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ABSTRACT. The LHCb Outer Tracker is a gaseous detector covering am @& x 6 m? with

12 double layers of straw tubes. The detector with its sesviare described together with the
commissioning and calibration procedures. Based on datleofirst LHC running period from
2010 to 2012, the performance of the readout electronicstensingle hit resolution and efficiency
are presented.

The efficiency to detect a hit in the central half of the strawestimated to be 99.2%, and the
position resolution is determined to be approximately @t The Outer Tracker received a dose
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effects are observed.
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1 Introduction

The LHCDb detector]] is a single-arm forward spectrometer covering the pseagdality range

2 < n <5, designed for the study of particles containin@r c quarks. The detector includes
a high-precision tracking system consisting of a silictipsvertex detector surrounding thep
interaction region, a large-area silicon-strip detectmated upstream of a dipole magnet with a



bending power of about 4 Tm and three tracking stations éatcdbwnstream. The area close to
the beamline is covered by silicon-strip detectors, wieetlka large area at more central rapidity is
covered by the Outer Tracker (OT) straw-tube detector.

Excellent momentum resolution is required for a precisemeination of the invariant mass
of the reconstructed b-hadrons. For example a mass resoloti25 MeV/¢ for the decayBd —
ptu~ translates into a required momentum resolutiondpf p ~ 0.4% [2]. Furthermore, the
reconstruction of high-multiplicityB decays demands a high tracking efficiency and at the same
time a low fraction of wrongly reconstructed tracks. To aeki the physics goals of the LHCb
experiment, the OT is required to determine the positiorirafle hits with a resolution of 20Qm
in the x-coordinate’ while limiting the radiation length to 3%, per station (see figuréb). A
fast counting gas is needed to keep the occupancy below 1@P& atominal luminosity of X
10%2cm2s1,

The OT is a gaseous straw tube detecBpahd covers an area of approximately 6 n? with
12 double layers of straw tubes. The straw tubes are 2.4 miAdthgt.9 mm inner diameter, and are
filled with a gas mixture of Ar/fC@0O, (70/28.5/1.5) which guarantees a fast drift-time below&0 n
The anode wire is set to +1550 V and is made of gold plated tangsf 25um diameter, whereas
the cathode consists of a #n thick inner foil of electrically conducting carbon dope@pton-
XC? and a 25um thick outer foil, consisting of Kapton-XC laminated tolget with a 12.5um
thick layer of aluminium. The straws are glued to sandwicheps using Araldite AY103-%.Two
panels are sealed with 4@0n thick carbon fiber sidewalls, resulting in a gas-tight boglesing a
stand-alone detector module. A cross-section of the mddytait is shown in figurd(a).

The modules are composed of two staggered layers (mone)agke64 drift tubes each. In
the longest modules (tyde) the monolayers are split in the middle into two independeatiout
sections composed of individual straw tubes. Both sectiwagead out from the outer ends. The
splitting in two sections is done at a different position tloe two monolayers to avoid insensitive
regions in the middle of the moduld=-modules have an active length of 4850 mm and contain
twice 128 straws, in the upper and the lower half, respdgti&hort modules (typ&) have about
half the length ofF-type modules and are mounted above and below the beampgg. cbntain
128 single drift tubes, and are read out only from the outedutewend. The inner region not
covered by the OTly| < 10(20) cm for |x| < 59.7(25.6) cm, is instrumented with silicon strip
detectors I]. One detector layer is built from 14 long and 8 short moduses figurel(b). The
complete OT detector consists of 168 long and 96 short medahel comprises 53,760 single
straw-tube channels.

The detector modules are arranged in three stations. Eatibnstonsists of four module
layers, arranged in au-v-xgeometry: the modules in thelayers are oriented vertically, whereas
those in thau andv layers are tilted by-5° and —5° with respect to the vertical, respectively. This
leads to a total of 24 straw layers positioned alongzthgis.

Each station is split into two halves, retractable on botlesiof the beam line. Each half
consists of two independently movable units, known as @ws, see figuré(b). The modules

1The LHCb coordinate system is a right-handed coordinateesyswith thez axis pointing along the beam axisis
the vertical direction, angis the horizontal direction. Thezplane is the bending plane of the dipole magnet.

2Kapton® is a polyimide film developed by DuPont.

SAraldite® is a two component epoxy resin developed by Huntsman.
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Figure 1. (a) Module cross section. (b) Arrangement of OT straw-tmoelules in layers and stations.
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Figure 2. (a) Design and (b) photograph of the FE electronics mouinted~E box. Only the boards that
read out one monolayer of 64 straws are visible. In addititmHV boards are not visible in the photograph
as they are hidden by the ASDBLR boards.

are positioned on the C-frames by means of precision dowsl. pirhe C-frames also provide
routing for all detector services (gas, low and high voltagater cooling, data fibres, slow and fast
control). The OT C-frames are sustained by a stainless stieture (OT bridge), equipped with
rails allowing the independent movement of all twelve G¥fes. At the top the C-frames hang on
the rails, while at the bottom the C-frames are guided, busapported by the rails, to constrain
the movement in the-coordinate.



The front-end (FE) electronics measures the drift-timeghefionization clusters produced
by charged patrticles traversing the straw-tubes with @spethe beam crossing (BX) signal][
The drift-times are digitized for each 25 ns (the LHC desiglug for the minimum bunch crossing
interval) and stored in a digital pipeline to await the lowesel trigger (LO) decision. On a positive
LO decision, the digitized data in a window of 75 ns is trarigedivia optical links to TELL1 boards
in the LHCb DAQ system4].

As shown in figure2, the FE electronics has a modular design, consisting ofakivdercon-
nected boards housed inside a metallic box (FE box). The coaponents of the OT readout elec-
tronics are the high voltage (HV) board, the ASDBLR amplibieard, the OTIS digitization board,
and the GOL auxiliary (GOL/AUX) board. Each ASDBLR board tsosvo ASDBLR chips §].
These are custom-made integrated circuits, providing dngptete analog signal processing chain
(amplification, shaping, baseline restoration, and disicration) for the straw tube detectors. The
hit outputs of two ASDBLR boards (32 channels) are connetiiashe OTIS board, which hosts
one radiation-hard OTIS TDC chip for drift-time digitizati [7, 8]. The time digitization is done
through the 25 ns long Delay Locked Loop (DLL) using the 6agedtages of the DLL (64 time
bins), giving a step size of about 0.4 ns.

