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METHODS OF PARTICLE DETECTION
FOR HIGH-ENERGY PHYSICS EXPERIMENTS

H. Bradner® aund D. A. Glaser'

INTRODUCTION

Recent advances in our knowledge of the phenomena of high-energy
physics and of the elementary particles has resulted from rapid advances in
the technology of particle accelerators and the art of particle detection. The
ingtruments for the detection of energetic particles can be divided into two
classes: (1) the "track-imaging' device in which one sees or photographs tracks
which coincide with the actual path taken by the particles, and (2) counting de-
vices which give only an indication that the particles pass somewhere in the
sensitive volume,

Among the visual detectors in current use in high-energy physics ex-
periments are the nuclear emulsion, the i&ffuoion cloud chamber, the expansion
cloud chamber, ! and the bubble chamber. !+ ¢ The scintillation chamber, a new
type of visual detector now being developed shares some of the virtues of the
visual and of the counter-type detectors. Measurementa that can be made on
events photographed in visual detectors include anglea between tracks of differ-
eut particles; ranges of stopping particles; distances of flight of decaying or
colliding neutral particles; magnetic curvature, which gives a measure of the
momentum of the particle; scattering due to coulomb interactions with the sen-
sitive medium, which gives a measure of pfic; and denaity of visual elements
along the track (developed grains in emnulsion, droplets in cloud chambers,
bubbles in bubble chambers), which give a measure of ionization or velocity.
From a set of measurements of this kind on an event of interest, one can deduce
the energy absorbed or released by a process, as well as the masses and charges
of the particles involved, their lifetimes, the strength of their interactions with
other particles, etc. It is these quantities that are the raw materials for the
theories of high-energy physical phenomena. The spatial resolution of these
detectors varies from about 0.1 u in the case of nuclear emulsion to about 1 mm
in the case of the diffusion cloud chamber and the scintillation chamber. The
time resolution is practically infinity for the nuclear emulsion, 0.1 aec for
cloud chambers, a few psec for some bubble chambers, and 10-3 gec for scin-
tillation chambers.

*Radiation Laboratory, University of California, Berkeley, California, U.S.A.
TDeputment of Physics, Univerwsity of Michigan, Ann Arbor, Michigan, U.S5.A.
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Among the counter -type detectors are the Geiger-Mueller counter, the
ionisation chamber, the proportienal counter, the sciatillation counter, and the
Cherenkov counter. Typically counters have dimaensions of a few centimeters,
although very small counters of various types have given spatial resclutions as
good as 1 mm. In addition to detecting the presence of a charged particle in its
sensitive volume, the counter may also give an indication of the rate of energy
loss of the particle. The fastest of these counters is the scintillation counter.
Some varieties of scintillation counters are capable of resolving times of the
order of 10~? gec. '

EXPANSION CLOUD CHAMBER

The oldent of the visual detectors is the expansion cloud chamber in
which paths of ionising particles can be seen as trails of fine droplets that con-
dense on the ions created in the gas by the flying particles. Cloud chambers
as large as 1.5 meters have been constructed. Some of these chambers have
been fitted with magnetic fields that allow, in faverable cases, very precise
measurements of the momentum of particles. By means of these momentum
measurements, rather accurate measurements of the energy release in various
collision and decay processes can be made. Often cloud chambers are equipped
with plates of solid material in the sensitive volume so that one can ebserve
interactions of the high-energy particles with matter and see the nature and types
of the products produced. It is possible to operate a cloud chamber together
with an array of counters of various types so that the chamber is operated and
photographed only when the counter array detects the occurrsace of an inter-
esting event containing a required number of particles having certain definite
properties. Expausion cloud chambers have been operated with a large number
of gases at pressures ranging from below atmospheric to 300 atmospheras.
These very-high-pressure chambers were developed in an attempt to increase
the probability of ebserving an intezesting collision of a fast particle within the
photographable sensitive volume of the chamber. High-pressure chambers are
large and expensive and can be cycled only once every 15 to 30 minutes depend-
ing on their size. Ozdinary expansion cloud chambers may be cycled as often
as once a miaute,

