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Abstract. Detector developments for elementary particle physics, with and without accelerators, are illus-
trated by a selection of experiments, presently under development or starting data taking

1 Introduction

Detector developments in the recent years are illustrated
by a choice of experiments which led to significant progress
in this field. Given the limited amount of time for the
presentation, a choice among the extremely broad activity
(see reports from parallel sessions) had to be made.

Despite the fact that gaseous detectors are so impor-
tant in many experiments, but perhaps taking account
that due to this, they are rather well known by the com-
munity, progress in this area will not be reported in any
detail here. It should however be pointed out that large
TPC’s are presently being built, or are starting opera-
tion, for heavy ions collider physics (ALICE, STAR) [1]
and that a TPC is also the choice tracker detector for
a future linear collider experiment [2]. Beside TPCs, sev-
eral impressive gaseous chamber systems are presently be-
ing built, in particular for muon instrumentation of LHC
experiments. Particularly important in this context are
MDTs, DTs and CSCs [3] for precision measurements, and
RPCs and TGCs [4] for trigger purposes.

Coming back to the developments reported in some de-
tail below, selected experiments have been clustered in two
groups, first those not requiring accelerators, and then ex-
periments with accelerators. In this last case, some generic
R & D is also reported at the end.

2 Experiments without accelerators

2.1 LIGO and VIRGO

The detection of gravitational waves is an extremely chal-
lenging field, which entered a new era with the approach
based on large scale interferometers. These devices are re-
quiring in several areas an unprecedented level of sophis-
tication, and represent a whole field of “detector develop-
ment”.
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Fig. 1. An aerial view of Virgo at Cascina, near Pisa

Fig. 2. Virgo optical scheme

2.1.1 VIRGO

It is particularly appropriate to talk about VIRGO, whose
official date of completion coincides with the 2003 EPS
Conference. The two Michelson arms of VIRGO (Figs. 1
and 2) are now part of the Pisa landscape.

Each arm is 3 km long with an optical length extended
to ∼ 120 km by multiple reflexions between two mirrors in
a Fabry-Perot configuration. The north arm was put under
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Fig. 3. A Virgo mirror suspension tower (height about 10 m)

Fig. 4. Measured seismic rejection of a Virgo suspension

vacuum some weeks ago (10−9 mbar), to be followed soon
after by the second one.

Over the last 12 months or so took place the commis-
sioning of the Central Interferometer, a very important
milestone of the project [5]. Schematically, during this
phase, each Fabry-Perot arm is replaced by the end of arm
mirror, about 6 meters away from the beam splitter. Run-
ning in this way allowed to tune and qualify several critical
elements of the detector, in particular the suspension sys-
tem, and the mirrors. The active suspension system (see
Fig. 3) includes a 7 stage inverse pendulum. After suitable
tuning the seismic rejection factor of 1014 at 10 Hz was
met (Fig. 4). The high quality fused silica mirrors (Fig. 5)
were also qualified, at the Virgo wave length of 1.06 µm.
A higher power laser (20 Watts) was recently switched on.
The full commissioning of Virgo will now start, with the

Fig. 5. Virgo beam splitter mirror in position (mirror diameter
∼30 cm)

Fig. 6. Ligo sensitivity, nominal and upgraded

target of reaching the design sensitivity (10−22/
√

Hz or
better between 30 Hz and 3 kHz) within ∼2 years.

2.1.2 LIGO

The LIGO experiment is somewhat ahead, with its two in-
terferometers (Livingston and Hanford) already installed
and their commissioning well advanced. Data taking (in-
cluding coincidences) will start while the sensitivity is be-
ing continuously tuned and improved, with the aim of ac-
cumulating the equivalent of one year at 10−21 sensitivity
by end of 2006 [6]. In parallel, a substantial upgrade plan
was launched, with the aim of reaching a factor 10 im-
provement over the LIGO nominal sensitivity (see Fig. 6)
by 2009.

The plan includes in particular improved suspensions,
with an anti-seismic system along the lines taken by
VIRGO, and improved mirrors (sapphire) capable of using
the high power of a new 180 Watt laser.

2.2 Bolometers

For most detectors used in particle physics experiments,
ionisation or light emission (scintillation or Cerenkov) are
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Fig. 7. Schematized bolometer

the primary mechanisms on which the detection is based.
In certain circumstances, namely at very low temperature,
the transformation of part of the energy deposited by the
particle(s) to be detected into heat can lead to extremely
sensitive devices. This is the principle of modern bolome-
ters, whose sensitivity was decupled when the temperature
range of ∼100 mK and below became available. For prac-
tical reasons, bolometers are separated in the following in
two main families:

- thin foils, or grids, dedicated to the absorption of
electro-magnetic radiation in the few microns to mm
wavelength range. They are the choice detectors for
analysis of the Cosmic Microwave Background.

- massive crystals for detecting recoils from dark matter
collisions.

2.2.1 General features of bolometers

Schematically (see Fig. 7) a bolometer consists of an ab-
sorbing crystal, of heat capacity C (for an insulator C
is proportional to T3 while the free electrons specific heat
goes like T). The absorber is connected to a constant tem-
perature reservoir at temperature T, with a link of thermal
conductance G.3He/4He dilution refrigerators [7] are the
choice technology below 200 mK.

The sensor, glued to the crystal is primarily a tem-
perature dependent resistor RT . Neutron Transmutation
Doped germanium crystals are widely used. Super- con-
ducting “transition edge” foils are even more sensitive, but
in general operate in a more reduced temperature range.
The main contributions to the noise equivalent power at
the amplifier input are dominated by [8]:

- the Johnson noise in RT (NEP)2=4kTRT δF
- the heat fluctuations along G (NEP)2=4kT2G

An important system parameter is the time constant τ =
C/G.

2.2.2 Bolometers for CMB detection

An elegant solution for these bolometers is based on the
work pioneered by Caltech-JPL [9]. Using Si wafer tech-
nology, a thin spider web is obtained from a Si nitride

Fig. 8. Caltech spider web bolometer

Fig. 9. Sketch of a coupling horn. The grid doublets are located
at a maximum of the standing wave

layer (see Fig. 8), after that “all the rest” has been etched
away.

