For drift radii below 7.5 mm, i.e. for the 15 mm diameter tubes, the spa
e-to-drift timerelationship is 
lose to linear leading to a redu
ed sensitivity to environmental parameters su
has gas 
omposition and density, magneti
 �eld and irradiation rate variation (Fig. 25, right).Sin
e the spatial resolution of the drift tubes improves with in
reasing drift radius, theaverage single-tube resolution at low ba
kground rates is degraded from 83 �m for 30 mmdiameter tubes to 110 �m for 15 mm diameter tubes after applying time-slewing 
orre
tions.Fig. 27 shows the dependen
e of the average 30 mm and 15 mm diameter drift tube resolutionon the ba
kground hit rate measured at the GIF. The measurements for 15 mm diametertubes agree well with the expe
tation from the 30 mm diameter tube measurements derivedby averaging over the drift radius range r < 7:5 mm in Fig. 26 and s
aling the 
orrespondingba
kground rates with the fa
tor 8.7 to a

ount for the redu
ed gain loss. The measurements
on�rm the expe
tation that the degradation rate of the spatial resolution with the ba
kground
ux is redu
ed by a fa
tor of 10 for 15 mm 
ompared to 30 mm diameter tubes.The average 15 mm diameter drift tube resolution is 143�4 �m at the maximum ba
kgroundhit rate of 10 kHz/
m2 at whi
h GIF measurements 
ould be performed. At 14 kHz/
m2 rate it35



Figure 26: Spatial resolution of 30 mm diameter drift tubes (with time-slewing 
orre
tions) asa fun
tion of the drift radius for di�erent ba
kground hit rates as measured at the GIF [12, 13℄.

Figure 27: Dependen
e of the average drift tube resolution (with time-slewing 
orre
tions) onthe ba
kground hit rate. The measurements for 30 mm and 15 mm diameter drift tubes at theGIF are 
ompared.will still be better than 170 �m. Consequently, the tra
k point resolution of the sMDT 
hambersin the proposed NSW layout with 2 x 4 (2 x 6) tube layers for R > 200 
m (R < 200 
m) isbetter than 46 �m for R > 160 
m and better than 60 �m for smaller radii R in the NSW atthe highest ba
kground rates 
orresponding to 14 kHz/
m2 at the inner bore (see Fig. 28). ThesMDT 
hamber resolution quoted 
orresponds to the average number of hits in the 
hambersas a fun
tion of the ba
kground 
ounting rate taking into a

ount the measured 3� eÆ
ien
y ofthe drift tubes (see Fig. 40). Fig. 28 also shows the sMDT 
hamber resolution for an optional36



alternative layout with two additional tube layers per multilayer at R < 160 mm.With the additional tube layers, the sMDT 
hamber resolution at R < 160 �m is improvedto better than 50 �m. Without ba
kground irradiation, the sMDT 
hamber resolution is betterthan 40 �m over the whole NSW. The 
ombination of the tra
king information of the sMDTand trigger 
hambers will give 
onsiderable further improvement of the resolution.

Figure 28: Radial dependen
e of the average point (left) and angular (right) resolution of thesMDT 
hambers in the NSW for the maximum ba
kground 
ux 
orresponding to 14 kHz/
m2at the inner bore and without ba
kground irradiation for the baseline layout and an alternativelayout with two additional tube layers per multilayer at R < 160 
m. The spatial resolution isquoted for the average number of hits in the 
hambers depending on the ba
kground 
ountingrate taking into a

ount the measured drift tube eÆ
ien
y. The angular resolution is shownfor the maximum time resolution of the TDC used in the o�ine re
onstru
tion and for 12.5 ns
oarser time digitization for the use of the MDT 
hambers in the L1 muon trigger resolutionsof the trigger 
hamber-sMDT system are also shown as a fun
tion of R.The angular resolution is only relevant for the use of the MDT 
hambers in the future L1muon trigger in 
ombination with the trigger 
hambers. It is limited by the lever arm availablefor the drift tube 
hambers in the Small Wheels. On the trigger level, 1 mrad angular resolutionis a
hieved in the radial range R > 125 mm 
orresponding to k�k < 2:4 
overed by the L1 muontrigger.B.2 Chamber DesignThe design of the muon drift-tube 
hambers with 15 mm diameter tubes for the new SmallWheels follows as 
losely as possible the 
urrent ATLAS MDT 
hamber design in the end
apregion of the muon spe
trometer (Fig. 10). 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 gaps37



during 
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 andthe 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. Modi�
ationin the 
hamber design are mainly due to the four times denser pa
kaging of the drift tubes andtheir gas and ele
tri
al 
onne
tions.Central to the 
hamber design is the design of the drift tubes and of their endplugs (seeFig. 11). 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 Fig. 29) and to the 24-
hannel readout and high-voltageinterfa
e boards ("hedgehog 
ards", Figs. 38).

Figure 29: Design of the gas manifolds. The gas inlet and outlet bars are lo
ated at oppositeends of the tube multilayers.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.38



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.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 (see Figs. 29 and 30).

