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United States Patent Office 2,743,322 
Patented Apr. 24, 1956 

2,743,322 
SOLID STATE AMPLFER 

John R. Pierce, Berkeley Heights, and Harry Suhl, New 
ark, N.J., assignors to Bell Telephone Laboratories, 
Incorporated, New York, N.Y., a corporation of New York 

Application November 29, 1952, Serial No. 323,330 
15 Claims. (C. 179-171) 

This invention relates to electronic apparatus, and 
more particularly to such apparatus which employs the 
interaction between a flow of charges in a solid and an electromagnetic wave. 
There has been developed recently a class of devices, 

now generally designated as traveling wave tubes, which 
employ the interaction between a stream of electrons 
and an electromagnetic wave over a plurality of operat 
ing wavelengths to secure amplification of the electro 
magnetic wave. The traveling wave tube can be de 
scribed as a vacuum tube in which a wave transmission 
circuit propagates an electromagnetic wave therethrough 
at velocities slower than the velocity of light and an 
electron stream is projected through the electromag 
netic field of the traveling wave. By proper adjust 
ment of the velocities of the propagated wave and the 
electron stream, the two can be made to interact in a 
manner to provide gain to the wave. 

itherto, the usefulness of such devices has, to a con 
siderable extent, been reduced by the various problems 
associated with the production of high density electron 
streams in a vacuum. 
One object of the invention is to eliminate the need 

of electron streams in a vacuum in devices of this kind, 
and to provide thereby a novel form of solid state travel ing wave amplifier. 
To this end, the invention provides a device which 

employs the interaction between an electromagnetic 
wave and a flow of charges in a solid for amplification 
of the electromagnetic wave. Such a device might be 
designated a "solid state traveling wave amplifier.' It 
is important in devices of this kind to employ a solid 
which is characterized by a high degree of charge mo 
bility. Typical of such solids are semiconductors such 
as germanium and silicon, in a certain sense the metal 
bismuth, and ferrites operated near magnetic resonance. 

In the operation of such devices, the flow of charges 
is made to transfer power to the electromagnetic wave 
in a manner analogous to the operation of convention 
al traveling wave tubes. For this purpose, there are 
utilized magneto-optic effects, such as the Hall and mag 
neto-resistive effects which result from the interaction 
of A-C. magnetic or electric fields with D.-C. mag 
netic or electric fields in the solid. As is well known, 
the Hall effect is the effect which results in a current 
flow in a solid along one of three mutually perpendicu 
lar axes in proportion to a current flow and a magnetic 
field along the other two, and the magneto-resistive 
effect is the effect which results in a current flow in a 
solid along a first axis in proportion to a magnetic field 
along this axis and a magnetic field and current flow 
along an axis perpendicular to the first axis. In devices 
in accordance with the invention, the magnetic field of 
the electromagnetic wave is made to set up magneto 
optic currents in the solid which flow in a direction op 
posite to the conduction currents set up by the electric 
field of the electromagnetic wave. By making these 
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2 
magneto-optic currents exceed the conduction currents, 
there can be effected a power transfer from the flow 
of charges to the electromagnetic wave. 
The invention will be more fully understood from the 

following more detailed description taken in conjunc 
tion with the accompanying drawings in which: 

Fig. 1 is a vector diagram of the various field and 
current relationships desired in a solid state amplifier 
in accordance with the invention which employs the 
Hall effect to secure gain; 

Figs. 2 through 5 show schematically various illus 
trative embodiments of the invention utilizing the Hall. 
effect; 

Fig. 6 is a vector diagram illustrating the current and 
field relationships desired for a solid state amplifier in 
accordance with the invention which employs the mag 
neto-resistive effect to secure gain; and 

Figs. 7, 8 and 9 show schematically various solid state 
amplifiers in accordance with the invention which utilize the magneto-resistive effect. 

Before discussing specific embodiments of the inven 
tion, it will be helpful to develop some general prin 
ciples. It will be convenient at this point to confine 
the analysis to the case in which the Hall effect of the 
various magneto-optic properties of a solid will be uti 
lized in securing amplification of a wave which prop 
agates along a wave circuit in coupling relation with the 
flow of charges in the solid. 
To derive such amplification, it is obvious that there 

must be a continuous flow of power out of at least some 
elements of the solid and into the wave circuit. There 
is such a power flow if the real part of the divergence 
of the Poynting vector is positive. 

