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PREFACE 

This thesis describes the development of new gas 

ionization counters for neutron detection and studies of the 

gaseous discharge processes involved in their action. In 

addition, the results of an investigation into some aspects 

of the basic mechanisms of luminescence in the gas scintillation 

counter and the application of the device to neutron detection 

are reported. 

The work presented here has in large part com-

prised a neutron counter development programme carried out by 

the author in the Physics Department of the University of 

Tasmania during the period January, 1959, to December, 1961. 

The project was sponsored by the Australian Atomic Energy 

Commission in contract form with the University of Tasmania 

and liason has been maintained with the Reactor Physics Section 

of the Commission's establishment at Lucas Heights, New South 

Wales, throughout. 

Early contract specifications called in particular 

for the design and construction of small, conventional neutron 

fission counters suitable for monitoring reactor neutron fluxes. 

In addition, a broad study of new methods of neutron detection, 

especially under conditions of high-level fl..-ray intensities, 

was called for. 



Investigations into new methods of neutron 

counting using gas ionization detectors have centered mainly 

on the gas counter operated in the corona zone, and three 

modes of operation have been examined, namely, proportional, 

streamer and spark methods of detection. In all cases 

neutron detection has been by counting the associated 

charged particles from the reactions B 10(n,o)Li
7
, 1J

235
(n,F

1
)F

2 

and Th232(nF1
)F

2' 

In connection with the work on corona counters 

the author has preferred to introduce the following nomen-

clature for the various classes of corona counter: 

(a) 'Corona-proportional counter' (counters in 

which the associated charged particle is detected in a 

proportional manner in the corona discharge zone). 

(b) 'Corona-streamer counter' (a corona counter 

in which a pre-spark streamer may is generated by the 

associated charged particle i.e. no spark discharge follows). 

(c) 'Corona-spark counter' (the conventional 

Rosenblum counter in which breakdown of the counter anode-

cathode gap is initiated by the associated charged particle). 

This classification of the various types of 

corona counter is intended to eliminate the confusion which 

may arise from use of the general term 'corona counter' as 

applied in the past to the 'corona-spark' counter above. 



The term 'spark counter' is a general term which may be applied 

to all types of counters relying on the formation of a spark 

discharge for their action. However, 'spark counter' is more 

frequently meant to indicate a device which does not operate in 

the corona zone e.g. the parallel-plate spark counter. 

The corona-streamer counters described here are a 

new development with two important advantages over the conven-

tional corona-spark counter. These are lower dead time and the 

absence of electrode corrosion by sparring. It is hoped that 

these improvements in characteristics over the corona-spark 

counter will stimulate interest in this new type of detector. 

The gas scintillation counter, because of its 

rapid response time and relative transparency to background J 4- 

radiation has proved an attractive device for neutron detection. 

The author has examined the characteristics of such counters 

and found that, contrary to earlier work by others, the energy 

response of the device is inherently non-linear due to the 

generation of luminescence from electron-ion recombination of 

the colvmnRr Lye. This is the first report of the detection 

of such luminescence from highly ionizing particles in gases at 

ordinary pressures. The author suggests that the columnar  

recombination luminescence phenomenon in gas scintillation 

counters could have an important application in the selection of 



particle type by scintillation pulse shape discrimination. 

An attempt has been made to extend the theory of Jaffg on 

ion-ion columnar recombination to the case of electron—ion 

recombination in a semi-empirical manner with the support 

of data from the gas scintillation counter experiments. 

The facilities available at Hobart for neutron 

counter work at the commencement of the project were limited 

to a counter filling  system of all-glass construction and 

several Ra7Be neutron sources ranging up to 10 mC strength 

(^a 105 neutrons/sec.). Since no general-purpose wide—band 

pulse• amplifiers, pulse-height discriminator or suitable 

pulse generator were available, these were designed and con-

structed by the author during the first six months of 1959. 

During the latter half of the year the design and development 

of a small, neutron-fission corona-spark counter was commenced 

together with preliminary design work on a slow, 24-channel 

kicksorter. This latter instrument was a necessity because 

many of the counter pulse-height analyses were carried out at 

low counting rates as a result of the low neutron source 

strength. 

In early 1960 work on the fission corona-spark 

counters was Concluded and a prototype of the fission ion 

counters contracted for was completed by mid-year. Construction 

of the kicksorter by the author was finished at the end of 1960. 

iv. 



°Preliminary studies on corona-proportional and corona-streamer 

counters for neutrons was also begun towards the end of 1960. 

Investigations into the characteristics of 

corona-streamer counters were continued in the first few 

months of 1961 together with the fabrication of a number of 

fission ion counters. The performance of these was subsequently 

assessed using the reactor HIFAR neutron flux facility at Lucas 

Heights in April. Following this, work on the corona counters 

was concluded and experiments with diborane-filled proportional 

neutron counters and gas scintillation counters were commenced 

about mid-year. These projects, together with papers for 

publication, were completed at the end of October, 1961. A 

visit for technical reasons was again made to Lucas Heights 

in November, 1961. 

The format of the thesis is such that the results 

of investigations into the new corona-proportional and corona-

streamer detectors and gas scintillation counters are in 

chapter form. In addition, a description of the instrumentation 

and techniques used during the project is given as a chapter. 

Counter developments which are of more technical interest are 

included in appendix form. 

The following papers arising from this work have 

been published, accepted for publication or are under review: 

v. 



"Short Dead-Time Corona-Streamer Counter for Neutrons" (read 

at the 1961 Conference on Nuclear Physics, Australian 

National University, Canberra, and published, 'Review of 

Scientific Instruments', Nov. 1961). 

"'Effect of Ion Recombination Luminescence on the Linearity of 

Energy Response of Gas Scintillation Counters" (published, 

'Review of Scientific Instruments', Dec., 1961). 

"Columnar Recombination Luminescence in Argon-Nitrogen Mixtures" 

(accepted for publication, 'Proceedings of the Physical Society'). 

"Characteristics of a Boron-Coated Proportional Neutron Counter 

in the Corona Zone" (accepted for publication, 'Journal of 

Scientific Instruments'). 

"Characteristics of Alpha Particle Corona-Streamer Counters in 

Air" (submitted to 'Journal of Scientific Instruments'). 

vi. 
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CHAPTER AND APPENDIX SMIAARIES 

Chapter  I 
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argon-filled counters operated in the corona zone for 

thermal neutron detection. It is found that with the 

application of short electronic clipping times (", 2/Asec) 

and the use of high-valued anode load resistors ( ,,100 

megohm) it is possible to obtain counting plateaus extending 

214T above threshold with mean slope < 0.0/100 V. The 

Townsend derivation of the volt-ampere characteristic of the 

corona discharge between coaxial wire-cylinder electrodes is 

given, and applied to determine positive ion mobilities in 

argon and neon-filled corona counters. The discharge 

processes at work in the devices are discussed and advantages 

in practical application are summarized. 

Chapter  III 

It is shown that oC-particle wire-plane corona 

xiv. 
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counters in air can be operated in two modes depending on 

electrode dimensions. Conventional Rosenblum corona-spark 

detector action occurs at low wire-plane gaps, whilst at 

larger spacings breakdown terminates at the intermediate 

streamer stage of spark development. The streamer mode of 

operation introduces advantages of lower counter dead time 

1/100th that of the corona-spark detector) and absence of 

electrode corrosion by sparking. Counting characteristics 

of the corona-streamer counter as an oc-particle and neutron 

detector are given, and the streamer discharge is investi-

gated electronically and photographically. Formative time 

lags for sparking of up to 1/2.sec in the corona-spark • 

detector at certain electrode dimensions are also reported 

and discussed. An attempt is made to apply the streamer 

theory of Meek to determine the radius of the sensitive 

zone about the anode wire in which 0C-particles initiate 

streamer formation. The validity of the application of 

Meek's theory to the wire-plane electrode system is discussed. 

The value taken in practice by the critical streamer propagation 

constant, K, of the theory is commented on by the author. 

The salient features of the corona-streamer counter in air 

are summarized. 

Chapter IV 

The principle of the corona-streamer counter in air 



is extended to counters of coaxial mire-cylinder geometry 

filled with argon and hydrogen. The argon-filled counters 

contain a small amount of some polyatomic gas as a spark 

quenching agent and the discharge mechanisms occurring in 

these counters are investigated and discussed. Of particular 

interest are measurements of counter efficiency and results 

of counter stability tests. Characteristics of a range of 

practical neutron detectors are given. 
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The gaseous Iminescence processes, construction 
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scintillation counter. Experimental evidence for the presence 

of columnar electron-ion recombination luminescence in such 

counters is presented. An apparent square-law dependence of 

columnar recombination luminescence intensity on particle 
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the original theory of Jaffe on ion-ion columnar recombination 

to the case of electron-free gases studied (argon-nitrogen 

mixtures). The observed order of columnar recombination rate 

is in rough agreement with a semi-empirical adaptation of 

Jaffels theory. The role of the noble gas molecular ion 4 
 

in the generation of recombination luminescence is discussed. 

The influence of columnar recombination luminescence on the 

linearity of energy response of gas scintillation counters 

xvi. 
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for neutron spectroscopy is commented on. Use of the columnar 

recombination luminescence effect to select particle type by 

scintillation pulse shape discrimination is one of several 

practical applications suggested by the author. 

Chapter VI. 

The design and construction of the various electronic 

instruments used during the project is described. A slow 24- 

channel pulse-height analyser (kicksorter) of hybrid valve-

transistor construction comprises the major contribution. 

Techniques used in the deposition of thin films of uranium 

and boron are given. A gridded-ion chamber employed in the 

quantitative assay of U
235 

in films is described. 

Appendix A 

The design construction and counting characteristics 

of snail, low-voltage corona-spark neutron counters are given. 

Appendix B 

The characteristics of diborane-filled (18E16) 

proportional neutron counters are investigated with special 

interest on the stabilizing effect of hydrogen as an admixture 

on counter performance. 
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The design, construction and characteristics of 
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monitoring are given. The construction of neutron beam 

monitor ion chambers is described. 
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The detection of a short-lived (-a 0.3/Ltsec) 

04C -particle -induced phosphorescence in thorie is reported 

and possible application in a fast neutron-Th
232 

fission 

scintillation counter is discussed. 



CHAPTER I. 

INTRODUCTORY CLASSIFICATION  OF GAS IONIZATION COUNTERS.  

1.1. 	Introduction: 

It is not proposed to present any comprehensive account 

of the gaseous discharge mechanisms involved in nuclear particle 

counter action. Many texts have been written on the subject, 

notably by B. Rossi and H. Staub (Ro49), S. Curran and J. Craggs 

(0u49), S. Korff (Ko49), D. Wilkinson (di50), J. Sharpe (sh55) and 

others. Rather, ionization counters will be classified and the 

discharge processes at work in each counter type noted briefly. 

Basic gas coefficients will be defined and relevant formulae descri-

bing the conditions of discharge quoted for those counters which 

have been investigated in this work. 

1.2. 	Counter Classification  for a Coaxial Wire-Cylinder Electrode 

Svstem: 

1.2.1. 	Since the gas ionization counters studied here are of 

coaxial wire-cylinder geometry, classification will be given with 

particular reference to this electrode system. 

Fig. 1.2.A shows the manner in which the electron gas 

multiplication factor, NI, varies with anode wire - cathode cylinder 

potential for a Lypical, argon-filled counter with 0.1% N 2  admixture. 

The primary ionization was from a Po210 ce -particle source which 

directed particles at an angle of 45 to the counter axis into the 

counting volume. 

1. 
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Fig. 1.2.A. 	Variation of gas multiplication factor, 14, and corona current, I c , with anode 
wire — cathode cylinder potential, V, for a coaxial ionization counter. Wire 
diam. = 0.05 mm; cylinder diam. 3.8 cm. Filling: A + 0.1% N 2  at 72.5 
cm Hg. 



2. 

1.2.2. 	The pulse ion-chamber: 

With reference to Fig. 1.2.A it is seen that over the 

potential range V
1 

to V
2
, the collection of electrons released by the 

PO
210

04 -particles is apparently complete and gas multiplication is 

close to unity. The counter is said to be operating in the ion-chamber 

region. While electron collection has seemingly approached a constant 

or saturation level from V
1 
to V

22 
all primary electrons released by 

the ot particles are not in fact collected, and true saturation is 

not attained until the wire potential is of the order of some thou-

sands of volts (gas multiplication sets in prior to this). The small, 

but finite slope of the ion-chamber zone in a coaxial 0C-particle 

counter is due to recombination of positive ions and electrons within 

the column of ionization forming the particle track i.e. columnar 

recombination. Below V
1' electron loss is by diffusion of electrons 

to the cathode cylinder and electron-ion recombination, the applied 

potential being insufficient to overcome these effects. V
1 is about 

5 V for the counter of Fig. 1.2.A. 

In fast pulse operation of an ion-chamber counter, the 

induced electrical pulse at the anode wire, which is usually connected 

to the positive potential supply via a high-valued load resistor, is 

almost entirely due to electron motion between the counter electrodes. 

The slower positive ions contribute little to the signal pulse during 

the period of electron collection. Since the magnitude of the induced 

pulse of any electron is proportional to the potential drop traversed 

by the electron, the final 04-particle pulse amplitude i$ obviously 

dependent on track location within the counting volume. This dependence 



3 . 

of pulse height on track orientation can be diminished by using very 

thin anode wires so that most of the potential drop between wire and 

cylinder occurs close to the former electrode. The effect is less 

prominent when the ionizing particle originates from some active 

material coated on the cathode cylinder i.e. when the ionization is 

produced close to the cathode, as in the small neutron-U 235 fission 

ion counters described in Appendix 0. In these detectors, the very 

high specific ionization of the fission fragment at the beginning of 

its track offsets the track orientation effect even more so. 

The collection time for electrons is greatly dependent 

on the gas used, pressure, polarising potential and electric field 

configuration in any counter. The drift velocity for electrons in 

a noble gas with a few percent of some polyatanic admixture may be 
6 X 

typically of the order of 10 . 	sec, where X is the electric field 

strength in V/cm and P is the gas pressure in mm Hg. In the counter of 

Fig. 1.2.A the electron collection time is approximately 20,0ksec for an 

electron liberated near the cathode at a wire-cylinder potential of 

500 V. For a parallel plate electrode system with the same electrode 

spacing, gas and potential, the collection time would be nearer 51Jusec. 

The significance of the difference between these figures is appreciated 

when attempts are made to optimise counter resolution and signal-to - 

noise setting of associated wide-band pulse amplifier circuits. In all 

these it is best that the fastest electron time possible be attained in 

the counter. Therefore, in the construction of a coaxial counter it is 
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a matter of compromise between track-orientation effect and collection 

time since fastest times arise from the use of large diameter anodes, 

a situation which does not favour least track,-orientation effect. 

1.2.3. 	The proportional counter: 

As the counter wire-cylinder potential is advanced into the 

region V2  to 1713, primary electrons are multiplied by field-accelerated 

collisions in the high field zone about the anode wire. The critical 

radius, re, from the wire axis at which multiplication or avalanching 

commences may be only two or three wire radii in dimension. 

At mutiplication factors of about 10 or so, the induced 

anode pulse is largely due to the rapid motion away from the wire of 

positive ions generated in electron avalanches at that electrode. 

The motion of a single ion induces a pulse which may reach half its 

final height in one or two microseconds. In practice, the anode pulse 

rise time is affected by the spread in primary electron times which, of 

course, depend on track orientation. However, the anode pulse height 

is now independent of track :position since the induction is mainly by 

charge carriers produced at the wire. 

The final ionization is proportional to the primary 

particle ionization, hence the term proportional counter. 

It is seen from Fig 1.2.A. that gas multiplication is roughly 

a logarithmic function of overvoltage above onset of multiplication 

(overvoltage = 	- V2). A relation between gas multiplication and 

wire potential derived by S. Korff (Ko55, p. 63) is 

• 
M = exp 2(18NCaV) ( (V/V yo - 1) 	eq. 1.2.1. 



where 1 13 1  is a constant relating ionization cross section to 

electron energy (an assumed linear relation). 

N = number of atoms or molecules per unit volume. 

0/2 = counter capacitance per unit length. 

5 . 

V = onset potential for multiplication. 

a = the wire radius. 

Another method of calculating M, which does not involve the 

unknown V term of eq. 1.2.1. is to integrate the number of electrons 

formed per centimetre path of a primary electron using the First 

Townsend Coefficient, CC p for the gas. Thus, the increase in electron 

number per primary electron, dn, over an elemental distance, dx, is 

given by 

dn=ocdx 	eq. 1.2.2. 

where 011( is the number of new ion pairs formed per am path of a primary 

electron. Integration of eq. 1.2.2 gives 

x2 

n = M = exp „c.  0C dx. 	eq. 1.2.3. x2  

from x = x to x = x
22 
 taking nkI = 1. 

For uniform field configuration (parallel plate electrodes), 

4C is independent of x and dependent on the gas, field strength and 

pressure. In this case eq. 1.2.3 becomes 

M = exp oC (x2  — xl) 
	

eq. 1.2.4. 

xi  
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For coaxial electrodes, 0C is a function of radius, 0C(r), since 

electric field strength varies with radius, r. Eq. 1.2.3 becomes 

r2 

M = exp 	0C (r) dr. 	eq. 1.2.5. 

ri  

or setting r2  = re, the critical radius at which multiplication begins, 

and r1  = a, the wire radius, we have 

rc 
M = exp 	0C(r) dr. 	eq. 1.2.6. 

a 

If an evaluation of M is required, then the integration of eq. 1.2.6 

is usually best performed graphically using experimental o< Cr) values 

since this term cannot be given with theoretical exactness for any gas. 

There exists, however, a wealth of data for oG at various p values in 

different gases (see Lo55, Chapter VIII) from which such calculations can t 

made. 

1.2.4. 	Region of 1imited proportionality: 

Over the potential range V3  to y4  in Fig. 1.2.A. it is seen 
that the rate of increase of :M with wire potential begins to drop. 

This is due to positive ion space charge reduction of the applied 

electric field in the multiplication zone at the wire. The onset of 

this effect is dependent on track orientation, setting in earlier for 

particles directed radially into the counter. It is more evident for 

highly ionizing fission fragments and least for")  particles. The 

dashed section of the multiplication curve shows the expected trend 

for 1/e4 particles. The potential range from V3  to V4  volts is called the 
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region of limited proportionality for 06particles, since the induced 

anode pulse is no longer linearly related to the initial ionization 

released. 

1.2.5. 	The Geiger counter: 

Over the potential range V
4 

to V
5 

of Fig. 1.2.A, the 

discharge at the anode wire takes a new form. Whereas previously 

electron multiplication took place in localised avalanches atthe 

anode wire, at high multiplication levels it is possible for a 

discharge to spread along the anode wire assisted by photoionization 

in the gas. Photons produced by electron-ion recombination or the 

de-excitation of excited atoms and molecules formed in primary 

avalanches propagate the discharge. In the present counter the 

photoionizable constituent is the nitrogen additive, while excited 

argon atoms provide the necessary ionizing photons. In addition 3 

photoelectric emission at the cathode or, later, electron emission 

by positive ion impact will help spread the discharge along the wire. 

The relative importance of each of these secondary effects depends 

greatly on gas, pressure and counter electric field. The potential 

range of the Geiger region is of some ten volts or so for the present 

counter. Termination of a Geiger discharge is assisted by positive 

ion space charge reduction of the locally applied field. Synonymous 

with 'Geiger discharge spread' is the term 'burst pulse' used to 

describe the phenomenon of photon-propagated scharges about electrodes, 

In the region V
4 

to IT
5
, gas multiplication may effectively be of the 

order of 10
8 

or greater. 
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1.2.6. 	Corona counters: 

As the anode wire potential is raised above V
5 
 , the high 

level of gas multiplication, coupled with the formation of secondary 

electrons in the gas and at the cathode by the processes mentioned 

above, leads to a continuous, self—sustained discharge in the counter 

i.e. a corona. 

The general relation for the continuance of successive 

ionizing processes required to maintain a steady corona discharge is 

= 1. 	eq. 1.2.7. 

where 14.  is the probability per avalanche electron of secondary 

electron formation in the gas or at the cathode by photons and ions 

produced in avalanches or burst pulses originating from one primary 

electron. M is the gas multiplication factor, as before. ft  can be 

broken down into components 

= g . t . 	+ 
P 

eq. 1.2.8. 

where g is the number of photons generated per avalanche electron and 

t is the gas transmission efficiency factor for avalanche photons to 

the cathode. it is the probability of photoelectric emission per 

incident photon.
i is the probability of secondary electron emission 

per positive ion, and is known as the Second Townsend Coefficient. 

Eq. 1.2.8 does not q ontain a gas photoionization coefficient, since for 

the discharge tubes studied here the factor M essentially includes 

contributions to the electron population arising from pthotoionization. 

Substituting V' from eq. 1.2.8 into eq. 1.2.7 the condition for a 
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steady corona becomes 

M(g .t . irp  + 	= 1 . 	eq. 1.2.9. 

(1) The corona-proportional counter: 

It is a characteristic of a corona discharge between 

coaxial wire-cylinder electrodes that the gas multiplication field at 

the anode s  and therefore Ms  is held constant by the positive ion space 

charge present in the corona (17 and above in Fig. 1.2.A). The 
5 

boron-coated neutron detectors described in Chapter II are of this class 

of counter. 

(2) The corona-streamer counter: 

If the fiel&at the anode wire is high enough, usually in the 

vicinity of corona onset s  it is possible for particles whose tracks are 

directed close to the wire to promote an intense burst of ionization 

, which is propagated towards the cathode at high velocity (,,./ 107  clraisec). 

The ionization of the -particle-triggered discharge is 

confined to a thin filament or streamer in which photoionization is the 

major propagatory mechanism. Meek (Me40) has raised a semi-empirical 

theory for streamer propagation which has been confirmed experimentally 

(see also Loeb and Meek (L040), (Lo40A) and Meek and Craggs (Me 53) 

This theory is presented in Chapter III and applied to the corona-

streamer counters described there. 

It will be useful to consider qualitatively here the basic 

conceptions of the streamer discharge. Parallel plate electrodes will 

be taken for simplicity of explanation. Fig. 1.2.B shows such a 

system in which 



X a 

Xa+ X s  

Fig. 1.2.B. 	Formation of an a-particle-triggered streamer between parallel plate electrodes: 
(a) a -particle track. 
(b) Following the primary electron avalanche a positive ion boss at the anode 

produces a distorted field X s  + X a  where X s  and X a  are the space charge 
and applied electric fields respectively. 

(c) The streamer propagates by successive avalanching of photo-electrons 
directed into the tip. 

(d) The electrode gap is bridged leading to an arc or spark depending on 
external circuit conditions. 

(a ) 

Xa+ Xs  

(C) 
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(a) an ex-particle has released a primary column of ionization 

along a normal joining the two electrodes. 

(b) the positive ions remaining after a subsequent electron avalanche 

form a boss of charge close to the anode 'plate which distorts the 

applied field as shown. 

(c) photoelectrons in the gas formed close to the boss avalanche into 

it as a result of the positive ion space charge field. They will do so 

only if the space charge field of the boss, X s, is of the order of the 

applied field, Xa, i.e. Xs  -^w Xa  (Meek's criterion for streamer 

formation). A streamer tip propagates from anode to cathode by 

successive photoelectron avalanches into the streamer tip. 

(d) once the streamer bridges the gap the density of ionization in the 

filament is enhanced by further multiplication of secondary cathode 

electrons to form a spark or arc depending on external circuit conditions. 

For the divergent field configuration of coaxial cylinders, 

streamer propagation is more complicated and shows a marked field 

dependence in highly divergent gaps. The counters of Chapters III and 

IV are of the corona-streamer class. 

(3) 	The corona-spark counter: 

If, as mentioned above, the:ltreamer discharge leads to a 

spark then we have the corona-spark counter. The neutron detectors 

of Appendix A are of this type. 
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CHAPTER II. 

CHARACTERISTICS  OF BORON-COATED PROPORTIONAL NEUTRON COUNTERS  IN 

THE CORONA ZONE. 

2.1. Proportional Counting  in the Corona Zone and the Drnamics  of 

the Positive Corona Discharge Between Coaxial Wire-Cylinder  

Electrodes: 

	

2.1.1. 	The operation of coaxial wire-cylinder argon counters in 

the corona zone as proportional detectors of oC and /I, particles has 

been described by L. Colli s  et al. (Co52). It is found that in the 

region of stable, self-sustained corona discharge, which commences 

beyond the upper liwtt of the Geiger plateau, constant gas multipli-

cation factor exists over a range of several microamps of corona 

current; the corresponding variation in anode-cathode potential 

difference is of the order of several hundred volts. The same workers 

have reported the presence of a near sinusoidal oscillatory corona 

current component which, coupled with the d.c. corona current noise, 

provides a counting background. The period of the current oscillation 

is of the order of a few hundred iusec and decreases with increasing 

d.c. current level. 

	

2.1.2. 	Constancy of gas multiplication factor with increasing 

corona current has been explained qualitatively by L. Loeb (Lo53). 

It is considered that the electric field in the electron-multiplying 

region close to the anode wire is held constant by positive ion space 
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• charge neutralization of the overpotential beyond corona onset. 

Any increase in applied potential brings about a temporary rise in 

multiplication factor. However, this is soon cancelled by the greater 

positive ion space charge resulting from the higher rate of ionizing 

events. The corona discharge then continues at a higher current level 

but with the same multiplication factor. 

2.1.3. 	The oscillatory nature of the corona discharge has been 

further examined theoretically and experimentally by L. Oolli, et al. 

(0054). Theoretical treatment shows that the corona plasma exhibits 

the dynamic behaviour of a system which has a definite resonance 

frequency dependent on mean current, and responds as such to the 

fluctuations in the photoelectric current from the cathode cylinder. 

A physical interpretation of the effect is that the accumulation of the 

positive space charge which follows a sequence of ionizing events 

(initiated by photoelectrons from the cylinder) reduces the multiplying 

fieldLtat the anode until such time as the positive ion sheath has 

drifted some millimetres or so away from that electrode. At this 

stage the multiplying field increases, the space charge density 

begins to rise again, and so on. The effect is particularly striking 

when the corona plasma is perturbed by the intense ionization following 

04 -particle entry into the anode-cathode gap. A characteristic 0C - 

particle current pulse profile has a fast rising front of ^, 1 )44sec 

(coming from the normal positive ion motion away from the high field 

region near the wire) followed by a slower, damped current oscillation 

of about 100/sec period arising from the photoelectric-positive ion 

space charge interaction. The relative amplitude of the slow component 
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to the fast component may be three to five times. 

2.2. The Volt-Ampere Characteristic of the kt.g. Positive 

Wire-Cylinder Corona Discharae: 

2.2.1. 	The derivation of the volt-ampere characteristic of the 

d.c. positive corona discharge between coaxial wire-cylinder electrodes 

given here is due to J. Townsend (To14). For the purpose of simplifi-

cation Townsend assumed that the region of electron and positive ion 

generation at the anode lies within a well-defined radius which is 

very small compared with the cathode cylinder radius. The current 

flow between anode wire (radius, a) and cathode cylinder (radius b) 

is considered to be entirely a positive ion flow. If I is the current 

flow per unit length of the wire, K~ the ionic mobility at the particular 

gas pressure, with to the charge density and V the potential at radius 

r from the wire axis we have 

dV I = -27iPrK -- 
I 	+ dR 

eq. 2.2.1. 

(p and V are functions of radius, r). Poisson's equation for coaxigl 
cylinders is 

d (6.) 	= -4 	eq. 2.2.2. 
r dr 

where X is the field strength at r. Eliminating t,  between equations 
2.2.1 and 2.2.2 we get 

2Ir
2 

(rx) 2  = c + 4 	eq. 2.2.3. 

where C is a constant of integration that can be found from the 



condition that at corona onset 

V0  
Xo = a log • 

Thus eq. 2.2.3 becomes 

2Ir2  2 	2_2 	2Ia2  
(rX) = a A

C 

21 
m 	

2Ir2 
or 	k) 	= a A 

,
- 	2  + 	2  ) eq..2.2.4. 
KIX° 	K+a-Xo 

2 
When 	is small compared with Xo eq. 2.2.4 simplifies to 

(rX) 2  = 
a2x2 fl 	2Ir 

o 	K a2K21 + o 

2  2Ir 
or 	dV = ax (1 4. 	)2 

0 	Ka2Xo  
r 

eq. 2.2.5. 

The integration of eq. 2.2.5 is performed by changing the variable r 

so that 
2Ir2  

= (1 + 	2  ) 2  
K4a X0  

to give the potential drop between wire and gylinder. as 

J. 
V =

o [ (1 +.0) 2  - 1 + log 2b - loga(1 + (1 +8) 1) 

eq. 2.2.6. 

1 4. 

2Ib2 =  
K+  a2X2.   o 

where 



For small 0, eq. 2.2.6 reduces to 
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2 	b 
Ve (V - Vo) _ lb  log -6 

24 
bet. 2.2.7. 

 

A more accurate relation has been derived by L. Loeb (Lo39), 

Ib2  log 7r v(v -vd = 
24 	eq. 2.2.8. 

This form of corona volt-ampere characteristic has been 

verified and used by various workers to measure K +  for various gases. 

It must be emphasised, however, that the use of eq. 2.2.8 is limited  

by the approximations and assumptions made in its derivation i.e. it 

will only apply at low currents and high pressures. At low pressures 

the zone of multiplication begins to extend well out into the 

anode-cathode gap, and the effective limits in the integration of 

eq. 2.2.5 can DO longer be approximated to r = a, r = b. 

Eq. 2.2.8 can be written as 

2 	b 

	

b log - 	V - V-0 a = = R 	eq. 2.2.9. 

   

2K+V 

where R is designated the corona resistance (per unit length). A more 

useful characteristic of the corona is its differential or slope 

resistance, Re  (per unit length). 

We have 
dV  

R = 	
b2  log 

- C 	dl 	2E.1.(2V - Vo ) 

and if V does not vary too greatly'from V o  then 

b2  log _13  Rc  a 
214V°  

eq. 2.2.10. 

eq. 2.2.11. 
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2.2.2. 	In the application of proportional corona counters to 

nuclear particle detection s  it is best that the rate of change of 

corona current with applied E.H.T. voltage, V s, be kept a minimum in 

order to ensure that the current range for constant multiplication 

factor is not exceeded. Now in practice, the E.H.T. supply is usually 

fed to the anode via a series load resistor, RL, across which the 

induction signal is developed. Hence, any variation in the supply 

voltage, LiVs  say, will be diminished to 

Rea 

	

_ 	. v 

	

RL + 	s  

at the anode wire where I is the electrode length. The range of 

E.H.T. supply voltage over which the gas multiplication factor is 

constant (counter plateau length) can therefore be increased by 

making RL  > Rod (RL 	100 megohm or more in practice). It is 

obvious that Re is small if K+4  the positive ion mobility, is large. 

This is made use of in hydrogen-filled corona voltage-stabilizer tubes 

where the high K+ factor for hydrogen results in low slope resistance 

(Re 4& 500 kilohm in some tubes). 

2.2.3. 	Fig. 2.2,A shows the volt-ampere characteristic of a tube 

filled with A + 0.1% N
2 
at 72.5 cm Hg (a = 0.025 mm; b =1.9 cm; 

I= 24 cm). Also given is a plot of K +  values obtained using eq. 2.2.8. 

As the corona current increases it is seen that K also increases. 

This is due to deficiencies in the simplified formula. However, the 

limiting value of K~ at low current is 	2.0 cm2/volt sec (20°C). 
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This is about the mean value of the mobilities for molecular and 

atomic argon ions assuming roughly equal concentrations in the corona 
2 

discharge (A
+ 

K
4' 
 = 2.6 cm

2/
volt sec; A

+ 
K = 1.6 cm /volt sec 

2  
(values from L. Chanin and M. Biondi (0h57) ). The slope resistance 

for this particular discharge tube is rather high (due to the small 

anode radius) being Rea = 94 megohm at Itt = 2/1A. Other argon-

filled corona counters gave similar mobility values. 

2 
A neon-filled tube gave K.1.  = 6.6 cm/volt sec which is 

2, 
to be compared with the known mobility values of 6.5 cm /volt sec for 

Ne
2 
and 4.5 am

2/volt sec for Ne at 200 (Ch57). The conclusion is 

that the discharge generates a majority of Ne ions in this case. 
2 

2.3. 	Characteristics of Boron-Coated Proportional Neutron 

Corona Counters: 

2.3.1. 	Proportional counting in the corona zone is attractive 

since operation at maximum gas gain independent of variation in 

counter E.H.T. voltage, is available. In such a counter, however, the 

minimilm amount of particle ionization that can be detected in practice 

is limited by the amplitude of fluctuations in corona current (back-

ground corona noise). Again, the very good ('(-particle pulse-height 

distributions obtained by Colli, et al. (Co52) for their detectors 

were from well-collimated paraxial tracks; in practical applications, 

un-coilimated0( -particles emitted from coated cathodes can be 

expected to give inferior amplitude distributions, for reasons of 

cathode curvature and space charge saturation effects which reduce 

17. 
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gas multiplication for the more radial tracks. 

From the characteristics of the boron-coated proportional 

corona counters to be described it will be seen that the cathode 

curvature effect is small and that signal to noise ratio is of such an 

order as to make them practicl neutron detectors. 

2.3.2. 	Counters were constructed with nickel cathode cylinders 

(2.2 - 3.8 am diam.; 12 - 24 cm long) and tungsten wire anodes 

(0.05, 0.1 and 0.2 mm diam.) mounted coaxially in soda glass envelopes. 

A thin layer of un-enriched elemental boron was deposited on the inner 

surface of each cylinder by the thermal decomposition of diborane gas 

(see Chapter VII  section 10 for method). The counters were filled 

with welding-grade argon containing 0.1% N 2, or argon with trace 

quantities of nitrogen (<1 pp 105) to a total pressure of 72.5 am Hg 

after outgassing at 420°C for several hours at 10 	Hg. Thermal 

neutrons were provided by a 10 mC Ra - Be source set in a block of 

paraffin wax as moderator; T .  radiation from the source was attenuated 

by mounting the source in a lead cylinder of 2 am wall thickness. 

Plate 2.3.A dhows two proportional corona counters (dt = 12 cm) with 

protective aluminium cans and coaxial cable connectors. 

