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PREFACE

It is the purpose of this book to gather together and summa-
rize the pertinent facts regarding the theory of the discharge
mechanism and the practical operation of various types of
counters. Although counters have been known for about
forty years, they are even today surrounded by an atmosphere
of mystery, and their construction and operation are claimed by
many competent scientists to involve “magic.” Various
laboratories have developed special procedures for their manu-
facture and use, often without knowing why particular tech-
niques appear to be successful.

This book first discusses the internal mechanism of the dis-
charge in the counter. It then presents the constructional and
operational features which are desirable, and the best means of
securing them. Subjects discussed include the conventional
Geiger counters as well as counters for special purposes and
those selectively sensitive to particular types of particles, such
as those which preferentially count neutrons in the presence of
a strong background of gamma radiation.

The first chapter serves to introduce the subject, and to
describe the progressive changes in counter behavior as the
voltage is raised. The terminology to be used in describing
counters is next defined. Then the operation of the instrument,
first as an ionization chamber, then as a proportional counter,
and finally as a Geiger counter, is developed and the theory and
operation of each different type of counter is set forth. The
practical aspects are next considered, and the construction of
counters is taken up. The reasons for the various construc-

tional features are given. The errors and corrections en-
v
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countered in using these devices are discussed. Finally, the
various electronic circuits, which are the essential auxiliaries
to the successful operation of various kinds of counters, are pre-
sented.

The book is written on an intermediate level for users of
counters, most of whom are persons with scientific training but
who do not possess specialized knowledge in the field of Geiger
counters. It presupposes an acquaintance with the main con-
cepts of atomic physics, such as ionization, recombination,
radiation and diffusion, as well as some familiarity with
vacuum tube circuits. It is intended to be of use to graduate
students and to the many industrial laboratories and medical
research institutions which are finding counters to be useful
tools of research.

SErRGE A. KoRFF
September 1945
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LIST OF SYMBOLS USED

The gas amplification

A constant

The electrostatic capacity,
usually in microfarads

The standard deviation

The electric field in volts
per cm

An area in sq cm

The efficiency

The current, usually in am-
peres

The Loschmidt number,
2.705 X 10" molecules
per ccat STPin a gas

Avogadro’s number, 6.06 X
1023

The resistance, usually in
ohms

The volume, usually in cc

The potential in volts
ngstrom unit, 1078 cm

The slope of the curve of
ionization cross section as
a function of energy

The velocity of light in
vacuo '

A distance

The charge on the electron.
Note: Where the letter e
is followed by an expo-
nential, it is understood
to be the base of natural
logarithms 2.7183 . . .
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=

Q® j ¥ RE > ama

Planck’s constant

Afluxor number of particles
crossing a sq cm area per
sec

The mobility

A length

The mass of the electron in
grams

A number

The pressure of a gas, usu-
ally in atmospheres

The charge, usually in
microcoulombs

A radius

The specific ionization, in
ions per cm at STP

A time

A velocity

Electron volt

Million electron volts

Thousand electron volts

The first Townsend coeffi-
cient

The recombination coeffi-
cient

An energy

A wavelength

The atomic weight

A frequency

3.14159 . . .

A density

A cross section, in sq cm

A letter or number with a bar over it designates an average value.
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CHAPTER 1
INTRODUCTION

A. History

Since the early experiments of Rutherford and Geiger, made
nearly 40 years ago, it has been known that a useful device
capable of counting individual atomic particles could be made
by a combination of two electrodes in a gas. The device will
detect the passage of charged particles through the volume be-
tween the electrodes and manifest this passage in the form of
an electrical impulse. The apparatus will thus count the par-
ticles and is therefore called a counter. Counters have a wide
variety of designs and uses. Almost anything can be made to
count. One well known laboratory has an exhibit which con-
sists of a fork and a spoon supported in air with a potential
difference between them. This arrangement provides count-
ing action and is a good, if somewhat extreme, illustration of
the point that virtually any disposition of electrodes and gases
can be used for the purpose. This situation has led to the pub-
lication of a great number of quasi-empirical papers, in which
the several authors report that the particular combinations of
gases and electrodes used will count. Unfortunately, these ob-
servations have generally been made in an unsystematic man-
ner, with few controlled conditions, and are hence of little
value, and sometimes quite misleading.

The problem of making counters into instruments of preci-
sion and of causing them to count quantitatively and accu-
rately and to yield reproducible results is in no way insoluble,
providing the basic factors are recognized. A great deal of

work by a large number of investigators has been done on the
1
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problems pertaining to the construction and operation of these
devices, and many theories regarding the functioning of count-
ers have been evolved.

As early as 1908, Rutherford and Geiger ®! arranged a cylin-
der and axial wire, applied a potential, and projected particles
into the cylinder. They found that “the current through the
gas due to the entrance of an alpha particle into the detecting
vessel was magnified . . . sufficiently to give a marked deflec-
tion to the needle of an electrometer of moderate sensibility.”
They had devised the first counter, making use of the addi-
tional ionization produced by collision, as the electrons pro-
duced by the alpha particle traveled toward the central wire,
to give an increase in the pulse size by a factor of “several
thousand.” Cylindrical symmetry in the distribution of the
electric field was used from the first, and shortly thereafter
Geiger’s ¢! point counter, which employed spherical geometry,
was developed. For some time, various types of filar electrom-
eters 2 were used to detect the pulses. These types were super-
seded as the rapid development of vacuum tubes during the
two decades from 1920-1940 made electronic circuits possible
which were faster, easier to adjust, readily portable and capa-
ble of amplifying the pulses as well as recording them. Count-
ers with large sensitive areas were constructed in 1928 by
Geiger and Mueller % and have been generally called Geiger-
Mueller counters.

The observation that at certain voltages the counter would
detect alpha particles only, while at higher voltages it would
detect both alphas and betas, was made in the early experi-
ments. Later developments by Geiger and Klemperer ¢ in
1928 laid the foundation for the modern technique of “pro-
portional counting” in which the difference in the ionization
produced by an alpha and a beta particle is made the basis
for distinguishing between them. Thus, proportional count-
ers have been known about as long as any counters, although
they were not so designated until much later.
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The next important forward step resulted in the late 1920’s
from the recognition of the possibility of using counters in
“coincidence” and the development of the techniques for this
type of operation by Bothe and Kolhérster 2!, Rossi 2, and
Tuve ™. Widespread use of coincidence counters in cosmic
ray measurements followed almost at once. Since counters had
been shown to be versatile instruments, many investigators be-
came interested in them and several contributed notably to
the understanding of the manner in which these devices oper-
ated. The main motivation of these experimenters was not a
desire to study counters, but the desire to prepare better in-
struments for their cosmic ray researches. The discovery of
coincidence counting ushered in the modern period in the use
and study of counters.

B. PresenT Uskgs

At the present time, counters are widely used in various
branches of research and industry. In research, such devices
usually serve to detect and record the number of particles
emitted in various experiments involved in the study of nu-
clear radiation, disintegration and transmutation. These in-
struments are virtually indispensable in interpreting the data
obtained by cyclotrons and Van de Graaff generators in that
they enable the number of particles in a given beam, or the
numbers produced in a given reaction, to be determined with
accuracy. Counters are also used in ascertaining whether a
bombardment has given rise to a radioactive product, and to
determine the nature, the intensity, and period of the resulting
activity. Similarly, they may be used to establish the identity
and amount of naturally radioactive material or artificially ac-
tivated substances. Neutron counters can be built to detect
preferentially either fast or slow neutrons, and can therefore
be used to measure the intensity of a neutron source, the num-
ber of neutrons in any given experimental arrangement, or the
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number diffusing out, from some apparatus into the surround-
ing room.

In cosmic radiation, counters constitute perhaps the most
important single device for studying the nature and properties
of the radiation and the ionizing secondaries which these rays
produce. Further, by the use of electronic circuits described
in Chapter 7, it is possible to impose on two counters the con-
dition that only discharges nearly coincident in time shall be
recorded. Such coincident discharges occur when a penetrat-
ing ionizing particle passes through both counters. Thus, we
may determine the direction in which particles are traveling as
well as the numbers that have traversed a given thickness of
matter between the counters. This technique has been highly
developed in recent years. It is now possible to analyze quite
complex ionizing events, and to study the behavior of the rays
and the many secondary processes which attend their passage
through matter. o

In medicine many uses for counters have also been found.
Among these one may cite the detection of minute traces of
radioactive substances in biological material, either radium and
its decomposition products or artificially activated substances
such as are commonly used in biological tracers. These studies
may investigate the amount of substance introduced by acci-
dent or by design into a biological system, the distribution of
the radioactive substance, and may follow the active material
through various biological changes and through the parts of
the system. Also, counters may detect and measure X-ray
dosages and may be used to warn the operating personnel
against possible overexposures, an effect of some importance
when stray or scattered radiation is present in quantity. Simi-
larly, fast or slow neutron dosages may be measured and count-
ers may be used to ascertain effectiveness of protective pro-
cedures.

In industry, again, many uses have developed. These in-
clude detection of industrial tracers in which artificially acti-
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vated substances may be followed through complex chemical
and mechanical transformations, the location of lost tubes of
radium, the detection of minute radioactive impurities, and
the testing of samples of radioactive ores. In the study of
petroleum geology, counters have found a use. A counter and
a source of radiation may be lowered into an oil well boring,
and the counter will measure the different amounts of radia-
tion scattered back to it from the various strata of different
materials through which the bore passes. This procedure can
be made to reveal the location of hydrocarbon deposits, and
the technique is in wide use today.

Neutron counters, being sensitive to neutrons, which in turn
are strongly scattered by hydrogen-containing substances, have
been used to detect the presence of hydrocarbon accumulations
in the ground, or in pipes or other containers. An absolute al-
timeter has been proposed, in which the scattered neutrons
would indicate water nearby, and the technique may be used
for locating water.

In short, any industrial use of nuclear physics may be aided
by using these instruments in the detecting procedures. It
will be recalled that in metallurgy, diffusion phenomena, order-
disorder studies, and tracer researches have made use of artifi-
cially activated substances. In each case, counters represent
a useful detecting technique. Similarly in chemistry, the study
of reaction rates, surface properties, molecular structure, low
vapor pressures, equilibrium measurements, small solubilities,
and catalysis have all been aided by the use of artificially radio-
active elements. In each case a counter could be used to de-
tect the activity, both in amount and in nature, and could fol-
low the active substance through various changes and reac-
tions. In geology, in addition to prospecting for radioactive
deposits, identification of minerals, and assaying, counters have
been employed in connection with artificially activated sub-
stances used in sedimentation studies.

It is the purpose of this book to describe the properties and
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behavior of counters and counting systems, and hence we next
turn to a discussion of the electrical phenomena produced by
counters.

C. DEescriprioN OF THE PHENOMENA AS A FUNCTION OF
VYoLTAGE

1. Low Voltage Region. Let us consider any system of the
type ordinarily used for counting action, such as a cylindrical
cathode and an axial wire anode. It is evident that the main

function of the cylinder is to dis-
0 . Ouput tribute the potential, and to form a
l [ volume in which the electric field

c $R is defined by the geometry of the
'_L,' electrodes. Suppose the wire of this
= UHIS
v

system is connected to a sensitive
device for measuring the voltage
Fie. I-1.  Fundamentalcounter changes, or pulses which may ap-

cirenit. pear on 1t, such as an oscilloscope
with high amplification; let us consider the pulse sizes and
distributions as the voltage across the counter is raised.
Such a counter will then form a part of the fundamental cir-
cuit shown in Fig. 1-1, in which the cross section of a counter
is depicted, a potential is applied across it, and a resistance R
inserted in order that a pulse may be passed to the detecting
unit. The condenser C is understood to include all the distrib-
uted capacity in the circuit. The recovery of the wire after a
pulse has occurred is controlled by the familiar exponential RC
time constant and cannot be made shorter than this value but
can, of course, exceed this figure if the discharge conditions are
suitably varied. We shall assume that curves of the number of
counts at various voltages are obtained, while the flux of radia-
tion passing through the counter is kept constant. We shall
consider the wire to be positive with respect to the cylinder and
shall therefore discuss the collection of negative ions and elec-
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trons on the central wire. The operation of the counter in
various voltage regions will be described. We shall show how
this device functions at low voltages as an ionization chamber.
As the voltage is progressively raised, the device becomes in
turn a proportional counter and a Geiger counter. We thus
have several voltage regions: the low voltage region, the pro-
portional region, and the Geiger region, in which quite different
types of phenomena occur, and in which the same counter may
be used for quite diverse purposes. We shall consider these in
turn.

The word “ionization” is used in physics in two distinct
senses. In the narrow sense it means the process of removal of
an electron from a neutral atom. We shall use it in its broader
sense, to mean any act or process by which a molecule or atom
which was neutral acquires a charge, or by which electrons are
freed in a gas. We shall also use the word to describe the re-
sults of the process, in the sense that we may say that “ioniza-
tion has been produced in the gas.” We are less concerned
with the nature of the event causing the ionization, and more
interested in the collection of the charges produced and in all
the processes which accompany this collection. The reader
will recognize that we must therefore discuss electrical dis-
charges in a gas. Since this book cannot also be a treatise on
gas discharges, we shall assume some acquaintance with the
subject and refer the reader to standard texts for further de-
tails. We shall now examine the results which follow when
lonization is produced in a counter.

It will be recalled that when ionization is produced, in gen-
eral an ion-pair, positive and negative, is formed from what
was initially a neutral atom. We must consider what happens
to both of these fractions as they are drawn, respectively, to
the negative and positive electrodes. For the sake of simplicity
we shall discuss these two parts separately, but it must always
be kept in mind that both are present and that their interac-
tions must be considered.
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At zero voltage across the counter, there will be no fluctua-
tions in the potential of the central wire, save those caused by
the random arrival of individual ions on the wire. If a small
voltage is applied, a field is established in the space between
the cathode and anode, and any positive ions formed in this
volume tend to drift toward the cylinder, and the negatives
toward the wire. As the voltage is first applied on the cylin-
der, the arrangement becomes in effect an ionization chamber
in which any electrons produced in the volume of the counter
are swept by the field to the central wire where they are col-
lected. The size of the voltage pulse appearing on the central
wire is determined by the number of charges arriving and by
the distributed capacity of the central wire and anything at-
tached electrically to it, such as the grid of the tube in the first
stage of the amplifier. The wire potential will also be subject
to a transient influence if a positive space charge exists. A
change in potential, 47, will be produced by the arrival of a
charge, dg, on an electrode of capacity C. In terms of the
arrival of particles of unit electronic charge equal to 1.60 X
10719 coulombs, the rise in potential of the central wire will be
given by

AV = dg/C = 1.60 X 10~7n/C (1-1)

where 7 is the number of electrons arriving, 4% is the rise in
potential in volts, and C is in micromicrofarads. Eq. (1-1)
assumes no effect of positive space charge and hence is correct
after the positives have been collected. The changes in poten-
tial of the wire, while the positives are moving out to the cylin-
der, will be discussed later.

The time rate of change of the voltage is determined by the
rapidity with which the ions are collected on the central wire,
providing this is small compared to the time constant RC. To
know this, we must know the mobility of the charged particles
collected, which for negative ions is of the order of 1.2 to 1.4
cm per sec per volt per cm referred to air at standard tempera-
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ture and pressure. For electrons, the mobilities are much
greater and the drift velocity is larger by a factor of 1000 to
10,000. Thus, for example, in a counter of 1-cm radius with
1000 volts between the electrodes and 1 atm. pressure, the col-
lection of negative ions would take place in approximately 103
sec, whereas electrons will all be collected in a microsecond or
less. In an ionizing event, electrons and positive ions are
formed. The probability of the attachment of these electrons
to neutral molecules to form negative ions will be discussed
later. It will suffice here to say that in most cases few nega-
tive ions are formed, and we shall therefore mention chiefly
electrons here.

At low voltages 7, the electrons do not create any addi-
tional ions by collision during the collection process. The num-
ber which arrive on the central wire will therefore be equal to
the number which were produced in the initial ionizing event
less the number which have disappeared by recombination. The
number which disappear by recombination will be small in
most counters, since the fields are high and the pressures are
low. The size of the pulse which arrives on the central wire is
independent of the collecting voltage as long as the field is
sufficient to cause ions to move with an appreciable velocity
and remains independent of the potential as the voltage is in-
creased up to the pomt at which secondary electrons are pro-
duced by collision in the gas.

The positive ions, in the meantime, travel outward to the
cylinder where they are neutralized. Later we shall discuss
this process in detail; for the time being, it will suffice to as-
sume that they are collected at the cylinder and thus dis-
appear.

2. The Proportional Region. When the voltage across the
counter is raised above that minimum ¥, at which secondary
electrons are first formed by collision, the pulse which appears
on the wire will then be larger by reason of the additional ions
formed by collision. This process, as the potential is slowly
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raised, will first take place in the immediate neighborhood of
the wire where the field is greatest. It will take place as soon
as the field, d7/dr, is sufficient so that the incoming electron
attains enough energy to produce ionization upon its next im-
pact. The electron loses most of its kinetic energy each time
it collides with an atom. Hence, if it is to produce ionization
by collision, it must gain an amount of energy sufficient to
ionize, i.e., equal to the ionization potential of the gas, in one
free path, between collisions. The original electron and the
new one thus produced will each be accelerated again by the
field and will produce still more ions by collision. This process
is cumulative, and an “avalanche” of electrons is thus pro-
duced. The phenomenon is frequently called the Townsend
avalanche, in honor of J. S. Townsend who, forty years ago,
did important pioneer work in this subject. We thus may de-
fine 7,, the critical radius, as the radius at which the field is
sufficient so that the process of cumulative ionization starts.
The lowest voltage at which cumulative ionization is observed
is defined as the threshold voltage 7, for proportional counter
action.

If there are A ion-pairs formed by collision as each electron
travels toward the central wire, then the size of the voltage
pulse on the central wire will be given by a modification of
eq. (1-1), namely

dV = 1.60 X 10~"4n/C (1-2)

The quantity A is defined as the “gas amplification.” This
number may in actual practice vary between the limits of
unity, in the case when the counter acts like an ionization
chamber, to about 107 at the end of the proportional region.
In general, a counter ceases to be in the proportional region
when the figure exceeds 107, but in many cases a counter cannot
be operated in the proportional region when values of 4 exceed
about 103, The useful limits on A depend on the type of gas.
The theory describing the dependence of A4 on the gas in the
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counter, the voltage, the geometry and other factors will be
discussed fully in Chapter 3 in the section on proportional
counters. As long as 4 remains a constant, the counter will
produce a pulse 47 which is proportional to the number of
ions 7 formed in the initial ionizing event.

We have already noted that for a proportional counter A4
does not ordinarily exceed about 107. As the voltage across
the counter is still further increased, the value of A4 appropri-
ate to small pulses will not always remain the same as that for
A appropriate to large pulses. Thus, for example, if ten ion-
pairs were formed in the counter and 4 were 107, the pulse
size would correspond to the arrival of 10® particles. If, how-
ever, 10* ion-pairs should be produced in the counter by an
initial ionizing event, say, for example, the passage of an alpha
particle through the gas, then application of the same 4 would
give a pulse resulting from the arrival of 102 ion-pairs. This,
however, is not generally observed. The size of the pulse is
frequently limited to about 10° ions, and the effective value of
A is therefore about 10° in this case. It will thus be seen that
at higher voltages the value of 4 is a function of the pulse size.
The voltage region in which / is constant is called the “pro-
portional region.” The voltage region in which 4 depends
somewhat on the pulse size is called the region of “limited pro-
portionality.” It should be noted that counters may be oper-
ated in the region of limited proportionality and may still in
this region distinguish between the arrival of a beta ray and
an alpha particle since there is a large difference in the total
number of ions produced by each of these two entities.

3. The Geiger Region. As the voltage is further raised,
the dependence of 4 upon pulse size becomes more pronounced.
The counter will enter a voltage region in which the size of the
pulse arriving on the wire is independent of the number of ions
formed in the initial ionizing event. This is called the Geiger
region and is characterized, when viewed on an oscilloscope
screen, by all the pulses appearing to be of the same height.
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The minimum voltage at which this condition is realized is
called the threshold voltage »4 for Geiger counting action.
The absolute size of the pulses observed in the Geiger region
is, of course, a function of the voltage applied to the counter
and will therefore go through a considerable range as the volt-
age is changed. In the earliest experiments, counters were
operated both in the proportional region and in the Geiger re-
gion. The transition between these regions is not abrupt.
There is a continuous gradation of pulse size as the voltage is
raised.

To illustrate the above discussion, let us consider the history
of a pulse produced by the passage through a counter of a fast
cosmic ray which leaves behind it perhaps 30 ion-pairs, and
also the pulse due to the passage of an alpha particle through
the counter leaving behind it 10* ion-pairs. We shall consider
what happens to these pulses as the voltage on the counter is
raised (see Fig. 1-2). While the device is operating as an ioni-
zation chamber, the pulse produced by the cosmic ray and that
produced by the alpha particle will each be collected on the cen-
tral wire and the magnitude of each will be given by eq. (1-1).
The pulse sizes will be in the ratio 30:10,000, and this ratio
will be independent of the collecting voltage. As the voltage
across the counter is raised, the threshold for proportional
counting action is reached. The two pulses will then each in-
crease 1n size since, as the counter enters the proportional re-
gion, the gas amplification 4 will be an increasing function of
the voltage. In the proportional region, the pulse observed on
the wire due to the alpha particle will still be about 300 times
as large as that due to the cosmic ray. This ratio will be main-
tained until the region of limited proportionality is entered.
As this region is first approached, the value of 4 appropriate
to the alpha particle pulse will cease to increase as fast with
voltage as does that appropriate to the smaller pulse. At a
slightly higher voltage, therefore, the pulse due to the alpha
particle will be less than 300 times as large as that due to the
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cosmic ray. As the voltage is still further raised and the re-
gion of limited proportionality traversed, the ratio of the pulse
sizes approaches unity, while the absolute magnitude of each
of the pulses still increases as the voltage is raised. The volt-
age at which the pulse size due to the cosmic ray has become
equal to that due to the alpha particle is the Geiger threshold,
and above this voltage the ratio of the pulse sizes will be unity.
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Fic. 1-2. Operating characteristics of a counter in various regions for large and
small ionizing cvents. Top curve shows pulse resulting from passage of alpha particle
producing 10,000 ions during its passage through the counter. Bottom curve, pulse
resulting from cosmic ray producing 30 ions. The curves merge at the Geiger threshold.
Recommended operating voltages: for proportional counting, #op, near top of propor-
tional region, to get large pulses; Pog, for Geiger counting near Geiger threshold to
avoid excessive pulse size and damage to counter.

The absolute magnitude of the pulse will increase with voltage
throughout the Geiger region. The dependence will be dis-
cussed in the section on Geiger counters. Fig. 1-2, originally
given by Montgomery and Montgomery M}, shows the several
regions and traces the pulse size in each.

At the end of the Geiger region, the counter goes into what
is called a continuous discharge. This discharge is not really
continuous, but consists of a large number of multiple pulses.
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The properties of such a pseudo-continuous discharge are not
within the scope of this work, and will therefore not be dis-
cussed, except to say that a “continuous” discharge constitutes
the upper limit of the region of Geiger counting action. In-
deed, the growth of multiple pulses is also a gradual phenome-
non, and the top limit of the Geiger region is therefore not
sharply defined. The curves and complete discussion of this
will be given in the appropriate sections. The gas amplifica-
tion 4 becomes very large (often >10%) in a continuous dis-
charge. This statement is not strictly accurate if a continuous
discharge is considered from a microscopic viewpoint, but it
provides an operationally adequate description.

D. DEeriNiTION OF TERMS AND SymBoLs To B Usebp

For purposes of standardizing the terminology used in de-
scribing counters, a series of definitions of many of the impor-
tant features is set forth below. These definitions have not
always been adhered to by all authors, and there is a wide
divergence in the literature in the usage of the terms. The
definitions described below are those which are in common use
at the present time, and while by no means perfect or com-
plete, at least provide a working basis for the terminology of
this subject.

Ionization. The act or the result of any process by which
a neutral atom or molecule acquires a charge of either sign, or
by which electrons are liberated.

Radiation. Electromagnetic or corpuscular radiation being
detected.

Ionizing Event. Any event in which ionization is produced,
such as the passage of a charged particle through the counter.

Primary Ionizing Event. The ionizing event which initiates
the count.

Pulse. A change in voltage of the central wire system of
the counter. This change in voltage is usually abrupt and is
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a result of the collection of ions produced in the gas of the
counter.

The Characteristic Curve of a Counter. The curve of the
counting rate against voltage, all pulses counted being greater
than a certain minimum size, determined by the sensitivity of
the detecting circuit.

Plateau. The more or less horizontal portion of the curve
of counting rate as a function of voltages.

Operating Voltage. The voltage at which a counter is oper-
ated. This is the voltage across the counter measured between
the cathode and anode. Symbol /..

Starting Potential. The voltage which must be applied to a
counter to cause it to count, with the particular recording cir-
cuit which may be attached. This potential is not necessarily
the same as, and indeed is, in general, not equal to the Geiger
threshold. Experimentally, this potential is that at the foot
of the “plateau” curve of a Geiger counter and has often been
called the “threshold” in the literature. As we shall show be-
low, no fundamental significance can be attached to the starting
potential as it is a function of the detecting circuit. Symbol 7.

Threshold Voltage for Geiger Counting Action. The lowest
voltage at which all pulses produced in the counter by any ion-
izing event are of the same size, regardless of the size of the
primary ionizing event. Symbol /.

Overvoltage. ‘The difference in voltage between the operating
potential and the threshold for Geiger counting action. (Over-
voltage = V, — V§.)

The Gas Amplification in a Counter. 'The number of addi-
tional ions produced by each electron produced in the primary
ionizing event as it travels to the central wire. Symbol 4.

The Proportional Region. The part of the characteristic
curve of pulse size versus voltage in which the pulse size is
proportional to the number of ions formed in the initial ioniz-
ing event. In this region, A is constant for all pulses at any
one voltage.
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“The Region of Limited Proportionality. The part of the char-
acteristic curve of pulse size versus voltage in which 4 depends
on the number of ions produced in the initial ionizing event,
and also on the voltage.

“The Geiger Region. The part of the characteristic curve of
pulse size versus voltage in which the pulse size is independent
of the number of ions produced in the initial ionizing event.

Overshooting. A counter is said to overshoot if the change
in potential of the-wire is greater than the overvoltage.

Efficiency. The efficiency of a counter is defined as the
probability that a count will take place when the entity to be
detected enters the counter.

Spurious Counts. A spurious count is one which is caused
by any agency whatever other than the entity which it is de-
sired to detect, or the normal contamination or cosmic-ray
background.

vDead Time. The time intetval, after recording a count, that
the counter is completely insensitive and does not detect other
ionizing events occurring inside it.

Recovery Time. The time interval, after recording a count,
before the pulses produced by the next ionizing event in the
counter are of full size.

Resolving Time. The minimum time interval between
counts that can be detected. The word may refer to an elec-
tronic circuit, to a mechanical recording device, or to a counter.

Time Lag (Statistical). The time between the occurrence of
the primary ionizing event and .the occurrence of the count in
the counter.

Life (Time) of a Counter. The life or life time of a counter
is the number of counts which that counter is capable of de-
tecting before becoming useless due to internal failure for any
reason (e.g., gas decomposition or wire pitting, etc.). The life
is not a time but a measure of the amount of use.

v Quenching. The process of terminating the discharge in a
counter. A quenching circuit is a circuit which causes the dis-
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charge to cease, and the term “selfquenching” as applied to
counters refers to those in which the discharge ceases due to an
internal (atomic) mechanism within the counter.

Avalanche. 1f an ion produces another ion by collision and
the new and original ions produce still others by further col-
lisions, an avalanche of ions (or electrons) is said to have been
produced. The terms “cumulative ionization” and “cascade”
are also used to describe this process.

Predissociation. Ordinarily an atom, or simple molecule, if
it absorbs radiation, and is not immediately involved in a col-
lision, will lose the absorbed energy by reradiation. A complex
molecule (four or more atoms) will usually predissociate before
it has an opportunity to radiate.

Cross Section. The cross section of an atom or molecule,
usually expressed as an area in square centimeters, is the area
obscured by that particle. The cross section of a process (e.g.,
a collision cross section or capture cross section) is a measure of
the probability that that process will occur. The term is usu-
ally used in referring to interactions which may occur when
one entity moves through a space containing others. Thus, if
an electron advances through a gas, the collision cross section
of an atom of the gas for such electronic collisions is the num-
ber of collisions per atom that the electron will make in a 1-cm
advance. Symbol o. If there are L atoms per cc, the electron
mentioned will make Lg collisions per cm advance.



CHAPTER 2
IONIZATION CHAMBERS

A. INTRODUCTION

In this chapter, we shall discuss the operation of ionization
measuring devices in the first or lowest voltage region. In
this region the ionization produced in the vessel is directly col-
lected and measured, with no gas amplification. Eq. (1-1) ap-
plies, since A is equal to unity. The electrical diagram which
applies is that shown in Fig. 1-1. The tonization to be meas-
ured takes place inside the vessel. A potential difference ap-
plied across the counter causes the ions to be swept toward the
electrode and collected on it. The arrival of the ions produces
a change 47 in the potential of the electrode, as given in
eq. (1-1). The problem in the operation of these instruments
is therefore that of detecting, measuring and recording the
pulse 47 thus produced.

There are two distinct types of ionization chambers which
accomplish this purpose in quite different manners. In the
first instrument the pulses due to the individual particles are
detected, while in the second the pulses are allowed to add up,
and the integrated total of all the ionization produced in a cer-
tain time is determined. In principle the same chamber can
perform either function, and which it will perform is determined
by the time constant RC of the circuit (Fig. 1-1). If the initial
potential of the collecting electrode were 7, it would have a
potential 7, after a time # given by

V = VetirC (2-1)

Thus the return to 1/e of its original value for a typical cham-

ber, with resistance R of 10® ohms and capacity C of 10~1!
18
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farads, takes place in 102 seconds. The collection of the ions
must take place in less than this time, since if the charge leaks
off the collecting electrode through R as fast as it arrives, the
rise in potential is negligible. The collection time depends on
the mobility of the ions collected, which in turn depends on
the nature and sign of the ions, and the nature and pressure of
the gas employed in the vessel as well as the field.

In the integrating types of ionization chambers, the resist-
ance R is high, of the order of 10'® ohms or so. For the col-
lecting system cited, the time constant is, therefore, 10* sec,
and a moderately low collecting field is possible. In this case it
1s necessary to measure the changes in potential of the elec-
trode at suitable intervals. Thus the former type of chamber
measures and counts the individual rays whereas the latter
type measures the flux or total radiation. In the former type,
the recorded pulse size is proportional to the amount of ioniza-
tion liberated in each primary ionizing event, whereas in the
latter, it is not possible to tell, except with the aid of subsidiary
measurements, whether a given amount of ionization is pro-
duced by a few large ionizing events or many small ones. The
decision as to which of these two to use will therefore depend
on the particular problems to be studied. We will consider
the counting and integrating types in turn.

B. Counting CHAMBERS

Let us consider the aspects of producing and detecting a
pulse 47 due to an ionizing event which has taken place in
the chamber. Such an ionizing event might be the passage
of an alpha particle, a beta particle or a cosmic ray, through
the chamber. Since an alpha particle has a range of only a
few cm in air, it will, in general, expend its entire range in the
gas of the chamber. As alpha particles observed in chambers
usually come from contamination (usually radium 4), we may
assume that the alpha particle produces about 3.5 Mev of
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energy in ionization. Since it requires about 35 volts to pro-
duce an ion-pair, a total of 10° ions will be formed by the aver-
age alpha particle. Provisionally we will neglect recombina-
tion. Since the electronic charge is 1.6 X 10™!° coulombs, we
have a dQ of 1.6 X 10~* coulombs, which on a capacity of
10~ farads will produce a pulse d7 of 1.6 X 1072 volts. A
beta particle will produce a much smaller amount of ionization
and may liberate 102 or so ions on its traversal of the chamber,
while a cosmic ray passing along a 10-cm path in atmospheric
air will produce some 300 ions. If we wish to study cosmic
rays, the problem is to detect pulses of 1073 to 1075 volts amp-
litude. In general, it is practical to detect such pulses only if
they take place in a comparatively short time, since most ampli-
fying systems involve measurements of 47"/dt. The electrical
circuits for detecting such pulses will be discussed in a later
chapter.

Let us further assume that the resistance R is 10'° ohms, so
that a time of 107! seconds is available. The collection of
charges produced in the ionizing event must be completed in
this time. Referring to the mobilities mentioned above, if we
have a chamber of 10 cm radius, operating at 1000 volts, with
average fields of about 100 volts per cm the ionic velocities
would be about 100 cm per sec and ions would travel the di-
mensions of the chamber in 107 sec.

The speed with which ions may be collected depends on the
velocity with which they drift through the gas in the direction
of the field. We will define the mobility £ of the ion as

v = kE/p (2-2)

where v is the velocity, £ the field and p the pressure in at-
mospheres. The mobility % is expressed in units of cm per
sec per volt per cm for a unit pressure of one atmosphere.
Thus we assume that the drift velocity varies directly with
the field and inversely as the pressure. Mobilities of both
positive and negative ions in various gases have been studied
by Loeb and others 1, Typical mobilities have been found



COUNTING CHAMBERS 21

for positive ions, in air at STP in a unit field (1 volt per cm),
to be 1.35 cm per sec, and for negative ions 1.5 for moist to
1.8 for dry air. The experiments also show that the mobilities
vary inversely as the pressure except at very low pressures,
where the ion experiences few kinetic collisions and has long
mean free paths. In hydrogen, the mobility is higher, values
around 6 cm per sec being observed.

Electrons will, in general, have much faster drift velocities.
Hence they will be collected more rapidly. The average drift
velocity # of an electron of charge ¢ and mass m in a gas com-
posed of molecules of mass M is given by the relation # =
(m/8M)* (eEl/m)** where E is the field and / the mean free
path. The derivation of this equation will be found in the
standard texts on gas discharges. The fast collection of elec-
trons is of considerable importance in counters, since negative
ions seldom occur. At the higher pressures and lower fields in
ionization chambers, the formation of negative ions is more
probable and must be considered. The procedures for com-
puting the number of negative ions to be expected in various
gascs are described below.

Not all the ions formed in the primary event will be col-
lected. Some of the charges will recombine to form neutral
molecules. Recombination may take place when a positive and
a ncgative ion come togcther without too much kinetic energy.
If two ions are allowed to fall toward one another in free space,
they would ordinarily not recombine, for under inverse square
attractive forces they would acquire hyperbolic velocities rela-
tive to one another. We must, therefore, assume that their
approach velocities are rcduced by collisions with other mole-
cules as they approach one another, or that the recombination
takes place at a surface which acts as the third body.

The recombination coefficient g8 is defined by the relation

-—dN,/dt = BN1N, = —dN,/dt (2-3)

where Ny and N, are the numbers of positive and negative ions
per cc respectively and —dN,/dt is the rate at which the ions
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of type 1 disappear. Usually, N; and N, will be equal. The
values of the recombination coefficient have been measured and
have been found to be of the order of 1 to 2 X 1078 for positive
and negative ions in air and other common gases recombining
in the absence of any appreciable field. It will be noticed that
this is about 10,000 times greater than the figure one would
obtain by assuming that each ordinary kinetic theory collision
resulted in recombination. The fields surrounding the ions thus
accelerate recombination due to their electrostatic attraction.

Recombination of free electrons with positive ions is a much
less probable process. Kenty k! and others have measured the
recombination coefficient applicable in the case of 0.4 volt elec-
trons and argon ions and find values of about 2 X 10719 a
figure which is less than the kinetic collision rate.

Regarding the problem from a geometrical point of view, re-
combination may be classified as volume, preferential or colum-
nar. The above discussion applies to volume recombination.
Preferential recombination may take place immediately after
the ion-pair is formed, if the components are not separated
quickly enough by the field or are deflected back toward one
another by collisions with other molecules. When the ions
are formed along a column, as in the case of the dense ioniza-
tion produced along the track of an alpha particle, some addi-
tional recombination may take place before the ions have left
the dense track. Columnar recombination has been studied by
Kanne ¥2 and others, who found that the effective values of
beta were increased. Since the speed with which the ions move
away from one another in a field would depend on the orienta-
tion of such a column in the field, the magnitude of columnar
recombination in an ionization chamber will depend on the di-
rections of the paths, and therefore only average values can be
assigned.

We may compute the mean lifetime # of the ion before it re-
combines by the relation:

= 1/BN (2-4)
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If the collection time is short compared to the mean lifetime,
we shall collect most of the ions before many have been lost
through recombination. The mean life of an ion in air at STP
has been measured by Hess B! and others and has been found
to be of the order of 300 sec. This value would be consistent
with a 8 of 2 X 107® and an N of 1.6 X 108 ion-pairs per cc.
Consequently, a collection time of less than a minute would
insure that the loss due to recombination would be small.
Consider, also, a chamber such as might be used in cosmic-
ray work, having a collecting field of about 30 volts per cm.
If such a chamber were filled to 30 atm pressure, the average
velocity of the ions would be about 1 cm per sec, and for a
10 cm path, 10 sec would be required for complete collection.
Now in such a chamber, N would be 30 times as great as it is
for a volume of gas at 1 atm, and consequently if 8 remained
at 2 X 107% and N were 5 X 10* (a reasonable figure for cos-
mic rays at sea level), # would be about 10 sec. We would,
therefore, expect that the effects of recombination would be
important, as is found to be the case. In counters and low-
pressure chambers, however, most of the ions will be collected.
Our action in neglecting recombination in counters is there-
fore justified in the first approximation.

