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Tracking performance of the transition radiation tracker
prototype for the ATLAS experiment$
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Abstract

A prototype of the Transition Radiation Tracker (TRT) for the ATLAS experiment at the CERN LHC has been
built and tested at the CERN SPS. Detailed studies of the drift-time measurements, alignment technique, hit
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registration efficiency, track and momentum accuracy were performed. A coordinate measurement accuracy of 150 mm
for a single TRT drift tube and momentum resolution of 0.8% for 20 GeV pions in a 1:56 T magnetic field were
achieved. The results obtained are in agreement with the expected tracking performance of the ATLAS TRT. r 2001
Published by Elsevier Science B.V.
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1. Introduction

The ATLAS Transition Radiation Tracker
(TRT) [1] combines electron identification cap-
ability with charged particle track reconstruction.
This feature is achieved by interleaving layers of
xenon-filled drift tubes of small diameter (straws)
with radiator. The signals from transition radia-
tion (TR) photons are thus recorded in the same
detecting elements as those used to reconstruct the
track, in contrast to the methods, in which the
particle trajectory is measured in one device and
an extrapolation is needed to look for the signal
from transition radiation photons in a dedicated
detector. This combination of tracking and transi-
tion radiation detection in the ATLAS TRT
strengthens the particle identification power, since
the measurements of the transition radiation
photons can be assigned correctly to the recon-
structed track. The TRT provides many measure-
ment points on a charged particle trajectory,
ensuring robust pattern recognition at the high
track multiplicities expected at the LHC design
luminosity.

To test the physics performance of the proposed
detector, a small-scale TRT prototype with a
geometry close to that of the ATLAS end-cap
TRT was built and tested. Results on particle
identification with this TRT prototype have been
reported in Ref. [2]. This paper presents the results
of tracking studies using the drift-time information
from the straws. The experimental setup is
described in Section 2. Section 3 presents a Monte
Carlo model developed to reproduce our experi-
mental observations. A detailed description of
drift-time measurement techniques is presented in
Section 4. In Section 5 the geometrical alignment
procedure is described. Hit registration efficiency is

discussed in Section 6. Tracking performance
without and with magnetic field is reported in
Sections 7 and 8, respectively. Summary and con-
clusions are collected in Section 9.

2. Experimental setup

The TRT prototype was tested in the H8 beam
line at the CERN SPS during several periods in
1995 and 1996. The TRT performance was
evaluated using electron and pion beams with
energies from 20 to 200 GeV: The layout of the
test-beam setup is shown in Fig. 1. Three precise
silicon microstrip detectors and two gaseous beam
chambers formed a beam telescope. A Cherenkov
counter (not shown here) and a preshower detector
together with a small lead-glass electromagnetic
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calorimeter were used for beam pion/electron
separation. The total amount of material in front
of the TRT detector was about 11% of a radiation
length.

The TRT prototype represented a 301 sector of
the ATLAS end-cap TRT and was equipped with
LHC-type electronics. The prototype consisted of
five blocks containing 512 straw drift tubes each.
Each block (Fig. 2) contained 16 layers of radially
distributed straws. The space between the layers
ð9:75 mmÞ was filled with radiator (17 polypropy-
lene foils of 15 mm thickness, spaced by 265 mm).
Layers were staggered with respect to each other to
minimise the fluctuations in the number of straws
crossed by beam particles at different impact
points on the prototype. The straw tubes (4 mm
in diameter and 33 cm long) were made from
conductive Kapton film of 60 mm thickness and
were reinforced by carbon fibres glued to the
outer surface of the straw. The anode wire, made
from gold-plated tungsten, had a diameter of
50 mm:

The straws were operated with a gas mixture
consisting of 70% Xe, 20% CF4 and 10% CO2:

This mixture combines the advantages of efficient
TR-absorption, short drift time and good stability.
The gas flow was 0:05 cm3=min per straw, which
corresponds to about one volume per hour. The
gas gain was 2:5� 104 and was monitored using a
Fe55 source.