2.3.3. 	Fig. 2.34 shows oscillograms of negative polarity anode 
10 

pulses from npB oc particles at various corona currents in a *pure' 

argon-filled counter (a = 0.1 mm; b = 1.1 cm; 1 = 24 cm). An anode 

load resistor of 110 megohm was used, and pulses were subject to RC 

clipping at 5/tsec time constant prior to display. The oscillatory 
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Plate 2. 3. A. 	Corona—proportional neutron counters. 
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(1) 
F ig.  2. 3. B. 	Oscillograms of n, 	o  a —particle pulses (negative polarity) at the anode 

of a corona—proportional counter at various corona currents, (a) 10 gA, 
(b) 5 /A, (c) 10 A. Time scale = 50 sec /cm; amplitude sensitivity = 
15 m‘ cm. All pulses are subject to 5 psec RC clipping. A multi—pulse 
exposure showing Li 1  and a—particle groups is given in (d). 
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nature of the corona current is obvious as a low frequency transient 

accompanying each pulse. It is seen that as the corona current 

increases from 1 to 10/wA, t  the period of the transient decreases from 

340 to 100/4usec. Also shown in Fig. 2.3.B is a multi-pulse exposure 

at a faster sweep rate in which the n,B 1°  Li7- and 0C-particle pulse 

groups are readily distinguishable. The fast initial rise (negatively) 

of the pulse front ( 0e, 1 igsec) is to be noted. Had the RC clipping 

constant been of the order of the transient period, then the amplitude 

of the slow component would have been much greater than that of the 

fast one (see later oscillograms). 

2.3.4. 	Fig. 2.3,0 shows plots of integral neutron count versus 

pulse-height discriminator bias voltage at 1, 5 and 10 iuA corona 

current for a A + 0.1% N filled counter with RL  = 110 megohm (a = 0.1 mm; 
2 

b = 1.1 cm; = 24 cm). The pulses were RC clipped at the counter 

anode prior to amplification and count - bias plots are given for 

clipping times of 2 and 20/asec. Firstly, it is seen that at low 

current levels (Ic = 1/IA) the Li
7- and ac-particle court plateaus 

are resolvable, indicating that the cathode curvature effects are 

small. Secondly, at the longer clipping time constant (2o sec) the 

count-bias plateaus degenerate rapidly with increasing corona current 

compared with those at shorter time constant (2)usec). This is due to 

t The corona current figures quoted in this and later sections 

refer to the total current flow I
c 

in a counter i.e. IC  = 
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Fig. 2. 3. C. 	Neutron count — bias plateaus at 2 and 20 itsec I1C clipping time constant; 
filling : A + 0.1 c"c N 2  at 72.5 cm hg (I. 0 = 24 cm; a = 0.1 min; b = 1.1 cm). 
R

1  = 110 megohm. 
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the spurious counting of the transient corona oscillations following  

each pulse. As the corona current increases, the oscillatory signal 

is less attenuated by the RC clipping network (high pass filter) since 

the frequency of oscillation rises. The attenuation is less for the 

longer time constant network and count rate therefore increases more 

rapidly, particularly at low discriminator bias settings. True count 

rate was registered for the 20./asec clipping network when the dead 

time of the count recorder (normally 19/Asec) was increased to 200/usec. 

In this case the dead time was now longer than the period of the 

transient so that the second negative peak of the oscillation was not 

recorded as a count. For 3M.  sec clipping time constant, of the order 

of the rise time of the fast initial step in the anode pulse, the 

count - bias plateau is more stable with increasing corona current 

although there is some decrease in mean pulse height, indicating a 

somewhat lower gas multiplication factor at higher currents. 

Fig. 2.3.D shows the variation of neutron count rate and 

corona current with counter E.H.T. supply voltage, V s  (discriminator 

bias setting = 15 V, see Fig. 2.34). The improved count - E.H.T. 

plateau slope which results from hard RC clipping is obvious. The 

count plateau at 21sec clipping constant is 2 kilovolt long with a 

mean slope < 0.0/100 V. Integral neutron count - bias and count - 

E.H.T. plateaus are given in Fig. 2.3.E and Fig. 2.3.F respectively 

for the same counter at 20)Itsec clipping constant, but with R I,  

increased from 110 to 500 megohms. Reasonably long count - E.H.T. 
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plateaus are obtained but only up to about 1/A corona current. 

It is concluded that the clipping time constant should 

always be kept short but that some increase is allowable if R I,  is 

very high. The maximum practical limit to RL  is about 100 megohm 

otherwise the series chain of resistors required to make up larger 

values becomes rather large physically (e.g. the 500 megohm resistor 

used here was comprised of a chain of 22 22 megohm and 1 15 megohm 

nominal valued resistors). 

2.3.5. 	The gas multiplication factor at corona threshold of the 

counters described here is ypically 1 $ 000 - 2$ 000 times. At this 

high level of multiplication it is possible for secondary electron 

emission at the cathode to produce fine structure in the pulse front. 

Photons generated in the Townsend avalanches at the anode from the 

primary Li7- or -particle ionization will release photoelectrons 

from the cathode. These electrons in turn generate a new series of 

avalanches at the anode but delayed in time by the period required for 

electrons to transit from cathode to anode (.^.1/Asec). A whole series 

of photopulses will be generated with each successive pulse being 

attenuated by reason of gas absorption and the low efficiency factor 

for photoelectron emission from the cathode. If the gas multiplication 

factor is M, with g the number of photons generated per avalanche 

electron, t the gas transmission efficiency factor for photons to the 

cathode and f the photoelectric efficiency per incident photon, then 

we have per primary electron 
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N 
guelc 	g2t2m3j6.2 	

eq. 2.3.1. 

electrons finally arriving at the anode. Each generation of electrons 
charge 

will leave a positive ionAwhich, on drifting away from the anode under 

the influence of the high field gradient there, produces its corres-

ponding inductive pulse. 

Oscillograms of anode pulses which show photoelectric 

effect are given in Fig. 2.3.G for counters with a = 0.1 mm and a = 

0.025 mm. At short clipping times the skomt repetitive photopulses are 

distinctly resolved. It is possible to calculate roughly the electron 

transit time expected in the counters of Fig. 2.3.G and thus compare 

with experiment, 

If X is the field at radius r from the wire axis, and V is 

the applied potential then 

V  
X = 

r log 

The electron drift velocity is 

	

-dr 	X = 	= 

	

dt 	13.  e 

eq. 2.3.2. 

eq. 2.3.3, 

where K is the electron mobility (reduced to 1 mm Hg pressure) and P' 

is the pressure (mm Hg). The expression for v becomes, on eliminating X 

	

-dr 	V 
v  = 	= --------b 

Pr 	
• Ke

• dt 	log — 
a 

eq. 2.3.4. 

Integrating eq. 2.3.4 between the limits r = b, r = a and t = 0, t = 

(transit time) we get 
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= 1.1 cm; a = 0.1 mm for left—hand column, a = 0.025 mm for right—

hand column . 

Upper group: RC clipping constant = 25 usec; amplitude sensitivity = 

100 mV cm. Lower group: RC clipping constant = 0.17 usec; amplitude 

sensitivity = 6.7 mV cm. Time scale = 2 ftsec cm in all cases. 

A + 0.1 % N 2  at 72.5 cm hg. 
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r = a 	t = 17 

-  5 	r.dr - 	ICP- V  dt 
P log b 

IT r = b 	t = 0 

or b
2 

- a
2 

K..=  V 

P log 

 

2 

 

P(b2 - a2) log - 
i.e. 	= 	a  

2KeV eq. 2.3.5. 

Now the assumption that the electron drift velocity is 

proportional to X is not accurate. K does in fact vary nonlinearly 

with X in the high field gradients at the anode. However, in the 

counter with the smaller anode (a = 0.025 mm) a large fraction of the 

transit time will be spent in a comparatively low field gradient region. 

Therefore the calculation of 1% assuming constant E , should be less in 

error for this counter compared with that from the counter having 

a = 0.1 rom. Eq. 20,5 gives for b >7 a 

b Pb2  log - 
P., 	a 
G 126 	 

2K V 
eq. 203.60 

A fair value for K
e 
is 1.6X 10

6 
 cm

2 
 mm Hg/volt sec (see Wi50, p. 35). 

The counter considered has b = 1.1 cm and threshold potential value for 

corona ignition was V. = 2,074 volts at P = 725 mm Hg. Inserting these 

in eq. 2.3.6 we get 

= 3.67sec. 
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This compares well with the period of 3 )usec displayed by the oscil-

logram of the repetitive signal shown in Fig. 2.3.G, confirming the 

photoelectric effect hypothesis. 

2.3.6. 	In the count - bias plateaus previously given, the effect 

of the photocomponents was negated by the 10 igsec count recorder 

dead time at low clipping time constants (2/sec). However, should 

faster count rates necessitate a recorder dead time less than 10 )ksec 

then the photoeffect must be suppressed in some way otherwise poor 

count - bias plateaus will result. 

From eq. 2.3.1 it is seen that the relative amplitude of 

successive photocomponents is gtkl 4, Now the condition for corona 

maintenance has been given by eq. 1.2.9, Chapter I, section 1.2.6, as 

M(gtf 11) . 
.P 

1 	eq. 1.2.9. 

and two extreme situations arise in eq. 1.2.9 depending on the relative 

magnitudes of the bracketed terms. They are 

(1) gt'f> /lit.... This condition holds for gases which are partic - 

ularly transparent to their own radiation e.g. E. Lauer (La52) has 

found in an H2-filled wire-cylinder corona tube that gtlfp rks 70 X 10-5  

with -Pi 	10-6. Eq. 2.3.7 becomes 

so that successive photopulses are only slightly attenuated. 

(2) f. .3> gt 
3. 	 p. A situation which occurs in pure argon tubes with 
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nickel cathodes. Lauer found f ge,  9 X 1074  with get Pe,  10-1  t 1 
(the reverse holds for brass cylinders, however). Thus eq. 2.3.7 

becomes 

1 

and photopulsing is of no consequence. 

Suppression of the photoeffect is therefore a matter of 

choosfing the correct gas and cathode materials so that t>> gt 

A restriction,however,isthatthemagnitudeoftshould not be too 

large otherwise M is low valued at corona onset, and the benefits of 

gas multiplication are diminished. This was found to be the case in 

some of the neon-filled counters which the author investigated. For 

these, M was about 100 at onset with negligible gt1M1 , giving a 

of 10-2. For the A + 0.1% N
2 
counters described here, gtM1 was 

A P 
about0.2514it .8 X 10-4  and gtli p c6 1.3 X 10-4. 

In 'pure' argon-filled counters, photopulsing was smaller by comparison, 

since f "; 11'(  

An alternative scheme for the reduction of gtit  would be to 

build a counter with a cylindrical gridded cathode located close 

to an outer boron-sensitised cylinder. The transparency of the 

grid to photons could reduce the factor g of the gt 	product to 

less than 1/10th that for a solid cathode. 
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2.3.2. 	It was found that oxidation of the cathode surface had 

a pronounced effect on the corona threshold voltage, V t, in the above 

counters. For example, V. increased from 2,150 to 2,400 V in one 

counter on oxidation. Fig. 2.3.11 gives plots of gas multiplication 

factor versus counter E.H.T. volage for 'pure' argon and A + 0.1% N
2 

for different surface states. The M value at onset is higher for an 

oxidised cathode; the gtM t factor also appeared to increase 
Ph  

relatively, indicating that T had been reduced more so than t on 
oxidation. 

2.4. Counter Application:  

	

2.4.1. 	It is obvious from the proportional-corona counter charac- 

teristics given above that the detector has two important advantages 

in practical application over conventional proportional counters. 

Firstly, thei:' long, low-slope count - E.H.T. plateau;:, eliminates the 

highly stabilized (and expensive) E.H.T. power suppl 7, required for 

the proportional counter. Secondly, the large amplitude signal 

generated (~10 mV) means that post-amplification factors need not be 

greater than about 10
2 

times in vacuum valve circuits and it should 

be possible using low-level transistor discriminator circuits to 

reduce post-amplification to as low as 10 times. 

	

2.4.2. 	It should be mentioned here that some counters with U 
235 

coatings were included in this investigation but have not been reported 

in detail here. Generally, the count - bias plateaus displayed by 

these fission detectors were poor due to non-proportional response at 



1000 	2000 	3000 

COUNTER E.H.T. (VOLTS) 

Fig. 2. 3. H. Gas multiplication factor, M, vs counter E.H.T. supply voltage, V s , for 
oxidised and non—oxidised cathodes (L . 24 cm; a . .05 mm; b = 
1.1 cm). Filling pressure = 72.5 cm Hg. 
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high M values. Neon-fiLled counters had superior plateau characteristics 

(low M) compared-with argon-filled detectors (high M). The possibility 

of developing a practical Ne-filled fission detector should be examined 

further since the corona threshold voltage for these is attractively low 

(300 V - 500 V). 
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CHAPTER 

ALPHA-PARTICLE  WIRE-PLANE CORONA-SrE6AMER COUNTERS IN AIR. 

3.1. The Rosenblum Corona-Spark Detector: 

3.1.1. 	The corona-spark counter in air by W. Chang and S. Rosenblum 

(Ch45) in its original form consists of a thin anode wire, 0.1-0.2 mm 

in diameter s  stretched 1-2 mm above a planar cathode. Ahigh voltage 

(several kilovolts) is applied across the anode cathode gap via a 

resistor-capacitor quenching network to produce a steady, visible 

corona discharge about the anode. The passage of a heavily ionizing 

particle in the vicinity of the anode-cathode gap will occasionally 

trigger a spark discharge across it, whilst the arrangement is generally 

insensitive to "7- or /14  -radiations. The counter is highly directive, 

being most sensitive for particles along the normal common to the 

anode wire and cathode plane. 

The counting pulses are of amplitude nearly equal to the 

anode-cathode potential difference, but the counter dead time, which 

is determined by the recovery time constant of the RC quench circuit, 

has a lower limit of some tens of microseconds and is often greater 

than 100,/tsec when stable counting is required. A further disadvantage 

is the corrosive action of the spark by intense local heating at 

electrode surfaces. This leads to an increase in spurious counting 

and eventual destruction of any PIC -par,ticle emitting material applied to 
10 

the cathode surface (e.g. B coatings for the detection of neutrons by 

the B 10(11,0)Li7  reaction). 



29. 

Other corona-spark geometries have been reported, 

e.g. wire-rod and wire-cylinder detectors have been operated both in 

air and other gases and the sensitivity of the wire-plane device has 

been increased by the addition of many wires (Pa49, Co51, Co52A, Ei52 2  

Sa52, Sa52A, B154, An55, Sa57, Sw57 $  Na58, Da59, Pe59), 

	

3.1.2. 	The characteristics of the Rosenblum corona-spark counter 

have been examined here using the counter assembly shown in Plate 3.1.A. 

A gas-tight cylinder in which the wire-plane detector can be mounted, 

prOvides a facility for investigating counter behaviour in gases other 

than laboratory air at various pressures. Both anode wire and cathode 

are insulated from a mounting bracket which is attached to the chamber 

end plate. A vertical support for mounting o( -particle sources 

(P0210) is seen at the centre of the cathode. The anode wire (tungsten) 

is tensioned by a small spring; adjustment'is made by moving one of 

the anode insulating stand-offs (slot mounted). The cathode is 7.5 cm 

long by 2.25 am wide. 

	

3.1.3. 	It is not proposed to present here a detailed account of 

results of these investigations other than to note briefly the following, 

concerning the operation of the counter in air. 

(a) The negative slope of the wire-cathode potential, V, versus 

applied E.H.T. voltage, V s, characteristic previously reported by 

N. Saha and N. Nath (Sa57) was not confirmed. It is not to be expected 

that V decreases with increasing V s since the d.c. corona current, I c 

is increasing (observed) and therefore so must also V. The reported 



I 

1 2 3 	4 

I NC HE S 

5 p  

Plate 3.1.A. Wire-plane corona counter assembly. 
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negative V/V
s 
slope almost certainly arises from the use of nominal 

(inaccurate) resistor values for RI,  in the relation 

V = Vs - IcRL 	eq. 3.1.1. 

used to calculate V from measured V and I values. 

It was found here, for two sets of Ic  and Vs  measurements 

from a counter with electrode dimensions identical to those used by 

,+ 
the above authors, that for RL  = 39.1 megohm k- 

Vs1 = *00 ± 24 v, Ic1 = 16.4,0A ± 1%. 

V52 = 3,600 ± 36 v, Ic2  = 44.8imA ± 1%. 

giving 1 = ;400 (t 24) - 641 (± 12.8) v = 1759 ± 37 V. 

V2 = .4600 (± 36) - 1,752 (± 70) V = 1)848 + 106 V. 

by eq. 3.1.1. 

It is seen that-an accurate RL value is essential; had 

Rt  been +10% in error then V 2  would have been less than V 1  giving 

the negative slope characteristic. The best method of measurement of 

V is by direct voltmeter application at the anode and not by eq. 3.1.1. 

(b) The marked inflection on the I
c 
versus V characteristic reported 

by A. El-Nadi and F. Aly (E159) was not confirmed despite particular 

care in duplication of counter dimensions. The reported effect may 

be instrumental, possibly due to changing RL  values at high IcRI,  

potential differences. This frequently occurs in the case of carbon 

composition resistors working near their maximum permissable voltage 

rating. 
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(c) In agreement with other workers it was found that the corona 

threshold voltage, Vt, showed no significant dependence on the nature 

of the cathode material or surface state. Brass, copper (in various 

states of oxidation) and Aquadag-coated cathodes gave almost identical 

V, values. This indicates that the secondary electron process is 

mainly one of gas photoionization in the air close to the anode. 

Photoelectron and positive ion-secondary electron emission processes 

at the cathode are apparently inefficient by comparison. 

3.1.4. 	It was found during the above preliminary investigation 

that cot-particle wire-plane corona counters could be operated in 

either of two modes depending on wire'diameter and electrode spacing. 

Conventional Rosenblum spark detector action occurred at low gaps, 

while at larger spacings breakdown terminated at the streamer stage 

of spark development. Considerably shorter dead times were in evi-

dence for the latter mode of operation and electron corrosion by 

sparking was absent. However, detection efficiency was found to be 

lower and count - E.H.T. plateau slope was somewhat higher compared 

with the spark detector. Streamer pulse amplitude remained high at a 

In the A + N2 corona counters of Chapter II the situation is the 

reverse. The very high photoionization cross section for 02  

accounts for the secondary process being a gaseous one in air 

corona counters. 
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level of several volts and additional amplification proved 

unnecessary as for the spark counter. The sections to follow describe 

the characteristics of the corona-streamer counter in detail and the 

discharge mechanisms at work in the device are discussed. 

3.2. Characteristics of 0C-Particle Wire-Plane Corona-Streamer 

Counters in Air: and Neutron Detector Application: 

3.2.1. 	To provide a low impedance output of positive pulses for 

counting or current waveform examination the counter cathode was 

earthed, when required, through a small valued resistor, Ric, usually 

of about 100 ohm to 1 icilohm. For Rk = 100 ohm, the clipping time 

constant of the cathode load comprised of R ic  and parallel stray 

capacitance was less than 10r9 sec so that the observed voltage pulse 

profile across R, corresponded to the current flow in the interelectrode 

gap. It is possible to find from the integration 

Rk (t). dt = 	(t). dt = Q eq. 3.2.1. 

RK 	0 

the total charge involved in any streamer discharge event. 	of 

eq. 3.2.1 is the drift time for a positive ion across the gap. 

3.2.2. 	Counting plateaus and plots of corona current versus E.R.T. 

at various anode-cathode gaps for an 0.1 mm wire are given in Fig. 3.2.A. 

For small gaps (1.0 and 1.5 mm) all counts recorded are from 015-particle-

triggered sparks which generate pulses of amplitude> 20 V at the 

cathode. At 2.0 mm gap, no sparks were observed and o(-particle- 

triggered streamers,  which produced a mono-amplitude 3 v pulse 
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distribution, were recorded (plateau of open triangle points, Fig. 3.2.A). 

However, it was found that sparking did occur at 2.0 mm gap if the 

interelectrode capacity was increased by shunting a 254,tf capacitor 

across the gap (solid triangle points, Fig. 3.2.A). There was little 

influence on spark rate for the len and 1,15 mm gaps on adding capaci-

tance. It therefore appears that for electrode spacings marginal 

between the spark and streamer modes of operation, sparking probability 

is dependent on interelectrode capacitance. 

At 

	

3.2.3. 	In addition, it was found thatearginal gaps significant 

time lags existed between streamer formation and subsequent breakdown 

of the gap by sparking. For example, for a 0.07 mm wire and 1.5 ram 

gap the mean delay time was 1.0)asec; this decreased to 0.3 /Ksec on 

shunting the gap with a 25,f capacitor. 

Fig. 3.2.13 shows oscillograms of positive polarity streamer 

and spark pulses at the cathode which illustrate the spark delay 

effect. At smaller gaps and high interelectrode capacitance, 

sparking was coincident with streamer formation. 

	

3.2.4. 	Typical anode and cathode streamer pulse profiles are 

shown in Fig. 3.2.0 for a 0.07 mm wire and 2.5 mm gap (no sparking). 

It is seen that the positive cathode pulses attain _peak amplitude 

(1.5 V) within 2 X 10
-8 

sec; the wavefronts show fine structure in 

the form of a step (0.5 V) (see discussion af counter mechanism, 

section 3.3 for explanation). The negative anode pulses (-15 V) were 

derived in this instance from a load of 10 megohra of which all but 

2.2 kilohra was bypassed with a 0.05/f capacitor to E.H.T., giving an 
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Fig. 3.2.B. a—particle streamer and delayed spark pulses at the cathode of a wire-plane 
counter (100 ohm load) showing the effect of gap capacitance on delay time; 
• 07 mm diam. wire and 1.5 mm gap; I= 8 0. Gap capacitance is for (a) 
interelectrode (Cd only and (b) Ci plus external 25 ftilf capacitor. Amplitude 
sensitivity = 1 V/cm ; time scale = 0.2 izsec /cm. Increased gap capacitance 
decreases the delay time. 
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Fig. 3.2.C. a—particle streamer pulse group profiles (10 4  pulses per exposure), (a) at the 
cathode and (b) anode (see text for load impedances). Amplitude sensitivity, 
(a) 1 V/cm and (b) 5 V/cm; time scale = 50 miLsec /cm. 
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effective a.c. load of 2.2 kilohm shunted by anode-ground capacity. 

A faster recovery of the anode potential therefore results (0.3/sec 

compared with 110/usec for an un-bypassed load) while the low counting 

plateau slope, which is least for high d.c. anode load resistance, is 

retained. Background corona noise was negligible compared with signal. 

	

3.2.5. 	Alpha-particle streamer discharges photographed over 30 

minutes exposure in two anode-cathode gaps (I c =t1  20,A) for an 0.07 mm 

wire are shown in Plate 3.2.D. The upper horizontal white line 

shown on each exposure is the anode wire corona glow j  while the 

brush discharge which extends towards the cathode and appears to 

terminate about mid-gap is comprised of o< -particle-triggered streamers. 

A cathode glow is seen immediately below the streamer region. At a 

lower gap sparks as well as streamers are seen (exposure (b), Plate 3.2.D 

It is to be noted that these, and other gap discharge photographs, 

show regions of variable sensitivity for streamer formation along the 

wire i.e. vertical striations of luminosity _with less than average 

intensity. In addition, there exists in all gaps a faint luminosity 

spread between anode and cathode, and a more intensely luminous glow 

is observed between streamer termination and cathode (not always 

obvious in the reproductions). 

	

3.2.6. 	The gap discharge exposures of Plate 3.2.E illustrate the 

relative increase in counter efficiency with increasing ot5-particle 

specific ionization. Exposures (a) and (b) were taken with the Po 21°  

a( -particle source 2.0 and 3.1 cm respectively above the anode wire. 
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ANODE C NA 
REFLECTIONS 

STREAMERS 

CATHODE GLOW 

(a) 

Plate. 3.2.D. Time exposures of a—particle triggered streamer discharges in the anode-
cathode gap of a wire-plane corona counter in air (edge-on view), a—particles 
are directed from top to bottom, (a) 3.0 mm gap and (b) 2.25 mm gap for a .07 
mm diam anode wire. Some sparks are generated in the smaller gap. 



(a) 

(b ) 

Plate 3.2. E. Time exposures of a—particle triggered streamer discharges for a •07 mm 
diam. wire and 2.5 mm gap. The a—particle source distance from wire is 
for (a) 2.0 cm and (b) 3.1 cm. The active length along the wire in (b) 
compared with (a) is greater than the ratio of source-wire distances due 
to increasing a—particle specific ionization with source distance. 
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The spread of the streamer sensitive zone along the wire for (b) 

relative to (a) is greater than expected; the relative lengths 
3.1 

should be — = 1.55 but it is observed to be 2.0. As the source 2.0 

distance increases)  theoe -particle specific ionization at the wire also 

increases, and those tracks which were previously too steeply inclined 

to the anode wire to strike streamers now do so increasing the active 

length along the anode at a greater rate. 

	

3.2.7. 	An approximate estimate of corona-streamer counter dead 

time was made by observing.oscillographically the rate of consecutive 

streamer pulses within a short time interval, 0.5/sec say, and 

comparison made with the expected rate over this interval calculated 

from the mean count taken over a period of several minutes. A dead 

time of 0.2/sec was found at a mean count rate of 300 cps, provided 

the anode was a.c. -bypassed to +E.H.T. (anode = 0.07 mm; gap = 3.0 mm). 

If the 10 megohm anode resistor was not bypassed there was a distinct 

141sec dead time following any streamer. 

	

3.2.8. 	Thermal neutrons were detected by coating the cathode of 

a wire-plane counter with enriched boron (18 10). At an anode-cathode 

gap of 2.5 mm the detector operated as a streamer counter and the 

corresponding plateau is given in Fig. 3.2.F. For a smaller gap, 

1.5 mm, sparks were generated. 

3.3. Corona-Streamer Counter Discharge Mechanisms: 

	

3.3.1. 	The operation of the corona-streamer counter described 

here depends largely on the choice of suitable anode wire size and 
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anode-cathode gap. Roughly speaking, for a given gap, a small 

enough wire can usually be chosen so that the mid-gap electric field 

is too weak to promote the gas multiplication processes necessary for 

the propagation of a streamer to the cathode. If the anode wire 

diameter is large, then at the same gap, the electric field strength 

can be high enough to ensure that streamers approach close to the 

cathode surface where secondary electron emission probably stimulates 

the growth of a spark. 

3.3.2. 	The time delay between streamer delay and sparking, 

which appears in corona counters of certain electrode dimensions, and 

its dependence on interelectrode capacitance, can be explained in 

terms of the variation in magnitude of the induced anode potential 

drop with capacitance. At low values of capacitance the pulse induced 

by electron and ion motion is large (varies as the inverse of capaci-

tance), being of the order of 100 V or more, and the gap electric 

field is lowered as a consequence, probably below the minimum 

necessary for sparking. Sparking occurs when the anode potential 

Photoelectric emission may take place at the cathode in the area 

immediately below the streamer tip. These photoelectrons are 

possibly accelerated in the region of high field strength existing 

between the streamer tip and cathode, and the column of plasma is 

projected to the electrode. Positive ion-secondary electron 

emission from thin oxide layers on the cathode may further the 

development of the arc. 



37. 

recovers to some critical level. For high capacitance the induced 

anode pulse is much smaller (also the corresponding drop in gap 

field strength) and the critical potential is reached sooner, despite 

the longer anode recovery time constant (RC greater). 

3.3.3. 	It is emphasised that the high-valued anode feed resistor 

employed with the corona-streamer detector does not function as a 

quenbh resistor, since it is found that the streamer action is 

inherently a self-quenching one. Providing the anode-cathode gap is 

large enough only one streamer event occurs peroC -particle, even 

with IL 	to zero. A large d.c. anode load resistance is 

chosen so as to decrease the rate of change of anode potential with 

E.H.T. voltage (corona stabilizer action). This results in counting 

plateaus of lower slope. 

3.3.4. 	It has been found by many workers that bore often than not 

more than one streamer is propagated along the same channel of ion-

ization before (a) quenching occurs by positive ion space charge 

reduction of the local applied electric field (divergent fields in 

long gaps) or (b) sparking terminates streamer action (uniform fields). 

A recent paper by G. Hudson and L. Loeb (1%61) presents experimental 

data on streamer propagation velocity measurements in air for sphere-

plane and point-plane electrodes over a wide range of gap dimensions. 

Fast photomultiplier techniques were useT:to determine the progress 

of the luminous streamer across the gap. In all cases each dendritic 



38. 

streamer structure was comprised of at least two streamers. 

The velocity of the primary streamer tip was considerably greater 

than that of successive secondary, etc., components, and was relatively 

constant across the gap. The secondary streamer velocity was markeday 

dependent on the previously existing field conditions in the gap. 

In highly diverging fields the secondary tip velocity slowed down 

considerably in mid-gap, and frequently the streamer terminated in 

mid-gap. For a sphere-plane geometry with a 6.4 cm gap and 6.35 an 

radius sphere the respective primary and secondary velocities 

obtained by Hudson and Loeb were 5.6 X 10
8 

and 5.4 X 10
7 

cm/sec. 

In all cases the velocities increased as a more uniform field config-

uration was approached. For near uniform fields it was difficult 

with the equipment used to temporally resolve primary and secondary 

components, especially for mall gaps. 

The phenomenon of multiple streamer formation accounts 

for the appearance of the initial step in the oscillograms of Fig. 3.2.0 

(0.07 mm diam. wire). This was confirmed by reducing the anode 

The term dendrite has been applied to the tree-like (branched) 

structure that forms the streamer (more so in large gaps). 

Hudson and Loeb found that for some gaps, several dendrites 

composed of multiple streamers were generated before breakdown 

by sparking occurred. In some gaps a period of 200/asec elapsed 

during which several dendritic sets were propagated before 

breakdown. 
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diameter until at 0.025 mm diameter two distinct pulse height 

distributions were in evidence as shown in the oscillograms of 

Fig. 3.3.1i (1.5 and 2.0 mm gaps). The pulses which form the smaller 

amplitude group are definitely generated by streamer action and not 

by burst dr CC-particle avalanches. These correspond to the primary 

streamer event without any attendant secondary. The larger amplitude 

group is a composite of pulses from two successive streamers (primary 
-8 

then secondary) formed within about 10 sec of each other. At 

larger anode diameters as in Fig. 3.2.0, it is seen that each primary 

is always followed by a secondary. 

A further set of gap current oscillograms is Shown in 

Fig. 3.3.B for an 0.07 mm diameter wire at 1.5, 2 and 3 mm gaps. 

It is to be noted that the effect of decreasing the gap is to increase 

the total charge involved in the discharge. This results from ex-

tended propagation of the secondary in the gap (observed photographi-

cally). In addition, it is observed from the oscillograms that the 

delay between primary and secondary streamer propagation is reduced 

with decreasing gap. It is conceivable that this delay and its 

Burst pulses and °C-particle avalanches were observed to be of 

much smaller amplitude than the primary streamer pulse group; 

0C-particle avalanche pulses did not comprise a distinct group 

due to the absence of source *6==== collimation and the varying 

degree of electron attachment to 02  with track inclination to the 

anode wire. 



(a) 

(b ) 

Fig. 3.3.A. a—particle streamer pulses at the cathode of a wire-plane counter (100 ohm 
load); •025 mm diam. wire with wire-cathode gap at (a) 1.5 mm and (b) 2.0 mm. 
Amplitude sensitivity (a) 200 mV 'cm and (b) 1V cm; time scale = 50 mpsec/cm; 

= 10 fik. The smaller pulse group corresponds to primary streamers without 
attendant secondary streamers. 
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(b ) 

Fig. 3.3.B. a—particle streamer pulses at the cathode of a wire-plane counter (100 ohm 
load); •07 mm diam. wire with wire-cathode gap at (a) 1.5 mm (b) 2.0 mm and 
(c) 3.0 mm. Amplitude sensitivity = 1 V/cm; time scale = 10 mitsec/cm. 
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dependence on gap dimension, may arise in one of two ways: 

(a) Loeb (1u61) contends that the secondary may be initiated by the 

arrival at the anode of an ultra-fast, return ionizing potential 

space wave from the cathode, stimulated by electron emi ssion from 

the cathode spot of the primary. Such rapid-moving ionizing potential 

fronts from the cathode have been studied by R. Westberg (rle59) in 

low pressure glow-arc discharge tubes. They are produced by the 

release of electrons at the cathode by positive ion bombardment 

(a process which no doubt happens in the cathode spot) and travel at 

velocities of up to 	1010  cm/sec. Loeb's hypothesis has not been 

experimentally confirmed and a difficulty arises from the observation 

by Hudson and Loeb that frequently the secondary is initiated prior 

to the arrival of the primary streamer at the cathode i.e. before 

formation of the cathode spot. 

(b) It is suggested here that the secondary may be initiated simply 

by multiplication at the anode of electrons in the primary streamer 

filament. 

If mechanism (b) were operative then it might be expected that 

the delay in the buildup of the positive ion boss at the anode necessary 

to trigger the secondary would be greatest for large gaps where the 

mid-gap field is relatively weak. This would be so if insufficient 

primary electrons were available close to the anode and extraction 

from regions further out in the gap was necessary to help increase the 

ion boss density. However, the same trend of longer delay time with 
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increasing gap could be expected if (a) were active due to increased 

space wave transit time. 

The appearance in some instances of only a primary streamer, 

as illustrated by the oscillograms of Fig. 3.3.A, may be due to the 

non-arrival of the primary at the cathode surface, or the formation 

of only a weak cathode spot with the return potential wave necessary 

for secondary propagation being absent as a result. On the other hand, 

the non-occurrence of a secondary might be explained on the basis of 

mechanism (b) as follows. Since the field at the anode is highly 

divergent and of large value compared with that in mid-gap, then the 

rate of drift of positive ions away from the anode may exceed the 

buildup rate due to the comparatively long primary electron drift time 

from mid-gap to anode. It will be shown later by calculation (section 

3.4.4) that this may be the case for the particular electrode system 

associated with the waveforms of Fig • 3 .3.A. 

It is of interest here to speculate on the reason for the 

slower secondary propagation velocity and dependence on pre-existing 

field conditions. When the secondary streamer is triggered, either by 

mechanisms (a) or (b) above, the streamer column can be regarded 

essentially as a filament of neutral plama which effectively extends 

the high field at the anode out into the gap. It is apparent that 

there must exist at the tip a current, I, of electrons into the fila-

ment and therefore there exists a potential drop, IR, along the length 

of the filament of resistance R. As the length of the filament 
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increases the potential drop may eventually lower the electron-

clearing field at the tip to such an extent that photoelectrons no 

longer avalanche into the tip and propagation ceases. The rate of 

progression of the secondary out into the gap where the local applied 

field is weaker will show MAW dependence on the latter since it 

assists the electron-clearing field at the tip. Thus, as the gap is 

made smaller the mid-gap field becomes increasingly stronger relative 

to the anode field and extended propagation into the gap can be 

expected. This is observed for the streamer discharges photographed 

here. 