Typical parameters of such grids are a diameter of 2.5
mm, a thickness of 4 µm, covered by a few nm of metal,
giving a heat capacity below 1pJ/K at 100 mK. In com-
parison, the CMB absorbed power in a frequency range of
∼ 10% around 200 GHz is about 0.01 pJ in ∼10ms. With
a NTD-Ge thermistor,the noise power can be better than
10−17W/

√
Hz.

Taking advantage of the possibility to metallize one
direction or the other of the grid, the polarisation of
the CMB can be measured by difference in an elegant
way. This was recently demonstrated in the flight of the
Boomerang balloon [10].

All these techniques will be implemented in the
High Frequency Instrument of the Planck mission, to be
launched by ESA in 2007 [11]. A view of a coupling horn
is shown in Fig. 9.

Beyond these important ongoing realisations, develop-
ments are being conducted in order to realize arrays of
bolometers (including the sensor) which would improve
the overall efficiency per unit area in the focal plane.

2.2.3 Massive bolometers

The sensitivity of experimental set-ups dedicated to the
direct search of non-baryonic dark matter by detection of
nuclear recoils goes directly with the instrumented mass,
calling for a larger and larger number of massive bolo-
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metric crystals (typical examples are 320g Ge crystals).
Even in well shielded underground laboratories and us-
ing low radioactivity materials, Compton electron recoils
from residual gamma radioactivity remain an important
background in this search. In order to reject these back-
grounds some identification of the nature of the recoil, nu-
clear or electronic, is necessary. This can be provided by a
combined detection of heat and scintillation, or heat and
ionisation, taking advantage of the fact that for a given
bolometric signal, nuclear recoils produce less ionisation,
and to a lesser extend, less scintillation than electromag-
netic deposits. Another approach is to combine light and
ionisation detection, like the ZEPLIN group [12] is doing
with liquid Xenon as a detector.

The combined detection of heat and ionisation is il-
lustrated below, taking as example the Edelweiss experi-
ment [13]. A similar approach is used by CDMS [14], while
CRESST and ROSEBUD combine heat and scintillation
[15]. In order to be sensitive to ionisation, the extra-pure
Germanium crystals cut in a cylinder with axis along the
< 100 > direction have their opposite faces (∅ ∼ 70 mm)
metallized with 100 nm read-out electrodes. The crystals
are operated in the 20 mK range, and the heat signal is
read-out using Ge-NTDs. The detection threshold energy
is about 5keV and the noise about 1 keV. A polarisation
voltage as low as 3V is enough to drift ionisation (with-
out creating parasitic heat load) over 1cm in less than
400 ns, thanks to the high mobility at low temperature in
ultra-pure crystals. The energy resolution of the ionisation
measurement is also of order 1 keV.

The response of the detector to nuclear recoils and elec-
tron deposits is calibrated using 60Co gamma sources and
252Cf neutron and gamma sources. As shown in Fig. 10,
the electromagnetic and nuclear recoils are well separated.

Based on the absence of events in the nuclear re-
coil band, Edelweiss gave one of the best limits on non-
baryonic dark matter search. A further step will be
made,bringing sensitivity down to 10−8 pb, when the 120
detectors representing 35 kg active, will be operational.
This level of sensitivity is within the range predicted by
some super-symmetric models. In parallel with this effort
of enlarging the detector, R & D is being pursued regard-
ing the use of temperature sensors even more sensitive
than Ge-NTDs, like super conducting transition edge de-
tectors.

2.3 High energy photons from space

Being unperturbed by magnetic fields, high energy gamma
rays from space provide a unique capability, in the high en-
ergy domain, for source identification. The range from 20
MeV to 300 GeV, not easily accessible to ground based ex-
periments (Cerenkov signals from atmospheric absorption
are too faint), is well matched to satellite experiments.

This domain was pioneered by EGRET [16]. A new
generation detector, GLAST [17], is presently under con-
struction after a careful optimisation. The main part of
the mission is the Large Angle Telescope, complemented
by gamma ray detectors in the 20 keV to 20 MeV range.

Fig. 10. Ionisation to heat ratio as observed with a Cf source
in Edelweiss. The electrons (ratio∼1) and recoils from neutron
collisions are clearly separated

Fig. 11. Sketch of the GLAST-LAT detector layout

Fig. 12. Artist view of GLAST

2.3.1 Principle of the LAT

The detector is arranged as 4x4 adjacent submodules, with
a total transverse size of 1.7 x 1.7 m2 and 87.5 cm height.
The direction of high energy photons is measured from
their conversion products in the Large Area Telescope
made of semi-conductor strip sensors interleaved with thin
converter foils (see Fig. 11).
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Fig. 13. Angular resolution of GLAST (simulation)

The Si-strip detectors have a pitch of 228 microns, and
a length of 4 x 9 cm obtained by wire bonding 4 sensors on
a ladder. The total number of channels is 8.8 105. Fabri-
cation used for the first time, on large scale, 6” high resis-
tivity wafers. Readout is ac coupled to p+ strips on n-type
Silicon. The energy of the converted electrons (and further
constraint on the direction) is obtained from a calorimet-
ric energy measurement. The choice was made of using
CsI crystals, in an XY geometry, with a total thickness
at normal incidence of 8.5X0 (see Fig. 12). Such a total
thickness is by far insufficient to contain photon showers
at the high end of the spectrum, but was dictated by the
strong constraint of a maximum weight of 3000 kg. Besides
the weight, another hard limit in a satellite is the power
dissipation. With a total budget of 650 W, the Si-strips
use only 210 W and the calorimeter only 90 W. Another
important element of the detector is a segmented antico-
incidence array, made out of scintillator tiles. A rejection
factor of 105 against charged particles is required.

