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(i) 

High speed electrical counting may in many sit­

uations lead to large dead-ttme corrections. The 

corrections became greatly magnitied when the process 

being studied is simultaneous with the arrival of 

particles tram the pulsed output ot a modern particle 

accelerator. ln coincidence arrang~ents, even when 

a pulsed source is not used, losses are large and 

conditions are very stringent. ln the calcula ti on and 

experimental study or losses in the above situations, 

i t is round convenient to insert electronically into 

the counting system a defini tely known dead-tim.e of 

specifie characteristics. Using auch an arrang~ent,. 

an experimental study is made of three situations: 

(1) Losses in single channel continuous counting. 

(2) Losses in single channel pulsed counting. 

(3) Lasses in coincidence counting with a continuous 

source. In all cases, the experimental resulta are 

compared with the theoretical calculatiommade by Dr. 

C.H. Westcott.1, 2 ln addition, the.e:x.perimental 

apparatus is described in detail, with special emphasis 

being made on the critical dead-time circuits employed. 
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INTRODUCTION 

Due to the finite resolving time of counter action 

and the associated electronic circuitry, a counter­

amplifier recorder circuit is limited in the number of 

impulses per second it can detect and record. Thus, if 

an impulse to the system is preceded by an interval of 

time t from the last count which is less than the recovery 

time ~ of the system, then the latter will fail to 

register this count. In experimental arrangements where 

electrical counting is employed, the above situation 

leads to incorrect interpretation of results if not 

properly accounted for. 

For the case of continuous counting with a unifor.m 

counting rate, consistent calculations for different 

experimental arrangements have been made by workers 

in this rield. (The more important papers are listed 

in the bibliography.) Two simple types or situations 

that result in a loss of counts are usually discussed. 

In one type, each pulse accepted by the counting circuit 

excites a certain dead-time in the circuit, during which 

any pulse that occurs is rejected. The rejected pulse 

does not further extend the dead-time of the circuit. 

In the second situation, every pulse that occurs excites 
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the dead-time, whether or not the pulse is recorded. 

The counting system is then said to have an extended 

dead-time or resolving time. 

The latter situation is encountered in Geiger counters 

where the mechanism of supression is internal. ~~e dead­

time is of the arder of 100 to 200 microseconds, and 

usually depends on the counting rate, a situation which 

is not alv~ays advantageous. 

Of greater im~ortance is the former situation, 

where the counter mechanism is fast and the dead-time 

of the circuit is controlled by the external circuitry. 

A proportional counter used in conjunction with a linear 

amplifier is an example of such an arrangement. In 

such a system where the mechanism can be regarded as 

not being affected at all by an impulse arriving during 

its recovery time, the efficiency of counting for 

constant ~ is agreed upon by most workers to be 

\l+~t)-1 , where~ is the true expected counting rate. 

Experimental verification of this result is discussed 

in section (3.1). 

Unfortunately, the above result is not sufficient 

to deal with present day situations arising in the 

counting of nuclear events. Out of the present trends 

of nuclear physics, towards the study of interaction of 

high energy particles, have grown complex machines for 
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the acceleration of particles to high energies. A cormnon 

and unfortunate feature of these machines is that their 

outputs consist of pulses of particles instead of a 

continuous stre&'11. The McGill cyclotron is in this 

category. Its pulsed output is directly linked with 

the relativistic increase in mass of the protons which 

becomes critical when the energy of the protons exceeds 

approxlinately twenty millon electron volts. 

The pulsed nature of the source is of no consequence 

so long as the process being studied is not simultaneous 

with the arrival of the particles from the accelerator. 

In this category lies the menufacture of radio isotopes 

and their study by mass spectrometer and allied tech­

niques. On the ether hand, if the process being studied 

is simultaneous with the arrival of the particles from 

the accelerator, and the pulsed phenomena appears in 

the nature of the particles being counted, the determin­

ation of losses due to dead-time requires new consider­

ations. A simple application and extension of theequa­

tions of continuous counting at enhanced counting speeds 

is not sufficient to deal with this situation. An 

illustration is found in the following consideration. 

In the pulsed accelerators discussed above, the 

pulse duration is usually only a small fraction of the 

total cycle. Thus it can be seen that the rate of arrival 
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of particles during this interval will be high even 

though the average nwnber arriving per cycle is com-

paratively low. An overall rate of 1000 per minute 

may mean that during the pulse the particles may be 

arriving at a mean rate of 106 per minute. The ~ow 

total count makes it imperative that high speed count-

ing is employed if large statistical errors are to be 

avoided. Correspondingly, dead-time corrections become 

very large. 

This field of pulsed counting embodies a large 

number of important nuclear phenomena, where precise 

quantitative results are fundemental to the interpreta­

tion of results. 
1 

In one paper, Dr. C.H. Westcott has made a care-

ful theoretical study of the counting losses expected 

under pulsed conditions when one counting channel is 

used. A discussion of the highlights of this theory 

are given in Section (1.2), but it is well to point 

out at present that the theory specifies two conditions 

for the reduction of counting losses. {1) It is 

desirable to reduce the dead-tL'1le to a minimum so that 

t (( ~, where S' is the pulse length. (2) The count­

ing rate should be as small as possible so that the 

parameter z, which is a product of the true counting 

rate and the dead-time, is kept as small as possible. 
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In actual practice, the first condition imposes strenuous 

requirements on the electronic techniques employed, 

since an accelerator usina a pulsed deflector system 

gives an output pulse only a few hundreths of a micro­

second long. This difficulty is overcome in the experi­

mental arrangement used in this investigation by a method 

described below. It is further worth while to point 

out that the actual methods and techniques used in the 

present investigation are adaptable to machines where 

the bearn is scattered out. Such a scattered bearn could 

be obtained from the McGill cyclotron, where it would 

have a pulse length of approximately 50 microseconds. 

The problem investigated and reported on in this 

thesis can be separated into three categories. 

(1) The study of losses in continuous counting, 

single channel. 

(2) The study of losses in pulsed countins, single 

channel. 

{3) The study of losses in coincidence counting. 

In all tr~ee instances, a known variable dead-tL~e, 

which is larger than any ether dead-time in the circuit, 

is introduced into a counting system described later. 

(In order to make possible a theoretical prediction of 

the variation of counting losses with dead-time, it is 
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important to insert electronically into the counting 

system a definite dead-time greater than the largest 

inherent dead-time of the system, so that the variations 

of the latter become unimportant.} In accordance with 

the postulates of the theory, the mechanism of the dead­

time must be such that the inoperative period only follows 

counts which are recorded. Such a circuit is described 

in the section on apparatus and its advantages and 

disadvantages are discusned. In the actual construction 

of the appara tus two su ch circuits are employed to pro­

vide for the study of a double channel coïncidence 

system. 

In the cases where a pulsed source is needed, it 

is achieved mechanically by rotating a slotted dise in 

front of a Polonium source. To overcome the technical 

difficulties in the construction of the variable dead­

time, it is found convenient to scale up the pulse and 

dead-time durations proportionally. The circuits used 

in the experiment are capable of producing dead-times 

which are variable over the range of 10 to 5000 micro­

seconds. The pulse lengths obtainable vary from 1 to 10 

milliseconds. 

The apparatus constr1J.cted is actually designed 

for the study of lasses in experiments where pulsed 

coincidence counting is employed. It is very easily 
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converted for the effective study of parts (1) and (2) 

by merely using a specified section of the apparatus. 

In the discussion that follows, emphasis is placed 

on the construction of the apparatus and a thorough 

investigation of parts (1} and (2). Part (1), which 

has been investigated by many workers, is actually used 

as a check on the calibration of the paralysis circuits. 

On the other hand, calculations and experimental investi­

gations of (2) have been sorely neglected, and it is 

therefore investigated very thoroughly. High statistical 

accuracy is at all times aimed for, since resulta obtained 

from this experiment will very likely influence later 

work with pulsed coincidence counting. 

Due to lack of time, only preliminary experimenta 

on continuous coïncidence counting have been conducted 

and these are reported on. In connection with this, 
2 
Dr. C.H. Westcott has made calculations in an unpublished 

paper on the expected rate of losses. This theory is 

presently being revised. vVherever possible, comparison 

is made between this theory and experimental resulta. It 

is proposed that in the future pulsed coincidence count-

ing will be attacked purely empirically. Results in 

this direction should be shortly forthcoming from Dr. 

Westcott•s group. 
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SECTION I 

THEORETICAL CONSIDERATIOHS 

No attempt is made to present any detailed proofs. 

Results are only quoted for the sake of completeness and 

easy reference. Detailed proofs may be obtained by refer-

ing to the two papers by Dr. C.H. Westcott listed in the 

Bibliography. 

1.1 CONTINUOUS COUNTING. 

As mentioned in the introduction, two situations 

arise. The case wh.ere the inoperative period of the 

doad-time follows only counts that are recorded; or the 

case where it :fol1ows all counts, including those sup-

pressed by the dead period. In the fonner case the 

proportion of counts recorded is given by, 

Et ~ 1 (1) 
E 1+ "''t 

where, 

E' = total number of counts recorded. 

E - total number of true counts. -
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~ = e:iqJected continu.ous counting rate. 

~ = dead-time of circuit. 

In the latter case, the proportion of counts recorded 

is given by, 

(2) 

In these and all other calculations below, it is 

assumed that the ionizing particles form a random dist-

ribution. 

The above expressions neglect statistical fluet-

uations in the sense that E' is only an expected count. 

'The standard devia ti on is usually gi ven byt. '\('!!;for the 

true count. For the recorded count, E', it is somewhat 

less than the square root; in fact, to a first approx­

imation, it can be given as~~ • This expression is 
l+..a~ 

used in calculating all standard deviations in the 

expel"imental re sul ts. 

