14

Detector systems

Particle physics experiments are conceived to study some aspect of parti-
cle properties or of the interactions between particles. The first step in
designing an experiment is to find an efficient trigger for the desired
experiment. Then one must select suitable detectors to gather the neces-
sary data. Often the choice of detectors and their configuration involves
compromises between competing goals. In this chapter we will examine
some important considerations involved in designing a detector system.

14.1  Magnetic spectrometers

A spectrometer, as the word is generally used, is a system for
measuring the momentum of a particle. The spectrometer consists of a
magnet and tracking detectors that determine the momentum through a
measurement of the particle’s curvature. The motion of a particle with
charge ¢ in a magnetic field B is governed by the equation

dp/dt=gq/cvXB (14.1)

If the field is uniform and we neglect the presence of matter in the parti-
cle’s path, the magnitude of the momentum remains constant with time
and the particle will follow a helical trajectory. The actual trajectory will
differ from an exact helix due to spatial inhomogeneities in the magnetic
field and radiation energy losses. If matter is present, there will be addi-
tional changes in the trajectory due to ionization energy loss and multiple

scattering.
The momentum is related to B and the radius of curvature p by
p=0.2998Bp GeV/c, T, m (14.2)

The radius of curvature, chord /, and sagitta s of the circular segment
shown in Fig. 14.1 are related by
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The accuracy in the determination of p is related by Eq. 14.2 to the
accuracy in the measurement of p. Thisisin turn related by Eq. 14.3 to the
accuracy in determining the sagitta of the arc. Thus we have

2
p=0.3% (14.4)
7)o 145

The quantity dp/p is referred to as the momentum resolution. We see that
the momentum resolution is equal to the relative error in the sagitta
determination. In addition to the deviations of the trajectory from a
perfect helix mentioned earlier, the resolution of the tracking detectors
(setting error) and distortions in the measuring system contribute to ds.

Gluckstern [1] has shown that the error in the curvature (k = 1/p) due to
measurement error is

ok = (¢/L)VAy (14.6)
where € is the rms measurement error, L is the projected track length in

the magnetic field, and 4, is a parameter that depends on the number N of
points that are measured. For large N

720

Ay= NTs (14.7)
The contribution to the momentum resolution from measurement error
then is

op JLE_p

—| = VAy— —— 14.8

I D | N120.3B (14.3)

We see that the resolution is improved faster by increasing L than by
increasing B or decreasing €.

Figure 14.1 The sagitta (s), chord (/), and radius (p) of a circular arc.
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14.1 Magnetic spectrometers 327

The error in the curvature due to multiple scattering is
Okms = VECy/L (14.9)
where & is the rms projected angle per unit thickness due to multiple

scattering and C, is a parameter that equals 1.43 for large V. The contri-
bution to the momentum resolution is

dp|__p  [&Cn
03B 7 (14.10)

D

The trajectory of a particle before and after the magnet can be deter-
mined using wire chambers or scintillator telescopes. Assume we have a
uniform magnetic field that ends abruptly near the magnet edges. The
entrance and exit angles are related to the bending in the field by the
relation

f Bdl
sin . + si = GeV/e, T .
in f; + sin S, 333 eV/c, T, m (14.11)
as shown in Fig. 14.2. This equation can be used to determine p once the
magnetic field has been accurately measured. The momentum resolution
is related to the error in determining the total bend angle by

—_— = (14.12)
p « ¥ f B dl

where r is the distance to the counter, and
o= Ax/r (14.13)

Figure 14.2 Geometry of a particle orbit through a bending magnet.
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328 14 Detector systems

A number of methods have been used to map out the magnetic field in
spectrometer magnets. The field may be quite nonuniform since the
magnets tend to have large gaps to maximize the solid angle available to
the experiment. Common methods for measuring the field include rotat-
ing coils, nuclear magnetic resonance, or Hall probes. Usually the three
components of the field are measured for many points over a large mesh.
The data is sometimes fit to a high-order polynomial for calculational
convenience. Amako et al. [2] have described an automated Hall probe
system used for field mapping at KEK. The temperature-compensated
Hall probes were mounted in a copper block and positioned on a movable
table using computer-controlled stepping motors. Different field compo-
nents were measured by rotating the probe orientation. The uncertainty
in the field was less than 32 G everywhere in the magnet volume for a
12.8-kG central field.

Now consider as an example the double arm spectrometer shown in
Fig. 14.3. The spectrometer was used in an experiment to study pp elastic
scattering at 90° in the center of mass between 5 and 13 GeV/c[3]. Each
arm consisted of two bending magnets and a three-counter scintillator
telescope to measure the exit angle. For 90° CM scattering both final state
protons emerge at the same angle in the laboratory.

The solid angle acceptance of this type of spectrometer is given by

AQ = A/r? (14.14)
where A is the area of the defining counter in the telescope and r is its
distance from the target. For the 7 X 5-in.2 counter located about 100 ft

Figure 14.3 A simple two-arm spectrometer. The beam enters from the
left. (C. Akerlof et al., Phys. Rev. 159: 1138, 1967.)
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14.2 Design considerations 329

from the target this corresponds to a solid angle of 24 usr. There is a
correction to the actual acceptance due to focusing at the edges of the
dipole magnets.