2.3.2 Detector qualification

The energy and the direction resolution of the detector
were studied with detailed simulations and test beam data
recorded at SLAC [18]. The optimum found for direction
measurement features 18 X-Y detection planes. The first
12 are associated to 3% X0 W converter, the next 4 to
18% X0 W converters, and the last 2 have no converters.

As an illustrative figure, the angular resolution (see
Fig. 13) at 10 GeV is 0.15 degrees, about 10 times better
than one can achieve with a finely segmented calorimeter
alone.

Thanks to the several samplings provided by the XY
geometry of the crystals, the group has shown that the
detector can provide a relative energy resolution of 15%
(5%) up to the end of the accessible spectrum for photons
at 90 degrees (below 60 degrees) incidence (see Fig. 14).

Fig. 14. Energy resolution of GLAST (simulation)

2.3.3 Next steps

The qualification of the detector elements is presently on-
going. It includes severe vibration tests, an exposure to
ion beams to check for SEE and cosmic tests. Launching
of the satellite by NASA is planned for fall 2006.

2.4 High energy neutrinos from space

The long term aim of experiments (or R & D projects)
like Amanda [19], Antares [20] or Nestor [21] is to instru-
ment 1 km3 of water in order to be sensitive, with enough
pointing accuracy, to high energy neutrinos from space. In
both cases the detection is based on Cerenkov light pro-
duced in water (or ice) by secondary muons from neutrino
interactions in earth.

2.4.1 Deployment in water

Antares and Nestor are taking up the challenge of deploy-
ing their detectors in sea water. This is one of the first
main challenges of their first phase covering about 0.03
km3. Compared to ice (Amanda), water offers a longer
scattering length (∼300 m against ∼20 m ) due to the ab-
sence of micro bubbles, and the possibility to go to higher
depth (down to 4000 m in the case of the Nestor site). On
the other hand, operating in water brings several prob-
lems:

- 40K radioactive isotopes in salt water produce a ∼50
kHz counting rate in a 10” photomultiplier.

- alive micro-organisms produce bioluminescent ”bursts”
during which the counting rate can reach several
100 kHz.

- water is a moving medium imposing continuous survey
of active elements (to an accuracy of 20 cm or so).
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Fig. 15. Antares compass angle as a function of time

Fig. 16. Zenith and energy distribution in a Nestor tower

2.4.2 Results from recent tests

The first phase of Antares includes:

- 12 lines of 25 x 3 optical modules (10”PMT)
- local self-triggering, digitisation and time stamp
- an electro-optical cable (48 optical fibers, 4400 Vac)

from shore.
A first line was deployed in spring 2003, leading to the
following observations:

- the 40K rate of 50 kHz is confirmed, but there is some-
what more bioactivity (up to 30% of the time) than in
a previous test. This could be a seasonal effect.

- the variation with time of the twist angle (“compass”)
at two heights on a given line is illustrated in Fig. 15,
demonstrating the necessity of continuous survey.

In their new test the Nestor group was quite successful.
A complete floor, diameter 32 m, with 12 optical modules
(half of them oriented “up”) was deployed early in 2003,
and readout with the 30 km electro-optical cable to shore.
Nestor uses 15”PMT (144 in a tower), which showed the
expected ∼70 kHz 40K background. The bioluminescent
background is low, giving less than 1% dead time. Some
muon data (from above..) were recorded, asking for a 4-
fold coincidence with a single PMT threshold of 1/4 photo
electron. In these conditions the rate is low (few Hz). Fig-
ure 16 shows the pulse height and zenith distribution (cal-

Fig. 17. Icarus T600 detector during installation

culated with the time of arrival of various signals) obtained
in this run.

2.4.3 Next steps

While both Antares and Nestor tests were extremely use-
ful to the collaborations, several important R&Ds remain
necessary before entering the 1 km3 phase. The devel-
opments include improved reliability of immersed equip-
ment, means of access and repairs, high power, high rate
electro-optical cables,....

2.5 ICARUS

While this is not a new development, it is appropriate here
to mention the important forward step recently achieved
by the ICARUS collaboration which operated successfully
the T600 prototype with cosmics [22].

The ICARUS T600 prototype consists of two contain-
ers in a single cryostat. Each container is a liquid argon
TPC with a gap of 2 x 1.5 m operated with a 75 kV polar-
isation voltage. The detector length is 20 m and its height
4 m. In each detection plane 3 wire planes at 45◦ of each
other (27000 channels of electronics) give a 2D picture as
a function of time, thus providing a full 3-D imaging.

The ionisation electron life time was measured above 1
ms, adequate for drift lengths up to 1.5 m. Large (8”) VUV
photomultipliers are used to self-trigger the detector using
the scintillation light of liquid argon (peak wavelength 130
nm, average light yield ∼ 20 eV per photon).

Figure 17 shows the T600 detector during installation,
and Fig. 18 shows a cosmic muon with an EM shower.

Next steps in the ICARUS project include moving the
T600 to the CNGS neutrino beam in the Gran Sasso
laboratory and adding two 1200 tons modules to reach
3000 tons. Operating and storing such large liquid argon
masses, and beyond, in an underground laboratory, raise
safety issues on which the groups involved are actively
working.
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Fig. 18. EM shower along a cosmic muon, recorded by
ICARUS

3 Experiments with accelerators

3.1 Rare decays

Rare decay experiments often led in the past to interesting
detector developments, motivated by the need of selective
detection in a high rate environment and precision mea-
surement. An interesting example, currently under devel-
opment, is the MEG experiment dedicated to the challeng-
ing search of the lepton number violating decay µ → eγ.

3.1.1 Motivations and layout

Searches for µ → eγ decays were negative up to now with
an upper limit of 10−11 branching ratio [23]. There are
however indications that this decay should happen – one
day – at measurable levels. Some quantitative estimates
based on the observation of atmospheric neutrino oscilla-
tions point to a decay branching ratio of 10−14 or larger
[24]. Several Supersymmetric models give a branching ra-
tio between 10−11 and 10−13 [25].

