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1. Introduction 

This note surveys detection methods and techniques of relevance for the 
LEP physics programme. The basic principles of the detector physics are sketched, 
as recent improvement in our understanding points towards improvements and also 
limitations in performance. Development and present status of large detector 
systems is presented and permits some conservative extrapolations. State-of-the-
art techniques and technologies are presented and their potential use in the LEP 
physics programme assessed. Table 1 is a simplified guide through the detection 
requirements of some of the more frequently discussed LEP physics questions. 

2. Momentum Measurement 

Magnetic spectrometers for momentum analysis of charged particles will 
remain the "workhorses" of detector systems. Axial magnetic field geometries 
(Solenoid, Helmholtz coils, Open Axial Fields, etc.) will remain the favoured 
choice, but other topologies - such as dipoles and toroids - will again be con
sidered for more specialized experiments. Progress in the technology and the 
evolution of geometries of magnets have recently been summarized1) and in this 
section therefore only developments on tracking devices will be discussed. 

Achievable spatial resolution with different tracking techniques is 
summarized in Table 2 (Ref. 2). Among those listed, drift-chamber principles 
have been applied to several, ingenious detectar geometries. Imaginative develop
ments3) indicate that streamer chambers may offer yet the highest spatial resolu
tion: conceivably, further advances on the initiation and the read-out of 
streamers could make this device a viable choice for specialized experiments 
requiring ultimate spatial measurement. 

The limits on spatial resolution in drift-chamber geometries are rather 
well understood1*). They are affected both by the correlation between the track 
and its associated ionization and by the techniques of its measurement. 

The various energy loss mechanisms determine the track-ionization cor
relation. The dominating effect is emission of c-rays, which may have a range up 
to and beyond 100 urn (see Fig. 1). Their energy spectrum is shown in Fig. 2. In 
addition to 6-emission a substantial fraction of the energy loss proceeds via 
atomic excitation. The measured ionization is produced either through photo- or 
Auger-electron emission. Relative strengths of these processes and the range of 
the resulting electrons are given in Fig. 3. This again indicates the extension 
of the ionization information to distances up to a 100 urn around the trajectory. 
Little can be gained to narrow this distribution by increasing the operating press 
if measurements on track segments of a given length arc considered. Scaling the 
pressure as P' = otP, one estimates from the range-energy relation and the spectral 



Table 1 
Detector Requirements for "Typical LEP Physics" 

Detector 

Physics 
°x 

spat. res. 
AX 

granularity 

TO 

energy res. 

all 
°E 

energy res. 

particle 
identifi
cation 

photon/ 
hadron 

discrimina
tion 

0 
T 

long term 
stability 

1 

Jets 
angular dist. X X X X 
flavour XX XXX X XX X, XX, XXX XX XX 
spherocity XX XX XX XX XX 
invar, mass XX XX XXX X XX 

Missing momentum 
(W, L, H, ...) XX XX XXX XX XXX XXX 

Others 
Quarks XX XXX XX XX, XXX XXX 

x ... good; xx ... excellent; xxx ... (beyond) state-of-the-art. 
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Table 2 

Tracking Techniques: Spatial Resolution 

Type Typical 
Resolution 
(Vim) 

Scaling 
law 

1 Limiting 
Resolution 
(um) 

Multiple 
Scatter. 
(MeV/c) 

[ 
Comments 

Emulsion 1 á 0.5 2.5 Not real time 
Spark chamber 150 P' = aP 

X 1 = X/a 

< 100 .1 Willis 

Proportional 
chamber 

- 500 ii 

<¡> . = 4>/a wire 
L' = L/a 2 

> 100 .3 Sandweiss 

Streamer 
chamber 

Drift chamber 

50 

;> 150 

P' = aP 
E' = aE 
tr' = tr/a 

- 10 

• 
2 20 

.05 

.5 

Sandweiss et al. 
Laser firing? 
Holographic R/O 

Scintillator * 300 - 300 (?) 1 
V 

Focusing C - 100 - 100 1 
Transition 
Radiation 

- 200 - 200 2 

(P = pressure, i¡> = diameter, E = electric weld, t r = rise time, L = wire length, 
X = wire separation) 
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Figure 1 : Number of S-electrons produced in Argon at STP, with range 
R > R Q (Reference A) 
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Figure 2 : Number oi ô-electrons with energy' L" > E 0, produced by 1 GeV/c protons 
in 1 cm of Argon at STP conditions (Reference A) 
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Instrumental sensitivity to the full ionization distribution, which is achieved 
e.g. in "center-of-gravity" read-out methods, could result in an optimum resolu
tion of Oy = o//N. For typical operating conditions one may have: N = 100, 
Oj = 0.426 and = 0.16, demonstrating a potentially significant improvement. 
The influence of magnetic fields on the diffusion coefficient can be estimated6^ 

71 . v e ^ and has also been measured''. Writing D = — j - , where v g denotes the velocity 
of electrons and X their mean free path, one may express the magnetic field effect 
as D(B) = D(B = 0) ^ + ^ 2 x 2 » with t n c usual symbols oi = eB/mc, the cyclotron 
frequency and T = X/ve, the mean time between collisions. In the strong field 
limit, ( 0 2 T 2 >> 1 the diffusion dispersion becomes 

0 V 3 v D to2X ' 

which can therefore be reduced in gases with small electron-velocity and long 
mean free path. Figure 5 represents some measurements on transverse diffusion 
for several gas mixtures7^. 

