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CHAPTER I 

INTRODUCTION 

Angular momentum will be def ined b e low for materi al 

bodie s and in Chapter II for electromagnetic r adiation� 

The tr an sfer of angul ar momentum from either of thes e  to 

the other can conceivab ly be de tected and measured . In 

this chapter there is a general d i scus s i on of the problem. 

Detai l s  in hi s tory and theory along with the d efini tion 

of angular momentum for e lectromagne t ic radiat ion will b e  

pre s ented i n  the next two chapter s . 

I .  THE PROB LEM 

A smal l  e l ement of mas s of a mat er i a l  b ody pos s e s s e s  

angular mom�ntum with re spect to the origin of a par ticular 

reference frame if i t s  v e l ocity has a component normal to 

a r ad ius vector drawn from the origin to the e lement of 

mas s. The definition of the angular momentum of the i-th 

element of mas s i s  

where !i i s  the angular momentum� �i i s  the radius vector$ 

m1 i s  the mas s� and �i i s  the ve loc i ty. ( Under scored 

letters are used to ind icate vector quantit i e s. ) The 

relationship b etween the s e  quant i ti e s  i s  shown in F igure 1 

1 



on page 3o The vector li i s  normal to a plane through �i 

and .!.io 

2 

Als o by  definit ion the angular momentum of the entire 

body wi th re spect to the s ame origin is 

(I . I . 2) 

As a spec ial case  one may have a r i gi d  body with 

all of it s e lement s moving in c ir c le s  whos e  c enter s  all 

lie  on a s traight lineo If thi s line is  ext ernal to the 

body, the b o dy i s  moving in a c ircular orbi t; if the line 

i s  internal to the body ,  the body i s  s ai d  to spin about 

an axi s (the line) . 

Ele ctromagnet i c  wave s may also  b e  s a i d  to  pos s e s s  

angular momentumo If the s e  wave s do po s s e s s  angular momen-

tum and ar e to tally absorbed  by a material body, then by 

the law of c ons ervat ion of angular �omentum the ab sorber 

should r e c e ive this angular momentum and be made to spin 

about some axis  .. 

It was the purpose  of this  re s e arch to  study the 

prob lems in det e c ting and measuring the me chanical  angular 

momentum imparte d  to  an ab s orber by c er t ain typ e s  or elec tro-

magnet i c  waves  .. 

II . CHARGE AND CURRENT DISTRIBUTIONS 

Ele ctromagnet i c  r adiation i s  emitted  by ac celerated 

charge s., An arb i trary di s tribution of charge may vary i t s  



z 

FIGURE 1 

THE RELATIONSHIP BETWEEN THE RADIUS VECTOR , 
VELOCITY, AND ANGULAR MOMENTUM OF AN 

ELEMENT OF MASS IN A RIGID BODY 

3 



shape in an arbitrary manner in time� For convenience in 

oalculating the electric and magne tic f iel ds from such a 

charge di stributi on9 the distribution of the charge in 

space is  described in terms of multipoles; that i s!J the 

electr i c  dipole moment� the magne tic dipole moment, the 

electric  quadrupole moment� and higher order moments .. 

For simplification one usually t akes the time variation 

of the s e  moments as  s inus oi dalo 

As an examplep the electric dipole moment � of  an 

arbitrary di stribution of charge i s  defined as  a vector 

4 

whos e  rectangular coordinates are 

p ·• ( px 9 dV 9 ' x Jv (I.II.,l) 

(I .. IIo�) 

where� i s  the volume charge dens ity at the.point whose  

coordinate s  are xv , yv , and zta 

The s e  relationship s are space re lat ionship s, and 

the vari at ion in time i s  brought about by multiplying 

the se  expre s si ons by the appropriate time factoro This 

factor is  usually cos  w t or s in w t a s  has been mentioned 

previous ly�� Thus an electric dipole moment varying 

sinus oidally with time wo uld be  2. cos  Wt or ,a s in Wta 



5 

The magnetic dipole due to  current s in the source  

is define d as  

(I.,IIo4) 

where �v is charge veloc i tyo 

Me thods of determining o ther moments may be found 

in textbooks on electroma gnet ismo1 

IIIo WAVE POLARIZATION 

The angular momentum of ele c tromagnet i c  radiation 

may vary with the type of multipoleo In addition� it i s  

related to the po larization of the wave so If the elec tric 

intens ity vector E remains f ixed relative to the reference 

frame in which the trave ling wave is  ob s erved� the wave i s  

said t o  b e  line arly polarizedo If the vec tor E rotates  a s  

the wave  progr e s s e sp the wave is  said t o  b e  elliptically 

polarizedo Theory indi cates  that elliptically polari zed  

waves should carry angular momentum whi le line arly polarized  

waves  should no to This  will be  shown later in the theory 

of the elec tric  dipole o The angular momentum is a func tion 

of the e c centricity of the e llipse des cribed  by the polar1� 

zat1on ve ctor Eo 

York� 
lJulius Adams Stratton, Elec troma!neti c  Theori ( New 
McGr aw..,Hill Book Company, !nco ,9 1 41) 9 PPo 1'7 · · �183o 



IV. THE PRINCIPLE OF THE EXPERIMENT 

If one wi she s to study exp erimentally the r adiation 

from a parti cular multipole momentp he mus t  find a source  

which has a large moment of  the desired  multipole and 

negligible moments of the other multipoles. 

Although a half-wave antenna (commonly r eferred to 

6 

as a dipole ) is not truly a s ource which emit s pure electric 

dipole r adi ationi the other mult ipole moments  ·are relatively 

small. Thus� it was of int ere s t  to see if the exper imental 

relation ship be tween r adiated  power and angular momentum i s  

the s ame a s  that of the ideal infini te simal dipole which 

has b e en calcul ated theoreti c ally. 

Res e arch of this nature has been done with plane 

waves of light2 and mi crowaves 3g but not with r adiat ion 

of indivi dual multipole s. The exper iment actually performed 

concerned the electric  dipole radi ationa 

The e s s entials of such an experi.ment are e asily 

vi sualize d. A transmitter generates radio frequency energy 

of the desired frequency. A transmission line transfers 

the energy from the transmit ter to the antenna from which 

2R. Ao Be th, Phys. Rev. �9 115 (1936 ) 

3N. C arrarap Nature 1§!� 883 (1949) 



the energy i s  radi atedo An ab s orbet• i s  placed a.round11 but 

not touching� the antennao Since angular momentum 1.s 1m·� 

part ed to the absorber� i t  should turno By knowing the 

me chanical cons tants of the ab sorbing sys tem and by observ .. , 

ing its  moti on0 one should be  able to determine the torque 

exerted on it  by the radiation and the angul ar momentum 

carried by the radiat iono 

7 

One c ould do this experiment for the elec tric dipolep 

magnetic dipolei electric quadrupole� magnetic quadrupolep 

and other multipole moment s if he could produc e the proper 

antennae and transfer energy to themo 

Vo ANTICIPATED DIFFICULTIES 

Although simple in principlep such an experiment i s  

diffi cult t o  perform due t o  the small magnitude of the 

torque compared to rotat ional di s turbances encountered 1.n 

the laboratoryo Since an ab sorber has fini.te mas s and 

weight9 it  has to be suppor t e d  in so me manner which wi ll 

allow it to make an angular displac ement which is detect·�· 

ableo Some conceivable devi c e s  for suppor ti ng the absorb er 

are the elas tic fiber, liqui ds, jets of gas9 and magnetic 

suspensiono Theoretical consideration will be  given to 

the fib er suspens ion and the liquid supporto 



CHAPTER II 

THE HISTORY OF THE C LASSICAL THEORY OF ANGULAR MOMENTUM 
ASSOC IATED WITH ELECTROMAGNETIC RADIATION 

The f ir s t  sugg e s tion that electromagnet i c  radi ation 

might c arry angular momentum was made by J. H.  Poynting1 

in 1909. Very few experiments whi ch have me chani cally 

de tected angular momentum of electromagne ti c radi ation 

have been r eported. A brief hi s tory of the subje ct  and 

a summary of the exp erime nt s  reported wi l l  b e  gi ven b elowo2 

I. THE STATUS OF ELECTROMAGNETIC THEORY BEFORE 
POYNTING'S HYPOTHESIS 

By the beginning of the eighte enth c entury much 

work in  opt i c s  had been p erforme d. Some examp l e s  of the 

ac compli shments previously made were the study or the 

opt i c s  of the eye , the invention of the te l e s c ope , the 

deve lopment or the formula for the focal length or a thin 

lens , the s tatement or the law or refrac tion ,  and the 

propos al or two competing theori e s  or l ight , wave and 

corpu s cular. 

1J. He Poynting , Proc. Roy. Soc. ( A) �9 565 (1909) 
2Thi s  hi story summar i z e s  the sect ions of the hi story 

of s c i ence whi ch r e late to e l e c tric ity i n  Chapter I of 
F. K. Richtmyer and E.  Ha Kennard, Introduction to Modern 
Phys i c s ,  (New York: McGraw-Hi ll Book Company, Inc., 194,). 
pp. 1-50. Other s ource s  are also  foo tnoted. 

8 



During the eight eenth century the res earch in the 

field of e l e c tricity was concerned primarily with electro� 

statics o Nei ther theory of the nature of li ght was con·M 

c lushrely verified by exp eriment . 3 

In the ninete enth c ent�y the wave theory of light 

gained f avor as experiment s performed rurni shed experiM 

mental e vi dence for its  validityo Meanwhile� elec tric 

current s were being s tudi ed$ electricity and magne t i sm 

were be ing related to e ach o ther,  and the pheno menon of 

elec tromagnet i c  induc tion was dis covered .  In 1864 Jame s 

Clerk Maxwell formulated his general e quations o f  the 

electromagne tic field. He also inferred,that light c on .. 

si s ted of trans verse wave s in the medium through whi ch 

it  traveledo Electri c i ty and l ight were related at thi s 

point.  Mathema ti cal theori e s  were then de veloped to 

account for the elec tri c and magneti c phenomena and tor 

9 

the princip al propert i e s  of light . In 1897 Heinrich Hert z  

experiment ally di scovered wave s  or grea�er wavelength than 

light that were of electrical natur_e. The ve locity or pro· 

pagati on of the se  waves proved to be the same as the velo c i ty 

of light . In 1884 Poynting stated hi s theorem that e lectro·· 

magnet i c  energy was transferred through space or an 
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insulating medium outside a c.urrent·--cal'rying wire o 4 The 

term "ele ctromagnetic momentum" was apparently first used 

by Max Abraham to ascri.be momentum to an electromagnetic 

fieldo5 Then the proposal that angular momentUm might be 

carried by light was made by Poynting6 by considering the 

analogue of torsional waves 1.n an elasti c rodo Max Abraham7 

treated the case of two dipole moments mutually perpend1.a� 

ular and out of electrical phase with each other by ninety 

degreeso He used as the definition of angular momentum 

density at a point in a f ield r X G� where r is the radius 
_,l .-. 

vector to the field point from the origin and G is the 

linear momentum density of the fieldo The result was that 

the ratio of the energy in the field to the angular momentum 

in the field was the value predicted by Poynting v s mechani··· 

cal analogueo 

I!o POYNTINGVS HYPOTHESIS 

From the theory of torsional waves in elastic rods 

Poynting predicted that circularly polarized light might 

4Alfred QVRah111y� 
of Fundamentals (London: 
!938 ) p p 0 27 50 

E1ectromagnet1ca9 j Discussion 
Longmans, Green and Companyv 

5Ibidop Po 294o 

6poyntingg loco cito 

15o 914 (1914) 
-· 



pos ses s angular momentumo Consider a long cylindrical rod 

of an el astic  material which i s  given a quick twi s t  at one 

endo A tor s ional dis turbance will travel along the length 

of the rodo The motion of the rod i s  de s cribed by the 

one•udimensi onal wave equation 

11 

(IIoiiol) 

is the velocity of propagation of a tor sional waveD� i s  

the modulus o f  she aring rig1di ty9 and)O is the mas s dens ity 

of. the m aterial� Figure 2 on page 12 shows such a rod wi th 

a l ine parallel t o  its  axi s of radial symmetry when the rod 

ia not twi s ted and with the line twisted as a di s turbance 

moves down the rod.  

If one wi she s to transfer energy from a rotating 

source t o  a sink he might have an arrangement such as that 

diagramed in Figure 3 on page 13. At the sink rotational 

energy is being transformed into some other form of energy .  

The rod wi ll be twisted so  that the l ine in {A) of Figure 2 

on page 12 would become a spiral shown in Figure 3 on 

page l3o 

Poynting considered the special c ase  in whi ch the 

number of rot ations per second through whi ch the rod turns 

u is n = -E g where A i s  the distance along the shaft in 1\ 
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FIGURE 2 

(a) A ROD WITH AL L SEGMENTS IN THEIR EQUILIBRIUM 
POSITIONS, (b) A R�D WITH A TORSIONAL 

DISTURBANCE TRAVELING ALONG ITS 
LENGTH, ( c )  THE DISPLACEMENT 

OF A SEGMENT OF THE 
ROD OF LENGTH AZ' 
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which the angle of twis t 6 becomes 2 rr radians and Un 

is the natural velocity at which a wave would travel along 

the rod. For given N and Un, � is fixed. The motion in 

this c a s e  was re garded by Poynting as  a natural wave system 

transmitted by the elas tic force s  of the material. 

The e l astic potential energy per unit volume of the 

segment of the rod of le ngth 1:::. z is 

P.E. = tk 
per unit volume 

{49)2 ' 
!:::.V 

(II.II.2) 

where k i s  the t orque constant for the element of length �z. 