Any ionization chamber will exhibit a certain background,
and it is the statistical fluctuations in this background which
set the fundamental limit to the smallest amount of ionization
detectable in each instrument. This background is caused by
three types of radiation: (a) alpha particle contamination of
the inside of the chamber, (b) cosmic radiation, and (c) natural
radioactivity of the surroundings. The alpha particle con-
tamination may be reduced to a low value by painting the inside
of the chamber with carbon black or other very pure organic
chemicals such as collodion. A good chamber will still have
perhaps 10~* alpha particles per square cm per minute. In
some chambers, a gauze has been arranged just inside the sur-
face of the chamber, and charged to a positive potential, which
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would repel any alpha particles approaching it and drive them
back to the walls. However, the front surface of such a gauze
will itself emit some particles, and it will be impossible to re-
duce the background to zero. The number emitted in any given
counter will, moreover, be constant, and may readily be counted
and thus allowed for. The number of alpha particles will not
depend on the pressure of the gas in the chamber, except to
the extent that the gas is contaminated with radon, which for
carefully purified gases is negligible.

The contribution due to cosmic radiation may be reduced to
small value by operating the chamber in a deep mine, but as
this is often impractical, it is again desirable to determine the
number and allow for it. A rough rule is that about 1.5 cosmic
rays per minute will cross every square cm of horizontal cross
sectional area at or near sea level. The number is larger at
higher elevations, being roughly 3 at 5000 feet and 6 at 15,000
feet. If alpha particles or protons are being measured, thcse
will produce a large amount of ionization compared to the in-
dividual cosmic rays, and hence can be distinguished by mak-
ing pulse-size mecasurements. Such pulse-size measurements
will serve to eliminate the effects of beta rays and gamma rays
from whatever source and cosmic rays, except in the integrat-
ing type of ionization chamber. In the pulse-detecting cham-
bers, the pulse size will increase with the pressure of the gas in
the vessel, but of course the number of cosmic rays and con-
tamination rays will remain constant.

The contributions due to the natural contamination from the
surroundings external to the chamber can be reduced by mak-
ing the walls of the chamber thick enough to exclude these
radiations. Thus, for example, in the conventional cosmic ray
meters, operating under ten cm lead shields, the contribution
due to this cause is negligible.

The final limit to the smallest amount of ionization detecta-
ble will be that which can just be distinguished from the fluc-
tuations in the background. In Chapter 5 we will discuss in
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detail the computation of these quantities. To a first approxi-
mation a “‘square root rule” may be applied. For example, a
chamber exhibiting a background of ten alpha rays per minute
may be used to measure intensities of as low as three alphas
per minute; and similarly for the normal cosmic ray and beta
ray background at sea level.

The shape and size of the chamber is usually determined by
the nature and number of particles to be detected. Thus, for
example, a chamber designed to count alpha particles may be
made quite small, thus reducing the background due both to
cosmic rays and to contamination. A suitable window through
which the particles to be measured may be projected into the
chamber must be provided. This should be no larger than
necessary, both for reasons of mechanical strength and also be-
cause such a window is also transparent to contamination radi-
ation originating nearby. The body of the chamber, or the
sensitive volume, need not be larger than the range of alpha
particles in the gas which it contains. For alpha particles, this
will erdinarily not exceed a few cm. For higher energy protons,
however, the range may be large compared to the dimensions
of the chamber, since, for example, a 10 Mev proton has a
range of about 1 meter of air. Hence, in detecting protons, only
a small fraction of its range will be expended in traversing the
chamber.

Typical arrangements of electrodes in chambers, suitable for
detecting alpha particles or protons, are shown in Fig. 2-1. A
differential chamber may be constructed as shown in Fig. 2-2,
by placing the collecting electrode in the middle of the field,
so that positive ions are collected on one side and negatives on
the other. Then, a particle which passes right through the
chamber will produce substantially equal numbers of particles
on each side of the foil and the resulting pulse will be small,
whereas one stopping in the front part of the chamber will
produce ions of which those of one sign only are collected and
hence produce a large pulse.
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A chamber designed to detect slow neutrons will, in general,
be larger in size. Such a chamber may be lined with boron or
a boron compound and filled with some gas such as argon, or
it may be filled with BF; and not lined. In either case, the
neutron may be captured by the B'® nucleus, in which case an
alpha particle is given out. It is these alpha particles which
are counted. Since the efficiencies, that is, the ratio of the
number of neutrons traversing the chamber to the number de-
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tected, of such chambers are in general low, it is usual to make
the chamber as large as may be convenient in order to secure
large counting rates. Such boron-lined or BF;-filled chambers
have been used by various observers and are standard in many
laboratories.

Fast neutrons are generally detected by the recoil protons
which they can produce. Thus, in constructing ionization
chambers to detect fast neutrons, it is usual to dispose some
hydrogenous material such as paraffin inside or outside the
chamber. Since the range of protons is greater than that of
alpha particles, such recoil protons may readily pass through
windows which are at the same time strong enough mechani-
cally to sustain pressure differentials and yet not too absorbent.
A one or two mil aluminum foil has the stopping-power of a
few cm of air; and while it would reduce the range of alpha
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particles by an amount rendering them undetectable, for pro-
tons it presents no serious obstacle. The principal problem
encountered with thin aluminum foils i1s their likelihood of
having pinholes. When the pressure differential which they
are required to support is negligible, a few coats of lacquer will
seal such holes adequately. For higher pressure differences,
thicker foils of substances such as nickel-silver are suitable.
A 3-mil foil of this material will withstand a pressure of several
atmospheres over an area of several square cm, and yet will
be the equivalent of only some 50 cm of air; quite enough to
exclude alpha particles, but not enough to prevent the admis-
sion of a 10 Mev proton. The discussion of the efficiency as a
function of the neutron velocity of various types of detectors
is given in the section of neutron counting in the chapter on
proportional counters.

Ionization chambers are often sensitive to ““microphonic”
disturbances. These effects are often traceable to the fact that
if parts of the chamber move relatively to one another, the
capacity of the system changes. If the charge on the collect-
ing electrode is constant, and the capacity varies, the result
will be a varying potential or, in other words, a pulse. The
changes need not be large. If the capacity of such a system is
107! farads, and the collecting potential 1s 300 volts, the charge
Q will be 3 X 1072 microcoulombs. Now if the charge remains
constant, and the capacity changes by one part in a million,
the voltage pulse will be of the order of 107* volt. This pulse
is of the samc order as that produced by an alpha particle.
Microphonics may be reduced by increasing the capacity or de-
creasing the sweeping potentials, but both of these procedures
are undesirable since they reduce the pulse size or collection
time. Consequently the practical approach to the problem is
to construct the chambers with rigidly mounted parts, to pro-
vide holes for the equalization of gas pressures inside the cham-
ber, and to mount the chambers on vibration-free supports and
surround them with rubber or other sound-absorbing material.

<
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Ionization chambers frequently employ a “guard ring.”
This ring surrounds part of the collecting electrode, and per-
forms several extremely important functions. A typical ar-
rangement may be seen in Fig. 2-3. The guard ring is often
operated at ground potential. Any surface leakage currents
across or volume leakage through the insulating material sepa-
rating the outer shell or case from the collecting electrode, as
well as the fluctuations due to the polarization of the dielectric
in the high fields will terminate at the guard ring. The poten-

Fllhng Tube

{ 4 Collecting
Electrode

\ X Quartz Insulator
? Guara Ring
<’ Glass Washer

Outer Metal Shell

Fic. 2-3. Ionization chamber showing use of guard ring. The surfaces in contact
may be scaled with a thin layer of hot wax.

tial difference between the guard ring and the collecting elec-
trode should be small. In case the guard ring is not operated
at ground potential, 1t should be connected to ground through
a large condenser, so that its potential will stay as constant as
possible. The second, and perhaps the most important, func-
tion of the guard ring is to serve as an electrostatic shield and
to prevent any part of the collecting electrode from ““seeing”
any external point or object, the potential of which is not con-
stant. With alternating current supplied to most laboratories
today, any part of the collecting electrode system unshielded
from the laboratory room may readily pick up pulses of the
order of 10~* volts in amplitude. Thus, for example, an ordi-
nary electric lamp operating on AC can readily be detected at
considerable distances due to the pulses which it emits. There-
fore the geometry of the collecting electrode, the outside case
and the guard ring must always be so disposed that no straight
line from any point on the collecting system to any point out-
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side the shell of the chamber can be so drawn that it is not in-
tercepted by the guard ring, even though this line passes
through considerable thicknesses of the insulating material
separating the electrode from the case.

C. InTEGrRATING TYPES oF loNizaTioN CHAMBERS

This type of chamber is characterized by the fact that its
time constant RC is long compared to the time for the collec-
tion of the ions formed in the primary acts of ionization. As
the ions from the various ionizing events are collected, the col-
lecting electrode experiences a progressive change in potential.
The potential is measured at suitable intervals, and thus indi-
cates the total charge Q collected during the interval.

One type of integrating ionization chamber is compensated.
In this type, a second chamber is provided, connected in parallel
with the first, but with potentials reversed. This second cham-
ber is small in volume compared to the first, so that the ioniza-
tion produced by its background will be small compared to
that in the main chamber. It is provided with a source of
ionizing radiation of some type, usually some uranium on an
adjustable rod, which can be so altered in position that the
amount of ionization which it produces in the compensating
chamber can be adjusted. The entire arrangement is then so
balanced that the ionization received in the main chamber is
exactly equal to that produced in the compensating chamber.
Hence the potential of the collecting electrode does not vary.
This type of device, then, is a null instrument, indicating zero
under normal conditions, and showing departures from zero,
both increasing and decreasing, as the ionization through the
main vessel is made larger or smaller than that in the compen-
sating chamber.

Examples of these ionization chambers are the cosmic ray
meters designed by Millikan, Compton and their collaborators.
In the Millikan instrument,M? a built-in electroscope is em-
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ployed, which consists of a gold-plated quartz fibre arrange-
ment under torsion. When the electroscope system is charged,
the fibre is repelled by, and stands away from, its support.
Then, as the central system including the electroscope is
charged with respect to the case, any ionization produced in
the device is collected on the central system. This arrival of
charge partly neutralizes the initial charge on the system, and
permits the torsional force to cause the needle (the quartz
fibre) to approach the support more closely. The position of
the needle is a measure of the charge Q on the system, and the
change in its position therefore registers the amount of ioniza-
tion produced in the vessel. It remains, therefore, only to cali-
brate the device, so that the position of the needle may be
quantitatively related to the ionization produced in the cham-
ber, determine the zero and contributions due to natural con-
tamination in the chamber, and then automatically to photo-
graph the position of the needle. The same clockwork mech-
anism which drives the photographic film also operates a re-
charging switch and returns the electroscope system to its
fully charged position at any desired interval.

The Compton type of meter ! is of the compensating type,
using a balance chamber with a uranium source which is ad-
justed until it balances out the normal cosmic radiation. The
fluctuations of the cosmic ray intensity above and below the
normal averages will, therefore, show on the collecting system,
which is connected to a Lindemann electrometer. As with the
Millikan type of meter, the collecting system is automatically
recharged at intervals and the readings of the electrometer are
automatically recorded photographically. Since the intensity
of the ionization in the compensating chamber may be altered
by adjusting a shield over the uranium source, the zero is con-
veniently variable, and the device can be set to indicate the
ionization produced by the cosmic rays at various clevations.
Similarly the ionization produced by any other radiation reach-
ing the interior of the vessel may be measured.
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The limit to the sensitivity of these integrating devices is
again imposed by the fluctuations in the background. The ab-
solute value of the background can be determined and allowed
for, but the statistical fluctuations in this value constitute the
ultimate limiting factor.

Both the instruments described above employ a main vessel
in which the ionization is detected, filled with 30 to 50 atm of
very pure argon. The amount of ionization measured is the
total formed along the paths of all the particles passing through
the chamber. In the case of cosmic radiation, the specific
ionization of the particles is practically uniform along their
paths, and virtually no particles end their range in the gas of
the chamber. The total amount of charge Q due to ionization
produced per particle is therefore given by

Q = ne = slpe (2-5)

where # is the total number of ions formed, s is the specific
lonization in ions/cm/atm for cosmic ray particles in argon,
/1s the average path length through the chamber, p is the pres-
sure in atmospheres of the argon in the vessel and ¢ is the
charge per ion. The chamber is spherical in shape. It can
readily be shown that the average path through a sphere is
24 the diameter. Hence, the number of ions i formed per par-
ticle, in a sphere of 15 cm diameter, / being thus 10, for a pres-
sure p of 50 atm and a specific ionization of 50 ions per cm per
atm 1s 25,000 ions. The change dQ in charge of the collecting
electrode is 2.5 X 1.6 X 107!® coulombs; and assuming the ca-
pacity of the system to be 10™! farads, the change in potential
is about 4 X 10™* volt. Since some 300 cosmic rays per min-
ute will pass through such a vessel at sea level, the potential
of the collecting electrode changes at the rate of perhaps 0.1
volt per minute, an easily measurable quantity.

The total amount of ionization, appearing in a chamber of
the integrating type, in a given length of time is sometimes re-
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FiG. 2-4. The variation with pressure of the ionization current in atr-filled chamber
under constant irradiation by gamma rays. Parallel plate electrodes provided uniform
collecting fields which are given in volts per centimeter by the numbers attached to
each curve. (H. A. Erickson, Phys. Rev. 27, 473 (1908))
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Fic. 2-5. The variation with pressure of the ionization current in various gases,
showing the effect of impurities in the case of argon. Ordinate: ionization current in
arbitrary units. Abscissae: pressure in atmospheres. (Compton, Wollan, and Bennett,
Reo. Sci. Inst. 5, 415 (1934))
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ferred to as the ionization current. This conforms to the con-
ventional notation

I = dQ/dt (2-6)

where the current 7 in amperes is considered as a time rate of
flow of charge Q. From eq. (2-5) it is seen that Q depends on
the pressure and it may, therefore, be assumed that in order
to have large currents it would be desirable to have high pres-
sures. This is indeed the case at pressures up to that at which
the phenomenon of saturation begins to be manifest. At the
higher pressures, mobilities become less and the chances of re-
combination become greater. Fig. 2-4 shows the effects of
saturation setting in at various pressures and voltages. At
still higher pressures the ionization currents actually decrease
due to recombination. Consequently it is not desirable to oper-
ate ionization chambers at excessive pressures.

The ionization current also depends on the purity of the gas
in the vessel. Fig. 2-5 shows typical curves for the ionization
current in argon as the purity of the gas is varied. It will be
obsetved that purity is especially important at high pressures
and not especially significant at the lower concentrations.



CHAPTER 3
PROPORTIONAL COUNTERS

A. INTRODUCTION

In this chapter we shall discuss the operation of counters in
the proportional region. According to the definition previously
given, this is the region which has for its lower limit the lowest
voltage at which gas amplification takes place, and for its up-
per limit the Geiger threshold. The upper part of this region
includes the region of limited proportionality.

As we have indicated above, the size of the pulse 7 in volts
appearing on the central wire system is given by eq. (1-1),
namely

V = Ane/C (3-1)

where A is the gas amplification, # is the number of electrons
formed in the initial ionizing event. If the pulse size 7 is to
be expressed in volts, then e is the charge on the electron in
microcoulombs and C is the distributed capacity of the central
wire system in microfarads. Eq. (3-1) assumes that the posi-
tive ions have been collected and the space charge is absent.*
As each initial electron enters the region of high field near the
central wire, it will gain enough energy to produce additional
ions by collision, and the new electrons thus produced may in
turn produce others. Thus an avalanche or cascade of elec-
trons is produced by each initial electron. The gas amplifica-
tion A is defined as the number of additional electrons pro-

* The transient changes in wire potential while the positive ions are mov-
ing out to the cylinder play an important role in quenching the counter dis-
charge and will be discussed in Chapter 4.

34
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duced by each initial electron and by its progeny as it travels
from the place where it is originally formed to the central wire.
Thus A is a measure of the size of the “avalanche” which each
initial electron starts, and the avalanches are assumed to be
independent of each other. The quantity A is equal to unity
in the region below the threshold for proportional counter ac-
tion, and it becomes very large above the Geiger threshold.
In this chapter we shall discuss the determination of the gas
amplification A4, and the experiments which establish the de-
pendence of A on various factors.

The primary purpose of a proportional counter is to provide
a device which will give an output pulse produced by some
initial ionizing event of sufficient size to operate a recording
mechanism. It is further necessary that some other ionizing
event, smaller than this first one by a known amount, shall
not produce a pulse large enough to record. This exclusion is
essential 1f pulses arc to be studied in the presence of a con-
siderable background of smaller pulses, such as those due to
alphas in the presence of those produced by betas, or those due
to protons or other nuclear particles accelerated by a cyclo-
tron in the presence of the enormous gamma ray background
produced by the same device.

It is evident that any pulse may be amplified to a desired
size either in the counter itself (by controlling A) or in the
attached vacuum tube circuit. Two independent variables are
provided in this manner. We shall discuss the practical limits
to counter amplification in this chapter and electronic ampli-
fiers in Chapter 7. In general, only a certain amount of am-
plification is possible in proportional counters. If we seek to
make A4 greater than a certain value (often about 10%) the
counter becomes a Geiger counter and loses its power of dis-
crimination between pulse sizes. However, the amplification
readily obtainable is enough to permit initiaily quite small
lonizing events to be, for example, displayed and studied on
an oscilloscope screen.
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B. THEORY oF PrororTIONAL COUNTER ACTION R3

1. Development of the Theory. Consider an electron which
has been formed at some place within the volume of the
counter by an initial ionizing event. This electron will drift
toward the central wire under the influence of the field due to
the applied voltage. As the electron drifts in, it will make colli-
sions with the atoms and molecules of the gas with which the
counter is filled. Since the counter has cylindrical geometry,
the field varies inversely as the first power of the radius. Since
the field increases toward the central wire, the electron will
acquire more energy per unit path near the central wire. We
may also assume that the collisions are, at least in part, not elas-
tic, and that the electron loses most, if not all, of its energy at
each collision. When the electron gains enough energy in one
free path between collisions to produce ionization, the next time
it hits an atom it will ionize that atom. We have thus the be-
ginning of the process of cumulative ionization, which is the
basis of counter action. If this collision resulting in ionization
takes place at some distance from the central wire, we will
then have the initial electron plus the new electron. Both
start on their next free paths toward the central wire. Since
the field increases nearer the wire, any electron which has ac
quired enough energy to produce ionization by collision at one
point, will acquire enough energy to ionize in each subsequent
mean free path.

This situation determines at once the threshold voltage for
proportional counter action. This voltage is that at which the
electron acquires just sufficient energy to ionize in the last free
path before it is collected on the central wire. If the voltage
applied to the counter is increased, the critical distance at
which ionization commences, will move out into the volume of
the counter. As the electron begins to ionize at points pro-
gressively further out, the total number of electrons produced
will increase rapidly, and we have the beginning of the familiar
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Townsend avalanche. If we denote by alpha the number of

ion-pairs formed by an electron in each centimeter of drift
toward the central wire, we get

dN = aN dx

where 4N is the number of new electrons formed by N elec-
trons in this process, in a distance between x and + dx. The
quantity « is called the first Townsend coefficient and is a
function of the field strength, the nature of the gas and the

pressure of the gas. If « is independent of x we may integrate
this equation and obtain

N = Noé’az (3'—'2)

where the constant of integration Ny is the initial number of
electrons. The values of a appropriate to a wide variety of
gas discharge problems, for various gases, field strengths and
pressures have been measured by many observers, and the de-
pendence of this quantity on various factors is discussed in de-
tail in treatises on gas discharges.lt, ¢2 D1 It will suffice to
say that Townsend has found an empirical expression

a = Apel—BpIE) (3-3)

where £ and B are constants determined by the particular ex-
periment, E is the field and p the pressure. The values of A4
and B for many different gases have been determined.

We shall now apply this theory to the problem of a counter.
In this case we have the field varying inversely as the first
power of the radius, and for any given condition we can then
compute the number of electrons arriving at the central wire.
But first we shall discuss positive ions, which also have a part
in the Townsend theory.

Each time an ionizing collision takes place a positive ion is
formed as well as an electron. These positive ions drift out-
ward toward the cylinder, and we shall discuss in a later sec-
tion the réle which they play when they reach the cylinder.
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Since the field through which they travel is decreasing as they
advance, they do not contribute appreciably to the cumulative
ionization process. Because they travel slowly compared to
the electrons, they are left behind as the electrons travel in
toward the central wire. The entire electron avalanche is com-
pleted before the positive ions have moved any appreciable
distance. As we shall see below, the presence of these positives
produces a space charge which alters the field in this vicinity,
and it is-this lowering of the field which is in the main respon-
sible for the counter discharge ceasing. However, in the action
of a proportional counter, these effects are not important, and
we will assume that we may neglect the positive ions and their
effects in the present discussion.

We must now make some further simplifying assumptions re-
garding the nature of the discharge. We will assume first that
recombination does not take place to any appreciable extent.
I the elec T’fr‘oﬁ‘or‘posrnvemggejw‘dtsappear through se-
combifation, the picture would be substantially altered. How-
ever, at the low pressures and high field strengths found in
counters, recombination is extremely improbable, and our as-
sumption that none occurs is substantially correct. In the
chapter on Geiger counters we shall justify this assumption by
citing numerical values of the recombination coefficient.

Electron attachment to form negative ions occurs only in
strongly electro-negative gases such as oxygen, chlorine or fluo-
rine. The effects found with these gases are discussed in detail
ina subsequent chapter. Naturally the production of nega-
tive ions would substantially alter the avalanche, and indeed
the whole character of the discharge. Negatlve lons move very
slowly compared to the electrons. The 1mportance of nega-
tive ions in special cases is also further discussed in the chapter
on Geiger counters and the numerical value of the electron at-
tachment coefficient is given. We exclude counters containing
electronegative gases from this discussion. We shall assume
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that the electron avalanche is the only agency by which nega-
tive charge reaches the central wire, and that no appreciable
number of negative ions is formed.,

We shall also neglect fluctuations. This assumption is
equivalent to saying that the ionization produced along the
path of any electron is equal to the average ionization pro-
duced by that electron. Due to statistical fluctuations, any
individual electron may of course produce more or less than
this amount of ionization. The progess of taking this into ac-
count in a rigorous discussion would be quite cumbersome
mathematically. The fact that we obtain good agreement be-
tween experiments and a theory neglecting fluctuations shows
that we are not seriously in error when we assume that fluctu-
ations may be disregarded and averages used.

We will assume_that the photons, if any, formed in the ava-
lanche do not play any important réle. We shall find later
that this ‘assumption breaks down under certain conditions,
and there is evidence that the photons are important in cer-
tain .cases. Where they are present, the ionization will in-
crease more rapidly owing to their presence and the pulses ob-
tained \_avill"b‘e larger. We shall see, however, that photon emis-
sion may be néglected in many cases, particularly in those in
which complex molecules are present. Secondary electron emis-
sion due to recombination and positive ion bombardment of
the cathode is also neglected. The agreement between theory
and experiment justifies these simplifying assumptions..

We shall next consider the formation of an electron ava-
lanche. In the case of a counter, we have two concentric cy-
lindrical electrodes, the cathode and the central wire. Let the
wire radius be 7y, the inner radius of the cathode be 75, and let
a voltage 7 be applied to the counter. Then the field E at
any radius 7 within the volume of the counter (r < r < ry)
will be given by

E = V/rlog(rs/ri) (34)
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As the voltage across the counter is slowly raised, a value is
attained at which the multiplicative process we have called the
avaancFMtage at WthH.—}}lS occurs we
call the threshold voltage “for proportlonal | counter action, 7,.
Thcphyﬂ”‘l “significance of this Voltage lies in the fact that it
is the minimum at which an electron travelmg toward the cen-
tral wmcqulres energy enotgh to lonize in its last free path
before it reaches the wirey We define the radius 7, as that
radius at-which the avalanche starts. At the threshold 7,
equals the wire radius, or 7, = ;. Now 7, in the region of
proportional counting never becomes much greater than 7,
(see discussion of mean free paths below), and we may there-
fore assume an approximately linear dependence on the poten-
tial. Hence we may relate the radius 7,, at which the ava-
lanche starts when the voltage applied is 7, to the threshold
voltage 7, by the relation

ro =nV/V, (3-5)

Thus 7, is defined in terms of the directly measurable voltages
and wire radius.

The amplification factor 4, defined following eq. (3-1), is de-
termined by the number of ionizing collisions which the elec-
tron makes as it travels to the wire, or in other words by
eq. (3-2). If we start with a single electron, .

Ad=¢lt (3-6)

The number of ionizing collisions depends on the mean free
path, which is in turn a function of the energy.

We shall next consider how the mean free path for ioniza-
tion depends on the energy. This dependence has been studied
by a number of investigators.©® They find that, in the low
voltage region, the ionization cross section increases linearly
with the energy. “The term cross section 1S used to mean that
area, il square cm, which when multiplied by the number of
atoms per cc gives the reciprocal of the mean free path; and
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the “mean free path for ionization” means the average distance
an electron must travel, in this gas, before it makes an 16mimg
collision. In the hlgher energy ranges, the dependence is by
no means llnear, and complicated curves have been found ex-
perimentally in many cases. However, we are not concerned
here with this extension. In the average counter the mean
free path is of the order of 1073 cm. A multiplication or am-
plification of a factor of 1000 can occur if the electron starts to
ionize about ten mean free paths from the wire. Hence these
avalanches only occupy the last tenth of a millimeter of space
next to the wire. The electron travels through almost the en-
tire dimensions of the counter before it acquires a velocity
corresponding to the ionization potential of about 15 electron
volts. As the electron approaches still more closely to the wire,
it receives more acceleration but it loses energy with each col-
lision. Consideration of eq. (3—4) shows that it does not ac-
quire energy in the last tenth of a millimeter differing by orders
of magnitude from that which it received in the previous tenth.
We may assume that electron energies involved do not ordi-
narily exceed 30 to 50 volts. In this energy region, experiments
show that the ionization cross section varies linearly with the
energy. We may therefore write for the cross section o,

o =aec— B 3-7)

where ¢ is the energy and a the constant of proportionality, or
rate of increase of cross section with energy, and B 1s a con-
stant which does not concern this discussion. This quantity a
has been measured by various workers and a few illustrative
values are given in Table 3-1.

Since the mean free paths possess various orientations, we
must consider an average energy euy.

If we have N atoms or molecules per unit volume, we may
relate ¢, to a, the reciprocal of the mean free path for ioniza-
tion, through the equation

= No = aNe,w — BN (3-8a)
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and we now have the problem of determining the average en-
€rgy eay.

TABLE 3-1. RATE OF INCREASE OF THE IONIZATION CROSS SECTION
WITH ENERGY

Gas (107 Cm?/Volt) | Reference
A 1.81 *
Ne 0.14 *
He 0.11 *
H, 0.46 f
(02} 0.66 T
N, 0.70 t
NO 0.74 i
Cco 0.83 t
C.H, 1.91 1
CH;, 1.24 t

* P. T. Smith, Phys. Rev. 36, 1293 (1930).
17J. T. Tate and P. T. Smith, Phys. Rev. 30, 270 (1932).
1 A. L. Hughes ana E. Klein, PAys. Rev. 23, 450 (1924).

This quantity can only be determined by making approxi-
mations. A rigorous treatment appears to involve consider-
able mathematical complexity. If we write N(r) for the num-
ber of electrons at a distance  from the center of the wire, and
n(e,7) as the number having energies between ¢ and e + d,
then the change in NV as r decreases by dr would be given by

(e, 7)

—dN = N(r)dr f —T(E—de (3-8b)

where /(e) is the mean free path which is also a function of the
energy, and ema.x is the maximum energy which the electrons
have at 7, in excess of the average ionization potential of the
gas or mixture in the counter. Up to the present time, an ex-
act solution of this integral equation and a determination of
the distribution functions has not been accomplished. Certain
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approximations, however, appear to yield results which are
useful experimentally.

First we recall that #(e, ) has the dimensions of (energy)—1
and hence can be written quite generally as-

77(6, 7') = (1/eav)¢(e/5nv) (3—8C)

where ¢ is a dimensionless function and the dependence on r
1s contained in €,(r). We now consider cases where the num-
ber of electrons is greatest. Since, of the electrons at 7, more
than half were formed in the last mean free path, and since the
more remote the point of origin, or the greater the energy, the
fewer the number of corresponding electrons, the energy dis-
tribution will be monotonically decreasing with the most im-
portant energy region at e = 0. We may thus set e = 0 and
—de/dr = CV[r, where 14C is the capacity per unit length of
the counter. Hence from eqs. (3-8a), (3-8b) and (3-8¢c) a
value for the average energy is obtained,

&av(r) = (¢(0)C¥V /aNr)% 3-9)

where ¢(0) is the number of slowest electrons, a quantity
which we normalize and take as unity in the discussion which
follows. Hence, combining with eq. (3-8a) we have

a = (aNcV/r)* (3-10)

Making use of eq. (3-5) and using the definition of 4 from
eq. (3-2) we obtain
A = exp 2AaNenV)(¥/V )% — 1] (3-11)

e e e T T —— e e o

which defines the gas amplification A4 in terms of experimen-
tally measurable quantities, the voltages, wire radius, etc. A
fuller discussion is given in the original paper ® and many
of the concepts used are described in detail in texts on gas dis-
charges.11. D1

2, Comparison of Theory with Experiment. It will be seen
that eq. (3-11) predicts that the gas amplification A4 should
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depend on the wire radius (r1), the capacitance (C) of the
counter system, the voltage (7), the pressure of the gas (),
and the kind of gas (2). A series of experiments B was per-
formed to verify the dependence on each of these quantities.
The amplification factor was measured, by observing the pulse
size in accordance with eq.

10t (3-1), as a function of the
voltage, for a counter in
which the pressure was va-
ried. Straight lines on semi-
logarithmic plots were ob-
tained, the slopes and inter-
cepts being those predicted
by eq. (3-11). A typical
curve, showing dependence
of 4 on V for various gases,
is shown in Fig. 3-1. Next
methane-argon mixtures were
tested, the total pressure be-
ing kept constant but the
percentage of each gas being
N changed. This effectively
o R e tf:sted the dependence on «,
6. 3-1. Amplification factor (loga- since 2 for methane and ar-

rithmic scale) against cylinder voltage for gon are different (Cf Table

6-cm argon-oxygen (0.94 A 4 0.06 Og) and _ : 1
two pressures of CHs. (Rose & Ramsey, 3 1)° Ag_alr,]’ agreement with
Phys. Reo. 61,199 (1942)) the prediction of eq. (3-11)

was obtained. Finally vari-
ous polyatomic gas mixtures were tried and again agreement
was obtained. The dependence on wire diameter was also
checked, and was found to be correctly predicted by eq. (3-11).
The amplification incWe wire diameter is decreased.
The practical [imit Tor wire diameters is approximately 3 mils
for counters which are to be normally handled in the labora-
tory. While counters using 1 mil wire have a higher ampli-

AMPLIFICATION FACTOR
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fication factor, this wire is so fragile that the counter may
easily be broken in normal use. With the exception of some
interesting departures from agreement which we shall discuss
below, the good agreement between theory and experiment
suggests that the picture we have built up of the avalanche
mechanism will satisfactorily describe the proportional counter
discharge.

Departures from agreement with the predictions of eq. (3-11)
were found in certain cases. These departures are especially
interesting in that they throw further light on the nature of
the discharge mechanism.

First consider the effects at high voltages. As the voltage is
progressively increased, good agreement is maintained until the
value of A reaches approximately 10%. At higher voltages, the
pulse size increases with voltage faster than is predicted by
eq. (3-11). This is found to occur as the counter enters the
region of limited proportionality, traverses this region and
goes into the Geiger region. The significance of an increase
faster than that predicted by the equation is that something
besides the Townsend avalanche is involved. In other words,
our limiting simplifying assumptions are not being met. Let
us suppose, for example, that ultraviolet photons are formed
in the avalanche and reach the cylinder. Here they may liber-
ate photoelectrons which will in turn travel to the wire and
start new avalanches. The pulse size will therefore be larger
than eq. (3-11), which assumes no photons, predicts. Again,
if new electrons are liberated by positive ions reaching the cyl-
inder, the same result occurs. Thus the departure at high
voltages is in a direction which indicates that some mechanism,
in addition to the simple Townsend avalanche, is operative.

It seems probable that, at amplifications above 10%, space
charge limitations also begin to make themselves felt. The
theory of the limitation of the discharge by space charge was
developed by the Montgomerys,™® and will be discussed fully
in the section on Geiger counters. Indeed the main feature of
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the region of limited proportionality is that large pulses do not
increase with voltage as fast as do small pulses. This feature
may be ascribed to the effects of space charge, for a large pulse
will result in the production of more positive ions and hence
more space charge than will a small one. As the field near the
wire is reduced by this space charge, the avalanche size will
also tend to be decreased, and hence this effect will operate
more efficiently on the larger pulses.

Another important departure occurs when gas mixtures are
used and the mixture is varied in the direction of an increasing
percentage of monatomic gas. Here again another mechanism
is evidently at work in addition to the Townsend avalanche,
tending to produce more electrons, and hence larger pulses
than the avalanche alone, and eq. (3-11) would predict. The
experiments reveal an important limitation on eq. (3-11),
namely that with monatomic and diatomic gases this equation
begins to break down at amplifications of around 100, whereas
polyatomic gases may give values of 4 up to 10,000 before
eq. (3-11) ceases adequately to describe the phenomenon. We
may tie in this observation by saying that the phenomenon is
due to positive ion bombardment of the cylinder. {Bombard-
ment by monatomic and diatomic positive ions causes electron
emission while polyatomic positive ions, as we shall show, do
not. Hence the pure monatomic and diatomic gases, and the
mixtures of monatomic with polyatomic, such as equal parts
of argon and methane, will exhibit the faster rise of 4 with 7/
than eq. (3-11) calls for. This positive ion bombardment of
the cathode resulting in release of electrons is presumably the
main factor in the rapid rise of 4 with 7 for low values of 4,
but this effect is suppressed by the heavier molecules. Thus
by adding methane to an argon-filled counter, it is necessary
to arrive at a mixture 759, methane and 259, argon before
suppression is complete while addition of but 109, of a still
larger molecule such as ether to an argon-filled counter pro-
duces good agreement with eq. (3-11).
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The practical consequence of this circumstance is that any
gas or mixture whatever can be made to operate in a propor-
tional counter. However, monatomic and diatomic gas-filled
counters are characterized by a much more rapid variation of
A with 7 than are those with polyatomic fillings. The sharp
dependence of A4 on ¥ requires much more critical stabilization
and control of the counter operating voltage, and consequently
it is usually more convenient to use polyatomic gases in pro-
portxonﬂio_unters The dlsadvantage of the polyatomic filling
over the monatomic gas lies in (a) the fact that the polyatomic
molecules are broken up and consequently the counter changes
its characteristics with use, and (b) that the starting and oper-
ating potentials of the polyatomic gas counters are generally
higher than those filled with monatomic gases. As Spatz has
shown 572 Tifetime of about 10 counts may be expected be-
fore a polyatomic gas-filled Geiger counter becomes useless due
to breakdown of the constituents, and a somewhat longer life
may be expected for a proportional counter due to the smaller
avalanche size and hence the smaller number of molecules de-
composed at each discharge. The starting potentials of count-
ers filled with pure polyatomic gases can be reduced some-
what by adding a monatomic gas; thus, for example, a counter
filled with pure methane will actually have its operating po-
tential lowered by adding 109, of argon (the methane content
remaining fixed) while the efficiency is also improved by this
procedure and its other operating characteristics do not suffer.

In addition to the effects due to positive ions, we must also
consider effects due to photons formed in the discharge. Deri-
vation of eq. (3—-11) presupposes absence of photons and de-
partures of experimental behavior from agreement with this
equation may also indicate that this assumption is, in certain
cases, not valid. Photons would produce additional ionization,
and consequently the increase of the avalanche size 4 with 7
would be more rapid than eq. (3-11) predicts. In the ava-
lanche, photons are presumably formed since collisions result
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in excitation and atoms in excited states will mostly lose their
energy by radiation, the lifetime of these states being of the
order of 1078 sec while the mean free time between collisions
is somewhat in excess of this figure. Recombination radiation
may also occur. As we have pointed out above, recombination
is not likely in the avalanche itself, because of the low pres-
sures and high fields. Nevertheless, recombination at the cath-
ode occurs when the positive ions reach it and become neutral-
ized. Again we must consider what happens to the photons.

It should also be pointed out that photons arising from ex-
cited atoms of any of the monatomic or diatomic gases normally
used in counters, have energies which are mostly greater than
the photoelectric threshold of the cathode. Thus, for example,
in hydrogen, the Lyman series starts at about 10 volts, and
radiation from a helium atom returning to the ground state
from, say, the 2P level, corresponds in energy to about 20 volts.
The photoelectric thresholds of copper and brass are in the
neighborhood of 3 volts and consequently the photons from the
excited atoms, if they reach the cathode, may be expected to
cause emission of photoelectrons. Similarly, the photons which
are emitted at the cathode as recombination radiation, also are
almost all considerably above the photoelectric threshold in
energy. The fact that eq. (3—-11), which assumes no photons,
fits as well as it does, means that we must explain the absence
of both excitation and recombination photons.

The case of recombination photons is discussed at length in
the section on self-quenching counters. There it is pointed out
that polyatomic ions predissociate instead of radiate upon
neutralization. As a result, there are no photons representing
recombination radiation in the case of polyatomic molecules.
With monatomic and diatomic molecules, such photons will be
present and the expected deviations from eq. (3-11), in the
direction of faster variation of 4 with 7, occur.