In the following analysis M. K. S. units are used and 
it is assumed that all field quantities contain a factor 

ejot 

aid, accordingly, in the interest of simplicity, it is con 
venient to omit this expression in the equations which 
follow. E and H are taken as representing root mean 
square values of the total electric and magnetic field 
strength, respectively, in the region of interest. Let Eo 
be the D.-C. field applied to a solid characterized by a 
dielectric coefficient e, a permeability coefficient u, a 
conductivity G, and a Hall effect coefficient a. 

Let the Poynting vector be called P. Then by defi. 
nition, 

Div P-div (EXH*) 
where the asterisk denotes the complex conjugate. Then by expansion, 

Div P= H. curl E-E. curl H* -(1) 
In a mediun which exhibits Hall effect the conduction 

current density i is related to the total electric and mag 
netic fields, E and H, by an equation of the form 

i=o E--aEXH (2) 
if there are neglected higher powers in H. To the first 
order in the A-C. quantities, the A-C. current i is there fore 

oE--a Box H 
Substituting this expression for the current in Maxwell's 
equations, it can be shown that 

Curl H=(Jove.-- a) E--aBox H 
Curl E=-jauh 

(3) 
(4) Accordingly 

-a E. E* -- caEo (EXH*) (5) 
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The first two terms on the right are necessarily imag 
inary. Hence, 

Re div P-- E-E*--ozEo. Re(EXH*) (6) 

(7) 
o 

Rediv P=-a-E-Es-- c.E. Rep 
Where "Re' is used to designate the real part. 

It is immediately evident that to make Re div P as 
large as possible, the D.-C. electric field Eo should be 
applied in the direction of the power flow, and it is 
assumed that this is done. 
The first term on the right of Equation 7 is simply 

the heat loss. If there is to be power flow, there must be 
a component of E normal to the direction of power flow. 
Any component of E in the direction of power flow adds 
to the first term without affecting the second term. 
Thus, the longitudinal electric field associated with trans 
verse magnetic waves is wasteful of power. 

Suppose there is devised a circuit in which the first 
term on the right of Equation 7 is nade sufficiently 
small in comparison to the second term, either as a re 
sult of special circuit properties or as a result of so large 
a D.-C. field Eo, that it can be neglected. Then Equa 
tion 7 can be written as 

Div ReP-EoReP (8) 

For simplicity, it is convenient to assume that P varies 
only in the propagation direction z. Then Equalition 8 
becomes 

dReP da =aEReP (9) 

whose solution is 

ReP=constant times edio (10) 
which indicates a power gain of amount ato nepers/ 

eter. 
It will be useful to have a vector diagram of the vari 

ous relationships involved. Fig. 1 shows the relation 
ships for the case of a plane electromagnetic wave in 
which the electric field E1, the magnetic field H1, and 
the propagation direction form a right handed triad and 
which is propagating through a medium having a high 
Hall effect angle, as for example, some bulk germanium, 
to which a D.-C. electric field Eo is applied in the propa 
gating direction. Two A-C. currents will be set up in 
the medium: first, there is set up the ordinary A-C. con 
duction current ic flowing in the direction of the A-C. 
electric field vector El; and second, there exists the Hall 
current iH proportional to the product of the D.-C. elec 
tric field Eo and the A-C. magnetic field H1 and flowing 
in the direction opposite to that of the current ic. In 
order to supply net power to the wave, it is necessary 
that the Hall current it exceed the conduction current ic. 
This cannot be conveniently done for the case of a plane 
electromagnetic wave and it is generally necessary to en 
ploy a special form of transmission circuit for the propa 
gating wave. Various circuit arrangements are described 
hereinafter for this purpose. 
The case in which the electromagnetic wave to be am 

plified is characterized by a transverse electric field will 
first be examined. The amplifier 10 shown by way of 
example in Fig. 2 is adapted for the amplification of trans 
verse electric waves, generally termed TE waves. 

In the amplifier 10, a solid dielectric wave guide 
which comprises a bar of material having a dielectric con 
stant greater than unity provides a wave circuit in which 
the phase velocity therethrough is slow compared to the 
velocity of light. This bar is preferably of rectangular 
cross section of height slightly more than one half of the 
wavelength in the dielectric of the propagating wave to be 
amplified at mid-band frequency, of a width of several 
such wavelengths and of a length a plurality of such 
wavelengths. Waves, suitably polarized, are applied as 
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In the case shown, the input waves are supplied from a 
hollow wave guide 13, of rectangular cross section larger 
than that of solid wave guide il, and which can be a 
continuation of a conventional hollow wave guide wave 
transmission system. A transformer 4 which com 
prises a frustrum-shaped section of hollow wave guide 
is interposed between the hollow wave guide 3 and the 
ielectric wave guide 11 for impedance matching pur 

poses. Alternatively, for example, the solid wave guide 
3i may itself be a continuation of a wave transmission 
system, which employs solid wave guides throughout. 
As is shown in Fig. 2 at its other end the dielectric wave 
guide ill supplies the amplified output waves to a hollow 
wave guide coupling connection 5, also of rectangular 
cross section, by way of a transformer 3 in an arrange 
ment similar to that of the input wave guide coupling 
connection 3, the transformer E4 and the dielectric 
guide i. 