The MEG Collaboration is taking up the challenge of
probing this decay at the 10−13 level. The necessary stop-
ping muon rate of ∼ 108/s is available at the PSI (Villin-
gen) site, where the experiment is under construction. In
order to cope with this rate, and to have the required rejec-
tion of background (in particular radiative beta decays),
the best possible photon calorimeter (in terms of speed,
energy and position resolution) in the 50 MeV range is
required.

The collaboration has chosen a liquid Xenon calorime-
ter, presently under construction after a vigorous develop-
ment programme. A light-weight precise tracking for the
secondary electron is also necessary. A sketch of the ex-
perimental arrangement [26] is shown in Fig. 19.

3.1.2 The Xenon calorimeter

The detection uses the scintillation light produced by
Xenon. As several developments and small scale detectors
showed in the past, liquid Xenon is an excellent scintilla-
tor [27] with high photon yield (∼24 eV/photon), and fast
decay time (2 time constants of 4.5 and 22 ns). The wave-
length (175 nm) requires VUV windows. Before launch-
ing the construction of the final calorimeter (800 l Xenon,
the largest quantity used so far for physics, 800 PMTs),

Fig. 19. The MEG experiment layout

Fig. 20. Energy spectra of quasi-mono energetic photons in
the MEG prototype

Fig. 21. Time resolution for photons in the MEG prototype
calorimeter

a number of studies and developments were carried out
with prototypes, the last one of 70 l active, viewed by 150
PMTs. The most significant results of this programme [28]
are reported below.

Regarding the liquid purity, the absorption of scintil-
lation light by water, and to a lesser extend by oxygen
was found to be a potential problem. Absorption lengths
of 1 m or larger were found to require less than 1 ppm of
oxygen, and less than 100 ppb of water, and the necessary
filtering system was developed. Special PMTs, compatible
with operation immersed in liquid Xenon were also devel-
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Fig. 22. Sketch of a RICH equipped with CsI photocathodes

oped. It was also shown that separating the active volume
into optically isolated cells by thin reflective layers will
improve the calorimeter performance.

Finally the performance of the large prototype was as-
sessed with a photon beam obtained by laser backscatter-
ing on an electron beam at TERAS in Japan. The energy
resolution (2% at 40 MeV) and time resolution (70 ps at
50 MeV), shown in Fig. 20 and Fig. 21, are well within
the severe requirements of the experiment.

3.1.3 Next steps

The design of the final calorimeter is now being completed.
Its construction will then proceed. The construction of the
rest of the equipment being well advanced, the experiment
plans to start data taking in 2005.

3.2 Particle identification

Particle identification can be interpreted in several ways,
going from a specific detector, like a threshold Cerenkov
counter giving a yes/no signal for a pion/kaon traversing
it, to sophisticated reconstruction in complex events used
to identify a short lifetime particle, like a D or B meson. In
the following only two examples are taken, as illustration
of this broad field.

3.2.1 Use of CsI photocathodes in RICH detectors

At the expense of difficult constraints on detector size or
geometry, Ring Imaging Cerenkov counters were included
in several colliding beam detectors like DELPHI at LEP.
The use of Cesium Iodide as a covering layer of MWPCs
dedicated to the conversion and detection of Cerenkov
photons had the promise of a gain on space, and speed
of response.

The development of such chambers was carried out in
the framework of the RD26 project. In the last few years,
detectors of large size were equipped with such chambers.

Fig. 23. Photon spectrum in CsI RICH up to conversion

Fig. 24. Particle ID at STAR with a CsI Rich

Examples include COMPASS, HADES, STAR at RHIC
and ALICE at the LHC [29]. A sketch of the principle of
a RICH system working in this way is shown in Fig. 22.
Different effects affecting the useful photon spectrum are
shown in Fig. 23. The CsI film is typically 300 nm thick;
this layer is extremely sensitive to water absorption: from
cathode coating to data taking, the layer should never be
in contact with open air...

The ALICE 1 m2 prototype installed and used for some
time in STAR is discussed below. The Cerenkov radiating
medium is a 1 cm thick C6F14 liquid radiator closed by a
UV-grade fused silica window. The distance from radiator
to photo-detector is 80 mm, optimised to let the rings
expand for better pattern recognition. The cathode pads
covered by CsI have a size of 8 x 8 mm. Figure 24 which
shows STAR data taken at RHIC illustrates the potential
of the detector in a high density environment. Following
these encouraging results, the ALICE collaboration is now
engaged in the construction of its final CsI RICH (12 m2

active).
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3.2.2 On-line B tagging at the Tevatron

The physics of B mesons is an important part of the ongo-
ing Tevatron run II. In order to be able to study as many
as possible of the numerous B meson decay modes, a trig-
ger acting at low level was developed for CDF II [30]. The
trigger is based on the on-line recognition of displaced sec-
ondary vertices (cutting on the tracks impact parameter)
and is applied to any event which has at least two charged
tracks with a P⊥ of 2 GeV/c or more. This condition is
part of the LVL1 menu whose maximum overall rate is 45
kHz.

3.2.2.1 Hardware implementation

The CDF SVX II vertex detector is formed of 5 concen-
tric “cylinders”(maximum radius 10.6 cm, minimum ra-
dius 2.5 cm, length 90 cm) instrumented with Silicon de-
tectors with strips running parallel to the beam axis. The
geometry is such that data can be treated as coming from
12 independent sectors in azimuth. Inefficiencies due to
tracks at the sector boundaries remain at the few % level.
In the present scheme only the 4 outer layers out of 5 are
used (there is in addition another layer at smaller radius
not used in the trigger).

The information fed to the processing electronics con-
sists of:

- 1 “point” at an intermediate radius of the Central
Tracker, with its azimuth and curvature, for all track
candidates found at LVL1 in a given sector of the CT.

- azimuthal pattern of hits in all 4 layers of the vertex
detector for this sector. At this level Si microstrips are
grouped into an equivalent pitch of 250 µm in order to
limit the number of inputs.

In a first step, the processing electronics (based on
Associative Memories) compares this information to a set
of 32000 coded masks representing “valid tracks” and finds
all track candidates at the vertex detector level.