' (II.II.3) 

where!' has be en previously defined as the modulus of 

shearing rigidity and r is the radius of the rod. Thus 

P.E. _ 17T#:r4 (Ae)2 
per uni t volume 41-'rr2 (A z) 2 

The kinetic energy per unit volume is just 

K.E. · I IW2 
per uni t  volume... AV 

= 1 Ct..f l:::.V :r2) 
2 llV 

(II.II.4) 

(II.II.5) 

(II.II.6) 

� (II.II.7) 

wherejO has b e en previously defined as  the mass densi ty of 

the material. Now� and � are re lated in thi s special c ase 
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through 

(I Io iio l ) 

so that ( II.IIo 5) may b e  put in the form 

P.Eo= l,Pr2 (Ae)2 • 
per un1t volume 4 ( 6. t)2 ( I Io iio 8 ) 

From ( I I.I Io 7) and ( II.IIo 8) the total energy p er uni t  

volume i s  

K o Eo + Po E .  = l..P r 2 (A 9 ) 2 
p er unit vo lume 2 ( At)2 

• 

The angular momentum p er uni t  vo lume i s  just 

L_Iw 
p er unit volume- Cl V 

I A9 
- l:lV At 

( II.I I.9) 

( II.I I.lO) 

( II. II.ll ) 

( I Io iio l 2) 

( IIo ii.l3) 

The rat io of the tot al ener gy p er unit vo lume to the angular 

momentum per uni t vo lume i s  the ratio of ( II.IIo 9) to  

( II.IIo l3) . Thi s  i s  

A9 d9 Lr£ =c onstant = C!t � 2 Ti n . ( II . II . l4 )  

The mechan i c al analogue to the frequency of an e l e c tr i c al 

oscillator i s  no 
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In comparing this case to circularly polarized light9 

Poynting suggested that this relationship might holdo He 

also suggested an experiment which mieht be used to measure 

the angular momentumo This experimental arrangement is 

shown in Figure 4 on page l7o 

Light is passed up through the Nicol prism N and 

comes out of it plane polarizedo Arter going through p1, 

a quarter wave plateg the light emerges circularly polarized 

and with an increase in angular momentumo The result should 

be a reacting torque on p1o Quarter=wave plate q1 causes 

the light to become plane polarized againo When the light 

passes through P2� it should once again be converted to 

circularly polarized light which should exert a torque on 

p2 which would add to the torque on p1o This process would 

be repeated as the light passes through the rest of the 

plateso Poynting doubted that such a small angular momentum 

could be detected when he statedp "But9 even with such 

multiplicationsp my present experience of light forces 

does not give me much hope that the effect could be detected9 

if it has the value suggested by the mechanical modelo"8 

Bpoynting, £Eo cito, Po 567o 
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FIGURE 4 

AN EXPERIMENTAL ARRANGEMENT SUGG�STED BY POYNTING 
FOR DETECTING ANGULAR MOMENTUM OF LIGHT 

17 



IIIo BETH9S EXPERIMENT 

The exper iment al arr angement us e d  by B e th9 was 

similar t o  that sugge sted by Poynting and illus trated 

by Figur e 4 on page l�o A di agram of the app aratus of 

Beth i s  shown in Fi gure 5 on p age 19. 

18 

Light f or thi s  experiment came from a he ated tung,, 

s tan filamento It pa s s ed through lens A and a Nico l pr i sm 

B from which i t  emer ged p lane po l ari z e do The light was 

circularly polarized  af ter it p as s ed through the quarter­

wave pl ate c� and the direction of the polari z ation was 

rever s e d  by the half�wave plate which was suspended by a 

fib ero Thi s  imp arted angular momentum to the half-wave 

plat eo The l ight continue d through the quar ter-wave pl ate 

Fi was reflect e d  by an a luminum coating on the upper surface 

of F,  and p a s s e d  downwar d  through the half=wave plate o The 

rever s al in the direction of po l arization upon p as sing 

through E was such that i t  added to the angular momentum 

of the p late imp arted to  i t  by the light i n  the upwar d 

dir e c tiono  

The quarter -wave and half-wave plates  had the proper 

thi ckne s s  for a wavel ength A =l o 2f" o The copp er disk in 

the center of the fus e d  quart z  window D w as to  prevent the 
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THE ESSENTIALS OF BETH'S APPARATUS 
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light from going up through the cente� hole in F and causing 

dis turb an�e s along the fibe�o 

With arrangements such as the one used by Beth and 

the one suggested by Poynting, one is able to obtain torques 

many- times that which he would get with a simple ab sol'ption 

experiment" 

Beth made measurements of the to�que as a runotion 

of filament tempe�atUl'e and the angle between the plane or 

polarization or light and the axe s  of the plates. Hi s 

meas ured effect s  agreed in s ign and magnitude with theory. 

IV. CARRARA 1 S EXPERIMENT 

Carrara
10 

performed experiments simi lar to that of 

Beth in a waveguideo He u�ed c ircularly polarized waves 

ot three centimeters wavelength i n  a wavegui deo Two type s 

of measurement s were made. One was made us ing an absorber 

as a suspended system in the waveguide, and the other was 

made using a device which converted circular polariz�t1on 

to linear polari zation, He reported that the effec t had 
the exp ec ted order or magnitude. 

lOcarrara, loc .  c it. 
--



CHAPTER III 

THE CLASSICAL THEORY OF ANGULAR MOMENTUM 
OF ELECTRIC DIPOLE RADIATION 

In this chapter quantities such as energyp linear 

momentum densityi angular momentum density11 and angular 

momentum will be worked out in terms of the fields of 

infinitesimal electric dipoles. The units used are 

Gaussiano 

I. AN OUTLINE OF THE CALCULATIONS 

Consider the time rate of flow of electromagnetic 

energy in free space into a spherical shell with an inner 

surface of radius R1 and an outer surface of radius R2 

as in Figure 6 on page 22o From Poyntingvs theorem the 

power is given by 

where the integration is over the entire surface of the 

sphere of radius R1o The energy within the shell should 

be 

w = �Tt f dt Js . C E x .!!l ds, 

s 
(III.I.2) 

where the time integral is taken over the time it takes the 

radiation from the inner surface to reach the outer surface. 

21 



z 

X 

FIGURE 6 

THE SPHERICAL SHELL I� WHICH THE ENERGY AND ANGULAR 
MOMENTUM ARE TO BE CALCULATED 
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Thi s  c an b e  put in t erms of the radius s ince � = dt . 
c 

Thus 

23 

W=��� o {EX H) dVp 4n - - {III.Io3) 

v 

where the volume integral i s  taken over the volume or the 

spherical shell. 

The angular momentum within the shell is 

N = fM dV , 
v 

(III.I.4) 

where M i s  the angular momentum density.  

Angular momentum dens ity is  defined as 

,M= (!: X G) tt {III.Io5) 

where r i s  the r adius vector from the origin to the field 

point and G i s  the linear momentum densi ty. Linear momentum 

dens ity is  defined as  

G = L (_EX H) • 
- 47Tc 

Thus N in terms of E and H is 

{III.Io6) 

N = i fv{yGz - zGY) dV + j' {(zGx � 
xGz) dV 

+ ii /, (xGy - yGx) dV 11 

v 

47fcN = 'f h �{Exlly - EyHx) � 
z{EzHx = ExHz>] dV 

v . 

+ 5'·fv[zCEyHz � EzHy) - x(ExHy = EyHx>] dV 

+� fv[x(EzHx - ExHz) - y("Ey-Hz = EzHy)J dV • 

(IIIoio7) 
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The time 
over the time 

(!
N dt 

average of N �.­
interval T - = ....._..,T.--- (IIIoioS) 

0 (IIIoio9) 

Now the component s of ! involve product s  or components 

or a and �� each of whi ch will be seen to contain a factor 

of' s in ( w t - �) or cos  ( wt - %>. The p o s s ible c ombina• ' . 
tions are s in2( wt - !.) , cos2 ( w t .. .!:.) P and the product 

c c 

[s in ( wt - �>] [cos
' 

( wt - �>J o The t ime  avel"age s of these 

quantities over long periods or time are 

sin2( wt - !:) c 
=i, (IIIololO) 

cos2( wt - �) = i p (III o io ll) 

[s in( wt - �>][c o s( wt - �D = 0 0 (IIIoi.l2) 
Thus as one'calculates the time average of individual 

products he can omit the terms containing the factor 

�in( w t - �)][cos( wt - �>] o 

The result which is to be obtained is the ratio 

of the time average of energy to ·the time average of 

angular momentum, because from this one can obtain the 

amount of torque exerte d upon an absorber per watt of 

power radiated. 



25 

For a one-dimer.sional rigid rotator� the torque 

is set equal to the time rate of change of angular momen-

tum; 
_,_ dN 7 -at . 

By definiti on power is the time rate of doing work; 

dW P==crt • (II!oi.l4) 
For constant r and P, 

hence 

P At = A W, lti�=�I.HJ� 

• (III. I. l5) 

It is seen that the ratio of angular momentum to energy 

is the same as the ratio or  tor.q'l,le .to power . 

Atso, in an experiment, a perfectly absorbing spheri ­

cal shell is equivalent to letting the outer radius ·R2 in 

the theoretical problem increase without limit . 

II. THE ANGULAR MOMENTUM DUE TO A DIPOLE 
WITH MOMENT .E. cos wt 

For an oscillating dipole moment E co� wt along 

the z-axis one obtains for the electric and magnetic fields1 

at the field point P(r, 8, 4> ) : 

lThese are standard equations. See William R. Smythe, 
Static and �namic Electr i city ( New York: McGraw-Hill Book 
Company�9 9), p. 467. 



E = r 
2P �0!� cos w (t - %> r 

2pk cos a s in w(t �· �) 9 - r2 

Ee= psinScosW(t - rc) 
r3 

' 

_pk sin e sin cJ( t ... �) 
r2 

_P 

E� = 0 f 

�.= 0 i 

He= o g 

H -P s1nek2 
(t r) (/):. - r COSCJ -! 

P sine k r - ... ..-_,2�.;;;;;; sin w( t - �) " 
r 
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(IIIoi!al) 

(IIIoiia2) 

(IIIoiio3) 

(IIIaii.4) 

(III.II.S} 

(III.II.6) 

where k = � o The geometry is shown in Figure 7 on 

page 27. In the following equations� the time factor 

w ( t - �) is used so often that it shall be represented 

by the symbol 1r o 

The momentum per unit volume has been defined as 

a-!Xl! - - 4ff o o 
(IIIoio6} 

If one calculates Q for the single dipole, he  obtains 
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FIGURE 7 

AN OSCILLATING DIPOLE ALONG THE Z•mAXIS 
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1 G - 4if"C 
0 0 H¢ 

= 4� c c� (EeH¢) +@ ( -Ez.�>], (III. II. 7) 

I'\ 
so that G = � (\. + 6 G9. (III.II.S) 

as 

In 

The angular momentum per unit volume has been defined 

determinant 

The time 

M = r X G. 
- -

form this is 

M -

-

A � r 

r 0 

Gr ae 
¢ r Ge. 

average rGe is shown 

(JII.I.5) 

� 
0 (III.II.9) 

0 

(III.II.lO) 

to be zero in Appendix 

A on page 141, so that there is no average angular momentum 

radiated by a dipole moment E cos �t. 

III. THE ENERGY IN A SPHERICAL .SHELL DUE !rO 
A DIPOLE W ITH MOMENT E cos ·W't 

. 

The energy in a spherical shell is, from (III.I.3) 

and (III.I.6), 

W = 4�{,/1 • {EX H) dV 

= c £ � • G dV. 
v 

. Over the spherical surface of radius R1, 
A 
n 

• G = Gr, 

(III.III.l) 
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s o  that 
(III. III . 2) 

where the integration i s  performed ov,er the vo lume of the 

spheri c al she ll . The average energy i s  shown in Appendi x A 

on p age 144 to b e  

(A . l3) 

For thi s s ingle dipole the r atio of aver age angul ar momentum 

in the shell to the average energy i s  z ero . 

IV . THE ANGULAR MOMENTUM DUE TO TWO OSC ILLATING 
DIPOLES AT RIGHT ANGLES TO EACH OTHER WITH 

A PHASE DIFFERENCE OF NINETY DEGREES 

For thi s case  one may superimpo s e  two s e t s  of s o lut-

ions to  g e t  the e le c tr i c  and ma gne tic field s : (1) the 

fi e lds  of a dipole a long the z -axi s  and (2) the fi eld of 

a dipole of e qual moment along the x- axi s wi th a phas e 

angle of a p o s i tive ninety degr e e s  with re sp e c t  to (1) . 

The �hys i c a l  s ituation i s  sho�n in F igur e 8 on page 30. 

The fields of {1) have b e en given . To find the 

fi e lds of {2), one transforms the fields of (1) to c orr e s ­

pond t o  a dipole along the x-axi s wi th a change in phase  

angle . Thi s  c an be accomp li shed by fir s t  put ti ng the com­

ponents of the fi e lds  of (1) in re ctangular c arte s ian 

coordinate s. For br evity 

r = J,__x_2_+_y_2_+_z_2 ( III . IV.l) 
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FIGURE 8 

TWO DIPOLES AT RIGHT ANGLES TO EACH OTHER 



wi.ll be used. Then 

cos"""' 
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[3pzy pk2yz J E1 = -- - cosy Y r5 r3 

+ [•pkyz 

r4 

+ [pk (x2 + y2) 

r4 

2pzky] 
a in y P (III.IV.3) 

p(x2 + y2) 2pz2] 
5 

+ cos -vr 
r · r5 

2pkz2 J · sin y- P 
r4 

(III.IV.4) 

(III.IV.5) 

(III.IV.6) 

(III.IV.7) 

After a transformation that carries z into •Xg y into y9 

and x into z and a change of the phase angle by ninety 

degrees6 one obtains 
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cos....p-

[3pkxy] E2y= [ r4 
J 

cosy 

(IIIoiVo9) 

[3pkxz] E2z= r4 cos+ 

(III .. IV .10) 

H2x= 0 � (III .. IVoll) 

H2y
= f-::k J cos..,. 