DIFFUSION CLOUD CHAMBERS

Because high-energy particle accelerators produce beams of particles
much mora often than once per minuts, the diffusion cloud chamber was dével-
oped in erder to have a continuously sensitive cloud chamber. It can, in prin-
cipal, be exposed to svery pulse of the machine that operates every few seconds.
Unfortunately, the sensitive depth in the vertical direction of a diffusion chamber
{s limited to about 10 cm, and it can stand only moderate loads of ionisation,
without depletion of the supply of diffusing vapor into the sensitive volumae.
Diffusion cloud chambers of various types have bsen built, The moet useful
have been high-pressure hydrogen-filled diffusion chambers that operats at
pressures up to 35 atmospheres. The measurement characteristics of diffusion
cloud chambers are atmilar to those of the expansion cloud chambers except
that distortions of the tracks because of the motion of the gas is generally some-
what more severe. Diffusion chambers cannot be operated successfully at
pressures higher than about 30 or 40 satmospheres, becauss the high density of
the gas reduces the rate of diffusion of vapor into the sensitive volume and thus
limits the sensitive depth excessively.

-2~
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BUBBLE CHAMBERS

In a bubble chambezr the path of a charged particle is seen as a chain
of small bubbles in the volume of the liquid that constitutes the sensitive medi-
am. One of the advantages of the bubble chamber over the cloud chamber is
that very high densities can be achieved at only moderate pressures, so that
the probability of seeing an interesting collision is increased by several orders
of magnitude over the probability for cloud chambers. Further, many existing
types of bubble chambers may be expanded as often as once a second; more rap-
id cycling rates can probably be achieved. In bubble chambers, a great variety
of liguids including liquid hydrogen, liquid helium, liquid xenon and a great va-
riety of hydrocarbons, fluorocarbons, and mixtures of these, can be used. In
the liquid hydrogen chamber, one can present to the particle beam a pure proton
target in which it is possible to make rather accurate measurements of magnetic
curvature. The hydrocarbon chamberas have higher density and therefore larger
probability by an order of magnitude for seeing interesting svents. They have
alsc larger atopping power, so that particles are more aften stopped so that
their decays are more accessible for study in a hydrocarbon chamber. Cham-
bers utilizing freon, xenon, or various hydrocarbom mixtures, are examples
of the heavy-liguid type of chamber. The main advantages of the heavy-liquid
bubble chambers are their high stopping power and short radiation length. The
former means that interesting interactions as well as the stopping and decay of
particles can be seon frequently in the chamber. The latter means that high-
energy gamma rays will be very likely to make slectros pairs that show the di-
rection and energy of the gamma ray so that processes involving the emiasion
of neutral v mesons and gamma rays and other particles that decay into gamma
rays can be studied in some detail. For a quantitative comparisen of the char-
acteristics of these visual detectors see Table 1.

NUCLEAR EMULSIONS

This type of image-forming detector is generally the most couvenient
to use with high-energy accelerators; it is also very easy to send to other lab-
oratories for study. The spatial resolution of approximately 1 u is far superior
to any other detector, and hence, omulsions are valuable for studying very short
half-lives. Assoclated events 1 cm apart are, on the other hand, almost impos-
sible to detect. There is no time discrimination between events on successive
pulses of the accelerator. Emulsions are usuaslly not the beat tool for stadying
inelastic interactions of high~energy particles in the detector, since it is rarely
poasible to say in which nucleus the interaction tock place. Range measurement,
laborious grain counting, and multiple-coulomb-scattering messurements often
serve to sstablish mass, momentum, and magnitude of charge of particles in
emulsions; but until pulsed strong magnetic flelds are used, the sign of the charge
will frequently be uncertain.