The drift-time data is stored in a pipeline memory with a tepit 164 events, corresponding
to a latency of 4.us. If a trigger occurs, the corresponding data words of uptior&h crossings
are transferred to a derandomizing buffer, able to stora ftatn up to 16 consecutive triggers.
Only the first hit in the 75 ns wide window of a given channelt@ad. Later signals from multiple
ionizations or reflections are thus not recorded. The OTI&d®in a FE box are connected to
one GOL/AUX board. This board] provides the outside connections to the FE box: the power
connection, the interface to the fast-control (beam cngssiock BX, triggers, resets) and the
interface to the slow-control{C).

These boxes are mounted at each end of the detector moduléE [ox is the smallest
independent readout unit of the OT: the digitized data oflt?@ channels of one module are sent
via an optical link and received by the TELL1 board. High- dmd-voltage, as well as fast- and
slow-control signals are connected to each FE box indivigluen total, 432 FE boxes are used to
read out the OT detector.

This paper describes the detector performance in the fir€ bkhning period from 2010 to
2012, when the LHCb experiment collected data at stableittonsl, corresponding to a typical
instantaneous luminosity of about534.0) x 10%2cm~2s~! in 2011 (2012), with a 50 ns bunch
crossing scheme and a proton beam energy of 3.5 (4) TeV. Tehinstantaneous luminosity,
and only half of all bunches being filled, translates intoar fimes larger occupancy per event as
compared to the conditions that correspond to the desiganpeters.

In section2 the performance of the services is described in terms of éiseggality, and the
low and high voltage stability. In sectid@the performance of the electronics readout is discussed,
in particular the noise, amplifier threshold uniformity aide-linearity. The drift-time calibration
and position alignment is shown in sectibnT he final detector performance in terms of occupancy,
single hit efficiency, resolution and radiation hardneggiven in sectiorb.



Table 1. Main parameters of the OT gas system.

[72)

typical values specification
Gas flow 800-8501/h < 10001I/h
Overpressure in detector  .@lmbar < 5mbar
Impurity (H,O content) <10 ppm <50 ppm

2 Services performance

2.1 Gassystem

The counting gas for the straw tube detectors of the OT wagnailly chosen as an admixture
of Ar/CO,/CF,4. Studies on radiation resistance first suggested to opefitieut CF, [10], and
subsequently with the addition of,(11], leading to the final mixture Ar/C&O, (70/28.5/1.5).
This choice is based on the requirement to achieve a redgdiaabcharge collection to cope with
the maximum bunch crossing rate of 40 MHz at the LHC, a gootia@dpasolution and to maximize
the lifetime of the detectors.

The gas is supplied by a gas systetd][operated in an open mode, without recycling of the
gas. The gas system is a modular system, with the mixing reaglutthe surface and two distri-
bution modules, a pump module, an exhaust module and ans@atypdule in the underground
area behind the shielding wall to allow access during beagnation. The gas is split between two
distribution modules, each supplying a detector half u§iigndividual gas lines. For each gas
line the input flow can be adjusted and is measured contimyaswell as the output flow. Each
distribution module regulates the pressure in the deteotmtules. The analysis module allows to
sample each of the 36 lines individually at the detectortiatel outlet. An oxygen sensor and a
humidity sensor are connected to the analysis rack. Theurgragnt of one gas line takes a few
minutes such that each line is measured approximately orerg &vo hours.

The main operational parameters of the gas system are sinaablél. The gas flow is kept
low to prevent ageing effects observed in laboratory messants (see sectidn6). The detector
modules have been tested to be sufficiently gas-tight, orageebelow 125 x 10~* I/s (corre-
sponding to 5% gas loss every 2 hours}]|[ to prevent the accumulation of impurities from the
environment. The level of impurities is monitored by measythe water content in the counting
gas, which is at a level below 10 ppm.

A system with pre-mixed bottles containing in total aboud b& of Ar/CO,/O5, is automati-
cally activated in case of electrical power failures of th@imgas system, ensuring a uninterupted
flow through the detector at all times. The gas mixture, amdl¢krel of impurities (HO) were
stable during the whole operation from 2010 to 2012.

2.2 Gas monitoring

The gas quality for the OT is crucial, as it directly affedie tdetector gain and stability, and
potentially the hit efficiency and drift-time calibratioMoreover, a wrong gas mixture can lead to
accelerated radiation damage or dangerously large carr@ite gas gain is determined with the
help of two custom built OT modules, of 1 m length, which aradiated by &°Fe source.
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One of the monitoring modules that was used in 2011 were earist using a particular glue,
Trabond 2115, that does not provoke gain loss after long-teadiation with the’>Fe source. The
other module was built with the glue used in mass productiraldite AY103-1. The modules
were half-width modules containing 32 straw tubes. The aaaélectronics consists of a high
voltage board carrying a number of single-channel chargeaprplifiers.

The>*Mn K-a line of the®Fe source has an energy of 5.9 keV which is used as calibration
reference. TwG°Fe sources with low intensity were used, resulting in a feanév per second for
both modules. The data acquisition system is based on a-funttiional readout box containing
two fast ADC inputs to which the amplified signals are fed. didition the atmospheric pressure
is recorded. Thé&®Fe pulses are integrated over 15 minutes, and subsequeatiyzad. A double
Gaussian distribution is fitted to th€Fe spectrum. The peak position is then corrected for the
atmospheric pressure.

The pressure is measured inside a buffer volume at the charimpait. The pressure correc-
tion is determined from a linear fit to the mean pulse-heightidunction of the absolute atmo-
spheric pressure, see figuBeThe resulting stability of the gas gain is withir2% over 10 days.
However, the gain loss due to ageing of the monitoring madulas about 5% over a period of
about two months. The monitoring modules were thereforieep at the end of 2011 by stainless
steel modules, sealed with O-rings (instead of the standamdtruction with Rohacell panels with
carbon-fiber facing, glued together to ensure the gasnigs). The measurements of the gas gain
were stable throughout the entire running period of 2012.