It is to be noted that the more intensely luminous secon-

dary probably arises from multiplication of axially accelerated 

electrons in the filament. In addition there may be Some radial 

acceleration into the column fromrphotoelectrons as suggested by Loeb 

(Lo54). 

3.3.5. 	At high corona currents, just below levels at which 

sparking occurs, photographic exposures of gap discharges show 

interrupted propagation of the secondary streamers. Plate 3.3,0 

shows streamer discharges for a 0.07 mm diameter wire and 3 mm gap 

at Ic  = 50/zA, with and without a 50/74f gap-shunting capacitor. 

Anode potential was 4,030 V, and the load resistor 1.06 megohm. 

Oscillographically it was observed that a small current peak followed 

the secondary streamer current peak after a 50 miksec delay. 

A possible explanation of the form of the discharge is as follows:- 

(a) the primary and secondary streamers are propagated normally. 

(b) the charge drain on the gap capacitance at first reduces the 



(a) 

(b) 

Plate 3.3.C. 	Time exposures of a—particle triggered streamer discharges for a •07 mm diam. 
wire and 3 I= wire cathode gap; l c  = 50 pA. Gap shunting capacitor in (a) none 
and (b) 50 !Ltd. Note the appearance of interrupted streamer formation in both (a) 
and (b) and occasional sparking in (b). 
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gap field and avalanching at the secondary tip ceases. The positive 

space charge at the tip drifts towards the cathode but without 

attendant luminosity since electron multiplication is now'absent 

(the region seen between the main secondary streamer tips and the 

short mid-gap streamers in Plate 3.3.0. 

(c) after an interval of 50 mitsec, the potential over the gap 

capacitance has recovered to a level such that the avalanching at 

the streamer tip can recommences  andfurther propagation with lumin-

osity ensues, i.e. a mid-gap streamer follows. 

• (d) if the gap capacitance is large enough, then the field may 

remain sufficiently strong for the mid-gap streamer to approach 

the cathode where a cathode spot may lead to sparking, as in the gap 

shunted with the 504/af capacitor. 

It should be possible to calculate the drift time of the 

positive ions comprising the extinct streamer tip across the region 

of zero luminosity, and so make a comparison with the oscillographi-

cally observed 50 mi4sec delay interval. 

Plate 3.3.0 shows a zero luminosity zone of between 0.15 

and 0.20 mm in width, at a distance of 1.5 mm from the anode. 

Taking K.f. = 1.5 cm2/volt sec and V = 4,030 volts, a delay time from 

1.1 to 1.45)usec is found using the appropriate mid-gap field value 

(a relation for the field in a wire-plane gap is derived in section 

3.4.3). This is some 22 to 29 times greater than observed. However, 

if the field at the streamer tip is taken equal to that at the anode 
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(230,000 Il/cm) then the drift time lies in the range 44 to 58 miicsec 

i.e. a mean value of 51 mpsec which is in fortuitous agreement with 

experiment. 

The conclusion is that the positive ions at the streamer 

tip have advanced some 0.15 to 0.20 mm under the action of a field 

of magnitude of the order of that at which streamers are initiated at 

the anode. This is not unexpected, and results from Meekls criterion 

for streamer propagation, namely that the positive ion space charge 

boss from the triggering primary avalanche produces a field commen-

surate with that at the anode, and that this field must be maintained 

at the stieamer tip if the discharge is to propagate. 

3.3.6. 	It is not obvious at first sight from the exposures of 

gap discharges whether or not the primary streamer completely bridges 

the anode-cathode gap. The weak discharge seen between the termination 

of the secondary streamers and the cathode surface could conceivably 

arise from excitation by secondary electrons emitted from the cathode 

on arrival of secondary streamer positive ions some few microseconds 

later. It will be shown in section 3.3.7 that there are about 8 X 109  

ions/cm path of streamer. Therefore the number of positive ions 

reaching the cathode at a typical streamer rate of 100 per sec is for 

streamers of 1.5 mm length, 1.2 X 10
11 

ions/sec. These are spread 

along a 2 am length of anode. For a total corona current of 10/afiL, 

the positive ion current over the same length is close to 1.33 or 

8.3 X 10
12 ions/sec. Thus, if the positive ion secondary electrons 
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were the origin of the weak glow between secondary streamer tip 

and cathode, then there would have been a considerably more intense 

glow (°' 70 times) spread along the whole wire length. This is not 

observed and it is concluded that the weak glow is produced by 

primary streamers. Additional evidence for this is the appearance of 

vertical striations, in the weak glow region, projected along the 

axes of the secondaries to the cathode. These would in all likelihood 

be absent if secondary electrons were the origin of the glow since 

diffusion of positive ions and photon spread would tend to smear 

out such effects. 

3.3.7. 	From the cathode oscillograms of gap current shown in 

Fig. 3.2.0, it is possible to calculate the ion density per unit 

length of streamer filament (streamer length is taken from a photo- 

graph of the discharge in the gap). These oscillograms will accurately 

represent the flow of current only if the time constant of the RC load 

is small enough compared with the charge carrier transit times in the 

gap as discussed in section 3.2.1. For a 3.0 mm gap, the secondary 

streamer length, S, was 1.2 mm and the area under the corresponding 

V
Rk

(t) pulse is 1.65 X 10
-8 

volt sec (oscillogram (a), Fig. 3.2.C). 

t  As indicated earlier, these zones of variable luminosity arise 

from a variation in streamer formation efficiency along the wire. 

This is probably due to the presence of imperfections on the wire 

surface (scratches, etc) which produce regions of variable field 

strength. 
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The total number of charges per centimetre length, N I  is then given 

by eq. 3.2.1 as 

15+ 	14 

N = 	
= c I, (t).dt f .  V (t).dt 

0 	0 	e.S.RN 

1.65 X 10
-8 

1.6 X 	X 0.12 X 100 

- = 8.6 X 109 ion cm
1 

 

= electronic charge). 

This estimate of N includes both positive and negative 

ions (the latter formed by electron attachment to 0 2). In addition 

there is some contribution by the motion of electrons to the current-

waveform. The magnitude of this latter component depends largely on 

the rise time of the oscilloscope amplifier, the faster the amplifier 

response then the greater the electron contribution. The very 

steeply rising front of the secondary streamer current waveform is in 

fact due to electron current, an effect which can only be seen using 

a very fast oscilloscope, while the more gradual decay is mainly 

accounted for by positive ion motion. Thus the figure of 8:6X 10
9 

ions/cm quoted includes all heavy ions, and to some extent electrons. 

It can therefore only be stated with certainty that this figure gives 
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the total linear streamer density of carriers of both signs within 

the limits 50% to 100%. A streamer ionic density of 8.6X 10 9  ions/cm 

compares well with that of 8.1 X 10
9 ions/cm reported by M. Amin 

(Am54) and earlier figures of 5 X 109  and 1010  ions/cm by A. Kip 

(w4  iT V--14—L . 
culLt rd. 	vi.w4fj re spectively. Amin found some dependence 

of ionic density on streamer length. All these investigators used 

grid-shielded cathodes to eliminate the inductive effect of the 

negative carriers on the cathode, where the positive ion current was 

measured. 

3.40 Application of the Meek Streamer Theory to the Wire-Plane 

oC-Particle Streamer Counter Oex_s_2a- mti Below Corona, Onset 

in Air: 

3.4.1. 	It was considered that it would be useful to attempt 

here an application of Meek's streamer theory to the wire-plane 

0C-particle counter to determine the radius of the sensitive counting 

zone which surrounds the anode wire. No previous reports of such an 

application have been found, and it was considered that an estimate 

of the zone radius might result in a better understanding of the 

discharge mechanism of the detector. Again, the sensitive zone 

radius does 114&_ appear to have been experimentally measured, but has 

been variously hypothesised as being equal to that radius at which 

the First Townsend Coefficient for electron multiplication becomes 

appreciably greater than zero (An55 1  Da59). Thus the radius of the 

sensitive zone will be assymetrical about the anode wire, and may 



48. 

extend up to some five wire radii into the wire-plane gap on this 

basis. 

The Meek streamer theory will be developed first of all, 

followed by its application to a particular set of electrode dimensions 

for which the *C -particle streamer threshold potential was measured 

experimentally below corona onset. The absence of a corona discharge 

eliminates the space charge distortion of interelectrode fields 

which would otherwise have to be corrected for by difficult calculation. 

A discussion of the validity of the application of the 

theory to wire-plane electrode systems will also be presented. 

3.4.2. 	Consider the passage to the anode wire of an electron 

released in the anode-cathode gap. Electron multiplication will 

commence when the electron reaches some_critical radius, r = re , 

from the wire axis. The electron generates a total of eN23o, .dr 

electrons in drifting to the anode. 	a 

The avalanche electrons proceed to the anode more or less confined to 

a thin disc of radius r , the mean radius of electron diffusion. 

At the anode, where the ionization is most intense, a space charge of 

positive ions will remain and may be taken for convenience as 

confined within a sphere of radius iP • Now the positive ion space 

charge field at the surface of the sphere is 

4 j ne 
X s = 4

1j3 
	 eq. 3.4.1. 

where n is the total number of ions in the sphere. 



Since 
4 3 

n = —1/P N 
3' 

eq. 3.4.2. 
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where N is the ionic density, we have on substitution into eq. 3.4.1, 

4— X = — ispNe 
S  3 1 

eq. 3.4.3. 

However, at the anode surface the number of ions formed by the 

advancing electron wave over a distance dr is 

a 

where oea is the First Townsend Coefficient at the anode. These are 

contained in a disc of radius (0 and thickness di' so that the ionic 

density is 
rc 

ce exc 3 04.. dr = 	a - a 	• eq. 3.4.4. 

  

 

2 

 

Substitution of N from eq. 3.4.4 into 3.4.3 gives the positive ion 

space charge field as 
rc 4 eCK 

X = 3  . ___2 . exp ce .dr 
(2 	a 

Now () is given by 

eq. 3.4.5. 

(9  =  eq. 3.4.6. 

where t is the electron drift time from r = r
c 
to r = a. Hence 

eq. 3.4.5 can be written as .... 

IIc 	
rc

e
'a 	

, 	exp 	04 .dr 	di' 
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X e•oCa . expS oG •dr eq. 3.4.7. 
3 P17 	

a 

At this stage of development of the theory, Meek expresses 

D and t theoretically in terms of electron drift distance, r, mean 

free path, A, and the average fraction of electron energy lost per 

impact, f. This is not unreasonable in the case of uniform fields 

but for divergent fields the two factors ) ■ and f are functions of r, 

since they are field dependent. They cannot be accurately represented 

by theory if the field divergency is large as is the case here, and 

therefore the substitution will not be made. 

It will be recalled from Chapter I, section 1.2.6, that 

the criterion set by Meek for the propagation of a streamer is that 

the ionic space charge field must be of the order of the applied 

field, i.e. 

eq. 3.4.8. 

where X
a is the field at the anode wire and K is a factor originally 

f  • 
Meek originally used A = lIETT i.e. the diffusion radius in 

fi 

one dimension. This was changed to /0 = (AFT in later work. 
More recently Loeb has pointed out that the correct relation is 

three-dimensional. The accuracy of the theory is not too dependent 

on p because of the rapidly varying exponentialfunction of 
which is present. 
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set equal to unity by Meek, but later reduced on the basis of 

experimental evidence to K = 0.1 (see later discussion). 

Substitution of X s from eq. 3.4.8 into 3.4.7 gives finally, 

r7,777 
3Kka 	oue -G 

4e 
= C4

a 
elp 	oc .dr eq. 3.-4.9. 

a 

For uniform fields, 06 = CCa  and is constant across the 

gap. However, for divergent fields OC is a function of r, and one 

which cannot be simply represented by any single function over a 

wide range. An estimate of the integral term on the R.H.S. of 

equations 3.4.7 and 3.4.9 is therefore best obtained by graphical 

integration of c‹.- versus r. F. Sanders (Sa33) has measured od as 
X 

7,  for various — and these results are used here. 

3.4.3. 	In the case of an extended primary ionization track, 

such as that from an oc -particle we have to sum the individual contri-

butions to the ionic space charge boss at the anode from all electrons 

along the track. This can only be done if the track trajectory is 

known. The calculation is simplest when the trajectory is along the 

common normal to anode and cathode. Again, for this situation, the 

streamer threshold potential will obviously be the minimum possible, 

and is easily determined experimentally. 

The fact that the primary electron source is an extended 

one introduces the radius of the sensitive zone along the normal, E„ 
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as a parameter into the calculation of X. We are actually 

restricted solely to a determination of R., since it is an experimental 

unknown. To calculate the threshold potential for purposes of 

comparison with experimental streamer formation potentials, a pre-

knowledge of R would be necessary. Here, we will assume the correctness 

of the Meek theory in predicting the streamer threshold conditions and 

determine R. 

The calculation of R is carried out for a 0.07 mm wire and 

2.74 mm anode axis-to-cathode spacing as follows: 

(a) the radial field intensity along the common normal to anode and 

cathode must first be derived theoretically. Firstly, a derivation 

of the capacitance between a single wire and an earth plane presented 

by J. Jeans (Je27) will be given. From this it is possible to gain 

an expression for the radial field. 

Consider a wire carrying a charge q per unit length at 

height h from the plane (wire axis to surface of plane). The problem 

is simplified by treating the wire-plane as a line charge and image 

system. Then if we have a point on the normal between the lines say 

r units below the wire and r 1  above its image, the potential at the 

point, V
r, will be 

V
r 

= const. - 2q log r + 2q log r 1 . eq. 3.4.10. 

But Vr  = 0 at r = r 1  setting the constant term in eq. 3.4.10 at zero, 

therefore 



53. r 1  Vr = 2q log — 
r 

Taking the wire radius as a, we have at distance a from the line 

charger' = 2h - a. Thus 

= 2q log 
a 

Since the wire circumference is an equipotential, 

C = q = 	1  
Va 	2 log 2h -  4  

a 

The field X at r is given by 

eq. 3.4.11. 

eq. 3.4.12. 

But 

X
r 

V
r 

_ -Lvr  

rt 
r 

= 2q log —r  

eq. 3.4.13. 

Va r 1  • 2 log — 
2 log 2h -  4 	

r 

a 

since 	q  _ 

 

Va 	from eq. 3.4.12. 

 

2 log 2/1. - 4 
a 

Hence, 
211- r 

= ya  2log r  

2 log 2h  - a  
a 

because r 1  + r = 211, i.e. r 1  = 2h - r. 

Thus eq. 3.4.13 becomes 

Va 

 

1 

   

 log 	2h - r 
	2 

a 



or 
	Xr 
	Va 	

eq. 3.4.14. 
.r ,(1 - IT) log(-2h  - 1) 

2h In the present application — = 156, so to a good approximation 
a 

eq. 3.4.14 may be written 
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Va 
eq. 3.4.15. 

r 
r(1 - -27rh  ) log 21:  

For the given set of conditions (i.e. a = .035 nun; 

h = 2.740 mm; P = 760 mm Hg; Va  = 3,010 volts) eq. 3.4.15 gives 

7.84 	 Xr  _ 	
volt/cm.mm  Hg eq. 3.4.16. 

r - . .183 

with r in mm. 

Xr  
Fig. 3.4.A  shows a plot of — versus r (for P = 760 mm Hg). 

X 
The rapid rate of change of r with r as the wire is approached is 

most striking. 
Xr  

(b) from:the F-,  / r relation given by eq. 3.4.16,  and the 04,/ F 
X 

versus - values of Sanders, it is possible to plot the oCversus 

.r curve of Fig. 3.4.B. Also Shown in Fig. 3.4:8 is the function 

oc *dr versus r, got by graphical integration. 

a 

(c) a plot of exp ro4 •dr versus r is given in Fig. 3.4.0, together 

a 

with the function 
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exP 	o „dr] •dr 
a 	a 

versus r, again evaluated by graphical integration. The latter 

function takes into account the extended nature of the primary ioniz-

ation along r. It gives the total number of electrons reaching the 

anode from that section of the 0C —particle track from r = a to r = r, 

when multiplied by the linear specific ionization factor, S. Thus, 

rc 
for eq. 3.4.7 to be applicable we must replace the exp oe •dr 

term for a single primary electron by 	a 

S 	exp 	cs< •dr 	• dr 

a 	a 

giving 
4 	- 	[ r 

X = 	s — . 	exp 	S .dr 	•cir s 	3 
6n5:t 

a 	a 

eq. 3.4.16. 

(d) the electron drift velocity, Ve, is next determined as a 
X, 

function of r using V
e 
versus 	values found experimentally by 

R. Nielsen and N. Bradbury (Ni37). Extrapolation is necessary to 
Xr 	 1 

the higher -- values encountered  untered here. A plot of 	versus r is 

made, and by graphical the electron drift time, T e, to the anode 

from r is found. Plots of these functions are given in Fig. 3.4.D. 

(e) a plot of Xs versus r using eq. 3.4.16 is made, taking t = Te 
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for a selection of D values (Fig. 3.4.E). The value of r 	R) 

which gives X s = 0.1 Xa 
can be read from Fig. 3.4.E, subject to 

certain restrictions on the choice of a likely D e  value which will 

now be discussed. 

3.4.4. 
	The electronic diffusion coefficient varies with 

electron temperature as 

K p 
De = 	

Ng 
	 eq. 

where N is the number of molecules per cc at NTP and 1 is the ratio 

of mean electron energy when under field action to thermal energy 

3 
(-2- KT ). Since 	is a function of field strength De  will vary as 

an electron drifts towards the anode wire from a point r = R out in 

the gap. Thus, De  in eq. 3.4.16 is actually a mean diffusion 

coefficient. Suppose we select De  = 780 cm2  sec-1  which corresponds 
X 

to a mean field to pressure ratio of 	= 20 volt/cm • .mm Hg (taken 

compiled by G. Kaye and T. Laby (Ka55) ). From Fig. 3.4.E 
Xr , 

= R = 0.15 mm. However, from the 	i Fr curve of Fig.3.4.A 
Xr  

the minimum 	in this radius range (r 7.= a to r = R = 

0.15 mm) is 53 volt/cm. mmHg, so that R must therefore be greater 

than 0.15 mm. 

X , 
Unfortuneately, De  values for F > 20 volt/cm. mmHg 

X are not available but the trend of the D e/ r  relation indicates 
X 

that De may not be much above 1,000 cm
2 sec-1  at - = 226volt/cm. mm Hg, 

from tables 

we obtain r 

we see that 



0 •05 . .1 	 •15 

RADIUS, r (mm) 
-2 •25 

20,000 

--J15
'000 

0  

• 

0 

Fig. 3.4.E. 	X s 	VS 	r at various De  values. 
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Xr  

which is the maximum ---- value in the wire-plane gap experiment 

here (at the wire surface). The corresponding r value for D e  = 

1,000 cm2  sec-1  is r = R = 0.16 mm from Fig. 3.4.A. This represents 

the maximum possible value for R. 

It appears then that R is limited between 0.15 and 0.16 mm. 

This is in good agreement with the hypothesis that the radius of 

the sensitive counting zone coincides with that radius at which the 

First Townsend Coefficient, c:,becomes greater than zero (see 

Fig. 3.4.13 for ce values over the range 0.15 mm 	r 	0.16 mm). 

In applying eq. 3.4.7 to the calculation of X s, t was 

taken equal to Tej  the electron drift time from r = R to r = a. 

This has the effect of reducing X s  somewhat below the true value 

since it would have been more appropriate to take the mean of T e  

over R to get a better estimate of the mean electronic diffusion 

radius. The X s values of Fig. 3.4.E should therefore be scaled 

1 up by a factor of about 15 (since X5 o
117
e — ) giving R > 0.13 mm 

as the lower limit compared with R > 0.15 mm previously. R is 

obviously not too sensitive as to the T e  value chosen. 

An additional source of error is introduced into the 

calculation of X
s 

(and hence R) from the experimental method 

used to find the streamer threshold potential. With the olt-particle 

source above the anode wire, it is obvious that self-shielding by 

the wire will prevent a particles from traversing the common 
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normal radius in the interelectrode gap. At best, incoming particles 

will be no closer than one anode radius to the normal. Thus the 

experimental threshold potential will be higher than the true 

potential, making Xs-calculated too high and R in turn too small. 

Throughout the above discussion the effect of electron 

loss by attachment to 0
2 
has been neglected. This is justified 

when the order of distance travelled by an electron is less than 
X 

about 1 mm. Loeb (Lo54) gives the mean free path as 2.6 mm at -f; = 20 
volt/cm. mm Hg in atmospheric air which applies here. 

3.4.4. 	Previous work on streamer threshold potentials for positive 

point-plane electrodes has raised some doubt as to the validity of 

application of Meek's theory to this electrode geometry i.e. one 

with a highly divergent field distribution. It is therefore essential 

to discuss this further since the wire-plane electrode system examined 

here also has a rapidly diverging field configuration. 

K. Fitzsimmons (F142) has carried out streamer threshold 

potential measurements for fine points (0.018 and 0.038 cm diam.; 

1-5 cm gap) in air, and compared the observed values with those 

predicted by Meek's theory. Theory and experiment give potentials 

which agree within 1-2%. Fitzsimmons also gives values of the function 
r, 

exp 	o .dr assuming that a single electron initiates the pre - 

streaRer avalanche and that electron multiplication does not commence 

until at a certain critical radius the First Townsend Coefficient 
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becomes greater than unity. By graphical integration he finds 

t 
that exp 	0( .dr is about 6 X 10- . This is also the total 

a 
number of positive ions generated in the avalanche which induces 

streamer propagation. For the point, since most of the electron 

multiplication takes place close to the electrode, we have an 

electron diffusion radius, (3 j  which is much smaller than for the 
re  

uniform field. Thus it is possible for exp 	ok .dr to be smaller 

for the point and yet yield a positive ion space charge field capable 

of streamer propagation simply because r  is small enough. For the 
re  

uniform field, Loeb and Meek (Lo40, p.35) have shown that exp S 06 .dr 
a 

is close to 1.2 X 10
7 ions. Loeb (Lo48) has drawn attention to 

the fact that if the more general condition for streamer propagation 

is to be obeyed i.e. 

Lexp ce. .dr = 1 

a 

(f is the fraction of electrons in the streamer tip capable of 

producing regenerative photoelectron avalanches necessary for 

propagation), then f for the point must increase somehow if the 

From Fig. 3.4.0 for the wire-plane electrode system with 

R = 0.15 mm we find. 

S 	exp 	.dr sdr = 4.8 X 104  ions 

a 	a 

which is close to the figure of 6X 104 
ions found by 

Fitzsimmons for the point. 
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number of photon-producing electrons in the avalanche is reduced 

12 	X 10
7 

.  by a factor of 	- 500, compared with the streamer in 
6 X 104 

the uniform field. Loeb states that it is unlikely f will change, 

and concludes that the application of the Meek equation for 

streamers from fire points is not justified and that no proper theory 

can be developed. Loeb considers that a likely occurrence is the 

further buildup of the streamer-forming space charge by successive 

avalanches into the point of photoelectrons generated out in low 

field regions. Further, this idea would explain the presence of 

streamers from the very fine points examined by English (En47), 

since on Meek theory for these a single electron would yield 

insufficient ions to build4 a streamer. 

It is suggested here that there is an alternative 

explanation of the mechanism of streamer production from fine 

points and wires, and it is one which retains the Meek equation as 

validly describing the propagation conditions for streamers. 

The basis of the argument is the fact that the factor f is time 

dependent, a feature so far neglected. 

Now the photons involved in the regenerative photoionization 

processes of the streamer originate either from the decay of excited 

atomic or molecular states, which have mean lifetimes somewhere in 

-10 
the range 10 	to 10

78 
sec, or from electron-ion recombination 

luminescence. That is, photon emission is not prompt but delayed 

over a period of time. 
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Thus f in the relation f.exp 	o4 .dr = 1 should 
a 

really be replaced by 	f(t).dt where f(t) is a function 

describing the rate of decay of the excited states and recombination 

fluorescence. 

It is obvious, therefore, that once the Meek criterion 

of adequate space charge field from the primary avalanche is 

satisfied, the propagation of a streamer will be delayed only by 
re  

the time required for f to rise to a value to satisfy f exp foe .dr = 1. 
a 

This delay time will be smaller for a streamer in a uniform field 

compared with one in a divergent field since, as has been shown 
re  

above, the exp S 04 .dr factor is considerably larger in the case 
a 

of the former. 

Thus, by taking into account the time dependent nature 

of fs  we see that it might be possible for streamers to propagate 

from points and wires in a manner which satisfies Meek.'s criterion 

without having to invoke any additional discharge action such as the 

successive avalanche mechanism. To what extent this holds in practice 

can only be determined by experiment, and it is suggested that it 

may be well worth while to attempt confirmation of this explanation. 

The lower primary streamer propagation velocities observed in 

divergent fields, compared - with uniform fields, may find partial 

explanation as a result of the increased time interval required 

to raise f to a propagation level in divergent fields. 



62. 

It is concluded that the applicability of Meek's theory 

to highly divergent fields has not.been definitely disproved. 

In fact, the very good agreement of experimental streamer potential 

thresholds with theory obtained by Fitzsimmons, together with the 

results obtained here, is evidence to the contrary. 

Having presented Meekls streamer theory in detail, it is 

now possible to re-examine the delay mechanism between the primary 

and secondary streamer events postulated in section 3.3.4, in a more 

quantitative manner. It will be recalled that we considered that the 

delay between primary and secondary streamer events arises from the 

transit time of electrons to the anode wire from low-field regions 

during the buildup of the secondary streamer's positive ion boss. 

If the concept is correct, then it is possible to make a further 

stipulation concerning the development of the secondary streamer, 

namely, propagation of the secondary will proceed only if during the 

buildup of the ion boss, the ions comprising it do not drift from the 

anode a distance exceeding that of the order of the mean electron 

diffusion radius, r  . This follows from Meek's requirement of a 

minimum ionic space charge field for propagation. 

Thus, by equating the electron diffusion radius to the 

drift distance covered by a positive ion in the same time, T e  

(the electron drift time to the anode), we get 

t)  = 	= KiXaTe 
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or 	T
e 	

6De 
2 2 
+ Xe 

eq. 3.4.18. 

The drift field has been taken as the field at the surface of the 

anode, Xa , whereas the mean field encountered will be somewhat less 

than Xe . Therefore T
e 
values by eq. 3.4.15 will be slightly lower 

than actual. 

Eq. 3.4.18 may be applied to specific examples of wire—

plane counters: — 

(a)For the counter studied in section 3.4 we have at threshold, 

Xa  = 172,000 volt/cm. Taking 4 = 1.5 cm2/volt sec and De  = 

, 
1,000 cm

2
/sec, eq. 3.4.18 gives'Te  = 90 mi4sec. Thus, if the second 

streamer is initiated then it must have done so within 90 nywsec 

of the primary. Oscillographically, the secondary commenced 

propagation no later than 20 m/Asec after the primary, which is well 

within the limit set by eq. 3.4.18. With T = 90 m/ksec, the 

corresponding value for 1) is 0.23 mm. This will give the maximum 

value for the sensitive zone radius, Pt, as p + anode radius i.e. 
0.27 mm which is not in disagreement with the limits of R found in 

section 3.4.4. 

(b) It is of particular interest to apply eq. 3.4.18 to the very 

fine mire counter of section 3.3.4 (diam. = 0,025 mm). For this 

detector we have the occurrence of either the primary streamer alone 

or both primary and secondary, i.e. the electrode dimensions and 

operating potential are such that eq. 3.4.18 should be exactly 

satisfied. For the two gaps chosen i.e. 1.5 and 2.0 mm the 



appropriate operating potentials gave in both cases an X a  of 

347,000 volt/cm. The delay between secondary and primary was 

observed to be about 25 m,/sec while Te  from eq. 3.4.18 is found 

to be about 22 mitsec. 

These calculations of T
e 
are at best only approximations 

X 
since De in particular can only be guessed at when — is greater 

than 20 volt/cm.mm  Hg. However, the agreement with experiment is 

close enough despite approximation to warrant possible further 

investigation into the streamer delay mechanism proposed here for 

divergent fields. 

3.4.6. 	It is questionable whether the free electron diffusion 

coefficient, De, used by Meek in the streamer equation is actually 

the correct one to apply although it gives eminently satisfactory 

agreement of theory with experiment. Brown (Br59) has shown that 

De must be replaced by the ambipolar diffusion coefficient, D
a , 

when the density of ion pairs in an avalanche approaches the order 

of 106 ions per cc. These densities are certainly exceeded by 

many orders of magnitude in pre-streamer avalanches (10
10 

- 1011 

ions per cc). It will be shown in what follows that the use of D e  

instead of Da  by Loeb and Meek may well account for their having 

For a discussion of the nature of ambipolar diffusion and a 

derivation of D see Chapter V, section 5.6.1. 
a 

64. 
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to choose values for K J  the critical constant for streamer 

propagation in the Meek equation 3.4.93 much less than unity in 

order to conform with experiment. 

Eq. 3.4.7 gives the positive ion space charge field 

at the head of the avalanche using the diffusion coefficient D e . 

Thus the field by eq. 3.4.7 is actually much less than the true 

space charge field since D a 
(<< D

e
) should have been used in place 

of De . For convenience let X s  and Xts  be the space charge fields 

calculated from eq. 3.4.7 using the coefficients De  and Da  respec- 

tively. Now if the original condition set by Meek is to be satisfied, 

namely xl = xa , since Xt ". Xs, we must equate Xs  to some fractional 

amount, K, of Xa  i.e. Xs 
=:ae . Further, with De e,' 1,000 Da  we 

have by eq. 3.4.7, 

X I  
X s 11.1 • 

ITTOE 

or 	Xs 	0.03 Xt = 0.03 Xa 

showing the trend of K. Loeb and Meek were required to reduce K 

from its original value of unity to 0.1 to obtain better agreement 

with experiment. The latter value is more in line with the one 

derived here. Actually the value of K = 0.03 given here is on the 

low side since Da will not be quite as small as 
	because 
V1,000 

initially the diffusion in the avalanche will be free electronic, 

going over to ambipolar later as the charge density grows. 

It is to be noted that if the correct diffusion 



coefficient to use is one which approaches D a, then the results of 

the previous section would require modification since the coefficient 

used there was the free electronic coefficient. 

In addition to the reducing effect of ambipolar diffusion 

on the value of K as discussed above, there is yet another effect 

which in practice may possibly lead to lower K values. This is due 

to the use of too high a value for CC 3  the First Townsend Coefficient 
a 

at the anode, in the calculation of X s  by eq. 3.4.7. The high ionic 

space charge field within the primary avalanche will in fact retard 

electron motion between the head of the avalanche and the anode, 

giving a smaller 0Ca 
than expected. Thus Xs by eq. 3.4.7 is 

greater than the actual space charge field of the positive ion boss, 

and K will be lowered as a consequence to meet the Meek criterion. 

This effect has been suggested by W. Hopwood (Ho49). 
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CHAPTER  IV. 

COAXIAL WIRE-CYLINDER  CORONA-STREAMER COUNTERS  IN ARGON  AND 

HYDROGEN  FOR NEUTRON DETECTION.  

4.1. Introduction:  

4.1.1. 	The wire-plane corona-streamer counter in air described 

in the previous chapter has limited practical application. It is 

suited only to the detection of particles at high flux levels, and 

can only be used in free laboratory air since in confined spaces 

the buildup of oxides of nitrogen and ozone in the corona discharge 

produces drastic changes in counter characteristics with running 

time. The efficiency of the detector has been raised to some extent 

by multi-wire type construction, but the count-E.H.T plateaus of 

such detectors have proved to be poor since it is difficult in 

practice to align individual wires so that the corona threshold 

potential for each is the same. 

These disadvantages have been largely overcome by 

employing an inert gas filling such as argon together with a few 

per cent of some photoionizable constituent such as H 2, N2, 02  or 

H20-vapour etc. which permits streamer propagation. At the same 

time, the use of coaxial wire-cylinder electrode geometry has 

greatly increased the sensitive coating area. It will be seen 

that the feature of low dead time is retained, while the use of a 

noble gas leads to a considerable reduction in threshold operating 
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voltage compared with the air counter. It also appears that the 

noble gas counter possesses an inherently large sensitive zone radius 

about the anode for streamer formation. 

In addition to the argon filled counters it has been 

found possible to design a somewhat smaller coaxial_ detector having 

a 100% H2 filling. This detector is of particular interest since 

it shows the best stability of any of the counters so far developed 

and generates very large signal pulses ("., 50 V). 

4.2, Construction And Characteristics of Argon-Filled, Coaxial 

Corona-Streamer Counters: 

4.2.1. 	Cathode cylinders were of 0.01 in nickel sheet, 24 cm 

long, coated with either natural boron (approx. 0.05 mdcm
2
) from 

decomposition of diborane gas or U
3 
 (93% U235 ; main-activity 
 0 

due to U 234 contamination) from electrolysis of urapyl nitrate and 

subsequent oxidation at red heat. The method of boron deposition 

is given in Chapter VI, section 6.10, and for uranium in section 6.7. 

Soda-glass envelopes were used, and short glass capillaries covered 

the anode (tungsten) for the first few millimetres of entry into 

the cathode. After several hours pumping at 5 X 10-3 mmHg the 

counters were filled with welding argon (99.9% A; N 2  main impurity) 

and tank 0
2 

or H2'  - counters were flushed but not outgassed except 

for certain fillings. The characteristics are given here for boron 

and U235-coated neutron counters having cathode diameters 2.2 and 

3.8 cm respectively, and 0.2 mm diam. anode wires. They are shown 
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in Plate 4.2.A. For neutron counting the detectors were placed 

in a paraffin block about 2 cm from a 10-mG Ha-Be source and were 

unshielded from Ha 

	

4.2.2. 	Fig. 4.2.B. shows counter electrical connections and 

associated electronics. The count rate may be made less dependent 

on V
s 
by employing the voltage regulating properties of the corona 

tube, e.g. a large value of RL  (where RL  = R1  + R2) gives a smaller 

rate of change in VA_K with V s, and hence in count rate. The 

period of anode voltage recovery after a streamer (counter recovery 

time) is made small by selecting an a.c. load of only a few tens of 

kilohms as shown (12 4X R1 ). 

	

4.2.3. 	A preliminary investigation of the corona-streamer counter 

as an ce -particle detector was made using the 3.8 cm diam. U 235  - 

coated counter. For an outgassed cathode (420°0 for several hours) 

and 0.2 mm anode, the addition of 1.0 0 2  was sufficient to quench 

uranium oe -particle-initiated sparks in argon (Rosenblum counter 

action) completely below 70 cm Hg filling pressure, and streamers 

extending from the anode towards the cathode were faintly visible 

within the counter. 