The conclusions on spatial resolution limitation may be summarized as 
•follows: 

i) the dispersion of the ionization around the trajectory extends up to 
- 100 um in typical detector geometries; 

distribution of the 6-rays, Fig. 1, that the number of electrons with range r > r Q 

increases as a n, n = 0.3 to 0.4. Only, of course, the range of excitation elec
trons is narrowed as a - 1 . The net effect of this intrinsic width of the ioniza
tion distribution on the achievable localization accuracy depends critically on 
chosen "read-out" methods, and will be discussed later. Part of the process of 
"reading-out" the ionization track consists in drifting the charge segment to a 
reference anode, resulting in a further diffusion spreading of the form 
0£ = /2D¿t, where the index i of the diffusion coefficient D¿ refers to the direc
tion of diffusion relative to the drift direction (in general, longitudinal and 
transverse diffusion coefficients are different). In a "classical" drift chamber 
g e o m e t r y t h e longitudinal diffusion along the drift path will limit the posi
tion resolution for drift distances larger than - 1 cm. For a single electron 
drifting during a time t, the r.m.s. displacement a is 

P is the pressure, u is the mobility and E the electric field. For a given value 
of the reduced field E/P, o is proportional to P -^, which is confirmed by measure-
ments5) (Fig. 4). Conventionally, the drift time is determined by the arrival 
of the first electron of the ionization swarm consisting of N ionization clusters 
and giving rise to an uncertainty6^ of 
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Figure 3 \ Range of photoelectrons (Ej) and Auger-electrons (E2J with probability 
p created by a photon with energy E x , in Argon and Xenon at STP1*) 
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Figure 4 : Influence of the gas pressure in the space resolution a as a function 
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ii) for long drift geometries larger effects are superimposed due to dif
fusion; 

iii) the measurement error depends critically on the read-out technique; 
if information from all ionization clusters is used, the achievable 
intrinsic accuracy could be at the 10 vim level8) . 

Besides better understanding of the operational principles of wire 
chambers, considerable advances in detector geometries and read-out techniques 
were necessary for the new generation of experiments at PETRA, ISR and PEP. 
Table 3 provides a summary of track chamber characteristics of these experiments 
in historical sequence and increasing complexity. Individual cylindrical chambers 
were used by the CCOR collaboration9). Conventional drift time measurement of 
the first electron of the ionization swarm results in a spatial resolution 
approaching - 300 um. The drift chamber operates in a 1.5 T magnetic field 
requiring a compensation by tilting the drift field. Unambiguous space points 
were obtained with a delay-line read-out capacitively coupled along the sense 
wires. A similar solution was adopted by the CELLO collaboration10). The first 
step towards increased density of track points was taken by the MARK II group 1 1). 
The magnetic field volume available for momentum analysis is filled rather uni
formly with drift cells in one common gas volume. Stereo-views are used to obtain 
coordinate information along the beam. A similar technique was adopted by TASSO 1 2). 
The development of a new technique to localise the ionization avalanche along a 
sense wire through the measurement of the electric charge diffused to the two 
ends of the wire 1 3) - "charge division" - and its first employment in an ISR 
experiment1'*) suggested a new class of track detectors. The track chamber readied 
for the AFS-installaticn15) allows up to 42 unambiguous space point determinations 
along a particle trajectory. Its layout has been optimized for high-multiplicify-
"jet"-physics and is expected to operate at particle rates above 10 7 s _ 1 . The 
possibility offered by the Charge-Division Technique to obtain multiple dE/dx-
information has.been maintained with the appropriate choice of relatively low gas 
gain (M £ 2 x 101*) to ensure true proportional operation. The JADE-chamber16) 
uses the same techniques in a more advanced form: it is designed to operate at 
4 atm. pressure to .improve the dE/dx-resolution; specially developed electronics, 
taking advantage of the bunched operation of PETRA, extends the multiple-hit capa
bility also to the charge-division measurement. 

Even more detailed information will be extracted from the "Time-Projec
tion Chamber" (TPC) under preparation for a PEP experiment7). The drift-geometry 
is schematically shown in Figure 6. The track-correlated ionization is projected 
onto the endplates resulting in up to 12 unambiguous two-dimensional coordinate 



Table 3 

Read-out Schemes for Ionization 

Type 
Experi
ment 

4<f>.r 
(mm) Method 

AZ 
(mm) Method 

Radial separation 
of coordinate 
meas. (mm) Comments 

t 

Layered 
Chambers 

CCOR/ISR 
CELLO/PETRA 

> 0.2 t Dof Ist 
electr. 

