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AN ELECTROSTATIC BETA-RAY SPECTROMETER 
WITH A DOUBLE RETARDING FIELD 

Herbert Raymond Johnston 

Radiation Laboratory and Department of E·lectrical Engineering 
University of California, Berkeley. California 

October 26, 1955 

ABSTRACT 

A novel type of beta-ray spectrometer is described" It uses 

two retarding electrostatic fields of slightly different magnitudes to 

distinguish between beta particles of different energies, and a secondary 

electron multiplier as a detector" The nominal beta energy range of the 

machine as constructed is from l to 50 kev" 

The mathematical theory of the spectrometer is given" Calcu

lated solid-angle transmission is of the order of 0" 14o/o of 4'lT and the 

resolution can be varied from 0" 5 to 2. O% ~on an energy basis) by vary

ing the potentials of the electrodes" It is about equal in transmission 

and somewhat superior in resolution to the flat magnetic spectrometer" 

It is especially useful in the lower energy ranges that cannot be measured 

with magnetic spectrometers, which usually employ thin-window G-M 

counters as detectors, since their magnetic field would interfere with the 

operation of an electron multiplier" 

The results of testing the spectrometer with a monokinetic source 

of electrons are given" These tests confirm the predictions made from 

theoretical considerations within the approximations involved" The 

radioactive sample used to test the machine was an organic compound of 

tritium" The results were consistent with the known characteristics of 

the tritium spectrum" 



-6-

I. INTRODUCTION 

For many years, arrangements of electric and magnetic fields 

have been used for the determination of velocities and of the ratio of 

charge to mass of fundamental particles and ions. Proof of the exist

ence of the electron and a measurement of its ratio of charge to mass 
1 

was accomplished by J. J. Thompson in 1897. He employed crossed 

electric and magnetic fields for this purpose. Also in 1907 J. J. 
2 

Thompson used a similar a;rrangement of electric and magnetic fields 

to construct the first mass spectroscope, which is a device for the de

termination of the ratio o£ the charge to the mass of ions. 

In 1918, A. H. Dempster
3 

published information on his mass 

spectrograph, which accomplished the separation of ions with different 

values of ratio of charge to mass by deflection through an angle of 180° 

by means of a uniform magnetic field. This device required that the ion 

beam be homogeneous with respect to velocity. 

Aston in 1919
4 

reported on a mass spectrometer employing a 

combination of electric and magnetic fields. Since the initial work of 

Aston, a great number of modifications in mass spectrometers 1:t-ave 

been introduced. Nearly all these modifications employ a combination 

of electric and magnetic fields. 5 • 6 • 7 

The problems encountered and the techniques used in mass 

spectroscopy are similar to those of beta-ray spectroscopy. However, 

the basic problem is a little less difficult in beta-ray spectroscopy, 

since the ratio of charge to mass of the beta particle is .. constant when 

the velocity is constant. 

The term ''beta" radiation or particle goes back to 1899 when 

Giesel
8 

showed that the radiation from a radium source contained at 

least two components, one that was (apparently) not deflected by a mag

netic field and another which was deflected by the magnetic field. The 

first or undeflected portion was termed "alpha" radiation and the de:.,-
. 9 . 

fleeted portion the Hbeta11 component. In 1903 Rutherford showed that 

if the magnetic field was sufficiently strong, the so-called alpha portion 

of the radiation was also resolved into two components--:-the alpha rays, 

which were deflected in a direction opposite to the beta rays, and a 
11 gamma" component, which was undeflected in the strongest electric or 

magnetic fields. 
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The beta radiation from radioactive substances was subsequently 

identified as high- speed electrons ejected from the nuclei of radioactive 

atoms, Also the alpha rays were shown to be the nuclei of helium atoms 

stripped of th~ir outer electrons and hence positively chargedo The 

gamma rays were shown to be high-frequency electromagnetic radiations 

similar to x-rays. 

It was realized for some time that the beta rays from the radio

active substances were a mixture of electrons of different energieso It 

was also realized that these electrons would be deflected in a magnetic 

field according to their mass -velocity product (rnv) or momentum. 

The first practical and useful beta-ray spectrograph was de

scribed by Danysz 
10 

in 1912, and it consisted of the deflection of beta 

particles through 180° in a uniform magnetic field. Electrons of con

stant rnornenta·(rnv) carne to a focus in a line on a photographic plate. 

This type of beta-ray spectrograph was improved and used by Rutherford 

andRobinson
11 

in 1913. ' 

The so-called flat magnetic beta-ray spectrographs as used by 

Danysz and described above are to be contrasted with a second type of 

magnetic beta-ray spectrometer known as· the helical typeo The latter 

type utilizes the focusing properties ·of an axially symmetric magnetic 

field. A source of beta particles is located on.the axis of the magnetic 

field, and electrons of equal momenta are brought to a focus again on 

the axis after traversing the field in a helical spiral path. The above 

device was proposed by Kapitza 
12 

in 1924 and incorporated into a work

ing instrument by Tricker
13 

in 1925. 

An excellent summary of the theory and practice of magnetic 

beta-ray spectrometers was published in 1950 by Persico and Geoffrion. 
14 



• 
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II. ELECTROSTATIC-FIELD BETA-RAY SPECTROMETERS 

In certain types of experiments it may be desirable to use 
' ' . . 

electrostatic instead of magnetic fields for beta-:ray spectroscopy. The 

use of electrostatic fields may be desirable when a secondary electron 
. 1 

multiplier is to be used as a particle detector, since theproximity of 

a strong magnetic field may prevent the proper operation of the electron 

multiplier. It is to be noted that the use of the electrostatic-field 

spectrometers is ordinarily confined to the low-energy portion of the 

beta spectrum, because extremely high voltages would be required for 

high-energy particles. 

Electrostatic beta-ray spectrometers may be divided ip.to two 

general classifications: the radial-field focusing type and the retarding

field type. The first classification may be further subdivided into the 

two...,dimensional field and the three-dimensional field focusing types. 

The two-dimensional focusing type makes use of an inverse 

first-power electrostatic field between portions of two concentric cir

cular conducting cylinders. This device was investigated theoretically 

in 1929 by Hughes and Rojansky. 
15 

They found that a two-dimensional 

inverse first-power radial electrostatic field had a i.-efocusing property 

for electron orbits, provided these orbits satisfied certain conditions. 

The orbits of electrons of the same initial velocity tend to refocus at a 

point 12 7° from the starting point. This is to be contrasted with the 

case of the uniform magnetic field, where good refocusing occurs at 

180°. 

Hughes and McMillen
16 

in 1929 described equipment for check

l.ng the conclusions reached by Hughes and Rojansky. The general theory 

of the focusing properties of a cylindrical condenser has also been in

vestigated by Herzog
17 

and Rogers. 
18 

A mass spectrometer described 

by Bainbridge and Jordan 19 employs an electrostatic 12 7° analyzer of 

the above-described type. 

The three-dimensional, focusing type of electrostatic beta-ray 

spectrometer was first suggested by Aston 4 in 1919. The theory of the 

focusing of charged particles by means of a spherical condenser was 

worked out and demonstrated by Purce1120 in 1938. This device has 

some advantages over the cylindrical-condenser type of spectrograph, 

r 
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since it has a much larger aperture (bette·r geometry), but the device 

is far more .difficult·. to construct. 

The retarding-field type of electrostatic-beta-ray spectrometer 

· ·may be also divided into two categories: ·one with a single retarding 

field and a second with two slightly different retarding electrostatic "' 
. ,• 

fields. Hamilton and Gross in 1950 published a description of a beta-

ray spectrometer wlth a single retarding electric field.· 21 

The basic arrangement of the Hamilton and Gross spectrometer 

is shown in Fig. 1. This figure shows a cross section of the device, 

which is essentially of a hemispherical shape, S is the source of beta 

activity, which is placed in a field-free region inside the grid G 1 . 

Between G 1 and G 2 there is a retarding potential of E 6 volts. Between 

G 2 and the collector plate P there is a small accelerating field, mainly 

for the purpose of suppressing secondary electron emission from the 

collector plate P. 

In Fig. 1 we have three electron trajectories indicated. Tra

jectory a represents the path of an electron that had more than enough 

initial velocity to overcome the retarding field and reach the collector 

plate P. Trajectory b is one of an electron with not quite enough : 

initial energy, and c represents the trajectory of an electron with only 

about half enough energy to surmount the field. 

For a given retarding field of Eo volts between G 1 and 0 2 , only 

beta parUCles with energies greater than E 0 volts can overcome the re

tarding field and reach the collecto.r plate. For a sufficiently large re

tarding field, no electrons can surmount the field and no current i(;) reg

istered by the electrometer. As the retarding field is reduced, more 

and more electrons are allowed to reach the collector plate, and con

sequently more and more current is indicated by the electrometer. 

The relation between the retarding potential E 0 and the current. 

as measured by the electrometer may now be plotted graphically. Since 

the current is a measure of the relative number of electrons able to 

surmount the retarding field, the spectrum measured is an integral 

spectrum from which the ordinary spectrum must be obtained by dif

ferentiation. 

This device has the advantage of having a large solid angle ( 21T) 

of collection, but it has all the disadvantages of any equipment that must 

• 

(tl 
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Fig. 1. Single-retarding-field electrostatic spectrometer. 
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measure very small currents by me·ans of an electrometer. It has the 

further disadvantage that the measured spectrum must be differentiated 

to obtain the customary spectrum. 

The two-retarding-field electrostatic beta-ray spectrometer 

is the subject of this dissertation and is treated in the next chapter. 
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HI" DOUBLE-RETARDING-:FIELD 
ELECTROSTATIC BETA-RAY SPECTROMETER 

A" Introductory Discussion 

In a two-retarding-field electrostatic spectrometer, the oper

ation is considerably different from one using only a single retarding 

field" In the single-retarding-field device, all electrons above a certain 

energy, as determined by the single. retarding-field potential, are col

lected and measured as above" In the double-retarding-field apparatus, 

the first potential field,. of V 1 volts, rejects all electrons of energy 

greater than V 1 volts" The second retarding field, of {V 1 - ~ V 1) volts, 

rejects all electrons of energies less than this potential. Thus, in gen-· 

eral, only beta particles of energy spread ~ V 
1 

volts are allowed to 

actuate the recording or measuring system" 

The basic operation of the two-retarding-field spectrometer is 

illustrated in Fig" 2" The beta-active sample S is mounted in the center 

of circular grid G 1" Trap T prevents beta particles from corning down 

into the counting system directly from the sample" G
3 

is a ground plane, 

and trajectory a represents the path of a beta particle whose energy 

exceeds that of the potential of G
1 

fV 1)" These electrons strike the col

lector plate P, which is maintained at a positive potential to suppress 

low-energy secondary electron emission when the primary electron a 

strikes the plate" 

Trajectory b represents the path of an electron with not quite 

enough energy to overcome the first retarding field, and it therefore 

comes to a stop before it reaches G 3 and then is accelerated back toward 

G 1 " It passes through G 1 with exactly the same velocity as that with 

which it left the sample S" Non it undergoes retardation in the second 

field between G 1 and G
2

. This electron b, however, has sufficient 

energy to overcome this field, and passes through G
2

, where it strikes 

the first dynode of the secondary multiplier and is recorded in the count

ing system" 

The third trajectory c represents the path of an electron that 

does not have sufficient energy to surmount the second retarding field, 

and it is again reflected from G
2 

and is not counted. Thus only those 

electrons of a certain limited energy range are permitted to enter into 
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Fig. 2. Diagram showing principle of operation of double
retarding-field beta-ray spectrometer. 
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the measuring system. It is shown later how this resolution can 

be adjusted at will by varying the relative potentials in the system. 

B. Mathematical Theory 

One of the first problems in connection with the double-retard

ing-field spectrometer was to determine exactly what had to be the char

acteristics (energy and direction) of the electrons emitted from the 

sample S in Fig. 2 in order that they could pass through grid No. 2 

(G2 ). In the calculations that follow, the assumptions are made that 

the emitting sample has a flat beta spectrum from zero to large veloc-
·~ 

ities, and that it emits uniformly in all directions in the upper hemi-. 

sphere. Relativistic changes of mass are not considered. 

a. First Retarding Field 

In the upper space, between G 1 and G2• electrons of energies 

somewhat greater than V 1 are lost by passing through G
3 

and striking 

the collector plate P. See Fig. 2 ... 

. The basic formula to be used in Eq~ ( llA} from Appendix A, 

rewritten and renumbered as follows ( mks units used): 

.. .. 2 e 
y =nLc-os , max 

( 1) 

where Y - maximum height to which the electron rises in the first max-
retarding field, v ,,, ' 

_ e _ energy of electron in volts 
- ~ - first retarding field in volts ' n 

L 

e 
= perpendicular distance between G 1 and G 3 (meters), 

= angle between axis of symmetry and initial path of 

electron {angle of emission). 

