
6
Historical track detectors

A man should look for what is, and not for what he thinks should be.
Albert Einstein

In this chapter some historical particle detectors will be briefly described.
These are mainly optical devices that have been used in the early days
of cosmic rays and particle physics. Even though some of these detectors
have been ‘recycled’ for recent elementary particle physics experiments,
like nuclear emulsions for the discovery of the tau neutrino (ντ) or
bubble chambers with holographic readout for the measurement of short-
lived hadrons, these optical devices are nowadays mainly integrated into
demonstration experiments in exhibitions or employed as eye-catchers
in lobbies of physics institutes (like spark chambers or diffusion cloud
chambers).

6.1 Cloud chambers

The cloud chamber (‘Wilson chamber’) is one of the oldest detectors for
track and ionisation measurement [1–4]. In 1932 Anderson discovered
the positron in cosmic rays by operating a cloud chamber in a strong
magnetic field (2.5 T). Five years later Anderson, together with Nedder-
meyer, discovered the muon again in a cosmic-ray experiment with cloud
chambers.

A cloud chamber is a container filled with a gas–vapour mixture (e.g.
air–water vapour, argon–alcohol) at the vapour saturation pressure. If
a charged particle traverses the cloud chamber, it produces an ionisation
trail. The lifetime of positive ions produced in the ionisation process in the
chamber gas is relatively long (≈ ms). Therefore, after the passage of the
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Fig. 6.1. Expansion cycle in a cloud chamber [5].

particle a trigger signal, for example, can be derived from a coincidence
of scintillation counters, which initiates a fast expansion of the chamber.
By means of adiabatic expansion the temperature of the gas mixture
is lowered and the vapour gets supersaturated. It condenses on seeds,
which are represented by the positive ions yielding droplets marking the
particle trajectory. The track consisting of droplets is illuminated and
photographed. A complete expansion cycle in a cloud chamber is shown
in Fig. 6.1 [5].

The characteristic times, which determine the length of a cycle, are the
lifetime of condensation nuclei produced by the ionisation (≈ 10 ms), the
time required for the droplets to grow to a size where they can be photo-
graphed (≈ 100 ms), and the time which has to pass after the recording of
an event until the chamber is recycled to be ready for the next event. The
latter time can be very long since the sensitive volume of the chamber
must be cleared of the slowly moving positive ions. In addition, the cloud
chamber must be transformed into the initial state by recompression of
the gas–vapour mixture.

In total, cycle times from 1 min up to 10 min can occur, limiting the
application of this chamber type to rare events in the field of cosmic rays.

Figure 6.2 shows electron cascades initiated by cosmic-ray muons in a
multiplate cloud chamber [6, 7].

A multiplate cloud chamber is essentially a sampling calorimeter with
photographic readout (see Chap. 8 on ‘Calorimetry’). The introduction
of lead plates into a cloud chamber, which in this case was used in
an extensive-air-shower experiment, serves the purpose of obtaining an
electron/hadron/muon separation by means of the different interaction
behaviour of these elementary particles.

In contrast to the expansion cloud chamber, a diffusion cloud chamber
is permanently sensitive. Figure 6.3 shows schematically the construction
of a diffusion cloud chamber [5, 8–11]. The chamber is, like the expansion
cloud chamber, filled with a gas–vapour mixture. A constant temperature
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162 6 Historical track detectors

Fig. 6.2. Electromagnetic cascades in the core of an extensive air shower initi-
ated by cosmic-ray muons (presumably via muon bremsstrahlung) in a multiplate
cloud chamber [6, 7].
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Fig. 6.3. Schematic representation of the construction of a diffusion cloud
chamber [5].

gradient provides a region where the vapour is in a permanently super-
saturated state. Charged particles entering this region produce a trail
automatically without any additional trigger requirement. Zone widths
(i.e. regions in which trails can form) with supersaturated vapour of 5 cm
to 10 cm can be obtained. A clearing field removes the positive ions from
the chamber.

The advantage of permanent sensitivity is obtained at the expense of
small sensitive volumes. Since the chamber cannot be triggered, all events,
even background events without interest, are recorded.

Because of the long repetition time for triggered cloud chambers and
the disadvantage of photographic recording, this detector type is rarely
used nowadays.
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6.2 Bubble chambers

Bubble chambers [12–17], like cloud chambers, belong to the class of visual
detectors and, therefore, require optical recording of events. This method
of observation includes the tedious analysis of bubble-chamber pictures
which certainly limits the possible statistics of experiments. However, the
bubble chamber allows the recording and reconstruction of events of high
complexity with high spatial resolution. Therefore, it is perfectly suited
to study rare events (e.g. neutrino interactions); still, the bubble chamber
has now been superseded by detectors with a purely electronic readout.