+ t::k2] sin+, (III .. IVol2) 

[pyk J H2z= r3 cos+ 

[pyk2] -
r2 J siny o (III .. IV .. l3} 



For the sum of the fields one obtains 

Ex == Elx
+ 

�x t.,pk2zx 2pkx2 ... pk(y2 + z2) 
= + + 

r3 r4 
3pkzx 

r4 

p(y2 + �;2) + 2px2 ] 
r5 

By-
t3pkx;r 3pz;y 

+ -
%'4 r5 [-pk2:yx 

+ -
%'3 

3pzky 

%'4 

sLn-.p- " 

pk2:yz ] 
%'3 

3px;r ] 
+ 

%'5 

Ez = rpk2(x2 + y2) + 3pkxz 

l r3 �'" 

cos+ 

sin+ 11 

+ _2_p_z_2_ -_P_( _x_2_+_r_ 2_ ) ] cosy 
%'5 [ ... pk2xz pk(x2 + y2) "'2pkz2 + +--------

r3 %'4 

+ 
3pxz ] 

r5 
sin+ 11 
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(III.IVol4) 

(IIIoiVol5) 

(III.IV.l6) 



Hx = 

-

Hy = 

-

Hlx + H2x 
[pk2y] � cosy- t�] ainy v 

Hly + H2y [ pk2x pzk] 
----

r2 r
3 c o av 

J s1nir , 

For the time averages one obtains 

1 
Gx= --

87Tc 

[p2k4(x3 + 2xy2 + xz2) 

r5 

p2�(2x2z + 2y2z + 2z
3

) 
+----------

1 
G = -­'1 SITe 

3
4 

(IIIoiVol7) 

(IIIoiVolS) 

(III.IVol9) 

(IIIoiVo20) 

(IIIolVo21) 



1 '[p2}[4z (x
.
2 + 2,-2 + z2) 

87T e r5 

2p2k3x(x2 + ,-2 + z2) 

:r6 

2p2kx(x2 + 72 + z2) J . 

:rB 
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(IIIoiVo22) 

For the time average of the components of M one obtains 

" =. -

1 �p2k3 
-x ( -2xy) (x2 + y2 + z2) 

87Te rS 

uses 

I 2p2k3y2 - 2p2k � 2p2ky2]
' 

4' 
. 6 r r 

+ 
p2k( -2yz) (x2 + y2 + z

.
2) · J • 

rB 

(IIIoiVo23) 

(IIIoiVo24) 

(IIIoiVo25) 

To get the tota1·angular momentum in the shell one 

1i = (_y dV · 

Jv· ( IIIo IV o 26) 

_ t fix_ dV +t (My dV +Q ('i.z dV o 

/v /v . /v 



For 

X = r sin 6 COS � g 

'1 = r sin e sin � g 

z = r cos e g 

one obtains 

Now 

since 

+ - - --------

2p2kr2sin e cos e sin"' ] 
+ � . r6 

[!i;_ dV = O ,  
.v 

ran 
. 

J
o sin¢ cos¢ d¢- o, 

4' r 
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(III o IV o 27 ) 
(IIIoiVo28) 
(IIIoiVo29) 

l 

(III.IV.30) 

(IIIoiVo31) 

(III.IV.33) 

(III.IV.34) 
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and 

( III o iV o 35 )  

since 

But 

4 Jio £ 'l!.ydV .= rJi p2k3 CR2 - R1 ) 

·4 rt p2kcj
2 "" �1 >  

Thus 

( III o iVo 36 )  

( III o iV o 37 ) 

This result says that with the dipoles along the 

x� and z �axes there should be angular momentum in the y-
' 

direction o If this radiation were to be absorbed by a 
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spheri cal shell � there should be rotati on about the y-axis . 

It the dipole s were along the x- and y-axes� the · rotation 

should be about the z - axis . 

V .  THE DISTRIBUTION OF THE ANGULAR 
MOMENTUM DENSITY 

It one transforms the case whi ch we have consi dered 

to the case where the dipoles are along the x- and y•axes 

by transforming x into x,  y into - z 0  and z into y, then he 

obtains the fol lowing expressions 

1 tp 2k3xz p 2kxz J 
for the components of M= 

Mx c:: -
+ � 

4 1\  c r4 r6 . 

( x2 + y2 - z2 ) 

+ -- ( x2 _ 72 
_ z2 ) ] • 

( III . V o l )  

( III o V o 2 ) 

Transforming these to spheric al polar coordinates, 

one obtains simpler resu: ts : 

Kr = 0 , 



3
9 

( II I . V . 5 ) .  

' M = -- -- + - sin 9 , 
- p2 [k3 k j 

e 4 1T c r2 r4 
( I�I.V.6) 

(III.V.7) shows the dependence of the angular momentum 

density upon r and 9 .  Figure 9 on page 40 shows the orien­

tation of the dipoles . 

VI. THE ENERGY IN THE SPHERICAL SHELL 
DUE TO THE TWO DI POLES 

The energy will be just twice that of a single dipole , 

or from ( A . l3 ) on page 145 , 

IN I 

w 

I 

( tlii . VI . l )  

VII . THE RATI O  OF THE ANGULAR MOMENTUM IN THE S PHERICAL 
SHELL TO THE ENERGY DUE TO THE 'TWO DIPOLES 

From ( II I . IV . 39 )  and ( I II . VI . l ) one obtai ns 

§p2k (B2 - R1) ( R2 - Rl ) + c RlR2 
- ----------------------------�---

2p2k4 (R2 R1 )  
3 

{ tii . VIl . l.} 
.. . ..  
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FIGURE 9 

TWO ELEC TRIC DIPOLES ALONG THE X- AND Y-AXES 
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41  

= -:-- + --­w W R1R2 
0 ( III . VII . 2 ) 

0 

IX .  THE CASE OF TWO EQUAL DIPOLE MOMENTS 
WHICH ARE MUTUALLY PERPENDICULAR 

AND HAVE AN ARBITRARY 
PHASE DIFFERENCE 

A more general case  than the one just treated i s  

one i n  which the phase differenc e between the dipoles i s  

not ninety degre e s .  It has been shown that for two e qual 

dipole moments and an arb itrary phas e difference the limit­

ing ratio , 

'becomes 

h iJ 1 
- = - '  

� . w 

l !! l  s in f/J 
- =  J w w ·  

( III o V II o 3 )  

( III . IX . l )  

where ; i s  the phase differenc e between the dipole s . 2 

2Arnold Sommerfeld , Atomic Struc tures  and Spectral 
Line s ( London : Methuan and Company, Ltd . , l9�, p .  261. 
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In the experimental research c onducted9  the powers 

to the dipo les were e qual , but the phase difference was 

approximate ly 1 15 degre es o Since sin � varies  r elatively 

slowly wi th ; in the range near nine ty degre e s p thi s doe s  

not decrease  the torque gre at ly o  When the phase  difference 
� ·  . 

1. a 115 degr e es , one wo uld -expect  O o 9 1  time s the torque 

obtainable with a phas e diff erence of ninety degre es o 



CHAPTER IV 

THE THEORY OF A ONE-DIMENSIONAL, 
SYMMETRICAL, RIGID ROTATOR 

C onsider a rigid body which is symmetrical about an 

axis and pcssesses a moment of inertia I about the symmetry 

axis o Let the following torques act on it about the axis 

of symmetry : ( 1 ) a restoring torque proportional to the 

angular displacement from the equilibrium positfon and ( 2 ) 

a torque which is due to a viscous liquid and is directly 

proportional to the magnitude of the angular velocity. 

Torque ( 2) will be in the direction oppos ite to the angular 

velocityo 

The linear differential equation with constant 

coefficients which describes the motion of such a system 

in terms of angular pos ition is 

d2e d e r -- + "'�- + k e 

dt2 dt 
0 ' ( IV. l) 

where I is the moment of inertia, � is the torque per unit 

angular velocity, and k is the torque per unit angle pro­

vided by the device which furnishes the restoring torque . 

The general solution to this equation is 

( IV o 2 ) 

43 
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r = -

1 y �  2r + 4r2 - i � ( IV ·o 4 ) 

'Y 1
2 k 

. r2
= 

- - - - - - 0 

2! 4 I2 I 

Special cases of this general solution wi ll  be con­

sidered in this chapter o Cases I P IIP and III are needed 

in connection with experimental work performedo Case IV 

was not treated experimentally � but i t  is included to 

determine the feasibility of performing such an experiment o 

Another section i s  included in this chapter to show 

how the torque due to the vi�cosity of the water was esti­

mat e d  theor e t i c a lly i n  d e s igning the e xp er ime n t o 

IIo AN EXTERNAL C ONSTANT TORQUE APPLIED ABOUT THE 
SYMMETRY AXIS WITH k =  0 AND 7 SUPPLIED BY A 

LIQUID 

Consider the system i llustrated in P1gure 10 on 

page 45 o 

The equation of motion for this case is 



La 11 d = C onstant 
- pp e . 

FIGURE 10 

A FLOATING ROTATOR WITH A CONSTANT 
EXTERNAL TORQUE APPLIED 

4 5 
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I + 1 - = B3 II ( IV . I . l ) 
dt2 dt 

where a3 i s  the app lied cons tant tor que . The solution to 

the homogeneous e quat ion ( IV , l) from IV , 2) b e c ome s 

( IV . I . 2 )  

where the B � s  are c onstants ,  

One mus t  add to  ( IV . I . 2 )  a parti cular solut ion of 

( IV . I . l ) . A p ar ticul ar solution of ( IV . I . l) i s  

B3t 
e c= B4 + T 

Adding ( IV . I . 2 )  and ( IV . I . 3 ) � one obtains 

• 

(IV . I . 3 )  

( !V o ! e 4 )  

Now B3 i s  pr e sumab ly a known torque p so  thi s le av e s  

B5 t o  b e  de termined from the initial angular p o s i tion and 

veloc ity of the system. 

The torque in the actual e xp er iment was to be 

suppli e d  by the e l e c tromagnet i c  r adi ation and was theo­

r e t i c ally e qual to  

P s in ¢ ( IV . I . 5 ) 

where ¢ i s  the phas e difference b e twe en the two dipole 



moment s a 
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For e =90 and _g_e_ = 0 when t = 0 !1  ( IV o i . 4 )  become s 
dt 

e = (60 - IB:3 ) + � t +� 
,.,2 y 2 

( IV . I . 6 )  

II o THE ROTATOR WITH NO EXTERNAL TORQUE , AN INITIAL 
ANGULAR DISPLACEMENT .v ZERO INITIAL ANGULAR 

VELOCITY , k r:/= 0 r- AND 7 SUP PLIED BY 
A LIQUID 

Thi s sys tem i s  i l lustrated in Figur e  1 1  on page 48 o 

For thi s c as e ,  one ha s only the homogeneous equat i on 

( IVo l ) o The s o lution ( IVo 2 )  has b e en given6  and i t  i s  a 

matter of evaluating two cons t ant s o  From ( IVo 2 )  

For 8 = 6o and �-= 0 when t = 0 one ob t ai ns 

The b e s t  form of thi s  e quation depends upon the 

character of r 1 a�d r2 in the exponenti al fun c ti ons of 

time a 



48 

.. 

F IGURE 11 

A F LOATING ROTATOR WITH A FIXED F IBER 



III o THE ROTATOR WITH AN EXTERNAL TORQUE SUPPLIED BY 
A FIBER WITH ITS UPPER END ROTATED AT ' A  CONSTANT 

ANGULAR VELOC ITY AND "'If:. 0 

49 

This  system with the appropriate ang�es i s  diagr�e d  

i n  Figure 12 on page 50 o When e2 = ·e P there i s  no torque 

exe�ted by the fiber on the rotator. 

The equati on or motion or thi s  syst�m is 

d2 9 d 6  :c - +7' - �c e 2 - e > k 
dt2 dt 

This may be put in the form 

But 

d2e d e 
I - + 1 - +. k e  =r k e2 

dt2 dt 
0 

(IV .III . i )  

( IV .IIo 2 )  

where GU 2 is a cons tant angular veloci ty, and { IV o iii . 2) 

becomes 

The general solution to  the homogeneous equation i.s 

and a particular solution of (IV .III. 3 ) is 

e c: - 1W2 t k + W 2  • 



FIGURE 12 

A FLOATING ROTATOR WITH A FIBER 
WHOSE UPPER END IS ROTATED 

50 

I, 
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The general s olut i on to ( IV . I I I . 3 )  i s  

( IV . II I . 4 ) 

For e - 0 and � - 0 when t - 0 ,  . dt 

.. ( r1i + k) w2 De = -----.;... 
k(r 2 ... ttl ) 

• 

( IV . III . 5) 

( IV . III . 6 ) 

. 

IV . SINUSOIDAL FORC ING APPLIED AT THE RESONANT FREQUENCY 
BY ELECTROMAGNETIC RADIATION, "t,.O ,  AND k + O 

Suoh a aya t em i s diagr amed i n  P1gur e 13 on page 52 . 

Por thi s sys tem, the e quati on of mot ion i s  

de e d 6 
I + 1 - + k e - E0 s i �  t o 

dt2 dt 
( IV . IV. l ) 

C onsi der only the s te ady s t at e  part or the s o lut ion or 

( IV .  V. 1 )  • Thi s 1 s 

where 

e = ;---=======---_.. c o s  c� t - �  l 11  
� ( k  .. I-<:2) 2 + ( f'-<:) 2  

( k .. Iec2) 
C = ar c  s in----------- • .., ( k  - I-<:_2) 2 + ( ?'-< ) 2 t 

( IV . IV Q 2)  

C tV . IV . 3)  
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FIGURE 13 

A SUSPENDED SYSTEM WITH SINUSOIDAL FORCING 



For fixed v alues of k� l g  and i 9 e max will occur for the 

reso nant condition 

53 

k = r-c 2 = o " ( IV o iV o 4 )  

The 

From 

angular frequency for which this will occur is 

-<- IT 0 ( IV a iVo 5 )  

( IV a IV o 2.L , 

e max = 
31J I 
1 k 

0 ( IV a iV o 6 )  

V o AN EST IMATE OF THE T ORQUE ON THE EXPER IMENTAL 
ROTATOR DUE TO THE VISC OSITY OF WATER 

The greatest part of the torque on the rotator 

shown in Figure 14 on page 54 i s  on the side of the float o  

As suming that this is a cylinder with a �adius of seven 

inches and a length of five inches , one can e s timate the 

torque from 

( IV o V a l )  

- 1 W  � 

wheref/v is  the coefficient of vi scosity of water � � is 

the length of the cylinder g a is the radius of the inner 
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FIGURE 14 

AN EXPERIMENTAL ROTATOR 



cylinder , and b i s  the r adius of the outer cylinder . l 

For a coefficient of viscosity of 0 . 010 poi se  for 

water at a t emperature of twenty degrees  C entigr ade and 

55 

the dimens ions tor a and b as shown in Figure 1� on page 54 , 

a value of e .  6 X lo-5n m sec  i s  obtained for Y .  

lLeigh Page ,  Introduction to · Theoretical Phys ics  
{New Yorkt D .  Van Nostrand Comp any, Inc . ,  1949) , p .  262. 