If y is equal to or larger than L then the electrons are not returned max · 
to G 1 but are rejected by the first retarding field, since they pass through 

G 3 and are collected by plate P. Thus 

2 
y = L = n L cos 8, and, solving for 8, we have max 

-1 I 112 e = cos 0 n) (2) 

Equation (2) is plotted in Fig. 3 as Curve "A." All electrons 

that have characteristics of velocity and direction to the right of this 

curve (in the shaded area) do not pass through the system but are lost . ' 

on plate P. 
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b. Second Retarding Field 

If the opening of G 1 is not limited, we can solve the problem of 

finding the relation between the parameters that will show what electrons 

are rejected by the second retarding field. This means finding what 

electrons are reflected by G
2 

after they have passed through G 1 (see 

Fig. 2). The basic formula from Appendix A is Eq. ( 13A), which is re

written and renumbered as follows: 

n L 2 
y' =--cos e 

max q ' 
( 3) 

vI - v2 
where q = V ; V 

2 
= potential of second retarding field (in volts). 

1 
If y' is equal to or less than L ( L is also the perpendicular distance 

max 
between G 1 and G

2
) then the electrons do not pass through G

2 
but are 

reflected back to G 1. Thus 

Y' = L = n L cos2 e; solving for 8, we have max q · 

. -1 I 112 e = cos ( q n) . ( 4) 

In order to make a plot of this equation, we must assign a value 

to q, since it is not possible to plot three variables on a two-dimensional 

chart. In Fig. 3, a value of q = 0. 9 6 has been chosen for this pa,r~meter. 

Equation (4) is plotted in Fig. 3 as Curve "B." All electrons that have 

characteristic.s of velocity and direction to the left of this curve (in the 

sha-ded area) do not pass through G
2 

but are rejected by the second re

tarding field by reflection back to the plane of G 1 . 

c. Effect of Apparatus Dimensions 

So far we have not limited the dimensions of the grids G 1 and 

G 2 . It may be easily seen that the limiting dimension in this case is 

the radius of G 2 , since in the actual instrument as constructed, the 

radii of G 1 and G
2 

are identital. See Fig. 2. 

Referring to Fig. 4 and to Eq. ( 12A) of Appendix A, we rewrite 
I 

and renumber Eq .. ( 12A) as follows: 

X = 2 n L sin 2B . 
max 

( 5) 

In order to find x' of .Fig. 4, we must use Eq. ( 15A) from Appendix A 

as follows: 
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2 
q ~x') x' 

y' - - ---"--'--..:-.....,..2_ + tan e . 
4 n L siri 8 

( 6) 

Let y' = L in the above equation and then solve the quadratic for x'. 

There will be two values of x', and we want the smaller one, since this 

gives us the first intersecting value of x' with the plane of G 2 . The 

required solution is 

_...:..q..,...2_e)l/2] . 
n cos 

(7) 

Now the limiting equation is 

x + :x' = a max ' 

where a = radius of G 2 in meters. 

Substituting in the above equation and simplifying, we have 

sin 2 e [ 2 + 11 q {1 - ( 1 - n c: • 2 
8 

)
1
/

21] = r /n • <a l 

where r = a/L = 0. 438 in this equipment, since L = 4 inches and a = 

1. 75 inches. 

It is practically impossible to solve Eq. (8) explicitly for 8 in 

terms of the different parameters. In attempting to solve this equation, 

I realized that the values of e would .certainly be small, say less than 

10°. Thus the cos
2 e term would certainly not be much c;lifferent from 

1. 00. The procedure is to assume a value of the independent variable 

n around unity p. 00} and calculate the value of e with the assumption 
2 that cos e equals 1. 

We next insert the first result in the cos2 
(} term and redetermine 

the value of e. If we do this often enough, we converge on the value of 

(} for the particular assumed value of n. This must. be done for each 

value of n in the required range of values . 

. lt happens that this procedure gives good results after only. 

two of t.he above steps. It is interesting to note that Eq. (8) is such 

that the value of e is practically constant with respect to practical 

variations of q and n, and depends primarily on the value of the 

parameter r. 
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In the equipment under discussion, the value of e carne out 

approximately 4. 5°, and is practically independent of n and q in the 

useful range of these parameters. Equation (8) is plotted in Fig. 3 as 

Curve 11 C'. 11 All electrons above this curve, in the shaded area, strike 

outside the radius G
2 

and are lost. 

d. Effect of Finite Dimensions of Sample Holder 

So far we have assumed that the No. 1 grid opening (G
1

) was 

not obstructed in any way. However, the sample holder is placed in the 

center of this grid structure, and some of the electrons that are reflected 

from G 3 strike the area of the sample holder and are lost. 

The basic equation to be used to calculate this effect is Eq. 

( 12A) from Appendix A, which we rewrite and renumber as follows: 

X = 2 n L sin 2 e . 
max (9) 

Let x be equal to the radius of the sample holder, b. Thus · max 

b = 2 n L sin 2 e. 

Solving for e, we have 

e = 1/2 sin-l (b/2nL) .. (10) 

In the equipment as constructed, b = 0. 4375 inches; L = 4. 0 inches. 

· Equation ( 10) with the above constants inserted is plotted in 

Fig. 3 as Curve d. All electrons below this curve strike the sample 

holder and are lost. 

C. Electron-Focusing System 

It was proposed that a secondary electron multiplier be used 

as a device to detect electrons passing through the system of the spec

trometer. It seemed undesirable, however, to try to arrange a second

ary multiplier system with a first dyriode of a size sufficient to be placed 

immediately beneath the grid G
2 

.. This grid is 3. 5 inches in diameter 

in the equipment as constructed. · The use of a smaller first dynode then 

required that the electrons passing through G
2 

be somehow redirected 

onto a smaller first.,;,dynode structure. 

~I 

t 
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a. General Discussion 

The stream of electrons passing through G
2 

is a highly diver

gent beam. The angle between the path of the entering electrons and 

the axis of the machine may have any value from 0° to 90°. The energy 

of the electrons may vary from zero to a value slightly larger than that 

of the potential of grid G 2 . See Appendix B and Figs. 5 and 6. 

The problem here was not quite the same as for other electron 

lenses, since it was not required to bring the electrons to a focus at a 

point but only to redirect the electrons onto a relatively small first 

dynode of the secondary multiplier. In the actual equipment, it was 

required to reduce the beam from 3, 5 inches in diameter to 2. 0 inches 

in diameter. 

It was realized that the required focusing action could be ac

complished by either magnetic or electrostatic field lenses. However, 

since the presence of a magnetic field would have been detrimental to 

the proper operation of a secondary electron multiplier and also detri

mental to the operation of the spectrometer as a whole, an electrostatic 

lens system was used. 

Preliminary work with rough sketches of electrostatic field 

plots and estimates of possible paths for electrons seemed to indicate 

that a pear- shaped structure similar to that shown in Fig. 7 would be 

necessary. 

After considerable consideration had been given to the arrange

ment shown in Fig. 7, it was realized that only a certain fraction of the 

electrons emerging from grid G
2 

can be made to pass through grid G4 
and to strike the first dynodJ of the electron multiplier. The presence 

of a certain amount of potential barrier or retarding field within the 

reflector makes it impossible for electrons to overcome this additional 

retarding field unless they have sufficient energy when they come through 

grid G2 . Thus the total energy of the electron, upon emergence from 

grid G 2 , must be at least equal to the potential barrier or "saddle" point 

potential if it is to emerge from grid G
4 

and strike the first dynode: of 

the multiplier. 

The focusing arrangement was then more than just a device for 

redirecting the electrons emerging from grid G
2

. It was also an energy 

selector whose characteris.tics had to be combined with the selectivity 
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Fig. 5. Angle at which electron emerges from the second 
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characteristiCs of the double-retarding-field spectrometer proper in 

order for one to be able to calculate and predict the over -all performance 

of the equipment. 

b. Determination of Electron Trajectories in Reflector 

Estimates or guesses concerning the paths of the electrons in 

··a complicated electrostatic field such as is found within the reflector 

are of use only to obtain rough approximations that may indicate the 

direction in which to proceed to obtain the desired result. 

1. 'General · 

Theoretically, it is possible to calculate the path of an electron 

from Eqs" (2A). (3A), and (4A) of Appendix A, provided that the poten

tial V is given as a function of the coordinates. Practically, only the 

simplest cases are amenable to calculation, because the solution of the 

differential equations becomes extremely difficult or impossible. In 

general, the potential field cannot be obtained mathematically by a so

lution of Laplace's equation except for the simplest electrode configu

rations" This, in itself, prevents us from attempting to calculate elec

tron paths in the reflector shown in Fig. 7. 

There are a number of graphical methods for obtaining the 

path of an electron moving in an electrostatic potential field (Appendix 

C)" However, all graphical procedures require an accurate (and large

size) potential field plot of the region in which the electron path is to be 

determined" It is to be noted that graphical methods fail to give good 

results in the neighborhood of a "singular point" or a "saddle" point of 

the field" The presence of a singular point in the electrostatic field of 

the reflector of Fig" 7 makes graphical methods unreliable and unsatis

factory when the electronrpasses close to this saddle poinL 

It is possible to obtain a relatively accurate field plot of com

plicated electrode structures by the use of a current-flow model as dis

cussed by Spangenberg" 
23 

See also Pierce, 
30 

page 66. The electrode 

structure, in this case, is axially symmetrical and requires a wedge

shaped electrolyte as a part of the current-flow model as discussed on 
23 

page 80 of Spangenberg" 
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2. Use of the Rubber...;Membrane Potential Model for Two

Dimensional Fields 

The determination of electron trajectories in two-dimensional 

electrostatic field problems may be done by means of an analogue con

sisting of a stretched rubber membrane and small steel ball bear-
. 23,26,27,28 
1ngs. 

A rubber membrane is stretched horizontally so that the surface 

tension is constant. A membrane in which only surface tension acts . 

adjusts itself upon defo.rmation in such a way that the area of the sheet 

is a minimum .. The area of the surface may be written as an integral, 

s =J[~ + (: ~r + (: ~fr/2 dx dy. ( 11) 

= minimum 

This is a problem in the calculus of va:datioris, which may be converted 

to the following differential equation: 
2 6 

If the squares of the first derivative are n~glected, we have 

( 13} 

Equation ( 13) is Laplacev s equation in rectangular coordinates in two 

dimensions. 

Now we apply to the membrane and to the potential field the 

same limiting or boundary conditions. In other words, we give the 

rubber membrane a height proportional to the potential of the electrodes 

at corresponding points. Then at every point of the membrane the height 

is proportional to the potential at the corresponding point of the electro-

static field. At any point on the membrane, the maximum slope is pro- ./Ji 

portional to the field strength . E of the electrostatic field. 

The assumption was made in the development of Eq. ( 13} that 

th f . t d · · a h 8 h 1· "bl h d It · e 1rs er1vatlvesax, ay were neg 1g1 e w en square·. 1s 

found that an accuracy of about one percent may be maintained in this 
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analogy if the angles of all lines on the surface of the membrane are 

kept at 6 ° or less with the horizontal. I~ an actual rubber -membrane 

model, it is not always practical to keep the slopes below this small 

angle. Consequently the accuracy of the potential field representation 

is somewhat impaired as the angles are made larger than 6 °. 
Now it can be shown that the equa'tions of motion of a mass 

point, acting under the influence of gravity and sliding without f:i'iction 

on the surface of the stretched membrane, are of exactly the same form 

as the equations of motion of an electron moving in an electrostatic field. 

(See Appendix D and Reference 26. ), The similarity of the form of the 

equations of motion for the sliding mass point and for the electron also 

depend on the. assumption that the first derivatives or the slope of the 

membrane are very small compared to 1. 

When the rubber -membrane analogy to the electric field is set 

up, the next problem is to have a mass point slide over the surface with

out friction. The sliding friction of any rubber membrane is very large 

and thus one is forced to substitufe a rolling ball of some sort for the 

. sliding mass point. 

An exact mathematical formulation of the path of the rolling 

ball and the errors involved in its use is difficult to obtain. 
23 

However, 

it can be shown that the total kinetic energy that is picked .. up by the ball 

rolling without friction on the surface of the membrane is exactly equal 

to the loss of potential energy due to its change in elevation on the surface. 

The electron experiences the same energy relations in the potential 

field. The kinetic energy of the ball, howevez:, is divided between trans

lational and rotational energy, and as long as the ball rolls with a fixed 

circle of contact, the ratio between the two components of energy is 

constant and the path is a good approximation to that of the electron. 
23 

In practical applications, several departures from idealized 

conditions may exist. The ball encounters a certain amount of friction 

when rolling over the surface of the rubber membrane and the membrane 

may be deformed by the weight of the ball. There may be irregularities 

in the thickness of the rubber and of the roughness of the surface. Also, 

very small slopes are not possible in most practical applications. The 

analogy cannot be modified to account for space -charge effects. 
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Owing to the uncertainties involved, the method must be checked 

by one of several means such as comparing the p'ath of the ball with an 
26 . .. 

electron path known mathematically. It has been found,.that, if rea-

sonable precautions are taken, the path of the ball on the membrane does, 

in fact, agree remarkably well with the corresponding electron path. 