These detectors have, nevertheless, continued to occupy an important
place in high-energy physics. Recent developments in the United States of
America have been in the measurement of events rather than in the preduction
of emulsions to compste with the liford L -series or the ultra-fine-grain Perfilov
plates. »

There is a trend toward automation in measuring tracks: Rford G-
and K-series emulsions are most commonly used for stack exposures. Several
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Type
p

One-atmosphere
argon expansion
cloud chamber

Twenty-atmosphere
hydrogen diffusion
cloud chamber

Hydrogen bubble
chamber

Helium bubble
chamber

Propane (C 3H8)
bubble chamber

SnCly bubble
chamber

Xenon bubble
chamber

Nuclear ¢rmulsion

{AgBr)

Table I. Comparison of track-forming detectors.
Frequency of rare events in a 50-cm chamber.

Density Radiation Scattering Magnetic field
(gm/cm®) length  sagittal & required for Stopping  Events/day
(X cm) S for 2-Bev 10% mo- power of for
proton track mentum error a 50 cm ¢ /nucleon
5 cm long in 5-cm chamber (= 1 micro-
{microns) relativistic track (gm/cmz) barn)
(gauss)

0.0017 11600 0.79 2400 0.085 0.015

0.0019 36300 0.45 1300 0.095 0.016

0.05 1380 2.3 6900 2.5 0.43
~0.10 963 2,75 8200 5.0 0.86

0.44 108.3 8.2 25000 22 3.7

1.5 7.35 31.5 94000 75 13

2.3 3.1 48.5 140000 115 20

4.0 2.8 51.1 150000 200 34

UCRL-8284

Events/pulse
for
U/nucleon
(= 1 millibarn)

0.0003
0.0003

0.008
0.015

0.07
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laboratories make use of photoelectric gap-counting and grain-counting appara-
tus. Microscopes have been squipped with shaft encoders to allow automatic
racording of stage coordinates onto paper tape or punched cards. G. Goldhaber
{private communication) at Berkeley has connected a scattering microscope
directly to a Friden paper punch to record first and second differences auto-
matically.

COUNTERS: GENERAL

The Geiger-Mueller counters and proportional counters used in low-
energy physics have reduced utility for high-energy physics experiments, in
which all singly charged particles have approximately the sams rate of energy
loss, and the slow CGeiger response and "dead time" are objectionable. Scin-
tillation counters and Cherenkov counters have replaced the above-mentioned
detectors almost completely in high-energy accelerator sxperiments.

Countars are capable of preducing data at a rate 102 or 103 times as
high as the image-forming detectors discussed asbovas, but they have very poor
spatial resolution. Complicated axrays of counters are usually required to
explere interactions of particles with high enough energy to have inelastic col-
lisions that producs pi mesons or strange particles,

SCINTILLATION COUNTERS

When a high-energy proton or other singly charged particle passes:
through matter, it loses energy at the rate of approximately 1.5 Msv per gram
of material traversed. Certain inorganic materiala such as thallium-activated
sadium i{odide, and organic materials such as terphenyl with tetraphenyl-buta-
diene can radiate soveral percent of this energy as visible light. :"l'hc light from
the sodium icdide decays with a 1/e time of approximately 3 X 10-7 goc, while
the corresponding decay time of terphenyl is 5 X 10~7 sec. The light pulse can
be detscted by a photomultiplier attached directly to the scintillator, or connected
to it by a Lucite "light-pipe™, and the electrical signal from the multiplier can
therefore be used to indicats the passage of a charged particle through the de-
tector,

Becausse of the requirement of time resoclution faster than 108 gec.,
most scintillators in high-energy physics have been made of organic material. 3
Polystyrene-loaded terphenyl is available in pleces as large a3 40 kg. The
trend has been to large scintillators, and large counter arrays. Figure 1 shows
an array of 16 ring counters used by Kerth to study the scattering of K¥ particles

by hydrogen. ¢

Photomultipliers followed by fast amplifiers and then fast coincidence
circuits and high-speed oscilloscope displays are often used.