1. 2 CALClJLATIOUS FOH PLJLSED SOUFWES WITHOUT BACKGHOD1~D 
OU:NT. 

The se calcula ti ons may be di vided into three categories 

according to the value assigned to the dead-time. If ~ 

is the pulse length, the three cases can be stated as 



follows. 

(a) "t) !)" 

(b) ~<< ~ 
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(c) ~ greator than~, but the ratio is not 

considered large. 

Case (a} leads to a very simple formula for the 

proportion of counts recorded. Its instructive import­

ance is diminished by the fact that the proportion of 

counts recorded only depends on the total number of counts 

occuring during the pulse. In addition condition (a} 

gives rise to high losses. 

C2.se (b) is not important in the sense that in a 

practical situation where the pulse width is of the 

order of a fevv hundreths of a micro second, the condition 

't((3' is difficult to achieve. 

Case {c) is of considerable practical importance. 

It is the case we are most interested in. 

In the deriva ti ons tha t follow, the follmving 

assumptions are made. The ionizine particles fonn a 

random distribution. The interval betvreen pulses is 

much r~·rea ter than the pulse length. The in terval 

between pulses is much greater than the dead-time, so 

that no count recorded in one pulse can affJct conditions 

in the next. The inoperative period of the dead-time 

follows only counts which are recorded. A rectane;ular 
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pulse form is used throughout. 

In addition to the s:ymbols already defined, the 

following notation is usod. 

(a) 

(b) 

p = recurrence frequency of pulses. 

f' = !J'p = frac tional pulse dura ti on. 

T - total duration of counting. 

~ - nean counting rate during pulse. 

x = ~ = time in units of the dead-time. 

X-~: duration of the pulse in units of the 
"t 

dead-time. 

z =li 't = mean countinc rate during the pulse in 

units of the dead-tllne. 

The expected total count recorded is 

Et • -»'t pT( 1-e ) 

ven by, 

(3) 

The expected total counts recorded is given b:;r, 

<4> 

(c) 'rhe procedure to follow in these c::üculations is 

to find for different ranges of x, the probability P(x) 

that a count, having occured, shall be recordee, the 
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conditions at x = o and x : .. being, P(O) = 1 

1 • The expected total count recorded will 
+ z 

then be given by, 

Usina the annroximation that P(x) = 1 for x) 2, 
D •~ 1 + Z 

it is round that the fraction o:f total counts recorded is 

given by, 

E' • 
Ë 

-Y't , for o(xQ. (5) 

E': 
Ë 

for 1(x(2 (6) 

E'= 
Ë ri-{ -2z -z 1 2-e -e {ltZ)+(X-2)z 

l+Z 
for x) 2 ( 7) 

1In his paper, Dr. Westcott calculates other approx-

:!.mations, both better and worse. He finds that the 

above approximation is extremely good, and only differs 

from an exact calculation done for values of X(3 by o. 3;1a, 

when Z = 1.0 and 2(x(2.5. For values of z(l, the above 

approximation is all but indistinguishab from the 

exact calculations. In practice, one wou.ld not be lj_kely 

to encounter values of z greater than 0.5, since losses 

would then exceed 30% of the true counting rate. 
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Using the above expressions for~', theoretical 
~ 

curves for E' versus X are plotted on gra?h 6 for values 
E 

of Zfl 0.2, 0.<~, 0.6 and 1.0. These.are the curves that 

are later compared with experimentally obtained data. 

Calculations for pulse shapes that are not reet-

angular cannot be duced readily from Cé>)ove analysi s. 

Instead, different probaoility functions must be formed 

for each par cular case and the analysis car'ried on from 

there by methods sL~ilar to those used in obtaining the 

above results. In any particular case, calculations 

may prove to be very dious, but at ast possible. 

Tile exact procedure is outlined in 
1

Dr. V{estcottt s 

paper. One of Jche obj ects of this eriment is to do-

te~1ine the extent to which the pulse shape affects 

the above theoretical results. 

Up to this point, it has been asswned that no counts 

at all arrived betweon pulses. Since most practical 

counters have a background count, a correction for this 

must be introduced into the theory. In most of the practi-

c::ü cases, one is likel:y- to find chat the background 

count is small compared to the total count durine; the 

pulse. T:herefore, if.,«. de signa tes the baclcground ra te, 

~ will be a small number, usually 
v 

ss than 1/100. 

Making an approximation to this effect, one obtains 

that the total expected count with the background present 
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is r;iven by, 

(8) 

where, 

Et lu.•v) is the total recorded count predicted by n 

equations (5), (6) and (7), nithout a 

background count, but vd th a mean counting 

rate durinc; the pulse of V.C.•v) instead of 

just V • 

E' is the recorded count expected from the back­
o 

ground only. 

The second term on the right hand side of equation 

(8) is the principal correction term, while the third 

tenn is of lesser L~portance and is usually quite a~all. 

l. 3 COINCIDEHCE COUNTING (unpulsed source) 

the carle of coïncidence counting, new important 

parruneters are introduced. One of these is the coinci-

denee resolving time. Another, which turns out to be 

very linportant, is the ratio of the coïncidence count-

ing rate to the singles rate in any channel. It is when 

this ratio approaches unity that the losses become 
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difficult to co~n.~;-'te. T'ne resnlts d~_scnssed below are 

for C01Fl !~i.ne; 

the 

snne dead- 'Ni i~h true connt:tnrr rfttes 

and c re:)re ~;en tine; truly coïncident 

connts, b repre t1e true s 

in channels 1 & 2 respectively. In boti) ch:,nne1 s, the 

a counts~ b counts and c counts, as well as the (a+c) 

and (h+c) counts, :form random seqnences; i.e., the 

probabili ty of a co1 .. mt beins; su;1ressed l s independant 

o:f whether i t :ls a t·elle coi.nci e or not. It is 80 

a s ::rt.un o d_ the coinciclence reso 

t two consecutive recorded counts i.n one c C;J_n 

neve:r' both be thin 'tc a count in the o channel. 

Thus, qt1e c on never ses whe er such a co~rJbi-

:m l s recorded as one or two coinci es. In 

prac e, this con di ti on :t s er s achieved. Finally, 

i t i s ass1Jmed t the de time fo.Llows unly those 

1 , the efficiency oi' counting in 

channel 1. 
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1 , the efficiency of counting in -----
( l+N2'to) channel 2. 

P
1
(t), P

2
(t), the probability that a count 

occuring in channel 1, or 2 

i s recorded. 

c, rate of recording coincidence2. 

The analys:ts proceeds by assuming that at time t=O, 

a count is recorded in channel 1, and determines the 

probabil:L ty P 
2

( t) that a count will be recorded in channel 

2 for times t{6 and t)O. It turns out that a quanti ty 

~= P2(0) , {defined for~c= 0), is very significant. It 

1'2 
determines the dependency of C, the rate of recording 

coincidences, upon the dead-timet
0

• An approxliaation is 

made in the initial stages of the theory. (For a full 

explanation of this, one should refer to the original 
2 paper. ) The exact solution of the differentiai equa-

tion obtained by virtue of this approximation gives for 

the value of~ the following expression. 

• 
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To the first order in"t0 , 1is given by, l= l+c't'0 To the 

second order in t'0 , 

{9a) 

where the factor 1/3 is purely empirical and is obtained 

by comparing equation (9a) with calculations made with 

equation {9). l'= l+ct'
0

also represents the correct value 

for iS when a=b=o. Both equations (9) and (98) are used la ter 

in a comparison of experDnental and theoretical results. 

Further analysis shov1s that c, the recorded coïn­

cidence counting rate, is given by, 

\vhere, 

(lOa) 

The term containing k should, in practical cases, be 

negligible. one of the objects of this investigation 

is to determine the dependence of C on~c, which should 

be mostly linear if the above assumption is correct. 

As mentioned in the introduction, the above theory 

is now undergoing certain modifications. Since consider-

ation of these modifications is at this stage not complete, 
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experimental comparison is only made with the theory 

as outlined above. 

To facilita te comparison of theory wi th experiment, 

it is convenient to change to the following notation. 

zl : la+c)"to 

z 2 = (b1'c)'t 0 

zc = C'to 
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SECTION II 

APPARATUS 

2.1 GENEl1AL 

The apparatus as a whole is primarily designed for 

the study of pulsed coïncidence counting. Due allowance 

has been made in the construction of the electronic 

channels so that it is readily adaptable for the study 

of single channel pulsed countin3, and single channel 

continuous counting. A block diasram of the chronological 

function of the apparatus is shmm in fig. 1. A photo­

graph of the laboratory set-up is shown in fig. P-1. 

The ionization initiated by an alpha-particle in 

a counter produces a negative pulse at the anode of that 

counter. This pulse is then channeled into the hie;h 

impedance input of a cathode follov~er, and subsequently, 

into a high gain (10000) N.R.C. amplifier. The amplifier 

is of low qua1ity, but with certain alterations has been 

converted to serve its purpose quite well. The amplified 

pulse, of approximately 70 volts peak, then enters a 

mixer circuit where it is properly channeled and fed into 
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a calibrated flip-flop type of paralysis circuit. The 

differentiated square wave output from the paralysis 

circuit can then follovr two paths. It may go directly 

into a scaler through a biased cathode follower; or 

into a Rossi coincidence circuit modified to produce 

coïncidences over a specifically calibrated range, and 

then into a scaler where a count is registered. 