The electronics used for this prototype test was
designed to fulfil all the basic requirements needed
to ensure operation in the LHC environment,
including the 40 MHz bunch crossing rate. The
Transition Radiation Detector Analogue (TRDA)
integrated circuit [3,4] included a preamplifier, a
shaper and two discriminators with adjustable
thresholds. A low-level threshold (typically set to
200 eV) was used to detect the signal from
minimum-ionising particles. The resulting signal
was used for drift-time measurements. A high-level
threshold was set typically to 6 keV to register the
absorbed transition radiation photons, which
produce large signals. The Transition Radiation
Detector Service (TRDS) chip [5] received the
signals from the TRDA chip, decoded and
converted them into standard CMOS signals.
The drift time was measured by the 32-channel
Drift-Time Measuring Readout Chip (DTMROC)
[6] with 3:125 ns binning.

The front-end electronics, assembled on one
board, was placed directly on the detector. It was
connected to the supervisor module (Local Logic),
which collected all the data, packed and sent them
to the Data Acquisition system. The maximum
collection time (drift time) of ionisation electrons
in the straw gas was about 40 ns: The output
analogue signal had a peaking time of 12:5 ns and
a fall time of about 15 ns: Special attention was
paid to accurate cancellation of the long ion tail
observed in the straw signal to avoid baseline shifts
at high counting rates.

The total length of the TRT prototype along the
beam direction was 780 mm: The average thick-
ness of the prototype was 12% of a radiation
length for particles at normal incidence. The
prototype was placed inside a superconducting
magnet with a maximum magnetic field of 1:56 T:
The straw orientation was perpendicular to the
beam and almost parallel to the magnetic field,
corresponding to the layout foreseen in the
ATLAS TRT at central rapidities.

Fig. 2. One of the five blocks of the TRT prototype. Each

block contains 512 radial straws. The front-end electronics are

connected to the outer periphery of the module.
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A detailed description of the TRT Sector
Prototype, straw properties and TRT electronics
can be found in Refs. [1,2,7,8].

3. Monte Carlo simulation

A Monte Carlo model was developed to
describe the TRT prototype tracking performance.
This program was based on GEANT3 [9], the
ATLSIM [10] package, and a sector prototype
geometry description program [11]. It simulated in
detail the silicon telescope and the TRT prototype.
The other parts of the beam line were included
only as passive material.

The simulation of the TRT included:

* A detailed simulation of the charged particle
energy loss in the straw gas according to the
Photo-Absorption Ionisation (PAI) model [12].

* Production and absorption of transition radia-
tion photons. This part was simulated by a
special subprogram, because GEANT3 does
not contain transition radiation as a physical
process.

* Response of the straws to the energy deposited
by ionising particles or photons. The drift of
ionisation clusters to the anode in the straw gas
was included.

* Convolution of the straw output signal with a
model of the front-end electronics signal shape.

* Response of the low- and high-threshold
discriminators.

Some additional tuning of the Monte Carlo model
was made to simulate the real TRT prototype
properties as closely as possible:

* An efficiency table for each straw electronics
channel was derived from the data and applied
to the simulated data.

* An initial random misalignment with a r.m.s. of
58 mm (see Section 5 and Fig. 6) was applied to
each anode wire position.

* An exact map of the magnetic field was used.

Simulated data were recorded in exactly the same
format as the experimental data. Both data sets
were processed with the same program. The

Monte Carlo results agree well with the data, as
shown in the following sections.

4. Drift-time measurement

All results on drift-time measurements, align-
ment procedure and hit registration efficiency were
obtained with a 20 GeV pion beam, since this data
set had the largest statistics. To reconstruct the
position of the beam particle crossing a straw, it is
necessary to establish the dependence of the
particle’s radial coordinate with respect to the
anode wire (R) on the measured drift time (t) of
ionisation electrons and to determine the anode
coordinate itself. The latter represents the geome-
trical alignment procedure and will be discussed in
the next section.