Analyses of streamer pulse height at the anode versus 

count rate at various corona current values are given in Fig. 4.2.0. 

Corona noise and nonproportionally amplified QC pulses comprised 

counts recorded below 5 V pulse height. The omission of capacitor 
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Plat. 4.2.A. Neutron corona-streamer counters. 11 235 —coated 3.8 cm diam. counter (rear) 

and 2.2 cm diam. boron-coated counter. 
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C from the feed circuit (Fig. 4.2.B) doubled the pulse height as 

shown, but counter recovery time increased from 57sec up to 50/sec. 

At higher 0 2  percentage (10%)  and 70 cm Hg the pulse-

height distribution became less distinct and the lower streamer 

pulse group merged with counter noise, but improved at lower pressures. 

Similar pulse-height distributions were obtained for A-air, A-H 20 

vapour, A-N2  and A-H2  mixtures, but the pulse heights were greater 

and noise level smaller for the A-H2 combination. 

The reason for the double hump feature of the pulse-

height distributions was found by viewing streamer action in an 

end-window counter of similar electrode dimensions having a radially 

collimated Po
210

coe -particle source. The counter is shown in 

Plate 4.2.D. It appeared that either a single streamer or two streamers 

(usually diametrically opposed) were generated at any one time. 

The lower pulse-height group of a pulse-height distribution contains 

pulses arising from single streamers, while the upper group 

corresponds to double streamer formation. This double streamer 

effect is not unexpected since either side of the anode wire in 

a coaxial counter ought to be sensitive to streamer formation for 

or. -particle tracks extending radially across the counter. 

The effect on the ce -particle streamer count-E.H.T. 

plateau slope due to increasing 0 2 content and higher anode feed 



Ah6de
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Plate 4.2.D. End-window counter with a radially collimated Po 210  a—particle source for 

visual inspection of streamer discharges. 
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resistor
' 
B

'1 is demonstrated in Fig. 4.2.E for the U 235-coated 

counter (R2  constant at 47 kst and capacitor C connected as in Fig. 

4.2.:115). Streamer pulses at the anode rose negatively to peak 

height in about 1/sec, and counter recovery time remained 

essentially unchanged at 5jusec. Positive polarity pulses of 

0.1/sec rise time at a level of 1 volt or so were derived from a 

cathode load of 1 kilohm to ground; Lypical waveforms at the cathode 

are shown in Fig. 4.2.F for A-02 and A-H2  fillings. 

Expressing the efficiency for streamer formation as 

 

oe -particle streamer count rate 
rate of emission of uncollimated oc -particles from cathode 
surface as found in the proportional counter zone 

an efficiency of 7.5% for an A-0.14% 0 2  mixture at 70 cm Hg was 

measured (anode diam. .= 0.2 mm). 

Count rate versus time plots are given in Fig. 4.2.G 

for A-02 and A-H2 fillings. The pulse-height distribution for the 

A-H2 filling remained relatively unchanged with time, while that 

for the A-02 combination deteriorated rapidly with a merging of 

the smaller streamer pulses withcorona noise after about 2-3 hours 

of operation. 

4 .2.4. 	To enable n,B 10 o4 particles to approach the 

sensitive zone about the anode a filling pressure of 30 cm Hg was 

selected for the 2.2-cm diam. boron-coated counter (0.2 mm diam. anode). 
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(a)  

(b)  

235 
Fig. 4.2.F. a—particle streamer pulses at the cathode of the U 	—coated counter (1,000 ohm 

load to ground; RC anode feed circuit as in Fig. 4.2.13), (a) A(N 2 ) + 1.4% 0 2  at 
70 cm Hg; V s  = 2,815 V, I c  = 2 /LA ; amplitude sensitivity = 0.5 V/cm ; time 
scale = 0.5 psec/cm. (b) A(N 2) + 1.4% H 2  at 60 cm Hg; V s  = 2,500 V, I c  = 
1 /IA ; amplitude sensitivity = 1 V/cm ; time scale = 1 psec/cm. 
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Fig. 4.2.11 shows distributions of streamer pulse height versus 

neutron count rate for this counter. Streamer efficiency was 

1.5% for A + 1.4% 02. The background count (curve C of Fig. 4.2.11) 

in the absence of the 10-mC Ra-Be neutron source is due to Geiger 

counting; ngnilingrnpyin  ax.m4,.t4 on of anode signals showed that 

although the anode current was 2.0)uA, the counter had not completely 

entered the steady burst-pulse corona regime and was producing 

Geiger pulses. These were absent at higher currents or with a 

10,-mC Ra-it source present. 

Anode streamer pulse waveforms for the boron-coated 

detector are given in Fig. 4.2.1 which illustrate the shorter 

recovery time gained by the inclusion of capacitor C in the anode 

feed circuit of Fig. 4.2.13. The slow initial rise of the negative 

pulses shown in Fig. 4.2.1(a) is not instrumental, and is 

characteristic of counters with a low percentage of 0 2 . 

For the 3.8 cm diam. U235  fission corona-streamer counter, 

discrimination against background uranium oe particles was obtained 

by reducing the filling pressure until particle specific ionization 

was too mall to promote streamer action. The more intensely 

ionizing fission fragments generated streamers. Pulse-height 

distributions for this counter are given in Fig. 4.2.J. No back-

ground Geiger pulses were found as in the boron counter because of 

the high cathode coating ot activity. Efficiency for streamer 

formation was typically 5% for the fission counter. A n,U
235

- 

fission count-E.H ..T. plateau, and 1 c  versus E.H.T. plot are given 
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psec/cm. Note the increase in recovery time when C is absent. 
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in Fig. 4.2.K. 

4.3. Small, H2-Filled Boron-Coated. Corona-Streamer Counter for 

Neutron Detection: 

4.3.1. 	The argon-filled counters so far described still 

exhibit some variation in detection efficiency with running time 

mainly due to changing factors such as photoionization and electron 

multiplication coefficients of the gas, and secondary electron 

emission probability at the cathode. All these will vary with the 

buildup of monatomic hydrogen, oxygen and so on, which are generated 

in the corona discharge. 

It was therefore considered worthwhile to investigate 

the possibility of developing a counter with a 100% hydrogen 

filling and non-oxidised cathode, so that reduction of oxidised 

electrode surfaces with formation of H 2
Ovapour would not occur, 

as in the U235-A-H2 fission corona-streamer counter. Initially 

there was some doubt as to whether streamers could be stimulated 

in the corona zone in H2  by or particles, since G. Weissler 

(de43) in investigations of breakdown between positive point-plane 

electrodes (3.1 cm gap) in H2  at one atmosphere found no pre-onset 

streamers. Weissler found that it was necessary to add some 0.1-1% 

0
2 

as a photoionizable constituent before pre-onset streamers 

were found. It will be seen from the characteristics to be given 

that the initial ionization by n,B 1°  cc particles is apparently 
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sufficient ot stimulate streamer growth in the corona zone. It 

should be noted, however, that the tank hydrogen used here may 

well contain some small amount of impurity which assists photoionization, 

unlike the very pure hydrogen used in the breakdown studies of 

Neissler. 

	

4.3.2. 	Counter cathode cylinders were of 0.002 in nickel sheet, 

1 cm diam. and 10 am long, with a coating of enriched boron (310) 

(see Chapter VI, section 6.10 for method of boron application). 

The cathodes were mounted in soda—glass envelopes, and glass capillary 

tubes covered the first few millimetres of each end of the anode 

wire inside the cathode. Plate 4.3.A shows one such counter with 

another mounted in its protective aluminium container. All counters 

were outgassed at 42000 and 10-4 mthrig pressure for four hours, and 

then heated in H 2 for the same period. In addition, some counter 

cathodes were conditioned by a hydrogen glow discharge at 15 ma 

total current and 0.5 cm Hg pressure for a further one hour. This 

treatment was designed to expedite ageing of the cathode surface. 

Anode wires (tungsten) were flashed by heating with a current of 

about 1 amp for 30 sec to drive off occluded gases. Dry ice traps 

were used to exclude mercury and other condensable gases rrom counter 

fillings. All counters were filled to 70 cm Hg pressure. 

	

4.3.3. 	For test purposes the counters were located in a 

paraffin wax moderator block at 2 cm distance from an unshielded 
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Plate 4.3.A. Small 11 2 —filled corona-streamer neutron counters with B 10 —coated cathodes. 



10-mC Ra -Be neutron source. It was found by trial that the 

detectors functioned as n„B
10 oc -particle streamer counters only 

for anode wire diameters close to 0.1 mm. At 0.2 mm sone sparking 

was in evidence (about one in every five streamers lead to a spark), 

probably because of the relatively high field at the cathode. 

At 0.05 mm diameter no streamer action was in evidence at all. 

This might be due to the too rapid drift of positive ions from the 

anode so that a sufficiently dense positive ion boss needed for 

streamer propagation is never attained (see discussion on the 

absence of secondary streamers in fine wire-plane streamer counters 

in air„Chapter, 	III, section 3.3.4) .. 

Fig. 4.3.B shows a differential streamer pulse-height 

plot (anode pulses) from a hydrogen-filled counter with a 0.1 ram 

diam. anode. The spectrum was recorded on the 24-channel kicksorter 

after inverting the polarity of the negative anode pulses with an 

anode-follower amplifier at unity gain (see Chapter VI, section 

6.3 for the anode-follower amplifier circuit). Signals were trans-

mitted from the counter via a high-level White cathode follower 

(see also Chapter VI, section 6.3) over about 10 feet of coaxial 

cable. The anode E.H.T. supply voltage feed circuit was the same 

as in Fig. 4.2.B except that R 2  = 10 KS?. It is seen that the 

mean streamer pulse height is of large amplitude, being approximately 

-40 V. Streamer pulses are well-separated from the background 

corona noise which peaked at about -0.25 V. In the absence of arlY 
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radioactive sources no streamers were recorded over a one hour 

period and likewise with a 10-mC lia-f source present. It was noticed 

that corona noise level rose to -1.0 V in the absence of any source 

at low corona currents, but the effect was less marked at higher 

currents. A count-E.H.T. plateau from the same counter, together 

with a corona current-E.H ..T. plot, is given in Fig. 4.3.0. The 

plateau slope is reasonably flat although a peak in count rate 

seems to be present immediately after corona onset. The mean slope 

is -2.5%/100 V with a plateau length of at least 400 V. The rise 

time of the anode streamer pulses was typically 0.2/sec (10-90% 

levels) with a fall time of 2/sec. 

Little difference in threshold operating voltage or 

counting efficiency (streamer formation efficiency was measured at 

^0 1%) was noted between counters which had been subjected to glow 

discharge treatment and those which had not. Counting efficiency 

and threshold voltage were slightly higher for the untreated counters 

and they displayed a more rapid variation in efficiency with running 

time. Fig. 4.3.D shows the trend in counting rate and corona 

current with running time taken over a period of 67 days for a 

counter given a glow discharge. The counting efficiency dropped 

steadily over the first 30 days after which the counter apparently 

stabilized. The corona current shows an increase with time. It is 

probable that outgassing of impurities or conditioning of the cathode 

surface by ion bombardment reduces the threshold potential (observed) 
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and consequently the anode electric field. This in turn leads to 

a lower efficiency for streamer formation by reducing the gas 

multiplication coefficient. No change in count rate occurred at 

counter turn-on on the 45th day after a 5 day turn-off period, 

indicating that stabilization was nearly complete. 

Some difficulty was encountered at first in the fabrication 

of reliable counters. It was found that despite anode wire flashing, 

which removes dust or dirt particles that can lead to breakdown, 

some counters displayed unstable characteristics e.g. unwanted 

sparking or auto-streamer action was noted. These discharges were 

seen to propagate from particular points of the anode wire, and 

were almost certainly due to the presence of burrs or scratches on 

the wire surface. Such imperfections give the local high field 

spots at which auto-streamer propagation takes place. The corona 

positive ion space charge is apparently too weak to effectively 

suppress these high field regions. Only careful pre-selection of 

the anode wire before counter construction will ensure the absence 

of such effects. 

4.4. Discussion of the Discharge Mechanisms Operative in 

Corona-Streamer Counters with Argon Plus Spark Quenching 

Aaent Oi2' 2 0 etc.): - 

4.4.1. 	It seems probable that the addition of a few percent 

of some diatomic gas such as 02  or H2, or triatamic H20 vapour, to 



the N
2
-contaminated argon employed, quenches sparking by considerably 

reducing the First Townsend Coefficient of the argon. Secondary 

electrons released from the cathode by streamer photons and positive 

ions thus suffer reduced gas amplification and complete breakdown 

of the anode-cathode gap by sparking is inhibited i.e. the discharge 

is arrested at the streamer stage. For A-0 2  fillings, capture of 

cathode secondary electrons by electronegative 0 2  will be prominent 

in the quenching action. The added diatomic component probably 

does help promote streamer growth (definitely in the case of 

photoionizable 0 2) but this is already present in the argon 

employed because of the N
2 
impurity. The real role of the added 

gas is as a spark quenching agent, probably by the mechanisms 

outlined. 

At high percentages of 0 2  in A(N2) (64 was the maximum 

tried)only streamers were detected at corona onset. When the 

percentage was reduced to 0.14%, sparking did occur over the pressure 

range 20 to 16 cm Hg. Between these pressure limits it is likely 

that electron attachment is insufficient to suppress sparking while 

below 16 cm Hg the at -particle specific ionization must have been 

too low to promote streamers, and therefore sparks, since they were 

not observed. The minimum amount of 02 required to suppress 

sparking at all pressures was close to 1%. 
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4.4. 2 . 	It was found that the pre-history of the counter at 



times greatly influenced the probability of a streamer leading to 

a spark. For example, the prior presence of H
2
0 vapour alone in 

235 
the U -coated counter increased the corona threshold voltage for 

a A(N2) filling from 2,075 V to 2,440 V. However, even at this 

higher operating potential streamers did not now lead to sparks. 

This can be accounted for by the well known fact that 14.  for a 

surface containing adsorbed H20 can be reduced by two or three orders 

of magnitude (see page 8 for definition of 14. ). Thus, although the 

gas multiplication factor, M, must now be greater to meet the re-

quirements of the corona relation 1LM = 1, the effect of the reduction 

in 14  is more than enough to prevent spark growth from the streamer-

cathode junction. It was also noted that for 0.1% admixture of 

room air in A(N) no sparking occurred, whereas the same amount of 

dry air was sufficient to quench sparking, probably for the same 

reason. 

4.4.3. 	From visual observations of the PC-particle-induced 

streamer discharges propagated in the end-window counter of 

Plate 4.2.D, it was found that for the A(N 2) -02  mixtures streamers 

were single -channdled for about two thirds of the anode-cathode 

gap. In the lower field region near the cathode they were seen 

to split into two or three branches. On the other hand, A(N 2) -H2  

mixtures gave streamers which became multibranched from about mid-gap. 

A(N2)-H2 streamers were generally more intensely luminous, and always 

appeared to generate of the order of 10 or more branches at least. 
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Several photographic exposures were taken of these streamer 

discharges and two are given in Plate 4.4.A. The camera focus was 

first set by observing the highly luminous sparks triggered by 

particles in a A(N
2
) filling without a quenching additive (exposure 

(a), Plate 4.4.A). Having set the focus, the required streamer counter 

fillings were then made. It is seen from the exposures that in the 

case of A(N2  ) 02  (exposure (b) ) the streamer direction is more 

aligned along the direction of entry of the ce particles (top to 

bottom). Also, on the film negative the anode wire appears to cast a 

noticeable shadow on the discharge. The latter effect indicates an 

insensitive zone on that side of the wire opposite to the oK -particle 

source, which is not unexpected. Individual streamers were unfor-

tunately too weakly luminous to be recorded as such, and a time 

exposure is required to integrate the light from a large number of 

streamers ("., 104  streamers per exposure). For an A(N2)-H2  filling 

(exposure (c) 
)' 
it appears that the streamer direction is less 

confined to that of the triggering particles than for the  

combination. However, the negative of Plate 4.4.A (c) shows in more 

detail that the streamers do NMI propagate along the general direction 

of the cK particles for about the first two or three millimetres on 

either side of the anode wire, after which there is a flaring effect 

away from the initial direction. The reason for this is not known 

but may arise from a tendency of a streamer to avoid the channels of 

positive ions left by previous discharges. It must be emphasised that 



(a)  

(b)  

(c)  

210 

Plate 4.4.A. (a) Sparks initiated by radially collimated Po 	a—particles in the end - 

v,indow counter of Plate 4.2 D. Particles travel from top to bottom in 

A(N 2) at 70 cm 11g; anode wire diam. = 0.2 inm; cathode diain.= 3.8 cm. 

(b) Time exposure (30 I nin.) of a—particle triggered strealne r discharges in 

A(N 2) + 0.14% 0 2  at 70 cm fig. An anode shadow effect is visible onlits 4ike nertive. 
(c) Time exposure (30 min.) of a—particle streamer discharges in A(N 2 ) + 

1.4% if 2  at 60 cm 11g. A circumferential cathode glow is evident. 
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not all of the streamers are initially propagated along the 

particle track direction and that some were observed, though infre-

quently, to strike off nearly perpendicularly from the anode wire. 

These streamers probably originate from oe particles which have 

passed the anode at an approach distance very nearly equal to that 

for which streamer formation is only just allowable. For each exposure 

a distinct cathode glow can be seen. 

 

4.4.4.  The large volume counters described here exhibit 

counting characteristics which are more dependent on the level of 

intensity of background ionizing radiation than are those of the 

wire-plane detector in air (see Fig. 4.2.0). Ionization produced 

in the filling gas of a corona tube by external radiation will lower 

the anode-cathode voltage required for ignition of a corona discharge. 

The corresponding reduction in electric field strength in the 

sensitive zone about the anode wire reduces the probability for 

streamer production, as observed. 

 

4.4.5.  The background count from the boron-coated, A(N 2) -02-. 

filled counter (2.2 cm diam.) at low corona currents has been 

attributed to the occurrencd of Geiger-type pulses. It is not 

unreasonable to expect that, at very low mean corona current levels, 

statistical fluctuations in the processes which maintain the corona 

may at some time lead to a temporary extinction of the discharge. 

On reignition the initial pillse of the continuous burst pulse train 

which follows will be of Geiger amplitude, and pulses of this 
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origin may well constitute the measured background. Such statistical 

extinction periods should be less likely when the corona counter is 

in an intense 1‘  background, and this is observed. 

 

4.4.6.  An interesting set of oscillograms showing the progressive 

increase in burst-pulse rate as the wire potential of the boron-

coated, A(N2) -02-counter is raised to corona level is given in 

Fig. 424.B. Oscillogram (a) shows a series of four major burst-

pulses over a period of 400/asec with the wire potential below 

corona onset. Succeeding burst-pulses are of smaller amplitude 

than the initial burst-pulse, due to space charge reduction of the 

anode field. As the potential is further increased, the multiplicity 

of burst-pulse events increases as does the number of burst-pulses 

per train. This is seen in oscillogram (b). Finally, the applied 

potential is sufficient to overcome the reducing effects of the 

choking positive ion space charge of each pulse, and they occur 

continuously, i.e. we have steady, self-maintained burst-pulse 

corona as in oscillogram (c). 

	

4 .4.7. 	It will be recalled that the U 235-coated counter gave 

a streamer formation efficiency of 7.5% for 0( particles, which is 

surprisingly high for a corona counter. Roughly, this means that 

those 04  particles emitted from the cathode within a cone of semi-

angle 06 20°, and with cone axis along a radius to the anode, will 

produce a streamer. The radius of the cone at the wire is 7.8 mm, 



(b)  

1 .  
Hof 	ili 1111111111111111aJ 

(c)  

Fig. 4.4.B 	Burst pulses at the anode of the 2.2 cm diam. boron-coated neutron counter filled 

with A(N1 2) + 1.4% 0 2  at 30 cm fig. Neutron source is absent and capacitor C 

of the anode feed circuit (Fig. 4.2.13) is disconnected. Amplitude sensitivity = 

1 V/cm. 

(a) Burst pulses below corona onset ; time scale = 0.1 msec/cm ; V s  = 1,625 
V, I c  -= 0 izA. 

(b) Burst pulses below corona onset ; time scale = 10 msec/cm ; V s  = 1,650 
V, l c  = O.2 A. 

(c) Continuous burst-pulse corona ; time scale = 10 msec/cm ; V s  = 1,700 
V, I c  = 2.0. 

The initial pulse of each burst in (b) is off-scale at about —6 V peak. 



which is approximately equal to the radius of the sensitive zone 

for streamer formation about the wire. The sensitive zone radius 

is therefore about 80 times the wire radius. It is obvious that 

in the coaxial corona-streamer counters studied here, considerable 

electron drift from regions fairly remote from the wire must take 

place before buildup of the positive ion boss at the wire allows 

streamer propagation. 

4.5. Counter Applications: 

4.5.1. 	Large output signal, absence of cathode erosion by 

sparking and low dead time, which are attractive features of the 

corona-streamer counter in air, are retained by the more practical 

argon-filled counters described here. However, they do display 

some variation of counting efficiency with time which will restrict 

their application in accurate neutron intensity measurements to 

short counting intervals, and pre-calibration would be necessary. 

They could prove useful for monitoring gross changes in neutron 

intensity at any time. 
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CHAPTER V. 

THE GAS SCINTILLATION COUNTER  AS A NEUTRON DETECTOR.  

5.1. 	Introduction:  

5.1.1. 	The gas scintillation counter is a comparatively new 

detector of ionizing radiations. Although it has been known for 

some time that I*4 particles will stimulate the emission of ultra 

violet and visible radiation from gases (J. Stark, 1906 (St06) ) 

no attempt was made to apply this phenomenon to nuclear particle 

detection until 1953, when C. Mughlhause (Au53) used a photomulti-

plier tube to count a(-particles in argon by detection of the in-

duced luminescence. The primary gas radiations were first 

converted to longer wavelengths in stilbene and sodium iodide 

crystal phosphors which were viewed by the photomultiplier. The 

first really successful gas scintillation counter was due to 

C. Eggler and C. Huddleston (Eg54) who used thin layers of plastic 

waveshifter to convert the ultra violet radiation from argon to 

the visible and so match the spectral response of the photomulti-

plier. The efficiency of the detector was high enough to suggest 

its use as an energy spectrometer. An outstanding feature oP the 

gas scintillation counter is its very fast response time (as short 

as 10-9  sec) which makes it extremely useful for particle detection 

and energy spectra measurements at high count rates. 
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5.2. Processes  of Luminescence  in gas Scintillation Counters:  

5.2.1. 	The mechanisms involved in the production of luminescence 

following the passage of a heavily ionizing particle in noble gases 

are known only qualitatively. It is generally considered that the 

de-excitation of ions and neutral atoms excited to higher energy 

states accounts for most of the gas fluorescence, and that the 

contribution from electron-ion recombination should be unimportant 

because of rapid electron diffusion to container walls and the 

low recombination coefficients expected. This has received experi-

mental support in the past by failure to detect any diminution in 

00./. -particle-induced fluorescence of noble and other gases at about 

atmospheric pressure, which might be expected to occur on ion 

separation by applied d.c. electric fields CT. Stark, (St06); 

H. Greinacher„ (Gr28); R. Audubert and S. Lormeau, (Au49); L. Koch, 

(Ko59); A. Ward, (da54) ). 

In contrast, some features of the work by J. Northrop 

et al. (No58) on particle-induced fluorescence of binary noble gas 

mixtures can be interpreted in terms of electron-ion recombination 

processes suggested by M. Biondi (Bi51) who has also found experi-

mentally that recombination coefficients are some four orders of 

magnitude greater than considered previously (A. Biondi and S. Brown 

(Bi49) ). 
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5.2.2. 	Considerable effort has been directed towards 
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understanding the nature of the processes of excitation, de-

excitation by radiation and radiation quenching and the relative 

efficiencies. It has been found that polyatomic gases are poor 

scintillators, with the noble gases giving a superior fluorescence 

yield by a factor of 100 or so (A. Grun and E. Schopper, (Gr52, 

Gr54) )• Typically, a 4-cm range 04-particle in argon yields 

about 103 quanta over the spectral range 3,000 to 4p00 A (N2-contam-

inated argon). H 2, 02  and CO2  appear to be useless as gas 

scintillators, and the addition of small quantities of them to 

noble gases quenches the noble gas fluorescence, probably by 

collisional de-excitation with consequent degradation of the 

radiation to the infra red region (outside the range of photomultiplier 

response). N2  is an exception, and up to 10% can be added to argon 

without much loss of luminescence. 

5.2.3. 	The variation of 04-particle scintillation lifetime 

with pressure in the noble gases Kr and Xe has been measured by 

F. Avivi and S. Cohen (Av57). They find that lifetimes are 

inversely proportional to gas pressure and range from 2 X 10 -7 sec 

to 4 x 10-6 sec over the pressure interval 600 mm Hg to 50 mm Hg. 

They suggest that this inverse dependence of lifetime on pressure 

shows that the fluorescence emitted arises from two-body c011isions 

in which metastable excited ions are de-energised. The evidence 

for this is that most of the light of emission observed is below 

11250 A wavelength, a region in which there are strong resonance 



lines from rare gas ions.(e.g. 1,100 A for Xe). It was considered 

that any resonance radiation from metastable neutral atoms ought 

to be reabsorbed, and effectively imprisoned in the gas at the 

pressures used for a considerably longer period than the observed 

lifetimes. Also, *90 is the neutral Xe resonance radiation 

wavelength which is greater than the observed 1250 A limit. 

M. Forte (Fo56) has experimentally determined decay 

lifetimes in argon over the pressure range 500-1,000 mm Hg. In 

contrast to the results of Avivi and Cohen it appeared that 
-6 

lifetime (2.5 X 10 sec) was independent of pressure. It is con- 

sidered that.the fluorescence is emitted from excited A2  molecules 

(designated A* here) which are formed in three-body collisions 
2 

involving 
3
P
2 
metastable atoms according to 

A(
3
P
2
) + A( 1 30) + A( s

o
)  Ak + A( s

o
) 

2 

followed by 
,1 

A 	Ak S
o
) + h . 

2 

This de-excitation scheme was originally proposed by 

A. Phelps and J. Molnar (2h53) to explain the pressure dependent 

characteristics of the formation of A
2 
molecules at low pressure. 

It has been applied by L. Colli and U. Facchini (Co54A) to interpret 

the emission lifetime variation with pressure in an argon-filled 

discharge tube. They find that the A
* lifetime is 3.5 X 10

-6 
sec. 2 

5.2.4. 	The radiation spectrum from 2,300-6p00 A has been inves- 



tigated by W. Bennett and C. Wu (3e57) for oe particles in N2- 

contaminated He and A. It was found that even for very small 

concentrations of N2 (less than one part in 105) the most intense 

spectral lines originated from N2. The normal He and A atomic 

transition lines were apparently very weak in comparison. 

L. Koch (Ko59) has repeated some of this work, and has published 

striking photographs showing the effect of N
2 on the intensity of 

spectral lines from He. The N
2 
lines in He were identified as 

having originated from the first negative system of N 2 , and in A 

from the second positive system of neutral N 2. The N2  lines are 

excited by collisions with metastable states of He (2 1 S0, 19.8 6V) 

and A (3P
2 
and 4

a' 
11.5 and 11.7 eV respectively) but not by 

photoexcitation. That is, collisional de-excitation of the kind 

4E 
N
2 
+ A ---> N

2 
+ A 

probably occurs in argon, followed by radiative emission in the 

characteristic second positive band system of molecular N 2 

N + 	 • 2 	2 	vis 

Since the de-excitation rate will depend on the density 

of N
21 
 it is to be expected that scintillation lifetimes will 

show an inverse dependence on the partial pressure of N
2 

in the 

system. Eggler and Huddleston (Eg56) have shown that the lifetime 
-9 

decreases from 30 X 10 to 8 X 10 sec sec when the percentage of N2 
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in A is increased from 10 to 50%. The same workers find that the 

scintillation yield from an A-N
2 
mixture, at a constant pressure, 

varies empirically as 

K1PA  — 

	

	 FN 	eq. 5.2.1. 
PA 

(PA 4. PN ) 	K2PA PN 

where K
1 

K
2 

are constants and FIA,P are partial pressures of 

A and N2. It is pointed out that the PA  term in the square brackets 

would be raised to the power of two if the luminescence had originated 

from triple-body impact events. Two-body de-exciting collisions 

as outlined above almost certainly account for the N emission. 
2 

5.2.5. 	In summary, it is seen that the present state of 

knowledge of the basic processes involved in the production of gaseous 

scintillations is somewhat confused. Obviously there are several 

mechanisms in action at any one time which lead to fluurescence, 

the relative efficiencies and rates of each depending on the 

particular gas used, its contaminants, pressure and temperature. 

Also, the inability of the investigator to readily select and measure 

spectra in practice without the distortion introduced by windows, 

self-absorption of gases and waveshifters„ together with variation 

in the spectral response of the photodetector, adds difficulty to 

interpretation. 



5.3. Lu Scintillation Counter Construction RIO Characteristicq 

Reviewed: 

5.3•1• 	Construction: 

A typical gas scintillation counter consists of a 

metal or glass cell (cylindrical or hemispherical in shape) with 

an overall linear dimension of about 5 am. One end of the cell 

is open for viewing with an external photomultiplier tube or the 

phototube can be mounted inside the cell to eliminate attenuation 

of fluorescence by the cell window. The source of radiation is 

normally located on the cell wall opposite the phototube cathode. 

The counter is frequently filled with Xe (best luminescence yield), 

but Kr and A (cheapest) also give good results in practice, as do 

mixtures of any two of these gases. Counters with fillings of 

pure noble gases are best viewed through quartz windows with a 

phototube which extends into the ultra violet. Alternatively a 

coating of some waveshifter such as quaterphepyl (very high 

quantum conversion efficiency, (No56) ), diphenyl stilbene (No58) 

or other organic phosphor is evaporated on to the cell walls (- ,010- 

100 jagra/cm2
) and the face of a visible response phototube. 

Again, a filling of noble gas plus a small amount of N
2 

(which 

effectively acts as a waveshifter) can be used (0.1% He and 1C% in 

A are about optimum (1.106) ). If the cell walls are not reflective 

they are given a coating of MgO by 'smoking' over a burning 

magnesium ribbon and the waveshifter is applied over this reflecting 

layer. 
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5.3.2. 	Quenching: 

In order to avoid quenching of the fluorescence by 

polyatomic waveshifter vapours, or other impurities outgassed from 

the cell walls, the counter filling gas is either continuously 

purified by recirculation over a heated Ca-Ng trap (Fo56) or the 

counter is operated at a reduced temperature (3a57). Quenching 

can often be tolerated if detection of particles only is required 

without maximum energy resolution. If waveshifters are not used 

(uv-response counter) and the system is an all-metal one that has 

been well outgassed, then it has been found that negligible 

fall off in counter response due to poisoning will occur over a 

period as long as one year (11u56). Counters using N 2  as a wave-

shifter are not susceptible to poisoning effects. 

	

5.3.3. 	Energy Resolution: 

The best reported value for energy resolution has been 

obtained by A. Sayres and C. Wu (Sa57) from Xe with a quaterphenyl 

waveshifter. They measured the "full-width at half-height" figure 

of a PO
210

P
( 

-particle pulse-height distribution at 4%. 

	

5.3.4. 	Linearity of Energy Response: 

Gas scintillation counters are found to be linear in 

energy response only if particle masses do not vary too greatly. 

R. Nobles (No56) has obtained a linear relationship for particles 

in the mass range 1-4 amu l  but for heavily ionizing particles of 
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widely differing masses marked non-linearities have been reported 

for some detectors. G. Boicourt and J. Brolley (Bo54) find for a 

235 fission counter that the ratio of mean fission fragment 

pulse height to that of U 234 background 0C particles is 50% higher 

than the ratio calculated from energy values. Similarly, H. Palevsky 

et al. (Pa56) have described a Pu
239 

fission counter which appears 

to give a ratio greater than the expected value. However, A. Villaire 

and L. Wouters (R55) have reported linearity from another fission 

counter. They state that the luminescence yield should be independent 

of track ionization density in a gas because each molecule is an 

independent radiator, unlike solid-state inorganic phosphors where 

saturation of the activator centres can lead to severe non-linearities 

in energy response, particularly as the particle mass increases. 

It should be noted that Sayres and Wu (Sa57) give 

differential pulse-height analyses of scintillations from fission 

fragments (thermal neutron-U 235 ) in Xe at two atmospheres pressure, 

but make no comparison of the relative mean fission to background 

or-partcle pulse heights. They assign an energy value of 4.2 Mev 

to the background oe particles, which corresponds to U 238
0e-

particle energy. This is almost certainly in error since enriched 

235 was used, and the CC-particle energy should therefore be 4.4 Mev 

or 4.8 Mev if U
234 was present as a contaminant (usually the case). 

A calculation of the mean energy of the low energy fission fragment 
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group from the pulse-height data of Sayres and Wu, using these 

three values ofoe -particle energy, gives the values shown in 

Table 5.3.1. 

TABLE 5.3.1. 

E E., 

4.2 Mev (u238 ) 

4.4 Mev (1.1235 ) 

4.8 Mev (1J234) 

70 Mev 

73.5 Mev 

80.Mbv 
. 

It is seen that all calculated fission fragment energies are 

greater than the correct value of 61.4 MSv for U
235 

fission (F047). 

	

5.3.5. 	Response Time: 

The rise and decay times of the scintillation pulse 

in Xe have been measured at 

(1) rise time (10-90% levels), 7 X 10
79 

sec (Pa56) and 

"10
-9 sec (No56). 

(2) decay time, 7.5 X 10-8  sec at 25 cm Hg, 30 X 10-8  
- 

sec at 50 am Hg and 1.4 X 10 
8

sec at 100 cm Hg (No56A) 

i.e. decay time varies inversely as the pressure. The use of high 

gas pressures is advantageous if short pulses are required. 

	

5.3.6. 	Counter Applications: 

The counter has been used to advantage where short 

pulse intervals are essential, e.g.. R. Nobles et al. (No55) used a 



2 X 1079 sec clipping time constant when measuring the neutron-

fission cross section of Am 241 to eliminate pileup effects from 

background oC-particles. A. Sayres and C. Wu (Sa57A) have shown 

that the scintillation from He4 and Li
7 

products of the B 10(n„cc)Li
7 
 

reaction were easily resolvable from the Compton-electron background 

arising from the It-radiation from their Ra-a-Be neutron source. 