In principle, the R counter should be identical to the L counter. How-
ever, in this case the finite target size, beam divergence, multiple scatter-
ing, and field integral error could lead to a loss of true coincidences by
allowing the companion of a proton detected in the L arm to escape from
the R arm. For this reason, the R counter was slightly larger than the
corresponding L counter. The C magnets were used to ensure that the
protons always entered the bending magnets at the same angle and ap-
proximately the same location. This permitted the study of elastic scatter-
ing at a large number of incident momenta without moving the bending
magnets or counter telescopes.

The momentum resolution is related to the spatial and angular diver-
gences of the beam by

Ax=qa, A8y + a, Apy/Dp, (14.15)

The quantity A6, can be related to Ap,/p, by the kinematics of elastic
scattering. The «; are beam transport matrices. Thus, the momentum
resolution will be determined by the counter width Ax.

The normalized number of left-right coincidences is shown in Fig.
14.4 as a function of the current in the right bending magnet. The number
of events peak at the calculated value for elastic scattering. The plateau
around the elastic point is due to the overmatching of the R counters. As
the current deviates from the value for elastic scattering, the event rate
decreases rapidly.

14.2  Design considerations

The design of a detector system is ultimately determined by the
physics goals that are being pursued [4]. There is no universal spectrome-
ter capable of measuring all high energy processes. Each system must
emphasize certain features important to the physical processes under
study to the detriment of others. “Known” physics questions can be
addressed using smaller, specialized detectors, but searches for “new”
physics require a general purpose detector system.

The first obvious consideration is whether the experiment will be per-
formed at a fixed target or colliding beam accelerator. Fixed target spec-
trometers can benefit from the Lorentz transformation, which folds the
full CM angular range into the forward direction in the LAB. These
spectrometers tend to be long and of small transverse extent. Colliding
beam spectrometers, on the other hand, derive no such solid angle benefit
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330 14 Detector systems

and must completely surround the interaction region to obtain full CM
coverage.

A second consideration is the nature of the beam particles. In e*e”
colliding beams with customary luminosities, the event rates are small
and every event can be recorded. In proton machines the fact that the
particles interact strongly and that the luminosities tend to be higher
results in much higher event rates. Here an efficient trigger system is
essential to reduce the data rate to manageable levels.

Electrons in linear accelerators are accelerated in very short pulses with
a very high repetition rate. This beam structure makes it very difficult to
use time coincidence techniques to identify events [5]. Electron interac-
tions are also associated with intense electromagnetic showers in the
forward direction, and the detector design must allow for this.

There are five major areas of concern in most detector systems: mag-
netic field, tracking chambers, calorimetry, particle identification, and

Figure 14.4 Left-right coincidences in the spectrometer of Fig. 14.3 as
a function of the current in the right bending magnet. (C. Akerlof et al.,
Phys. Rev. 159: 1138, 1967.)
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14.2 Design considerations 331

triggering. The physics goals will determine the relative importance of
each. Most spectrometers employ a magnetic field and tracking chambers
to measure the charge and momentum of any charged particles. However,
there are detector systems, such as the Crystal Ball described in Section
14.4, that do not use a magnetic field.

The choice of magnetic field configuration puts severe constraints on
the design of the spectrometer [6, 7]. Figure 14.5 depicts five magnetic
field configurations for use with colliding beams, while Table 14.1 com-
pares some of their characteristics. The magnetic field and the tracking
chambers are chosen to obtain good momentum resolution for tracks in
the region of most importance. The field cannot be too high or else large
numbers of small momentum tracks will spiral through the chambers.

Dipole magnets typically have the field perpendicular to the incident
beam. They are used with proton beams, but usually notin e*e~ machines

Figure 14.5 Magnetic field configurations used with colliding beams.

Toroid

Axial field

Downloaded from https://www.cambridge.org/core. IP address: 216.73.216.63, on 06 Aug 2025 at 15:10:03, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009290098.015


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009290098.015
https://www.cambridge.org/core

332 14 Detector systems

because of synchrotron radiation. Dipoles are good for analyzing for-
wardly produced particles, which makes them well suited for fixed target
accelerators. In addition, they are quite flexible for changing external
devices. For colliding beam machines the deflection of the beams must be
compensated for by another magnet. This can be avoided in a split field
magnet, in which the direction of the field reverses in the magnet center.

Since the field in solenoid magnets is approximately parallel to the
beam direction, only a weak compensating magnet may be required. The
combination of a solenoid magnet and cylindrical tracking chambers has
been widely adopted at ete™ colliding beam machines. Solenoids provide
uniform azimuthal acceptance and do not disturb the transverse mo-
menta of particles. However, only a limited transverse space is available
before entering the coils. A solenoidal field with open access around polar
angles of 90° is provided by an axial field magnet (AFM). A spectrometer
built around this type of magnet is described in Section 14.4.

Lastly, we mention the toroidal field configuration. Here a large p,
particle must cross the coils and magnet structural elements before enter-
ing the magnetic field. The field itself is nonuniform, varying as

B(r)=¥ (14.16)

where B, is the field at the inner radius 7;. The design is most useful in a
muon spectrometer. In this case the fact that the coils are in the particle
path is no problem, since the detector invariably has a massive hadronic
filter. Multiple scattering limits the ultimate momentum resolution. One
interesting feature of the toroid is that the field lines form circles around

Table 14.1. Comparison of magnetic field configurations

Split Axial
field field
Dipole magnet Solenoid magnet Toroid

Return yoke yes yes yes yes no
Compensating magnet yes no small small no
ete” beams no no yes yes yes
Coils before field region no no no no yes
High p, measurement good  good poor good poor
Forward particle measurement good good poor poor poor

Source: W. Willis, Phys. Today, Oct. 1978, p. 32; T. Taylor, Physica Scripta 23:
459, 1981.
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14.2 Design considerations 333

the beam and no iron return yoke is necessary. The field can be reversed to
check systematic effects without affecting the beam.