2.3 Low voltage

The function of the low voltage (LV) distribution system @ provide the bias voltages to the
front-end electronics. Each FE box (the GOL/AUX board) kdlktee radiation-hard linear voltage
regulators ¢2.5V, +3V and —3V) biased by two main linest-6V and—6V. Two distribution
boxes per C-frame split the6V and—6V supply lines to the 18 FE boxes at the top and the 18
FE boxes at the bottom; all supply lines to the FE boxes aiigithdlly provided with slow fuses
(4A for +6V and 2A for—6V) and LED’s showing their status.



The low-voltage distribution systems worked reliably tgbout the 2010 to 2012 data taking
periods. In a few cases a single fuse of a FE box broke and wwéecesl in short accesses to the
LHCDb cavern.

2.4 High voltage

The anode wires are supplied with +1550 V during operatidmickvcorresponds to a gas gain of
about 5x< 10* [14]. Each FE box has four independent high voltage (HV) coriarst one for each
32-channel HV board. Two mainframésach equipped with four 28-channels supply boérds,
are used as HV supply. Using an 8-to-1 distribution scheno¢ahaf 1680 HV connections of the
detector are mapped on 210 CAEN HV channels. The distribusioealized using a patch panel
which offers the possibility to disconnect individual HVdrds by means of an HV jumper. Both
components, the HV supply as well as the patch panel, aréeld@a the counting house. Access
to the HV system during data taking is therefore possible.

The typical current drawn by a single HV channel (supplyia$ Betector channels) depends
on the location in the detector and varies between 20 anquA50’he short-circuit trip value
per HV channel was set to 2Q\ with the exception of one channel were the current shows
an unstable behaviour, and where the trip value was inale@sB00uA. The power supply can
deliver a maximum current of 3 mA for a single HV channel.

Inthe 2011 and 2012 running periods there were 8 single eteltannels (wires) that showed
a short-circuit, either due to mechanical damage, or duebtmlken wire. During technical stops
these single channels were disconnected, to allow the nimgaBl detector channels on the same
HV board to be supplied with high voltage.

3 Commissioning and monitoring

Quality assurance tests of the detector modules, the FEstamd C-frame services were performed
prior to installation. Faulty components were repaired ndver possible. During commissioning
and operating phases of the LHCb detector, the stabilitytbedjuality of the OTFE-electronics
performances was monitored. Upon a special calibratigger, sent by the readout supervisor,
the FE-electronics generates a test-pulse injected viaAtBBBLRtest input B, 15]. Test-pulse
combinations can be generated, and is implemented suclorthatven or only odd numbered
channels, or all channels simultaneously, are injectel g¥iarge.

3.1 Quality assurance of detector modules an@-frame services

The quality of the detector modules was assured by meastiéngire tension, pitch, and leakage
current (in air) prior to the module sealing. Subsequetttly,gas tightness of the detector module
was measured. Finally, the functionality of each wire wdilgged in the laboratory immediately
after production, by measuring the response to radioastiveces PFe or°Sr) [14].

Before and after shipment of the C-frames from Nikhef to CERMN equipment of the ser-
vices were checked, namely the gas tightness of the gasyslipgs$, the dark currents on the

4CAEN SY1527LCR.
5A1833B PLC®.
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Figure 4. The 2d-hitmap histogram showing the noise occupancy,doh&hannel, and varying amplifier
threshold (1 ADC countz 10 mV) [17] for (a) a typical FE-box with good channels and (b) a FE-bdthw
two groups of noisy channels.

high-voltage cables, the voltage drop on the low-voltaggokucables and the power attenuation
of the optical fibersZ, 16].

Following the installation of the modules on the C-framethia LHCb cavern, the gas tight-
ness of each module was confirmed. The respon3&®of approximately half of the straws was
measured again, resulting in 12 noisy channels, 7 dead elsgrand 4 straws with a smaller gas
flow [16].

All FE-boxes were measured on a dedicated test-stand irabwedtory, and the faulty com-
ponents were replaced. The tests performed on the test-atanidentical to the tests that are
performed regularly during running periods. Three seqgegruf test runs are provided:

e runs with a random trigger at varyimgSDBLR threshold settings to measure the noise rate;

e runs with test-pulse injected at the ASDBLR test input, ayivey threshold settings to check
the full readout chain for threshold uniformity and croakit

e runs with test-pulse (at fixed threshold) at increasingpette delay settings, to determine
the time-linearity.

3.2 Noise

The noise scan analysis aims at identifying channels that &a “abnormal” level of noise, which

may be due to dark pulses from the detector, BEeelectronics shielding, or bad grounding. In
each channel the fraction of hits is determined for increasialues of the amplifier threshold,
triggered randomly. The nominal value of the amplifier thadd is 800 mV, which corresponds to
an input charge of about 4 fC.

The typical noise occupancy for 128 channels in one FE bdxaws in figured(a) for increas-
ing amplifier threshold, where the occupancy is defined asti®of the number of registered hits
in that channel over the total number of triggered eventsoi&eoccupancy at the level of 1Dis
observed at nominal threshold, as expected from beam tdtsTlhese results are representative
for about 98% of all FE boxes in the detector.
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Figure 5. (a) Example of hit-efficiency as function of threshold foffiged input charge (“high test-
pulse”) [17]. (b) Stability of the half-efficiency point for channelsame FE-box (1 ADC countz 10 mV).

An example of a FE box with a few noisy channels is shown in égifb), where two groups
of about 5 noisy channels are identified. About 2% of the FEebaxxhibited this noise pattern
during the 2011 running period. At the nominal threshold @0 8nV (4 fC) only 0.2% of the
channels exhibited a noise occupancy larger than 0.1%.nBnie 2011/2012 winter shutdown,
this noise pattern was understood and identified to be cadmgeéchperfect grounding, and was
subsequently solved.