Figure 30: Pi
ture of the gas manifold mounted on the prototype 
hamber.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 areintegrated 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 tubes(see Figs. 11 and 30) during 
hamber assembly to 
onne
t the tube walls to the ground of thehedgehog 
ards. This s
heme allows for the high-voltage-free design of the readout hedgehog
ards.Ea
h passive readout hedgehog 
ard is 
onne
ted to an a
tive front end ele
troni
s board(mezzanine 
ard) for 24 
hannels 
arrying new radiation hard ASICs, three 8-
hannel ampli�er-shaper-dis
rimiator (ASD) 
hips and one 32-
hannel HPTDC 
hip (see below). The mezzanine
ards follow one-to one the shape of the hedgehog 
ards and are already under development.The ele
troni
s boards are en
losed in 
hromatized aluminum Faraday 
ages whi
h also shieldthe readout hedgehog 
ards from the mezzanine 
ards.
39



B.3 Readout Ele
troni
sThe 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.B.3.1 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. 22 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℄.B.3.2 Ar
hite
ture of the readout for sMDT 
hambersFor 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. 23 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.40



(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 tested and works 
orre
tly.Most analog parameters of the previous design are preserved. The 4-
hannel version ofthe 
omplete ASD 
hip has been delivered and bonded and is ready for testing.(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 
hamberwill 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℄.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 diame`ter 
ylinders at the tube ends, seeFig. 38. 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.
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B.4 Chamber Constru
tionB.4.1 Drift tube produ
tionThe drift tubes are fabri
ated and tested in a 
limatized 
lean room of 
lass 10000 using a semi-automated assembly station (Fig. 31). The wires are fed through the tube by air 
ow withouttou
hing them by hand. Wire tensioning and 
rimping is performed fully automati
ally. Afterfabri
ation, the tubes are immediately tested for wire tension, gas tightness and leakage 
urrentsunder high voltage (see below). A produ
tion speed of 120 drift tubes per day has already beena
hieved.

Figure 31: Semi-automated drift tube assembly station.B.4.2 Chamber assemblyThe individual tubes are assembled to 
hambers using pre
ision jigs on a 
at granite table in a
limatized 
lean room as shown in Figs. 32. The jigs are ma
hined with an a

ura
y of betterthan 10 �m. The two multilayers are assembled and glued together within one working dayusing two identi
al jigs. The assembly pro
edure is illustrated in Fig. B.4.3. The jig elementswhi
h position the endplugs and sense wires of ea
h layer in the transverse plane are sta
kedlayer-by-layer forming a pre
ise two-dimensional grid. Bearings for mounting of the trigger
hambers and, for the �rst multilayer, platforms holding the external alignment sensors areglued to the bottom tube layers positioning them pre
isely with respe
t to the assembly jigsand, 
onsequently, to the wires.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
iselywith respe
t to the assembly jig and thus to the �rst multilayer. Monitoring of the tubeand layer positions like during the ATLAS MDT 
hamber produ
tion is not ne
essary withthis assembly s
heme as has been demonstrated by the protyotype 
hamber 
onstru
tion (seebelow). However, it is foreseen to measure during assembly the heights and angles of the sta
ked42



jigs with feeler gauges with respe
t to the granite table. Also the alignment platform positionsand their angular orientations will be measured with feeler gauges with respe
t to the granitetable and thus to the wires like it has been done for the BOS and BOF MDT 
hambers.

Figure 32: Assembly tooling for the sMDT 
hambers with pre
ise positioning of the endplugsof the drift tubes holding the sense wires. The jigs are modular and adjustable for the 
onstru
-tion of di�erent 
hamber types. Referen
es for the pre
ise mounting of the alignment sensorplatforms with respe
t to the wires are part of the jig design.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 ofthe trigger 
hambers on the drift tube 
hambers and 
ombined test will likely be performed atCERN.B.4.3 Prototype 
hamber 
onstru
tionA 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. B.4.3and 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 existingMDT mezzanine 
ards and Chamber Servi
e Module (CSM). With this prototype 
hamber allaspe
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 has43



been evaluated in detail. With a semiautomated drift tube assembly station, more than 100drift tubes have been routinely produ
ed per day. The tubes assembled every day will be testedfor gas tightness and leakage 
urrents under high voltage in an automated test stand over night.The wire positions in the two larger trapezoidal se
tors of the prototype 
hamber equippedwith readout ele
troni
s have been measured using 600k 
osmi
 ray muon tra
ks in the 
osmi
ray test stand at LMU Muni
h. In the horizontal (y) dire
tion, the individual 
oordinates havebeen determined with an a

ura
y of about 5 mi
rons (see Fig. 34). In the verti
al (z) dire
tion,the layer-to-layer distan
es have been measured with similar a

ura
y (see Fig. 35). Two BOSMDT 
hambers with known wire positions from X-ray tomograph measurements were used astra
king referen
es. The same setup has been used to measure the wire positions in all ATLASBOS and BOF MDT 
hambers. It will also be used to measure the positions of the wires andof the alignment sensors of the 
hambers for the NSW.

