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In the domain of elementary particle 
physics, the detectors and detector sys
tems have evolved from single Geiger 
counters, proportional counters, and 
scintillation counters covering small 
areas (≡ cm2) and solid angles, to the 
enormous (≡ 50 m2) 4π detectors of 
today. This evolution has been brought 
about by the need to study elementary 
particle collisions at ever higher centre- 
of-mass energies, made possible by ad
vances in accelerator technology.

Fixed-Target Detectors — Past
Prior to colliding-beam accelerators 

(ca 1970), all experiments were of the 
fixed-target variety. A representative ex
periment consisted of a forward spec
trometer (see Fig. 1) which covered a 
limited forward solid angle (4π in centre 
of mass) and which tracked all charged 
particles, emerging from an interaction, 
through many planes of multiwire pro
portional chambers (MWPCs). Ioniza
tion electrons, produced by a charged 
particle traversing the gas in the cham
bers, are amplified and collected on fine 
wires. Such detectors are the lineal des
cendants of the early proportional coun
ters. They gave projective space-point 
resolutions of 500 µm in the detector 
plane. Many such planes allowed par
ticle tracks to be reconstructed both 
before and after a dipole magnetic field 
region; hence particle momentum and 
charge were measured. Typical dimen
sions of the MWPC planes were 1 m x 
1 m. Electromagnetic particles (e, γ) 
were detected and their energy was 
measured in sampling electromagnetic 
(e.m.) shower counters (e.m. calorime
ters), composed typically of alternate 
layers of plastic scintillator and lead 
viewed by photomultipliers (PMs). The 
resolution obtained was about ∆E/E = 
0.2 GeV1/2/√E. In addition to tracking 
and e.m. calorimetry, a third type of 
detector, often present, was devoted to 
charged-particle identification (e, µ, π, 
K, p), and consisted of one or more 
threshold Cherenkov counters. Cheren
kov radiation is produced by a charged 
particle traversing an optical medium 
(refractive index n) if the particle velocity

β > 1/n. Observation of such radiation 
was effected by reflection of the Che
renkov light from ellipsoidal mirrors onto 
PMs placed at an ellipsoid focus. Com
bining the measured momentum with 
the Cherenkov velocity limit(s) some
times allowed unambiguous particle 
identification. For low values of β, such 
identification could be achieved by time- 
of-flight measurements.

The physical processes utilized in 
these detectors are ionization (dE/dx), 
scintillation, and Cherenkov light emis
sion, and the energy deposition required 
to produce the ultimately detected elec
trons are 25 eV, 700 eV, and 50 keV, res
pectively.

Colliding-Beam Detectors — Present
With the advent of colliding-beam ac

celerators (e- , e+) and (p, p) in the early 
70's, and (p, p) in the early 80's, an 
enormous increase in centre-of-mass 
energies was achieved, which necessi
tated a new generation of detectors to 
cope with the increased multiplicity and 
complexity of the collisions. A typical 
detector of this period (see Fig. 2) cove
red almost 4π sr, had cylindrical symme
try, and included a solenoidal coil and an 
iron flux-return yoke.

A gas-tracking central detector ima
ged the charged particle trajectories cur
ving in the solenoidal magnetic field, al
lowing particle momentum and charge 
to be measured. One imaging method 
used very long drift (≡ 1 m) of the ioni
zation electrons, in an axial electric field, 
to a two-dimensional detection plane

composed of anode wires and cathode 
pads. The electron drift-time gave the 
third (axial) coordinate. Another imaging 
method used concentric cylindrical 
layers of long (≡ 2 m) proportional 
wires. The axial coordinate was measu
red by charge division between both 
ends of the resistive wire; the other co
ordinates were drift-time (short) and 
wire address. These drift-tracking de
tectors have very high granularity, typi
cally 107 picture elements (pixels), 
which is necessary for resolving high- 
multiplicity events. The long-drift me
thod is however not always practicable 
because of the accelerator time-struc
ture and/or interaction rates. A space- 
point precision of 100 to 300 µm is typi
cal for drift detectors.