5 Delay line 
Cathode R/o 

- 150 individual 
chambers 

unambiguous 
space points 

Total Volume 
Drift Cylinder 

MARK II/PEP 
TASSO/PETRA 

* 0.2 
- 0.2 

tt Stereo yiew - 100 
- 100 

layered cells 
in common 
gas volume 

Total Volume 
Drift + dE/dx 

AFS/ISR 
JADE/PETRA 

- 0.2 
- 0.1 (?) 

it 1 
- 20) 

Charge 
Division 

- 10 
- 10 

continuous 
sensitivity ~ 

some dE/dx info 
designed for 
4 atm. 

TPC Geometry TPC/PEP 
pp/SPS (UA 1) 

0.15 Center 
of 

gravity 

- 1 Drift time . 5 
- 80 

for dE/dx 
for tracking 

full identifica
tion capability 
to - 10 GeV/c 
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Figure 5 : Measured transverse diffusion in 2 Tesla field for various A-X 
mixtures (X = CH^ or C0 2) (Reference 7) 
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12 Spacio l Wires per Sector 
XBL 7612-11415 

Figure 6 : Schematic view of the TPC geometry. The track-correlated ionization 
is projected onto the endplates, resulting in a two-dimensional 
unambiguous coordinate readout with the drift time providing the 
third coordinate (Ref. 7) 
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readouts. As shown in Figure 7, trie coordinate along these "spatial" wires is 
obtained by a centre-of-gravity readout of the charge induced on cathode pads, 
which results in a precision of approximately 150 urn. The third coordinate, the 
distance of the track from the endplates, is obtained via drift time by a centre-
of-gravity readout of the ionization cloud: for this a novel electronics readout 
system had to be developed. It allows to continuously measure the charge arriving 
at the drift wires, binned in ~ 50 ns time intervals. In this way a spatial reso
lution of ~ 1 mm is accomplished despite the diffusion of the ionization cloud, 
which may reach values of up to - 1 cm. Operation of the chamber at 10 atm 
combined with the 192 dE/dx measurements should result in a dE/dx-resolution of 
a a 2Z, sufficient for ir/K/p separation in the PEP energy range. A cut through 
the complete TPC detector is shown in Figure 8. It shows that the magnetic volume 
encloses in addition to the track chamber electromagnetic shower counters covering 
essentially 4TT sr. 

Readout techniques similar to the TPC methods are employed for a large 
4TT detector in preparation for the future pp-Collider in the CERN-SPS tunnel 1 7). 
The total track chamber volume of 6 m length and 2 m diameter is subdivided into 
six drift chamber modules, allowing two different drift directions for optimized 
curvature measurement (Figure 9). The evolution to date of these track chamber 
devices is documented further in Table 4. The trend is clear: increased energy 
of the machines results in increased complexity of events; ever-increasing granu
larity and improved spatial information is required. Improved and cheaper elec
tronics allows for more readout channels and makes dE/dx measurements practical. 
Some possible developments are diagrammatically indicated in Table 5. They rep
resent only narrow extrapolations on present state-of-the-art techniques and are 
likely to become useful concepts in the next generation of large tracking devices. 

Further investigation on the principles of wire chamber operation, and 
in particular on gas mixtures optimized for the new class of track detectors, must 
continue. For TPC-like geometries (i.e. long drift distances) it would be advan
tageous to achieve low values of diffusion at relatively low values of E/P. This 
would permit the larger TPC geometries, which are of interest for LEP experimen-
tation and would reduce the high-voltage problems. Geometries with E x B r 0 
may be unavoidable and their influence on drift properties could be further 
studied 1 8). The largest impact, however, is likely to come from electronics 
developments. We are expecting cheap preamplifiers with noise levels of 10 3 or 
less equivalent electrons. Further reduction in the cost and size of ADC's should 
make practical the extensive use of centre-of-gravity readout methods, both for 
drift-time and cathode-plane-type readouts. These ADC's might have a total digi
tization time as low as 20 ns, allowing continuous TPC-like readout and extremely 
fine granularity (- 1 mm 3) with > 10 s channels to become practical features of 
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E N D C A P W I R E A R R A Y 

P a i r o ( S p a t i a l w i r e s 

Figure 7 : Readout arrangement of the T P C endplates> Each of the wedges 
contains twelve "spatial" wires equipped with cathode pads 
to measure track curvature. Also 192 "dE/dx" wires sample the 
ionization loss (Ref. 7) 



- 702 -

Figure 8 : Cut view through the TPC facility. The magnetic volume is filled with 
the track chamber and a 4TT electromagnetic shower counter (Ref. 7) 
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Tablé 4 

Some Statistics on Present and Future Track Devices 

Detector 
(year of 
ist opérât.) 

