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Abstract

A Time Projection Chamber is being designed as central tracker for a detector at the linear collider. To provide
a comparison and explore the potential improvements using Micro-Pattern Gas Detectors compared with Multi-Wire
Proportional Chambers used up to now in TPCs, a small prototype chamber capable of being equipped with different gas-
amplification techniques was built at MPI-Munich and exposed to cosmics in the 5 T magnet at DESY and subsequently
to a testbeam in a 1 T magnet at KEK. The chamber was operated with four different endplate technologies during four
beam periods in 2004–2005. This paper reports on the first and second tests using MWPC and GEM gas-amplification.

Some of the MWPC and the GEM results were published in the TIPP09 Proceedings [1]. For the present paper, the
data analysis technique has been improved significantly. It also contains more information about the data-taking runs.
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1. Introduction

A detector at the linear collider [2] will have a high-
precision tracking system inside a calorimeter system, and
both systems will have very high granularity. These will
be contained in the detector solenoid which will produce
the large magnetic field (∼ 4T) needed to reduce back-
grounds at the vertex and to enable very good momentum
resolution.

There are two important aspects for tracking at the lin-
ear collider. The first is, as required by precision-physics
measurements at the linear collider, that the detector must
determine the momentum of charged tracks an order of
magnitude more precisely than in previous experiments.
The second aspect is that the detector must be optimized
for the reconstruction of multi-jet final states. The jet-
energy resolution using the particle-flow technique [3] is
best when the reconstruction of individual particles in jets
is as complete as possible, which means that efficiency in
finding the charged and neutral particles should be as high
as possible.

A Time Projection Chamber (TPC) is a candidate for
the central tracker because of its very good performance
in past collider experiments [4]. In order to obtain the
order-of-magnitude improvement in momentum resolution
and the highest possible track-recognition efficiency, the
LCTPC groups [5] are pursuing R&D to find the best tech-
nology for the TPC.

2. The present series of R&D tests

TPCs have employed Multi-Wire-Proprotional-
Chamber (MWPC) gas-amplification in previous large
collider detectors [4]. The thrust of the R&D pro-
gram [5][6][7] is to develop a TPC based on Micro-Pattern
Gas Detectors (MPGDs) which promise to have better
point and two-track resolution than wire chambers
and to be more robust in high backgrounds. In the
series of experiments in 2004-2005, several techniques
were compared, gas amplification using MWPC, Mi-
cromegas (Micro-mesh gaseous structure)[8] and GEM
(Gas Electron Multiplier)[9], and the resistive-anode
technique[10].

To investigate the performance of these technologies, a
small prototype chamber was built at MPI-Munich, ini-
tially with an MWPC endplate, tested using cosmics at
DESY in a 5 T magnet and subsequently exposed in four
test-beam runs at KEK using MWPC, GEM, Micromegas
and resistive-anode endplates in a 1 T magnet. The cham-
ber will be called MP-TPC, for MultiPrototype-TPC, in
this paper. The runs were performed in the following or-
der: MWPC (January-June 2004), GEM (April 2005),
Micromegas (June 2005) and MPGD with resistive an-
ode (October 2005). The Micromegas results have been
published [11], and preliminary results for the different
endplates have been shown at various workshops (see for
example [12]).

Figure 1: The MP-TPC prototype with MWPC anode. The cath-
ode is at the bottom and the MWPC anode wires at the top. The
13 fieldcage potential rings which define the drift volume form the
ladder-like pattern in the drawing. The fieldcage defines the TPC
sensitive volume, and the whole structure is embedded in a cylindri-
cal gas container which fit into in the 5 T magnet at DESY seen in
Fig. 3 (upper).

The MWPC option had been kept as backup solution,
since it as served well up to now, until the MPGD options
had been more thoroughly understood. However, the new
aspect that had to be measured for a TPC with MWPC
endplate was how it behaves in a high magnetic field.

Some of the MWPC and GEM results using the MP-
TPC were published earlier in the TIPP09 Proceedings [1].
The present paper contains more information about the
data-taking runs; also the analysis method of the MWPC
and GEM data has been improved.

The paper is organized as follows. The prototype with
MWPC and GEM and the tests are described in the Sec. 3,
the analyses in Sec. 4, results are presented in Sec. 5 and
conclusions are drawn in Sec. 6.