CHAPTER V 

THE BASIC EXPERIMENT 

The b as i c  exp er iment i s  descr ibed in thi s chap ter o 

Mor e de tai led  drawings and photographs or spe cific parts  

or  the apparatus will be given in Chap ter VI , and sp e c ific  

t e s t ing pr ocedures will  be given in Chap t er VII o  

I o  THE APPARATUS 

The e s s enti als or the apparatus for performing the 

bas i c  exp eriment are shown in Figure 15. on page 57 . Omi t te d  

from thi s s implifi ed  diagram o r  the app ar atus ar e the sup ­

por ting fr amework for the t ank and the air-shie ld about the 

flo ating app aratus . 

The ab sorbing spheri c a l ' she ll i s  mount ed on top 

or a c ircular p i e c e  or p lywood whi ch also c arri e s  a s c al e  

around i t s  peripheryo The hollow float support s  the p ly­

woo d g  s c ale , and sphere . An aluminum rod runs to the 

bottom or the tank. An iron needle in the e nd or the r o d  

i s  attracted by a magnet in the bot tom o r  the t ank an d  

keep s the floating apparatus c enter e d  in the water tank. 

IIo THE EXPERIMENTAL TRIAL 

In an experiment al tri al data were  t aken for four 

and one -half  days wi thout energy radiat ed from the antenna 

5 6  



FIGURE 15 

A B S O R B E R  
S C A L E  

F L O AT  

+--4---- W· A T E R 

THE BASIC APPARATUS 

57 



t o  ob s erve the r o t at i on a l  d i s turbanc e s � The tr ansmi t t er 

was then t ur ne d  one  The ob s er v e d  angular p o s i tion of the 

f lo a t ing app ar a tus v er s us the t ime i t  p l o t t e d  in Fi gur e  16 

on page 59. A l s o  plott ed i s  a the ore t.i c a l  c urve of the 

pr e d i c te d  mo t i on by the gener al s o lut i o n  t q  the e quat ion 
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( V . II . l )  

with de
= 0 and e = 0 whe n the tr ansmi t t er . wa s t urne d 

dt 0 

I i s  the moment of inert i a  of the f l o a t i ng app ar atus , 

o n .  

7 i s  the theor e t i c a lly e s t i mated v i s c ous tor que c o effi c i en t g  
' 

P i s  the power r adi a t e d ,  � i s  the pha s e  angle b e tween the 

dip ole mome n t s  of the t wo half-wave dip o l e s , and f i s  the 

fr e quency of the radi at i o n .  

It may b e  s e e n  tha t  the a c tua l r o tation due t o  the 

e le c tr omagne ti c wav e s  i s  negligible c ompar e d  to that pr e -

di e t e d .  Since exp er iment s have b e e n  per formed whi ch ha ve 

dete c t e d  the angul ar momentum of microwave r adi a t i o n ,  one 

would su s p e c t  that ther e are experime nt a l  d iffi cul ti'e s pr e -

s ent i n  thi s exper ime nt " 

A s  one looks at the exp er i ment and at the fac tor s 

involved i n  the the ory , he s e e s  that there ar e but few 

b as i c  quant it'i e s  involv e d .  Fir s t , c o ns i der the r adi a t i o n .  

Power meter s kep t in the t r ansmi s s i on li ne s i nd i c ated that 

energy was g o i ng r ight up to the di p o le s .  At the dipo l e s  
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faulty conne ctions could have ab sorbed the energy , and i t  

could have gone into heat o But , thi s i s  doubtful . Although 

no ab solut e measurement of power was made in spac e ,  there 

were indi cations  that the dipo les  were radi ating . 

Sec ondly , consider the absorpti on .  The manufac turer 

of the ab sorber c l aims that it is nine ty-five per cent 

effici ent at the frequency us e d .  

Final ly ,  consi der the oppos ing torque o f  the li qui d 

in whi ch the rotating app aratus rested .  The visco sity of 

water should be well-known by now . But , as  wi ll be  shown 

in Chapter V I I ,  errati c r e sult s were obtained when trying 

to det ermine a factor in whi ch vi scos ity i s  the main effe ct . 

Thi s le ads the author to sp e culate that there was some sur­

face effe c t ,  due either to  the pure water itself or  im­

puri ties on the surfac e  of the water , whi ch was very much 

greater for small shearing s tr e s s e s than the vi s cos ity 

itself .  



CHAPTER VI 

�PPARATUS 

The experimental work has been des cribed  in general 

terms . In thi s chapter the spe cific piec e s  of e quipment 

are des cribed  in detai l .  

I .  THE TRANSMITTER 

!h! Klys tron Cha s s i s ·� � Me ter Panel 

The transmitter consi sted simply of a klys tron whi ch 
. 

had b e en ad justed  at the f actory to the fre quency at whi ch 

it would deliver its  maximum power . The klystron was a 

product of Sperry Rand Corpor ation, and its  type number 

was SRL-7C .  A summary of i t s  de s cription is given in 

Tab le I on p age 147 . During thi s exp eriment the operating 

fre quency was 2 1 090 megacyc le s .  

Fig:ure 17, on p age 6 2  snows the ·klystron "!Tlounted Oil 

a chas s i s  along with i t s  blower and controls . A schematic 

di agram of the klystron chas sis  and the meter pane l i s  

given in Figure 58 on page 149 . 
\ 

The electrical quantities  me tered were the beam 

voltage , the beam current , and the repeller volt age . 

Typical values were a beam voltage of 950 volt s ,  a b e am 

cUrrent of 160 milliamperes , and a repeller voltage of 

-680 vo lt s .  Voltage s were measured with respect to the 

6 1  
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F IGURE 17 

THE KLYSTRON AND ITS ASSOC IATED C OMPONENTS 
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c athode . The specific ations of the components on the chas si s 

and meter p anel are given in Table  II on p age 150 . 

� Var i ac C ircuit 

A Vari ac was used  to control the de output volt age 

of the klys tron beam power supply by controlling the ac 

input to the primary of its  plate transformer . For c on-

veni enc e the Variac was mounted on a s t andard relay rack 

pane l with a switch, fus e ,  and pi lot  lamp . !Figure 59 on 

page 151 i s  a s chematic of the circuit,  and �able III on 

page 152 gives  the spe c if i c ations of the components .  

� Klys tron � Power Supply 

The klys tron b e am power supply cons is 'ts of two 

p arts : ( 1 )  an unre gulated supply and ( 2 )  an electroni c 

regulator . Both circuits  are c onventional and wi ll not 

be  dis cus s e d  in detai l .  
) Figure 18 on p age 64 shows the output de voltage 

as  a func tion of the input· ' ac voltage and the load re s i s t ­

ance . Fi gure 6 0  on page 153 i s  a s chematic  di agram o f  the 

unre gulat e d  supply. Table IV on page 154 )give s  the sp ec i-

fications of the component s us e d .  

The s chematic diagram of the electroni c regulator 

is shown in Fi gure 61 on page 155 .  Table V on page 156 

giv e s  the s pe c ifi cat ions of its components .  
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The output volt age of the regulator as a function 

of the input ac v�ltage to the unre gulated supply i s  shown 

in Figure 19 on page 66 . 

!h! Klystron Repeller Power Supply 

The klystron repeller power supply i s  a con ventional 

power supply with voltage regulator tube s  across its output 

terminal s � By ad justing a potentiomete r across the indi� 

vidual voltage regulator tube s ,  a negative output voltage 

of from 45 0 to nine hundred volts can be obtaine d .  

Figure 62 on page 158 is a schematic di agram of the 

unit , and Table VI on page 159 gives the specifications of 

the components . Figure 20 on page 67 shows the output de 

voltage as a function of the input ac voltage . 

� Delay Circuits 

The following se quence was desirable in applying 

ac v oltage s to the units in the transmitter:  { 1 )  all 

filaments and the klystron blowerp  { 2 )  the klystron re ­

peller supply ,  and { 3 )  the beam power supply . This sequence 

of applications of ac to these units could be handled 

manually; but in the event of a power failure g it was de ­

sirable to accomplish this automatically when the power 

failure was remedied.  

Figure 21 on page 68 
'shows the control circuit with 

the time - delay relays which were use d o  The time -delay 
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relays are Agastat Type  FE-ll whi ch c an be ad justed  so that 

their contacts close  at time s of from a few s e c onds to one 

and one -half minute s  after their coils ar e energi zed .  

� Transmitter Cabinet 

The klys tron and i t s  power supplies  were housed  in 

a c abinet approximately six feet higho  Figure 22 on p age 70  

shows this  apparatus o 

II . THE TRANSMISSION LINES AND ANTENNA 

The Power Divider 

The radio -frequency ener gy from the klystron was 

carri ed by RG-9A/U coaxial c able to a c o axial device  known 

as a power divider which has one input and two output con­

nec tions . Some of the total ener gy fed  into its  input 

come s out of  e ach output . A Microlab Type DS-3000 power 

divider was used.  

!h! Tr ansmis sion Line s !n General 

Two transmis s ion lines c arri ed the energy from the 

power ·diyider to two half-wave dipo le s which were mutually 

perp endi cular . By making one line longer than the other 

it is po s s ible to c aus e a wave in i t  to arrive at its dipole 

later than the wave at the other dipole thus feeding the two 

' dipo le s out of phas e .  Thi s  phas e  difference determine s  the 

type of polari z ation of the emitted  radiation. 
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Two s i z e s  of c o axial cable  were use d .  For trans­

ferring power. with small los ses  RG-9A/U c o axi al c able was 

us ed  wi th Type N UG-21B/U male connec tors and UG-23B/U 
• 

71  

female conne c tors . Small c able was needed to  lead  dire ctly 

to the dipole s inside the ab sorb ing spheri c al shell ,  so 

RG-58A/U coaxial cable was used .  Short lengths were us e d  

b e c ause lo s s e s  are higher in thi s type c ab le . 

The Attenuators 

An at tenuator with an attenuation of one de c ibel  

was used  in each of the two transmi s s ion lines to  limit 

the power to a value within the r ange of the power me ters 

use d .  Each attenuator was a Microlab Type AA-OlN . 

The Phas e  Shifters  

The phase shifters were s imply different lengths 

of RG-9A/U c able wi th Type N conne ctor s on the ir ends . 

The se  were the por tions of the two tr ansmi s sion lines whi ch 

were made· of une qual length to change the phase  difference 

betwe en the dipole s .  

� Power Me ter s 

The power to e ach dipole was measured by a Mo de l 7 22N 

radio-frequency power meter manuf ac tured by the M. c .  Jones  

El ectroni c s  Company, Incorporate d .  The se  me ters remain in 

the circuit as  energy is  fed through them. 
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!h! Single � Tuner 

The Mi crolab Type SS-1000 single s tub tuner was 

used to mat ch the impedanc e of eac.h small coaxi al cable " . .  

wi th it s dipole to the remainder of the transmi s s ion line o 

The Dipole s 

The two dipole s were  made of brass  rod with a 

diame ter of one -sixteenth of an inch o Each was made 

approximately one-half wave length long o The dipoles  and 

their small fee d line s were  att ached  to a wooden dowel o  

Figure 2 3  o n  page 7 3  shows the dipole s wi th their small 

coaxi al c ab les , and Figure 24 on page 74 shows the dipoles  

thems elves with the conne c tions made to the c ab le s o  

Figure 2 5  on page 7 5  i s  a di agram of the entir e 

antenna sys temo 

III o THE ABSORBER AND HOUSING 

The Abs orbing Spheri cal She ll � the Float Ass embly 

The abs orbing spher i c al shell cons i s t s  of two thin�  

rigid hemispheri c al radomes lined wi th a flexible abs orber o 

The radome s ar e one foot in di ame ter with a flange thr e e­

eighths of an inch wide around the ir peripheri e s  such that 

the two c an be fastene d  toge ther eas i lyo  The ab sorber i t­

self is  Ecc o s orb Type AN 7 5  manuf actured by Emerson and 

Cuming , Incorporated .  Thi s material i s  one inch thick$  
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FIGURE 23 

THE DI POLE S  WITH S MALL TRANSMISS ION LINES 



FIGURE 24 

THE DIPO LES 
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and the manuf acturer c l aims an ab s orbing effi c iency o f  

approximately ninety-five per c ent for r adi ation inci dent 

normal ly to i t a  surface . The inside of one of the hemi­

sphere s  i s  shown in Figure 26  o n  page 7 7 .  

The s phere was mount ed on top o f  and i n  the center 

of a p i e c e  of  p lywood of circular shap e . The p lywood i s  

thre e -fourths of an inch thi ck , and the circle has a : . 

diame t er of two feet . A s c ale marked ev ery ten minute s  

o f  . angle was placed o n  the outer edge o f  the p lywo od.  

76 

The sphere ,  its  holder , and the s cale may b e  s e en in Figur e  

27 o n  page 78 .  

A hol low float was p l ac e d  under the p lywo od cir c le . 

To make the a s s embly s t ab l e  whi le floating ,  an aluminum 

rod with br as s w eight s at the bottom was used . A stee l 

needle in the end of the r o d  was attrac t e d  by a magnet 

mount e d  i n  the b o ttom of the w ater t ank and kept the as s em­

bly c enter e d  in the tanko Figur e  28 on page '79 .'shows the 

sphere and f lo at as s emb ly .  Every p art that touched water 

was coated with pla s t i c . 

The Wa t er Tank 

The water in whi ch the s phere and i t s  support floated 

was contained in a fifty-five gallon oil drum. It was 

coat e d  on the insi de wi th a Pibromid p o lye s ter r e s in to  

_prevent rus ting .  C enter e d  i n  the b ot tom of the t ank w a s  
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FIGURE 26 

A HEMISPHERICAL ABSORBER 
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a magne t .  Appr oxima t e ly thr e e  inche s  of c oncr e te was pour e d  

i n  the bot tom o f  the t ank to make i t  r i gi d .  

The Evapor ation Prob lem 

Sin c e  s ome of the wat er ev apor at e d  dur ing an exp eri ­

mental tr i al , i t  wa s ne c e s s ary to r ep lac e thi s water to 

keep the spher e flo ating at the s ame leve l . Thi s was done 

by a llowi ng water to f low into the t ank when the water leve l 

fell b e low s ome pre d e termined l e v el . A p i c t ur e  of the 

arr angement i s  shown in Figur e  29 on page �1 . 

