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Abstract

A Time Projection Chamber is being investigated as central tracker for a detector at the International 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 5T magnet at DESY and subsequently to a testbeam in a 1T magnet at KEK. The chamber was operated
with four different endplate technologies during four beam periods in 2004-2005. This paper reports on results
from the first tests using MWPC gas-amplification.
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1. Introduction

A detector at the International Linear Col-
lider [1] will have a high-precision tracking system
inside a calorimeter system, and both systems
will have very high granularity. These will be con-
tained in the detector solenoid which will produce
the high magnetic field (~ 4T) needed to reduce
backgrounds at the vertex and to enable very good
momentum resolution.

There are two important aspects for tracking
at the ILC. 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 pre-
cisely 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 tech-
nique [2] is best when the reconstruction of indi-
vidual particles in jets is as complete as possible,
which means that efficiency in finding the charged
tracks should be as high as possible.

A Time Projection Chamber (TPC) is a candi-
date for the central tracker because of its very good
performance in past collider experiments[3]. In or-
der to obtain the order-of-magnitude improvement
in momentum resolution and the highest possible
track-recognition efficiency, the LCTPC groups [4]
are pursuing R&D to find the best state-of-the-art
technology 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. The thrust of the R&D
program [4][5] 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 back-
grounds. In the present series of experiments, sev-
eral techniques were compared, gas amplification
using MWPC, Micromegas (Micro-mesh gaseous
structure)[6] and GEM (Gas Electron Multi-
plier)[7], and the resistive-anode technique[8].

To research the performance of these technolo-
gies, a small prototype chamber was built at MPI-
Munich, initially with an MWPC endplate, tested
using cosmics at DESY in a 5T magnet and sub-
sequently exposed in four test-beam runs at KEK
using MWPC, GEM, Micromegas and resistive-
anode endplates in a 1T magnet. The chamber
will be called MP-TPC, for MultiPrototype-TPC,
in the related publications. The runs were per-
formed in the following order: MWPC (January-
June 2004), GEM (April 2005), Micromegas (June
2005) and MPGD with resistive anode (October
2005).

The Micromegas results have been published [9],
and the other papers are in preparation. Prelimi-
nary results have been shown at various workshops
(see for example [10]).

The present paper describes the MWPC results.
The following paper in this journal presents[11] the
GEM results. The MWPC option has been kept as
backup solution, since it is a well proven technique,
until the MPGD options are more thoroughly un-
derstood. However, a new aspect that had to be
measured for a TPC with MWPC endplate is how
it behaves in a high magnetic field. This property
will become evident in this paper which is orga-
nized as follows.

The prototype with MWPC and the tests are de-
scribed 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

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 152mm. Its outer diameter of 270 mm was de-
signed to fit into the superconducting 5T magnet
at DESY.

The MWPC endcap had significantly reduced
pad size, wires-to-pads and wire-to-wire spacing
to improve the achievable point and two-track res-
olutions. The gas amplification occurred at the
plane of anode sense wires with 20 yum diameter
and spaced with 2mm pitch. The sense-wire plane
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Fig. 1. The MP-TPC prototype with MWPC used for these
studies. The cathode is at the bottom and the MWPC an-
ode 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 cylindrical gas
container dimensioned to fit in the 5 T magnet at DESY
seen in Fig. 2 (upper).

was placed 1 mm above the pad plane (2 mm-—4 mm
in previous TPCs). The pads with 2.3 mmx6.3 mm
pitch covered the 10 cmx 10 cm pad plane.

3.1. The DAQ system

The pads were read out with modules based on
electronics developed for the TPC of the ALEPH
experiment at LEP [12][13]. 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 read out up to 384 pad chan-
nels. More details of the DAQ system are given
in [9].

Fig. 2. Upper: The MP-TPC inside the 5T solenoid at
DESY. Lower: The chamber inside the 1T PCMAG at
KEK.

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

The chamber with MWPC and readout electron-
ics were initially commissioned at MPI-Munich
and DESY and then installed in the 5T solenoid
as shown in the upper photograph of Fig. 2.This



magnet has a bore diameter of 27 cm and length of
1m and was equipped with a cosmic-ray trigger.
Cosmic data was taken for B-fields between 0T
and 5T.

After the cosmic runs at DESY, the chamber
was transported to KEK where it was installed in
the 1T magnet, seen in the lower photograph of
Fig. 2, which was situated in the 72 beam line at
the KEK 12-GeV PS. The 1T Persistent Current
solenoidal Magnet (PCMAG) [14] has a bore di-
ameter of 85 cm, length of 1.3 m and very thin coil
windings with 20 % X thickness.