Particle tracking in colliding beam detectors is usually done in a central
detector that surrounds the intersection point. It is the job of the central
detector to measure the momenta, directions, and multiplicity of charged
tracks coming from the interaction. The central detector usually consists
of drift chambers or MWPCs but may include a high resolution vertex
detector or a TPC.

Some important “typical’’ characteristics of MWPCs, drift chambers,
and other detectors used for tracking are given in Table 14.2. The desired
momentum resolution, ability to distinguish tracks in high multiplicity
events, and expected rates determine the solid angle coverage, wire spac-
ing, and rate capabilities of the chambers.

Calorimeters may be desirable to measure the influence of neutral
particles and the production of electrons and photons. We have discussed
the characteristics of sampling calorimeters in Chapter 11. Table 14.3
contains a summary of some important properties of “‘continuous” calo-
rimeters. The best resolution has been obtained with Nal crystals, whose
resolution typically improves with energy according to the relation,
og/E ~2%/E"*with E in GeV. BaF, is a promising material for calorim-
eter applications [8]. It scintillates in the ultraviolet portion of the spec-
trum with a decay time of only 0.6 ns. It is nonhygroscopic and cheaper
than BGO. A calorimeter may be used in the trigger to achieve large event
rate reductions in proton machines.

Some experiments look for the production of specific types of particles.

Table 14.2. Typical properties of tracking detectors

Spatial Response Recovery

resolution time time

(um) (ns) (ns)
Scintillator hodoscope 5000 10 10
MWPC 500 100 a
Drift chamber 150 100-1000 a
Proportional drift tubes 5000 400 100
Bubble chamber 100 106 107
Spark chamber 300 1000 108
Streamer chamber 200 1000 10¢
Flashtube hodoscope 5000 1000 10¢

4 Individual wire dead for ~ 100 ns. Other wires are still sensitive.
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Table 14.3. Continuous calorimeters

Statistical
contribution to energy Typical Radiation Ab:
resolution cE~!/2 integration length len,
c[%] time [ns] (cm) (cm
Lead glass (SF5) 4.5 40 2.5 42
Scintillation
glass (SCG1-C) 1.1 100 4.35 45
BGO 1 300 1.12 23
Nal 14 250 2.5 41
BaF, 1.7 — 2.1 —

@ Energy resolution ~ 1% E~1/4,

Source: B. Pope, Calorimetry: working group summary report, in Proc. of the 1983 DPF workshoj

CONF-830224, p. 49.
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14.2 Design considerations 335

In this case some type of particle identification must be incorporated into
the design. We have discussed a number of techniques for accomplishing
this in the preceding chapters. The detector space available for this pur-
pose may be limited, particularly in colliding beam machines.

For most identification methods the accuracy of the measurement
improves with length. Thus we can make a useful comparison of tech-
niques by plotting the length required to achieve a given accuracy as a
function of the energy [6]. Figure 14.6 shows that the required length
grows very rapidly. At low energies time of flight and Cerenkov counter
systems can be used. For large y the intensity from transition radiation is
sufficient for e/n/K separation and synchrotron radiation may be used for
electron identification. There is no ““natural” system for the intermediate
region. One typically uses the relativistic rise of the ionization energy loss.
However, because of the non-Gaussian statistical nature of the energy
loss, a very large number of samples must be taken. In general, we note
that 7/K separation is more difficult than n/e.

Figure 14.6 The length necessary for particle identification using var-
ious techniques is shown as a function of the Lorentz factor y. (TOF)
time of flight, (C) Cerenkov counters, (ION) relativistic rise of ioniza-
tion energy loss, and (TR) transition radiation. (After W. Willis, Phys.
Today, Oct. 1978, p. 32.)

{ ] T T T
4+ N
~
g
N
3l é |
X
~
G
= 2} 4
W TOF ION
~
1 -
mT-€
I |

Downloaded from https://www.cambridge.org/core. IP address: 216.73.216.63, on 06 Aug 2025 at 15:10:03, subject to the Cambridge Core terms of
use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009290098.015


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009290098.015
https://www.cambridge.org/core

336 14 Detector systems

Lastly, some means of triggering must be provided and integrated into
the detector system. Scintillation counters, Cerenkov counters, MWPCs,
and calorimeters are typical trigger elements. The trigger timing and rate
must be carefully incorporated into the overall data acquisition system.

Special care must be taken in designing a detector for use in a high
luminosity environment. The major problems are the pileup of unrelated
events within the detector’s resolving time, rate limitations on detector
operation, and the effects of radiation damage. Specialized experiments
can handle the problem by using a limited solid angle acceptance. A
general detector must use finer spatial segmentation of detector elements.
The analog signals must be very fast, and the readout time must be as short
as possible. A calorimeter can be used to provide a selective trigger.

Summaries of the important features and diagrams of many spectrome-
ters can be found in the literature [9]. Darriulat [10] has given a summary
of high p, spectrometers, while Fabjan and Ludlam [11] have tabulated
properties of many spectrometers that use calorimeters. The characteris-
tics of the PETRA detectors have been reviewed by Wu [12].