3. Application of the Rubber-Membrane Model to Three

Dimensional Axially Symmetric Fields 

Frequently it is necessary to investigate the trajectories of 

electrons in an axially symmetric electrode structure. One possible 

approach is to determine the potential field plot from the appropriate 

current-flow rrndE:d. 
23 

Then using this potential field plot, we may apply 

one of the several graphical methods for the determination of the paths 

of the electrons. (See Reference 30 and Appendix G.) It should be noted 

that this method is good only when the electrons' path lies in a plane that 

contains the axis of symmetry of the electrode structure. This require

ment is satisfied if the source of electrons is located somewhere on the 

axis of symmetry of the field {in the absence of magnetic fields). 

The above approach is sound in principle but tedious of appli

cation, especially if many paths are to be plotted. The use of machine 
. 24 25 

plottlng methods ' requires elaborate and expensive equipment, 

which was not available in this investigation. It was, therefore, decided 

to investigate the possibilities of using the rubber-membrane, steel-ball

bearing analogue to determine the approximate electron trajectories in 

the axially symmetric structures under study. 

The theoretical justification for the use of the rubbe.r -:-membrane 

potential model, in the two-dimensional case, rests on the fact that the 

differential equation involving the height distortion of the membrane ca~ 

be reduced to Laplace's equation in two dimensions for small angles of 

slope. This is Eq. (13), as follows: 

( 13) 

/ 

(See Appendix D and previous discussion for the theoretical basis for the 

use of rolling balls as analogues of electrons for the determination of 

trajectories on the membrane potential model.} 
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Let us now write Laplace's equation in cylindrical coordinates 

as follows:
29 

( 14) 

The equation must be modified for an axially symmetric field, which is 

a field that is independent of the angle e. Rewriting, we have 

( 15) 

In order to compare the two-dimensional Laplace Eq. ( 13) to the three

dimensional axially symmetric case, ·let us rewrite Eq. ( 15) andre

place r by x and z by y, and also write V for h in Eq. ( 11), as 

follows: 

(13a) 

( 15a) 

We note that Eqs. ( 13a) and ( 15a) are similar except that Eq. 

( 15a) contains an added term 
1 

8
8 V . Given a similar configuration in 

X X 

cross section, of the electrode structures or boundary conditions for 

the above two equations, we see that Eq. ( 15a) approaches Eq. ( 13a) as 

x (or r) becomes increasingly larger. Of course, at the boundary, 

where there is a fixed potential at x (or r} equaling--say a, the two 

fields are identical. 

The above paragraph may be rephrased as follows: Given 

similar boundary conditions, then if we assume a two-dimensional field 

distribution in a cross section of an axially. symmetric field that includes 

the axis of symmetry, the errors involved become smaller as we ap

proach the boundaries or electrodes. 

In the electron reflector of the beta spectrometer under dis

cussion, the field is axially symmetric. It is, however, of such a 

nature as to render the solution of Laplace's equation impossible either 

in the two-dimensional or the axially symmetric form in cylindrical 

coordinates. 
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In order to be able to estimate the errors involved in the as

sump~ion that we may use the two-dimensional rubber-membrane model 

as an analogue fol! a three-dimensional axially symmetric potential 

field, we can take as an example two easily calculated boundary-value 

problems. We select these problems so that the dimensions, voltages, 

and sections are identical in the two-dimensional and cylindrical cases. 

We have chosen to_ calculate the potential distri'bution in a 

square, two-dimensional .figure with sides at zero potential and opposite 

ends at unity potential (see Fig. 8). ·Also we have takeh a right circular 

cylindrical box whose diameter is equal to its heigb,t. - This box has its 

cylindrical sides at zero potential and its two circular ertds at Unity 

potential (see Fig. 9) .' · (AlSo see Appendix E for ain. outline of th'e methods 

used to calculate these potent_ial fields. ) 

Examining the two field plots, we notice that there is a con

siderable difference between the two. It may be noted,· for example, 

in the axially symmetric case that the cylindrical side-s do a better job 
1 ·' 

of shielding the interior of the box from the effects of the potentials on 

the two circular ends. In othe;r wor~s, the potential at the ce~ter of 

the cylindrical box is lower by a considerable amount. In this case the 

~afidle point or center potential is about 28o/o of the end voltages as 

against 50o/o for the two-dimensional case. 

In order to compare the p~ths of electrons that traverse the 

two different potential fields, we have plotted, by graphical means, the 

trajectory of two electrons in each case. In .Fig. 10 we see the path of 

an electron entering at an angle of 20° fr.om the axis of symmetry, in 

the two-dimensional case. In Fig. 11 we have plotted the path of the 

same electron in the axially symmetric field of the cylindrical bb.x. If 

we. examine these two paths by supe'rpo13ition, we find that they are 

practically identical in shape. 

In Fi~s. 12 and 13, we have plotted the paths of .an electron 

that enters the two fields off cente~ and at an angle of 20° with the axis 

of symmetry. We note that the two paths are not exactly identical but 

are very similar in shape. It is important to state that the energy of 

the entering electr~n is assumed to be 1. 00 in termsof voltage or the 

same as the potential of the two end electrodes in all cases plotted. 

•J .. 
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MU-10327 

Fig. 8. Field plot of two-dimensional square box. 
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Fig. 9. Field plot of axial cross section of cylindrical box. 
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Fig. 10. Trajectory of 20° axial electron in two-dimensional box. 
I 
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Fig. 11. Trajectory of 20° axial electron in cylindrical box. 
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Fig. 12. Off-center electron trajectory in two-dimensional 
square box. 
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Fig. 13. Off-center electron trajectory in cylindrical box. 
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The conclusions that we may draw from the foregoing discussion 

may be stated as follows. Although the rubber-membrane model does 

not give a precise analogue of the potential distribution in a three-di

men'sional axially symmetric electrode structure, it is of use ·to obtain 

a semiquantitative picture of electron trajectory behavior that may be 

expected in this type of system. In the particular device under consid

eration, the rubber-membrane model was used principally as a method 

of choosing between several possible shapes for the reflector. 

In Figs. 14 and 15,we see the four different shapes that were 

tried. Of all the shapes, reflector D in Fig. 15 seemed to be the 

most satisfactory. ;This was based on the determination of the largest 

angle of emergence of the electrons from G 2 that were consistently 

passed through. the grid G4 and into the first dynode of the electron 

multiplier. In all cases, the electron eriergy was made equal to the 

potential of G 2 and G 4 , which were the same in the membrane analogue. 

From the experiments on the reflector D and from the calcu

lations that have been detailed, it is possible to find the approximate 

effect of the reflector on the selectivity of the system and to arrive at 

a predicted value of the geometry and of the selectivity of the complete 

apparatus. 

D. Electron-Detection System 

a .. General Discussion 

There are several means of recording or detecting beta par

tides in beta spectrometers. In the flat magnetic spectrograph, .the 

spectrum is registered on a photographic plate and the ·relative black

ening of the plate is translated into an electron-intensity distribution 
\ 

by means of a microphotometer. Investigations hav:e ··:shown that the 

relative blackening of the photographic plate is a linear function of 

electron intensity. 

Almost all magnetic beta-ray spectrometers use a thin-window 

Geiger-Mlill'er.: counter as the detecting device. When studies of low

energy spectra are made, it is necessary that the window be close to 

100% transparent to the lowest energy electrons to be detected. The 

window must let in the electrons, but it must also keep the gas filling 

of the G-M tube out of the spectrometer as much as possible. (See 
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. 31 
Cook, page 16.) Since very special window techniques must be ap-

plied if d-M tubes are to be used for low-energy beta particles (less 

than 10 to 15 kev). it would seem desirable to use some other kind of 

detector in this energy range. 

Scintillation counters, which consist of an anthracene or a 

stilbene crystal and a photomultiplier tube, can be used as beta-parti

cle detectors. In magnetic spectrometers, the photomultiplier tube 

must be used with a lucite light tube so that the multiplier tube can be 

removed from the immediate vicinity of the magnetic field of the spec

trometer. In addition, it must be carefully shielded in the best possible 

manner from stra:y fields by the use of a mu-metal magnetic shield. 

The use of a scintiUation detector for low-energy electron 

detection requires the use of postacceleration. That is to say, an ac

celerating voltage is applied to the electrons after they have been se

lected by the magnetic field. The scintillation crystals require an en

ergy of 50 to 100 kev if they are to be used efficiently as a light source 

in connection with the photomultiplier tube. 

The secondary electron multiplier may be used for the detec

tion of low-energy beta particles. 
32

' 
3 7 It offers the advantage over a 

G-M tube of not requiring gas for its operation, and we can thU,~ dispense 

with the necessity of constructing thin windows. 

h: Secondary Ele~tton Multiplie~ 

The phenomenon of secondary electron emission {see Spang

enberg, 
23 

pages 48-57, and Wooldridge
34

) provides an ideal method 

for the detection of low-energy beta particles. The secondary-electron 

lt 'l" 27 • 33 · "11 d db t . mu 1p 1er 1s espec1a y a apte ·.to eta spectrome ers us1ng 

electrostat~c fields instead of magnetic fields, since the presence of 

a magnetic field interferes with the proper operation of the multiplier. 

The characteristics required of a secondary multiplier to be 

used in a beta spectrometer are somewhat different from those required 

of a multiplier to be used in a photomultiplier tube. The principal 

characteristic of the multiplier that is necessary in the double-retard

ing -field spectrometer under discussion is a relative insensitivity to 

deterioration of the dynode surfaces when exposed to the atmosphere 

for a few hours. This exposure unavoidably takes place when the radio

active sample is changed or inserted into the sample holder. Also it 
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is necessary that no further activation of the multiplier surfaces be 

required after the initial processing of the dynodes. 

The best-known secondary-electron emitters are those that 

consist of an oxide film on a metal electrode base. Many combinations 
23 32 35 have been used. ' ' By far the best secondary emission surface is 

cesium oxide on a silver base. The maximum emission ratio is of the 

order of 10 secondaries for each primary electron when the primary 

electron energy is about 400 to 500 electron volts. This sensitive sur

fad~, however, cannot<be exposed to the atmosphere after its formation 

without a complete deterioration-~£ its sensitivity due to oxygen con

tamination. 

Beryllium-copper alloy has been used for this purpose, and 

satisfactory characteristics have been reported. 
32 

The latest alloy to 

be useQ. for secondary-emission work, and the one used here, consists 

of 98. 3o/o silver and 1. 7o/O magnesium. When given the proper heat 

treatment, this alloy forms a magnesium oxide film on the surface of 

the metal, which has good secbndary-emissibn characteristics. 
36 

Another desirable characteristic for the secondary emitter 

used to detect beta particles is ·a relatively large thermal work function. 

This characteristic is necessary to insure that the background count 

due to the emission of thermal electrons from the first dynode of the 

multiplier be low .. The silver...,magnesium alloy seems to have a suf

ficiently high work function to satisfy this requirement. 

Before assembly, the 18 dynodes of the multiplier were processed 

. in a manner similar to that described by Rapaport. 
36 

The carefully 

cleaned dynodes were enclosed in an evacuated glass tube of sufficient 

size to contain the large first dynode, and the tube was placed in a 

small electric resistance furnace. The dynodes were subjected to a 
0 temperature of about 550 C for a few hours under a vacuum of better 

-6 than 10 mm Hg. Water vapor was then introduced at a pressure of 

approximately 10-4 mm Hg by means of a dry-ice-and-acetone cold 

trap. The tube was then sealed off under the high vacuum, and the 

dynodes remained in this tube until assembled.· 

The electrodes showed a shiny yellow film over their entire 

surface. This is the magnesium oxide film, which is formed on the 



-41-

surface· of the alloy by means of the water vapor that was introduced 

into the system during the processing period . 

. Figure 16 gives a general picture of the secondary-electron 

mJ.lltiplier that was used in this equipment .. Figure 17 shows the mul

tiplier installed in the spectrometer. It is to be noted that the first 

two dynodes are of the unfocused box type of dynode, such as is used 

in the DuMont photomultiplier tubes, and the remaining dynode arrange

ment is of the focused type described by Zworikin and Rajchman
2 7 

and 

used by RCA in their photomultiplier tubes, 
36 

Rappaport reports a secondary emission ratio of about 3. 5 

secondaries for each primary electron for the silver-magnesium alloy 

when processed as we have described. Although not. stated, it is to be 

presumed that this figure was determined at the optimum primary elec

tron energy, which is about 400 electron volts £or practiCally· all sec

ondary-emission surfaces. The circuit components in this equipment 

were designed for a value of 400 volts between. dynodes. This then re

quires a total of 18 multiplied by 400 or 7, 200 volts, which may be 

supplied to the multiplier for maximum gain. 