The Housing 

The d e t ai l s  of the hous i ng of the f lo ating e quipment 

are shown in Fi gur e 30 on p age 82 • 

The automob i l e  tir e s and spri ng s  were to i s o l ate the 
equipment from building v ibrations . The c ans of mi ner al­

o i l  un der the l e g s  afforde d a s mal l  amount of v i s cous da�p -

ing . 

The f lo a t ing app ar atus may b e  s e en in Figur e 31 o� 

page 83 in whi ch the c amer a  r ack and l i ght -b aff l e s  hav e b e en 

r emo v e d .  

� Fiber -Dr i v e  Me chani sm 

The f ib er -dr iv e mechani sm cons i s t s  of a mo t or with 

i t s  shaft c onne c t e d  t o  a Mi l l en #1000 r i ght an gle r e duct i on 

ge ar . The o utput s haf t to whi ch a fiber c an b e  at tache d 
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· Fl-GURE 31 

THE FLOAT ING APPARATUS AS S EEN WITH LI GHT BAFFLES REMOVED 
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turns at a r ate of one r e v o lution every s ixte e n  days . 

Figur e  32 on p age 85 i s  a pho tograph of the uni t .  

Intro du c t i on 

IV . THE DATA RECORDING APPARATUS 

The data were pho t o gr aphe d periodi c altY • Figur e 33 

on p age 86 i s  a p i c tur e  of the c amer a  rack with the front 

door of the c amera c omp ar tment op en. 

The T imer 
-

The purpos e  of the t imer was to provi de a mo�entary 

low r e s i s t an c e  p er i odic ally which energi z e d  the power 

supply for the mot or of a c amer a .  For thi s  r e s e ar ch, 

t ime inter v a l s  of fif t e en minut e s ,  one hour ,  and thr e e  

hours wer e u s e d .  The low re s i s t an c e  supp l i e d  to an ex­

ternal cir cuit i s  jus t the r e s i s t ance or the c onta c ts or 

a s wi t ch and wire le ads . When the swi t ch 1. s no t c lo s e d ,  

the output r e s i s t anc e i s  very hi gh .  

Figure 6 3  on p age 160 i s  a s chemat i c  di agr am, and 

Figure 34 on p age 87 i s  a top view of the t imer . It con­

s i s t s  or a mo tor "Wi th a whe e l  a tt ached to i t s  shaft . Pr o -

truding from the e dge bf the whe e l  i s  a short s egment o f  

a s cr ew .  As the whe e l  r o t ate s , i t  br ings the s crew i nto 

c ont act with a lever on a mi cro swi tch s2 , and at s ome 
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FIGURE 32 

THE F IBER-DRIVE MECHANISM 
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FIGURE 33 

-ELECTRONIC FLASH 

-CAMERA, CLOCK,  AND 
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FIGURE 34 

THE TIMER 
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instant the mi cro switch is actuated. The peri od  of rotation 

was changed by changing motors Q 

The motors are  rated  at 115 volt s ac and monitore d 

by the front panel con trols and indi c ators s1 g Pl P and P� o 

The microswitch i s  indi cated  in Figure 63 on p age 160 

by S2 • Another switch S3 is in series with the mi cro switch 

so  that the motor c an run continuously without actuating 

the micro swi t ch if 'thi s is des ired e  Table VII on page 161  

gives  the spe cifications of  the electri cal c omponents . 

� C amera Powe
.
r Supplz 

When the input terminals of the camera power supply 

are momentarily shorted ( automati cally by the timer or manu­

ally by a switch) 9 power i s  furni shed t o  the c amera motor 

until  a pair or c ont acts on the armature shaft or the motor 

is clos ed after one c omplete  revolution or the shaft . 

During this one revolution one frame of fi lm is  exposed .  

Using the contacts  on the armature shaft to  sense 

the po� ition of the shaft affords a positive c ontrol over 

the position of the camera shutter at the end of one ex·­

posure . This al lows economi cal us e of the film since one 

obtains one$ and only one , frame of e xposed f i lm per pulse  

of  power o One can not apply a burs t  of power to the motor 

and al low it to run freely wi thout making the burst long 

enough to get at least one fr ame . Thi s usually leaves 
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the shutter open or re sults in the expo sure of two or three 

frames of fi lm.  

A block di agram of  the c amera power supply is  shown 

in Figure 35 on page 91.  The general operation may be 

understood by start ing wi th the input from the t imer on 

the b lock di agram. 

The switch in the t imer di s charge s  a cap ac itor in 

the pulse-forming network.  The re sult ing negative puls e  

i s  amplified and inverted by an amplifier wi th vacuum 

tub e vl in it � 

The output of tube v1 i s  connected  to a s econd 

amplifier whi ch has two inputs . A pul se  to either of these  

input s ( gr ids  of  V2 ) produce s  an output pulse which is  fe d 

to a sc ale-of-two c ircuit . 

A s c ale -of- two circuit has two s table s tate s .  It 

change s s tat es  when a pulse  is place d to i t s  input . A 

pulse marked "on" on the b lock di agram changes the state 

of the s c ale-of-two circui t such that the next s tage , the 

re lay control tube v5 , i s  c aus ed  to conduc t .  

When the relay contro l tub e conduc ts , the plate 

current exi s t s  in the relay and c auses  its contacts to 

clos e .  Thes e  contacts are in a thyratron circuit which 

furni she s the motor curr ent . 

Upon be ing s�ppli ed  with current , the motor armature 

rotates  until  contacts  on the armature shaft clo s e . 



Electrical c onnections to thes e  contacts  come back into 

the camer a power supplyg and the c los ing of the s e  cont ac ts  

generate s a pul s e o  After be ing reversed  in polarity by 

V7 9 the re sulting puls e  trigger s a univibrator c ircuit . 

A univibr ator c ircui t  generat e s  uniform pulses  of 

contro lled length re latively independent of the shape of 

the input pulse o The output of the univibrator i s  fed 

into the second input of the dual-input amplifi er o Thi s  

pulse i s  marked "off H o n  the block diagramo Again,  there 

is an output puls e  from thi s  amplifier whi ch caus e s  the 

scale-of-two cir cuit to revert to its  original s tate . As 

a result the re lay control tube ceas e s  conduc ting ,  the 

relay contacts  open, and the motor s top s o  

There i s  an additional input j ack on the front 

panel of thi s unit so  that negative pulses from a pulsar 

can be fed into the amp lifier tube v1 to ac tuate some 

of the cir cuits . Thi s affords a c onvenient me ans of te st-

ing the stage s c ontaining tubes vl , v2 � v3 P v4 , and Vs · 
Schematic diagrams are shown in Fi gures  64 and 65 

on page s 162 and 16 3 , respec tively. The component s are 

li s ted in Tab le VIII on page 164 . 

The C amera --- ------
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A sixteen mi llimeter c amera was used to photograph 

the equipment from which data were obt ained o  It i s  a modi ­

fie d  Army surplus gun si ght aiming point c amera .  
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Optically it was mo dified  by moving the lens out 

from the body of the c amera wi th a me tal spacer so that 

it focus sed  at a distanc e o f  about six  inche s .  

Mechanic ally i t  was modified by adding a brake o 

Two c ont acts insulate d from the body of the camer a  

were added.  One is  a flash synchroni zation cont ac t ;  the 

other i s  a c ontac t to c aus e the power to the motor to 

switch off . The latter has been mentione d in conne ction 

wi th the c amer a  power supply. 

Figure 36 on page 93 shows the c amera as modifie d .  

The Flash Unit 
- -

Light to take the picture was provided by an elec­

tronic flash unit .  Figure 6 6  on  page 170 is  a s chemati c  

diagram of the unit,  and Tab le IX on p age 171 give s the 

spe c ifications of its component s .  The flash bulb was 

covered by aluminum foil whi ch had a hole in it with a 

diame ter of about one-half inch to emit sufficient light 

tor illumination of the s c ale and a c lock f ac e .  

!a! Clock 

The c lock consists of a motor with a circul ar s c ale 

attached to its  shaft . The s e ale is  numbered from one to 

sixte en around its e dge . At le as t  one of the numb ers  

appeared in  each photograph taken indic ating the time at 

whi ch the picture was t aken .  The clock face  made one 
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complete revolution every four hours . Thi s clock may b e  

s e en i n  Figure 37 on p age 9 6 .  

ppti cal Alignment 

Figure 38 on, page 97 is  a diagram of the relative 

po sit ion of the element s required for recording the data.  

ehotography 
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Sixte en millime ter Kodak Plua -X ne gat ive -type film 

was us ed . It was purchased  in one -hundred foot rolls and 

loaded in shorter lengths into me tal magaz ine s or the c amera.  

It was  po s s ible to ge t thirty-six fr ame s of  data on one foot 

of film.  

The film wa s developed in a Morae  G-3  deve loping 

t ank. The deve loper was prepared by dissolving four small 

package s of Kodak Microdol•X developer in one quart of 

water . Each package i s  ordinar ily recommended for four 

ounces  of so lution. 

The film was develope d  for one -half hour with an 

initial temperature of sixty-five degrees  Fahrenhe it . Aft er 

rinsing with water , the film was placed in  a fixer for 

twenty minutes . The fixer was prepared by di s s olving seven 

table spoons of Kodak Ac id Fixer per quart of water . The 

fi lm was then rinsed in water for twenty minute s  and dr ied .  

The ne gative s were placed in  a Recordak microfi lm 

re ader , and the data recor ded from the image on the machine . 



Figur e 39 on page 9 8  i s  a photogr aph made directly 

from the negative of one frame of data . 

9 5  
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FIGURE 38 

( a ) AND ( b ) , THE OPTICAL ALIGNMENT 



FIGURE 39 

AN ENLARGEMENT OF AN Smm X 16mm 
NEGATIVE OF ONE FRAME OF DATA 
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CHAPTER VII 

S PEC IFIC MEASUREMENTS AND ANALYSIS OF DATA 

Different s ec tions of the apparatus required spe cific  

techni ques and measurements peculi ar to  thema The ma jor 

me asurements  are di s cus s e d  ip thi s chap ter . Minor or rou­

tine measurements  such as  tho se  made concerning power 

suppli e s  are omitted ,  for the results have been pre s ented 

in graphical form in Chap ter VI . 

I .  ELEC TRICAL MEASUREMENTS 

The Slotted Line 

A s lotted line i s  a length of air -diele c tr i c  coa�i al 

c able with a s lot in the outer conduc tor s o  that a probe 

may b e  plac e d  between the two conduc tors to sample the 

electric  f i e ld .  It i s  de s irable  that there be  very little 

energy lo s s  in this  s lotted line . 

:Figure 40 on page 100 shows a cro s s -section of a 

probe in betwe en the two conduc tor s .  Thi s repr e s ent s the 

simple s t  s i tuati on . Actual ins trument s usually have more 

elaborate coupling arrangements . 

The prob e c apacitively couples  a small amount of 

energy from the region in whi ch it i s  loc ated to a c ir cuit 

ext ernal to the slotted line . If the energy coupled with 
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FIGURE 40 

A PR OBE BETWEEN THE C ONDUCTORS 
OF A C OAXIAL CABLE 
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suffici ent detecti on for a given me asur ement is small , the 

di s turb anc e  of the fi e l ds due to  the pr e s enc e of the prob e 

i s  small .  

The pot ent ial of the prob e i s  proportional to the 

electr i c  f i e ld intens ity exi s t ing b etwe en the two e �nduc tor s  

o f  the line a t  the prob e po s i tion . Thi s  prob e voltage was 

applied to an ext ernal circui t  whi ch con s i s t e d  of a bui lt-in 

crys tal detector and a mi cro amme ter . Figur e 41 on p age 102 

shows the General Radio Typ e 874 -LBA s lotted line whi ch 

wa s us ed in making radio frequency me asur ement s . 

If one c onne cts  a s our c e  to one end of the los s le s s 

s lotted  line and a re s i s tive lo ad to the other such that 

al l the ener gy i s  ab sorb e d , then the root -me an - s quare o f  

the voltage a long the line i s  a constant . Thi s  i s  repr e ­

sent e d  s chema t i cally i n  Fi gure 42  on p age 103 . 

If,  however , there i s  an impe dance conne c te d  to  the 

output of s uch a line whi ch doe s  not abs orb all of the 

inc i dent energy ,  wave s wi ll be r ef le c te d b ack up to the 

line . The inc i dent and r ef le c t e d  wave s wi ll add so that 

the voltage a�o�� the l ine v ar i e s  as shown in Figur e  43 

on p age 104 . 

Thi s  vo ltage pattern i s  cons tant in po s i tion along 

the line . The volt age s t anding wave ratio i s  def ine d as  

( V I I . I . l ) 
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Po s i t ion 

FIGURE 42 

THE VOLTAGE A LONG A LOSSLESS LINE WITH 
NO ENERGY REFLECTED FROM 

THE LOAD 
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FIGURE 43 

A VOLTAGE STANDING WAVE ALONG 
A SLOTTED LINE 
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For the c a s e  pr eviously d e s cr ib e d ,  •hen ther e i s  no energy 

ref l e c t e d  from the load , the vo ltage s t anding wave ratio 

is  one . 

Other sp ecial c a s e s  ar e tho s e  with an infinite 

imp e danc e and a short - c ir cui t as loads . For the c as e  of 

an infini te impedanc e  the vo l t age at the lo ad•end of the 

line i s  a maximum as shown in Figure 44 on p age 106 . For 

the c a s e  of  a short-cir cuit e d  line the vo ltage at the lo ad­

end of the l ine is z e�o as shown in F igure 45 on p age 107 . 

In all c as e s  the maxima app e ar one -half wave length 

ap ar t , and the minima appe ar one -half wav e length apart . 

The pre c e ding di s cus s ion i s  a limi t e d  one c omp ar e d  

t o  the avai lab le theory o f  the s lotted line , but it i s  all 

that is  ne e ded for the me asur ement of wave length and for 

an indi c at i on of how well a dev i c e  conne c te d  to  the end of 

the line ab s orb s the inci dent energy .  For a more general 

theory one c an consult the i ns truc tion boo k for the Genera l  

Radio Typ e 874-LBA s lotted line . 