For the tests with MWPC, a total of ~ 2 x
10° cosmic triggers at DESY were registered for
B=0T, 1T and 4T, and ~ 0.5 x 10° triggers un-
der many different conditions were taken at KEK
during the beam runs with B=0T and 1T.

3.3. The w2 beamline

The 72 beam provided a secondary beam of
electrons, pions and protons with momenta up to
4GeV/c derived from the PS beam incident on a
Be target. The beam spill had a flat top of 1.5s
and a repetition rate of 0.25 Hz.

The beam elements are shown in Fig. 3. Four
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Fig. 3. pi2 beam set up

scintillation counters were used with 4-fold coinci-
dence to trigger the data acquisition. The first two
(not shown in the figure) were placed just down-
stream of the beam slit which controlled the in-
tensity while the second two were located just up-
stream and downstream of the MP-TPC inside of
PCMAG. These counters had an overlap region of
30 x 10 cm? to match the drift region of the cham-
ber. Further details are covered in [9].

In addition, for the MWPC running there were
two time-of-flight counters and one aerogel counter
(n = 1.03) which allowed the particle identifcation

of pions and protons at trigger level. These were
employed for the dE/dx measurements described
below. There were also two gas-Cherenkov coun-
ters for identification of electrons, which, however,
were not included in the present analysis.

4. Resolution studies

The diffusion constant C'p 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 sim-
plest model, the r.m.s. of the charge spread (also
called “Pad Response”) is parametrized by

opr(z) = 0pg(0) + Ch x 2, (1)

and the point resolution by

02(2) =05 + Ch/Ness X 2. (2)

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

The point resolution oy is related to signal-to-
noise: electronics and signal-charge spread at z =
0. The quantity N.ss is the effective number of
electrons contributing to the resolution as deter-
mined by primary ionization statistics, gain fluc-
tuations and the electronics performance [9][15].
These quantities are also affected by the crossing-
angles of the projected track relative to the pads
and, in the case of MWPC, relative to the wires.

The charge width was drived from a Gaussian
fit to the distribution of charge around the center-
of-gravity of a hit. The point resolution was calcu-
lated using the Double-Fit program [16] in which
standard deviations of hits for a pad row are cal-
culated 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 re-
spect to the two fits [17].

Equations 1 and 2 represent the ideal situation
and give reasonable agreement with the mea-



surements for a TPC with MPGD gas amplifica-
tion [9][15]. In the MWPC case, however, E x B
effects are not taken into account completely in

these equations, as will be decsiribed next in
Sec. ?7.

5. Results

The gas used was the so-called TDR gas[2], Ar-
CH4-CO3 (93:5:2)%. The chamber was operated at
atmospheric pressure; the pressure and the ambi-
ent temperature were continuously monitored. The
drift velocity was measured to be 4.52+0.04 cm/ s
at the drift field of 220 V//cm during the beam runs.

5.1. Charge spread and point resolution

The cosmic data at B=0T, 1T and 4T will be
compared with 4 GeV/c 7~ beam data at 0T and
1T magnetic fields. After the data was corrected
for dead channels and edge effects, the tracking
efficiency was essentially 100%.

Angle cuts of (polar, azimuthal)=(£30°, +3°)
were applied to the cosmic data to obtain a sample
with track directions for comparison with the beam
data at (polar, azimuthal)=(0°, 0°). The final sam-
ples selected for the diffusion and point-resolution
comparisons contained about 2 x 10* tracks in the
cosmic data and 10* tracks in the beam data.

The two plots of Fig. 4 compare the charge width
0%y versus z for the DESY cosmic data and the
KEK beam data. Figure 5 shows the point resolu-
tion o, versus z for the two data sets. The fits to
the data in Figs. 4 and 5 yeild the parameters in
Table 1.

Runs  B(T)|No.tracks| Cp |o 0)|-—| o

( ) D PR( ) \/W 0
Cosmics 0 5986  [491+2|1120+6(1264 4{181+£19
Cosmics 1 4578  [226+2|1240+4| 544 3({206+£11
Cosmics 4 9246 [11243|1390+4| 0421({312+ 4
Beam 0 5063 [466+1|1340+3|1174 3{179+12
Beam 1 5221  [2124+1|1290+1| 484 2|182+ 7

Table 1

Parameters fit to the data. The units are ym//cm for

Cp and pm for opr(0) and op.
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Fig. 4. Diffusion results for DESY cosmics (upper) and
KEK beam (lower).

The z resolution was also determined for all data
sets, and was consistent with ~0.4-0.5mm in all
cases; an example shown in Fig. 6.