In a bubble chamber the liquid (H2,D2,Ne,C3H8,Freon, etc.) is held in
a pressure container close to the boiling point. Before the expected event
the chamber volume is expanded by retracting a piston. The expansion
of the chamber leads to a reduction in pressure thereby exceeding the
boiling temperature of the bubble-chamber liquid. If in this superheated
liquid state a charged particle enters the chamber, bubble formation sets
in along the particle track.

The positive ions produced by the incident particles act as nuclei for
bubble formation. The lifetime of these nuclei is only 10−11 s to 10−10 s.
This is too short to trigger the expansion of the chamber by the incoming
particles. For this reason the superheated state has to be reached before
the arrival time of the particles. Bubble chambers, however, can be used
at accelerators where the arrival time of particles in the detector is known
and, therefore, the chamber can be expanded in time (synchronisation).

In the superheated state the bubbles grow until the growth is stopped
by a termination of the expansion. At this moment the bubbles are illumi-
nated by light flashes and photographed. Figure 6.4 shows the principle of
operation of a bubble chamber [5, 8]. The inner walls of the container have
to be extremely smooth so that the liquid ‘boils’ only in those places where
bubble formation should occur, namely, along the particle trajectory, and
not on the chamber walls.

Depending on the size of the chamber repetition times down to 100 ms
can be obtained with bubble chambers.

The bubble-chamber pressure before expansion is several atmospheres.
To transform the gases into the liquid state they generally must be
strongly cooled. Because of the large amount of stored gases, the exper-
iments with hydrogen bubble chambers can be potentially dangerous
because of the possible formation of explosive oxyhydrogen gas, if the
chamber gas leaks from the bubble chamber. Also operation with organic
liquids, which must be heated for the operation, represents a risk because
of their flammability. Bubble chambers are usually operated in a high
magnetic field (several Tesla). This allows to measure particle momenta
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Fig. 6.4. Schematic construction of a bubble chamber [5, 8].

Fig. 6.5. Tracks of charged particles in a bubble chamber. Also seen are δ elec-
trons produced by interactions of the incident particles in the bubble-chamber
liquid, which are spiralling in the transverse magnetic field [18].

with high precision since the spatial resolution of bubble chambers is
excellent. Furthermore, the bubble density along the track is proportional
to the energy loss dE/dx by ionisation. For p/m0c = βγ � 4 the energy
loss can be approximated by

dE
dx

∝ 1
β2 . (6.1)

If the momentum of the particle is known and if the velocity is determined
from an energy-loss measurement, the particle can be identified.

Figure 6.5 shows tracks of charged particles in a bubble chamber. One
can see the decay of a neutral particle producing a ‘V’ (presumably
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Table 6.1. Characteristic properties of bubble-chamber liquids [5, 19]

Bubble-chamber
filling

Boiling
point
T [K]

Vapour
pressure

[bar]

Density
[g/cm3]

Radiation
length
X0 [cm]

Nuclear
interaction

length
λI [cm]

4He 3.2 0.4 0.14 1027 437
1H2 26 4 0.06 1000 887
D2 30 4.5 0.14 900 403
20Ne 36 7.7 1.02 27 89
C3H8 333 21 0.43 110 176
CF3Br (Freon) 303 18 1.5 11 73

K0 → π+ + π−) and δ electrons spiralling in the transverse magnetic
field.

For the investigation of photoproduction on protons naturally, the best
choice is a pure hydrogen filling. Results on photoproduction off neu-
trons can be obtained from D2 fillings, because no pure neutron liquid
exists (maybe with the exception of neutron stars). The photonuclear
cross section on neutrons can be determined according to

σ(γ, n) = σ(γ, d) − σ(γ, p) . (6.2)

If, e.g., the production of neutral pions is to be investigated, a bubble-
chamber filling with a small radiation length X0 is required, because the
π0 decays in two photons which have to be detected via the formation of
electromagnetic showers. In this case, xenon or Freon can be chosen as
chamber gas.

Table 6.1 lists some important gas fillings for bubble chambers along
with their characteristic parameters [5, 19].

If one wants to study nuclear interactions with bubble chambers, the
nuclear interaction length λI should be as small as possible. In this case
heavy liquids like Freon are indicated.

Bubble chambers are an excellent device if the main purpose of the
experiment is to analyse complex and rare events. For example, the Ω− –
after first hints from experiments in cosmic rays – could be unambiguously
discovered in a bubble-chamber experiment.

In recent times the application of bubble chambers has, however, been
superseded by other detectors like electronic devices. The reasons for this
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originate from some serious intrinsic drawbacks of the bubble chamber
listed as follows:

– Bubble chambers cannot be triggered.

– They cannot be used in storage-ring experiments because it is dif-
ficult to achieve a 4π geometry with this type of detector. Also the
‘thick’ entrance windows required for the pressure container prevents
good momentum resolution because of multiple scattering.

