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CHAPTER

THREE

Operation and Performance of the Outer Tracker

The performance of the Outer Tracker (OT) detector is presented in detail in this chapter.
First, the working principle of an OT straw drift cell is reviewed. Subsequently, the design
and the geometry of the modules are described, as well as the components of the front-end
electronics. Finally, the operational performance of the OT during the 2009, 2010 and 2011
running periods is described.

3.1 Working Principle of the Outer Tracker
The OT is a gaseous straw-tube detector. The cells consist of a cathode straw and an anode
wire in the center. The drift cell is filled with a counting gas, and a high voltage (HV)
of 1550V is applied to the anode wire to create a large electric field between anode and
cathode.

When a minimum-ionizing particle traverses the cell and the gas therein, the gas is
ionized if the energy transfer from the particle to a gas molecule is higher than the ionization
potential of the gas. The so-called primary electrons that are produced in this process can be
emitted with an energy larger than the ionization potential, liberating additional, secondary,
electrons. The primary and secondary electrons form a so-called ionization cluster which
drifts to the anode wire under the influence of the electric field.

The number of ionization clusters created depends strongly on the gas mixture. The
OT was designed to operate using a gas mixture of 70% Ar and 30% CO2. However, to
prevent ageing effects [30], in January 2010 the gas mixture was changed by adding an
oxygen component. The current gas mixture is Ar/CO2/O2 (70%/28.5%/1.5%), in which
under standard conditions (0◦ C, 101.325 kPa) a minimum ionizing particle produces about
31 clusters per centimeter. The ionization clusters of a minimum ionizing particle (MIP)
consist of 3 electron-ion pairs on average [31].

The heavier ions drift slowly to the cathode, while the electrons drift to the anode. The
kinetic energy of the electrons increases due to the increase of the electric field E towards
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52 3.2 Design of the OT Modules

the anode wire:
E(r) = U

r ln R
ra

, (3.1)

where U is the potential difference between the anode and cathode, r is the position in
the cell, R is the straw radius and ra is the diameter of the anode wire. At a certain
radius to the wire the kinetic energy of the drifting electrons reaches the ionization energy
of the gas, producing new electron-ion pairs through collisions with gas molecules. The
liberated electrons in turn can generate new pairs. This process results in an avalanche of
electrons drifting to the anode wire. The region where this avalanche occurs is called the
gas amplification region. The gas gain is defined as the ratio of the electric charge deposited
on the anode wire and the primary liberated charge. At the nominal HV value of 1550V, the
gas gain is in the order of 5× 104. The large number of electrons reaching the anode wire
and the slow drift of the ions in the opposite direction induce a measurable electric pulse. A
schematic picture of the cross section of an OT cell is shown in Fig. 3.1.

Figure 3.1: Schematic picture of an OT drift cell. L is the path length of the particle
through the straw, R is the straw diameter and r is the distance of closest approach of the
track to the anode wire. The ionization clusters consist of primary and secondary electrons
liberated in the gas. These clusters drift to the anode wire and create an avalanche in the
gas amplification region.

In order to reconstruct charged particle tracks, the distance of closest approach to the
anode wire is determined by measuring the drift time. Therefore, drift time resolution is
directly related to the spatial resolution.

3.2 Design of the OT Modules
The layout of the OT and the location of different module types were shown in Fig. 2.10.
A cross section of an OT module is shown in Fig. 3.2 (a). An F-module consists of two
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Chapter 3. Operation and Performance of the Outer Tracker 53