14.3  Fixed target spectrometers

In this section we will consider the design of several spectrometers
used at fixed target accelerators. Table 14.4 lists some examples of fixed
target spectrometers and summarizes some of their important character-
istics. The word spectrometer is used here in the more general sense of an
integrated system of detectors. The spectrometers listed in Table 14.4
divide naturally into two classes. The neutrino spectrometers emphasize
calorimetry and muon detection, while the charged beam spectrometers
are likely to give more weight to tracking and particle identification. It
should be pointed out that many of these detectors are really facilities, so
that experiment dependent equipment may be used to augment the basic
spectrometer.

As an example consider the European Muon Collaboration spectrome-
ter at CERN [13]. The spectrometer operates in a secondary muon beam-
line at the SPS. Its primary objective is the study of “deep” inelastic
scattering. In this process the beam muon interacts in the target and
produces a final state muon together with other unspecified particles. The
spectrometer is designed to have a large acceptance for detecting the final
state muon and to make a precise measurement of its production angle
and momentum.

The layout of the spectrometer is given in Fig. 14.7. The incoming
beam is defined with the beam hodoscope (BH). The spray of muons
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14.3 Fixed target spectrometers 337

traveling off the beam axis (beam halo) is eliminated by using the hodo-
scopes (V) as veto counters in the trigger. Liquid hydrogen, liquid deute-
rium, and active iron-scintillator calorimeter targets have been used. A
polarized target was also used to provide spin information. The target was
placed close to the magnet to provide good acceptance.

The momentum determination was made using a large aperture win-
dow frame type dipole magnet (FSM ) with a bending power of 5 T-m. The
entrance and exit angles are measured with drift chambers (W) before and
after the magnet. The chambers have a spatial resolution of ~0.3 mm.
Tracking inside the magnetic field is done using MWPCs (P1 - P3). These
chambers have a short resolving time (75 ns) to help eliminate out of time
tracks, such as knock-on electrons from the target. The momentum reso-
lution was ~ 1% for a 100-GeV/c secondary track from liquid hydrogen.

A secondary muon emerging from an interaction will pass through H3
and H4. The muon trajectory after the absorber is measured using the
drift chambers W6 and W7. The single muon trigger discussed in Chapter
13 requires a track after the absorber and the absence of a beam veto. In
addition, correlations are required between hodoscope planes such that
(1) the track points at the target in x and y, (2) the momentum exceeds
some minimum requirement, and (3) the scattering angle exceeds a pre-
selected value.

Pions and kaons can be identified over certain momentum ranges using
the gas threshold Cerenkov counter (C2) downstream of the target. The
calorimeter (H2) consists of a front section of 20 radiation lengths of lead
and scintillator to detect photons and electrons and 5 interaction lengths
of iron and scintillator to detect hadrons. This is followed by 10 interac-
tion lengths of magnetized iron to absorb the remaining hadrons.

A partial view of another large fixed target detector system is shown in
Fig. 14.8. The CHARM detector was used at the SPS to investigate the
neutral current interactions of high energy neutrinos [14]. Recall that
neutral-current neutrino interactions have an outgoing neutrino plus
hadrons in the final state. This type of interaction must be distinguished
from charged-current neutrino interactions, which have a muon in the
final state. Thus, two essential parts of the overall detector are a calorime-
ter for hadron detection and a muon detector.

The detector consisted of 78 calorimeter subunits surrounded by a
frame of magnetized steel and followed by four toroidal iron magnets.
Each calorimeter subunit consists ofa 3 m X 3 m X 8 cm marble plate, a
layer of 20 scintillators 15 cm wide and 3 m long, and a layer of 128
proportional drift tubes 3 cm wide and 4 m long. The plate material was
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Table 14.4. Examples of fixed target spectrometers

Vertex Partic]

Spectrometer Beam field Tracking Calorimetry identif
Neutrino y none PDT liquid Sc dE/dx

(AGS)
CCFR (FNAL) v none DC Fe-liquid Sc —
CDHS (SPS) v none DC Fe-Sc —
CHARM v none PDT marble-PDT —_

(SPS) streamer

tubes, Sc

Neutrino 1 none PDT flash PDT flash —

(FNAL) chambers chambers
Tagged photon Y none DC, 0.7 T-m, Pb-Sc, liquid Cer, d

(FNAL) 1.4 T-m Sc, Fe-Sc

dipoles
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EMC (SPS) u 4 T-m DC, PC Pb-Sc, Fe-Sc Cer, T

5.2 T-m
dipole
Multimuon u 2T DC MWPC Fe-Sc —
(FNAL)
E605 (FNAL) p none MWPC, DC Pb-Sc, Fe-Sc RICH
dipoles
MPS (FNAL) p none MWPC, DC Pb-Sc, Fe-Sc —
1.7 T dipole
LASS (SLAC) Hadron 22T MWPC, Sc none Cer, T
solenoid 3 T-m dipole
MPS 11 (AGS) Hadron 4.6 T-m DC, MWPC Sc none Cer, T
dipole
OMEGA (SPS) Hadron 1.8T MWPC DC, Sc none Cer

Source: Particle Data Group, Major detectors in elementary particle physics, LBL-91, UC-37, 16
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340 14 Detector systems

Figure 14.7 The European Muon Spectrometer at the SPS. (BH) Beam
hodoscope, (V) veto hodoscopes, (P) multiwire proportional chambers,
(W) drift chambers, (C) Cerenkov counters, (H1,3,4) scintillator hodo-
scopes, and H2 calorimeter. (O. Allkofer et al., Nuc. Instr. Meth. 179:

445, 1981.)