In a second step the precise fit of the tracks in r-phi
is made, with the impact parameter as one of the out-
puts. Displaced vertices are found by selecting those tracks
above a certain impact parameter threshold.

3.2.2.2 Performances

The SVT trigger requires an average processing time of
25 µs and its efficiency is on average 80%.

As an illustration of the performance of this system
[31], Fig. 25 shows the distribution of reconstructed im-
pact parameters. The average resolution of 48 µm receives
about equal contributions from the measurement accuracy
(35 µm) and the beam precision (33 µm). This last num-
ber underlines that such a system can only give its best
performances with a well centred, narrow and stable beam
crossing in the transverse plane, which the Tevatron is now
able to deliver.

A typical mode of operation of the displaced vertex
trigger is to retain events with at least one track displaced
by more than 120 µm. In these conditions the rate of re-
tained events is 5 Hz (among ∼ 350 Hz total at this trigger

Fig. 25. Distribution of impact parameters at the output of
the CDF vertex trigger. Arrows indicate the selection cut

Fig. 26. Atlas detector layout

level) demonstrating, together with the efficiency, the ex-
cellent performance of the system.

Displaced vertices will be part of the High Level Trig-
gers of the LHC experiments as well (see below). Their
spirit is however somewhat different, both in the Physics
to be retained, and in the way they are implemented.

3.3 The ATLAS and CMS experiments at the LHC

The Aachen workshop, in October 1990, is considered by
many as the start of the LHC experimental programme.
During the 13 years which have passed since then, a first
phase was a detailed optimisation of the experiments,
combining the requirements for physics, with the con-
straints posed by detector developments and integration.
This phase culminated with the Technical Design Reports
submitted as of early 1996, in which the layout of the
experiments, optimised for the normal high luminosity of
1034cm−2s−1 (see Fig. 26 and figure 27) was frozen.

The second phase was to launch the detector construc-
tion, which is now well advanced. It is not possible here to
report on all these aspects, many of which represent ma-
jor steps in “detector development”. A few examples of
magnets, muon detectors, calorimeters, and tracking de-
vices, are taken in each experiment, going from outside to
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Fig. 27. CMS detector layout

Fig. 28. CMS solenoid: winding of first longitudinal section

inside, illustrated by photos of construction, and some key
performance parameters.

3.3.1 the CMS solenoid

The CMS solenoid [32] will surpass in diameter (6.5 m),
length (12.5 m), and magnetic field (4 T) all solenoids
built so far. The stored energy (2.6 GJ) is going to be a
world record. The constraints posed by these requirements
led to a complex coil structure: it is mechanically split in
5 longitudinal sections (in a single cryostat), and each sec-
tion has 4 layers of conductor. The super-conducting cable
is embedded in pure aluminium, with a further reinforce-
ment of Al alloy. The nominal operating current is 20 kA;
the total cold mass is 220 t. Figure 28 shows the first lon-
gitudinal section CB-2 during winding of the conductor
inside its mandrel. The complete coil will be tested in a
surface hall (mid 2005) before being lowered in the CMS
pit.

3.3.2 ATLAS magnets

ATLAS has chosen a toroidal structure-barrel and two
end-caps-for its muon spectrometer. A small-compared
to CMS-solenoid houses the tracking system. Particularly
challenging in this system is the barrel toroid [33], made
out of 8 race-track coils assembled by a warm structure.
Each coil is 25 m long, 5 m wide and features a cold mass
of about 45 t. The nominal operating current is 20 kA.
The field integral at 90 degrees is about 4 Tm. The stored

Fig. 29. Atlas barrel coil casing

Fig. 30. Atlas barrel coil pancake

energy (barrel and two end caps) is about 1.6 GJ. Figure
29 shows a coil casing where two coil pancakes (Fig. 30)
will be located. Each coil will be cold tested in a surface
hall starting end of 2003.

3.3.3 ATLAS muon alignment

The somewhat smaller bending power of the Atlas toroid,
in air, compared to the instrumented iron flux return of
the CMS solenoid, calls for higher precision measurements
of muon tracks, and thus for high precision “alignment” of
muon detectors. A typical figure is a systematic precision
of 30 µm over distances of 5 to 10 m. The selected system
uses coded masks, lenses, and scanning cameras. A pro-
totype was operated successfully in recent beam tests at
CERN, and gave an accuracy for movements transverse
to the light beam of about 15 µm. A sketch of the var-
ious elements of a barrel octant is shown in Fig. 31. In
total ATLAS will be equipped with about 10000 position
sensors [34].
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Fig. 31. Sketch of the ATLAS muon alignment system

Fig. 32. Performance of the jet calorimeter system of CMS
for single pions

3.3.4 CMS hadronic calorimetry

Jet energies are measured using both the electromagnetic
calorimeter, where the neutral component of the jets, and
the first part of the hadronic cascade are absorbed, and
the hadronic calorimeter which absorbs the bulk of the
hadronic part. The hadronic calorimeter of CMS [35] uses
5 cm thick brass plates as absorber, interleaved with 1
cm thick scintillator tiles readout by wave length shifting
fibers (granularity δη x δφ = 0.087 x 0.087). In turn, WLS
fibers are spliced to clear fibers allowing to bring signals in
the back of the calorimeter and to regroup tiles belonging
to the same tower. Hybrid Photo Detectors (gain ∼ 2000)
are used to make the light to electronic signal conversion.

For |η| <0.4 a tail catcher follows the coil in order to
bring the total calorimeter thickness up to the last active
layer from 8 to 12 interaction lengths.

The CMS group has tested in 2002 a combination of a
movable 7 x 7 matrix of PbWO4 crystals (see below), in
front of two modules of the barrel hadronic calorimeter (2
x 20 degrees of azimuth, 4 m long). The setup was comple-
mented by an aluminium slab representing the coil, and a
section of the tail catcher. The energy resolution obtained

Fig. 33. The hadronic barrel calorimeter of CMS in the as-
sembly hall

for pions between 20 and 300 GeV/c is shown in Fig. 32.
It can be fitted by ∆(E)/E = 120%/

√
E + 4% and is

well reproduced by a Geant4 simulation [36] (no weight-
ing scheme is used at this stage). The construction of the
barrel hadronic calorimeter is now essentially complete as
illustrated by Fig. 33.