monolayers of 64 straw tubes. To limit the hit occupancy, the channels are electrically
disconnected around y = 0 (the two monolayers are staggered in y to prevent insensitive
detector areas). The lower 128 channels are read out at the bottom and the upper 128
channels at the top of the module. One monolayer of straws is glued on a Rohacell 1 panel,
and two of these panels are joined with sidewalls to form a stand-alone gas-tight detector
module. The module panels and sidewalls are covered with 25µm Kapton and laminated
with 12.5µm aluminum, to ensure gas tightness and to provide a closed Faraday cage. The
anode wire is made of 25µm gold plated tungsten. The cathode consists of an inner foil of
40µm electrically conducting carbon-doped Kapton-XC and an outer foil of 25µm Kapton
XC, laminated with 12.5µm aluminum. A schematic picture of the straw winding is shown
in Fig. 3.2 (b).
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Figure 3.2: (a) OT module cross section, dimensions in mm. (b) Straw winding of the drift
straw tubes, dimensions in mm. The straws are wound using two foils, Kapton-XC and a
laminate of Kapton and aluminum.

The S1-modules and S2-modules, as described in Sec. 2.4.4, contain 128 channels and
are half the length of the F-modules. Finally, the S3-modules contain 64 channels (32 per
monolayer) and are half the width of the other module types. Table 3.1 gives a summary of
the different types of OT modules. The OT has 53760 readout channels in total.

module type dimensions (mm3) number of channels quantity
F 4900× 340× 31 256 168
S1 2375× 340× 31 128 48
S2 2275× 340× 31 128 24
S3 2275× 170× 31 64 24

Table 3.1: Geometry and channel count of the OT modules.

1Rohacell R© is a lightweight structural foam, produced by Evonik industries.
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54 3.3 Front-End Electronics

3.3 Front-End Electronics
The distance of closest approach to the anode wire is determined by detecting the pulse
induced by the first cluster at the anode wire. The time of arrival of this pulse with respect
to the LHC bunch-crossing clock is determined by the front-end (FE) electronics.

The FE electronics read out the hit signals from the straw tubes, determine their timing
with respect to the LHC bunch clock and, if a positive L0 decision is received, ship them to
the off-detector readout electronics. These functionalities are implemented in various service
boards that are all housed in so-called FE boxes. One FE box contains 4 HV boards, 8
ASDBLR pre-amplifier boards, 4 OTIS TDC boards and 1 GOL/AUX board.

FE box

Front-end boxes are mounted on the top and/or bottom of the modules and are covered by
an aluminum chassis which serves as shielding and grounding for the straws. An FE box
services 128 straw tubes, with the exception of FE boxes for S3-modules, which serve 64
channels. A photograph of the inside of an FE box and all its electronic components is
shown in Fig. 3.3.

-

-

-

GOL/AUX

OTIS

ASDBLR

Figure 3.3: Picture of an Outer Tracker FE box without aluminum cover showing the
electronics components. From top to bottom: GOL/AUX board, two OTIS boards and
4 ASDBLR boards. Two more OTIS and four more ASDBLR boards are located on the
backside of the FE box. The 4 HV boards are not visible, since they are installed on the
inside of the aluminum chassis beneath the ASDBLR boards.
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Chapter 3. Operation and Performance of the Outer Tracker 55

HV Board

The HV board serves to supply positive high voltage to the anode wires. Another function of
the HV board is to decouple the HV supply from the pre-amplifier chip (ASDBLR, discussed in
the next section), through 330 pF insulation capacitors. A schematic picture of the electronic
straw tube connections is shown in Fig. 3.4.

Figure 3.4: Schematic picture of the electronic straw tube connections. High voltage is
supplied to the anode wires and the cathode straw tubes are grounded. The pre-amplifier
ASDBLR chip is separated from the HV by insulation capacitors of 330 pF.

Amplifier and Discriminator: ASDBLR chip

The Amplifier-Shaper-Discriminator with BaseLine Restoration (ASDBLR) board contains
two ASDBLR chips that amplify and shape the signals from the anode wires to eliminate
their slow ion tails. Subsequently these signals are discriminated against a threshold value.
The shaping time of the ASDBLR chip is fast: its peaking time is roughly 7 ns [32], which,
compared to the maximal drift time of 35 ns (see Sec. 3.4.2), has potential performance
consequences such as double pulses, as explained in Sec. 3.4.4.