The central gas detector was usually 
surrounded by a coil and an e.m. calori
meter. If the coil preceded the calori
meter, its detection elements were out
side the magnetic field and so PMs could 
be used. Transparent (totally active) Pb 
glass blocks, each viewed by a PM, gave 
the best energy resolution of 0.05/√E. 
Lead sheets interleaved with sampling 
scintillators and viewed by PMs gave 
resolutions of about 0.15/√E. In this 
case the coil was usually superconduc
ting in order to minimize the inert mate
rial before the calorimeter to less than 
one radiation length. In some detectors 
the calorimeter came before the coil, 
hence detectors which worked in a 
magnetic field were necessary. Liquid- 
argon sampling ionization chambers 
have this property. Ionization electrons 
produced in very clean (impurities < 
0.10 ppm) liquid argon (23 eV per ion 
pair) are drifted in an electric field to col
lection electrodes. Drift velocities of 4 
mm/µs are obtained at 10 kV/cm drift 
field. The advantage of this method is 
that spatial granularity can be achieved 
simply by segmenting the collection 
electrodes. Small-area towers looking at 
the interaction point can be hard-wired 
and used in the trigger. Typical energy re
solutions of 0.07/√E have been achie
ved. Gas sampling detectors have also

Fig. 1 —  A representative fixed-target spectrometer (EMC, FNAL Muon Spectrometer) : 7 = 
Magnet iron; 2 = Target material; 3 = Streamer chamber; 4 = MWPC detector planes; 5 = 
Cherenkov threshold counters; 6 = e.m. calorimeter; 7 = Iron absorber in hadron calori
meter.

7



Fig. 2 — A repre
sentative colliding- 
beam detector faci
lity (MARK II). The 
detector has cylin
drical symmetry 
about the e+ ,e- 
axis and left-right 
symmetry about 
the interaction 
point.

been used inside the magnetic field with 
however, about a factor of three less 
resolution than the liquid-argon sam
pling detectors.

Following the coil and the calorimeter 
is the iron return yoke. This magnetized 
iron is used as a hadron (π, K, p) absor
ber. Particles which emerge from the 
yoke are mostly muons (p), which are 
detected with large-area drift chambers 
or proportional counter tubes. Deflec
tion of the muon in the magnetized iron 
yoke allows measurement of the muon 
momentum.

This generation of detectors has had 
spectacular success in experimentally 
establishing the Standard Model of elec- 
troweak interactions. Strange, charm 
and bottom quark-content particles 
have been identified with these detec
tors. Hadronization of quark pairs has 
been inferred from observation of two- 
jet events and gluon bremsstrahlung 
from three-jet events. The quanta of the 
electroweak theory, Z° and W± parti
cles, have been discovered, and some 
decay modes categorized. Three gene
rations of leptons (e, µ, τ) and neutrinos 
(ve, vµ, vτ) have been observed, but only 
two and a half generations of quark pairs 
(u, d), (s, c), (b, t?). The discovery of the 
top-quark (t) and the Higgs boson are 
needed by the theory, but this will re
quire higher-energy colliders. Other ge
nerations of electrons, neutrinos, and 
quarks may also be seen. Extensions of 
the standard theory (technicolour, su-

persymmetry, etc.) predict new pheno
mena.

Current Developments
The Tevatron (0.9 TeV p on 0.9 TeV p), 

the SLAC Linear Collider (SLC) and the 
Large Electron-Positron storage ring 
(LEP) (50 GeV e - on 50 GeV e+ ), and 
the Hadron-Electron Ring Accelerator 
(HERA) (30 GeV e- on 800 GeV p) — a 
new generation of colliders for exploring 
this higher-energy domain — will be 
coming on line during the next four years 
(1987-1991). These have spawned a 
new generation of colliding-beam detec
tors. They follow those of the previous 
generation in so far as they have solenoi- 
dal magnetic fields and gas-tracking 
central detectors with, however, impro
ved spatial resolution (30 to 200 pm). 
New features include vertex detection, 
particle identification with ring-imaging 
Cherenkov (RICH) counters or transition 
radiation detectors (TRDs), and combi
ned e.m. and hadronic calorimetry.
Silicon Detectors

Silicon vertex detectors have been 
developed during the past five or six 
years to identify short-lived secondary 
particles having charm, bottom, or top 
(c, b, t) quark content. The proper life
time τ of these particles is in the 0.1 to 
1 ps range with proper decay lengths cτ 
of 30 to 300 pm. In order to identify 
such particles, both the primary and 
secondary vertices must be measured.