The reference position of the beam track in the
TRT prototype was found using information from
the Si-microstrip telescope. The intrinsic spatial
resolution of the Si detectors was about 10 mm; but
multiple scattering also affected somewhat the
reconstruction accuracy of the beam track. Fig. 3
shows the correlation between the measured drift
time t in the straw and the distance R between the
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anode wire and the extrapolated position of the
beam track. The radius-to-time relationship for
the straw was then obtained by fitting each of the
left and the right branches of this two-dimensional
plot with a third-degree polynomial of the form:

R ¼ a þ bt þ ct2 þ dt3: ð1Þ

Once the parameters of the above formula are
known, the drift-time measurement can be con-
verted into a distance from the straw anode, and
residuals with respect to the position of the
extrapolated beam track can be extracted. An
example is shown in Fig. 4. The single straw
coordinate measurement accuracy was defined
from this distribution as the standard deviation
s of a Gaussian fit within a range of 72s
(approximately 7300 mm here) around the peak
position. The non-Gaussian part of the residual
distribution arises mainly from tracks crossing the
straw near the wire and from long-range d-
electrons knocked out by the beam particle and
also from electronics noise and pickup. The

contribution to the width of the distribution from
the extrapolation of the beam track measurement
and from multiple scattering has to be taken into
account (see below).

The straw coordinate measurement accuracy as
a function of the low-level electronics threshold is
shown in Fig. 5. Each point represents the result
obtained by averaging over several calibrated
straws from the first TRT block (see explanation
below). At the proposed ATLAS TRT operating
threshold of 200 eV; the coordinate measurement
accuracy is around 150 mm and degrades to about
170 mm for higher threshold of 400 eV: In the
following, all results were obtained with the
nominal 200 eV threshold, unless stated otherwise.

It was found that the straw spatial resolution is
around 150 mm for the straws in the first TRT
block but is worse for the other blocks, due (in
part) to the increasing beam track extrapolation
error, and mostly to multiple scattering of the
20 GeV beam particles inside the TRT. The Monte
Carlo simulations take these effects into account
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and describe well the dependence of the straw
coordinate measurement accuracy as a function of
the depth of the straw inside the TRT prototype.
The accuracy typically degrades from about
150 mm for the first block to about 190 mm for
the last block in the case of the 20 GeV pion beam.

The R–t dependences of the straws were stable
in time, but varied slightly from straw to straw due
to differences in discriminator threshold, gas gain
and possible anode wire eccentricity. The R–t
dependence was measured explicitly for 8–10
straws in each TRT block (calibrated straws).
For all the other straws, an average (so-called
typical) R–t fit was used to reconstruct the hit
position with respect to the anode. It was found
that the difference in the coordinate measurement
accuracy between the calibrated and the non-
calibrated straws did not exceed B10%: Therefore,
if a straw was not fully covered by the beam and
thus could not be calibrated individually, the
typical R–t dependence fit was used instead, with
a loss of coordinate measurement accuracy of less
than 10%.

5. Straw alignment

The R–t fit procedure, described above, provides
a hit position with respect to the straw anode. To
establish the hit position in an absolute coordinate
system, a geometrical alignment should first be
carried out to obtain the coordinate of the anode
wire. As a first approximation for the alignment
procedure, the anode wire positions were deter-
mined by a mechanical survey during the TRT
prototype installation in the beam area. The final
alignment was done for each TRT straw individu-
ally using a large sample of beam tracks recon-
structed by the silicon telescope and extrapolated
to the TRT.

The alignment procedure was different for
calibrated and non-calibrated straws. For the
calibrated ones, the two-dimensional R–t plot
and the corresponding fit were made with respect
to the beam, i.e. in the Si-telescope coordinate
system which was the reference system for the
TRT measurements. In this case the alignment can
be done by fitting the R–t dependence using the

anode wire position as a free parameter. With a
proper alignment, the intersection point of the two
branches of the R–t fit (see Fig. 3), should be
found at R ¼ 0 mm: For the non-calibrated
straws, no individual R–t fit was available and a
typical one, which was aligned to R ¼ 0 mm by
definition, was therefore used. To obtain the best
possible alignment, residual distributions similar
to the one in Fig. 4 were used. Such distributions
were built for each of the non-calibrated straws
crossed by the beam. The anode position was then
obtained using the mean value of the Gaussian fit
to the distribution.

