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ABSTRACT 

An experimental and theoretical investigation of the utili- 

zation of anisotropic effects in semiconductor plasmas for the 

development of millimeter wavelength isolators is described. 

The topics reported on include a study of a quasi-optical iso- 

lator that depends on Farqday rotation in indium antimonide and 

a study of a waveguide isolator employing several configurations 

of indium antimonide cylinders as a part of the guiding struc- 

ture. All of the devices were operated at a frequency of 94 GHz 

and at a temperature of 75OK. Typical experimental results for 

the Faradayrotation devices was a forward insertion loss of 

about 1 db with an isolation of 9 db. Corresponding data for 

typical wz+vegui.de devices was about 2.5 to 5 db of forward loss 

and 20 to 3 0  db of isolation. It is concluded that devices of 

the type described here for operation in the millimeter wave- 

length range must be cooled. At higher frequencies this may not 

be necessary. 
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1. INTRODUCTION 

The purpose of the work described in this report is to in- 

vestigate the utilization of anisotropic effects in a semicon- 

ductor plasma for the development of millimeter wavelength con- 

trol devices such as isolators and circulators. The potential 

importance of nonreciprocal semiconductor devices is in the 

flexibility of design that comes with the wide range of semi- 

conductor parameters that can be easily achieved, in the possible 

compatibility with other semiconductor devices, and also in the 

new geometrical configurations that result when the primary field 

that interacts with the material is the microwave electric field 

and not the microwave magnetic field as in the case of ferrites. 

The topics which have been investigated include a study of 

a quasi-optical isolator that depends upon Faraday rotation in a 

semiconductor and a study of a waveguide isolator that employs 

semiconductor cylinders of several configurations as a part of 

the guiding structure. A previous report titled, "Nonreciprocal 

Semiconductor Millimeter Wave Devices", for this project sum- 

marized the initial results obtained on these topics. The pres- 

ent report brings to a close these efforts and presents the 

final data and conclusions for the quasi-optical and waveguide 

isolators for use at millimeter wavelengths. Subsequent ef- 

K 

forts supported by this grant will be to extend component devel- 

opment into the far infrared portion of the spectrum. 
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2. QUASI-OPTICAL ISOLATORS AND CIRCULATORS 

This work is being performed by G. Masclet and R.E. Hayes. 

2.1 Introduction 

The purpose of this project was to investigate the possible 

millimeter wave device applications of an electromagnetic plane 

wave propagating in a solid-state plasma in a magnetic field. 

The magneto-optical effect encountered is the so-called Faraday 

effect characterized by the rotation of the plane of polarization 

of an electromagnetic wave in the presence of a static longitud- 

inal magnetic field. The Faraday effect measurements described 

here were performed using various samples of indium antimonide 

in liquid nitrogen at a frequency of'94 GHz. The structures 

employed were quasi-optical, i.e., they propagated an essentially 

plane wave. 

Several workers have investigated the Faraday effect in 

various semiconductors but experiments were confined to guided 

electromagnetic waves [l-lo]. A number of these expe;iments 

have used InSb because of its high mobility and small carrier 

concentration obtainable at liquid nitrogen temperature. [5-10] 

In the first part of this report we consider briefly the 

free electron Faraday effect theories. The second part gives a 

description of the physical model used in the experimental in- 

vestigation of the Faraday effect and the results obtained. The 

third part describes the nonreciprocal quasi-optical devices 

based upon the anisotropic conductivity tensor of the plasma, 
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their behavior is presented and discussed. 

2 . 2  Theoretical Results 

General theories of the free carrier Faraday effect 

have been presented by many authors. 

ment, the rotation of the plane of polarization and the elliptic- 

ity of the transmitted radiation are derived without taking ac- 

count of the waves reflected from the surfaces of the specimen. 

Donovan and Medcalf first gave a complete analysis including 

these multiple reflections. [15-161 

[ll-141 In the usual treat- 

Choosing a reference systemt as shown in Fig. 1, such that 

the direction of propagation of the electromagnetic wave 

as well as the direction of the static magnetic field be along 

the z-direction, then the x, and y components of the electric 

vector E of the electromagnetic wave are non-zero. The linearly 

polarized plane wave can be represented by clockwise and counter- 

clockwise circularly polarized waves of equal amplitude that can 

be defined as 

A solid state plasma is a highly conductive medium with a tensor 

conductivity governed by Maxwell’s equations. This tensor has 

the form: 

-% 
7 = g k  

G X  

‘ 0  
L. 
I 

“x 

‘1 
0 

12.2) 
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t h e  t w o  c i r c u l a r l y  p o l a r i z e d  waves are then  seen to propagate 

wi th  a wave v a r i a t i o n  of t h e  f o r m  e (rz-jwt) and wi th  d i f f e r e n t  

propagat ion ccmstants : 

It can be shown t h a t :  

L e t t i n g  t h e  s t a t i c  magnetic f i e l d  be high enough so t h a t  w e  c a n  

w r i t e  t h e  fol lowing approximations,  

(2 .5 )  
2 B 

(JJ = -  E > > w  ; w T = pB >>l ; ww >>w . 
c m* C 0 C P  

then t h e  real and imaginary p a r t s  of t h e  complex d i e l e c t r i c  con- 

s t a n t s  seen by each c i r c u l a r l y  po la r i zed  wave can be expressed as,  