Unit cell 
size (approx.) 

AX AY A2(mm3) 
Space 
points AX 

Granulatiry 

AY AZ(mm3) 

Number 
of 
Channels 

Words/ 
Event 
(Track ch.) Evolution 

SFM 
(1973) 

2 1000 1000 NO 2 1000 1000 - 70'000 - 10 2 

CCOR 
(1976) 

0.2 5 150 YES 2 10 150 - 2'000 - 10 3 

MARK II 
(1977) 

0.2 5 100 NO 2 50 100 - 3'000 - 10 3 

JADE 
(1979) 

0.1 20 20 YES 2 20 20 - 4'000 > 10 3 higher density of 
channels 

TPC-PEP 
(-19S0) 

.15 1 5 YES .15 3 5 -ÎO^IO 2 - 101* ~ x 10 more pads 
for - 3 x higher 
momentum res, 



Table 5 

TRENDS 

Principles Electronics Mechanics 

Search for gases with 
smaller diffusion at 
lower E/P 

higher resolution, 
larger TPC's 

investigate 

E x B f 0 
geometries 

Anticipated 
Performance 

Low noise (< 10 3 e r.m.s.)—V low gas gain 

Í 
center of gravity t n ^ parallel plate s true-
electronics tures (no more wiresV) 

.4-
highly integrated elec- multigap structures 
tronics 

-£*>TPC's with i 10 5 pads 

Ap 0.002 
p 2 8 P F T T I F T 5 0 (S) 2% u (Cerenkov) ?? 
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such detectors. 

The development of low-noise preamplifiers will be an essential element 
in the use of parallel plate proportional chambers, which may be operated in 
stable conditions if the gas gain is restricted to levels of - 10 3 Besides 
the obvious advantage of improved reliability of a detector system without deli
cate proportional wires, these low-g-.in chambers offer the novel feature of effi
cient ¿ingle electron detection. This will allow the "imaging" of ionization 
tracks in ultimate detail. Its poteuti T ! for particle identification will be 
discussed later. The resulting performance of these track chambers may be summa
rized as follows: 

n . Ap 0.002 momentum resolution: -Hj- ; L2B (Tm¿) 

dE/dx resolution a s 2%. 

Have we overlooked any other signatures of the charged particle traversing the 
gas volume? The highest-momentum particles, difficult to identify with the 
dE/dx-method, emit a considerable amount of Cererikov light. Concepts are presently 
pursued to detect this light in gaseous detectors and it may perhaps be possible 
to extract from one integrated detector useful information on position, ionization 
and Cerehkov energy loss. 

3. Particle Identification 

In the present generation of PEP, PETRA and ISR detectors, increasing 
emphasis is placed on the possibility of particle identification. Its importance 
for the LEP physics programme has been repeatedly stressed and its detailed eva
luation remains one of the important points for further study. Table 6 summari¿es 
presently accessible techniques. 

The range of conventional threshold Cerenkov counters has recently been 
increased through the development of a new radiator material, "aerogel", with 
refractive indices n «• 1.01 to n : 1.052°). It is therefore useful in a range, 
where pions and kaons have their cross-over point in ionization and for which 
only time-of-flight techniques (TOF) have been available. The TOF technique may 
be expected to see further applications with the development of new fast photon-
detectors (such as channel plates) or other specialized devices with superior 
time resolution. Recently21) work has been reported on a new type of spark 
chamber with an intrinsic time resolution of 0 < 100 ps. 

m — 

Gaseous Cerenkov counters continue to be used in storage ring applica
tions. As can be judged from Figure 10, the very large radial distances required 
exclude however this technique for general storage ring application. 



Table 6 

Particle Identification 
Available Techniques 

Technique y Range Comments 

Aerogel Y t « 6 with y « 6 can resolve TT/K. 
ambiguity at cross-over of 
ionization 

Time-of-flight o < 100 ps have been obtained 
with special spark chambers 

V 
Gas Threshold Cerenkov 

Multiple Ionization 
measurement in 
homogeneous medium 

Yt * 1 0 

2 S y i, 50 

- Not suitable for Storage Ring (SR) 
applications where 2ir coverage is 
required 
Requires o(dE/dx) - 2-3%; achieved 
so far in "easy" geometry only 

j 
Imaging Cerenkovs depends on 

radiator 
\/ 

C-photons detected with UV-sensitized 
proportional chamber structures (PIC) 

Transition Radiation y ä 1000 Useful as compact threshold detector 
for specialized applications 
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Particle identification through multiple dE/dx measurements has become 
feasible in recent years and to-date is recognized as the most practical method. 
It also meets a major criterion for storage ring detectors - compactness -
because the dE/dx instrumentation can be integrated with the track detector. The 
Y range, over which identification can be accomplished, covers a major part of 
the LEP physics requirements. 

