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that they might be even less vulnerable to radiation-induced performance degradation
than standard silicon microstrip detectors.

The RD51 collaboration was established in 2008 to further advance technological
developments of micro-pattern detectors and associated electronic-readout systems for
applications in basic and applied research [105].

33.6.5. Time-projection chambers : Written August 2015 by C. Lippmann (GSI
Helmholtzzentrum für Schwerionenforschung, Darmstadt, Germany)

The Time Projection Chamber (TPC) concept was invented by David Nygren in the
late 1970’s [82]. It consists of a cylindrical or square field cage filled with a detection
medium that is usually a gas or a liquid. Charged particles produce tracks of ionization
electrons that drift in a uniform electric field towards a position-sensitive amplification
stage which provides a 2D projection of the particle trajectories. The third coordinate
can be calculated from the arrival times of the drifted electrons. The start for this drift
time measurement is usually derived from an external detector, e.g. a fast interaction
trigger detector.

This section focuses on the gas-filled TPCs that are typically used in particle or nuclear
physics experiments at accelerators due to their low material budget. For neutrino physics
(Sec. 33.10) or for detecting rare events (Sec. 34.4), on the contrary, usually high density
and large active mass are required, and a liquid detection medium is favored.

The TPC enables full 3D measurements of charged particle tracks, which gives it a
distinct advantage over other tracking detector designs which record information only
in two-dimensional detector planes and have less overall segmentation. This advantage
is often exploited for pattern recognition in events with large numbers of particles,
e.g. heavy-ion collisions. Two examples of modern large-volume gaseous TPCs are shown
in Fig. 33.13 and Fig. 33.14.

Identification of the charged particles crossing the TPC is possible by simultaneously
measuring their momentum and specific energy deposit through ionisation (dE/dx). The
momentum, as well as the charge sign, are calculated from a helix fit to the particle
trajectory in the presence of a magnetic field (typically parallel to the drift field). For
this application, precise spatial measurements in the plane transverse to the magnetic
field are most important. The specific energy deposit is estimated from many charge
measurements along the particle trajectory (e.g. one measurement per anode wire or
per row of readout pads). As the charge collected per readout segment depends on the
track angle and on the ambient conditions, the measured values are corrected for the
effective length of the track segments and for variations of the gas temperature and
pressure. The most probable value of the corrected signal amplitudes provides the best
estimator for the specific energy deposit (see Sec. 32.2.3); it is usually approximated
by the truncated mean, i.e. the average of the 50%-70% smallest values. The resulting
particle identification performance is illustrated in Fig. 33.15, for the ALICE TPC.

The dependence of the achievable energy resolution on the number of measurements
N , on the thickness of the sampling layers t, and on the gas pressure P can be estimated
using an empirical formula [109]:

σdE/dx = 0.41 N−0.43(t P )−0.32. (33.16)
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Figure 33.13: Schematic view of the ALICE TPC [106]. The drift volume with
5m diameter is divided into two halves, each providing 2.5m drift length.
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Figure 33.14: One of the 3 TPC modules for the near detector of the T2K
experiment [107]. The size is 2 × 2 × 0.8m3. Micromegas devices are used for gas
amplification and readout.

Typical values at nominal pressure are σdE/dx = 4.5 to 7.5%, with t = 0.4 to 1.5 cm and
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Figure 33.15: Energy deposit versus momentum measured in the ALICE
TPC [108].

N = 40 up to more than 300. Due to the high gas pressure of 8.5 bar, the resolution
achieved with the PEP-4/9 TPC was an unprecedented 3% [110].

The greatest challenges for a large TPC are due to the length of the drift of up to
several meters. In particular, it can make the device sensitive to small distortions in the
electric field. Such distortions can arise from a number of sources, e.g. imperfections
in the field cage construction or the presence of ions in the drift volume. The electron
drift in a TPC in the presence of a magnetic field is defined by Eq. (33.13). The E ×B
term of Eq. (33.13) vanishes for perfectly aligned electric and magnetic fields, which can
however be difficult to achieve in practice. Furthermore, the electron drift depends on the
ωτ factor, which is defined by the chosen gas mixture and magnetic field strength. The
electrons will tend to follow the magnetic field lines for ωτ > 1 or the electric field lines for
ωτ < 1. The former mode of operation makes the TPC less sensitive to non-uniformities
of the electric field, which is usually desirable.

The drift of the ionization electrons is superposed with a random diffusion motion
which degrades their position information. The ultimate resolution of a single position
measurement is limited to around

σx =
σD

√
L√

n
, (33.17)

where σD is the transverse diffusion coefficient for 1 cm drift, L is the drift length in cm
and n is the effective number of electrons collected. Without a magnetic field, σD,B=0

√
L

is typically a few mm after a drift of L = 100 cm. However, in a strong magnetic field
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parallel to the drift field, a large value of ωτ can significantly reduce diffusion:

σD,B>0

σD,B=0
=

1√
1 + ω2τ2

. (33.18)

This factor can reach values of up to 10. In practice, the final resolution limit due to
diffusion will typically be around σx = 100 µm.

The drift and diffusion of electrons depend strongly on the nature of the gas that is
used. The optimal gas mixture varies according to the environment in which the TPC
will operate. In all cases, the oxygen concentration must be kept very low (few ten parts
per million in a large TPC) in order to avoid electron loss through attachment. Ideally,
the drift velocity should depend only weakly on the electric field at the nominal operating
condition. The classic Ar/CH4 (90:10) mixture, known as P10, has a drift velocity
maximum of 5 cm/µs at an electric field of only 125V/cm (Fig. 33.4). In this regime,
the electron arrival time is not affected by small variations in the ambient conditions.
Moreover, low electric fields simplify the design and operation of the field cage. The
mixture has a large transverse diffusion at B = 0, but this can be reduced significantly in
a strong magnetic field due to the relatively large value of ωτ .