Figure 33: The sMDT prototype 
hamber during and after assembly, 
onsisting of two multi-layers with 8 tube layers ea
h, 72 tubes per layer and 1152 tubes in total.The geometri
al parameters of the 
hamber given in Table 10 have been determined from a�t to the measured wire positions. They are in ex
ellent agreement with the design values in ydire
tion. In z dire
tion, where the measurement a

ura
y is less, there are minor deviations.The distributions of the residuals of the measured wire positions in y dire
tion and of themeasured layer-to-layer distan
es in z dire
tion with respe
t to the ideal grid (left) and tothe measured grid (right) are shown in Figs. 36 and 37, respe
tively. All tra
ks 
rossing the
hamber over the whole tube length were used for the wire position measurement whi
h therefore
omprises wire positioning un
ertainties at both tube ends. The un
ertainty in the wire sag isbelow 5 �m. The wire positioning a

ura
y at ea
h 
hamber end is thus given by the widthof the residual distribution devided by p2. It is better than 20 �m in y and z dire
tion.The residuals are ni
ely Gaussian distributed around zero and show no signi�
ant systemati
deviations from the expe
ted grid.B.4.4 Interfa
ing with the readout ele
troni
sThe readout and high-voltage supply s
heme follows 
losely the one of the present MDT 
ham-bers using the same parameters and spe
i�
ations. The high-voltage de
oupling 
apa
itors onthe readout side and the terminating resistors on the high-voltage supply end are individuallyen
apsulated in plasti
 
ontainers for high-voltage prote
tion. The plasti
 
ontainers are inte-grated with the hedgehog 
ards plugged onto the gold-plated pins of the signal 
aps and ground44



Parameter Nominal value [mm℄ Measured value [mm℄Wire pit
h y 15.100 15:1018� 0:0003Wire pit
h z 13.077 13:091 � 0:007Relative layer shift y 7:550 7; 550� 0:0005Multilayer z distan
e 90.400 90:382� 0:010�y w.r.t. nominal grid 0.020 0.018�y w.r.t. �tted grid 0.020 0.016�z w.r.t. nominal grid 0.020 0.016�z w.r.t. �tted grid 0.020 0.013Table 10: Geometri
al parameters of the sMDT prototype 
hamber. The values measured using
osmi
 ray muon tra
ks agree very well with the design values. The un
ertainties in the wire
oordinates in y and in the layer distan
es in z dire
tion at ea
h 
hamber end with respe
t tothe nominal and to the measured grid, respe
tively, are also given.

Figure 34: Residuals of the measured wire 
oordinates in the horizontal (y) dire
tion withrespe
t to the �tted wire grid using 600k muon tra
ks registered in the 
osmi
 ray test stand.

Figure 35: Residuals of the measured wire 
oordinates in the verti
al (z) dire
tion with respe
tto the �tted wire grid using 600k muon tra
ks registered in the 
osmi
 ray test stand.
onne
tors. The ground pins are s
rewed into the gaps formed by three adja
ent tubes during
hamber assembly to 
onne
t the tube walls to the ground of the hedgehog 
ards (Fig. 38. Thiss
heme allows for the high-voltage-free design of the readout hedgehog 
ards.Ea
h passive readout hedgehog 
ard is 
onne
ted to an a
tive front end ele
troni
s board(mezzanine 
ard) for 24 
hannels 
arrying new radiation hard ASICs, three 8-
hannel ampli�er-45



Figure 36: Residual distributions of the wire 
oordinates in y dire
tion with respe
t to thenominal (left) and to the �tted (right) wire grid from the 
osmi
 ray measurements. Thewidths of the distributions in
lude the measurement errors.

Figure 37: Residual distributions of the layer-to-layer distan
es in z dire
tion with respe
t tothe nominal (left) and to the �tted (right) wire grid from the 
osmi
 ray measurements. Thewidths of the distributions in
lude the measurement errors.shaper-dis
rimiator (ASD) 
hips and one 32-
hannel HPTDC 
hip (see below). The mezzanine
ards follow one-to one the shape of the hedgehog 
ards and are already under development.The ele
troni
s boards are en
losed in 
hromatized aluminum Faraday 
ages whi
h also shieldthe readout hedgehog 
ards against the mezzanine 
ards.B.4.5 Sharing of work and logisti
s between produ
tion sitesThe 
onstru
tion of the 96 drift tube 
hambers with approximately 70000 drift tubes of lengthsbetween 0.5 m and 2.2 m for the new Small Wheels 
an be performed at three main 
onstru
tionsites, the MPI Muni
h, the University of Freiburg and IHEP Protvino, in the years 2013 to2016. The intergration of the sMDT and trigger 
hambers at CERN will pro
eed in parallel.With additional institutions joining the proje
t, the 
hamber 
onstru
tion 
an pro
eed faster.2-3 FTE manpower per 
onstru
tion site are planned for the 
hamber 
onstru
tion.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 sMDT
hambers and the positions of the alignment sensors relative to the wires will be measured withan a

ura
y of about 5 �m in the 
osmi
 ray test stand at LMU Muni
h like for the ATLAS46



BOS and BOF MDT 
hambers built in Muni
h and for the sMDT prototype 
hamber (seebelow). A 
osmi
 ray test stand will also be set up at CERN for the test of the integrated
hamber modules before installation. The measurement of the sMDT wire and alignment sensorpositions also in this test stand, with two MDT 
hambers with known wire positions as referen
elike in the setup at LMU Muni
h, is under 
onsideration. In both test stands also the relativepositions of sMDT and trigger 
hambers and of the internal geometry of the trigger 
hambers
an be measured with high a

ura
y.