In contact with the top surface of the guide 1, there 
extends an element 17 of a solid suitable for setting up 
Hall effect currents for interaction with the transverse 
electric waves propagating along the guide 1. The 
height of this element is preferably more than that of the 
guide 11. Electrodes 18, which are in contact with the 
two end faces of the element 17 and between which is 
connected a D.-C. voltage source 19, provide a D.-C. 
electric field Eo therealong in a direction parallel to that 
of wave propagation along guide 1. 
Now, assume that the D.-C. electric field Eo has essen 

tially only a longitudinal or z component. The poten 
tial function F of the electromagnetic wave is used which 
is a function of x and y. The function is such that 

oF 

OF 
H.-, (12) 

Therefore, since div H-0, 
v°F H= i8 (13) 

Also 

F -;H, (14) 

E-4H, 
Hence 

v°F=6-ople --i(oug-BaE) JF ( 5) 
Here 

2F 2F 
2F --- v'F=s+. (16) 

The power flow per square meter in the z-direction, P, is 
found to be 

P- (HH--HH*) (17) 
O 

Y2 
Re div P-Re'. -e +air H, (18) 

where Ht is the transverse magnetic field. 
Let 

6=b --ja (19) 
Then 

eriz-e-j baggs (20) 
and 

2 

Rediv P=E, -a+. |H2 (21) 
an input to a coupling connection at one end thereof. 75 Let it be assumed that for a given value of b, that is, for 



2,743,822 
5 

a given phase velocity, Re div P is positive. Then it can 
be seen from Equation 21 that the greater the absolute 
value of a (i. e. the greater the rate of increase or de 
crease of the wave) the less is the power production, Re 
div P. Since the maximum power production is obtained 
for real values of B, it will henceforth be assumed that 
B is real unless it is specified otherwise. 
For real values of 8, the phase velocity of the wave vi 

is 

(22) 
Also important is the drift velocity of the electron flow, 

vd in the solid 17. It can easily be shown that 
aEo 
dru 

It is also convenient to use two other quantities, the 
characteristic impedance of the dielectric medium Km and 
the characteristic velocity of a plane electromagnetic wave 

(23) 

in the medium dielectric vm. It is well known that 

Kn= W (24) 

vue 
Interms of these new quantities 

2 

Re div P=vK:(1) E-1 (HP (26) 
It can be seen that the power production is positive only 

if the drift velocity v.d. is greater than the phase velocity 
v?, that is, if 

Vd) Vf (27) 
This requires that the guide 11 be designed to provide a 
velocity of wave propagation therethrough slower than 
the drift velocity of electrons in the element 17. It is 
accordingly necessary to choose a geometry and a dielec 
tric medium for the guide 11 which will provide a phase 
velocity to waves propagating therethrough which is slow 
er than the drift velocity through the element 17. 

It can be seen that the value of yf which gives maxi mum power production is 

1.-3. (28) 
For this value of vir 

Re div P- ().H. (29) 
This can also be written 

Rediv Pei. He (30) 
It can be seen from Equation 30 that to make the power 
production large, and hence to provide high gain, the 
material of element 17 advantageously should be charac 
terized by a high conductivity, a high permeability, and 
a high effective velocity such that their product should be large. 

Moreover, it will be evident that in this and in other 
arrangements to be described hereinafter similar effects 
can be achieved by utilizing a solid of material in which 
conduction takes place by positive carriers, or “holes' 
instead of by electrons. Generally, this will require a re 
versal of the D.-C. electric fields set up in the solid. 
One can now analyze in similar fashion the case where 

the electromagnetic wave to be amplified is a transverse 
magnetic or TM wave. An amplifier 20 for such opera 
tion is shown Schematically, by way of example, in Fig. 3. 
A conductively bounded hollow enclosure such as the 
rectangular hollow wave guide 21 serves as the wave 
transmission circuit. Transverse magnetic waves to be 
amplified are applied as an input to one end thereof by 
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6 
way of a suitable input coupling connection 25 and 
amplified output waves are abstracted at the opposite end 
similarly by way of a suitable output coupling connection 
26. Within the wave guide 21, preferably extending be 
tween its two side walls and in contact with its bottom 
Surface, there is disposed a rectangular element 22 of a 
Solid in which Hall-effect current flow is to be set up for 
interaction with the wave propagating through the wave 
guide 2. Electrodes 23 in contact with the two end 
faces of the solid 22 and between which is connected the 
voltage source 24, serve to provide a longitudinal D. C. 
electric field E0 in a direction parallel to that of wave propagation. 