The Re sponse  of the Crys t a l  De te ctor in the Slotted � 
The induc e d  voltage in the prob e circui t was alt er­

nating and was r e ctif i e d  by the crys tal det e c tor to pro duc e 

an output of d ir e c t  curr ent . It was nece s s ary to know the 

relat i onship betwe en the output curr ent and the input volt­

age . The manufac turer c l aims that the crys tal oper ates  as 
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Po s ition 

FIGURE 44 

A VOLTAGE STANDING WAVE ALONG A S LOTTED 
LINE WITH AN O PEN END 
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Po s i tion 

FIGURE 45 

A VOLTAGE STANDING WAVE ALONG A S LOTTED 
LINE WITH A SHORT-C IRCUITED END 
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a s quar e - l aw dev i c e  at very low leve l s  and as a line ar 

dev i c e  at high leve l s . 

Figur e  47 on page 110 shows the re spons e or the 

det e c tor a s  the probe was moved along the s l o t t e d  line . 

108 

The s l o tt ed line was conne cted  as shown in Fi gure i6 on 

page 109 . The klys tron was c onnected through an attenuator 

to one end of the s lotted line , and the other end was not 

termina ted ,  so  that s tanding waves  would be s e t  up . The 

var i at i on of the e le ctri c fi e ld inside the line from no de 

to node was s inus o i dal . For a line ar det ec tor the meter 

readi ng would have varied  as  the ab s o lut e value of a s ine 

function .  F igur e 47 on page 110 shows the detec tor curr ent 

as a func tion of probe po s i ti on over a d i s tanc e of approxi ­

mately one wavelength .  Fi gur e  48 on p age 111  shows the 

detec tor current plotted against  s ome c onstant time s the 

theor e t i c al s inuso i dal e le c tr i c  intens ity ins i de the line . 

Dat a  w a s  ob t ained as  the pr obe was moved over a d i s tance 

e qual to thr e e  and one -ha lf wave lengths a long the s lotted  

line . From Figure 48 i t  may b e  s e en that the cry s t al 

det e c tor i s  operating i n  a l ine ar manner for current s 

ab ove twenty mi croamper e s . 

Mea surement of Wav e le ngth 

From the dat a  u s ed t o  check the r e sp onse of the 

cryst al dete ctor , i t  i s  po s sible  to determine the wavel ength 
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Klystron r-- Att enuator ,___ Slotted L1ne 

FIGURE 4 6  

THE CONNECTIONS TO THE SLOTTED LINE FOR 
MAKING THE DETECTOR TESTS 
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in air of the klystron output and to c alculate its operating 

frequency . The wavelength in air from thi s data was 14 . 3  

centimeter s o 

Klys tron Stability -

Since the kly s tron vo ltage s were s e t  to the same 

value s e ach time it was us ed ,  there were no other ad just­

ments  made whi ch should have altered its frequency . The 

slo tted line was us ed  at different time s to make me asure­

ment s of wave length . For five  s ets of  data at  different 

time s ,  average wavelengths of 14 . 33 ,  14 u 33 ,  14 . 32 ,  14 . 30 

and 14 . 30 centimeters were found . Si x dis tance s between 

voltage minima were us ed in  each s et of data . 

Matching Lengths 2f C able 

It was desirable to have corre sponding parts of the 

transmi s sion line s  identi cal exc ep t tho s e  us ed for phase  

shifters . Thi s me ant maki ng c able s of  equal e lectrical 

length in mo st  case s .  

This  was done by cutting two lengths of cable as 

nearly the s ame length as  po ssible with a hacksaw and grind­

ing them li ttle by li ttle on a power grinder to their final 

lengths . When the s ame standing wave pattern for each cable 

was ob taine d ,  the two were cons idere d approximately equal 

in length . 
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The s ame pro c e dure c ould be use d  for making one 

length of c able  a fr action of a wave length shorter or 

longer than another exc ep t that in thi s c as e , the two 

standing wav e p atterns were shif ted by the de s ired fra c t i on 

of a wave length o 

Mat ching the !!£ Dipole s 

The two dipole s were mat che d as c lo s e ly a s  po s s ible 

by us ing the s lo tted line . A minimum vo l t age standing wave 

r atio  with corre sponding maxima and minima o c curring at 

i dent i c al p o s i t ions on the s lotted  line was nec e s sary . The 

su c c e s s  of thi s proc e s s  was indi cated by the me asurement s 

of inc ident and refle c t e d  power i ndicated by the power 

me ter s . 

The Measurement of Power 

The power to e ach dip o le was measur e d  as c lo s e  to 

the antenna as po s s ible . Both inc ident and r ef l e c te d  power s 

were me asur e d .  The only c ab l e  b e twe en e ach power me ter and 

each dipole  wa s a short p i e c e  of RG 58U c o axial c able . A 

c o axi al fit ting whi ch fas tened to the power me ter also  c on­

tr ibuted to the los s e s . A s eparate me asur ement indi c ated 

that the lo s s  in each of the s e  c abl e s  was one -fifth the 

power ent ering the c able from the power meter o The forward 

power s to the two dipo les  from the power meter s were 3 . 9  

watts each�  and the r efle cted  power s were 0 . 3 watt s e ach . 
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The actual total power into the dipoles  was 5 . 8  watts . 

The fact that the reflected power s were s o  low me ant that 

there was a good impedanc e match betwe en the dipole and 

the r e s t  of its  tr ansmission line . 

The Measur ement of the Phas e Difference Between the 
�o!e loments -- --- ---

The polarization was checked by rotating a single 

dipole under the array whi le the transmitter was on and by 

obs erving the current in the crystal detector in the s lotted 

line • .  Figure 49 on page 115 shows the arrangement for mak­

ing the measurement . Consider the two dipoles  shown in 

Figure 50 on page 116 . Let the dotted  line indic ate the 

dipole which i s  s �pling the fi elds due to the dipole s 

connec ted  to the transmitter . The vol tage induced in the 

test  dipole i s  as sumed to be proportional t o  the electric  

intensity at its  loc ation.  The electri c intensity at the 

locatio� of the test dipole i s  

E -= �  cos 8 s in (CA.' t - � )  + B2 s in Wt s in 8 , 

where B
1 

is  the magnitude of the electric  fi eld  intensity 

due to dipole  one , e i s  the angle betwe en the test  dipole 

and dipole one , ¢ i s  the phase angle of dipole . moment one 

wi th r e spect  to dipole moment two , w is 2 7\  ttmes the 

oper ating fre quency of the transmitter , and B2 is the magni­

tude of the electri c inten sity due to  dipole two . 



Slotted Line 

FIGURE 49 

50.n.. 

Lo ad 

APPARATUS FOR MEASURING THE PHASE DIFFERENCE 
BETWEEN THE TWO DIPOLE MOMENTS 
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FIGURE 50 

THE GEOMETRY OF THE POLARIZATION 
MEASUREMENT 
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For e qual power s into the dipoles E1 = E2 , and 

E = E1 �1 + 2 cos 9 sin 9 cos f> s in (W t + r3 ) . ( VII . I . 2 )  

Since the crys tal r e ctifie s the induc ed  current , the t ime 

average recor ded by the microamme ter wi ll no t be  zero but 

wi ll be proportional to the e lectric  intensityg  

Meter I e R eading = Cons tan t • � 1 + 2 o o s e sin o o s ; • ( VII . I . 3 )  

Thus , as one rotates the t e s t  dipole under the array , the 

current will be a func tion of the angular position of the 

test  dipole and of the phase  angle . Thi s as sume s a linear 

re lationship betwe en E and the crystal current . As has 

been previous ly dis cus s ed , the respons e of the crystal is  

not line ar for small current s .  Hence , one mus t  us e the 

graph in Fi gure 48 on page 111 to make corrections for thi s  

effect . 

Figure 51 on page 118 shows the corrected  data for 

the c a s e  in whi ch the two dipoles were suppos e d  to be  in 

phase and the theoretical curve for thi s c ase . 

It was de sired to have a nine ty-degree  phase dif­

ference between the two dipole s when detec ting the angular 

momentum. Figure 52 on page 119 show s the corre cted dat a  

for the case  in  whi ch the dipoles  were not i n  phas e .  The 

theoretical curve s show that the phase  angle wa s about 

115 degr ee s .  
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FIGURE 51 

THE ELECTRIC INTENSITY AS A FUNCTION OF 
ANGLE FOR A SMALL PHASE DIFFERENCE 

BETWEEN THE DIPOLE MOMENTS 
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FIGURE 52 

THE ELECTRIC INTENSITY AS A FUNCTION OF 
AIGLE FOR ABOUT 1150 PHASE DIFFERENCE 

BETWEEN THE DIPOLE MOMENTS 
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II o MECHANI C AL MEASUREMENTS 

The Me asurement of the Moment of Inertia  of the Rotator ----------- -- --- -- --- --

120 

A tor s i onal pendulum wa s used to me asure the moment 

of inertia of the ind ividual p ar t s  of the rotating appar atus . 

A br as s cylinder wa s used as  a s t and ard moment of iner t i a ,  

and a s te e l  wire was u s e d  as a f iber o Us ing the s ame f iber , 

periods of o s c illation of the different p art s were ob s erv e d  

whi le suspended b y  the fiber Q When the s ame fiber i s  use d ,  

T 
of unknown 

T 
of s tandar d 

I 
unknown 

I 
s t andard 

0 ( VII o ii . l ) 

The moment of inertia of the entire rotator wa s found by 

adding the moment s of  inertia  of the indiv idual p art s . Thi s 

to tal was found to be O o 68 kg m2 o 

Me asur ement s  of Jl 
Two tri als  were made with a gold galvanome ter sus ­

pens ion wi th a torque cons tant of l o 54 X 10-7 
n m(radian o 

In the fir s t  me asurement , the flo ating apparatus was s t ar t e d  

from re s t ,  and the top o f  the fiber w a s  twi sted  at  a con-

s t ant angular velo c i ty by a motor and gear a s s emb ly . Thi s  

has b e en r e ferred t o  as the fiber drive me chanismo  The 

dynamic s  of thi s c a s e  was tr e ated in S e c ti on III of Chap ter 

IV o The dat a  are p lotted in Figure 53 on p age 121 along 
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THE MOT ION OF THE FLOATING APPARATUS DUE TO A 
FIBER WITH A -ROTATING UPPER_ END_ 
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with a the or etical curve us ing the pr e d i c t e d value of 

i = B o 6  X lo-5 n m s e c  .. 

122 

In the s e c ond me asurement the flo ating app ar atus 

was twi sted  through an angle of 360° and r e l e a s e d  from 

re s t o  The dynam i c s  of thi s c a s e  was tre ated in Section II 

of Chapter IVo The dat a  ar e plotted in Figur e 54 on p age 

123 ., Also p lotted i s  a the oreti c al curve using the pre ­

dicted value of 'I ., 

No i s e  

Wi th n o  fiber t o  supp ly a r e s toring tor que ,�� the 

ro tator mov e d  wi thout any ext ernally app lied  tor que o . 
The s e  rotat i ons  are t e�med "noi s e " in the sys tem us e d  in 

the e xperiment . 

Fi gure 55 on page 124 shows the mo ti on of the float ­

ing appar atus wi thout any app li ed ext ern al tor que . 

McComb i e l has point e d  out that from fluc tuation 

theory that one can exp e c t  change s  in the angle of the 

sys tem on the order 

- .2k.!.1... r I ( _ i. s )� 
llf72 = 'f �- 1 1 ... e I � , ( VII o ii o 2 ) 

where �92 i s  the mean s quar e change in angular p o s i t ion 

in time s ,  k V  is Boltzman ' s  c onstant , T i s  the ab s olute 

lc .. Wa McComb i e ,  Repor t s  on Pro gre s s  in Physi c s  m.�� 2s9 c 19 53 ) . 
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temp erature , I i s  the moment of inertia,  and � i s  the 

coefficient of the torque per unit angular velocity.  

For T = 3000 K, the calculated v alue of 

1 = 8 . 6 X lo-5 n m sec , and s = 6 hrs one obt ains 

�e2 = 6 . 7  X lo-5 degree of angle . 

From the dat a graphe d in Figure 55 on p ag e  124 , a value 

of �e 2 
= 0 . 32° . Thus , the no ise  i s  not close  to a 

theore ti c al minimum value , and there were di s turb anc e s  

pro ducing the compar atively large change s  in angle . 

Difficult i e s  

From the re sults shown i n  Figure 5 3  o n  page 121 

and Figure 54 on page 123 ,  one s e es that if he assumes 

125 

an oppo s ing torque exert ed  by the water on the f loat ing 

apparatus whi ch i s  direc tly proportional to its  angular 

velocity he i s  faced wi th contradi ctory data . For , if the 

ac tual value of i i s  gre ater than the predicte d  value , 

then the transient enve lope in Figure 54 on page 123 would 

vanish even more rapidly; if the value of i is le s s  than 

the predi c ted  value , then the o scillati ons in Figure 53 

on page 121 would have had a period much le s s  than that 

obs erved . Thus , from the s e  data one would conc lude that 

the tor que exerted by the water and perhap s some contami ­

nat e s i s  not s imply a constant time s the angular velocity.  
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If thi s  i s  the c a s e ,  it may make mor e s ense  to s p e ak of 

" the torque exer ted by the water , '4 rather than '� tne
. 

torque 

due to the vi s c o s ity of the water . " 



C HAPTER VIII 

EXPERI MENTS WHI C H  APPEAR FEAS IBLE 

The ore t i c al cons i der ation has b e en given t o  s ys t ems 

suspended by a fiber in Chapter IV . In thi s chap ter pra c t i -

c al consider at ion i s  given to two c as e s . 

I . S I NUS O IDAL FORC ING AT THE RES ONANCE FREQUENCY 

If one ha s a system i n  a vacuum such as that in 

Figur e  56 on page 128 , the damp ing will be due mainly to 

the vi s c o s i ty in the suspending f ib er . 