The overall position of the TRT prototype was
determined by setting to zero the average deviation
of anode positions found by the alignment
procedure from the expected positions based on
the mechanical survey. The transverse beam size in
front of the TRT was about 15 mm: As the
distance between the anode wires in adjacent
straws in one layer was 8:5 mm; two or three
straws in each of the 80 TRT layers were covered
by the beam. Hence, it was possible to compare the
anode-to-anode distance inside one layer to the
expected distance defined by the mechanical
construction of the prototype. The difference
between the measured and the expected anode-
to-anode distance inside one TRT layer is shown
in Fig. 6. From this figure one can conclude that
the average anode shift with respect to the
expected position inside one layer did not exceed
60 mm: The value of 60 mm reflects the mechanical
accuracy of the TRT prototype construction and
the spread of possible anode wire eccentricities in
the straws. It should therefore also represent the
alignment accuracy for those straws, which were
not covered by the beam and could not be aligned
directly.

For the track reconstruction, the anode wire
position has to be known with a precision much
better than the coordinate accuracy of the drift-
time measurement. The alignment precision de-
pends not only on the intrinsic straw coordinate
measurement accuracy, but also on the number of
beam particles used for the alignment. The latter
contribution can be estimated by measuring the
anode wire position in the same straw several times
using N particles in each measurement. The
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variation from measurement to measurement is an
estimation of the alignment accuracy for a given
value of N: Fig. 7 shows the accuracy of the anode
wire alignment as a function of the number of
beam particles crossing the straw. For 100 tracks
the alignment uncertainty is only about 30 mm:
Note that one day of data-taking at the LHC
initial low luminosity of 1033 cm�2 s�1 should be
sufficient to collect almost 1000 muons per straw
with pT > 6 GeV [1].

6. Hit registration efficiency

Two different hit registration efficiencies for the
TRT straws can be defined. The first one, or the
raw hit efficiency, was defined as the probability
for obtaining a low-level threshold hit, if a beam
particle crossed the straw. The second one, or the
tracking hit efficiency, was defined as the prob-
ability that the hit belongs to the reconstructed
TRT track. This efficiency depends obviously on

the track reconstruction algorithm and is defined
as the probability that the hit lies inside a road
of 7400 mm around the reconstructed TRT
track (see next section). The dependences of both
efficiencies on the low-level threshold are shown in
Fig. 8. At the nominal 200 eV threshold the raw
hit efficiency is about 95% and the tracking hit
efficiency is about 86%. One should take into
account that the 5% raw hit inefficiency contains
not only the intrinsic straw inefficiency, but also
uncertainties in the beam track extrapolation
inside the straw and residual geometrical misalign-
ment.

The straw noise probability was defined as the
probability to obtain a low-level threshold hit in a
straw when there was no beam particle crossing
this straw. The reason for such noise signals can be
particle interactions in upstream material or inside
the TRT, high energy d-electrons from a track
passing close to the straw, but not crossing it, and
noise or pickup in the electronics channel. The
mean noise probability at 200 eV threshold was
found to be 3.5%. A few straws with noise
probability higher than 35% were excluded from
the analysis.
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7. Tracking with magnetic field off

A typical event from the run without magnetic
field is displayed in Fig. 9. Schematic views of the
silicon detectors and of the TRT prototype in two
different scales are shown.