The photons formed by excitation, in the case of monatomic
and diatomic gases, are presumably also present, and help to
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cause the deviations from eq. (3—11) which we have mentioned.
There are experimental proofs that photons are present in the
discharge. One of these is the experiment on the “localization
of the discharge” performed by Wilkening and Kanne %2 and
others. The experiment on localization will be discussed more
fully in the next section. There is also an expcriment with
perforated cathodes, performed by Rose and Korff.®s In the
latter experiment, 4/ was measured as a function of » for
counters with perforated and solid cathodes. It was found
that a difference could be detected at large pulse sizes when
the counter was filled with a monatomic or diatomic gas. The
difference was in the direction of smaller pulses for the per-
forated cathode, suggesting that the fact that some photons
escaped through the perforations made a difference in the pulse
size. No difference was observed when the counter was filled
with a gas with polyatomic molecules, thus lending further
support to the validity of the basic assumption of eq. (3-11) of
no photons. The fact that photons are of importance only at
large pulse sizes is presumably due to the low photoelectric
efficiency. Only a few photons will be generated in a small
avalanche, and only a small fraction (10~ or so for most com-
monly used cathodes) of these will add electrons to the ava-
lanche. Consequently the amplification // must approach the
order of 10* before excitation photons begin to contribute ap-
preciably to the avalanche size.

The behavior of proportional counters at low values of 4
has been studied by Rose and Ramsey.®* They have investi-
gated the portion of the amplification factor vs. voltage curve
near the threshold for proportional counter action, both above
and below the threshold. As might be expected from con-
sideration of the statistical nature of the avalanche process,
the threshold is not an abrupt phenomenon, but the observed
curves gradually trend toward the horizontal. The threshold
voltage predicted by eq. (3-11) is the voltage corresponding to
the point where the straight line portion of the curve, if extrapo-
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lated downward (see Fig. 3-1), would intersect the abscissa
for unit 4. Fig. 3-2 shows the curves obtained at higher
values of 4. The experimental curve departs from the com-
puted curve because the theory neglects fluctuations and as-
sumes average energies for the electrons in the avalanche.

1
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Fic. 3-2. The amplification factor (logarithmic scale) plotted against counter
voltage for various relative concentrations in CH4-A mixtures at 10-cm pressure.
The points are experimental and the full curves are theoretical with one point adjusted
(see equation (3-11)). The numbers affixed to the curves give the relative concentra-
tion of CHy in percent. The dimensions of the counter were: wire diameter 0.075 mm;
Cu. cylinder, diameter 1 cm and length 3 cm. (From M. E. Rosc and S. A. Korff,
Phys. Rev. 59, 850-859 (1941))

Such fluctuations are percentagewise largest for values of A4
just greater than unity, and become unimportant at values of
A greater than 10 or 20.

C. CounTERS FOR SpeciaL PurPosgs

1. Neutron Counters. a. Counters for Slow Neutrons. To
detect slow neutrons, proportional counters filled with boron
trifluoride (BF3), which i1s a gas at normal room temperature,
may be used.®® A neutron entering this gas may interact with
the boron nucleus according to the reaction:

on! + ;B0 — Bt * — ;1i7 4 ,He* (3-12)
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This reaction has a large cross section (a high probability of
occurrence). The resulting alpha particle, and also the re-
coiling lithium nucleus, produce dense ionization along a short
range or path. The proportional counter can therefore dis-
tinguish between pulses produced by this reaction and the
smaller pulses produced by beta rays.

The reaction eq. (3—-12) results in the liberation of about 2.5
Mev, which appears as kinetic energy of the resulting lithium
and helium fragments. Parenthetically it may be added that
this is an observed figure and is about 0.4 Mev less than the
value computed from the masses, the difference being ascribed
to the lithium nucleus which is believed to emerge in an ex-
cited state. By applying the principle of the conservation of
momentum, it may be readily calculated that the alpha par-
ticle carries about 1.6 Mev and the recoiling lithium nucleus
about 0.9. The two particles travel in opposite directions.
This phenomenon is of importance if the disintegration takes
place near the wall of the counter, since one particle may strike
the counter cathode but the other will go out into the gas.

An evolution of 2.5 Mev in ionization means, at roughly
30 ev per ion, the production of some 83,000 ion-pairs. Apply-
ing eq. (3-1), we find if 4 is taken as unity and C as 10 micro-
microfarads, 77 will be 1.33 X 1072 volts. If 4 is made about
100, then # will be sufficiently large to operate many electronic
circuits directly (see Chapter 7) and to display on an oscillo-
scope screen. Values of /7 between 100 and 10* can readily be
obtained by choosing suitable counter voltages, and a BFj;
counter will still be operating in the proportional region.

Commercial boron trifluoride is composed of a mixture of
the isotopes B'® and B!, roughly 209} of the former and 80%
of the latter. Unfortunately reaction eq. (3-12) will only work
for the B! isotope and the B! component performs no useful
function. When the techniques of isotope separation are de-
veloped to the point that boron trifluoride consisting almost
entirely of B!? can be prepared, an increase in detection sensi-
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tivity of a factor of five will be possible. The measured 32 cross
section for process eq. (3-12), when the isotope ratio is taken
into account, comes out to be ¢ = 550 X 10~%* sq cm, for
“thermal” neutrons in equilibrium in water, a figure which we
will adopt for all subsequent discussion.

Process eq. (3-12) operates for slow neutrons. The figure
cited refers to “thermal”’ neutrons, i.e., neutrons in thermal
equilibrium in paraffin or water at room temperature. For
faster neutrons, the cross section is known to vary inversely as
the velocity. We may therefore write

a(v) = a/v (3-13)

where ¢ is the cross section for the process under discussion.

The efficiency of a neutron counter we shall define as the
probability that a neutron, if passing through’ theMl
be captured and hence detected The probability of capture,
and of process eq. (3-12) occurrmg, is evidently the cross sec-
tion eq. (3—13) per atom times the average path length for the
neutrons passing through the sensitive volume of the counter,
times the number of B!° nuclei per cc in the sensitive volume.
The counting rate, or number of captures per sec, depends on
the flux of neutrons and the probability of capture. Consider
a counter exposed to a flux of neutrons of various velocities.
The number of counts per second #» will be given by

- ULp f i(0)o(0) dv (3-14)

U is the sensitive volume of the counter, L the Loschmidt num-
ber and p the pressure in atmospheres, i(v) dv the flux of neu-
trons crossing a sq cm area per second with velocity between
v and v + dv, and o(v) the cross section for capture. But

i(v) = pv (3-15)

where p is the density or number of neutrons per cc of all ve-
locities and v is the velocity. Substituting eqs. (3-15) and
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(3-13) in eq. (3-14), the velocity drops out, we may integrate
at once and we obtain

= ULppO'BUB (3—16)

Here g5 is the capture cross section for some known velocity v.
Numerically we may take these as the thermal cross section
cited above and thermal velocity. It is to be noted that the
counter measures the density of neutrons p, regardless of ve-
locity per cc, and not the flux, or number 7 of neutrons crossing
a sq cm area per second. The flux cannot be determined unless
the velocity is known. This property of measuring the density
CILY 1S KnOW
is a Tcmmon characteristic of all detectors obeying the LL__law
(eq. (3-13)), and is well known in nuclear physics experiments.
If we consider neutrons which all have (nearly) the same
velocity, e.g., which are all thermal, then we can compute the
efficiency of such a counter. The efficiency E, defined as the
fraction of a flux of neutrons which produces counts, is evi-
dently given by the ratio of the counting rate (e.g., eq. (3-16)
per unit volume) to the flux, and hence by the relation

E = Lpa;;d, (3—17)

where 4 is the average path through the counter of the neu-
trons to be measured, and where o5 is the capture cross section
for ncutrons of the particular velocity being measured. The
calculation of the average path through a cylinder presents
certain analytical difficulty in the general case, although cer-
tain special cases have been computed by Swann.®® To a suffi-
cient degree of approximation we may take 4 as a diameter.
For example, considering counting slow neutrons with a 7-cm
diameter counter with one atmosphere BI;, p =1, d =7,
N = 2.7 X 10, ¢ = 550 X 1072 E will be about 10.4%.
smaller counter with p = 0.1 atm, d = 2 cm would have an
efficiency of 0.29%, for thermal neutrons. A counter is not
made more efficient by making it longer, although the total
counts recorded will increase.
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It is also evident that the efficiency depends on the neutron
velocities, the above examples assuming the value of ¢ appro-
priate for a flux of thermal neutrons. For higher average ener-
gies, ¢ must be decreased according to the 1/v law, i.e., must
be multiplied by v./v., where vy, is the velocity of the neutrons
measured and v, the thermal velocity. Thus the efficiency will
depend on the arrangement of scattering and “slowing down”
material around the counter.

In computing the number of neutrons to be expected at a
given distance from a source, it must be recalled that because
of scattering the inverse square law does not apply, and that
the processes of the diffusion theory must be used. Since al-
most any source produces neutrons with relatively high ener-
gies and since almost any substance slows them down, it is
evident that the energy distribution will be a function of the
distance from the source and the geometrical arrangement of
the counter, source and surrounding material, as well as of the
nature of the source and the type of matter nearby. The pro-
cedures for computing the result for any given arrangement
are well known in the diffusion theory and are outside of the
scope of this treatment.

It is possible to measure the number of neutrons in a given
energy range with BF3 counters by making measurements with
and without certain types of absorbing screecns. Thus, for ex-
ample, a cadmium shield of 14 to 1 mm thickness will be prac-
tically opaque to thermal neutrons and practically transparent
to neutrons of more than one volt energy. Similarly, borax or
boron carbide shields of various thicknesses may be used. In
these, the absorption will occur inversely as the neutron ve-
locity, and consequently the effect of any given thickness may
be computed. In these calculations, account must be taken of
the contribution to the slowing down process due to the water
of crystallization in the borax.

It follows from eq. (3-17) that greater efficiency is secured
at high pressures of BF;. The practical limit of BF; pressures
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is determined (a) by the fact that high pressures require high
operating potentials, and (b) by the fact that the pulses due to
beta rays increase in size with increasing pressure. Since beta
rays have ranges which are long compared to the dimensions of
the chamber, at high pressures, more of the range is included.
The disintegration particles are entirely stopped in the gas at
moderate pressures and therefore increasing pressure produces
no increase in neutron pulse size. Thus the ratio of neutron-
to-beta background varies with the pressure and the practical
limit is reached when the beta pulses become nearly as large
as the neutron pulses.

As an alternative to filling the counter with some gas in
which disintegrations are produced as discussed above, count-
ers are somctimes filled with an inert gas and lined with a
solid substance from which the disintegration particles emerge.
Such a particle must get out into the volume of the counter in
order to be detected. The maximum efficiency of a counter of
this type lined with boron for slow neutrons will be given by
the relation

Enax = (NP/IJ-)RBUB (3-18)

where NV is Avogadro’s number, p is the density of the material
of the wall,  is its atomic weight, Ry is the range of the alpha
particles in boron and g3 the capture cross section of the wall
material (usually boron) for neutrons at the velocity meas-
ured. For a boron-lined counter and for thermal neutrons,
Enax 1s about 59,. The boron lining nced be only 0.1 mm
thick, and added thickness will merely reduce the efficiency.
The same considerations would apply to a counter lined with
uranium and operating by fission, except that alpha particles
originating in the uranium would have to be taken into account
by setting the minimum dctectable pulsc size at a high value.
Any gas may of course be used in such a counter.

Finally it should be pointed out that other gases in which
neutrons may produce disintegrations have a possible useful-
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ness in such counters. A uranium compound gas may be
used since the fission fragments have a high specific ionization
and would produce large pulses.

b. Counters for fast neutrons. Proportional counters can also
be used to detect fast neutrons.¥* In this case, it is customary
to make use of “recoils.” A fast neutron may collide with a
nucleus of one of the atoms in the gas of the counter or in the
surrounding material and cause that nucleus to recoil through
the counter. Such recoiling nuclei usually have a high specific
ionization and produce counts. The total number of recoil
counts #, per sec produced in the gas of the counter will be
given by

ne=UNp [ 1(0)o.(0) do (3-19)

min

where I(v) dv is the flux of neutrons per sq cm per second in
the velocity interval dv and the recoil cross section o, is taken
as varying with energy. The experimental evaluation of the
limits of integration is discussed below. It will be observed
that this is an integral equation and that a simple solution will
occur when the cross section may be taken as a constant over
the energy range discussed. For example, for hydrogen, the
neutron-proton scattering cross section is known to vary be-
tween 0.5 and 1.5 X 1072*in the energy range between 400 kev
and 4 Mev. A rough order-of-magnitude estimate of the neu-
tron flux may be obtained, therefore, by taking the cross sec-
tion as a constant equal to 1 X 1072* sq cm.

The efficiency of a recoil counter is defined as the fraction of
fast neutrons passing through the counter which produces re-
coils, it being assumed that virtually every recoil produces a
count. The efficiency may be computed for any particular
velocity by applying eq. (3-17) and writing the recoil cross
section o, instead of 5. Since the recoil cross section is small,
the efficiency of this counter is low. For example, a counter
2 cm in diameter and filled to 28 cm pressure with hydrogen
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will have an efficiency of about 10~%. The values of the recoil
cross section have been measured by various observers for dif-
ferent substances and generally are of the order of 1072* sq cm.

For complex molecules, eq. (3-19) must be modified to take
account of the cross section of each atom of which the mole-
cule is composed. For example, in the case of BF; it would
include a term (o + 3or).

Let us now consider the meaning of the limits of integration
in eq. (3-19). The lower limit signifies that the recoiling nu-
cleus shall have enough energy to produce a count. In terms
of eq. (3-19), the velocity v of the recoiling nucleus shall be
greater than vmin. It follows from elementary “billiard ball”
mechanics that a neutron of energy £ and unit mass colliding
with a nucleus (other than a proton) of mass M will produce a
recoil with an average energy about 2FE/M and a maximum
energy of 4E/M. For protons the maximum energy transfer
is E and the average E/2. Consequently a counter so adjusted
as not to detect any pulse liberating less than 50 kev as ioniza-
tion in the counter will, if filled with hydrogen, detect neutrons
with average energies in excess of 100 kev, but if filled with
argon will on the average not detect neutrons with energies
below 1 Mev.

Recoiling atoms will also be ejected from the walls of the
cylinder. The number of counts due to wall records, M., will
be given by

S
ne = PE [ RW)i) do (3-20)

2”’ {min
where N is Avogadro’s number, p the density of the material
of the wall, u its atomic weight, o, the recoil cross section of
the nuclei of this substance for the ncutrons to be measured,
i(v) the flux of neutrons per cm? per sec, per unit velocity in-
terval, F the cross-sectional area of the counter exposed to the
flux, and R the range in cm of the recoiling nuclei in the ma-
terial of the wall. The factor 14 arises from an integration to
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give the average number of recoils actually emerging, assuming
a random distribution in angle of the recoils. If from this ex-
pression for the total recoils entering the gas from the walls, be
subtracted those which have insufficient energy after emerg-
ence to produce a count, it will be seen that wall recoils are
only important compared to recoils in the gas if (a) the ma-
terial of the walls is light, (b) the neutrons are of high energy,
and (c) the gas pressure in the counter is small, and hence the
recoils prodaced in the gas are few.

The upper limit of integration becomes of importance only
in the case of hydrogen. If the recoiling proton has a very
high energy, it may pass through the counter without losing
enough energy in ionization to produce a recorded count. The
upper and lower energy limits are established by the dimensions
of the counter, the nature of the gas in the counter, and the
energy spectrum of the incident neutrons, as well as by the
voltage at which the counter is operated. For a heavy gas
such as argon, the neutron energy necessary to produce a re-
coil too energetic to be counted is so large as to be beyond the
range normally encountered and the limit may be considered
as infinity. It is evident that increasing the voltage on the
counter, other things being equal, is the equivalent of decreas-
ing the lower limit of integration. The upper limit 1s also
raised, in those cases where it is not already effectively infinite.

A proportional counter, whether counting disintegrations or
recoils, will also count any other event in which a large amount
of ionization is produced. Among such events will be giant
showers, nuclear disintegrations produced by the cosmic radia-
tion, and alpha particles present as natural contamination in
the walls of the counter. The number of counts due to these
several causes may be regarded as a background if surrounding
conditions are not changed and can be determined by obvious
procedures and subtracted from the counting rate. An impor-
tant problem in the use of BF; counters lies in separating the
disintegrations from the recoils. This may be done by vary-
ing the integration limits and by the use of cadmium and boron



COUNTERS FOR SPECIAL PURPOSES 59

shields as discussed earlier. Further, the number of recoils
may be independently measured by using a counter filled with
some gas other than BF;, which does not suffer disintegra-
tions.

2. Counters for Heavy Ionizing Particles. Proportional
counters are well adapted to detecting alpha particles and pro-
tons, and indeed alpha particles were the first entities to be
counted in the early uses of counters. An alpha particle has
a high §pec_1ﬁ__g 1omzat10n, and produces on the average some
30,000 1on-_pa1rs per ¢m in air at STP. Indeed it produces
nearly twice this number near the end of its range. The aver-
age elec or cosmic ray particle may produce 30 to 100 ion-
pairs pcx%m electron near the end of its range
will not produce one tenth as many lons per cm as an alpha
particle. Therefore a proportional counter, which produces a
pulse whose magnitude is proportional to the number of ions
initially formed, will distinguish between alpha particles and
clectrwmﬁicultz at all.

The range of a 1 Mev proton in air is about 2.3 cm. Hence
it produces about 12,000 ion-pairs per cm or JUT over a third
as much ionization as does an alpha particle. A proton of this
energy is conscquently also easy to detect and to dlstmgulsh
from_beta particles. T T T

In detecting alpha particles or protons, any gas whatever
may be used in the counter. Some gases arc more desirable
than others, but any gas can be made to work. Thus, for ex-
ample, air or oxygen should be avoided because of the possible
complications resulting from the formation of negative ions.
Particles have a high specific ionizationin_argon, wu.d_t\his__gas
also has a low threshold voltage. However, in common with
other monatomic gases, argon exhibits a rapid variation of
pulse size (amplification) with voltage at high amplification,
and hence is somewhat less easy to work with than are the
polyatomic gases, which, while they have higher thresholds
gencrally,- require less critical stabilization of operating po-
tentials.




60 PROPORTIONAL COUNTERS

One problem in connection with alpha particle and proton
counters is to get the particle to be detected into the counter.
This is often accomplished by projecting the particle in through
a thin foil. The details of possible construction of counters of
this type are discussed in the chapter on construction. In
other studies, the counter may be directly sealed onto the ex-
perimental system in which the particles are accelerated. In
this case, the type of gas in the counter is usually determined by
the gases used in the rest of the system. Again, weak sources
may be put directly into the counter, and some gas flowed
through at atmospheric pressure. Illustrations are given in
Chapter 5.

The pulse size obtained on the wire of a proportional counter
is given by eq. (3-1). The number of ions formed in the initial
ionizing event is in turn determined by the specific ionization
of the particle being studied in the gas with which the counter
is filled. Hence the pulse size 7 will be given by

V = Asple/c (3-21)

where s is the specific ionization, in ions per cm per atm pro-
duced by the particle in the gas in question, p is the pressure
in atmospheres and / is the length of the path of the particle
through the sensitive portion of the counter. The specific ioni-
zation s averaged over the entire path can be obtained from
the range of a particle. Thus, for example, the range of 2 Mev
alpha particles is about 1.Q5 ¢m in air at 15° C and 760 mm
pressure.®?  Since each ion-pair produced in air requires the
expenditure of some 30 ev, the specific ionization s will be
about 6 X 10* ions per cm. The values of s for cosmic ray
particles (fast mesotrons at sea level) are found in Chapter 4,
Table 1. The large pulses formed by particles having high
specific ionization may, for example, be displayed on an oscillo-
scope screen, and recording circuits (see Chapter 7) may be
made to discriminate against the smaller pulses such as a beta
or gamma ray background and record only the large ones.



CHAPTER 4
THE GEIGER COUNTERS

A. NoN-seLFQUENCHING COUNTERS

1. Theory. a. Empirical Description of the Discharge Mech-
anism. In this section we shall discuss the operation of the
counter containing any monatomic or diatomic gas or mixtures
thereof. As will be explained, such gases and mixtures pro-
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Fic. 4-1. A typical voltage pulse from a sclfquenching counter. As viewed on an
oscilloscope with a linear sweep, the voltage across R during a pulse is shown here.
(After H. G. Stever, Phys. Rev. 61, 39 (1942))

duce non-selfquenching counters. We shall discuss operation
at voltages above the threshold for Geiger counting action. \In
this voltage region all pulses produced by the counter are of
the same size, and in general, they are a volt or more in ampli-
tude. |

The pulse produced by a counter, if viewed on an oscillo-

scope screen, has a shape roughly represented in Fig. 4-1. It
61
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will be noted that the pulse is characterized by a rapid growth
to full value, and then by a slower recovery to normal. The
first part is called the “break’ as the counter breaks down into
a discharge, and the break takes place in a time of the order of
a microsecond. (The break is due to the sudden onset of ioni-
zation inside the counter and to the collection of charge on the
central wire, thereby altermg its potential. * The return of the
wire potential to normal is a function of the time constant of
the fundamental circuit, -Fig. 1-1. It is evident that if the
wire is suddenly given a potential 7, by collecting ions, then
its potential 7 at a time ¢ seconds later will be given by
V="Ve (4-1)
where R and C are the resistance and capacity of the circuit.
The total charge Q collected on the wire per pulse is given by

0= f 1ds (4-2)

where [ is the current flowing and ¢ the time. For small pulses,
the measured values of Q are of the order of magnitude of 10™°
to 10712 coulomb, corresponding to a current of 10~® ampere
flowing for 107° sec or so. The measurement of Q we will
discuss later in detail. This charge arriving on a capacity of
10~ farads produces a pulse of about one volt in amplitude,
and, following eq. (1-1), indicates the collection of about
6.2 X 107 electrons. This represents a small pulse at the lower
end of the Geiger region, larger pulses being up to 100 times
this size.

The early experimenters employed a high resistance for the
purpose of ‘“‘quenching” the discharge. Such counters were
therefore called resistance-quenched counters. An empirical
description of the operation of the resistance may be obtained
by considering the corona mechanism. A continuous dis-
charge is sometimes called a “corona’ and we shall consider
this, following the treatment developed by Werner ¥! and
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others. The fundamental circuit of a counter with resistance
quenching is that shown in Fig. 1-1. If a voltmeter and am-
meter be connected in the battery circuit, it is found that a
steady discharge cannot be maintained inside the counter, un-
less the voltage exceeds a certain minimum value. A con-
tinuous discharge also requires that the current in the gas shall
exceed a certain minimum value. The corona characteristic of
this counter is shown in Fig. 4-2. The minimum voltage and
current, labeled 7,m and imi .

are shown in Fig. 4-2.

Any current flowing in the
counter must also flow through
the resistance R, which has been
called the quenching resistance.
When the counter is operating
at a voltage V,, larger than
Vminy then the overvoltage on
the counter is equal to ¥V, — Fic. 4-2. Corona characteristic of a
Vmin- When the count takes counter.
place, the current flows, and
a voltage drop Rinia is, in effect, removed from the operat-
ing potential. If V,;, > ¥, — Rini, the operating potential
drops below /i, and since this voltage is no longer sufficient
to sustain the corona, the discharge in the counter ceases and
the counter is said to be quenched. If the voltage 7, 1s raised,
a potential will be reached at which the overvoltage exceeds
the product Rini, by an appreciable amount, and the counter
will then tend to go into a continuous discharge. The plateau
or operating range of such a counter should therefore be Rimin
volts in extent. On this view the discharge is terminated be-
cause of the resistance. We must, however, accept this inter-
pretation with reservations.

\ The pulse size produced by a counter is defined as the change
in potential of the wire. On the basis of the above mechanism,
this is evidently equal to the overvoltage. The picture which

Voltage

mn

Iﬂ‘""
Current
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we may obtain in this way is not strictly accurate and the de-
partures will be discussed below. Indeed, as the Montgom-
erys M and Danforth P have pointed out, the pulse may be
considerably larger than the overvoltage. The counter in this
case is said to “overshoot” and the potential of the wire drops
below the Geiger threshold. The phenomenon of overshooting
will be discussed below.

Unfortunately resistance quenching places severe limitations
on the use of such a counter. \The minimum currents have
been measured for various counters and are of the order of
one-tenth of a microampere to 2 or 3 microamperes. Suppose
we consider a counter with a minimum current of 0.1 micro-
ampere. If operated with resistance R of 10® ohms, the prod-
uct Riny;, would be about 10 volts. This would constitute a
range in which it would be possible for the resistance-quenching
mechanism to work. A “plateau” of 10 volts is quite small,
and makes the operation of such a counter difficult and un-
stable. It is therefore necessary to employ larger resistances.
A resistance of the order of 10° ohms or more was customarily
used in the earlier work. Increasing the resistance still further
would ‘increase the usable width of the plateau. Similarly,
anything that could be done to increase the minimum current
in the counter would also increase the usable plateau, As Wer-
ner %3 and others have emphasized, a high minimum current
is desirable.

However, increasing the size of the quenching resistance in-
troduces a serious limitation, since the recovery time of the
counter in the fundamental circuit in Fig. 1-1 is determined by
the exponential time constant RC, eq. (4-1). The capacity of
the counter wire and attached electronic circuits can hardly be
reduced below a few centimeters, and if we take the capacity
as 107 farad and a resistance as 10° ohms as indicated above,
then the time constant RC is of the order of 0.01 sec. This
time constant limits the rapidity with which the counter will
count. In any random distribution of the counting events,
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there is a considerable probability that two counts will arrive
within a short time of one another. The counter just men-
tioned would be losing an appreciable fraction of its counts
if it had a recovery time constant of 0.01 sec and were counting
at the rate of ten random counts per sec. Indeed, no satisfac-
tory compromise is possible between the recovery time con-
stant and the length of plateau necessary for stability, which
both increase as R. It is for this reason that the use of resist-
ance quenching has been virtually abandoned, and vacuum-
tube circuits which accomplish the same result much faster
are used instead. Several such vacuum tube circuits are de-
scribed in detail in Chapter 7. These circuits drop the operat-
ing potential of the counter below » i, for a period of 10~ sec
or so, allowing the discharge to cease and then return the po-
tential to normal.

b. Discussion of the atomic mechanism. When the quenching
mechanism was further examined by Montgomery and Mont-
gomery,™ the following picture was arrived at. Let us sup-
pose that an ionizing event occurs and an electron is formed
somewhere within the volume of the counter. This electron is
drawn by the field toward the central wire and_in the neigh-
borhood of the central wire produces additional electrons by
the Townsend avalanche process. The avalanche is over in a
very short time, owing to the high mobility of electrons. The
electrons are actually collected on the wire in a fraction of a
microsecond. As Ramsey’s ®8 experiments have shown, during
this time the positive ions left behind by this avalanche mechan-
ism have virtually not moved at all. The wire is therefore sur-
rounded by a positive ion sheath and this positive ion sheath
now begins to travel outwards. The sheath crosses the counter,
eventually arrives at the cylinder and is there neutralized.

Immediately after the electron avalanche has taken place and
the positive ion sheath has been formed, the field conditions in
the neighborhood of the wire are fundamentally and radically
altered. Between the sheath and the wire the field is much re-
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duced. It may be reduced to such a value that no further
Townsend avalanches can occur. The discharge then ceases.
It is thus the positive ion sheath which actually quenches the
discharge. As the Montgomerys ™ have pointed out, the dis-
charge is quenched in spite of the quenching resistance which
actually permits charge to leak back onto the wire, and if made
too low, would tend to counteract the cffect of the positive
space charge by allowing the wire potential to recover rapidly.
A better name would be the “recovery resistance,” as this ex-
presses its true function.

The discharge, having thus been quenched by the positive
ion sheath, will now remain quenched as long as no further
electrons are formed by any subsequent process. The positive
ion sheath travels outward to the cylinder. When it reaches
the cylinder, secondary electrons may be created by positive
ion bombardment. The.details of this process are quite com-
plex and we shall adopt a simplified view. We shall assume
that a positive ion, approaching the surface of the metal, draws
an electron out through the potential barrier at the surface.
This electron then neutralizes the positive ion. The positive
ion as it returns to its ground-state will emit its characteristic
recombination radiation in one or more spectral lines. For ions
such as argon, the recombination spectrum lies in the ultra-
violet in a spectral region, the quantum cnergies of which are
larger than the work function of the material of the cylinder.
Many of the recombination quanta thus emitted will reach the
cylinder and one must therefore consider the emission of photo-
electrons. The photoelectric efficiency and the work function
of the various surfaces are known and one can therefore esti-
mate the number of secondary electrons which are likely to be
emitted when recombination radiation of a given wavelength
strikes the metal. The photoelectric threshold of copper lies at
about 3000 Angstroms (roughly 4 volts), and the photoelectric
efficiency of many of the surfaces used in counters is of the
order of magnitude of 10™%, although this figure can be altered
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an order of magnitude in either direction by suitable choice of
surfaces. Thus, if 10 photons strike the cylinder, it is probable
that one secondary electron will be formed and the avalanche
process will therefore repeat.

The meaning of /i, now becomes clear. ¥, is that volt-
age at which at least one secondary electron is produced by
every sheath of positive ions as it goes out to the cylinder and
is there neutralized. If every sheath moving out produces at
least one secondary electron, this secondary electron starts a
new avalanche which produces a new sheath, and the discharge
will continue indefinitely. This continuous discharge is not,
as we have pointed out before, really continuous in time, but
consists of a series of pulses or spurts at close and somewhat
overlapping intervals..

We may now understand the operation of the quenching re-
sistance or the quenching circuit. The function of these is to
keep the potential of the wire below #;, until all positive ions
have been ncutralized. Once this has been accomplished, no
further mechanism for the ejection of secondary electrons exists
and the discharge is therefore terminated. The circuit or re-
sistance may then rcturn the counter to its normal operating
potential, and it will then be sensitive to the next event. To
reduce the insensitive time, it is desirable that this return to
operating conditions should be as quick as possible and may,
in general, be of the order of a few times 10~ sec.

In some cases, the initial Townsend avalanche is not large,
and the positive ion sheath does not contain enough ions to
lower the ficld in the neighborhood of the wire below the sus-
taining potential of the discharge. Photons formed in the ini-
tial avalanche will travel to the cylinder. When they strike
the cylinder, they will cause the ejection of further photoelec-
trons, and these photoelectrons, coming into the region near
the wire, will then cause further avalanches. The result of this
phenomenon is the process of “multiple breaks” observed by
Ramsey and the Montgomerys.® These experimenters were
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able to photograph on an oscilloscope the successive changes in
the potential of the wire as several groups of electrons due to
the photons formed in the various avalanches arrived on the
wire. The wire thus attained its full potential drop, not as the
result of one electron avalanche, but as the result of several in
quick succession. A curve of this phenomenon is shown in
Fig. 4-3. When the field near the wire attains a value so low

that no further avalanches can be
ol ' supported, the discharge ceases.
The subsequent recovery of the
counter to a new operating poten-
100 | tial is controlled not by the inter-

g nal mechanism but by the speed

> of the external quenching circuit
so of resistance.

¢. Calculation of the efficiency of

. . 5 counters. We will define the effi-

) 5XI5° 6* ciency of a counter as the proba-
SECOND .y .
; bility that the counter will count
Fic. 4-3. Discharge curve of a -
counter with a large capacity con- Whﬁ_:tl an event of th? type to be
nected to the counter wire. (C. G. measured takes place w1th1n 1t.
and D. D. Montgomery, Phys. Rev. Th - f- 1 he effici -
57, 1035 (1940)) us, Ior exampile, the € Clef}cy
of a beta ray counter counting
electrons is equal to the probability that the counter will dis-
charge when one electron is formed inside it or enters it from
the outside. Since it is only necessary to have one electron
formed inside the counter to start an avalanche, the efficiency
of a counter may be readily computed.p®- ¢ We shall con-
sider the probability that any given ionizing event will produce
one electron within the active volume of the counter.
Suppose it is desired to detect a particle such as a cosmic ray
or a high-speed electron which is passing through the counter.
Let x represent the average number of electrons produced by
the particle to be detected as it passes through the counter.

Then the probability that such a particle can pass through
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the counter and produce no electrons is ¢™®. The efficiency
G of this counter, which is the probability that one electron
shall be produced, is therefore equal to 1 — ¢7=.

The evaluation of x is straightforward if the specific ioniza-
tion of the particle to be detected is known. The specific ioni-
zation is defined as the number of ion-pairs per cm of path per
atm which is left behind in the gas when the particle in ques-
tion passes through it.» Since high energy rays may produce
secondaries capable of producing further 1onuat10n, it 1s cus-
tomary to distinguish between the total specific ionization and
the primary specific ionization. The total specific ionization
determines the rate of energy-loss by the primary particle. The
primary specific lonization is that used in counter efficiency
calculations, since it is the number of ion-pairs formed by the
primary, and not the energy of each, that determines whether
a counter will register a count. The specific 1onization for fast
electrons and for cosmic rays has been measured in various
gases and is given in Table 4-1 below. Let us consider a few
numerical cases. Suppose a counter of about 1 in. diameter 1s
used for the detection of a cosmic ray. Let us further suppose
that this counter is filled to a typical pressure of about 0.1 atm
of argon. The total number of electrons which would be left
behind in the counter by the passage of a cosmic ray mesotron
through it would therefore be equal to s/p, where s is the spe-
cific ionization, / the length of the path through the counter and
? the pressure of the gas in atmosphere. Thus, we may write
for the efficiency the rclation:

G=1—¢" (4-3)

In case cited, if the average path through this counter for
the particles in question were about 2 c¢cm, and the specific
lonization for argon were taken as 30 ions per cm per atm from
Table 4-1, it is evident that on the average 6 ions would be
created in the volume of the counter by the passage of the
average mesotron through it. The chance that no ion would
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be created would be ¢78 and the efficiency of the counter would
therefore be 99.8%. Similarly, if the same counter were filled
with hydrogen at the same pressure, since the value s is so
much less for hydrogen, there would on the average be 1.2 ions
left behind in the counter by the passage of each ray. The
efficiency in this case would then be about 709),. From this
discussion it will be readily appreciated that it is important to
employ a gas using high specific ionization, or with high pres-
sure in ordet to obtain a counter with apprec1able efficiency.
A counter will be inefficient if the pressure is too low. Several
counters which have been reported in the literature employing
gases with pressures of about 2 cm are evidently undesirable
on the basis of efficiency.

TABLE 4-1. SPECIFIC IONIZATION, §, IN IONS PER CM PER ATM, PRODUCED BY
HIGH SPEED COSMIC-RAY PARTICLES, IN GASES WITH 7, ELECTRONS PER ATOM
OR MOLECULE

Gas Ne s Reference

Hydrogen (Hz) 2 6.0+0.2 | C3,D3

Helium 2 5.9 C3
Helium 2 6.5 Hé6
Air 14.4 21 D3
Argon 18 29.4 C3
Methane (CHy) | 10 16 S6
Neon 10 12 S8
C,H;s(OH) 26 33o0r42* | H6
BF; 32 44 S.K.
Xenon 54 44 ** S. K. ¢

* Calculated: 33 if empirical relation between s and 7. is assumed, viz.,
s = 1.1n. 4+ 3. The value 42 is obtained if s for 3Hs, 140, and C; are
added. The straight line empirical formula breaks down for 7, = 1 and 0.
It is at best a rough guide to the trend of s.** The value for Xe scems low
but possibly the departure from the calculated value 65 is traceable to the

tightness of the binding of the innermost electrons and screening.
1 Unpublished.
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The efficiency of a counter is of extreme importance. It is
important not only when such a counter is used to count single
particles, as is done in medical experiments, but is also of vital
concern in coincidence studies. In coincidence work, the in-
efficiencies are multiplicative and in many such experiments an
efficiency of less than 989, cannot be tolerated if good results
are desired. Indeed, efficiencies of less than this should not be
employed for any measuring problem, since too many unknown
factors may cause measurements with an inefficient counter to
be unreproducible. Since it is easy to make highly efficient
counters, there is no reason to tolerate inefficient ones, except
for certain special problems which we will discuss later.

We may consider the efficiency of a counter in detecting
alpha rays. An alpha particle produces a very high specific
ionization, It is possible to compute the number of ions per
cm from the well Known Bragg curve. The probability that
an ion should be formed within the volume of the counter is
unity if an alpha particle expends any fraction of its range in
the gas of the counter. It is therefore only necessary for an
alpha particle to traverse or end its range in any portion of
the sensitive volume in order for a count to be recorded. Simi-
lar arguments may be advanced in the case of electrons near-
ing the ends of their ranges. The specific ionization for an
electron near the end of its range is obtainable from the ioni-
zation curve for electrons. The ionization is heaviest toward
the end of the range, and therefore every electron of energy of
a few hundred volts or so which enters the sensitive volume of
the counter will produce a count. The difficulties which may
be encountered in measuring beta radiation from weak radio-
active sources with an inefficient counter are at once apparent.
Such a weak beta ray may just be able to get through the
wall of the counter. If the efficiency of the counter is not high,
many of these beta rays may come to the ends of their ranges
in some portion of the counter which is not sensitive, or may
enter the sensitive volume and still not be detected. The pos-
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sible errors that an inefficient counter may produce are there-
fore uncertain and difficult to correct.