The required space-point precision of 3 
to 10 pm has been achieved with silicon 
strip detectors (SSDs) as well as with 
charge-coupled devices (CCDs). Both 
devices operate as ionization detectors, 
which is extremely advantageous in sili
con because only 3.6 eV of energy loss 
is sufficient to produce an electron-hole 
pair. A comparison with liquid-argon 
detectors shows that silicon gives more 
than 12 times the signal per centimetre. 
The SSDs are typically 300 pm thick, 
high-resistivity (≥ 10 kΩ · cm), silicon 
wafers with one surface subdivided into 
conducting strips (25 pm pitch) and the 
other surface uniformly conducting. An 
applied bias voltage of about 100 V 
achieves full depletion, which allows 
electron collection throughout the full 
thickness of the silicon. A signal of 
about 3 x 104 charges is deposited by a 
minimum-ionizing particle. Electron col
lection times are small (≤ 5 ns) and the 
signal-to-noise ratio is good (≡ 15).

A high density of channels (≡ 400 per 
cm) characterizes these devices, which 
has necessitated the development of 
VLSI silicon chips (128 x 2 channels per 
6 mm). A full vertex detector, composed 
of two or three concentric cylinders of 
SSDs surrounding the collider beam 
pipe, consists of about 1 m2 of silicon 
and has 5 x 104 readout channels. This 
illustrates the necessity for cheap VLSI 
chips. Readout through shift registers is 
achieved in about 150 µs per event. The 
SSDs give one-dimensional (25 pm 
pitch) information on the track coor
dinate, in contrast to CCDs, which have 
a two-dimensional array structure (20 x 
20 µm2 pixel size). These devices are 
much thinner than SSDs (15 µm rather 
than 300 pm) and have the readout cir
cuitry on the same silicon wafer as the 
detector array. To achieve the same 
signal-to-noise ratio as that of the SSDs 
demands lower noise (20), with the con
sequence that readout times are much 
slower (≡ 10 ms). For the SLC at Stan
ford, this time agrees well with the ma
chine repetition rate, allowing use of the 
CCDs with their enormously high granu
larity (2.5 x 109 pixels per m2).
Ring Imaging Cherenkov Detectors

The RICH detectors have been deve
loped to measure the Lorentz factor γ for 
each charged particle emitted in an in
teraction. The particle mass (e, µ, π, K, 
p) may be calculated from the know
ledge of the momentum p and of γ. The 
geometry of RICH detectors has been 
adapted to the overall cylindrical sym
metry of the full system. A thin (≡ 1 cm) 
cylindrical shell of UV-transparent, low 
refractive index (n = 1.28) liquid is 
located just outside the central tracking
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detector (radius ≡ 1 m). The Cherenkov 
light cone (670 mrad) produced in the 
liquid is intercepted by a cylindrical drift 
volume (radius 1.15 to 1.2 m). The drift 
volume has UV-transparent fused- 
quartz windows and is filled with me
thane and ethane at atmospheric pres
sure, with a small admixture (≡ 1 Torr) of 
an organic photoionizing vapour [TMAE : 
tetrakis(dimethylamine)ethylene]. This 
vapour acts as a gas-phase photoca
thode with high average quantum effi
ciency (≡ 30%) at photon energies 
above the threshold of 5.3 eV (230 nm) 
to the liquid transmission limit of 7 eV 
(177 nm). The photoelectrons produced 
(≡ 25) are drifted a maximum distance 
of 1.5 m, in an applied electric field, to a 
MWPC that is sensitive to single elec
trons. The three-dimensional position of 
the photoelectron is obtained from the 
measured drift-time, wire address, and 
wire charge division. Knowledge of the 
particle track position in the thin liquid 
radiator determines the photon emission 
point and allows the Cherenkov angle to 
be reconstructed with an error of about 
2 mrad (out of 670). This accuracy is 
sufficient to discriminate (π, K, p) below 
10 GeV/c. In order to identify particles of 
higher momenta, the cylindrical annulus 
between 1.2 and 1.7 m is filled with UV- 
transparent gas radiator (n — 1 = 18 x 
10-4), followed by a row of UV-reflec- 
tive mirrors which focus the Cherenkov 
light back down to the drift volume at 1.2 
m. The ring images are detected, as 
before, by photoionization and drift to 
the MWPC detector. These gas images 
contain about 15 points, allowing the 
Cherenkov angle determination of about 
60 ± 1 mrad. Discrimination of (π, K, p) 
up to 35 GeV/c is achieved by these gas 
ring-images. Identification of K mesons 
is important in identifying strange and 
charm quark content.
Transition Radiation Detectors

