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Propagation of Electromagnetic Waves in a Space Charge
 
Rotating in a Magnetic Field
 

JOHN r. BLEWETT, Research Laboratory, 

AND 

SIMON RAMO, General Engineering Laboratory, General Electric Company, Schenectady, New York 
(Received Augu~t lO, 1941) 

A theoretical discussion is presented of the tr.ur-mi-esion of electromagnetic waves of the 
symmetrical, transverse magnetic type by a space ..h,lrl{e of uniform density rotating under 
the influence o~ a ~~iform.,magnctic field. It is shown that the space charge' presents to the 
wave an c.lTcctlV.e dielectric constant less than unity. By appropriate choices of magnetic 
field, the dielectric constant can be reduced to zero and can even become negative, so that the 
wave undergoes attenuation as it passes through the .space charge. Experiments are described 
on the control of the propagation constants of 470-megacyclc waves by variation of the di­
cl~ctric constant. of the r~ta.ting space charge medium. The results obtained are in agreement 
with the theoretical predictions, 

INTRODUCTIO:-J 

THIS paper presents the results of a theo­
retical and experimental study of the trans­

mission characteristics of a uniform space charge 
rotating under the influence of a radial electric 
field and a uniform magnetic field. In a recent 
paper,' the authors presented a more general 
discussion of the high frequency behavior theo­
retically possible in such a space-charge medi um. 
Normal modes of oscillation of such a space 
charge were deduced subject to various boundary 
conditions. The correspondence between the fre­
quencies obtained with the observed frequencies 
of oscillation of the magnetron in the so-called 
"electronic mode" of oscillation, indicates that 
this discussion applies to this type of magnetron 
oscillation. 

Also, close correspondence was found between 
the space-charge solutions and the solution of 
Maxwell's equations in free space.! The present 
study deals entirely with the propagation of 
waves of the transverse magnetic type having 
symmetry about the axis of rotation; these 
include the principal wave of the ordinary 
transmission line type and also, the comple­
mentary or hyperfrequency Eo type. 

A simplified discussion of the theory is first 
given. It is shown that the d.c, condition of a 
space charge of uniform density and constant 

I J. r. Blewett and S. Ramo, Phys. Rev. 57, 635 (1940). 
• Cf. J. R. Carson, S. P. Mead, and S. A. Schelkunoff 

Bell Sys. Tech. J. 15, 310 (1936). ' 

angular velocity in a uniform axial magnetic 
field and a radial electric field is consistent with 
the equations of motion and the field equations. 
Then, directly, from Maxwell's equations, it is 
seen that a symmetrical transverse magnetic 
wave of small amplitude will propagate in such 
a medium with the same distribution and velocitv 
as in a free dielectric having a dielectric constant 
which is less than unity by a quantity propor­
tional to the square of the magnetic field strength 
and inversely proportional to the square of the 
frequency. This effective dielectric constant may 
be reduced to zero or even become negative; for 
a magnetic field of 250 gauss, the dielectric con­
stant passes through zero at 500 megacycles. 
As a medium for the propagation of waves, the 
variable dielectric permits control of phase 
velocity or propagation constant from near that 
of vacuum to imaginary values corresponding to 
exponential attenuations. 

The experiments consisted in making the 
region of electronic dielectric a part of the 
dielectric of a coaxial transmission line. The 
inner conductor of the line served for part of its 
length as the cathode and the outer conductor 
as the anode. With loose coupling from an 
oscillator of fixed frequency to a section of tuned 
"electronic" transmission line, the shift in tuning 
point of a shorting disk on the line was observed 
for different values of the space charge param­
eters: The results obtained were in good agree­
ment with the theoretical predictions. 
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The results suggest that a tube of the mag­
netron type might prove useful as a reactance 
tube in the ultra-high frequency range where 
distributed rather than Jumped impedances are 
needed. The rotating space charge is of extremely 
high density, so as to give marked effects, with 
practically no current flow in the tube. 

THEORY 

The solution of the d.c, field and force equa­
tions presented in the previous paper! was the 

~ . 
same as that presented by A. W. Hull an 1924.' 
The charge density is given by 

(1) 

where H o is the magnetic field strength, e and m 
are the charge and mass of the electron, c is the 
velocity of light. The angular velocity of the 
space charge is also constant and is given by 

no= elIo/ 2 me. (2) 

On this d.c, condition we superimpose a 
traveling wave in the axial or % direction, having 
electric field components in the Ii and r directions 
and a magnetic field component in the 8 di­
rection. This is the familiar transverse- magnetic 
wave. 