In the analysis of an arrangement of the kind shown 
in Fig. 3 a potential function G of the electromagnetic 
wave is used which is a function of x and y. The func 
tion G is such that 

oG 
E. z- (31) 

OG 
E,-5, (32) 

Therefore, since div E=0, 
-- V - F. Gigi B.) (33) 

Also, 
-- (jos ) H.--; ii) E, (34) 
(ice -o) 

H-fii) E. (35) 
Hence, 

V°G=g-csu.e.--i(opio-SovE) G. (36) 
If as in (19) above one lets B=b-i-ja, then it can be 

found that 

Re div P = - a EE*-- 
- (b-a) or -- (b-a).oecy Eol) 

(ce) -- or H 

(37) 
The term involving Ez is undesirable. Fortunately, it 

is possible to make Ez=0 over a line or over a surface. 
There will be considered power production in regions in 
which Ez can be regarded as negligible. In this case it 
is seen from Equation 37 that Re div P is greater for 
Waves that increase somewhat with distance (a)-0) than 
it is for attenuated waves. That is, for a given value of 
b, there is an aptimum value of a. Also, the power pro 
duction can be positive for a purely exponential variation 
with distance (b=0). 

Nonetheless, the case will be considered chiefly in 
which 3 is real (a-0). In this case 

y 2 

o K2. 2) y 
Re div P=-|E,--TYE-1 H2 (38) 1-( ) -" (i. 

Since it is being assumed that the term in Ezis zero, it 
can be seen that for power production to be positive one 
must have 

One can realize this by making the phase velocity very 
large. To this end, the dimensions of the hollow wave 
guide 21 are advantageously chosen so that it operates 
very near cut-off, in which case the phase velocity vibe comes very large. 

It can be seen that there is an optimum value of phase velocity for which 
trad 
= 2 

t (40) 
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For this optimum phase velocity (and for Ez=0) 

Re div P= a HP (41) 4(1+(i)) ce 

This can be rewritten 

Re div P=7E a |H 2 (42) 4(1+(i)) 
It can be seen from (42) that for increased gain, it is 

desirable to employ as the element 22 a solid which has 
a high permeability and in which high drift velocities are 
possible. 

In the particular amplifier shown in Fig. 3, the actual 
gain will probably be less than predicted by (42) since 
its derivation has been predicated on the assumption that 
Ez is negligible throughout the circuit while in practice 
this is true over a limited portion of the circuit. 
From the analysis set forth above, it is seen that for 

the amplification of transverse electric (TE) waves, there 
should be employed a circuit in which the wave phase 
velocity is lower than the drift velocity of the charged 
particles in the solid while for the amplification of trans 
verse magnetic (TM) waves there should be employed a 
circuit in which the wave phase velocity is very high. By 
the use of composite waves, it is possible to have power 
production employing circuits which are characterized 
by intermediate phase velocities. Figs. 4 and 5 show cir 
cuits which are characterized by intermedite phase veloci 
ties suitable for use in the amplification of composite 
WaWeS. . 

Typical of a high frequency amplifier suitable for the 
amplification of composite waves is the amplifier 30 
shown in Fig. 4 which employs a helical conductor 3. 
as the wave interaction circuit. The conductor 3 is 
helically wound around an element 32 which preferably 
is a cylinder of material suitable for setting up of Hall 
effect currents for interaction with the fields associated 
with the electromagnetic wave to be supplied to the helix 
circuit. Such a wave is applied to the input end of the 
helix for propagation therealong by a suitable coupling 
connection 33, shown here only schematically but which 
for example, can be of the kind employed in conventional 
helix-type traveling wave vacuum tubes for this same 
purpose. Similarly, the amplified wave is abstracted at 
the output end of the helix by a similar coupling connec 
tion 34. Electrodes 35 attached to the end faces of the 
cylinder 32 and between which is connected a voltage 
Source 36 provide an axial electric field E0. In some in 
stances, it may be desirable to provide additional load 
ing to the helix circuit by inserting additional capacitance 
across adjacent turns for reducing still further the axial 
velocity of the propagating wave. 