The over -all gain of the multiplier with the value of electron 
18 

multiplication given above is, for 18 stages, 3; 5 or approximately''. 

6. 2 x 109 . This is 6, 200,000,000, a fantastically large and unneces

sarily high gain. Of course, the gain can be reduced .as necessary by 

reducing the voltage applied to the multiplier. The large theoretical 

gain allows us to maintain the. desired gain by voltage adjustment even 

in 'the face of appreciable deterioration of the sensitive surfaces of the 

dynodes, which takes place every time we expose them to the atmosphere. 

Figure 18 shows the circuit diagram of the secondary-electron 

multiplier and associated circuits. Note the double string of resistors 

used as a divideif for tapping off the various dynode voltages. This was 

done primarily to simplify the circuit layout and avoid cross-over wir

ing between stages, which might have distorted the electric fields exist

ing between the dynodes. This arrangement can also be observed in 

the photograph of the multiplier in Fig. 17. 

The output of the multiplier is connected d,irectly to the grid 

of a cathode follower stage, which is mounted close to the multiplier 

inside the vacuum tank. The output of the cathode follower feeds a 
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Fig. 16. Secondary-electron multiplier. 
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Fig. 17. Electron multiplier. 
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Fig. 18. Circuit diagram for secondary-electron multiplier. 
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coaxial cable, which connects to a preamplifier outside the vacuum 

tank.. From the preamplifier output the signal goes into a conventional 

amplifier scaler. 

It is of interest to consider the question of what is the desired 

minimum gain that we must have in the secondary electron multiplier 

in order to be above the noise level of the amplifier system. The 

height of the voltage pulse produced in the output of the electron mul

tiplier by the electron avalanche induced by one electron on the first 

dynode depends not on the terminating resistance but on the terminat

ing capacitance, according to the basic formula, 

where 

Q=CV or n e = C V 

n = number of electrons in the output pulse or the gain of the 

multiplier, 

6 -19 e = l. x 10 coulombs, the charge on an electron, 

C = output capacitance in farads, 

V = desired minimum voltage on the grid of the cathode follower. 

Just for round figures in our results, assume that the output capacitance 

is 16 x l0-l2 farad {a reasonable value} and that it is desired to have a 

minimum voltage of 0. 001 volt on the grid of the cathode follower. 

Solving the above equation for n gives a value of 10
5 

for our minimum 

gain re·quirement. This, then, allows for a considerable deterioration 

of the multiplier elements before new dynodes need be installed. 

E. Noise Sources 

In spectrometers, as in all devices used for measuring any 

quantity, there arises the problem of the signal-to-noise ratio. Noise 

may be defined as an.y phenomenon or disturbance of the system that 

may eventually find its way into the indicating or recording device and 

which is not part of the signal that we wish to measure or detect. For 

a reliable measurement, the noise must be considerably less than the 

signal being measured. 

Let us define noise in the beta spectrometer as consisting of 

any phenomenon that causes a count to be recorded on the scaler but 

does not represent a beta emission from the radioactive sample in the 

range being measured. The desired signal must exceed the noise by 
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a factor of 5 or 10 in order that reliable data be obtained. There are 

several possible sources of noise in the DRF spectrometer under dis

cussion. 

a. Gamma and Alpha Radiations 

Many radioactive samples that may !be measured in a beta 

spectrometer have gamma and alpha radiations as well as the beta ra

diations to be measured. One of the problems that needs to be explored 

is the sensitivity of a silver-magnesium-alloy secondary-electron 

multiplier to gamma rays striking the first dynode. The gamma rays 

are electromagnetic radiations similar to light but of a much higher 

frequency. Wb.en they strike a metal surface, they may cause a photo

electron to be emitted from the metaL If the metal happens to be the 

first dynode of the secondary-electron multiplier, then we have a noise 

count in the system recording device. 

][n order to find out something about the conversion coefficient 

of gamma rays to counts in the electron multiplier, a series of experi

ments was carried out. A DuMont 2-in.ch photomultiplier tube, which 

uses silver-·magn.esium-alloy dynodes in its construction, was arranged 

so that the first dynode was radiated by gamma rays of known energy 

and intensity. The photo tube was arranged so that no counts could 

come through the system unless they were caused by electrons from the 

first dynode. The tube itself was carefully blacked out so that light 

could not reach any of the elements inside the g.lass envelope. 
' 

A series of 15-minute counts was made with and without gamma 

rays from the two radioactive samples employed. A conversion coef

ficient was calculated for each energy of gamma rays used. This con-

ver sian coefficient vvas defined as the ratio of the counts due to the gc!tmma 

rays divided by the total number of gamma rays incident on the first 

dynode of the photomultiplier tube. The two radioactive gamma sources 

used were cobalt-60 with gamma energies of l. 17 and L 33 Mev and 

americium-241 with gamma radiations of 0. 06 Mev. The results are 

platted in Fig. ;19. 

From Fig. 19 we see that the conversion coefficient is very 

small in the range investigated. It is of the order of one part in 4, 000, 

or one electron liberated, on the average, for e:very 4, 000 incident 



-47-

0 
,0/ .o6 o.l ()5 

G'aJnmC/ Ener:7 .f /n 
MU-10337 

Fig. 19. Gamma-to-electron conversion coefficient in multiplier 
tube. 



' 

·-

-48-

gamma r?-diation quanta. Of course, two points are hardly a sufficient 

number of points to draw a curve, so that the dotted straight line drawn 

through the two points should not be . .taken too seriously. From these 

results., though, we may conclude that the noise counts due to gamma 
. "\._ , . ~ 

radiation on the secondary multiplier should introduce relatively small 

errors in the data. 

Alpha-particle radiations cannot enter the multiplier system 

directly, because of the trap T, as shown in Fig. 2, but they may give 

rise to noise by striking any metallic part and causing electron emission, 

which may appear as noise in the system. If they strike the collector 

plate P (Fig. 2), the emitted electrons tend to return to . P, which is 

maintained at a large positive potentiaL 

b. Other Sources of Noise 

The principal sources of unwanted secondary emission are all 

the metallic parts s.ituated above the plane of the grid G 1 except the 

colle.ctor plate P. High-energy electrons striking the metallic parts 

could liberate .secondary electrons, . which would be accelerated down

ward to the plane of G 1. These electrons may get into the secondary 

multiplier and be counted .. Secondary electrons emitted from the col

le~tor plate P mu.st overcome a positive potential equal to 1/5 of V 1 
in order to be able to pass thro.ugh G 1 and get into the counting system. 

The principal source of thermal emission that puts noise into 

the system is the first dynode of the secondary-electron multiplier. 

This emission is determined by the temperature of the dynode and 

could be reduced by operating the multiplier at lower temperatures. 

However. no provision has been made in the design of the apparatus 

discussed here for cooling the dyn.?des. The room-temperature emis

sion of the silver-magnesium alloy had been found to be low, and con-
~ . - . . . . 

sequently its effect should not he large . 

. . The thermal-emission effect can be minimized by making sure 

that the operating conditions are _s'uch that the energy of the incident 

electrons on the first dynode is the optimum value for maximum secondary

emission ratio. This allows us to discriminate against thermal pulses 
\ 

due to single ele~trons from the first dynode, since the de.sired pulses 

are of greate~ magnitude. 
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. - . . 

The onset of strong field emission in any part of the system, 

and especially in the ~pper part ofthe sp~~drometer; would cause the 

liberation of ele.ctrons from the various metal parts and these ele.ctrons 

might get into the counting system and appear as noise.· 

F"" Theoretical Transmission and Resolution 

We can determine the theor.etical transmission of the DRF 

spet:irometer with the aid of Curves 11 fC 11 and ":d" ofFig . .3. Although 

this set of curves wa~ drawn for a particular value of the parameter 

q, we have .se.en from our previou.s dis.cussion that the Curve 11 'c~ 11 

wh.ich is the limit placed on our transmission by the finite dimensions 

of grid G 2 , .is practically independent of q and n. Al~o; Curve 11 d" 

is independent .of q since 'Eq. ( 10), from which it is plotted, does not 

contain q. . Curve -"d" repre.s.ents .the lower angular emission limit due 

to the .finite dimensions of the sample holde.r. 

We may define transmission of the beta spectrometer as the 

following ratio: 

area on sphere .of solid angle of colle.ction 
Transmission = total area of sphere 

For small angles of collection we may easily show that the tr'ansmission 

can be written as 

. where 

2 
Trans'mission = tan () 

4 

() = 1/2 solid angle of collection . 

From Fig,. 3, we see that the upper angular limit is about 

4.5°t and the lower limit is about L 6° ... Therefore the transmis.sion 

is as follows 

. 2 0 

T . . .. tan 4. 5 ransm1ss1on ::: · 
4 

2 0 tan 1. 6 
4 

Expressed as a percentage this is 0~ 1367%. 

-0.001367 .. 

We;, now undertake to determine the resolution of the DRF 

spectrometer. There is a certain amount of approximation involved,; 

since we do not know exactly what th.e selectivity characteristics of 

the electr.on focusing device or reflector are. 
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We assume a value of q equal to 0.96, which is the same 

value as we have assumed in Figs. 3, 5, and 6, .and also we assume 

that thepotentials of G 2 and G 4 are the same (see Fig. 7~. We must 

make an estimate of the saddle-point potential as a percentage of the 

potentials of G2 and G4 . From our calculations on the cylindrical box, 

we found the saddle-point potential to be 28% of the voltage on the ends 

of the box. For lack of any better information, let us assume for round 

figures that the saddle-point potential is about 30%. This means that 

all electrons that do not have at least 70o/o of the electron volt energy of 

the grid G 2 are rejected by the reflector (Fig. 20}. 

From our experiments with the rubber-membrane, ball-bear

ing analogue, we know that for a given electron volt energy there is a 

critical angle of entry into the reflector which, if exceeded, results in 

rejection of the electron by the reflector. In the two-dimensional model 

of the reflector, this angle was found to be about 30° from the axis of 

symmetry when the electron entered on the extreme edge of grid G 2 . 

It is reasonable to suppose t:h.at the critical angle is somewhat less in 

the axially symmetric case, owing to the lower saddle -point potential 

of the field. 

Let us take as the critical' angle at the edge ·Of G
2 

a value of 

23° with the axis of symmetry when the parameter n is equal to l. 00. 

We choose this value of angle of entrance to the reflector because it 

gives us a sharp-peaked selectivity or resolution curve. We now have 

two points on the transmission characteristic of the electron reflector, 

points ''A" and "B" (Fig. 20). -In order to get the intermediate points; 

we draw a straight line between these two points, as shown on Fig. 20. 

The rejection characteristics of the reflector for electrons 

having a value of n larger than 1. 00 are not of extreme importance, 

since these higher-energy electrons are rejected in the first retarding 

field of the spectrometer as shown by Curve 11 a" of Fig. 20 {also Figs. 

3 and 5). 

The results of the above are plotted· in Fig. 21. A second curve 

is also plotted in Fig. 21 to show the results of choosing a different 

value of saddle-point potential and angle of entrance. Taking the half

maximum width of the curves, we see that the theoretical resolution 
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may be anywhere from L 2 to 0. 6o/o on an energy basis. This is 0. 6% 

to 0. 3o/o on a momentum basis, for beta particles of energies less than 

50 kev (Reference 14, page 9 51). 

We have taken the data on many·different magnetic spectrometers 

from Reference 14 and plotted these data in Fig. 22. The diagonal lines 

are. lines of constant figure of merit, which is defined as the ratio of 

transmission (on a momentum basis to resolution)· of the spectrometers. 

For comparison purposes, we have also plotted the values of transmis

sion and resolution that we have calculated for the DRF spectrometer. 
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IV o APPARATUS 

Ao Spectrometer 

a. General Description 

The spectrometer was housed in a cylindrical steel vacuum 

tank whose interior dimensions were 14o 5 ino in diameter and 24 ino 

in heighL It wiil ·be noted from the photograph, .Figo 23, .that the tank 

was made in two sectionso .This was of no consequence to the opera

tion of the spectrometero Jt was an economy measure in which an 

available vacuum tank was modified by the addition of the top section 

in order to perform these experimentso 

The entire spectrometer assembly was supported from the 

top circular cover of the vacuum tank so that it could be lifted out of 
' 

the tank as a unit (Figo 24) 0 All the electrical connections to the unit, 

except one, wer.e made by means of kovar terminals through the steel 

top that supported the spectrometer. The remaining, connection, the 

high-voltage retarding potential, was made by means. of the high-voltage 

terminal set in the side of the top section of the tank as shown in Fig. 

240 When the spectrometer was:in place inside the tank, a small phos

phor bronze spring attached to the interior end of the high-voltage 

terrpinal made contact with the center electrode of the assemblyo A 

vacm1mtight, teflon-insulated coaxial fitting installed in the top of the 

tank provided a connection for the signal output. 

