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small-strip Thin Gap Chambers (sTGC) 
for the New Small Wheel (NSW) upgrade
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Metrology and alignment of cathode strips

The first end-cap station of the ATLAS muon
spectrometer will be replaced by the NSWs
during the Large Hadron Collider (LHC) Long
Shutdown of 2019-2020. The NSWs [1] will
improve the online muon identification of
ATLAS in anticipation of the planned increase
of the LHC luminosity over the next decade.

Each NSW has 16 trapezoid sectors that
combine the sTGC and Micromegas
technologies. One sector has 2 sTGC
wedges made up of 3 modules. Modules are
multiplets with 4 layers of detection.

An sTGC is a thin multiwire chamber that
operates with a mixture of n-pentane vapour
and CO2. Each side of the gas volume has a
resistive cathode segmented in pads
(triggering) or strips (precision tracking).

[1] CDS:CERN-LHCC-2013-006  [2] JINST 3 (2008) P11005 [3] CDS:ATL-MUON-PROC-2019-010  [4] NIM A 817 (2016) 85  

Non-conformities of the strip pattern on
cathode boards are measured with
coordinate measuring machines (CMM).

The strip cathode boards of a module are
aligned using built-in brass inserts during
construction. The modules of a wedge are
also positioned using the brass inserts.

The NSW features an online optical
alignment system which uses BCAMs
(Brandeis CCD Angular Monitors) [2] to locate
source plates installed using the brass
inserts as reference for positioning.

Deviations of the strip pattern of up to 1
mm with respect to the nominal position are
observed.
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X-ray survey

An X-ray survey of the cathode strips is
carried out on all assembled wedges. The
survey aims at measuring the relative
misalignments between the strip cathode
boards of the modules and of the source
plates with respect to the module.

A gun1 with a gold target is used to produce
X-rays with energies of up to 40 keV with
peaks in the 7-15 keV range. The gun is
mounted on a precision holder with the tip
perpendicular to the wedge surface. The
holder is installed on the source plates with
its position constrained with a 3-ball
alignment system. A cylindrical collimator
(⌀ = 1.1 mm) is inserted in the tip of the gun.

Detected photoelectrons are mainly
produced from X-rays hitting the copper
cladding and anode wires of the gas volumes.
Most detected photoelectrons are stopped in
the gas volumes and initiate Townsend
avalanches picked up by the strips.

Between 10 and 20 points are surveyed on
each module. Each point is associated with
one position measurement per gas volume.
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Data taking and analysis
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Spatial resolution

Strip alignment model for the NSW

The gas volumes of the surveyed wedge are
flushed with pure CO2 and a bias voltage of
2.925 kV is applied to the anode wires.
During X-ray irradiation, the strips are read
out using the VMM3 [3], an amplifier-shaper-
discriminator ASIC, mounted on prototype
front-end boards. The voltage thresholds of
the electronic channels are tuned to equalize
their hit efficiency. The data acquisition
system uses random triggers to acquire strip
hits. A data acquisition run of a few minutes is
sufficient for one surveyed point.

Contiguous strip hits within a time window of
75 ns make up charge clusters. The centroid
position of the charge clusters is the mean
parameter of a Gaussian function fitted to the
pulse peak values of the hits. The measured
position of individual X-rays is the centroid
position of the clusters corrected for the
differential non-linearity bias.

The X-ray beam position on each gas
volume is corrected for

Ø the geometry of the machined holder,
Ø the positioning of the source plates,
Ø the angle of the collimator and,
Ø the angle of the source plate.

Deviations between the expected beam
position and the centroid position of the X-ray
irradiation profile correspond to the local
misalignments of the strip pattern.

consisted of three sensor planes. For each arm, the distance
between sensor planes was about 15 cm. The two arms were
separated by 64 cm. The Mimosa of the EUDET telescope offered
excellent performance in terms of intrinsic resolution, material
budget and readout electronics. The Mimosa26 [12] 18.4 μm pitch
sensor pixel technology is based on a CMOS manufacturing pro-
cess with a matrix organized in 576 rows and 1152 columns. Based
on the pitch of the pixels, the single-pixel intrinsic resolution of
the Mimosa26 is expected to be 5.3 μm. A better resolution was
achieved from the combination of pixels into clusters. The sensor
thresholds were optimized to improve the intrinsic resolution. A
pointing track with precision of about 4 μm was achieved after a
careful alignment of the Mimosa26 sensor planes. The EUDET
telescope provided a very precise pion-trajectory reference for the
sTGC detector.