Figure 14.8 The CHARM neutrino detector at the SPS. (A. Diddens et
al., Nuc. Instr. Meth. 178: 27, 1980.)
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14.4 Colliding beam spectrometers 341

selected in order to equalize the depth of electromagnetic and hadronic
showers. The scintillation counters were required to give a precise mea-
surement of single particle ionization, to sample the shower energy depo-
sition, and to serve as an active target for the neutrino beam. The photo-
multiplier tube output was split between a discriminator system and
ADC:s for pulse height measurement. The proportional drift tubes had a
cross section of 29 X 29 mm?. They could locate muon tracks with an
accuracy of | mm (rms) and also sampled the shower energy deposition.
The readout electronics recorded the charge collected at the sense wire
and the drift time for particles traversing the tube.

The iron frames contained a toroidal magnetic field of 15 kG. Forward
going muons were momentum analyzed in four toroidal iron discs inter-
spersed with proportional drift tubes. The momentum resolution for
80-GeV/c muons was 25% in the frame magnets and 16% for the forward
spectrometer.

All triggers were formed from combinations of scintillation counter
signals. The inclusive neutrino trigger required no hits in the first scintil-
lator layer and at least one hit in at least four planes in the rest of the
calorimeter. This gave a trigger rate of 0.2 events/10!3 primary protons on
target when using the SPS narrow band neutrino beam.

14.4  Colliding beam spectrometers

In this section we will consider several spectrometers that have
been developed for use at colliding beam accelerators. In this case the
detectors surround the interaction points of the two beams. Colliding
beam spectrometers divide naturally into those used at e*e™ colliders and
at hadron colliders. The major features of some representative ete™ detec-
tors are summarized in Table 14.5, while some examples of hadron beam
spectrometers are listed in Table 14.6.

We first consider the Mark-J spectrometer at PETRA [15]. The detec-
tor was designed to give good measurements of the energy and production
angles of electrons, photons, and muons with almost 47 acceptance. A
cross-sectional view looking down the beam pipe is shown in Fig. 14.9.
The electron and positron beams interact in the area (b). The beam pipe is
surrounded by a layer of drift tubes (D), which have a spatial resolution of
300 um and can determine the longitudinal position of the vertex to
~2 mm. Next come three layers of electromagnetic shower counters (S).
These contain 18 radiation lengths of interleaved lead and scintillator
sheets. The scintillators have PMTs connected to both ends. The relative
pulse heights and signal timing from the two PMTs allow an independent
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Table 14.5. Examples of ete™ colliding beam spectrometers

Vertex Particle
Spectrometer field Tracking Calorimetry identification
ARGUS 08T cyl DC Pb-Sc dE/dx, TOF
(DORIS) solenoid
CELLO 13T cyl MWPC, Pb-liquid Ar —
(PETRA) solenoid cyl DC
CLEO 10T MWPC, DC Pb-PDT TOF, dE/dx
(CESR) solenoid
Crystal Ball none PDT Nal —
(DORIS)
CUSB none MWPC Nal, Pb-glass, —
(CESR) MWPC
DELCO 0.3 T open cyl DC, DC Pb-Sc Cer, TOF
(PEP) solenoid
HRS (PEP) 1.6 T cyl DC, Pb-Sc, Cer, TOF
solenoid PDT MWPC
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JADE 05T cyl DC Pb-glass dE/dx, TOF
(PETRA) solenoid
MAC (PEP) 06T cyl DC Pb-PWC, dE/dx, TOF
solenoid Fe-PWC
MARK II 05T cyl DC Pb-liquid Ar TOF
(PEP) solenoid
MARK III 04T cyl DC Pb-PWC dE/dx, TOF
(SPEAR) solenoid
MARK-J none PDT, DC Pb-Sc, Fe-Sc —
(PETRA)
MD-1 12T MWPC Fe-MWPC Cer, TOF
(VEPP-4) dipole
TASSO 05T cyl DC, cyl Pb-liquid Ar, TOF, Cer,
(PETRA) solenoid PWC, DC Pb-Sc dE/dx
TPC (PEP) 15T cylDC, TPC Pb-PWC dE/dx
solenoid

Source: Particle Data Group, Major detectors in elementary particle physics, LBL-91, UC-37, 19
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Table 14.6. Examples of colliding hadron beam spectrometers

Vertex Particle
Spectrometer field Tracking Calorimetry identification
AFS (ISR) 05T cyl DC Nal, U, dE/dx, Cer
open Cu-Sc
axial
CDF 15T cyl DC Pb-Sc, —
(Tevatron) solenoid Fe-Sc
SFM (ISR) 1.0 T split MWPC none dE/dx, Cer, T
field
dipole
UAL (SPS) 07T cyl DC Pb-Sc, dE/dx
dipole Fe-Sc
UA2 (SPS) none cyl MWPC, Pb-Sc, —
cyl DC, Fe-Sc
0.4 T-m
toroid + DC

Source: Particle Data Group, Major detectors in elementary particle physics, LBL-91, UC-37, 19
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14.4 Colliding beam spectrometers 345

measurement of the longitudinal position of a track. The shower
counters signal the presence of an electron or photon.