All .calculations for the double-r·etarding-field spectrometer 

were based on the trajectories of electrons moving in uniform electric 

fields; In order .to provide a uniform retarding electric field, the 

spectrometer was provided with a series of four equally spaced guard 

rings on both sides of the sample-holder grid G
1

. (See the photograph, 

Fig. 25, and the drawing, Fig. 260) The guard rings were held at a 

fixed fraction of the high potential by means of a potential divider 0 For 

e~ch retarding field, this divider consisted of five 200 -megohm IRC 

type MVX high:-voltage resistors conne.cted as shown in Fig. 26. This 

divider was contained inside the vacuum tank, and the resistors were 

supported by the guard rings as shown in the photograph of Fig, 25" 
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ZN-1397 

Fig. 23. General view of equipment. 
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Fig. 24. Spectrometer being removed from tank. 
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ZN -1398 

Fig. 25. Close-up of spectrometer, showing details of 
construction. 
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The guard rings were separated with small threaded standoff 

insulators 3/4 in. long and 1/2 in. in diameter, as shown in Fig. 26. 

All the rings and all other electrodes of the spectrometer were provided 

with 1/4-in. -diameter corona rings to avoid local field concentrations, 

which might result in voltage breakdown between rings or other electrodes. 

As the entire spectrometer assembly was suspended from the 

top of the steel vacuum tank so that it could be removed as a unit, the 

principal mechanical strain was taken by the 3/4-in. -long standoff in

sulators, which are threaded at both ends for No. 8-32 machine screws. 

These standoff insulators provide both mechanical strength for the 

assembly and electrical insulation between the successive electrodes. 

The insulators between the guard ring$ were called upon to withstand a 

voltage equal to approximately one-fifth of the main high-voltage re

tarding potential. One of the high-voltage limitations of the equipment 

was the voltage breakdown of these guard-ring insulators. 

Additional mechanical strength and rigidity were provided by 

three additional supports from the top of the tank. These consisted of 

three 1/4-in. brass rods, threaded into the top of the tank. Each rod 

was enclosed in a 3/4-in. brass tube. The rods and tubes supported an 

1/8-in. aluminum plate at the bottom of the spectrometer assembly. 

The aluminum bottom plate supported mechanically the secondary

electron multiplier, the cathode-follower -tube socket, and associated 

'equipment. Rigidity for the main spectrometer assembly was provided 

by two rods~ which tied together the bottom plate and the glass support

ing plate of grid G
4

. 

0-rings used on all demountable joints of the spectrometer 

served to make vacuumtight seals at these points. 

b. Sample Holder 

The radioactive sample holder was placed in the center of grid 

G 1 . It was held in position by three nonmagnetic stainless steel rods 

extending from the circular edges of the grid structure and supporting 

part 1
·
1 a" of the sample holder in the exact center of the grid. (See .Figs. 

26 and 27. ). Parts "b" and "c" of the sample holder could be removed 

from the spectrometer for the purpose of changing the rad~oactive 

sample {see Fig. 28). 
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Fig. 2 7. Drawing of sample holder. 



Fig . 28. Close-up of sample holder being inserted into 
spectrometer. 
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A stainless steel rod about 6 in. in length, which was threaded 

at one end and equipped with a handle on the other, was used as a tool 

to remove parf:s nb" and "c" of the sample holder. The threaded end of 

the steel rod was inserted into the spectrometer between the center 

electrode and the first guard ring of the bottom section. The threaded 

end of the rod was inserted into the threaded hole in the side of part 

"b,:11 and the rod was screwed in as far as possible ~o that the sample 

holder was .firmly attached to the· handle. Then by rotating the holder 

through an angle of about 60° to diseng,age the lugs, one could lower 

the sample holder .by about 1/2 in. by manipulation of the .rod. It was 

then possible to pull oU:t the sample holder between the high.,.voltage 

electrode and the guard ring. 

Extreme care had to be exercised at this point so as not to 
. .. 

allow the sample holder to rotate and dump· out the ring part "c," which 

actually hel~ the radioactive sample. Also great care had to be taken 

to avoid contact between the sample and the G 1 electrode. The clear

ance was a matter of about 3/32 in. It was ne.cessary to make several 

practice runs on the above procedure with no .radioactive sample in 

the holder in order to get the feel of the operation. 

The radioactive sample was deposited on a thin plastic film 

supported by the ring electrode part "c" of the sample holder. The 

ring was 1/2 in. in diameter and allowed the active sample to occupy 

a circular spot about 1/4 in. in diameter. The ring and all the other 

parts of the sample holder were made of aluminum. 

In low-energy beta-particle spectroscopy, it is essential that 

all possible precautions be taken to avoid spectrum distortion. Various 

phenomena such as source charging, absorption and energy loss due to 

finite source thickness, and backscattering due to the source mounting 

are of importance in the investigation of the low-energy range of beta .,... 

t
. 38, 39, 40,41,.42 

par 1ces. 

To avoid source charging, it was necessary that the source

mounting film be made conducting by the evaporation of a thin layer of 

aluminum on the underside of the plastic film source backing. In order 

that excessive backscattering be avoided, the plastic film and its. con

ducting coat of aluminum were made a.s thin as possible, but with suf

ficient mechanical strength to allow the preparation and to support the 

radioactive sample. 
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In order to avoid excessive backscattedng due to the aluminum 

mounting part 11 b, n a beta-particle trap was inserted just behind the 

sample. This trap was in the form of a lucite rod drilled with many 

fine holes in a vertical or axial direction .. The theory here was that 

lucite has a low atomic number Z and consequently causes a minimum 

of backscattering. Also, the probability of backscattering of electrons 

along the line of the axis would be reduced if the primary electron 

entered one of the holes in the lucite trap. 

B. Auxiliary Equipment 

a. Power Supplies 

The retarding-field high-voltage supply used in these experi

ments was built by Neutronic Associates of Richmond Hill, New York. 

The rated voltage of the unit was 5 to 50 kv, and it could supply approx

imately 500 1-1a of current to the load. 

The unit was a half-wave, voltage -doubler, radiofrequency 

type of power supply. The output voltage was regulated electronically 

by negative feedback from a voltage divider across the output terminals. 

This feedback served to control the screen-grid potentials of the radio

frequency oscillator and amplifiers. The reference voltage for the 

regulator was provided by a 300-v Eveready Mini-max dry battery. 

The measured .regulation of the power supply was of the order 

of one part in two thousand at an output voltage of about 50 kv -and with 

constant load. The regulation at lower voltages became progressively 

poorer, and the regulation system became somewhat unstable at 

voltage.s of the order of 3 to 4 kv. Micrometer adjustment of the out

put voltage was provided by a ten-turn helipot mounted on the panel 

of the unit. 

Accurate measurement of the output voltage was made possible 

by the use of carefully calibrated IRC.:.type MVO high-voltage resistors 

and a Weston Model 622, one-half-percent accuracy mirror-scale 

microammeter. · The type MVO 30-w resistors were operated at dis

sipation of less than one watt in order to avoid changes of resistance 

due to heating effects. Additional accuracy in the measurement of 

voltage was obtained by the us~ of a potentiometer to measure the voltage 

drop across a precision wire-woqnd resistor placed in series with the 

type MVO resistors and the microammeter. 
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A second high-voltage power supply was required to furnish 

the potential necessary to operate the 18-stage secondary-electron 

multiplier. This supply was designed and built by the Radiation Lab

oratory. It was a radiofrequency type of high-voltage supply with a 

rated output voltage of 10 kv. The regulation of· the output voltage was 

considerably better than the Neutronic power supply just described. 

The nominal regulation was of the order of ± 2 v at any voltage from 4 

to 10 kv. The excellent regulation of this voltage assured a constant 

gain of the secondary-electron multiplier. 

Other low-voltage regulated power supplies used were con

ventional in design and construction. 

b. Preamplifier. Scaler, and Count Rate Meter 

A special p:r·eamplifier was designed and built for use in this 

equipment. The preamplifier was required to raise the level of the 

signal from the cathode follower inside the tank a sufficient amount to 

operate the scaler used in the experiment. The ou~put polarity of the 

pulse from the secondary-electron multiplier was negative, and the 

polarlty required by the scaler was positive. Thus the preamplifier 

was required to invert as well as amplify the pulse. 

The preamplifier was bullt using four 6AK5 tubes. The gain 

was variable from 0 to 100, with a frequency response of approximately 

300 cycles to 7 megacycles. The circuit was of standard negative feed

back design in which three stages of amplification were included in the 

feedback loop. 

The amplifier scaler used was of standard design, built and 

used by the Radiation Laboratory in quantity. The scaler wa_s modified 

by. the addition of a 12AU7 tube, which was used as a pulse-level dis

criminator by biasing the first section of the tube beyond cutoff by 

variable amounts. 

The count-rate meter was designed and built by the. Radiation 

Laboratory (and is shown in drawing No. 3T2893). ':"The meter wa·s 

modified to read a maximum of 200,.000 counts per minute for the ex

periments with the artificial source {see Chapter V). The minimum 

count rate was 50 counts per minute. 
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Co Vacuum System 

The pumping system consists of a Distillation Products Corp

oration type MCF-300-0 1 oil-diffusion pump, which was backed by a 

Welch Duo-Seal mechanical pump" The oil-diffusion pump was cooled 

by means of a continuous flow of tap water through its cooling coils. 

An electric heater of 450 w provides the heat necessaryfor the opera

tion of the diffusion pump. 

A liquid nitrogen cold trap was necessary to keep the residual 

oil vapors from the oil diffusion pump out of the rest of the vacuum 

system" A failure of the liquid nitrogen supply during the course of the 

experiments allowed oil vapors to be deposited on the sensitive surfaces 

of the secondary-electron multiplier with the result that the multiplier 

was completely ruined and had to be replaced. 

After the liquid nitrogen failure, an automatic cold trap was 

" installed. A solenoid valve was used iri a low-p.ressure air line to 
\ . 

supply air pressure to a liquid nitrogen tank. The valve was controlled 

by an Eagle Signal Corporation Flexo-Pulse timer so that the liquid 

nitrogen was introduced into the trap of the spectrometer at regular 

intervals as required. 

A vacuum valve arrangement placed between the liquid air trap 

and the rest of the system permitted the admission of air at atmospheric 

pressure into the main tank while the diffusion pump was still in opera.,.. 

tion. 

The low-pressure measurements were made with an RCA-1949 

ion gauge tube and a modified Radiation Laboratory ion gauge power 

supply. The modifications of the ion gauge power supply consisted of 

the addition of a circuit that would remove the filament current from 

the ion gauge tube if the pressure increased beyond 10-
4 

mm Hg. This 

circuit was fast enough so that air could be admitted to the main tank 

at any speed without endangering the filament of the ion gauge tube. 

The minimum pressu.re attainable under ordinary conditions 

was about 3 x 10- 6 mm Hg when the equipment described above was used. 

Unfortunately, a small and not easily repairable leak developed in the 

liquid nitrogen trap itself, .which increased the normal operating pres,. 
-5 sure to about 10 mm Hg. 
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The mean free path of a nitrogen molecule at a pressure of 

10-S mm Hg is given as 6. 5 meters on page 95 of Strongo 43 The mean 
-

fre.e path of an electron moving through a gas is greater than that of 

the gas by a factor of So 66 (Bachman, 44 page 94). This means that an 
-5 electron moving in nitrogen gas at a pres.sure of 10 mm Hg has a 

mean free path of 3608 meters .. When we consider that the.maximum 

path length of an electron in the spectrometer .is only about 0. 5 meter, 

we may assume that a pressure of lO-S mm Hg is not too high for the 

proper operation of this device. 
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V. EXPERIMENTAL 

A. Monokinetic Source 

a. Introduction 

In order to test the general operation of the double-retarding

field spectrometer before a radioactive source was introduced, .a 

thermal filament source was used. This source consisted of a small 

pure tungsten filament mounted in the same position in the spectrometer 

as the radioactive source was to occupy. 

This filament was mounted in the cente.r of grid G 1, in an in

sulating lavite cup, as shown in Fig. 29. The cup was suspended in a 

metal ring supported in the center of the grid by three small hollow 

brass tubes. The .center section of the grid structure was made so that 

it could be removed for the purpose of connecting, inserting, or renew

ing the filament as necessary. 

The outside of the lavite insulating cup was silver plated by an 

evaporation process. The coating was sufficiently heavy .so that it was 

a good conductor of electricity. This coating made connection with the 

grid ring on which it was supported and thus it was at the same potential 

as the rest of the grid structure. This arrangement effectively shielded 

the filament from the rest of the field in the spectrometer. 

The connections to the filament were made through two of the 

three hollow brass supporting tubes. Insulation for the conductors was 

provided by glass tubing inserted thro]J.gh a hole in the high-voltage 

electrode and through the brass supporting fubes to: th.e filam.ent in the 

center of the grid. 