Since as much as-90% He can be added to Xe with little decrease 

in fluorescence yield compared with pure Xe (No58), the possibility 

exists of making neutron gas scintillation spectrometers using the 

low -Q reaction 

	

n + He3 	p + T. 	Q = 770 key. . 

Such a spectrometer has not been reported yet though, possibly 

owing to the high cost of He 3 . 

C. Engelke (En60) has described counters in which 

neutrons were detected by n,p and npr reactions in N
14 

(a
2 

in Xe) 

and by njoIC in Ne (also in Xe). Knock,-on He nuclei were 

	

20 	 4 

detected in another He4-Xe counter. These counters were operated 

at pressures up to 75 atmospheres to increase neutron sensitivity. 

P. Pasma (Pa58) and C. Rubbia and M. Toiler (Ru58) have also 

reported on the use of similar high-pressure He and He +Xe counters 

as neutron detectors. 
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5.4. Experimental Evidence for Columnar Electron-Ion Recombination 

Luminescence from Heavily Ionizing Particles in Lim 

Scintillation Counters: 

 

5.4.1.  This section reports the results from a search for 

columnar electron-ion recombination luminescence in A-N gas 
2 

scintillation counters at ordinary pressures using electric fields 

in conjunction with a sensitive method for detecting changes in 

0C -particle scintillation pulse amplitude. 

	

5.4.2. 	An A-N
2 
gas mixture was chosen for investigation, since, 

at a given electric field strength, the lower electron temperature 

of this combination should tend to suppress the production of 

luminescence from noble gas atoms excited by field-accelerated 

electrons. This field-induced luminescence effectivelji: amplifies 

the primary scintillation (an effect which possibly masked any 

field-luminescence decrease sought by Koch (Ko59) in pure Xe). 

At the same time the nitrogen acts as a wave shifter by the collisional 

de-excitation processes outlined in section 5.2.4. 

	

5.4.3. 	Gas cells of short cylindrical geometry were constructed 

of 3.8 cm diameter glass tube with parallel-plate disc-electrodes 

at each end. One plate was in the form of a transparent, electrically 

conducting coating of Sn0
2 

deposited on a Pyrex glass disc which 

served as a window for an E.M.I. type 609713 photamultiplier. Cell 

walls were given a reflective coating by smoking with Me. 
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A fast oscilloscope (100 14c/s bandwidth) was connected to the 

photomultiplier anode and a trigger output from the time base 

trigger-level circuit (pulse-height discriminator) was taken to a 

scaler. Scintillation pulses were RC clipped at the photomultiplier 

anode, and clipping time constant was selected by changing the value 

of the photomultiplier anode resistor. A sensitive test for recom-

bination luminescence was made by biasing the discriminator on 

the relatively steep leading edge of the integral or-particle 

count versus pulse-height bias distribution, at a point where about 

one quarter of the total particle rate was registered (bias point 

B of Fig. 5.4.A insert). Changes in count rate (and hence in pulse 

height) were recorded with applied electric field; this was 

considered preferable to searching for a possibly small shift in 

the broad peak of the oiC -particle differential pulse-height 

distribution. 

The method used in fabricating these transparent conducting 

electrodes has been described by R. Aitchison (Ai54). Tin 

tetrachloride is surface hydrolysed on a heated substrate 

such as Pyrex or quartz at about 500°C. The reaction is essentially 

SnC1
4 

+ 2H
2
0 	Sn02 + 4HC1. 

A solution of ethanol, glacial acetic acid and tin tetrachloride 

(1:1:1 by volume) is sprayed onto the hot glass to give a 

well-bonded Sn0 2 layer. 
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Fig. 5. 4. A. 	Percentage change in integral a—particle count rate with voltage applied 
to the ion collecting plates in gas scintillation Cell I at different photo-
multiplier clipping time constants. Dashed curves : A + 0.1% N 2  ; full 
curves : A + 6%N 2  at 72.5 cm Hg. Discriminator bias set at point 13 of 
the count-bias distribution (see insert). 
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5.4.4.  The experimental results from two gas cells are given 

here. 
change 

(a) Cell I: Plots of percentageAin oG-particle count rate versus 

d.c. voltage applied to the plates of a cell (2 cm spacing), with 

a small, uncollimated Po
210

a -particle source centered on one 

plate electrode, are given for various photomultiplier clipping 

time constants in Fig. 5.4.A. The dashed and full curves are for 

A + 00% N2 and A + 6; N2  fillings respectively at 72.5 cm Hg 

pressure. With each change in clipping constant the photomultiplier 

gain was altered to give the same count rate at zerd field, for a 

constant discriminator bias setting, so that the relative effect 

of the electric field on luminescence intensity at different 

constants could be compared. 

For the filling containing the lesser amount of N 2, 

an increase in count rate (and therefore in pulse height) with 

cell voltage indicates insufficient N2  to prevent the production 

of additional luminescence by impact of field-accelerated electrons. 

However, the A + 6; N2  filling displays decreasing count rate 

(and pulse height) up to 1,000 V applied (500 V/cm,field) for all 

clipping times. This decrease in particle luminescence with 

applied field indicates the destruction of recombination luminescence 

by ion collection. Above 1,000 V the curve for 1,000 miksec 

clipping time rises positively due to impact fluorescence. The 

curves for 10 and 100 mitsec clipping times show a positive trend 



at a higher voltage since these clipping times are short in 

comparison with the mean electron transit time to the anode plate, 

the period during which impact fluorescence occurs. The flattening 

off of the 10 ny4sec curve above 1,000 V shows saturation for ion 

collection. 

A decrease in mean cl< -particle scintillation pulse height 

of 1% was detected at 1,000'V applied for 1,000 ysec clipping 

time. A pulse rise time of 40 mtsec was measured (10% - 909t 

levels of the integrated light pulse). 

(b) Cell II: Plate 5.4.B shows the general form of construction 

of Cell II. Fig. 5.4.0 gives the percentage change in 0(-particle 

count rate versus d.c. voltage for the cell (1.25 cm plate spacing) 

containing A +  N2 at two atmospheres pressure. A small nicel 

disc coated with enriched U 235  provided a source of oe -particles 

or fission fragments under neutron irradiation (U 234 contaminant 

provides most of the Ce -particles). This cell exhibits no gain 

in luminescence by electron impact up to 2,000 V applied (1,600 V/cm 

field), even for the longest clipping time of 1,000 mitsec. For 

clipping times less than the inherent rise time of the integrated 

gas scintillation pulse, 20 nit  secat this pressure, near identical 

changes in integral count rate can be expected (e.g. see the 10 

and 2 ysec plots) since the photomultiplier gain was readjusted 

with each change in clipping time to give a constant mean pulse 
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Plate 5.4. B. 	Gas scintillation Cell II. 
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Fig. 5.4.C. Percentage change in integral a—particle count rate with voltage applied 
to the ion collecting plates in gas scintillation Cell II containing 
A + 6%N 2  at 2 atmospheres pressure. 



amplitude. From the curves of Fig. 5.4.0 it is seen that most of 

the luminescence from recombination is emitted within 100 milisec, 

with a considerable fraction being generated in less than 20 m/4sec. 

• 5.4.5.  Fig. 5.4.D shows a schematic outline of Cell II used 

as a neutron-1J
235 

fission gas scintillation counter. A 10-mC 

Ra-OC-Be neutron source in a paraffin wax moderator block provided 

thermal neutrons for fission of U 235 . Thecell was operated with 

its transparent plate electrode at earth potential to shield the 

photomultiplier cathode (also at earth potential) from stray 

electric fields. The photomultiplier output was fed via a cathode 

follower to the Main Amplifier Unit of the pulse amplifier system 

described in Chapter VI, section 6.1. The 24-channel kicksorter 

was used to analyse the fission pulse-height distribution; the 

response of the amplifier - kicksorter setup proved to be linear 

on calibration with fast-rising pulses (10 n/sec). Plate 5.4.E 

shows Cell II mounted on the photomultiplier - cathode follower 

unit. 

Fig. 5.4.F shows the differential fission pulse-height 

spectra obtained with and without an electric field (1,200 V/cm) 

for a counter filling of A 1- 	N
2 

at two atmospheres pressure. 

The decrease in mean fission pulse height with the field present 

is 40%. The fission peaks were reproducible, there being no 

significant drift in pulse height during counting intervals. 
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Fig. 5.4. D. 	Schematic outline of gas scintillation Cell H as a neutron — U 235  
fission detector. 



Plate 5. 4. E. Cell ll and neutron moderator block mounted on the photomultiplier — 

cathode follower unit. 
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Fig. 5.4.F. 	Neutron — U 235  fission differential pulse—height spectra from gas 

scintillation Cell II with and without an applied electric field. 

Detector filled with A + 6° N 2  at 2 atmospheres pressure. 



A decrease of 3% in mean U234 a-IC-particle pulse height was measured. 

In the absence of the field, the fission scintillation 

pulse rise time was spread about a mean 90 m/4sec (10% to 90% 

levels of the integrated counter output) compared with 20 m/sec 

for U 34 c!e particles. The fission pulse rise time did not 

decrease noticeably on application of the field, but the low count 

rate (20 fissions per hour) and spread in rise time made this 

observation difficult. 

For an A 4- OS N2  filling at 72.5 am Hg a 600 Vim field 

gave a decrease of 1% in mean fission pulse height. 

5.5. Souare-Law Dependence  _o_f Columnar Recombination Luminescence 

Intensity  on Particle Specific Ionization: 

5.5.1. 	The observed decrease in particle scintillation pulse 

height with applied electric field (electron-ion collection) 

indicates the presence of electron-ion recombination luminescence 

in field-free conditions. This is especially evident for the 

more intensely ionizing fission fragments (40% decrease) compared 

with of particles (3% decrease) for which most of the luminescence 

originates from the de-excitation of excited ions and neutral 

atoms formed during the particle passage. The longer scintillation 

rise time for fissions may arise from the slower recombination 

processes which produce a considerable fraction of the total 

luminescence, but this is not certain. 
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Therefore K = 0.031 . -- 

12 eq. 5.5.2. 
S oC 
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5.5.2. 	It is of interest to note that from the measured 

fraction of recombination luminescence for -particles (3%) 
235 

a calculation of the expected value for U 	fission fragments, 

based on the assumption that recombination is proportional to 

track ionization density, gives a figure close to the experimental 

one (40%). 

Consider the total fluorescent emission resulting from 

the passage of a particle. It will be due to direct excitation of 

gas atoms (proportional to particle energy expended, E) and 

emission of recombination luminescence (assumed proportional to 

2 
the square of track ion density i.e. I

s 
where I s  is the specific 

ionization). 

If Lax, Lac  are the gas luminescence yields from 

recombination and excitation respectively for 0C particles, and 

Ism., Ex  are 0C-particle specific ionization and energy, then 

ROC 

 

2 
K . 

sx 
eq. 5.5.1. 

    

LEG,c 	Ecc  

where K is a constant, 

0.031 for U
234 

'NC particles by 

LEd.  
experiment. 



Similarly for U
235 

fission fragments 
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2 
K.I

SF 

EF  
eq. 5.5.3. 

LEF 

0. 031 ,E 	IsF ) 

EF 	lac  

2 

eq. 5.5.4, 

on substitution of K from eq. 5.5.2. 

Inserting values for E 	Mev), EF  (77 Mev), Iso: (3.2Mbv/cm) 

and I (66.6 Mev/cm) pertaining to the experimental conditions, 
SF 

BF 
0.627 

LEF 

which gives the ratio of recombination to total luminescence 

produced in Cell II by fission fragments as 

RF 
0.39 	eq. 5.5.5. 

LEF  + LRF  

This compares well with an experimental value of 0.40. 

5.6. Comparison  of Electron-Ion Columnar Recombination  Rates 

with Theory:  

5.6.1. 	While columnar recombination between slow ions 

following particle ionization of electron-attaching gases (air, 0 ) 
2 



has been satisfactorily investigated both theoretically (G. Jaffg, 

Ja13) ) and experimentally (J. Schemel l  (Sc28) ), the case of 

columnar recombination in electron-free gases, between fast moving 

electrons and relatively immobile positive ions, has not received 

theoretical treatment and no experimental determination of recom-

bination rates appears to have been reported previously. The 

magnitude of the effect has of course been subject to measurement 

in pulse ion chambers (E. Bellamy and W. Hogg, (3e56) ). 

The present experiments permit an estimate of 

columnar recombination rates in A-N
2 

from the decay of recombination 

luminescence, providing the inherent time delay in the transfer 

of energy of recombination of ions to, and re-emission from, the 

molecular N2 component is taken into account ( ,::z 20 m/usec in 

Cell II). 

5.6.2. 	It is of interest to attempt to carry over Jaffe's 

theory of ion-ion recombination, with certain modifications, to 

the case of electron-ion recombination in the A-N 2 gas mixtures 

investigated here. 

The time dependence of the density of ions of either 

sign, n, as a function of the radial distance, r, from the axis 

of the ionization column is given in cylindrical co-ordinate form 

as 

- °en2 eq. 5.6.1. 1 

2 
or 	• r 

103. 
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where 0C is the volume recombination coefficient and D is the ionic 

diffusion coefficient. 

It is necessary to examine firstly the nature of the 

coefficient D closely in view of the fact that charge carriers 

of widely differing masses are present. It is almost certain 

that initially the diffusion of carriers from the column is 

ambipolar in character due to the high density of ionization. 

("('10
16 
 ions/cc if the mean radius of the column is 100 A). The 

more mobile electrons will tend at first to diffuse radially more 

rapidly than the heavier positive ions, giving rise to a negative 

space charge sheath surrounding a core of positive charge. If the 

charge density is high enough, the resulting space charge field 

will slow up the diffusion of the negative carriers and speed up 

the positive. Considering the case of ambipolar carrier diffusion 

in one dimension we have n = n = n and equal velocities v =v = v + e 	+ 
(due to space charge effect). The current flow of carriers under 

the space charge field, X, will be for positive ions 

n+v+ = _D+ . 	+ n+K+X 
dx 

dn 
and electrons nv = -D • 	e -nKX 

e e 	e 	e e 
dx 

eq. 5.6.2. 

eq. 5.6.3. 

Eliminating X we get 
DK +DK +e e+ 
n(Ke  + 

dn 

dx 
eq. 5.6.4. 
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_ 
D
a . dn 	eq. 5.6.5. 

n dx 

where D is the ambipolar diffusion coefficient. 
a 

Now 	K
+ 

= 	= 
D
e 	

KT 

(see "Kinetic Theory of Gases", Loeb, p. 547 (L034) ), 

and since K >> K , we have 

DIAe  + 14Ke  

a  
.  Ice  +K.. 

or 	Da = 2D+ 	eq. 5.6.6. 

The integration of differential eq. 5.6.1 is simplified 

by Jaffe by ignoring the effect of recombination on the form of 

the radial ion density distribution with time i.e. for the 

purposes of solution pcn
2 
 is set equal to zero. A solution of 

eq. 5.6.1 is then 

r2 
n - 	 ■ exp 	2  eq. 5.6.7. 

Tr (4Dt + b )  4Dt + b 

where N is the linear track ion density (specific ionization in 

ions per cm); b is a parameter such that at time t = 0 the mean 

radius of ion displacement in the distribution 

no = — • e-(.10
2 

eq. 5.6.8. 
.11 b2 



(which is Gaussian) is 

 

eq. 5.6.9. 

The mean radius of displacement at time t is 

 

4/  

I. = 	fi (4Dt + b2) 

4 

 

eq. 5.6.10. 

If we now substitute n from eq. 5.6.7. Into the 

recombination relation 

dn 	2 = - ocn 3  
dt 

and take the total differential over the whole cylinder of diffusion 

(r = 0 to r = 60) we obtain 

2 
dN  

   

eq. 5. 6.11. 
at , 217(4Dt + b2) 

Integration of the differential eq. 5.6.11 gives the total number 

of carriers NI  at time t in terms of No , the irdti.a.:L number, as 

No 
N= 

  

1 + °4-2-1-0  • log Opt+ b2 )  
) 81iD 

eq. 5.6.12. 

The recombination rate over the whole cylinder of ionization 

expressed as a function of the initial specific ionization, Nol is 
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therefore 

    

eq. 5.6.13. 

    

dt 	, 	c<N 
log 

 4Dt + b2  r, 1 + • 	■Y- 2 7i (4Dt + b2  ) 

	

81D 	b2  

The validity of eq. 5.6.13 has been confirmed 

experimentally when applied to ion-ion recombination in electron, 

attaching gases (air, 0 etc). Measurements of recombination 
2 

rates were generally delayed some milliseconds after the primary 

ionizing event. It is during the delay period that electron attach-

ment and the Gaussian diffusion distribution are effected. 

The successful application of eq. 5.6.13 to columnar 

electron-ion recombination will depend on the accuracy of the as-

sumption that the radial ion distribution is Gaussian immediately 

after ionization (within a few m/ksec). In actual fact, the 

distribution is more likely to be one in which the electron density 

at large radius is somewhat greater than the positive ion density 

despite ambipolar space charge retardation of electron motion. 

This will be due to the higher than thermal energies possessed by 

the electrons on ionization. However, in A,N atmospheres such 
2 

energetic electrons should be thermalized rapidly since the 

fraction of electron energy lost per N 2  molecular collision can 

be of the order of some per cent (Lo55, p. 230). 
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For comparison of the observed rate of decay of 

recombination luminescence with theory it will be assumed that 

fluorescence is prompt on recombination (probably occurs within 

104  sec). It is convenient to use a decay time„lr,„ equal to 
2 

the period required for the recombination rate to fall to one 

half of its initial value. For small t, eq. 5.6.13 gives 

. 	b2  
—40 

4D 

and taking D = Da  = 2D+  = .025 cm2/sec for scintillation Cell II 

(section 5.4.4), a set of T 1  values are obtained for arbitrary 
2 

b (TABLE 5.6.A) . . 
TABLE 5.6.A. 

b(1) 	(= 7.0 g ) I'll 	(sec) 
2 

10 1C
713 

2 -11 
10 10 
3 

10 1C
79 

4 -7 
10 10 

5 
10 10

-5 

10
6 

1C
73 

From TABLE 5.6.A it is seen that if one takes a b 
4:0 

value of the order of ten electron mean free paths 	10 A) 

the corresponding V 	agrees with the observed order of 

decay time 	10-7 sec) for recombination luminescence. It 
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appears then, that b can be identified in a rough way with a 

Ithermalising length' for electrons which for
2 
 is probably 

not much greater than a few mean free paths. This does not seem 

to be a physically Unreal interpretation of b, at any event. 

It is worth noting that the assumed ambipolar nature of the diffusion 

has lead to this conclusion. 

From eq. .. 5 16 6 0 13 it is readily seen that for asmallt 

the number of ions that have recombined in t is proportional to 

2 
N
o
. This has been verified experimentally in section 5.5. 

5.7. The Role  of Noble 	Molecular  Ions in the generation  of 

Columnar Recombination Luminescence:  

5.7.1. 	It is to be noted that the occurrence in argon of 

both monatomic and molecular noble ions of differing recombination 

coefficients (A coefficient is ^ , 10
3 

that for A
+
), and varying 

2 
relative abundance with time introduces an uncertainty as to the 

actual type of ion involved in the observed fluorescence decay. 

Although initially only A
+ 
 ions are formed in the column of0C - 

particle ionization, there is a rapid, pressure-dependent 

buildup of A2  ions by 

(1) A44. + A 	A+2  + e (J. Hornbeck., (Ho51) ). 

+ . 
and 	(2) A + 2A 	A

2 
+ A (M. Biondi, (3i51) ). 

where A is a high-lying, short-lived (", 10
-7 sec) state; the 
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relative efficiencies of the atomic processes involved in the 

conversion of the recombination energy of either A2 or A ions 

to detectable light are also unknown. It seems probable that, 

at pressures used here, coupled with the higher recombination 

coefficient for A22 most of the recombination luminescence 

observed is from the dis-associative recombination of A2 into 

excited A atoms with subsequent de-excitation by molecular 

nitrogen and N
2 
 band-emission in the visible. 

5.8. The Influence  of Columnar 4pcombination Luminucence  on 

the Linearity  of Energy Response  of Neutron  Gas 

Scintillation Counters:  

5.8.1. 	It is suggested here that the large disparity in 

linearity of energy response between DC particles and fission 

fragments reported by others can be explained mainly in terms 

of the high percentage of additional luminescence from columnar 

recombination for fission fragments, rather than in any variation 

of light collection efficiency which may arise from differing 

locations of centroids of luminescence relative to the photo-tube 

cathode for the two types of particles (B054). 

It is worth noting that gas scintillation counters 

have been built to operate at 75 atmospheres pressure (En60) (e.g. 

to increase the neutron capacity of He-filled spectrometers) and 

it might reasonably be expected that non-linearity of response 
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arising from recombination luminescence Should be worse for 

these very high pressure detectors. 

The application of electric fields to A-N 2  gas 

scintillation counters to improve linearity of response is 

obvious. 

5.9. Practical Applications of the Columnar Recombination 

Luminescence Effect: 

ON 
5.9.1.  If non-linearity of energy response is Aimportant in 

a neutron-U235 fission detector, then high pressure operation is 

desirable so as to take advantage of the additional columnar 

luminescence. This will improve further the oc -pileup rejection 

factor of the counter. The same principle could be used in 

B
10

(n,44)Li
7  
 detectors to reject Compton recoil electrons 

originating fromdff-background. 

An important application may prove to be the use of 

pulse shape analysis to determine particle type, e.g. the decay 

of a proton scintillation pulse in an A + H
2 
neutron detector 

will contain a fast component (normal de-excitation fluorescence) 

followed by a slow decay component due to the recombination 

process. Electrons from a 11 -bac1ground will give rise to pulses 

having only the fast component. It should be possible using 

pulse shape discriminator circuits to detect knock-on protons 

with energies somewhat less than background electrons. 



It may be feasible to combine the pulse-shape 

discrimination technique with applied electric field in an 

A-N2 chamber to determine particle trajectory i.e. a particle 

telescope. Particles with trajectories parallel to the electric 

field direction will retain the slow decay characteristic in 

their scintillation pulse since destruction of recombination by 

the field is less pronounced than for particles having inclined 

tracks. 
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CHAPTER VI. 

INSTRUMENTATION  AND TECHNIQUES.  

6.1. A Wide-Band Pulse Amplifier System: 

	

6.1.1. 	The amplifier system to be described in this section 

is designed to provide an overall amplification factor of 3 X 10 
5 

at fast response time (0.25 iasec rise time for a square wave 

input). It is intended for use with low-level (few tens of 

microvolts) negative polarity pulses such as those generated by 

nuclear counters. In the course of amplification the signal 

polarity is inverted to positive output for the convenience of 

succeeding pulse-height sorting units. The system is comprised 

of a low-noise preamplifier having a gain of 30 times, the 

output of which can be taken over a cable (10-15 feet) to a 

main amplifier unit which provides variable gain up to a maximum 

of 10
4 
 times. 

	

6.1.2. 	The preamplifier circuit of Fig. 6.1.A will be 

first discussed with particular reference to the conditions 

which govern the choice of the input valve VI and its associated 

circuitry in order to minimise valve and circuit noise from this 

stage of amplification. It is the noise generated in V1 and the 

R,C components in its grid circuit which essentially determine 

the noise figure for the whole amplifier system and best signal- 
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to-noise ratio can only be obtained if careful attention is 

paid to the selection of Vi, its operating potentials and 

associated circuit components. 

The problem of electrical noise in nuclear counter 

amplifiers is reviewed by A. Gillespie (Gi53) in his monograph 

on the subject. Relations for the spectral intensity of the 

various tripes of valve and circuit noise to be expected in a 

typical nuclear counter preamplifier will be quoted here, and 

the best-value valve operating conditions and circuit values 

will be found qualitatively from them. 

(a) Circuit noise:- the spectral intensity of the thermal 

noise voltage across the capacitance C which shunts the feed (load) 

resistor of any ionization chamber or grid leak resistor (of the 

1.4) 
input valve V1), is given at any frequency, f =— , by 

4KTR 

 

eq. 6.1.1. 

1 + (0) CR) 2  
2 

V, 
where --LI- is the mean square thermal voltage per unit bandwidth, 

f 
T is the absolute temperature of the resistor R and K is 

Boltzmannis constant (1.37 X 10
-23 

joules/°Kelvin). Integration 

of this expression over all frequencies shows that the mean 

square voltage appearing across the capacitor is a constant for 

a given C and independent of R. The spectral density of noise in 
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the low frequency region can therefore be increased by making R 

large; (WCR)
2 
 of the denominator of the FIRS of eq. 6.1.1 is 

V.2  
increased, therefore 	decreases and since the amplifier 

system has a definite lower frequency limit, f l , for transmission 

of any signal, the noise output will diminish. Thus it is 

advantageous to use high values of ionization chamber feed 

resistor and grid leak resistor; values are frequently as high 
8 

as 10 ohm. 

(b) Valve noise:- (1) the random emission of electrons from 

the valve cathode produces sorcalled shot noise, the spectral 

density of which is given by 

1 OKT 
eq. 6.1.2. 

gm 

V2  
for a triode, where s is the equivalent mean square shot noise 

voltage per unit bandwidth as a signal at the grid of the valve; 

g
m 

is the mutual conductance of the valve in amp/volt. 

Obviously shot noise is diminished by the use of a high g m  value. 

(2) for a pentode valve, additional noise is 

introduced by the random partition of electrons between the 

f
1 
may be 10-100 Kc sec as determined by the "clipping time 

constant" setting. 
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screen-grid and anode giving 

V
2 

10KT Ia  ( 	) 
s _ — 1 + 

Llf 	
gm 	Ic 

eq. 6.1.3. 

where I
a
, I

c 
and I

s 
are the anode, cathode and screen-grid currents 

(in amperes) respectively. From eq. 6.1.3 it is seen that the 

use of a pentode input valve increases shot noise by a factor 

81, 
1 +--= over the triode; the factor is equal to 2.6 for I s = 2 ma gm 

and gm  = 10 ma/V, being typical low-power, signal pentode valve 

figures. A triode is therefore preferable to a pentode providing 

its g is not too low. 

(3) grid current will flow in a valve due to 

capture of electrons from the main cathode to anode flow, especially 

if the grid is not biased very negatively with respect to the 

cathode. This component of grid current is opposed by a current 

flow ('reverse grid current') due to the collection of positive 

ions which are generated by ionization of residual gas in the 

valve. There are also two other 'reverse grid current' components, 

one from the omission of positive ions from the hot cathode surface 

and the other arising from electron emission by the heated grid 

(normally very close to the cathode). 

Grid current can be lessened by operating the grid 

biased at least -2 V with respect to the cathode. This not only 
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decreases the electron capture effect, but by lowering the anode 

current reduces the rate of formation of positive ions by 

collision. Positive ion formation also increases with anode 

potential since electrons are given more available kinetic energy 

for gas ionization. Low anode operating voltage is therefore 

desirable. The thermal emission effects can be reduced by 

lowering the operating temperature of the cathode. 

The spectral density of grid current noise can be 

expressed in terms of an equivalent signal voltage at the grid 

(appears across the grid leak resistor and parallel stray capacitance) 

as 

V2 	2eI R2  
eq. 6.1.4. 

   

1 + (Co CR)
2 

where e is the electronic charge in coulombs, and I is the sum 

of the amplitudes of both normal and reverse grid current components 

in amperes. 

It is immediately obvious from the above discussion 

of valve noise that the choice of valve operating conditions 

for minimum noise level is a matter of compromise, since any of 

the factors which decrease grid current flow also decrease the g m  

of the valve and therefore increase shot noise. The valve V1 

finally chosen for the preamplifier circuit was a type 6AK5 

and was specially selected for minimum grid current from a 
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number of such valves on hand. Operating potentials were: 

anode voltage = 120 V and grid bias voltage = -2 V giving a g 

10 ma/V. 

It is generally found that other forms of electronic 

	

( 1T
2 	10-13  

 noise e.g. flicker noise --f, = - for most valves J, 

	

Af 	f 
induced grid noise and thermal noise in the anode load resistor 

are small compared with shot and grid noise. An additional noise 

source is that due to current flow in *composition' material 

resistors but this is apparently concentrated in the low frequency 

region of the spectrum and is usually below the lower limit of the 

amplifier bandwidth. 

Electrical noise arising from the movement of valve 

electrodes that follows mechanical shock can be attenuated by 

mounting the preamplifier on suitable rubber anti-shock mounts. 

Noise from this source is largely comprised of low frequency 

components and can be discriminated against by raising the low-

frequency limit of the amplifier pass band. Another potential 

low frequency noise source is the 50 cps a.c. line supply 

required for indirectly heated valve cathodes. It is possible 

to reduce pickup of 50 cps 'hum' at any high impedance grid 

point on a valve socket by earthing the valve heater pin nearest 

to the control grid pin. The best solution is to employ a d.c. 

heater supply. Again, low frequency restriction of the amplifier 
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pass band will help to reduce spurious 50 cps pickup. 

6.1.3. 	The advantages of using negative feedbac1 . amplifiers 

for nuclear counter pulse amplification have been well proven. 

Linearity of response, stability of gain and bandwidth are 

features of the negative feedback preamplifier circuit shown in 

Fig. 6.1.A. Such a circuit is known as a "ring of three" with 

valves V1, V2 and V3 forming the basic feedback ring. It is 

usually inadvisable to include more than two stages of amplification 

within the ring (V1 and V2 are amplifying stages), otherwise phase 

shifts at high frequencies may be excessive. If the phase shift 

is 180
o 

for a particular frequency, and if amplifier gain is 

high enough, a self-sustained oscillation will result at that 

frequency. The gain of the preamplifier with feedback is nearly 

the reciprocal of the feedback. factor. The feedback factor in 

this case is equal to the ratio of the 3.9 kilohm V3 cathode load 

resistor to the 120 ohm V1 cathode resistor, i.e. the amplifier 

gain is approximately equal to 30 times. 

It is seen that an adjustable capacitor, C (3 -30 	3 

is shunted across the 3.9 kilohm V3 cathode feedback resistor. 

The purpose of this is to provide a feedback path which is compen- 

sated for attenuation at higher frequencies. Without compensation, 

the stray capacitance to earth which appears across the 3.9 kilohm 

feedback resistor would seriously attenuate feedback at high 
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120. 

frequencies. Ordinarily the value of C is found by feeding a 

fast-rising square wave signal into the amplifier and adjustment 

made until the output signal shows no sign of an oscillatory 

overshoot at peak output i.e. "ringing" is absent. Fig. 6.1.B 

shows oscillograms of the preamplifier output which result at various 

stages of adjustment of C. Waveform (a) shows undercompensation 

with ringing present :  (b) correctly compensated :  and (c) overcom-

pensation. An overcompensated amplifier obviously has an: increased 

response time to a square wave input signal :  i.e. the high 

frequency limit of the amplifier pass band is reduced. The upper 

half-power frequency of the pass band:  f
2
, the frequency at which 

amplifier gain is i/4 that at mid-band :  is given by 

1 

3Tr 
	 eq. 6.1.5. 

where T
r is the time for the output signal to rise from 10% to 

90% of its final level. From waveform (b) of Fig. 6.1.B it is 

found that T
r 	

0.1 sec, which gives an upper half-power 

frequency of 3.3 M.4/s. 

Returning to the preamplifier circuit of Fig. 6.1.A 

it is seen that a separate cathode follower output V4 is 

employed rather than use made of the low impedance output already 

provided by the cathode follower V3 of the feedback ring. This 

is done because any loading on the cathode circuit of V3 by 

external cables etc. would alter the constants of the feedback 
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Fig. 6.1. B. 	Oscillograms showing the various stages of adjustment of the preamplifier 
response to a square wave input (a) undercompensated (b) correctly com-
pensated and (c) overcompensated. Time scale = 0.2 Lsec/cm. 



network and therefore the network compensation. A separate 

cathode follower output is therefore necessary. The grid of 

every valve of the preamplifier has a small-valued series 

resistor (100 ohm) in its grid circuit to suppress parasitic 

oscillations. The cathode load resistor for V4 is located in 

the main amplifier unit described in section 6.1.4. 

The form of preamplifier construction used is shown 

in Plate 6.1.0. The R,C filtering components of the counter 

E.H.T. supply are mounted on the same chassis. The chassis is 

suspended by rubber grommet links from the main frame to reduce 

microphonic noise. A small-valued capacitor (12e 1 ,*i4f) provides 

coupling to the amplifier input from a Test Input socket, and is 

a useful addition for monitoring amplifier gain during counting 

experiments. 

6.1.4. 	Fig. 6.1.D shows the main amplifier circuit. It is 

comprised of two feedback rings of three, each with a gain of 

100 times. The signal attenuator control at the input of the 

first amplifier ring is variable in 6 dbv steps, and is the output 

cathode follower load of the preamplifier unit. Inversion of the 

signal polarity (negative input) is made at the anode of V4 in 

order to provide a positive-polarity output. A negative voltage 

supply line was necessary to supply correct bias conditions to 

V1 of the first ring. Valves V6, V7 and V8 of the second ring 
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Plate 6. 1. C. 	Preamplifier unit. 
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are capable of high anode heat dissipation since large standing 

currents through their relatively small load resistors (6 kilohm 

plate load for V6) are required to give the correct d.c. operating 

potential levels. The anode load resistor of any wide-band 

amplifier must necessarily be low-valued if bandwidth is to be 

preserved, since the following relation holds (for a stage without 

feedback) 

Bandwidth - 
47111 

eq. 6.1.6. 
stage gain 2110 

where C is the output capacitance (farads) of the valve. Low 

stage gain, i.e. small anode load resistor, is therefore a pre-

requisite for wide-band operation. 

It is seen that the +11 ..T. supply to each ring is 

separately bypassed to earth to reduce mutual coupling between them. 

Each ring was also electrostatically shielded from the other. 

The resistor and capacitor components (R1, C1) for 

pulse clipping are located at the input of the first ring. Where 

the clipping network is positioned in the amplifier chain is a 

matter of compromise. If the signal is clipped too early in the 

chain then low-frequency hum pickup and microphonic noise from 

later stages will not be attenuated. On the other hand, if the 

network is placed near the end of the amplifier chain it is 

possible for changes in grid bias levels to occur in the early 

stages at high pulse rates, which can lead to gain variations. 
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The network is generally located immediately after preamDlification. 

	

6.1.5. 	The performance of the amplifier system described here 

has been very good. The maximum output level is +120 V at less 

than +1% non-linearity and gain stability is such that a variation 

of less than 1% in 24 hours occurs after an linitial 30 minute 

warmup period. Running time to date totals approximately 500 hours 

without the occurrence of any electrical fault. The longest rise 

time of the overall system is 0.25iusec corresponding to an 

upper half-power frequency of 1.3 Mg/s (rise time depends slightly 

on attenuation control switch position, being longest at maximum 

attenuation). 

