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A tracking detector for low energy electrons
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Abstract

Amultiwire proportional chamber has been developed to study the properties of a detector for tracking of low energy

electrons (0.2–1 MeV). The geometry and the materials used have been optimized to minimize energy losses and
multiple Coulomb scattering. The detector is equipped with a special electronic readout and event selection system,
consisting of an amplifier=comparator stage, a fast trigger unit and a data multiplexer. The fast trigger system identifies

the desired events within 30 ns. Based on this prototype, the full scale detectors ð50� 100 cm2Þ will be constructed to
determine the electron tracks in neutron decay experiments. # 2001 Published by Elsevier Science B.V.

PACS: 29.40.Gx; 29.40.Cs; 13.30.Ce; 23.40 Bw
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1. Introduction

Recently, a powerful facility for particle physics
with polarized cold neutrons has been brought
into operation at the spallation source SINQ at the
Paul Scherrer Institute, Villigen, Switzerland. The
experiments will focus on precision studies of the
neutron decay process. In particular, discrete
space–time symmetries of the weak interaction
will be investigated.
The first experiment aims at the determination

of the transverse polarization of electrons from

neutrons decaying ‘‘in flight’’. To measure the
polarization of the electrons, Mott scattering in
the field of heavy nuclei is used. This process
exhibits a large analyzing power in the energy
range characteristic for the neutron beta decay
ðEmax

b ¼ 0:78 MeVÞ. To determine the left=right
asymmetry in the electron scattering from the spin
analyzing foil, the incoming and outgoing tracks
of the electrons have to be determined (Fig. 1).
The tracking process should not disturb signifi-
cantly the momenta of the electrons. Additionally,
the neutron decay experiments operate in a back-
ground environment arising from neutrons scat-
tered around the apparatus, therefore materials
with small activation cross sections have to be used
in the construction of the detector.
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In this paper, we describe a prototype multiwire
proportional chamber which fulfills the above
conditions and which has passed extensive perfor-
mance tests.

2. Detector geometry

The requirements described in the introduction
can be summarized as follows: the detector should
have low mass and should be constructed of low Z
materials. This leads to the concept of a
gas detector with all electrodes consisting of
thin wire grids, since foil cathode planes would
lead to unacceptably large multiple scattering.
Accordingly, the gas mixture should be based on
helium.
Our prototype multiwire proportional chamber

(MWPC) is 20� 20 cm2 large with an active area
of 13� 13 cm2. The chamber has a modular
construction, which allows for detailed investiga-
tions of the cell geometry and easy extension of the
detector by adding more electrodes.
Each plane consists of 32 wires with 4 mm

spacing. This particular value has been chosen as
an optimum for the moderate spatial resolution
required by the experiment, which is limited by

multiple small angle Coulomb scattering
of the electrons in the gas. The calculated
yRMS angle,1 describing multiple scattering,
varies between 38 and 158 for electron energies
between 250 and 750 keV, 10 cm path length
and 10–40% admixture of Methylal vapor
into Helium gas [2,3]. The spacing of the
wires also affects the overall (optical) transparency
of the chamber. This is an important para-
meter, since events where the electron hits a
wire have to be separated from those originat-
ing from the electron scattering from the analyzer
foil (Fig. 1). Also, capture of stray neutrons on
the wires should be avoided to prevent delayed
b-activities. Thin wires are therefore essential.
After investigations we have found, that 25 mm
Ni–Cr alloy (80–20%) wires, for anode and
cathode planes, are optimal for our purposes,
providing an optical transparency above 90% for
a detector with 12 active planes. Ni–Cr alloy was
also chosen, because it consists of elements with
sufficiently low electron backscattering and low
cross sections for neutron activation with subse-
quent b emission.2

For the frames of the electrodes, standard,
1:6 mm thick glass fiber printed circuit boards
are used. The distance frames between the
electrodes are made of the glass fiber, Stesalit
4411W. The electrodes and spacers are screwed
together and sealed by flat, 0:2 mm thick, rubber
gaskets.
Two kinds of electrode planes were built. The

‘‘active’’ electrodes allow for a readout of charge
from individual wires, while the ‘‘inactive’’ elec-
trodes are used only for the creation of the
electrostatic field in the chamber. The active
electrodes are equipped with high voltage decou-
pling circuits.