Transition radiation detectors, used 
primarily to identify electrons, are only 
sensitive for γ ≥ 103. Transition radia
tion, in the X-ray region, occurs when a 
relativistic charged particle crosses the 
boundary between two media with dif
ferent dielectric constants. The intensity 
of the radiation increases linearly with γ 
but is only about 1 X-ray (10 keV) per 100 
crossings at γ = 4000 (2 GeV/c elec
tron). Radiator stacks contain several 
hundred foils (Mylar, polyethylene, or 
lithium) limited by X-ray self-absorption. 
The radiation from a stack of foils is de
tected in a MWPC filled typically with a 
xenon + argon gas mixture. Since the 
X-rays are highly collimated along the 
particle track (0 ~ My), the MWPC must 
detect the transition X-rays in a back

ground of ionization charge (dE/dx) due 
to the particle. This limits its hadron (γ, 
K, p) rejection capability to about a fac
tor of 100 for 40 cm of transition radia
tors and detectors. This factor is of great 
value in identifying electrons in jets con
taining many particles, where calorime
ters do not have high enough granularity 
to identify the specific particle (e) cau
sing an e.m. shower.
Combined Calorimetry

Combined e.m. and hadronic calori
metry is a most promising development 
for future high-energy colliders. The 
electromagnetic particles (e, γ) are con
verted into a shower of lower-energy 
photons and electrons, and the energy is 
totally contained in 20 to 30 radiation 
lengths, which for Pb is 11 to 17 cm. An 
e.m. calorimeter with an equal sampling 
fraction of Pb and scintillator thus re
quires 22 to 34 cm for e.m. containment. 
Hadronic particles (π, K, p) interact with 
an absorption mean free path (λ) of 
about 190 g/cm2 in Pb, so full absorption 
occurs in 7 -8 λ, i.e. 120 to 130 cm of Pb 
and 240 to 260 cm of equal-sampling 
Pb/scintillator. The e.m. resolution is 
about 10 %/√E and the hadronic resolu
tion is 60%/√E with, however, a cons
tant additive term which dominates at 
very high (TeV) energies. The bad hadro
nic resolution is due to the unequal res
ponse of the calorimeter to the e.m. (e) 
and hadronic (h) components of the 
shower. The resolution is thus sensitive 
to fluctuations in n° production in ha
dronic showers. The calorimeter can be 
tuned to have equal e/h response by 
varying the sampling fraction as well as 
the hydrogenous composition of the

sampling material. The hydrogen makes 
the detector sensitive to spallation neu
trons, which are highly correlated with 
nuclear binding-energy losses. Fully 
compensated Pb or U calorimeters 
should achieve a resolution of 30%/√E. 
So far, 35%/√E has been attained for U 
and 41 %/√E for Pb. More important, 
compensated calorimeters scale as 
1/√E, so that at TeV energies, resolu
tions of 1% seem possible.
In the Future

The detectors used in the recent past 
and at present, and those for use in the 
near future, have been surveyed. Future 
detectors will certainly evolve from 
these. The development time for the rea
lization of a new technique is at least 5 
years. Future detectors will depend on 
the accelerator time-structure and inter
action rates. High-luminosity (1033/cm2 
s) hadron colliders, now being proposed, 
will exclude long-drift methods. Only 
fast detectors can be used in this envi
ronment. They will certainly include sili
con for vertex detection and probably 
also for tracking. Fast RICH counters 
seem possible and are being developed. 
Compensated hadronic calorimetry 
with fast scintillator sampling will play 
an important part. For electron-positron 
colliders, where interaction rates are 
small, the gas-tracking and drift detec
tors are still viable. Nearly all the detec
tors discussed above are of interest. In 
general, the trends are towards the in
creasing use of silicon both as a detector 
element and for VLSI electronic com
ponents. This will allow the construction 
of detectors with much higher space- 
point precision and granularity.

ETHZÜRICH
The Swiss Federal Institute of Technology in Zurich invites 
applications for a faculty position in

experimental physics.
Duties of the new professor include teaching at undergra
duate and graduate levels for all departments of ETH within 
the framework of the physics department and advising gra
duate physics students in their thesis work. Research activity 
is expected in high energy physics, in particular with the other 
members of the institute in the preparation of experiments at 
the LEP at CERN.
The successful candidate will have had several years of re
search after graduation. He must be willing to teach at all uni
versity levels and to cooperate with colleagues within and 
outside the university.
Applications with curriculum vitae and list of publications 
should be submitted before February 15, 1987, to the 

President of the ETH Zurich, Prof. H. Ursprung, 
ETH-Zentrum, CH-8092 Zurich.
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