In operation, input waves supplied to the input connec 
tion 33 propagate along the helix circuit and in the process 
are amplified by interaction with the Hall-effect currents 
set up in element 34 in accordance with the principles de 
scribed. The amplified waves are abstracted at output coil 
nection 34 for utilization. 

Fig. 5 shows an amplifier 40 which although not actually 
of the traveling wave type can be cascaded with other 
similar amplifiers to form a distributed wave type am 
plifier. It is intended for low frequency operation and is 
helpful in lending itself to a simplified explanation of the 
general principles of the amplification process. An in 
ductive coil 43 is split and disposed as shown, with respect 
to a plate 42 of material having a large Hall effect, so that 
its axial magnetic flux permeates the plate. A pair of elec 
trodes 43 arranged in contact with one set of opposite 
edges of the plate 42 and supplied from a suitable voltage 
source 44 are utilized to create a D.-C. electric field in the 
plate normal to the magnetic flux created therethrough by 
the coil. A source 45 of input signals is connected in 
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series with the inductive coil 4; and a load or utilization 
apparatus 46. It is generally preferable to include also 
in series sufficient capacitance to reduce the reactance of 
this serially connected circuit, as, for example, by capaci 
tance 47. A pair of electrodes 48 is disposed in contact 
with a different set of opposite edges of the plate 42 and 
these electrodes are connected in shunt across the signal 
source 45. The Hall-effect is that property of the material 
of plate 42 which results in a secondary current flow be 
tween the electrodes 48 which lie along one axis of the 
plate when a primary current flows through the plate be 
tween electrodes 43 when the plate is positioned in a mag 
netic field whose flux is in a direction at right angles both 
to the direction of primary current flow between the elec 
trodes 43 and to the axis defined by the electrodes 48. 
The direction of this secondary current is determined by 
the relative direction of the primary current flow and the 
magnetic flux while the magnitude is determined by the 
strength of the D.-C. electric field provided by source 44 
and that of the magnetic field provided by the signal cur 
rent flow through the coil 41. Accordingly, this secondary 
current has the wave form of the signal current and if com 
bined additively thereto will result in a power gain. To 
this end, the relative directions of primary current flow 
and the magnetic flux are adjusted so that the secondary 
current derived across the terminals 48 is added to the 
signal current whereby increased current is supplied to 
the load and a power gain is realized. For high power 
gains, it is possible to cascade a succession of single stage 
amplifiers of the kind described. 
As has been indicated above, magneto-optic effects 

other than the Hall-effect can be utilized in accordance 
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with the principies of the invention. Fig. 6 is a vector 
diagram illustrating the various field and current relation 
ships of an amplifier which employs the magneto-resistive 
effect, A plane electromagnetic wave in which the direc 
tions of the electric field E1, of the magnetic field H1, 
and of wave propagation form a right-handed triad is 
propagating through a medium to which is applied a 
i.-C. field electric field E0 to be parallel to the direction 
of the magnetic field H1 and a D.-C. magnetic field Ho 
to be in the direction parallel and opposite to that of the 
electric field E1. In this case, although there will be no 
Hall-effect current, two currents will again be set up in 
the medium: first, there is set up a conduction current ic 
in the direction of the electric field Ei; and second, there 
will exist a magneto-resistive current im, of amplitude 
proportional to the magnetic field H1, the D.C. mag 
netic field Ho and the D.-C. electric field E0, and in a direc 
tion parallel but opposite to the conduction current ic. 
For power again, this magneto-resistive current is made 
to exceed the conduction current ic. 

in general, the same considerations are applicable in 
achieving amplification by utilization of this effect as de 
scribed for the Hall effect. 
As with the Hall effect, in a solid state amplifier for 

utilizing this magneto-resistive effect, it is generally ad 
vantageous to employ special forms of circuits for propa 
gating the electromagnetic wave to be amplified. In Figs. 
7 through 9 there are shown, by way of example as 
typical, arrangements analogous to those shown in Figs. 
2, 3 and 5, respectively, for the Hall-effect case. 