Several advances on this technique have been reported in recent years. 
Very useful for the optimization of such detectors has been refined modeling of 
the energy loss process22^. The reliability of these calculations was improved 
through more careful treatment of the atomic collision process, replacing the 
customary average value for the ionization potential value <I> with a more correct 
summing Ç f̂  1^ over all atomic subshells. The agreement between these calcula
tions and measured spectra can be evaluated from Figure 11. The same model, 
besides reproducing in detail the energy-loss distributions, can also account 
well for the observed "relativistic rise" (Figure 12). Figure 13 indicates the 
most probable energy loss of various particles in a 1 cm sample of Argon at 10 atm. 
and exhibits the two major difficulties of this technique: a measurement resolu
tion of a ; 2 % is required for useful identification and saturation of the rela
tivistic rise limits the y range. 

The relation between sample thickness, number of measurements and 
achievable resolution is given in Fig. l 4 2 3 ) . Related curves are plotted in 
Fig. 15 to exhibit the relation between resolution and sampling frequency for a 
given detector length 2^ . An upper limit to the improvement due to increasing 
sampling frequency may be estimated from the number of primary collisions in the 
detector. Monte Carlo calculations indicate25^ that such counting of primary col
lisions may give a rather important improvement (up to a factor two) when compared 
to the more conventional integrated sampling over typically 1 cm track length. 

The new chamber geometries, which were mentioned in Section 2 and which 
have single electron detection capability, conceptually allow for such detailed 
ionization sampling. The possible use for these applications should be investi
gated. This cluster counting technique and its effect on dE/dx-resolution was 

9 6) 

experimentally demonstrated recently'' ' where improvement factors of approximately 
1.5 were found when compared to integral dE/dx sampling. To indicate the expected 
performance of such devices we give in Figure 16 the particle separation in units 
of standard deviation separation. In one case a filling of Argon/CH^ at 4 atm. 
with 1 cm thick samples was assumed. ). As an indication that performance improvements 
are possible, curves are also shown for a Xe-CH^ filling. The pressure (1 atm) has been 
chosen to allow K/p separation up to - 100GeV/c and a performance based on "clus
ter" counting was assumed. 
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J L 

Figure 11 : Absolute calculation and measurement of the ionization loss for 
several particle momenta. Note that the calculations reproduce 
correctly the mean, the width and the Landau tail ("over flow") 
(Ref. 22) 
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o 
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o »-» 

Figure 12 : Comparison of a Monte Carlo calculation of the relativistic rise of 
the energy loss with some measurements. Ref. a) is Ramana Murthy, 
Nucl. Instr. Methods 63_ (1968) 77. Ref. b) is Harris et al., Nucl. 
Instr. Methods 107 (1973), 413. Ref. c) is Jeanne et al., Nucl. 
Instr. Methods 111 (1973) 287 
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Most Probable Energy Loss ( E m p ) for e,/i.,7r, K,p in Icm 
of Argon at 10 Atm. 

H r - H H H r-
0.1 0.2 0.5 1.0 2.0 5.0 10.0 

P (GeV/c) 

Figure 13 : Most probable energy loss for various particles in 
1 cm of Argon at 10 attn. (Ref. 7) 
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(uu) trouai jopajap |o;oi 

Figure 14 : Relation between detector thickness and number of dE/dx measurements 
for a given resolution and total detector length (Ref. 23) 
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Figure 15 : Calculated particle separation (TI -K separation at 3.5 CeV/c) as a 
function of gas pressure and number of dE/dx measurements for a 
fixed detector length of L = 128.8 cm (Ref. 24). A conceptual 
upper limit, based on counting of collisions, is also shown 
(see text) 
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Separation |jn stand, dev. j 

Separation £in stand, dev.; Collision counting j 

Figure 16 : Expected particle separation (in units of standard deviations) in a 
detector of 170 cm depth, at 4 atm. and 140 samplings per track (Ref. 
Also shown (dashed lines) is the performance of the same detector, 
filled with Xe/CH^ at 1 atm. and assuming cluster counting (see text) 

27), 



- 716 -

The relative merits of different gases for dE/dx-identification2^' indi
cate that for the LEP energy range the heavy gases remain the preferred choice in 
a delicate balance between resolution and identification range. We should also 
be reminded that the saturation of the relativistic rise due to the density ef
fect is intimately associated with extended homogeneous media. It has been poin
ted out theoretically28^ and verified experimentally29) that this effect is re
duced or absent in media where inhomogeneities (zones of energy loss) are separa
ted by distances larger than the "formation" zone, the relaxation length charac
terizing the polarization effects and responsible for the density effect. While 
surely extensive development work, must continue to evaluate the full potential of 
the dE/dx identification method, we anxiously await the first results from the 
dE/dx detectors under preparation at PEP, PETRA and ISR: so far the 2-3% resolu
tion has only been achieved in "easy" geometries, with collimated tracks in well-
defined test set-ups. Absolute ionization measurements in storage ring detectors 
will be plagued by a number of systematic effects, depending on track inclination, 
gas gain and instrumental effects. 