The operating current of.the filament was about 0. 80 amp and 

was provided by a l. 5-v battery consisting of twelve No. 6 dry cells in 

parallel. The use of batteries for this purpose provided an extremely 

steady current, which was very necessary in this experiment. A series 

of three rheostats provided .coarsej medium, and fine variations in the 

filament current. In order to measure the current accurately, .a 

potentiometer was used to measure the voltage drop across a standard 

resistor connected in series with the filament. 
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The electrons from the thermal source are accelerated by the 

electric field existing between the grid and the filament. The strength 

of this field depends on the voltage between the two elements and may 

be controlled externally as shown in the diagram of connections in Fig. 30. 

The filament was connected to a source of de potential V , which could 
' s 

be made positive or negative by a reversing switch as shown in the 

figure. This allows us to vary the parameter n, which is the ratio 

between the energy of the beta particle in electron volts and the potential 

v 1: 

In the ·case of the thermal source, the potential V is the dif-
e 

ference between the potential of the grid G
1 

and the potential of the 

filament, both taken with respect to ground. Thus we have the equation 

n= 
v - v 1 s 

v 1 
(16) 

We see from this expression that if V is negative with respect to ground, 
s 

the value of n will be greater than I. 00, and if V is positive with 
s 

respect to ground~ the value of the parameter n will be less than 1. 00. 

There are several problems that arise in the use of a thermally 

emitting filament to take the place of a radioactive source of beta par

ticles in a device of this nature. One of these is the problem of obtain

ing a quantity of electrons from the filament of the same order of mag

nitude as from a radioactive beta source of practical intensity. Any 

amount of current that may be measured on an ordinary type of current 

meter is fa.r too large, as we see in the following discussion. 

From Cork, 
45 

page 396, we note that a current of 1 ampere 

r~presents 6. 2 x 10
18 

electrons passing a given point in one se.cond of 

time. An ordinary ,at Arsonval indicating type of current instrument 

indicates a minimum of about 10- 6 ampere. This amounts to about 
12 

6. 2 x 10 electrons per second. 

Leaving this topic for a moment, let us consider the re.cording 

or indicating instrumentation to be used in this test. In order to facili

tate the measurements of the characteristics of the spectrometer by 

means of the ar'tificial source of beta particles, a count-rate meter was 
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substituted for the scaler" This count-rate meter was modified so that 
5 

it could count a maximum of 2 x 10 counts per minute. This was, in-

cidentally, ten times the maximum counting rate originally designed 

into the instrument. Thus we see that the artificial- source filament 

may have a maximum emission current, so that, at the peak of the 
5 

resolution curve, the counting rate is not more than 2 x 10 counts per 

minute or approximately 3. 3 x 10
3 

counts per second" Therefore, not 
. 3 

more than 3. 3 x 10 electrons per second may strike the first dynode 

of the secondary-electron multiplier when the value of n is equal to 

1. 00, in order not to exceed the capabilities of the counting system. 

Now the que.stion is, how many electrorts does the filament 
3 

have to emit per second in order that 3. 3 x 10 electrons per second 

may strike the first dynode of the secondary-electron multiplier. To 

get a rough idea of the order of magnitude of emission current necessary, 

we may use the value of the theoretical transmission derived in Chap-

ter III and include a factor of 0. 9 3 to account for the partial transmis

sion of the three 90 -percent-open-area grids through which the electrons 

must pass. This may easily be shown to give us a value of the order of 
-12 magnitude of 10 ampere of emission current necessary from the fil-

ament. This is a very small current, and it is down in the range where 

it takes electrometer techniques to measure it. 

Another problem that arises in the use of the thermal source 

to simulate a radioactive source of beta particles is the problem of 

constancy of emission from the filament. It was found that the measured 

emission from a pure tungsten filament was not a single-valued function 

of filament current. It seemed to depend on time, acc.elerating voltage, 

and temperature history of the emitter as well as on filament current. 

Figure 31 shows some results of measuring the relation between filament 

cur.rent and emission current. Thus it is impossible to return to a pre

viously determined filament current and expect to have the same emission 

current as before. 

The situation, however, with respect to constancy of emission 

is not as bad as may be inferred from the previous discussion. By 

allowing a warm-up time of about 20 min and momentarily increasing 

the £~lament current by about 20o/o above the normal operating value, 

.one may obtain curves as shown in Fig. 32. Figure 32 shows the relation 
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between the measured counts per minute and filament .current under 

voltage conditions as specified on the figure. The emission is suffi

ciently stable to be of use if one follows the operating procedure detailed 

in the next section. 

b. Procedure 

It was essential to allow all of the equipment to warm up thor

oughly before attempting to do any measurements" This was especially 

true of the count-rate meter, which had a tendency to drift for several 

hours after being turned on. The filament-source .current was turned 

on some twenty minutes before measurements were -to be taken. 

The source current was increased to about 1. 0 amp for a few 

minutes then reduced to a value near the operating current of around 

0. 8.0 amp. This procedure seemed to degas the filament structure and 

provide a more stable emission current. Also the stability seemed to 

be improved if the high voltage to be used in the measurements was ap

plied during the stabilizing period. The phenomenon was probably due 

to the positive-ion bombardment of the metallic tungsten filament. 

Thus any changes that were taking place under the- positive-ion bombard

ment would presumably be completed before actual measurements were 

made. 

. In this series of experiments, a vacuum of about 10-
5 

mm Hg 

was attained. It was noted that the filament emission became somewhat 

more stable as the vacuum improved, showing that positive-ion bombard

ment had an effect on the emission. It would have been desirable to 

have a better vacuum but the equipment seemed to have a small leak 

that could not be located and repaired at the .time. 

A preliminary adjustment of a special discriminator circuit 

used in connection with the standard scaler amplifier was made with 

a high voltage of 3. 5 kv applied to the 18-stage secondary-electron 

multiplier. This adjustment was made so that the count-rate meter 

recorded a count rate of about 500 counts per minute. These counts 

were probably mostly thermal counts originating from the low-temper

ature thermal em is sian of the first dynode. Since the minimum read

ing to be taken on the count rate meter was 20, 000 counts per minute, 

the background of 500 counts per minute did not show up in the measure

ments;··. This adjustment w:as ~es.sentially a /sensitivity adjustment of the 

system. 
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During actual measurements the value of V s' .the source-fila

ment bias (see Fig. 30», was held at zero value and the filament current 

adjusted so that the count-rate meter indicated 200,000 counts per min

ute. A few minutes' observation of the stability of this reading was 

necessary. Readings of count rate versus V s were then made for both 

positive and negative values of V . After every few readings, .it was s 
necessary to return to the point V = 0 in order to check the full-s.cale s 
reading of the count-rate meter . 

. c. Re.Sults and Conclusions 

In the discussion of the theoretical resolution of the spectrometer 

in Section F of Chapter III, it was assumed that the grids G 2 a.tid G4 at 

either end bf the electron-focusing device or reflector were at the same 

potential. In some of the series of measurements that were made here; 

it was desirable to have the voltage of G4 conside.rably higher than that 

of grid G 2 . This was done to give the electrons that strike the first 

.dynode sufficient energy to have a maximum primary-to-secondary 

electron-emission ratio and to insure that each electron was counted 

in the output-measuring system. 

When the voltage V 4 is larger than V 2 , then the selectivity 

characteristics of the reflector electrode are changed from that de

termined in Chapter III. The difference in its operation arises from 

the fact that the saddle-point potential is increased 9 thus allowing more 

of the electrons that enter G2 to pass through the reflector and go out 

through G 4 to impinge on the first dynode. 

Figure 33 shows a measured and a theoretical selectivity curve. 

The theoretical curve shown in Fig. 33 is not one of the curves from 

Fig. 21, but a new curve calculated in the same manner as the ones 

in Fig. 21 but with the assumption that under the conditions of v4 = 8V 2 , 

.the saddle-point potential was increased from 30o/o of the voltage of G2 
to a value of 80% of V 

2
. Thus only about 20% of the electrons entering 

G 2 are rejected by the reflector system. (See previous discussion of 

the theory of refle.ctor rejection in Chapter IlL) 

It is to be noted that the two curves of Fig. 33 are in good 

agreement. In Fig. 34, the effect of changing the parameter q on the 

selectivity of the system is shown. Figure 35 was drawn to show the 



-77-

0,8 
TA e.-ore/-; C.. C7' / 
vv!' ve.. 

o.~ 

o,f 

O.t.. 

---- 0/16 0. 97 o. 98 0/1'1 /. 00 /.0/ /.oz.. /. 03 

LJ/rn e/7-sio/?le.s..s P<YrCYrne.-f-en ''n 'I.: Ve 
V; 

MU-10347 

Fig. 33. Theoretical and measured resolution. 



/.0 

0.8 

0.~ 

~ 
~ 
'f... 
t' 
~ 
'0 
'J 

\) 
:::.. 

~ 
b 

......... 
o.z. <u 

Q:: 

-78-

0.'73 o.9-/ 0.9S o.9tiJ o.97 0.98 {).99 

Dim en..:sion le..s-:s Paro/ne.Ten 
/.(J{) /.6/ 

"J-. 'r 1/ 
~ I .=. YC:. 

10 
MU-10348 

Fig. 34. Effect on resolution of changing q. 



-79-

/,0 

o.s 

o,t:, 

0.'/ 

Cl.Z 

'lo 0.9£ o.f-r' o. 96 o;'Je ;.oo l.o?.. 

-~-L2../.L22.C-LJ~..ion./es.s l?a.rO'm.e rer- ~ Ve. 
Y; 
MlJ.-10349 

Fig. 35. Effect of voltage V 
4 

on resolution. 



-80-

effect on the resolution of changing the voltage V 4 from a value equal to 

V 2 to a value very much larger thal'l V 2 . This figure substantiates the 

theory of reflector rejection change as discus~ed in the preceding para

graph. 

The. results of the measurements made with the artific.ial 

source seem to confirm in every important particular the theory of the 

. double-retarding-field electrostatic beta-ray spectrometer as detailed 

at length in Chapter III. · 

B. Radioactive Source 

a. Introduction 

One of the questions that must be considered is what must be 

the approximate count rate of the sample in ord_er to get reasonably 

accurate data on this apparatus. In order to get good data, it is nee

essary to have the signal level larger than the noise level. Thus we 

.should have some idea of this noise level befor.e we can made any cal

culations as to the size of the sample necessary. 

Some of the sources of noise in this equipment have been dis

cussed in Chapter IlL Noise may be classified as to origin or as internal 

and external noise. Internal noj.se cannot be removed from the output 

signal by any ordinary methods_. but external noise may be reduced if 

· suitable steps are taken. 

External noise consists almost entirely of disturbances intro

duced into the circuits from the ac line. In this equipment, elaborate 

precautions were taken to prevent outside noise from getting into the 

high,.-impedance circuits .inside the. spectrometer tank. Each input 

terminal was provided with a noise -filter circuit consisting of a resistor

capacitor filter. In the ac filament circuit of the internal cathode fob~ 

lower, a small rf choke and capacitor was used to filter out disturbanceso 

A number of unused connectors were present in the bottom of the vacuum 

tank being used for the spectrometer. It was found that these had to be 

carefully grounded in order to prevent noise (rom getting into the signal 

output .of the equipment through these connectorso 

Theoretically, all ac line disturbances could be eliminated by 

the proper use of electrostatically shielded ac transformers, .radio

frequency line filters, and by the use of elaborately shielded rooms. 
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This might eliminate disturbances arising outside the shielded room, 

but precautions would also have to be taken to suppr.ess disturbances 

ai,"ising within the equipment itself .. For example; itwas observed that 

a number of counts were introduced into the scaler when the ac solenoid 

ori. the air valve of the automatic liquid air-trap filler was operated. 

External ac line noise was not of serious consequence in this 

equipment because of the high gain of the secondary-electron multiplier. 

This high gain in the multiplier enabled us to set the amplitude -dis

criminator level at such a point that the amplifier scaler was not very 

sensitive to ac line noise. However. when measurements of a relatively 

weak radioa·~tive sample were being made, it was sometimes desirable 

to arrange to take the data -luring periods of minimum ac line noise, 

. such as at night or on week ends. 

-With no radioactive sample pres.ent in the sample holder. the 

retarding voltage on grid G 1 at zero~ and a suitable high voltage applied 

to the secondary multiplier, .it is possible to get any count rate what

ever on the amplifier scaler by a suitable adjustment of the amplitude 

discriminator. Forgetting all external noise, .these counts arise from 

the so-called '. 1 dark current" of the secondary-electron multiplier. 