3. The MP-TPC chamber

3.1. The MWPC prototype

The chamber with MWPC endplate used January-June
2004 is shown in Fig. 1. It has a sensitive length of 257 mm
and sensitive diameter of 152 mm. Its outer diameter of
268 mm was dimensioned to fit into the superconducting
5 T magnet at DESY. The MWPC version of the MP-TPC
had significantly reduced pad size, wires-to-pads and wire-
to-wire spacing to improve the achievable point and two-
track resolutions. The gas amplification occurred at the
plane of anode sense wires with 20µm diameter and spaced
with 2 mm pitch. The sense-wire plane was placed 1 mm
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Figure 2: Blown-up view of the MP-TPC with triple-GEM. The
three GEM layers are seen just to the left of the green guardring.

above the pad plane (2 mm–4 mm in previous TPCs). The
pads with 2.3 mm×6.3 mm pitch covered the 10 cm×10 cm
pad plane.

3.2. The GEM prototype

In December 2004, the MWPC plane was replaced by
triple-GEM modules seen in the blown-up drawing of
Fig. 2. For these tests the MP-TPC used gas-amplification
provided by a three-layer stack of of CERN GEMs (50 µm
thickness) with a spacing of 1.5 mm GEM-to-GEM and
GEM-to-pads. The pad pitch was 1.27 mm×6.3 mm which
covered the full 10 cm×10 cm pad plane. The GEMs were
run at typically 320-335 V leading to amplification fields
of ∼60 kV/cm and transfer/induction fields of ∼2 kV/cm.

3.3. Tests, Beamline, DAQ

3.3.1. The tests with cosmics at DESY and beam at KEK

The chamber with MWPC and readout electronics were
initially commissioned at MPI-Munich and DESY and
then installed in the 5 T solenoid as shown in the upper
photograph of Fig. 3. This magnet has a bore diameter of
28 cm and length of 1 m and was equipped with a cosmic-
ray trigger. Cosmic data was taken for B-fields between
0 T and 5 T.

After the cosmic runs at DESY, the chamber was trans-
ported to KEK where it was installed in the 1 T magnet,
seen in the lower photograph of Fig. 3, which was situated
in the π2 beam line at the KEK 12-GeV PS. The 1 T Per-
sistent Current solenoidal MAGnet (PCMAG) [13] has a
bore diameter of 85 cm, length of 1.3 m and very thin coil
windings with 20 % X0 thickness.

3.3.2. The π2 beamline

The π2 beam provided a secondary beam of electrons,
pions and protons with momenta up to 4 GeV/c derived
from the PS beam incident on a Be target. The beam spill
had a flat top of 1.5 s and a repetition rate of 0.25 Hz

The beam counters are shown in Fig. 4. Four scintilla-
tion counters were used with 4-fold coincidence to trig-
ger the data acquisition. The first two (not shown in
the figure) were placed just downstream of the beam slit
which controlled the intensity while the second two were

Figure 3: Upper: The MP-TPC inside the 5 T solenoid at DESY.
Lower: The chamber inside the 1 T PCMAG at KEK.
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Figure 4: pi2 beam set up

located inside of PCMAG just upstream and downstream
of the MP-TPC. These counters had an overlap region of
30×10 cm2 to match the drift region of the chamber. Fur-
ther details are covered in [11].

In addition, for the MWPC running there were two
time-of-flight counters and one aerogel counter (n = 1.03)
which allowed the particle identification of pions and pro-
tons at trigger level. These were employed for the dE/dx
measurements described below. There were also two gas-
Cherenkov counters for identification of electrons, which,
however, were not included in the present analysis.

3.3.3. The DAQ system

The pads were read out with modules based on electron-
ics developed for the TPC of the ALEPH experiment at
LEP [14][15]. The pad signals were digitized by an eight-
bit FADC running at a clock frequency of 12.5 MHz The
electronics available for these tests was able to read out up
to 384 pad channels. The DAQ system described in [11]
contains additional information.

For the tests with MWPC, ∼ 2 × 105 cosmic trig-
gers at DESY were registered for B=0 T, 1 T and 4 T, and
∼ 0.5 × 105 triggers under many different conditions were
taken at KEK during the MWPC beam runs with B=0 T
and 1 T.

During the June 2004 GEM data-taking in the π2 beam,
several different configurations of GEM gain and trans-
fer/induction fields were tried out, again at B-fields of
B=0 T and 1 T. The DAQ system collected a total of ∼ 105

triggers with GEM.