3.3.5 CMS EM calorimeter

After a long and thorough development period, CMS has
chosen PbWO4 crystals for its electromagnetic calorimeter
[37], barrel (inner radius=1.3 m) and end-caps (front face
at |Z|=3.2 m).

3.3.5.1 The PbW04 crystals

The production of crystals is taking place in Russia. Im-
portant progresses were made in the growing of ingots
which are now 85 mm in diameter and allow obtaining
from one piece either 4 barrel crystals (transverse size
21.8 x 21.8 mm corresponding to a granularity of 0.0175 x
0.0175) or two end cap crystals(transverse size 29.6 x 29.6
mm). The light to electronic signal conversion is made
with two Avalanche Photo Diodes glued on the back face
of each crystal. The internal gain of APDs is about 50. In
the end-caps, Vacuum Photo Triodes were preferred, for
better radiation resistance.

At the time of the Conference about 1/3 of the barrel
crystals (62000 in total) and more than half of the APDs
were delivered and being submitted to strict QC. One of
the criteria is that each crystal+APDs give more than 6
photo-electrons per MeV. The front-end electronics will
finally be made with CMOS Deep Sub Micron (0.25 µm)
ASICS, after recent successful tests. The electronics noise
per crystal is expected to be about 30 MeV (8000 elec-
trons) at start-up, with some increase at high luminosity
due to leakage current in APDs induced by irradiation.
The dynamic range of ∼16 bits is covered using a 3-gain
system (in the ratio 1: 6: 12). Digitisation, and local sums
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Fig. 34. Light loss observed in electron test beam with several
crystals

Fig. 35. Correlation of losses as seen by laser pulses and beam
particles

for first level trigger are made on detector. Transmission
of complete data for readout is made upon first level trig-
ger request. A Si preshower is installed in front of the end
caps.

3.3.5.2 Constant term and calibration

The target constant term of the CMS electromagnetic
calorimeter, 0.5%, calls for strict control of several sys-
tematic effects. As a first example, the temperature de-
pendence of about -4% per degree (shared about equally
between crystals and APDs) imposes a control of cooling
and thermal isolation to 0.1 degrees or better.

An other potential source of systematic uncertainty is
related to the effect of radiations on the crystals them-
selves. Several tests have shown that the light yield of the
crystals drops by a few percents after even a modest dose

Fig. 36. Sketch of the “accordion geometry” as implemented
in the ATLAS EM calorimeter

(like one Gy), saturates, and recovers afterwards. This loss
was shown to be due to an increased absorption at short
wavelengths (∼400 nm). Since 1 Gy is typical of the dose
corresponding to one fill at high luminosity, a fast feed-
back follow-up of this effect is required. The choice made
is to monitor the response using laser pulses sent to the
front face of each crystal in sequence, during the empty
cycles of the LHC. Comparing the losses on laser pulses
to those observed with beam particles in the test area (see
Figs. 34 and 35) it was shown that the ratio between the
two is rather uniform (rms on 19 crystals is 6.3%), which
will greatly simplify this follow-up [38].

The crystal to crystal normalisation will be known at
start-up with an accuracy of 5%, from bench tests (60Co
source). This will be refined with LHC data using a com-
bination of azimuthal uniformity, and E/p constraints.
Large statistics of Z→ee decay will also place a useful
constraint to reach the final goal of 0.5%. The calibra-
tion of several modules in beam (like 20%) will also be
extremely useful. The absolute average normalisation of
the calorimeter response will be made with reference to
the Z0 mass using Z→ee decays.

3.3.6 ATLAS EM calorimeter

For its EM calorimeter, barrel and end-caps, ATLAS has
chosen a high granularity lead-liquid argon sampling tech-
nique with accordion geometry (Fig. 36).

The inner radius of the barrel active calorimeter part is
1.5 m, and the front faces of the two end-caps are located
at |Z|=3.6 m. In order to correct for losses in dead material
in front of the calorimeter (tracker, solenoid, cryostat), the
calorimeter proper is preceded by a presampler layer. The
barrel calorimeter is divided in two halves longitudinally;
each half is built out of 16 modules. Similarly each end-
cap wheel is assembled from 8 identical modules. Thanks
to the accordion geometry the response is uniform in az-
imuth irrespective of module frontiers. The calorimeter



102 D. Fournier: Detector developments

Fig. 37. The ATLAS EM barrel calorimeter (first half) in its
cryostat

Fig. 38. Uniformity of response of a barrel ATLAS EM mod-
ule, as observed in test beam

has 3 samplings in depth. The central layer has a granu-
larity δη x δφ= .025 x .025. The first sampling has a very
thin granularity in η (.003 x .1) in order to strengthen
the photon-pizero (and thus the photon-jet) rejection; to-
gether with the middle sampling it provides photon point-
ing with an accuracy of 50 mr/

√
E. In total there are 175

000 electronics channels in the EM calorimeter with the
front end part located on the cryostat. To cope with the
high rate of the LHC, the preamplifiers and shaping ampli-
fiers give a response to energy deposits which peaks after
40 ns and decays slightly slower. The electronics noise of
a cell in the central sampling is about 30 MeV. The dy-
namic range of 16 bits is covered by 3 gains (in the ratio
1:10:100). Pipelining (analog) and digitisation are made
on detector (most parts are realized in the radiation hard
DMILL technology). Digital data is sent out by 1 GHz
optical fibers upon LVL1 request at a maximum rate of
75 kHz. Summing in trigger towers of 0.1 x 0.1 is done in
an analog way, on detector.