Figure 38: High voltage (left) and signal (middle) distribution boards, the "hedgehog 
ards", tobe mounted at the two ends of the tubes (right). The plasti
 
ylinders 
ontaining the de
oupling
apa
itors and the terminating resistors, respe
tively, are integrated on the PCB boards.The parti
ipating institutes have extensive experien
e with the 
onstru
tion of the ATLASMDT 
hambers as well as the asso
iated quality assuran
e pro
edures. The required 
leanrooms 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,fabri
ation and measurement of the alignment referen
e bars for the new Small Wheels in
ollaboration with Brandeis University.B.5 Quality Assuran
e and CommissioningThe quality assuran
e and 
ommissioning pro
edures follow 
losely the spe
i�
ations for theATLAS MDT 
hamber produ
tion [21℄. Ea
h tubes will be tested with respe
t to wire tension,gas tightness and leakage 
urrents under high voltage before installation in a 
hamber. The fullquality 
ontrol pro
edures have already been developed and tested during the sMDT prototype
hamber 
onstru
tion. Due to the new design of the endplugs and of the 
hamber assemblytooling, wire position measurement for individual drift tubes and monitoring of the tube posi-tioning during assembly, as performed during the ATLAS MDT 
hamber produ
tion, are notne
essary anymore as was demonstrated by the sMDT prototype 
hamber 
onstru
tion.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.47



The 
ompleted 
hambers will be tested for broken wires, gas tightness, leakage 
urrentsand noise rate before and after delivery to CERN. In addition, all 
hambers will be tested in
osmi
 ray test stands at LMU Muni
h and CERN. The individual wire positions of the sMDT
hambers and the positions of the alignment sensors relative to the wires will be measured withan a

ura
y of about 5 �m using two MDT 
hambers with known wire positions as referen
e asit was done su
essfully for all ATLAS BOS and BOF MDT 
hambers built in Muni
h and forthe sMDT prototype 
hamber. The geometri
al 
hamber parameters will be determined withsubmi
ron pre
ision in this way.Bundles of drift tubes will be mounted on the alignment platforms in the same way asthe alignment sensors themselves allowing for the pre
ise dire
t determination of the sensorpositions relative to the sMDT wires in the 
osmi
 ray test stands. A method using stereoX-ray sour
es and 
alibrated referen
es wires as developed at Brandeis University is also under
onsideration for measuring the alignment sensor positions realtive to the sMDT wires. Afterintegration, also measurement of the positions of the trigger 
hambers with respe
t to the wiresin the drift tube 
hambers and of the internal geometry of the trigger 
hambers in the 
osmi
ray test stands is foreseen.2-3 FTE manpower at ea
h of the 4 
ore produ
tion sites are planned for 
hamber testingand 
ommissioning.B.6 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 the same inprin
iple as for the existing MDT 
hamber system with improvements in the a

ess to theCSMs and the HV splitter boxes as well as to the 
hambers in the inner regions of the newSmall Wheels.The modular stru
ture of the 
hambers provides a high degree of redundan
y. Ea
h multi-layer of a 
hamber will be supplied by a separate high voltage 
hannel, the innermost 
hambersby two 
hannels be
ause of the higher 
urrents. 384 HV 
hannels are needed for both SmallWheels.In the 
hamber layout and the design of the Small Wheel stru
ture, a

essibility of theFaraday 
ages of the drift tube 
hambers for ex
hange of ele
troni
s boards or for dis
onne
tingindividual drift tubes has been taken into a

ount. The 
hamber servi
e modules (CSM)together with the DCS boxes of all 
hambers will be installed in better a

essible and moreradiation-safe regions at the outer rim of the Small Wheel. There will be 2 CSMs per 
hamber,one per multilayer, su
h that only one multilayer is lost until a broken CSM is repla
ed duringan ultrashort a

ess.The individual tube layers are independently 
onne
ted to the high-voltage. The splitterboxes for the HV 
hannels will be lo
ated at the outer rim of the new Small Wheels. If a wirebreaks, whi
h is a very rare event, only one tube layer will be lost after dis
onne
ting it from48



the HV splitter in an ultrashort a

ess. During winter shutdown and opening of the SmallWheel, the a�e
ted tube 
an be dis
onne
ted from the high-voltage and the rest of the tubelayer 
an be re
onne
ted.Gas leaks in the present MDT 
hambers are mainly due to 
ra
ks in inje
tion mouldedNoryl r
 endplugs and gas 
onne
tors. The drift tubes in the new Small Wheels are me
hani
allyprote
ted from the outside by the trigger 
hambers. To avoid gas leaks due to 
ra
ks in endpluginsulators and gas 
onne
tors, thermoplasti
s with mu
h better robustness against 
ra
kingthan in te present MDT 
hambers have been 
hosen (see B.2, above). In addition due to theirsmaller volume, the 15 mm diameter endplugs are less prone to me
hani
al stress and 
ra
ksin the inje
tion moulded plasti
 insulators than the 30 mm diameter endplugs.Component Comment Loss in 
overage Re
overy pro
edure(redundan
y, a

essibility)CSM (with 2 CSMs per 
hamber, 1 multilayer Repair in US a

essDCS box) 1 CSM per multilayer (ML) CSMs at outer rimMezz. 
ard 24 
han.s in 1 ML Repair in WSLV supplies 2 CSMs (in di�. 
hambers) 2 ML in di�. 
hambers Repair in US a

essper 
hannelHV supplies 1� 2 
hannels per ML 0:5� 1 ML Repair in US a

essBroken wire HV distr. per layer using 0:5� 1 ML before, Dis
onne
t tube layersplitters at SW outer rim 0:5� 1 layer after layer in US a