For certain applications, organic gases like CH4 are not desirable, since they may cause
aging. An alternative is to replace CH4 with CO2. An Ar/CO2 (90:10) mixture features
a low transverse diffusion at all magnetic field strengths, but does not provide a saturated
drift velocity for the typical electric fields used in TPCs (up to a few 100V/cm), so it is
quite sensitive to the ambient conditions. Freon admixtures like CF4 can be an attractive
option for a TPC as well, since the resulting gas mixtures provide high drift velocities at
low electric fields. However, the use of CF4 always needs to be thoroughly validated for
compatibility with all materials of the detector and the gas system.

Historically, the amplification stages used in gaseous TPCs have been planes of anode
wires operated in proportional mode. The performance is limited by effects related to the
feature size of a few mm (wire spacing). Since near the wires the electric and magnetic
fields are not parallel, the incoming ionisation electrons are displaced in the direction
of the wires (“wire E × B effect”), which degrades the resolution. The smaller feature
sizes of Micro-Pattern Gas Detectors (MPGDs) like GEMs and Micromegas lead to many
advantages as compared to wire planes (see Sec. 33.6.4). In particular, E × B effects
in the amplification stage are much smaller. Moreover, the signal induction process in
MPGDs leads to a very narrow pad response, allowing for a much finer segmentation
and improving the separation of two nearby tracks. Combinations of MPGDs with silicon
sensors have resulted in the highest granularity readout systems so far (see Sec. 33.6.4).
These devices make it possible to count the number of ionization clusters along the length
of a track, which can, in principle, improve the particle identification capability. However,
the big challenge for such a system is the huge number of read-out channels for a TPC of
a typical size.

The accumulation of the positive ions created by the ionization from the particle tracks
can lead to time-dependent distortions of the drift field. Due to their small drift velocity,
ions from many events may coexist in the drift volume. To reduce the effect of such a
build-up of space charge, Argon can be replaced by Neon as the main component of the
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gas mixture. Neon features a lower number of ionisation electrons per unit of track length
(see Table 33.5) and a higher ion mobility (see Table 33.6).

Of much greater concern are the ions produced in the gas amplification stage. In order
to prevent them from entering the drift volume, large TPCs built until now usually have a
gating grid. The gating grid can be switched to transparent mode (usually in the presence
of an interaction trigger) to allow the ionization electrons to pass into the amplification
region. After all electrons have reached the amplification region, it is usually closed such
that it is rendered opaque to electrons and ions.

Alternatively, new readout schemes are being developed using MPGDs. These can be
optimized in a way that they release many fewer positive ions than wire planes operating
at the same effective gain. This is an exciting possibility for future TPCs.

33.6.6. Transition radiation detectors (TRD’s) : Revised August 2013 by
P. Nevski (BNL) and A. Romaniouk (Moscow Eng. & Phys. Inst.)

Transition radiation (TR) X-rays are produced when a highly relativistic particle
(γ >∼ 103) crosses a refractive index interface, as discussed in Sec. 32.7. The X-rays,
ranging from a few keV to a few dozen keV or more, are emitted at a characteristic angle
1/γ from the particle trajectory. Since the TR yield is about 1% per boundary crossing,
radiation from multiple surface crossings is used in practical detectors. In the simplest
concept, a detector module might consist of low-Z foils followed by a high-Z active layer
made of proportional counters filled with a Xe-rich gas mixture. The atomic number
considerations follow from the dominant photoelectric absorption cross section per atom
going roughly as Z n/E3

x, where n varies between 4 and 5 over the region of interest, and
the X-ray energy is Ex.* To minimize self-absorption, materials such as polypropylene,
Mylar, carbon, and (rarely) lithium are used as radiators. The TR signal in the active
regions is in most cases superimposed upon the particle ionization losses, which are
proportional to Z.

The TR intensity for a single boundary crossing always increases with γ, but, for
multiple boundary crossings, interference leads to saturation above a Lorentz factor γ sat

= 0.6 ω1
√

ℓ1ℓ2/c [111], where ω1 is the radiator material plasma frequency, ℓ1 is its
thickness, and ℓ2 the spacing. In most of the detectors used in particle physics the
radiator parameters are chosen to provide γ sat ≈ 2000. Those detectors normally work
as threshold devices, ensuring the best electron/pion separation in the momentum range
1 GeV/c <∼ p <∼ 150 GeV/c.

One can distinguish two design concepts—“thick” and “thin” detectors:
1. The radiator, optimized for a minimum total radiation length at maximum TR yield

and total TR absorption, consists of few hundred foils (for instance 300 20 µm thick
polypropylene foils). Most of the TR photons are absorbed in the radiator itself. To
maximise the number of TR photons reaching the detector, part of the radiator far
from the active layers is often made of thicker foils, which shifts the X-ray spectrum
to higher energies. The detector thickness, about 2-4 cm for Xe-filled gas chambers, is
optimized to absorb the incoming X-ray spectrum. A classical detector is composed of

* Photon absorption coefficients for the elements (via a NIST link), and dE/dx|min and
plasma energies for many materials are given in pdg.lbl.gov/AtomicNuclearProperties.
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