The theory and practice of nuclear counter amplifier 

design has been extensive ly reviewed by W. Elmore and M. Sands 

(E149), and more briefly by F. Farley (Fa56). These, and other 

works,,were referred to here. 

	

6.1.6. 	Table of valve operating potentials (volts): 

(a) Preamplifier 

VALVE TYPE CATHODE GRID SUPPRESSOR SCREEN ANODE 

V1 6PAK5 2.05 0 	\- 2.05 133 133 

V2 6AK5 2.7 0 2.7 110 76 

V3 6AK5 22 8.5 22 110 110 

V4 611K5 23.5 22 23.5 110 110 	. 
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. (b) Main Amplifier Unit 

VALVE TYPE CATHODE 
1 	1 

GRID SUPPRESSOR SCREEN 
. 
• ANODE 

.- 

V1 6A146 0.75 ' 	0.3 0.75 245 128 

V2 6AR6 2.3 0 2.3 245 168 

V3 . 	9001 -82 - - - 0 

V4 6E11,16 16.5 1.05 16.5 226 226 

V5 64116 2 0 2 245 152 

V6 =6 2.6 0 2.6 200 100 

V7 6M-16 105 100 105 300 300 

V8 60i6 110 105 110 300 300 

6.2. Pulse-l-leiaht Discriminator Circuit:  

6.2.1. 	A pulse-height discriminator circuit 	used in 

conjunction with the wide-band amplifier system previously 

described (section 6.1) will be described in this section. 

With reference to the circuit of Fig. 6.2.A it is 

seen that valves V2A and V2B form an a.c. -coupled Schmitt 

trigger element (the original circuit by O. Schmitt (3c38). is 

d.c. -coupled). A positive pulse at the input overcomes the bias 

voltage (meter V) applied to the grid of V2A (V2A normally non-

conducting) to cause V2A to conduct. V2A anode potential falls 

and with it the grid potential of V2B (V2B normally conducting). 
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This fall in V2B grid potential is cathode-coupled to V2k causing 

the valve to conduct harder and, if the gain around the feedback 

loop is greater than unity, a regenerative action sets in 

resulting in V2A fully turned on and V2B off; this will be 

designated the flip state. The flip condition is held until 

either 

(a) the input pulse lowers V2A grid potential to a level at 

which the current flow in V2A is reduced, causing the reverse of 

the action described above to occur, i.e. the circuit resets (flops). 

Normally the grid potential of V2A has to be reduced some few volts 

below the flip level due to the fact that V2B grid potential has 

to be forced somewhat below cut-off for the circuit to achieve 

the flip state; the difference between flip and flop levels is 

called the "backlash" or "hysteresis" of the circuit and obviously 

it increases with loop gain. 

or 

(b) the grid potential of V2B recovers to pre-flip level before 

the input pulse decays. The recovery period is determined by the 

time constant of the E0 combination comprising the back resistance 

of diode D1 ( 	1 megohm) and the V2A anode to V2B grid coupling 

condenser (0.02/4f) i.e. it is of the order of 0.02 sec. This 

period is much longer than the duration of any pre-shaped nuclear 

counter pulse (tens ofiasecs) and therefore the flip regime 

period is usually controlled by the signal pulse, as outlined in (a). 



The anode of V2B provides a positive square pulse 

during the flip state. This is applied to the trigger circuit 

comprised of valves V4A and V4B to give a shaped pulse suitable 

for driving a scaler circuit (not shown). 

The purpose of valve V3 will now be discussed, its 

function having been ignored in the description given so far. 

As the input trigger pulse decays, the cathode potential of 

V2A follows the grid (normal cathode follower action) until at a 

point determined by the bias setting of V3 grid it is clumped by 

V3 cathode. The input pulse continues to fall and the current 

flow in V2A is reduced, leading to flop action. This can be 

chosen to occur, by adjustment of V3 grid potential, earlier 

than normal reset, i.e. V3 can be used to reduce the hysteresis 

of the basic Schmitt element. This is an advantage since a 

reduction in hysteresis extends the lower limit of pulse height 

acceptable to the discriminator. This particular method of 

hysteresis reduction is due to F. Farley (Fa56, p. 137). It has 

been given here in some detail as it has been incorporated in a 

modified version of the Schmitt trigger to give a voltage comparator 

Pulses of amplitude less than the hysteresis value cannot 

be discriminated since the circuit would reset under 

conditions in (b) outlined above. 
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circuit with zero hysteresis  (see section 6.5). 

	

6.2.3. 	The setting up procedure for the discrjminator is as 

follows. With a 15 V pulse input the discriminator bias control 

(VR1) is adjusted so that meter V reads 15 V. A scaler, or 

triggered oscilloscope is attached to the Positive Trigger Out 

terminal, and potentiometer VR2 is varied until the discriminator 

just triggers. The pulse height versus discriminator bias 

relation will be linear with zero intercepts on the bias and 

pulse-height axes, i.e. the meter V will read pulse height 

directly. The circuit is useful for pulses above +2 V amplitude. 

	

6.2.4. 	Table of valve operating potentials (volts): 

VALVE TYPE CATHODE GRID SUPPRESSOR SCREEN ANODE 

V1 VR105 0 - - - 106 

V2A 1/6J6 138 100 - 	_ - 300 

V26 1/616 138 98 - - 282 

V3 1/616 138 106 - - 300 

V4A 1/6J6 18.2 0 - - 300 

V46 1/616 18.2 18.5 - - 98 

D1 0A85 135, - - - 98 

6.3. Anode Follower Inverter-Amplifier  and High-Level White 

Cathode Follower Circuits:  

6.3.1. 	The anode follower circuit to be described was used to 
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provide low-gain amplification at low output impedance and 

pulse polarity inversion, for the treatment of certain counter 

outputs. The anode follower of Fig. 6.3.A is a negative feedback 

amplifier with a gain factor given by the ratio of the anode 

feedback resistor, R2, to the grid input resistor, R 1 . The action 

of the feedback is to help maintain a nearly constant V1 grid 

input level. If the input signal is V volts then the output is 

4  volts to meet this condition, i.e. the gain is 	In the 
Ri 

circuit of Fig. 6.3.A, R 1  = R2  = 1 megohm giving unity gain but 

other values were selected according to the gain requirements. 

It is necessary that the feedback network be frequency compensated 

and Ri , R2  are therefore shunted by capacitors such that R1 0 1  = 

R202; C. = 02  = 100 iirrif in Fig. 6.3.A and are larger than any 

stray capacitances from R 1  or R2  to earth. The output impedance 

R1 	R2 	2 
is approximately 	ohms, or — ohms for R1  = R2, i.e. 

112gm 	gm 
twice that of the cathode follower. 

Although the anode follower is usually fed with 

positively rising pulses the present circuit was used to invert 

negative counter pulses. The rise time of these, however, was 

well within the response time of the amplifier. The input 

impedance of the anode follower inverter-amplifier is rather low, 

being R
1 
in parallel with 0,  but use of the low output impedance 

White cathode follower circuit between counter and anode follower 
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overcame this disadvantage. 

The circuit of Fig. 6.3.A is capable of linear response 

for inputs of up to -80 V (unity gain) which is sufficient to 

provide a positive output at a level in excess of the maximum 

input accepted by the 24-channel pulse height analyser to be 

described in section 6.5. 

6.3.2. 	The White cathode follower circuit shown in Fig. 6.3.A 

is capable of transmitting either positive or negative counter 

pulses without distortion into high capacitance loads. Valves 

V1 and V2 are feedback connected with unity feedback factor. 

On positive-going inputs, V1 conducts and charges the load 

capacitance whilst for negative inputs the feedback is such as to 

cause V2 to conduct harder and to discharge the load. The gain of 

the device is the same as that of the conventional cathode 

follower being 

G 
gm2•R 

1 + gm2R 

where gm2  is the mutual conductance of V2 and R is the anode load 

ofV1.For/1=4.7kilohmanda=10 ma/V, G = 0.980. The 
bm2 

E.L.C. White, U.S. Patent No. 2,358,428 Sept., 1944; a 

detailed description of the White cathode follower has 

been given recently by PL. Brown (Er60). 

129. 



output impedance is 

zo 
1 

ohms. 
1 +g R) 

If g
m1 = g 	10 ma/V and R = 4.7 kilohm, then Z

o = 2.1 ohms 

1 
which is to be compared with Z = — = 100 ohms for a simple 

0  gm  

cathode follower. Whereas the simple cathode follower cannot 

be used for large, fast negative-going pulses, since the valve 

can be driven into cut off, the White cathode follower is 

useful for high-level signals of either polarity. The White 

cathode follower of Fig. 6.3.A is capable of handling pulses 

in the range +50 to -100 V peak. 

6.4. Pulse Generator Units 

6.4.1. 	The pulse generator given in this section was 

required to produce a continuous train of pulses (pulse repetition 

frequency about 100 pps) with pulse waveform similar to that 

expected from a gas ionization counter. Such a pulse would be 

of negative polarity and have a rapidly rising front with rise 

time 	0.1,/sec, followed by a slow recovery over several 
ttbe 

hundred "sec. Pulse height Ilasis known to within 1% and 

variable over a wide range. (10 mV - 10 V). The generator was revired 

mei to check the gain stability of the wide-band pulse amplifier 

system of section 6.1 during counting experiments and to aid in 

the correct adjustment of the various feedback loops of the amplifier. 
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It was decided to design a generator capable of delivering pulses 

having faster rise time than the figure quoted above in order to 

increase its range of application. 

6.4.2. 	The circuit finally developed is shown in Fig, 6.4.A., 

Valve V1 is a gas thyratron which is biased so that it behaves as 

a relaxation oscillator. Following a discharge, the anode potential 

of the valve recovers with a time constant (pulse repetition period) 

set by the 1 megohm anode resistor and 0.01/cf capacitor to cathode. 

When the anode potential rises to striking level the valve fires 

again and the anode is essentially connected to cathode by a low 

impedance gas conduction path. The waveform that appears at the 

cathode is therefore a sharp positive rise, =r,  100 V in 0.1./asec, 

followed by a decay with time constant largely determined by the 

now parallel combination of the 1 kilohm cathode resistor and the 

500/4/f capacitor to anode (e.:: 0.5/zsec). A 100 kilohm resistor 

in series with the grid of V1 serves to B 	t grid current flow 

during discharge to a safe value. 

The output of V1 is taken via a cathode follower V2 

to a second thyratron V3 which is normaly: biased off. The 

cathode follower provides an output from which an oscilloscope 

display can be triggered prior to generation of the main signal 

pulse by V3. V3 is triggered after a delay of 1iksec as set by 

the integrating time constant of the 10 kilohm, 1,000,f 

series RC combination in the grid circuit of V3. The pulse from 
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V3 is applied to the grid of V6A, normally biased off, via the 

diode V4A. The current which was previously flowing in VEB is 

rapidly switched to V6A and the anode potential of V6B rises to 

earth, to give a positive calibrating output pulse. V4B limits 

the rise of the grid potential of V61. to suchta level that grid 

current does not flow. V6A is held on for a period governed by 

the discharge time constant of the 10 megohm, 50/rf parallel 

RU combination in its grid circuit. The decay is slow (500/.sec) 

and as V6A grid potential drops to cut-off level, the valve 

current, is transferred back to V6B giving rise to the desired 

slow tail on the generator pulse. Fig. 6.4.B shows sample 

pulse generator output waveforms. 

An essential feature of the circuit is the use of 

a constant current pentode valve, V7, as the cathode load of V6. 

This ensures that current registered by the 0-10 ma meter, M, 

is at any time the same as would flow through V6B anode load 

resistor when the calibrating pulse is generated. The peak height 

of the pulse appearing at the anode of V6B is then the current read-

ing on M multiplied by the anode resistor, which is selected at 

either 10, 100 or 1,000 ohm by switch SU1. The current flowing 

in pentode 1)7  is varied by adjusting the grid bias control 

potentiometer 1/R1. The method of constant current switching 

through a standard resistance to provide a calibrating pulse 

has been described by Farley (Fa56, p. 110). 
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Fig. 6.4. B. 	Pulse generator waveforms (positive pulses) at 100 mV/cm sensitivity 
(a) pulse profile at 0. 2 msec cm sweep. 
(b) pulse wavefront at the output of a correctly terminated coaxial cable; 
0.1 //sec c m sweep. 
(c) pulse wavefront at the output of the same cable as in (b) but unterminated; 
0.1 psec cm sweep. 



Ordinarily a pulse of the required polarity (negative) 

would be available from the anode of V6A. However, the grid-

anode valve capacitance tends to feed through to any anode load 

of V6A a sharp spike originating from the fast-rising trigger 

turn-on pulse from V3. An inverter amplifier of unity gain is 

required to follow the output of V68, which is unaffected by 

feedthrough, in order to correct the pulse polarity. This 

amplifier consists of a ring of three valves, V8, V9 and V10 1  

with unity feedback to give unity gain at the cathode of V10. 

The inverted (negative) output is taken from the anode load of 

V10 which is made equal in value to the cathode resistor of the 

valve (150 ohm). This class of amplifier is discussed by Elmore 

and Sands (E149, p. 323). 

6.4.3. 	In the construction of the generator all signal-carrying 

leads were kept very short so as to minimise inductive pickup from 

the high-current carrying (pulsed) leads in the thyratron circuits. 

The inverter amplifier is shielded from the rest of the generator. 

Earthing the positive high tension supply rail enables direct 

coupling to be had for positive calibrating pulses, if this is 

required, without distortion of the pulse profile introduced by 

coupling condensers. Also, and more important, the power supply 

ripple voltage appears mainly across the anode of V613 to negative 

rail and is therefore considerably attenuated. 
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generator, positive pulses with rise time 10 in/isec in the 

amplitude range 0-1 V have been generated. At this order of 

pulse rise time, coaxial cables were required to be terminated 

by resistive loads equal to their characteristic impedances to 

avoid waveform distortion by reflection, as shown in Fig. 6.4.13. 

6.4.4. 	Table of valve operating potentials (volts): 

VALVE TYPE 	IJAThODE GRID SUPPRESSOR SCREEN ANODE 

V1 884 158 146 - - 218 

V2 6AK5 156 148 156 300 300 

V3 884 170 150 - 
. 236 

V4A -1- 6AL5 72 - - - 72 

V4B -i 6AL5 87 - - - 72 

V5 9001 0 - _ _ 87 

V6A ir 12AT7 86 72 - - 300 

V6B i 12AT7 86 78 - - .300 

V7 6m6 6.0-43 0-52 6.0-43 300 80-86 

V8 64E5 146 123 - 300 280 

V9 	. 605 146 114 - 300 278 

V10 6015 146 112 _ 300 300 
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6.5. A Slow  .-Channel Pulqp-Height Analyser (Kicksorter)  

of Transistor-Valve Hybrid, Construction:  

	

6.5.1. 	The design, construction and performance of a slow 

24-channel pulse-height analyser (or kicksorter) of the 

Wilkinson type (4150A) in which channel count is tallied by 

four-digit mechanical registers is described in this section. 

Pulse-height-to-time conversion is performed by hard valve 

circuit elements, while channel address selection and register 

drive circuitry is transistorized. The instrument normally 

accepts positive polarity pulses of rise time 0.2 to 15/sec 

and amplitude 0 to 72 V (3 V channel width). Counting dead 

time is fixed at 0.5 sec. Lower channels can be biased off to 

prevent saturation by pulse amplifier noise. The inclusion of 

a fast-acting gate circuit at the input prevents pulse plieup 

and permits measurement of pulse spectra without distortion up to 

a count rate of 100 cps. A separately biased amplifier unit 

(variable level bias, 0-75 V; gain 5 times) has been used at 

the head of the instrument to give an effective channel width of 

0.6 V for high resolution measurements of spectra. The total 

count on all 24 channels is summed and presented by register, 

and the number of pulses with amplitude above the upper limit of 

channel No. 24 is registered and displayed as a surplus count. 

	

6.5.1. 	Pulse amplitude sorting and recording of nuclear 

particle detector signals is performed by either single or 
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multi-channel analysers. The single channel analyser usually 

consists of two voltage discriminator circuits, similar to 

that described in section 6.2, the bias levels of which (V and 

V +A v volts) are continuously variable over a range of some 
tens of volts. The difference in bias levels between the two 

discriminators, i.e. A V volts, ri ' is the analyser channel or 

window width. This is usually selected to be either 0.5 V, 

1.0 V, 2.0 V etc. according to the pulse height resolution 

requirements. The discriminator outputs are fed to an anti- 

coincidence circuit which is actuated if the discriminator with 

the least bias alone is triggered, i.e. if the signal pulse 

height falls within the range V to V + tiV volts. The anti-

coincidence output is recorded by a ratemeter or scaler. 

6.5.2. 	Often, when the single channel analyser is applied 

to a spectrum measurement for which the scanning time is limited 

for some reason or other (e.g. the spectrum profile may be 

changing with time), it may be necessary to increase the window 

-width (reduce resolution) to gain adequate counting statistics 

per channel. This may apply when count rates are low (1-10 per 

minute) and the spectrum is a broad one and not confined to only 

a few channels. In other words, the loss of information which 

occurs outside the set channel is unacceptable. A multichannel 

analyser which views the whole spectrum must then be used. 
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An important advantage of the kicicsorter over the 

single-channel analyser is that the spectrum profile presented by 

it is insensitive to changes in count rate which may occur 

during a recording period. Count rate variation obviously distorts 

the spectrum from the single-channel analyser and must be corrected 

for. 

6.5.3. 	There are two general lines of approach to the design 

of a kicksorter. 

(a) Direct measurement of pulse height by voltage comparison: 

The pulse may be fed into a series of stacked, 

biased-discriminator circuit elements with a constant difference 

in bias level between each. Thus, an anticoincidence output is 

registered only from that discriminator pair for which the 

discriminator with the lower bias is triggered but its companion, 

biased an additional -11V volts, is not. An arrangement comprised 

of N+1 discriminator elements gives N single channels. A ten -

channel channel differential analyser of this kind has been described by 

Elmore and Sands 0E149). The scheme has not proved popular in 

If the window width (resolution) of an N -channel kick-sorter 

is the same as that for the single-channel analyser, then for 

a rectangular pulse-height distribution the fractional standard 

deviation in channel count will be reduced to 1/ 1/T of that for 

the single channel scanner, i.e. 1/4.9 for N = 24 for the same 

recording time interval. 
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analysers having more than about ten channels since the uncertainties 

in discriminator trigger level (which may vary with time by changes 

in valve characteristics and resistors in potential dividers) 

become an appreciable fraction of the window width, This defect 

has been overcome to some extent by including a biased alga:1.11er 

at the analyser input so as to effectively expand window width by 

a factor equal to the amplifier gain. Circuits using this principle 

are given by A. Van Rennes (Re52) in a comprehensive review of 

pulse-height analysers. 

Photography of pulses displayed on a CRT with a 

free-running time base is another method for direct measurement of 

pulse height. A more sophisticated system of pulse photography 

is that first described by U. Bernstein, et al. (13653). Pulses 

are lengthened (or stretched) in time at an amplitude equal to 

their peak height and are fed to the X plates of the CRT with a 

linear triggered sweep voltage on the Y plates. The display is 

photographed through a grey wedge and the resultant print gives 

the logarithm of count rate (Y axis) versus pulse height (X axis). 

Grey wedge analysis does not require continuous film replacement 

as in the free time base method. Photographic methods are 

generally cumbersome though, and assessment of results is time 

consuming. 

(b) Digital methods: 

(1) Pulse-height-to-time (1I-II-7) conversion: 



The principle of linear conversion of pulse height 

to time interval, and measurement of this interval by comparison 

with an oscillator, is due to D. Wilkinson Oii50A). Pulse 

height is converted into an equivalent train of pulses which 

is fed into a + 10 ring scale unit the output of this in turn 

being fed into a second 4-10 ring scale. The individual stages 

(0, 1, 	, 10) of each scale are interconnected to those of the 

other to form a matrix of 100 outputs; each output but one 

produces the driving current of a mechanical register to give 99 

channels. For example, the receipt of a signal which generates 

a train of 20 timing pulses will activate element number 20 of 

the matrix and its associated register (channel 20). G. Hutchinson 

and C. Scarrot ( -11151) have applied digital computor techniques to 

store timing pulses in nickel magnetostriction delay lines so as 

to increase the signal pulse-handling rate of the Wilkinson 

analyser. 

Pulse-height-to-time conversion was accomplished by 

Wilkinson using a Miller linear run-down circuit to discharge at 

constant current a capacitor previously charged to peak signal 

pulse height. An oscillator was gated on from commencement of 

run-down to its completion and shaped to provide timing pulses. 

(2) A circuit which transforms pulse-height to pulse-train inde-

pendent of any time scale is the so called 'diode pump' circuit. 

Discrete, equal amounts of charge are fed through a diode to 
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neutralize the charge previously deposited by the signal pulse in 

a storage capacitor. Each unit of charge is provided by its 

corresponding pulse of a pulse train, which need not be constant 

in pulse repetition period. 

The design of the 24-channel analyser given here is 

intended to meet at low cost, requirements of linearity, channel-

width stability and low power consumption. The fact that count 

rates are low allows the use of mechanical registers for channel 

count storage. Maydmum count rate per channel is limited by the 

mechanical inertia of the register to less than 10 cps but up to 

104 - 1 counts can be stored per channel. 

It was decided for reasons of channel width stability 

to base the design of the instrument on the Wilkinson pattern. 

The number of channels was selected at 24 which it was considered 

would give useful resolution for most applications. If necessary, 

analyser resolution could be extended simply by the incorporation 

of a separate biased-amplifier at the input. Consideration was 

given to the use of transistors, where convenient, and it was 

immediately obvious that in view of the saving of power which 

could be effected the ring scales should be transistorized. 

Wilkinson's original circuit used a system of relays to interpret 

the state of the ring scales following a pulse train and to select 

the address of the appropriate channel. It was desirable that the 
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relay system be replaced by transistors in order to eliminate 

the problem of relay maintainance. An objection to the use of 

tranistors in the pulse-height-to-time (pulse-train generator) 

section of the analyser is the dependence of preset discriminator 

trigger levels on ambient temperature. Temperature effects were 

not expected to arise in the channel address system where the 

tranbistors were to be employed as switches (on-off devices) only. 

6.5.5. 	A functional block diagram of the kicksorter is 

shown in Fig. 6.5.A. The signal pulse is first fed into a 

PULSE STRETCHER comprised of a cathode follower, diode and storage 

capacitor. The capacitor is charged to a potential equal to the 

peak voltage of the signal pulse and an output is taken from it 

through a gate circuit, GATE I, which is paralysed 20jusec after 

receipt of the signal for a period of 0.5 sec. This paralysis 

interval is a little longer than the time required to ensure 

positive action of the mechanical registers. It represents the 

dead time of the instrument. The 2O/SEC DELAY UNIVIBRATOR is 

triggered via a VARIABLE THRESHOLD SCHMITT TRIGGER element, the 

bias setting of which determines the minimum pulse height needed 

to set the analyser in action. The threshold trigger can be used 

to reject amplifier noise which would otherwise cause jamming of 

the analyser. The 0.5 sec paralysis period is generated by 

another univibrator element, triggered at the end of the 20/tsec 

delay; a 50 Kc/s GATED HARTLEY OSCILLATOR is also turned on at 

this time. 
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The output of Gate I is connected to a MILLER 

LINEAR RUN-DOUN valve in such a way that the anode potential 

of the Miller valve is raised by an amount equal to the signal 

pulse height. The Miller valve anode is also d.c.-coupled to a 

SCHMITT VOLTAGE COMPARATOR. The period required for the potential 

on the anode of the Miller valve to fall to a preset trigger level 

at the comparator element is proportional to signal pulse height. 

The output of the comparator is used to open a 

second gate, GATE II, through which shaped pulses from the Hartley 

oscillator are fed. A pulse-shaper circuit at the output of 

GATE II provides a suitable drive for the first RING OF FIVE of 

the CHANNEL ADDRESS UNIT. The purpose of the connection between 

the 2O$ SEC DELAY UNIV1BRATOR and SCHMITT COITARATOR element 

will be described later. It is sufficient ot say here that it 

ensures operation of the Schmitt comparator at zero hysteresis. 

Commencement of both the Miller run-down and Hartley 

oscillator is synchronised with the closing of Gate I i.e. 20igsec 

after receipt of the signal pulse. 

To prevent recycling of the ring scales in the 

channel address section by signal pulses with amplitude greater 

than channel 24, the comparator circuit is prematurely reset if 

more than 24 train pulses are transmitted to RING SCALE A. This 

is the function of the SURPLUS TRIGGER pulse taken from the 
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output of RING SCALE B to the comparator. The SURPLUS TRIGGER 

pulse also actuates a SURPLUS COUNT REGISTER. 

The GHANNEL ADDRESS UNIT comprises two transistor 4 5 

ring scales. The five outputs of each scale are interconnected 

to give a matrix of 25 outputs. However, as will be shown later, 

only 24 of these are connected to registers to give 24 channels. 

An output is taken from the 20i#SEG DELAY UNIVIBRATOR 

to trigger two additional circuits of the register selector unit. 

These are a TOTAL COUNT REGISTER drive circuit, and an 0.1 SEC DELAY 

UNIV1BRATOR which allows the registers to actuate before resetting 

RING SCALES A and B at the end of this period. 

6.5.6. 	The P-H-T conversion circuitry will be discussed in 

detail with reference to the circuit diagram of Fig. 6.5.B. 

The waveforms shown in Fig. 6.5.0 illustrate the sequence of 

events which follows the receipt of a signal pulse by the kicksorter. 

(a) PULSE STRETCHER (cathode follower-diode-storage capacitor). 

Cathode follower valve V1 of Fig. 6.5.B is a triode-connected 

high-gm  pentode which provides a low output impedance drive to 

charge a storage capacitor (100 iygf) via a diode D1 to peak 

signal pulse height. The driver must be capable of charging this 

capacitance to a maximum signal pulse height (channel 24 = 72 volts) 

in approximately 0.25/sec, without running into grid current. 
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dV 
If --2  is the rate of rise of signal at V1 grid, then the 

dt: 
storage capacitor, C s, requires a charging current of 

dV 	-12 
C 
s 	

72  = 100X 10 	X X lcp ma 
dt 

	

	0.25 X 10-6   

= 29mA 

which is within the capability of the valve used. 

A large value of cathode follower load resistor 

(1 megohm) is necessary to give the cathode follower a constant 

current characteristic, and therefore minimal change in grid-

cathode bias level, with increasing signal pulse height. 

Changing grid-cathode bias with signal pulse height level would 

introduce nonlinearity into the response of the analyser. 

As a consequence of the type of gate circuit (GATE I) 

which follows the stretcher circuit, the value of the storage 

capacitor, Cs, must be much greater than the stray capacitance 

from the grid of V3 to earth, otherwise excessive charge sharing 

with this latter capacitance will diminish the amplitude of the 

stretched signal pulse. As shown above, the current handling 

ability of Vi sets the maximum value of C s  at about 100/y4f. 

At this value, pulse height reduction by charge sharing is not 

The rise time of the wide band pulse amplifier, section 6.1, 

used in conjunction with the analyser. 

144, 



significant. The 6.8 megohm shunt resistor across C reduces the 

input impedance level at V3 grid and therefore lessens 50 cps 

hum pickup from valve heater leads. The time constant of the 

discharge circuit comprising C s  and the 6.8 megohm resistor is 

too long to affect the amplitude of the stretched signal pulse 

during the 20/sec delay prior to commencement of the HILLER 

RUN-DCU action. 

(b) GATE I. Valve V2 is the gating valve with a 100 kilohm 

anode load resistor connected to the storage capacitor, C. 

V2 is normally non-conducting (voltage division between V128 

ahode and the -300 V line provides cut-off bias to V2 grid) 

with V2 anode at +108 V. When the stretched signal pulse appears 

over C
s 

there will be a short delay as determined by the time 

constant of V2 anode load resistor 'and V3 grid capacitance to 

earth, before the anode of V2 (and grid of V3) rises to maximum. 

20/(sec after receipt of the signal pulse V2 is turned on 

(V128 anode rises to +300 V and V2 is given zero grid-cathode 

bias) and V2 anode falls to +28 V above earth. Any subsequent 

signal pulse received during this regime will be voltage divided 

by the 100 kilohm anode load and the anode impedance of V2,, 

which is now =le 10 kilohm,i.e. less than 1/10th of the signal 

pulse superposed on a +28 V level, will appear at the grid of V3. 

The gate is effectively closed. 
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(c) LINEAR MILLER RUN-DOWN ETEMENT. A very linear run-down 

waveform is generated by the Miller circuit with a minimum number 

of components. Valves V5 and V6 and diode D5 form the MITJER 

RUN-DOWN ELEMENT. In the quiescent state, D5 is conducting and 

holds V5 grid at -5 V. The anode current of V5 is divided 

between the 300 kilohm load of the valve and the preceeding 

cathode follower valve V3 (via diode D3) .. The anode potential 

of V5 is +113 V but is raised by cathode follower V3 by an 

amount equal to the signal pulse height on receipt of a pulse at 

the input, if Gate I is open. When Gate I is closed, V3 cathode 

drops quickly to about +30 V above earth and is isolated from the 

Miller circuit proper by diode D3. The run-down commences with 

V6 forming a d.c.-coupling in the feedback path from V5 anode to 

V5 grid. The action of the feedback is to charge the feedback. 

capacitor, Cm  at a constant current rate an&so produce a linearly 

increasing grid signal and a corresponding (amplified) negative 

waveform at V5 anode. 

The function of valve V4A is to rapidly reduce the 

anode potential of the run-down valve V5 whenever a positive 

SURPLUS TRIGGER pulse is applied to V4A grid from RING SCALE 1BI 

output. This action ensures that the COMPARATOR (next described) 

resets, so that RING SCALES 'AI and 1BI cannot be recycled by 

signal pulses of amplitude greater than the upper limit of the 241). 

channel. 
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(d) SCHMITT COMPARATOR. The fumtion of this element is to 

determine the time taken by the Miller run-down output to fall 

to a level of +113 V i.e. the steady state value, prior to a 

signal pulse. The Schmitt trigger, comprised of V7 and V8, 

compares the run-down voltage with +113 V. When the difference 

between +113 V and run-down level is zero, then the trigger 

circuit shuts GATE II (Vi 5)  through which shaped pulses from the 

GATED HARTLEY OSCILLATOR (V13) are being fed. 

The comparator circuit of Fig. 6.5J3 is an unusual 

arrangement of the Schmitt trigger element which gives the 

circuit effectively zero hysteresis. It is desirable that the 

trigger hysteresis be zero if a correctly linear P-H-T conversion 

relation having zero intercepts on the time-pulse-height axes is 

to be had. Valves V7A and V7B form a d.c.-coupled Schmitt trigger; 

in the quiescent state WA is nonconducting and V7A grid is held 

at +113 V by V6 cathode, 5 V below the normal trigger (flip) 

threshold level as determined by poteitiometer VR4 setting. If a 

signal pulse of pulse height > 5 V is received at the kicksorter 

input, then the trigger threshold is exceeded and the circuit flips. 

After a 201sec delay the Miller run-down commences. The Schmitt 

trigger resets (flops) when WA grid input falls to +113 V as 

determined by the setting of the grid level control potentiometer 

VR5 of the hysteresis control valve VA. The time taken by the 

Miller run-down to fall to +113 V level is therefore accurately 
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proportional to signal pulse height, but applies only to pulses 

> 5 V for the circuit described so far. In order to compare 

pulses < 5 V the Schmitt trigger is deliberately flipped by a 

trigger pulse at V7A anode for all signal pulses (trigger pulse 

derived from the 20/1491EC DELAY UNIVIBRATOR and labelled 'SET 

COMPARATOR'. pulse). 

(e) VARIABLE THRESHOLD TRIGGER (Schmitt). An a.c.-coupled 

Schmitt trigger element, valve V10 and diode D8, is connected 

to the output of the pulse stretcher circuitry. Trigger threshold 

bias voltage is set by the potentiometer VR1 and read on meter 

V. If the bias is set to 9 V say, then the Schmitt element will 

not be triggered by the signal pulses which would ordinarily fall 

in the first three channels (3 V width). For signal pulses' 

above 9 V the element will be triggered and subsequently the 

20/Asec and 0.5 sec DELAY UNIVIBRATORS i.e. the threshold 

trigger is the master trigger of the analyser. 

(f) 29/SEC DELAY UNIVIBRATOR. The introduction of a time 

delay is necessary before the commencement of pulse-height-to-

time conversion by the MILLER RUN-DOWN - SCHMITT COMPARATOR 

combination. This is to allow pulses with slowly rising fronts 

time enough to reach peak. height. The delay was set at 20iitsec 

and is provided by the cathode-coupled univibrator element 

comprised of valve V11 and diode D9. A positive RC clipped 
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pulse from V1CB anode of the VARIABLE THRESHOLD TRIGGER raises 

V11A grid so that V11A (normally off) is turned fully on by 

regenerative coupling through V11B. This situation lasts for 

20/sec as determined by the resistor-capacitor (220 kilohm, 

220 ,e/uf) timing network in V11B grid circuit, before the 

element resets. An output is taken from the univibrator (output 

B) to actuate a delay circuit in the register selector unit. 

(g) 0.5 SEC DELAY UNIVIBRATOR. At the completion of the 

20lasec delay, a 0.5 SEC DELAY UNIV1BRATOR is triggered. The 

trigger element, valves V12, V4B and diode D10, is also a 

cathode-coupled univibrator but incorporates cathode-follower 

coupling in the V12A anode - V12B grid section of the feedback 

loop. A cathode follower is used so as to give rapid recharge 

of the •02)uf timing capacitor in V12B grid when V12A anode 

rises positively on the flop transition. As a result, the tail 

of the pulse applied to GATE II from V12B anode falls steeply 

and the opening of the gate is fast. If this were not the case 

then at high count rates the probability of pulse height being 

distorted by a partly opened gate would be increased. The use 

of an unusually high-valued timing resistor (22 megohm) in V12B 

grid is made possible by the application of a silicon diode 

which has a back resistance of approximately 500 megohm. 

(h) GATED HARTLEY OSCILLATOR, and LIMITER CIRCUIT. The double-

triode valve V13 is connected as a gated or pulsed sinusoidal 
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oscillator of the Hartley type (E149, p. 68). V13B is the 

oscillator valve while V13A performs the gating. In the 

quiescent state the inductor, L, is loaded by the low output 

impedance at the cathode of V13A since this valve is heavily 

conducting (anode dissipation limited by the 15 kilohm anode 

resistor). The Q value for the tuned circuit of the oscillator 

valve V13 is therefore too low for the circuit to oscillate. 