2 w 

ww 
E ; = l - -  P 

C - 
2 
P 

w 
El; = - 2 - ww T 

C 

The propagat ion cons t an t  f o r  t h e  clockwise 

t- 

( 2 - 7 )  

polar ized  wave becomes, 

( 2  = 8 )  
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and f o r  t h e  counter  clockwise,  

(2.9) 

two c i r c u l a r l y  

2 

T h e  Faraday r o t a t i o n  of t h e  plane po la r i zed  wave i s  caused 

length  i s  

by t h e  d i f f e r e n c e  i n  phase v e l o c i t i e s  of t h e  

po la r i zed  waves. The angle  of such r o t a t i o n  

given by : 

per  u n i t  

(2.10) 

The a t t e n u a t i o n  c o e f f i c i e n t s  a+ def ine  ,he e l l i p , i c i t y  of 
I 

p o l a r i z a t i o n ,  i . e . ,  t h e  r a t i o  of t h e  minor a x i s  t o  t h e  major a x i s  

of p o l a r i z a t i o n ,  

= tanh (a - - a,) . (2.11) 

I n  t h e  case of s t rong  magnetic f i e l d s  it i s  seen t h a t  t he  l i n e a r l y  

po la r i zed  inpu t  wave w i l l  emerge a l s o  l i n e a r l y  po la r i zed  on the  

o t h e r  side of the  sample a f t e r  undergoing Faraday rota.$ion and 

being somewhat a t t enua ted .  I t  should be noted t h a t  i f  one of t h e  

a t t e n u a t i o n  cons t an t s  i s  much g r e a t e r  than  the  o t h e r ,  e .g . ,  

a >>a then t h e  emerging wave w i l l  be t o t a l l y  c i r c u l a r l y  polar-  

i z e d .  The wave i s  then c a l l e d  a "helicon" wave. The e l l i p t i c a l l y  

po la r i zed  wave would be encountered f o r  cases i n  between the  t w o  

c i ted above. 

+ -  

I n  the  above a n a l y s i s  t h e r e  w a s  no mention of t h e  inf luence  

of mul t ip l e  r e f l e c t i o n s  a t  t h e  boundaries of t h e  s o l i d  state 

plasma. The e f f e c t s  of mu l t ip l e  r e f l e c t i o n s  on t h e  t ransmission 
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properties of an infinite semiconductor sheet of finite thickness 

were derived by Donovan and Medcalf. [15,161 

In their analysis the portion of radiation transmitted into 

the semiconductor is also split into clockwise and counterclock- 

wise circularly polarized components. The transmitted wave 

emerges in general, from the outer surface of the semiconductor, 

with elliptic polarization. Maxwell's equations are then solved 

to find the H fields from the stated E fields. The boundary con- 

ditions of continuous tangential E and tangential H are then ap- 

plied to determine the reflection and transmission coefficients 

at the free space semiconductor boundary. The emerging fields 

are : 

(2.12) 
exp(-r+d) - K - exp(-!' - 

1 + R .  - f also K+ - - 1-R+exp (-2r+d) - - (2.13) 

These results are derived by an infinite summing of the reflected 

and transmitted wave at the two boundaries. The expressions 

(2.12) and (2.13) can then be used along with the incident wave 

expression to derive the rotation and ellipticity formulas per 
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u n i t  l e n g t h  as: 

and, 

(2.14) 

(2.15) 

The lo s s  through t h e  sample i s  eva lua ted  by t a k i n g  t h e  r a t i o  of 

t h e  squares  of t h e  amplitudes of  t h e  emerging wave t o  t h a t  of t h e  

i n c i d e n t  wave. The r e s u l t i n g  l o s s  i s  given by: 

(2 .16)  

These equat ions  are exact express ions  of t h e  free carr ier  Faraday 

r o t a t i o n  and t h e  e l l i p t i c i t y  of  t h e  emerging wave t r ansmi t t ed  

through t h e  semiconductor plasma wi th  a conduc t iv i ty  matr ix  of 

t h e  form given by ( 2 . 2 ) .  Thus t h e  r e f l e c t i o n s  occurr ing  i n  t h e  

sample b r i n g  s i g n i f i c a n t  changes i n  t h e  express ion  f o r  t h e  angle  

of  t h e  Faraday r o t a t i o n  and f o r  t h e  e l l i p t i c i t y  of pol&ar iza t ion  

of t h e  g e n e r a l l y  e l l i p t i c a l l y  po la r i zed  wave t r ansmi t t ed  through 

t h e  semiconductor plasma. These express ions  are too complicated 

compared t o  t h e  express ions  given i n  ( 2 . 1 0 )  and (2 .11)  fo r  Prac- 

t i c a l  computation without  t h e  a i d  of a computer. 

Ca lcu la t ions  w e r e  c a r r i e d  o u t  f o r  var ious parameters.  Fig- 

u r e s  2 ,  3 ,  4 ,  5 show t h e  Faraday r o t a t i o n  and loss as a func t ion  

of sample th i ckness  f o r  a magnetic f i e l d  of 1Wb/m2 and fo r  

several t y p i c a l  va lues  of e l e c t r o n  d e n s i t y  and mobi l i ty .  
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The parameters f o r  sample number 1 are: 
1 4  -3 n = 2.8 x 1 0  cm , 
5 2  1-1 = 5 . 0  x 1 0  c m  /v-sec. 

The va lues  f o r  sample number 2 are: 
1 3  -3 n = 5.0 x 1 0  c m  
5 2  1-1 = 3.5 x 1 0  cm /v-sec. 

