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ABSTRACT 

A model of an e l e c t r o n i c ram was b u i l t and 

operated i n order to examine experimentally the p r i n c i p l e 

of t h i s proposed a c c e l e r a t o r f o r charged p a r t i c l e s ; 

The experimental work comprised several steps: 

p r o d u c t i o n of a pulsed tubular e l e c t r o n beam; c o n t r o l of 

the a x i a l v e l o c i t y , space charge density , and c r o s s s e c t i o n 

of the beam by a homogeneous l o n g i t u d i n a l magnetic f i e l d ; 

and use of a region of r a p i d l y i n c r e a s i n g magnetic f i e l d 

i n t e n s i t y to reduce suddenly to aero the a x i a l v e l o c i t y of 

the e l e c t r o n s , thereby converting e l e c t r o k i n e t l c energy of 

the beam to p o t e n t i a l energy. T h i s energy conversion was 

r e q u i r e d to produce the "ram effect" (the r a i s i n g of the 

f r o n t e l e c t r o n s of the beam to a h i g h energy l e v e l . ) 

The r e s u l t s obtained are i n accordance w i t h 

theory and i n d i c a t e the existence of the ram e f f e c t . 



AOKMOWLBDGEMBHT 

I am pleased to express lay tnauics to Dr. W. 

R. Raudorf who developed the theory, which t h i s ex

periment was an attempt to v e r i f y , of the Elect r o n i c 

Ram and under whose d i r e c t i o n the research was car r i e d 

out; also to Mr. J . Lees f o r valuable assistance with 

glass work f o r the apparatus. 

i am indebted to the B r i t i s h (jolumbia Tele

phone Company f o r a scholarship f o r the academic year 

1951-52, and to the National Research Council f o r an 

Assistantship i n the summer of 1952. 



TABLE OF CONTENTS 

page: 
I I n t r o d u c t i o n 1 

A . General 1 

B. Object of the Present Research 2 

I I Theory 3 

A . Basic Arrangement of Apparatus 5 

B . Production of High Density Tubular E l e c t r o n Beam 4 

C Production of the Ram E f f e c t 8 

I l l Design and Construction- ' 10 

A . Basic Design Considerations 10 

B. The E l e c t r o n Gun 11 

C. Vacuum System 13 

D. Short Experimental Tube 14 

E . P u l s i n g System 17 

Beam Detecting Probe 18 

c. T h e - F i n a l Ram Model 19 

IV Operation 24 

A . P r e l i m i n a r y Experiments 24 

B . Experiments w i t h Short Tube 24 

C. Operation of the Ram 25 

V Conclusions 29 

Appendix I: S p e c i f i c a t i o n s of the Ram Model 32 

Appendix II: Comparison of Results 33 

B i b l i o g r a p h y 34 



ILLUSTRATIONS 

page 
F i g . 1 Basic Arrangement of an E l e c t r o n i c Ram 5 

2 S p i r a l Filament With Leads 5 

3 Filament Winding T o o l 5 

4 Cathode Assembly 12 

5 Short Experimental Tube 14 

6 S e c t i o n a l view of 18 cm. tube 16 

7 S e c t i o n a l View of Terminating Tube 20 

8 Terminating Tube w i t h T r a v e l l i n g Probe 22 

9 Terminating Tube w i t h E x t e r n a l C o l l e c t o r 22 

10 Complete Apparatus' 23 

11 Unperturbed pulses i n Main- Tube 28 

12 Small O s c i l l a t i o n s i n Terminating Tube 28 

13 Terminating Tube Pulses under C r i t i c a l ! 
Conditions 28 



1. 

CONSTRUCTION AND OPERATION OF AN 

ELECTRONIC RAM 

by 

Ian James B i l l i n g t o n 

I INTRODUCTION 

A . General 

Two years ago, a simple method was p r o p o s e d 1 f o r 

a c c e l e r a t i n g e l e c t r i c a l l y charged p a r t i c l e s , p r e f e r a b l y 

e l e c t r o n s , to high energies and f o r generating short and 

powerful electromagnetic p u l s e s . The method depends upon 

the t r a n s f e r of the electromagnetic energy of the t o t a l 

charge of a tubular beam of p a r t i c l e s to a small f r a c t i o n 

of that charge. The apparatus based upon t h i s method 

represents the e l e c t r i c a l analogue of an h y d r a u l i c ram, and 

f o r t h i s reason i s c a l l e d the " E l e c t r o n i c Ram". 

In order to achieve such an energy t r a n s f e r i t i s 

necessary to produce a steady c y l i n d r i c a l stream of charged 

p a r t i c l e s . The a n a l y s i s by B r i l l o u i n 2 of the behaviour- of 

high density e l e c t r o n beams under the inf luence of combined 

e l e c t r i c and magnetic f i e l d s p r e d i c t s the c o n d i t i o n s necessary 

f o r producing such a stream. However, no published report on 

experimental v e r i f i c a t i o n of the theory has been found. 



B. Object of the Present Researoh 

The purpose of the research reported here was to 

d e s i g n , construct and operate a model of an e l e c t r o n i c ram 

i n order to examine the method experimental ly. T h i s i n v o l v e d 

the problem of producing and p r o j e c t i n g a steady c y l i n d r i c a l 

e l e c t r o n beam of uniform space charge d e n s i t y and uniform 

a x i a l v e l o c i t y , and i n which the space charge r e p u l s i v e f o r c e s 

were exact ly balanced by magnetic focusing f o r c e s . A beam 

having these -properties could be made as long as d e s i r a b l e . A 

great part of the experimental work was devoted to the p r a c 

t i c a l s o l u t i o n of t h i s problem. 