If the field components are 

II,e'(",'h.), 

the charge density is po+Plei("'I+~·) and the 
electron velocities are 

in rational units; and if the a.c. components are 
small compared with the d.c, components, then 
from the force equations, the following' relation!" 
exist between fields and velocities: 

e ( lIot,,)
iwv,-2nov, = m Er+--~- - , I)' 

"A. W. Hull, Phys. Rev. 23,112 (1924). 
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(4) 

e 
iwv.=-E•. (5) 

m 

Substituting in (.1) from (2), 

e 
iwvr=-Er. (3') 

m 
so that 

_ e 'I 

v=-E. (6) 
smw 

From the continuity condition 

ap 
--=V'(pii)

at 
or (7) 

PI = (epo/mw2)V ·E . 

We now substitute for ii and Pl in Maxwell's 
equations 

to obtain 

v·R=o 
V·E=p 

_ 1 aE 1 
VXIl=--+-(p;:) (8) 

c at c
 

1 all
 
t'xR= --­

c ,1t 

(9) 

1 «n 
t'xt·;= - --- . j

c at 

But these an' the sallie as the equations for 
the propag-ation of waves through a dick-ctric 
medium of dielectric constant 

=1- 1.55X IOI~JIo2/W2 

= 1- (HI/lS,lOOp. 
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Thus it is evident that the rotating space 
charge will transmit transverse magnetic waves 
as though its dielectric constant were less than 
unity. This dielectric constant may be reduced 
to zero; for instance. at a frequency of 500 
megacycles, the dielectric constant will disappear 
for a magnetic field of about 250 gauss. Higher 
fields will cause the dielectric constant to be­
come negative. This reversal of sign of the 
dielectric constant will result in a change from 
real to imaginary values of the propagation 
constant v- The product i'Y will become real and 
negative and the wave witl attenuate as it 
travels through the space charge. 

If a region of dielectric constant e is inserted 
in a tuned transmission line and the line is again 
tuned to resonance, the new length will be V E 

times the original length, The change in length 
will be proportional to (1- Ve). This conclusion 
lends itself to experimental verification. 

Experiments 

The principle of operation is illustrated by 
Fig. 1, which represents an ordinary coaxial 
transmission line along part of whose length a 
rotating space charge is maintained. This is 
accomplished by making a tube of the mag­
netron type part of the line so that the cathode 
becomes a section of the inner conductor and 
the anode is sufficiently tightly coupled by 
capacity to the outer cylinder that it may be 
considered a part of the outer conductor of the 
line. A uniform magnetic field is maintained by a 
solenoid outside the line. The filament current 
of the magnetron is carried by the axial con­
ductor, which is maintained at the required 
negative d.c, potential with respect to the outer 
conductor. The inner conductor is contained in 
a glass tube (not shown) for insulation, and 
tuning is accomplished by sliding a close fitting 

FiI.",.nt .Tra••tor... 
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'"ortlno Dllf( 

I 

FIG. 1. 

tube, A, over the glass tubing. This tube is 
attached to a shorting disk of conventional 
design, making the ensemble a tuned line. 
A vacuum tube voltmeter lis located between the 
signal source and the magnetron tube in the 
region whose standing wave pattern should be 
unaffected by the operation of the tube and 
serves as a probe to indicate resonance of the 
line. For convenience in assembling, the outer 
conductor, in one case, was split up into semi­
cylinders which were bolted together after the 
tube and inner conductor were in place. The 
outer conductor of another experimental line 
consisted of a set of telescoping tubes. 
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FIG. 2. 

The tubes tested had anodes 6-10 cm long 
and 2-3 em in diameter. The filaments were 
10-mil tungsten wire. It was found that the 
spiral springs, which are usually included to 
maintain the tension of 'the filament, presented 
undesirable impedance effects, so the filaments 
were supported by molybdenum "zig-zag" springs 
of the type described by Tawney.( 

The signal frequency was 470 megacycles. The 
line was sufficiently loosely coupled to the signal 
generator that variations in the properties of the 
line had no perceptible effect on signal frequency. 

When the filament of the tube was heated, 
some decrease in maximum probe reading was 

• G. L. Tawney, Rev. Sci. Inst, 10, 152 (1939). 
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noted, presumably because of the increased re­
sistance introduced in the inner conductor of the 
line. 

The position of the shorting disk for reso­
nance of the line was now measured as a function 
of magnetic field, anode voltage, and position of 
the tube with respect to the standing wave 
pattern of the line. 