Fig. 7 shows a solid state amplifier i00 which is 
especially adapted for the amplification of transverse 
electric waves. A solid dielectric wave guide 20 which 
comprises an elongated block rectangular in cross sec 
tion and of material having a dielectric constant greater 
than unity provides a wave circuit in which the wave 
velocity therethrough is slow compared to the velocity 
cf light. Waves suitably polarized are applied as an in 
put to one end thereof and output waves are abstracted 
at the opposite end, in each case, by suitabie coupling 
connections, not shown in detail but which can, for ex 
ample, be of the kind employed in the amplifier shown 
in Fig. 2. In contact with the top surface of the guide 
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101 there extends an element i02 of a solid suitable for 
setting up magneto-resistive currents to be used for inter 
action with the transverse electric waves propagating 
along guide 10. Magnetic flux producing means, for 
example unlike pcies of magnets 103 and 104 are suitably 
positioned to create a D.C. magnetic field Ho in a direc 
tion transverse to that of wave propagation and in the 
direction parallel to the A-C. electric field E1 associated 
with the propagating wave. Additionally, there is pro 
vided a D.-C, electric field E0, transverse to the direction 
of wave propagation and in the direction of the principal 
component of the A-C. magnetic field. To this end, the 
top surface of the element 102 is provided with an elec 
trode 105. However, since it is generally undesirable 
to interpose any conductive element between the dielec 
tric wave guide 10 and the element 102, to create the 
desired D.-C. electric field, it is found advantageous to 
position a pair of electrodes 109 on the two opposite side 
faces of the guide 01. Both electrodes 109 are main 
tained at the same potential with respect to one another 
but at a potential difference with electrode 105 by means 
of the voltage supply 110. In this way, there is set up 
across the element (2 a D.-C. electric field E0 which 
has a large component in the desired directional normal 
to the direction of wave propagation. The operation is 
essentially as described for the Hall-effect amplifier shown 
in Fig. 2. In this case, magneto-resistive currents which 
are set up in the element 102 are used to provide an A.-C. 
electric field which combines cumulatively with the elec 
tric field of the wave propagating through the guide 101 
whereby amplification of this wave is secured. 

Figure 8 shows an amplifier 120 particularly adapted 
for the amplification of an input transverse magnetic wave. 
A rectangular hollow wave guide 12 serves as the wave 
transmission circuit. Transverse magnetic waves to be 
amplified are applied as an input to one end thereof and 
amplified output waves are abstracted at the opposite end 
by suitable coupling connections. Within the waveguide 
121 and preferably extending between its side walls in 
contact with its bottom surface, there is disposed an ele 
ment 122 of a material which exhibits large magneto 
resistive effects. Magnetic flux producing means, for ex 
ample, unlike poles of the magnets 123 and 124 are dis 
posed to set up between the top and bottom surfaces of 
the wave guide 121, a steady magnetic field in a direc 
tion transverse to that of wave propagation and in the 
direction of the principal component of the A-C. elec 
tric field of the wave to be amplified. To this end, it 
is important that the wave guide 121 be of non-magnetic 
material, such as copper. Additionally, a D.-C. electric 
field is provided transverse to the direction of wave prop 
agation and in the direction of the principal component 
of the A.-C. magnetic field of the propagating wave by 
means of a pair of electrodes 125 disposed on opposite 
side surfaces of the layer 122 between which is connected 
the voltage source 126. Dielectric elements 127 serve to 
insulate each of these electrodes from the side walls of 
the wave guide 21. The principles of operation are 
analogous to those described for the amplifier shown in 
Fig. 3. 

Figure 9 shows an amplifier 130, which like the one 
shown in Fig. 5, is better suited for low frequency oper 
ation. An inductive coil 131 is split and disposed as 
shown with respect to a plate 132 of material having a 
large magneto-resistive effect so that the axial magnetic 
flux associated with the coil permeates the plate. A pair 
of electrodes 133 in contact with one set of opposite 
surfaces of the plate 132 and between which is connected 
a suitable voltage source 134 establishes a D.-C. electric 
field through the plate parallel to the direction of the 
axial magnetic flux created by the inductive coil 131. A 
source 135 of input signals is connected in series both 
with the inductive coil 131 and a load or utilization ap 
paratus 136. It is often desirable to include sufficient 
capacitance to reduce the reactive component of this 
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10 
serially connected circuit, although none has been here 
shown. A pair of electrodes 137 in contact with a differ 
ent set of opposite surfaces of the plate 132 is connected 
in shunt across the signal source 135. Additionally, flux 
producing means, as for example unlike poles of the 
laagnets 138 and 139, are disposed to create a steady mag 
netic field through the plate 132 in the direction in align 
ment with the electrodes i37 and transverse to the direc 
tion of the D.-C. electric field set up between electrodes 
33. In operation, because of the magneto-resistive prop 

erty of the plate 132, the changing magnetic field across 
the plate 132 produced by the signal current flowing 
through coil 131, and the D.C. magnetic field set up 
across the pole pieces of the magnets 138 and 139 acting 
on the current flow through the plate 132 resulting from 
the D.-C. electric field between electrodes 133 set up a 
magneto-resistive current flow between the electrodes 137 
which has the wave form of the signal current. The di 
rection of this magneto-resistive effect current is deter 
mined by the relative directions of the signal magnetic 
flux, the current flow between electrodes 133 and the D.-C. 
magnetic flux. These are advantageously adjusted so that 
the magneto-resistive current derived across electrodes 137 
adds to the signal current whereby increased current is 
Supplied to the load 136 and a power gain is realized. 
For high gains, it is possible to cascade a succession of 
single stage sections of the kind described. 