– For high energies the bubble chamber is not sufficiently massive to
stop the produced particles. This precludes an electron and hadron
calorimetry – not to mention the difficult and tedious analysis
of these cascades – because shower particles will escape from the
detector volume.

– The identification of muons with momenta above several GeV/c in
the bubble chamber is impossible because they look almost exactly
like pions as far as the specific energy loss is concerned. Only by use
of additional detectors (external muon counters) a π/μ separation
can be achieved.

– The lever arm of the magnetic field is generally insufficient for an
accurate momentum determination of high-momentum particles.

– Experiments which require high statistics are not really practical
because of the time-consuming analysis of bubble-chamber pictures.

However, bubble chambers are still used in experiments with exter-
nal targets (fixed-target experiments) and in non-accelerator exper-
iments. Because of their high intrinsic spatial resolution of several
micrometre, bubble chambers can serve as vertex detectors in these
experiments [20, 21].

To be able to measure short lifetimes in bubble chambers the size of the
bubbles must be limited. This means that the event under investigation
must be photographed relatively soon after the onset of bubble formation
when the bubble size is relatively small, thereby guaranteeing a good
spatial resolution and, as a consequence, also good time resolution. In
any case the bubble size must be small compared to the decay length of
the particle.

By use of the technique of holographic recording a three-dimensional
event reconstruction can be achieved [22]. With these high-resolution bub-
ble chambers, e.g., the lifetimes of short-lived particles can be determined
precisely. For a spatial resolution of σx = 6 μm decay-time measurement
errors of
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στ =
σx

c
= 2 · 10−14 s (6.3)

are reachable.
Bubble chambers have contributed significantly to the field of high-

energy hadron collisions and neutrino interactions [23].

6.3 Streamer chambers

In contrast to streamer tubes, which represent a particular mode of oper-
ation for special cylindrical counters, streamer chambers are large-volume
detectors in which events are normally recorded photographically [24–28].
In streamer chambers the volume between two planar electrodes is filled
with a counting gas. After passage of a charged particle, a high-voltage
pulse of high amplitude, short rise time and limited duration is applied
to the electrodes. Figure 6.6 sketches the principle of operation of such a
detector.

In the most frequent mode of operation, particles are incident approxi-
mately perpendicular to the electric field into the chamber. Each individ-
ual ionisation electron will start an avalanche in the homogeneous, very
strong electric field in the direction of the anode. Since the electric field is
time-dependent (amplitude of the high-voltage pulse ≈ 500 kV, rise and
decay time ≈ 1 ns, pulse duration: several ns), the avalanche formation
is interrupted after the decay time of the high-voltage pulse. The high
amplitude of the voltage pulse leads to large gas amplifications (≈ 108)
like in streamer tubes; however, the streamers can only extend over a very
small region of space. Naturally, in the course of the avalanche develop-
ment large numbers of gas atoms are excited and subsequently de-excite,
leading to light emission. Luminous streamers are formed. Normally, these
streamers are not photographed in the side view as sketched in Fig. 6.6,
but through one electrode which can be made from a transparent wire
mesh. In this projection the longish streamers appear as luminous dots
characterising the track of the charged particle.

E

R

particle trajectory

+HV

Fig. 6.6. Principle of construction of a streamer chamber.
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168 6 Historical track detectors

The art of the operation of streamer chambers lies in the production
of a high-voltage signal with the required properties. The rise time must
be extremely short (ns), otherwise the leading edge of the pulse would
displace the ionisation electrons from the original track. A slow leading
edge of the pulse would act as a clearing field resulting in a displace-
ment of the particle track. Streamer development proceeds in very large
electric fields (≈ 30 kV/cm). It must, however, be interrupted after a
short time, so that the streamers will not grow too large or even produce
a spark. Streamers that are too large imply a poor spatial resolution.
A suitable high-voltage pulse can be obtained using a Marx genera-
tor connected by a suitable circuit (transmission line, Blumlein circuit,
spark gaps) to the streamer chamber providing short signals of high
amplitude [24, 26].

For fast repetition rates the large number of electrons produced in the
course of streamer formation poses a problem. It would take too long
a time to remove these electrons from the chamber volume by means
of a clearing field. Therefore, electronegative components are added to
the counting gas to which the electrons are attached. Electronegative
quenchers like SF6 or SO2 have proven to be good. These quenchers allow
cycle times of several 100 ms. The positive ions produced during streamer
formation do not present a problem because they can never start new
streamer discharges due to their low mobility.

Streamer chambers provide pictures of excellent quality. Also targets
can be mounted in the chamber to obtain the interaction vertex in the
sensitive volume of the detector.

Figure 6.7 shows the interaction of an antiproton with a neon nucleus in
a streamer chamber in which – among others – a positive pion is produced.