v 
Ring focusing Cerenkov counters have recently been considered, following 

a suggestion by T. Ypsilantis to use UV-sensitive MWPC's as the photon detector 3 0). 
The proposed detector geometry is given in Fig. 17, and the status and trends of 
development are tabulated in Table 7. The concept is attractive as it combines 
a geometry suitable for storage rings and high efficiency for the UV-Cerenkov 
photons requiring short radiators only. The resolution in the Lorentz factor y 
is such that the complete y range required for LEP physics could be covered with 
three radiators only. One of the difficulties of this technique for use in the 
LEP physics programme would appear to be the identification of all the particles 
belonging to a densely collimated jet: in the pattern recognition one will have 
to disentangle several (up to - 15) Cerenkov-ring images, mostly superimposed. 
Experimentally, the detection of C-photons in UV-sensitive chambers has been 
accomplished for a threshold-C-geometry and approximately half the expected number 
of photoionization electrons were measured^^One of the present points of activity 
concerns the readout problem. Here again, the combination of chambers with demon
strated single electron-detection efficiency19)and reduced electronics cost 
appear most promising. Research on new gases with lower photoionization thre
shold also continues. This might circumvent the requirement of special UV-
transparent glasses, such as LiF, CaF^ or sapphire, a major practical obstacle. 

To complete the discussion on identification techniques for LEP physics, 
we mention the possibility of Transition Radiation Detectors 3 2). The theory of 
these detectors has been verified experimentally in detail 3 3) and can be used for 



Table 7 
. . . . y 

Photoionization Imaging Cerenkov Counters 
Concept Comment 

advantage disadvantage Status Trend 

R/0 with UV sensitive Present concept needs UV 50% of calculated photo- Search for gases 
gas and Prop. Ch. transmitting windows electr. yield observed with lower ioniz. 
System (Chapman et al. U-MI-78123) threshold 

Cryogenic radiators for (Ypsilantis) 
High detection Y 5 10 Various R/0 schemes under 
efficiency preparation (Ypsilantis; R/0 problem may 

Pattern recognition may Charpak, et al.) become more manage
R/0 without pattern be difficult for LEP-jets able with new gene
recognition gives ration of electronics 
threshold C with (Isabelle: 0.5xl06 

interesting performance detection channels) 

Try different radiator-
detector geometries 
(e.g. integration) 
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Figure 17 : Schematic representation of a sequence of ring imaging 
Cerenkov counters, using UV-sensitive MWPC-like readout 
elements (See also Ref. 30) 
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the optimization of the detectors34'. These detectors are sensitive above thre
sholds Y t^ i 500 - 1000 and they might therefore be of value for special detection 
requirements. As an example, we estimate that a counter of total thickness 
d 5 20 cm, optimized for electron detection, would yield a hadron-rejection of 
30 to AO and detect electrons with momenta p ï 5 GeV/c with an efficiency of 
à 90%. This should be useful in a dedicated spectrometer set-up for 2y-physics, 
where electron tagging is important. It might also be used to identify electrons 
inside very collimated jets in sensitive searches of new thresholds. 

A- Total Absorption Calorimetry 

Absorptive spectroscopy has been increasingly used in recent years. Its 
consideration has been favoured by the increasing energy of the new accelerators 
and storage rings, where an energy resolution can be achieved which competes 
favourably with magnetic analysis. At LEP energies the momentum along a given 
axis and the energy of an event will be measured with a few percent accuracy and 
essentially independent of the final state. There, magnetic momentum analysis 
may only compete, if the total energy is shared in a multiparticle final state. 

Electromagnetic Shower Detectors (ESP) 

The physics of such detectors has been known for many years 3 5^ and the 
required instrumental techniques are sufficiently straightforward to have permitted 
their use for a number of years. Recently, efforts were concentrated on develo
ping readout methods suited to the requirements of storage ring detector geome
tries. Table 8 documents this activity 3 5). 

New performance requirements will have to be imposed on ESD's to be 
used in the LEP physics programme, where it will be the most common and also most 
difficult task to estimate the fractional jet energy carried by photons. Due 
to the narrow collimation of LEP jets, this measurement has to be accomplished in 
the presence of partially developed hadronic cascades in the ESD. The influence 
of this hadronic shower background is summarized for various assumptions in Table 
9 3 7 ) . The evaluation is based on a 20 rad. lengths deep ESD, of which the first 
five and the subsequent 15 R.L. are read out individually. Therefore, should the 
intrinsic photon resolution be required, sufficiently fine transverse subdivision 
of the ESD is one of the necessary requirements. 



Table 8 

Techniques for Electromagnetic Shower Detectors36) 

Lead Glass Nal Lead Glass 
+ MWPC 

MWPC 
Sandwich 

Liqu. Argon 
Sandwich 

Scintillator 
Sandwich 

Flashtube 
Sandwich 

oE/E - K//E 5%//E 2%/Ve 5%//E 22%/t/E * 18%/t/E * 18%A/E * 14%/t/E * 

Energy range > 0.25 > 0.1 > 0.2 > 0.2 > 0.3 > 0.2 > 0.2 
(saturation 
limit!) 