'ù'hen the apparatus is used to study single channel 

continuous counting, use can be made of either "channel A11 

or ;rchannel B11
• For single channel pulsed counting, 

11channel B11 must be used. 11Channel Arr is then occupied 

cs.rrying impulses from a photo-cel1 arrangement which 

counts the recurrence frequency of the pulsed source. 

'ivnen the appara tus i s u sed in coïncidence expori­

ments, both channels are used. The sequence of events 

is as follovrs. A particle entering 11 counter 1 11 will 

produce a pulse v1hich vrill follow "channel A11 and regis­

ter on 11 scaler A11
• A ,Jarticle entering rrcountei' 3 11 

will cause a pulse to register on 11 scalei' BH in a 

slinilar way. On the other hand, a particle entering 

11 counter 2 11 will produce a pulse which will be channeled 

into 11channels A & B11 by the mixer circuit, and will 

then registei' on the scaler as a true coïncidence, 

providing no pulse has preceded this one in both channels 

within a time less than the dead-tLme set on either of 
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the paralysis circuits. Thus an artificial true coïnci­

dence can be sL~ulated. Random coïncidences can also 

be produced between partie s entering 11counters 1 & 3 11
• 

(The n~~ber of such random coïncidences will depend on 

the resolving time of the coïncidence circuit, a 

parameter which in the experimental set-up is variable 

and is al\i1ays kno\'m accurately.) In this \Vay one can 

simulate conditions actually encountered in practice, 

such as counting proton coïncidences in the presence 

of neutron recoils (R.R. Wilson, Phys. Rev. 71, 560, 

19L~7). The theory can then be tested under actual 

experliaental conditions. 

As was mentioned in the introduction, i t was found 

convenient to scale up bath the pulse length and the 

paralysis time so that the technical difficulties 

encountered in designing very st and variable paralysis 

times could be avoided. This also enables one to employ 

a mechanical method to simulate the pulsed nature of 

source. A more detailed discussion is ~iven in the 

nex.t section. 

2. 2 V ACUUI;T CHAMBER AND C OlJHTEHS 

(a) VACUUT.I CF.AMBER 

The function of the vacuum chamber is to provide 
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a housing for the source and counters. In this way, 

particles leaving the source always s in a.n atmo­

sphere of the desired gas under a specified pr·essure. 

One assemb and two sec onal vievrs of the vacuum 

chamber used are shawn on fig& 2A, 2B and 2C. 

The main vacuum chamber is of brass construction 

and is cylindrical in shape. It is composed of tvw 

sections {.fig s. 2B & 2C) wi th grooves .for 0-rings on 

the outer face of one to provi efficient vacuum seal-

ing. In addition to tho main chamber there is an auxiliary 

chamber (fig. 2C) v;hich perf"rms two functions. One is 

to provide a support for the rotating shaft shown in 

fig. 2..4.. o ther i s to dimini sh the leakage of air 

into the main chamber vv-hen the shaft is rotating. The 

shaft i tself rests on two ball bearings. Two U-cups 

are used to provide vacuum sealing betvreen the main 

chamber and auxiliary chronber. 

A source is located on one de of the main chamber 

wi th three half inch square counter o_9ening~> on the 

other (figs. 2A, P-2, P-3). 3affles are provided for 

the cou.nter openlngs so that the areR.s exposed to 

source are variable. The coun ter s thernsol ve s are hard-

soldered to back of main chamber, and the \:vhole 

ai'r0.ngement is evacuated e_s a Vlhole by a mec;avac pump. 

The pressure is roc d by means of a mercury monometer 
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for medium and high pressures, and a Pi rani gauge for 

low pressures. 

(b ) SOù'RCE 

Alpha particles from Poloniw.1 are used as a source 

of ionizing particles. This gives a relatively constant 

source with the randomness required by theory .~:- The 

Polonium is deposited from an acid sol uti on ( equal 

quantities of HCl/N and HN03/~d of RaD on silver surfac es 

of d:iJnensiom and shapes shown on graphs 1 - A & 1 - B. In 

preparing the source , it i s found necessary to clean the 

surface of the silver by making it the cathode i n a hot 

bath of Roylite cleaner (mixt ure of NaOH, Na
3

Po4 ). This 

method is very effective in removing grease off the silver 

surface . 

The general shape of the source holder is shovm in 

fig . 2A . Bef ore dipping in the RaD solution, all sur :faces , 

except the surface to be plated, are covered with lacquer 

to prevent the deposition of Polonium on the sides of the 

source holder . VVhen the source i s placed in po si ti on in 

the vacuum chamber , it is covered by a mica window (fig . P-3). 

~:-

J . Thib e.Pd and R. Chery (C. R. Acad. Sei , Paris 230, 83-5 ; 
Jan/ 50) have actually proven that alpha particles from 
Pol onium have a random distribution in t:iJne . 



-30-. 

FaG. P-4 



- 31 -

This is done to prevent the Polonium from migrating to 

all parts of the chamber due to recoils off the silver 

surface. 

The pul s ed nature of high energy accelerators is 

simulated by spinning a slotted dise in front of the 

source (fig. 2A). The dise is spun by a 1/20 H.P. d.c. 

variable speed motor, the speed of spinning being 

recorded accurately by a photo-cell arrangement which 

feeds directly into a scaler (fig. 5). (A photograph 

of the laboratory se t-up is shown in fig. P-4). With 

a 30 degrees shutter., pulse lengths of 1 to 10 milli­

seconds are available, whichmtisfy the requirements 

of theory; i.e., the interval between pulses must be 

much greater than both the pulse length and the dead­

time. Pulse shapes obtained by experimental measure­

ment, together with their associated source shapes, are 

shovvn on graph l-A and 1-B. 

(c) COUWTERS 

For purposes of this investigation, the general 

properties of proportional counters make them preferable 

to Geiger counters. Most Geiger counters have a dead-

time and a resolving time of the order of 100 to 200 

microseconds. The dead-time in such counters is determined 
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by the time taken by the positive ion sheath to move 

out, first to a distance such that the .field near the 

centr>al wire of the counter starts to recover, a.11.d finally, 

all the way to the outer cyllnder. The mobility of these 

ions is such as to make the dead-time of Geiger counters 

relatively long. Due to this long i~herent dead-tL~e, 

at high counting rates, an appreciable fraction of pulses 

are initiated before the deionization from the previous 

particles is completed. At extremely high counting rates 

this condition becomes even normal. Thus at extremely 

high counting rates all pulses are rauch smaller than at 

low counting rates. Similarly, the dead-time after each 

reduced pulse is also &~aller. Consequently, the duration 

of the dead-time and counter output in a Geiger counter 

is dependent on the counting rate, and therefore is 

uncontrollable in that sense. 

In general, proportional counters operate much 

ster than ordinary Geiger counters, the increase in 

speed being a factor between 10 and 100, depending on 

such parruneters as geometry, voltage, .filling-gas, and 

where the initiating ionizing event takes place in the 

counter. The increase in speed of recovery is duem 

the fact that in a proportional counter, especially nhen 

operating at low values of s amplification, the start 

of the development of the pulse on the central wire does 
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not depend on the motion of the positive ions, but on 

that of' the electrons. Moreover, in the proportional 

counter, the field near the wire is disturbed by the 

count only in one small region, and the rest of the wire 

is ready to receive additional counts at all times. Renee 

a second pulse can occur wi thin the few 1.ücr>oseconds of 

recovery and still be recorded as a full- sized swing in 

the potential of the wire. Proportional counters can 

be operated at rates up to 103 counts per second with 

very little loss due to statistical overlappine;, and 

wi th somewha t grea ter tolerance up to 104 coun ts per 

second. 

Due to the fast recovery time of a proportional 

counter, the dead-t~~e of an arrangement usine a 

proportional counter and linear amplifier is usually 

controlled by the resolvine time of the amplifier, 

since two pulses coming from the counter a fev1 microseconds 

apart only appear as one pulse to an amplifier whose 

resolving time is considerably longer than the interval 

between pulses. In this way, the dead period of pro-

portional counter s depends on the circuits employed in 

conjunction with them, a situation which is very desir-

able in this investigation. 

In the actual construction of the counters, the 

traditional cylindrical geometry is used. The advantages 

of cylindrical design lie in ~he ease of construction. 

The wire along the axis automatically provides the high 
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~ields in its immediate vacinity which is necessary ~or 

the building up o~ electron avalanches. Such a ~ield 

is shovm in Rossi and Staub, "Ionization Chambers and 

Co un ter s'~ page 91. 

The counters (re~er to ~ig. 3) are constructed o~ 

7/8 inch diameter brass tubing wi th walls 3/6L~ inch 

thick. They are ~our inches long and fit snugly against 

one end rmll o~ the vacuum chamber. Glass-kovar seals 

( ns 11
) are used for vacuum sealing and in sula ting the 

anode wire vihich is a 6 mil. tungsten wire (i1vV 11
), 2 

inches long. The tungsten vdre is supported at each 

end by a 13 mil., ~ inch long, nickel wire ( 11 N11
), drilled 

with a 1/8 inch ep hole which provides a good con­

nection for spot welding. This type of construction 

provides a field distribution which is concentrated 

around the centre tion of the wire. The counters 

are ~illed wi th 99% pure Methane .. 

It is found by experimentation that the optL~um 

condition is obtained when the pressure is 24cms. of 

Hg, and the anode of the counter is at +1600 volts. 