Fig. 1. The principle of the experiment is to determine the

transverse polarization of the electrons emitted in the decay of

polarized neutrons. The electrons are backscattered from the

spin-analyzer Pb foil. From the tracks of the electrons, the

scattering angle and the Mott scattering asymmetry can be

determined. Here, ~JJ and ~ss denote the spin directions of the

neutron and electron; E and V are scintillator hodoscopes and

veto detectors.

1As a measure of the multiple Coulomb scattering effects we

use the root-mean square projected angle yRMS, as defined by

Moli"eere [1].
2 In the primary phase of this investigation standard 20 and

50 mm Tungsten wires were used. The magnitude of electron

scattering from wires was unacceptable in this case; the

reduction factor by using 25m Ni–Cr wires is between

5 and 10.
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3. Electronics and data readout system

The electronic system of the detector consists
of several stages. These include pulse ampli-
fication and shaping, discrimination, analog
multiplexing and digitization. All the custom
produced electronic modules use standard
socket devices. This has allowed for easy and
inexpensive extensions and modifications of the
hardware in the development phase of the
detector.

3.1. Preamplifier

For the charge readout the LM6365 (National
Semiconductor) was chosen, due to its high gain-
bandwidth and low noise.
Several pulse shape, amplitude and timing

options were tested with different configurations
of the wire chamber cell. For most of the
data reported in this paper, where a symmetric
cell was used (anode–cathode distance of 4 mm), a
pulse rise time of 200 ns was chosen for both
anode and cathode preamplifier circuits. This
relatively long rise time reveals a very good signal
to noise ratio ð� 50Þ. In addition, with longer rise
time, delays of the wire signals to match the
fast trigger system are avoided (Section 3.2).
The chosen pulse shape allows also for a coarse
analysis of the pulse height (Section 4.2)
and provides a high amplification which is
important for the gas mixtures based on helium.3

Pulse height analysis is very useful in the track
recognition for events with a high hit multiplicity
(Section 4.2).
The amplified and shaped signals are fed

into the comparator input of the LeCroy
MVL 407 chip. By setting an appropriate
threshold in the range of 50–500 mV, noise is
discriminated. The output of the comparator
signal is split into two branches: one drives the
trigger logic while the other is directed to the start
input of the time-to-digital converter (TDC,
LeCroy 3377).

3.2. Fast trigger

The experimental conditions characterized by
the presence of background radiation, consisting
of scattered neutrons, secondary g-rays and
electrons, require inclusion of the information
from the wire chambers in the event selection
process.
We note that, in the neutron decay experiment

the electrons scattered from the analyzer foil will
cross a set of two multiplane wire chambers placed
on the opposite sides of the neutron beam. Thus,
the plane multiplicity for the most interesting
events, which exhibit a scattering vertex signature,
will exceed by a factor of two the plane multiplicity
for the most frequent background events, where
the charged particle crosses only one chamber.4

The fast electronic modules for on-line event
selection have been constructed using ECL logic
chips. The custom made modules are plugged
directly into the chamber amplifier=comparator
boards. Fig. 2 shows the logic diagram. The gate
signal is generated by the hodoscope detectors
(Fig. 1), consisting of three 15� 5� 1 cm3 scintil-
lator bars. To provide uniform, position indepen-
dent pulse height response, two photomultipliers
were attached on both sides of each scintillator
bar. The analog sum of the two photomultiplier
signals is directed into the FERA ADC to measure
the electron energy. The plane hit signals, from the
anode planes, yield an analog sum in the plane
multiplicity unit with the amplitude proportional
to the plane multiplicity. The desired minimal
multiplicity is selected by comparing this signal
with an external threshold voltage, provided by the
DAC, a part of the ‘‘slow control’’ system. The
gate generated by the plastic scintillator detectors
provides a timing reference for the TDC common
stop signal.
Using the AND or OR logic of the two

chambers responses, the fast trigger circuit recog-
nizes two kinds of events: the candidates for
‘‘V-tracks’’ (for which scattering in the analyzer
foil took place) and single track events in one of
the two chambers.