essdis
onne
t Dis
on. tube from HVRepair in WSGas leaks 1 gas line per se
t. and ML, 1 ML of 1 se
t. before, Close valve of leaking1 valve per ML at outer rim 1 ML of 1 
hamb. after ML in US a

ess
losing valve Repair in WSTable 11: Risk analysis for the sMDT system in the new Small Wheels. The redundan
y anda

esibility of the 
riti
al 
omponents and the maximum loss in dete
tor 
overage in 
ase of
omponent failure are given as well as the re
overy pro
edures (US = ultrashort, WS = wintershutdown).The existing re
ir
ulating gas system with one volume ex
hange per day 
an be fully re-used. Ea
h multilayer of a Small Wheel se
tor will be supplied separately with gas using 16gas lines for ea
h new Small Wheel. Ea
h multilayer of a 
hamber has a valve lo
ated at theouter rim of the Small Wheel. The total gas volume of the sMDT 
hambers in one new SmallWheel is 6750 l, 4000 l less than for the MDT 
hambers in one present Small Wheel.The risk assessment for the sMDT 
hamber system for the new Small Wheels is summarizedin Table 11 in
luding the measures for minimizing the risk and redu
ing it even further thanin the present Small Wheels.
49



B.7 Dete
tor Performan
eIn order to verify the performan
e of the sMDT 
hambers, extensive tests of the full-s
aleprototype 
hamber with 15 mm diameter drift tubes have been performed in 2010 and 2011 inthe H8 high-energy muon beam without ba
kground irradiation (see Fig. 39, left) and, using
osmi
 ray muon tra
ks, in the CERN Gamma Irradiation Fa
ility (GIF) with a 500 GBq137Cs 
 sour
e (Fig. 39, right). Standard ATLAS MDT readout ele
troni
s has been usedwith the adjustable deadtime set to the minimum value 
orresponding to an overall e�e
tivedeadtime of 200 ns. The spatial resolution and the eÆ
ien
y of the individual drift tubes havebeen measured for in
reasing 
 ba
kground 
ounting rates up to 1200 kHz/tube at uniformillumination 
orresponding to 17 kHz/
m2 in tubes of 0.5 m length like at the innermost radiusof the new Small Wheels.Fig. 40 shows the 3-� eÆ
ien
y of 15 mm diameter drift tubes and the tra
k segmentre
onstru
tion eÆ
ien
y as a fun
tion of the 
 ba
kground 
ounting rate in 
omparison withthe results for the 30 mm diameter tubes from previous tests of a BOS MDT 
hamber at GIFwith the X5 muon beam [12℄, [13℄. The measurements were performed using as external tra
kingreferen
e the other drift tube layers of the prototype 
hamber and a sili
on strip dete
tor beamteles
ope for the BOS 
hamber in the X5 beam, respe
tively. At low ba
kground rates, the3� tube eÆ
ien
ies of 30 and 15 mm diameter tubes are 94 %. The eÆ
ien
y loss is due toÆ-rays 
reated by intera
tion of the muons with the tube walls whi
h produ
e hits earlier thanthe muons. The degradation of the eÆ
ien
y with in
reasing rate shows the expe
ted linearbehaviour. The redundan
y of tra
k measurements in di�erent tube layers allows for a betterthan 99 % tra
k segment re
onstru
tion eÆ
ien
y up to the highest expe
ted ba
kground ratesat high-luminosity LHC.

Figure 39: The test setups with the sMDT prototype 
hamber in the H8 muon beam at CERN(left) and in the GIF using a 
osmi
 ray muon trigger (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 [22℄. 50



Figure 40: The 3� eÆ
ien
y of individual drift tubes as measured at the GIF as a fun
tion ofthe ba
kground 
ounting rate. Results for 15 mm and 30 mm diameter tubes are 
ompared.The 
orresponding 
al
ulated tra
k segment re
onstru
tion eÆ
ien
ies in 2 x 4 layer MDT
hambers and in sMDT 
hambers with 2 x 6 or, optionally, 2 x 8 tube layers are also shown.
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Figure 41: Spatial resolution (with time-slewing 
orre
tions) as a fun
tion of the drift radius oflarge and small diameter drift tubes measured without ba
kground irradiation in the X5 and inthe H8 muon test beam, respe
tively, in 
omparison with simulation results using GARFIELD.Time-slewing 
orre
tions improve the average drift tube resolution by 20 � both for the largerand the smaller diameter tubes.In Fig. 41 the spatial resolutions of 15 mm and 30 mm diameter drift tubes measuredas a fun
tion of the drift radius r and without ba
kground irradiation in the CERN high-energy muon beams H8 and X5, respe
tively, are 
ompared. The tra
k impa
t radius wasdetermined using as external referen
es the other drift tube layers of the prototype 
hamber in51



the H8 beam and, respe
tively, a sili
on strip dete
tor beam teles
ope in the X5 beam. Theradial dependen
e of the 15 mm diameter tube resolution agrees with the 30 mm diametertube resolution measurement for r < 7:5 mm and with the GARFIELD simulation [16℄. The
omparison of the resolution 
urves is performed without time-slewing 
orre
tions applied.Corre
tions for time-slewing using the pulse-height information provided by the MDT readoutele
troni
s improve the average drift tube resolution by 20 � both for the larger and the smallerdiameter tubes. The average spatial resolution of the of 15 and 30 mm diameter tubes at lowba
kground rates is 110�2 �m and 83�2 �m, respe
tively, taking into a

