
7
Track detectors

Some scientists find, or so it seems, that they get their best ideas when
smoking; others by drinking coffee or whiskey. Thus there is no reason
why I should not admit that some may get their ideas by observing or

by repeating observations.

Karl R. Popper

The measurement of particle trajectories is a very important issue for any
experiment in high energy physics. This provides information about the
interaction point, the decay path of unstable particles, angular distribu-
tions and, when the particle travels in a magnetic field, its momentum.
Track detectors, used intensively in particle physics up to the early
seventies, have been described in Chap. 6.

A new epoch was opened by the invention of the multiwire proportional
chamber [1, 2]. Now gaseous wire chambers and micropattern detectors
almost play a dominant rôle in the class of track detectors.

The fast progress of semiconductor detectors has resulted in a growth
of the number of high energy physics experiments using tracking systems
based on semiconductor microstrip or pixel detectors, especially in areas
where extremely high spatial accuracy is required.

7.1 Multiwire proportional chambers

A multiwire proportional chamber (MWPC) [1–4] is essentially a planar
layer of proportional counters without separating walls (Fig. 7.1). The
shape of the electric field is somewhat modified compared to the pure
cylindrical arrangement in proportional counters (Fig. 7.2) [5, 6].
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Fig. 7.1. Schematic layout of the construction of a multiwire proportional
chamber.

Fig. 7.2. Field and equipotential lines in a multiwire proportional chamber. The
effect of a minor displacement of one anode wire on the field quality is clearly
visible [5, 6].

When the coordinates of the wires are y = 0, x = 0,±d,±2d, . . . the
potential distribution is approximated by an analytical form [6]:

U(x, y) =
CV

4πε0
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2πL
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d
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d

)]}
, (7.1)

where L and d are defined in Fig. 7.1, V is the anode voltage, ε0 the
permittivity of free space (ε0 = 8.854 ·10−12 F/m), and C the capacitance
per unit length given by the formula

C =
4πε0

2
(

πL
d − ln 2πri

d

) , (7.2)

where ri is the anode-wire radius.
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188 7 Track detectors

Avalanche formation in a multiwire proportional chamber proceeds
exactly in the same way as in proportional counters. Since for each anode
wire the bulk charge is produced in its immediate vicinity, the signal orig-
inates predominantly from positive ions slowly drifting in the direction of
the cathode, see Eq. (5.41) and Fig. 5.8. If the anode signal is read out
with a high-time-resolution oscilloscope or with a fast analogue-to-digital
converter (flash ADC), the ionisation structure of the particle track can
also be resolved in the multiwire proportional chamber.

The time development of the avalanche formation in a multiwire propor-
tional chamber can be detailed as follows (Fig. 7.3). A primary electron
drifts towards the anode (a), the electron is accelerated in the strong
electric field in the vicinity of the wire in such a way that it can gain
a sufficient amount of energy on its path between two collisions so that
it can ionise further gas atoms. At this moment the avalanche formation
starts (b). Electrons and positive ions are created in the ionisation pro-
cesses essentially in the same place. The multiplication of charge carriers
comes to an end when the space charge of positive ions reduces the exter-
nal electric field below a critical value. After the production of charge
carriers, the electron and ion clouds drift apart (c). The electron cloud
drifts in the direction of the wire and broadens slightly due to lateral dif-
fusion. Depending on the direction of incidence of the primary electron,
a slightly asymmetric density distribution of secondary electrons around
the wire will be formed. This asymmetry is even more pronounced in
streamer tubes. In this case, because of the use of thick anode wires and
also because of the strong absorption of photons, the avalanche formation
is completely restricted to the side of the anode wire where the electron
was incident (see also Figs. 5.7 and 5.13) (d). In a last step the ion cloud
recedes radially and slowly drifts to the cathode (e).

In most cases gold-plated tungsten wires with diameters between 10 μm
and 30 μm are used as anodes. A typical anode-wire distance is 2 mm. The
distance between the anode wire and the cathode is on the order of 10 mm.
The individual anode wires act as independent detectors. The cathodes
can be made from metal foils or also as layers of stretched wires.
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Fig. 7.3. Temporal and spatial development of an electron avalanche.
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7.1 Multiwire proportional chambers 189

As counting gases all gases and gas mixtures, which also are stan-
dard for the operation of proportional counters, namely, noble gases like
Ar, Xe with admixtures of CO2, CH4, isobutane, and other hydrocar-
bons can be used [7–9]. Typical gas amplifications of 105 are achieved
in multiwire proportional chambers. To obtain fast signals, gases with
high electron mobility are used. For example, in the work of [10] a time
resolution of 4.1 ns was achieved with a proportional chamber using a
CF4 + 10% i-C4H10 filling.

In most chambers the possibility to process the analogue information
on the wires is not taken advantage of. Instead, only thresholds for the
incoming signals are set. In this mode of operation the multiwire propor-
tional chamber is only used as a track detector. For an anode-wire distance
of d = 2 mm the root-mean-square deviation of the spatial resolution is
given by, see Eq. (2.6),

σ(x) =
d√
12

= 577 μm . (7.3)

The fundamental reason that limits a reduction of the wire spacing d
is the electrostatic repulsion between long anode wires. This effect should
be taken into account for MWPC construction. The central wire position
is stable only if the wire tension T satisfies the relation

V ≤ d

lC

√
4πε0T , (7.4)

where V is the anode voltage, d the wire spacing, l the wire length and
C the capacitance per unit length of the detector [11, 12], Formula (7.2)
(see Fig. 7.1). Using this equation, the required wire tension for stable
wires can be calculated taking into account Eq. (7.2),

T ≥
(
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· 1
4πε0

(7.5)

≥
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[
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2
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d

)]2

. (7.6)

For a wire length l = 1 m, an anode voltage V = 5 kV, an anode–cathode
distance of L = 10 mm, an anode-wire spacing of d = 2 mm and an anode-
wire diameter of 2ri = 30 μm, Eq. (7.6) yields a minimum mechanical wire
tension of 0.49 N corresponding to a stretching of the wire with a mass of
about 50 g.

Longer wires must be stretched with larger forces or, if they cannot
withstand higher tensions, they must be supported at fixed distances.
This will, however, lead to locally inefficient zones.

https://doi.org/10.1017/9781009401531.010 Published online by Cambridge University Press

https://doi.org/10.1017/9781009401531.010


190 7 Track detectors

For a reliable operation of MWPCs it is also important that the wires
do not sag too much gravitationally due to their own mass [13]. A sag of
the anode wire would reduce the distance from anode to cathode, thereby
reducing the homogeneity of the electric field.