Fig. 6.7. Interaction of an antiproton with a neon nucleus in a streamer chamber
producing – among others – a positive pion which decays into a muon yielding
eventually a positron which escapes from the chamber [18].
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6.4 Neon-flash-tube chamber 169

This π+ spirals anticlockwise and decays into a muon, which also spirals
in the transverse magnetic field and eventually decays into a positron,
which escapes from the chamber [18].

In a different mode of operation of the streamer chamber, particles are
incident within ±30◦ with respect to the electric field into the detector.
Exactly as mentioned before, very short streamers will develop which
now, however, merge into one another and form a plasma channel along
the particle track. (This variant of the streamer chamber is also called
track spark chamber [8, 28].) Since the high-voltage pulse is very short,
no spark between the electrodes develops. Consequently, only a very low
current is drawn from the electrodes [5, 8, 24].

Streamer chambers are well suited for the recording of complex events;
they have, however, the disadvantage of a time-consuming analysis.

6.4 Neon-flash-tube chamber

The neon-flash-tube chamber is also a discharge chamber [17, 29–32].
Neon- or neon/helium-filled glass tubes (at atmospheric pressure), glass
spheres (Conversi tubes) or polypropylene-extruded plastic tubes with
rectangular cross section are placed between two metal electrodes
(Fig. 6.8).

After a charged particle has passed through the neon-flash-tube stack,
a high-voltage pulse is applied to the electrodes that initiates a gas dis-
charge in those tubes, which have been passed by the particle. This gas
discharge propagates along the total length of the tube and leads to a
glow discharge in the whole tube. Typical tube lengths are around 2 m
with diameters between 5 mm and 10 mm. The glow discharge can be
intensified by afterpulsing with high voltage so that the flash tubes can
be photographed end on. But purely electronic recording with the help of
pickup electrodes at the faces of the neon tubes can also be applied (‘Ayre–
Thompson technique’ [33, 34]). These pickup electrodes supply large
signals which can be directly processed without additional preamplifiers.

HV
R

particle trajectory

Fig. 6.8. Working principle of a neon-flash-tube chamber.
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170 6 Historical track detectors

Fig. 6.9. Shower of parallel muons in a flash-tube chamber [35, 36].

Depending on the tube diameter, spatial resolutions of several millime-
tres can be obtained. The memory time of this detector lies in the range
around 20μs; the dead time, however, is rather long at 30–1000 ms. For
reasons of geometry, caused by the tube walls, the efficiency of one layer
of neon flash tubes is limited to ≈ 80%. To obtain three-dimensional
coordinates crossed layers of neon flash tubes are required.

Because of the relatively long dead time of this detector it was mainly
used in cosmic-ray experiments, in the search for nucleon decay or in neu-
trino experiments. Figure 6.9 shows a shower of parallel cosmic-ray muons
in a neon-flash-tube chamber [35, 36]. In Fig. 6.10 a single muon track is
seen in an eight-layer stack of polypropylene-extruded plastic tubes [37].

A variant of the neon flash tube is the spherical Conversi tube [30, 31].
These are spherical neon tubes of approximately 1 cm diameter. Layers of
Conversi tubes arranged in a matrix between two electrodes, one of which
being made as a transparent grid, have been used to measure the lateral
distribution of particles in extensive-air-shower experiments [8, 38].

6.5 Spark chambers

Before multiwire proportional and drift chambers were invented, the spark
chamber was the most commonly used track detector which could be
triggered ([8, 17, 39–43], and references in [17]).
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Fig. 6.10. Single muon track in a stack of polypropylene-extruded plastic tubes.
Such extruded plastic tubes are very cheap since they are normally used as
packing material. Because they have not been made for particle tracking, their
structure is somewhat irregular, which can clearly be seen [37].

spark
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RL
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particle trajectory

coincidence
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Fig. 6.11. Principle of operation of a multiplate spark chamber.

In a spark chamber a number of parallel plates are mounted in a gas-
filled volume. Typically, a mixture of helium and neon is used as counting
gas. Alternatingly, the plates are either grounded or connected to a high-
voltage supply (Fig. 6.11). The high-voltage pulse is normally triggered
to every second electrode by a coincidence between two scintillation coun-
ters placed above and below the spark chamber. The gas amplification is
chosen in such a way that a spark discharge occurs at the point of the
passage of the particle. This is obtained for gas amplifications between
108 and 109. For lower gas amplifications sparks will not develop, while
for larger gas amplifications sparking at unwanted positions (e.g. at spac-
ers which separate the plates) can occur. The discharge channel follows
the electric field. Up to an angle of 30◦ the conducting plasma chan-
nel can, however, follow the particle trajectory [8] as in the track spark
chamber.
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Between two discharges the produced ions are removed from the detec-
tor volume by means of a clearing field . If the time delay between the
passage of the particle and the high-voltage signal is less than the mem-
ory time of about 100 μs, the efficiency of the spark chamber is close to
100%. A clearing field, of course, removes also the primary ionisation from
the detector volume. For this reason the time delay between the passage
of the particle and the application of the high-voltage signal has to be
chosen as short as possible to reach full efficiency. Also the rise time of
the high-voltage pulse must be short because otherwise the leading edge
acts as a clearing field before the critical field strength for spark formation
is reached.