These r e s u 1 . t ~  c l e a r l y  e x h i b i t  t h e  geometrical resonances encount- 

e red .  F igures  6 ,  7 show t h e  Faraday r o t a t i o n  and t h e  loss as a 

func t ion  of magnetic f i e l d  f o r  t h e  mater ia l  parameters given i n  

F igures  2 and 3 ,  and f o r  a th ickness  of 0.95mm. 

2 . 3  Experimental Resu l t s  

I n  t h i s  s e c t i o n  w e  compare the  experimental  r e s u l t s  wi th  t h e  

t h e o r e t i c a l  p r e d i c t i o n s  us ing  Donovan and Medcalf 's  theory.  

The experiments when chosen t o  be done a t  94 GHz s i n c e  t h i s  

i s  a frequency of p r a c t i c a l  importance i n  t h e  m i l l i m e t e r  wave- 

l eng th  range. 

The ma te r i a l  s e l e c t e d  w a s  indium antimonide due t o  i t s  high 

e l e c t r o n  mob i l i t y  b u t  w i th  r e l a t i v e l y  high r e s i s t i v i t y  i n  o r d e r  

t o  o b t a i n  t h e  Faraday e f fec t  wi th  s m a l l  a t t e n u a t i o n .  The samples 

w e r e  cooled t o  l i q u i d  n i t rogen  temperature.  They had t h e  fo l -  

lowing c h a r a c t e r i s t i c s  which w e r e  measured by t h e  Van der Pauw 

I171 technique r a t h e r  than  by t h e  usua l  H a l l  method. The exper i -  

mental  s e t u p  t o  observe t h e  Faraday effect  w a s  as shown i n  Fig- 

u r e s  8 and 9 .  The horns w e r e  f a r  a p a r t  so t h a t  t h e  quas i -op t i ca l  

cond i t ions  w e r e  m e t .  The r e c e i v i n g  horn could be r o t a t e d  so t h a t  

t h e  r e l a t i v e  angle  between i n p u t  and output  waveguides could be 

-13- 
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Table 1: Electrical properties of the n-type InSb crystals. 

Effective mass 

- electrons 
- holes 

Mobility (cm 2 V -ls-l) 

0. 013mo 0. 013mo 0. 013m0 

0. 6mo 0. 6m0 0. 6m0 

Energy gap (ev) 

Carrier density ( ~ m - ~ )  

- electrons 
- holes 

~~ 

75OK 3OOOX 75’K 

0.26 0.16 0.26 

2.8~10 1. 3x10L6 3 .  5 x d 3  

-1.7~10 1.3~10’~ 

530.000 -“50000 340000 I - electrons 
I - holes I -10000 -750 -10000 

readily measured. The coupling between the two horns when the 

wave propagates through the semiconductor plasma is maximum in 
u 

Fig. 10a and minimum in Fig. l ob ,  zero if the transmitted wave is 

linearly polarized as when there is no sample in the wave pathD 

The ratio of the minim& to the maximum coupling gives the ellip- 

ticity of the polarization. 

At room temperature with the crystal in place no wave was 

detected. At 75OK with no magnetic field, no transmission was 

detected. 

sample, transmission also increased and reached a limiting value 

at high magnetic field. With the field applied in either direc- 

With an increasing magnetic field applied to the 
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t i o n  t h e  effect w a s  seen t o  be t h e  same bu t  t h e  d i r e c t i o n  of t h e  

p o l a r i z a t i o n  w a s  changed. 

The measurements of Faraday r o t a t i o n  and loss where per- 

formed on two d i s c s  of InSb as a func t ion  of magnetic f i e l d ,  t h e  

r e s u l t s  are shown i n  Figures  11 and 1 2 .  

I n  order t o  minimize the l o s s e s  inhe ren t  t o  r e f l e c t i o n s  from 

t h e  f l a t  su r faces  of t h e  sample, q u a r t e r  wave impedance t rans-  

formers w e r e  p laced on both s i d e s  of t h e  sample. The use of 

q u a r t e r  wave matching p l a t e s  works w e l l  i n  th is  case s i n c e  t h e  

d i e l e c t r i c  cons tan ts  of t h e  semiconductor for  the t w o  polar iza-  

t i o n s  do n o t  d i f f e r  g r e a t l y .  The d i e l e c t r i c  material used had a 

re la t ive d i e l e c t r i c  cons t an t  of about 4 .  With t h i s  conf igura t ion  

measurements of Faraday r o t a t i o n  and loss  w e r e  repeated. The re- 

s u l t s  are p l o t t e d  i n  Figures  11 and 1 2 .  The comparison of t h e  

t h e o r e t i c a l  p r e d i c t i o n  and t h e  experimental  r e s u l t s  show a good 

agreement e 

2.4  Non-Reciprocal Quasi-Optical  Devices 

W e  have shown t h a t  l a r g e  Faraday r o t a t i o n  angles  p e r  u n i t  

l eng th  can be achieved with l i t t l e  loss  i n  a s o l i d  state plasma 

i n  s t rong  magnetic f i e l d s .  The device so obtained can be c a l l e d  

a r o t a t o r  and w i l l  be t h e  b a s i c  element fo r  the devices  descr ibed 

i n  t h i s  s ec t ion .  