3Primary ionization for He at the STP conditions is only 5

ion pairs=cm for minimum ionizing electrons.

4These events will be pre-scaled and recorded for monitoring

purposes.
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Extensive laboratory tests and a test run with
the neutron beam have shown that the fast trigger
system performs very well and can be extended
and implemented into the final detector.

3.3. Multiplexer

The experiment should operate with about 4000
sense wires. At the expected counting rates of few
hundred events per second, allocation of separate
digitizing channels to all sense wires would be
impractical and expensive. Therefore, we have
developed a multiplexing scheme which exploits
the multi-hit capability of the LeCroy 3377 TDC
module. Several comparator output signals are
delayed by multiples of 230 ns and the whole
group of wires is plugged into a single TDC
channel. As a result, a separate time window of
200 ns length is allocated to each sense wire. For a
given group of wires these windows cover the TDC
conversion range and do not overlap.
The implementation of the multiplexer is shown

in Fig. 3. The delays are generated by two mono-
flops (Texas Instruments SN 74LS123) connected
in series. The first mono-flop, triggered by the

leading edge of the wire comparator output,
generates a pulse with a length equal to the desired
delay time. The second pulse is triggered by the
trailing edge of the former pulse and generates a
standard signal, which enters the OR gate. There-
by, wire signals reach the start input of the TDC in
a well defined time sequence to be processed in a
multi-hit mode of the TDC. It is valuable to note
that complete timing information within 200 ns
after the trigger is preserved. No additional dead-
time in the readout system is introduced by the
presence of multiple hits at the TDC input (Fig. 3).
Further advantages of such a mono-flop solution
are the flexibility in setting of the delay time and a
low cost.
Fig. 4 presents TDC spectra of four neighboring

wire signals plugged into a single TDC channel.
The chamber was exposed to a collimated beam of
electrons from a 90Sr b source. The multiplexer
exhibits a very good stability of the delays and a
negligible time jitter (less than 1 ns). No increase
of noise and no lost hits were found in the
laboratory tests.
In this setup, the LeCroy 3377 Multi-hit TDC

module plays a very important role in the chamber

Fig. 2. Logic diagram of the fast trigger system. The Master Gate signal is generated by the Plane Multiplicity strobed with the

Scintillator Gate.
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readout and digitizing system. It serves as a
component of the multiplexer, as a latch for the
hit pattern and as a digitizer for the pulse
amplitude.

4. Performance of the prototype detector

4.1. Gas mixture and detector efficiency

The optimal gas mixture, besides securing the
stable operation of the detector, should also

minimize the energy loss and the effects of multiple
scattering. For electrons in the energy range
250–780 keV, a few percent energy loss and
multiple scattering angles yRMS up to 158 for 10
cm long tracks are acceptable in the proposed
neutron decay experiment.
The gas mixtures used in our studies are based

on helium. Due to the low primary ionization
probability in helium and the small volume of the
sensitive cell in our chamber, the efficiency is
primarily determined by the organic component.
In most of the laboratory experiments we used
Methylal ðC3H8O2Þ which provides a high primary
ionization. The quantity of Methylal was varied
between 5% and 40% and effects were investigated
separately for different wire thicknesses and cell
geometries. In addition, small quantities of iso-
butane, which extends the efficiency plateau, were
added.
The results of the efficiency measurements,

performed with our preferred chamber geometry
(25 mm thick NiCr wires, 4 mm wire spacing, 4
mm distance between anodes and cathodes), are
shown in Fig. 5. The longest efficiency plateau was
achieved for a rather high concentration of
Methylal (about 38%) and 4% addition of
isobutane. This gas mixture guarantees a stable
operation of the chamber in a high counting rate
environment and may be used e.g. in investigations
of the background in the first experiments with the
neutron beam. For the regular operation of the

Fig. 3. Multiplexer based on the mono-flop delays and its timing graph. The leading edge timing information of each signal is

conserved.