Counters may also be used for detecting photons and gamma
radlatlon In"designing a counter for this purpose, it is cus-
tomary to prov1de two features which would be undesirable in
beta ray or cosmic ray counters. These are (a) a window
transparent to radiation and (b) a surface on the cylinder with
maximum photoelectric efﬁcxency for the particular radiation.
The cathode of the counter may in addition be cut, perforated
or otherwise so arranged that a large aperture exists through
which the photons to be measured reach the photoelectric
surface.

The number of photoelectrons formed in the gas of the
counter is usually small compared to the number ejected from
the walls.. In the case of high-energy gamma radiation, a high-
energy photon may produce a Compton electron in the gas of
the counter or may eject an electron from the wall by one of
several processes. In any event, the gamma ray will be de-
tected only if it produces an electron somewhere within the
sensitive volume. Since the photoelectric efficiencies of sur-
faces are, in general, quite low, a counter will ordinarily have
a rather poor efficiency in detecting gamma radiation.

We may also discuss the effect on the efficiency of the intro-
duction of heavy organic vapors into counters. Counters em-
ploying argon with an addition of alcohol or other organic vapor
have been in common use for some time. Usually, the vapor
pressure of the organic substance is of the order of 1 or 2 c¢m.
If the pressure of the argon is between 0.1 and 0.2 atm, the
majority of the ionization formed within the counter by the
primary ionizing event will be in the form of argon ions rather
than organic ions. The efficiency calculations can therefore be
made on the basis of the argon content of the counter, and the
contribution due to the alcohol will be small. The specific
ionization of various types of radiation in the organic vapors
has, in general, not been measured, but there appears no rea-
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son to suppose that this would be different in order of magni-
tude from the specific ionization in other gases. The specific
lonization is roughly proportional to the number of electrons
per molecule and so will be fairly high for alcohol. Hazen =6
estimates that it is probably about 42 ions per cm for ethyl
alcohol. The addition of 109, or so of alcohol vapor to an
argon-filled counter will therefore slightly improve the effi-
ciency which is already high. Greisen and his collaborators ©8
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have measured the efficiencies of alcohol-filled counters and
their results confirm the view developed above.

For particles heavier than electrons, the number of ion-
pairs produced per cm of path is large. Eq. (4-3) may be used
to compute the efficiency of a counter counting alpha particles
or protons, but these efficiencies will in almost all cases be
unity. The number of ion-pairs produced can be readily com-
puted from the range (see Fig. 4-4) for these particles, recalling
that about 35 ev are required to produce each ion-pair.

2. Operation. a. Introduction. In this section we propose
to discuss the operational characteristics of non-selfquenching
Geiger-Mueller counters. We shall consider counters filled with
any monatomic or diatomic gas or mixtures thereof. In view
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of the theory developed above, we shall show what types of
speration may be expected, and are actually met in practice.
We shall present the characteristic curves and show how these
depend on the nature and the pressure of the gas. We shall
consider the pulse sizes which are obtained with the various
arrangements and the efficiencies of the counters in detecting
the radiation of various types, We shall also examine the
effects due to negative ions, metastable states, and operation
with reversed potentials. The design and construction features
and the attached electronic circuits will be discussed in a later
chapter.
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Fic. 4-5. (A) Typical plateau curve of selfquenching counter filled with argon
and 109, C:HgO vapor. (B) Same counter when 29, air was admitted. Note that
starting potential increases and plateau becomes less flat. (Ref. S1)

There are five desirable features which may be realized in
counters, to a greater or lesser extent, through proper design.
These are (a) low operating potential, (b) long operating volt-
age range or “plateau,” (c) high efficiency, (d) stability with
use and time, and (e) pulse size large enough to operate elec-
tronic circuits unambiguously. We shall examine the influence
of various features on these five desiderata. The purely me-
chanical features, such as ruggedness, ease of construction and
low cost, are discussed in another chapter.

b. Characteristic curves. There are two important character-
istic curves exhibited by Geiger counters. The first is the
familiar plateau curve, in which the counting rate of a given
counter is plotted as a function of voltage, when the gas which
it contains and the radiation to which it is exposed are both
kept constant. A typical curve of this sort is shown in Fig. 4-5.
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These curves are characterized by a rapid rise beyond the start-
ing potential to the Geiger threshold and a more or less flat
region beyond this, which is called the plateau. The slope of
the plateau and the factors influencing its flatness will be dis-
cussed later. At the upper end of the plateau, the counting
rate rapidly increases with further rise in voltage, and the
counter ceases to be useful for quantitative measurements.
This counting rate curve is an integral curve, in which all
pulses greater than a certain size are measured. If such a curve
shows a flat “plateau,” it indicates that, in the region of the
plateau, all pulses are of a certain maximum size. A flat pla-
tcau may thus be taken to indicate true Geiger counting action,
since we have dcfined this as the process leading to the pro-
duction of pulses which are all of the same size and independent
of the amount of ionization occurring in the initial ionizing
event. Morcover, a flat plateau is desirable from an opera-
tional viewpoint in that it insures that if the counter be oper-
ated somewhere near the middle of the flat portion, the count-
ing rate will be independent of small fluctuations in the operat-
ing potential.

The other type of curve which we wishk to discuss is that of
the starting potential as a function of the pressure of the gas in
the counter. Typical curves of this sort are shown in Fig. 4-6.
It will be noted that these curves resemble the familiar sparking
potential curves and are characterized by a minimum in the
neighborhood of a few millimeters and a slow rise toward
higher pressures. This rise is practically linear over small
changes in pressure. Curves of this sort may be prepared for
various kinds of counters and fillings. The rapidly varying
portion below one centimeter is of comparatively little signifi-
cance from the point of view of practical opcration, since the
efficiency of a counter filled with pressures of 1 cm or less is so
small as to make it virtually useless. The usual operating re-
gions for most Geiger counters is in the neighborhood of 7 cm
to 20 cm pressure. Operation at still higher pressures is some-
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times desirable. To cite cases in which high pressure counters
have been found useful, we have those designed by Brown,®s
in which helium at 1 atm was used, and also the neutron count-
ers,®8 in which operation at 1 atm and above is desirable from
the point of view of efficiency. In the case of helium counters
operating at atmospheric pressures, the gas may be flowed into
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Fic. 4-6. Typical starting potennals with (999,) pure gases. Counter cylinder
1 cm diameter, wire 3 mil. The minimum occurs at about 3 mm. Ordinary operating
range 7 to 20 cm. (After C. L. Haines, Rev. Sci. Inst. 7, 411 (1936))

the counter continuously while some portion of it is open to
the atmosphere, and the mechanical provisions for introducing
a specimen into the volume of the counter are therefore simple.
With this arrangement, a radioactive sample to be measured
may be introduced into the body of the counter and the radia-
tion emitted in all directions from the substance may be
measured.

It is evident from inspection of Fig. 4-6 that the starting
potenﬂal depends on the nature of the gas, In general, the
noble le_gases produce counters with lower starting potentials
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than do the common diatomic ones, such as nitrogen or hydro-
gen. The starting potentials of mixtures will, in general, lie
between those of the constituents. Consequently, since a low
starting potential is desirable, noble gases have been widely
used in counter work.,

¢. Efficiency. We have shown, in the theoretical discussion,
that the efficiency of a counter may be computed from eq. (4-3),
and that it depends on the specific ionization of the particle to
be counted in the particular gas used in the counter. We have
further pointed out that a high efficiency is necessary for good
results in most cases. It is comparatively simple to produce a
counter with an efficiency of 99.89, or better. The important
considerations are the nature of the gas and the pressure. The
noble gases, excepting helium, have high specific ionizations,
and counters filled to between 7 and 20 cm of such gases will
have good efficiencies and low operating potentials. V

It is of interest to discuss the case of a counter operating at
low efficiency. Counters operating at a low cfficiency differ
from those operating at a high efficiency in that their operation
begins to resemble that of an ionization chamber. As Korff
and Danforth have suggested X¢ the exponential for the effi-
ciency—eq. (4-3)—may be expanded and written in terms of
its first series member when the exponent is small. Thus the
efficiency given by the cxpression

G=1—¢%
becomes
G = sip. (44)

Since the efficiency depends on s, the counting rate depends on
the size of the ionizing events, and the counter measures a
quantity proportional to the total radiation which falls on it,
much as does an ionization chamber. A counter of high effi-
c1ency counts the number of particles, regardless of the amount
of ionization produced by each, whereas one of low efficiency
counts particles of high specific ionization preferentially. The
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counting rate for low efficiencies will be proportional to the
volume of the counter while for high efficiencies it is propor-
tional to the cross-sectional area exposed to a flux of radiation.
As with an integrating ionization chamber, it is not possible to
tell whether a given counting rate with a low efficiency counter
is produced by a few particles of high specific ionization or
by many with low s. Thus if a counter is exposed to a flux of
i lonizing partigles per sq cm per sec, and has a cross-sectional
area of F sq cm through which the radiation passes, then the
counting rate of a high efficiency counter will be iF counts per
sec. But for inefficient counters, we must multiply by a value
of G = slp less than unity, and since /F is the volume of the
counter, which we designate by U, the counting rate will be
ispU counts per sec. Thus inefficient counters may have a
use in the special case when knowledge of the total radiation
is desired, rather than the flux.

Returning to the discussion of counters of high efficiency,
the fact that the counting rate depends on the cross-sectional
area means that the geometrical relation of the counter and the
angular distribution of the radiation must be considered. This
is not true for the low-efficiency counters or integrating ioniza-
tion chambers where the quantity measured depends on the
volume of the device and not on its orientation with respect to
the particles being measured. Thus for efficient counters, geo-
metrical correction factors are required.

Corrections of this type have been found necessary in the
cases in which counters, arranged to cover large sensitive areas,
were used for measurement of cosmic radiation.X8 The cos-
mic radiation is not incident isotropically on the counter, but
falls upon the instruments largely from above. The geometri-
cal corrections are quite sensitive to the angular distribution.
Consequently, if the angular distribution varies, as, for ex-
ample, does that of cosmic radiation as a function of elevation,
the intensities at several elevations obtained with electro-
scopes or ionization chambers cannot be compared with those
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measured by high-efficiency counters without making the
necessary geometrical integrations.

d. Nature and type of gas. (1) Helium. Considering first
the various monatomic gases, we find that helium has been
used by various investigators for filling counters. Counters
using helium have been studied extensively by Brown.® He-
lium has a comparatively low specific ionization, and it is con-
sequently nccessary to use a fairly high pressure in order to
obtain desirable efficiencies. However, helium counters are also
characterized by a low starting potential and therefore com-
paratively high pressures may be used without encountering
excessive operating voltages. One of the features of helium-
filled counters is the relative transparency of this gas to radia-
tion in the short-wave regions and the small stopping power
which it has for heavy particles.

(2) Neon and argon. These two gases are used extensively
In counters. Argon, in particular, is inexpensive and has a
high specific ionization. Counters with high efficiencies and
low starting potentials may readily be made using this gas.
Extremely pure argon should be avoided owing to the difficul-
ties which arise due to the metastable states, the effects of
which will be discussed below. Ordinary commercial argon,
which is often about 989 pure, may be used quite satisfac-
torily, since the 29/, impurity is sufficient to de-excite the meta-
stable states by collision. Krypton and xenon also make ex-
cellent gases for counters since both have high specific ioniza-
tions and produce low starting potentials. However, expense
usually rules them out, and they have, in fact, comparatively
little advantage over argon.

(3) Nitrogen and Iydrogen. Both of these gases are at times
used in counters. Each is characterized by a comparatively
high starting potential. Hydrogen has an additional disad-
vantage, namely, a low specific ionization. In order to obtain
efficiencies approaching 1009, for the detection of beta rays
or cosmic rays, considerable pressures of hydrogen are neces-
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sary, and the resulting starting potentials may become unde-
sirably high. For example, to obtain an efficiency of 99.89,
in a counter with 2 cm average path, the counter would have
to be filled to 35 cm of hydrogen and such a counter would re-
quire well over 2000 volts for its operating potential,

(4) Oxygen. The results obtained with oxygen are some-
what undesirable since in this gas the formation of negative
ions is appreciable. The effect of the negative ions will be dis-
cussed below.

(5) Mixtures. In early experiments, air was used in count-
ers. Air, however, has to a lesser degree the same disadvan-
tage which oxygen has, namely, it permits the formation of a
sufficient number of negative ions to produce appreciable
spurious counting. In addition, air should be carefully dried
in order to remove water vapor which not only may give rise
to negative ions, but also may affect the surface of the cathode
in time. Mixtures which have been found to be particularly
desirable are argon-and-hydrogen or neon-and-hydrogen. In
each case, a few percent of hydrogen may be added to the
noble gas, and the resulting starting potential is low, almost
equal to that due to the noble gas alone, whereas the efficiency
is high. The hydrogen molecules remove the energy in the
metastable states by collision. Argon-oxygen counters (949,
A, 69, O,) have been studied by the Montgomerys,™3 and the
effects of negative ions were noted.

e. Pulse size. In the theoretical treatment, we showed that
the size of the pulse, or in other words, the change in potential
of the wire, should be of the order of the overvoltage. That
this is indeed frequently the case has been confirmed by numer-
ous investigators. However, in some cases the change in po-
tential of the wire is greater than the overvoltage and the wire
drops during the discharge to a value below that necessary for
sustaining the discharge. This phenomenon is called “over-
shooting” and can be produced in any counter by making the
capacity attached to the wires small and the overvoltage high.™3
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If the capacity of the wire system is made high, the counter
will ordinarily not overshoot. The phenomenon of overshoot-
ing has not been observed by several investigators who sought
it, but these observers generally used high capacities on their
wire system, and consequently the conditions were not such
that the phenomenon would be observed. In Fig. 4-7, a curve
of pulse size as a function of overvoltage is shown. In this
curve the pulse size would be a straight line for high capacities
and departs from a straight line in
the direction of pulses larger than
the overvoltage at high overvolt-
ages. The experimental data are
taken from the observations made
by the Montgomerys.™s

The values of ¢, the charge col-
lected on the central wire, are
closely related to the pulse size.
Several observers have measured ! :
the chargé collected, notably Stever  Souts ABove STarTve PoTENTIAL
and Ramsey.s3: ®5 One simple pro-  Fic. 4-7. The amount of
cedure for measuring ¢ is to ar- charge formed in a counter which

. . overshoots, as a function of the

range a hlgh’reSIStance> low-lcakage potential above the starting poten-
condenser to supply the counter tialapplicd toit. (C.G.and D.D.
voltage, and then to measure the l(\fg:(;;g)"mm" Phys. Reo. 57, 1034
potential change 4/ of this con-
denser after an assigned number of counts # have taken place.
The charge ¢ then will equal #Cdl’, where C is the capacity of
the condenser. The charge ¢ collected during a pulse was
found to be proportional to the overvoltage. It is found to in-
crease somewhat when overshooting takes place. The charge
collected is of the order of 10 X 10~¢ microcoulombs per volt
of overvoltage for small pulse sizes and may run to 100 times
this value for larger pulses.

[ Effects due to negative ions. Let us consider the effects due
to negative ions. Suppose that a negative ion is formed within

15 ¢

-
o
L§

COULOMBS X 10°
8
L]




82 THE GEIGER COUNTERS

the active volume of the counter during the discharge. Ac-
celerated by the field, this ion will drift toward the central
wire. The mobility of negative ions is the same in order of
magnitude as that of positive ions, and the negative ion will
therefore require a few times 10~ second to cross the dimen-
sions of an average counter. Such negative ions may then ar-
rive in the high field region next to the wire after the Townsend
avalanche is over and after the positive ion space charge sheath
has progressed far enough toward the cylinder, so that the
field near the wire has partly recovered to its normal value.
The negative ion entering the high field region may lose its
electron in the immediate neighborhood of the wire, due to the
high field. In this case the electron which is thus freed will
start a new avalanche and produce a new count. Alternatively,
the negative ion may produce ionization by collision in the
neighborhood of the wire and may again thus start a new
Townsend avalanche. Since recovery from the first count has
partially taken place, the counter would then register a new
count. There is therefore the possibility that the counter will
discharge at times subsequent to the completion of the initial
count, if negative ions are formed within a counter. In other
words, spurious counts or an excessive number of close doubles
or multiples may be produced by negative ions.

The probability of the formation of a negative ion in the
zounter subsequent to the discharge may be calculated from
the known electron attachment coefficient. The electron at-
tachment coefficient for various gases may be taken from the
tables given by Compton and Langmuir.©2 Numerical values
are presented in Table 4-2. The coefficient is defined as the
number of collisions which an electron must make with neutral
molecules or atoms before it sticks and forms a negative ion.
An electron will make approximately 10° collisions in crossing a
counter, the mean free path depending on the pressure. There-
fore, if this coefficient exceeds 105, there will be a very small
probability that any negative ions will be formed, since the elec-
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trons will not have made enough collisions before they are col-
lected. The values reported for the coefficient are high for
Argon, H,, N,, and ammonia. The value for air is 2 X 10,
which 1s close to the critical value of 10%, mentioned above, but
the figure for O, and for H,O and Cl; are all less than this criti-

TABLE 4-2. ELECTRON ATTACEMENT COEFFICIENT ¥

Gas n N
CO 1.6 X 108 2.2 X 10t
NH; 9.9 X 107 2.9 X 101
CoHg 2.5 X 108 4.8 X 101
N0 6.1 X 10° 3.36 X 10
Air 2.0 X 10° 2.17 X 101
0,, H;0 4 x 10t 2.06, 2.83 X 101!
Cl, <2 X 103 4.50 x 10t

* Herc n represents the average number of electron impacts which result
in one attachment to form a negative ion, and N the number of electron
impacts per scc against gas molecules. Data from Compton and Langmuir,
Revs. Mod. Phys., 2, 193 (1930).

cal value. Hence, negative ions will be formed in sufficient num-
bers to produce significant effects only in the case of oxygen,
water, and the halogens. It will be recalled that iodine was
used in some counters in the early days. It is evident that
this gas and others in that family are undesirable in counters,
because of the high electron attachment probability. Water
vapor and other similar compounds should also be avoided on
this ground.

g Effects due to metastable states. Suppose an atom is left in
a metastable state as a result of a discharge. The atom will
then remain in this state until radiation takes place, or a colli-
sion of the second kind occurs and the energy of the metastable
state is transferred into kinetic energy. Metastable states oc-
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cur in the noble gases. In pure argon, for example, metastable
atoms may form in the discharge. "The lifetime of these meta-
stable states, before radiation takes place, is of the order of
10~* sec or longer. Atoms in metastable states are not affected
by the field and drift about within the volume of a counter.
Such atoms may collide with the walls of the counter while
they are in the metastable state, or (less probably) they may
radiate. Either process can give rise to a secondary electron.
If such secondary electrons are produced after the positive ion
sheath has traversed a substantial fraction of the radius of the
counter, a new count will occur. In the new discharge, new
metastable atoms are presumably formed, and if these meta-
stable states in turn produce still more secondary electrons,
then the discharge in the counter does not terminate. It is
for this reason that pure noble gases are not desirable in count-
ers and a foreign gas should be used which de-excites the
metastable states by collision. Thus, for example, the addi-
tion of a few percent of hydrogen to a counter filled with pure
argon insures that a collision between argon and hydrogen
molecules will take place within a time short compared to the
lifetime of the metastable state, and therefore will result in the
elimination of the metastable atoms.

h. Operation of a counter with reversed potential. 1f the po-
tentiafon the counter is reversed and the wire is made negative
with respect to the cylinder, the counter may still be made to
operate as a Geiger counter. The detailed description of the
discharge mechanism will, however, be quite different. An
electron avalanche will be formed, but the electrons will pro-
ceed outward toward the cylinder. Since the electrons move
into regions in which the field becomes progressively weaker,
the avalanche which they produce will tend to taper off, and
the multiplicative process will decrease as the electrons travel
outward. The positive ions, on the other hand, may enter the
regions of field so high that in one mean free path they acquire
enough energy to produce ionization by collision. Additional
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electrons are thus produced as the ions travel inwards toward
the central wire. These electrons will travel out to the cylin-
der, where they are collected. If they produce additional elec-
trons by bombardment of the cylinder, these electrons are also
collected on the cylinder and do not contribute to the continu-
ation of the discharge. The positive ions,.however, arrive on
the wire and others may produce avalanches at times com-
paratively long after the electrons have been collected. Thus
a count may take place immediately after the ionizing event
which caused it, or there may be a considerable time which
elapses, depending on whether the initial ion was formed near
the wire or far from it. Such random time intervals between
the occurrence of the initial ionizing event and the count are
called statistical time-lags. Counters with potentials reversed
will therefore, in general, show large statistical time-lags.
Further, since not all the th once, they will
also” sTT'”‘conS‘ﬂerabre fluctuations in the size and shape of
the pulse. Because of the time-lags, they are of no value in
coincidence circuits,“* since any effective coincidence-count-
Ing arrangement assumes minimum time-lag. The voltage re-
gion in which such counters may be expected to give reliable
results is comparatively small and the plateaus are not at all
flat.

i. Experiments on counters_with potential-reversing circuits.
Since The-fumdarmental Timitation on the recovery time of count-
ers is due to the mobility of the positive ions, it has occurred
to many observers independently to attempt to collect these
1ons rapidly near the place where they are produced. The
first successful experiments along this line to be reported in
the literature were made by Simpson # who employed a square-
wave generator (multivibrator) circuit to apply a reverse po-
tential to the counter. If a count takes place in a counter, the
positive jon sheath is formed in the immediate vicinity of the
center wire. The electron avalanche is complete before the
vositive ions have moved any appreciable distance. If this ar-
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rival of electrons on the wire can trigger a circuit which now
rapidly makes the center wire negative and cylinder positive,
the positive ions in the counter could travel the much shorter
distance to the central wire and there be neutralized. This ac-
tion would speed up the operation of the counter.

In Simpson’s experiment, this was done and a circuit was de-
veloped for the purpose. The requirements to be met by such
a circuit are quite severe. If the counter normally operates
with the wire 1500 volts more positive than the cylinder, it
would be necessary to make it several hundred volts more nega-
tive than the cylinder, keep it at that potential for a time long
enough to collect the positives, and then return it to its original
state, all in a time short compared to the travel time of the
positives across the counter, i.e., less than 107* sec. It 1s
therefore necessary to apply a square pulse, 1800 volts or more
in amplltude and a few microseconds in duration, to the wire.
Most receiving tubes will fail under such operation, and Simp-
son employed a transmitting tube of type 807. This tube was
driven by a trigger circuit, which was in turn actuated by the
small pulse due to the electrons arriving on the center wire.
Elaborate precautions had to be taken to insure that the final
pulse would be really square, eliminating rounded corners and
tails to the pulse, and rendering the trigger circuit insensitive
during the cycle of operation. A detailed discussion of the cir-
cuit is out of place here, and the reader is referred to the origi-
nal paper.® It will suffice to say that the operation was suc-
cessful, and that it was possible to collect the positive ions in
a short time. Simpson reported that the operation could be
carried out and the counter restored to a sensitive condition in
times of the order of 2 X 10~ sec, with “no indication that
the limit had been reached.” Although this circuit is prob-
ably not, at the present time, readily adaptable to general
laboratory use, it appears probable that future developments
in high speed counters will make use of this principle. Cir-
cuits of this type will no doubt be simplified and become
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part of standard laboratory practice. The success of this ex-
periment points the way to important new developments in
counter technique and suggests many interesting and significant
fields of study. An order of magnitude has already been gained
and further progress seems probable.

J. Intrinsic time lags. Most discussions of Geiger counters
assume that the count takes place immediately after the ioniz-
ing event occurs. It is well to consider this assumption rather
carefully, especially if use is to be made of extremely short re-
solving times. As we have indicated above, once an electron
starts to produce an avalanche the action takes place very
quickly, and in less than a microsecond the avalance is over,
electrons have been collected and the positive ion space charge
sheath has been produced. The electrons, wherever formed,
can traverse the dimensions of the counter in less than a micro-
second. It was therefore somewhat surprising when various
observers reported evidence that a counter did not discharge
until some time several microseconds after the primary ioniz-
ing event had occurred. The Montgomerys M7 have given a
good explanation of this effect.

The intrinsic time-lag in the counter is attributed to the
formation of negative ions. If the electron, formed in a pri-
mary ionizing event at some point distant from the wire, is cap-
tured to form a negative ion while it travels toward the wire,
its speed of travel will be much reduced. Taking the mobility
of a small negative ion at about 1.5 cm per sec per volt per cm,
a negative ion will travel in a field of 10* volts per cm and 0.1
atm pressure, at roughly 1.5 X 10* cm per sec and hence would
require many microseconds to traverse a counter. This time
would be considerably reduced if the electron were captured
near the wire, as it would have traversed most of the distance
at the much higher speeds characteristic of an electron, and
would complete its journey to the wire faster because it was
in the high-field region. The time still would be appreciable
compared to that required for the electron to complete its jour-
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ney in the absence of capture. It is further to be noted that
the experiments in which these lags were observed used count-
ers in which oxygen was present as a constituent in an amount
of 6%. If short resolving times are to be used, the formation
of negative ions must be avoided. This is particularly impor-
tant in coincidence experiments where a lag of several micro-
seconds may produce an apparent inefficiency in a fast cir-
cuit. '

k. The use of grids in counters. Experiments have been re-
ported by Korff and Ramsey ¥t and W. F. Libby % in which a
grid was introduced into a counter. The cylinder of the
counter was 5.6 cm in diameter and a grid of 1 cm diameter was
arranged around the central wire. Since the avalanche mech-
anism occurs only in the immediate vicinity of the wire, the
position of the grid does not affect the avalanche. The pulse
size is controlled by the potential difference between the grid
and the central wire.

When the outer cylinder is made negative with respect to
the grid, any electrons produced in the outer space are acceler-
ated toward the grid. Disregarding the few which are col-
lected on the grid, most electrons pass through the grid and
produce counts as though the grid were not there. Only a
small potential difference between grid and cylinder is neces-
sary. Potential differences of as little as 10 volts were found
to serve. Increasing this potential difference to 200 volts made
no detectable difference, as the outer region is merely an ion-
collecting zone. If the potential was reversed, and the grid
made negative by 10 volts with respect to the cylinder, the
outer volume ceased to contribute electrons to the discharge
and the counter acted as though it were one whose diameter
was equal to that of the grid. Varying the magnitude of the
grid-cathode potential difference again had no effect.

When the potential difference between grid and cylinder was
made zero, the counter went into a continuous discharge. The
explanation of this is that any electrons produced in the field
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free space between grid and cylinder might then drift about
and at random times drift through the grid. As soon as each
one has passed through the grid it starts a count. A rapid
succession of counts at random intervals is the equivalent of a
continuous discharge.

The advantages of using the grid are (a) that the total oper-
ating voltage of the counter can be reduced and (b) that the
resolving time is shortened since the positives cease to influence
the discharge as soon as they have reached the grid and thus
have only had to travel over one-fifth (in this case) of the radius
of the cylinder. The disadvantages are (a) increased com-
plexity in construction and (b) a few electrons are collected on
the grid. As to the operating voltage, with a small diameter
grid only that voltage needed for a small-diameter counter
need be used, plus a grid-plate potential difference of 10 or
2214 or some other convenient low voltage. For a large diam-
eter cylinder, the attainable voltage reductions are quite con-
siderable. This consideration is, for example, of great impor-
tance in saving weight in cosmic-ray-balloon experiments.

B. SELFQUENCHING COUNTERS

1. Introduction. In this section we shall discuss counters
containing polyatomic gases or vapors. “Polyatomic” we shall
use to describe a molecule consisting of four or more atoms.
Triatomic molecules will constitute a special case separately
discussed below. The counters in question may have mon-
atomic or diatomic gases added. The monatomic component
may often be the largest fraction percentage-wise, as for ex-
ample in counters filled with 909} argon plus 109}, alcohol va-
por. The polyatomic molecule, however, if present in appreci-
able amounts, affects the character of the discharge to such an
extent that the operation of the counter is entirely different
from the non-selfquenching type of counter discussed previ-
ously.
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It was reported by Trost ™2 in 1937 that the addition of a
certain amount of the vapor of some organic compounds caused
the counter discharge to “quench” itself, in other words to
terminate due to some internal mechanism in the discharge.
This property permitted the elimination of the “quenching re-
sistance” or the equivalent electronic circuit. Since the high
resistance was the chief cause of the slow recovery time of the
non-selfquenching counter, the selfquenching counters exhibited
an apparently much shorter recovery time and hence became
known as “fast” counters. As we shall show, this is a misno-
mer, because the actual time required by the “fast” counter to
complete one cycle of its discharge mechanism is longer than
that for the “slow” or non-selfquenching counter. We shall
therefore use the term “selfquenching” when referring to these
counters as this more nearly describes their properties.

Since Trost’s early experiments, various observers have tried
a large number of different compounds in counters. The result
of these experiments may be summarized by saying that any
polyatomic (gas) molecule will produce the “quenching” ac-
tion. The molecule need not be organic, BF; being an illus-
tration of a non-organic molecule which causes quenching, al-
though most polyatomic molecules are organic. There does not
appear to be any great difference in merit between various pos-
sible polyatomic molecules, each having certain advantages and
disadvantages as compared to others. For example, amyl ace-
tate shows a somewhat longer useful life but a slower resolving-
time than does methane. We shall discuss these various prop-
erties below.

In selecting a gas for a selfquenching counter we consider
the following desiderata: (1) The counter should have high
efficiency; (2) it should have a short resolving time; (3) it should
have a wide plateau; (4) it should have a flat plateau; (5) it
should have a minimum temperature coefficient and (6) it
should have a long life. A low operating potential and ease of
construction are desirable considerations which we shall also
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mention. The optimum amount of polyatomic constituent to
be added to a monatomic or diatomic gas will be described, as
well as the minimum amount needed to produce quenching.
In order to understand why a given combination of factors is
desirable, we must consider the atomic mechanism of the
discharge.

2. Theory. In 1942, Stever 83 extended the analysis which
the Montgomerys™3 had originally prepared regarding non-self-
quenching counters, to selfquenching counters. The Mont-
gomerys pointed out that one of the important differences be-
tween the non-selfquenching and selfquenching counters was
that when the positive ions formed in the avalanche reached
the cylinder, secondary electrons were formed. These electrons
caused the discharge to continue indefinitely in the case of the
non-selfquenching counter while in the selfquenching type,
these secondary electrons were absent. Korff and Present ¥7
in 1944 proposed a mechanism to explain the absence of secon-
dary electrons. Stever discussed the formation of the space
charge sheath, following the Montgomery theory, and showed
how the measured dead times and recovery times depended on
the motion of this sheath.

To understand this operation, let us consider the definitions
and meaning of the dead time and rccovery time of a counter.
Suppose a count occurs. There will follow an insensitive time,
while the discharge mechanism is operating, during which time,
if another ionizing event occurs in the counter, it is not detected.
This time is defined as the dead time. At the end of the dead
time if an ionizing event should occur, a pulse so small that it
can just be detected, would be observed. If the event takes
place a trifle later, the pulse will be larger, and finally a time
will come when the pulse will be of full height. The recovery

tim&i&th@ejrgs the time required by the counterto re-
cover so that a pulse following another by this intefval shall
mﬂsed an electronic circuit to demon-
Wnomenon on an oscilloscope screen and Fig. 4-8
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shows a sketch of the pattern seen. The dead time and recov-
ery time are indicated in the figure.

Stever discusses the dead time and recovery time in terms of
the movement of the positive ion sheath. This analysis has
already been discussed in the section on non-selfquenching
counters, since Stever’s treatment is substantially the same as
the Montgomerys’. The dead time is understood as the time
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Fic. 4-8. Drawing of oscilloscope pattern of the result of the dead-time experiment.
This shows the dead time #3 and the recovery time #,. The time (¢a + #;) corresponds
to the arrival of the positive ion sheath at the cylinder. The time ¢4 corresponds to
the point in the transit of the positive ions at which the field about the wire has returned
to threshold field. (From H. G. Stever, Phys. Rev. 61, 40 (1940))

required for the space charge sheath to move out to a distance
such that the field near the wire will have recovered to such a
value that counts will again be observed. In other words, as
when the space charge sheath is first formed, the field inside
the sheath decreases below the value necessary to sustain an
avalanche, i.e., below the Geiger threshold. As the sheath
moves out, the field between the sheath and the wire increases
and returns to normal. Stever shows that the “critical radius”
r. is related to the overvoltage 7 and the cylinder radius r by
the relation

Yo = r—V/ZQ (4_5)
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where ¢ is the positive ion space charge per unit length. The
dead time is the time required by the positive ions to move out
to 7.

As the positives continue past R toward the cylinder, the
field near the wire recovers to normal. The recovery time is
the time required by the ions to reach the cylinder and be
neutralized. The dead and recovery times are therefore de-
termined by the mobility of the positive ions. This drift ve-
locity dx/dt of an ion in a field E at pressure P is determined by
the field, and may be written

dx/dt = kE/p (4-6)

where k is a constant called the “mobility,” and dx is the dis-
tance moved by the ion in time dz. The quantity % is usually
expressed in cm per sec per volt per cm at atmospheric pres-
sure [cf. eq. (2-2)].

Numerical values of k have been determined by many observ-
ers for various types of ions moving in various gases. The nu-
merical values of 4 and the fields used in counters are such
that about 10™* sec is required for the ions to reach the cylin-
der. The order-of-magnitude agreement between this figure
and the known recovery times has been commented on by the
Montgomerys and others and has been used to support argu-
ments regarding the natural insensitive time. The case of the
selfquenching counter is somewhat complicated since two kinds
of ions are often present, those of argon and those of ethyl alco-
hol, for example. The mobility of argon ions in argon is more
accurately known than the mobility of the mixtures in mixed
gases. It is therefore not possible simply by referring to values
of k in tables, to answer the problem completely. Electron
transfer, as we shall show, somewhat simplifies the picture.

The form of the dependence of k£ on E and on p, the pressure,
is complicated, and has been studied in detail by Loeb ** and
others. Near the wire, where the field is high, % is not con-
stant. Moreover the functional relationship varies consider-
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ably from gas to gas. If kisassumed constant, the dead time
can be calculated, but experiments do not confirm the values
so obtained. The recovery time can be calculated with some
degree of success, since most of the travel time of the ions is
spentin the low field regions where £ may be assumed constant.
The expression for the recovery time, ¢, is readily derived

from eqs. (4-5 and 4-6) recalling that the voltage ¥ = [ Edr,
and is found té be

_ (P =72 log (r/ru)
- 2kC

where 7, and 7 are the wire and cylinder radii, The observed
values of ¢, lie between 1.0 and 2.2 X 10~* sec for counters
operating at between 950 and 1450 volts, 7, = 0.01 cm, r =
L.11 cm, 7. = 0.65 cm and filled to between 5 and 14 cm pres-
sure of a 909, argon + 109, Xylol mixture. The values pre-
dicted by eq. (4-7) are generally within 209, of the observed
figures. This agreement must be regarded as satisfactory in
view of the uncertainties in the problem, the lack of precision
in consideration of the exact meaning of the mobility, and the
effects of electron transfer which we shall discuss below.

The dead times and recovery times have been measured by
Stever 8 for a variety of different gases and mixturcs and a
few typical ones are listed in Table 4-3. It will be seen that
the dead times and recovery times are of the stated order of
magnitude, 1 to 2 X 107* sec, for the lighter gases, and some-
what higher, up to 8 X 107 sec, for the heavier vapors. This
is to be expected since the mobilities of the heavy ions are less
than that of the light ions.

Eq. (4-7) and the arguments regarding the dead time and
recovery time all assume that the discharge spreads along the
wire of the counter. A number of experiments have been per-
formed which support this view. Since these experiments also
have a bearing on the actual mechanism of the counter dis-
charge, we shall now describe them.

t

(4-7)
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TABLE 4-3. OBSERVED DEAD TIMES AND RECOVERY TIMES

Total . Recover
Gases Pressure, Dgad Time, Time, Y Reterence
Cm cconds Seconds
959, argon, 5%, xylol 13.4 2.6 X107 4.3 X104 S3
959%, argon, 5%, xylol 11.0 24X 1074} 4.3 X104 S3
959, argon, 59, xylol 9.0 2.1 X 1074} 3.7 X104 S3
95%, argon, 5%, xylol 7.0 1.8 X 10741 3.6 X104 S3
94.5%, argon, 5.5,
cthyl alcohol 10.1 1.4 1074]2.3 X104 S7
809, argon, 209, alco-
hol 10.0 2.1 xX1074]2.3 X104 S7
67% argon, 339 alco-
hol 9.7 22X 10741 2.45x 104 S7
94.8%, argon, 5.29],
amyl acetate 15.0 2.0X 10741 4.0 X104 S7
90.9%¢ argon, 9.19,
amyl acetate 15.0 20X107%}1 4.0 X104 S7
94.8%, argon, 5.29,
amyl acetate 15.0 28X 10741 4.8 X104 S7

First we will recall the early and unpublished experiments,
made by Ramsey, Brode and others, in which two counters (A4
and B) were so arranged that the inside region of one counter
could “sec” the inside of the other. In other words, photons
or electrons could pass unobstructed from the region near the
wire of one counter to a similar region or could reach the in-
side of the cathode of the other. The result of these experi-
ments was that when counter 4 discharged, counter B dis-
charged each time the two were filled with non-selfquenching
gases or mixtures. When the counters were filled with self-
quenching mixtures, counter B discharged only in a random re-
lation to the discharges of 4. By applying a magnetic field
which would have so deflected electrons that they could not
have reached the other counter, Ramsey further showed that
what passed between the counters was photons.
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A further extension of this experiment was reported by
Stever, who divided the wire of a counter with a small glass
bead. He found again that a bead would stop the spread of
the discharge in a selfquenching counter and not in a non-
selfquenching one. The single counter, with a bead on the
center of the central wire, was thus effectively turned into two
counters. Either section would discharge independently but
would not cause the other to discharge. He then found that
a continuous wire might pass through the bead and that the
bead would still stop the spread of the discharge. On the
other hand, when the cylinder was divided but the wire was
continuous the discharge spread into both sections. In other
words, the discharge spreads in a narrow sheath along the wire.