This dark current consists of thermal electrons emitted from the var

ious dynode.s of the secondary-electron multiplier. which are then 

multiplied in the normal manner. They appear as pulses of various 

heights in the output of the multiplier. · 

The question o£ where to set the amplitude discriminator is 

an important one and a difficult one to answer. It would not be desir

able to set the discriminator so that no thermal pulses could come 

through, since this would surely discriminate against .some of the signal 

pulses als,o. In the case of the practically unlimited source of beta 

particles repre.sented by the thermal filament source, the discriminator 

was set .s_o that the thermal counttwas 500 counts per minute as me as-

' ured on the count-rate meter: This would be far too high a setting for 

a radioactive .sample of any practical intensity. The 500 counts per 

minute was 9 however, only a small fraction (2. 5o/o) of the smallest 

signal measurement made in this case. Thus it would seem that the 

discriminator setting should depend on the strength of the signal to be 

expected from the radioactive source. 
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At the beginning of this discussion it was stated that we had to 

find out something about the noise level before we could calculate the 

intensity of the radioactive source required for this equipment. Now it 

seems that we have come to the point where we must know the signal 

level before we can set the noise level! 

Let us now assume that the signal level is to be of the order of 

100 counts per minute, Assuming a uniform energy distribution in the 

beta spectrum, .a transmission of about 0, 001, and a selectivity of about 
7 l o/o, we arrive at a very rough figure of about 10 counts per minute. 

It is to be noted that this is a 41T count. 

For taking data on radioactive samples, .it is desirable to main

tain a constant percent resolution throughout the spectrum. At the same 

time it .is necessary to maintain a constant gain in the .secondary mul

tiplie.r, This last condit.ion is required so that all electrons from the 

sample that get through the grid G
4 

give the same height pulse in the 

output of the secondary multiplier. 

In order to maintain a constant resolution, it is necessary to 

hold 
1 
q constant and also to hold the ratio V 2 /V 

4 
constant at all points 

of the spectrum, In order to have a constant gain in the secondary

electron multiplier; we must hold constant the high-voltage supply for 

the multiplier and also we must hold V 
4 

constant _so ·that all electrons 

coming through grid G
4 

have the same amount of energy when they 

strike the first dynode. 

Unfortunately, the above requirements are mutually exclusive, 

because a constant q involves a variable V 
2 

as V 1 varies, .since we 

have the relation q = {V 1 - V 
2

)/V 
1 

and the requirement of a fixed value 

of V 4 prevents the operation of the spectrometer under the condition 

V 2/V 4 = a constant. 

In the measurements made with the radioactive sample; it was 

decided to hold V 
4 

constant .at 500 volts positive with respect to ground. 

This gave us a constant gain on the multiplier. All electrons passing 

through grid G
4 

had, therefore, an energy of at least 500 electron 

volts. This value is close to the optimum voltage for maximum second

ary-to-primary electron-emission ratio for the silver -magnesium first 

dynode. 
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Also it was desired to hold q constant and let the selectivity 

of the over -all system change slightly as the spectrum was scanned. 

The q of the spectrometer was held at a constant value by connecting 

the grid G2 to ground through a fixed resistor. This assured a voltage 

V 2 which was a constant percentage of V 1, ,since it was obtained across 

a linear resistive potential divider from V 1 . 

The selectivity .of the two retarding fields is constant when q 

is held constant, .but the .reflector selectivity change_s when the ratio 

V 
2
/V 

4 
changes. The change in reflector selectivity is due to the chang

ing saddle point~·in the reflector. Since the selectivity of the spectrom

eter is mainly determined .by the q of the system, .the change of the 

selectivity of the reflector is of the nature of a second-order effect and 

can be accounted for by a linear correction factor . 

. A .slight modification of the spectrometer was made by connect

ing the high-energy beta-particle collector plate P to the first guard 

ring down from the G 3 electrode {see Fig. 26). This enables the phys

ical removal of the grid G3 without changing the potential of the plane of 

the G 3 electrode. The removal of G3 reduces the possibility of unwanted 

secondary emission. 

b. Sampl:e Selection and Preparation 

When the table of radioactive isotopes 
46 

was searched for a 

suitable .material to be used as a sample to test the operation of .the 

spectrometer, very few possibilities were discovered. First of all, a 

pure negative bet;:~. emitter was desired in order that results woold not 

be ohscured by side effects of high-energy alpha particles ·and gamma 

radiations. Secondly_; all or a large part of the beta pipectrum should 

be within the nominal maximum voltage of the spectrometer, ,a value of 

40 to 50 kv. Another requirement was a relatively sho-rt half lHe, .so 

that a high-specific-activity material could be obtained. A fourth re

quirement was availability. 

-The only isotope that fitted all of these requirements was 
. 3 

tritium, 1H , an isotope of hydrogen. This i-s a pure negative beta-

particle emitter with a maximum beta-emission energy of something 

les.s than 20 kev. .Pure tritium is a gas, _and it was ~ecessary to obtain 

a va-cuum-stable compound containing tritium so that it could be used as 
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a sample in the spectrometer. The only. compound that could be easily 

obtained was tritiated cholesterol with a specific activity of about one 

microcurie per milligram. This specific activity was considerably 

lower than desired. 

The principal object of this test was to demonstrate the op

eration of the spectrometer, so that it was decided not lo, be concerned 

with the spectrum distortion. Thus the sample was mounted in the 

bottom of a platinum cup, 1/2 in. in diameter, which was substituted 

for the plastic-film and aluminum-ring moun.ting method described 

previously. The object of this mounting method was to spread the 

sample over a larger area. 

Cholesterol is an organic compound and easily .soluble in 

chloroform. The white grains of the cholesterol were dissolved in a 

small amount of chloroform and this solution was placed in the platinum 

cup. When the chloroform evaporated, a visible white film of cholesterol 

was left on the bottom of the cup. All of this manipulation was done 

with suitable precautions to avoid contamination: the proce.ss was 

carried on in a hood with an exhaust fan, and rubber gloves were worn 

by the manipulator .. 

A special tritium air monitor was used to m.onitor the air 

exhausted by the forepump .of the vacuum system during the process of 

evacuation. No tritium was indicated by the monitor. It was concluded 

that the compound used had a sufficiently low vapor pressure to be stable 

under vacuum. 

c. Procedure 

The data were taken under the following ,conditions. The q of 

·the system was adjusted to approximately 0. 96 by making R 1 {see Fig. 

18» 40 megohms to ground from the grid G2 . Since the voltage divider 

inside~the vacuum tank was 1000 megohms, this held V 2 at about 4o/o of 

V 1 so that q = 0.96. The voltage of 0 4 was held at a· fixed value of 500 v 

by means of a regulated de power supply. A voltage of 3. 5 kv was ap

plied to the secondary-electron multiplier .. 

Because of the low specific activity of the sample considerable 

effort was expended to try to adequately separate the signal from the 

noise. The .following procedures and Circuit arrangements were employed. 
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It was necessary, first of all, to make the counts as long as 

possible to get an adequate total number of counts. Actually the counts 

were made for from 10 to 15 min each in order to be able to take all of 

the spectrum data in a reasonable length of time. Much longer counts 

would undoubtedly have improved the accuracy of the data. 

For each value of V 1, two counts of. noise and two counts of 

signal plus noise were obtained. The noise counts were made by apply

ing a negative 500 volts to grid G
2 

and switching the reflector from 

ground potential to the same potential as grid G4~ or 500 volts positive 

with respect to ground. The negative potential on G
2 

rejects all the 

signal beta particles and prevents them from entering the reflector. 

When the reflector is placed at the same potenHal as the grid G 4 , there 

is no tendency for thermal electrons from the aluminum ref~ector elec

trode to get into the counting system. This procedure was found neces

sary in this measurement. When the reflector system is in operation 

for signal detection, there is very little tendency for any thermal em is

sion to come ~hrough G
4

. Most of the thermal emission from this 

electrode tends to be attracted to G
2 

and thus stay out of the counting 

system. 

It was· found necessary _to turn on all equipment for a period of 

several hours before measurements were started. This procedure in

sured a minimum of noise-count drift due to changes in the temperature 

of the apparatus. As the ambient temperature of the room increased 

during the course of the measurements, .some shift of the noise count 

was observed. 

When a series of measurements was started, .the amplitude 

discriminator was set at a point where the noise count was found to be 

about 40 to 50 counts per minute .. After the final adjustment of this 

control was made, it was left strictly alone during the subsequent 

seri'es of measurements. 

d. Results and Conclusions 

Figure 36 shows the results of the measurements described 

above. Each data point shown. is the· average of two measured values. 

It may .be noted that the maximum value of the measured count.s per 

minute was roughly 30. As ·ithe end po"int of the .s_pectrum 'is approached, 
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Fig. 36. Data from radioactive source. 
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the data become highly unreliable, .because the signal was obtained as 

a difference between two counts of about the same size. The actual 

values in this region are of the same order of magnitude a.s the random 

variations of the noise level, and thus are effectively lost in the noise. 

The solid line drawn through the data points represents an 

attempt at smoothing of the raw data" It is possible to estimate from 

these data that the end point of the spectrum is somewhere between 17 

and 20 kev" This checks with the published values for tritium, which 
. 46 

range from 17" 95 to 19" 4 kev" 

These data are not sufficiently accurate near the end point to 

justify even attempting :t;o draw a Fermi-Kurie plot to determine the 

end point of the spectrum. It is, of course, obvious that the Fermi

Kurie plot would not have been a straight line, since self-absorption 

and scattering were pres.ent. Absorption was due to the thick sample; 

and the scattering was due to the metallic foil upon which the .material 

was mounted" 

The most obvious conclusion to be drawn here is that a sample 

of much higher specific activity should have been used. Time did not 

permit getting such a sample and repeating the data run" 

The results of this test run with the radioactive sample show 

that the spectrometer operates as predicted and that it can be used 

with relatively weak samples provided proper operating procedures 

are used. 
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APPENDICES 

A. Motion of Electrons in a Uniform Electrostatic Field 

The vector equation (expressed in mks units) for the force on 

a charged particle moving in a combination of electrostatic and mag

netostatic fields is given by 

~ 4 ~ ~ 
f = q( E + v X B) • { lA) 

-~ 
where . f = vector force, in newtons «so-called Lorentz force), . . 

q = po~Hiv~ cha~ge on ·patti~le;: in ~o~lomb~. 
-7 
E·= vector electrostatic field intensity, in volts per meter, 
~ 
v = vector velocity, in meters per .second, 

g = vector magnetostatic flux density, in webers per square 

meter. 

Letting g = 0 for this discussion--since no magnetic fields 

are used in this equipment--we can easily show that Eq. ( lA) may be 

expanded as follows' 

d
2

x _ I av -z-- e max. 
dt 

where e = negative charge on an electron, in coulombs, 

m = rest mass of electron§ in kilograms, 

V = potential at any point {xyz}, in volts, 

t = time, ,in seconds. 

.{ZA) 

{3A) 

.(4A) 

In what follows, nonrelativistic velocities of beta particles are 

assumed. 

Assuming a uniform electrostatic field as .shown in Fig. 37, 

let an electron be injected into the field with a velocity v 
0 

and at an 

angle e with the lines of force (y direction~ of the field. Let the point 

of entrance to the field be the origin {x and y are zero). 
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From Eqs. (2) and (3) and the relations 

av av 1. 
- = 0· and - = - V L ax ' By 1 ! 

where L = distance between planes {meters), 

we have the followi11g differential equations of motion to solve: 

d2 e V 1 y- . 
dt2 - - m L ' 

with the following initial conditions (t ::: 0): 

dy _ . dx 
dt - v 0 cos e ' dt - v 0 sin e ; 

x=O; y=O; 

where v = initial velocity (meters per .second). 
0 

The solutions:::to these equations are 

2 
e V 1 t 

y = - L + v t cos e , m 2 o 

x=vt:sinfJ. 
0 

Eliminating the parameter t, we get 

Solving for v
2 

from the energy equation, we have 
0 . 

1/2 m v
2 

= e V 
o e 

where V = energy of beta particle in volts, 
. -~--- e 

we have 

2 2eV 
e 

v =---
0 

Substituting in Eq. (9A), we get 

( 5A) 

( 6A) 

.( 7A) 

(SA) 

(9A) 



where 
v 

_-. ·' 
I,,·' 
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' 2 .. ,. :·' .. i 

Y 
= - ___ x _ ____,~ + ~ ·. 

4 L 
. 2 e . tan ~} ' ' 

n. ~m .. 

e -n = -- a parameter with no dimensions, 
vl 

(lOA) 

L = distance in meters from G 1· to G
2 

and also from G
1 

to G 3 . 

'By differentiating Eq. (lOA) we may find the maximum value of y or 

Ymax' 

Y -nLcos
2 e. max- (llA) 

To find the maximum value of x, or the point at which the electron 

stTikes the XZ plane; 

Let y = 0 in Eq. (lOA) and solve for x 
max 

X = 2 n L sin 2e 
max· 

Note that these equations hold as long as y is less than L. 

( 12A) 

It should be noted that the electron strikes the XZ plane at the 

s·ame velocity and at the same angle () as that with: which it left the 

origin. 