A horizontally aligned wire of length l stretched with a tension T would
exhibit a sag due to the pull of gravity of [14] (see also Problem 7.5)

f =
πr2i
8

· � · g l
2

T
=
mlg

8T
(7.7)

(m, l, �, ri – mass, length, density and radius of the unsupported wire, g –
acceleration due to gravity, and T – wire tension [in N]).

Taking our example from above, a gold-plated tungsten wire (ri =
15 μm; �W = 19.3 g/cm3) would develop a sag in the middle of the wire of

f = 34 μm , (7.8)

which would be acceptable if the anode–cathode distance is on the order
of 10 mm.

Multiwire proportional chambers provide a relatively poor spatial res-
olution which is on the order of ≈ 600 μm. They also give only the
coordinate perpendicular to the wires and not along the wires. An
improvement in the performance can be obtained by a segmentation of
the cathode and a measurement of the induced signals on the cathode
segments. The cathode, for example, can be constructed of parallel strips,
rectangular pads (‘mosaic counter’) or of a layer of wires (Fig. 7.4).

In addition to the anode signals, the induced signals on the cathode
strips are now also recorded. The coordinate along the wire is given by
the centre of gravity of the charges, which is derived from the signals
induced on the cathode strips. Depending on the subdivision of the cath-
ode, spatial resolutions along the wires of ≈ 50 μm can be achieved, using

point of
particle
passage

anode wires

y
cathode strips

x
anode signals cathode signals

Fig. 7.4. Illustration of the cathode readout in a multiwire proportional
chamber.
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Fig. 7.5. Illustration of the resolution of ambiguities for two-particle detection
in a multiwire proportional chamber.

this procedure. In case of multiple tracks also the second cathode must
be segmented to exclude ambiguities.

Figure 7.5 sketches the passage of two particles through a multiwire pro-
portional chamber. If only one cathode were segmented, the information
from the anode wires and cathode strips would allow the reconstruction
of four possible track coordinates, two of which, however, would be ‘ghost
coordinates’. They can be excluded with the help of signals from a second
segmented cathode plane. A larger number of simultaneous particle tracks
can be successfully reconstructed if cathode pads instead of cathode strips
are used. Naturally, this results also in an increased number of electronic
channels.

Further progress in the position resolution of MWPCs as well as in
the rate capability has been achieved with the development of gaseous
micropattern chambers. These detectors are discussed in Sect. 7.4.

7.2 Planar drift chambers

The principle of a drift chamber is illustrated by Fig. 7.6. The time Δt
between the moment of the particle passage through the chamber and the
arrival time of the charge cloud at the anode wire depends on the point
of passage of the particle through the chamber. If v− is the constant drift
velocity of the electrons, the following linear relation holds:

x = v− · Δt (7.9)
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192 7 Track detectors

Fig. 7.6. Working principle of a drift chamber.

or, if the drift velocity varies along the drift path,

x =
∫
v−(t) dt . (7.10)

In order to produce a suitable drift field, potential wires are introduced
between neighbouring anode wires.

The measurement of the drift time allows the number of anode wires in
a drift chamber to be reduced considerably in comparison to an MWPC
or, by using small anode-wire spacings, to improve significantly the spatial
resolution. Normally, both advantages can be achieved at the same time
[15]. Taking a drift velocity of v− = 5 cm/μs and a time resolution of the
electronics of σt = 1 ns, spatial resolutions of σx = v−σt = 50 μm can
be achieved. However, the spatial resolution has contributions not only
from the time resolution of the electronics, but also from the diffusion
of the drifting electrons and the fluctuations of the statistics of primary
ionisation processes. The latter are most important in the vicinity of the
anode wire (Fig. 7.7 [5, 16]).

For a particle trajectory perpendicular to the chamber, the statistical
production of electron–ion pairs along the particle track becomes impor-
tant. The electron–ion pair closest to the anode wire is not necessarily
produced on the connecting line between anode and potential wire. Spatial
fluctuations of charge-carrier production result in large drift-path differ-
ences for particle trajectories close to the anode wire while they have only
a minor effect for distant particle tracks (Fig. 7.8).

Naturally, the time measurement cannot discriminate between particles
having passed the anode wire on the right- or on the left-hand side. A
double layer of drift cells where the layers are staggered by half a cell
width can resolve this left–right ambiguity (Fig. 7.9).

Drift chambers can be made very large [17–19]. For larger drift volumes
the potential between the anode-wire position and the negative potential
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Fig. 7.7. Spatial resolution in a drift chamber as a function of the drift path
[5, 16].

Fig. 7.8. Illustration of different drift paths for ‘near’ and ‘distant’ parti-
cle tracks to explain the dependence of the spatial resolution on the primary
ionisation statistics.

on the chamber ends is divided linearly by using cathode strips connected
to a chain of resistors (Fig. 7.10).

The maximum achievable spatial resolution for large-area drift cham-
bers is limited primarily by mechanical tolerances. For large chambers
typical values of 200 μm are obtained. In small chambers (10 × 10 cm2)
spatial resolutions of 20 μm have been achieved. In the latter case the time
resolution of the electronics and the diffusion of electrons on their way to
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t2

particle

t1

Fig. 7.9. Resolution of the left–right ambiguity in a drift chamber.

Fig. 7.10. Illustration of the field formation in a large-area drift chamber.

the anode are the main limiting factors. The determination of the coor-
dinate along the wires can again be performed with the help of cathode
pads.

The relation between the drift time t and the drift distance in a large-
area (80 × 80 cm2) drift chamber with only one anode wire is shown in
Fig. 7.11 [19]. The chamber was operated with a gas mixture of 93% argon
and 7% isobutane.

Field formation in large-area drift chambers can also be achieved by
the attachment of positive ions on insulating chamber surfaces. In these
chambers an insulating foil is mounted on the large-area cathode facing
the drift space (Fig. 7.12). In the time shortly after the positive high
voltage on the anode wire has been switched on, the field quality is insuf-
ficient to expect a reasonable electron drift with good spatial resolution
over the whole chamber volume (Fig. 7.13a). Positive ions which have
been produced by the penetrating particle now start to drift along the
field lines to the electrodes. The electrons will be drained by the anode
wire, but the positive ions will get stuck on the inner side of the insulator
on the cathode thereby forcing the field lines out of this region. After a
certain while (‘charging-up time’) no field lines will end on the covers of
the chamber and an ideal drift-field configuration will have been formed
(Fig. 7.13b, [20, 21]). If the chamber walls are not completely insulating,
i.e., their volume or surface resistance is finite, some field lines will still
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Fig. 7.11. Drift-time–space relation in a large drift chamber (80 × 80 cm2) with
only one anode wire [19].

cathode

large-area cathode

insulator

cathode
+HV
(anode)

Fig. 7.12. Principle of construction of an electrodeless drift chamber.