In general the results in Table 1 from the DESY
and KEK runs agree to better than ~ 10%, which
is quite reasonable given the very different data-
taking environments. The final results will there-
fore be given by the weighted average of the two
runs. Systematic errors equal to one-half the dif-
ference between the DESY and KEK periods are
assigned to the B=0T and 1 T averages. Estimated
this way, the systematics dominate the statistical
errors by about an order of magnitude in almost
all cases. Therefore the statistical errors in Table
1 in general significantly underestimate the total
error. The total error is therefore taken to be the
quadratic sum of statistical and systematic errors.

For the 4 T data, there is no possibility to com-
pare between the two periods to estimate the
systematic effects which are dominant as just ex-
plained. Since these effects must be included, the
average of systmatic errors estimated at 0T and
1T are applied to the 4T data, i.e., ogys—aT =
<%>OT,1T X Ostat—aT, the average being calcu-
lated separately for each column 3 to 6 in Table 1.
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Fig. 5. Point-resolution results for DESY cosmics (upper)
and KEK beam (lower).
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Fig. 6. z resolution for beam data taken at KEK at 1T.

The resulting averages and total errors are
shown in Table 2.

B(T)| Cp | opr(0) |22—| o
(T)] Cp Pr(0) | o0
0 [|471+£12(1296+110{120+ 5|180+10
1 |215+ 7(1287+ 25| 504 3|189+13
4 |112+433(|1390+133| 0444|3124+ 6

Table 2

Averaged results. The units are pum/y/cm for Cp and pm
for cpgr(0) and op.

In the case of Fig. 4, the measured Cp values
predicted by Magboltz [22] agree with the mea-
sured values in Table 2 at 0 T and 1T, namely 440
and 200 pm/+/cm respectively.

The prediction for B = 4T, where Magboltz ex-
pects 60 pm/+/cm, is lower than the measurement
by about 1.5 standard deviations of total error, but
it is too small by many standard deviations of sta-
tistical error. This fact was perplexing at first since
the Magboltz value seems to be correct [23][24].
Thus initially a search was performed throughout
the data/analysis chain to see if a bias in the mea-
surement could explain the difference. No such bias
could be identified, and finally the difference is at-
tributed here to systematic effects as given in Ta-
ble 2.

The slopes in Fig. 5 correspond to Negs values
in Eq. 2 of 15.4+1.5 for B=0T. and 18.5+2.5 for
B =1T. At 4T, a value for N,y cannot be given
obviously, and this result will be discussed next.

At 4T one might expect —<2—, in a simple
f

model where N.¢¢ is the same at 1T and 4T, to
be about one quarter of that at 1T, i.e. around
12 pm/+/cm. This expectation is consistent with
the measurement at 4 T since it is well within the
error. The flatness of the curve at 4T in Fig. 5
was somewhat of a mystery, and a toy Monte Carlo
was used to help understand it. The study showed
that the £ x B influence at large B decreases as a
function of increasing drift distance z because the
diffusion becomes dominant. The combination of
the two effects combine to produce a nearly flat
behaviour as seen in Fig. 5.

5.2. Angle effect

To measure the angular dependence, the MP-
TPC was rotated by angles ¢ with respect to the
beam direction of ¢ ~ +10° and £20° and exposed
for roughly 10? triggers to the m beam at 4 GeV /c.
The results [18] for 0 pr(0) are shown in Fig. 7. The
shape of this curve is a measure of the pad-angle
effect and is proportional to —-302_ where h is

12-Neff
the pad height.
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5.3. dE/dx studies

The trigger elements are described in Sec. 3.2.
The proton and n— at 1, 2 and 4GeV/c were
used for the dE/dx results [19][20]. Figure 8 shows
dE/dx results, and Fig. 9 the measured 8 depen-
dence of dE/dx.

The dE/dx accuracy was measured to be be-
tween 22% and 27% for the MP-TPC. When ex-
trapolated to the size of the LCTPC, these corre-
spond 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.

6. Conclusions

The MWPC point resolution is unfavorably af-
fected by ExB effects for large magnetic field, as
clearly seen in Fig. 5. With MWPC the point error
measured at 4 T is about a factor three larger than
the goal for the LCTPC [4], so that the previously
successful MWPC technology in past experiments
is no longer considered to be the best option for
the TPC at the linear collider.

The following paper in this issue of NIM[11] de-
scribes the very positive results at the KEK test-
beam using a GEM[7] endcap on the MP-TPC pro-
totype.

proton

proton

4GeV

proton

Fig. 8. Measured dE/dX-distributions.
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