It should be evident from the various illustrative em 
bodiments that have been set forth that the principles of 
the invention can be utilized in a wide variety of forms. 
Accordingly, it is to be understood that the arrangements 
described merely illustrate the general principles of the 
invention. Various other arrangements can be devised 
by one skilled in the electronics art without departing from 
the Spirit and scope of the invention. 
What is claimed is: 
1. In combination, an element of material exhibiting 

a large Hall effect, means for propagating signal electro 
magnetic waves axially through said element, and elec 
trode means for creating a D. C. electric field axially 
along said element parallel to the direction of wave propa 
gation, said D. C. electric field and the magnetic field 
asSociated with electromagnetic wave interacting con 
tinuously to provide a Hall effect field which combines 
with the electric field associated with the electromagnetic 
wave to provide amplification thereto. 

2. In an amplifying device, an element of a medium 
exhibiting a large Hall effect, a wave circuit to be sup 
plied with an electromagnetic wave in field coupling rela 
tion with the element whereby the electromagnetic wave 
will propagate axially along said element, and electrode 
means to be supplied with D. C. potentials positioned on 
opposite faces of said element for creating a D. C. elec 
tric field transverse to the direction of the magnetic field 
associated with the wave propagating along said element 
and parallel to the direction of wave propagation whereby 
there is set up a Hall effect electric field which combines 
with the electric field associated with the wave propagat 
ing along the element. 

3. In an amplifying device, a wave transmission circuit 
to be supplied with a transverse electric wave for propa 
gation therethrough for providing a phase velocity to 
the wave slow compared with the velocity of light, an 
element of material exhibiting a large Hall effect posi 
tioned in field coupling relation with said circuit whereby 
said wave propagates axially along said element, and 
electrode means to be supplied with D. C. potentials and 
positioned axially along said element for creating there 
along a D. C. electric field parallel to the direction of 
wave propagation and perpendicular to the direction of 
the transverse electric field of said wave whereby there 
is set up a Hall effect electric field which combines with 
the transverse electric field of said wave. 

4. In an amplifier, a wave transmission circuit to be 
supplied with a transverse magnetic wave for propaga 
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tion therethrough for providing a phase velocity thereto 
fast in comparison with the velocity of light, an element 
of material exhibiting a large Hall effect positioned in 
field coupling relation with said circuit whereby said wave 
will propagate axially along said element, and electrode 
means to be supplied with D. C. potentials positioned 
axially along said element for creating therealong a D. C. 
electric field parallel to the direction of wave propaga 
tion and transverse to the direction of the magnetic 
field of said wave whereby there is created a Hail effect 
electric field which combines with the electric field of 
said wave. 

5. In combination, an element of material exhibiting 
a large magneto-resistive effect, circuit means for propa 
gating a signal electromagnetic wave axially through said 
element, electrode means for creating a ). C. electric 
field in said element in a direction transverse to the direc 
tion of wave propagation, means creating a D. C. mag 
netic field across said element perpendicular to said 
D. C. electric field, the magnetic field associated with the 
electromagnetic wave and the D. C. electric and mag 
netic fields interacting to provide a magneto-resistive effect 
electric field which combines with the electric field associ 
ated with the signal electromagnetic wave to provide am 
plification thereto. 

6. In a microwave device, a wave transmission cir 
cuit to be supplied with the transverse electric wave for 
propagation therethrough providing a phase velocity to 
the wave slow compared to the velocity of light, an ele 
ment of material exhibiting a large magneto-resistive 
effect positioned in field coupling relation with said circuit 
whereby said wave propagates along said element, elec 
trode means to be supplied with D. C. potentials posi 
tioned on opposite faces of said element for creating 
therebetween a D. C. electric field perpendicular to the 
direction of wave propagation and to the direction of the 
transverse electric field of said wave, and means for creat 
ing a D. C. magnetic field perpendicular to the direction 
of wave propagation and the direction of the D. C. electric 
field whereby there is set up an electric field which com 
bines with the transverse electric field of said wave. 