The electromagnetic calorimeter is followed by a layer of drift
chambers (W). These large chambers have 10-cm drift cells arranged in
double layers. The layers are grouped in pairs and displaced by half a wire
spacing to remove the left-right ambiguity. The chamber gas is argon/
isobutane. The chambers have a spatial resolution of 0.6 mm and are used
to measure the trajectory of muons through magnetized iron.

Next there is a hadronic calorimeter (C) consisting of iron and scintilla-
tor plates, a trigger counter (T), and a magnetized iron toroid (M). The
total bending power is 1.7 T-m. The minimum momentum needed to
penetrate the iron is 1.3 GeV/c at normal incidence.

Muons produced at small angles along the beam pipe are measured in
end cap chambers. The luminosity is measured by detecting small angle
ete™ elastic scattering (Bhabha) events in lead-glass counter arrays sur-
rounding the beam pipe. The single muon, fast trigger requires signals
from the scintillators in the shower counters, a hit in the counter T, and a
beam crossing signal. Events that pass the fast trigger must then satisfy a
loose track requirement. A microprocessor examines the drift chamber
hit information and requires that at least three inner detector double
planes have adjacent hits.

Figure 14.9 The MARK-J detector at PETRA. (After D. Barber et al.,
Phys. Rep. 63: 337, 1980.)
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346 14 Detector systems

A second example of a colliding beam spectrometer is the Axial Field
Spectrometer (AFS) at the ISR at CERN [16]. The primary objective of
this facility was to study phenomena at large transverse momentum. In
particular, the experimenters sought to measure the inclusive production
of hadrons, electrons, photons, and hadronicjets. Since the ISR circulated
beams of hadrons, the interaction rate in the AFS was much higher than
that experienced in e*e~ detectors. Particle fluxes could exceed 107 parti-
cles per second.

The highest priority in the design of the detector was to provide high
resolution electromagnetic and hadronic calorimetry over a wide solid
angle. The layout of the detector is shown in Fig. 14.10. As we saw in
Section 14.2, the axial field magnet design allows unobstructed access
near 90°. The magnetic field integral was 0.5 T-m. Tracking was provided
by cylindrical drift chambers near the interaction vertex and MWPCs
outside the magnetic field. The spectrometer provided a momentum
resolution Ap/p ~0.01p, where p is measured in GeV/c. The azimuthal
coordinate was provided by the drift times with a resolution of 200 um.
The coordinate along the wire was given by charge division with a resolu-
tion of 1.5 cm.

One arm of the spectrometer was provided with three Cerenkov
counters for unambiguous particle identification in the range 2-12
GeV/c. The one nearest the interaction region was a silica-aerogel counter

Figure 14.10 Schematic diagram of the Axial Field Spectrometer at the
ISR. Not to scale. (b) Beam pipe, (W) cylindrical drift chambers, (M)
axial field magnet, (LA) liquid argon calorimeter, (U) uranium calorim-
eter, (C1) aerogel Cerenkov counter, (P) MWPC, (C2) high pressure gas
Cerenkov counter, (C3) atmospheric gas Cerenkov counter, and (Cu)
copper calorimeter. (After H. Gordon et al., Nuc. Instr. Meth. 196: 303,

1982.)
]
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14.4 Colliding beam spectrometers 347

with a refractive index of 1.05. The light from this counter must be
wavelength-shifted and transmitted for 2 m to keep the tubesin a low field
region. The other two counters used Freon-12 at pressures of 4 and 1 atm.

The calorimeter modules covered 8 sr solid angle around the interac-
tion region. They consisted of an electromagnetic front end followed by a
hadronic section. The electromagnetic part consisted of 5 radiation
lengths of uranium and scintillator sheets. The scintillator light was wave-
length-shifted and transmitted to a PMT at the end of the module. The
hadronic part of the calorimeter had 3.6 absorption lengths of uranium,
copper, and scintillator sheets. The uranium improved the energy resolu-
tion through fission compensation, as discussed in Chapter 11. The en-
ergy resolution was 15%/VE for electrons and 34%/VE for pions.

Some specialized detector systems do not use a magnetic field. Figure
14.11 shows a schematic drawing of the Crystal Ball detector, as it was
used in experiments at SLAC. The detector has since been moved to an
interaction area at PETRA. The detector surrounded one of the ete™
interaction regions at the SPEAR colliding beam storage rings [17, 18].
The Crystal Ball was designed to study the spectroscopy of high mass,
short-lived particle states by detecting the photons emitted in the transi-
tions between levels. The required large acceptance and high resolution
for photon detection was achieved by surrounding the intersection point
with a ball of Nal scintillation counters.