Figure 6.12 shows the track of a cosmic-ray muon in a multiplate spark
chamber [5, 44].

If several particles penetrate the chamber simultaneously, the proba-
bility that all particles will form a spark trail decreases drastically with
increasing number of particles. This is caused by the fact that the first
spark discharges the charging capacitor to a large extent so that less volt-
age or energy, respectively, is available for the formation of further sparks.
This problem can be solved by limiting the current drawn by a spark.
In current-limited spark chambers partially conducting glass plates are
mounted in front of the metallic electrodes which prevent a high-current
spark discharge. In such glass spark chambers a high multitrack efficiency
can be obtained [45, 46].

Fig. 6.12. Track of a cosmic-ray muon in a multiplate spark chamber [44].
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Apart from the photographic recording in spark chambers, which has to
be made stereoscopically to allow three-dimensional event reconstruction,
a purely electronic readout is also possible.

If the electrodes are made from layers of wires, the track coordinate can
be obtained like in the multiwire proportional chamber by identifying the
discharged wire. This method would require a large number of wires to
obtain a high spatial resolution. On the other hand, the track reconstruc-
tion can be simplified with the help of a magnetostrictive readout .

The spark discharge represents a time-dependent current dI/dt. The
current signal propagates along the chamber wire and reaches a magne-
tostrictive delay line stretched perpendicular to the chamber wires. This
magnetostrictive delay line is positioned directly on the chamber wires
without having ohmic contact to them. The current signal, along with its
associated time-dependent magnetic field d �H/dt, produces in the mag-
netostrictive delay line a magnetostriction, i.e. a local variation of the
length, which propagates in time and space with its characteristic veloc-
ity of sound. In a pickup coil at the end of the magnetostrictive delay line
the mechanical signal of magnetostriction is converted back into a time-
dependent magnetic-field signal d �H/dt leading to a detectable voltage
pulse. The measurement of the propagation time of the sound wave on the
magnetostrictive delay line can be used to identify the number and hence
the spatial coordinate of the discharged wire. Typical sound velocities of
≈ 5 km/s lead to spatial resolutions on the order of 200 μm [8, 47].

A somewhat older method of identifying discharged wires in wire spark
chambers uses ferrite cores to localise the discharged wire. In this method
each chamber wire runs through a small ferrite core [8]. The ferrite core
is in a well-defined state. A discharging spark-chamber wire causes the
ferrite core to flip. The state of ferrite cores is recorded by a readout wire.
After reading out the event the flipped ferrite cores are reset into the
initial state by a reset wire.

For all spark-chamber types a clearing field is necessary to remove the
positive ions from the detector volume. This causes dead times of several
milliseconds.

6.6 Nuclear emulsions

Tracks of charged particles in nuclear emulsions can be recorded by the
photographic method [48–52]. Nuclear emulsions consist of fine-grained
silver-halide crystals (AgBr and AgCl), which are embedded in a gelatine
substrate. A charged particle produces a latent image in the emulsion.
Due to the free charge carriers liberated in the ionisation process, some
halide molecules are reduced to metallic silver in the emulsion.
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In the subsequent development process the silver-halide crystals are
chemically reduced. This affects preferentially those microcrystals (nuclei)
which are already disturbed and partly reduced. These are transformed
into elemental silver. The process of fixation dissolves the remaining sil-
ver halide and removes it. Thereby the charge image, which has been
transformed into elemental silver particles, remains stable.

The evaluation of the emulsion is usually done under a microscope
by eye, but it can also be performed by using a Charge-Coupled Device
(CCD) camera and a semi-automatic pattern-recognition device. Fully
automated emulsion-analysis systems have also been developed [53].

The sensitivity of the nuclear emulsion must be high enough so
that the energy loss of minimum-ionising particles is sufficient to pro-
duce individual silver-halide microcrystals along the track of a particle.
Usually commercially available photoemulsions do not have this prop-
erty. Furthermore, the silver grains which form the track and also the
silver-halide microcrystals must be sufficiently small to enable a high spa-
tial resolution. The requirements of high sensitivity and low grain size
are in conflict and, therefore, demand a compromise. In most nuclear
emulsions the silver grains have a size of 0.1μm to 0.2 μm and so
are much smaller than in commercial films (1–10 μm). The mass frac-
tion of the silver halide (mostly AgBr) in the emulsion amounts to
approximately 80%.