(a)

(b)

(c)

Fig. 7.13. Field formation in an electrodeless drift chamber by ion attachment
[20, 21].

end on the chamber covers (Fig. 7.13c). Although, in this case, no ideal
field quality is achieved, an overcharging of the cathodes is avoided since
the chamber walls have a certain conductivity or transparency to allow
for a removal of surplus surface charges.

https://doi.org/10.1017/9781009401531.010 Published online by Cambridge University Press

https://doi.org/10.1017/9781009401531.010
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Initial difficulties with long charging times (≈ 1 h) and problems of
overcharging of the insulators at high rates can be overcome by a suitable
choice of dielectrics on the cathodes [22]. Based on this principle chambers
of very different geometry (rectangular chambers, cylindrical chambers,
drift tubes, etc.) even with long drift paths (> 1 m) have been constructed
[23–26].

The principle of electron drift in drift chambers can be used in many
different ways. The introduction of a grid into a drift chamber enables the
separation of the drift volume proper from the gas amplification region.
The choice of suitable gases and voltages allows very low drift velocities
in the drift volume so that the ionisation structure of a track of a charged
particle can be electronically resolved without large expense (principle
of a time expansion chamber) [27, 28]. The use of very small anode-wire
distances also allows high counting rates per unit area because the rate
per wire in this case stays within reasonable limits.

The induction drift chamber [29–31] also allows high spatial resolutions
by using anode and potential wires with small relative distances. The for-
mation of an electron avalanche on the anode will induce charge signals on
neighbouring pickup electrodes which allow at the same time the deter-
mination of the angle of incidence of a particle and the resolution of the
right–left ambiguity. Because of the small anode spacing the induction
drift chamber is also an excellent candidate for high-rate experiments , for
example, for the investigation of electron–proton interactions in a storage
ring at high repetition frequencies (e.g. in HERA, the hadron–electron
storage ring at the German electron synchrotron DESY). Particle rates
up to 106 mm−2 s−1 can be processed.

The finite drift time can also be taken advantage of to decide whether
or not an event in a detector is of interest. This, for example, can
be realised in the multistep avalanche chamber . Figure 7.14 shows the

Fig. 7.14. Principle of operation of a multistep avalanche chamber [32].
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principle of operation [32]. The detector consists of two multiwire propor-
tional chambers (MWPC 1 and 2), whose gas amplifications are arranged
to be relatively small (≈ 103). All particles penetrating the detector will
produce relatively weak signals in both proportional chambers. Electrons
from the avalanche in MWPC 1 can be transferred with a certain proba-
bility into the drift region situated between the two chambers. Depending
on the width of the drift space these electrons require several hundred
nanoseconds to arrive at the second multiwire proportional chamber. The
end of the drift space is formed by a wire grid which is only opened by a
voltage signal if some external logic signals an interesting event. In this
case the drifting electrons are again multiplied by a gas amplification
factor 103 so that a gas amplification of 106 · ε in MWPC 2 is obtained,
where ε is the mean transfer probability of an electron produced in cham-
ber 1 into the drift space. If ε is sufficiently large (e.g. >0.1), the signal in
chamber 2 will be large enough to trigger the conventional readout elec-
tronics of this chamber. These ‘gas delays’, however, are nowadays mainly
realised by purely electronic delay circuits.

Experiments at electron–positron storage rings and at future proton–
proton colliders require large-area chambers for muon detection. There are
many candidates for muon chambers, such as layers of streamer tubes. For
the accurate reconstruction of decay products of the searched-for Higgs
particles, for example, excellent spatial resolutions over very large areas
are mandatory. These conditions can be met with modular drift chambers
[33, 34].

7.3 Cylindrical wire chambers

For storage-ring experiments cylindrical detectors have been developed
which fulfill the requirement of a maximum solid-angle coverage, i.e.
hermeticity . In the very first experiments cylindrical multigap spark
chambers (see Chap. 6) and multiwire proportional chambers were used,
however, at present drift chambers have been almost exclusively adopted
for the measurement of particle trajectories and the determination of the
specific ionisation of charged particles.

There are several types of such detectors: cylindrical drift chambers
whose wire layers form cylindrical surfaces; jet chambers, where the drift
spaces are segmented in azimuthal direction; and time-projection cham-
bers, which are in the sensitive volume free of any material (apart from
the counting gas), and where the information on particle trajectories is
drifted to circular end-plate detectors.

Cylindrical drift chambers operated in a magnetic field allow the deter-
mination of the momenta of charged particles. The transverse momentum
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p of charged particles is calculated from the axial magnetic field and the
bending radius of the track, ρ, to be (see Chap. 11)

p [GeV/c] = 0.3 B [T] · ρ [m] . (7.11)

7.3.1 Cylindrical proportional and drift chambers

Figure 7.15 shows the principle of construction of a cylindrical drift cham-
ber . All wires are stretched in an axial direction (in the z direction, the
direction of the magnetic field). For cylindrical drift chambers a poten-
tial wire is stretched between two anode wires. Two neighbouring readout
layers are separated by a cylindrical layer of potential wires. In the most
simple configuration the individual drift cells are trapezoidal where the
boundaries are formed by eight potential wires. Figure 7.15 shows a pro-
jection in the rϕ plane, where r is the distance from the centre of the
chamber and ϕ is the azimuthal angle. Apart from this trapezoidal drift
cell other drift-cell geometries are also in use [35].

In the so-called open trapezoidal cells every second potential wire on
the potential-wire planes is left out (Fig. 7.16).

The field quality can be improved by using closed cells (Fig. 7.17) at
the expense of a larger number of wires. The compromise between the
aforementioned drift-cell configurations is a hexagonal structure of the
cells (Fig. 7.18). In all these configurations the potential wires are of
larger diameter (∅ ≈ 100 μm) compared to the anode wires (∅ ≈ 30 μm).

potential wire
anode wire

Fig. 7.15. Schematic layout of a cylindrical drift chamber. The figure shows a
view of the chamber along the wires.
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potential wire

anode wire

(a)

(b)

Fig. 7.16. (a) Illustration of an open drift-cell geometry. (b) Field lines in an
open drift cell [36].