Since quartz has a very low internal v i s c o s ity for 

its t en s i le s trengthg one c an e s t imat e  an exp ec t e d  magni­

tude of  e
max from 

e · = Eo J I
. max 7' 

k 
( IV . IV . 6 ) 

In the s inus o idal for c ing , Eo would be the amp litude of 

the torque . For a t o t al of f ive watt s into two dipo l e s  

wi th a pha s e  difference o f  ninety degre e s  at a fre quency 

of two thous and me gacyc l e s , one c ould exp e c t  

p 5 watts 

Eo= 2 1T f  = 2 Tt  X 2 X 109 

= 3 . 98 X lQ-lOn m • 
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T RA N S M I T T E R 

FIGURE 56 

A SUS PENDED SYSTEM 
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The s phere which was used  in the exper iment alre ady 

performe d has a weight of 11 . 1  newtons . The ten 9 i le 

strength of quart z  i s  approximat ely 109 dyne s per s quare 

centime ter . 1 To support the sphere one would ne e d  a fiber 

to withs tand a tens ion of 1 1 . 1  X 105 dyne s ,  s o  its cro s s ­

s e c t i onal are a  would have to be 11 . 1  X l0-4om2 . � The radius 

of the fiber would be 1 . 88 X lo-
2 cm . 

The shearing stre s s  i s  g i ven by 

z e r 1"\r 
s = . 

+ -

z 2.t 2..t 

d 8 
, 

dt 
(VIII . I . 2 ) 

where Z i s  the .modulus of rigidity of the fiber material , 

e i s  the ang l e  through whi ch the fiber i s  twi s te d ,  r i s  

the r adius , .1. i s  its  length, and yt i s  the c o effi c i ent o f  

vis c o s ity o f  the fiber material . 2 

The torque at an end of the fib er may b e  found by 

integr ating the she aring s tr e s s  over the cro s s - s e c ti on of 

the fiber : 

d L - r • dF = r • 2 tT r • S z dr , 

L = 
7Tr4z e 
4 £  4.L 

' 

dt 

(VIFI . I . 3 )  

(VIIr. I . 4 ) 

• 
1Thi s  approximate value was t aken from page eight e en 

of cat alogue numb er Q-3 of the Genera l  Ele c tr i c  C omp any . 

2 John Strong et al , Procedur e s  in Ex§eriment al 
Phys i c s  ( New York : Jrenti c e -Hall, Inc7; 19 9) , pp . l91 - 19 3 .  



L - k e + 1 .@  -
dt 

For value s of  

z = 3 x 1oll 

• 

dyn e s  

cm2 

� = 106 po i s e s , 

, 
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(VI I I . I . 5 ) 

the f ib er above with a length of one meter would have v alues 

of 

e, 

k = 2 . 9 x lo-5 
nm 

r ad 1 =  9 . 8  X lo- l lnm s e c .  

From ( IV . IV. 6 )  one ob t ains a maximum amplitude for 

E0 � 
emax = - - = 75 . 5 r adi ans • 

7 k 
( VI II . I . 6 )  

I I .  PULSING THE SYSTEM 

Supp o s e  one appli e s  a constant torque T dur ing p ar t  

o f  a cyc le of the o s c illat ion of a rotator s o  that it make s 

the amplitude of the o s c i ll ation grow in magnitude . The 

maximum ampl i tude would c ome when the energy furni shed by 

the torque T acting thr ough an angle would jus t repleni sh 

the lo s s e s  in the sy�tem. The motion would approximate 

s imp le harmoni c mot ion , s o  that the gr aph of the angle 

ver sus time might app ear as in Figure 57 on p age 131 . The 

s e c o nd half c ycle  would have an amplitude not quite e qual 
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FIGURE 57 

THE APPROXIMATE MOTION OF A 
PULSED SUSPENDED SYSTEM 

131 



132 

to emax due mainly to lo s se s  in the fiber if the sys tem is 

in a vacuum. If the sys tem has been pulsed long enough , the 

angular velocity at �0t � 0 will e s sentially e qual the angu­

l ar velocity at (.J 0t = 2 7i . Then 

Work done by = Work done by 
applied torque torque of viscous 

origin in the fiber.  
( VIII . II . l ) 

Let the torque which is to be �plied by the electromagneti c  

radiation be applied for a length of time , 
Tt . !(- - · 3 W0 

One should get a rough e s timate of the maximum amplitude 

by as suming sinusoidal motion , 

Then 

d6 
- -

Fr om 

( VIII . II . 2 ) 

( VIII . II . 3 )  

(VIII'. II . 4 )  

{VIII . II . 5 )  

d(W0 t ) , 

{ VIII . II . 6 ) 



7T' 
,f3 [ W t s in 2 {W0 t )]2' L 'C::..== 4� Wo 

o 

+ 
2 

ax 
2 4 0 ' 

{3 L - ='Y e  w n 
2 

max o 

From thi s re sult , L (3 
e = ----

max 2 TTW r . 0 

• 

= o .  275 ..=,g, - • 
E �  
1 k 

Thi s may b e  c ompared wi th ( IV . IV. 6 ) , ·  
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{ VIII . II . 7 )  

{ VII I . I I . B )  

{ VIII . II . 9 ) 

( VIII . I I . lO ) 

Thus , one would not e xp e c t  as gre at a maximum amp litude , 

but there would sti ll b e  a large angle of rotation,  

emax ==  20 . 7  radi ans . ( VIII . II . ll ) 

Exp eriment ally the pul s i ng would be much e a s ier to  

perform. The pro duc tion of s uch lar ge angles of rot at ion 

would hinge upon the low v i s c o s ity of the quar t z  u s e d .  Al s o ,  

one would have to wa it  for s ome t ime for the s e  large angle s  

t o  b e  pro duc e d  if the system s tarted from re s t .  The tr an-
.:i. 

s ient t erm to the re sponse s o lution c ont ains a factor e - 2I t , 
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so that for thi s to b e c ome negligibly small � t mus t  b e  much 

larger than �. As a pr a c t i c al value let ·t = 10 2I . For , v 
the sys tem just des crib e d  

( 10 )  ( 2 )  ( 1 . 47 x lo-2 ) kg m2 

t � -----------------------------

9 . 8  X 10-11 n m s e c  

So , one mus t  use s ome pro cedur e  other than wai ting 

around for the maximum amp litude to be appro ached in ord er 

to  me a sur e the torque . 

L t 



CHAPI'ER IX 

SUMMARY AND CONCLUSIONS 

I .  SUMMARY 

Theoretically, certain types  of 'electromagnetic 

waves  in the mi crowave region should c arry angular momentum. 

Exper iment s p erforme d by other s indicat e  that they do carry 

angular momentum. 

An ' absorption exper iment using half -wave e lectric  

dipoles was  performed ,  but no  angular momentum was  detected . 

Us ing a measured value of the moment of inertia and a c al­

culat ed value of torque due to  the viscosity of water 

re sult e d  in the prediction of a large angle of rotation 

of an absorbing sphere during the time of the exp eriment . 

But ,  none comp arable to the predicte d  value was observe d .  

The se  r e sult s ar e shown in Figure 1 6  o n  page 59 . 

Exper iment s which attempt ed t o  me asure the torque · 

on the floating apparatus due to the water indic ated ··that 

the t orque was not that pr edicted  by the produc t of a con­

s tant time s the angular velocity. The se  re sults are shown 

in Figure 53 on page 121 and Figure 54 on page 123 . 

Experiments which show promis e  of detec ting the 

angular momentum due to the half-wave dipole s ,  if it exists  

and has  the expecte d  v alue , were discus s e d  theore tic ally.  
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The s e  involved suspending the ab s orb ing spher e by a quart z 

fiber . The succ e s s  of the s e  exp eriment s would b e  dependent 

upon the low vi s c o s ity of quar t z . Onc e  again , one would 

be involv e d  with an e xperiment w ith a tr ansient c omponent 

of mo tion that l a s t s  an extr eme ly long t ime . He would 

hav e  the advantage , however , of having a natural frequency 

of the sys t em ,  and thi s should improve the s i gnal-to-noi s e  

s i tuation.  

Af ter precautions were taken to eliminate rotati onal 

dis turb ance s  i n  the s yst em, there s ti l l  oc curr e d  sudd en 

angul ar impuls e s . A typ i c a l  one i s  shown in Figur e  55 on 

page 124 . 

II . C ONC LUS IONS 

Vali d conclus ions from the data of the exper imental 

work are : ( 1 ) no evi denc e for the exi s tenc e of angular 

momentum of the microwav e s  was found , ( 2 )  the fact that 

the microwav e s  did not po s s e s s  angular momentum was not 

conc lusive ly demons trate d ,  ( 3 )  if one us e s  the usually 

quo t e d  value s of the coeffi c ient of vi s co s ity of water , 

the syst em used  i s  no t de s cribed by the dif fer ential 

e quation 

I -- + ')'l.l.).p(  t ) , ( IX. II. l )  
dt 



and ( 4 ) the r atic  of i was no t a c ons tant at the very low 
I 

137 

angular v e lo c i t i e s  at whi ch the f l o ating app ar atus turne d .  
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APPENDIX A 



THE ANGULAR MOMENTUM DUE TO A S INGLE DIPOLE 

2pk c o s  e J ---- s in W ( t - �) 
rc 

pk2 L- -;--- s in e c o s w  c t - %> 

- p � s in 8 s in W ( t - %>1 • 

r2 J 

Now t erms of the form 

[c o s  (Wt - :r
) Jt in (Wt -:r � 

(A.l) 

aver aged over time ar e e qual to z ero ; s o  that When t aking 

the t ime aver age of the above quanti ty:, one c an omit wri t ing 

them down. Thus 

2p 2k2 s in e c o s e ------

rG = c o s 2 w ( t - �) e 3 
r c 

'14 2  

(A . 2 ) 



2p 2k2 sin e cos  e [ 
= 

3 
1 - 2 ( sin2 w t  cos2 � 

r c 

= 0 .  

14 3 

( A . 3 ). 

( A. 5 )  

( A. S )  



ENERGY C ONTAINED IN A SPHERICAL SHELL 
DUE TO A S INGLE DIPOLE 

-[pk ::n e] sin v � 

[pk2 s in el HtJ>= - [ r J 
c o s -y-

tpk s in e] - sin -yr ;  r2 

R...H 1 p2 s 1n2e k2 
Gr = � ¢ = --------

4TI c 8 Tt  c r4 
0 
' 
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( A . 7 ) 

(A . S ) 
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( A .  9 )  

( A . lO ) 

( A . ll ) 

( A . l2 ) 

( A. 13 ) 
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TABLE I 

SPEC IFICATIONS OF THE KLYSTRON 

Sp ec ific character i s t i c  
or fe ature 

Type 

Applic ations 

Fre quency r ange 

Temp erature coeff i c i ent 

Tuning 

Power output 

RF output fitting 

We ight 

Mounting position 

Base 

Repel ler c ap 

Heater vo ltage 

Heater ct:rrent 

Maximum b e am voltage 

Maximum b e am current 

Maximum b e am p ower 

Refle c tor voltag e  

Spe c ifi cations 

Sperry Rand Corporation 
SRt-70 reflex o s c i llator 

tooul o s c illator or bench 
o s cillator 

1 1 850 to 2 p l00 MC 

so Kc/oo 
Integral  c avity and tuner 

5 to 10 watts 

Type N for usa  with 50-ohm 
p lug UG-21B/U or e quivalent 

2 lb 

Any 

Shortene d medium she l l ,  
o c t al �  8-pin 

Small Cl ... l 

6.3v ,  a c  or de 

2 . 0  amp 

1 , 000 v 

220 ma 

220 w 

-350 v to  -1 , 000 vdc 
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TABLE I ( continue d )  

Spe c ific charactari s ti c  
or feature 

Maximum oper ating 
temper ature or base  

Maximum operating 
temperature or shell 

Cooling required 

Bas e  and other 
connec ti ons 

Specific ati ons 

For ced  air � 50 cub i c  feet  
per minute minimum 

1 .  Internal conne c t i on 
2 o  Heat er 
3 o  Internal connec ti on 
4 o  Internal  c onne c tion 
5 o  C ontrol  electrode 
6 o  Internal conne c ti on 
7o  Heater and c athode 
So He �t.er and cathode 
Top cap-refle ctor 
Envelope-r e sonator 
Side terminal-output 
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FIGURE 58 

THE KLYSTRON CHASSIS AND METER PANEL 



Symb ol  

MA 

MOT 

150 

TABLE I I  

SPEC IFICATIONS OF THE COMPONENTS ON THE 
KLYSTRON C HASS IS AND THE METER PANEL 

Component 

Fus e 

Contac ts  on RY1 

Klys tron 

Milliammeter 

Blower 

Plug 

Pilot lamp 

Relay 

Toggle swit ch 

Filament transformer 

Voltmeter 

Voltmeter 

Sp ecific ations 

3AG 3 amp 

Open when r e lay is not 
energi zed  

Sperry Rand Corporation 
SRL-7C 

0�500 ma 

115 vac motor 50 cfm 
blower 

Standard 115 vac 

6 . 3 v, 0 . 15 amp 

18 vac coil  

SPST 

Secondary Windings : 
1 .  6 . 3  v ,  9 amp 
2 .  6 . 3  v ,  0 . 6  amp 
3 .  6 . 3  v ,  0 . 6  amp 

0-lp OOO vdc 

0-19 500 vdc 
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AC O U T 

FIGURE 59 

THE VARIAC C IRCUIT 



Symb o l  

Fl 

Lj_ 
PL1 

81 

TABLE III 

S PEC IFICATIONS OF THE C OMPONENTS 
OF THE VARIAC C IRCUIT 

C omponent Spe c if i cations 

Fuse 3AGD 7i amp 

Variac 115 v �  5 amp 

Pi lot lamp 115 V g  s crew base 

Switch SPST 
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TABLE IV 

SPEC IFICATIONS OF THE COMPONENTS OF THE UNREGULATED 
SUPPLY OF THE KLYSTRON BEAM POWER SUPPLY 

Symbol Component 

C1 9  C2 F ilter capacitor 

P1 Fus e 

F2 Fus e  

K1 .Re l ay c ontacts  on RY1 

Ll a � Fi lter induc tance 

PL1 , PL2 Pi lot lamp 

R1 Re s i s tor 

RY1 Relay 

S1 ,  S2 Toggle switch 

T1 Plate  transformer 

• 

. 