3.3 Threshold scans

The threshold scan records hits at fixed input charge (giyegither a low or high test-pulse of 4
and 12 fC, respectively) and is aimed at monitoring the gath®FE-electronics preamplifier, in
order to locate dead channels, determine gain deterigraffects and measure cross-talk.

The ASDBLR chip selection prior to assembly of tifE-box components guarantees a good
uniformity of the discriminators, such that a common thoddttan be applied for the entire read-
out without loss of efficiency or increased noise levels [An error function produced by the
convolution of a step function (ideal condition in absentaaise) with Gaussian noise, is used to
describe the hit-efficiency as a function of the thresholde/aThe stability of the half-efficiency
point for all the channels was studied and the relative tiaridbetween channels is expected to be
less thant60 mV [2].

An example of the fit to the hit efficiency as a function of arfigli threshold is shown for
one channel in figurg(a), and the half-efficiency point for 128 channels in one BE is shown
in figure 5(b). Since the start of the data taking period in May 2010 thetion of fully active
channels has been 99.5% or more, see sebtian

3.4 Delay scans

The delay scan analysis aims at detecting defects in thadiwii the OT channels, such as time
offsets or non-linearities. An example of the time meas@mtmas a function of the test-pulse
delay is shown in figuré(a), where each measurement corresponds to the averag®601bne

measurements at a given test-pulse delay. The corresmgpsidipe for all 128 channels of one FE
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box is shown in figur&(b). No anomalous behaviour in the time measurement hasdiessmved.
Approximately 96% of all channels have a slope between 0e®831.024 times the average value.
Most of the remaining 4% of the channels suffer from insugititest-pulse stability rather than
from pre-amplifier or TDC shortcomings.

4 Calibration

The position of the hits in the OT is determined by measurhey drift-time to the wire of the
ionisation clusters created in the gas volume. The drifetimeasurement can in principle be
affected by variations in the time offset in the FE electesniand is regularly monitored. The
spatial position of the OT detector also affects the hit fimsi and the correct positioning of the
detector modules is ensured by periodic alignment campaign

4.1 Distance drift-time relation

The OT detector measures the arrival time of the ASDBLR d&gwith respect to the LHC clock,
Telock, and is referred to as the TDC timgpc. This time is converted to position information
to reconstruct the trajectory of the traversing chargetighey by means of the drift-time-distance
relation, or TR-relation. The arrival time of the signal igmponds to the time of thep collision,
Teoliision, iNCreased by the time-of-flight of the particligy, the drift-timetqir of the electrons
in the straw, the propagation time of the signal along theewar the readout electronictyop,
and the delay induced by the FE electronigg, The various contributions to the TDC time are
schematically shown in figuré and can be expressed as

troc = (Tcollision - Tc'|:oEck) + ttof + tarift + tprop+ tre. (4-1)

The phase of the clock at the TDC inpTif5,,, can be adjusted with a shiff5,,. The expression
for trpc can be rewritten as

troc = (Tcollision - Tclock) + to + ttof + tarift + tpropa (4-2)

—10 -
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wheretg = tFE—tggck. Variations intg are discussed in the next section. The differeige =
Teollision — Tclock @ccounts for variations of the phase of the LHC clock reackatethe LHCb exper-
iment control and is kept below 0.5 ns.

The TR-relation is the relation between the measured tinfe- and the closest distance
from the patrticle trajectory to the wire. The TR-relationcaibrated on data by fitting the dis-
tribution of drift-time as a function of the reconstructestdnce of closest approach between
the track and the wire, as shown in figué). At the first iteration the TR-relation obtained
from beam tests was used. The line shows the currently userkl@Ron [L9], which has the
following parameterization:

r r?
tarite (r) = 20.5ns: % +14.85ns R’ (4.3)

wherer is the closest distance between the track and the wirdraa@.45 mm is the inner radius
of the straw. This TR-relation is compatible with the oneaifitd from the beam test of 20059,
t(r) =201ns % +14.4ns. %. The maximum drift-time extracted from the parameteraaif
the TR-relation is 35ns. Due to the average drift-time ngsmh of 3 ns, and due to the variation
in time-of-flight of the traversing particles, the driftte distribution broadens, as illustrated in
figure 8(b). The measured drift-time spectrum aftgcalibration is shown in figur&(c), and the
start of the drift-time spectrum is thus set to 0 ns by cowrsitvn. During operation, the start of
the 75ns wide readout gate was set to approximatéys, to ensure that also the earliest hits
are recorded. The varying number of entries in the subseédimea bins is a characteristic of the
OTIS TDC chip known as the differential non-linearity (cady variations of the digital delay
bin sizes) and does not significantly affect the drift-tireeaiution [L6].
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Figure 8. The (a) TR-relation distribution follows the shape of am®t order polynomial distribution,
which leads to a (b) falling drift-time spectrum (black), ief, smeared with the time resolution (blue),
leads to the shape of the (c) measured drift-time distidouti

4.2 tg stability

Thetrg values need to be stable to a level better than the time temuluThere are two factors
that contribute to the stability df, usually referred to as thig constants: one is the drift of the
global LHCDb clock and the second is the drift of FE electraetays. The first can be extracted
from the average over the whole OT of the drift-time residdiatribution calculated for every
run separately. The second can be estimated from the differefty values for two different
calibrations, for each FE-box.

Figure9 shows the variation of the LHCb clock as a function of the rumber, for the data
taking period between May and July 2011. The global LHCblcligcadjusted if it changes by
more than 0.5 ns. As a result, the average value of the drifi-tesidual stays within the range
of +0.5ns.
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Figure 10. Distribution of differences betwedg constants per FE box, for two different calibrations. The
mean shift originates from a change of the ovelalik time, whereas the spread shows the stability of the
delaytrg induced by the FE electronics.

Figure 10 shows the difference of thiy values per FE-box, for two different calibrations
performed on runs 89350 and 91933, respectively. Thesecamaspond to the beginning of two
data taking periods in May and July 2011. For most FE boxespinead of thdg constants is
smaller than 0.1 ns. The overall shift of 0.4 ns is due to thengk of the global LHCb clock.
The variation oftg is well below the time resolution of 3 ns and does thereforecontribute
significantly to the detector resolution.
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4.3 Geometrical survey

The correct spatial positioning of the OT modules is ensunethree steps. First, the design
and construction of the OT detector guarantees a mechastihility of 100 (500um in the
X(2) direction. Secondly, an optical survey determined thetiposof all modules after installa-
tion. Finally, the use of reconstructed tracks allows to snea the position of the detector to the
highest accuracy.