(a)

(b)

anode wire

potential wire

Fig. 7.17. (a) Illustration of a closed drift-cell geometry. (b) Field lines in a
closed drift cell [36].
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(a)

(b)

anode wire
potential wire

Fig. 7.18. (a) Hexagonal drift-cell geometry. (b) Field lines in a hexagonal drift
cell [36].

All wires are stretched between two end plates which must take the
whole wire tension. For large cylindrical wire chambers with several thou-
sand anode and potential wires this tension can amount to several tons.

The configurations described so far do not allow a determination of the
coordinate along the wire. Since it is impossible to segment the cathode
wires in these configurations, other methods to determine the coordinate
along the wire have been developed. One way of determining the z coor-
dinate is the charge-division method that requires to measure the signals
arriving at both ends of the anode wire. Since the wire has a certain
resistivity (typically 5–10 Ω/cm), the charges received at the ends depend
on the position of the avalanche. Then the ratio (q1 − q2)/(q1 + q2) (q1
and q2 are the corresponding charges) determines the point of particle
intersection [37, 38]. Equally well, the propagation times of signals on the
anode wires can be measured at both ends. The charge-division technique
allows accuracies on the order of 1% of the wire length. This precision
can also be obtained with fast electronics applied to the propagation-time
technique.

Another method for measuring the position of the avalanche along
the sense wire uses spiral-wire delay lines, of diameter smaller than
2 mm, stretched parallel to the sense wire [39]. This technique, which
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is mechanically somewhat complicated for large detector systems, allows
accuracies on the order of 0.1% along the wires. If the delay line is placed
between two closely spaced wires, it also resolves the left–right ambi-
guity. More sophisticated delay-line readouts allow even higher spatial
resolutions [40, 41].

However, there is also a fourth possibility by which one can deter-
mine the z coordinate along the wire. In this case, some anode wires
are stretched not exactly parallel to the cylinder axis, but are tilted by a
small angle with respect to this axis (stereo wires). The spatial resolution
σr,ϕ measured perpendicular to the anode wires is then translated into a
resolution σz along the wire according to

σz =
σr,ϕ

sin γ
, (7.12)

if γ is the ‘stereo angle’ (Fig. 7.19). For typical rϕ resolutions of 200 μm z
resolutions on the order of σz = 3 mm are obtained, if the stereo angle is
γ ≈ 4◦. In this case, the z resolution does not depend on the wire length.
The magnitude of the stereo angle is limited by the maximum allowed
transverse cell size. Cylindrical drift chambers with stereo wires are also
known as hyperbolic chambers, because the tilted stereo wires appear to
sag hyperbolically with respect to the axial anode wires.

In all these types of chambers, where the drift field is perpendicular to
the magnetic field, special attention must be paid to the Lorentz angle
(see Sect. 1.4).

Figure 7.20 shows the drift trajectories of electrons in an open
rectangular drift cell with and without an axial magnetic field [42, 43].

Fig. 7.19. Illustration of the determination of the coordinate along the anode
wire by use of stereo wires.
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(b)(a)

Fig. 7.20. Drift trajectories of electrons in an open rectangular drift cell
(a) without and (b) with magnetic field [42, 43].

Figure 7.21 shows the rϕ projections of reconstructed particle tracks
from an electron–positron interaction (PLUTO) in a cylindrical multiwire
proportional chamber [44]. Figure 7.21a shows a clear two-jet structure
which originated from the process e+e− → qq̄ (production of a quark–
antiquark pair). Part (b) of this figure exhibits a particularly interesting
event of an electron–positron annihilation from the aesthetic point of view.
The track reconstruction in this case was performed using only the fired
anode wires without making use of drift-time information (see Sect. 7.1).
The spatial resolutions obtained in this way, of course, cannot compete
with those that can be reached in drift chambers.

Cylindrical multiwire proportional chambers can also be constructed
from layers of so-called straw chambers (Fig. 7.22) [45–49]. Such straw-
tube chambers are frequently used as vertex detectors in storage-ring
experiments [50, 51]. These straw chambers are made from thin aluminised
mylar foils. The straw tubes have diameters of between 5 mm and 10 mm
and are frequently operated at overpressure. These detectors allow for
spatial resolutions of 30 μm.

Due to the construction of these chambers the risk of broken wires is
minimised. In conventional cylindrical chambers a single broken wire can
disable large regions of a detector [52]. In contrast, in straw-tube chambers
only the straw with the broken wire is affected.

Because of their small size straw-tube chambers are candidates for high-
rate experiments [53]. Due to the short electron drift distance they can
also be operated in high magnetic fields without significant deterioration
of the spatial resolution [54].

Very compact configurations with high spatial resolution can also be
obtained with multiwire drift modules (Fig. 7.23) [51, 55, 56].

In the example shown, 70 drift cells are arranged in a hexagonal struc-
ture of 30 mm diameter only. Figure 7.24 shows the structure of electric
field and equipotential lines for an individual drift cell [55]. Figure 7.25
shows a single particle track through such a multiwire drift module [55].
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Fig. 7.21. Multitrack events of electron–positron interactions measured in the
PLUTO central detector [44].
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Fig. 7.22. Cylindrical configuration of thin-wall straw-tube chambers [45, 47].

Fig. 7.23. Schematic representation of a multiwire drift module. In this hexago-
nal structure each anode wire is surrounded by six potential wires. Seventy drift
cells are incorporated in one container of 30 mm diameter only, which is made
from carbon-fibre material [55].

Fig. 7.24. Calculated electric field and equipotential lines in one individual
hexagonal drift cell of the multiwire drift module [55].
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Fig. 7.25. Example of a single particle passage through a multiwire drift module.
The circles indicate the measured drift times of the fired anode wires. The particle
track is a tangent to all drift circles [55].

7.3.2 Jet drift chambers

Cylindrical drift chambers used now at collider experiments have up
to 50 layers of anode wires. These are often used for multiple dE/dx
measurements, e.g. to discriminate charged pions against kaons.