Fig. 4. TDC time spectra; result of the multiplexing. One TDC

input receives signals from the four neighboring wires delayed

successively by 230 ns. The complete time information within

the 200 ns after the occurrence of an event is preserved.

Shortening the scintillator gate from 200 to 150 ns rejects the

events in the tail of the spectrum and reduces noticeably the hit

multiplicity (Section 4.2).
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detector, the mixture of around 20% Methylal,
5% isobutane and 75% helium is recommended; in
these conditions yRMS � 68, DE � 15 keV for d ¼
10 cm and 0:5 MeV kinetic energy of the electrons.

4.2. Hit multiplicity and spatial resolution

The wire chamber is part of the Mott polari-
meter. For the events of interest, the electron
traverses the chamber twice: before and after
scattering from a high Z nucleus in the analyzer
foil (Fig. 1). A very important performance para-
meter of the chamber is the spatial resolution of
the reconstructed scattering vertex.
Apart from the obvious geometrical parameters,

as distances between the wires and planes, the
resolution of the vertex position is affected by the
sizes of the hit clusters. A good separation of the
clusters for incoming and outgoing electrons,
particularly in the plane closest to the scattering
foil, is desired for an unambiguous pattern
recognition. A low hit multiplicity makes cluster
recognition easier and improves spatial resolution

of the vertex. This is particularly important for
tracks with large inclination angles.
For the anode wires, low multiplicity of hit

clusters has been observed (about 1.2 hits=cluster).
The whole effect could be ascribed to the produc-
tion of the primary electron–ion pairs in two or at
most three cells for tracks with large inclination
angles. We have tried a standard method to reduce
the cluster size by the addition of about 1% of
Freon [4], however, the observed effects were
marginal.
Timing information for separate wires (Section

3.3) is helpful to resolve the discrepancy, since the
drift time of the ionization produced at the edge of
the cell is longer than for the central part of the
cell. A noticeable reduction of the hit multiplicity
for inclined tracks was observed by shortening the
time acceptance to approx. 150 ns (Fig. 4). Rejec-
tion of the latest hits within a cluster reduces the
cathode cluster size by approximately 25%. How-
ever, with this method, satisfactory results for the
cathodes were not yet obtained.
Due to the indirect way, in which the cathode

signals are generated [5], the hit multiplicity is
much more difficult to control. The brute force
method to reduce the number of hits is an increase
of the pulse height threshold. This, however,
decreases significantly the cathode efficiency.
Satisfactory results were obtained at the efficiency
value of 90% for a single plane. In this case, about
60% of single track events reveal one missing
plane, nevertheless, for six sensing planes, such
tracks can still be reconstructed without major
difficulty.
The information from the cathodes may also be

further improved by detailed pulse amplitude
analysis [6]. Our data roughly confirm Gaussian
distribution of the cathode signal amplitudes,
induced by the moving ions around the firing
anode, with a FWHM equal to twice the gap
between the anode and cathodes. Thus, hit clusters
on the cathode wires can be reduced by decreasing
the anode–cathode distance. However, this meth-
od cannot be used without limitations. At small
distances the force of the electrostatic attraction
will affect the wire geometry, what may lead to
non-uniformities in the pulse height response due
to varying dimensions of the cell along the wire [7].

Fig. 5. Results of the efficiency measurements performed with

the various gas mixtures. (a)}high Methylal concentrations,

(b)}low Methylal concentrations.
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To counteract the forces of the electrostatic
attraction, the long wires in the full size detector
would have to be stretched to the limit of their
tensile strength. Though the arguments above are
against this solution, we have investigated an
asymmetric cell structure [8], where the active
cathode plane (with signal readout) was placed 1:
6 mm from the anodes and the inactive cathodes
were mounted at a distance of 3:2 mm from the
anodes. Such a cell geometry provides still enough
primary charge and generates acceptably small
clusters on the cathode planes. The observed
vertex resolution of the cathode coordinate was
in this case about 20% larger than for the anodes.
For such asymmetric cells the active and inactive
cathodes were operated at different potentials;
typical values were 1400 and 2000 V, respectively.
The best way to solve the problem of the large