The tuned circuit comprises L and its stray capacitance. 

When the 0.5 SEC DELAY UNIV1BRAT0R is triggered a large, negative 

BC clipped pulse (0.01 sec clipping time) is applied to V13A 

grid. V13A is turned off for 0.01 sec and the cut-off of valve 

current, I, previously flowing, allows the generation of a 

sinusoidal oscillation of initial amplitude I L to take place 

in the tuned circuit. If the damping resistor in the feedbacc 

loop of V13B (550 ohms in Fig. 6.5.B) is properly Selected, 

then the amplitude of the oscillation can be held at its initial 

value. The potential of V13A grid eventually recovers to earth 

after 0.01 sec, whereupon V13A again conducts and the oscillation 

is quenched. 

1145 Kc/s sinusoidal output is taken from V13B 

cathode (low impedance point) and limited by diode D12 and valve 

V14 to give square wave shaping. 

(i) GATE II. This gate circuit is required to transmit pulses 

from the Hartley oscillator until it is closed by the Schmitt 
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comparator. GATE II may be opened either when a signal pulse 

flips the SCHMITT COMPARATOR (signals > 5 V) or at the end of the 

20/1sec delay period when the GATED HARTLEY OSCILLATOR is started 

and the 201aSEC DELAY UNIVIBRATOR flips the comparator via diodes 

D6 and D7. 

The output from limiter valve V14 is a square wave of 

period 1/45th msec. This is subject to hard RC clipping (R3  = 

10ef X 15 kilohm = 15 miKsec) and d.c. restoration by Lode 

D13 at the grid of V14, to give a positive pulse sufficient to 

overcame a cutoff bias of -8 V. The suppressor of V15 is at 

cathode potential at this stage since the SCHMITT COMPARATOR 

has flipped and V7B anode is close to +300 V; the voltage 

division of V7B anode to -300 V line ensures that diode D15 is 

conducting and clamping V15 suppressor to ground or cathode 

potential. Limited Hartley pulses appear as very narrow, negative 

pulses at V15 anode until their transmission through the gate 

is stopped by V15 suppressor cutoff, following reset of the 

SCHMITT COMPARATOR. 

(j) PULSE SHAPER UNIV1BRATOR. This element provides positive 

pulses of suitable duration and amplitude (width = 31usec; 

amplitude = 4 V) for driving RING SCALE tAl of the CHABIEL 

ADDRESS UNIT. It takes the form of a cathode-coupled univibrator, 

valve V16, which is triggered by the anode-coupled Hartley pulses 

from V15 of GATE II. The return of the 470 kilohm timing resistor 
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to +34,1DY 

in the grid circuit of V1EBAgives stability of pulse width to 

the short pulses generated. 

6.5.7. 	24-CHANNEL ADDRESS UNIT. The function of this unit 

in the Wilkinson analyser is to scale the number of pulses compri-

sing the pulse train from the P-H-T UNIT and then actuate the 

corresponding channel register. The scaling of pulses can be 

done by a ring scale circuit having N + 1 binary flip-flop 

elements to give N channels but if N is large then so is the 

number of valves required (100 twin triodes for N = 100; for 

typical ring circuit designs see T. Sharpless, (Sh48) ). 

However, Wilkinson uses an arrangement of only two 4- 10 ring 

scales to give 99 channels with a considerable saving in 

circuit components. Wilkinson's principle has been applied by the 

present designer to the CHANNEL ADDRESS UNIT of Fig. 6.5.D in 

which two 	5 ring scales are used to give 24 channels. 

Transistors Ti to T5 comprise the RING SCALE 

This circuit is due to A. Carlson (Ca58). It differs from 

the original design in so far as all RC components have been 

altered to suit the use of type 0044 high frequency transistors 

and clamp diodes have been inserted at the collectors of all 

transistors to prevent bottoming. The scaling speed of the 

circuit is over 100 Kg/s. The circuit is economical in 

components and uses half the number of the conventional cascaded- 
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binary ring scale. This is made possible by arranging the d.c.- 

feedback between ring elements so that at any one time two 

adjacent transistors are conducting (ON) and the other three 

are non-conducting (01i?). Five possible circuit states are 

therefore available. Transistors T8-T12 have been added by this 

designer to read out these circuit states and T6 2  T7 to shape 

an output from the ring scale. 

Suppose transistors Ti and T2 are ON with T3, T4 

and T5 OFF before the receipt of a train of SHIFT PULSES at 

input terminal A of RING SCALE IA'. When the first positive 

SHIFT PULSE is fed to the ring scale the following sequence of 

events occurs. The potential differences across diodes D1 2  

D3-D5 are such that they are reversed biased; the potential 

difference over D2 is very small and the diode is at the point 

of conduction. The shift pulse is therefore directed through 

D2 to the base of T2 (initially ON) and its conduction is 

reduced. T2 collector potential rises negatively to turn T3 ON 

(T3 base connected to T2 collector). Since the base of Ti is 

coupled to T3 collector there is a positive regeneration and 

flip action occurs. The state of RING SCALE 	now is that 

T2 and T3 are ON with T4, T5 and Ti OFF. A total of five 

SHIFT PULSES will return the ring to its original state. Now 

the collector potentialscof the trasitors T1-T5 when the ring 

scale is in its initial state are T1C = T2C = -3 V and T3C = 
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T4C = T5C = -9 V. The collector potential of each transistor 

is summed with that from the transistor next in line along the 

ring. 100 kilohm summing resistors are used anct.their outputs 

are fed to the base of each of the drive transistors T8-T12. 

Consider the potential at the base of T8; it will be 

- 	T2C  _ 3 v.  

2 

The others will be T9B = -6 V, T1CB = -9 V, T11B = -9 V and 

T12B = -6 V. Since the emitters of T8-T12 are returned to 

a -3 V line, T8 will be abli and T9-T12 ON, with their collector 

potentials at almost -3 V. An inspection of potentials will 

show that after the first SHIFT PULSE, T9 is OFF with T10, T11, 

T12 and T8 ON; the outputs of T8-T12 are used to interpret 

the state of RING SCAIE 'At. 

Transistors T6 and T7 form a buffer pulse-shaping 

stage between RING SCALES IA! and 1BI. When every fifth 

SHIFT PULSE returns RING SCALE IA' to its original state (Ti, 

T2 ON) T4 collector rises negatively. An BC-clipped negative 

pulse is fed to the base of T6 which gives an inverted, shaped 

pulse suitable for driving RING SOME IB 1  after transmission by 

the low output impedance emitter-follower stage T7. Transistor 

T6 is normally biased off to some extent to reject low-level 

spikes originating from' SHIFT PULSE breakthrough to T6 collector. 

Diodes D13 and D14 also assist rejection. 
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Consider the potentials at the junction points 0, 

1, 2, etc. of Fig. 6.6.D which are formed by interconnection 

of the 82-kilohm resistors at the collectors of T8-T12 and 

their counterparts in RING SCALE 'Bt. These resistors sum 

the collector potentials so that prior to receipt of SHIFT 

PULSES at RING SCAT  E IAI, junction 0 is at 	= -9 V; 

-3 - 9 	
2 
-9 - 3 

1, 2, 3 and 4 are at ----- = -6 V and 5 is at 	= -6 V 
2 	 2 

and so on. Only junction 0 is at -9 V, the others being at 

-6 V or -3 V. If one SHIFT PULSE is received by RING SCALE 1 AI, 

-3-9 	-9-9 
junction 0 will be at ----- 

2 
 - -6 V; junction 1 at 	- 

2 

-9 V and junctions 2, 3 and 4 at 	= -6 V with 5 at 
2 

3 V. i.e. only junction 1 will be at -9 V and all others at 

-6 V or -3 V. For any number of SHIFT PULSES received there 

will be only one junction at -9 V at any one time, and a 

particular junction can be identified uniquely with a channel, 

the number of which corresponds to the number of shift pulses 

required to give a -9 V level at that junction. 

A register or channel drive circuit can be operated 

from each junction point if it is biased so that it operates 

only for a -9 V input but not for -6 V or -3 V. T13 and T14 

comprise a REGISTER DRIVE circuit suitable for actuating a 

500 ohm relay register. T13 provides a stage of current gain 

between the junction output and T14. The emitter of T14 is 

returned to a -6.5 V line so that the transistor will conduct 
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when the base potential of T13 is at -9 V. It is obvious that 

junction 0 cannot be used as a channel drive since in the 

quiescent state it is at -9 V. The number of channels available 

will therefore be 5 X 5 - 1 = 24 channels. 

The ring scales are allowed to remain in their new 

state following a SHIFT PULSE train for a period of 0.1 sec 

(0.1 SEC DELAY UNIVIBRATOR comprising T15-T17). This interval is 

required for the register to actuate positively. A register will 

of course not be actuated by the transitory appearance of -9 V 

at its REGISTER DRIVE input during the scaling operation since 

the SHIFT PULSE interval is only 22)usec. At the end of 0.1 sec, 

a negative RESET PULSE from the 0.1 SEC DELAY UNIV1BRATOR forces 

Ti and T2 of RING SCALES 'AI and IB 1  to an ON state ready for 

the next signal pulse-height analysis. An output from the 

univibrator also actuates a TOTAL COUNT register (T22 and T23). 

Transistors T18 and T19 form a gate which allows a 

SURPLUS TRIGGER pulse from RING SCALE IBI, generated if there 

are more than 24 pulses in the SHIFT PULSE train, to actuate the 

SURPLUS COUNT register. The register is driven by a urrivibrator 

circuit, T20 and T21, only while T19 is OFF. A square -wave at 

T15 collector is RC clipped and applied to T19 base to turn the 

transistor OFF for about 10 msec, after which the gate fLs 

closed. The gate circuit is necessary to bloa a pulse that 

appears at the output of RING SCALE IB 1  on reset after the 0.1 sec 

delay. 
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It is to be noted that the application of a diode 

in series with a small valued resistor (100 ohm) across every 

register coil winding is essential. When the register coil 

current is cut off an inductive voltage is generated which 

can exceed the maximum permissable collector voltage rating 

of the drive transistor. The inclusion of a diode, with a 

100 ohm resistor to limit peak current, effectively dampens 

any inductive "ringing". 

6.5.8. 	Plates 6.5.E and 6.5.F show the assembled kicksorter 

without power supplies. P-H-T valve circuitry is mounted on an 

aluminium chassis while the transistor circuits of the 24- 

CHANNEL ADDRESS UNIT are mounted on a stack of fibre boards. 

The respective boards are with reference to Plate 6.5.F, 

1. RING SCALE IAI. 

2. RING SCALE 1BI. 

3. RING SCALE IA' DRIVE transistors, T8-T12. 

4. RING SCALE IBt DRIVE transistors, T8-T12. 

5. REGISTER DRIVE circuits, channels 1-12. 

6. REGISTER DRIVE circuits, channels 13-24. 

7. 0.1 SEC DELAY UNIV1BRAT0R, SURPLUS and TOTAL COUNT register 

circuits. 
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6.5.9. 	The procedure for alignment of the kicksorter is as 

follows. 





Plate 6.5.F. 



1. The SUBEITT COMPARATOR is first set up. A 5 V signal 

pulse is fed into the INPUT of the analyser. Adjustment of 

potentiometer VR4 is made so that the HMITT COMPARATOR just 

triggers ON (flips). The signal pulse is increased to about 

15 V and potentiometer VR5 is adjusted so that the circuit 

resets at the point where the linear run—down input at V7A 

grid crosses the quiescent grid level (about +113 V). V7B 

anode is a useful monitoring point for observing trigger action. 

2. The INPUT is shorted and the threshold or CHANNEL BIAS is 

reduced to zero volts by potentiometer VR1 (CHANNEL BIAS 

control, front panel). Potentiometer VR2 is adjusted so thea 

the', VARIABLE THRESHOLD TRIGGER circuit just actuates 

(monitor V1CB anode). This sets the zero for the CHANNEL 

BIAS reading (external voltmeter). The INPUT is unshorted. 

3. Finally, the window width of the analyser is set to 3 V 

by feeding a +72 V signal pulse into the INPUT and potentiometer 

VR3 adjusted until the SURPLUS COUNT register just actuates. 

6.5.10. 	A check on the linearity of the kicksorter is 

given in Fig. 6.5.G. The dispersion of the voltage readings is 

due to coarseness of control in setting the signal pulse height, 

combined with error in reading an oscilloscope display from which 

pulse height was taken. The response seems to be close to linear. 
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30 minute warmup period the drift in the lower limit of the 

SURPLUS COUNT channel was less than 1% over a 12 hour period. 

During operation the instrument was well-ventillated by 

forced draught. 

6.5.11. 	Power supply connections to the kicksorter are 

shown in Fig. 6.5.H. P-H-T circuitry power requirements are 

+300 V at 80 mA and -300 V at 10 mA. CHANNEL ADDRESS and 

REGISTER DRIVE circuits are battery supplied as follow: 

-32 V, 40mA; -12 V, 17 mA; -9 V, 28 mA; -6.5 V, 30mA; 

-3 V, 12 mA (all currents given are for kicksorter operation 

at maximum speed). 
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(a) Table of P-B-T UNIT valve operating potentials (volts): 

VALVE TYPE CATHODE GRID SUPPRESSOR SCREEN ANODE 

V1 6NH6 108 98 108 300 300 

V2 6AK5 0 -14 0 108 108 

V3 6AK6 112 108 112 300 300 

V4A -'- 12AT7 0 -4 - 113 

V.4B -2-. 12AT7 56 54 - - 300 

V5 6a16 0 -4 0 300 113 

V6 6AD16 115 112 116 300 300 

V7A -L 616 128 112 - - 285 

TM 1- 636 128 128 - - 205 

V8A -2-.- 12AT7 128 110 - - 300 

V9 0B2 0 - - - 106 

V10A )2--  616 210 112 - - 300 

. 	V1CB - 	616 210 190 - - 262 

.. 	V11A -2,1- 616 108 92 - - 300 

- 	V11B --616 108 106 _ - 244 

V12A 636 62 94 - - 278 

V12B -L- - 6J6 62 32 - - 180 

V13A -1-12AT7 0 
, 

0 _ - 182 

V13B i'r 12AT7 2 0 - - 300 

1114 606 0 0 0 62 22 

V15 6LS6 0 - 6 -12 105 298 

V16A -j 616 110 84 - - 300 

V103 44' 616 110 106 - - 295 
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161. 

(b) Table of RING SCALE transistor potentials (-ye volts): 

TRANSISTOR TYPE COTJECTOR BASE EMITTER 

Ti 0044 2.5 2.15 1.95 

T2 0044 2.5 2.15 1.95 

T3 0044 8.7 1.5 1.95 

T4 0044 8.7 0.75 1.95 

T5 0044 8.7 1.5 1.95 

T6 0044 7.9 0 0.3 

T7 0071 9.0 7.0 7.3 	_ 

6.6. Gridded-Ion Chamber  for Quantitative Analysis  of 

Uranium
°5 

la QC-Particle Activity Measurement:  

	

6.6.1. 	The ionization chamber to be described in this section 
235 

was used to measure by QC-particle activity the amount of U 

deposited electrolitically onto small sheets of nickel foil. 

The dimensions of the chamber were required to be such that 

rectangular foils of up to 10 cm X 5 cm could be accommod'aie-cl. 

	

6.6.2. 	An ionization chamber that has been used extensively 

for oe-particle spectra analyses is the gridded-ion chamber 

developed by O. Frisch (F/-44). The introduction of a third 

electrode in the form of a fine wire-mesh screening grid close 

to the anode plate of a parallel-plate chamber, eliminates the 



disadvantage of pulse-height dependence ono -particle track 

orientation which occurs in the simple chamber. In the simple 

ion chamber the dimensions of the anode-cathode drift space 

must be of the order of ten times the a--particle track length 

for o..-particles emitted from the cathode, if the spread in 

pulse height due to the orientation effect is required to be 

less than about 10%. This in turn increases the collection 

times for electrons and results in comparatively slow rising 

signal pulses. On the other hand, in the gridded chamber the 

orientation effect is absent due to the electrostatic shielding 

action of the grid on the anode (see below) and the dimension 

of the drift space between grid and cathode can be reduced to 

a little over one track length. The rise time of the anode 

induction pulse is then faster compared with the ungridded 

chamber and a more restricted amplifier bandwidth can be used 

to improve resolution and signal-to-noise ratio. 

The theory and practice of .gridded ion chambers 

has been studied by G. Bunemann, et al. (Bu49) who constructed 

chambers which gave 1% energy resolution for 5 Mev et particles. 

W. English and G. Hanna (En53) have described a chamber which 

features a re-entrant cathode that helps shape the drift field 

in the grid-cathode space to diminish electron losses to the 

chamber walls. Characteristics of gridded chambers for various 

filling gases and the polarising voltages required for saturation 
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have been given by L. Herwig et al. (ie55). 

6.6.3. 	Fig. 6.6.A shows schematically the outline of a 

gridded -ion chamber. The anode is shielded by a screen-grid 

of parallel wires from the induction effect of electrons and 

positive ions comprising the oc -particle track, T. Only when 

electrons pass through the grid into the grid-anode space will 

the anode potential be reduced by electron induction. The 

anode potential continues to drop until the last electron is 

collected, provided the recovery time constant of the anode circuit 

is long compared with the collection time. In a well designed 

chamber the drift field between grid and cathode should be high 

enough to produce saturation in collection, and the grid wire 

diameter, spacing and distance from the anode should be selected 

to give minimum electron capture during transit through the grid. 

Electron capture at the grid will result in the spreading of an 

0C-, -particle pulse-height group. The cathode-grid distance must 

be chosen greater than the QC-particle track length at the 

operating pressure of the chamber. 

An outline of chamber design procedure is given by 

D. Wilkinson (Wi50, pp. 74-77) in which the screening "inefficiency" 

of the grid on the induction effects of ions in the grid-cathode 

volume on the anode is expressed in terms of wire spacing, S, 

wire diameter, D, and anode-grid distance, B, for a parallel wire 

mesh. The "inefficiency" of the grid is taken as the fraction of 
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the lines of force from a charge to grid and anode which terminate 

on the anode, and is given by 

"inefficiency" 414 	log 	• 
21TB  irD 

Inefficiencies of a few per cent are readily obtained in practice. 

Next, the fraction of the electrons which is 

captured by the gridis examined and the following inequality 

must be satisfied if 100% electron is to take place at the 

anode, i.e. zero grid capture, 

V
A 
-V

G  
A 	1 + 

eq. 6. 6. 1. V
G  

D 

where VA = anode-cathode potential; VG 
= grid-cathode potential. 

For the gridded chamber described here, A = 8.5 cm, 

B = 1.1 cm, S = 2.0 mm, D = 0.2 mm, which requires that V
G 

0.8 V
A 

(or V
A 

5> 1.25 VG) for no grid capture. 

6.6.4.  The chamber body was constructed from mild-steel 

tubing of inner diameter 15.7 cm and overall length 14 cm 

(wall thickness 0.31 am); end plates were of brass (0.31 cm 

thick) and were vacuum sealed to the chamber cylinder by rubber 

rings. Chamber walls were coated internally with Aquadag 

to reduce background pe-particle emission. Plate 6.6.B shows an 

external view of the complete chamber, while Plate 6.6.0 shows 
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Plate 6.6. B. 	External view of the gridded—ion chamber. 



Plate 6.6.C. 	Grid, anode and guard ring assembly of the gridded—ton chamber. 



1 65. 

the grid, anode and guard ring assembly which are mounted on one 

end plate. Teflon rod stand-offs were used to mount the electrodes 

and E.H.T. leads were taken through ceramic-metal seals. The 

best quality insulators are an absolute necessity in the construc-

tion of low signal ion chambers and extreme cleanliness of 

insulator surfaces is required in order to reduce spurious noise 

pulses arising from leakage of charge when high voltages are 

applied. The grid was comprised of two 1/16th in, thick brass 

rings between which were strung the grid wires (0.2 mm diameter 

nickel). Construction of such a large, multi-wire grid was not 

easy and it was difficult to obtain a high degree of uniformity 

of wire spacing. A total of 60 wires at 2 mm spacing form the grid. 

Chamber dimensions: 

Grid-cathode = 8.5 an. 	Anode diameter = 11.7 cm. 

Grid-anode 	= 1.1 am. 	Anode end plate = 3.2 cm. 

Chamber diem. (internal) = 15.7 cm. 

Guard ring, outer diam. = 14.5 am. Guard ring, inner diam.= 12.0 cm. 

6.6.5. 	For e4 -activity measurements the chamber was filled 

with welding-grade argon, generally to about atmospheric 

pressUre, after 1-2 hours pumping. Fig. 6.6.D shows plots of 

relative mean c4 -particle pulse height versus grid voltage at 

three values of anode E.H.T. Such a calibration is necessary 

to decide on optimum electrode operating potentials. It is 

seen that each plot shows a broad maldnum in pulse height 
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ocourringataboutVG =0.651L
, 
in each case. Above V

G 
 = 0.65 V

Al A  

the pulse height drops. rapidly due to electron collection at 

the grid. This takes place at a V value lower than the design 
,G 

value of V
G 
= 0.8 V

A. 
It is considered here that two factors 

contribute to reduce the critical V value in practice: 

(1) The grid spacing is non-uniform and therefore electron 

capture will tend to occur at the more closely-spaced wires 

giving a higher threshold voltage difference between grid and 

anode for no grid collection. 

(2) As the potential difference between grid and anode is 

lowered, electron drift time in the interelectrode gap is 

increased and if the amplifier clipping time constant is short 

then pulse height may also decrease• showing an apparent grid 

capture effect. For a 100 V potential difference between anode 

and grid the electron drift time will be approximately 5.514sec 

which is commensurate with the 10/sec amplifier clipping time 

constant used. 

It is interesting to compare pulse height at the . same VA_ Gc  

values for the two curves V
A 

= 1,000 V, V
A 

= 1,500 V of Fig. 6.6.D, 

For V
AG 

 values over the range 500 V to 700 V, pulse height is 
- 

nearly equal for both curves, increasing from 3.0 to 5.0 rela-

tively. This is to be expected if shielding of anode by the grid 

is efficient and saturation has been obtained in the grid-cathode 

space. The increase in relative pulse height with V
G  

. 	-shows A- 

that the amplifier clipping time is too short compared with 



electron drift time in the grid-anode gap. 

	

6.6.6. 	A differential pulse height spectrum for U
234 4)C 

particles is given in Fig. 6.6.E with V
G 
= 600 V and V = 1,000 V 

(clipping time = 2/.sec). The .t-particle group is well resolved 

from amplifier noise and is canparatively sharp. The low-energy 

tail of the distribution arises partly from back-scattered alphas 

and to a large extent from self absorption losses in the source 

(U 0 ), particularly for particles having low angles of emission. 
3 8 

Again the clipping time constant employed is too short. Since 

particles can be emitted into the grid-cathode space at any 

angle between 0
0 

and 90 relative to the cathode, the rise time 

of the anode pulse will lie in the range 1.5 i4sec (time for 

electrons from 00  tracks to drift across the grid-anode gap) to 

24/sec (time for electrons from 900  tracks, 3.5 am in length, 

to transit through the grid). The oe -particle distribution of 

Fig. 6.6.E could have been sharpened by increasing the clipping 

time constant to say 100)Ksec or by reducing chamber operating 

pressure, or both. 

6.7. Electrodeposition of Thin Uranium Films on Nickel: 

	

6.7.1. 	This section describes a method for electrodeposition 

of thin layers of uranium on nickel sheet for use in coated-

cathode neutron fission detectors. The technique of painting 

a mixture of lacquer and uranyl salt in alcohol onto nickel 
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sheet, followed by fixing at red heat, was tried prior to 

electrodeposition but proved in general to be unsuitable. 

Deposits of uranium were not always adherent, were difficult 

to make uniform over a large surface area and many successive 

coatings were required to build up thick layers. This method 

was soon discarded in favour of electrodeposition which results 

in even, tenacious deposits of U308 . 

6.7.2. 	There exists a considerable amount of literature 

describing techniques for the electrodeposition of uranium on 

platinum and copper s  but at first no information could be found 

which dealt with deposition on nickel. However, it was found 

by trial that a method similar to that by D. Hufford and B. Scott 

(Hu49) for platinum could be applied to nickel without any great 

change. Essentially, uranium is precipitated as an hydrous- 

oxide film at a nickel cathode from an ammonium oxalate-uranyl 

nitrate solution. The electrolyte solution must be held 

relatively constant in pH and temperature throughout the 

deposition and current densities must not be too great or 

structurally weak films result. A paper by C. Castro (Ca50) 

was located after the completion of this work in which the same 

method had been applied for uranium electrodeposition onto nickel. 

For an extensive bibliography on the subject see R. Ko, 

"Electrodeposition of the Actinide Elements" (Ko70). 
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1 69. 

6.7.3. 	Nickel-sheet strips were first degreased in acetone, 

then given a light etching in a hot equi-part mixture of water, 

concentrated HC1 and concentrated HNO • This treatment 
3 

removed the shiny appearance from the nickel surface and 

produced a matt finish which seemed to yield best uranium 

coatings. In one particular deposition, five sheets (11/16" X 

1-32, -") were placed about the circumference of a 300 ml glass 

beaker containing an electrolyte solution of 100 mg of uranyl 

nitrate {UO2 (NO3 ) 2 .6H20] in 100 ml of 0.2K ammonium oxalate. 

A 0.5 mm diameter platinum anode wire was located centrally in 

the beaker and the solution was stirred continuously. The 

electrolyte was kept at a temperature of 75 _ 2 °C by a water-

bath jacket which surrounded the 300 ml beaker, and held at 

pH = 8 by the addition of ammonium hydroxide throughout the 

deposition. Current density was 15 mil/cm2  and was maintained 

for 50 minutes. The nickel was brownish in appearance at the end 

of this interval, but blackened after firing at dull red heat in 

air for one hour. This step was necessary to remove all water 

and to produce the stable oxide U 308 . Heat treatment also improved 

the tenacity of the coating which was found by 0C-partic1e assay 

to have 0.15 mg U
235

/cm
2
. This represented an efficiency for 

deposition of approximately 10%. A coating of this thickness 

was close to the maximum which could be stably deposited. Coatings 

appeared to the eye to be reasonably uniform. 



Larger nickel sheets (up to 24 cm X 12.5 an) 

were coated. ina Pyrex tube (30 cm long X 4.5 am diam.) with 

deposits up to 0.05 mg U
235

/cm
2 

at the same current density. 

Thin coatings were generally light brown in appearance after 

heat treatment. 

235 
No attempt was made to deposit U 	quantitatively 

since the efficiency for deposition was not known. Instead, 

deposit thicknesses were measured by doe-particle assay in the 

gridded ionization chamber described in section 6.6 of this 

chapter. 

6.7.4. 	As a preliminary to the assay of U 235  on coated 

counter cathodes by oe-particle activity, the total activity 

from two U
235

-coated nickel foils was first determined and 

then subjected to quantitative analysis of U
235 

in order to 

find the oe-activity per mg U
235 

(the analysis was carried out 

by the Chemical Services Division, A.A.E.C.). It is to be 
235 

noted that most of the oe -activity in the enriched U 

234 
actually arises from short-lived U 	which is a contaminant. 

The resolving power of the'gridded ion chamber was not high 

enough to discriminate between U
235 

and U
234 

0e particles so 

the total 0--activity had to be related to the amount of U235 

present as found by chemical and mass spectrographic methods. 
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Results: 

Sample 1. 

Sample 2. 

171. 

2 
oe -activity = 15.7 X 10 dpm; area of sample = 4.13 cm . 

235 	4. 
Total U 	= 54 _ 2/ug, therefore 06-activity= 290 X. 103 

dpmbg 1?35 . 

Percentage U
234 
 = 1.099 ± .018. 
235 

" 	U 	= 

 

92.602± .131. 
238 

U 	= 6.299 ± .132. 

ce -activity = 15.0 X 1C
p 

dpm; area of sample = 4.37 cm
2

. 

Total U235 = 52 2jug, therefore-activity= 288X 10
3 

dpm/mg U235 . 
_ 

Percentage 
11234 

 - 1.134.025. 

235 • " 	U 	= 92.721 ± .172. 

11238 = 6.145 	.187. It 

6.8. All Glass Seal-Off for High-Pressure Gas Counters: 

6.8.1. 	In the filling of certain Pyrex envelope particle 

counters at pressures of up to two atmospheres, it was found 

necessary to develop an all-glass, high pressure seal-off 

since the usual method of freezing with liquid nitrogen, 

followed by sealing at reduced pressure, was inconvenient. 

The following technique was used to affect a simple, reliable 

seal-off On numerous counters. 

The seal was comprised of a 2 in. length of thick- 



walled glass tubing (-1-  in. o.d., 1/16 in. i.d.) about which 

was wrapped a 1k in. square section of 0.005 in. thick nickel 

sheet to form a close-fitting cylinder. The glass and inner 

surface of the nickel sheet were given a prior coating of 

Aquadag parting compound. The ends of the cylinder were 

secured by close winding a few turns of 20-gauge copper wire 

about each. 

Seal-off was made by carefully heating the central 

section of the nickel cylinder with a mall, hot oxygen-gas 

flame. As the glass softened and flowed, axial compression of 

the glass tube was applied manually from the counter end to 

prevent blow-out, and at the same time force additional glass 

into the melted zone to choke the filling tube. The glass was 

then annealed in a cooler flame and the seal trimmed after 

removal from the gas filling system. The high-pressure gas 

scintillation cell shown in Plate 5.4.13 has a seal-off of this 

type. 

6.9. Cleanup of Nitrogen-Contaminated Argon with Barium Getters: 

The technique of purifying argon gas of nitrogen 

and other contaminant impurities (0 0, H20) by gettering with 

barium will be described in this section. It was necessary to 

use the barium getter technique to extract these impurities 

(mainly N2) from the argon-filled spark counters described" in 

Appendix A in order to improve counter characteristics. Early 
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efforts to extract impurities by the use of heated calcium traps 

(40000) were discarded in favour of the more rapid cleanup 

provided by barium getters. 

	

6.9.2. 	The preparation of barium getter films has been 

the subject of much effort during the many years of vacuum valve 

manufacture. The best methods for producing optimum barium 

films for fastest cleanup have been arrived at mainly as a 

result of practical experience and even now little is known 

quantitatively about the properties of film structure which 

make for good gettering (Fr581  P054). It seems that coarse, 

granular films are better than finely deposited ones. A film 

comprise of small, separated grains apparently has a larger 

effective absorption area. Such films are fabricated by 

having (a) cooled surfaces onto which the barium is to be 

evaporated i.e. the surface should not be too close to the 

heated getter holder during the evaporation stage and (b) a 

few mm Hg pressure of noble gas present. 

 

6.9.3.  Plate 6.9.A shows a getter assembly which is 

normally sealed into a Pyrex bulb which is attached to the 

counter to be filled. Each getter "stirrup" of the assembly 

consists of a 1 cm length of getter wire (thin-walled nickel 

tubing containing barium metal) spot-welded to a U-shaped piece 

of nickel wire to form a loop. Four of these are mounted on 
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Plate 6. 9. A. 	(a) Barium getter assembly. 
(b) Barium film evaporated in a Pyrex tube. 



a nickel support wire which terminates on a short length of 

tungsten wire used for glass mounting. Each length of getter 

wire has a small hole filed into it to facilitate the evapor-

ation of barium vapour. 

After outgassing the counter assembly and getter 

at 42000 under vacuum, the getter was induction heated by a 

1 kilowatt RF ("I 100 Kc/s) oscillator to red heat for 	minutes. 

Getters were used immediately after fabrication since they 

deteriorated rapidly when exposed to room air. 

6.9.4. 	In a particular instance, the rate of gettering 

action was measured by noting the change in corona threshold 

voltage of a counter. The ignition voltage is lowered as the 

polyatomic gas impurities are removed from the argon filling. 

It appeared that several days were required for significant 

cleanup to occur at room temperature. In contrast, it was 

found that the gettering process could be accelerated by heating 

the getter bulb to a temperature between 300-400 °C. 

Getter films at room temperature apparently show 

an ageing effect due to the presence of an adsorbed gas layer 

immediately below the surface. This layer retards the diffusion 

of impurity gases to the active region of the getter. However, 

at elevated temperatures chemical reaction rates and diffusion 

are rapid, and almost complete cleanup takes place quickly 

(between 1-2 hours). 
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6.10. The Preparation of Diborane Gas 0.q.16) and Deposition of 

Boron Films on Nickel: 

6.10.1. 	The method of preparation of B 2H 6  gas used in the 

proportional neutron counters described in APPENDIX B will be 

given in this section. An account will also be given of the 

deposition of thin elemental boron films on nickel by the thermal 

decomposition of B 2H 6. These coatings were employed in the 

corona-proportional neutron counters of Chapter II, 

6.10.2. 	Diborane may be produced by 

(a) the reduction of boron halides (e.g. BF
3 

and BC1
3
) with 

sodium hydride (as given by D. Hurd (iu49A) 	A charge of 

powdered sodium hydride or other alkali hydride, e.g. LiH will 

do, is packed into an inclined Pyrex tube and a mixture of BF
3 

and H2  (1:2 ratio) is passed through the charge which is 

heated to between 180 and 200°C. At this temperature BF3  

disappears from the outlet and B 2H6  is generated as follows 

2BF
3 

+ 6NaH ---> B
2
H
6 
+ 6NaF 

The addition of H 2  is necessary to prevent the pyrolysis of 

B2H6  to higher hydrides (see APPENDIX B) with subsequent 

precipitation of boron. N2  in place of H2  apparently gives the 

same order of yield so it is probable that any inert gas would 

suffice as a diluent. 
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(b) synthesis in an electric arc from BF
3 
 and H

2 
as described by 

H. Schlesinger and A. Burg (Sc42). Overall yields of 75% are 

obtainable by this method. 

(c) from the reaction of BF
3 
 with the reducing hydride lithium-

aluminium-hydride as given by H. Schlesinger and H. Brown (see 

p. 76 of reference Hu52). 

43F3  + 3LiA1H ---> 2B2H6  + 3LiF + 3A1F3  
4 

The whole is carried out in an ether medium at room temperature 

and pure diborane can be prepared in quantity with nearly 100% 

yield. This method was used here for these reasons. 

6.10.3. 	Approximately 1 litre of BF
3 
 (which had been 

previously passed through a thermal diffusion column to 

eliminate electronegative impurities such as SiF
4 

and SO
2
) was 

dissolved in 20 ml of ether to form a complex BF
3 .etherate. 

This reaction proceeds vigorously with the evolution of heat and. 

was therefore performed at a slow rate at reduced temperatures. 