In jet drift chambers, especially suited for these tasks, an accurate mea-
surement of the energy loss by ionisation is performed by determining the
specific ionisation on as large a number of anode wires as possible. The
central detector of the JADE experiment [57, 58] at PETRA determined
the energy loss of charged particles on 48 wires, which are stretched par-
allel to the magnetic field. The cylindrical volume of the drift chamber is
subdivided into 24 radial segments. Figure 7.26 sketches the principle of
the arrangement of one of these sectors, which is itself again subdivided
into smaller drift regions of 16 anode wires each.

The field formation is made by potential strips at the boundaries
between two sectors. The electric field is perpendicular to the counting-
wire planes and also perpendicular to the direction of the magnetic field.
For this reason the electron drift follows the Lorentz angle which is deter-
mined from the electric and magnetic field strengths and the drift velocity.
For the solenoidal �B field of 0.45 T in JADE a Lorentz angle of α = 18.5◦

is obtained. To reach a maximum accuracy for an individual energy-loss
measurement the chamber is operated under a pressure of 4 atm. This
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particle track

field-shaping cathode strips
potential wires
anode wires

α

Fig. 7.26. Segment of a jet drift chamber (after [35, 57–59]). The field-forming
cathode strips are only shown on one side of the segment (for reasons of simplicity
and not to overload the figure the two inner rings 1 and 2 show only five and the
outer ring 3 only six anode wires).

overpressure also suppresses the influence of primary ion statistics on the
spatial resolution. However, it is important not to increase the pressure
to too high a value since the logarithmic rise of the energy loss, which
is the basis for particle separation, may be reduced by the onset of the
density effect.

The determination of the coordinate along the wire is done by using
the charge-division method.

The rϕ projection of trajectories of particles from an electron–positron
interaction in the JADE drift chamber is shown in Fig. 7.27 [57, 58]. The
48 coordinates along each track originating from the interaction vertex can
clearly be recognised. The left–right ambiguity in this chamber is resolved
by staggering the anode wires (see also Fig. 7.28). An even larger jet
drift chamber was mounted in the OPAL detector at the Large Electron–
Positron collider LEP at CERN [60].

The structure of the MARK II jet chamber (Fig. 7.28 [61, 62]) is very
similar to that of the JADE chamber. The ionisation produced by particle
tracks in this detector is collected on the anode wires. Potential wires
between the anodes and layers of field-forming wires produce the drift
field. The field quality at the ends of the drift cell is improved by additional
potential wires. The drift trajectories in this jet chamber in the presence
of the magnetic field are shown in Fig. 7.29 [61, 62].
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Fig. 7.27. The rϕ projection of interaction products from an electron–positron
collision (gluon production: e+ + e− → q + q̄ + g, producing three jets) in the
JADE central detector [57, 58]. The bent tracks correspond to charged particles
and the dotted tracks to neutral particles which are not affected by the magnetic
field (and are not registered in the chamber).

3.3 cm

8.3 mm 7.5 cm

wires staggered
by 380 μm

anode wires
potential wires

field-shaping guard wires
field-shaping wires

Fig. 7.28. Drift-cell geometry of the MARK II jet drift chamber [61, 62].
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Fig. 7.29. Calculated drift trajectories in a jet-chamber drift cell in the presence
of a magnetic field [61, 62].

7.3.3 Time-projection chambers (TPCs)

The crème de la crème of track recording in cylindrical detectors (also
suited for other geometries) at the moment is realised with the time-
projection chamber [63]. Apart from the counting gas this detector
contains no other constructional elements and thereby represents the
optimum as far as minimising multiple scattering and photon conver-
sions are concerned [64]. A side view of the construction principle of a
time-projection chamber is shown in Fig. 7.30.

The chamber is divided into two halves by means of a central electrode.
A typical counting gas is a mixture of argon and methane (90:10).

The primary ionisation produced by charged particles drifts in the elec-
tric field – which is typically parallel to the magnetic field – in the direction
of the end plates of the chamber, which in most cases consist of multi-
wire proportional detectors. The magnetic field suppresses the diffusion
perpendicular to the field. This is achieved by the action of the magnetic
forces on the drifting electrons which, as a consequence, spiral around the
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central electrode (~ −50 kV )

readout planes

gas volume

Fig. 7.30. Working principle of a time-projection chamber (TPC) [63] for a
collider experiment. For simplicity the beam pipe is not shown.

Fig. 7.31. Principle of operation of a pad readout in an endcap multiwire pro-
portional chamber. The anode wires and some cathode pads are shown for one
sector.

direction of the magnetic field. For typical values of electric and magnetic
field strengths, Larmor radii below 1 μm are obtained. The arrival time
of primary electrons at the end plates supplies the z coordinate along the
cylinder axis. The layout of one end plate is sketched in Fig. 7.31.

The gas amplification of the primary ionisation takes place at the anode
wires, which are stretched in azimuthal direction. The radial coordinate
r can in principle be obtained from the fired wire (for short wires). To
obtain three-dimensional coordinates the cathodes of endcap-multiwire-
proportional-chamber segments are usually structured as pads. Therefore
the radial coordinate is also provided by reading the position of the fired
pad. In addition, the pads supply the coordinate along the anode wire
resulting in a determination of the azimuthal angle ϕ. Therefore, the
time-projection chamber allows the determination of the coordinates r,
ϕ and z, i.e. a three-dimensional space point, for each cluster of primary
electrons produced in the ionisation process.

The analogue signals on the anode wires provide information on the
specific energy loss and can consequently be used for particle identifica-
tion. Typical values of the magnetic field are around 1.5 T, and around
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20 kV/m for the electric field. Since in this construction electric and mag-
netic field are parallel, the Lorentz angle is zero and the electrons drift
parallel to �E and �B (there is no ‘ �E × �B effect’).

A problem, however, is caused by the large number of positive ions
which are produced in the gas amplification process at the end plates
and which have to drift a long way back to the central electrode. The
strong space charge of the drifting positive ions causes the field quality
to deteriorate. This can be overcome by introducing an additional grid
(‘gate’) between the drift volume and the endcap multiwire proportional
chamber (Fig. 7.32).

The gate is normally closed. It is only opened for a short period of
time if an external trigger signals an interesting event. In the closed state
the gate prevents ions from drifting back into the drift volume. Thereby
the quality of the electric field in the sensitive detector volume remains
unchanged [35]. This means that the gate serves a dual purpose. On the
one hand, electrons from the drift volume can be prevented from entering
the gas amplification region of the endcap multiwire proportional chamber
if there is no trigger which would signal an interesting event. On the
other hand – for gas-amplified interesting events – the positive ions are
prevented from drifting back into the detector volume. Figure 7.33 shows
the operation principle of the gate in the ALEPH TPC [65].