Time-to-Digital Converter: OTIS chip

The hit signals from two ASDBLR boards are sent to one OTIS (Outer Tracker Time Infor-
mation System, [33]) time-to-digital (TDC) chip which operates synchronously to the LHC
bunch crossing clock to digitize the ’time-over-threshold’ of the hit with respect to the bunch
crossing (collision) time. The time is encoded in 6 bits, resulting in a granularity of about
0.4 ns.

In addition, the OTIS chip provides the threshold voltages for the ASDBLR chips. These
are the electronic amplifier thresholds that are varied when performing a so-called OT thresh-
old layer scan to monitor possible gain loss, as explained in Chap. 4,

Finally, the OTIS chip provides intermediate data storage in its 4µs pipeline buffer. On
a positive L0 decision, the chip transfers the corresponding event data to the GOL serializer
chip on the GOL/AUX board.
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56 3.4 Drift Time, Dead Time and Spillover

Gigabit Optical Link: GOL/AUX board

Each FE box contains one GOL/AUX board. It contains a Gigabit Optical Link (GOL) chip
which receives the output of four OTIS chips. Optical fibers transport the data to the off-
detector counting house at an output rate of 1.3 Gbit/s. The GOL/AUX board also provides
the bias voltage to the OTIS and ASDBLR chips through radiation-hard voltage regulators
and distributes the slow and fast control signals.

3.4 Drift Time, Dead Time and Spillover

3.4.1 Drift Time

The front-end electronics measure the timing of hits with respect to the LHC bunch crossing
clock. The raw detection time tTDC is the sum of various contributions:

tTDC = ttof + tdrift + tprop + t0 , (3.2)

where ttof is the time-of-flight of the particle from the collision point to the drift cell, tdrift
is the drift time in the cell, which is used in the track reconstruction, tprop is the signal
propagation time through the anode wire and t0 is an offset, specific to each FE box.

3.4.2 Readout Window

The maximum drift time in a cell is about 35 ns. Adding the maximum propagation time
of 10 ns, the spread in time-of-flight and the t0 fluctuations between individual FE boxes,
the maximal detection time exceeds 50 ns. Given that the LHC provides colliding bunches
every 25 ns, the readout window of the OT is taken to be three bunch crossings wide to
accommodate the latest arriving signals.

The readout window, or gate, starts at different times tgate for the three OT stations to
correct for average time-of-flight differences. By doing so, the rising edge in the raw drift
spectrum, or TDC spectrum, will occur around the same TDC value for all stations. This
leads to the following expression for the detection time inside the active gate:

tTDC,T = ttof + tdrift + tprop + t0 − tgate,T , (3.3)

where T stands for station number and tgate,T1 = 20.8 ns, tgate,T2 = 22.8 ns, tgate,T3 =
24.8 ns.

In 2010 and the beginning of 2011 LHC delivered colliding bunches every 75 ns. Typical
TDC spectra for this bunch configuration are shown in Fig. 3.5, where one TDC unit equals
0.4 ns. For this particular run, tgate was set equal for the three OT stations, which appears
as a shift in the TDC spectra due to time-of-flight differences between T1, T2 and T3. The
small peak in bin 0, 63 and 127 of the TDC spectra is always observed, due to a characteristic
of the OTIS chip [34].
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Figure 3.5: TDC spectrum for station T1 (a), T2 (b) and T3 (c), for run 87880, recorded
on March 22 2011, with 75 ns bunch spacing. 1 TDC unit corresponds to 0.4 ns. Due to
equal tgate for the three stations in this run, the TDC spectra are shifted for T2 and T3 with
respect to T1 due to time-of-flight differences.

3.4.3 Dead Time

After the detection of a hit, for a certain amount of time (called the dead time), no second
hit can be detected. Firstly, the shaping of analog signals in the ASDBLR chips leads to a
typical analog dead time of roughly 7 ns (as mentioned already in Sec. 3.3). Secondly, an
effective dead time is introduced by the OTIS chip readout. In the single-hit readout mode,
only the first hit in the readout window is recorded, which leads to an effective dead-time
as high as 75 ns for early hits. In multiple-hit mode, one hit per 25 ns can be recorded.
Single-hit mode is the default readout mode of the OTIS chips in the OT.