AX (a) 3 cm 3 cm 0.3 cm 0.1 cm 0.4 cm < 1 cm 
centroid 

0.5 

Aa (typically) 50 mrad 10 mrad 60 mrad 10 mrad 

At 100 ns 100 ns 300 ns < 1 ps < 1 ps < 100 ns 1 us 

Multihit Separ. 20 cm 20 cm 5 cm 2 cm 5 cm 20 cm 1 cm 

<p> (g/cm3) 2.4 3.7 2.4 1.5 6 6 1.5 

Typ. Dimen
sion (- 15 X 0) 60 cm 60 cm 70 cm 80 - 100 cm 60 - 100 cm 50 cm 120 cm 

it-influence few Gauss few Gauss few Gauss OK OK low OK 
Hadron Discr. 1% 1% 0.1% 0.1% 0.1% 1% _0._1%_ 
Calibration 1 - 2 % 1% 1 - 2 % i 27. < 1% 1 - 2 % No problem ' 
Price (4TT cover. 
" 25 m 2) 

4.5 MSF - 25 MSF 4.5 MSF 
+ - 2 MSF 7 4 - 5 MSF 4 MSF ? cheap 

* t ... sampling step in X Q 
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Table 9 
Calorimetric Measurement of Photons in a Jet 

Photon Component 
Method True 

Energy 
GeV 

Estimated 
Energy 
GeV 

Energy 
ResoTution(c) 
GeV 

EDS measurement only; optimized 
estimates based on longitudinal 
development 

20 19.1 9.0 

EDS + momentum analysis of charged 
particles (assumed without error) 20 20 3.5 

EDS + momentum measurement, trans
verse segmentation 5 x 5 cm2 20 20 0.4 

Hadronic Shower Detectors 

A LEP physics programme requiring a 4TT Hadronic Shower Detector (HSD) 
has been discussed previously38^ and some of its instrumental implications are 
summarized in Table 10. Further studies of such physics problems are required to 
assess the following questions: 

- which instrumental performance of the HSD's is required? 
- what sensitivity in the study of the various reactions can be achieved, 

given the limitation of the instrumental (e.g. tails in resolution) or 
physics "background" (flavour cascades, where a substantial fraction of the 
energy is expected to be carried away by neutrinos)? 

In addition to the investigation of the above physics topics the value 
of a total energy measurement can surely be argued: it will be the only way to 
differentiate between events where neutral energy was carried by hadrons or by 
neutrinos. Figure 18 is shown to indicate that the interesting fraction of K°'s 
and neutrons is expected to increase with p and should not be ignored1*0-*. 

Our understanding of the physics of hadron calorimeters has considerably 
progressed in recent years1*1). Here we give a tabular summary of the inherent 
physics limitations of the energy resolution of such devices, followed by a dis
cussion of instrumental effects (Tables 11 - 14). 

Fluctuations in Nuclear Binding Energy losses dominate the energy reso
lution. These fluctuations can however be effectively compensated by correlated 
Fission Energy deposit, if Uranium 238 is used as the absorber1*2^, with a resul
ting energy resolution of a(E)/E = 0.3/«/E(GeV). It is summarized graphically in 
Figure 19. Table 12 also shows that there are a number of small intrinsic effects 



Table 10 

Physics Programme with a 4TI Hadron Calorimeter 

Physics Measurement Comment 

Jet studies 
W 2 jets E, p,invariant mass Reasonable spatial resolu

tion; control of tails of 
resolution function 

Spherocity P Very good spatial resolu
tion; increases sensitivi
ty to rare events with 
large spherocity 

Reactions producing 
neutrinos 

p missing Very good energy and momen
tum resolution required; 
background from flavor cas
cades has to be evaluated, 

Quark searches E "Super energy" Method39^ 



Table 11 

Contribution to Energy Resolution (Absorber) 

Effect Energy Comments 
visible invisible 

Decay in front of Absorber X For LEP jets and a decay length of 1.50 m, the average 
loss is - 1% (C.W. Fabjan and H. Grote, ECFA/LEP 7, 
1978) 

Back leakage x Determines depth of device; optimization for LEP jets 
indicates: 7 I.L. of Uranium (~ 44 cm); will give 
- 3% leakage for 20 GeV Ko. Non gaussian contribution. 

Front leakage 
(Albedo) 

x - 3 - 4% for 10 GeV partielP, - 27. for 20 GeV particle 
(less for K°); non gaussian; energy in form of low 
momentum p, n, y. May be background for tracking de
vice! 

u, v Production X See Table 

Nuclear Effects : 
Excitation X X Produces n, p, y in MeV range; non gaussian. 