I I THEORY 

A . Basic Arrangement of Apparatus 

A diagrammatical r e p r e s e n t a t i o n of the important 

components of an e l e c t r o n i c ram i s given i n l i g . 1. E l e c t r o n s 

from a h i g h l y emissive cathode, K, at a negative voltage Y 0, 

are a c c e l e r a t e d through t h i s voltage and enter a grounded tube, 

T, around which i s wound a long s o l e n o i d a l c o i l to produce a 

uniform a x i a l magnetic f i e l d w i t h i n the tube. 

The l e n g t h of the tube T i s great w i t h respect t o 

i t s r a d i u s , R, and the tube terminates at the entrance to 

another tube, T f , c o - a x i a l w i t h T and w i t h r a d i u s R»> R. At 

the p o s i t i o n of d i s c o n t i n u i t y i n r a d i u s there a l s o e x i s t s a 

r e g i o n of r a p i d l y i n c r e a s i n g magnetic f i e l d produced by a 

sudden increase i n the number of turns i n the surrounding c o i l . 

The cathode i t s e l f is i n a r e g i o n of weak magnetic 

f i e l d . The r a d i a l component of the f r i n g i n g magnetic f i e l d 

at the entrance to the tube imparts an angular v e l o c i t y to the 

e l e c t r o n s i n the h i g h density beam drawn from the cathode. A 

pulsed a c c e l e r a t i n g voltage i s a p p l i e d between the cathode and 

the tube T, producing current p u l s e s , of predetermined average 

e l e c t r o n v e l o c i t y , which pass along the tube. As each pulse 

reaches the j u n c t i o n of the two tubes, i t experiences, due to 

the r a d i a l component of the i n c r e a s i n g magnetic f i e l d , an 

increase of angular v e l o c i t y at the expense of a x i a l v e l o c i t y 

and, due to the higher l o n g i t u d i n a l component of the f i e l d , a 

r a d i a l compression. By adjustment of the magnetic f i e l d the 

a x i a l v e l o c i t y of the e l e c t r o n s may be reduced t o zero, causing 
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a nigh space charge density and a low p o t e n t i a l . Thus a 

v i r t u a l cathode i s formed at the entrance to tube T' and an 

a x i a l e i e c t r i c f i e l d i s induced i n t h i s tube. The front elec

trons then become accelerated into tube T 1 under the influence 

of t h i s f i e l d . 

B. Production of High Density Tubular E l e c t r o n Beam 

I t has been shown3 that a high density electron beam 

cannot be projected over large distances, under the influence 

of an e l e c t r i c f i e l d alone, without appreciable dispersion. 

Several papers 4'^' 6' however, have discussed the p o s s i b i l i t y of 

maintaining high density beams of various types under the 

influence of magnetic f i e l d s . 

The conditions required f o r the maintenance of high 

density tubular electron beams have been worked o u t 1 ' 2 * The ' 

important assumptions and formulae w i l l be summarized here. 

C y l i n d r i c a l polar coordinates and r a t i o n a l i z e d m.k.s. units 

w i l l be used. 

Assume a beam of electrons of radius b and uniform 

charge d e n s i t y / , t r a v e l l i n g a x i a l l y through tube T of F i g . 1. 

Let T be maintained at a po t e n t i a l V = 0. Consider the beam to 

have been accelerated, from a magnetic f i e l d free region, 

through a p o t e n t i a l difference V 0 > and to have entered a region 

of uniform a x i a l magnetic f i e l d B G. Assume also that the 

electrons i n i t i a l l y l e f t the electron gun with n e g l i g i b l e 

r a d i a l v e l o c i t y , r. 

Since the magnetic f i e l d i n the tube i s piffirely a x i a l , 
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the r e l a t i o n s h i p B = C u r l A y i e l d s A r s * A z — o, A^ s g r B Q . 

The equations of motion f o r the e l e c t r o n s i n the tube are 

then found t o reduce t o : 

V = r # 2 - j - k E r + kr0Bo 

2 =r k E z 

p^ ss mr2# +• ^ e r 2 B 0 = c o n s t . (1) 

where p^ i s the g e n e r a l i z e d 0 component of momentum, E* the 

e l e c t r i c f i e l d i n t e n s i t y , and k « e/m the charge t o mass 

r a t i o f o r the e l e c t r o n . Conservation of energy r e q u i r e s t h a t : 

| ( f 2 -h & 2 + T2$Z) + kV - k V 0 . (2) 

For a t u b u l a r beam with no d i s p e r s i o n we r e q u i r e that 

r m r m. 0. Thus the f i r s t o f equations (1) i s modified t o : 

mrjZl + eE r + er0Bo = 0 (3) 

showing that the c e n t r i f u g a l f o r c e , the r a d i a l e l e c t r i c 

f o r c e , and the Lorentz f o r c e must balance each o t h e r . Since f 

i s not a f u n c t i o n of z, E z a - ^ « 0. Thus the second of 

equations (1) y i e l d s z = 0, or z s c o n s t . N e g l e c t i n g small 

i n i t i a l v e l o c i t i e s of the e l e c t r o n s , p^ at the cathode must be 

zero; then conservation of momentum r e q u i r e s that P^ = 0 f o r 

a l l z . Thus the t h i r d of equations (1) reduces t o : 

0 = - i k B 0 (4) 

showing that a l l the e l e c t r o n s i n the beam have the same 

angular v e l o c i t y . T h i s i s the Larmor p r e c e s s i o n angular 

v e l o c i t y . Equations (3) and (4) now give E r as a f u n c t i o n 

of r and B 0 i n s i d e the beam: 

E r = £kB 2 r (5) 
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However, l r i s re l a t e d to the charge density by Poisson's 

Equation which i n t h i s case, may be written: 

F i r s t integration of equation (6) within the beam, 

and combination with equation (5) now y i e l d s a value f o r f : 

Second integration of equation (6) y i e l d s the 

following value f o r the p o t e n t i a l Y inside the beam: 

Y *e. °t *e*v y (8) 
Combining equations ( 2 ) , (4), (7) and (8) with 

f = 0, an expression f o r the a x i a l v e l o c i t y of the beam i n 

terms of the accelerating voltage, the focusing magnetic f i e l d , 

and the r a d i i of the beam and tube i s obtained: 

z 2 a 2 k V 0 - i k s b 2 B 2 ( l + SLog^R/tO) (9) 

The t o t a l beam current i s given by: 

». « 7TbVz (10) 
From equation (9) i t i s seen that the a x i a l v e l o c i t y 

of the beam i s reduced either by a decrease of the accelerating 

voltage Y0 or by an increase In the a x i a l magnetic f i e l d i n the 

tube. The a x i a l v e l o c i t y may be reduced to zero by the applica

t i o n of a c r i t i c a l " l i m i t i n g f i e l d " defined by B 0 » B j , , where 



8. 