Time-projection chambers can be made very large (diameter ≥ 3 m,
length ≥ 5 m). They contain a large number of analogue readout chan-
nels (number of anode wires ≈ 5000 and cathode pads ≈ 50 000). Several
hundred samples can be obtained per track, which ensure an excellent
determination of the radius of curvature and allow an accurate mea-
surement of the energy loss, which is essential for particle identification
[65–67]. The drawback of the time-projection chamber is the fact that high
particle rates cannot be handled, because the drift time of the electrons
in the detector volume amounts to 40 μs (for a drift path of 2 m) and the
readout of the analogue information also requires several microseconds.

Fig. 7.32. Gating principle in a time-projection chamber.
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Fig. 7.33. Working principle of the gate in the ALEPH TPC [65]. For an open
gate the ionisation electrons are not prevented from entering the gas amplifi-
cation region. The closed gate, however, confines the positive ions to the gas
amplification region. A closed gate also stops electrons in the drift volume from
entering the gas-amplification region. For an event of interest the gate is first
opened to allow the primary electrons to enter the gas amplification region and
then it is closed to prevent the positive ions produced in the avalanche process
from drifting back into the detector volume.

In large time-projection chambers typical spatial resolutions of σz =
1 mm and σr,ϕ = 160 μm are obtained. In particular, the resolution of
the z coordinate requires an accurate knowledge of the drift velocity.
This, however, can be calibrated and monitored by UV-laser-generated
ionisation tracks.

Figure 7.34 shows the rϕ projection of an electron–positron annihilation
in the ALEPH time-projection chamber [65, 66].

Time-projection chambers can also be operated with liquid noble
gases. Such liquid-argon time-projection chambers represent an electronic
replacement for bubble chambers with the possibility of three-dimensional
event reconstruction. In addition, they can serve simultaneously as a
calorimetric detector (see Chap. 8), are permanently sensitive, and can
intrinsically supply a trigger signal by means of the scintillation light
produced in the liquid noble gas (see Sect. 5.4) [68–73]. The electronic
resolution of the bubble-chamber-like pictures is on the order of 100 μm.
The operation of large liquid-argon TPCs, however, requires ultrapure
argon (contaminants < 0.1 ppb (1 ppb ≡ 10−9)) and high-performance
low-noise preamplifiers since no gas amplification occurs in the counting
medium. Multi-kiloton liquid-argon TPCs appear to be good candidates
to study rare phenomena in underground experiments ranging from the
search for nucleon decay to solar-neutrino observations [74, 75].
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Fig. 7.34. The rϕ projection of an electron–positron annihilation in the ALEPH
time-projection chamber [65, 66]. The end-plate detector is structured into two
rings which are made from six (inner ring) and twelve (outer ring) multiwire-
proportional-chamber segments.

Self-triggering time-projection chambers have also been operated suc-
cessfully with liquid xenon [76, 77].

7.4 Micropattern gaseous detectors

The construction of multiwire proportional chambers would be simplified
and their stability and flexibility would be greatly enhanced if anodes
were made in the form of strips or dots on insulating or semiconducting
surfaces instead of stretching anode wires in the counter volume. The rate
capability improves by more than one order of magnitude for these devices
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drift cathode

backing electrode

anode (~5 μm)
cathode (~60 μm)
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(Ar + vapour)200 μm

Fig. 7.35. Schematic arrangement of a microstrip gas detector.

[78, 79]. At present the class of micropattern gaseous detectors is already
rather wide and many new promising devices are under study [80–82].

These microstrip gaseous chambers (MSGCs) are miniaturised multi-
wire proportional chambers, in which the dimensions are reduced by about
a factor of 10 in comparison to conventional chambers (Fig. 7.35). The typ-
ical pitch is 100–200 μm and the gas gap varies between 2–10 mm. This has
been made possible because the electrode structures can be reduced with
the help of electron lithography. The wires are replaced by strips which are
evaporated onto a thin substrate. Cathode strips arranged between the
anode strips allow for an improved field quality and a fast removal of pos-
itive ions. The segmentation of the otherwise planar cathodes in the form
of strips or pixels [83, 84] also permits two-dimensional readout. Instead
of mounting the electrode structures on ceramic substrates, they can also
be arranged on thin plastic foils. In this way, even light, flexible detec-
tors can be constructed which exhibit a high spatial resolution. Possible
disadvantages lie in the electrostatic charging-up of the insulating plas-
tic structures which can lead to time-dependent amplification properties
because of the modified electric fields [85–90].

The gain of an MSGC can be up to 104. The spatial resolution of
this device for point-like ionisation, measured with soft X rays, reaches
20–30 μm rms. For minimum-ionising charged particles crossing the gap,
the resolution depends on the angle of incidence. It is dominated by
primary ionisation statistics [91].

The obvious advantages of these microstrip detectors – apart from their
excellent spatial resolution – are the low dead time (the positive ions
being produced in the avalanche will drift a very short distance to the
cathode strips in the vicinity of the anodes), the reduced radiation damage
(because of the smaller sensitive area per readout element) and the high-
rate capability.

Microstrip proportional chambers can also be operated in the drift mode
(see Sect. 7.2).

However, the MSGC appeared to be prone to ageing and discharge dam-
ages [92]. To avoid these problems many different designs of micropattern
detectors were suggested. Here we consider two of them, Micromegas [93]

https://doi.org/10.1017/9781009401531.010 Published online by Cambridge University Press

https://doi.org/10.1017/9781009401531.010


214 7 Track detectors

e–

particle

HV
micromesh

readout strips~100 μm

~3 mm

~40 kV/cm

~1 kV/cm

Fig. 7.36. The layout of the Micromegas detector [11, 95].

and GEM [94] detectors, widely used now by many groups. Both of them
demonstrate good performance.

The Micromegas design is shown in Fig. 7.36. Electrons released by
charged particles in the conversion gap of 2–5 mm width drift to the mul-
tiplication gap. This gap of 50–100 μm width is bordered by a fine cathode
mesh and an anode readout strip or pad structure. A constant distance
between cathode and anode is kept with dielectric pillars with a pitch of
≈ 1 mm.

A high electric field in the multiplication gap (30–80 kV/cm) provides
a gain up to 105. Since most of the ions produced in the avalanche
are collected by the nearby cathode, this device has excellent timing
properties [96] and a high-rate capability [97].