This represents the condition that a large majority of 

alpha particles from the source are just getting into 

the counters. (Originally, a voltage of 1700 volts was 

used, but it was found that the background count, which 

was very sen si ti ve to anode vol tage, varied considerably 
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over a small space of time, due to the instability of 

the bias curve for background at that voltage.) With 

the above values for anode voltage and pressure, the 

loaded outputs of the amplifiers produce two sets of 

pulses. One set is about 15 to 20 volts peak, while 

the other is approximately 70 volts peak and quite 

uniform. In addition overshoots appear that are approxi-

mately 10 volts. The 15 volt pulses are of no importance, 

because they are considerably below the working discrimi-

nator bias level. Originally, concern was expressed 

over the 10 volt overshoots. But later, when the work-

ing discriminator level was chosen, it was found that 

the large positive peaks of the pulses completely 

compensated for the overshoot, and the difference between 

the two was safely above the discriminator level. 

A typical discriminator bias curve is shown on 

graph 2-B. · In choosing the working discriminator bias, 

for pulsed single channel counting , c areful attention 

must be paid to the background count. 

Fig . 4 shows the counter and cathode follower circuit. 

The three cathode followers are built into a separate 

chassis. The counter circuit is mounted on to the back 

~~ 

The background count is the count obtained when the 
counters are shielded from the source by the rotating 
dise. 
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of the main vacuum chamber next to the counters, and ls 

shielded by an aluminum box. A tightly stretched wire 

surrounded by brass tube shielding carries the signal 

from the coupling condenser to the grid of the l2Sh7. 

Both the cathode follower chassis and the vacuum chamber 

are mounted on rubber spongine; to dd.minish the micro­

phonies due to the vibration produced by the dise t s 

mo tor. 

2. 3 ELECT!10NIC CIRCUITS 

(a) AM?LIFIERS 

For efficient reproduction of the pulses produced 

by proportional counters, amplif:i.ers used in conjunction 

with 

ti1:1e 

ld+ 

the se 

and a 

cycles 

counters should preferably have a short rise 

frequency response which lies between 103 to 

per seconds on the low frequency si , and 

107 to 108 cycles per second on the high f:cequency side. 

(The lower limit is determined by the values of the coup-

ling condensers and resistors, c1hile the upper ltmi t is 

automatically determined by the interelectrode tube 

capacities.) In addition, the Mlplifier should be able 

to accept pulses which are between 10-4 volts and 1 volt. 
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T.üoue;h the N.R.C. amplifiers actually used in these 

experiments do not meet the se stringent requirements, wi th 

certain alterations, they are made quite usable. The 

amplifiers consist of three pentode stages {12SH7), VIi th 

the last stage working off a 400 volt unstab:ilized line 

for extra amplification. The other pentode stages have 

a pla te supply of 250 volts. Or•iginally, the high 

frequency response was very poor. By changing cathode 

bypass condensers and makine; other minor alterations, 

the frequency response was improved greatly so that the 

ornplifiers novr have a flat response to sine waves from 

100 cycles to 30 kilocycles. At 50 kilocycles the 

response is down 5 d.b. The amplifiers have a e;ain of 

10000 to sine waves and approximately 7000 to fast ses. 

Wi th the counters operated as descl'ibed in Section ( 2c), 

the output of the am.plifiers without load is 105 volts 

peak. With load, the output changes to 70 volts peak. 

Overshoots of 10 to 15 volts appear, but they are not 

serious because of the lar•ge positive peaks. The 

ampl:tfiers have a resolving time of' approximately 5 

micro seconds. 

(b) MIXE.tl, DISCRIMIUATOR, PARALYSIS CIHCUIT. 

The mixer circuit, (f'ig. 6), consists of two double 
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triodes ( 6J6) vrired as ce.thode followers. The tubes 

are so arranged that a pulse cominc: from the center 

counter and amplifier is channeled into both 11channels 

A & B11
• Pulses coming from the two outer counters and 

ampli fiers just follo':v 11channels A or B 11
, depending in 

which counter the ionization is initiated. In the 

quiescent state, each doubletr>iode is conducting 3 

millirunperes. Pulses coming from the amplifiers 

traverse the mixer with negligible loss in gain and are 

fed into the discriminator paralysis circuit at points 

a A 11 or 11B 11 (fig. 6). The mixer circuit i s buil t into 

the same chassis vdth the discriminator paralysis circuit, 

and is supplied with a positive 300 volt line and a neg­

ative, -105 volt line by the principal power unit (fig. 8). 

The discriminator and paralysis circuit (fig. 6} is 

a modified version of the T.R.E. circuit used in scaler 

type 1009A. The circuit is arranged so that a pulse 

arriving during the dead-tline cannot upset the circuit, 

a condition required by the theory of this invostigatié;n. 

In its original for.m, the circuit consists of two 

double trio s (6J6) and a diode (6AL5). One double 

triode is arranged as a trigger circuit which operates 

only when the input pulse amplitude is sufficient to 

overcome the bias set by resistor 11R1
11

• The second 
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double triode and the diode for.m the paralysis tL~e 

circuit which switches the discr·iminator completely out 

of action for the duration of the chosen })aralysis 

time selected by varyine; the condenser 11C11 and resist­

ances 11R2 H and "R3
11 • At the conclusion of the paralysis 

time, the discriminator is broucht back to its initial 

sensitive state. 

To the above circuit have been added tvm modifica tians. 

(1} A recovery circuit, consisting of the 63}~ and 6AC7, 

which increases the speed of recovery after the paralysis 

time is completed. (In its initial fo1~, the circuit 

had a recovery time which was too slow to suit the 

requirements of this experiment.) (2) The other modifi-

cation is a cathode follower output which is provided 

by the 6SN7. 

The operation of the circuit is as follows (refer 

to • 6): 

conducting. 

In the equilibrium state, "T
3

11 and 11 T2 " are 

uT
1

n is eut off by the bias voltage; "T4 11 

is eut off by the network 11R4
11 and 11R5

11
• A positive 

pulse, (of minimum value 3 volts peak), which overcomes 

the b s voltage, switches current into 11 T1
11

• The 

negative waveform at the plate of this tube is trans-

ferl:'ed throue;h a condenser to the gri d of 11 T 2 rr, cutting 

it off, and holding it off by means of voltage derived 

by the d.c. coupling of the resistors 50K and 25K. The 
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positive waveform, which then appears at the plate of 

"T " is condenser coupled to the grid of 11 T4
11 and 

2 ' 
switches it on. This results in a negative waveform 

on 11C!t, which cuts off 11 T3
11 • The state of the circuit 

just after t:r'iggering is that 0 T1 " and "T2" are com­

letely eut off, 11 T4
11 is conducting, and the grid of 

11 T
3

11 is about lOO volts belovr ground potential. The 

discriminator is then paralyzed, and a pulse coming 

in on the gr id of "T1
11 i s rej ec ted. 

The time during which the circuit is paralyzed 

depends on the time it takes for the potential on the 

gr id of "T3 
11 to ri se to a point where the tube will 

conduct. (The diode in the circuit is there to prevent 

the grid of 11 T3
11 from rising above ground potential and 

thus dravling grid current.) T'ne rate of rise in po-

tential of this grid depends on a RC constant which is 

not readily calcul ab , but i s calibra ted experimen tal1 

To obtain a continuous series of paralysis times, six 

values for ncu and variable resistances "R2
11 and ;rn

3
ll 

are employed. 11C11 takes the following values:-

Range Condenser Value 

1 stray capacities 
2 0.00015 microfarads 
3 0.0005 microfarads 
4 0.002 microfarads 
5 0.006 microfarads 
6 0.03 microfarads 



11R
3

11 prov:LdAs for overlapping in the r8.nges. In this 

way paral~rs:ts times which vary f:rom 10 microseconds to 

5'000 m tcroseconds are made available. 

VJhen 11 T
3

11 sto.rts condu.cting, the circuit recovers 

to 1 !~s tial state in a manner \'rhich depends on the 

jnstantaneous state of' the e;rid of "T
1

". Three situations 

8.ri se. 

(l) If the voltage on 

eut off, the cru~rent dra.vm 

anode pulse cuts off 11 T1 
11

• 

4 
normally. 

the O"rj_d o.f 11 T 11 :t s below '-' 1 
by 11 T 11 flows v:la 11 T 11

, 'Nhose 
3 2 

The circujt t!:lus recovers 

(2) If the voltage on t:he srid is above cu~ off, 

(i.e., if there is a signal above the bias leval on the 

grid of 11 T
1

"), the current flows via. 11T
1

11 , whose Rnode 

pulse holds "T 
2 

n cu t off un til the signal dY.op s belo-rtl 

the bias level, whereupon the current is switched back 

t "T n ,o 2 • In s vray the paralysis time may be increased 

by a fl~ac "ci on of a .:? :::;o width. This tuation r>epresents 

a disg_dve.ntage of this circuit, though not a serious one, 

since the probability that t:his situation will arise is 

small. 

(3) The last situation arises when two pulses come 

very close together so that the plate of llrp Il 

-h s not 

had time to :r'ecover fully from fir s t pulse rrhen the 

second se irütiA.te~~ a ,•aralys:ts. This resuJ.ts in an 

0f'foctive decreo.so in the sec 
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magnitude o.f the ef'.fect is especially noticeable vrhen 

110 11 is large and 11R
3

11 is shorted. This ef'.fect vras first 

tected when a study was being made o.f counting with a 

continuous source. The manner in which it a.f:lected the 

results is discussed in the following Section (3.1). 

The recovery circuit, which is inserted to remedy 

the abo:ve situation, operates in the f'ollowing manner. 