7. In amplifying apparatus a wave transmission cir 
cuit to be supplied with a transverse magnetic wave for 
propagation therethrough for providing a phase velocity 
thereto fast in comparison with the velocity of light, an 
element of material exhibiting a large magneto-resistive 
effect positioned with field coupling relation with said 
circuit whereby said wave propagates along said element, 
electrode means to be supplied with D. C. potentials posi 
tioned across opposite faces of said element for creat 
ing therebetween a D. C. electric field perpendicular to 
the direction of wave propagation and parallel to the 
direction of the magnetic field of said wave, and means 
for creating a D. C. magnetic field perpendicular to the 
direction of wave propagation and parallel to the direc 
tion of the transverse magnetic field of said wave whereby 
there is created an electric field which combines with 
the electric field of said wave. 

8. In combination, a conductively bounded hollow 
wave guiding member having input and output ends, an 
element of material exhibiting a large magneto-optic 
effect disposed within said member, electrode means dis 
posed on opposite faces of said element for creating a 
D. C. electric field in said element in a direction transverse 
to the magnetic field of the wave propagating through 
said member, input coupling means to be supplied with 
input signals at the input end of said member, and out 
put coupling means to Supply utilization apparatus at 
the output end of said member. 

9. In combination, a conductively bounded hollow wave 
guiding member having input and output ends, an ele 
ment of material exhibiting a large Hall effective disposed 
within said member, electrode means disposed axially 
along said element for creating a D. C. electric field along 
said element parallel to the direction of wave propaga 
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2 
tion in said member, input coupling means to be supplied 
with input signals at the input end of said member, and 
output coupling means to supply utilization apparatus at 
the output end of said member. 

10. In combination, a conductively bounded hellow 
wave guiding member having input and output ends, an 
element of material exhibiting a large magneto-resistive 
effect disposed within said member, electrode means dis 
posed on opposite faces of said element for creating a 
D. C. electric field in said member perpendicular to the 
direction of wave propagation in said member, means for 
creating a magnetic field perpendicular to the direction of 
the D. C. electric field and to the direction of wave propa 
gation in said member, input coupling means to be Sup 
plied with input signals at the input end of said mem 
ber, and output coupling means to supply utilization 
apparatus at the output end of said member. 

11. In combination, a solid dielectric wave guiding 
member having input and output ends, an element of ma 
terial exhibiting a large magneto-optic effect extending 
adjacent said member in field coupling relationship there 
with, electrode means creating a D.C. electric field along 
said element, input coupling means to be supplied with 
input signals at the input end of said member, and output 
coupling means to supply utilization apparatus at the out 
put end of said member. 

12. In combination, a solid dielectric wave guiding 
member having input and output ends, an element of 
material exhibiting a large Hall effect extending adjacent 
said member in field coupling relationship therewith, elec 
trode means creating a D.-C. electric field along said ele 
ment parallel to the direction of wave propagation, input 
coupling means to be supplied with input signals at the 
input end of said member, and output coupling means to 
supply utilization apparatus at the output end of said 
member. 
- 13. in combination, a solid dielectric wave guiding 
mernber having input and output ends, an element ex 
hibiting a large magneto-resistive effect extending ad 
jacent said member in field coupling relationship there 
with, electrode means for creating a D.-C. electric field 
in said element perpendicular to the direction of wave 
propagation, means creating a D.-C. magnetic field in 
Said element perpendicular to the D.-C. electric field and 
to the direction of wave propagation, input coupling 
means to be supplied with input signals at the input end 
of said member, and output coupling means to supply 
utilization apparatus at the output end of said member. 

14. In apparatus which utilizes the interaction between 
a flow of charged particles in a solid and a traveling elec 
tromagnetic wave, a radio frequency wave circuit for 
propagating an electromagnetic wave having electric and 
magnetic field components, a solid exhibiting strong mag 
neto-optic properties in coupling relationship with the 
electromagnetic wave, and electrode means for applying 
a steady electric field along one axis of said element such 
that the component of the magnetic field of said wave 
is in a direction normal to the direction of steady electric 
field for interacting continuously with the flow of charged 
particles within said element whereby the wave in said 
circuit is amplified continuously. - 

15. In a device which utilizes the interaction between 
a flow of charged particles in a solid and a traveling elec 
tromagnetic wave, a radio frequency circuit for propagat 
ing an electromagnetic wave having electric and magnetic 
field components, a solid exhibiting strong magneto-optic 
effects in coupling relationship with the electromagnetic 
wave over a plurality of operating wavelengths, input and 
output coupling connections to said wave circuit for ap 
plying input and abstracting output electromagnetic waves, 
and electrode means for applying a steady electric field 
along said element parallel to the direction of wave prop 
agation through said element, the component of the 
magnetic field of the said wave being in a direction normal 
to the direction of said steady electric field for interacting 
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