The regions closest to the interaction point contained a cylindrical
magnetostrictive spark chamber, a cylindrical MWPC for triggering and
particle identification, and another cylindrical spark chamber. The crys-

Figure 14.11 The Crystal Ball detector as it was used at SPEAR. (M.
Oreglia et al., Phys. Rev. D 25: 2259, 1982.)
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348 14 Detector systems

tal ball itself consisted of 672 Nal (T1) crystals. Each face of a crystal was
fitted with white reflecting paper and a sheath of aluminized material for
optical isolation. Each crystal was about 16 in. long, corresponding to
about 15.7 radiation lengths. The crystals were in the shape of prisms with
a small end dimension of 2 in. and a large end dimension of about 5 in.
Each counter was connected to a 2-in. photomultiplier tube. The crystals
were arranged in the form of a 20-sided regular polyhedron, broken into
two separate hemispheres. Some crystals around the beam pipe had to be
removed, resulting in 94% of 47 solid angle coverage. End caps, consisting
of additional Nal crystals and planar spark chambers, were located ap-
proximately 1 m from the interaction point. The end caps increased the
Nal solid angle coverage to 98% of 4x. Figure 14.12 shows the pattern of
energy deposits in the Nal counters for a e*e™py final state.

The standard deviation on the measurement of the energy of electro-
magnetic showers was

~(0.0255 £ 0.0013)E%*  GeV

Figure 14.12 Map of the energy deposit in the Nal counters of the
Crystal Ball for an e*e~yy final state. (M. Oreglia et al., Phys. Rev. D 25:
2259, 1982.)
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14.5 Nucleon decay spectrometers 349

This good resolution allowed the experimenters to extract the natural
widths of high mass states from the inclusive photon spectrum and to
identify certain reactions through constrained kinematic fitting. The di-
rection of a photon could be determined to within 2° of the true polar
angle.

The system was triggered using (1) the total energy deposited in the ball,
(2) separate energy deposited in two hemispheres, (3) charged particle
multiplicity, or (4) back to back energy loss. All triggers were required to
come within +20 ns of the beam crossing signal from SPEAR. The trigger
rate was 3-4 Hz at maximum luminosity.

14.5  Nucleon decay spectrometers

A third major class of large detector systems are the nucleon
decay spectrometers [19, 20]. These devices differ from those in the pre-
vious two sections, since no accelerator beams are involved. Instead a
large mass of material is continuously monitored by some type of sensi-
tive detector, either on the surface of the material or interspersed
throughout its volume. The detectors generally define a fiducial volume
in the center of the monitored material. The signature of a nucleon decay
would be an event totally inside the fiducial volume with an energy release
of about 940 MeV and with a net momentum of zero.

Table 14.7 summarizes the characteristics of some of the currently
operating nucleon decay detectors. The detectors can be separated into
three main classes. The first uses water as the source of decaying protons
and looks for the Cerenkov light emitted by the charged decay particles in
reactions such as p — e*z° or u*K°. The pulse height and arrival time of
the PMT signals can be recorded and used to reconstruct the Cerenkov
cone. This enables the direction of the particle to be determined. The
detector can be triggered by requiring a minimum coincidence of PMT
signals.

The second large class of detectors uses a sampling calorimeter made up
of some type of gaseous chamber interspersed with plates of material. The
monitored material is usually iron plate. Active detectors can be gas
proportional chambers or gas detectors operated in a saturated mode. The
detectors can be triggered by demanding signals from a minimum nvm-
ber of contiguous planes. The third class of detectors use liquid scintilla-
tor. This type of detector has also been used to study solar neutrinos.

The major background in nucleon decay experiments arises from neu-
trinos and muons produced in the atmosphere by cosmic rays. The
muons can be efficiently attenuated by locating the detector far below the
surface of the earth. For example, the muon flux at the FREJUS detector
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Table 14.7. Examples of nucleon decay detectors

Depth
Detector Location MWe)* Monitored m
FREJUS France 4400 1000 tons iro
HPW United States 1500 780 tons wate
IMB United States 1570 7000 tons wa
Kamiokande Japan 2700 3000 tons wa
NUSEX Italy-France =5000 150 tons iron
Kolar India 7600 140 tons iron
Baksam USSR 850 80 tons liquic
Soudan United States 1800 30 tons concr
Mt. Blanc Italy-France 4270 30 tons iron :

2 MWe = Meters of water equivalent.
Source: Particle Data Group, Major detectors in elementary particle physics, LBL-91, UC-!
1981, p. 64; J. M. Lo Secco, F. Reines, and D. Sinclair, Sci. Amer., June 1985, p. 54.
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14.6 Data acquisition 351

is6.2 £ 1.2 muons/day-m?, a reduction of about 10¢ of the flux at sea level
[19]. The outer layer of the detector is used to veto muons coming in from
outside the detector. Good nucleon decay events must originate in the
fiducial volume of the detector. On the other hand, the neutrino flux is
largely unaffected by attenuation in the earth and enters the detector from
all directions, regardless of depth. A neutrino interaction inside the fidu-
cial volume may look like a nucleon decay, and this limits the ultimate
sensitivity of the experiments.

14.6  Data acquisition

A large detector system is capable of generating immense
amounts of digital and analog signals. It is the function of the data acqui-
sition system to control the flow of this information. In general, it is
desirable to at least monitor the performance of the experiment as it is
happening (online) and to save some of the data for subsequent (offline)
analysis. A minimal system for a simple experiment would likely use
CAMAC modules as the interface between the experimental equipment
and a small computer.

Most experiments make use of a minicomputer to control the online
monitoring and data collection for the experiment [21]. Figure 14.13
shows a typical online data acquisition system for a more complicated
experiment. The data acquisition system is intimately connected with the
trigger. Two constraints may require a highly selective trigger. First, with
present technology no more than 10~ 100 events/sec can be handled and
stored on permanent memory. Second, the offline data analysis may
require ~ 1 sec/event so that the cost and availability of computer time
may restrict the total number of events that can be processed.