The tracking procedure for the TRT prototype
was iterative. In a first step, only information
about the presence of a hit above the 200 eV
threshold was used. The hit coordinate was
assumed to be equal to the anode wire position.
The TRT track was defined as a straight-line fit to
these hit positions. In a second step, a road with
width of 7D around the TRT track was intro-
duced. Only hits inside this road were taken into
account. On the basis of the measured drift time,
new hit coordinates were calculated from the R–t
relation. To resolve the left-right ambiguity of the
R–t relation, when both solutions were inside the
road, the hit nearest to the TRT track was chosen.
The coordinates of all the selected hits were then

fitted to a straight line. This procedure was
repeated several times by decreasing the width of
the road step-by-step down to D ¼ 400 mm: Such a
value was found to be optimal for the overall
tracking accuracy, since for a final road width
larger than 400 mm; contamination from d-elec-
trons and from electronics noise and pickup
degrade the accuracy of the track fit. For smaller
final road widths, the number of hits belonging to
the track decreases rapidly, which thereby reduces
the track reconstruction accuracy. The distribution
of the number of hits belonging to the recon-
structed TRT track after the final iteration is
shown in Fig. 10. The average number of hits is
about 25.

The quality of the reconstructed TRT track can
be specified in terms of angular and spatial accu-
racy. The angular accuracy is the r.m.s deviation
of the track polar angle from the beam track. The
spatial accuracy is defined as the r.m.s. distance
between the reconstructed TRT track and the
beam track at the centre of the sector prototype.

For more detailed studies of the TRT intrinsic
spatial and angular accuracies, contributions aris-
ing from the beam track extrapolation and from
multiple scattering in the material outside the TRT
prototype should be eliminated. This was achieved
by using the so-called odd-even technique. Each
track in the TRT was reconstructed twice: first by
using only odd-numbered hits in the current event,
and then by using only even-numbered hits. The
two tracks obtained can thus be considered as
independent measurements of the same original
track, but with half the number of hits. If the
angular difference between these two TRT tracks
is found to be s0; then the intrinsic angular TRT
accuracy sTRT can be retrieved from the relation
s0 ¼ sTRT

ffiffiffi
2

p ffiffiffi
2

p
: Here, one factor of

ffiffiffi
2

p
arises

from the subtraction of the odd-numbered-hit
track angle from the even-numbered-hit track
angle in the s0 determination. The other factor
of

ffiffiffi
2

p
is due to the fact that the tracks with ‘‘odd’’

and ‘‘even’’ hits have only half of the hits
compared to the complete TRT track (the overall
track accuracy is inversely proportional to the
square root of the number of measurements). The
same technique was applied to calculate the spatial
TRT accuracy: the position difference between
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odd- and even-hit tracks in the middle of the TRT
was calculated and divided by a factor of two.

The angular and spatial track accuracies,
obtained as described above, are shown in Figs. 11
and 12 for a 20 GeV pion beam. These distribu-
tions display an average angular track accuracy of
0:18 mrad and spatial track accuracy of 40 mm for
the sector prototype in the absence of a magnetic
field. It should be noted that these angular and
spatial accuracies still display some dependence on
the beam-particle momentum, because of the
contribution from multiple scattering inside the
TRT material, which is not excluded by the odd-
even procedure.

8. Tracking with magnetic field on

To examine the TRT tracking performance in
the presence of a magnetic field, dedicated studies

were performed in a magnetic field of 1:56 T: The
setup is shown schematically in Fig. 1. The
magnetic field was oriented vertically, almost
parallel to the straws. The first two Si detectors,
Si1 and Si2, were placed outside the magnetic field
and the third one, Si3, was placed inside, as close
as possible to the sector prototype.

An event with the magnetic field on is displayed
in Fig. 13. The global reconstructed track was
obtained as the result of a reconstruction proce-
dure, where all three Si detectors and the TRT
were involved in the fitting. For the track recon-
struction the xKalman package [13] was adapted
to the test-beam geometry. The xKalman program
is based on the Kalman filter tracking algorithm
[14]. It includes multiple scattering and brems-
strahlung effects and takes into account the non-
uniformity of the magnetic field along the track.