The passage of a particle through a acintillator or Cherenkov counter,
in a high-energy physics experiment, coften produces less than ten electrons
from the photocathode of the photomultiplier tube (in contrast with the situation
in low-energy physics or chemistry). Variation in transit time of electrens
{rom differemt parts of the photocathode therefore can severely limit the reso-
lution time of the multiplier. The fastest tube in general use is the RCA experi-
mental model C-7251, with a gain of approximately 108 sec and a rise timae of
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2 t0 3% 10~ sec. This tube is a curved-cathode version of the RCA 68104,
which has a rise time of about 5 X 10-9 sec. Large-area photocathode tubes
(RCA T046) are avallable with approximately 107 gain and approximately

4 X 10-9 -gec rise time.

Fast coiacidence circuits of modified Garwin or Rosai type permit
resolution times of 2 to 3 X 10-9 ssc. The limitation is imposed by the char-
acteristica of the photomultipliers viewing the scintillators.

Transistors (solid-state diodes and triodes) are extensively used for
the coincidence circuits, The excellent G7A germanium diodes can no longer
be obtained; some laboratories are unccuifnuy using Hoffman-Zener diodes
and Hewlett- Packard silicon diodes instead. 3

CHERENKOV COUNTERS®

Charged particles with velocity v traveling through a transparent ma-
terial, will radiate light if v is greater than the velocity, c¢/u, of light in the
materisl. Here p is the index of refraction of the material, and ¢ is the veloc-
ity of light in vacuum. This radiation is emitted in a cone with half angle §,
measured {from the particle trajectory, which is given by

cos 8 = c/vp .

An energetic electron with v a ¢ will preq?ce about 250 photons of vis-
ible Cherenkov light in traversing 1 cm of Lucite.' This light intensity ia much
less than the light produced by sciatillatoras, ;%d hance Cherankov counters
must be made from nounscintillating materials,

Most of the high-energy physics experiments done with counters involve
Charenkov-radiation detectors. They have been used to discriminate against
particles below a predetermined velocity, to discriminate against particles trav-
oling faster than a predetermined velocity, or to determine the velocity of a
particle by obaerving the angle of emission of Cherenkov light. All three types
must be designed to have high counting efficiencies and to accept particles en-
tering through apertures several centimeters in diameter, with finite angular
spread. The remaining sections of this paper describe some Cherenkov coun-
ters recently built at the University of Califcrnia Radiation lLaborastory at
Berkeley, U.S. A,

A broad-band velocity-aelecting counter is shown in Fig. 2.9 Thia
counter, based on a design suggested by V. L. Fitch, will detect particles with
velocitios from the Cherenkov-emission threghold up to a8 maximum determined
by the design of the radiator. Light emitted beyond a critical angle, i.e. from
particles beyond some critical velocity, will be totally internally reflected from
the end of the radiator. Fig. 3 shows the efficiency of this counter for detect-
ing protons, as a function of the proton velocity. The Cherenkov radiater in
this case wias a S-cm-thick cell of liquid ;tyre’ne. with 2% of methyl bromide
added to reduce scintillation.

A narrow-baad velocity-selecting counter, developed by Chamberlain
and Wiegand, is shown in Fig. 4. 10 Only one of three plane mirrors placed
symmetrically around the beam axis is shown. Approximately sight photoelec-
trons are emitted from each of the three photocathodes, when a charged
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particle of appropriate velocity traverses the Cherenkov radiator. Background
is kept low by requiring coincidence between any two of the three multipliers,
to register a count. The response of the counter to protons of different veloc-
ities is shown in Fig. 3.

Limits of velocity response in design of Cherenkov counters are set
by the index of refraction of available radiator materials. Dense glass, with
an index of refraction n as high as 1.7, is commonly used. Indices as low as
1.276 are achieved by the use of Fluorochemical liguid FC-75, obtainable from
Minnesota Mining and Manufacturing Co., 3t. Paul, Minn., U.8.4A. S§till lower
indices are being obtaimed by Hill, Caldwsll, Ritson, and others at MIT11 b
the use of FC-75 at temperatures and pressures near the critical peint, :

SUMMARY

Tabla Il summarizes some characteristics of the detectors which have
been described above. This short table does not completely characterize the
various detectors. The data apply to a representative model of each type, and
do uet indicate the ultimate capabilities of the detsctors.
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Table IT
Comparative characteristics of detectors -
{ Characteristics (all quantities approximate) )
Tdype (zi Time Space Density Velocity or Nucleus Particles R;prf;ear:;:::e
etector 1 reso- reso- momentum unique per ma- PP
lution® lution resolution ? chine
i (sec) {mm) (g/cc) puise
High-Pressure Cloud Chamber
(1 pulse)® 0.5 0.03 2% almost 30 Interactions; particle