If the upper infinite plane of Fig. 37 is assigned a positive 

potential V 2 instead of a potential of zero, .Eqs. ( llA) and ( 12B) are 

modified as follows: 

where 

n 2 
y' =- L cos e 

max q ' 

2nL 
x' =---sin 2e' max q 

v 1 - v2 
q = ---;-.,--, a dimensionless parameter. 

vl 
Also we have Eq. (lOA) modified as follows: 

2 
y' - - q X + X 

4 n: L sin 2 e tan e . 

( 13A) 

( 14A) 

( 15A) 
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B. Characteristics of Electrons Emerging from 

a Uniform Retarding Field 

Part 1. Velocity and Energy!-

Letting the upper infinite plane of Fig. 38 be assigned a positive 

potential of V 
2 

volts, then from the discussion in Appendix A, we may 

write at the origin or point of entry of the electron to the field that the 

x component of the velocity is 

v = v sin e 
X 0 

and the "y" component of the velocity is 

v 0 = v cos e . 
y= 0 

Substituting for v , we may then write, from {2B), 
0 

where 

( 

2 )1/2 
v = 2 e v e cos. e 

y=O m ' . 

V = original energy of emitted electron in volts. 
e 

( lB) 

(2B) 

(3B) 

Equation PB) gives the initial velocity in the y direction. 

Now, this c;velocity is decreased as the electron moves against the 

retarding field. At y = L we have, from energy considerations, 

2 1/2 
v . ={ 2 e {V e cos e - (V 1 - V 2 )) } 

y=L rn 
(4B} 

Letting v' = total velocity ~t y = L, we have 

2 2 2 
lvi~ = v + v 
'I p X y=L ( 5B) 

Substituting Eqs. {I B) and ~ 4B) in Eq. ( 5B), we have 

2 2 . 2 2 e [v~ cos
2 e - ~v 1 - v 2)1 

{v') = v Stn e + 'J { 6B) 
o rn 

Rearranging, and introducing the parameters 
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we can show that 

v' = v {1- q/n)
1

/ 2 . (7B) 
0 

It is interesting to note that the velocity of emergence, v', is 

independent of the angle of emission, e. It may be easily shown that 

Eq. · ( 7B) may be changed to a form as follows: 

V'/V l = (n - q} , (8B) 

where V' = voltage corresponding to v 1
, .the emergence velocity, 

V 1 =potential of grid G
1 

in volts. 

Equation (8B) is plotted in Fig. 6. 

Part 2. Angle of Emergence from Field 

From Eq. ( 15A) of Appendix A we have the equation 

2 
y' - - qx +--x-

4 n L sin 2 () tan e . (9B) 

Differentiating the above equation and letting x = x' (see Fig. 38), we 

obtain 

~~~ = - q x' 
2 

+ ~ = tan n . 
2 n L sin () tan 

(lOB) 

The above equation is the relation that holds at the point where the 

electron emerges from the field. The angle a. is the angle between 

the horizonta,l and the direction of the emergence velocity v'. 

Substituting Eq. { 7) from the Mathematical Theory Section in 

Eq. (lOB) and rewriting Eq. (7), we have_ 

n L sin 2() 
x' = 

q 
(liB) 

Simplification results in 

1 2 1/2 
tan ia. = ~ (cos () - qjn) 

Sln tJ 
( 12B) 

Equation { 12B) enables us to determine the angle a from the 

three parameters e' q, and n. 
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In order to plot Eq. ( 12B), it is convenient to hold a. constant 

and to plot f) versus :n with q held constant. SQlving the equation for 

e, we have 

e =arc 

. ( . . - . )1/2 
t
. tan

2 a. + qfn . 
co an- 1 / - q n . 

Equation ( 13B) is, plotted in Fig. 5. 

C. A Graphical Method for Plotting Electron Trajectories 

in Electrostatic Potential Fields 

( 13B) 

Since it is imp~ssible to calculate electron paths in potential 

fields .except for a few special cases, it is desirable to have approximate 

methods that may be used. One of these approximate methods is the 
22 23 

graphical one known as the method of joined circular segments. ' 

An electron moving in a potential field has a path whose in

stantaneous radius of curvature is determined by its velocity at that 

instant and by a lateral force due to the field. If the beta particle has 

an energy of eV upon entering the field, .then after traversing the 
0 

electrostatic field it has an energy as follows: 

2 
1/2 m v = e( V + V 

0
) , ( 1 C) 

where V = potential in volts at the point under consideration in the path 

-of the electron:, 

Then, according to the laws of force and of circular motion, we have 

2 
m v · --= e E R n 

.(2C) 

where R = instantaneous radius of curvature of path at point P, 

E = component of electric field normal to or perpendicular to the 
n 

trajectory at point P. 

If we eliminate the velocity v from the above two equations, we-have 

2 (V + V ) 
. 0 

R= . 
En 

( 3C) 

It is to be noted that the radius of curvature of the path is 

independent of the mas.s and the charge of the electron. 
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Referring to Fig. 39, let us assume that the electron has ar

rived at point P on the constant-potential line «V - b..V} volts. From 

point P line PQ is drawn so that it is the shortest distance between 

the two constant-potential lines. Letting this distance be x units in 

length, then we have the electric field intensity at this point P, 

E = b.V /x. {4C) 

The line QT is now drawn perpendicular to line PQ, intersecting the 

line PO, which is the normal to the electron path at the point P. Then 

we have the following relaUons: 

also, 

Cos ©l. = PQ/PT = x/y 

E ::::: E cos Q. . n 

Substituting Eqs. {4C) and ~5C) into Eq. «6C~, we have 

E = D.V /y . n 

Substituting Eq. PC» into Eq. PC}, we have the final expression, 

zpr + v h 
0 

R = --6.v--

( 5C) 

( 6C) 

{ 7C) 

( 8C) 

The radius R is in whatever units we have measured the distance y 

in. 

In this method, the segments of arc drawn at each step should 

be held to a constant fraction of the radius of curvature R. This fraction 

should be small, of the order of one-tera.th. or less for reasonable ac-

curacy. 

H is of course obvious that any graphical method is subject to 

cumulative e.rrors that are difficult to avoid. For good results, the 

potential-field plot must be as accurate as possible. The method is of 

doubtful usefulness: in the vicinity of rapidly varying fields and near 

saddle points in the field . 

. H is possible to construct machines for mechanically tracing 

out electron paths which are based on the method we have just out-

1. d24,25 1ne . · 
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Fig. 39. A graphical method for tracing electron paths. 
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D. Equations of Motion of a Sliding Mass Point 

We shall show here that the differential equations for the pro

jection of the motion of the mass point on the horizontal plane have the 

same general form as the differential equations of motion of an electron 

in a potential field (see Reference 27). 

Referring to Fig. 40, which is a r~presentation of a vertical 

cross section through the membrane in the direction of greatest slope, 

we have, from trigonometric relations, 

tan a. = - dh/ds (lD) 

Gravity force of mg is acting on tche mass point, which is located at 

the origin, in a downward or negative direction. The force component 

tangent to the surface of the membrane is 

F = - m g s ina 

The horizontal projection of this force is 

F 1 = - m g sin lCD. cos .Q. 9 

multiplying and dividing Eq. {3D) by cos a., we have 

2 
F 1 = - m g tan t1. cos a. , 

and, using the trigonometric identity, we obtain 

2 1 
cos a.=----=-

2 
1 + tan a. 

Substituting this last' in Eq. ( 4D), we have 

F = _ mg tan a 
1 2 

1 + tan a. 

Substituting Eq. ( 1D) in the above equation, we get 

= m g cil1/dos 

1 + .( dh/ds)
2 

The components of F 1 in the x and y direction are :a·ccordingly 

F =mg8h/ax 

x 1+«dh/ds)
2 

2 
d X 

= m-2-, 
dt 

(2D) 

(3D) 

(4D) 

(5D) 

(6D) 

( 7D) 
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Fig. 40. Force diagram on mass point. Vertical cross 
section in direction :of maximun'l slope. 
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= m g ahjay 

1 + (dh/ds)
2 

(8D) 

Now assuming that ( dh/ds)
2 

can be neglected; that is to say, the slope 

of the membrane is small, we have our final relations: 

d
2

x ah 
m-z-=mgax' 

dt 
.(9D) 

(IOD) 

The above equations are the equations of motion for the sliding mass 

poinL Now to compare these equations with the equations of motion of 

electrons from Appendix A, Eqs. (2A) and (3A), which we rewrite 

(3A) 

(2A) 

It can easily be seen that these two sets of equations are similar 

in form. 

E , Potential Field Calculations 

1. Two-Dimensional Case 

The equation to be solved is Laplace's equation in two dimensions 

in rectangular coordinates, 

with the following boundary conditions {see Fig. 41): 

V=O y=O 

V = 0 ,X= 0 

V = 0, x = 2a 

v = <Pr y = 2b 

By assuming a product solution, separating variables, and applying the 

boundary conditions as given, 
31 

we can show that the general solution is 

as follows: 
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Fig. 41. Diagram for two-dimensional problem. 
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V 4, ~l \ sinh {2m~!)1T y . {2m- I) 

= -1T- b {2m-l) sinh (2m~l)1T b sm 2a 
1TX 

{IE) 

· Now we wish to get the potential distribution inside this box 

when both ends are at a potential of <j> 
1 

volts. It is possible to find 

another equation, somewhat more complicated, for the boundary con

ditions, in which all sides of the box are zero except the opposite end 

or y = O,end, which is to be at a potential of <1>
1 

volts. The required , 

solution would then be the sum of these two solutions. 

However, we can take advantage of the obvious symmetry of 

the problem, and we need use only Eq. ( lE). Suppose, for example, 

that we wish to find the potential at a point x = a, y = b/2. Equation 

( lE) is used to solve for the potential at the two points x = a, y = b/2 

and x = a, y = 3b/2 of the simplified case as shown in Fig. 41. The 

required potential in our box with two ends at potential <f> 1 volts is now 

the sum of the two potentials as computed from Eq. {IE). 

By applying this procedure, we may plot curves as shown in 

Figs. 43 and 44. The two-dimensional field plot of Fig. 8 is then made 

by the use of the curves of Figs. 43 and 44. 

2. The Three -Dimensional Axially Symmetric Case 

The equation to be solved i:s Laplace's equation in cylindrical 

coordinates, as follows, 

with the boundary conditions {Fig. 42} 

V=O 

V=O 

V=<j>l' 

r = a 

,z = 0 

z = 2b. 

It may easily be shown that the following equation is the general solution 

for this problem: 
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z.=Zb 

I 
v~o 

V=O 

r=a r --7' 

MU·I0356 

.~ 

Fig. 42. Axially symmetric cylindrical box. 
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0."/ 

0.2 Ci=b 

MU-10357 

Fig. 43. Two-dimensional box. Calculated voltages. 
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Fig. 44. Two-dimensional box. Calculated .voltages. 
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· (a z) (a r) 
V :: 2 <f» 1 )n~·--~--s_i_n_h"7"(_a,_na_:,2.,b'):~-.-_J_o_.._·_n_a_.L. __ 

sinh a · J 1 ( a ) 
n n 

(2E) 

where a = nth root of J (x). 
n o 
If we take advantage of the symmetry of the problem as dis-

cussed in part A of this appendix, we do not need any more solutions to 

enable us to plot curves as shown in Figs. 45 and 46" The three-dimen-

sional axially symmetric field plot of Fig" 9 is now made by using the 

curves of Figs. 45 and 46. 
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Fig. 45. Cylindrical box. Calculated voltages. 
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Fig. 46. Cylindrical box. Calculated voltages. 
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TABLE OF SYMBOLS 

Symbol 

a = Radius of grid G 1 a~d G
2 

in meters 

b = Radius of sample holder in meters; 

G 1 = Grid No. 1; location of sample. See Fig. 2. 

G2 = Grid No. 2; located just above reflector 

G3 = Refle.cting ground plane above .G 1 
G4 = Grid No. 4; located at lower end of reflector 

Page 

L = Distance between G 1 and G
2

; also distance between 

Where 

Used 

18 

19 

12 

12 

·. 12 

20 

G 
1 

and G 
3 

. 14 · 

n = V e/V 1 = :r:atio between the energy of the electron 

and the voltage of the .first retarding field 14 

Q = CV l - V 2 )/V l = Ratio of the two retarding-field 

voltages 16 

r = a/L = Ratio of radius of G 1 to distance between 

grids .· 18 

V 1 = Voltage of grid G
1 

12 

v 2 = Voltage .of grid G
2 

12 

V 4 = Voltage of grid G
4 

23 

x = Distance from the .origin to the point whe.re max 
the electron passes through G

1
. 

y max = Maximum height to which the electron rises 

in the .first retarding field '. 
() = Angle between the axis of symmetry of the 

spectrometer and the initial path of .the 

electron 

16 

14 

14 

First 
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