Spec ifi cations 

2 mfd9 3 9 000 wv dc 9  
o i l-fil l e d ,  paper 
di electr i c  

3AG 4 amp 

3AG 10 amp 

Open when relay i s  not 
ener gi z e d ,  20 amp c ontact  
rating 

UTC C G  102 ,  12 h,  250 rna , 
3 , 000 vdc insulati on 

115 vdc ma.!J.e re.c-e s sed 
into cha s s � s  

115 v s crew b as e  

100 9000 ohm, 100 w 

Potter and Brum£1eld 
Type PR3AY 

S PST 

Secondary winding 
3 , 000-29 500-0-2 ,00-3 9 000 
vac 

Filament tr ansformer UTC S�57 , Secondary wind­
ing 2 . 5  v , C . T . , 10 amp , 
10 , 000 vdc insulation 

Mercury vapor rectifier Type 866A 
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Symb o l  

c3 , c4 , 
c 5 

Fl 

p
l 

PL1 

Rl ,  R2 , 
R3 

R4 , R5 , 
R6 

R7 

R8 , R9 , 
RlO ' 

R
l l  

R12 

R13 , R14 

R15 

Rl6 
sl 

156 

TABLE V 

S PEC IFICATIONS OF COMPONENTS OF REGULATOR 
FOR KLYSTRON BEAM POWER SUP PLY 

Component 

C apaci tor 

Capac itor 

Fus e 

Plug 

Pi lot lamp 

Resis tor 

Re s i s tor 

Re si s tor 

Re s i s tor 

Re s i s tor 

Re s istor 

Var i able r e s i s tor 

Re s i s tor 

Toggle Switch 

Filament tr ansformer 

Sp e c if i c ations 

0 . 02 mf d ,  600 wvdc , paper 
di e l e c tr i c  

0 . 05 mfd ,  600 wvdc , p ap er 
di e l e c tr i c  

3AG 3 amp 

Standar d 115 v ac male 

6 . 3  v, 0 . 15 amp 

1 , 000 ohm, 10 w ,  wir e ­
wound 

100 ohm, 1 w ,  c arbon 

100, 000 ohm, 1 w, c arbon 

15, 000 ohm, 2 w c arbon 

500 , 000 ohm, 2 w, c arbon 

1 megohm, 1 w, c arbon 

500 , 000 ohmi wirewound 

680 , 000 ohm, 2 w, c arbon 

S PST 

S e c ondary wi ndings : 
( 1 )  6 . 3  V g  9 . 0  amp 
( 2 ) 6 . 3  v ,  0 . 6  amp 
( 3 ) 6 . 3  v ,  0 . 6  amp 
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TABLE V ( continued )  

Symbol Component Spe c ific at ions 

vl , v2 , Vacuum tube Type 1625 
v3 

v4 Volt age regulator Type VR-105 
tube 

v5 Voltage regulator Type VR-150 
tube 

Ve Vacuum tube Type 807 

v7 � Ve , Voltage r egulator Type VR-150 
Vg tube 

· - -
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Symb o l  

TABLE V I  

S PEC IFICATIONS OF COMPONENTS OF 
KLYSTRON REPELLER SUPPLY 

Component Specificat ions 
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--------------------------------·--------�----- ------------

c4 , c 5 , 
c 6 P c7 , 
c 8 , Cg 
Fl 

Ll , L2 
p

l 

PL1 

Rl 

Filter c apacitor 

Fi lter capaci tor 

C ap ac itor 

Fus e  

Filt er induc t anc e 

Plug 

Pi lot l amp 

Re s i s tor 

Pot entiome ter 

Toggle swi tch 

Rotar y  swit ch 

Power transformer 

5 mf d p  2 p 000 wvdc i o i l� 
fi lled pap er di e l e c tr i c  

2 mfd a 2 9 000 wvdc j o i l ­
fi lled paper di e le c tr i c  

O o 02 mfd »  600 wvdc , 
p ap er diele c tr i c  

3AG 3 amp 

UTC HC 117 

Standard 115 vac male 

6 o 3  v� 0 . 15 amp 

20 � 000 ohm, 20 w ,  
wirewound 

Mallory El50 MP 

SPST 

Two p o le , six p o s i tion 

Se condary windings : 
( 1 )  750 vac C T ,  0 . 110 amp 
( 2 ) 5 vac , 3 . 0  amp 
( 3 )  6 . 3  vac , 3 . 0  amp 

V acuum tuba Type 5R4GY 

Voltage regul ator tub a  Type VR-150 
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FIGURE 63 

ELECTRICAL CIRC UIT OF THE TIMER 



Symbol 

pl 

Jl 

MOT 

pl 

PL1 

sl 

s2 

s3 

TABLE VII 

S PEC IFICATIONS OF THE T IMER C OMPONENTS 

C omponent 

Fuse 

Microphone j ack 

Motor 

Plug 

Pilot  lamp 

Toggle s wi tch 

Micro switoh 

Toggle switch 

Spe c ifications 

3AG l/2 amp 

Open c ircuit 

110 vac [l 1/3 R PH 

110 v ac 
. 

110 v �  screw b as e  

SPST 

S PST 

S PST 
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TABLE VIII 

S PEC IFICATIONS OF C OMPONENTS OF CAMERA POWER SUPPLY 

Symbol Component 

C 3  C ap ac itor 

C 4 C apacitor 

C5 C ap a o ito� 

Cs  C apac ito� 

C 7 Cap ac itor 

o8 C apac i tor 

c 9 Capac i tor 

C 10 ' C 11 C apacitor 

C 12 C ap a c itor 

C 13 C ap ac itor 

C 14 C apac itor 

C 15 C ap ac i tor 

Spe c if i c at ions 

0 . 0007 5 mf d p  400 wvdo � mi c a  
d i e l e c tr i c  

o . l mfd 6 600 wvdc , p ap er 
d i e le c tri c 

0 . 00007 mf'd � 400 wvdo , mi c a  
c:U e le c tr 1 c  

o . l  mf'd ,  e o o  wv do , p aper 
di e le c tr i c  

0 , 03 mf'd � eoo wvdc , p ap er 
diele c tr i c  

4 , 0  mfd ,  280 wv dc g e l e o tr o ­
lrt io 

0 , 001 mf d ,  1 � 000 wv do , pap er 
d i e le c tr i c  

0 . 000047 mfd i 400 wvdc , mi c a  
diele c tr i c  

0 . 00007 mfd, 400 wvdc p mi c a  
diele c tr i c  

0 . 01 mfd p  600 wv dO p p ap er 
die le c tr i c  

4 . 0  mfd p  2 5 0  wv dc , e le c tro•  
lrt i c  

0 . 1  mfd, 600 wvdo , p aper 
d i e le c tr i c  

30 , 0  mt d ,  4 50 wvdc � e le c tro­
lrt io 
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TABLE VIII { cont inued ) 

Symbol Component Spe c if i c ati ons 
--------------------------------------------------------

C apaci tor 

C apaci tor 

C apacitor 

C apaoi tor 

C ap ac!  tor 

C apac! tor 

Re c t if ier 

Pue e 

Fue e 

Mi crophone jack 

Re lay cont a c t s  

C ont ac ts 

Noi s e  filter 
induc tanc e 

Filter ohoke 

0 . 000039 mfd 9  400 wvdc » 
mi c a  di e l e c tr i c  

o . oo0047 mf d,  400 wvdc , 
mi c a  di e l e c tr i c  

O , Ol mfd ,  400 wvdc , p aper 
di e l e c tr i c  

30 , 0  mf d ,  4 5 0  wvdo , ele c tro­
lytic  

s . o  mfd,  47 5 wvdc , ele c tro­
lytic  

0 . 01 mfd ,  600 wvdc , paper 
die le c tr i c  

1N34 Germanium diode 

3AG lt amp 

3AG 3 amp 

C lo s ed circui t used as open 
c i r cui t 

Cont a c t s  on relay RY1 , 
normally open 

Custom made , plac ed on shaft 
or motor armature 

100 turns or #30 wire wound 
on re s i s tor with r e s i s tanc e 
or 100 ohm 

lO hy , 150 ma 
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TABLE VIII ( continued )  

Symbol  Component Sp e c :U'ications 

MOT Motor 24 volt de motor in gunsi ght 
c amer a 

pl C onne ctor 115 v a c  s t andar d  male plug 

�" p� Pilot lamp 6 . 3  V p  0 . 15 amp 

Rl Re s i s tor 3 megohm11 1 w , c arbon 

R2 R e s i s tor 10 megohm51 1 w ll  c arbon 

R 3 Re si stor 330 .9 000 ohm.9 1 W p  c arbon 

R4 R e s i s tor 100 , 000 ohmg 1 w i� c arbon 

R5 R e s i s tor 180 .9 000 Ohmp 2 w 9  c arbon 

Rs R e s i s tor 68 D Q00 Ohmp 2 W j  c arbon 

R7 R e s i s tor 1 .�� 800 ohm� 1 w ,  c arbon 

R8 R e s i s tor 33p OOO ohm, 2 w ,  carbon 

Rg R es is tor 1 megohm9 1 w51  c arbon 

R1o Re si s t or 18,p 000 ohm.�� 2 W 11 carbon 

R11 Re s i s tor 330 � 000 ohm.�� 2 w 9 c arbon 

R12 Re s i s tor l50 g 000 Ohm 51 2 W p c arbon 

R13 R e s i s tor 1 me gohm, 1 w »  c arbon 

R14 R e s i s tor l megohmj l W g  c arbon 

R1 5 '  R16 Re s i s t or 100!1 000 ohm�� 1 w , c arbon 

R17 P  R19 Re s istor 330 g 000 Ohm 9 1 w ,  c arbon 

R19 R e s is tor 10 , 000 Ohmp 2 w 11  c arbon 
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TABLE VIII ( c ontinue d ) 

S3'1T1bol Component Spe cifi cations 

R2o Re s i s tor lO megohmp 1 W p  c arbon 

R21 Re s i s t or 7 9 500 ohm,, 10 W :� wirewound 

R22 Resi s tor 2011 000 ohm" 5 W I> wirewound 

R23 Potentiometer 20 ohm» General Radi.o 
Model 301 

R24 R e s i stor se ohm,�� 1 w p  carbon 

R25 Res i stor 16 11 000 ohm, 1 w , carbon 

R2e Re s is tor 330 1 000 ohm51 2 w , c arbon 

R27 Re .!li s t or 1 5 1J OOO ohm, 2 w ,9 c arbon 

R28 Re s is tor l p OOO Ohmp 1 w � c arbon 

R29 Resis tor 10 megohm.Q 2 W g  c arbon 

R3o R e s i s tor 56J) OOO Ohm11 2 w 9 c arbon 

R31 Re si stor so .�� ooo ohm11 10 w , wirewound 

R32 Resis tor 330, 000 ohm11 1 w),l c arbon 

R33 Res istor 10.? 000 Ohm9 2 w »  c arbon 

R34 Resi s tor 1 meg9 1 w[l c arbon 

R35 Res i stor 10� 000 ohm9 2 w9  c arbon 

R35 Res i s tor 220p 000 ohm.? 1 Ws c arbon 

R37 Res i s tor 180 p 000 ohm.9 1 W p  c arbon 

R3e Res i stor 10, 000 ohm.� 2 WSJ c arbon 

R39 Resi s tor 10.!) 000 Ohm..o 20 w9  wirewound 



Symbo l 

T4 

v1 

v2 
v3 

v4 

v5 
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TABLE VIII ( cont inued)  

C omponent 

R e s i s to:r 

Relay 

Moment a:ry-contact 
SWi toh 

Toggle swi toh of 
whi ch S2� and s2B are s e o �!"ons 

Toggle swi t ch 

Trans.fo:rmer 

Trans former 

Power tr ansformer 
with windings 
l i s ted 

Filament 
transforme:r 

V acuum tube 

V acuum tube 

Vacuum tube  

Vacuum tube 

Vacuum tube 

Spe cifications 

5 � 000 ohm, 5 w ,  wi:rewound 

C lair e re layg 10 , 000 ohm 
r e s i s tance 

Push but ton type , one s e c tion 
or a swi toh with s everal 
s ections 

DPST 

SPST 

p - Primary,  115 v i  1 . 05 amp , 
60 cps 
w1 - 750 vac o enter -tapp ed$  
O o llO amp 
w2 - 5 vac 3 . 0  amp 
W3 - 6 . 3  v ac 3 . 0  amp 
w4 - 6 . 3  vac 0 . 7  amp 

6 . 3  vac 6 . 0  amp 

Type 1852 

Type 6SL?' 

Type 6H6 

Type 6SN7 

Type 6SL7 
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TABLE VIII ( continued )  

Symbol Component Sp e c i f i c ations 

Vs Gas -f ille d Type 2050 
Thyratron 

v7 V acuum tube Type 6SL7 

va Vacuum tub e  Type 6SN7 

Vg Vacuum tube Type 5R4GY 

v1o , vll Gas-filled volt- Type VR-150 
age regulator 



Fl r, o, D2 P L1 

p1 

p3 

• 

FIGURE 6 6  

T HE  ELECTRONIC FLASH UNIT 

v, 

1 2 

,...... -J 
0 



1.71 

TABLE IX 

SPEC IFICATIONS OF COMPONENTS OF THE ELECTRONIC FLASH UNIT 

Symbol 

F
l 

Jl 
pl 
p

2 

p3 

PI;_ 
Rl 

R2" R3 

s
l 

Tl 
v l  

Component 

C apaoi  tor 

C apacitor 

C ap ac i tor 

R e ctifier 

Fus e 

Phone Jack 

Plug 

C onne ctor 

Conne c tor 

Pi lot lamp 

Re s 1. s tor 

R e s i stor 

Toggle swi t ch 

Transformer 

Photoflash tube 

Sp ec1!'1oat iona 

Sprague Type FF····l 52o mf'd"  
4 50 wvdc � e l e c trolyt i c  

O o 25 mf' d �  600 wvdc p p ap er 
diele c tr i c  

O o 05 mfd , 400 wvdc , pap er 
diele c tri c 

Ra dio Receptor Co o ,  Inc . 
Type l6Yl , 20 ma , 260 vac , 
s e lenium 

3AG 2 amp 

Open-circuit 

115 vac s t andard male 

Jones type , 3 prong female 

Jone s type , 3 prong male 

Neon bulb type NE5l 

2 , 200 ohmp l w »  c arbon 

3 o 3  megohm� 1 w,  c arbon 

SPST 

S t ancor Mode l P-6425 

Kemlite Laboratories  Type DX 
with internal trigger coi1  
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