The minimum size of the bead necessary to interrupt the
discharge was then sought. This size, it was found, depended
on the gas pressure and the overvoltage. Thus, for example, a
0.022 in. diameter bead on an 0.008 in. diameter wire stopped
the discharge at 10 cm pressure and 1300 volts; but, at 3.5 cm
pressure, above 840 volts the discharge was able to pass the
bead, while between 840 and the threshold at 790 the bead
stopped the spread.

Wilkening and Kanne "2 made a similar test, with an ob-
struction (in this case a small quartz disk) on the wire and
studied the minimum amount of alcohol vapor which had to
be added to an argon-filled counter to prevent the discharge
from spreading across the disk. They found that if less than
5% of alcohol vapor were added, the discharge often spread
across the obstruction. They further found that the spreading
was more likely to occur if the overvoltage was greater. As
the processes are statistical in nature, there is no one voltage
or pressure at which the spread sets in abruptly. But, if, for
example, the voltage is raised, more and more discharges will
spread over into the next section.

We are now in a position to inquire into the mechanism of
quenching, or in other words to consider the effects produced
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by the polyatomic molecules. We shall follow the discussions
of this problem given by Korff and Present.X” It will be shown
that the characteristic property of the polyatomic molecule
which is important for the operation of a counter is the short
lifetime of the excited electronic states against predissociation,
i.e., polyatomic molecules, having absorbed a quantum, usu-
ally predissociate before they have an opportunity to lose the
absorbed energy by radiation. Atoms and diatomic molecules,
on the other hand, generally reradiate the energy which they
have absorbed.

The excited electronic states of a diatomic molecule have
sharp rotational levels well above the dissociation energy of the
molecule, and predissociation is only an occasional phenome-
non. In polyatomic molecules containing four or more atoms,
predissociation is the rule rather than the exception, and the
absorption spectrum in the ultraviolet shows diffuse absorption
bands with the rotational structure obliterated, as well as re-
gions of continuous absorption. This is essentially due to the
opportunittes for ““crossing over” provided by the many inter-
sections of the potential energy hypersurfaces extending over a
wide range of energies. The heavier the molecule, the more
diffuse is the spectrum and the more likely is predissociation.
Light polyatomic molecules present an intermediate case, and
the spectroscopy and photochemistry of each must be con-
sidered separately to determine the probable result of a given
excitation.

In our definitions, Chapter 1, we have defined “quenching”
as any process causing the discharge to terminate. There are
three distinct types of ““quenching” involved in the operation
of a selfquenching counter: (a) quenching of photons in the in-
itial avalanche, (b) electrostatic quenching of the avalanche by
the positive ion space charge, and (c) quenching of the secon-
dary emission when the positive ions reach the cathode. The
quenching of the discharge involves both the electrostatic
quenching and the quenching of secondary emission. We pro-
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pose to discuss the rdle of the polyatomic gas in quenching
cases (a) and (c), since (b) has already been covered.

First let us examine the rdle of the polyatomic gas in the
initial avalanche. Common polyatomic constituents of count-
ers are methane and alcohol vapor. Let us consider an argon-
methane counter operating in the “proportional” region, in
which the size of the pulse is proportional to the number of
ions formed in the initial ionizing event. A theory of the for-
mation of the avalanche in this case has been given by Rose
and Korff. Assuming that the electrons multiply by collision
and that photoelectrons do not contribute to the avalanche,
they obtain a formula for the gas amplification which agrees
well with experiment as long as a sufficient amount of methane
is present in the counter. When the relative or absolute amount
of methane is reduced too far, the gas amplification is found to
rise more steeply with increasing voltage than predicted by
the formula, thus indicating an additional source of electrons.
The dependence of this effect on the nature of the cathode sur-
face led Rose and Korff to suggest that photoelectrons from
the cathode were contributing to the avalanche. When the
counter voltage was raised sufficiently, all the curves deviated
from the values predicted by the formula.

They also suggested that collisions which cause electronic
excitation of the polyatomic molecule will usually result in de-
composition rather than in photon emission. This is in agree-
ment with other evidence to be discussed below, and is sup-
ported by experiments of Glockler % in which electrons with
17-ev energy introduced into a methane-filled photo-cell pro-
duced no measurable photoelectric current. We wish to em-
phasize here that in a counter containing a mixture of gases
the principal réle of the polyatomic gas in the avalanche is to
absorb the ultraviolet photons emitted by the inert gas (argon).
Many photons originate in the avalanche from excited argon
atoms. Ranging in energy from 11.5 to 15.7 ev, these photons
would liberate electrons from the cathode (photoelectric
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threshold about 4 ev), were they not absorbed in the gas.
Since a gas mixture containing 509, argon to 509, ether shows
no evidence of cathode effect, the argon photons must be ab-
sorbed by ether molecules before they reach the cathode.” This
is also in accord with Ramsey’s double-counter experiment,
cited above, in which it was shown that when counter A4 dis-
charged, if the photons from this discharge could reach the in-
terior of counter B, then counter B discharged every time if
the two were filled with a non-quenching gas (argon), and
only at random times if the two were filled with a quenching
gas (alcohol).

We inquire next into the details of the absorption act. When
a molecule absorbs an ultraviolet photon and passes into an
excited electronic state, there are several possible competitive
modes of de-excitation: (1) decomposition (dissociation or pre-
dissociation), (2) radiation (fluorescence), and (3) deactivation
by collision. Process (3) cannot occur in less than 1078 sec,
which is the collision time in an ordinary counter. Process (2)
involves a -radiation lifetime of 10™® sec. Process (1), when
possible, occurs within 107! to 107" sec, depending on the
breadth of the levels. If the rotational structure is obliterated,
the lifetime is about 100 times longer than if the vibrational
structure is obliterated (continuous absorption). Diatomic
molecules, in general, as well as certain light polyatomic mole-
cules, possess stable electronic states with well defined vibra-
tional-rotational structure well above the dissociation limit or
limits of the molecule. Excitation of the molecule into this
region of energy results in re-emission of the absorbed photon
or fluorescence and only rarely in dissociation. Hence, the
photons produced in the discharge would not be quenched by
a diatomic gas. On the other hand, if we examine the spectro-
scopic and photochemical data for methane, ammonia, and
other gases used in fast counters for which data are available,®¢
we can understand why these gases are photon-quenching.
The photo-decomposition of methane in the ultraviolet is well
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known and the absorption spectrum, taken at a pressure of
1 mm of mercury, shows continuous absorption from 1560 A
down to at least 850 A, the limit of observation. The ultra-
violet photons emitted by excited argon atoms range from
1070 A to 790 A; hence they are quenched by methane. Am-
monia vapor also photodecomposes in the ultraviolet and the
spectrum shows continuous absorption below 1200 A. Hence
ammonia also quenches the argon photons.

Evidence of the decomposition of the alcohol vapor in a fast
counter has been obtained by Spatz.st Decomposition in the
initial avalanche is to be attributed partly to electron impact
and partly to photo-dissociation. As we shall see later, further
decomposition occurs when the alcohol ions reach the cathode.
The primary decomposition products are usually free radicals
which combine to form a miscellaneous assortment of organic
molecules. Some of these decomposition products will be
quenching gases. However, with continued use of the counter,
all of the larger vapor molecules are broken up and the end
products of the decomposition are a non-quenching gas, such
as hydrogen or oxygen, and heavy hydrocarbons deposited
on the walls? These considerations explain why selfquenching
counters “go bad” with continued use. Since about 10'° al-
cohol ions are decomposed at the cathode in each discharge,
as will be explained in the next section, and since there are al-
together about 10%° alcohol molecules in the counter, the
counter will go bad after about 10 counts. This is in accord
with Spatz’s observations. These considerations further ex-
plain why a methane counter has a shorter life than an alcohol
counter. Methane is already far down the list of decomposition
products of alcohol and itself can decompose only once or twice
before it is reduced to non-quenching diatomic molecules. We
can also understand why a greater proportion of methane than
alcohol must be added to argon to produce a selfquenching
counter. This is due partly to the greater number of vibra-
tion-rotation levels available for inelastic electron impacts in
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the case of the alcohol molecule and partly to the higher quan-
tum yield of the photo-decomposition of alcohol.

Some of the results of Wilkening and Kanne cited above on
localization of the discharge will be examined next. The dis-
charge in the Geiger region normally spreads the entire length
of the wire in both non-selfquenching and selfquenching count-
ers. A reduction in the field near the central wire by some
artificial means, such as the presence of an insulating bead,
will interrupt the spread of the discharge in a fast counter but
not in a slow counter. In the latter case, photoelectrons from
the cathode spread the discharge beyond the obstacle. Wil-
kening and Kanne used various devices to interrupt the spread
of the discharge and measured the effectiveness of the localiz-
ing devices in various gases. Selfquenching counters showed
1009, “localization.” However, a mixture of 1 cm of methane
with 9 cm of argon showed only a 509 localization. This is
consistent with the fact that the photon-quenching is incom-
plete in this case, as we may verify from the gas amplification
curves given by Rose and Korff. At 10-cm pressure even a
509% argon-methane mixture shows evidence of appreciable
photo-effect. Counters filled with monatomic and diatomic
gases showed “zero localization,” or complete spread of the
discharge, corresponding to the total absence of photon-
quenching.

We should expect a close correlation between the extent of
localization and the length of the proportional region. It has
been reported by Korff ¥4 and others that selfquenching count-
ers have a much longer proportional region than slow counters
at the same total pressure. This is a consequence of the more
rapid rise of the amplification factor of a non-selfquenching
counter with increasing voltage, which is in turn due to the
photoelectric effect at the cathode. Thus the spreading of the
discharge beyond an obstacle and the rapid rise of the amplifi-
cation factor are due to the same cause: photons in the ava-
lanche. The counters found by Wilkening and Kanne to show
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100% localization are all counters containing heavy polyatomic
vapors which are present in sufficient amount to absorb the
argon photons. The methane-argon counter showing 509, lo-
calization has a short proportional region. Counters filled with
diatomic gases go over directly into a continuous discharge
with very short proportional regions, seldom characterized by
values of the gas amplification as great as 100 before instability
sets in, and such counters show zero localization. .
Consider next the transition from the proportional region to
the Geiger region in which the size of the pulse is independent
of the number of ions formed in the initial ionizing event. At
the threshold voltage of the Geiger region, the amplification
factor theoretically rises to infinity; in practice the Geiger
threshold corresponds to an amplification factor between 108
and 10'%. Let us assume that the counter has a negligible re-
sistance in series with it. When the Geiger threshold is reached,
a non-selfquenching counter will go into a “continuous” dis-
charge, whereas a selfquenching counter will give a single sharp
pulse. Because of the absence of resistance, the counter is at
its operating potential during the entire time that the positive
ions are moving out to the cathode. The electric field in the
vicinity of the wire is below the threshold field until the ions
have moved out to Steyer’s “critical distance.” The positive
ions then have drift velocities of the order of one-tenth their
thermal velocities and the kinetic energy they acquire between
collisions is less than 0.1 ev. Thus they can neither excite nor
ionize, so that if no further ionizing particles enter the counter
nothing happens until the ions reach the cathode and are neu-
tralized. It is at this juncture that the behavior of an argon-
filled counter differs from that of a methane-filled counter.
Secondary electron emission takes place in the argon counter
and, since the counter is at operating potential at this time,
the entire cycle is repeated. Thus the discharge in a non-
selfquenching counter is self-perpetuating although the ava-
lanches are intermittent. In a methane counter, on the other
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hand, the discharge terminates when the methane ions are
neutralized and no secondary emission can occur because, in-
stead of radiating, the methane decomposes upon neutralization.

Details of the neutralization act and subsequent secondary
emission will be considered next. When an argon ion ap-
proaches to within 1077 cm of the cathode surface, the field of
the ion becomes great enough to extract an electron from the
metal. This phenomenon of field emisssion is well known and
1s substantially the same as that which occurs when a high
field is applied between electrodes. In the language of quan-
tum mechanics, the electrons in the metal are separated from
the vacant energy-levels in the ion by a potential barrier at
the metal surface. Quantum mechanical procedures permit
calculation of the probability of an electron from the metal
“leaking” through the barrier and neutralizing the ion. The
electrons in the metal are at a level of ¢ volts below the top
of the barrier, where ¢ is the work function. The vacant levels
in the ion are at I volts below the top of the barrier, where 7
is the ionization potential. The difference in energy which
the ncutralized atom must radiate is (/ — ¢) volts approxi-
mately, the exact value depending on the location of excitation
levels in the atom. In the case of argon ions and a copper
cathode, the neutralized atoms are formed in the excited state
at 11.5 ev. The distance of approach at which the probability
of neutralization approaches unity has been calculated by
Oliphant and Moon,° using the Fowler-Nordheim formula.
The probability of neutralization is an extremely sensitive func-
tion of the distance. For ions of thermal velocities approaching
a copper surface the critical distance is about 5 X 10~ cm.
Thus the neutralization must take place before the ions are
5 X 1078 cm from the wall, after which the neutralized atoms
reach the wall in about 2 X 107!2 sec. Many atoms, how-
ever, do not reach the wall since the momentum communicated
to the ion on neutralization is of the same order of magnitude
as its initial thermal momentum.
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It has been found experimentally that He+ ions which col-
lide with an outgassed platinum surface at a glancing angle
escape largely as neutral atoms in the metastable state. This
indicates that an ion may be neutralized without making an
inelastic collision with the wall. Many neutralized atoms,
however, will approach the surface closely enough to transfer
their excitation energy to an electron in the metal, resulting
in the emission of a secondary electron if 7 > 2¢. Another
way of putting this is to say that, if the ionization potential is
greater than twice the work function, then on the average two
electrons will be pulled out of the metal, one of which neutral-
izes the ion and the other becomes a secondary electron forth-
with. The probability of secondary emission by an excited
atom approaching the surface has been calculated by Massey.M*
According to Massey’s formula, an atom of thermal velocity
must approach to within 2 X 107 cm of the surface to make
secondary emission probable, i.e., the wave functions of the
atomic and metallic electrons must overlap. Since the radia-
tion lifetime of the excited state of argon formed on neutraliza-
tion is 10~7 sec, many of the argon atoms will liberate electrons
from the cathode.

Suppose a methane ion captures an electron from the wall.
The ionization energy of methane is 14.5 ev, and the neutral-
ized molecule therefore has the same excitation as a molecule
which has absorbed light of wavelength 1200 A. The spec-
trum of methane, as has been previously mentioned, shows
continuous absorption below 1450 A, indicating a lifetime
against decomposition of the order of 1073 sec for the excited
molecule. If this figure were exact and if the molecule required
2 X 10712 gec after neutralization to reach the wall, only about
one molecule in 10° could reach the wall before decomposing.

Even after the polyatomic molecule comes into contact with
the surface, i.e., within range of the van der Waals forces, a
transfer of electronic excitation energy from the chemical bond
in which 1t was originally localized, across several other bonds
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to an electron in the metal, is still less likely than a decomposi
tion. The secondary emission is therefore very small.

We must also note that a radiation lifetime of 10~7 sec im-
plies that one molecule per 108 will radiate instead of decom-
posing. Since the photoelectric yield for the cathode surfaces
used is of the order of 10~ electrons per quantum, the secon-
dary emission from this source amounts to one electron per
10" incident positive ions. We take this figure to represent
the total secondary emission. Recombination of secondary
electrons with incoming positive ions will further reduce the
chance of producing a new avalanche. The average number of
ions formed in a selfquenching counter avalanche at the begin-
ning of the Geiger region is about 10°. Hence the secondary
emission is quenched and a single sharp pulse is obtained from
a counter filled with methane.

In order to determine whether a given gas by itself will make
a selfquenching counter, we have to investigate its absorption
spectrum at wave-lengths corresponding to an excitation en-
ergy of I — ¢. If the absorption spectrum is diffuse or continu-
ous, corresponding to decomposition in this region, then the
gas will make a selfquenching counter. To take an example:
The ionization energy of ethyl alcohol is 11.3 ev and the neu-
tralized molecule is formed about 1700 A above the ground
state. The spectrum of the vapor shows continuous absorp-
tion below 2000 A, and this is accompanied by photo-decom-
position. The quantum yield of the photo-decomposition is of
the order of unity. Hence, we should expect alcohol vapor to
make a selfquenching counter. A diatomic molecule generally
possesses discrete states between the dissociation energy and
the ionization energy; thus, on neutralization a diatomic mole-
cule will not decompose. Therefore, counters filled with di-
atomic gases show mon-selfquenching counter action. Since,
on the other hand, a heavy organic molecule has a large proba-
bility of predissociating at all energies, such a gas will invari-
ably make a selfquenching counter.



106 THE GEIGER COUNTERS

The triatomic gases must be considered separately. The ab-
sorption spectra of H,O, CO,, N,0, SO,, H,S, and CS, show
bands with diffuse rotational structure converging on the ioni-
zation energy of the molecule as a limit. The broadening of
the levels would correspond to a lifetime of the order of 100
times that of a heavy molecule. Hence secondary emission
would be much more probable. The mentioned triatomic
gases (used in conjunction with low resistances) give no evi-
dence of an appreciable Geiger region.

A further consequence of the suppression of secondary emis-
sion outlined above, is that the frequency and multiplicity of
multiple pulses should increase slowly along the plateau of a
selfquenching counter. The numerical estimates of secondary
emission given above would lead one to expect about one dou-
ble pulse in ten or one triple pulse in one hundred at the begin-
ning of the Geiger region. This is roughly in agreement with
what one observes on the oscilloscope screen. As the voltage
across the counter is raised, the charge collected per count is
found to vary linearly with the overvoltage. Measurements 3
along part of the plateau show that the charge increases by a
factor of more than ten.” An increase in the number of ions
reaching the cathode results in an increased secondary emis-
sion and a corresponding increase in the frequency and multi-
plicity of multiple pulses. From the numerical estimates given
above, one would expect that toward the end of the plateau
several secondary electrons would on the average be emitted
when the positive ion sheath reached the cylinder. In these
circumstances practically every pulse would be a multiple of
large multiplicity; indeed, the oscilloscope shows sprays of
multiple pulses toward the end of the Geiger region. If elec-
tronic circuits of high resolving power for fast counting are
used with a counter operating in this manner, these multiple
pulses will give rise to many spurious counts. The slope of the
counting-rate plateau is thus to be attributed to the increasing
frequency and multiplicity of the multiple pulses leading to an
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increasing number of spurious counts. The Geiger region ter-
minates when the secondary emission becomes great enough to
make the discharge self-sustaining. The Geiger plateau does
not terminate abruptly, but as the voltage is raised more and
more multiple pulses are observed.

So far the discussion has been restricted to selfquenching
counters containing a pure polyatomic gas. If we consider
next a selfquenching counter which contains a mixture of a
quenching and a non-quenching gas, the question arises of how
the secondary emission is suppressed. Since a counter contain-
ing 909, argon to 109, alcohol is selfquenching, it is necessary
to explain why no argon ions reach the cathode when there is
a small amount of alcohol present. The explanation depends
on the relative magnitude of the ionization potentials (see

Table 4-4) of the two gases: 11.3 volts for C.H;(OH) and 15.7

TABLE 4-4. IONIZATION POTENTIALS OF SUBSTANCES USED AS GASES IN
COUNTERS ¥

Ionization
Substance Symbol Potential
in Volts
Alcohol (ethyl) CoHg(OH) 11.3
Ammonia NI; 11.2
Argon A 15.68
Ethane Collg 12.8
Helium He 24.46
Hydrogen H, 15.6
Iodine (vapor) I 9.7
Mercury Hg 10.39
Methane CHy 14.5
Neon Ne 21.74
Nitrogen N, 15.51
Oxygen O, 12.5
Water (vapor) H0 12.56
Xenon Xe 12.08

* Handbook of Chemistry and Physics; Int. Crit. Tables.
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volts for argon. Electron transfer takes place during the pas-
sage of the ion sheath across the counter. During this time
the argon ions make about 10° collisions with alcohol mole-
cules. Since the ionization energy of the argon atom is greater
than the ionization energy of the alcohol molecule, an electron
can be transferred from the molecule to the ion. The reverse
process, namely, a transfer of an electron from an argon atom
to an alcohol ion is energetically impossible because the kinetic
energies are only about 0.1 ev. The transfer is accompanied
by the emission of a photon of 4.4 ev (difference of the ioniza-
tion energies) which is absorbed by the alcohol vapor. This
effect has been investigated by Kallmann and Rosen,¥® who
found that the cross section for electron transfer is of the order
of magnitude of the gas kinetic cross section in the case of an
ion beam moving through a gas of the same species. In the
case of an ion beam moving through a gas of a different ioniza-
tion potential, the cross section is somewhat less, but no ap-
preciable number of argon ions can reach the cathode after
10° collisions. In the commonly used selfquenching counters
containing a mixture of gases, the ionization potential of the
polyatomic constituent is invariably less than that of the inert
gas. If the situation could be reversed, so that the inert gas
has the lower ionization potential, then electron transfer would
take place in the reverse direction and no polyatomic ions
would reach the cathode. In such a counter, photons would
be quenched but not the secondary emission. Experimental
tests bear this out.

3. Operation. a. Introduction. Our discussion of the oper-
ational characteristics of selfquenching counters will follow
that already given for the non-selfquenching type. The same
operating desiderata, namely, low operating potential, long
operating range, high efficiency, stability with use and time,
and large pulse-size, short recovery time and small temperature
coefficient, will be reviewed in turn. The several desirable
features are to a certain extent mutually exclusive, in the sense
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that not all can be attained to a maximum degree with any one
arrangement. The interdependence will be discussed and we
will point out which have to be sacrificed for the others. It
will suffice here to say that there is no ideal “formula” for
filling or operating counters, and that the filling substances
selected will be determined by the use to be made of the counter
and so will differ for different problems.

The chief advantage of the selfquenching counter over the
non-selfquenching one is described in the name. In the self-
quenching type the discharge terminates or is ““quenched” due
to the internal mechanism which we have described, and hence
no electronic quenching circuit or high resistance is necessary.
The disadvantage of the high resistance, as has already been
pointed out, is that it lengthens the recovery time of the
counter. The equivalent vacuum tube circuit permits a short
time constant to be used but adds the inconvenience of an
extra stage in the electronic circuits. The advantage gained in
the elimination of the quenching resistor or circuit is secured at
the price of stability, for the act of quenching also decomposes
a fraction of the polyatomic gas or vapor in the counter. We
shall show how long a useful life may be expected.

b. Starting and operating potentials. The starting and oper-
ating potentials of selfquenching counters are in general some-
what higher than those of the non-selfquenching. When a
counter is filled with pure argon, and a cm or two of alcohol
or any other vapor is added, the starting potential is raised,
usually by several hundred volts. Thus the same counter
which might operate at 800 volts filled with argon will require
perhaps 1100 when the quenching constituent is added. This
1s a disadvantage only when batteries are used, for a stabilized
voltage supply operating on AC (see Chapter 7) and supplying
1500 volts 1s no more difficult to build than one supplying 1000.

Polyatomic gases in general require higher voltages than do
the monatomic ones. For example, a counter filled with pure
methane or butane or boron trifluoride will require a higher
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potential than will the same counter if filled to the same pres-
sure with a mixture consisting of 909, argon and 109} alcohol,
ether or amyl acetate vapor. The operating potential in-
creases with the gas pressure, and may reach high values. For
example, a counter 15 cm in diameter and filled to 50 cm pres-
sure with BF; will require about 5000 volts if neutrons are to
be detected and a pulse of 10~2 volt amplitude is required.
Typical curves are shown in Fig. 4-9 for several cases, in which
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Fic. 49. Curves of starting potentials for neutron BFj counters, counting neutrons
and gamma rays. Note that the voltage difference between the neutron and beta
detection potentials increases with the BF3 pressure. Large counter 5.5 cm diameter,
22.7 cm long. Small counter 1 cm diameter, 3 cm long, central wire 3 mil. Pulse size,
constant, about 0.1 volt. (From S. A. Korff, Rev. Mod. Phys. 14, 1-11 (1942))

the starting potentials for a large and a small counter, filled
with BF;, are plotted against pressure. The counters may be
used to detect neutrons or gamma rays. The large counter will
require higher operating voltages than the small counter and
will detect gammas at a higher voltage than is required to de-
tect neutrons because the neutron pulse is larger.

Since argon has a considerably lower starting potential than
BF;, the addition of about ten percent of argon to a counter
containing pure BF; will lower the starting potential some-
what. The total gas pressure will be increased accordingly.
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The efficiency for detecting neutrons is determined by the
amount of BF; and hence is not altered by adding argon.

¢. Flatness of the plateau. The flatness of the plateau is de-
termined by the nature of the quenching constituent. If pure
argon and pure (absolute) alcohol are used, flat plateaus may
be secured. A series of tests was conducted by Spatz ®! in
which he found that (1) the flatness of the plateau was ma-
terially reduced by contaminating an alcohol-argon mixture
with air, and (2) the flatness depended on the amount of alco-
hol. The flatness of the plateau is defined as the percentage
increase in counting rate as the voltage is raised. He found
that the plateau could be made absolutely flat to within the
experimental error, i.e., a rise in counting rate of less than 19,
for a 100 volt increase in operating voltage, if a 959, argon,
5% alcohol mixture werc used, and the argon was 99.89, pure
and the alcohol absolute. Admitting as much as 29, air caused
the plateau slope to increase to a 159 rise per 100 volts. Fill-
ing the same counter to a total of 809, argon and 209, alcohol
yielded a slope of 59, per 100 volts. He attributed the increase
of slope with alcohol content to air dissolved in the alcohol.
Similar unpublished tests on other polyatomic vapors yield
essentially the same result. As has previously been pointed
out, the departure from flatness of the plateau is a measure of
the number of spurious counts. The addition of air, resulting
in occasional negative ion formation, causes spurious counts.

d. Efficiency. The factors governing the efficiency of count-
ers have already been discussed. Eq. (4-3) may be used in
computing the values to be expected. In a counter containing
a mixture of gases the number of ion-pairs formed will depend
on the specific ionization of each of the constituents and on the
pressure of each. A counter 2 cm in diameter to 10 cm with
argon will have an efficiency of 99.79, and the addition of 1 or
2 cm of alcohol or ether will raise the efficiency to perhaps
99.8%. The specific ionization of many organic vapors has
not been measured but it may be assumed to be fairly high be-
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cause of the large number of electrons per molecule. How-
ever, the argon constituent will dominate in the case cited.
A counter filled with alcohol vapor alone would have a much
lower efficiency, since the vapor pressure of ethyl alcohol is
only 4.4 cm at 20° C and hence there would be an insufficient
total amount of gas in the counter. Further, such a counter
would have a marked temperature coefficient (see below).
Filling a counter with quenching gas alone can be done success-
fully with such gases as BE3, or methane or butane which can
be introduced to a total pressure of from 8 to 15 cm or more
without liquefying at normal operating temperatures. The
specific ionization of these gases is such that good efficiencies
may be obtained with filling pressures comparable to those
used in argon-alcohol or argon-ether or argon-amyl acetate
counters.

e. Stability. As has been pointed out before, selfquenching
counters all suffer from the disadvantage that the quenching
constituent is decomposed in the act of quenching and hence
the characteristics of the counters vary with use. Time, by it-
self, appears to have no effect, and counters which have been
carefully prepared but not used have been found, after a lapse
of several years, to be as good as new ones. A series of tests of
expected “lives” of counters has been made by Spatz.®* The
word “life” is taken to mean the number of counts which the
counter can detect before it changes so much as to become
useless.

The number of molecules decomposed in each discharge will
depend on the overvoltage. Operating counters at high over-
voltages will therefore decrease the life, and causing a counter
to “flash over” or go into a continuous discharge by applying
voltages in excess of the operating potential near the top of
the plateau may indeed ruin a counter in quite a short time.
In the average case, however, about 10*® molecules are decom-
posed in each discharge. This corresponds to the production,
according to eq. (1-1) of about a 100 volt pulse on a wire sys-
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tem, having a 16 micromicrofarad distributed capacity. Since
a counter contains roughly 102 molecules of alcohol, we should
expect a life of the order of 10'° counts, which is in good agree-
ment with Spatz’s findings for argon-alcohol mixtures. For
methane he finds somewhat lower values, nearer 108 counts,
which is presumably due to the fact that a methane molecule
decomposes directly into a non-quenching gas, hydrogen,
whereas more complex molecules may decompose first into
other constituents which are still polyatomic and so may be
able to “quench” even after they have taken part in several
discharges. A long lifetime will hence be gained by (a) using
a heavy, complex molecule, (b) having as much of it as possi-
ble in the counter, and (c) operating always at low overvolt-
ages. These features, if incorporated, will usually entail some
sacrifice of flatness of plateau, a high operating voltage, and a
longer recovery time.

As the quenching constituent is decomposed, the total num-
ber of molecules in the counter increases. We should expect
therefore that the pressure in a counter would increase with
use. This is found to be the case. Spatz reports changes of
pressure in both argon-alcohol and methane counters. Con-
comitant with such changes in pressure, there is to be expected
an increase in starting potential, since this depends on pres-
sure. This also 1s observed. The starting potential may change
by 100 volts or more during the life of an argon-alcohol counter..
Further, the plateau is also observed to become less flat with
use, and a counter with a plateau initially flat to within experi-
mental error will show an appreciable slope after a certain
amount of use.

Consequently, as the counter is used, the following changes
take place: (a) the operating potential increases, (b) the pres-
sure increases, (c) the plateau becomes less flat. These changes
in characteristics can usually be allowed for and will not inter-
fere with accurate measurements providing they are recog-
nized. The life of 10'° counts will serve for most experiments.
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Eventually, however, a selfquenching counter will have to be
pumped and refilled. A non-selfquenching counter is better,
in that its operating characteristics are more stable with use
and its life is determined not by decomposition of the gas but
by pitting of the central wire under repeated discharges. A
longer life will generally be secured for non-selfquenching
counters.

J. Recovery time. The natural insensitive time of a counter
is determinéd by the migration time of the positive ions. This
we have already discussed, and we have cited the measured
times for selfquenching counters as of the order of 10—* sec.
Thus Simpson finds between 1.0 and 2.9 X 10~ sec for argon-
alcohol counters, while for the heavier amyl acetate molecule
in the same counter, 6 to 8 X 10™* second. Similarly, a non-
selfquenching counter, employing argon, might be expected to
have a shorter recovery time because the mobility of the argon
ions is greater than that of the organic ones. This is also found
to be the case, and thus the commonly used designation of
“fast” counter for the selfquenching type is exactly the re-
verse of a true description. Here again the interdependence
of the desirable characteristics of counters is to be noted,
since the heavy molecules which will give the longest useful
counter lives also give the counter a longer resolving time. For
fast counting problems therefore, light molecules should be
used, or non-selfquenching counters employed, while for long-
period observations at not too high counting rates, fillings
using heavier molecules will be advantageous.

8. Temperature coefficient. Various observers ¥9 have com-
mented that the counting rate of selfquenching counters ex-
hibits a temperature dependence which can at times be trouble-
some. This effect has been explained as due to the fact that
most of the heavy organic compounds are vapors at room tem-
perature, and therefore a decrease in temperature of any sub-
stantial amount may cause some of the quenching constituent
to condense out. Two results follow: (a) there may be insuffi-
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cient quenching material left to completely quench the dis-
charge and (b) the liquid may condense near the electrodes in
such a way as to cause semi-conducting paths across the insu-
lating material between the wire and cylinder. Leakage across
such paths can manifest itself as spurious counts. Hence care
should be taken in filling counters not to introduce organic
vapor to such an amount that any will condense at the lowest
temperature at which the counter is to be used. Other observ-
ers @ report that non-selfquenching counters show negligible
temperature coefficients. This is also to be expected, provid-
ing that the counters are so constructed that the inner surfaces
are chemically stable and do not evolve gas if the counter ex-
periences moderate temperature changes. Thus, for example,
the use of hard rubber plugs for the ends of counters, or inade-
quate cleaning, may give rise to temperature effects. Tempera-
ture coefficients are largely produced by variations in the total
number (and kind) of atoms or molecules; while if the total
number is not varied and the pressure rises because of increase
in temperature, little trouble is experienced.

h. Operating resistance. 'The choice of the operating resist-
ance of a selfquenching counter is important. Referring to
Fig. 1-1, it will be seen that a resistance R is necessary, in order
to permit coupling the counter to the vacuum tube circuit
which follows. It is the voltage pulse, developed across this
resistance, which is detected. In the case of the resistance-
quenched counters it is this resistance which produces the
long time constant referred to above. For selfquenching count-
ers, no resistance is needed to quench the discharge, but one
is required in order to produce a voltage swing for transmission
to the grid of the tube and also to permit the counter wire to
recover rapidly to its initial voltage so that it will be sensitive
for the next pulse. If the resistance is made too high, the re-
covery time constant will be too long. If the resistance is too
low, the voltage swing of the grid will be small.

Let us assume that the counter wire is connected directly
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to the grid of an ordinary vacuum tube. The distributed ca-
pacity of the counter wire, tube grid and leads may then be of
the order of 10 micromicrofarads, or higher if the counter is
far removed from the grid, and long connecting cables are
used. If the resistance R is chosen of 1 megohm, the RC time
constant will be 1078 sec. This is shorter than the natural in-
sensitive time of the counter, and hence little is gained by
making the resistance lower. An additional factor of ten is
sometimes used, if extremely short revolving times (107® sec)
are required and the counter is operated on the “break’ of the
discharge. In this case a resistance of the order of 10° ohms
is used and sensitive circuits are required as the pulse is small.
In general 10° ohms can represent a useful lower limit. On
the upper side, a resistance of more than 10 megohms will in-
troduce appreciable time delay into the recovery. Hence a re-
sistance of between 0.1 and 2 megohms is the best for most
cases.

If the resistance is lowered below 0.1 megohm, the pulse re-
ceived on the grid of the vacuum tube becomes small. Fur-
ther, the resistor serves as a protective device. A megohm will
limit to a milliampere the current that can flow if (at 1000
volts) the counter should be accidentally operated above the
Geiger plateau and go into a continuous discharge, or if the
operator should inadvertently come into contact with portions
of the device.

i. Effects of mercury vapor. Many investigators have specu-
lated regarding the effect of small amounts of mercury vapor
on the operation of a counter. It will be recalled that the va-
por pressure of mercury at room temperature is about 1073 mm,
and since precautions to exclude it entirely are usually not
taken, it may be assumed that it is present to this amount in
many counters. In.a series of tests, Korff and Present ¥
sought to ascertain what effects might be ascribed to it.

First it should be pointed out that mercury vapor is mon-
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atomic and hence a non-selfquenching gas. Second, in amount
it is roughly 10~ of other gases. Hence we might expect that
it would have roughly the same effect as a like amount of some
other non-quenching gas present as an impurity. Such effects
are so small as to be undetectable. An occasional mercury
atom becomes ionized, and the positive mercury ion will pro-
gress to the cylinder and be neutralized along with the other
positives. The percentage present is not enough to affect the
starting or operating voltages.

A possible effect may be expected because of the magnitude
of the ionization potential, 10.4 volts. This is less than that
of some organic molecules (see Table 4-4) and hence we might
expect that electron transfer would occur and that positive
mercury lons would reach the cylinder. In being neutralized
these might be expected to emit recombination radiation and
hence provide a source of secondary (photo) electrons. How-
ever, since the amount present is so small, say one part in 10%,
and since the average ion on its way out to the cylinder only
makes between 10* and 10° collisions, the number of mercury
ions which are produced either in the avalanche or by transfer
is small. Now since the photoelectric efficiency is low, about
10~*, then 10* mercury ions would have to become neutralized
at the cathode in order to produce even one secondary elec-
tron. Therefore we might expect, as experiment bears out,
that no significant effects are to be observed at room tempera-
ture.

If, however, the mercury vapor pressure were increased by
a factor of 100 or so, enough mercury ions would be neutralized
at the cylinder to produce observable effects. This was ac-
complished in the experiments cited by introducing a small
drop of mercury into the counter and then heating the counter
to about 82° C, at which temperature the vapor pressure is
0.1 mm. When mercury is present at these pressures, the be-
havior of a normal selfquenching counter becomes erratic.
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Occasional enormous pulses are observed and at slightly higher
pressures the counter tends to go into a quasi-continuous dis-
charge.

Thus it is a matter of good fortune that the pressure of mer-
cury vapor at room temperature is sufficiently low so that
merury produces negligible effects. Ior this reason, no es-
pecial pains need be taken to exclude it from the counters, and
in the discussions we shall disregard its presence.



CHAPTER 5
PREPARATION AND CONSTRUCTION OF COUNTERS

A. GENERAL CoNSIDERATIONS IN CONSTRUCTION

1. Construction. In constructing a counter to be used in
the detection of any type of radiation, electromagnetic or cor-
puscular, it is desirable to attempt to approximate as closely
as possible several desiderata. First, the counter must be
designed with regard to the nature and distribution of the ra-
diation being studied. This includes providing means whereby
radiation with small penetrating power, such as alpha parti-
cles, can reach the sensitive part of the counter. Second, the
counter should have as low a natural background as possible,
and undesired radiation should be excluded. Third, the counter
should not have spurious counts, for these will vitiate inter-
pretations based on a statistical analysis of the data since their
probability of occurrence is not random, and will introduce a
variable background which it is difficult to allow for accu-
rately. To these features may also be added simplicity of
construction, ruggedness, forms convenient for use, and low
cost.