Another structure providing charge multiplication is the Gas Electron
Multiplier (GEM). This is a thin (≈ 50 μm) insulating kapton foil coated
with a metal film on both sides. It contains chemically produced holes of
50–100 μm in diameter with 100–200 μm pitch. The metal films have dif-
ferent potential to allow gas multiplication in the holes. A GEM schematic
view and the electric field distribution is presented in Figs. 7.37 and 7.38.
A GEM-based detector contains a drift cathode separated from one or sev-
eral GEM layers and an anode readout structure as shown in Fig. 7.37.

e–

−Vdrift

drift space

particle

readout board

ΔVGEM

Fig. 7.37. Detailed layout of a GEM detector.
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Fig. 7.38. Electric field distribution in a GEM detector [11, 94].

The electrons are guided by the electric drift field to the GEM where they
experience a high electric field in the GEM channels thereby starting ava-
lanche formation in them. Most of these secondary electrons will drift to
the anode while the majority of ions is collected by the GEM electrodes.
One GEM only can provide a gain of up to several thousand which is suf-
ficient to detect minimum-ionising particles in the thin gaseous layer. By
using two or three GEM detectors on top of each other, one can obtain a
substantial total gain while a moderately low gain at each stage provides
better stability and a higher discharge threshold [95, 98, 99].

7.5 Semiconductor track detectors

Basically, the semiconductor track detector is a set of semiconductor
diodes described in Sect. 5.3. The main features of detectors of this family
are discussed in various reviews [100–102].

The electrodes of the solid-state track detectors are segmented in the
form of strips or pads. Figure 7.39 shows the operation principle of a
silicon microstrip detector with sequential cathode readout [103].

A minimum-ionising particle crossing the depletion gap produces on
average 90 electron–hole pairs per 1 μm of its path. For a typical detector
of 300 μm thickness this resulted in a total collected charge well above the
noise level of available electronics. The optimal pitch is determined by the
carrier diffusion and by the spread of δ electrons which is typically 25 μm.
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Fig. 7.39. Schematic layout of the construction of a silicon microstrip detector.
Each readout strip is at negative potential. The strips are capacitively coupled
(not to scale, from [103]).

The charge distribution on the readout strips allows a spatial reso-
lution on the order of 10 μm or even better [104, 105]. To reduce the
number of electronics channels only every second or third strip may be
read out. Due to the large capacity between neighbouring strips, the so-
called floating strips contribute to the centre-of-gravity value. Such silicon
microstrip counters are frequently used in storage-ring experiments as ver-
tex detectors, in particular, to determine the lifetimes of unstable hadrons
in the picosecond range and to tag short-lived mesons in complicated final
states. This technique of using silicon microstrip detectors in the vicinity
of interaction points mimics the ability of high-resolution bubble chambers
or nuclear emulsions (see Chap. 6) but uses a purely electronic readout.
Because of the high spatial resolution of microstrip detectors, secondary
vertices can be reconstructed and separated from the primary interaction
relatively easily.

To measure the second coordinate, the n+ side can also be divided into
orthogonal strips. This encounters some technical difficulties which, how-
ever, can be overcome with a more complex structure [101, 102]. Readout
electronics for microstrip detectors includes specifically developed chips
bonded to the sensor plate. Each chip contains a set of preamplifiers and
a circuit which sends signals to a digitiser using multiplexing techniques.

If a silicon chip is subdivided in a matrix-like fashion into many pads
that are electronically shielded by potential wells with respect to one
another, the energy depositions produced by complex events which are
stored in the cathode pads can be read out pixel by pixel. The readout
time is rather long because of the sequential data processing. It supplies,
however, two-dimensional images in a plane perpendicular to the beam
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direction. For a pixel size of 20×20 μm2 spatial resolutions of 5 μm can be
obtained. Because of the charge coupling of the pads, this type of silicon
detector is also called a charge-coupled device. Commercially available
CCD detectors with external dimensions of 1 × 1 cm2 have about 105

pixels [35, 106–108]. Modern devices in commercial cameras have up to
10 megapixels.

However, CCD detectors have some limitations. The depletion area
is typically thin, 20–40 μm, which implies a rather small number of
electron–hole pairs per minimum-ionising particle and, hence, requiring
the necessity of CCD cooling to keep the dark current on an acceptable
low level. Another drawback of CCDs is their slow data readout, a frac-
tion of millisecond, that renders the use of this device at high-luminosity
colliders difficult.

To avoid these limitations one has to return to the design as shown in
Fig. 7.39 but with a segmentation of the p+ side to pixels and connect-
ing each pixel to individual preamplifiers. This technology has also been
developed for the LHC experiments [109–111]. At present, the hybrid
pixel technology is rather well established. Such a detector consists of the
sensor and an integrated circuit board containing front-end electronics
(Fig. 7.40). The connection of these two elements is made with the help
of either solder (PbSn) or indium bump bonds.

Detectors of this type are being constructed now for LHC experiments
[110, 111] as well as for X-ray counting systems [112, 113]. For medical
imaging sensors with high-Z semiconductors, Cd(Zn)Te or GaAs, have
also been made [114].

A pixel size of ≈ 50×50 μm2 is about the limit for hybrid pixel detectors.
More promising is the technology of monolithic pixel detectors where both
sensor and front-end electronics are integrated onto one silicon crystal. At
present this technology is in the research and development stage [115, 116].
It is worth to mention that pixel detectors basically have a low capacity
per pixel. According to Eq. (5.69) this results in low electronics noise.

FE-ChipFE-Chip

MCC

sensor

Fig. 7.40. An example of a hybrid pixel detector layout developed for the
ATLAS detector [109]. The sensor plate containing pixels of 50 μm × 400 μm
is bonded to front-end (FE) chips via bump connection. The flex hybrid kapton
layer atop the sensor carries additional electrical components and the module
control chip (MCC).
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Fig. 7.41. Fabrication principle of a silicon drift chamber by sideward depletion
[100, 119].

Silicon microstrip detectors can also operate as solid-state drift cham-
bers. A review of this type of detectors can be found in [100, 117–119].
The working principle of a silicon drift chamber can be understood from
Fig. 7.41.