Event triggering was controlled by a custom Trigger Logic Unit
(TLU). The TLU received signals from two 1!2 cm2 scintillators
placed in front and behind the telescope. The TLU generated the
trigger signal that was distributed to the telescope and the sTGC
readout electronics. The telescope sensors were read out in a
column-parallel mode with an offset-compensated discriminator
to perform the analog-to-digital conversion which allowed a
115.2 μs digital binary readout. The sTGC detector was read out
using the VMM1 ASIC and a custom data acquisition card. An
Arduino microcontroller board [11] controlled the TLU system and
cleared the latched trigger/signal busy provided by a custom I/O
board necessary to achieve synchronization between the telescope
and sTGC data. The data of each event were sent via Ethernet using
the UDP protocol and stored on a local disk array.

The bandwidth of the EUDET readout system and of the
Arduino synchronization system allowed to read out all six
Mimosa26 sensors and the sTGC detector at a maximum possible
rate of about 2 kHz. The silicon pixel hit positions were then used
for reconstructing straight three dimensional charged-particle
tracks. A track quality parameter was obtained for each fitted
pion track based on the χ2 of the track-fit. A small value of the
track quality parameter corresponds to a straight track and a cut
on this parameter can therefore be used to mitigate multiple
scattering which are not considered in this analysis.

5.2. Analysis model

Two analyses are performed to determine the intrinsic sTGC
position resolution of a single plane. In the first analysis, the intrinsic
detector resolution is estimated by comparing the extrapolated beam

particle trajectory reconstructed by the external silicon pixel tele-
scope, with measurements in each of the four sTGC quadruplet
planes. This analysis is referred to as the ‘pixel telescope analysis’
hereafter. In the second analysis, the spatial resolution is estimated
based on the difference between two independent measurements of
the beam particle position determined in two adjacent sTGC layers
and is referred to as the ‘sTGC standalone analysis’. For both analyses,
the x–y plane of the coordinate system is defined as the surface of the
sTGC strip layer under study. The y-axis is defined perpendicular to
the strips as shown in Fig. 4. The sTGC strip-clusters therefore provide
measurements of the particle position in the y-direction ðysTGCÞ of this
plane. The position resolution is directly related to the profile of
induced charge on the strips. The particle position is estimated from a
Gaussian fit to the induced charge distribution on the strips. The
neighbour-enabled logic of the VMM1 was used. Strip-clusters with
induced charge in either 3, 4 or 5 adjacent strips are selected.

For the pixel telescope analysis, the data from each of the four
sTGC strip layers are analysed separately. To reduce the effect of
multiple scattering on the resolution measurement, only pixel
telescope tracks with track quality parameter o10 are considered.
The pixel telescope tracks provide both coordinates, xpix and ypix at
the position of the sTGC layer studied. The spatial resolution
measurement is obtained by fitting the residual distribution ysTGC
$ ypix with a Gaussian model.

The charge measured on the strips of the sTGC detector results
from a spatial sampling and discretization of the induced charge.
The process of reconstructing the sTGC strip-cluster position from
this sampling introduces a differential non-linearity effect on the
reconstructed strip-cluster position. The deviation of the mea-
sured strip-cluster position from the expected position (estimated
by the pixel telescope track) depends on the strip-cluster position
relative to the strips. This dependence is clearly seen in the two-

Fig. 4. Schematic diagram of the experimental setup at Fermilab and coordinate
systems used. Three layers of silicon pixel sensors are positioned before and after
the sTGC detector. The dimensions are not to scale.
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Fig. 5. The differential non-linearity for sTGC strip-clusters is shown before (top)
and after the sinusoidal correction is applied (bottom).

A. Abusleme et al. / Nuclear Instruments and Methods in Physics Research A 817 (2016) 85–9288

The spatial resolution is measured by
comparing the centroid position of the X-
ray irradiation profile to the setting of a
micrometric screw.

The micrometric screw pushes the X-ray
holder which is placed directly on the
surface of a wedge. The movement of the
holder is perpendicular to the strips and
guided by a square angle.

The measurements are consistent with a
spatial resolution better than 40 μm.

The local position of the strips with respect
to the source plates on each individual strip
boards is described by 4 parameters:

Ø rotation (⍺-nominal)
Ø scale ((h1+h2)/2 – nominal)
Ø non-parallelism (h1-h2)
Ø offset (d-nominal)

CMM and X-ray survey results are
combined in a global alignment model.

Aim to know the position of the strips within
100 μm to achieve a transverse muon
momentum resolution of 10% at pT = 1 TeV.
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