By construction the anode wire is centered withints0 with respect to the straw tube. The
detector modules are fixed with dowel-pins to the C-framdhatop and the bottom, with toler-
ances below 50m. The modules are not fixed at the center, making largerti@m@possible (see
section4.5). Finally, the C-frames are mounted on rails, which fixesztkeordinate at the top and
at the bottom.

First, the survey confirmed that the rails were straight wwithe few millimeters tolerance.
Then, after installation, the position of the four cornefghe C-frames were adjusted until all
measured points on the dowel-pins at the top and bottom ahtigules, and on the surface at the
center of the modules, were withiil mm of their nominal position. The final survey coordinates
provided the corrections to the nominal coordinates of tHea@es and module{]. The C-
frames can be opened for maintenance, and the reprodtycitilthe C-frame positioning in the
x-coordinate was checked to be better than the#@@Qorecision of the optical survey. The shape
of the modules in th&-coordinate is finally determined using reconstructeckasee sectiod.5.

4.4 Optical alignment with the Rasnik system

The stability of the C-frame relative position during daskihg is monitored by means of the
Rasnik systemZ1, 22]. The Rasnik system consists of a CCD camera that detectsadede
pattern. The pattern, or “mask”, is mounted on the C-frantkeamovement is detected by the CCD
camera as a change of the pattern position. All four cornfeieedl2 C-frames are equipped with a
Rasnik system. Together with two additional Rasnik linestmitor movements of the suspension
structure, this leads to a total of 50 Rasnik lines. Due tohlarital conflicts in the installation,
only about 2/3 of the lines are used. The intrinsic resotutibthe system perpendicular (parallel)
to the beam axis is better than 10 (1p®). The Rasnik measurements showed that the position
of the C-frames is unchanged after opening and closing mwittiO um, and unchanged within
+20um for data taking periods with opposite polarity of the LHGpale magnet.

4.5 Software alignment

To achieve optimal track parameter resolution the posaiodh orientation of the OT modules must
be known with an uncertainty that is negligible comparectodingle hit resolution.

The OT C-frames hang on rails and can be moved outside the ladCdptance to allow for
maintenance work during technical stops of the LHC. Sincesunvey is performed after such
operations, the reproducibility of the nominal positioringortant. Using track based alignment
the reproducibility has been established to be better th@muin, consistent with the measurements
done with the Rasnik system.

The most precise alignment information is obtained with #wsre algorithm that uses
charged particle trajectorie®3]. For each module and C-frame the alignment is paramettiged
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Figure 11. (a) Displacement of modules relative to the survey and itoelsiduals in the first X-layer of
station T2 before (dashed line) and after (continuous lixfiéipe module alignment.

three translations and three rotations. The algorithnctel@gh quality tracks and subsequently
minimizes the totaj? of those tracks with respect to the alignment parameterdy ®subset of
parameters needs to be calibrated to obtain sufficientgioeci For the alignment of modules in-
side each C-frame only the translationxiand the rotation in thgy plane are determined. For the
C-frames themselves only the translationg andz are calibrated. To constrain redundant degrees
of freedom the survey measurements are used as constrathesalignment procedure.

Figurellillustrates the result of an alignment of module positidhs: this alignment, tracks
were fitted using only the OT hits. At least 18 hits per trackeveequired. To remove poorly
constrained degrees of freedom, modules in theXiestd stereoy) layers of stations T1 and T3
were all fixed to their nominal position. Figuld(a) shows the difference between thposition
of the module center relative to the survey. Statisticalettainties in alignment parameters are
negligible and the alignment is reproducible in data, taleder similar conditions, within about
20 um. Figurell(b) shows the hit residuals in one layer before and aftemalgnt. A clear
improvement is observed.

The module displacements in figuté& are larger than expected, based on the expected accu-
racy of the dowel pins that keep the modules in place. It israssl that the disagreement can at
least partially be explained by degrees of freedom that ate/et corrected for, such as module
deformations and the positioning of straws within each nimd&igure12 shows an example of
the average hit residual as a function of the coordinategaibe wire for one module. A relative
displacement of the two monolayers is observed, as wellrapglat the wire locators, which are
placed at every 80 cm along the wire length. The effect on tia fiit resolution is discussed in
section5.4.

5 Performance

The performance of the OT detector was stable in the enti#tarinning period of the LHC between
2010 and 2012, as was shown in the previous sections. Ndisatifailures in the LV, HV and
gas systems occurred. The details of the data quality insteriwesolution and efficiency are
described below.
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Figure 12. Average hit residual as function gtoordinate in one particular module (labelled T3L3Q1M7).
The four curves show residuals for the four groups of 32 chnmithin one FE-module. The round markers
correspond to one monolayer of 64 straws, whereas the squemieers show the residuals of the second
monolayer. The vertical dashed lines indicate the positibtihe wire locators, at every 80 cm along the
wire [19].

5.1 Spillover and drift-time spectrum

In order to register all charged particle hits produced m ilp interaction, three consecutive in-
tervals of 25ns are readout upon a positive LO-trigger. @iméyfirst hit in the readout window is
recorded, as the first hit typically corresponds to the iatiin cluster closest to the wire, and it is
thus the best estimate for the radial distance to the wire.

In the following, data are studied that are recorded in 7508s and 25 ns bunch-spacing data
taking periods of the LHC. These varying conditions showefiect of so-called spillover hits on
the drift-time spectrum and straw occupancies. Distrdngiobtained in the 75ns bunch-crossing
period are close to those observed with only one single baragsing in LHCDb, and therefore they
will be considered free of spillover.