Figure 37 shows the first half-barrel integrated in the
cryostat. The first end-cap is also assembled. Four barrel
modules (out of 32) and 3 end-cap modules (out of 16)
were thoroughly tested in beam at the CERN SPS. The
qualification included a cell by cell scan in order to assess
the uniformity of response. The result obtained for a barrel
module [41] is shown in Fig. 38 . The rms of the distribu-

Fig. 39. Sketch of the CMS tracker layout

tion is 0.57%. In zones of 0.2 x 0.4 the uniformity is 0.4%
or better. This uniformity is obtained from the electronics
calibration system alone (correcting for a cell to cell varia-
tion of a small inductance inside the calorimeter, between
the sensitive cell and the calibration element), and reflects
the homogeneity of construction of the detector.

The strategy of ATLAS in view of reaching a constant
term of 0.7% or better is to consider each zone of 0.2 x 0.4
as “uniform by construction and electronics calibration”
and to check/correct for non-uniformities between zones
using Z→ e+e− decays. Given the rather limited number
of such zones (∼400 ) one day of data at 1033 should give
enough Z0 to meet the goal. No short-term variations of
the response are expected. On the medium or long term
side, temperature variation of the liquid bath (response
drops by 2% for a temperature increase of 1 degree) or
pollution of the liquid could impact the response. Care
was taken to build the calorimeter with materials which
do not outgas under irradiation.

The liquid argon calorimeter system of ATLAS (which
also includes hadronic calorimetry from η=1.4 down to
η=4.9) will be cooled down in a surface hall during year
2004, and then moved to the ATLAS pit.

3.3.7 The CMS tracker

The CMS tracker (see Fig. 39) is entirely based on Silicon
sensors [42]. With a radius of 1.2 m and a length of 5.4
m it fills entirely the EM calorimeter inner cavity, and
contains 210 m2 of sensors. The detectors are arranged as
a set of coaxial cylinders in the barrel part, and disks in
the end cap part. A track going through all the detector
sees typically 2 to 3 pixels layers and 10 to 14 strip layers.
In total the detector has 10 million strips and 67 million
pixels. Such a large volume, high granularity and high
speed detector represents unfortunately a non-negligible
amount of material in front of the calorimeter, inside the
4 T magnetic field. Typical figures are 0.4 X0 at low η,
and 1 X0 or more from η=1 to end of acceptance (η=2.5).

An example of barrel strip module is shown in Fig. 40.
The strips from two detectors (each about 9 cm long) are
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Fig. 40. A CMS barrel strip module

Fig. 41. Cosmic signal in a CMS strip detector

connected by a bond wire, and then connected to the ASIC
circuits, realized in DSM technology. An example of signal
recorded with a series module (Fig. 41) shows the excellent
signal to noise ratio.

The detector volume shall be kept at −10◦ C, even dur-
ing LHC shut-down, in order to prevent reverse annealing
which would largely increase the leakage current across
sensors, and thus the noise and the dissipated power. Sen-
sor and electronics are currently being submitted to recep-
tion tests and assembled in modules like shown in Fig. 40.

3.3.8 The ATLAS pixel system

The ATLAS tracker system [43] is based on Si pixels in
the innermost part, Si strips up to a radius of ∼55 cm,
and is complemented at larger radius and larger z by a
transition radiation straw detector(TRT), arranged as well
in a barrel and disks (wheels) geometry.

The detector volume, and material in front of the LAr
cryostat containing also the thin solenoid (field of 2 T)
are similar to the CMS case. Some more details are given
below, for illustration, on the pixel system, which consists
of 3 cylinders with minimum radius of 4.3 cm and 2 x 3
disks. In order to cope with the most severe constraints
posed on this system, namely the high level of radiations
(Fig. 42 indicates a yearly neutron fluency of several 1013

n/cm2), a “n on n oxygenated” sensor technology was cho-
sen, together with DSM electronics connected to sensors
by bump-bonding. In total the system has 82 million pix-
els of size 50 x 400 µm , with 2.8 % X0 per layer.

Fig. 42. Neutron fluence per high luminosity year in the AT-
LAS inner detector cavity

Fig. 43. Detector depletion from cluster size

The performance of different types of sensors under
irradiation was tested in detail before choosing this tech-
nology (see also next section). Using beam particles at a
∼ 30 degrees incidence, it is possible to deduce the deple-
tion depth from the cluster size. This is shown for series
sensors in Fig. 43, which indicates full depletion at 600
Volts after 1015 n/cm2, i.e. several years of LHC at full
luminosity [44].

3.4 Tracking and vertexing beyond LHC

The future collider experiments (SLHC, Linear Collid-
ers,VLHC) will share the trend towards higher luminosi-
ties, and the need to recognise displaced vertices in com-
plex events. To meet such goals is going to require vertex
detectors with higher granularity, less material per layer,
less power dissipation and higher resistance to radiations
than currently built devices.

The developments for linear colliders start from the
route paved by CCDs, while developments in view of
SLHC/VLHC are so far based on hybrid detectors, and
go in the direction of defect engineering (an example is
the use of oxygenated sensors for the ATLAS pixel sys-
tem, oxygen atoms counter-balancing in some aspects p-
type defects), or cold silicon, or diamond. Other initia-
tives like amorphous silicon on ASICs, depfets, 3-D sili-
con are also being pursued. The trend of electronics to go
to smaller and smaller structure size (i.e. beyond 0.25µm)
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Fig. 44. Leakage current in silicon sensors as a function of
inverse temperature (1/T)

may “naturally” solve the radiation hardness of electron-
ics, although the associated low voltage range may not
satisfy the dynamic range needed for very front-end ele-
ments.

3.4.1 Cold Silicon

Operation of silicon sensors at cryogenic temperatures
(∼ 100 K) brings several advantages for coping with high
radiation levels (1015 n/cm2 or more), but also some prob-
lems. Both are currently being studied by the RD39 col-
laboration [45]

- the leakage current, bulk and surface, goes down by
huge factors (see Fig. 44),

- the carrier mobility is increased ( it goes like T−2.4)
thus allowing faster response. This however may cause
problems for operation in a strong magnetic field be-
cause of a too large Lorentz angle,

- CMOS electronics respond faster,
- heat conductivity of Silicon is increased, which ease

cooling.