The methods that will be described, for the preparation and
construction of counters, have been developed as a result of
the application of two fundamental principles. The first is
that the construction and preparation should be such as to
permit the mechanism of the counter discharge to operate,
with a minimum of disturbing effects duc to unwanted agencies.
The second principle is that the procedures should insure that

the desired conditions remain as permanently as possible. An
' 119
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illustration of the application of the first of these principles is
the following: The cylinder of the counter should be made of
substances with high work functions and alkali metals should
be especially avoided. This is important because the supply
of secondary electrons, which causes the discharge to continue,
and thus tends to defeat the processes quenching the discharge,
is dependent on the work function. The number of second-
ary electrons can be greatly reduced by proper choice of cath-
ode surface, and the counter will accordingly have better oper-
ating characteristics. An illustration of the second principle,
to insure permanence, is in the desirability of cleaning the
counter thoroughly before filling and sealing it. If, for ex-
ample, the counter contains adsorbed films of material which,
over a period of time, will change, then the chemical composi-
tion of the gas in the counter will alter with time and the prop-
erties of the counter will change accordingly.

In the past, many persons have claimed that some of the
precautions suggested below were unnecessary. While it may
be possible in individual cases to disregard certain ones and
still occasionally to produce a good counter, yet the reason
for each of the procedures appears sufficiently cogent to war-
rant its use. Over a period of some years during which some
thousands of counters have been constructed, it has been found
possible to make counters in lots of 100 at a time and to have
all but one or two be acceptable, in the sense of having long,
flat plateaus and low backgrounds. Other counters have been
kept for years before use; and had they not been chemically
stable they would almost certainly not have remained con-
stantly usable. Several are still serviceable which were made
nine years ago. The problem is similar to that of the con-
struction of radio tubes. While it may be possible to get an
occasional good tube if the thorough cleaning and evacuation
techniques are neglected the production of many with repro-
ducible and predictable characteristics is greatly facilitated by
attention to these details.
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B. ConstrucTiONAL FEATURES

Counters can be constructed with an astonishingly wide
variety of characteristics and physical dimensions. To illus-
trate the possible ranges in size, counters 4 mm in radius and
9 mm long may be contrasted with others 75 mm in radius
and 1 meter in length. Both these sizes are in successful opera-
tion at the present time and there appears to be no reason why
these dimensions cannot be considerably exceeded in either
direction should it prove desirable to do so. The nature of the
problem to be studied largely determines the size and shape of
the counters used. For example, if a large sensitive area is re-
quired, as often occurs in cosmic ray investigations, it is usual
to arrange a layer or tray of long narrow counters and to con-
nect the wires either together or in coincidence (see Chapter 7).
A single counter of great size would perform this same func-
tion but would also have a considerable sensitive volume not
used directly in the experiment and hence would contribute
unnecessarily to the background. In addition, a single big
counter would require a higher operating potential. On the
other hand, for detecting a small number of neutrons, such as
the number produced by the cosmic radiation at sea level, a
large sensitive volume is desired and a single counter of maxi-
mum dimensions is indicated. Still another problem is the
detection of weak beta radiation from small samples, a com-
mon phenomenon in tracer research in medicine or biophysics.
Here a small counter with low background but with a maxi-
mum efficiency in terms of sensitive solid angle is necessary.
We shall describe such counters in the paragraphs on thin
windows.

The geometry of most counters is cylindrical. The optimum
length and diameter of the cylinder will be determined by the
problem. There are no fundamental limitations on either, ex-
cept that a cylinder whose radius is larger than its length will
have a field distribution which varies along its axis, so that
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different parts of the counter will be operating at different
effective potentials. Further, spherical geometry can be used
if desirable. A small round bead on the end of a wire project-
ing into the center of a sphere will serve as a collecting elec-
trode and the shell as the spherical cathode.

A desirable feature which should be included whenever pos-
sible is that both ends of the central wire should be electrically
available from the outside of the counter. This is importfmt
in that it will enable the wire to be glowed while the counter is
evacuated. This operation will eﬁ'ectlvely remove mlCI'OSCOplc
bits of dust or lint or metal or sharp points on the wirc. If
left, these would create local irregularities in the electric field,
which in turn may cause local ionization and hence spurious
counts. Further, glowing the wire drives off occluded gases
and hence contributes to chemical stability.

The wire diameter is one factor determining the operating
voltage. It is desirable, in order to secure low voltages, to have
this diameter as small as possible. Ordinarily, 3 or 4 mil tung-
sten wire is used, for larger diameter wire causes the required
voltages to increase unnecessarily, while smaller diameter wire
is so fragile that the wire is too recadily broken in ordinary
handling. Tungsten is a good material for the wires because
(a) 1t can readily be sealed to glass and (b) it can be heated
successfully while the counter is being pumped.

Sharp points in the high field regions must be avoided as
these give rise to local ionization and spurious counts. The
ends of the cylinder should be slightly rounded outward, to
decrease the field gradually, and the inside of the cylinder
should be free from burrs, scratches or irregularities. Simi-
larly the wire should be smooth. The places where the wire is
welded onto the supports should be shielded, preferably with
glass sleeves, so that high local fields are avoided. Such sleeves
are shown in Fig. 5-1A and elsewhere.

Copper is a good material for the counter cylinder. Brass
may also be used and is frequently available in suitable shapes.
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If anything, it is a little less good than copper, due to the in-
creased photosensitivity of the zinc content. Any trace of the
alkali metals must be scrupulously avoided. Aluminum is un-
desirable for two reasons. It is often porous and hard to out-
gas. Further, with certain filling gases, electrons may be liber-
ated from its surface by chemical action, and thus it may pro-
duce spurious counts. Soft solder on parts of a counter is un-
desirable as the counter can then not be heated enough to out-
gas thoroughly. In certain types of construction, this is hard
to avoid, but it should be regarded as a definite disadvantage.
Soft solder is also attacked by cleaning solutions.

Light should be kept from reaching the interior of the count-
er. This is especially important if the ultraviolet content of
the light is high. This can be accomplished in many ways.
The counter may be operated inside a suitable shield. Black
paper is opaque to light yet does not affect any but the softest
beta rays. The glass surfaces of the counter may be coated
with an opaque wax (see below), or the shape of the envelope
may exclude virtually all ambient illumination. The purpose
of excluding light is to reduce the number of photoelectrons
and spurious counts.

Waxed joints of any kind should also be avoided. These
can scldom be made permanently tight. They are attacked by
cleaning fluids, and prevent the counter’s being heated to out-
gas it. Moreover, they are often attacked by the organic fill-
ing materials and hence are chemically unstable. Further,
they may cvolve gas and render the counting-rate temperature
dependent.

C. ExvVELOPES

Counters can be made with either glass or metal envelopes.
In the metal envelope type, the tube itself is usually also the
cathode of the counter. For safety in handling, it is customary
to operate such counters with the cylinder at ground potential.
The appropriate circuits are given in Chapter 7. Glass con-
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tainers, on the other hand, permit either cylinder or wire to
be operated at ground potential. Glass counters are also some-
what better adapted to the cleaning techniques which we shall
describe in the following section. Most metal envelope designs

Glass —~ Copper cylinder.,

70\

d Heavy tungsten
3-:'3 n?ll leads

\ Constriction for Spotweld \ G sleeve
sealing off

F1c. 5-1A. Glass envelope counter.

involve soldered joints which would be attacked by the clean-
ing acids.

Several designs which have been used successfully are shown in
Figs. 5-1A and B, those indicated by A being in glass envelopes
while those marked B employ a metal cathode as the outside
element. The cylinder can be quite thin in the case of the
glass envelope types. Seamless copper tubing of 0.2 mm thick-
ness will serve admirably. When the cylinder also serves as
the wall of the counter, it must of course be rugged enough to

Brass 5

Phosphor Bronze spring Glass Sleeve
Solder ./~ \ Glase bead
o T e
Metal cap rrrrIrrIr I T Ty Tling tube
Soldered Phosphor Bronze spring
Solder
/ VINTIIIIITI I TI I T TIII IS IS I OIS T TGS Solder

Glass tube with metal
band plated around mddle
and one end for soldeung

Fic. 5-1B. Metal envelope counters.

withstand atmospheric pressure and also the shocks of ordi-
nary handling. Consequently thicker stock is required, 0.5 mm
brass often being used. Thus the metal exterior counters re-
quire more metal; but they require less glass blowing and are
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somewhat easier to mass-produce if a good glass blower is not
available. The glass counters can usually be cleaned more
thoroughly.

In the early days of counters, it was often the custom to em-
ploy a brass tube as a cathode and to wax hard rubber stop-
pers into the ends. Such construction should be avoided be-
cause (a) it is virtually impossible to clean, (b) the parts give
off gas and change the counter characteristics with time, and
(c) in the case of BF; counters, the gas attacks the ends and
the counter soon becomes useless.

In making glass envelope counters for neutron measurements,
the neutron absorption due to the boron content of glass must
be considered. Thus for measurements in which very low
neutron intensities are expected, the types of glass such as
Pyrex having high boron content should be avoided. If it is
necessary to use such glass, the absorption of neutrons in the
glass should be computed and allowed for [see eq. (6-8)].

D. Tuin Winpow aND LARGE SorLib ANGLE COUNTERS

The problem of getting the particle to be detected into the
counter is especially important with (a) weak sources and (b)
the types of radiation which have small penetrating power.
Two procedures are in general available, first to place the
source of radiation inside the counter, and second to employ
a thin window on the counter through which the radiation
may be projected into the sensitive volume. To illustrate the
thinness required of the window, we recall that most alpha
particles have a range of only 4 or 5 cm of air. The window
must consequently not be thicker than a few centimeters of
air-equivalent, or say some 0.05 mm or less of glass.

Extremely thin glass bubbles can be blown on the ends of
glass tubing, and hence an arrangement such as is shown in
Fig. 5-2A is readily constructed. If the source of alpha or
other radiation of low penetrating power is put next to this
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window, the particles will have the maximum opportunity of
entering the counter. The source cannot be moved many centi-
meters in air from the window because of the short range in
air of the radiation. Placing counter and source in an evacu-
ated container is possible but is inconvenient, and further a

<5Thm glass bubble

Fic. 5-2A. Counter with thin end window for alpha particles.

thin window will be able to withstand quite a pressure differ-
ential only if the glass is always under tension. The counter
should thus have less pressure on the inside than outside.
Re-entrant thin glass windows as in Fig. 5-2B may bec used,
through which alpha particles can be projected into propor-
tional counters for calibrating purposes. If the thickness of
the window is known, the amount of ionization produced by
the particle in the counter can be readily estimated. If the

Extremely thin glass bubble Nonex Pyrex-nonex
} / = uz- between
glass seal

Pyrex
S Heav
2]  Tung sten

Filling and
pumping seal

Fic. 5-2B. Construction of thin window on counter to permit alpha particles for
calibration to be projected into the sensitive volume with minimum loss of range.
An extremely thin glass bubble is attached to the end of a tube entering the volume of
the counter, and a rod with some mesothorium or polonium on one end is lowered through
the tube and brought near the window. (Ref. K4)

source is now withdrawn one cm in air from the window, the
amount of ionization produced in the counter is less by the
amount produced in the 1 cm of air. In this manner a curve
can be obtained of the pulse size as a function of the amount of
ionization liberated in the counter. The thickness of the win-
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dow can be determined by raising the voltage on the counter
until it is operating in the Geiger region. The source is now
withdrawn until the counter just ceases to count the particles

.— Tungsten {ead-wn
R ~

l: Counter center wire
Counter cylinder
4 Glass

Side tube through
which gas may )

escape B
l wat

:’Sude tube through which
gas s admitted continuously

Perforated cork

e— Sample on end of rod

F16. 5-2C. Counter arranged to contain gas at atmospheric pressure so that samples
may be readily brought near sensitive volume with no intervening windows. Helium or

argon at atmospheric pressure will produce counters with reasonable starting potentials.
(After S. C. Brown, B3)

which’ the source emits. If we designate by D the distance of
the source from the window at which counts are just detected,
and by // the window thickness in air-cquivalent, then the
range R of the particles is evidently equal to D + /7. Since
R is known for the various alpha radiations and D has just
been measured, /7 is determined. This term also includes the

Tube to admit gas
to counter

QucCounter cylinder
‘5 Central wire

4
Beam from
accelerating| —__. &

unt H H
%pump i

Fic. 5-2D. Counter attached dircctly to accelerating apparatus.

thickness in air-equivalent of the gas inside the counter which
the particle must penetrate to reach the sensitive region. The
particle need produce only one ion, once it has reached the
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sensitive region, in order to record a count if the counter is
operating in the Geiger region. The end of the range is thus
readily found.

Another arrangement for weak sources is shown in Fig. 5-2C.
Counters of this type have been used by Brown B4 and others.
In this case, the source is raised directly into the sensitive
volume. A stream of helium is flowed continuously through
the counter, and the gas in the counter is at full atmospherlc
pressure. No sealing-off prov131ons
are necessary in this case. No win-
dow exists and ionization is produced
along the entire path of the particles
in the gas of the counter.

Tt In other cases it is possible to
oimaer  attach the counter directly to the
Internal couting,of aduadag accelerating apparatus, and to pro-

ject the particles to be studied into
the counter directly. A typical ar-
rangement of this sort is shown in

Fic. 5-3A. Thin-walled Fig. 5-2D, where the beam passes
counter suitable for immersionin  through narrow slits into the coun-
liquids containing minute radio- 0 The pressure in the counter
active traces.

can be kept high enough for counting
action by admitting gas through an adjustable leak, while
pumping between the slits will keep the gas out of the ac-
celerating chamber. If the particles in the beam have any
appreciable penetrating power, thin windows may be placed
over the slits and the slits considerably increased in size. The
windows in this case need only withstand the difference in
pressure between the counter and the accelerating tube, per-
haps a total of 0.1 to 0.2 atm.

For the detection of weak beta radiation, a problem which
arises both in medicine in radioactive tracer research and in
certain problems of nuclear physics, another design is often
used. Not only has the beta radiation often low penetrating

Lead to wire

Thin glass tube
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power, but it is frequently so small in absolute amount as to
render its detection above the normal statistical background
difficult. It is therefore important that as large a fraction as
possible of the beta radiation emitted by the source should
reach the sensitive portion of the counter. This in turn means

Filling tube ;Thin glass wall coated internally
¢ with aquadag or chemical silvering

Fie. 5-3B. Thin-walled beta ray counter.

that the radiation in all directions from the source should be
available to the counter, or in other words that the counter
should have a large sensitive solid angle.

Radiation from a solution may be measured either by lower-
ing a thin-walled counter such as shown in Fig. 5-3A into the
solution or by placing a thin-walled counter directly above it.

p Al Thin sample whose
e e e e <—-———’rad\utwn ts to be

detecled

AT TS TG T VTSI T TISTT.

Fic. 5-3C. Double counter for measuring radiation from both sides of thin sample.

A beta-counter suitable for this purpose is shown in Fig. 5-3B.
Virtually all the radiation from one side of a thin foil may be
measured with counters of this type by curling the foil to the
same diameter as the thin portion of the counter and laying it
on the thin part.
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For coverage of still greater solid angles, such as for detect-
ing radiation from both sides of a foil, Simpson 5 has devised
an arrangement of two counters as shown in Fig. 5-3C. Here
each counter has a section covered by a thin window which
can be made of any suitable substance such as cellophane or
nickel silver foil, and the two thin sections are placed together.
The wires of the counters may then be connected together and
the discharges of both recorded. 1f the opening in the counters
is to be large and the window thin, it may be necessary to pro-
vide some support behind the window to prevent the window
from collapsing under atmospheric pressure. This can readily
be arranged by placing a wire mesh or narrow reinforcing strips
behind the window. These reinforcements will somewhat re-
duce the sensitive aperture but can generally be made narrow
enough not to obscure too large a fraction of the area.

2. Evacuation and Filling. . Washing and cleaning. It
has been repeatedly ‘emphasized by Locher ©* and others that
it is important to remove dirt, dust and contamination from
the inside of counters. Dust and particles will tend to be-
come electrified in the strong fields, will distort the field and
give rise to spurious counts. Contamination may give off gas
which will alter the operating characteristics of a counter over
a period of time. It is important therefore adequately to wash
and clean the inside of the counter. In the glass enveclope
types, this can readily be accomplished by washing the inside
of the counter with a dilute mixture of sulphuric and nitric
acids, allowing the solution to stay in the counter until it has
vigorously attacked the cathode and removed all surface con-
tamination, and then cleaning out all the acid with distilled
water. In the metal envelope types, the ends are usually at-
tached with solder and the acid treatment cannot therefore be
used. In this case, washing with ammonia and organic sol-
vents will remove most of the impurities and, while not as
thorough as the acid, will have to serve. For special counter
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shapes or designs, special techniques should be devised, but the
purpose should always be to remove dust, wax, grease or other
extraneous matter.

The chemical stability of the cylinder may be insured by
suitable treatment. The cylinder may be either oxidized, by
admitting oxygen and heating, or reduced, by heating with
hydrogen. Ordinarily, hydrogen should not be used as a filling
gas in a counter with an oxidized cylinder, for a chemical re-
action will take place which will slowly alter the constituents,
and therefore the operating characteristics of the counter.

In making the thin-walled glass counters such as shown in
Fig. 5-3B, in which the cathode is chemically silvered or coated
with colloidal carbon (Aquadag), the glass must be thoroughly
cleaned before the cathode surface is applied, so that the
painted surface will adhere firmly. Both chemical silvering
and graphite have a tendency to peel off in flakes if the sur-
face is not clean, and these flakes are immediately so oriented
in the ficld that they form sharp points and hence may give
rise to spurious counts. Baking to outgas counters of this
type is not practicable as it tends to destroy the cathode sur-
face; but the central wire can be glowed in the design shown
in Fig. 5-3B.

b. Evacuation. The thoroughly cleaned counters may next
be scaled onto a vacuum system and evacuated. It is desirable
to obtain a good vacuum. Prolonged pumping with diffusion
pumps is recommended. The counters should be heated if
feasible, to drive off gases occluded on the surfaces. This pro-
cedure is of course to be carried out with caution if the counter
has soldered joints or is internally silvered, but glass-envelope
types can be given extensive heat treatment. If a group of
counters is to be filled, they may all be mounted on a mani-
fold and the entire arrangement placed in an electric furnace.
Baking under vacuum follows the customary techniques for
obtaining high vacua. It is not necessary to take elaborate
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precautions to eliminate mercury vapor, for experiments have
shown X7 that the amount present at room temperature is of
no consequence.

The wire should be glowed. This can readily be accom-
plished by connecting the ends of the wire to a Variac, and
slowly raising the voltage. Usually a few volts is enough to
produce incandescence. The importance of this procedure has
been emphasized by Locher, who points out that it not only
burns off dyst and sharp points on the wire but also alters the
crystalline structure to give greater uniformity and reduces
die-scratches on the wire. To enable the wire to be glowed it
is necessary that both ends be available electrically. While
this cannot always be achieved, as for example in the counter
shown in Fig. 5-3A, the importance of glowing the wire is such
that serious consideration should be given in the design to ar-
ranging for the possibility.

After a good vacuum has been secured, the counter may be
filled. The gas chosen will depend on considerations which we
have already discussed. Usually it is convenient to store the
gases to be used in glass bulbs connected to the counter filling
system by stopcocks. The glass bulbs can be thoroughly evacu-
ated and the gases purified if desirable. Stopcocks permit
easier and more accurate control of the flow of gas than do the
valves on the commercial steel cylinders of gas. A diagram of
a suitable system is shown in Fig. 5~4. Mercury manometers
should be provided to enable pressures to be measured. When-
ever an organic vapor is used, care should be taken that no
air is admitted at the same time. The stopcocks should be
watched, for many organic liquids suitable for quenching count-
ers also dissolve stopcock grease. Similarly, BF; attacks
stopcock grease slowly, and occasionally stopcocks should be
cleaned and regreased. Enough time for diffusion of heavy
vapors should be allowed. In preparing vapor-filled counters
the vapor should be admitted first, and then the inert con-
stituent. At least an hour should be allowed for diffusion
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equilibrium to be established after the mixture is made. The
counters should in general be tested while still attached to the
system, so that errors in filling can be rectified or operating
conditions altered by admitting or removing gas. An oscillo-
scope and an adjustable voltage supply, as well as a small
sample of radioactive material, are all that is necessary for
such testing. After filling and testing, the counter is sealed
off, and the system pumped to remove the organic vapors,
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F1G. 5-4. Vacuum system for filling counters.

since these are inflammable, and constitute an explosion haz-
ard if left.

¢. External treatment. After a counter has been filled and re-
moved from the system, it is well to wax the glass surfaces.
The purpose of this is twofold. The photo-sensitivity of the
counter is reduced if an opaque film of wax covers those parts
through which light can reach the interior. Various black or
dark red fat-soluble dyes (e.g., Sudan IV and others) can be
added to the wax to increase its opacity. The second impor-
tant feature is that this procedure gives the glass surfaces a
high resistance, and reduces the formation of surface films of
moisture and surface leakage. Since high fields and potentials
are used, it is important to eliminate leakage. A very minute
amount of charge, leaking across an imperceptible moisture
film on a glass surface, or even merely redistributing itself on
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the surface, can cause spurious counts. A high resistance
moisture proof wax, such as Ceresin, is therefore indicated.

3. Summary. We may summarize the recommended tech-
niques thus: Avoid procedures which will (a) leave sharp
points of any kind in the volume of the counter, or (b) cause
chemical or mechanical or electrical changes with time. The
first category includes avoidance of dust or microscopic fibres
in the counter, or scratches or burrs on the cylinder or welds
on inside connecting leads or pits or die-scratches on the wire.
Glowing the wire is helpful. The second group of causes of
trouble may be minimized by care in preparation, chemical
cleanliness, proper choice of materials, good vacuum technique
and construction avoiding features such as organic materials
which give off or absorb gas over long periods of time. The
desirability of any new features in the construction of count-
ers may often be determined by seeing to what extent the
proposed features conform to the two principles mentioned.

SuMmMARY OF OPERATIONAL EXPERIENCE

We may summarize experience with counters by citing some
“rules” which, while by no means complete or infallible in-
structions, seem to the author to embody the most important
factors in the successful construction and operation of counters.

In order to secure maximum operational effectiveness the
following items should be observed:

1. A counter should never be operated above its rated volt-
age. To do so may damage or ruin it.

2. A counter should not be permitted to go into a ““continu-
ous discharge.” If it does, the high potential should be im-
mediately disconnected and not connected again until the volt-
age has been reduced.

3. The counter should be disconnected from the high poten-
tial supply, or the high voltage should be shut off when not in
use.
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4. The voltages in the various circuits, and the high voltage,
should be stabilized and free from major fluctuations.

In construction, the following features should be considered:

1. Avoid dust inside the counter.

2. Avoid any sharp points on the inside, i.e., on the wire or
cylinder.

3. Use pure (99%) gases and good vacuum technique, and
particularly avoid contamination with air.

4, Avoid getting anything into the counter which will change
with time, or which will give off gas or produce chemical re-
actions.

5. Avoid photosensitive surfaces (except in photo-counters).

6. Arrange or treat exterior surface to minimize electrical
leakage.



CHAPTER 6
ERRORS AND CORRECTIONS IN COUNTING

A. INTRODUCTION

In the operation of counters, there are several possible
sources of inefficiency which, if not recognized and taken into
account, may lead to error in the interpretation of the results.
First there is the efficiency of the counter itself to be considered.
This we shall define as the probability that, when the ionizing
event to be studied actually occurs, the counter discharges.
The counter may fail to discharge for several possible reasons.
The event to be detected may not produce an ion in the sensi-
tive volume. Then the sensitivity of various portions of the
counter’s volume may be different. Finally, the event may
occur before the counter has recovered from the previous count.
Quite exact numerical estimates of accuracy are possible for
each of these contingencies.

The second type of inefficiency is that encountered if the
particle to be counted does not reach the sensitive volume,
i.e., is absorbed in the wall of the counter. Third we shall dis-
cuss the case of coincidence counting and the efficiencies to be
expected in this case and, fourth, the efficiency of proportional
counters.

1. Probability that Ionization Will Take Place in the Sen-
sitive Volume. The probability that an ionizing event will
occur in the sensitive volume of a counter has been discussed
in a preliminary manner under the heading of “efficiency” in
Chapter 4. Specifically, the discussion presupposes that if one
electron is formed in the sensitive volume, a count will be re-

corded. This is an extremely severe condition, and the failure
136
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to realize it in practice will lead to the production of spurious
counts and unreliable data. We repeat, it actually takes only
one electron to produce a count. If a single electron is produced
anywhere within the sensitive volume by any agency other
than the event to be studied, a spurious count will be produced.

The counter is assumed to be operating in the Geiger region.
If a particle is to be counted, then the particle must produce
one ion-pair in the sensitive volume. This may occur due to
an ionizing collision, or due to an electron knocked out of the
wall of the counter. In most cases the ionization is produced
in the gas of the counter. If a non-ionizing photon or neutron
is to be detected, this entity must produce a photoelectron in
the gas or from the walls, the latter being the more usual, or
a Compton electron or nuclear disintegration or a nuclear re-
coil due to a collision with a nucleus in the wall or gas. If the
ionization is produced in the wall, the electron or nuclear par-
ticle must get out of the wall and into the gas of the counter.
Wall recoils are therefore limited by the range of the recoiling
particle in the material of the wall, a phenomenon which was
discussed in the section on neutron counters, Chapter 3. The
probability of a disintegration occurring is also discussed there.

If a counter is to count photons, a large surface, photo-
sensitive to the radiation to be studied, is desirable. In addi-
tion, a window to admit the radiation must be provided. Since
the photoelectric efficiency of most surfaces is low, many pho-
tons will strike the cathode for one photoelectron ejected. Al-
kali metals are commonly used for photoelectric surfaces. On
the other hand, when particles are to be counted, photon counts
are usually unwanted and therefore alkali metals should be
avoided and radiation should be kept from reaching the inside
of the cathode.

In counting particles, the efficiency G may be computed from
eq. (4-3), which we repeat for convenience,

G=1-—¢" (6-1)
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where s is the specific ionization of the particle in the gas of
the counter, / is the path length and p the pressure of the gas
in atmospheres in the counter. To employ this equation pre-
supposes that we know /, the effective path length which the

particle travels through the sensitive

Ok volume. In the case of coincidence
Qe counting, where the path of the par-
C— ticle is determined by other counters,
Oz the values of / are known with some
O accuracy. In single counters, placed
a b so as to be in a beam of particles, the

Fro. 6-1. Arrangements of Path length may again be known.
exploring counters to study the ~ For single counters exposed to random
distribution of sensitive vol- 15 diation we must consider the aver-
ume.

age path length. It is evident that
for a cylinder the longest path is diagonally down the length,
L€y lmax = (4% + %42)* where 4 is the diameter and % the length.
The minimum path is zero. The exact solution for the general
case involves a difficult integration, so that simplifying as-
sumptions or special cases are necessary.

Near the ends of the cylinder the field is distorted, and may
in places drop below that value required to produce Geiger ac-
tion. The efficiency of a counter as a function of its length or
radius can be measured with the aid of exploring counters as
shown in Fig. 6-1a and b, and the distribution of efficiency
along its length for a typical counter is shown in Fig. 6-2.

It is evident that our condition, that a single electron will in-
itiate an avalanche, may be vitiated if the electron is captured
and does not reach the high field region where the avalanche
occurs. Consider two possible causes of electron-removal, re-
combination and negative ion formation. Recombination may
be neglected. The fields are comparatively high, the pressure
low, and any electron will become so rapidly removed from the
neighborhood of its positive ion that the number recombining
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will be negligible. As has been shown above, the recombination
coefficient (eq. 2-3) and the numerical values cited indicate
that recombination is highly improbable in counters.

The effect of negative ion formation may influence the oper-
ation of a counter. With gases such as oxygen, the halogens
or water vapor present, the probability of electron capture and
negative ion formation (see Table 4-2) is not negligible, as we
have shown above. The negative ion will drift toward the cen-
ter wire under the field, and near the wire may either lose the

 I—
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F16. 6-2. Distribution of efficiency along the length of a typical counter. Data
determined using arrangement in Fig. 6-1b.

electron or may acquire enough energy to produce ionization
by collision, in other words may start an avalanche. In either
case a count 1s observed. Hence the effect of negative ions is
not to reduce the number of counts. What can happen, how-
ever, is that a count may be delayed because of the long time
required for the negative ion to reach the wire, a time much
longer than is needed by an electron. If delayed, then the
count may occur (a) after the coincidence circuit has shut off,
thereby decreasing the apparent efficiency for counting coin-
cidences, or (b) after the counter has recovered from a count
due to an avalanche initiated by some other electron produced
in the same ionizing event but not captured, thus producing a
spurious count. Either contingency is undesirable and hence
gases permitting the formation of negative ions should be
avoided.
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2. Effects Due to Recovery Time. We assume that the
events to be counted occur at random. They are thus assumed
to be independent of each other. We may therefore discuss
the statistics of random distributions. In this discussion we
shall further assume that the intensity, or average number oc-
curring per unit time, is constant. The extension to the special
case of a source, the intensity of which varies with time, such
as is encountered in measuring radioactive decay, is accom-
plished by applying the analysis which will follow to each inter-
val of time selected during the variation.

Let # be the average time between the arrival of particles,
and let # be the average number per sec, # = 1/Z. Further,
let #, be the recovery time of the counter, such that an event
following another by an interval less than ¢ will not be counted.
Then if # counts occur per sec, the counter will be “dead” for
a time ##, during that second, or the effective sensitive time #,
of the counter will be

ty =1 — 7, (6-2)

The true counting rate #, will equal the observed rate #, plus
the number missed #, during the insensitive time. But the
number missed is determined by 7¢, and hence we may write

ny = nofty = n,/(1 — nt,) (6-3)

and we note that # may be taken as the average observed rate
7, if the number missed is small. Thus, for example, if the ac-
tual observed rate #, is 100 per sec, and the resolving time for
this counter is 5 X 10~ sec, the number missed 7., will be
5 X 107%,and (1 — 5 X 1072) equals 0.95. Hence this counter
at this rate is missing 5%, of the counts, because it is sensi-
tive only for 959, of the total time.

Consider now that the counts occur at random. We mean
by this that the counts are independent, the initial ionizing
events are independent, and that the occurrence of one event
does not influence the next. Let the probability that a particle
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will arrive in a time interval dt be adt, a quantity very small
compared to unity. Then the probability P, that » particles
arrive in time # when 7 is the average number observed in this
time, is given by Poisson’s law

P = ((at)*/nl)e™ (64)

The derivation of this law and a discussion of its application
in various cases will be found in standard texts on statistics.
The problem has been fully discussed by Bateman.B® The de-
viation to be expected of the observed number from the true
average is defined as the square root of the mean square of
(n — af). Thus the deviation D is given by

D = +/at (6-5)

or the deviation is the square root of the total number of
counts. If we count 10* particles in a unit of time, the devia-
tion will be 100, or in other words our determination of an
average number of particles per unit time will have a standard
deviation of 19,. The probable error is defined as 0.6745D,
and in the instance cited the probable error will be two-thirds
of 19,.

If a counting rate meter is used, the deviation will depend
on the time constants of the tank circuit. The analysis has
been carried out by Schiff and Evans®® who showed that the
standard deviation is given by D = (2XRC)™, where X is
the rate of arrival of pulses, R and C being the resistance and
capacity of the tank circuit respectively. Similar fluctuations
will be observed in the case of integrating ionization chambers.

Usually counters have a background counting rate, and the
counts observed must be distinguished from this background.
The background will be due to cosmic radiation and natural
radioactive contamination, plus such other stray radiation as
may enter the counter. Near any accelerating device, such as
a cyclotron, or Van de Graaff machine, there is usually a con-
siderable amount of stray gamma radiation causing background
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counts. Experimentally, the magnitude of the background is
determined by observing the counting rate when no particles
to be counted are entering the sensitive volume. This cannot
always be done without changing the background, bu* the
magnitude of the background should be determined, even if it
be only approximately known. The procedures for applying
the corrections we shall next consider.

If the standard deviation of one set of counts is Dy, and for
another D,, then the deviation of the sum or difference will be

D = (D,® + Dy;»)* (6-6)

Hence if 7, counts are produced by the radiation to be de-
tected plus the background and 7z, by the background alone,
the standard deviation is

D = (ny + ny)" (6-7)

The most difficult rates to determine with accuracy are those
which are just detectable above a large background. Thus if
a rate of 1000 counts is to be determined against a background

of 10,000 counts in the same time, D from (6-7) will be V21,000
= 145 which out of the 1000 to be determined means that the
number is known only to 14.59), while in the same length of
time the background can be determined to 19,. Again, if the
background is equal to the source, six times as many counts
must be measured to achieve a given accuracy as if the back-
ground were absent. This is readily seen for, if n; = 2n, =
20,000, then 7z = 10,000 and D/ny = V3ny/ny = V3/V'n,
= 0.01, whence #; = 3 X 10* and 7, = 6 X 10% the total
number of counts that must be recorded if the background is
as assumed, as compared to 10* needed in the absence of back-
ground. The importance of procedures to reduce background
is therefore clear.

3. Errors Due to the Particle Not Reaching the Sensitive
Volume. Absorption of the entity being counted in the walls
of the counter is the usual cause for the failure of particles to
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TABLE 6-1. RELATIVE STOPPING POWER OF VARIOUS MATERIALS FOR
Q-PARTICLES OF ABOUT 6 Mv *

A. Thickness (in mg/cm?) equivalent to I cm of air

Marsden and
Substance | Richardson Rosenblum

Al 1.62 1.51
Cu 2.26 2.09
Ag 3.86 2.71
Au 3.96 3.74
Mica 1.45¢ 1.43¢%
B. Atomic stopping power relative to air
Subst. Geiger Mano Subst. Geiger Mano
15H, 0.22 0.20 Cu 2.29 2.57
He 0.42 0.35 Kr 2.89 2.92
Li 0.53 0.50 Mo 2.75 3.20
15N, 0.98 0.99 Ag 3.04 3.36
150, 1.10 1.07 Sn 3.19 3.59
Ne 1.24 1.23 Xe 3.94 3.76
Al 1.40 1.50 || Au 4.02 4.50
A 1.92 1.94 Pb 4.25 4.43
C. Atomic stopping power for various velocities (semi-empirical, air = 1)
v(10% cm/sec) 1.0 1.5 2.0 2.5 3.0 4.0 5.0
Ea(mv) 2.07 | 4.66 | 8.3 12.95 | 18.6 33.2 51.9
En(mv) 0.52 | 1.17 [2.09 | 3.26 | 4.70 8.36 | 13.06
15H, 0.26 |0.22410.209| 0.200| 0.194| 0.186| 0.181
C 094 [0932{0921| 0914 0908 | 0.899| 0.892
Al 1.45 | 1.51 | 1.53 1.54 1.55 1.57 1.59
Cu (1.92) | 241 |2.62 | 273 | 2.80 | 2.89 2.95
Ag (2.25) | 3.08 {3.43 3.64 | 3.76 393 | 4.04
Au (2.42) | 3.96 | 4.64 5.00 5.25 5.57 5.79

*Atomic stopping power for converting range in the given substance to
air equivalent. Data from Livingston and Bethe, Rev. Mod. Phys., 9, 272
(1937). 1 Briggs. { Bennett.
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reach the sensitive volume. We must therefore consider the
range of the particle in the material of which the counter wall
(or window) is made. In counting alpha and beta particles,
the range of the particle being counted can be obtained from
the range curves, Fig. 44. The range in air can then be con-
verted to the range in glass by dividing by a factor between
103 and 10%, depending on the type of glass. When a metal
window is used, the range can be computed by using the figures
for atomic stopping power for the atoms of various elements,
listed in Table 6-1. Knowing the thickness of the window, it
is possible to estimate whether particles of the type to be
counted will reach the interior or what fraction will be ab-
sorbed in the process.

When using glass envelope counters to detect neutrons, ab-
sorption of neutrons by boron in the glass must be considered.
This occurs principally in Pyrex glass which has a high boron
content. The fraction H of slow neutrons absorbed in a layer
of glass of thickness # cm is given by

H = ¢NpPt/u (6-8)

where ¢ is the capture cross section of boron for the neutrons
in question (a function of neutron velocity; see Chapter 3), N
is Avogadro’s number, p is the density of the glass, P is the
percentage of boron in the glass and u is its average atomic
weight.

Fast neutrons and cosmic ray mesotrons and gamma rays
are not appreciably stopped in the material of which counters
are made and may hence be considered as entering the sensi-
tive volume regardless of the construction of the counter.

4, Efficiency of Coincidence Counting. When counters are
counting in coincidence, there are two general phenomena
which may alter the counting rate and which must be con-
sidered. The first is that a particle passing through the coin-
cidence arrangement may not be detected because of an in-
efficiency in the system. The second is that some event other
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than that to be detected causes the counters to discharge si-
multaneously. For example, a large cosmic-ray shower may
send particles simultaneously through many counters in various
geometrical arrangements.

It is important to know the number of accidental coinci-
dences to be expected when counters are connected for coinci-
dence. If one counter is counting at an average rate of 7,
per sec and if the resolving time is #, then the chance that a
single count will occur during that time will be #,2. If a second
counter counts at a rate of 7, counts per sec, then the rate of
occurrence of accidentals is

/12 = 2—ﬁlﬁgf (6“‘9)

The factor 2 occurs because of the overlapping of the lengths
of time ¢. Similarly for the threefold coincidences, the acci-
dental rate A3 for triples will be

A3 = 3‘5122%322 (6—10)

Usually the counters are similar in size and shape and counting
rate, and hence we may write for m-fold accidentals

Ay = mamm=1 (6-11)

The computations for any special case, such as when one counter
is much larger or smaller or counts at a different average rate
from the others, is self-evident.