The drift-time spectrum and the occupancies presenteddoerespond to events with an av-
erage number of visibl@p interactions per bunch crossing of about 1.4, in accordavitethe
typical run conditions in 2011 and 2012. The events areérigg by any physics trigger, implying
that most events contal or D-decays. The drift-time distributions for the 75ns, 50nd aBns
bunch-spacing conditions are shown in figli

The typical drift-time spectrum from the (spillover-fregistribution from the 75 ns running
can be understood by inspecting fig@ @ section4.1 The projection of the TR-relation results
in a linearly decreasing drift-time spectrum, assuming &distribution of the distance between
the tracks and the wires. In addition, the number of earliex ib slightly enhanced in the drift-
time distribution, since late hits are hidden by earlies loibh the same straw, as only the first hit is
recorded. The recording of the first hit only, induces a “@ilgilead-time” starting from the first hit
until the end of the readout window at 192 TDC counts, or 75%second source of dead-time
originates from the recovery time required by the amplifiéris “analog dead-time” lasts between
8 ns and 20 ns, depending on the signal pulse height, andasiyubidden by the digital dead-time.

The black line in figurel3(a) correspond to the data recorded in the 50ns bunch-gpacin
period. The contribution from hits from the next bunch-sing, 50 ns later, is visible between
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Figure 13. (@) Drift-time distribution in module 8, close to the bedor, 75ns50ns25ns bunch-crossing
spacing in red, black and blue, respectively. The verticeld at 64 and 128 TDC counts correspond to
25 and 50ns, respectively. The distributions corresporalltoits in 3000 events for each bunch-crossing
spacing, recorded with an average number of overlappingteved 1 = 1.2,1.4 and 1.2, for 75n%0ns
and 25ns conditions, respectively. (b) The drift-time rilisttion for empty events illustrates the contribu-
tion from spillover hits from “busy” previous bunch-crasgs (red). The naive expectation of the spillover
distribution is shown in black, and is obtained by shiftihg hominal drift-time spectrum by50ns.

128 and 192 TDC counts. The relative contribution of thesehiés from the next bunch crossing
is determined by the average occupancy in the next bunckiogysand thus depends on the run
conditions. In principle it also depends on the occupanctheftriggered event, and thus on the
trigger configuration, but in practice that is quite stablde shape of the drift-time distribution
of the late spillover hits corresponds to the nominal, epdl-free {.e. 75 ns) drift-time spectrum,
with a shift of +50ns.

The drift-time shape of the spillover hits from the previou50ns bunch-crossing is more
complex. It contains the late hits of the drift-time distrdilon from the previous bunch-crossing.
Naively, the drift-time spectrum of these early hits can lmlelled by a shift of the spillover-free
distribution by—50ns, as illustrated by the black line in figur&b). However, a traversing track
can give rise to multiple hits, which are usually not detéage to the digital “dead-time”. These
multiple-hits, or “double pulses” from the previous bunmiessing now become visible, when they
fall inside the readout window of the triggered bunch-cirugs

In 30 to 40% of all hits, the first arriving ionization clustgroduces a second hit that arrives
about 30ns later. Several effects, such as multiple iopizst reflections 24] or photon feed-
back R5], can produce such a double pulse. The time-spectrum ofiédefrom the previous
bunch-crossing, observed in the triggered bunch cros@rajearly isolated by studying “empty”
bunch-crossings with “busy” previous bunch-crossingse €mpty and busy bunch-crossings are
selected using the total activity in the calorimeter in thesequent bunch-crossings. The resulting
drift-time spectrum of late hits from busy previous bunchssings in empty triggered events is
shown as the red line in figude(b). The large number of double-pulses around 40 TDC coonts,
15 ns explains the enhancement of hits between 0 and 25ns BOths bunch-crossing drift-time
spectrum compared to the spillover-free drift-time speuotfrom the 75ns data, see figurg(a).
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Figure 14. Straw occupancy for 75r80ns25ns bunch-crossing spacing in red, black and blue, respec-
tively, for typical run conditions with on average 1.2, 1ddal.2 overlapping events per bunch crossing,
respectively. One module contains in total 256 straws, edethe width of one module is 340 mm. The
steps in occupancy at the center of the detector correspotie tlocation of the shorter S-modules, posi-
tioned further from the beam in thecoordinate. The data corresponding to 25ns bunch-crpsgiacing,
was recorded with opposite LHCb-dipole polarity, as coreddo the other two data sets shown here.

Finally, the drift-time spectrum corresponding to the 2Buasch spacing conditions (recorded
in Dec 2012) is also overlayed in figui&(a). An overall increase of the number of hits is seen for
a comparable number of overlapping events, compared tadtla@dé 75 ns running conditions.

5.2 Occupancy

The occupancy per straw is shown in figurgfor typical run conditions in 2011 and 2012, trig-
gered by any physics trigger. The occupancy is shown fortewsith 25, 50 and 75 ns bunch-
crossing conditions. In absence of spillovee.(the 75 ns case), the occupancy varies from about
15% in the innermost modules to about 3% in the outermost feeduFor the data taken with
50ns bunch-crossing spacing, about 30% of all hits origifram spillover,.e. from the previous
bunch crossing.

Monte Carlo simulations demonstrate that most of the hitiraate from secondary charged
particles, produced in interactions with material. Figliseshows the fraction of hits that originate
from a particle created at a givertoordinate. The hits from tracks that originate from theujea
pp interaction or a subsequent particle decay, are predothnimcated close to the interaction
region. They represent Z7Po (resp. 271% and 257%) of all hits seen in station T1 (resp. T2 and
T3). The remaining hits originate from charged particlesated in secondary interactions, mainly
in the support of the beam pipe situated in the magnet or imétectors located upstream of the
detector layer (Vertex Locator, Ring Imaging Detector,ckex Turicensis (TT), Inner Tracker (IT)
and OT).