4. Analyses

4.1. Theory

For a track perpendicular to the readout pad rows
the spatial resolution attainable with the charge centroid
method is given by the following formula:

σ2
x̄ =

∫ + 1
2

− 1
2

d
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w

)[
[A] +

1

Neff
[B]

]
+ [C] (1)
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where Neff is the effective number of seed electrons defined
by

Neff :=

[〈
1

N

〉〈(
G

Ḡ

)2
〉]−1

, (2)

w the pad pitch, G the gas gain, Ḡ its average, N the num-
ber of seed electrons, σE the electronic noise per readout
pad, and a and b the pad indices running over the pads
with signal charge.

The first term in Eq.(1) involving [A] corresponds to the
well known S-shape systematics, which is purely geometric
and independent of the number of primary electrons. This
term vanishes in the narrow pad limit, w → 0, while it
approaches the famous (w/

√
12)2 in the wide pad limit,

w � σd, σ0
PR – see Eqs.(3) and (5) below. The second term

involving [B] can be interpreted as the combined effect
of the diffusion, the gas gain fluctuations, and the finite
width of the readout pads. This term scales as 1/Neff

and vanishes at z = 0. The last term [C] represents the
contribution from the electronic noise and is independent
of the shape of the pad response function or the diffusion.
It scales as (w σE/Ḡ)2

〈
1/N2

〉
.

Since the [B] contribution vanishes at z = 0 and since
the [C] term is negligible in this case, the [A] contribution
at z = 0 can read from the resolution plot and σ0 estimated
using Eq. (9) below.

The pad response function Fa(x) only appears in the
following two forms:

〈Fa(x̃+ ∆x)〉 :=

∫
d∆xPD(∆x;σd)Fa(x̃+ ∆x)

and

〈Fa(x̃+ ∆x)Fb(x̃+ ∆x)〉

:=

∫
d∆xPD(∆x;σd)Fa(x̃+ ∆x)Fb(x̃+ ∆x),

where the probability distribution function for diffusion,
PD(∆x;σd), is given by

PD(∆x;σd) :=
1√

2π σd

exp

[
−1

2

(
∆x

σd

)]
(3)

with σ2
d = C2

Dz. The two forms can be numerically evalu-
ated, once the functional form of Fa(x) is given.

The pad response function Fa(x) can readily be cal-
culated if the normalized signal charge density at x′,
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f(x′ − x), on the readout pads is known for a line charge
arriving at the position x of the readout module:

Fa(x) =

∫
x′ ∈pad a

dx′ f(x′ − x). (4)

For MWPC, f(x′ − x) is the electrostatically induced
charge on the pad plane by a point-like avalanche at the
anode wire. For GEM, f(x′ − x) is mostly determined by
the diffusion after the seed electrons reach the amplifica-
tion region and can be approximated by a Gaussian:

f(x′ − x) =
1√

2π σ0
PR

exp

[
−1

2

(
x′ − x
σ0

PR

)2
]

(5)

where σ0
PR is the diffusion after reaching the amplification

region.

4.2. Resolution studies

The equations and parameters for the studies follow
from Sec. 4.1. The diffusion constant CD is important
for the single-point and two-track resolutions and was
measured using the behaviour of signal-charge spread as
a function of drift distance z. In the asymptotic regeme
where σd/w >∼ 0.5, the r.m.s. of the charge spread or
induced-charge spread is parametrized by

σ2
PR(z) = σ2

PR(0) + C2
D × z, (6)

and the point resolution by

σ2
x(z) = σ2

0 + C2
D/Neff × z. (7)

The width σPR(0) of the MWPC signal induced on the
pads at z = 0 is related to geometrical properties at the
wire-chamber cell: wire pitch, pad–wire distance and pad
size.

In the case of GEM, σPR(0) is the real charge spread and
depends mainly on the induction field gradient and spac-
ing which determine the diffusion spreading of the charges
arriving at the pads, and on the pad pitch w:

σ2
PR(0) = (σ0

PR)2 + w2/12. (8)

The point resolution σ0 is related to signal-to-noise of
the electronics and to the S-shape systematics and/or the
hodoscope effect at z = 0.

σ2
0 = [C] +

1

Neff

∫ +1/2

−1/2

d

(
x̃

w

)
[A](z = 0) (9)

The quantity Neff , the effective number of electrons con-
tributing to the resolution, is explained in Eq.(2) and de-
pends on several quantities. These quantities are also af-
fected by the crossing-angles of the projected track rela-
tive to the pads and, in the case of MWPC, relative to the
wires.