I t i s a lso seen from equation (9) that an increase 

i n the tube radius R r e l a t i v e to the beam r a d i u s b w i l l con

t r i b u t e to the r e d u c t i o n of a x i a l v e l o c i t y of the beam. 

A beam of uniform e l e c t r o n d e n s i t y t r a v e l l i n g 

a x i a l l y down tube T of F i g . 1 under the condit ions o u t l i n e d , 

should be maintained without d i s p e r s i o n over a distance as . 

great as may be r e q u i r e d . 

C. P r o d u c t i o n of the Ram E f f e c t 

Consider a pulsed high density c y l i n d r i c a l stream of 

electrons passing down tube T of F i g . 1, w i t h radius b s l i g h t l y 

l e s s than R, and w i t h B 0 somewhat l e s s than B^. 

As the stream reaches the j u n c t i o n of tubes T and 

1* i the d i s c o n t i n u i t y i n r a d i u s , combined with the increase i n 

magnetic f i e l d i n t e n s i t y to a value greater than the l i m i t i n g 

f i e l d , causes a compression of the f r o n t of the beam, and at 

the same time reduces the a x i a l v e l o c i t y of the e l e c t r o n s to 

zero i n accordance with equation (9). The increase i n space 

charge d e n s i t y lowers the p o t e n t i a l at t h i s p o i n t . The 

p o t e n t i a l b a r r i e r which i s set up blocks the passage of e l e c 

trons i n the r e a r of the beam and forms a space charge l i m i t e d 

v i r t u a l cathode. 

I n tube T * , an a x i a l e l e c t r i c f i e l d i s induced as . 

the v i r t u a l cathode b u i l d s up. The f r o n t e l e c t r o n s , being 

ahead of the p o t e n t i a l b a r r i e r and i n . a r e g i o n of p o s i t i v e 

p o t e n t i a l gradient, are a c c e l e r a t e d i n t o tube T * . C o n s i d e r a t i o n 

of the conservation of energy during the bunching p r o c e s s 1 

i n d i c a t e s that the energy of the a c c e l e r a t e d e l e c t r o n s i n 
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e l e c t r o n v o l t s v a r i e s from zero f o r the slowest e l e c t r o n s to 

V x f o r the f a s t e s t , where Y x i s given by: 

V ycq+xtzi) v + »iLv.yJ (12) 
where oC i s the r a t i o B 0 / B L , Z J i s the distance from the cathode 

to the j u n c t i o n of tubes T and T * , and C i s a measure of the 

e f f e c t i v e capacitance between the v i r t u a l cathode and the tube 

T * . The value of C, which i s a f u n c t i o n of the tube and beam 

r a d i i , can be determined by numerical i n t e g r a t i o n . 

The t o t a l amount of charge a c c e l e r a t e d i n t o tube T f 

i s C V X . During the a c c e l e r a t i o n process, the v i r t u a l cathode 

recedes and diminishes as the e l e c t r o n s i n the-beam are 

scattered by the r a d i a l space charge r e p u l s i v e f o r c e . 

I t can be seen from equation (12) that the r a t i o 

S/'b should be c lose t o u n i t y i f the maximum value of V x f o r a 

given V 0 i s d e s i r e d . 
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I l l DESIGN & CONSTRUCTION 

A . Basio Design Considerations 

I n order t o provide a wide range of experimental 

c o n d i t i o n s , i t was decided to a l low the greatest p o s s i b l e 

v a r i a b i l i t y to the three important f a c t o r s : magnetic f i e l d 

i n t e n s i t y , a c c e l e r a t i n g v o l t a g e , and emission c u r r e n t . A l s o , 

the apparatus had t o be so constructed that the major com

ponents were r e a d i l y a c c e s s i b l e f o r adjustment or r e p a i r . 

Although a l l experiments were conducted under h i g h 

vacuum, any adjustment t o the cathode n e c e s s i t a t e d opening 

the apparatus to the a i r . Oxide-coated cathodes and Thoreated-

Tungsten cathodes are h i g h l y s u s c e p t i b l e t o poisoning and 

e a s i l y damaged by p o s i t i v e i o n bombardment 7. Such cathodes 

r e q u i r e long and complicated a c t i v a t i o n p r o c e d u r e s 8 before 

they can be operated. I t i s a l s o important, when such cathodes 

are used, that a l l other tube components are thoroughly o u t -

gassed t o guard against the l i b e r a t i o n of gas and bombardment 

of the cathode d u r i n g o p e r a t i o n . For these reasons i t was 

decided to employ a pure tungsten cathode. 

I n order t o study the formation and maintenance of 

a steady t u b u l a r beam, p r e l i m i n a r y experiments with a short 

tube immersed i n a uniform a x i a l magnetic f i e l d were conducted. 

Resu l ts obtained with this* tube l e d to c e r t a i n m o d i f i c a t i o n s 

i n the c o n s t r u c t i o n of the f i n a l ram model. 
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B . J The E l e c t r o n Gun, 

P r o d u c t i o n of a t u b u l a r beam of uniform space 

charge d e n s i t y r e q u i r e s that the cathode should be p l a n e , 

and perpendicular to the a x i s of the tube, and that i t should 

form an e q u i p o t e n t i a l surface i n order that e l e c t r o n s emitted 

from a l l p a r t s of i t s surface should be subjected to the same 

a c c e l e r a t i n g voltage. Since Tungsten must be maintained at a 

high temperature for good emission, a d i r e c t l y heated fi lament 

was employed. 