Normally, be.fore the triggerine of the paralysis circuit 

takes place, the 6SH7 is conductine and the 6AC7 is lcept 

eut off by fixing the potential of its grid at 100 volts 

above ground. This is accomplished by the trial and 

error adjustment o.f the two lel Pesistors 200K and 

680K, and L;he resistor 50K. It is extremely impoPtant 

that the 6AC7 be kep t normally non-condu.c ting, since 

con duc ti on of curr•en t throuc;h this tube at the wrong 

moment ~1ould completely set the normal calibration 

of the parcüysi::; circu~~t. output s~'!_uare wave (L~O vo1ts) 

from the plate of "T 2 " is condenser' cou~)Jed to 6SH7. 

positive leading e of this s,:~uare v;ave ùoes not 

ct the cii'cu.:t t; except to lncrease the conduction of 

current in the 6SFI7. At this instant, the loner> point 

of 11R7 !1 (and the cathode of the 6AC7) is at a potential 

of 135 volts, which :ts enough above the crid 

potential of the 6AC7 to it eut of.f. On the o 

hand, the negative goinc trailing edge of the square 
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i7avc cuts off the 6SH7 and thus drives the grid of the 

6AC7 into the con duc ting region. In this way, a lovv 

impedance i s l)laced in parallel vri th liH
7 

11 for a dura ti on 

of tine equal or e;reater than the original recovery time 

of the circuit. This mechanism brings about very quick 

recovex7 of the circuit. The duration for which the 

6AC7 is conducting depends on the value of the condenser 

11 C1 :r. It vras found by experiment that for 11 ro.n2:es 1 to 

411
, 50 microfarads i s sufficien t. For 11l'ange 5n, 100 

m:i_crof.qrads must be u::..ed, while for 11range 6", ~-0 micro-

farads is necessary. 

The outrmt from the paralysis circuit is obtained 

by differentiating the square vmve from the ~Jlate of 

11 T2 " with a 2 microsecond time constant. This time 

constant is smaller than any paralysis time available 

from the circuit. A germanium diode at the grid of the 

cathode followei' is used to eut off the negative pal~t 

of the pulse, and a positive pulse of 11 volts peak is 

thus obtained at the outlJUt of the cathode follovTer. 

This pulse is of sufficient amplitude to drive the scaler. 

(c) COINCIDEHCE CIRCUIT (fig. 7) 

The coïncidence circuit consists of a Rossi coinci-

denee circ"Lü t modified to produce coïncidences over a 
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specifically calibrated range. Impulses arriving from 

lfchannels 1 and 2 11
, (previously referred to as 11A11 and 

"B" respectively), trigger two univibrators vrhich deliver 

square waves of calibrated duration to the inputs of 

the Rossi tube. If the square waves overlap in time, 

in part or in whole, a pulse of large amplitude is 

produced at the plate of the Rossi tube. ~~e width of 

the rectangular pulse depends on the area of overlap 

of the two square waves coming from the univibrators. 

The pulse from the Rossi tube is then differentiated 

wi th a 2.5 micr'o seconds t:tme constant, and fed into a 

biased cathode follower. For two pulses from the uni­

vibrators in coincidence 1 the cathode follower gives 

an output pulse of 70 volts pea~ plus an additional 

srnaller ~Julse of 20 volts peak due to the differentiation 

or the leading part of the srnaller ampli tude portion 

of the pulse produced at the plate of the Rossi tube 

by the se.sments of the square waves comine; from the 

univibrators which do not drive the grid oi' the Rossi 

tube negative sL'nultaneously. For two pulses from the 

univibrators that are not in coincidence, only two 

srnaller runplitude pulses are produced at the output 

of the cathode follower. In actual operation, the 

discriminator of the scaler is set so that these 

smaller pulses are rejected, and only the pulses of 

la.rger empli tude regis ter as counts. The input pulse 
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required to trigger the univibrators must be greater 

than 4 volts peak. 

The univibrator used in this circuit is a slightly 

modified version of the usual univibrator where a 

common cathode resistor is used to complete the regenera-

tive loop. The duration of the square wave is controlled 

by the condensera 11C a and ne :r and the chain of resistors 
1 2 ' 

lOK, 2M, 1.5M and the 70K potentiometer. A shorting 

deviee is provided for the 1.5M resistor to provide for 

overlapping of ranges. Six values for "c1 n and 11C2
11 are 

employed. They are as follows:-

Range 

1 
2 

~ r 
5 
6 

Condenser value c1~c2-

25 picofarads 
50 picofarads 

200 picofarads 
700 picofarads 

2000 picofarads 
7000 picofarads 

With this arrangement, square waves of duration 3 

to 3250 microseconds are available. Both univibrators 

are set by the same range and fine potentiometer controls. 

(d) POWER DISTRIBUTION 

A block diagram of the power distribution is shovm 

in fig. 9. Four power units are employed to supply 
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power to the electronic circuitry proper. In addition 

to these, there is a power unit to run the 1/20 H.P. 

motor, and a regulated 11Atomic Instruments" high voltage 

supply for the counters. 

P.P.l (refer to fig. 9) is the principal power unit 

employed. A circuit diagram of it is given in fig. 8. 

This pov.rer supply provides a regulated 300 volt line 

capable of supplying 60 milliamperes to the paralysis 

and mixer circuit. In addition, it supplies a 250 volt, 

120 milliamperes line cathode followed out through tv10 

6B4G's. ~1is line ismared between the amplifiers and 

the photo-cell circuit. The power supply also provides 

a negative 105 volt, 30 milliamperes, V.R. tube regulated 

line which is distributed to all uni ts as shovm in fig. 9. 

P.P.2 is a N.R.C. unit capable of sup)lying 180 

milliamperes at 250 volts regulated. It originally came 

with the amplifiers, but has been modified to supply 150 

1nillim.1peres of d.c. heater current to the amplifiers 

and cathode follo-,:ers, all connected in series. P.P.3 

provides a L~oo volt unregulated line and heater cuPI'ent 

for the 6AC7 of the recovery circuit in the paralysis 

unit. In addition, i t help s to s.llevia te sorne load off 

the 300 volt line. P. P. J-1- sup~Jlie s power to the double 

pipper cons truc ted by Mr. A. Densmore. 
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2.l~ CALil3ùATION OF CIRCUITS 

T'ne conditions required by theory for kno\·m, 

accurately reproducible paraly s times, coïncidence 

resolving times and discriminator biases, made it 

essenJcial that an accurate calibration be made of these 

circuits. In all such calibrations, extensive use was 

made of the double pipper, constructed by Mr. A. Densmore. 

This instrument enabled one to obtain recUl'rine; pairs 

of pulses of variable run~litude, 0 to 200 volts, and 

continuously variable time separation, 2 microseconds 

to milliseconds. In addition, it supplied marker p 

of the type used in radar work, with recurrence frequenc s 

of lOO kilocycles, 20 kilocycles, and L~ kilocycles. 

The se marker pipa v.rere set against a crystal oscilla tor, 

and rechecked by direct counting into a scaler. 

ll) DISCRITviiNATOR 

Two methods were employed in the calibration of' the 

discrbninator. The first consisted of' feeding pulses 

from the double pipper into the discriminator circuit 

and checking the amplitudes of eut off points by means 

of a calibrated oscilloscope. The second method, which 

was actually used as an indepennent confirmation on the 
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first, consisted of feeding the pulses into both the 

discriminator circuit and a T.R.E. scaler which had 

an accurately calibrated discriminator bias dial 

against which eut off points could be checked. The 

agreement between both methods was very good. Cali­

bration curves obtained for "channels 1 & 2 11 are 

sho\vn on graph 2-A. 

(2) PARALYSIS CIRCUIT 

Three independent methods wePe employed in this 

calibration. 

(a) (Refer to fig. lOA) ~vo successive pulses, the 

interval between them being variable, were fed from the 

double pipper into the channel of the paralysis circuit 

to be calibrated. The output from the paralysis circuit 

was connected to the vertical terminal of an oscilloscope. 

In addition, the first pulse was connected to the external 

synchronizing terminal of the oscilloscope. The radar 

type marker pips, against which the calibration was 

going to be made , were fed into the Z-amplifier of the 

oscilloscope and appeared as brightening pulses on the 

oscilloscope trace. Then, setting the paralys~s control 

dials to specifie values, the interval between the pulses 
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was varied until one pulse was just disappearing on the 

oscilloscope screen. The interval between pulses was 

then measured by means of the marker pips. 

Assuming the marker• pips are accurate , this cali­

bration, except for very low paralysis times (0 to 40 

microseconds), claims an accuracy of less than 1%. At 

25 microseconds the accuracy is less than 2%. Calibra­

tion curves obtained in this way are shown on graphs 

3-A, 3-B and 3-C. 

(b) This method did not employ an oscilloscope. 

Instead, a continuons set of equally spaced pulses were 

fed into the paralysis circuit whose output led to a 

scaler. The rate of arrival of the pulses was first noted 

on the scaler by str aight counting, and the interval 

between pulses was thus computed. Subsequently, the 

paralysis controls were set so that the rate of arrival 

ot: pulses was diminished to three quarters of its full 

value. (The three-quarters rate was chosen because the 

transition from counting at the full rate to counting 

at half the rate, the latter mesning that the paralysis 

tL~e was at least equal to the interval between pulses , 

was not sharp, but was represented by a small but finite 

interval on the control settings of the paralysis circuit. 

Thus, by using the three-quarters setting, one obtained 
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a good mean value for the paralysis time.) The dial 

settines on the paralysis circuit were then comparod 

with the calibration obtained in (a). 

Doing this for a number of dial settings, it was 

found that the paralysis in0ervals obtained by this 

method were al ways approxima tely l1.% less than tho se 

obtained in (a). This was soon e:x:plained on tne basis 

of the recovery period of the paralysis circuit outlined 

in Sect,ion (2.3). The arrivai of a continuous, equally 

spaced set of pulses was too much for a circuit whose 

recovery was not instantaneous. The result was that 

the effective aver paralysis time appeared to be 

1ess th~n it actua1ly was. To overcome this difficulty, 

the following method was suggested by Dr. C.H. Westcott. 