clusters is to calculate the cluster centroids, using
the pulse height information of the firing wires.
Such a solution would be rather expensive for the
standard procedure of measuring the pulse ampli-
tudes since it would require several thousands of
ADC channels in our experiment. However, our
electronic circuitry and the digitizing system based
on the multi-hit TDC’s can also deliver the pulse
height information with the required, moderate
accuracy. As discussed in Section 3.1, the pulses
from the wires were shaped with a rise time of
approximately 200 ns. The delay of the leading
edge of the comparator output signal with respect
to a common time mark provided (e.g. by the
trigger signal from the plastic scintillator) depends
on the amplitude of the input signal (Fig. 6). This
timing information can easily be translated into an
amplitude signal (Fig. 7). Using this indirect
method of measurement of the pulse amplitude,
the cluster centroids were calculated. This method
restores high efficiency and allows simultaneously
for a clear identification of clusters. Fig. 8 shows
the gain in the spatial resolution of the scattering
vertex for the same sample of events with time
amplitude information ignored (a) and time
amplitude information included (b).
Fig. 9 presents the results of the vertex recon-

struction accuracy for two positions of the
scattering foil. This test was performed with the
90Sr b source. Events were selected according to

the requirements of the measurement of the
transverse polarization of electrons from neutron
decay. Appropriate range of scattering angles,
electron energy, cluster and plane multiplicities
were selected. Due to the lever arm effect for the
incoming and outgoing tracks the width of the
distribution of the reconstructed vertices increases
with the distance of the scattering foil from the
chamber. To minimize the multiple scattering of
the electrons in the gas, a smaller distance is
recommended. Placing the foil at about 20 mm
from the last electrode gives a very good separa-
tion of events scattered in the foil from those

Fig. 6. Determination of the pulse height from the discrimina-

tion walk.

Fig. 7. Measured pulse height as a function of the delay time of

the leading edge of the comparator output with respect to the

scintillator signal.
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created by the presence of other scatterers
(chamber wires, scintillator hodoscope, etc.).

5. Conclusions

A low mass multiwire proportional chamber
was developed and tested. The geometry and the
materials were chosen to meet the specific condi-
tions of the neutron decay experiments using an
intense cold neutron beam. The detector is
equipped with specially designed readout and
trigger electronics. The system has passed exten-
sive laboratory tests and has been used recently in
the first test run with the neutron beam. Positive
results of these tests allow for an extension of the

discussed concept towards the construction of the
apparatus to determine the time reversal violating
component of the transverse polarization of the
electrons emitted in the decay of free neutrons.
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Fig. 8. Reconstruction of vertices for two kinds of the data

analysis: without (a) and with (b) time information readout.

Fig. 9. Reconstructed vertices of the electron scattering events

selected according to the requirements of the planned neutron

decay experiment: (a) Anode projection, (b) Cathode projec-

tion.

K. Bodek et al. / Nuclear Instruments and Methods in Physics Research A 473 (2001) 326–334 333



References

[1] G. Moli"eere, Z. Naturforsch. 2a (1947) 133; 3a (1948)

78.

[2] V. Highland, Nucl. Instr. and Meth. 129 (1975) 497.

[3] G. Lynch, O. Dahl, Nucl. Instr. and Meth. B 58 (1991) 6.

[4] G. Charpak, Ann. Rev. Nucl. Sci. 20 (1970) 195.

[5] W.R. Leo, Techniques for Nuclear and Particle Physics

Experiments, Springer, Berlin, 1994.

[6] A. Breskin, G. Charpak, C. Demierre, S. Majewski, A.

Policarpo, F. Sauli, J.C. Santiard, Nucl. Instr. and Meth.

143 (1977) 29.

[7] J. Va’vra, Nucl. Instr. and Meth. A 252 (1986) 547.

[8] D. Conti, ETH Diss. No. 12412 (1999), unpublished.

K. Bodek et al. / Nuclear Instruments and Methods in Physics Research A 473 (2001) 326–334334