I n order to approximate an e q u i p o t e n t i a l surface, the 

fi lament was wound i n the form of a double s p i r a l ( F i g . 2.) so 

that the low voltage end and the high voltage end came out from 

the center side by s i d e . A s p e c i a l method was devised f o r 

winding s p i r a l f i laments of t h i s k i n d . A t h i n s l o t t e d rod 

( F i g . 3) on the end of a bar of l a r g e r diameter was used to, 

hold the center of a piece of filament w i r e . A metal d i s c was 

s l i p p e d over the rod and h e l d i n p o s i t i o n with a set screw. 

The whole bar was then r o t a t e d slowly i n a l a t h e , t e n s i o n being 

maintained on both ends of the w i r e , u n t i l the f i lament was 

formed Into a plane s p i r a l between the d i s c and the end of the 

b a r . 

The ends of the cathode were spot welded to n i c k e l 

leads of cross s e c t i o n considerably greater than that of the 

fi lament w i r e . Although n i c k e l has a m e l t i n g point of 1455 °C, 

considerably lower than the operating temperature of the 

f i lament, the heat conduction of the leads was found to be 

great enough to prevent the welded junctions from overheating 

and melt ing a p a r t . I n f a c t , grooved heat chokes i n the leads 
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were used to prevent too great a heat loss from the cathode 

by conduction. 

To a s s i s t i n focusing the beam, the cathode was 

mounted inside a shielding electrode maintained at cathode 

p o t e n t i a l . Experiments using electrodes of various shapes 

were conducted. The most sa t i s f a c t o r y r e s u l t s were obtained 

using a c y l i n d r i c a l s h i e l d , of the same radius as the tube T, 

with a disc behind the plane of the cathode. One of the 

cathode leads made contact with the shield, while the other, 

to avoid shorting out the filament supply voltage, was brought 

through the shield i n a small ceramic insulator. 

F i n a l l y the whole cathode assembly was mounted i n a 

glass ground joint as shown i n F i g . 4 . 

F,y If. 

Cathode Assembly 

The filament leads were attached to tungsten leads, sealed 

into the glass, with clamps which allowed a x i a l adjustment 

of the cathode p o s i t i o n . 

The filament was d i r e c t l y heated with A.C. from a 

Hammond illament Transformer. A Variac on the primary side • 

-a 
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of the rHammond Transformer provided f o r c o n t r o l of the 

fi lament emission. 

With a fi lament i n the shape of F i g . 2, there was 

a danger of short c i r c u i t i n g . t h e heater supply i f two adjacent 

turns came i n t o contact due t o deformation of the s p i r a l . To 

guard against t h i s p o s s i b i l i t y , a f a i r l y r i g i d s p i r a l was 

r e q u i r e d . Tungsten wire of 0.015" diameter was used to 

produce a cathode of reasonable r i g i d i t y ; wire of l a r g e r d i a 

meter would have n e c e s s i t a t e d the use of very h i g h heater 

current s. 

G. Vacuum System. 

For evacuating the system a mechanical forepump and 

a mercury vapour d i f f u s i o n pump were used. The forepump was 

a Welch Duo S e a l Vacuum Pump and the d i f f u s i o n pump was one 

which had been made i n the departmental g l a s s blowing shop. 

Pressures were measured w i t h a P i r a n i Gauge, and . 

the experiments were c a r r i e d out at pressures below 0.1 micron 

Hg. 

The pumping system could be used to evaeuate e i t h e r 

the main part of the equipment or an a u x i l i a r y cathode t e s t i n g 

chamber i n which anodes of various types could be mounted f o r 

i n v e s t i g a t i n g cathode emission. A standard s i z e of ground 

j o i n t was used i n both sections of the apparatus, so that the 

cathode assembly, once mounted, could be e a s i l y i n s e r t e d i n 

e i t h e r s e c t i o n . 

The emission c h a r a c t e r i s t i c s of the f i l a m e n t s , 

determined from experiments i n the a u x i l i a r y chamber, were of 
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use i n designing magnetic f i e l d c o i l s f o r subsequent 

experiments. 

D. Short Experimental Tube 

Preliminary investigations of the formation of 

electronic beams were c a r r i e d out using a brass tube 1.33 cm. 

i n inner diameter and 18 cm. i n length (see Pig. 5). 

I 

To provide a uniform magnetic f i e l d inside the tube, 

a c o i l of #24 Formex Magnet Wire was wound on the outside of 

the tube along i t s whole length. This c o i l was four layers 

deep and 17.5 turns/cm. i n each layer. 

I t was necessary to shield the cathode from the 

magnetic f i e l d so that the electrons would a t t a i n an angular 

v e l o c i t y as they passed through a region of increasing f i e l d 

i n t e n s i t y a f t e r leaving the cathode, A small compensating 
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c o i l (wouhd i n o p p o s i t i o n to and connected i n s e r i e s w i t h the 

main c o i l ) about one centimetre i n l e n g t h was added a t the 

cathode end of the tube i n an attempt to cancel out the mag

n e t i c f i e l d at the cathode. An approximate c a l c u l a t i o n of the 

number of t u r n s 'required i n the compensating c o i l was made, and 

t e s t s were conducted at the cathode p o s i t i o n with a s e n s i t i v e 

compass needle and w i t h a fluxmeter to check the f i e l d c a n c e l l a 

t i o n . The disadvantage of t h i s method of c a n c e l l a t i o n was that 

i t moved the r e g i o n of i n c r e a s i n g magnetic f i e l d f u r t h e r away 

from the cathode, a l l o w i n g more time f o r d i s p e r s i o n of the beam 

before i t entered the uniform f i e l d r e g i o n . E v e n t u a l l y , 

experiments showed that a higher beam current was obtainable 

with the compensating c o i l disconnected. Fluxmeter measurements 

showed that the magnetic f i e l d i n t e n s i t y at the cathode p o s i t i o n , 

due to the main c o i l a lone, was only 10% of the maximum value 

i n s i d e the tube. Thus, f o r a given value of B Q , w i t h current 

only i n the main c o i l , e l e c t r o n s e n t e r i n g the tube experienced 

an e f f e c t i v e f l u x density increase of 0 . 9 B o . 