The charge width was derived from a Gaussian fit to
the distribution of charge around the center-of-gravity of a
hit. The point resolution was calculated using the Double-
Fit program [17] in which standard deviations of hits for
a pad row are calculated twice with respect to track-fits
(“Double-Fit”), first with and second without the given
pad row. The correct point resolution is the geometric
mean of the standard deviations of hits with respect to
the two fits [18].

Equations (6) and (7) represent the ideal situation and
give reasonable agreement with the measurements for
a TPC with MPGD gas amplification [11][16]. In the
MWPC case, however, E×B effects are important as will
be seen next in Sec. 5.1.

5. Results

5.1. MWPC endplate

The gas used was the so-called TDR gas[3], Ar-
CH4-CO2 (93:5:2)%. The chamber was operated at
atmospheric pressure; the pressure and the ambient
temperature were continuously monitored. The drift
velocity was measured to be 4.52±0.04 cm/µs at the drift
field of 220 V/cm during the beam runs.

Charge spread and point resolution
The cosmic data at B = 0 T, 1 T and 4 T will be compared
with 4 GeV/c π− beam data at 0 T and 1 T magnetic fields.
After the data was corrected for dead channels and edge
effects, the tracking efficiency was essentially 100%.

Angle cuts of (polar, azimuthal)=(±5o, ±4o) were ap-
plied to the cosmic data to obtain a sample with track
directions for comparison with the beam data within cuts
of (polar, azimuthal)=(±2o, ±3o). The final samples se-
lected for the diffusion and point-resolution comparisons
contained about 2× 104 tracks in the cosmic data and 104

tracks in the beam data.

The main question to be answered was on the behavior
of the MWPC data at 4 T; plots are shown in Figs. 5,
6, and 7. A dotted line indicates the fit and range for
the simple formulae, Sec. 4.2, and a solid line shows a
simulation using Magboltz [24].

The fits to the data yield the parameters with statistical
errors in Table 1. The statistical errors are seen to be quite
small.

Runs B(T) Ntrack CD σPR(0) CD√
Neff

σ0

Cosmics 0 6k 491±2 1120±6 126± 4 181±19
Cosmics 1 5k 226±2 1240±4 54± 3 206±11
Cosmics 4 9k 73±10 1440±8 0±14 300± 5
Beam 0 5k 466±1 1340±3 117± 3 179±12
Beam 1 5k 212±1 1290±1 48± 2 182± 7

Table 1: Parameters with statistical errors as fit to the data. The
units are µm/

√
cm for CD and µm for σPR(0) and σ0.
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Figure 5: Diffusion results at 4 T for DESY cosmics.
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Figure 6: x Point-resolution results at 4 T for DESY cosmics.
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Figure 7: z resolution for cosmic data at DESY at 4 T

The data at 0 T and 1 T for the charge width σPR(z)
and the point resolution σx(z) from the DESY cosmic and
KEK beam runs were found to agree to somewhat bet-
ter than ∼ 10%, which is quite reasonable given the very
different data-taking environments. Therefore, the sys-
tematic effects will taken be into account by simply using
±5% of the central value as systematic error, also for 4 T.
The resulting combined fits are given in Table 2, where the
statistical error has been added in quadrature to the ±5%
systematic error.

B(T) CD σPR(0) CD√
Neff

σ0

0 471±24 1296±75 120±60 180±24
1 215± 6 1287±64 50± 6 189±16
4 73±11 1440±72 0±14 300±16

Table 2: Averaged results with total errors for the MWPC data. The
units are µm/

√
cm for CD and µm for σPR(0) and σ0.

Discussion
In the case of Fig. 5, the measured CD values predicted by
Magboltz [24] agree with the measured values in Table 2
at 0 T, 1 T and 4 T, namely 440, 200 and 60 µm/

√
cm

respectively.

The prediction for B = 4 T is of particular interest for
the linear collider and has been confirmed now by the
present and earlier by other experiments [25][26].

The resolution curve at small z in Fig. 6 is indicative of
the declustering effect [1] [22] [23].