The ohmic n+ contact, normally extending over the whole surface of
the detector, is now concentrated at one distinct position, which can be
placed anywhere on the undepleted conducting bulk. Then diodes of p+

layers can be put on both sides of the silicon wafer. At sufficiently high
voltage between the n+ contact and the p+ layer the conductive bulk
will be depleted and will retract into the vicinity of the n+ electrode. In
this way a potential valley is made in which electrons can move by, e.g.
diffusion towards the n+ readout contact. The produced holes will drift
to the nearby p+ contact.

If now an electric field with a field component parallel to the detector
surface is added to such a structure, one arrives at a silicon drift cham-
ber, where now the electrons produced by a photon or a charged particle
in the depletion layer are guided by the drift field down the potential
valley to the n+ anode. Such a graded potential can be achieved by divid-
ing the p+ electrode into strips of suitably different potential (Fig. 7.42)
[100, 119].

Silicon detectors will suffer radiation damage in a harsh radiation
environment (see Chap. 12 on ‘Ageing’). This presents a problem, in par-
ticular, at high-luminosity colliders where silicon detectors with excellent
radiation hardness are required [100].

Silicon strip, pixel or voxel detectors are extremely useful in many dif-
ferent fields. Their small size, their high granularity, low intrinsic noise
and the possibility to make them largely radiation resistant under spe-
cial treatment render them a high-resolution detector of exceptional
versatility. They are already now used at the heart of many particle
physics experiments as vertex detectors or as focal-plane detectors in
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Fig. 7.42. Silicon drift chamber with graded potential [100, 117–119].

very successful satellite missions (Chandra, XMM Newton). Important
applications in many other fields, like medicine (Compton cameras), art,
material science and engineering (see Chap. 16) complete the large-scope
applications.

7.6 Scintillating fibre trackers

A separate readout of individual scintillating fibres also provides an excel-
lent spatial resolution which can even exceed the spatial resolution of drift
chambers [120–122]. Similarly, thin capillaries (macaronis) filled with liq-
uid scintillator can be used for tracking charged particles [123, 124]. In
this respect, scintillating fibre calorimeters or, more generally, light-fibre
systems can also be considered as tracking detectors. In addition, they
represent, because of the short decay time of the scintillation flash, a gen-
uine alternative to gas-discharge detectors, which are rather slow because
of the intrinsically slow electron drift. Figure 7.43 shows the track of a
charged particle in a stack of scintillating fibres. The fibre diameter in
this case amounts to 1 mm [125].

Scintillating fibres, however, can also be produced with much smaller
diameters. Figure 7.44 shows a microphotograph of a bundle consist-
ing of scintillating fibres with 60 μm diameter. Only the central fibre
is illuminated. A very small fraction of the light is scattered into the
neighbouring fibres [126, 127]. The fibres are separated by a very thin
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Fig. 7.43. Particle track in a stack of scintillating fibres; fibre diameter ∅ =
1 mm [125].

60 μm

3,4 μm

Fig. 7.44. Microphotograph of a bundle consisting of seven scintillating fibres.
The fibres have a diameter of 60 μm. Only the central fibre is illuminated. The
fibres are optically separated by a very thin cladding (3.4 μm) of lower refractive
index to trap the light by total internal reflection. Only a small amount of light
is scattered into the neighbouring fibres [126, 127].
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Fig. 7.45. Bundles of scintillating fibres from different companies (left: 20 μm;
Schott (Mainz); centre: 20 μm; US Schott (Mainz); right: 30 μm plastic fibres;
Kyowa Gas (Japan)) [129].
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Fig. 7.46. Transverse pulse-height distribution of charged particles in a stack of
8000 scintillating fibres with 30 μm diameter [130].

cladding (3.4 μm). The optical readout system for such light-fibre sys-
tems, however, has to be made in such a way that the granular structure
of the light fibres is resolved with sufficient accuracy, e.g. with optical pixel
systems [128].

Arrangements of such fibre bundles are excellent candidates for track-
ing detectors in experiments with high particle rates requiring high time
and spatial resolution. Figure 7.45 shows different patterns of bundles
of scintillating fibres from different companies [129]. Figure 7.46 shows
the spatial resolution for charged particles obtained in a stack consisting
of 8000 scintillating fibres (30 μm diameter). A single-track resolution of
35 μm and a two-track resolution of 83 μm have been achieved [130].
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The transparency of scintillators can deteriorate in a high-radiation
environment [131]. There exist, however, scintillator materials with a
substantial radiation hardness [132, 133] (see also Chap. 12 on ‘Ageing’).

7.7 Problems

7.1 An unstable particle decays in the beam pipe of a storage-ring
experiment into two charged particles which are measured in a
three-layer drift chamber giving the drift times T i

1, T
i
2, T

i
3 (T 1

1 =
300 ns, T 1

2 = 195 ns, T 1
3 = 100 ns, T 2

1 = 400 ns, T 2
2 = 295 ns, T 2

3 =
200 ns). The two tracks make an angle of α = 60◦. Estimate the
uncertainty with which the vertex of the two tracks can be recon-
structed (drift velocity v = 5 cm/μs). The resolution for all wires
is assumed to be the same.

7.2 In a tracker with scintillating fibres (∅ = 1 mm) one would like to
instrument a volume of cross section A = 20 × 20 cm2 as closely
packed as possible. What is the maximum packing fraction that
one can achieve with cylindrical fibres and how many does one
need for the given cross-sectional area of the tracker?

7.3 The spatial resolution of a time-projection chamber is assumed
to be 100 μm. In such a chamber the electric and magnetic fields
are normally parallel. What kind of B field is required to keep
the Larmor radii of the drifting electrons well below the spatial
resolution (say, below 10 μm), if the maximum electron velocity
perpendicular to B is 10 cm/μs?

7.4 60 keV X rays from a 241Am source are to be measured in a propor-
tional counter. The counter has a capacity of 180 pF. What kind
of gas gain is required if the amplifier connected to the anode wire
requires 10 mV at the input for a good signal-to-noise performance?
The average energy to produce an electron–ion pair in the argon-
filled counter is W = 26 eV. What is the intrinsic energy resolution
of the 60 keV line (the Fano factor for argon is F = 0.17)?

7.5 The wires in a multiwire proportional chamber (length � = 1 m,
diameter 30 μm, made of gold-plated tungsten) are strung with a
weight of 50 g. Work out the sag of the wires under the influence
of gravity!

The solution of this problem is normally given using variational
methods [134–140]. Deviating from that solution the key assump-
tion here is that the local horizontal and vertical forces in the wire
define its local slope, where the wire itself is inelastic.
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