A f u r t h e r small c o i l , which could be used to com

pensate f o r the f a l l i n g o f f of the magnetic f i e l d at the end 

of the tube or to provide another region of i n c r e a s i n g f i e l d 

i n t e n s i t y , was wou&d at the outer end of the tube. The c o i l s 

were operated, i n s e r i e s with s u i t a b l e v a r i a b l e r e s i s t o r s , on 

a 110 v o l t D.C. l i n e powered by storage b a t t e r i e s i n the b u i l d i n g . 

The outer end of the tube was terminated by a small 

brass f lange. The cathode end of the tube was connected to a 

short brass c y l i n d e r (see F i g s . 5, 6 ) , l a r g e enough to f i t over 

a length of g l a s s tubing attached t o the ground j o i n t f o r the 



to pumps 

Fig. 6 

18 cm. EXPERIMENTAL TUBE. 
Beam detecting probe 8 
cathode assembly shown 
in position . 
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cathode system. The glass tubing was also connected to the 

pumping system. The glass to metal vacuum seal consisted of 

a threaded r i n g which screwed on to the brass cylinder and 

held an O-ring rubber seal i n place between the brass and the 

glass tubing. 

E. . Pulsing System 

The voltage pulse was applied (see F i g . 6) d i r e c t l y 

between the body of the tube, which was grounded, and the 

cathode, which was at a negative voltage. For c e r t a i n experi

ments a D.C. power supply, which was available i n the depart

ment, was used. 

For pulsed operation, the secondary of a 2.9 KVA 

Moloney Plate Transformer was connected d i r e c t l y between the 

tube and the cathode. The secondary of t h i s transformer was 

modified by connection of the two secondary c o i l s i n p a r a l l e l 

instead of i n series, thus doubling the current capacity. 

The primary of the transformer was connected to a Variac to 

allow v a r i a t i o n of the accelerating voltage. During pulsed 

operation the system operated as a half wave r e c t i f i e r . 

Child's Law9 provides the r e l a t i o n s h i p between the 

accelerating voltage V0, the t o t a l current I 0 drawn from the 

cathode and the distance x between cathode and anode ( i n t h i s 

case the anode was the entrance to the tube): 

i o (13) 

Using the r e l a t i o n s h i p of equation (13), f o r a 

given applied voltage the cathode can be placed i n such a 

position r e l a t i v e to the tube that saturation current w i l l 
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be drawn f o r the greater part of each h a l f cycle when the 

cathode i s negative. Furthermore, the magnetic f i e l d can be 

adjusted so t h a t , at the ends of the h a l f cycle when less than 

s a t u r a t i o n current i s being drawn, Y Q i s low enough according 

to equation (9) that the beam does not enter the tube. Using 

the system o u t l i n e d above, the c u r r e n t pulses passing down the 

tube should be almost square wave p u l s e s . 

F. Beam Detect ing Probe 

I n order to study the beam produced i n the tube, a 

probe or t r a v e l l i n g c o l l e c t o r was designed. A metal disc 

(see F i g . 6) w i t h diameter s l i g h t l y smaller than that of the 

tube was attached t o the end of a brass rod i n s e r t e d i n the 

tube. Attached to the rod behind the d i s c was a l u c i t e spacer' 

of s l i g h t l y l a r g e r diameter to prevent the d i s c from making 

contact with the tube. 

At the end of the tube, the brass r o d passed through 

a vacuum s e a l c o n s i s t i n g of two l u c i t e d i s c s clamped together 

and holding a rubber O - r i n g against the rod as can be seen i n 

F i g . 6. T h i s s e a l allowed the probe to be moved backwards 

and forwards i n s i d e the tube while the system was evacuated. 

An ammeter between the s h e l l of the tube and ground 

i n d i c a t e d the current due to e l e c t r o n s landing at the entrance 

to and on the w a l l s of the tube. A second ammeter between the 

probe and ground was used to measure the beam c u r r e n t . By 

s l i d i n g the probe along the tube, the v a r i a t i o n of beam current 

w i t h distance could be s t u d i e d . 
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G. The F i n a l Ram Model 

The main s e c t i o n of tubing f o r the Ram model had 

the same diameter as the short tube used f o r the p r e l i m i n a r y 

experiments but was 100 cm. i n l e n g t h . The t e r m i n a t i n g tube 

(Tube T* of F i g . 1) was 7.2 cm. i n diameter and 15 cm. i n 

l e n g t h . The outer end of t h i s tube was c l o s e d except f o r a 

hole 1.6 cm. i n diameter (see F i g . 7) . The cathode end 

termination, of the main tube was i d e n t i c a l w i t h that described 

above f o r the short tube and i l l u s t r a t e d i n F i g . 6. 

Because of the much greater length of the c o i l 

r e q u i r e d to produce the magnetic f i e l d i n the 100 cm. tube, 

the r e s i s t a n c e of the wire was great enough to p r o h i b i t the 

use o f currents as great as those used i n the 18 cm. c o i l 

unless a higher supply voltage could be used. The c o i l s were 

wound, t h e r e f o r e , i n a somewhat d i f f e r e n t manner. A f i r s t c o i l 

of four layers of #24 Formex Magnet Wire, s i m i l a r to that used 

on the 18 cm. tube, was wound along the whole length of the 

tube. A second c o i l of the same wire was wound on top of the 

f i r s t . Two l a y e r s of t h i s c o i l s t a r t e d 2.5 cm. from the cathode 

and extended t o the end of the tube, and two more l a y e r s s t a r t 

ed 5.0 cm. from the cathode and a l s o extended to the end of 

the tube. The f i r s t and second c o i l s , connected to s u i t a b l e 

v a r i a b l e r e s i s t o r s to c o n t r o l the c u r r e n t , c o u l d be connected 

e i t h e r i n s e r i e s i f a small current through both c o i l s was 

r e q u i r e d or i n p a r a l l e l to o b t a i n a l a r g e r current i n each c o i l . 