5.1.1. Angle effect

To measure the angular dependence, the MP-TPC was
rotated by angles φ with respect to the beam direction of
φ ≈ ±100 and ±200 and exposed for roughly 103 triggers
to the π beam at 4 GeV/c. The results [19] for σPR(0) are
shown in Fig. 8. The shape of this curve is a measure of

the pad-angle effect and is proportional to h·tan (ϕ−ϕmin)√
12

,

where h is the pad height.
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Figure 8: Angle dependence of the pad response.
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5.1.2. dE/dx studies

The trigger elements are described in Sec. 3.3.2. The
proton and π− at 1, 2 and 4 GeV/c were used for the
dE/dx results [20][21]. The upper three distributions of
Fig. 9 show the dE/dx results, and the lowest distribution
shows the measured βγ dependence of dE/dx.
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Figure 9: Measured dE/dX-distributions (upper three) and βγ de-
pendence (lowest).

The dE/dx accuracy was found to be between 22% and
27% for the MP-TPC. When extrapolated to the size of
the LCTPC, these correspond to an accuracy of 3.6% to
4.2%. Thus an important TPC by-product for the linear
collider physics analyses, the dE/dx performance for par-
ticle identification, has been verified at these test-beam
runs.

5.2. GEM endplate

The gases used were the TDR gas[3], Ar-CH4-
CO2 (93:5:2)%, and P5, Ar-CH4 (95:5)%. The chamber
was again operated at atmospheric pressure, and the
pressure and the ambient temperature were continuously
monitored. The TDR drift velocity measurement is seen
Sec. 5.1. For P5, it was measured to be 4.16±0.04 cm/µs
at a drift field of 100 V/cm during the tests.

Charge spread and point resolution
The 4 GeV/c π− beam data at 0 T and 1 T magnetic fields
are used for this section. As in the MWPC case, after the
data was corrected for dead channels and edge effects, the
tracking efficiency was essentially 100%. The final samples
selected for the diffusion and point-resolution comparisons
contain about 105 tracks.

The angular cuts on the beam data are (polar,
azimuthal)=(±3o, ±2o) for the TDR gas and (polar,
azimuthal)=(±3o, ±3.5o) for P5. The plots of Fig. 10
compare the charge width σ2

PR versus z for for the TDR
gas at 1 T and P5 gas at 1 T magnetic field and Fig. 11
shows the point resolution σx versus z for the two gases.
A dotted line indicates the fit and range for the simple
formulae, Sec. 4.2, and a solid line represents the theory,
Sec. 4.1.
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Figure 10: Diffusion results for the TDR (upper) and P5 (lower)
gases.

The fits to the data yield the parameters in Table 3. The
statistical errors are very small as they were in the MWPC
case. Using ±5% of the central value as systematic error
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Figure 11: x Point-resolution results for the TDR (upper) and P5
(lower) gases.

as in the MWPC case, the results with the total errors for
the GEM runs are found in Table 4. The diffusion con-
stants agree with predictions by Magboltz: 200, 730, 160
µm/
√

cm for TDR (1 T), P5 (0 T), P5 (1 T), respectively.

Runs B(T) Ntrack CD σPR(0) CD√
Neff

σ0

TDR 1 5k 213±0.6 489± 3 44±1.1 30± 18
P5 0 4k 741±2.8 598±15 178±3.0 0±117
P5 1 4k 171±0.6 549± 3 37±0.9 39± 10

Table 3: Parameters with statistical errors as fit to the data.

Runs B(T) CD σPR(0) CD√
Neff

σ0

TDR 1 213±11 489±25 44± 3 30± 18
P5 0 741±37 598±33 178± 9 0±117
P5 1 171± 9 549±28 37± 2 39± 10

Table 4: Parameters with the total errors. The units are µm/
√

cm
for CD and µm for σPR(0) and σ0.

Before concluding, it should be said that the z resolu-
tion results were determined for all data sets, and were
consistent with ∼ 0.3–0.8 mm in all cases. Figure 7 is an
example of this measurement.

6. Conclusions

The MWPC point resolution is unfavorably affected
by E×B effects for large magnetic field, as clearly seen
in Fig. 6. With MWPC the point error measured at
4 T is about a factor three larger than the goal for the
LCTPC [6][7], so that the previously successful MWPC
technology in past experiments is no longer considered to
be a fall-back option for the TPC at the linear collider.

In contrast, the GEM point resolutions for the two gases
are very good at 1 T B-field (Table 3) and within the goals
for the LCTPC [6][7]. Therefore the GEM technology is a
viable option for the linear collider central tracker.
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