( c) One pu1 se from the double pi)per vms fed into 

a N.R.C. sca:ler and its output f'rom the scale of four 

stage was cathode followed into a Rossi coïncidence cir­

cuit. The second pulse vras fed in to an inverter and then 

into the same Rossi cil-·cuit. In this way a set of pulses 

'Nas obtained where al ternate pairs of pulses rrere greatly 

diminished in amplitude (fig. lOB). By setting the 

discriminator so that the pairs of pulses with di-

mini shed ampli tude were rej ec ted, the r)aralysi s circuit 

was allovv-ed sufficient time to recover from one pair of 
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large pulses before the next pair came along. The pro­

cedure then followed was the same as that in {b), except 

that to get the interval bet-vveen pulses, one had to take 

the reciprocal of twice the full rate of arrival of the 

pulses of large amplitude. 

It was found that this method cave paralysis time 

intervals that agreed with (a) within one percent. 

This was as good as one hoped to get since the calibra­

tion by method (a} vras only good to that accuracy. 

Therefore, the calibration obtained in (a) was adopted 

as the true calibration. 

(3) COINCIDENCE CIRCUIT 

The method used in this case was the same as 

employed in part ( 2a). A block diagrrun of the method 

is shovm in fig. 11. In the calibration of "channel 1 11
, 

oulses 1 and 2 vrere fed into 11 channels 1 and 2n resnectivel7. 
~ - u 

(In the calibra on of 11channel 2 11 , pulse 1 Vias fed into 

nchannel 2 11
, and vic a-versa.) The interva1 betvreen 

pulses nas then V'.:tried, and the square 1rraves produced 

by the univbrators vrere obsel'Ved at the plate of the 

Rossi tube. The 1!lidth of the first square wave was 

measured against the marker pips by noting the point at 

which the large coïncidence pulse first began to appear. 
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The interval between the leading ede;e of the fiPst 

square wa e and the point at which the large pulse 

first began to ear uas taken as the width of the 

st are vrave. The accuPacy of measur·ement claimed 

is the same as in (2a). C :ibration curves for the 

coïncidence circuit are shovm on g:r'aphs 4-A and l~-B. 

Coïncidence resolving time settings for both 

channels of the coïncidence circuit are made by a comnwn 

manual control. Since both llnivibra tors circni ts i'Pe 

not ex~'.ctly identical due to deviations of circuit 

component values from Lheir marked values (even 

thouah hiç,·h Drec:i. sion comDonents s.re U~3ec1), the coi net-
l__; u .... ... 

denee resolvlng times for both channels, for a given 

control settinc;, are not exactly the s8..111e. Thus an 

eri'or ls introduced by usinn; a common manual control. 

Except for the lov.·est range, s error re~ ts ln a 

deviation of the sep2.rately c,:>_Iibrated values of 

coinc!.dence rosolvine: tir.1es of 11 ch:~nnels 1 & 2 11 from 

the me,:m of these valnes at any control settine; of 

less than 1-i\;-~&. S:;ch an error is easily tolerated for 

purposes of this :investigation. For the lowest rantr,e 

.l..h 0 
• .!.. • n t' 1 \ ' 3 cf b t li e aevJ..aliJ.ons rrom ·ne mean are ess cnan ;J, u 

at these low coïncidence resolving times, s error 

is not im_:_JOPtant. 'fuerefore, for all control settine;s 

of the coincidence circ:d t, the coïncidence re solving 
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time used is the mean between the values obtained t'rom 

calibra ting "channel 1" and "channel 2" separa tely. For 

all rang~s except range 1, this mean is p lotted on 

graphs 4-A and 4-B. 
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SECTION III 

EXPERIMENTAl PROCEDURES AND RESULTS 

The procedures and results reported on below can 

be divided into three sections . 

(1) Study of lo s ses in single channel continuous 

counting. 

( 2 ) Study of los ses in single chan.."lel pulsed 

counting. 

(3) Study of los ses in unpulsed coïncidence 

counting • 

3.1 SI NGLE CHANNEL CONTINUOUS COU1'lTING 

Use was made of a source providing a true mean 

counting r ate of approximately 200 counts per second. 

To ob tain a continuous stream of particles , the shu tter 

of the revolving dise ·.;as left open. Paralysis times 

varying from 10 microseconds to 4500 micro seconds were 

chosen successively, and the count registered on the 

scaler for a period of 300 seconds was recorded in e ach 
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ca se. Counting for 300 seconds made it pos s ible to 

attain a s tatistica l accuracy vrhich vras never in eJ.'r or 

by more than 0.5%. 

It wa s found convenient to plot the reciprocal 

of the coun ts recorded against the par alysis time. 

Results agreeing with theory would then produce a straight 

line of unit slope. 

Results obtained from experiment are shawn on graph 

5. Curve 11A11 wa s taken with the recovery circuit in-

serted in the paralysis unit. Curve "B" shows results 

obtained when no recovery circuit was used. 

The sudden decrease in slope and increase in 

recorded counts of curve "B" occurs at a paralysis 

time of approximately 1350 microseconds. This is the 

point where one has to change from "range 5B" to "range 

6A 11 on the paralysis circuit, i.e., the value of "C" 

changes f r om 0.006 microfarads to 0.03 microfarads, 

and 11R
3 

11 , ,,hi ch was previ ously in the circuit, is now 

shorted. As pointed out in Section (2.3c), this 

represents the most undesirable situa tion. The value 

of "C 11 h a s been increa s ed by a f actor of 5, and by 

shorting 11R
3 

11
, the i.rnpedance pa th 11R

6 
11

, "R
2 

11 has be en 

decrea sed suf f iciently to aff ect t h e curr ent in the pa th 

of "R7 
11

, bo t h candi ti ons con t ribu t ing to an ef f ective 

increase in the r ecovery time of the circui t. Appr oximate 
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calcula t ions show that this situation should result in 

a 4% increase in recorded counts and a 7% decrease in 

slope, due to a decrease in the effective average 

p aralysis time. The results of the experiments bear 

these figures out. It was in this manner that the 

deficiency in the paralysis circuit was first dis­

covered. 

Curve 11A11
, on the other hand, obtained vlith the 

recovery circuit present, has more than 2/3 of the 

experimental points lying on aline of slope unity. 

This curve again bears out the accuracy of the calibra­

tion, since a deviation of the arder of a statistical 

error only r epresents a change in the calibration of 

0.6%. 

3. 2 SINGLE CHANNEL PUL3ED COUNTI NG 

An investigation was carried ou t as to the general 

agreement of experimental results with the theoretical 

curves plotte d on gr aph 6. In addition, the investigation 

included a study of the magnitude of the ef fect of the 

pulse shape on the theory calculated with a rectangular 

shaped pul se. 

For the for.mer, two sour ces were use d of dimensions 
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and pulse shape shown on graph l-A. This pulse shape 

approx±mated very closely to a rectangular pulse. The 

strengths or the sources were approximately 200 counts 

per second and 400 counts per second, so that without 

running the sbutter at excessive speeds (which would 

tend to overheat the U-cups), points on the curves 

z=o.2, o.4, 0.6 and 1.0 were easily obtainable. 

For a curve or any given value or z, the procedure 

followed in obtaining an experimental point was as follows. 

The true rate or counting during the pulse was first 

obtained by leaving the shutter open and counting for a 

sufficient length or time so that the statistical 

fluctuations were negligible. The dead-time to be used 

was then computed from, 't : !. • Similarly, the speed of 
. v 

rotation or the shutter for any given value of X was 

calculated from the following formula. 

10
6 

Revolutions per second • l/12 • -a 

After obtaining a background count and setting the 

correct dead-time on the paralysis unit, the shutter 

was spun for t'ive minute intervals (usually six such 

intervals) at approximately the speed calculated above. 

Both the total count and shutter speed were recorded 



• 

- 74 -

on the two scalers. From these were calculated the 

average counts per second and average revolutions per 

second. In addition, frequent checks were made of the 

expectation values for the true counting rate during 

the pulse and the background count. An average of all 

these values was used in the final calculations. 

~e total recorded·count, corrected for background, 

was then calculated from the following fo~ula. 

where, 

Et ::~ Et - ll/12E' + p'I'Ju:~ 
n o ~ 

~ ls the count actually recorded. 

E• is the background count with the dead-time 
0 

in the circuit. 

·The last.correction ter.m, which accounts for losses 

due to a count in the last ~ of a pulse suppressing 

background counts, and background counts within a period 

~ before the pulse suppressing counts in the pulse, was 

only taken to the first order. This was justifiable 

since this correction was never greater than 1/3% of 

the total counts recorded, and was sometimes less than 

1/6%. 
Over the period of a run, there would usually be a 

decrease in the true counting rate during the pulse, 
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and thus a change in the value or z. To account ror this, 

a correction had to be made to the ratio E•/E. This 

correction was usually less than 0.1% and was approxi­

mated by changing E•/E by the same percentage and 

direction as -1-. 
l+z 

Serious difficulties were originally encountered 

due to the instabili ty o:f the background count. This 

led to erroneous resulta that did not agree with the 

theoretical curves. It was :round that the background 

count was very sensitive to counter voltage, gas purity 

and gas pressure. A. slight change in the counter 

voltage usually resulted in a 5% to 10% change in 

background count. To overcome this difficulty the 

counter H.T. was changed :from 1700 volts to 1600 volts 

where the bias curve :for the background was not as 

steep as at 1700 volts. In addition,a long war.m up 

period was allowed for the H.T. set, and preltminary 

runs were made with the motor to settle the gas in the 

chamber and counters. 