The nonrec iproc i ty  of t h e  Faraday e f f e c t  w a s  demonstrated 

when t h e  magnetic f i e l d  w a s  reversed.  This nonrec iproc i ty  i n  

e f f e c t ,  can also be termed as: t h e  plane of p o l a r i z a t i o n  of t h e  

-20- 
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r e f l e c t e d  wave does n o t  r e t u r n  t o  t h e  p o s i t i o n  it had with t h e  

i n c i d e n t  wave. Therefore,  r e f e r r e d  t o  t h e  plane of polar iza-  

t i o n  of  t h e  i n c i d e n t  wave, t h e  r e f l e c t e d  wave plane of p o l a r i -  

za t ion  is  seen t o  have s u f f e r e d  a r o t a t i o n  ang le  equal  t o  t w i c e  

t h e  Faraday r o t a t i o n  f o r  a s i n g l e  pass .  

The experiments w e r e  designed t o  test an isolator and a 

t h r e e  p o r t  c i r c u l a t o r  using InSb a t  75OX. For t h e s e  devices ,  

the  r o t a t i o n  for  a s i n g l e  pass  through t h e  sample w a s  set  a t  135O 

so t h a t  t h e  assumptions f o r  l a r g e  magnetic f i e l d s :  

W c T > > l  w >w C 

held.  I n  t h i s  high f i e l d  range t h e  loss through the sample i s  

seen t o  be less than  1 db with t h e  conf igura t ion  using t h e  

q u a r t e r  wave p l a t e s .  It should be noted tha t  t h e s e  w i l l  be 

necessary i n  t h e  designing of any p r a c t i c a l  device.  

2 . 4 . 1  I s o l a t o r s  

The design of t h e  i s o l a t o r  a t  9 4  GHz used b a s i c a l l y  
LL 

t h e  same components as t h e  one shown i n  F i g .  9. The i s o l a t i n g  

s t r u c t u r e  sketched i n  Fig.  13 i s  made of m i c a  f i n s  covered w i t h  

resistive p a i n t  and imbedded i n  a Styrofoam support .  An inse r -  

t i o n  loss of 30 db w a s  measured in a f r e e  space se tup ,  i . e - ,  

placed i n  between t w o  high ga in  horns.  The wave t r a v e l i n g  from 

t h e  source,  l e f t  t o  r i g h t ,  experiences a 135'  clockwise ro t a -  

t i o n  through t h e  s o l i d  s t a t e  plasma r o t a t o r .  The r ece iv ing  

horn i s  r o t a t e d  135O so t h a t  t h e  wave is  t r ansmi t t ed  i n  t h e  out- 

p u t  waveguide. The r e f l e c t e d  wave propagating i n  the reve r se  

-23- 



Mica fins 

- 2 4 -  



d i r e c t i o n  w i l l  go through t h e  s o l i d  state plasma again where it 

w i l l  s u f f e r  a 135O r o t a t i o n  counterclockwise t h i s  t i m e ,  So t h e  

electric f i e l d  is  o r i e n t e d  a t  270° from i ts  o r i g i n a l  pos i t i on .  

I t  i s  then p a r a l l e l  t o  t he  f i n s  of t h e  i s o l a t i n g  s t r u c t u r e ,  con- 

sequent ly  t h e  r e f l e c t e d  wave w i l l  be absorbed. The losses s ~ € -  

f e r e d  by t h e  wave going f r o m  one horn t o  t h e  o t h e r  i n  the ab- 

sence of t h e  i s o l a t i n g  s t r u c t u r e  has been measured t o  be 13  db. 

T h i s  l a r g e  value i s  due t o  poor horn design and could be reduced 

w i t h  more care given t o  the design of the waveguide t o  f r ee -  

space t r a n s i t i o n .  The forward loss due t o  t h e  i s o l a t i n g  s t ruc -  

t u r e ,  which w a s  t h e o r e t i c a l l y  and experimental ly  less than 1 db, 

could n o t  be measured because it w a s  so s m a l l .  

The best d i f f e r e n c e  between forward and r eve r se  a t t e n u a t i o n  

of t h e  s o l i d  s ta te  plasma i s o l a t o r  w a s  on ly  9 db. It is  believed 

t h a t  t h i s  low i s o l a t i o n  i s  due t o  t h e  r e f l e c t i o n s  i n  the quasi-  

o p t i c a l  s t r u c t u r e  designed, notably f o r  example, a t  the l o w  ga in  

horns.  

2 .4 .2  C i r c u l a t o r  

The  c i r c u l a t o r  design uses components s i m i l a r  t o  the 

ones shown i n  Fig.  9.  -The c i r c u l a t o r  s t r u c t u r e  drawn i n  Fig.  14 

w a s  placed i n t o  the  test  suppor te r ;  Its characteristics i n  t h e  

absence of the s o l i d  s ta te  plasma are given also i n  Fig.  1 4 .  

T h e  forward loss of about 1 db when t h e  electric vector i s  

perpendicular  t o  t h e  f i n s .  The i n s e r t i o n  loss obtained when the 
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electric vector is parallel to the fins was over 40 dbs. The 

coupling from port I1 to port I11 showed a loss of about 2.5 db. 

The expected circulator performance is presented in Fig. 14. 

The feasibility of this service a l so  depends very much on the 

design of the quasi-optical section as does the isolator, How- 

ever, with sufficient care, low loss quasi-optical guiding systems 

can be designed. 