With the two c o i l s arranged as described a uniform f i e l d could 

be obtained over most of the length of the tube except f o r the 

f i r s t few centimetres where a r e g i o n of i n c r e a s i n g f i e l d e x i s t e d . 
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At the end of the long tube, a "bunching c o i l " of 

about 300 t u r n s was wound against the end of the terminating 

tube as shown i n F i g . 7. This c o i l was designed to produce 

a f i e l d , of i n t e n s i t y greater than that of the l i m i t i n g f i e l d , 

at the j u n c t i o n of the two tubes. 

F i n a l l y , to provide a strong magnetic f i e l d i n the 

terminating tube, a c o i l of eight l a y e r s of #24 wire was wound 

on the outside of t h i s tube-. 

The cathode and a c c e l e r a t i n g system used were u n 

changed from the short tube experiment. The probe p r e v i o u s l y 

described could be pushed through the terminating tube i n t o 

the main tube t o i n v e s t i g a t e the beam c u r r e n t ( F i g . 8 ) . To 

i n v e s t i g a t e the current i n the t e r m i n a t i n g tube, two methods 

were used. A hollow c y l i n d r i c a l c o l l e c t o r could be p l a c e d 

over the hole i n the terminating tube as shown i n F i g . 9, or 

a s i m i l a r l y shaped c o l l e c t o r on the end of a rod could be 

placed i n s i d e the tube as shown i n F i g . 7. These c o l l e c t o r s 

were made hollow i n an attempt to prevent secondary emission 

losses i f high energy e l e c t r o n s were i n c i d e n t upon the 

c o l l e c t o r . I t i s p r o b a b l e , however, that secondary emission 

was not w e l l suppressed even w i t h these p r e c a u t i o n s . 

Design s p e c i f i c a t i o n of the ram model are given 

i n Appendix I , and the complete apparatus i s i l l u s t r a t e d i n 

F i g . 10. 

0 
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if i g . 9 
Terminating tube with external c o l l e c t o r . 



F i g . 10 

Complete apparatus. 



IV OPERATION 
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A . P r e l i m i n a r y Experiments 

The t o t a l emission current expected from a 4" 

length of 0.015" diameter Tungsten wire at various temperatures 

and a l s o the f i lament power r e q u i r e d i n each case had been c a l 

culated on the assumption of no temperature gradient along the 

w i r e . I n v e s t i g a t i o n of s p i r a l cathodes i n the a u x i l i a r y t e s t 

ing chamber, however, i n d i c a t e d that the p r a c t i c a l r e s u l t s 

d i f f e r e d somewhat from those p r e d i c t e d t h e o r e t i c a l l y . 

Examination of heated f i laments with an o p t i c a l pyro

meter showed that there was a considerable c o o l i n g e f f e c t i n 

the outer t u r n of the s p i r a l , probably due to heat conduction 

by the cathode l e a d s . 

Experiment a l s o showed that f o r a given f i lament 

current the t o t a l emission current which could be drawn was 

considerably l e s s than the c a l c u l a t e d value probably because 

of the non-uniform temperature d i s t r i b u t i o n . I t was found that 

t o t a l emission currents s u i t a b l e f o r beam forming experimehts 

could be obtained using filament power of 90 to 125 watts. 

Some f i laments were found to deform when f i r s t heated t o 

operating temperatures, so new cathodes were tested before 

being put i n t o operation. 

B. Experiments w i t h Short Tube 

I n the 18 cm. tube with the t r a v e l l i n g probe, and 

with a D.C. a c c e l e r a t i n g v o l t a g e , measurements were taken to 

determine the v a r i a t i o n of beam current with distance along 

the tube, and the d i s t r i b u t i o n of emission current between 
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probe and tube. 

A number of measurements, w i t h the probe at 

p o s i t i o n s between 5 cm. and 18 cm. from the cathode end of 

the tube, i n d i c a t e d no appreciable v a r i a t i o n of beam c u r r e n t 

with d i s t a n c e . * [However when the probe was at the entrance 
* 

t o the tube, e f f e c t i v e l y changing the shape of the a c c e l e r a t i n g 

electrode from a r i n g to a p l a n e , approximately 80% of the 

t o t a l emission current was r e g i s t e r e d on the probe. With the 

probe withdrawn to the end of the tube, beam c u r r e n t s as h i g h 

as 65% of the t o t a l emission current and as large as 100 ma., 

were detected. Passage of l a r g e r c u r r e n t s was l i m i t e d only 

by the c a p a c i t y of the D .C. power supply used. 

A . C . measurements, u s i n g the p u l s i n g system p r e v i o u s 

l y d e s c r i b e d , were taken t o determine the pulsed beam current 

passing down the tube. Average currents measured were of 

course smaller than i n the B.C. case because of the h a l f wave 

operation of the system. The waveform of the pulses a r r i v i n g 

at the end of the tube was examined on a cathode ray o s c i l l o 

scope and was s i m i l a r to that shown i n P i g . 11. 