A typical thickness of emulsions is 20 to 1000 microns with sizes up
to 50 cm × 50 cm. In the developing, fixing, washing and drying process
extreme care must be taken not to lose the intrinsically high space res-
olution. In particular, a possible shrinking of the emulsion must be well
understood.

Because of the high density of the emulsion (� = 3.8 g/cm3) and the
related short radiation length (X0 = 2.9 cm), stacks of nuclear emulsions
are perfectly suited to detect electromagnetic cascades. On the other hand,
hadron cascades hardly develop in such stacks because of the much larger
nuclear interaction length (λI = 35 cm).

The efficiency of emulsions for single or multiple particle passages is
close to 100%. Emulsions are permanently sensitive but they cannot be
triggered. They have been, and still are, in use in many cosmic-ray exper-
iments [51]. They are, however, also suited for accelerator experiments
as vertex detectors with high spatial resolution (σx ≈ 2 μm) for the
investigation of decays of short-lived particles.

The high resolution of complex events with large multiplicities is clearly
shown in the interaction of a 228.5 GeV uranium nucleus in a nuclear
emulsion (Fig. 6.13) [54].

Figure 6.14 shows the ionisation profile of an iron nucleus and a heavy
nucleus (Z ≈ 90) in a nuclear emulsion [55].
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100 μm

960 MeV/nucleon 238U

Fig. 6.13. Interaction of an uranium nucleus of energy 228.5 GeV in a nuclear
emulsion [54].

Fig. 6.14. Ionisation profile of an iron nucleus and a heavy nucleus (Z ≈ 90) in
a nuclear emulsion [55].

Occasionally, nuclear emulsions are used in accelerator experiments
where extremely high spatial resolution is needed for rare events, like
in the search for the tau neutrino (see Chap. 10 on ‘Neutrino detectors’).

Among others, the emulsion technique has contributed significantly in
past decades to the fields of cosmic-ray physics, high-energy heavy-ion
collisions, hypernuclear physics, neutrino oscillations, and to the study of
charm and bottom particles [56].

6.7 Silver-halide crystals

The disadvantage of nuclear emulsions is that the sensitive volume of
the detector is usually very small. The production of large-area AgCl
crystals has been made possible several years ago. This has allowed the
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construction of another passive detector similar to emulsions. Charged
particles produce Ag+ ions and electrons along their track in a AgCl crys-
tal. The mobility of Ag+ ions in the lattice is very limited. They usually
occupy positions between regular lattice atoms thereby forming a lattice
defect. Free electrons from the conduction band reduce the Ag+ ions to
metallic silver. These Ag atoms attach further Ag+ ions: the formation of
silver clusters starts. To stabilise these silver clusters the crystal must be
illuminated during or shortly after the passage of the particle providing
the free electrons required for the reduction of the Ag+ ions (storage or
conservation of particle tracks). This is frequently done by using light with
a wavelength of around 600 nm [57]. If this illumination is not done during
data taking, the tracks will fade away. In principle, this illumination can
also be triggered by an external signal which would allow the separation
of interesting events from background. To this extent, the event recording
in an AgCl crystal – in contrast to nuclear emulsions or plastic detectors –
can be triggered.

Even in the unirradiated state there are a certain number of Ag ions
occupying places between the regular lattice positions. A small admixture
of cadmium chloride serves to reduce this unwanted silver concentration.
This minimises the formation of background silver nuclei on lattice defects,
thereby decreasing the ‘noise’ in AgCl crystals.

To allow the Ag clusters to grow to microscopically visible size, the AgCl
crystal is irradiated by short-wavelength light during the development
process. This provides further free electrons in the conduction band which
in turn will help to reduce the Ag+ ions as they attach themselves to the
already existing clusters.

This process of track amplification (decoration) produces a stable track
which can then be evaluated under a microscope.

Silver-chloride detectors show – just like plastic detectors – a certain
threshold effect. The energy loss of relativistic protons is too small to
produce tracks which can be developed in the crystal. The AgCl detector,
however, is well suited to measure tracks of heavy nuclei (Z ≥ 3).

The tedious evaluation of nuclear tracks under a microscope can be
replaced by automatic pattern-recognition methods similar to those which
are in use for nuclear emulsions and plastic detectors [58–60]. The spatial
resolution which can be achieved in AgCl crystals is comparable to that
of nuclear emulsions.

6.8 X-ray films

Emulsion chambers, i.e. stacks of nuclear emulsions when used in cosmic-
ray experiments, are frequently equipped with additional large-area X-ray
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films [61–63]. The main differences of the X-ray films from nuclear
emulsions are the low grain size from 50 nm to 200 nm (0.05–0.2 microns)
at a thickness of 7–20 microns [64]. These industrial X-ray films allow
the detection of high-energy electromagnetic cascades (see Chap. 8 on
‘Calorimetry’) and the determination of the energy of electrons or pho-
tons initiating these cascades by photometric methods. This is done by
constructing a stack of X-ray films alternating with thin lead sheets. The
longitudinal and lateral development of electromagnetic cascades can be
inferred from the structure of the darkness in the X-ray films.