It is evident that the probability of accidental counts is ex-
tremely small when (a) the multiplicity 7 of counters is large,
(b) the resolving time is short, and (c) the counters are each
counting at a slow rate. Thus for five- or sixfold coincidences,
even at high rates of counting such as are found when cosmic-
ray counters are operated in the stratosphere, accidentals are
almost entirely negligible, providing the resolving time ¢ is
small.

The accidental rate for coincidences may be verified experi-
mentally by placing the counters out-of-line, in more or less of



146 ERRORS AND CORRECTIONS IN COUNTING

a horizontal plane, and far away from each other. In such an
arrangement, if no straight line can be drawn through all of
them, we will measure only accidentals plus such events as
extensive showers which produce ionizing events over a wide
area. Extensive showers are quite rare at sea level, occurring
perhaps once per hour or even less, depending on the lateral
extent. The further the counters are separated, the better is
the test. )

If only two counters are being tested, and these two are
placed in a horizontal plane a considerable distance apart,
there will still be a possibility that a single particle could cause
both to discharge, causing a “true” coincidence. However, it
is much more probable that a single particle will pass through
one and will also, as it passes through nearby matter, produce
secondaries which will set off the other counter. Thus the ar-
rangement is sensitive to ‘“showers of two” particles. Simi-
larly, if three counters are arranged out-of-line, the arrange-
ment is sensitive to “showers of three,” or indeed to the less
likely chance that one particle will pass through two and its
secondary through the third. The number of “‘showers of two”
greatly exceeds the number of “showers of three”” and in general
it may be said that the greater the multiplicity the less proba-
ble is the event. No general distribution formula can be given
because the probability of shower formation is controlled by
the distribution of matter in the vicinity of the counters. The
number of “showers of two” is much greater in the basement
of a building than it is on the roof, due to shower production in
the walls and floors of the building.

In any given experiment, the shower correction should be
determined. This number of showers will always provide a
background which must be added to the random accidentals.
Thus the accidental rate for triples is determined by the rate
of real doubles occurring simultaneously with random singles,
and is larger than eq. (6-10) implies. The shower corrections
can be made smaller by two procedures: (a) the use of higher
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secondary through the third. The number of “showers of two”
greatly exceeds the number of “showers of three” and in general
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ble is the event. No general distribution formula can be given
because the probability of shower formation is controlled by
the distribution of matter in the vicinity of the counters. The
number of “showers of two” is much greater in the basement
of a building than it is on the roof, due to shower production in
the walls and floors of the building.

In any given experiment, the shower correction should be
determined. This number of showers will always provide a
background which must be added to the random accidentals.
Thus the accidental rate for triples is determined by the rate
of real doubles occurring simultaneously with random singles,
and is larger than eq. (6-10) implies. The shower corrections
can be made smaller by two procedures: (a) the use of higher
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multiplicity coincidences, and (b) the use of suitably disposed
anti-coincidence counters as “guard counters” (see Chapter 7).
Anti-coincidence counters can be so arranged that showers
reaching the main train of counters will have to pass through
them and will therefore not be counted. If anti-coincidences
are used, the total time that the circuit is insensitive due to the
discharge of the anti-coincidence counters must be taken into
account if the time-rate of the events being studied is to be
determined.

To illustrate this technique, in measuring counter efficiencies
it is customary to arrange the counters in a vertical line (see
Figs. 6-1 and 6-2). The counting rate of the coincidences of
the extreme counters with and without the central counter,
whose efficiency is being studied, is then determined. As will
be seen from eq. (6-12) below, the efficiency of the counter is
the ratio of the counting rates with and without this counter
in the circuit. This follows, since the number of counts re-
corded as double coincidences by the outside pair is 7, = nE,,
where 7 is the true number of events and E, is the efficiency of
the two counters in coincidence. The rate of counting triples
will then be 73 = #E,E;, where Ej is the efficiency of the third
counter. All particles counted by the outside counters must,
by the geometry, pass through the middle one. Now this ex-
periment is subject to a shower correction as a “shower of two”
can give a false double coincidence. Hence if we use three
counters to determine the path, instead of two, the shower
correction will be much reduced. Thus we shall measure the
ratio of triples to quadruples instead of the ratio of doubles to
triples, and thus minimize effects due to “showers of two.”

Ordinarily coincidence counting can be done only with pene-
trating ionizing radiation such as cosmic-ray mesotrons. Alpha
and beta particles will not go through most counter-walls and,
when electrons or protons are to be counted by coincidence
technique, a very thin window must be provided between the
counters. The advantage of using coincidence technique is
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that it helps to eliminate the background due to stray gamma
radiation which is so abundantly present near most accelerat-
ing devices.

Due to the low efficiency of detection, gamma rays will
practically never produce coincidences. It is evident that if
the efficiency of a counter is E;, of another E, and so on, then
the efficiency of a combination will be

Em = E1E2E3 (6—12)
and, if the efficiencies are equal,
E, =E"

Since the efficiency of a gamma ray counter may be 10~*, the
occurrence even of double coincidences is rare. A similar argu-
ment holds for fast neutrons, since the recoil efficiency is so
small (see Chapter 3).

Slow neutrons cannot be used in coincidence work since the
neutron disappears in the act of producing the disintegration
which is detected.

Coincidences between proportional counters and Geiger
counters can be measured. The circuits are described in Chap-
ter 7, and the efficiency of any arrangement, once the efficiency
of the proportional counter is shown, is given by eq. (6-12).

5. Errors in Using Proportional Counters. In general, pro-
portional counters will give pulses depending on the amount of
energy liberated in ionization in the primary ionizing event,
and also depending on the gas amplification 4, as in eq. (3-1).
The possible errors in interpreting the results may arise from
(a) the range of the particle not lying entirely in the sensitive
volume, or being interrupted by the particle striking the wall
of the counter, (b) the background of large pulses due to alpha
particles and giant showers, and (c) any effects such as electron
capture which cause an apparent decrease in 4.

The resolving time of proportional counters is also of the
order of 107 sec. The travel time of the positive ions and
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the appropriate calculations of the effects of this time have
already been given. There is, however, one feature which
should be mentioned. That is that the avalanche in a pro-
portional discharge is not as fully developed as that in a Geiger
discharge. The avalanche may not spread down the entire
length of the wire. Hence there may be portions of the wire
which will be sensitive and may support another avalanche
before the first is terminated. Consequently it is possible, if

WIRE VOLTAGE

Fia. 6-3. Multiple counts in a proportional counter occurring within the recovery
time of the counter. Normal pulse recovery indicated by dotted line.

the RC time of the central wire of the counter is short (say 105
to 107® sec), to have pulses superposed on one another and
pulses occurring with spacings less than the resolving time
needed to complete a pulse. Since proportional counters are
usually operated at comparatively slow counting rates, this
problem does not often arise, but at fast rates the potential of
the wire may show various spurts in quick succession super-
posed on one another. The true “dead time” of a proportional
counter is therefore less than that of a Geiger counter. The
fact that the changing potential of the wire will cause 4 to
vary for counts which overlap, should be borne in mind if pulse
size distributions obtained at fast counting rates are to be in-
terpreted with precision. The graph of the voltage variation
of the wire is shown in Fig. 6-3. Because of the functioning of
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the space charge sheath, this phenomenon takes place only
with proportional counters and not in the Geiger region.

The amount of ionization produced in the primary ionizing
event must be formed in the sensitive volume to be effective.
A particle which passes entirely through the counter or which
collides with one of the walls will produce a correspondingly
smaller pulse. The heaviest amount of ionization is produced
near the end of the range. Consequently it is important to
know not only the geometrical length of the range of the par-
ticle in the gas of the counter, but what portion (i.e., whether
beginning, middle or end) of the range lies within the sensitive
volume. Thus, for example, an alpha particle gives up 1.9 Mev
in ionization in the last centimeter of its range, but only 0.7 Mev
in1 cm, 5 to 6 cm from the end of the range. If the counter is
filled to 0.1 atm pressure with a gas whose stopping power is
about the equivalent of that of air, and has a 10 cm average
path through the sensitive volume, then the amount of energy in
ionization produced in 1 cm of range in air (at STP) will appear
in the counter. The expected pulse size can be computed now if
we know what portion of the range is involved. Thus the ex-
pected pulse size depends on the nature and pressure of the
gas and on the geometry of the path through the counter, and
each case should be computed separately.

Proportional counters will exhibit a background of large
pulses, which must be considered in interpreting the results.
There are two chief agencies producing such large pulses. The
first is the natural radioactive contamination of all substances.
This contamination manifests itself by the emission of alpha
particles into the sensitive volume. Most of these originate in
the walls of the counter, as reasonably pure gas has a compara-
tively low radioactive content. A well cleaned surface, which
has not had undue exposure to contamination, should show of
the order of 10~* alpha particle per sq cm per minute. Normal
variations are large and may differ from the figure stated by a
factor of ten in either direction. If the material of which the
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counter is made has been left around in some of the older
laboratories in which radium or its products have at one time
been used, the contamination is likely to be much greater.
Similarly, some elements acquire long period radioactivities by
prolonged exposure to neutrons and, for example, copper which
has been stored in a room adjoining a cyclotron may have un-
desirable activity. The insides of ionization chambers are often
painted with very pure carbon black to reduce the alpha back-
ground, and this can be done in counters although it is not
often worth while.

The other cause of large pulses is cosmic radiation. Occa-
sionally the core of a giant shower will strike a measuring de-
vice, and literally many thousands of electrons will traverse
the sensitive volume simultaneously. Large amounts of ioni-
zation are thus liberated and a big pulse appears on the wire.
This effect is not very large at sea level, usually only a few per
day, but increases rapidly with elevation. In general no shield-
ing is effective in reducing these showers. The number of such
giant showers is, however, constant at any one place and can
hence be determined and allowed for. Similarly, the alpha
background is constant and need but be determined once for
each instrument.

The expected value of A is not realized in every case. Sup-
pose that an ionizing event takes place at some distance from
the wire, and that electron-capture to form negative ions takes
place. If some of the electrons are withdrawn and do not
reach the region in which the avalanche is started, the total
avalanche size will be smaller. Any negative ions formed will
reach the wire or will shed their electrons near the wire long
after the first avalanche due to electrons is over, and conse-
quently will not contribute to the size of the initial pulse.
Since the halogens are sufficiently electronegative to exhibit
appreciable electron capture, we might expect that this phe-
nomenon would manifest itself in BF; neutron counters. In-
deed, Brubaker and Pollard ®¢ found that the size of a pulse
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produced by a primary ionizing event of constant size depended
on how far out from the wire the event occurred. They attrib-
ute the effect to electron capture. That this is probably not
the only factor involved is seen from the fact that they find
appreciable dependence on the radius also.for some gases in
which electron capture may be supposed negligible such as
argon and hydrogen.

Another cause of an apparently lower A is the phenomenon
of partial paralysis exhibited by proportional counters when
operating with a very high beta or gamma ray background.
Since in these circumstances numerous small avalanches will~
continuously be taking place, numerous positive ion groups
will be migrating out toward the cylinder, and the result will
be a lowering of the field in the counter. The value of 4 will
therefore be reduced. The Montgomerys M7 have observed a
reduction in the number. of large counts which are recorded
under these conditions.

It may be well to repeat here that, in BF; counters when the
disintegration produced by slow neutrons takes place, two
particles are formed. One is an alpha, the other a recoiling
lithium nucleus. They travel in opposite directions. Thus if
one hits the wall, the other goes out into the gas. The pulse
produced will of course be larger if both particles end their
range in the gas, but even if only one component is effective,
the amount of ionization produced is still considerably larger
than that produced by beta particles.

6. Procedures To Insure Short Recovery Times. The analy-
sis which we have given above presupposes that only one re-
covery time need be considered. If the mechanical recorder
has a much longer recovery time than the counter, it will miss
counts to which the counter responds. It is therefore impor-
tant that the recovery time of the counter be the longest time
constant in the entire arrangement.

In the case of non-selfquenching counters, the recovery time
is determined by the RC of the quenching resistance if the
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counter is resistance quenched, or by that of the circuit if elec-
tronic quenching is used. As has been indicated elsewhere, RC
quenching times are usually of the order of 10~2 to 102 sec.
An electronic quenching circuit can operate satisfactorily in
10~* sec but not much less, the limitation being attributable to
the discharge mechanism. If the electronic quenching circuit
is made with too short a time constant, the counter will not
be completely quenched and the entire arrangement may indeed
break into oscillation. We specifically except from this dis-
cussion the potential reversing circuits which are treated
separately.

Selfquenching counters recover in the time determined by
the ion-sheath mobility. This again is of the order of 1072 to
10—* sec. The amplifiers connected to any counter can easily
be given time constants of 10~% sec or so by choosing appro-
priate coupling RC values. The recovery times of amplifiers so
designed may be neglected as they are smaller than that of the
counter and do not affect the result.

Mechanical recorders are usually the slowest element in a
counter circuit, Some will follow a 60 cycle AC wave, and
have time constants of the order of 10~2 sec, but few are faster.
Therefore scaling circuits (see Chapter 7) are recommended,
and must be used for fast counting. A scaling circuit not only
slows down the average counting rate to an interval which the
recorder can follow but also improves the statistics in that the
output pulses are more regularly spaced and hence the proba-
bility of close doubles is decreased. Since the recovery time of
a scaling circuit can also be made short compared to that of
the counter, this time also may be neglected. In ionization
chambers, where the ion-collecting time is sometimes long, the
fundamental limitation may be in the chamber and the recovery
time of even a slow recorder may be neglected.

To summarize, for minimum errors in fast counting: (1) the
recovery time of the amplifier must be short and (2) a scaling
circuit should precede the mechanical recorder. The recovery
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time of the entire arrangement will then be determined by
that of the counter, and the appropriate corrections may be
made.

7. Interpretation of Counting Rate Data 4. S:atistical tests.
The discussion of statistics which we have given above may be
made the basis for ascertaining whether a counter is behaving
properly. Suppose, for example, a counter is suspected of hav-
ing spurious counts. The following simple procedure will throw
light on its operation.

First the counter is adjusted to detect the radiation desired.
Then the number of counts occurring in each minute is re-
corded. This observation is continued for about half an hour,
thus giving some thirty numbers. If the counting rate is high,
a time interval shorter than a minute may be used. The re-
sults are then tabulated. The average counting rate is deter-
mined. The standard deviation is next computed from the
data. The standard deviation should, by eq. (6-5), be the
square root of the number of counts. If the standard devia-
tion differs appreciably from this figure, the presumption is
strong that the events being counted are not at random. For
example, spurious counts such as would be produced by nega-
tive ions would follow the true count at short intervals. The
resulting standard deviation calculated from the data would
then be less than that obtained by taking the square root of the
number of counts.

b. Significance of counting rate curves. Any given recording
circuit, unless it is provided with a special arrangement to
eliminate large pulses, will count all pulses greater than a cer-
tain minimum size. This minimum size is determined by the
characteristics of the circuit (see Chapter 7) or by the ““bias”
or “cutoff” of the amplifier used. The curve of counting rate
as a function of voltage is therefore an integral curve and con-
tinually increases. Should the counting rate decrease beyond
a certain voltage, it is an indication that some sort of paralysis
or saturation is taking place in the counter or in the attached
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electronic circuit. The data obtained on such a curve above
the point where it starts to decrease should be interpreted with
caution. A counter should not be operated in the region where
the characteristic has a negative slope, in ordinary circum-
stances, as this can be due to excessive overvoltage, which may
damage the counter.

The characteristic curve of counting rate as a function of
voltage determines the total number of counts, N, greater than
a certain size (Enin), as indicated by
Emax Emax

E. = N(E)dE (6-13)

Emin

N

where the upper limit E. is usually practically infinite. The
pulse size distribution is then given by

N(E)dE (6-14)

which may be defined as the number of counts of size (or en-
ergy) lying between E and E + 4E. This pulse size distribution
may therefore be determined by differentiation, with respect
to energy, of the integral counting rate curve. Thus, for ex-
ample, two groups of particles of different sizes (say a few con-
tamination alpha particles and a lot of electrons) would give
rise to a curve of counting rate as a function of voltage which
would have two “steps” in it. Another illustration is the nor-
mal “plateau” curve of a Geiger counter which, if flat, means
that all the pulses are of the same size at any one voltage and
that no new or spurious counts occur as the voltage is raised.
Either the differentiation or the integration may be done
graphically. The accuracy usually decreases in such graphical
operations. For a discussion of procedures, the reader is re-
ferred to the standard texts on statistics, such as Treatment of
Experimental Data, by Worthing and Geffner, Wiley, 1943.



CHAPTER 7
AUXILIARY ELECTRONIC CIRCUITS

A. INTRODUCTION

The counter discharge produces a voltage pulse on the cen-
tral wire system, and it is the purpose of the auxiliary elec-
tronic circuits to measure, record or control this pulse. As
we have mentioned before, the pulse is of about 10™* sec dura-
tion and is therefore too short to operate many of the currently
available recording devices. On the other hand, the pulse
produced by a Geiger counter is often of considerable size, being
in general of the order of the overvoltage in amplitude. A
pulse of 100 to 200 volts amplitude is not uncommon. It is
evident, therefore, that such pulses are sufficiently large to
operate most vacuum tubes and do not require further amplifi-
cation, but may require broadening or lengthening. The
pulses formed by a proportional counter, on the other hand,
may be quite small and may require considerable amplifica-
tion. A pulse of 10™* volt from such a counter is not unusual,
and high gain circuits are required to render such a pulse capa-
ble of operating recording equipment.

Almost without exception, counters are operated with the
central wire positive and the cylinder negative. The voltage
sources supplying such a counter may have either the positive
or the negative side gounded, depending entirely upon con-
venience. The circuits appropriate to operation with either
the central wire system or the cylinder of the counter at ground
potential are shown in Fig. 7-1A and B. In the case of counters
in which the cylinder also serves as the external envelope, it is
desirable to operate the cylinder at ground potential (Fig.

7-1B). In these circumstances the cylinder may be safely
156



INTRODUCTION 157

handled while the high voltage is on. In addition the central
wire system is electrostatically shielded. In those counters
employing an outer envelope of glass or other insulating ma-
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F1s. 7-1A. Fundamental counter circuit for negative high voltages. Wire at
ground potential. Dotted condenser and quenching resistor omitted with selfquench-
ing counters.

terial, it is often useful to have the central wire system at es-
sentially ground potential (Fig. 7-1A). The cylinder, in the
latter case, is operated at a high negative potential with re-
spect to ground. The advantage of the latter system is that 1t
eliminates the necessity for the blocking condenser which must
be a good insulator and must have a high leakage resistance.

Condenser with

‘Lgood insulation
( ly
= R

I Qutput

Fic. 7-1B. Fundamental counter circuit for positive high voltages. Cylinder at
ground potential.

Some of the circuit diagrams shown below are in schematic
form, without constants. This is done since the constants de-
pend on the characteristics of the particular tubes used. The
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justification of particular values lies outside the scope of this
text. As anyone familiar with such circuits knows, a few of
the constants are critical, but most may be widely varied with-
out interfering with the operation of the circuit. One labora-
tory may have available powerpacks producing 400 volts; an-
other may have similar sets producing 325 or 250 volts. The
resistances in scaling circuits, integrating circuits and other de-
vices will have to be adapted accordingly. It would be erro-
neous to imply that a given circuit will work only on one set of
voltages and circuit constants. Usually, if specific voltages are
available, or if particular vacuum tubes are at hand, the con-
stants can readily be modified to suit the circumstances.
Similarly, wide variations in tube types are usually possible.
When substituting new tube types, the “resistance-coupled
amplifier” section of the standard receiving tube manuals will
be found helpful. British experimenters may prefer to use
Mullard or Osram triodes instead of RCA pentodes in several
of the circuits shown below. Conversely, pentodes may be
substituted for triodes with good results in other cases. Such
constants as are given in the diagrams should be regarded, not
as the only possible values, but rather as the starting point for
testing. Any new circuit should be built the first time on a
“breadboard” so that various circuit constants and experimen-
tal rearrangements can be readily tried. Experimentation and
trial of various values and arrangements is to be preferred to
rigid insistence on unnecessarily detailed “cookbook” specifi-
cations.

B. QuencHinGg Circulrs

Non-selfquenching counters require the use of a quenching
arrangement which may be either a high resistance or an elec-
tronic circuit. These circuits may be dispensed with in the
case of the selfquenching counters. The objection to using a
high resistance is, as we have pointed out above, that a long
time constant is introduced into the circuit. Since it is not
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practical to reduce the value of the resistance sufficiently to
provide a short time constant, it is therefore customary to em-
ploy an electronic circuit which performs this function. Sev-
eral such circuits are shown in Fig. 7-2.
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Fic. 7-2A(1). Modified Neher and Pickering quenching circuit to give positive
output pulse.

It must be recalled that the fundamental limitation on the
time of recovery of a non-selfquenching counter is determined
by the mobilities of the positive ions in the counter itself. The
several quenching circuits therefore are also governed by this
limit. If the time constants of the circuits are made much less
than 10~* sec, the counter itself will not have ceased to dis-
charge and the entire arrangement will not operate satisfac-
torily. Thus these circuits may reduce the quenching time
from, say, 102 second for a resistance-quenched counter
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Fie. 7-2A(2). Modified Neher and Pickering quenching circuit to give negative
output pulse.

(R = 10° ohms, C = 107 farad) to a figure near 10™* sec,
but will not operate at still shorter times.

Fig. 7-2A(1) shows a quenching circuit devised by Neher and
Pickering.™ In this circuit, a negative pulse from the counter
wire arrives on the grid of the tube. Since the grid of the tube
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is connected through a resistance to the cathode, the tube
is normally in a conducting state and the grid and counter
wire are approximately at cathode potential. The arrival of
a negative pulse on the grid causes the tube to become non-
conducting, and the grid is effectively isolated for an instant.
Thus the high potential is, in effect, removed from the counter
during this time. The counter wire and grid recover with a
RC time constant characterized by the resistance of the grid
leak and the distributed capacity of the counter wire and grid

 — —— t
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Fic. 7-2B. Neher and Harper quenching circuit.

system. If we take this distributed capacity to be of the order
of 107! farad and use a 10 megohm grid leak, the counter will
recover in 10™* sec. It is evident that a positive pulse will ap-
pear in the plate circuit of the tube as indicated. This pulse
may then be fed into the subsequent scaling or recording cir-
cuits. If it is desired to have a negative pulse to feed into the
next stage, this may be accomplished by the modification
shown in Fig. 7-2A(2). In this circuit the load resistance of
the tube is placed in the cathode line instead of in the plate
circuit, and the sign of the pulse therefore reverses. The chief
disadvantage of this circuit is that, sincesthe tube is conduct-
ing, a constant drain is put on the high voltage supply.

The second type of quenching circuit was devised by Wynn-
Williams W8 and later independently developed by Neher and
Harper.™ This arrangement is shown in Fig. 7-2B. In this
circuit it will be observed that the grid is held at a negative
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potential by the C battery, and that therefore the tube is nor-
mally in a non-conducting state. When the counter counts,
the cylinder of the counter swings to a positive value. This
causes the tube to conduct, and the plate current passing
through the plate resistor R, produces a voltage drop which
is effectively subtracted from the high voltage. Thus the
vacuum tube partially short-circuits the counter, or in other
words removes part of its potential. If the gain of the tube is
u then the effective resistance of the tube is uR, when the
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Fic. 7-2C. Multivibrator quenching circuit devised by Getting.

tube is conducting. The recovery of the system is again con-
trolled by the RC time constant of the grid circuit and may
be made of the order of 10~ sec as in the previous case. The
disadvantage of this system is that the entire high voltage is
connected across the vacuum tube. Most receiving tubes are
sufficiently well insulated so that they will not break down,
but the useful life of the tube is often short and occasionally
flash-overs occur.

The third type of circuit is the multivibrator arrangement
devised by Getting ¢7 and shown in Fig. 7-2C. In this circuit
one tube of a multivibrator is biased negatively so that it is
normally in a stable state with one tube conducting and the
other cut off by the bias. The arrival of a negative pulse from
the central wire of the counter system causes the multivibra-
tor to go through one cycle of its oscillation. The final act 1n



162 AUXILIARY ELECTRONIC CIRCUITS

this oscillation is the arrival of a considerable charge from the
plate of the second tube through the condenser onto the grid
and counter wire system. The counter wire is thus driven to
a potential below its normal operating voltage, and the dis-
charge consequently ceases. The recovery of this system de-
pends on the time constants of the multivibrator and in par-
ticular on the grid condensers and resistors. Again, this sys-
tem can be made to operate in about 10™* sec, the fundamental
limit being again not in the circuit but in the positive ion col-
lection time in the counter.

¢ Output
4 s

Se

AT N RS
34—} I
HV Cc B

Fic. 7-2D. Modification of circuits shown in Figs. 7-2A and B to be completely
floating or grounded at any one desired point.

A modification of these circuits (Fig. 7-2D) has been found
useful in connection with radiosonde cosmic-ray balloon obser-
vations. This circuit was devised by Johnson,! and was used
by Johnson and Korff 7 in a series of balloon flights. In these
flights economy of battery weight was essential. In this cir-
_cuit the plate voltage of the quenching tube is added to the
high voltage supply. The plate battery is thus made to per-
form a double function. The operation of the circuit is essen-
tially identical with that described above in the circuit in
Fig. 7-2A.

Still further modification of this circuit is that made by
Wynn-Williams, ¥4 in which a single thyratron performs the
dual function of extinguishing the discharges and causing a re-
cording counter to record. This circuit is shown in Fig. 7-2E.
In this circuit, the thyratron grid is normally held at a nega-
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tive potential by the C battery, and the thyratron is normally
non-conducting. The potential across the counter is therefore
the sum of the voltages of the high voltage battery plus the
B battery plus the C battery. When a count occurs, the cylin-
der of the counter swings to a more positive value and the
grid of the thyratron becomes positive, thus permitting the
thyratron to conduct. The flow of plate current causes the
recorder relay to open, thus simultaneously recording a count
and extinguishing the discharge in the thyratron by breaking
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Fic. 7-2E. Combined quenching and recording circuit using a thyratron.

its plate circuit and permitting the negative grid to resume con-
trol. This same break effectively removes the potential from
the counter, which then recovers. The recovery time of this
circuit is controlled by the speed of the recording unit. The
chief objection to this type of circuit is that, as with the Neher-
Pickering circuit, the counter cylinder is floating, and further,
that the entire high voltage supply must be kept at some poten-
tial above ground.

C. Coincipence Circults

One of the most important uses of counters has been made
possible through coincidence technique. Coincidence circuits
permit imposition, on an arrangement of counters, of the con-
dition that the counters must discharge simultaneously or
within an assignable time interval of each other. Thus it is
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possible to determine the direction in which a particle is travel-
ing by the use of two or more counters connected in coinci-
dence and arranged in line.* Multiple coincidences permit an-
alysis of the complex ionizing events encountered in cosmic
radiation and nuclear physics in which an ionizing ray may be
followed as it traverses matter and generates secondary parti-
cles with various characteristics. The part played by non-
ionizing radiation may also be studied by the aid of anti-
coincidence dévices.

1. Normal Coincidence Arrangements. The simplest type
of coincidence circuit is that devised by Rossi in 1929.r2 With
this circuit it is possible to record coincidence due to any num-
ber of counters, triples and quadruples being commonly re-
corded, but the circuit will operate satisfactorily on tenfold or
even greater coincidences. The circuit is shown for triple co-
incidences in Fig. 7-3A. If additional identical branches are
desired, all plates are connected together. The circuit is shown
connected for resistance-quenched, non-selfquenching counters.
For selfquenching counters the resistance R and condenser C
are omitted. The essential feature of this circuit is that all of
the plates of the tube are tied together, and connected through
a common resistor to the B supply. The grids of all the tubes
are connected to the cathodes so that the tubes are conducting.
When a negative pulse arrives on the grid of any tube, it ceases
to conduct and the tube therefore becomes a high resistance,
whereas it was a much lower resistance while it was conducting.
The potential of the common plate circuit is therefore deter-
mined by the equivalent of a system of parallel resistances. If
all the tubes but one become non-conducting, or in other words
become high resistances because of the arrival of negative
pulses on their respective grids, we will have a circuit in which

* Another method of obtaining directional indication has been devised by B. Rajewski
(Zeits. f. Phys. 120, 627 (1943) who made use of asymmetric electron emission first
reported by Bragg & Madsen (Phil. Mag. 168, 918 (1908)). Thus if a counter cylinder

is made half of lead and half of aluminum, more electrons are ejected by gamma rays
entering lead, and leaving aluminum.
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there will be several high resistances in parallel with one low
resistance. Since most of the current will flow through the low
resistance, the change in potential of the plate circuit will be
small. If on the other hand all tubes cease to conduct, the
change in potential of this plate circuit becomes considerable.
A large pulse therefore occurs in the output only when all tubes
simultaneously cease to conduct. The circuit can therefore re-
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Fic. 7-3A. The conventional Rossi coincidence circuit. With selfquenching counters,
R and C are omitted.

cord coincidences between the discharges of any number of
counters. For example, the resistance of a 6C6, when it is con-
ducting, may be 10° ohms, whereas it may exceed 108 when
it is not conducting. Let R, in Fig. 7-3A be 10° ohms, and
let the B potential be 200 volts. The potential of the common
plates will therefore be +46.6 volts when the three tubes are
conducting, i.e., when no counts have taken place. Let two
tubes but not the third count, and the potential becomes +22
volts; but let all three count and the potential becomes + 198
volts. Thus we have a pulse of only 14 volts for an incom-
plete, as compared to 192 volts for a complete, coincidence.
The resolving time of the circuit is determined by the RC
time constants of the coupling condensers and plate and grid
resistors. Short resolving times are often desired to minimize
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accidentals. Times of the order of five microseconds may be
obtained by using condensers of 0.00005 microfarad and resis-
tors of 10° ohms. This time is shorter than that required by
the counter to recover, and only the sharp initial “break” of
the counter discharge curve is used. However, accidentals are
greatly reduced by this procedure. The ultimate limit on re-
solving times is caused by the intrinsic time-lags of the counters
themselves.

Another system for recording coincidences is also possible
through the use of a multiple grid tube. Such a circuit is

mmtAAAA

+B
Fic. 7-3B. Mixing circuit for multiple grid tubes.

shown in Fig. 7-3B. Here the several grids are held at a nega-
tive potential by a C battery, and the tube becomes conducting
only when a positive pulse is applied simultaneously to all of
the grids. Such positive pulses may be obtained either directly
from the cylinders of the counters or through an intermediate
stage of vacuum tubes, as shown in the diagram. The inter-
mediate tubes may be quenching tubes, and thus non-self-
quenching counters may be used with this arrangement. The
multiplicity of the coincidences is limited by the number of
nearly electrically identical grids in the mixing tube.

2. Anti-Coincidence Circuits. It is sometimes important to
impose upon an arrangement of counters the condition that
one or more tubes shall not count while other tubes are count-
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ing. This arrangement adds one degree of flexibility to counter
circuits and permits important advances in the analyses which
can be made therewith, since it is possible to establish that
when one thing happens something else does not happen.
Thus, for example, it is sometimes desirable to know that a ray
traversing an arrangement of counters is a single ray and is not
a portion of a multiple-ray shower. An illustration of an ar-
rangement of counters in coincidence (C) and anti-coincidence
(4) is shown in Fig. 7-3E(1). Here we see that the counters
C define a path through the absorber. Any simultaneous
shower rays or non-collimated particles will trip the guard
counters in anti-coincidence A at the side and the event would
not be recorded.

Also, for example, it may be desirable to ascertain whether a
given ray has stopped in an absorber. The arrangement shown
in Fig. 7-3E(2) will insure the above condition. Here the
three counters C determine that a particle has passed into the
absorber, and the fact that the anti-coincidence counter 4 does
not count proves that the particle did not come out in the
downward direction. The importance of high efficiency in the
anti-coincidence counters is self-evident, for even a 989, effi-
ciency might render the interpretation of such an experiment
ambiguous.

If we consider the operation of a simple coincidence circuit,
the electrical requirement of the anti-coincidence circuit be-
comes evident. In general, negative pulses are fed into a set
of Rossi coincidence tubes, and the swing in the plate circuit
will be large if all of the tubes receive a negative pulse simulta-
neously. If a pulse of the opposite sign arrives simultaneously
in the plate circuit of the mixing stage, then no coincidence
will be registered. All that is necessary to introduce such a
pulse is the addition of one vacuum tube which reverses the
sign of the pulse going through it. Anti-coincidence circuits
were used by Swann and Ramsey in the equipment carried
aloft during the stratosphere flight of the balloon “ Explorer II”
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in 1936. Similar circuits have been published by Herzog =2
and have been used by many observers. A simple schematic
arrangement for this type of device is shown in Fig. 7-3C, in
which it will be seen that the counter which operates as an
anti-coincidence counter has one more vacuum tube in its con-
trol circuit. The pulse produced by this counter is therefore
fed into the mixing stage reversed in sign as compared to those
produced by the other counters, and the large plate swing
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F1e. 7-3C. Anti-coincidence circuit, selfquenching counter shown.

which causes the Rossi circuit to record coincidence is thereby
nullified. It should be added that, since a positive pulse must
be introduced into the grid of the mixing tube to record antit
coincidences, therefore the grid of this tube must have a nega-
tive bias rendering it non-conducting. If no pulse appears on
its grid, the remainder of the circuit functions to give normal
coincidences. In general, the arrangement can be adapted to
an indefinite number of tubes, and it is possible to have many
tubes in coincidence and many in anti-coincidence.

3. Coincidences between Proportional Counters and Geiger
Counters. In certain investigations it is desirable to measure
the coincident discharge of Geiger counters and proportional
counters. Thus, for example, it is possible to measure the



COINCIDENCE CIRCUITS 169

specific ionization of a given ray by the arrangement shown in
Fig. 7-3F(1). In this arrangement a coincident discharge of
the three Geiger counters and the proportional counter proves
that a ray has passed through the proportional counter P along
a definite and well collimated path. The size of the pulse in
the proportional counter may be measured simultaneously and
independently by an additional circuit (see below), thus mak-
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Fic.: 7-3D. Circuit for coincidences between Geiger counters and proportional

counter. Separate high voltage supplies are shown as the operating potentials are
often different.

ing use of condition of coincidence as well as recording the
amplitude of the pulse which produces that coincidence.
Another arrangement in which the proportional counter and
Geiger counters are used in coincidence was employed to study
the association between neutron and showers.k® The neutron
counter was a proportional counter of the boron-trifluoride
type described in Chapter 3, and was adjusted so as not to be
sensitive to electrons. A tray of Geiger counters was arranged
below it. Thus, the simultaneous discharge of the Geiger and
neutron counters established that (a) shower took place and
(b) a large ionizing event such as produced by a neutron oc-
curred in the neutron counter. The counter arrangement is
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shown in Fig. 7-3F(2), where N represents the (proportional)
neutron counter and the horizontal array of Geiger counters C
@ below it represent the shower-

detecting arrangement. Since
the neutron may be slowed
down to a velocity at which
it can be detected more effi-
ciently in perhaps 10™* sec, it
is desirable not to have the
resolving time of the circuit
(Fig. 7-3D) too short. This is
readily accomplished by mak-
‘ o ing the RC times of the grid-
o 798 Topicl wicindtnes plate coupling resistors and
dence counters A4 as guard counters to condensers of the desired val-
o e e o, ettt e, For example, @ 10° ohm
that a particle having passed through ¢  TFe€sistor and a 0.0001 micro-
is absorbed and does not emerge in the farad condenser will serve the
direction determined by C.

purpose.

The electrical procedure employed to determine coincidences
between Geiger counters and proportional counters must take
account of the fact that the pulses due to the proportional
counters are usually much smaller than those due to Geiger
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Fic. 7-3F. Typical counter arrangements using counters in coincidence with pro-
portional counters. (1) The counters C define a path for particles through the propor-
tional counter P. (2) Coincidences between neutrons (V) and showers C are counted.
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counters. It is therefore usually desirable to have additional
stages of amplification preceding the mixing stage. Since
negative pulses are added in the mixing stage, and since the
proportional counter gives a negative pulse, an even number of
additional stages of amplification must be used. For most
problems, two stages suffice. The suitable circuit arrangement
in this case is shown in Fig. 7-3D. The counters are shown
supplied by a common high voltage source but independent
supplies are used if the proportional and Geiger counters oper-
ate at different voltages. Selfquenching Geiger counters are
assumed in the circuit as shown.

D. ScaLing Circuirs

In many experiments with counters it is important to use
scaling circuits for the purpose of scaling the impulses down
to slower counting rates. This procedure is useful when the
counting rate of the counter exceeds the rate which the mechan-
ical recorder can follow and, further, it improves the statistics.
The occurrence of closely spaced double counts is highly prob-
able on statistical grounds even in the case of comparatively
slow counting rates. These close doubles would be registered
as a single count by a comparatively slow mechanical recorder
even though the circuit appeared to be counting properly.