ount the time-slewing
orre
tions (see Fig. 40).The dependen
e of the spatial resolution of the 15 mm diameter drift tubes has been mea-sured at the GIF using the unirradiated regions of the prototype 
hamber as tra
king referen
efor 
osmi
 muons. The measurements extended up to a ba
kground 
ux of 10 kHz/
m2 atwhi
h an average drift tube resolution of 143� 4 �m has been obtained. At 14 kHz/
m2 rateit will still be better than 170 �m (see Fig. 27).Component Nr. of units Cost/unit Total 
ost(CHF) (kCHF)Al tubes 71000 3.6 256Wire 5.5 km 488/km 3Endplugs 141312 7.2 791Gas 
onne
tors 141312 1.8 113Spa
er, supports 96 1000 96Faraday 
ages 2 x 96 500 96Tooling 2 25000 50Dete
tor me
hani
s 1405HV&RO hedgehog boards 5888 100 589Mezzanine 
ards w. 
able 2944 240 706CSMs 160+32 1100 211MRODs/CSM 160 1200 192Ele
troni
s& readout 1698Gas distribution system/ML 2 x 96 300 58LV&HV power supplies 160 2000 320w. 
ables/CSMDCS modules w. �ber link/CSM 160 400 64Servi
es 442In-plane sensors/
hamber 96 909 87External alignment sensors 4 x 96 455 175Multiplexers/
hamber 96 455 44Alignment (on-
hamber) 306Total 3851Table 12: CORE 
ost of the sMDT 
hamber system in
luding servi
es, readout and alignment
omponents.
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B.8 Ageing TestsAgeing is not expe
ted to o

ur in aluminum drift tubes with 
lean Ar:CO2 gas. No ageinghas been observed in test of the MDT tubes up to a 
olle
ted 
harge on the wire of 0.6 C/
m.Only endplug and gas system materials with little outgassing whi
h have already been 
erti�edfor the ATLAS MDT 
hambers are used and stri
t 
leaning pro
edures are applied for all
omponents in order to prevent 
ontamination of the drift gas. There esists extensive experien
eon material sele
tion and 
leaning pro
edures from the ATLAS MDT 
hamber 
onstru
tion and
ommissioning.Ageing tests of the new drift tubes with a 25 MBq and a 200 MBq 90Sr sour
e are inprogress. Until 27 January 2012, 1.38 C/
m of 
harge has been a

umulated on the wireswithout sign of ageing. With the 200 MBq sour
e, 
urrently 0.025 C/
m are a

umulated perday at a 
urrent of 3:1 �A per tube.B.9 Cost, Funding, and ManpowerThe 
osts of 
hamber me
hani
al 
omponents, on-
hamber ele
troni
s, power supplies and DAQsystem are summarized in Table 12. The 
ost estimates are based on tenders as well as on thea
tual 
ost �gures of the ATLAS MDT 
hamber 
omponents.Institute FTE ContributionMPI Muni
h 5 Me
hani
s, ele
troni
s, L1 trigger design7 Chamber 
onstru
tion, test, integration, installation,alignment system, ele
troni
s produ
tion, HV/LV systemLMU Muni
h 3-4 Chamber 
onstru
tion, test, integration, installationFreiburg U. 5-6 Chamber 
onstru
tion, test, integration, installation,gas system, DCS, alignment systemW�urzburg U. 3 Chamber, ele
troni
s test, integration, installation,HV/LV systemIHEP Protvino Chamber 
onstru
tion, test, installationNIKHEF MRODs design, produ
tion, test, installationTokyo L1 trigger and ele
troni
s design and implementationBrandeis U. Alignment systemTable 13: Manpower for sMDT design, produ
tion, integration and installation.Manpower 
ost for 
hamber assembly and test and for the testing of the ele
troni
s boardsis not in
luded The manpower allo
ation foreseen for this work at the parti
ipating institutes isshown in Table 13. The infrastru
ture of 
limatized 
lean rooms and the 
osmi
 ray 
hamber testfa
ility already exist as well es experien
ed te
hni
al personell. The design of the 
hambers andof the assembly tooling is performed at MPI Muni
h. The signal and high-voltage distribution(hedgehog) boards, the readout (mezzanine) 
ards, the ampli�er-shaper-dis
riminator (ASD)
hip and the 
hamber servi
e module (CSM) are already under development at MPI.A 
lose 
ollaboration exists between the MDT institutes and the TGC as well as the RPC53