2.5 Conclusions 

The experimental investigation of the microwave Faraday 

effect in a solid state plasma under a large magnetic field and 

the theoretical results predicted by Donovan and Medcalf theory 

have been compared. The results show that they are in good 

agreement for magnetic fields up to 1.3 Wb/m2 and with n-type 

indium antimonide at liquid nitrogen temperature, 

We have found that a large rotation of the plane of polar- 

ization of the quasi-optical incident electromagnetic wave can 

be obtained with little loss. This property led to tRe study 

of various microwave devices using the Faraday effect. 

We have seen that mm wavelength Faraday rotators utilizing 

InSb at cyrogenic temperature required magnetic fields of only a 

few kilogauss to be feasible. Isolators having a forward loss 

of about 1 db and an isolation of 9 db were built using Faraday 

rotation. 

In the investigation of quasi-optical isolators and cir- 

culators we have concluded that care must be taken in designing 
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any waveguide to free space transitions, although this would be 

an insignificant problem in totally quasi-optical system since 

the feasibility of the described devices is very dependent upon 

lowering of the losses inherent to their designs. 

In the three cases investigated we have found that for a 

low loss solid state plasma the following inequality must be 

satisfied pB>>1. With indium antimonide this condition was 

easily reached at liquid nitrogen and with moderately high mag- 

netic fields. However, these two physical requirements may 

limit the practicality of such devices to specialized systems. 

It is not anticipated that this situation could change with the 

improvement of the known semiconductors. Indium arsenide was 

considered to be a possibility for room temperature operation, 

but its intrinsic concentration is high enough to result in the 

requirement 

satisfy the 

of a magnetic field of about 

low l o s s  condition mentioned 

The present work can be extended to 

2 10 Wb/m in order to 

before. 

the infrared Yrequency 

range where the system would then be totally optical. The 

theory outlined here would be applicable, with a few modifica- 

tions due to lattice absorption. Devices could be designed for 

room temperature operation with materials such as indium antim- 

onide and with moderate magnetic fields. 

-28- 



3 .  WAVEGUIDE ISOLATORS 

This work is being performed by M. Randa and W.G. May. 

3.1 Introduction 

Nonreciprocal microwave devices such as isolators, 

circulators, modulators and phase shifters have been considered 

by using the tensor properties of the permeability 118,191. 

Similar nonreciprocal properties have been observed using a 

gaseous plasma which has a tensor permittivity in a dc magnetic 

field. [20,21] 

Recently solid-state plasmas have been used as the basis of 

waveguide isolators, using the non-reciprocal tensor properties 

of the dielectric constant in the presence of a dc magnetic field, 

Ln the device reported by M. Toda 122,231 field displacement of 

the signal propagated through InSb at liquid nitrogen temperature 

in the presence of a transverse dc magnetic field was used to 

achieve isolation. Another isolator was developed using Faraday 

rotation in a waveguide filled with InSb under a longitudinal 
YI 

magnetic field. [6,7,24,251 

In this report, the microwave propagation characteristics of 

a waveguide isolator using an LnSb rod and an InSb annulus at 

94 GHz and 75'K are presented theoretically and experimentally. 

3.2 Waveguide Isolator Employing a Semiconductor Plasma 

Rod in the Waveguide. 

In recent years, wave propagation in waveguides filled 

or partially filled with a plasma column have been studied. The 

first extensive study of the configuration of Fig. 15(a) was 
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done by A.W. Trivelpiece [261, who analyzed propagation charac- 

teristics in the presence and absence of an axial dc magnetic 

field using the quasi-static approximations. Considerable at- 

tention has been given to the existence of backward space-charge 

waves in the plasma. V. L. Granatstein, S .  P. Schlesinger, and 

A. Vigants [ 2 7 ] ,  L. Alfredson [ 2 8 ] ,  R. N. Carlile [29], P. Le- 

prince and J. Pommier [ 3 0 I p  and P.J.B. Clarricoats 1311 made 

further studies of the dipolar backward space-charge wave under 

isotropic plasma conditions. 

V. L. Granatstein and S. P. Schlesinger [ 3 2 1 ,  B. Agdur [ 3 3 ] ,  

V. Bevc and T. T. Everhart [34], and W. P. Allis, S.  J. Buchs- 

baum and A. Bers [ 3 5 ]  have made very detailed studies of a cir- 

cular waveguide containing an anisotropic plasma rod. 

The purpose of this section is to present theoretical and 

experimental microwave propagation characteristics in a rod of 

InSb coaxially mounted in the cylindrical waveguide at 94 

GHz and 75OX. The inside profile of the complete 94 GHz wave- 

guide isolator partially filled with a rod of InSb is shown in 

Fig. 16. This isolator is a shorter wavelength version of a de- 

vice developed previously in this laboratory [lo]. 

The operation of the isolator depends on the exclusion or 

absorption of a circularly polarized 94 GHz microwave signal by 

a rod of InSb, coaxially mounted in a cylindrical waveguide. 