The fast trigger detectors include devices such as scintillation counters,
Cerenkov counters, and MWPCs. The signals are fed into the trigger logic,
where discriminators standardize the pulses, and coincidence units indi-
cate temporal correlations of signals from different detectors. If a good
event has occurred, a fast trigger pulse is generated within a few hundred
nanoseconds of the event. This causes other triggered devices such as drift
chambers, ADCs, and TDCs to be read out.

All of the data is fed into some device that prepares the data in a
recognizable fashion and channels it onto a pathway to the computer.
Some systems may have a higher level trigger that can make a more
complicated decision based on hodoscope matrix correlations or coarse
track finding within about 1 us. Still more complicated decisions may be
made using hardware processors or dedicated minicomputers. Some-
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352 14 Detector systems

times these special purpose devices have been designed to emulate the
instruction set of a larger, more powerful computer [22]. Then the online
filtering program can first be thoroughly tested using the large computer
before being used for an experiment. The emulator is slower than the large
computer but is much cheaper.

Since the events occur randomly, it may be necessary to provide some
temporary storage media or buffer that can store the data from one event
while the detector and trigger logic are examining another one. The buffer
holds the data until the online computer finishes processing an event and
makes the data available for writing onto magnetic tape, at which point it
isready to accept the data from another event. If the trigger rate, computer
processing rate, and buffer capabilities are not carefully balanced, many
events may occur while the data acquisition system is busy processing a
preceding event.

A more sophisticated data acquisition system for a large experiment is
outlined in Table 14.8. At the LEP storage ring 25 us will be available

Figure 14.13 A data acquisition system.
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Table 14.8. Data acquisition flow

Characteristic
Level time Equipment
1 fast trigger 0.1-25 us NIM electronics; fast
correlation matrices
2 detector readout 0.025-5 ms programmable proces:
using integer arithm
3 transfer to computer 5-25ms floating point processc
emulator
4 data recording 0.025-1 sec minicomputer

Source: R. Dobinson, Physica Scripta 23: 487, 1981.

Downloaded from https://www.cambridge.org/core. IP address: 216.73.216.63, on 06 Aug 2025 at 15:10:03, subject to the Cambridge Core terms of

use, available at https://www.cambridge.org/core/terms. https://doi.org/10.1017/9781009290098.015


https://www.cambridge.org/core/terms
https://doi.org/10.1017/9781009290098.015
https://www.cambridge.org/core

354 14 Detector systems

between bunch crossings. Assuming that there is only a small probability
for more than one interaction per bunch crossing, trigger decisions that
can be made in less than 25 us will not introduce any deadtime. At each of
the higher levels the event selection can be refined. Only the data for
events that reach level 4 are recorded [23].

The online computer can perform various auxiliary functions. Analog
measuring devices must be calibrated [24]. This generally requires oper-
ating the detector in a test beam or under special conditions or injecting a
known test signal and measuring the detector’s response.

Monitoring of the detectors is a second important auxiliary function of
the online computer [24]. The monitoring can be passive, in the sense that
the software merely histograms channel hit frequencies and calculates
distributions at the same time that the experiment is taking data. Gener-
ally this works adequately, so long as sufficient statistics are accumulated
for all channels in a reasonable length of time. Otherwise an active moni-
toring system may be required. An active system injects a test signal as
early as possible into the detector elements and then checks that the
detectors return the correct response.

Some examples of specific tasks for the monitoring software include
checking the high voltages on power supplies, currents in magnets, and
scaler contents. This information can be used as part of a feedback loop to
adjust the settings of tuneable devices.
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Exercises

1. Tracking is to be done with a set of 10 chambers equally spaced
over 5 m in a 1-T magnetic field. What is the resolution on the
measurement of a 20-GeV/c particle if the chambers have 200
um spatial resolution? Estimate the contribution of multiple
scattering to the momentum resolution if each of the chambers
contains 0.05 radiation lengths of material.

2. Consider a rectangular dipole as shown in Fig. 14.2. Prove Eq.
14.11. Calculate the displacement Ax in the direction along the
face of the magnet between the particle’s entry and exit points.

3. Estimate the deflection angle of a 50-GeV muon that passes
radially through a 2-m-wide toroidal field. Assume the toroid has
a field of 0.5 T at the inner toroid radius of 1 m.

4. Design a fixed target spectrometer to measure inclusive hadron
production from a hadron beam. Specify the locations and char-
acteristics of any counters, tracking chambers, magnets, particle
identification detectors, or calorimeters that are used. What trig-
ger would you use?

5. Design a colliding beam spectrometer that can be used to search
for the existence of the hypothetical Higgs particle H using the
reaction
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ete” — utuHO

6. An experiment is to be done at a colliding beam accelerator with
bunched beams and a luminosity per bunch collision L (i.e., L is
the instantaneous luminosity £ integrated over the bunch colli-
sion time). Suppose that it is not possible to interpret events
unambiguously if more than one interaction occurs per bunch
collision.

a. If the cross section for interesting processes is ¢ and the total
cross section is gy, then find the mean number of interesting
events per bunch collision.

b. What is the probability of getting one and only one interesting
event per bunch collision?

¢. What is the mean number of background events per bunch
collision?

d. What is the probability of getting zero background events per
bunch collision?

e. What is probability of getting one and only one interesting
event per bunch collision and nothing else?
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