Figure 2 represents the spift in tuning point 
as a function of magnetic field. For this measure­
ment, a constant ratio was maintained between 
the anode voltage and the square root of the 
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FIG. 3. 

magnetic field so that the radius of the rotating 
space charge remained constant. The solid line is 
a plot of the theoretically expected function 
L(l- (1-1.55 X 1014H2/Cd2)I) where L is the effec­
tive length of the space charge. Since end effects 
make it difficult to estimate this length, the 
ordinate of the curve was fitted at one point to 
the. experimental relation. The maximum shift 
occurred at the field for which the theory pre­
dicts zero dielectric constant. No measurements 
could be made at higher fields because of the 
high attenuation of the wave as expected for 
negative dielectric constant. Due, presumably, to 
the non-uniformity of this structure, attenuation 
set in somewhat before the maximum shift in 
tuning point occurred. 

Figure 3 represents the shift in tuning point 
with applied anode voltage. The magnetic field 
was held for these measurements at 225 gauss, 
approximately the field which gives zero di­
electric constant. The voltage was increased 
from zero to the cut-off voltage of about 2200 
volts, at which time the tube begins to pass 
appreciable current. As will be seen from Fig. 3, 
almost' the whole shift takes place in the first 
200 volts. This effect is to be expected, since 
even a very thin region of zero dielectric constant 
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between the plates of a condenser will reduce its 
capacity to zero. 

Figure 4 is a plot of shift in tuning point as 
the tube was moved with respect to the standing 
wave pattern of the transmission line. It is to be 
expected that the effect will be a maximum at a 
voltage loop, where the line is primarily a 
capacity; and a minimum at a voltage node, 
where the line is primarily inductive. This 
effect was observed as shown in Fig. 4. The 
asymmetry of the peak is again to be attributed 
to the combined effects of the asymmetry of 
construction and discontinuities introduced by 
the structure of the magnetron tube. 

Application 

The results presented above, besides sup­
porting the theoretical predictions, suggest that 
a tube of the magnetron type may be very useful 
as a reactance tube at ultra-high frequencies. 
The use of an electron tube as a reactance is. 
of course, an established practice at low fre­
quencies. In the ultra-high frequency range, 
however, conventional tubes possess undesirable 
transit time effects and interelectrode coupling. 
In addition, it is not practical to main tain in 
an electrostatic tube, a space charge sufficiently 
dense to modify, appreciably, the dielectric char­
acteristics of the intcrelectrode space. The ro-
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FIG. 4. 

tating space charge docs not appear to han­
these limitations. Construction of a practical 
reactance tube 'utilizing- such a space charg-e will. 
of course, require further study to determine the 
structure which COlli hines the high theoretical 
reactance with the lowest possible losses in the 
t ulx- components. 
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41. A Large Recording Spectrograph for the Infra-Red 
to ISlA. E. n, :\IC:\L1STER,' G. L. MATHESON, AND W. J. 
SWEE~EV, Standard Oil Development Company.-An infra­
red 'r)('ctro~raph that will be of most practical value in 
indust rr.rl work must provide the highest resolution con­
sistr-nr \\ ,I II a wide wave-length range. These considerations 
led t" llie ,"nstruction of a Littrow instrument employing a 
lar~l' prj-m of "artificial" rocksalt (base dimension equiva­
Ipnt to 30 centimeters). A resolving power equal to the 
the""·ti,,t1 limit of the prism was achieved for all wave­
l<'II~IIi, Rreater than 2.51" (6 cru", 1 em"! and 0.3 crn? at 
27.6. and 141", respectively). The irnprovenients in detail 
III" ('"",,' for this practical balance between prism size, 
aperture and sensitivity of detection are described. The 
instrument is very useful in the visible and ultraviolet 
regions, .rlthough a perceptible inhomogeneity in refractive 
index "f the prism material (probably due to strain) 
prevents a tta inmrnt of the theoretical resolution here. 

I Con-<j!l.u:l irOlll tl.. <unthsonian Instit ution. 