The extent of the exclusion or absorption depends on the sense 

of the microwave signal polarization and the applied axial dc 

magnetic field. 
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3.2.1 Theoretical Calculations 

With a longitudinal dc magnetic field in the InSb rod, 

the total dielectric constant of the material, due to both lat- 

tice and carriers, seen by the microwave signal depends on the 

direction of circular polarization with respect to the magnetic 

field. The total relative dielectric constant is expressed as 

where 

and 

E; = E R  - 

The subscripts + - refer 
ized components in the 

[I--I 2 

w [ l +  T (w+wc) 3 

to the right and left hand circular polar- 

direction of the magnetic field: 

For a longitudinal magnetic field Bo large enough that 

w >>u,T-' these above expressions are 
C 

and 

( 3 . 4 )  
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It is  r e a d i l y  seen t h a t  t h e  d i e l e c t r i c  cons t an t  could be r e l a -  

t i v e l y  l a r g e  f o r  a microwave s i g n a l  c i r c u l a r l y  polar ized  one way 

but  very l o w  o r  even negat ive  f o r  t h e  oppos i te  c i r c u l a r  p o l a r i -  

za t ion .  L e t  u s  cons ider  t h e  device shown i n  Fig.  1 6 ,  which con- 

sists of a c y l i n d r i c a l  waveguide surrounding a rod of InSb. I f  

t h e  dc magnetic f i e l d  i s  ad jus t ed  so t h a t  E: is  close t o  1, t h e  

waveguide appears empty ( a s ide  from loss) t o  a s i g n a l  c i r c u l a r l y  

po la r i zed  i n  t h e  (-) sense.  This (-) mode s t rong ly  excites 

fields i n  t h e  InSb, and because of t h e  lo s sy  p a r t . o f  t h e  d i -  

electric cons tan t  E:, much of  t h e  s i g n a l  r o t a t i n g  i n  t h e  (-) 

mode w i l l  be absorbed by t h e  InSb. However, the same s i g n a l  

t r a v e l i n g  i n  t h e  oppos i te  d i r e c t i o n  w i t h  r e s p e c t  t o  B rotates  

i n  t h e  (+) sense.  Since a s i g n a l  sees a coax ia l  s t r u c t u r e  with 

t h e  i n n e r  conductor being a rod of InSb w i t h  E; = 3 0 ,  f i e l d s  are 

n o t  e x c i t e d  s t rong ly  i n  t h e  InSb and l i t t le  power flows i n  t h e  

material. Thus t h e  s i g n a l  i s  only very s l i g h t l y  absorbed. 

0' 

To improve the  i s o l a t i o n ,  t he  r a d i u s  r of t h e  c i r k u l a r  

waveguide conta in ing  a rod of InSb is determined i n  such a way 

t h a t  t h e  empty waveguide i s  beyond cut-off f o r  t h e  TEll mode i n  

t h e  c i r c u l a r  waveguide a t  t h e  opera t ing  frequency, that  i s  [ 3 6 ]  

But r is  

1 . 8 4 1 ~  - - 1.84'1Xo 
r <  w 2Tr 

l a r g e  enough t h a t  a coax ia l  ' s t r u c t u r e  with a c e n t e r  

conductor of r a d i u s  rl w i l l  propagate a TEll coax ia l  mode, re- 
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q u i r i n g  [361 

c A 0  
r+rl 
- > - = -  

2 w 27r (3.7) 

The (+) mode now propagates by e x c i t i n g  t h e  TEll coax ia l  mode 

b u t  t h e  (-) mode cannot propagate when E'-1 because, i n  t he  

lossless case, the s i g n a l  sees a waveguide beyond cu t -of f ,  and 

w i t h  loss, t h e  f i e lds  s t rong ly  exc i t ed  i n  t h e  InSb are absorbed, 

I n  t h e - l a t t e r  case, the  f ie lds  are concentrated more i n  the rod 

of InSb than they are when t h e  waveguide i s  no t  c u t  o f f ,  and the 

loss i s  i n s i g n i f i c a n t .  

The exac t  s o l u t i o n  fo r  l o n g i t u d i n a l l y  magnetized c y l i n d r i c a l  

waveguide p a r t i a l l y  f i l l e d  w i t h  a lossless t enso r  d i e l e c t r i c  

medium shown i n  Fig. 15(a) has been done by A. B e r s  1351. This 

s o l u t i o n  has been extended t o  include loss, and wi th  t h e  a id  of 

the  d i g i t a l  computer, t h e  s o l u t i o n  f o r  t h e  complex propagation 

cons t an t  has been obtained. From these r e s u l t s  t h e  a tkenuat ion 

as a func t ion  of d c  magnetic f i e l d  can be obta ined  for t w o  modes 

and i s  shown i n  Fig. 17 .  It  should be noted t h a t  t h i s  a t tenua-  

t i o n  i s  for  a u n i t  l ength  of waveguide and does no t  account f o r  

any r e f l e c t i o n  on coupling t o  d i f f e r e n t  modes t h a t  occurs  a t  the 

ends of t h e  semiconductor-loaded waveguide sec t ion .  

3.2.2 Experimental Resul t s  

The material chosen €or  the plasma rod is n-type InSb 

s i n c e  t h e  free c a r r i e r s  of t h i s  ma te r i a l  have a high mobi l i ty  a t  

75'R. By means of Van d e r  Pauw's technique 1171, the f r e e  car- 
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rier concentration of the n-type InSb at 75OK was measured to be 

n = 2.80 x lo1* carriers/cc 

and the mobility at 75OK is 
5 2  = 5.2 x 10 cm /volt-sec. e 

The device sketched in Fig. 16 consists of rectangular to circular 

transitions with resistance cards, teflon quarter-wave plates 

converting the linearly polarized TEll mode to the circularly 

polarized TEll mode, and a rod of n-type InSb coaxial with the 

circular waveguide supported and fully surrounded by Styrofoam 

inserts. This device is placed in a longitudinal magnetic field 

using 6-inch Varian magnet with a 2-inch gap. A Styrofoam Dewar 

surrounds the circular waveguide containing the InSb bar, and 

this section is filled with liquid nitrogen. The attenuation 

data as a function of the magnetic field taken for the applied 

magnetic field parallel and anti-parallel to the direction of 

microwave propagation, are shown in Fig. 18. 