C. Operation of the Ram 

A p r e l i m i n a r y experiment was c a r r i e d out with the 

ram model to compare the beam current i n the main tube w i t h 

that passing through the 18 cm. tube. The beam d e t e c t i n g 

probe was placed at the end of the 100 cm. tube; the current 

i n the f i e l d c o i l s and the a c c e l e r a t i n g voltage were adjusted 

to give the same c o n d i t i o n s as those governing the short tube 

D. C. experiments. The beam to tube c u r r e n t r a t i o s showed no 
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appreciable d i f f e r e n c e from those determined i n the 18 cm. 

tube. With pulsed o p e r a t i o n , the probe current pulses were 

examined w i t h a cathode r a y o s c i l l o s c o p e . F i g . 11 shows a 

photograph of the waveform as displayed on the o s c i l l o s c o p e 

screen. 

Measurements were taken, with pulsed o p e r a t i o n , of 

the beam current r e c e i v e d by the c y l i n d r i c a l c o l l e c t o r at the 

end of the terminating c y l i n d e r as shown i n F i g . 9. With 

current flowing only i n the main tube c o i l s , no beam c u r r e n t 

was r e g i s t e r e d at the c o l l e c t o r o b v i o u s l y because of d i s p e r s i o n 

due to c e n t r i f u g a l f o r c e s i n tube T * . However, with current 

flowing i n the terminating c o i l a l s o , a small beam current 

(about 5<f0 of the t o t a l emission current) was detected. S i m i l a r 

r e s u l t s were obtained u s i n g a c o l l e c t o r i n s i d e the t e r m i n a t i n g 

c y l i n d e r . A current f lowing i n the bunching c o i l produced a 

s l i g h t decrease i n the beam current r e c e i v e d . 

Examination of the c o l l e c t o r current p u l s e s w i t h an 

o s c i l l o s c o p e showed evidence of a ram e f f e c t . The unperturbed 

current pulses appeared l i k e those of F i g . 11. Increase of 

the magnetic f i e l d or decrease of the a c c e l e r a t i n g voltage p r o 

duced small o s c i l l a t i o n s at both ends of each pulse as shown 

i n F i g . 12. Since a sine wave a c c e l e r a t i n g voltage was used, 

equation (9) p r e d i c t s that the effect should be f i r s t n o t i c e a b l e 

toward the ends of the p u l s e , where YQ i s low enough to be 

c r i t i c a l . Further i n c r e a s e of the magnetic f i e l d or decrease 

of the a c c e l e r a t i n g voltage caused the o s c i l l a t i o n s to spread 

across the whole p u l s e , r e s u l t i n g i n the c o n d i t i o n shown i n 
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F i g . 13. C a l c u l a t i o n s (see Appendix II) i n d i c a t e d that the. 

bunching e f f e c t occurred under c o n d i t i o n s very c l o s e to 

those p r e d i c t e d by equation (9). 

E f f o r t s were made to determine the energy of the 

e l e c t r o n s r e c e i v e d by the c o l l e c t o r . An e l e c t r o s t a t i c v o l t 

meter was placed between the c o l l e c t o r and ground but 

r e g i s t e r e d nothing. In another experiment a peak a c c e l e r a t i n g 

voltage of 200 v o l t s was used, w i t h magnetic f i e l d adjusted 

to produce the bunching e f f e c t . The c o l l e c t o r was maintained 

at a negative p o t e n t i a l of 1000 v o l t s r e l a t i v e to the grounded 

tube. Examination with an o s c i l l o s c o p e i n d i c a t e d that some 

c o l l e c t o r current may have been r e c e i v e d , since small c u r r e n t 

pips were observed on the C . R . 0 . s c r e e n . However, i t seems 

probable that the r e s u l t s of both these experiments may have 

been modified by secondary emission from the surface of the 

c o l l e c t o r . 



f i g . 11 
Unperturbed pulses i n main tube, as displayed on screen 

of Tektronix Oscilloscope, model 514-0* 
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F i g . IE 

Pulses in terminating tube, showing small o s c i l l a t i o n s 
at the ends of the pulses as c r i t i c a l conditions are 
approached. 
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P i g . 13 

Pulses i n terminating tube under c r i t i c a l conditions. 
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7. CONCLUSIONS 

The p r e l i m i n a r y experiments with the short tube 

and w i t h the 100 cm. tube of the ram model demonstrated 

that e l e c t r o n beams of high density can be maintained over 

l a r g e distances under the inf luence of a x i a l magnetic and 

r a d i a l e l e c t r i c f i e l d s without appreciable d i s p e r s i o n , as 

p r e d i c t e d by the theory. The fact that the current passed 

through the l a r g e r t e r m i n a t i n g tube was smaller than that 

passed through the smaller diameter tube i s i n accordance 

w i t h the work of Smith & Hartman^ who p r e d i c t e d d e f i n i t e 

upper l i m i t s f o r the amount of current which could be passed 

i n a beam through c y l i n d e r s of v a r i o u s r a d i i . 

Loss of emission current due to e l e c t r o n s reaching 

the s h e l l of the tube seemed to occur only i n the r e g i o n 

near the entrance to the tube where the beam was being formed. 

The d i s t r i b u t i o n of emission current between probe and tube 

was found t o depend t o some extent upon the s t r e n g t h of the 

magnetic f i e l d , i n d i c a t i n g that the f r i n g i n g magnetic f i e l d 

near the cathode had a focusing effect upon the beam. U n 

f o r t u n a t e l y t h i s meant that the a x i a l f i e l d i n the tube could 

not be v a r i e d without an accompanying v a r i a t i o n i n the t o t a l 

beam c u r r e n t . 

I t Is apparent from F i g . 11 that the current pulses 

i n the main tube were not p e r f e c t square wave pulses; i n 

p a r t i c u l a r they d i d not have sharply defined ends. However, 

the e f f e c t s shown i n F i g s . 12 and 13 i n d i c a t e that a ram 

e f f e c t was probably obtained. The f a c t that the amplitude 
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of the short current p u l s e s of F i g . 13 i s c o n s i d e r a b l y 

greater than that of the current t r a v e r s i n g T 1 under steady 

c o n d i t i o n s ( F i g . 11) i n d i c a t e s that the e l e c t r o n s which con

s t i t u t e these pulses possess on the average higher a x i a l 

v e l o c i t y than the e l e c t r o n s w i t h i n tube T . I t appears that 

each h a l f wave pulse was of s u f f i c i e n t d u r a t i o n f o r the e l e c 

t r o n beam t o undergo the bunching s e v e r a l times i n each c y c l e . 