42. Radiant Energy Measurements with Thermopiles. 
N. C. BEESE, lVestinghou.\c Ln"lp Division. -The ultra­
violet energy from -evcral mPIrury vapor lamps was 
measured by the use of thermopiles and fillers. It was dis­
covered that lower values were always obtained when the 
thermopiles were evacuated than when they were filled 
with air. The difference was of the order of 20 to 40 percent. 
A possible explanation is that the carbon coating on the 
thermopile surface passes the radiations from the Standard 
lamp, chiefly infra-red, to the thermal junctions whether 
the thermopile is evacuated or filled with air. Ultraviolet 
radiations on the other hand an absorbed by the outer 
surface layers and the energy is transmitted to the active 
thermal junctions by conduction through the lower layers 
of carbon particles and by the gas molecules in the porous 
layer of soot. \Vhen evacuated, the effect of the gas mole­
cules in transferring energy through the coating is lost, 
and so causes a reading that is too low. 

43. Dielectric Constant of a Space Charge Rotating in 
a Magnetic Field. JOHN P. BLEWETT AND SIMON RAMO, 
General Electric Company.-In a recent paper in the 
Physical Review,' the authors presented a theoretical dis­
cussion of the behavior of a space charge of uniform 
density rotating under the influence of a uniform mag­
netic field. The solutions of the field and force equations 
were found to be somewhat similar to the free space wave 
guide solutions. In particular, it was noted that the space 
charge behaves toward an Eo type wave as though it were 
a medium whose dielectric constant is less than unity by 
an amount depending on magnetic field and frequency. 
For convenient values of magnetic field and frequency, 
this dielectric constant may easily become zero, or even 
attain negative values. An experimental study of this 
phenomenon for a frequency of 470 Me and magnetic 
fields of a few hundred gauss gives results in agreement 
with the theoretical predictions. 

1 Pnvs. Rev. 57, 635 (1940). 

44. Detennination of Diffusion Coefficients. R. T 
ELLICKSON AND B. SERIN, Polytechnic Institute of Brooklyn 
-In a paper presented elsewhere! the following equation 
was derived from Fick's law and shown to apply to 
diffusion in a slab of thickness L; 

exp [-n2tr2Dt/V]' 

n odd 
1-a=8/,.-2 ~ (I/n2) 

where a is the fraction of the diffusion process completed at 
time t and D the diffusion coefficient. It is clear that for 
large values of t all terms in the sum are negligible com­
pared with the first, and a plot of log (1- a) against t 
yields a straight line with slope proportional to D. The 
higher terms can be neglected for values of t corresponding 
to a? 0.3. However, many experiments do not yield values 
of a greater than 0.3. A method will be described which 
gives a value of D for each experimentally determined 
value of a, regardless of the magnitude of a. The method 
will be applied to various diffusion data. 

l R. Ellickson and R. Ward. St. Louis Meeting or Am. Chern. Soc .. 
April. 1941. 

4S. Molybdenite as a New Lubricant. M. E. BELL AND 

J. H. FINDLAY, Westinghouse Lamp Division, Westinghouse 
Electric & Manufacturing Company.-In designing a 
bearing for a rotating anode x-ray tube, oils and greases 
were discarded on account of their high vapor pressures. 
All tubes containing these substances ultimately became 
gassy. Unlubricated ball bearings made of tool steel were 
tried with only fair results. Experiments indicated that 
when metal bearing surfaces are thoroughly cleaned, out­
gassed and used in a vacuum, welding action occurs be­
tween adjacent rolling or sliding surfaces. Successive welds 
and breaks roughen the surfaces and soon create high 
friction. The need for a good lubricant with a low vapor 
pressure and high chemical stability became apparent. 
Molybdenite was chosen for tests because of its laminar 
crystal structure. Each lamina consists of a layer of 
molybdenum atoms with a layer of sulphur atoms on each 
side. One of these lamina adheres strongly to a metallic 
surface because ,of a strong metal-sulphur bond. Lamina 
on adjacent metal surfaces slip easily over each other •• 
because of the weakness of the sulphur to sulphur bond. 
Bearings in a vacuum coated with molybdenite have 
operated extremely well. The use of molybdenite as a 
lubricant is not necessarily restricted to a vacuum. 

46. On the Silicon Oxide Bands. L. H. WOODS, Univer­
sityof Chicago. (Introduced by S. MrozOwski.)-Pankhurst l 

has described shortly a band spectrum believed by him to 
belong to an oxide of silicon, possibly SiO I • A better excita­
tion of the same bands has been obtained from a similar 
source (a high voltage uncondensed discharge through a 
constriction in a quartz tube), but in an atmosphere of 
helium instead of hydrogen. These bands have been 
photographed on the 30-foot, 30,000 lines/inch grating 
spectrograph. A band around >,3840 has been resolved in 
the first and second order and Ioundto be a (0,0) transition 
(overlapped by a weak 1,1 band) of the type 1],;-'2; with 
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