3.2.3 Discussion 

The maximum reverse attenuation 24.5 db is obtained at 

the dc magnetic field 5.3 kG, the value for which E '  - becomes 
small as predicted from ( 3 . 4 ) .  The minimum forward loss is about 

3 db excluding the 5 db loss due to polarizers, transitions and 

waveguide away from the InSb, and no attempt was made to match 

the semiconductor structure to the remaining waveguide. 
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The attenuation curves obtained experimentally for the 94 

GHz isolator using a rod of InSb do not agree well with the 

theoretical ones, but this experimental curve could be explained 

as the mode mixing on the basis of calculated field patterns [lo]. 

That is, the two modes shown in Fig. 17 may be both excited by 

the TEll mode in the unloaded waveguide, the relative excitation 

of the two modes being dependent on the magnitude and the direc- 

tion of the magnetic field. This mode mixing does not take 

place for the circular waveguide containing a rod o f  InSb with 

lower carrier density (n 4 x 10 ) 1101. 13 

3.3 Waveguide Isolator Employing A Semiconductor Annulus 

The waveguide properties of the annular-shaped plasma 

column shown in Fig. 15(b) in the absence of the external dc 

magnetic field were first investigated hy SI F. Paik 1371. It is 

predicted from the theory that such a configuration will support 

propagation in a backward wave mode. These backward waves were 

observed experimentally by L. S .  Napoli and G. A. SwaPtz [ 3 8 ]  

using the configuration shown in Fig. 1st~). Exact analysis of 

the behavior of modes in an annular isotropic plasma column has 

been made by P. J. B. Glarricoats and J. S. L. Wong' 1391. 

In this section, we present a'theoretical analysis of the 

microwave propagation characteristic of circular waveguides 

containing an annular anisotropic plasma column shown in Fig. 
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15(b) and 15(c) and experimental study of the design of a 

waveguide isolator employing a semiconductor annular plasma 

column in the waveguide shown in Fig. 19. 

Although it is desirable to have simple physical models for 

the configurations shown in Fig. 15(b) and 15(c) to estimate 

performance for the isolator, this has not been done because of 

complexity of the geometry. 

3.3.1 Theory 

The exact solution to the boundary value problem re- 

sulting when the cylindrical waveguide contains a hollow plasma 

column shown in Fig. 15tb) can be done and is outlined in Ap- 

pendix A. We assume that the plasma is homogeneous and aniso- 

tropic, and that the fields have a z dependence of the form 

exp (-rz) where r ,  the propagation constant, is independent of 
the position z .  The characteristic equation is found to be 6x6 

determinant given in (A-19). This formidable computational prob- 

lem can only be done with the aid of the digital computer. This 

theory does not account for reflection or coupling at the ends of 

the plasma column. 

Also the microwave' propagation characteristic for the co- 

axial waveguide containing the annular InSb plasma shown in 

Fig. 15(c) is outlined in Appendix B. In order to solve for  

the appropriate propagation constant, it is required to solve an 

8x8 determinant given in (B-11). 

3 . 3 . 2  Experimental Results 

The n-type InSb chosen for the plasma medium has the same 
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electrical characteristics as in the experiment in section 3.2. 

The annular InSb columns were cut by using an ultra-sonic drill 

and were polished chemically in a bromine and methanol etch. 

The device shown in Fig. 19 is essentially the same as in the 

experiment in section 3.2 except for the central test section. 

The annular InSb column was supported by Styrofoam in this sec- 

tion. The small opening between annular InSb column and cir- 

cular waveguide wall was filled by using silver paint. The 

experimentally determined attenuation for the two directions of 

propagation along the magnetic field are shown in Fig. 20. 

A l s o  the coaxial waveguide containing the annular InSb 

plasma shown in Fig. 15(c) was investigated. Using this device, 

the experimentally determined attenuation for two directions of 

propagation along the magnetic field are shown in Fig. 21. 

3.3.3 Discussion 

The measure of isolation, 2 0  db with forward loss 2.5 

db or 29 db isolation with a forward less of 6 db was bbtained 

using the annular plasma column waveguide shown in Fig. 15 (6). 

An isolation of 24 db with forward loss of 7 db was obtained 

using the hallow plasma waveguide shown in Fig. 15(b). 

ward losses indicated here are the insertion losses which occur 

in the test section only and do not include the l o s s  due to 

polarizers, transitions and waveguide away from the test section. 

The thinner (0.5 to 1 mm) annular InSb columns give lower insertion. 

The for- 
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Since t h e  length  of t h e  annular  InSb column is  much smaller 

than t h e  wavelength, end e f f e c t s  should be taken i n t o  account. 

However, t h i s  i s  a q u i t e  formidable problem and has not  y e t  been 

tackled  successfu l ly .  

3 . 4  Conclusion 

The experiment demonstrated t h a t  20 t o  30 db of  i s o l a t i o n  

could be achieved by using t h r e e  d i f f e r e n t  types of s o l i d - s t a t e  

plasma waveguide isolators shown i n  Fig. 15  wi th  i n s e r t i o n  loss 

-2.5 t o  5 db. However, t h e  i n s e r t i o n  loss could be reduced by 

very c a r e f u l  design and cons t ruc t ion  of t h e  i s o l a t o r .  