After the global track fitting, the straw perfor-
mance was estimated in the same way as in the case
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without magnetic field: straw coordinate measure-
ment accuracy, hit registration efficiency, etc. The
drift time of ionisation electrons in the straw gas
was about 10% longer than without a magnetic
field, so a re-fitting of the R–t dependences was
performed. It was found that there is no significant
difference in the single straw coordinate measure-
ment accuracy whether the magnetic field is on or
off (see Fig. 5). The spatial track accuracy defined
by the odd-even technique, as described above,
was 44 mm; to be compared to the accuracy of
40 mm in the case without magnetic field.

The reconstructed momentum distributions for
20 GeV pions and electrons are shown in Figs. 14
and 15, respectively. These figures show that the
Gaussian part of the measured momentum is
almost the same for electrons and pions, whereas
the electrons display large non-Gaussian tails due
to bremsstrahlung in the upstream material.
Another possible contribution to the electron
momentum measurement could arise from TR
photons. TR photons are emitted at some angle
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with respect to the primary electron, are not
affected by the magnetic field and hence can be
absorbed at some distance from the primary track,
possibly biasing the measured track coordinate.
Because of the very small TR photon emission
angles (p2:5� 10�5) and of the small deflection (a
few mm) of the primary track from the absorbed
TR photon in the magnetic field, this effect is
negligible compared to the single straw coordinate
measurement accuracy of 150 mm: One should
also take into account that the intrinsic spread
of the beam momentum is about 0.32% for
the 20 GeV beam (and increases to about 0.62%
for the 100 GeV beam) and therefore contributes
significantly to the resolutions shown in Figs. 14
and 15.

The momentum resolution dependence on the
beam energy is shown in Fig. 16 for pions. The
intrinsic beam momentum spread was subtracted
in this case. The reconstruction results obtained

without using hits from the third Si detector,
placed inside the magnetic field, illustrate in a
qualitative way the stand-alone performance of the
TRT for momentum measurements with a beam
constraint. The momentum resolution dependence
on the beam energy, obtained by using the TRT
and either three or two Si detectors, displays the
expected linear behaviour for beam energies above
40 GeV; with slopes of 2:3� 10�4=GeV and 3:8�
10�4=GeV for the 3Si’s+TRT and 2Si’s+TRT
options, respectively. For lower energies the
momentum resolution is limited to 0.8% and
1.4% correspondingly, due to multiple scattering
effects. When three Si detectors were used without
the TRT, multiple scattering effects dominate
over the intrinsic Si-detector coordinate measure-
ment accuracy for the whole investigated beam
energy region. Therefore the momentum resolu-
tion is almost independent of the beam particle
momentum.
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5mm

10cm

Event number       143
Total TRT hits        29
Hits on TRT track   24
Reconstr. momentum  20.21

Si1 Si2 Si3
TRT

Si3

Legend:
 Si hits
 all TRT hits
 hits on TRT track

TRT track
Global track

 - straw diameter

Fig. 13. Display of an event with the magnetic field on. The notations are the same as in Fig. 9, except that the global track is shown as

a solid line.
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9. Conclusions

A sector prototype of the Transition Radiation
Tracker (TRT) for the ATLAS experiment at LHC
was built and tested with a series of measurements.
The drift-time measurements, the alignment tech-
nique, the hit registration efficiency, and the track
and momentum accuracies were studied. It is
shown that the single straw coordinate measure-
ment accuracy is about 150 mm: An alignment
accuracy of B30 mm can be achieved with 100
probe beam particles per straw. The hit efficiency
is expected to be at least 95% at the nominal
200 eV threshold.

The accuracy achieved for the momentum
measurement with the TRT prototype and the Si
detectors varied from 0.8% to 2.4% for 20–
100 GeV pions in a 1:56 T magnetic field. Detailed
Monte Carlo simulations described adequately the
measured single straw and overall TRT tracking
performance.

The above results give confidence in the
reliability of the expected TRT performance in
the ATLAS Inner Detector at the LHC.
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