X-ray films employed in cosmic-ray experiments are mainly used for
the detection of photons and electrons in the TeV range. Hadronic cas-
cades are harder to detect in stacks with X-ray films. They can, however,
be recorded via the π0 fraction in the hadron shower (π0 → γγ). This
is related to the fact that photons and electrons initiate narrowly colli-
mated cascades producing dark spots on the X-ray film, whereas hadronic
cascades, because of the relatively large transverse momenta of secondary
particles, spread out over a larger area on the film thus not exceeding the
threshold required for a blackening of the film.

Saturation effects in the region of the maximum of shower development
(central blackening) cause the relation between the deposited energy E
and the photometrically measured blackening D not to be linear [64]. For
typical X-ray films which are used in the TeV range one gets

D ∝ E0.85 . (6.4)

The radial distribution of the blackening allows the determination of the
point of particle passage with relatively high precision.

6.9 Thermoluminescence detectors

Thermoluminescence detectors are used in the field of radiation protection
[65–67] and also in cosmic-ray experiments.

Particle detection in thermoluminescence detectors is based on the fact
that in certain crystals ionising radiation causes electrons to be transferred
from the valence band to the conduction band where they may occupy sta-
ble energy states [68]. In the field of radiation protection, media, which
retain the dose information, such as manganese- or titanium-activated
calcium-fluoride (CaF2) or lithium-fluoride (LiF) crystals, are used. The
stored energy caused by irradiating the crystal is proportional to the
absorbed dose. Heating the thermoluminescence dosimeter to a temper-
ature between 200 ◦C and 400 ◦C can liberate this energy by emission of
photons. The number of produced photons is proportional to the absorbed
energy dose.

https://doi.org/10.1017/9781009401531.009 Published online by Cambridge University Press

https://doi.org/10.1017/9781009401531.009


178 6 Historical track detectors

In cosmic-ray experiments thermoluminescence films (similar to X-ray
films) are used for the measurement of high-energy electromagnetic cas-
cades. A thermoluminescence detector is made by coating a glass or metal
surface with a layer of thermoluminescent powder. The smaller the grain
size of microcrystals on the film the better the spatial resolution that can
be reached. The ionising particles in the electron cascade produce sta-
ble thermoluminescence centres. The determination of where the energy
is deposited on the film can be achieved by scanning the film with an
infrared laser. During the process of scanning the intensity of emitted
photons must be measured with a photomultiplier. If the spatial resolu-
tion is not limited by the radial extension of the laser spot, resolutions on
the order of a few micrometres can be obtained [69].

Apart from doped calcium-fluoride or lithium-fluoride crystals and stor-
age phosphors, which are commonly used in the field of radiation protec-
tion, cosmic-ray experiments utilise mainly BaSO4, Mg2SiO4 and CaSO4
as thermoluminescent agents. While thermoluminescence dosimeters mea-
sure the integrated absorbed energy dose, in cosmic-ray experiments the
measurement of individual events is necessary.

In such experiments thermoluminescence films are stacked similar to
X-ray films or emulsions alternatingly with lead-absorber sheets. The
hadrons, photons or electrons to be detected initiate hadronic or electro-
magnetic cascades in the thermoluminescence calorimeter. Neutral pions
produced in hadronic cascades decay relatively quickly (in ≈ 10−16 s) into
two photons thereby initiating electromagnetic subcascades.

In contrast to hadronic cascades with a relatively large lateral width, the
energy in electromagnetic cascades is deposited in a relatively small region
thereby enabling a recording of these showers. That is why electromag-
netic cascades are directly measured in such a detector type while hadronic
cascades are detected only via their π0 content. Thermoluminescence
detectors exhibit an energy threshold for the detection of particles. This
threshold is approximately 1 TeV per event in europium-doped BaSO4
films [69].

6.10 Radiophotoluminescence detectors

Silver-activated phosphate glass, after having been exposed to ionising
radiation, emits fluorescence radiation in a certain frequency range if
irradiated by ultraviolet light. The intensity of the fluorescence radia-
tion is a measure for the energy deposition by the ionising radiation.
The Ag+ ions produced by ionising particles in the glass represent sta-
ble photoluminescence centres. Reading out the energy deposition with
ultraviolet light does not erase the information of the energy loss in the
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detector [68]. Yokota glass is mostly used in these phosphate-glass detec-
tors. It consists of 45% AlPO3, 45% LiPO3, 7.3% AgPO3 and 2.7% B2O3
and has a typical density of 2.6 g/cm3 for a silver mass fraction of 3.7%.
Such phosphate-glass detectors are mainly used in the field of radiation
protection for dosimetric measurements.