For the case of the wider source,(graph 1-B) the 

sal'lle pro·cedure was followed as outlined above. The 

rise time o:f its pulse shape was about 7i times as long 

as the rise time of the two narrow sources, so that 

deviations from t;heory derived for a rectangular shaped 
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pulse were expected to be quite not1ceab1e if they were 

at a11 large. 

Values of E'/E obtained in the above way for both 
.. 

the wide and narrow sources, are plotted on graph 6. 

* In a11 cases the standard deviations obtained are hardly 

ever greater than 0.55% and sometimes sma1ler than 0.4%. 

The re sul ts obtained rrom the above experimenta 

are as follows (refer to graph 6). The empirically 

obtained points for the narrow source follow the general 

shape of the theoretical curves very wall. On the other 

hand, except for the curve z=0.2, the points on the 

average tend to fa11 slightly high. Exc1uding z•0.4, 

the estimated figure is something less than 1/3% high. 

For z=0.4, the points on the average lie 1.3% high. 

This discrepancy for z•9.4, 1s at present unexplainable. 

(The curve for z=0.4 was repeated with three different 

source strengths, the assumption being that the paralysis 

time used with the first source was samehow in error. 

All three sets or observations showed the same tendency 

for points to fall approximately 1.3% high. In addition, 

recalculation of the theoretical curve showed that no 

error had been made in those calculations.) 

* .. Standard deviations were calcu1ated to the first order 
by using the fo~la1~·E'/E. 
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Two explanations can be put forward to explain the 

slightly high lying points. One of these is contradicted 

by subsequently obtained experimental data, while the 

other is purely speculative. 

(1) The tendency for the· points to fall high may be 

due to ionization which occurs in the chamber but out-

side the counters. A millisecond or two after each 

pulse arrives from the source, this ionization may collect, 

enter a counter collectively, and thus produce a large -

enough pulse to register as a count. This process does 

not have to occur very often to account for the above 

error. 

(2) The high points may be explained by the fact 

that the pulse shape used is not exactly rectangular. 

This explanation is contradicted by the results obtained 

with the wide source, which indicate that the finite 
• 

width of the source has negligible effect, at least 

not large enough to ~ccount for the above discrepancy. 

Intuitively, one would expect the points to fall 

higher for a trapezium shaped pulse than for a rect­

angular pulse. On the other hand, fir s t or der 

calculations show that the opposite effect is true. 

These calculations assume that "t(.(.,-, or in other words, 

that the rise time of the pulse should be at least a 
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few dead-times long. Since this condition does not exist 

in these experimenta., no auch prediction can be made. 

More exact and tedlaus calculations can be made., but 

the experimental re sul ts àl.ow that auch calculations would 

not be advantageous. The only thing one can say, is 

that anpirical indications are that a ~etric distortion 

from a rectangular wave has a negligible effeet on the 

theory as ealeulated for a rectangular pulse shape. 

Only a few points have been obtained for values or 

X(l. In this region the proportion or counts recorded 

only depends on the produet zx, i.e • ., on the total 

number of eounts during the pulse, so that a point on 

one curve corresponds to points on the ether curves. 

Therefore., in the sense that this region was not very 

instructive, it seemed unnecessary to spend toc mueh 

time over it. 

3.3 UNPULSED COINCIDENCE COUNTING 

The extent to which this investigation was under­

taken, was to establish beth experimentally and 

theoretieally three important points. (1) The magnitude 

of the losses to be expeeted in eoineidenee eounting; 

(2) the. variation of losses in eoineidenee eounting with 

• 
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dea.d-time; (3) the variation of ra.ndom coincidence counts 

with the resolving time of the coincidence circuit. In 

all cases the experimental resulta were to be compa.red 

with the theoretical predictions given in Section (1.3). 

For the a.bove investigations~ the a.pparatus was set 

up as outlined on page 22. Since there were only two 

scalers available~ and one was occupied counting 

coincidences~ only the singles rate for one channel a.t 

a time could be recorded. As in Section {3.1), the 

nature or a continuous source was obtained by leaving 

the shutter of the revolving dise in an open position. 

Before embarking on any of the above experimenta, 

one first had to establish the correct discriminator 

working levels for both channels of the paralysis 

circuit. In this case, this process was a little mo.re 

involved than the sL~ple operations that had to be 

performed in Sections (3.1) and (3.2). The reason for 

this was that the three counters did not all produce 

pulses of exactly the sa.me amplitude~ and the three 

amplifiera did not a.ll have the same amplification. 

Consequently, the output pulses from the amplifiera 

were not of a uniform amplitude, but instead depended 

on the counter-a.mplifier combination that was used. 

In addition, the output pulses of "amplifier 2" 
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(fig. 1) were considerably diminiahed in amplitude in 

comparison with the two outer "amplifiera 1 & 3 11 • 

"Amplifier 2" was loaded by two grids of the mixer 

while the latter amplifiera individually only fed 

pÙlses to one grid. The sum total affect of the above 

situation was to produce a discriminator bias curve 

which was very unlike the relatively flat curve showri 

on graph 2-B. Instead, for each channel, a step like 

curve resulted with two separate plateaus and a rapid 

tailing off at the end of each plateau. 

In choosing the correct discriminator bias level 

for &ach channel, a compromise had to be made between 

points on the flat portion of the bias curve for the 

singles counts, and points on the flat portion of the 

bias curve for the true c.oincidence counts coming from 

"countel' 2 11 • This was dona by taking separate bias 
- . 
cui:oves with "amplifiers 1 & 3" disconnected and "ampli-

.fier 2" connected, and alternately with 11ampli.fiers 1 

& 3" connected and "amplifier 2" disconnected. In 

addition, due to the unequal gainsof the mixerts 

cathode followers, the bias levels on 11channels 1 & 2" 

had to be chosen so that in the former position equal 

true coincidence counts were recorded in both channels. 

This latter adjustment was very critical, and, in addi­

tion, very sensitive to impurities in the counter gas 
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and counter anode voltage. Consequently~ whenever the 

gas or anode voltage were altered, the discriminator 

bias levels had to be reset. 

In the study of the variation of losses in coincidence 

counting with the dead-time~., special attention was paid 

to two important quantities. The first of these was 

C/c~ the proportion of true coincidence counts recorded. 

It gave an indication of the magnitude of the losses 

expected. The other quantity~l, determined the variation 

of the recorded coincidence counts with dead-time. ~ was 

found to be very sensitive to the singles count recorded 

in each channel (i.e., to the quantityf1&~), and to the 

proportion of coincidence counts recorded (C/c}. Its 

sensitivity to the important parameters made 1 an ideal 

quantity to use from which maximum information could be 

extracted. rwas calculated experimentally from the formula, 

lf • .Q. • 1 

c fl/2 

Since both • and C/c are both defined for ~,=O 

(refer to page 16), strictly speaking, experimental 

measurements had to be made with this coincidence resolv-

ing time. This, of course, was not possible, since the 

lowest coïncidence resolving time available with the 
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coincidence circuit was 3 microseconds. Consequently, 

all measurements had to be extrapolated to zero coinci-

denee resolving time by employing two runs with different 

~for each setting or ~., and then extrapolating linearly 

to 'tc,=o. The linear extrapolation was just11'ied by experi­

menta perfor.med at a later date. 

The procedure followed in obtaining experimental 

resulta for the calculation of V and C/c was as follows. 

The true mean coincidence counting rate and the true 

singles rates in each channel were first obtained by set­

if.ing -r. in each channel equal to 11 micro seconds and then 
. 

extrapolating the count observed for 500 seconds to~0•0. 

(The true mean coincidence counting rate was obtained by 

disconnecting "amplifiera 1 & 3 11 and counting particles 

from the centre amplifier, while the true singles rate 

for each channel was obtained by disconnecting the centre 

amplifier and observing the counts recorded for each 

channel separately.) The above measurements were again 

repeated at the end of an experimental run, and an average 

of the two was taken. Thus the quantities a, b and c 

were known to a statistical accuracy of 1/5%. Successive 

* equal paralysis times varying from 11 to 3200 microseconds 

* Equal paralysis times for both channels are required by 
theory (page 15). 
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were then chosen for both channels, and the coincidence 

count registered on the scaler for a period of 500 seconds 

was recorded in each case. As mentioned in the above 

paragraph, two coincidence resolving ttmes, were used 

for each setting oft0 , so that an extrapolation could 

be made to zero coincidence resolving time. 

Values of C/c and 'lf 1 calculated from measurem.ents 

taken in a mannar outlined above1 are plotted on graph 7. 

The graph shows two sets of such values camputed from 

two independant sets of experimental observations in which 

the quantities a, b and c differ. In one case, a, b and 

c are approximately equal, so that at~=1060 microseconde 

zl=0.55, z2=0.50 and zc=0.25. In the other case, a and c 

are approXimately equal and b=O, so that z1•0.55, z 2•0.25 

and Zc=0.25 at ~.=1060 microseconde. For the former vase, 

theoretieal curves for • are also plotted using beth the 

·exact equation ( 9) and the approxima te equation ( 9a). 

In addition, the first order approximation :fort is shown 

(l •l+c~. This is an exact expression :fort :for the case 

It is readily seen that theoretical predictions 

differ radically :from the experimental observations. 

The meaning and practical signi:ficance of this is discussed 

fully under the heading of "Discussions o:f Results and 

Conclusions n. 
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In contrast to the above rasults, experimental 

observation as to the variation of recorded random coinci-

denee counts wi th 'tc for constant 1:0 , shows excellent 

agreement with theory. As orig inally predicted, the 

squared term in ~: containing k has negligible effect in 

the practical case where~<i~. . The rate of change of 

recorded random coïncidences wi th '( is successfully pre­
e. 

dicted by y
1
/2{bc ..-ca+2ab), where the ~ used is an experi-

mental value. 