1. Vacuum Tube Scaling Circuits. The general principle of
scaling circuits in use at the present time is that embodied in
the trigger circuit developed by Eccles and Jordan in 1918.%!
An arrangement of two triodes is possible, which has a charac-
teristic curve in which a portion exhibits a negative slope.
Since the negative slope portion of the curve is unstable, the
circuit is able to change suddenly from one stable state to the
other. A typical circuit diagram employing an arrangement of
this sort is shown in Fig. 7-4A. If the potentials and resist-
ances are correctly chosen, one of the tubes will be conducting
and the other non-conducting. The plate current of the tube
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which is conducting flows through its plate resistance and also
through the grid resistor of the other tube. The IR drop
through this resistance is such as to keep the grid of the second
tube negative and thus to render it non-conducting. It is evi-
dent that this state is stable and that the tubes will remain in
this state indefinitely. If now a positive pulse is applied
through the two condensers to both grids, the positive pulse
will not affect the tube which is conducting, since it cannot
render it appreciably more conducting. The second tube which

Input | .,
Pulse o
Output
-C it Pulse

*b
Fic. 7-4A. Eccles and Jordan trigger pair.

is non-conducting, on the other hand, will become conducting
and a negative pulse appearing in the plate circuit will be trans-
mitted to the grid of the first tube, causing it to shut off. The
circuit will now remain in this new stable condition, which is
the inverse of the former state, until the arrival of the next
pulse, at which time it will-execute one more cycle and return
to the initial state. Thus the two tubes alternately conduct
and do not conduct. A stage following this unit will therefore
receive alternate positive and negative pulses as the tubes fluc-
tuate back and forth between their two states. It is evident
that an indefinite number of stages of this type may be built,
and many units employing nine stages, in other words, a scale
of 512, are in common use at the present time.

In many of the present designs, in-between-stage tubes are
used between each trigger pair for the purpose of transmitting
pulses of only one sign, and also for the purpose of amplifying
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the pulse. These interstage tubes may be either triodes or
pentodes. Several complete diagrams of multiple scale 13
counters appear in the literature. A typical scale-of-four is
shown complete in Fig. 7-4B.

It is sometimes desirable to know not only when the entire
circuit has gone through one cycle, but also how many indi-
vidual counts have been recorded. Thus, for example, a scale
of 32 might have received 25 counts. The output tube would
not have received a pulse, but the added 25 counts might be of
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Fic. 74B. Triode scale-of-four circuit. Resistances in ohms, capacitances in micro-
farads. (Ref. L3)

importance in interpreting the results. It is possible by the
arrangement of neon lamps across portions of the plate resistor
to ascertain how many pulses the entire circuit has responded.
One such lamp is put across one resistance in each trigger pair
(see Fig. 7-4B), and this light will be either on or off. Thus,
for example, if the circuit starts with all lamps off, the first
lamp will go on at the appearance of the first pulse. At the
appearance of the second pulse, it will go off and the second
lamp will go on. At the appearance of the third pulse, the
second lamp will remain on and the first will turn on. At the
appearance of the fourth pulse, the first and second lamps will
go out and the third light goes on, since the impulse has by
now reached the third trigger pair. For the fifth pulse the
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third light remains on and the first light again shows. If we
assign the numbers 1, 2, 4, 8, 16, etc., to the neon lamps, one
need only add up the numbers corresponding to the lamps
which are lit to know the total number of counts which the
circuit has recorded.

The resolving time of such trigger circuits is determined by
the RC time constants of the coupling condensers and resistors.
These can readily be made of the order of 0.00005 microfarad
and 10° ohms, so that time constants of 5 microseconds are
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Fic. 74C. Scale-of-five ring-scaling circuit.

possible. It is usually not worth making the resolving times
much shorter than this figure, owing to the inherent recovery
time of the counter, which is already long compared to this.
However, a high-speed scaling circuit in conjunction with a
high-resolution coincidence circuit is a desirable arrangement
for the reduction of accidentals and the accurate measurement
of close impulses.

Scales of five or ten are sometimes desired instead of the
various powers of two. A diagram of a ring-of-five is shown
in Fig. 7-4C. Analysis of the circuit shows that, if all tubes
are initially non-conducting, the arrival of a pulse turns the
first tube on. Arrival of a second pulse turns the second tube
on which in turn feeds back and turns the first tube off. In
succession, a third pulse will render the third tube conducting
and the second non-conducting. This process continues around
~ all five tubes, the sixth pulse resuming the cycle.
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2. Thyratron Scaling Circuits. The properties of thyratrons
are particularly suited to the construction of scaling circuits.
Such circuits have been devised by Wynn-Williams and
others.W+ A typical circuit of this type is shown in Fig.
7-4D.

The operation of the circuit may be understood by referring
to Fig. 7-4D. If one of the tubes is conducting and the other
1s not conducting, the arrival of a negative pulse on each of
the two grids will not affect the system. A negative pulse can-
not influence the tube which is not conducting, nor can it
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Fie, 7-4D. Thyratronscaling pair. Operates on positive input pulses. Resistances
in ohms, capacitances in microfarads.

turn off a thyratron which is conducting since the grid of
a gas-filled tube loses control when the tube is glowing. A
positive pulse, on the other hand, will cause the non-conducting
tube to conduct. When it does so, its plate becomes negative,
and the negative pulse is transmitted through the condenser to
the other plate, shutting off the first tube by causing its plate
potential to be reduced for an instant. The circuit thus locks
into the new position with the second tube conducting and the
first not conducting. The arrival of another positive pulse will
cause this situation to reverse. Thyratron scaling circuits can
be employed in multiple units, giving scaling factors of various
powers of 2, and many units having a scale of 256 are in suc-
cessful use. The circuit constants are not at all critical, and
the arrangement will work with quite wide variations in the
resistance and capacity values.
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One fundamental objection to this type of circuit is the in-
herent de-ionization of the thyratron, which is of the order of
10~* sec. If the time constants of the circuits are reduced
much below this figure, the thyratron in question may con-
tinue to conduct even though it has received an impulse shut-
ting it off temporarily. The circuit thus becomes unstable and
is not suitable for use on extremely fast impulses. Because of
the relatively high probability of closely spaced double im-
pulses, this resolving time already presents a serious limitation
when random counts at the rate of more than 100 per sec are
to be recorded. For faster counting, vacuum tube circuits are
to be preferred, although thyratron scales are easier to con-
struct and have less critical dependence on circuit constants.

E. Recorping CirculTs

The purpose of a recording circuit is to produce an impulse
capable of operating some mechanical counting or recording
device. Examples of such devices would include a Cenco im-
pulse counter, a telephone message register or any similar ar-
rangement of which many are now in operation. Generally the
pulse which is received from the counter is not capable of oper-
ating these devices directly. A simple arrangement for so do-
ing, however, may be constructed by using either hard tubes
or thyratrons. A typical hard tube circuit, as shown in Fig.
7-5A, uses a multivibrator for recording. In such a circuit the
first tube is generally conducting, and the second tube biased
to cutoff. The arrival of a negative pulse cuts off the first
tube and this in turn produces a positive pulse which causes
conduction in the second tube. This second tube is usually a
power pentode or triode, in the plate circuit of which is the re-
cording device in question. Usually these recording devices
require a pulse of several hundredths of a second duration to
operate satisfactorily. Since this is longer than the pulse re-
ceived from the counter, the necessary time delay may be ob--
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tained through the use of the feed-back condenser connecting
the plate of the second tube with the grid of the input tube.
If the first input tube is a pentode, such as a 6C6 or 6SJ7, a

Negatwe Pulse °c°! 10,000

Recorder

Fie. 7-5A. Multivibrator recorder circuit. Resistances in ohms, capacitances in
microfarads.

pulse of a volt or two in amplitude on its grid will produce a
swing in its plate of sufficient amplitude to control a power
pentode such as a 66 or 616 satisfactorily.

Thyratron recording circuits are also useful. A typical cir-
cuit of this kind is shown in Fig. 7-5B. A thyratron biased to

Fic. 7-5B. Thyratron recorder circuit. Resistances in ohms, capacitances in micro-

farads.

cut-off has the recording device connected through a large con-
denser to its plate. The plate and one-half of the condenser
will be at the potential of the positive terminal of the plate
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supply as long as the thyratron is non-conducting. If a posi-
tive pulse arrives on the grid of the thyratron, it will become
conducting. Such a positive pulse could arrive from the plate
of a quenching tube in the case of non-selfquenching counters
or from the plate of a first stage amplifier following a self-
quenching counter. When the thyratron becomes conducting
the condenser discharges through it, and the recorder will re-
cord a count. The current limiting resistance R, does not per-
mit enough currént to flow, to maintain the thyratron dis-
charge. The discharge therefore ceases and the negative grid
resumes control. The charge on the condenser now recovers
as current flows through the resistance, and the entire arrange-
ment returns to the state in which it is ready to reccive the
next impulse. Such a recording arrangement is limited in its
speed to the RC time constant of the condenser and current
limiting resistance and cannot be reduced too far. If the con-
denser is made too small, not enough charge will flow to cause
the recorder to record unambiguously. On the other hand, if
the resistance is made too small, the thyratron will not go out.
For fast counting, such a circuit is therefore usually preceded
by a scaling circuit.

F. VoLrace SuprpLy aAND REGuLaTING CIrRCUITS

Since most laboratories are equipped with a 110 volt, 60
cycle alternating current line, it is customary to operate most
of the laboratory equipment on this line. Various types of
battery eliminators have consequently been designed. A typi-
cal power supply is shown in Fig. 7-6A. It will be seen that
this consists of two condensers and one choke. Further con-
densers and inductances may be added if necessary to smooth
out the residual ripple still further. A voltage dividing resist-
ance is shown in the output, and various taps will then provide
the potentials required in the several parts of the circuits to be
supplied.
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The principal difficulties encountered with this type of cir-
cuit are (1) that variations in the input voltage are magnified
and affect the output voltage, and (2) that the output voltage
depends on the load. In order to secure constant output volt-
ages, one of several arrangements are normally employed. If
the input frequency is constant, one of the several types of AC
voltage regulators may precede the B eliminator. This ar-
rangement is desirable wherever it can be used as it will largely
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Fic. 7-6A. Ordinary DC power supply or “battery eliminator.” Resistances in
ohms, capacitances in microfarads.

eliminate fluctuation due to line voltage variations. Such de-
vices are, for example, the Raytheon and the Sola voltage
regulators.

Fluctuations due to the changes in the load may be largely
eliminated through the use of electronic circuits and devices.
One of these is the gas-filled regulator tube. The operation of
this device is shown in Fig. 7-6B. Such gas discharge tubes
have a flat opcrating characteristic curve and will in effect
maintain a constant voltage across the terminals of the tube
for moderate changes'in the load. Gas discharge tubes are
available for voltages of 75, 90, 105 and 150. These tubes may
be used i series, and stabilization may be secured at any volt-
age such as 165, 180, 195, 450, or other combination sums of
these. The tubes in question arec the RCA types VR75, 874,
VR105 and VR150, respectively. The series resistor must be
capable of passing enough current to take care of the load plus
the current in the regulating tube, and the power dissipation of
this resistor should be calculated.
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Electronic voltage regulators are also available and give ex-
tremely stable output characteristics. As Hunt and Hick-
man 8 have shown, all of these devices may be classified in
three categories. The first of these is the transconductance
REGULATION ciaRAcTERIsTie  Pridge circuit, the second is the ampli-
fication factor bridge circuit, and the
o third is the simple degenerative am-
| STARTING VoLTAGE plifier. In addition, combination of
<oPERATOG, these thl:ee arrangements is possible.
r ———— | Schematic diagrams for the three types
I of regulators are shown in Fig. 7-6C.

o o 0 % In general, no single circuit may be
OPERATING MILLIAMPERES DC. . . .

.. considered as ideal to be used in all

Fic. 7-6B. Characteristic . e e
curve of RCA-VRIS0 voltage- Circumstances, but the individual ar-
regulating tube. (R.C.4. Vac- rangements will depend on the prob-
uum Handbook)

lems encountered. Thus, for example,
a circuit may be designed to stabilize a high voltage at a low
current output, or it may stabilize a comparative low voltage
but high current drain. The first and second types of circuits
would be quite different. One typical arrangement is shown
in Fig. 7-6D. This is a high voltage stabilized supply, capable
of producing 10,000 volts for counter potentials. It is impor-
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F1c.7-6C. Schematic voltage-stabilizing circuits. (1) Transconductance bridge. (2)
Amplification factor bridge. (3) Degenerative amplifier.

tant that this voltage should not fluctuate, but at the same
time the current capacity required of such a device is extremely
small. The circuit shown employs a high gain pentode as the
stabilizing tube and is designed to be entirely floating. Either
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the positive or the negative may be at high potential with re-
spect to ground, although the operation is usually much easier
for the high negative and grounded positive. In this case, the
cathode of the regulating tube is grounded and the only poten-
tial across it is the amount of the regulation. Thus, for ex-
ample, a 10,000 volt supply can be quite adequately regulated,
while the plate of the regulating tube need not be more than
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Fic. 7-6D. Complete circuit for producing 10,000 volts DC, regulated, stabilized,
adjustable and fully floating. Resistances in ohms, capacitances in microfarads.

Line

a few hundred volts above ground. On the other hand, if the
counter is to be operated with the cylinder grounded, the regu-
lating tube will float at a high potential, and the tube as well
as its filament and screen voltages must be insulated accord-
ingly. A transformer with a one-to-one ratio, insulated to
withstand 10,000 volts, is provided to isolate the regulator
system from the 110 volt input line which is customarily
grounded on one side.

Another circuit, suitable for regulating a comparative low
voltage but high current, is that used in certain commercial
regulators. The circuit is shown in Fig. 7-6E. In these de-
vices, a high gain pentode picks up the variations in voltage,
its own cathode being held at a constant potential by a gaseous
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voltage regulating tube. The fluctuations in the potential of
its plate are directly connected to the grid of a triode capable
of transmitting comparatively large currents. This triode in

tll}

Fie. 7-6E. Voltage-regulating circuit for controlling relatively large currents.

turn regulates the voltage. Thus, for example, if the voltage
should increase, the grid of the pentode will become more nega-
tive, and the triode in turn will be rendered less conducting.
The output will therefore tend to be stable.

In measuring the high potentials for counters, a vacuum tube
voltmeter which draws practically no current is desirable.

Western Electric 211D
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Voltage to be
measured

AC
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g Microammeter

Fie. 7-6F. Vacuum tube voltmeter having high resistance suitable for measuring
high negative voltage. The scale can be changed by shunts across the microammeter.
This microammeter should also have a variable shunt of 250,000 ohms or so for zero
adjustment.

Such a meter, suitable for measuring high negative voltages,
is shown in Fig. 7-6F. A triode is operated with its grid posi-
tive, and the high negative potential to be measured 1is applied
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to its plate.®2 The application of this voltage produces a field
which in turn decreases the grid current. The meter is cali-
brated by applying known voltages. The grid-current micro-
ammeter will read backwards, i.e., it will show a lower current
as the voltage applied to the plate increases. A voltmeter of
this type can have a resistance of more than 10° ohms and will
therefore only drain a few microamperes from a several thou-
sand volt supply.

G. InTeGrATING Circurrs AND CouNTING RATE METERS

Sometimes it is desirable to employ a device which will show
the rate of arrival of pulses. Such a device is called an inte-
grating circuit and, in effect, it adds up all of the pulses which
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Fic. 7-7A. Integrating circuit or counting-rate meter. Multivibrator for pulse
equalizing. Typical RC values 100 ohms and 10 microfarads. 0-50 microammeter.

arrive within the time of its time constant. Such integrating
circuits may operate by piling charge on a condenser and then
measuring the total amount of charge which has arrived.:2
This can be accomplished by a variety of procedures. For ex-
ample, pulses may be put onto the condenser from the plate
of a vacuum tube, and the rise in potential of the plate of the
condenser may be measured by shunting it with a high resist-
ance and microammeter. An arrangement of this sort is shown
in Fig. 7-7A.



184 AUXILIARY ELECTRONIC CIRCUITS

In the diagram shown, the RC time constant of the plate
tank circuit is determined by the condenser and by the resist-
ance in series with the microammeter. For example, a 1 micro-
farad condenser and a 1 megohm resistor will in effect add all
the pulses arriving in 1 sec. If the device is recording at the
rate of 100 counts per sec, and if each count has a duration of
10~* sec, and further, if the pentode in question conducts 2
mllhamperes while the pulse is on, then the total charge arriv-
ing on the condenser in 1 sec will be 20 microcoulombs, which

Input
Pulse

= +105v
F1e. 7-7B. Vacuum tube voltmeter type of integrating circuit. Second tube acts
as voltmeter measuring potentials in RC tank circuit.
in turn will produce a rise in potential of the plate of the con-
denser of 20 volts. A current of 20 microamperes will flow
through the one megohm resistor and this current may be read
with ease on a 0—50 microammeter.

Alternatively, the rise in potential of the condenser may be
measured on a vacuum tube voltmeter. A typical circuit of
this type is shown in Fig. 7-7B. Here the first tube receives
and amplifies the pulses which are stored on the condenser in
the plate tank circuit. The rise in potential of this condenser
is then directly communicated to the grid of the second tube,
the plate current of which indicates its grid voltage, serving
thus as a vacuum tube voltmeter. The plate current of the
final tube may be calibrated directly in counts per minute.
The scale may be varied by altering the values of the RC time
constant of the first grid cuircuit.
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The operation of any device which depends on adding pulses
presupposes that the pulses are all of the same size. It is
therefore in general necessary to precede the integrating tube
by a multivibrator pulse-equalizing stage. Such a multivi-
brator may use the integrating tube as one component, as is
shown in Fig. 7-7A. The magnitude of the reading of the
microammeter will depend on the amplitude and breadth of
the pulse. The scale of the instrument may therefore be
changed by altering the coupling condenser connecting the
plate of the first tube with the control grid of the integrating
tube. Similarly the grid resistor and plate resistor connected
to this condenser will also determine the magnitude of the
reading of the microammeter. The values in question are
therefore adjusted for convenience, and a range switch may be
included to select the values appropriate to any particular
problem.

H. PuLse AMPLIFIERS

The pulse amplifiers used in connection with Geiger and
proportional counters are generally resistance-capacity coupled
amplifiers with definite frequency characteristics. The linear-
ity of their response may vary greatly. Those instruments in
which the amplification is constant, for input pulse heights in
a certain range, are spoken of as “linear amplifiers.” In other
amplifiers the condition of linearity is not met, and the amount
of amplification varies with the pulse height. Such non-linear
amplifiers are quite common and indeed, if a certain range of
pulse sizes is exceeded, all amplifiers will have non-linear char-
acteristics. The linear amplifier is therefore merely a special
case of the pulse amplifier, and represents one in which the
amplification is a constant for a range of pulse heights. Most
amplifiers will show a saturation effect, the output pulse being
limited to a certain size.

The gain which an amplifier may have can vary over wide
limits. It is possible to construct amplifiers having little or
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no gain and others having a gain of 10° or more. Special pre-
cautions must be observed in constructing any high gain am-
plifier. Shielding must be good. It is usually necessary to
screen each individual stage from every other stage. The in-
put stage in particular has to be thoroughly shielded. This is
ordinarily accomplished by building the stage in question in-
side a metal box. All leads connecting any one stage with
other stages or supplying it with power must pass ' through
shielded conductors. No portion of any stage can be permitted
to “look” out into the room, since if a straight line can be
drawn between any portion of the amplifier and any portion of
the 60 cycle lighting circuit, excessive pickup will result.
This is the familiar principle of electrostatic shielding. Multi-
ple grounds should also be avoided. A grounded cable can be
provided in the amplifier to which all grounded leads are at-
tached. This grounded cable should be connected to the metal
box at only one point, and the metal box should not be used
as a conductor or as part of the circuit.

The limits of frequency response of an amplifier are deter-
mined by the resistance-capacity coupling network. A simple
illustration is given below. We will assume that it is desired to
amplify pulses from a Geiger counter or proportional counter.
These pulses have the characteristics which we have previ-
ously described, namely, a fast break and a longer recovery.
The break takes place in an interval of the order of a micro-
second and the recovery in an interval about 100 times as long.
We also desire that this amplifier should not respond to the
60 cycle AC line frequency. It is therefore desirable that the
amplifier should operate only in the range between 10° and 103
cycles per sec. The upper limit insures that the fast break of
the counter will be faithfully followed, and the lower limit
assures that the recovery will be followed but the 60 cycle AC
pickup will be negligible.

Consider a coupling circuit, such as shown in Fig. 7-8A,
consisting of a condenser and two resistances. Let a pulse,
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i.e., a change of voltage d7/dt, of longer duration than the
RC time of the circuit, be fed into the circuit. Then the con-

enser will discharge through the resistance as fast as the
charge arrives, and the grid of the second tube will not receive
an appreciable signal. The circuit therefore has a low fre-
quency limit determined by its RC time constant. If we de-
sire a long time limit or low frequency limit of the order of 10—3
sec, we might use a resistance of 10° ohms and a coupling con-
denser of 0.01 microfarad.

Input

T
H Out
C ERP {Rq
H
)

*B -C
Fie. 7-8A. Resistance-capacity interstage coupling.

The high frequency limit of the circuit is usually determined
by the vacuum tube employed. Each vacuum tube has a cer-
tain internal capacity between the grid and cathode and, if a
pulse of extremely short duration is fed into it, most of the
pulse will be by-passed to ground through the internal capacity,
and also through the distributed capacity of the system. Since
the internal capacity of most vacuum tubes is of the order of a
few micromicrofarads, it follows that with the same resistance
of 10° ohms the high frequency limit will be a few megacycles.
A high frequency cutoff can also be arranged by connecting a
small condenser across the plate resistor, as indicated in the
dotted portion of Fig. 7-8A. This condenser and the plate re-
sistor will determine an RC time, and anyv pulse shorter than
this will pass through the condenser to ground. This arrange-
ment is used whenever it is desired to eliminate the response to
high frequencies. The two condensers C and C; determine the
low and high frequency values of the coupling system. It is
evident that they may be adjusted to any desired value. The
figures given are those appropriate to Geiger counters.



188 AUXILIARY ELECTRONIC CIRCUITS

If an ionization chamber is to be used, the collection time of
the ions should be determined and the time constant of the
resulting pulse may be computed. The RC values of the cir-
cuit should then be chosen so that the pulse in question will be
passed but the sensitivity of the amplifier in other frequency
ranges, and consequently its sensitivity to noise and disturb-
ances, is minimized. In most ionization chambers the collec-
tion time is considerably longer than in counters. Therefore it

Input

Fic. 7-8B. Extra-linear amplifier.

is desirable to use an amplifying circuit employing a frequency
characteristic which brackets the appropriate time constant of
the collecting chamber.

A typical pulse amplifier using coupling of the type described
is shown in Fig. 7-8B. Many circuits of this type have been
described in the literature, such as those designed by Roberts R
and others. These amplifiers are essentially non-linear in their
response and merely serve to amplify the pulse produced by
the counter.

In other applications it is desirable to know the size of the
pulse, and for this the linear amplifier is used. A diagram of
the linear amplifier is shown in Fig. 7-8C. Such amplifiers
have been designed by Lewis 4 and many others. The design
of high gain linear amplifiers is a specialized subject and one
fraught with pitfalls for the unwary. Design should not be
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undertaken by the inexperienced, except under competent di-
rection. The literature on the subject is extensive and worth
considerable study. A complete discussion of linear amplifiers
would be out of place in this volume. However, a few of the
salient considerations which apply, not only to linear amplifiers
but to other types of amplifiers as well, will be discussed.

One of the problems encountered in high gain amplifiers is
noise. Noise ultimately determines the maximum gain which
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Fic. 7-8C. Four stage degenerative lincar amplifier. Resistances in ohms, capaci-
tances in microfarads. (Petruskas and Van Atta, Rev. Sci. Inst. 11, 104 (1940))

may be obtained from the amplifier. Noise has many origins,
and the recognition of each as well as its remedy depends on its
nature. The various types of noise may be classified as (a)
noise due to pickup, (b) noise due to voltage fluctuations and
disturbances in the batteries, (c) noise due to oscillations and
feedback, (d) shot effect in vacuum tubes, (e) temperature
noises in resistors, and (f) noise produced by thermal agitation
in the input circuit.

Noise due to pickup is minimized by (a) limiting the fre-
quency response of the amplifier to the range bracketing the
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pulses to be detected and (b) adequate shielding. Noise due
to voltage fluctuations is minimized by using only batteries
and not power supplies operated from the AC line. The bat-
teries should be new and of high current capacity compared to
the drain expected from them. Storage batteries should be
freshly charged. All batteries should be kept in metal-lined
boxes and connected to the circuit through shielded conductors.
High capacity condensers to ground at various points in the
circuit help to by-pass undesirable noises. Feed-back between
stages should be minimized by proper shielding. Wire-wound
resistances should be used instead of carbon or “metallized”
types. Thin films of metal or carbon frequently produce elec-
trical noise. Care should be taken with all contacts to insure
that there is ample pressure, since loose contacts are noisy.
Wherever possible the contacts should be carefully soldered.
This statement applies even to the connections to the pins of
the first stage vacuum tubes in the circuit, as contacts in ordi-
nary tube sockets may be noisy. Indeed it is often advisable to
dispense with the socket and solder directly to the tube prongs.

The shot effect in vacuum tubes, due to the finite value of
the charge of the electron, may be identified by the fact that
it increases with the plate current of the first tube. The plate
current should therefore be kept as low as possible. It is cus-
tomary to operate the tube at reduced potentials to achieve
this result. Thus, for example, an RCA type 38, rated for
6.3 volt heater and 180 volts plate potential in normal opera-
tion, may be operated on 4 volts heater supply and 2214 volts
screen, 45 volts plate, with improved performance as regards
noise.

In order to provide a high input impedance, the first tube
must have a high grid resistance. In addition, since it is oper-
ated with a high resistance grid resistor or none at all, the tube
must “float” in the operating range, i.e., when nothing at all
is connected to the grid, the plate current must be part way
between zero and maximum value. Then, if the potential of
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the grid is slightly altered, the plate current will change. The
grid current must be extremely low. Most vacuum tubes
“float” either cut off or passing full plate current. In these
circumstances the tube is insensitive to minor changes in the
grid potential. Of the inexpensive receiving tubes currently
available, the RCA type 38 is one of the few that meets these
requirements. Selected tubes may have grid resistances of 10°
to 10" ohms. In certain cases the RCA type 89 may be used.
However, for precision work, and for detection of the smallest
possible voltage fluctuations, the General Electric Pliotron
type FP54 is suitable. This tube has a grid resistance of
around 10 to 10'® ohms, if operated with 4 volts screen and
6 volts plate potential.

Noise produced by thermal agitation in the input will be in-
dependent of the plate current of the first tube. It is generally
of a low frequency character and may be minimized by cut-
ting out all frequencies lower than 0.1 sec by the filter charac-
teristics or RC values of the coupling circuits.

In designing a good linear amplifier, it is frequently useful
to employ degenerative feed-back. In this arrangement a por-
tion of the output signal is fed back from the plate to the grid,
but its phase is reversed. This results in decreasing the ampli-
tude of the output signal and would at first sight appear to
nullify the purpose of the amplifier. However, negative feed-
back greatly improves the frequency characteristics of the am-
plifier, increases its stability, may reduce noise, reduces de-
pendence of gain on battery voltages, and helps to make the
gain independent of the load. If B is the gain of the amplifier
without feed-back, and a fraction 4 of the output signal is fed
back into the input, then it can be shown that the gain with
the feed-back, By, is given by

B, = B/(1 — Bb)

The advantages in frequency response and stability are
achieved at the expense of a loss of amplification. Since, with
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modern vacuum tubes it is comparatively easy to add a stage
or two of amplification to make up for the gain lost through
the feed-back, many modern amplifiers employ this principle
because of the improvement in performance thus secured.

I. MiscerLLaneous Circults

A wide variety,of other circuits, designed to perform special-
ized functions, has also been developed during the past few
years. We shall describe briefly a few of the more useful of
these.

A pulse generator, capable of producing pulses with adjust-
able amplitude, with adjustable frequency, and with adjustable
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Fic. 7-9A. Generator for pulses of adjustable amplitude, frequency, breadth and
sign. Potentials in volts, resistances in ohms, condensers in microfarads.

pulse breadth, was built by Manning and Young.™¢ Such a
device is useful in testing scaling circuits and recording equip-
ment. The diagram of this circuit is given in Fig. 7-9A. It
will be seen that the device is essentially a thyratron relaxa-
tion oscillator, the frequency of which is controlled by the
variable resistance and capacity R and C. The second variable
condenser C; controls the pulse breadth, and the second varia-
ble resistor Ry controls pulse height. The instrument may be
calibrated by beating against a standard oscillator.



MISCELLANEOUS CIRCUITS 193

A pulse equalizing and sharpening circuit has been described
by Huntoon and Strohmeyer.® Such a circuit, Fig. 7-9B, is
often used to precede a high speed scaling circuit or an inte-
grating circuit, since the counter pulses may be non-uniform.
A pulse of either sign may be fed into the circuit, the grid bias
being altered accordingly, and pulses of either sign may be ob-
tained from its output. The circuit is similar to a stage of a
scaling (trigger) circuit, except that the tubes are unequally
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Fic. 7-9B. Pulse equalizing and sharpening circuit. Resistances in ohms, capaci-
tances in microfarads. (Ref. H4)

biased and there is only one stable operating state instead of
two.

An interval measuring circuit has been described by Weisz. w3
This circuit, Fig. 7-9C(1), permits the measurement of the in-
terval between pulses and operates by making use of the charg-
ing time of a condenser. Weisz also describes a pulse genera-
tor producing a pair of pulses with known and adjustable spac-
ing. Such a generator is helpful in calibrating and testing
scaling circuits. Fig. 7-9C(2) shows such a circuit, which
again makes use of the charging time of a condenser.

Electronic high voltage supplies are often used in counter
problems to provide the counter potential. Several such cir-
cuits have been designed, by Huntoon, Barry, Neher and
others.Bs. 87. N3 A]] essentially make use of the relation

V = Ldi/dt
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where the voltage 7 is determined by the time rate of varia-
tion of the current 7 in a circuit with inductance L. If we apply
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Fic. 7-9C(1). Circuit for measuring interval between pulses. Resistances in ohms,
capacitances in microfarads. (Ref. W5)

a rapidly varying current to an inductance, a voltage will be
generated which can be rectified and used to charge a conden-
ser. For example, in Fig. 7-9D, the triode-pentode pair con-
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Fic. 7-9C(2). Double pulse generator. Resistances in ohms, capacitances in micro-
farads. (Ref. W5)

nected as a multivibrator produces the varying current which
is applied to the inductance L, and the resulting emf is then
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rectified by the diode. The condenser C becomes charged to a
voltage determined by the inductance L and resistors and con-
densers of the multivibrator circuit. A multivibrator is used
rather than a sinusoidal oscillator, for it produces more nearly
“square” waves with a steep wave-front. This steep front
gives a rapid variation of current, as its slope 4i/dt is large.
Such voltage supplies can produce over 2000 volts, using ordi-
nary triodes and about 45 to 90 volts plate potential, and are
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F1c. 7-9D. Electronic high voltage generator. Resistances in ohms, capacitances in
microfarads. (Ref. H5)

useful when AC is not available or when high voltage batteries
would be inconvenient.

A specialized type of coincidence measuring circuit has been
developed by Ramsey ®8 for use in connection with multiple
counters when, for example, it is desired that an output pulse
shall occur whenever any three out of a bank of ten counters
discharge simultancously. Ramsey’s circuit makes use of the
fact that the pulses of identical Geiger counters are all of a
constant size. Suppose the several counters all have their
central wires connected together (Fig. 7-9E). The wires are
connected to the grid of a pentode biased to a positive poten-
tial. Any negative pulse greater than some assignable value
will cause the tube to cut off, or to become non-conducting.
However, any pulse smaller than this will not affect the con-
ductivity of the tube. Let us say it requires —6 volts to ren-
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der the tube non-conducting, and let the grid potential be 0.
Further, let us adjust the overvoltage on the counters so that
each time a counter counts a 2 volt pulse appears on the com-

*B

Fic. 7-9E. Circuit to determine when any assignable number of counters discharge
coincidentally. The pulses are additive, and the number is controlled by the grid bias.

mon central wire system. Then a coincidence due to any three
will cause the plate current in the pentode to cease, thus pro-
ducing a pulse. Should fourfold coincidences be required, the
pentode grid potential is set at +2 volts; while for double co-
incidences, we set it at —2 volts. Any number of coincidences
may thus be selected and determined. Resistance-quenched

Input

Fic. 7-9F. Discriminator. A tube with an adjustable grid bias, which will pass
all pulses greater than a certain size, determined by the grid bias, and which rejects
smaller pulses.

counters are assumed in the diagram. The variable condensers
allow accurate balancing to make up for minor variations and
permit all counters to be adjusted so as to give pulses of ex-
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actly the same size. Either selfquenching or non-selfquenching
counters may be used. The resistance R connected across the
condenser is either high or low, accordingly.

Discriminator circuits are frequently useful. These circuits
record only pulses greater than a certain size. This goal can
be accomplished in a variety of ways,™ usually by adjusting
the grid bias of a tube to a certain value. This bias must be
overcome before the tube becomes operative. The tube may
be a vacuum tube or a thyratron (Fig. 7-9F). Such circuits
are used, for example, to separate large pulses, produced in a
proportional counter due to neutrons, from a background of
smaller pulses due to gamma rays. If the counter wires are
tied together, this circuit can determine the distribution of
double, triple, quadruple and greater-fold discharges.

Conclusion. It would be possible to describe an almost in-
definite number of auxiliary electronic circuits. Discussion has
been confined to those which in the author’s opinion are most
generally useful. A few more are appended as references. This
list 1s not complete, and the reader will find many more in the
literature. The subject is expanding rapidly and, as new tubes
become available, the reader may enjoy working out new modi-
fications. Detailed discussions of circuits may be found in the
standard texts on electronics.

“Interval Selector.” A. Roberts, R.S.1. 12, 71 (1941)
“Ionization Chamber Circuit.” S. W. Barnes, R.S.1. 10, 1
(1939)
“Linear Amplifier.” C. E. Wynn-Williams and F. A. B. Ward,
P.R.S. 131, 391 (1931)
R. C. Waddell, R.S.1. 10, 311 (1939)

A. A. Petruskas and C. A. Van Atta, R.S.1. 11, 103 (1940)
G. P. Harnwell and L. N. Ridenour, R.S.1. 11, 346 (1940)
“D.C. Amplifiers.” D. B. Pennick, Rev. Sci. Inst. 6, 117

(1935); A. W. Vance, Rev. Sci. Inst. 7, 490 (1936)
“Triode Scaler.” D. DeVault, R.S.1. 12, 83 (1941)
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“Double Pulse Generator.” A. Roberts, R.S.1. 10, 316 (1939)

“Pulse Amplitude Selector.” A. Roberts, R.S.1. 11, 44 (1940)

“Electron Multiplier as Counter.” Z. Bay, R.S.[. 12, 127
(1941)

“Resolving Time Measurement.” Y. Beers, R.S.[. 13, 72
(1942) -

The following texts on electronics contain much useful ma-
terial on circuits and circuit analysis methods:

Theory and Application of Electron Tubes,H. S. Reich, McGraw-
Hill (1939)
Electronics, J. Millman and S. Seely, McGraw-Hill (1941)

The following books are often found useful in connection
with counter problems:

Electrical Phenomena in Gases, K. K. Darrow, Williams &
Wilkins (1932)

Radiations from Radioactive Substances, E. Rutherford, J. Chad-
wick and C. D. Ellis, Cambridge (1930)

Procedures in Experimental Physics, J. Strong, Prentice-Hall
(1938)

Electrical Counting, W. B. Lewis, Cambridge (1942)

Fundamental Processes of Electrical Discharges in Gases, L. Loeb,
Wiley (1938)

Commercial references: *

Counters and circuits are manufactured commercially by:
Technical Associates, Glendale 4, Cal.
Cyclotron Specialties Co., Moraga, Cal.
Herbach & Rademan, Market St., Philadelphia, Pa.

* At the suggestion of colleagues, a list of a few commercial organizations
supplying equipment useful in constructing and operating counters is in-
cluded. Omission of the names of some manufacturers may be attributed
to inadvertence and not to any implication that their products are, in the
author’s opinion, inferior.
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Voltage regulators for stabilizing AC are made by:

Raytheon Mfg. Co., Waltham, Mass.

Sola Electric Co., Chicago, Ill.
Copper tubes for counter cylinders are made by:

Improved Seamless Wire Co., 775 Eddy St., Providence, R. I.
Glass blowing on counters is done by:

Eck & Krebs, 131 West 24th St., New York City, N. Y.
Glass for counters is manufactured by:

Corning Glass Works, Corning, N. Y.
Metal-to-glass seals are made by:

Stupakoff Laboratories, Pittsburgh, Pa.
Electronic voltage stabilizers are made by:

RCA Manufacturing Co.

Harvey Radio Lab., 444 Concord Ave., Cambridge 38, Mass.
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V.T. integrating, 184
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voltage stabilizing, schematic, 180
Coincidence counting, efficiency of,
145 ff.
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Corrections for background, 142
for recovery time, 140
for showers, 146
Counters
corona, characteristic of, 63
characteristic curve of, 74 ff.
constructional features of, 121 ff.
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cleaning techniques, 130
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external treatment of, 133
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efficiency of, 68
inefficient, 77 ff.
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resistance-quenched, 63
starting potential curve, 76
with grid, 88
Counters, non-selfquenching, 61 ff.
discharge mechanism of, 61 ff.
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Dead-time, definition of, 16

Dead-time, measurement, 92 ff.
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measurement of, 137
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in a counter, definition of, 15
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Ionization, 7
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construction of, 25 ff.
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Recovery time
definition of, 16
table of, 95
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