However charge trapping by deep defects may be more
harmful than for room temperature operation, and needs
to be compensated. Going in some more detail, it is known
that levels created by irradiation are predominantly of
p-type. Starting from a n-bulk detector, irradiation soon
lead to type inversion, then the depletion voltage increases
linearly with dose. The RD39 proposal is to adjust the net
space charge by working in the forward bias mode with
the necessary injected current. It was shown that stay-
ing in the very manageable range of 100 nA/cm2 one can
maintain a constant full depletion voltage up to several
1015 n/cm2 equivalent. Some detectors engineered in this
way will be used for tests in the COMPASS experiment
at CERN.

3.4.2 Diamond detectors

Polycrystalline diamond detectors are grown since a few
years in 5” wafer size by Chemical Vapor Deposition on

Table 1. Comparative properties of diamond and silicon

silicon diamond
dE/dx(MeV/cm) 3.9 6
X0 (cm) 9.4 12.5
εr 11.7 5.9
Band gap (eV) 1.14 5.5
< E > /pair (eV) 3.6 13.1
Pairs/µm 110 36
Displacement threshold (eV) 13 43

Fig. 45. Signal in polycrystalline diamond sensor

Fig. 46. Distribution of MIP signals in mono crystalline dia-
mond sensor

Si-C base crystals [46]. Detailed studies undertaken in par-
ticular by the RD42 collaboration [46] have allowed to un-
derstand their properties as detectors for particle physics.
The most important of them are summarised in Table 1.

Due to the growth process from a non-diamond base,
the polycrystalline structure becomes more regular away
from the interface. Given the large band gap, diamond
behaves essentially like an insulator, and can be polarised
either side. Due to defects between microcrystals a large
electric field is necessary, in the absence of any irradiation,
to fully collect the charge, typically 300 V for a 300 µm
thick detector. Signals obtained in these conditions are
wider than for silicon, again because of the microcrys-
talline structure. They are however, as shown in Fig. 45,
sufficiently large to allow detection with a good efficiency.
Irradiation tests have shown that the signals are barely
affected up to the maximum tested of 2 x 1015n/cm2.

First examples of monocrystalline sensors, of maxi-
mum size 1cm2 were recently made available. Exposed to
beam particles they showed nice “Silicon like behaviour”,
as shown in Fig. 46 (signal shape). Their resistance to
radiations will be soon explored [47].
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Fig. 47. Signal formation in CMOS active pixels

While progresses are regularly made, polycrystalline
diamond sensors remain expensive, and can only be envis-
aged today for vertex detectors of ∼ 1 m2 or less. Mono
crystalline diamonds are today reserved for development
and very specific studies.

3.4.3 CMOS active pixels

As opposed to hybrid pixel detectors discussed above, in
which electronic chips are bump-bonded to sensors, it is
at first sight attractive to incorporate both functions on a
single substrate, which in turn has to be able to support
both of them. A successful example is CCDs, as used for
example in the SLD vertex detector with the largest num-
ber of pixels ever operated (300 millions), but radiation
soft and plagued by a slow sequential readout.

Another example currently under development
“CMOS active pixels” [48], is also based on circuits for
digital cameras. On a standard p-type substrate, of rather
low resistivity, is grown an epitaxial layer. Structures for
MOS transistors are then ion-implanted, and covered by
an oxide layer. In such a structure the electrons from pairs
created in the epitaxial layer move by thermal diffusion
and reflexion on the p-type bulk and are collected by the
n-well structure (see Fig. 47) in a few tens of ns. The be-
haviour of devices built in this way is governed by the
smallness of all dimensions: the epitaxial layer is typically
10 µm thick, from which derives a rather small collected
charge (∼1000 electrons in total). In turn the pixels are
also small (typically 20 x 20 microns) leading to a capaci-
tance in the tens of fF range, and thus good signal to noise
ratio (∼30), even taking into account that the charge is
split between several pixels (∼10 or more).

Another interesting feature of these devices, like
CCDs, is that all the “useful part” is localised at the
surface of the wafer, allowing thinning down to 100 µm
or even less. Besides radiation resistance, the critical as-
pect of the development is to implement a circuitry al-
lowing fast readout with low power, while preserving the
signal/noise ratio. A promising example currently being

prototyped [48] is parallel processing of 128 pixels in a
row, at 5 MHz. To each pixel (28 x 28 µm) is attached
an amplifier and a 2 cell deep analog memory. In total
the circuit has 29 transistors per pixel and dissipates 500
µW per column, ie 0.5 W/cm2. While the readout speed
(25 µs) would fit FLC requirements, the dissipated power
is considered still too high, and will require further itera-
tions. Devices of this type keep their properties (collected
charge and noise) up to a fluence of 1011 to 1012n/cm2,
and doses of up to 100 kRad. This may be enough to cope
with the background at future linear colliders.

4 Summary and conclusions

The great variety of developments presented underlines
the fact that there is no new major physics programme
without an associated vigorous detector development.

Silicon detectors, now built in areas as large as 200
m2 have revolutionized tracking at high rate. The large
area strip detectors, and the high granularity pixel detec-
tors for vertexing will still evolve in the direction of less
material and higher speed while increasing their radiation
resistance.

Precision EM calorimetry is dominated by crystals and
noble liquids.

Both in tracking and calorimetry, Deep Submicron
Asics rescued several rad-hard electronics projects.While
the trend toward smaller structures will persist, it remains
to be seen if the associated circuits will cover all high en-
ergy physics needs, in particular the dynamic range of the
very front ends.

Cryogenic technologies remain essential, and even in-
crease their range of application. This goes from “Liq-
uid nitrogen cryogenics” for calorimetry, to “liquid he-
lium” technology for super conducting magnets, and to
the 3He/4He dilution systems for bolometers in the 100
mK range.

First data from the LHC, in 4 years, will be the final
validation for the wealth of developments embedded in
ALICE, ATLAS, CMS, and LHCb.

Meanwhile, the R&D for detectors at Future Linear
Colliders should get completed.
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