3.4.4 Double Pulse

Due to the operation of the OTIS chips in single hit mode, only the first hit in the readout
window is recorded. In reality, one traversing particle can give rise to more than one electric
pulse. These so-called double pulses can be induced by reflections of the signal in the anode
wire [35] or by arrival of late ionization clusters (i.e. later than the analogue dead time of
the amplifier chip) of the same traversing particle [32, 36]. Finally, another source of double
pulses is so-called photon feedback [37]. This effect is induced by photons that are created
in the avalanche region. When these photons hit the cathode, they release electrons that in
turn will start drifting to the anode wire.

The combined effect of the short analog ASDBLR dead time and the single-hit mode
OTIS readout, causes double pulses from the previous readout window to contribute to the
TDC spectrum of the current readout window. This explains why the shoulder at the left
side of the TDC spectra in Fig. 3.5 is higher than the tail on the far right side. In the MC
simulation, the double pulse probability is assumed to be 30%, while recent studies on data
reveal that this number might be as high as 40% [38].
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58 3.5 rt-Relation and Outer Tracker Resolution

3.4.5 Spillover
The LHC is designed to collide bunches every 25 ns. Since the readout window of the OT
is three bunch crossings wide to accommodate late signals, events from the previous and
subsequent bunch crossings will contribute to the TDC spectra of the bunch crossing under
consideration. These so-called spillover hits will appear in the TDC spectrum in the case of
hits corresponding to long drift times in the previous bunch crossing or short drift times in
the subsequent bunch crossing.

In 2011, the 75 ns LHC bunch spacing was reduced to 50 ns. The corresponding TDC
spectrum is shown in Fig. 3.6 (a). At the time of this run, the tgate values for the three OT
stations were corrected for time-of-flight differences. The hits with tTDC >∼ 128, or 50 ns,
mainly originate from a collision in the next bunch crossing.

Finally, at the end of 2011 a test run was performed with 25 ns bunch spacing. The TDC
spectrum is shown in Fig. 3.6 (b). Three major contributions can be distinguished: one from
the current bunch crossing (1<TDC<64), one from the next bunch crossing (65<TDC<128)
and finally the so-called next-to-next bunch crossing (129<TDC<192).

Note that the contributions of the different spills are not equal. This is due to the
fact that the current bunch crossing caused a positive L0 trigger decision, leading to more
contributing hits to the drift time spectrum, compared to the spillover bunch crossings.
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Figure 3.6: (a) TDC spectrum for run 96759, recorded on July 22 2011, with 50 ns bunch
spacing. 1 TDC unit corresponds to 0.4 ns. Notice the contribution from the next bunch
crossing in the tail of the spectrum. This TDC spectrum is integrated over the entire OT.
(b) TDC spectrum for run 103053, recorded on October 7 2011, with 25 ns bunch spacing.
Notice the contributions from the next bunch crossing and the next-to-next bunch crossing.

3.5 rt-Relation and Outer Tracker Resolution
The unbiased distance of closest approach (DOCA) of a traversing particle is the predicted
track distance to the wire, where the hit under consideration is not used in the track recon-
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Chapter 3. Operation and Performance of the Outer Tracker 59

struction. The drift time tdrift is calculated from the measured TDC time tTDC according
to Eq. 3.3 as tdrift = tTDC− ttof − tprop− t0 + tgate,T. The relation between drift time and
distance, called the rt-relation, is given by a fit of a quadratic function to the distribution
of measured drift time versus the unbiased DOCA.

A set of good-quality reference tracks is defined as long tracks (tracks that are recon-
structed in both the VELO and the tracking system), with momentum p > 10 GeV and
χ2/nDOF < 2. The rt-relation for a set of reference tracks is shown in Fig. 3.7 (a).