The ether was previously dried by metallic sodium. The flask 

containing the solution was then attached to the reaction flask 

of the system shown in Fig. 6.10.A, The reaction flask contained 

100 ml of dry ether and 2-4 gm of lithium-aluminium-hydride 

which was agitated vigorously by a magnetic stirrer. The 

atmosphere in the reaction flask at this stage was comprised 

of a mixture of air and ether vapour; air was removed (together 
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with some ether) by roughing off with a vacuum pump. Trap T2 

and the storage flasks were under vacuum after a lengthy 

pump-down to remove adsorbed water vapour. 

BF • etherate was added dropwise into the reaction 
3 

flask where diborane was generated with effervescence. The 

diborane was scrubbed free of ether in the long trap Ti which 

contained a refrigerant of dry ice and alcohol (-72 °C). After 

the reaction was completed, the reaction flask and trap Ti 

were isolated from T2 and the storage flasks. Trap T2 was then 

reduced to liquid nitrogen temperatures and traces of H 2  

(small quantities are generated) removed by pumping. The 

liquid nitrogen was then replaced by dry ice and the diborane 

collected in the storage flasks (B2H6 is gaseous at -72°C). 

Traces of ether remained in T2. 

6.10.4. 
	Diborane is a highly toxic Las and according to 

D. Hurd (%52) gives rise to physiological effects such as 

nausea, headache, convulsions and other unpleasant conditions, 

and it also affects the nervous system. The preparation given 

above was therefore carried out with extreme care, e.g. the 

room was well ventilated and precautions against leaks or the 

possibility of breakage taken. Diborane burns vigorously in 

air when ignited and the reaction can be explosive if uncontrolled. 

Liquid air refrigerant should never be used where there is a 
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risk of ignition and liquid nitrogen only should be employed. 

6.10.5. 	Thin, uniformly thick films of elemental boron 

can be obtained by thermally decomposing diborane into its 

constituent elements, boron and hydrogen (6c441  Do44). At 

temperatures of from 300-400°C  and low pressures (^a 1 mm Hg) 

smooth coatings result on most metal surfaces. At higher 

temperatures 	800°C) there is some diffusion of boron into 

the metal backing (particularly for iron) and films are generally 

uneven in surface density. The method is superior to the 

evaporation technique described by H. 0 1Bryan (0 1Br34) in which 

very high temperatures (^0 2,000°C) are used to deposit boron 

carbide layers over small areas. It is also a considerable 

improvement over the technique in which a mixture of boron 

powder in oil is painted on a surface and followed by heat 

treatment to vaporize the oil, as given by H. McCreary and 

R. Bayard (HcC54) 
	

the construction of boron-coated neutron 

ionization chambers. 

Boron was successfully deposited here on the inner 

surfaces of nickel cylinders (24 am long X 4.0 am diam.) by 

heating diborane to 420°C for 12 hours (cylinder and gas were 

contained in a Pyrex tube). Gas pressure was 10 mm Hg at room 

temperature. In this way a boron layer built up from three 

successive depositions proved to be even in surface density. 

Coating thickness was 0.04 mg B/cm
2 
by calculation i.e. 1/20th 
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7 
the range of oe particles from the B

5  

10
(n 1 0.4)Li

3 
reaction in 

boron. However, the deposit was not strongly bonded to the 

metal surface and some care was required in handling the 

cylinders so as not to disturb it. 

A compound which is claimed to be a colloidal 

suspension of isotpically enriched elemental boron in oil 

has recently become available and was used to coat the nickel 

cathodes of the small, hydrogen-filled corona counters of 

Chapter IV. The compound, after thinning with petroleum ether 

(0.5 g with 1.0 ml pet, ether), was painted on nickel sheet 

which was fired to red heat in air to evaporate the oil 

binder. A durable coating of density 0.1 m&B/cm
2
, with some 

uneveness, is produced (supplier: Lockheed Aircraft Reactors, 

Cincinatti, Ohio, U.S.A.). 
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APPENDa A. 

SLALL LOW-VOLTAGE  CORONA-SPARK NEUTRON COUNTERS:  

A.1.1. 	The construction and counting characteristics of 
235 

small, coaxial wire-cylinder, neutron-U 	fission corona-spark 

counters are given in this appendix.. A feature of the detectors 

is their low operating voltage (", 1,000 V) which results from 

fillings of argon made at low pressure in order to discriminate 

against background oC particles. The use of high purity argon, 

and a prolonged outgassing of the counter electrodes and envelope, 

leads to reasonably stable counting characteristics with time. 

A.1.2. Type IAI Counter, Design Considerations: 

It was required to design a neutron counter the 

Physical dimensions of which were restricted by the geometry 

of flux probe facilities available in a reactor. A single-

ended type of construction (see Fig. A.1 .A) was decided on, 

with the maximum allowable cathode diameter and overall length. 

This counter will be designated Type IAI and subsequent modi-

fied versions IBI and ICI. 

In the interest of stable counting with integrated 

count, it is necessary to preserve the active uranium coating 

from the corrosive effects of sparking. This is achieved by 

sleeving a uranium-coated nickel cylinder about a nickel 
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Fig. A.1.A. Schematic outline of a small neutron corona-spark counter. 



wire-spiral cathode to which sparking was preferred. Optimum 

spacing between turns is required; increased spacing means 

increased efficiency up to the point where sparks begin to 

penetrate the spiral and strike the uranium-coated sleeve 

underneath, which is also at cathode potential. 

It was necessary to tip the free anode point with 

a glass bead, and also to position a glass tube over the anode 

at the point of entry into the cathode cylinder to inhibit 

auto-sparking to the cathode. Tungsten anodes, one inch in 

length and with a minimum diameter of 0.2 mm  were chosen, 

consistent with mechanical rigidity. 

A.1.3. Type 'AI Counter, Dimensions and Construction: 

The counter has a Pyrex glass tube envelope 

(0.27 in. i.d.; 0.35 in. o.d.; 2.25 in. long) which encloses 

a 1.5 in. long cathode assembly comprising a 30-turn spiral 

(0.197 in. i.d.) of nickel wire (0.02 in. diam.) spaced at 

1.5 wire diameters, and spot-welded inside a U
235

-coated 

cylindrical nickel sleeve (0.008 in. thick), U
235

0 was 
3 0 

deposited by the method given in Chapter VI, section 6.7. 

The tungsten wire anode (0.2 mm diem.) is tipped 

by a glass bead (1.5-2.0 mm diem.) and shielded at the point of 

entry into the cathode by a glass tube (0.08 in. o.d.; 0.05 in. 

i.d.). It has an exposed length of 1.0 in., and is centrally 
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aligned in a jig assembly prior to pinching and blowing. A short 

nickel strip between anode and lead-out permits easier alignment. 

The lead-outs are 0.5 mm diameter tungsten wire and are sleeved 

with an intermediate glass B.T.H. 09) before pinch sealing. 

Plate A.1.B shows a small Type IAI neutron corona-spark counter 

together with a miniature Type ICI detector to be described 

later. 

A.1.4. Filling Procedure (all counters): 

Counters were outgassed at 40000 for six hours 

before filling. Although the argon available was high grade, 

final cleanup of N2, H20 and CO2  etc. was done by gettering with 

barium. The method is described in Chapter VI, section 6.9. 

For lifetime and temperature tests, where outgassing 

could prove troublesome, counters were heated in an atmosphere 

of argon and then filled as above. 

A.1.5. Type IA! Counter Performance: 

(a) Neutron count rate and corona current variation 

with supply voltage and pressure for a typical argon-filled 

counter: 

For counting purposes counters were located 2.0 cm 

from a 10-m0 its-Be neutron source and were embedded in a 

paraffin wax block which served as neutron moderator, quench 

circuits in the anode lead were comprised of a frequency-independent 
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series-parallel RO attenuator having 100 kilohm (shunted by 

0.0022/0 in series with 4.7 megohm (shunted by 50 ),ymf). 

This arrangement (shown in the inset of Fig. A.1.0gave some 

margin of stability for quenching the spark and provided an 

output for negative signals attenuated 48 times. 

Fig. A.1.0 shows plots of corona current against 

counter supply voltage at pressures from 10-70 cm Hg of argon, 

for a counter with 0.2 mm diameter anode: The results for 

neutron counting at these pressures are given in Fig. A.1.D. 

Dashed sections of each plateau curve indicate the presence of 

occasional background ar-particle sparking. This is completely 

absent in the region of the full curve, rising to a maximum of 

45, 8, 172 and 0 counts per hour at 70, 55, 40 and 25 cm Hg 

pressure respectively. Haximum background coincides with 

maximum neutron count rate. The mean slopes of the plateaus at 

these pressures are -22%/100 V, -251/100 V, -27W100 V and 

-43%/100 V. 

From Fig.  A.1.D it is possible to derive plots of 

supply voltage values, VE, at which maximum spark- count is 

recorded (occurs a few microamps after corona onset) against 

pressure, together with maximum count rate against pressure. 

These are given in Fig. A.1 .E. It can be seen. that over the 

pressure region 25-35 cm Hg, the increase in counting efficiency 

with V is greatest. 
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It is of interest to examine the variation in 

efficiency from one counter to another produced by constructional 

differences. The count plateaus of four 0.2 mm diameter anode 

counters at 55 cm Hg argon are shown in Fig. A.1 .F. Counters A, 

B and C were seemingly identical in appearance but D had a 

slightly off-centre anode, which probably accounts for its 

shorter plateau and lower threshold voltage. Four counters 

with 0.5 mm diameter anodes were constructed but these showed 

marked variations in efficiencies between counters and the 

plateaus were generally short with higher background sparking. 

Probably the off-centre effect increases with wire diameter. 

Count plateaus are shown in Fig. A.1.G for the best of these 

counters. It will be seen that fission counts are recorded 

down to 10 cm Hg but at this pressure the plateau is non-existent. 

(b) Improving plateau slope and length: 

An improved plateau slope was obtainable at 25 cm 

Hg pressure by the addition of 0.01% nitrogen at the expense of 

a 50 volt increase in threshold potential, but a longer plateau 

and 2005 increase in efficiency results. Fig. A.1.H shows the 

benefit gained. Higher pressures or an increased percentage of 

N gave rise to greater background. Alternatively, an improve-
2 

ment in the count-rate plateau may be effected by employing 

larger quench resistor, R I  values. The result of increasing R 

from 4.8 megohm to 23 megohm is shown in Fig. A.1.I for a 35 am 

Hg pressure argon-filled counter. 
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(c) Temperature characteristics: 

Counters were jacketed in a small electrical oven 

which was water cooled externally to prevent the paraffin wax 

moderator melting. There was little change in count rate up to 

6000 (-0.01%/°C). However, above this temperature a more rapid 

decrease set in as shown for a 55 cm Hg argon-filled counter in 

Fig. A.1 .J Above 60°0 the background count diminished rapidly 

but the plateau retained its shape up to 150°C; beyond this it 

became shorter until it was non-existant at 250°C. The threshold 

voltage for corona onset had a coefficient of -0.45 volts/ °C 

for the counter of Fig. Li .J, and corona current a positive 

coefficient of 0.075)W°C for the supply voltage stated (see 

caption of Fig. Li .J). Any lengthy investigation of counter 

characteristics above 200°C usually brought about a change in 

counter performance when the counter was returned to room 

temperature because of impurity contamination by outgassing. 

(d) Efficiency: 

Only a lower limit can be given for counter efficiency 

as only the maximum possible thermal neutron flux could be 

calculated with any certainty. 

The absolute detection efficiencies for the counter 

of Fig. A.1.D were not less than 1.2 X 10-3I/neutron, 0.95 X 10-3%/ 

-3 
neutron, 0.63 X 10. %/neutron and 0.16 X 10-:35/neutron at 70, 55, 
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40 and 25 cm Hg pressure of argon respectively. The efficiency for 

spark formation per fission event for the same counter was not less 

than 1.81%, 1.40, 0.96% and 0.24% at these pressures. 

(e) Reproduction of counter characteristics: 

It was found difficult to reproduce the character-

istics of argon-nitrogen filled counters from one filling to 

another, and a running period of some hours was usually required 

to obtain a stable count rate. For these reasons argon-nitrogen 

mixtures were rejected as unsatisfactory, despite the improvement 

in efficiency mentioned earlier. 

For a well-used counter (many fillings) it was found 

that the count characteristics at a given filling pressure could 

be repeated only with fair approximation as shown in Fig. A.1.K 

for a detector operating at 55 cm Hg pressure of argon. It is 

suspected that a conditioning of the cathode surface with time or 

use is the cause. 

(f) Stability of count rate with running time: 

Fig. A.1.L shows plots of count rate and corona 

current versus running time over a period of 200 days for a 

counter with constant supply voltage. Count rate was steady 

for the first ten days but an increase followed thereafter to 

double count rate at the end of the test period. Corona current 

decreased by 1/4-A (mean level = 35/LA) over the same period. 
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It is likely that the outgassing of photoionizable contaminants' 

from the cathode increases the probability of sparking in the ini-

tially pure argon. Other counters showed similar trends in 

count rate with time. 

A.2.1. 	It was noticed visually that there was a tendency 

in the standard Type 1 110 counter discussed so far for sparking 

to occur at the junction of the anode and its glass bead 

termination. A new type of anode tip was therefore incorporated 

in an otherwise identical Type 'AI counter. The new termination 

is a glass sleeve of similar diameter and wall thickness to 

that which covers the anode where it enters the cathode (see 

inset Fig. A.2.A), Count plateaus were taken for performance 

comparison with those of an unmodified counter. Fig. A.2.A 

shows plateaus at 55 cm Hg pressure of argon. It appears that 

a considerable improvement in plateau slope and complete 

absence of background is gained with a not too serious decrease 

in efficiency. 

A.3.1. Tyne ICI counter characteristics: 

Aminiature counter of glass envelope construction 

has been operated without the protective spiral cathode. It is 

1.5 in, in length overall and 0.25 in. o.d. Anode diameter is 

0.1 mm and length 0.5 in., and is sleeved at cathode entry as 

before. It has a spherical glass bead termination. Count 

plateaus are given in Fig. A.3.A. Absolute detection efficiencies 
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at 55 and 35 cm Hg pressure of argon are not less than 10 Wn 
-3 , 

and 0.8 X 10 %in respectively, and sparking efficiencies per fission 

are not less than 1.al and 1.3. 

A.4.1. Discussion: 

The negative slope of the count-supply voltage plateaus 

displayed by the pure argon-filled counters is probably due to a 

lowering of the electron-Imultiplying field at the anode by 

positive ion space charge in the anode-cathode gap. Pulses 

from background oe particles were observed to decrease in 

amplitude as corona current increased, tending to confirm this. 

The spark discharges in the argon counters examined 

here were diffuse in outline, as opposed to the well-channelled 

sparks in argon-nitrogen detectors. The difference is due to 

the absence of any photoionizable constituent in pure argon, the 

secondary processes assisting breakdown being solely those 

occurring at the cathode i.e. photoelectric and positive-ion 

secondary electron emission. In this case, lateral diffusion of 

photons generated in mid gap tends to spread the discharge along 

the counter. 

The corona-spark neutron counters described here 

could find application in the monitoring of high neutron fluxes 

in the presence of strong ) 4  backgrounds. The disadvantage of long 

dead time typical of spark counters remains, and there is also a 

change in efficiency with running time. On the credit side 

are their large signal output and small physical size. 
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APPENDIX B. 

THE STABILITY  OF DIBORANE  PROPORTIONAL  NEUTRON COUNTER CHARACTERISTICS.  

B.1. Previous Investigations  on the Characteristics  of Diborane 

03 H ) Counters  for Neutron Detection: 
-2-6 

B.1.1. 	S. Korff (1054, Ko61) has described attempts to use 

diborane gas (3
2
H
6

) in proportional counters for thermal neutron 

detection. Such counters, if practical, would have twice the 

neutron detection efficiency of the boron trifluoride (BF
3 
 ) gas 

counter at a comparable filling pressure, since each B
2
H
6 

molecule contains double the number of boron atoms compared with 

BF
3' 

Korff found that owing to the instability of diborane when 

subjected to a discharge in a counter, filling pressure and 

therefore operating potential varied with integrated count. 

Again, B
2
H
6 
is thermally unstable and for this reason alone 

filling pressure will change. The buildup of H 2  and higher 

hydrides of boron which result from the decomposition will 

aim* alter the counter characteristics. For these reasons B H 2 6 
counters have been rejected as having little or no practical 

application. 

0. Orient and E. Vizsolyi (0r57) have studied the 

comparative efficiencies of B 2H6- and BF3  -filled counters. They 

find that plateau threshold potentials for the two gases are 

almost equal for the same gas multiplication factor and, as 

expected, the relative efficiency of a B 2H6  counter is twice 



that of a BF
3 
 counter. However, the stability of B 211 6  fillings 

was not inspected. 

B.2. The Addition of H 
2 
 to Diborane Counter Fillings as a 

— 

Stabilizing Agent: 

B.2.1. 	The pyrolysis of B 2H6  has been stated by D. Hurd 

(Hu52, p. 79) to be fairly well represented by the following 

equations: 

B
2
H
6 

B H + BH
3 26 

 

3 

(intermediate products). 

 

(intermediate products) 

 

+B2H6 
--> B H +2H2. 

5 11 

BH —> BH +H. - 
5 11 	59 	2 

B H 	3 B2H
6 
+ higher hydrides. 

5 11 

The nature of the intermediate products is not known, but it 

is suspected that tetraborane (3
4 

 H 
10
) is involved. It is 

known that 

2B H ;==-2t B H +H 
2 6 - 	4 10 	2 

occurs. The rate of pyrolysis of B 2H6  is much dependent on 

temperature, being rapid at 100
o
C. It is evident from the 

above equilibrium equations that it should be possible to 

suppress the pyrolysis of B 2H6  by the addition of H 2* This is 

190. 



191. 

given support by a report of H. Schlesinger and A. Burg (Sc42) 

who state that stable storage of B 2H 6  results when a little H
2 

is added. Diborane losses not exceeding 10% a year are indicated. 

Results of experiments on the effect of adding 

H
2 to B H -filled counters are given here. The characteristics 26 

of an argon-filled counter having some B 2116  are also reported. 

B.3. Counter Construction and Characteristics: 

B.3.1. 	Construction: Two types of coaxial wire-cylinder 

counters were examined: (a) Naze (Na46) counters with 

external Aquadag-coated cathodes on soda-glass envelopes and 

(b) internal nickel cathode counters with Pyrex envelopes. 

Cathodes were 25 cm long and 2.2 cm in diameter, 

while anode wires (tungsten) were 0.1 mm in diameter. Nickel 

cathode cylinders were rolled out of 0.015 in, thick sheet. 

B
2
11
6 
was prepared according to the method given in Chapter VI, 

section 6.10. The H 2  used was of commercial tank grade 

quality. Counters were filled after a four hour outgassing 

period. 

B.3.2. 	Characteristics: Fig. B.3.A shows plots of gas 

multiplication factor versus counter E.H.T. voltage for some 

of the fillings investigated. The counter filled with argon 

and a little B 
20  
H, has the lowest multiplication onset potential 

as expected. 
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Fig. B ..3.B gives count - E.H.T. plateaus for 

counters immediately after filling and thereafter at intervals 

of seven days. In each case the discriminator threshold bias 

was set at a level equivalent to a 3 mV signal from the counter 

anode. It is seen that in all cases the counter plateau shows 

a marked deterioration with time. Of the B H
6 
 counters (Nos. 3, 

2  

4 and 5), N0. 4 and No. 5 show no plateau at the end of seven 

days, while No. 3 does exhibit a plateau but the threshold 

voltage has risen by 200 V. At the end of 14 days the plateau 

for No. 3 was interrupted by the appearance of large amplitude, 

incipient streamer type pulses. For the counters containing 

some H2 (Nos. 2 and 6), a short plateau is still present for 

No. 6 at the end of seven days but is absent thereafter, while 

No. 2 possesses a plateau for 14 days with the threshold 

operating voltage showing an increase with time. 

Contrary to the rapid deterioration in character-

istics shown by the B 
20  
H, and B

2
H
6 
+ H

2 
counters, the argon + 

B
2
H
6 
counter proved to be much more reliable (80% A + 20% B

2
H
6 

at 30 cm Hg; nickel-Pyrex). During the first two months, which 

included neutron counting for one week together with 12 hours 

running in close proximity of a 10-mC Ra-t source, no fall-off 

in performance was noted. At the end of this period the 

threshold voltage began to show signs of rising and the plateau 

to shorten. For a 3 mV discriminator threshold the corresponding 

192. 
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plateau threshold voltage was 1,450 V and a 200 V plateau of 

mean slope 2,4/100 V was measured. 

It was noted that the pulse rise time (10-90% 

levels) from the B2H6 and B 2H6 
+ H

2 
counters was of extraordin-

arily long duration. For a B 2H6  counter filled at 50 cm Hg„ 

the rise time was 4riusec at 200 V counter E.H.T. and increased 

steadily to Brsec as the E.H.T. was raised to 4,000 V. The 
X 

rise time was proportional to pressure at the same 17 value 

as determined by varying the filling pressure. 

B.4. Discussion and Conclusions: 

B.4.1. 	From the argon-B 6  counter it is apparent that 

the dilution of B 2
H
6 prevents the, rapid buildup of pyrolysis 

products which obviously impare the characteristics of pure 

B211 6  counters and, possibly less rapidly, those with B 2H6  + H2 . 

It is obvious that some of these products are electronegative 

as shown by the absence of plateaus. Also, they seem to be 

photoionizable to some degree as demonstrated by the increasing 

occurrence of breakdown-type discharges with time. 

The long collection times of electrons in B H 
2 6 

counters has not been remarked on previously. It is suggested 

here that the effect can be explained by a form of temporary 

electron attachment to the B
2
H
6 
molecule. No specific information 

has been located on the degree of electronegativity of pure B2H6 
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(the same lack of information holds for pure BF
3
), but the 

nature of the bonding of the B2H6  molecule has been discussed 

with respect to electron deficiency (see Sc42). 

It is concluded from the results of the addition 

of H to B 2H6  counters that no worthwhole gain in stability is 
2 

to be had. Although it is likely that the addition of higher 

percentages of H
2 

( 4v 15% used here) would lead to some 

further improvement, counter efficiency would then be little 

greater than for a BF
3 

detector. 

The argon + B 2H6  may find some application as a 

short-term neutron detector. 
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APPENDIX C. 

DESIGN, CONSTRUCTION  AND PERFORMANCE  OF FISSION COUNTERS  FOR 

REACTOR  FLUX MONITORING.  

0.1. 	Design Requirements:  

0.1.1. 	It was required to design two types of neutron- 

fission ion counters, one of small dimensions to monitor 

2 
neutron fluxes inpile up to levels of 10

13 
n/cm •sec at thermal 

and fast neutron (", 1 Mev) energies, and the other for the 

monitoring of flux intensity in neutron beams from a reactor. 

The fission counters developed for inpile operation 

are of coaxial-cylindrical geometry and of small physical size, 

being 3i in. in length by -ath in. diameter overall. 

The beam monitors are essentially parallel-plate 

pulse ion chambers, and are designed for application to beans 

of up to 1 in. in diameter. They have thin duraluminium 

windows so as to introduce minimum beam scattering. The design 

is unconventional in that the coating of fissile material is 

not applied to the inner surface of the window, which is 

usually the cathode and at earth potential (see J. McKenzie, 

McK59), but to an internal cathode plate. The chambers are 

therefore operated at "positive earth". The disadvantage of 

the conventional method of construction is that the bowing of 



thin windows, when under pressure, may disrupt the coating 

material or alter the surface density of the coating across 

the window. Very thin windows can therefore be used with a 

consequent reduction in beam scattering effects. 

A comprehensive paper on the subject of fission 

counter design practice by W. Absom, et al. (Ab58) was 

referred to in the development of the counters described 

here. 

0.2. 	Counter Construction: 

0.2.1. 	Small cylindrical fission counters: Plate C.2.A 

shows a small fission counter in complete and dis-assembled 

form. Fig. 0.2.B. shows the counter in schematic outline. 

The anode is a 0.04 in. diameter thin walled, nickel capillary 

tube through which the counter is pumped and filled. It is 

mounted centrally through a ceramic-to-metal seal (type TD/C124 

by Ferranti Co. of England) and silver soldered to it (cadmium 

free solder). The seal is in turn soldered to the nickel 

cathode cylinder which has an 0.01 in. wall thickness. The 

anode extends to withiniin. of the cylinder end-cap. U
235 

or 

232 
Th 	is coated onto thin nickel foil sheets (0.002 in. thick) 

which are then rolled into cylinders and inserted into the 

counters. Only the central Ti in. section of the counter is 

sensitised to avoid end effects. 
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U 235 FISSION COUNTER 

NICKEL CAPILLARY ANODE AND METAL-CERAMIC 
SEAL 

END CAP 	COUNTER CYLINDER 	CONNECTOR 

U 2 35 — COATED NICKEL FOIL SLEEVE 

0 	I 	2 	3 
INCHES 

Plate C.2.A. 	Small, coaxial neutron-fission counter . 
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The technique for deposition of the U
235 

is given 
232 

in Chapter VI, section 6.7. The Th 	was coated on as Th0
2' 

which was obtained from heated thorium oxalate powder. A 

suspension of Th0
2 
 in alcohol was painted onto the nickel 

foil and then fired to red heat. This treatment was found to 

give a coating which bonded better to the nickel. The density 

of U
235 

coatings was got by o(  -particle assay and Th
232 

by 

weighing. Considerable care was taken to ensure cleanliness 

of all surfaces during assembly. 

Counters were filled after outgassing for 6 hours 

at 420°C. Welding grade argon plus a few per cent of nitrogen 

was used at a pressure of four atmospheres. High pressures 

are required to stop the more intensely ionized ,  initial section 

of the fission fragment track close to the cathode so as to 

obtain reasonably flat count-bias plateaus. Seal off was made 

by crimping the nickel capillary tube several times before 

detaching the counter from the filling system. The crimp was 

then soldered to maintain a permanent seal. This method of 

seal off was not always successful, and leaks occasionally 

occurred before the soldered seal could be made due to the 

very high filling pressures. The coaxial cable connected to 

each counter is 15 feet in length and of a low capacity of 

11 ef per foot. 
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0.2.2. 	Neutron beam monitors: Plate 0.2.0 shows a 

complete and dis -assembled neutron beam monitor chamber. The 

chamber diameter is 2 r 	and depth MI in. and is of mild 

steel. The Th02-coated cathode plate is mounted on two 

Teflon standoffs, and the cathode lead is taken out through a 

tungsten-Pyrex seal, alongside a thin tube which provides a 

filling seal off. A copper-to-Pyrex Housekeeper seal is used 

to connect the tungsten-Pyrex lead-out and filling seal to 

the chamber. Windows are of 0.01 in. duraluminium sheet and 

are cemented to the chamber by Araldite. The chambers were 

filled after a prolonged pump-down at room temperature and 

then filled with welding-grade argon at 72.5 cm Hg pressure. 

0.3. Counter Performance: 

Small fission counters: these monitors show 

very good count-bias plateaus. Fig. C.3.A shows such plateaus 

for a IT
235

-coated detector taken at 500 V and 750 V E.H.T. and 

for two sets of amplifier differentiating and integrating time 

constants. Fig. C.3.B gives a differential fission pulse- 

height spectrum for a U
235 

counter and a count-bias character- 

232 
istic for a Th 	counter. The fast neutron flux was of low 

232 
intensity in the- case of the Th 	counter, resulting in the 

poor counting statistics shown. 

The maximum operating E.H.T. voltage is limited 
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Plate C.2.C. 	Neutron-fission (Th 232 ) beam monitor chambers. 
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at 950 V for these counters owing to the appearance of insulator 

leakage pulses on all counters. One counter has shown no 

change in plateau characteristics after a period of six months 

on the shelf. Further stability checks on other counters have 

yet to be made. 

00.2. 	Neutron beam monitors: the performance of these 

monitors has not been assessed to date. 
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APPENDIX D. 

A SHORT-LIVED (DC-PARTICLE-INDUCED PHOSPHORESCENCE  IN CRYSTALLINE 

THORIA TC2.402) AND POSSIBLE APPLICATION  IN A FAST NEUTRON  -Th
232  

FISSION SCINTILLATION COUNTER.' 

D.1• 	c4 -Particle Luminescence  in Thoria: 

D.1.1. 	Long-lived phosphor component: A report by 

C. Mandeville and H. Albrecht (Ma53) on the occurrence in thoria of 

an o(-particle phosphorescence at 4500 A with a decay period of about 

one minute has prompted a search by the author for components in the 

microsecond range with a view to possible application in a fast 

neutron-Th
232 

fission scintillation counter. The long decay 

component was apparently exhibited by thoria either in the red-

coloured arc-fired form, or by pieces of sintered, microcrystalline 

thoria powder. Mandeville and Albrecht used a 15-mC Po
210

ogr-- 
232 

particle source as an external irradiator since the intrinsic Th 

O(-particle luminescence was too weak to affect the photographic 

plates of their spectrometer. 

D.1.2. 	Crystalline forms of thoria: Arc-fired thoria 

crystals are usually fused masses of single crystals which 

can each range up to half an inch cube in size. W. Danforth 

(Da53) in a paper on the electronics of thoria has described 

the various colourations and transparencies that arc-fired 

thoria takes according to its preparation. Large, clear 
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specimens can be fabricated. On the other hand, microcrystalline 

thoria prepared by heating either thorium nitrate or oxalate 

in air is comprised of cubic crystals about 1-10 microns on 

edge. The preparation of sintered thoria has been described 

by S. Kantan, et al., (Ka58) and information is given on the 

dependence of microcrystal size on temperature during preparation. 

D.1.3. 	Short-lived phosphor component: (a) Investigations 

were at first confined to microcrystalline thoria owing to 

difficulty in procurement of the arc-fired form. Powdered 

thoria was mixed into a solution of Perspex (Lucite) in chloro-

form, and thin layers were painted onto aluminium backing-

reflector , plates. Scintillations were detected by locating 

these plates, after coating with a little paraffin oil for 

optical contact, on the window of an E.L.I. type 6097B photo-

multiplier tube. A phosphor component of decay time 0.3/asec 

Widespread enquiries indicate that arc-fired thoria is no 

longer being manufactured commercially (previously used as 

a refractory material). The samples finally obtained were 

past rejects which were resurrected by Norton Co., Ontario 

(the original suppliers of W. Danforth). The crystals in 

the samples received were of poor optical quality being 

translucent in appearance, and only very thin cuts gave a 

reasonable degree of transparency in the visible. Some were 

black in colour indicating the presence of free thorium. 



vas found (oscillographic measurement of the time taken for 

the luminescence to decay roughly to lie  th of its initial 

value) .. Despite the poor geometrical arrangement and micro-

crystalline nature of the scintillator, which reduces optical 

transmission, the intensity of luminescence was sufficient to 

give a good proportion of the PC-particle pulses well above 

photomultiplier noise level. 

It was also found possible to induce liminescence 

activator centres in the thoria by the inclusion of a small 

amount of zirconium nitrate 	1 atom per cent) in the form of 

ZrNO
3 
prior to oxidation of the thorium nitrate. In this case, 

luminescence was enhanced but decay time increased to 1/Ltsec. 

It was noticed that phosphorescence was displayed only by thoria 

which had been heated to white heat in air by an oxygen-gas 

flame, and not by those samples prepared at lower (red heat) 

temperatures. 

(b) Following receipt of macrocrystalline, arc-fired thoria 

masses, several crystals were diced and polished and examined 

for phosphorescence by placing them in liquid paraffin contained 

in small, hollow Lucite cylinders (1- in. long by in. in diam.). 

After cladding in reflective aluminium foil these were mounted 

on the 6097B photomultiplier. An oe-particle phosphorescence 

of the same decay time as for the powdered thoria (0.3/4sec) 

was detected. 
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Fig. D.1 .A gives a differential pulse-height 

plot of QC-particle scintillations for a 366mgm crystal 

(rectangular in shape: 6 X 4 X 1 mm) . . The aC-particle group 

is resolved from the photomultiplier noise but merges with 

noise at low pulse heights. This spread in pulse height is 

partly due to the Ipatchinessi of the optical transmission 

possessed by the crystal. Also, the luminescence efficiency 

is low and statistical fluctuations in the low number of 

effective photons will tend to spread the pulse group. For 

another 42.35 mgm crystal, a total'-particle emission rate 

of 2.5 X 10
3 

per minute was measured. This compares with a 

calculated minimum rate of 2.1 X 103  per minute, taking the 

half life of thorium as 1.4 X 10
10 

years. Mesothorium and 

.other daughter product e.e-particle decays make up the difference, 

but tO what extent is not calculable since the age of the 

thoria crystal is not known. 

The above crystals were a light pink in colour 

but when subjected to heating in a hydrogen atmosphere at 

1,00000 for four hours, became white-grey in appearance. This 

has been reported by Danforth and is due to a reduction in the 

surplus oxygen present in the crystal structure, an effect 

which gives rise to the pink,red colouration of arc-fired 

thoria. There was little difference in the luminescence yields 

of crystals before and after hydrogen treatment. 
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D.1.4. 	Discussion:. It seems likely, that the high 

temperature treatment of microcrystalline thoria in an 

oxygen-gas flame which is needed to produce a phosphor, 

results in non-stoichiometric composition from an excess 

of oxygen in the crystal lattice, a situation which is 

known to favour luminescence. Arc-fired thoria is known to 

be oxygen rich, and the presence of the fast phosphor 

component, first found in the microcrystalline thoria, was 

therefore not unexpected. 

Application of the phosphor to fast neutron 

detection by fission of h
232 

 has not yet been carried out. 

Difficulty has been encountered in obtaining a strong 

enough it -free neutron source. The source must be 1-  free 

since 14  -induced phosphorescence in the photomultiplier is a 

source of interference at the relatively long amplifier 

resolving times which must be used (the resolving time is 

usually set about equal to the phosphor decay time i.e. •N,  

1 /usec or so). 

It has been calculated that in a fast neutron flux 

(neutron energy ^,1 Mev) of 10 4  neutron per sec, there should 

be 	700 fissions per 100 mgm.hour. For a 500 mgm crystal, 

with an amplifier resolving time of 2imsec, there will be a 

background fission count rate simulated by 01: -particle pileup 

of 0.2 count per hour. This is assuming the luminescence yield 



for fission events is five times that for 04. particles. 

. This is probably a realistic figure since severe saturation 

of activation centres in inorganic phosphors for the highly 

ionizing fission fragments gives luminescent yields per 

Nev of energy lost, much lower than those from at -particles, 

protons and electrons in that order. 
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