Item 2012 2013 2014 2015 2016 2017 2018 TotalDete
tor me
hani
s 100 400 500 405 1405Ele
troni
s& readout 200 400 500 406 192 1698Servi
es 64 150 228 442Alignment (on-
hamber) 70 80 80 76 306Total 100 670 980 1049 632 420 3851Table 14: CORE 
ost time pro�le for the sMDT 
hambers (kCHF).institutes on integrated 
hamber design and layout and on a 
ommon test program at the GIFand the H8 test beam.Time of 
ompletion Task2010 sMDT Chamber design, prototype 
onstru
tion and test2011 Integration sMDT amd trigger 
hambers,full ASD FE 
hip (4 
hannels)2012 Constru
tion of sMDT 
hambers for elevator regions,NSW design and 
hamber layout,full 8-
hannel ASD 
hip2014 CSM design in
l. MDT based L1 trigger fun
tionality2013{16 Chamber 
onstru
tion and integration, ele
troni
s produ
tion2017{18 Integration and installation of NSWs at CERNTable 15: Time s
hedule for sMDT 
hamber development amd 
onstru
tion.A large fra
tion of the funding of the sMDT system is expe
ted from the German fundingagen
y BMBF and from MPI Muni
h in the period 2012{2016. The funding request to theBMBF for the period 2012{2015 has been submitted in De
ember 2011. NIKHEF has expressedinterest to 
ontribute the MRODs for the sMDT 
hamber readout. Brandeis University and theUniversity of Freiburg plan to 
ontribute the opti
al alignment system in
luding the alignmentreferen
e bars. The expe
ted CORE 
ost spending pro�le is given in Table 14, the time s
hedulefor development and 
onstru
tion in Table 15.
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C The sTGCs 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 trigger and the sTGC trigger demonstra-torTo be used in phase I of the LHC upgrade, the overall trigger laten
y must be less than 2.55�s.This means for the sTGC trigger that the signals from the 
hamber frontend must arrive at theinput of the Se
tor Logi
 in USA15 not later than 1.05�s after the o

urren
e of the 
ollisionat the intera
tion point. Table 16 lists the delays 
ontributing to the sTGC laten
y.Min Max NotesTOF from intera
tion point to SW (10m) 35 35propagation delay in 
hamber 25 25ASD 10 10on-
hamber 
abling (1.5-2.5m) to sele
tor 8 13 5 nse
/mup- to down-stream pa
kage (50 
m) 0 3delay for pad trigger and deskew 15 25"deserializer" e.g. 1:10 11 12 10� 1 ns "deserialized" to 10-bitlaten
y for the last sample of the pulse 64 100 depends on shaping timea

umulate the last 10 ns sample into ToT 10 10sele
tor 5 10 swit
hserializer to o�-
hamber logi
 5 10on-
hamber to o�-
hamber link 0 0 along the 90m �bre belowdeserializer 5 10�nd valid 
entroids and 
entroid averages 32.5 65 8 layers in parallel, 13 
lo
ksdi�eren
e of 
entroid averages 2.5 5
al
 sub-ROI pointed to Big Wheel (LUT) 5 5 data sheet BRAM a

ess 2 nse
output serializer 50 75 GBT: 3 40MHz 
lo
ks�ber to Se
tor logi
 90m 495 495 5.5 nse
/m778 908Table 16: sTGC Laten
y - The table shows the delays (in ns) 
ontributing to the laten
y ofthe pre
ision strip trigger logi
 from the intera
tion point to the Se
tor Logi
 in USA15. Allnumbers are estimates ex
ept that for the 
entroid �nder whi
h has been measured for thedemonstrator.A demonstrator for sTGC trigger 
on
ept has been built and the laten
y of a realisti
 
en-troid �nding and averaging algorithm has been measured. A blo
k diagram of the demonstratoris shown in Fig. 42 and a photograph in 43. The 
entroid is the sum of ea
h strip's "
harge"weighted by the strip position. The division by the total 
harge is done using a Look-up-Table.The algorithm 
al
ulates with more than reasonable pre
ision (12 bits for expressing the fra
-tion of a strip part of the 
oordinate) and in
ludes o�sets for ea
h layer and two overlapping
hannels on ea
h edge. Isolated 
lusters of up to �ve strips are 
onsidered valid. Only the 1, 2,3, or 4 valid 
entroids are sele
ted for in
lusion in the average of the 
entroids. The measured55



laten
y of the algorithm whose input is the time-over-threshold values and output is the averageof the valid 
entroids, is 13 
lo
ks. The 
urrent 
lo
k is 5 ns (200MHz) but the optimizationof the number of 
lo
ks versus 
lo
k rate has not been 
ompleted. The demonstrator was 
on-ne
ted to an sTGC quadruplet and was triggered by 
osmi
 rays. Fig. 44 shows the four inputstrip pro�les and the four 
al
ulated output 
entroids for a 
osmi
 ray.The next generation demonstrator for developing trigger algorithms and pro
essing will bea 
ompletely 
ustom board design.

Figure 42: Blo
k diagram of the sTGC trigger as presently implemented in an FPGA demon-strator.C.2 ReadoutThe readout ar
hite
ture will be the standard ATLAS readout with pipeline and derandomizer.The readout must support the requirements for 
ommissioning, timing and problem diagnosisas well as the requirements for normal data taking. The 
urrent parameters and fun
tionalityof the GBT look appropriate.� General Requirements:{ Readout per pair of quadruplets, i.e. a tower{ pipeline depth and rate for Phase II Level-1 trigger rate (500kHz) and laten
y.56



Figure 43: The trigger demonstrator board based on a 
ommer
ial evaluation board (XilynxML605 with Virtex-6 FPGA). LVDS 
ables from eight TGC ASD modules are 
onne
ted tothe FPGA via 
ustom mezzanine 
ards. These 
ards provide the required non-standard LVDStermination and merge power, threshold and test pulse lines from an external NIM module ontothe 
ables to the ASDs. 64 strips and 44 pads are read out.