(a) (b)

Figure 3.7: (a) Unbiased drift time versus unbiased track distance of good quality tracks.
The rt-relation is fitted as a quadratic function. (b) Unbiased distance residuals for the
reference tracks as explained in the text. A Gaussian fit in the range [-0.4mm, 0.4mm]
yields a single hit resolution of 209µm. Data for both pictures is taken from LHCb run
89350.

The track reconstruction uses the rt-relation to minimize the unbiased residuals defined
as rDOCA−r(tdrift). Here, rDOCA is the DOCA of the track and r(tdrift) is the drift distance
as calculated from the rt-calibration curve using the measured drift time. A Gaussian fit to
the distribution of the unbiased residuals is shown in Fig. 3.7 (b) for the reference tracks.
The fitted width of 209µm is the OT single hit resolution, close to the OT design value of
200µm [39].

3.6 Occupancy and Track Distribution
3.6.1 Occupancy
The occupancy of a detector is defined as the number of observed hits divided by the total
number of channels in the detector. The occupancy fluctuates from event to event and
depends strongly on the average number of visible pp interactions per bunch crossing, µ.
When operating the experiment at higher values of µ, more particles will traverse the detector
per bunch crossing causing the occupancy to increase. The OT occupancy distribution for
events passing the HLT2 trigger (therefore B meson-enriched), recorded in a typical run in

3



60 3.7 Noise and Crosstalk

2011, with µ = 1.29, a 50 ns bunch spacing and L = 3.1 · 1032 cm−2s−1, is shown in Fig.
3.8.
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Figure 3.8: (a) Occupancy histogram for run 96759 recorded on July 22 2011, with 50 ns
bunch spacing and L = 3.1 · 1032 cm−2s−1. The average µ for this particular run is 1.29.
(b) Occupancy as a function of LHCb-coordinate x for the same run.

3.6.2 Track Distribution
To determine the track distribution in the transverse plane, a set of reference tracks is defined
as long tracks with χ2/nDOF < 2 and at least 15 hits in the OT. In addition, these tracks
are required to pass close to the wire: DOCA < 1.25 mm, to ensure that the OT hits are on
the hit efficiency plateau (see Sec. 3.8.1). The track distribution for these reference tracks is
shown in Fig. 3.9. One entry in this figure corresponds to the x and y position of one track,
extrapolated to the OT layer most distant from the interaction point. The bin size is 85mm
in x, corresponding to one quarter of an OT module and 56mm in y.

When normalizing the number of entries to the number of events, the track density is
calculated as roughly 1 · 10−3 tracks per cm per straw per event in the hottest area around
the beampipe 2.

3.7 Noise and Crosstalk
3.7.1 Noise
Noise in the readout electronics gives rise to random signals that increase the number of
unphysical reconstructed tracks (also called ghost tracks). Noise in the readout electronics is
estimated by recording hits in the absence of input charge. A channel is considered noisy if it
exceeds 10% occupancy at the nominal amplifier threshold of 800mV, which corresponds to
a noise rate of approximately 4MHz. About 0.5% of the OT channels were noisy in 2011.

2This number has been corrected with a factor 5.25mm/2.5mm, to compensate for the narrow DOCA
requirement of ± 1.25mm compared to the cell pitch of 5.25mm.
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Figure 3.9: (a) Track distribution in the OT layer that is most distant from the interaction
point for a set of reference tracks as defined in the text. Data is taken from run 96759,
recorded on July 22 2011, with a 50 ns bunch spacing and an average µ of 1.29. (b) Zoom
of the central region.

Studies revealed that these noisy channels always appeared in groups in similar channel
numbers within an FE box. The cause for these groups of noisy channels were traced to
improper grounding of the insertion pins that connect the FE boxes to the OT modules. All
the noisy FE boxes were repaired during the 2011-2012 winter shutdown.