5.3 Hit efficiency

A high single-hit efficiency is crucial, as it affects thedkang efficiency, and eventually the physics
performance of the LHCb experiment. The efficiency is defam&the number of observed hits in a
particular detector region over the number of expectedititise same region. The number of ex-
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Figure 15. Coordinate of the origin of charged particles that prodadet in the OT detector. (a) The
blue histogram peaks at= 0 and corresponds to hits from particles produced afpthéteraction point
and their daughters, while the hits from particles produoesecondary interactions (red) predominantly
originate fromz > 0. (b) The longitudinal and transverse position of the origficharged particles produced
in secondary interactions, showing the structure cornedipg to the material in the detector.

pected hits is estimated by considering charged partiatdsinpp collision data and extrapolating
the charged patrticle trajectory to the monolayer underystud

In order to determine the hit efficiency, good quality tratleve been selected, requiring a
Xx?/nd f (wherend f are the number of degrees of freedom) less than 2 and a mininonber
of 21 hits in the OT detector. This corresponds to accepthmua87% of all good tracks. For
each track, every OT monolayer has been considered, andhasibeen searched in the straw
closest to the charged particle trajectory. Since a trackdsnstructed by the same hits that are
subsequently used for the efficiency estimation, the largaber of required hits could bias the
efficiency determination. This has been corrected for byawstsidering the monolayer under
study, when counting the minimum number of hits per track.

The hit efficiency is studied as a function of the distancevbeh the predicted track posi-
tion and the center of the considered straw. The resultinglesihit-efficiency profile is shown in
figure 16(a), summed for all straws in the long modules closest to garbpipe (module 7).

The shape of the efficiency profile can be understood by cerisigl two effects. Near the
straw tube edge, the path length of ionizing particles st gas volume is limited, resulting in
a sizeable probability for not ionizing the gas. This can ésctibed with a Poissonian distribution
for the single-hit probability. Secondly, the finite tradsolution smears the distribution at the
edge of the straw tube, lowering the efficiency inside andeiasing the efficiency outside of the
straw. The finite probability to detect a hit outside strabetwriginates from random hits unrelated
to the track under study, and is proportional to the averagapancy in that part of the detector.

The straw tube profile can thus be fitted with the followingelshape, which describes the
efficiency as a function of the distancérom the center of the straw,

p(r) = 1— (1—&(r) ® Gaus$r|0,0)) - (1— w), (5.1)
with e(r) = so<1—eisz)7
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Figure 16. (a) Efficiency profile as a function of the distance betwéengredicted track position and the
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represent the straw tube edgdrat= 2.45mm. (b) Histogram of the average efficiencies per half nedu
(128 channels), at the center of the strav< 1.25mm, for runs 96753, 96763 and 96768 on 22 July 2011.

Table 2. Average single-hit efficiencieg;; near the center of the straws|, < 1.25 mm, for different module
positions of the OT detector.

Module position  Efficiency (%)
98085+ 0.011
99130+ 0.005
99279+ 0.003
99277+ 0.003
99282+ 0.002
99342+ 0.002
99286+ 0.002
99200+ 0.002
99351+ 0.003

© 00 ~NO Ol WN P

whereR = 2.45 mm is the inner radius of the straw,is the average occupanay,is the effective
ionization length of a charged particle in the gas volume, @iis the track resolution.

The deviation from the perfect efficiency is quantified in @gl) by &. However, in the fol-
lowing, an operationally straightforward definition of teiagle-hit efficiency is used. The single-
hit efficiency per straw is defined as the average hit effigiesqg in the limited range close to the
wire, |[r] < 1.25mm. The inefficient regions between two straws lead to tagimum efficiency
of 93%, integrated over the monolayer, and is calculatedaking the ratio of the straw diame-
ter of 4.9 mm over the pitch, 5.25mm. The inefficient regiores @vered by the neighbouring
monolayer in the same module, which is staggered by halbavgitch.

A fit to the straw efficiency profile, using edb.Q), separately for the profiles of the nine
module positions, yields the following average paramet@rs= 0.79+ 0.09 mm, (&) = 0.993+
0.003, (o) = 0.26+0.06 mm, (w) = 0.07+ 0.02, where the quoted uncertainty is the standard
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deviation from the values obtained for the nine differentduie positions. Note that these param-
eters are averaged over the different module positionsesponding to different conditions. For
example, the measured occupanayaries from 47% to 97% depending on the distance of the
module to the beam. Fits to the single-hit efficiency profgasw that the efficiency is close to
maximal,i.e. the value forgg is consistent with unity.

For each half-module, corresponding to one FE box, the geesangle-hit efficiency,i; has
been calculated and the result is shown in figleéb). The efficiency distribution peaks around
99.5%, consistent with the measurements from beam t&8jtsThe average of the distribution is
about 99.2%. This value is consistent with the fit to the stialve profile, shown in figur&6(a).
The large hit efficiency is a prerequisite for large efficigt@ reconstruct charged particle’s tracks
in LHCb. The average tracking efficiency is approximately®i the region covered by the LHCb
detector R6].

The modules that are located at the edge of the geometriceptance of LHCD, in particular
the outermost modules in the first station, detect a relgtsmall number of tracks. All eight FE
boxes in figurel6(b) with a value of the efficiency exactly equal to 1, and 11 @futhe 14 FE
boxes withepiy < 96%, are attached to modules located most distant from thmpipe (module
1), and suffer from few tracks in the efficiency determinatidhe remaining three FE boxes with
&nit < 96% suffer from hardware problems, representifig3 = 0.7% of all FE boxes.

In order to calculate the average efficiency for each modositipn, modules with few tracks,
ie. with an efficiency lower than 96%, or with an efficiency agto unity, have been discarded.
The average efficiency thus obtained for each module postgilisted in table2 where the reported
uncertainties are statistical.

As shown above, the decrease of the hit efficiency close swsédge is partially due to
the fact that the charged particle traverses a short distimough the straw volume. Hence, the
probability to not form an ionization cluster increases doug the straw edge. Alternatively, the
effective ionization length\ can be probed by selecting only those tracks that pks®to the
wire. In contrast to the first method exploiting €51, here the determination of the ionization
length isnot affected by absorption of drifting electrons. The largerinization length, the more
hits will exhibit alarge drift-time, as the ionization does not necessarily occaselto the wire.
The effective ionization length extracted from particles traversing the straw witfrin< 0.1 mm
amounts to about 0.7 mm9, 27], consistent with 79+ 0.09 mm, as obtained above.