Experimental results for the above investigation 

were obtained by setting a given dead-time on the paràlysis 

circuits and ob~erving the coïncidence count as ~was 

varied from 3 microseconds up to i~. As in the previous 
0 

experiments , the operation was perfurmed for two sets 

of values of a , b and c. The dead-time , 't'0 , was set to 

values of 750, 1000, and 1250 microseconds . Experimental 

curves obta ined in this way, together with theoretically 

predicted curves are plotted on graph 8. Agreement is 

well within statistical accuracy • 

• 
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DISCUSSION of RESULTS 

and 

CONCLUSIONS 

The work reported on in this thesis has been 

categorically presented under the following headings: 

(1) Design and construction of apparatus. 

(2) A study of losses in single channel counting 

with a continuous source. 

(3) A study of losses in single channel counting 

with a pulsed source. 

<4> A study of losses in coincidence counting with 

a continuous source. 

While (2) was used as a cross-check on the behavior of 

(1), (3) and <4> were studied independently • 

(1) & (2). The design and construction of the apparatus 

was at all times guided by the assumptions of the 

theory. Of primary importance were the following 

two assumptions: (a) the source of ionizing partiales 

had to form a random distribution; (b) the mechanism 

of the dead-time had to be such that the inoperative 

period only followed counts which were recorded. The 
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• 
.first was achieved by using a Polonium source. The 

second ·assumption was satis.fied by using proportional 

counters in conjunction with circuits whose operation 

and calibration were .fully accounted .for in the text. 

As pointed out in Sections (2.Jb) _and (3.1), in 

their· original .form, these circuits showed certain 

de.ficiencies which led-to erroneous results. It was 

in the alleviation o.f these de.ficiencies that an 

investigation into (1), (which otherwise would have 

been trivial), proved indispensable. It not only 

pointed out explicitely the .faults o.f the circuits, 

but when these were corrected for, showed beyond 

doubt that the circuits .functioned according to the 

conditions prescribed by theory. ·Thus, these pre-

liminary experimenta showed that in practical cases 

where electrical counting was employed, one could 

at least in principle insert electronically in the 

counting system a de.finite dead-time o.f the character­

istics required by theory, and amploy the results 

obtained tram investigations of (3) and <4> in 

calculating the loss rates encountered in experimenta. 

(3). In Section {3.2), we see that experimental resulta 

obtained .for (3) are in fairly good agreement with 

theory. (As pointed out be.fore, the discrepancy in 



z•0.4 is at present unexplainable.) How good one 

considera the agreement depends on how accurately 

one has to calculate losa rates. If the error 

tolerated is about 1/3% in the total count or 1% 

in the lpss rate, the resulta obtained in this 

investigation are more than sufficient. For experi­

menta where higher accuracy is required, further 

considerations have to be made into the specifie 

nature of the experiment and the counting system 

employed. 

As regards to the general nature of pulsed single 

channel counting, the following conclusions are 

evident from both theoretical and experimental con-

siderations. 

(a) For a mean counting rate during the pulse 

which is the same as for continuous counting, the 

losa rates in pulsed counting are lesa than in conti­

nuous counting. This is due to the fact that the 

probability that a count occuring in the first half 

o:r a pulse is recorded is relatively high~ Of course, 

in a practical case the above has little meaning, 

sine~ one is not usually interested in the counting 

rate during the pulse, but in the mean overall 

counting rate over a period of time. The latter 

* Probability curves are shown on page 516 of reference 1. 
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usually has to be high to assure good statistical 

accuracy. This means that the counting rate during 

the pulse is usually very high resulting in large 

lasses. 

(b) Results show that it is desirable for the 

resolving time of the counting system to be much shorter 

than the pulse length of the pulsed source used. In 

practical circumstance~, this is usually very difficult 

to achieve, since modern accelerators usually have 

pulse lengths of the arder of a microsecond or less. 

On the other hand, it is undesirable for the dead-

time of the counting system to be longer than the 

pulse length of the source. This situation resulta 

in very high lasses. In the practical cases, where 

the pulse length is only a few times greater than 

the dead-time, lasses are tolerable for values of 

z less than approximately 0.5. At this point they 

begin to exceed 30% of the ~otal count. 

(c) A symetrical distortion from a rectangular 

pulse Shape has a negligible affect on the theory 

as calculated for a rectangular pulse. This, of 

course, does not mean that the above will be true 

for all types of.pulse shapes, but it does indicate 

that the affect is smaller than originally expected. 
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In the application of the resulta and formulas 

obtained for pulsed single channel counting to actual 

experimental resulta, the procedures followed in the 

experimenta and calculations in this thesis will 

have to be reversed. In all our calculations it was 

assumed that the true counting rate was known. By 

applying the correct equations, we were able to 

deduce the recorded one, and thus compare calculations 

with experiment. However, in actual practice, the 

problem will be the converse. One then has the 

recorded count and has to deduce the true count. In 

practice, however, this should cause little difficulty 

so long as the losa rate is not too great. A process 

of successive approximations, of assuming a true 

counting rate, should very rapidly lead to a correct 

result. 

It should be mentioned that the accuracy with 

which the losa rates can be calculated will usually 

be limited by the uncertainty in our knowledge of 

the shape of pulse being used (i.e., the effective 

width of the pulse if its distortion from a rect­

angular pulse is not too large), and of the exact 

length of the dead-time inserted in the counting 

system. An accurate measurement of the former will 

usually be more difficult to obtain than an exact 
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figure for the latter. 

<4> Experimental results for loss rates for continuous 

coïncidence counting show a general disagreement with 

theoretical computations. In all cases studied~ 

theoretical values for 1 computed from both equations 

(9) and (9a) fall short of the experimental points. 

Equations (9) and (9a) agree closely up to z
0
=0.25. 

At about this valué of z0 ~ equation (9) begins to 

behave somewhat errantically, producing à curve with 

two points of inflection. ~ increases in value rapidly, 

until, at about 3200 microseconds, it approaches the 

experimental value of ~ • Actually in the region up 

from 2500 microseconds, ! , as calculated from equation 

(9), is not reliabl'e because of an approximation made 

in the theory. On the other hand, equation (9a) is 

in essence a parabota. Therefore t , calculated from 

this equation, behaves like a parabola, increasing 

at first up to a maximum value of approximately 1.2 

at~0=1700 microseconds, and then decreasing rapidly 

to the value or unity at approximately~0•3200 micro-

seconds. Thus at large values of z1 , z2 and z
0

, 

equation (9a) is a bad approximation to equation (9). 

In addition, it is fundementally wrong since it does 

not re duce to 1 •l+ct0 when we put a•b=O. 
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T.he experimental curves for both sets of values 

of a, b and ·C show consistent behavior. The fact that 

they cross has no significance and can be explained 

on the basis that the expectation values for a and c 

are different in the two cases. Actually curve "A 11 

should be above curve "B" at all times. A glanee at 

these curves and the curve .for which a•b•O, immediately 

shows that • is not a .function of a and b or of the • 

sum (a+b) in an equation o.f the (9a) type. If that 

was so, changing .from a set of values of a, b and c 

where a and b are ne arly equal ( curve "B 11 ), to a set 

where either a or b was zero (curve "A"), would have 

made the curve "A" .fall about half way in between 

curve "B" and a curve where a•b•O. This did not happen. 

Instead the curve "A" only shifted about 1/3 or the 

required distance, which indicates that J is more 

likely a runction of the sum (z1+z2+z
0

) in a equation 

or type (9a). T.he objection to this is the srune as 

the objection to the original for.m of equation (9a). 

When we put a•b•O in an equation containing the sum 

( ) in the t.~ t it ill t d d t z1+z2•z
0 

erm, w no re uce own o 

l =l+c "t0 • Attempts have been made to devise empirical 

equations that would fit both curve ''A" and curve "B". 

T.hese have proved unsuccessrul. 
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Though experimental and theoretical agreement 

has been lacking in these experimenta, one original 

suspicion has been verified. A glanee at the C/c 

curves shows that the loss rates for coincidence 

counting are very large, a premoniDion which motivated 

the se experimenta. Wi th the counting rates indicated 

on graph 8, the proportion of counts recorded reached 

a value of 0.5 at about 1100 microseconds. This 

indicates that for efficient coincidence counting, 

conditions are very stringent, and loss rate corrections 

are very important. 

Investigation into the variation of random coinci­

dence counts with coincidence resolving time proved 

to be very successful. Experimental resulta showed 

excellent agreement with theory, indicating that an 

excellent approximation could be obtained for the 

randam coincidences recorded by just using the linear 

term in ~Gin equation {10) 1 and neglecting the ~:term. 

The validity of this approXimation greatly simplifies 

calculations. 

Considering the quantity 1 again1 we find that 

the present state of a~fairs is not very satisfactory. 

If the experimenta are to be taken as a correct criterion 

(as would be indicated by resulta obtained for both 

pulsed single channel counting and the investigation 



- 95 -

into variation o:f random coincidence counts wi th '"Cc) 1 

it seams necessary that some :fundemental changes have 

to be made in the theory. Actually be:fore one can be that 

defini te, a large program o:f work must be rirst undar­

taken to determine exactly how l would vary with many 

different combinations o:f the quantities a, b and c. 

A large collection of such data would probably give a 

good indication as to the root o:f the trouble. 

Un:fortunately,. such a large program o:f experimenta is 

beyond the scope or this thesis, making it impossible 

at present time :for the author to o:f:fer any definite 

conclusions on the inadequacies or the theory. 
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