3.7.2 Crosstalk
Two types of crosstalk are distinguished: crosstalk inside OT modules, for example the
electric pick-up of signals in neighboring straws and crosstalk in the electronic components,
such as pick-up from neighboring channels on the ASDBLR board. First data recorded in
2009 revealed that crosstalk levels were as low as 0.5% in neighboring cells. The occurrence
of cross talk has been implemented accordingly in the MC simulations.

3.8 Efficiency
3.8.1 Single Cell Efficiency
The primary ionizations in a straw tube follow Poisson statistics. Therefore, if np is the
average number of primary ionizations, the probability for k actual ionizations in one event
is

P (k) =
nkp
k! e
−np . (3.4)

The average number of primary ionizations is given by np = ρl. Here l is the actual path
length of the particle through the straw and ρ is the average number of primary ionizations
per unit length. In the OT gas mixture, on average 31 ionization clusters per cm are expected:
ρ = 3.1/mm, see Sec. 3.1. The corresponding single drift cell efficiency ε(l) is defined as
the probability of having at least one ionization cluster: ε(l) = 1− P (0) = 1− e−ρl.
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62 3.8 Efficiency

When fitting the single drift cell efficiency to the data, an inefficiency factor εplateau is
introduced to take into account detector gain loss or dead channels and ρ is changed to
an effective number of primary ionization per unit length ρeff , since electrons might be lost
during their drift due to attachment [40]. Rewriting the path length l through the wire
as l = 2

√
R2 − x2, with x the shortest distance to the wire and R the straw radius, the

expression for the average single cell efficiency becomes

ε(x) = εplateau

(
1− exp(−2 ρeff

√
R2 − x2)

)
. (3.5)

At the straw edges, where x is close to R, the efficiency drops, because the path length
through the cell becomes shorter, hence reducing the probability of having at least one
primary ionization.

The single cell efficiency profile is obtained from data by studying the hit efficiency for
reconstructed tracks. For a given track, the straw closest to the predicted track position in a
monolayer, and its neighboring straws, are inspected. The binary hit information (hit found
= 1, hit not found = 0) for all tracks is summed and averaged as a function of unbiased track
position in each cell, where the unbiased track position is the extrapolated track position
without using the hit under consideration in the track reconstruction. An example of the
average cell efficiency profile is shown in Fig. 3.10, which shows a comparison between 2009
data and MC simulated data.
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Figure 3.10: Comparison between data recorded in 2009 and Monte Carlo simulated data
of the hit efficiency versus x in units of straw pitch. The data shown is for every module
in the OT that is located at the fourth position as counted from the beam pipe. Crosstalk
levels were set to 0.5% on both sides in the MC simulation, for a good agreement with the
data. The drop in hit efficiency around |x| ≈ 0.5 is broadened due to finite track resolution.

The cell efficiency profile in Fig. 3.10 is parameterized as

f(x) = 1− [1− (ε ∗G)(x)] (1− ω) , (3.6)
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Chapter 3. Operation and Performance of the Outer Tracker 63

where ε(x) is the predicted cell efficiency from Eq. 3.5, convoluted with a Gaussian G(x|0, σ),
representing the track reconstruction resolution and ω the occupancy. Fitting this curve
to the hit efficiency profile using a representative data sample in 2011 yields an average
ρeff = 1.3/mm and εplateau in the range of 98.6% - 99.4%. Notice that, when assuming an
optimally working detector (εplateau = 1) and ρeff = 1.3/mm, there is an average efficiency
of 99.7% in the range |x| < 1.25 mm from the wire, i.e. a 0.3% inefficiency due to Poisson
statistics alone. This corresponds to the intrinsic efficiency limit on the plateau region.

3.8.2 Gain Loss Monitoring using Hit Efficiency
The concept of hit efficiency is used to monitor possible gain loss in the Outer Tracker. In this
case the hit efficiency is only considered in the plateau region defined as |x| < 1.25 mm. The
hit efficiency plateau height is studied as a function of amplifier threshold of the front-end
electronics. This procedure is discussed in detail in the next chapter.
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