5.4 Hitresolution

The single hit resolution is determined using good quatiigks, selected by requiring a momen-
tum larger than 10 GeV, at least 16 OT hits and a traclkfjtnd f < 2 (excluding the hit under
study, and excluding any hit in the neighbouring monolayethie same module). For a given
track, the drift-time and the hit position in a straw are jctt, and compared with the measured
drift-time and position, respectively. The resulting diaition of the drift-time residuals and hit
position residuals are shown in figut&.

The drift-time residual distribution has a width of 3 ns whis dominated by the ionization
and drift properties in the counting gas. The granularityhef step size of the TDC of 0.4 ns has
a negligible impact on the drift-time resolution. The hitstine left tail of the drift-time residual
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before and (blue) after allowing for a different horizond&placement per half monolayer, corresponding
to 64 straws19].

distribution are early hits, that do not originate from theck under study, but instead are a com-
bination of noise hits, hits from different tracks in the sabunch crossing, and hits from tracks
from previous bunch crossings (spill-over hits).

The hit distance residual distribution has a width of abdifi 2m, which is close to the de-
sign value of 20Qum. An improvement of the hit position resolution is forese@men the two
monolayers within one detector module are allowed to bdivels displaced to each other in the
global LHCb alignment procedure. By allowing a differeneeage horizontal displacement per
half monolayer, containing 64 straws, a single hit resotutf approximately 18fxm is in reach,
see figurel8. Also allowing for a rotation of each half monolayer, impesvthe single hit reso-
lution further to 160um. These values refer to a Gaussian width of the resolutietgrchined
from a fit to the residual distribution, within two standarelviations of the mean. This is in good
agreement with the hit resolution below 20, as obtained in beam tests.
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Figure 19. The evolution of number of dead and noisy channels as fomati run number in the 2011 and
2012 running periods. The definition of dead and noisy chigrisgjiven in the text. The three periods with
larger number of dead channels, correspond to periods vgtbtdem affecting one entire front-end box.

5.5 Monitoring of faulty channels

Noisy or dead channels due to malfunctioning front-endtedeccs are timely identified through
the analysis of the calibration runs as described in se@&iowith the full offline data set avail-
able, the performance of individual channels is also moseitdy comparing the occupancy to the
expected value. First, the performance of entire groupafiznnels is verified. Then, within a
group of 32 channels, the occupancy is compared to the tresheaean, after correcting for the
dependence of the occupancy on the distance to the beame dictupancy is above (below) 6
standard deviations from the truncated mean, the chandekiared “noisy” (“dead”). For a typ-
ical run recorded at the end of 2012 (run 133785), when atitfemd modules were functioning
properly, the OT contained 52 dead channels and 8 noisy elarevenly distributed over the de-
tector. The evolution of the number of bad channels througti® 2011 and 2012 running periods
is shown in figure19.%

5.6 Radiation tolerance

It was discovered that, in contrast to the excellent resafitsxtensive ageing tests in the R&D
phase, final production modules suffered from gain losg aftederate irradiation (i.e. moderate
collected charge per unit time) in laboratory conditiontie Drigin of the gain loss was traced to
the formation of an insulating layer on the anode wik#][ that contains carbon and is caused by
outgassing inside the gas volume of the plastifier contaiméige glue P8]. Remarkably, the gain
loss was only observed upstream of the source position eshect to the gas flow.

A negative correlation was observed between the ageingnatéhe production of ozoné]],
which suggests that the gain loss is prevented under andsti@am of the source due to the

6The three periods with larger number of dead channels quresto a broken laser diode (VCSEL) between
September and December 2011 at location T1L3QOM2, a bralsmifi May 2012 at location T3L3Q0OMS8, and desyn-
chronization problems between July and September 2012aidém T2L2QO0M9. Note that the front-end box at location
M9 on the C-side reads out only 64 straws.
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Figure 20. Hit efficiency as a function of amplifier threshold in (a) Awgg 2010 and (b) December 2012
for the inner region, defined as60cm inx and+60cm iny from the central beam pipe, summed over all
OT layers. Note that the threshold value of 1350 mV, whereeffieiency is 50%, is much higher than the
operational threshold of 800 mV, and is equivalent to midttpnes the corresponding average hit charge.

formation of ozone in the avalanche region. As a consequitiveas decided to add 1.5%,Q0
the original gas mixture of Ar/Cg to mitigate possible gain loss. In addition, a beneficifdaf
from large induced currents was observed, which removethfutating layers from irradiation in
the laboratory. These large currents can either be invoieédrge values of the high voltage in the
discharge regime (dark currents), or by irradiating thecter with a radioactive sourc2gj.

No signs of gain loss have been observed in the 2010 to 20R2taking period of LHCb,
corresponding to a total delivered luminosity of 3.5¥b Most of the luminosity was recorded in
2011 and 2012, corresponding to abouf 4@f running at an average instantaneous luminosity of
3.5x 10°2cm~2s71, and the region closest to the beam accumulated an intdgiese equivalent
to a collected charge of 0.12 C/cm. Possible changes in timeaga studied by increasing the
amplifier threshold value during LHC operation, and compgthe value where the hit efficiency
drops, see figur@0. This value of the amplifier threshold can be converted tahérge, which
provides information on the change of the detector gains fitéthod to measure the gain variations
is outlined in detail in ref.29].

6 Conclusions

The Outer Tracker has been operating in the 2010, 2011 an2l 2Ghing periods of the LHC
without significant hardware failures. The low voltage, thigpltage and gas systems showed a
reliable and stable performance. Typically 250 channetsoba total of 53,760 channels were
malfunctioning, resulting in 99.5% working channels. Thisging channels were mainly caused
by problems in the readout electronics, whereas only a bidistiinnels could not stand the high
voltage on the detector.

The occupancy of the Outer Tracker detector of typically M6 larger than anticipated, due
to twice larger instantaneous luminosity at LHCh with ha#f humber of bunches in the LHC, com-
pared to the design specifications. Despite these chatigraginditions, the Outer Tracker showed
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an excellent performance with a single-hit efficiency of @t@9.2% near the center of the straw,
and a single hit resolution of about 20én. No signs of irradiation damage have been observed.
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