With each bunching a sharp current pulse was ejected i n t o the 

terminating tube, and the p o t e n t i a l b a r r i e r was d i s s i p a t e d 

r a p i d l y enough f o r the succeeding e l e c t r o n s to become bunched. 

I t can be seen i n F i g . 13 that the short pulses do not extend 

down to the base l i n e of the t r a c e , i n d i c a t i n g that the a x i a l 

v e l o c i t y of the e l e c t r o n s was never reduced a b s o l u t e l y to zero 

as p r e d i c t e d by equation ( 9 ) . I t i s probable that the 

i n i t i a l l y a x i a l beam w i t h n e g l i g i b l e r a d i a l v e l o c i t y and the-, 

uniform space charge d e n s i t y assumed i n the d e r i v a t i o n of 

equation (9) were only approximated w i t h the simple a c c e l e r a t i n g 

system used i n the experimental apparatus. 

The e f f o r t s made t o measure the energy.of the e l e c 

trons t r a v e r s i n g the terminating tube were i n d e c i s i v e . 

Accurate energy measurements could probably best be made w i t h 

an analyzing magnetic f i e l d ; i n c o r p o r a t i o n of such a f i e l d i n 

the ram model, however, would have e n t a i l e d considerable r e 

designing of the equipment, and the measurement of energy 

d i s t r i b u t i o n was beyond the scope of t h i s work. 
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In the l i g h t of experience gained with the ram 

model several useful modifications of equipment can he 

suggested f o r possible future experiments i n t h i s l i n e . , 

Various s p e c i a l types of cathode (such as the 

P h i l i p s L-cathode 1 0), which w i l l produce very high emission 

currents at r e l a t i v e l y low operating temperatures, can he 

obtained. Such cathodes require a c t i v a t i o n before operation 

but would.be much superior to a pure tungsten emitter i f they 

could be used i n a system which need not be frequently opened 

to the a i r . 

Furthermore, the use of an electron gun 1 1, e n t i r e l y 

separate from the main tube would be of great value i n reducing 

losses at the entrance to the tube and would produce an 

i n i t i a l l y a x i a l and monokinetic beam. A gun of t h i s type 

could be completely screened from the a x i a l f i e l d i n the tube, 

so that the magnetic f i e l d could be adjusted independently of 

the beam current. • \ 

For pulsed operation, the use of a higher frequency 

square wave accelerating voltage instead of the 6G cycle sine 

wave used i n t h i s model should produce short, w e l l defined, 

pulses of beam current with sharp f r o n t s . 

The improvements mentioned above were not incor

porated i n the o r i g i n a l apparatus f o r the sake of s i m p l i c i t y 

i n design and because the main purpose of t h i s work was to 

investigate experimentally the basic p r i n c i p l e of the new 

acceleration method. 



APPEMDIX I . 

Sff JSC M O A T IQfflS Off THE RAM MODJIL. 

CATHODI: Tungsten Filament w i r e : Length: 4.0 i n . 

Diameter: 0*015 i a * 

Diameter of cathode s p i r a l : 0*9 em. 

Diameter of c y l i n d r i c a l s h i e l d i n g 

e l e c t r o d e : 1*3 cm. 

Cathode - main tube entrance: 0.5 cm. 

S h i e l d i n g electrode - main tube 

entrance: 0.25 cm. 

SHELL: Main Tube: Length: 100 cm. 

Inner Diameter: 1.33 cm. 

Outer Diameter: 1*68 em. 

Terminating Tube: 

Length 15*0 cm. 

Inn9r Diameter: 7.2 em. 

Outer Diameter: 7.6 cm. 

1I1LD ©OILS• (#24 Magnet wire g i v i n g 17.5 turns/cm.) 

F i r s t main c o i l : 4 l a y e r s 

Second main c o i l : 4 l a y e r s 

Bunching c o i l : 306 turns 

Terminating c o i l : 8 l a y e r s 

BEAM mmoTim PROBE: Diameter: 1.1 em. 

e Y L l H D R l & A L 0OLLECTORS:Inner Diameter: 1.3 em. 

Length: 3.0 em. 



G ommiSQK OF RESULTS. 

Since the value of the beam r a d i u s , b , could not be 

determined experimentally, c a l c u l a t i o n s were made t o determine 

for what beam r a d i i various values of ¥ 0 should be c r i t i c a l , 

for given magnetic f i e l d i n t e n s i t i e s , according to equation (9 ) . 

Some of the C a l c u l a t e d r e s u l t s are l i s t e d below. , 

- s 0 v o b 

166 gauss greater than 280 v o l t s none 

« n 280 v o l t s 0.66 cm. (s R) 

B II 200 v o l t s greater than 0.4 cm. 

276 gauss greater than 800 v o l t s none 

# •* 800 v o l t s 0.66 cm. R) 

it n 700 v o l t s greater than 0.5 cm.: 

W H 600 v o l t s » u 0.4 cm. 

It Ii 400 v o l t s " » 0.3 cm. 

The waveform of F i g ; 12 was obtained using an 

a c c e l e r a t i n g voltage of 800 v o l t s r . r a . s . and a f i e l d 

I n t e n s i t y of approximately 276 gauss. I t can be seen from 

the above table that for no beam radius could the f i e l d be 

c r i t i c a l during the peak of the voltage c y c l e . However, at 

the ends of the pulse where V 0 i s lower, the f i e l d i s 

c r i t i c a l for any reasonable value of b. fhus, the r e s u l t s 

obtained are i n accordance with these c a l c u l a t i o n s . 
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