Binding Energy X See Table 

Consequence: different response for it0 and h; good 
yardstick of Nuclear effects is R = e/h = signal for 
e/signal for h at same energy. Fluctuations in nuclear 
effects limit the energy resolution. 

Fission compensation X See Table 



- 724 -

Table 12 

Some Contributions to "Invisible" Energy 

Estimated Energy of Escaping Muons and Neutrinos 

E 
o 

40 GeV 300 GeV 1000 GeV 

E + E v u 
E 

0 

1.3% 0.4% 0.3% 

Binding Energy Losses 

Particle/ 
! Binding energy in % 

i 

i 
energy 
(GeV) 

Material ¡ Visible Incident Reference energy 
(GeV) energy energy 

T T / 1 
*-/3 
T T / 7 

Organic scint. 
Organic scint. 
Fe/Scint. 

16% 
13% 

10% 
8% 

^\ See Ref. 41 
j for details 
/ and references 

L 

( A.L. : 40 cm 20% 15% 

^\ See Ref. 41 
j for details 
/ and references 

L 

( 
T T/10 Fe/L Ar 

A.L. = 31 cm 24% ± 4% 17% ± 3% ) 
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Electromagnetic Shower Sampling Calorimeters 

/dE \ k 

Energy Resolution : cr(E)/E= 0.05 / MeV J 
dx ' /E(GeV) particle 

dE/dx... ionization loss per sampling cell 
verified for iron,lead,uranium 

Position Resolution: t7(x) » 2.77 mm measured with 5 mm strips 

Hadron Rejection: factor *v» 100, based on two longitudinal divisions. 

References: W. Willis, V. Radeka NIM 120, 221 (1974) 
C. Cerri et al., NIM 141, 207 (1977) 
pp Note 05. 

Hadronic Shower Sampling Calorimeters 

Energy resolution: 
verified 1-10 GeV/c 

1 
a(E)/E = 0.55 . (non U-absorber) 

/E(GeV) particle 

1 
a(E)/E = 0.25 . — Z ^ Z Z Z Z Z CU238 absorber) 

/E(GeV) particle 

(Sampling step finely enough chosen not to influence resolution) 

Shower dimensions: longitudinal "\» 4 absorption lengths 
transverse ^ <̂  1.5 absorption lengths for > 80% 

containment of showers 
(measured in U/LA cal. at 10 GeV/c) 

References: C.W. Fabjan et al., NIM 141, 61 (1977). 

, 0.67 Collision length (cm) , . Position Resolution : a = - - (cm) 
* /É (GeV) 

(extrapolated from WA 18 data) 

Table 13 

Summary on Calorimetry 



Table 14 

Contribution to Energy Resolution (Read out) 

Effect Magnitude Comments 

Sampling E.M.S. see Table -, • , <- , . Energy loss (active) . .. , 
Approx. valid for l * •=, : -, r-H-i «I 

r e Energy loss (passive) 

Saturation effects 

H.S.: approximately two 
times the value of 
E.M.S. in same detector 

For hadron showers: sampling fluctuation does not 
limit resolution. 

Present in Organic P^inc. and Liquid Argon, but found 
not to influence resolution. 

Noise, calibration 
effects, etc. -

Strongly dependent on Read out method. For example 
in Pb-glass array o (Calib) S 3Z 
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Figure 18 : Momentum spectra of ir±, K± and p (Reference 401 



- 728 -

Figure 19 : Measured energy resolution for sampling HSD's (Reference 42) 
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Figure 20 : Schematic layout of the AFS Calorimeter under construction for the 
CERN ISR. The total volume is subdivided into 800 "Towers" viewed by 
four photomultipliers each, and thus allowing two longitudinal read
outs and shower localization 
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which reduce the total visible energy in such calorimeters by a few percent. 
Fluctuations in this invisible energy will be one of the limitations to a Total 
Energy Measurement. - Table 13 provides a summary of energy and position resolution. 

The development of readout techniques carried out for ESD's clearly also 
benefits HSD-instrumentation. These are summarized in Table 14. Considerable 
experience is being accumulated with liquid Argon Counters at all the major labora
tories Soon it will be possible to compare the merits of this charge-collecting 
technique with the more recent Wavelength Shifter Readout of Scintillator Calori
meters. A large 8 sr Uranium-Scintillator Calorimeter is under construction for 
the AFS at the ISR (Fig. 20). 

5. Conclusions 

The extensive development of large detector systems for storage ring 
physics during recent years justifies confidence that a substantial part of the 
physics programme planned for LEP can be carried out with presently available 
methods and techniques. Much recent refined understanding of the physics of de
tectors combined with spectacular advances in electronics techniques will surely 
bring us closer to the "ultimate" detector in the next years. Many of the most 
interesting research topics on detectors would benefit from an interdisciplinary 
approach and could therefore be profitably pursued at University laboratories. 

It was a pleasure to have been associated with this Summer Study. Its 
stimulating atmosphere owes much to its Organizer, M. Jacob. 
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