Figure 44: The four input strip pro�les and the four 
al
ulated output 
entroids for a 
osmi
ray passing through a quadruplet. The 
entroid lo
ations 
al
ulated by the demonstrator areon the left and are plotted as diamond symbols. The dashed line is the 
al
ulated average.{ Radiation tolerant� Strip readout:{ 
onverted Time-over-Thresholds of the sele
ted strips in ea
h layer (20*8*500kHz= 80Mb/s per layer) (Note that this means that 
hannels not sele
ted by the padtrigger will not be read out.) 57



{ 
entroids per layer and the 
entroid averages (32-bits ea
h){ the extrapolated sub-se
tor on the Big Wheel (i.e. the input to the Se
tor Logi
)(less than 16 bits){ BCid (12-bits), L1Id (12-bits), sour
e id (8-bits), et
.� Pad readout:{ pad hit pattern for ea
h layer for the triggering BC, previous and next BCs. (about80 pads per layer)� Wire readout:{ wire hit pattern for the sele
ted wires in ea
h layer, for the triggering BC, previousand next BCs. (about 70 wire-groups per layer)The estimated data per trigger for a quadruplet is about 1600 bits. The GBT payload
apa
ity of 3200 _Mb/se
 is easily suÆ
ient for two quadruplets at a Level-1 trigger rate of0.5MHz.C.3 Milestones for the sTGC ele
troni
sThe milestones for prototyping, development and produ
tion of the sTGC trigger ele
troni
sare given in Table 17.Date MilestoneAug. 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
ulation from 
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
hnologyJan. 2012 Demo-1 Goal Add 
hannels for full 8-layer logi
, 64 strips per layerIn
ludes based on purpose built FPGA boardEx
ludes pipelined readout, rad tol te
hnologyMar
h 2012 Demo-1a Goal Run with BNL VMM Front End 
hip (ASD only)Early 2012 De�ne on/o�-
hamber split and 
hoose link hardwareDesign 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 17: sTGC trigger development s
hedule58



C.4 sTGC Constru
tion and testingThe 
onstru
tion pro
edure of sTGCs follows very 
lose the one used for the Big-Wheels TGC,where many new elements were introdu
ed after 
ompleting the �rst 1,000 TGC 
hambersto in
rease the reliability of the dete
tors. This pro
edures in
lude many QC steps, whi
h
orrespond to 30% of the produ
tion steps. Furthermore, the Laboratory at the WeizmannInstitute has been greatly improved by introdu
ing a new resistive layer spraying Ma
hine - seeFig. 45), as well as improvements in the wiring ma
hine Fig. 46 (Right) and in the 
lean room(Fig. 46 (Left) to 
lose the dete
tors.

Figure 45: New fully automati
 graphite spraying ma
hine re
ently installed at the WeizmannTGC fa
ility, in a fully 
ontrolled Temperature and Humidity room.

Figure 46: Left: new 
lean room to 
lose TGC dete
tors. Right: improved wiring ma
hine atthe Weizmann TGC fa
ility.These improvements were introdu
ed for the produ
tion of spare dete
tors for the Japanesemade TGCs that are presently being 
onstru
ted, in 
ollaboration with engineers from Shan-dong University (China), where 500 TGCs were made in the past, and were there is a stronginterest to 
ontinue the previous 
ollaboration. Similarly, groups from Argentina and Chile59



would be interested in a possible 
ollaboration, if the proje
t is approved, whi
h would allowto start a real hardware a
tivity in these 
ountries. The �nal quality 
ontrol pro
edure will beperformed at the renewed Cosmi
-Ray fa
ilities at the Te
hnion and Tel-Aviv University (seeFig. 47), where every dete
tor is s
anned with 
osmi
 rays. The �nal test, whi
h has provenextremely e�e
tive in the dete
tors that were so tested, will be to irradiate them for half anhour in a new CO(60) irradiation fa
ility that has been 
onstru
ted at the SOREQ nu
learCenter. This test is 
ru
ial to �nd any possible defe
ts in a given dete
tor.

Figure 47: Renewed TGC Test-ben
h fa
ility at Tel Aviv University.C.5 sTGC 
ost estimateThe present 
ost estimates for the me
hani
al parts are based on the produ
tion of sparedete
tors, and although the quantities are smaller, and therefore the basi
 
osts 
ould go down,the sTGCs will require additional work, due to the larger number of 
hannels, therefore thesevalues 
ould be taken as a reasonable estimate. The break-down of the total number of dete
torsand their dimensions are given in Table 18, while in Table 19, the expe
ted 
osts for theMe
hani
s, Transport and testing are given. These 
osts in
lude also lo
al taxes and manpower,whi
h are not part of the CORE estimates. Possible overheads by the institutions are notin
luded. The expe
ted 
ost of the ele
troni
s (in
luding trigger) are given in a separate table
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Chamber type Appr. Dimensions # Modules-side Gas-gaps-sizeEIL0 1007x1094 (sub 2 W) 16 2x64 gangedEIL1 1679x1275 16 64EIL2 2050x1275 16 64EIS0 715x1275 (sub 2W) 16 2x64 gangedEIS1 1080x1275 16 64EIS2 1524x1094 16 64Total 96 384Total 2 sides 192 768Table 18: break-down of the number of me
hani
al units and their respe
tive number of gas-gaps. Item CORE 
ost TAX& Overheads TotalRaw material 580 97 677Ma
hining of part 518 85 603Wire 330 54 384Transport 60 10 70Cosmi
 test 180 180Radiation test 70 70Tools 80 13 93Manpower 1500 1500Equipment 41 7 48Total 1859 1766 3625Table 19: Me
hani
al and testing 
osts (in kCHF) of the produ
tion of 768 sTGCs gas-gaps.Referen
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