By scanning a two-dimensional radiophotoluminescence sheet with a
UV laser, it is possible to determine the spatial dependence of the energy
deposit by measuring the position-dependent fluorescence light yield. If
individual events are recorded, a threshold energy on the order of 1 TeV is
required just as in thermoluminescence detectors. The spatial resolution
that can be obtained is limited also in this case by the resolution of the
scanning system.

6.11 Plastic detectors

Particles of high electric charge destroy the local structure in a solid
along their tracks. This local destruction can be intensified by etching and
thereby made visible. Solids such as inorganic crystals, glasses, plastics,
minerals or even metals can be used for this purpose [70–74]. The damaged
parts of the material react with the etching agent more intensively than
the undamaged material and characteristic etch cones will be formed.

If the etching process is not interrupted, the etch cones starting from
the surface of the plastic will merge and form a hole at the point of the
particle track. The etching procedure will also remove some part of the
surface material.

Figure 6.15 [75] shows a microphotograph of tracks made in a CR-39
plastic nuclear-track detector exposed on board the Mir Space Station dur-
ing a NASA mission. The width of the track at the centre is approximately
15 μm [75].

For inclined incidence the etch cones exhibit an elliptical form.

Fig. 6.15. Microphotograph of cosmic-ray tracks in a plastic nuclear-track
detector. Typical track widths are on the order of 10 μm [75].
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The determination of the energy of heavy ions is frequently done in
stacks containing a large number of foils. The radiation damage of the
material – just as the energy loss of charged particles – is proportional to
the square of their charge, and depends also on the velocity of the particles.

Plastic detectors show a threshold effect: the minimum radiation dam-
age caused by protons and α particles is frequently insufficient to produce
etchable tracks. The detection and measurement of heavy ions, e.g. in pri-
mary cosmic rays (Z ≥ 3), will consequently not be disturbed by a high
background of protons and α particles. The size of the etch cones (for
a fixed etching time) is a measure of the energy loss of the particles. It
allows, therefore, if the velocity of the particles is known, a determination
of the charge of the nuclei. A stack of plastic detectors, flown in a balloon
in a residual atmosphere of several grams per square centimetre, thus per-
mits a determination of the elemental abundance in primary cosmic rays.

Plastic detectors are also utilised in the search for magnetic monopoles
which, according to theory, should cause strong ionisation. Such exper-
iments can also be performed on proton storage rings because the high
background of singly charged particles does not impair the search for
monopoles due to the threshold behaviour of the plastic material.

In a similar way to plastic detectors, minerals also conserve a local radi-
ation damage over a long period of time. This leads to the possibility of
dating uranium-containing minerals by counting the number of sponta-
neous fission events. If the minerals are time calibrated in this way, the
number of tracks initiated by cosmic radiation in these minerals indicates
that the intensity of cosmic rays has not varied significantly (≤ 10%) over
the past 106 years [76, 77].

The evaluation of plastic detectors under the microscope is very tire-
some. The information on particle tracks in a plastic sheet can, however,
also be digitised by means of a CCD camera looking through a micro-
scope onto the foil. The digitised event is subsequently processed with a
programme for automatic pattern reconstruction [74].

A nuclear detector with super-high spatial resolution is provided, for
example, by a small chip of MoS2. High-energy nuclei penetrating the
MoS2 sample produce craters on its surface due to local radiation damage.
Analysing these craters by scanning tunnelling microscopy allows spatial
resolutions on the order of 10 Å and two-track resolutions of 30–50 Å [78].

6.12 Problems

6.1 The saturation vapour pressure pr over a spherical surface of radius
r is larger compared to the corresponding pressure p∞ over a pla-
nar surface. To achieve good quality tracks in a cloud chamber one
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has to aim for pr/p∞ = 1.001. What kind of droplet size results
from this condition in a cloud chamber with air and water vapour
(air and alcohol vapour)?

The surface tension for water (alcohol) is 72.8 dyn/cm
(22.3 dyn/cm).

6.2 In a discharge chamber the gas multiplication is characterised by
the first Townsend coefficient α which describes the increase of the
electron number dn/dx per primary electron over the distance dx.

dn = αndx .

On the other hand, some of the electrons can be attached to elec-
tronegative gases in the chamber (attachment coefficient β).

Work out the number of electrons and negative ions on a multi-
plication distance d and the total charge increase (ne + nion)/n0,
where n0 is the primary ionisation (n0 = 100/cm, α = 20/cm, β =
2/cm, d = 1 cm).

6.3 In a nuclear emulsion (X0 = 5 cm) of 500 μm thickness an average
projected scattering angle for electrons is found to be

√〈θ2〉 = 5◦.
Work out the electron momentum.
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