Cloud Chamber

(1 pulse) 0.5P 0.002 2% almost 30 " "

Bubble Chamber

H; 10-3 0.1 0.05 2% yes 30 " "

hydrocarbon 10-% 0. 05 0.45 5% no

xenon 10-4 0.05 2.2 poor almost 30 {as above; also inter-

dissolved gas 10-3 0.1 0.5 5% no 30 actiong involving y rays
Scintillation Chamber

108 1 1 no 100 Detection of fast particles;

_______________ e mm et amemeeenoemcemmamemeeemsm-c-s-eseeosnnonas sBLGLACHCDS in detector

Nuclear Emulsion
(very slow) 0.001

Scintillators

inorganic 10-6f 10 4 no 104 bearn studies
10-9 _10 _1 _______ no 104 detection of fast particles
Cherenkov Gountara . TTTTITITImmmmmmmmmmmmmmmmmmmmmmmme T
1.quid or solid 10-9 30 1 good no 103 detection of particles

above IFritical vv?,locity

w uperate at anly about 1| pulse per 10 minutes,

¢
Sensitive depth normally about 7 em.
“Iiuie resolution is limited by available photomultipliers.
o . . .
Ficires apply to space resolution of "poor yeometry' counter. Space and momentum resoiution of "good
cewnietry counters is Y17,

Tiis hpure refers to the possibility of distinguishing between two particles passing through the detector,
Chaintbers can be used to resolve particle decay times of ~10-!! sec, and nuclear emulsions can be used to resolve
w3 ot ~L10- seC.

‘It scintillator is cooled, it may have resolation comparable to organic scintillator.
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Fig. 1. Array of 16 scintillation counters for
high-energy particle-scattering experiments,
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Fig. 2.

BLACK SURFACE
RADIATOR
ALUMINUM REFLECTOR

PHOTOMULTIPLIER
MAGNETIC

NN, NN
O
N
{€Y]

4 5
L

Schematic diagram of Fitch-type broad-

band velocity-selecting counter.

-1l=

UCRL-3284



=
10 2
- 110 5
a
Q9 | 19 o
| a
0.8 i 18 n
| p=d
>0.1F ] 11e
S —
: 2
T L
o)
tHiosh 15 =
O
| T
04 ,‘ 14 &
! 2
| & .
- | -
03 ! \' 3 é
A ¢
0.2+ I 12 &
! <
0t I 11
| =
1
0 1 !I 1 i ]
03 04 0.8 0.9 10

Fig. 3. Efficiency versus § for the Fitch-type
counter illustrated in Fig. 2. The sfficiencies
were determined by placing the radiator be-
tween two scintillatorg of a counter telescope.



CYLINDRICAL 7 A/AN
MIRROR YIS ANN
SN 3- INCH
///// \ \\\ /// PHOTOMULTIPLIER
\/
sy \ AV
BEAM [/, \ MIRROR
/ /.3_'{_ \\ SN
- __z.9_/>/ \'
. \ |
AV - =
PR | N\ N
CERENKOV\ \ '\
RADIATOR \ \ \ BLACKENED
NN\ T BAFFLE
\\\ \
\
NS
\\VV /
EAVAVAVER

VELOCITY~SELECTING CERENKOV COUNTER (C 2)

Fig. 4. Schematic diagram of the narrow-band
velocity -selecting Cherenkov counter.

«13«



UCRL-5284

BF / v

\
—AB 0014 —s\ 1

|
\
/ ¢

EFFICIENCY

. 1 Il H L L 1 1
140 10 160 110 180

Fig. 5. ZEfficlescy veraus 3 for the narrow-band
‘counter illustrated in Fig. 4. The eiiiciencies
were determined by placing the velocity-select-
ing counter between scintillation counters of a

sounter telascope array.

- 14-