It w i l l  be of i n t e r e s t  t o  extend t h e  preceding inves t iga-  

t i o n s  t o  much h igher  frequency such a s  in f r a - r ed  region,  s ince  

s t a b l e  and powerful l a s e r s  a r e  a v a i l a b l e  nowadays f o r  communica- 

t i o n  purposes. 
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4. DISCUSSION AND FUTURE PLANS 

The results that are presented in this report demonstrate 

that it is feasible to develop isolators that are either of the 

quasi-optical type or of the waveguide type by taking advantage 

of the anisotropic dielectric constant for a semiconductor 

plasma in a magnetic field. In all of the cases considered, the 

forward loss of the isolator could be made small only by cooling 

the semiconductor. This is necessary to achieve long collision 

times and to reduce the carrier density in a material such as 

InSb so that the operating frequency is above the electron plasma 

frequency. For this reason, it is not felt that the semicon- 

ductor plasma devices will be competitive with ferrite devices 

except in those systems in which cooling is already present, 

such as in maser systems. In fact, a quasi-optical InSb isolator 

is being considered for use in a millimeter wavelength maser 

being constructed at the University of Colorado. 

At higher frequencies, in the far infrared portion af the 

spectrum, nonreciprocal semiconductor devices can be operated at 

room temperature, and thus are reasonable candidates for a wide 

range of applications. For example, a Faraday rotation device 

has been operated at 10.6 microns. The development of coherent 

sources in the submillimeter portion of the spectrum has made the 

need for radiation control components very pressing. Thus, the 

future efforts supported by this grant will be aimed at develop- 

ing prototype devices operating in the 10 to 1000 micron range, 

with particular emphasis on isolators. These will be of the 

Faraday rotation type and also of the reflected beam. 
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APPENDIX A. CHARACTERISTIC EQUATION FOR HOLLOW InSb WAVEGUIDE 

Appendix A gives outlines of the boundary value problem that 

results from the configuration shown in Fig. 15(b). 

The longitudinal field components for rcb are 

jm+-rz  (A. 1) O = UJm(qr)e 
EZ 

and 

(A. 2) jm+-I'z Ho Z = VJm(qr)e 

where U and V are arbitrary, complex constants. The transverse E 

field components for r<b are 

and 

Also the transverse H field components for r<b are 

and 

The longitudinal field components inside the annular plasma 

(b<r<a) are 

and 

(A.8) 
where A, B, C and D are arbitrary, complex constants. 
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Now t h e  boundary condi t ions  a t  t h e  plasma su r face  (r=b) s h a l l  

be taken as t h e  c o n t i n u i t y  of t h e  t a n g e n t i a l  E and H f i e l d s .  

Also a t  t h e  boundary of t h e  p e r f e c t  conductor waveguide w a l l  

(r=a) . 

(A. 18) 
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I n  o rde r  t o  have n o n - t r i v i a l  s o l u t i o n s  of A, B, C,  D ,  U and 

V, t h e  6x6 determinant of t h e s e  c o e f f i c i e n t s  must be zero.  

= o  (A. 19) 
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APPENDIX B. CHARACTERISTIC EQUATION FOR InSb ANNULUS IN WAVEGUIDE 

The derivation of the characteristic equation for  the con- 

figuration shown in Fig. 15(c) is outlined. 

The longitudinal field components for outside the plasma 

HO = ~~~'(qr,qa)e jm@-I'z 
z 

where W and X are arbitrary, complex constants. 

The transverse E field components for outside the plasma, 

The transverse H field components are 

and 

Using the all field components inside the annular plasma 

column given in (24.7) to (A.121, let us match the all tangential 

components of E and H fields at the plasma surface (r=p). 

AJm(plp) + BNm(p,p) + CJm(p,p) + DNmb2p) = WFm(qp,qa) 
(Bo71 

-51- 



-52- 



Combining t h e  boundary condi t ions  a t  r=b  given i n  (A.13) t o  

( A . 1 6 ) ,  one f i n d s  t h e  c h a r a c t e r i s t i c  equation. 

0 

0 

0 

0 

0 

0 

0 

0 
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APPENDIX C. DEFINITION O F  TERMS I N  APPENDIX A AND 33 

Def in i t i ons  of  t e r m s  used i n  t h e  s o l u t i o n  of t h e  plasma 

loaded waveguide given i n  Appendix A and B are l i s t e d .  

E =  
0 

- - 
vO 

c =  

E =  R 

P 
w =  

w =  
C 

r =  
T c =  

- 
zo - 

ko - 

K+ - 

2 -  

- 

- 
KX - 

K =  

- 
Kt - 

Kr - 

Jm - 
NIn - 

- 

- 
- 

free space p e r m i t t i v i t y  

f r e e  space permeabi l i ty  

speed of l i g h t  i n  a vacuum 

r e l a t i v e  l a t t i c e  d i e l e c t r i c  cons tan t  

plasma frequency 

cyc lo t ron  frequency 

propagation cons t an t  

c o l l i s i o n  t i m e  

2 w 2 - - - 
C2 

2 

E+ = kl - jkx  

E- = K1 + j k x  

Bessel func t ion  of t h e  f irst  kind of o rde r  m 

Bessel func t ion  of  t h e  second kind of orde r  m 
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D = ( r  2 + koKr)(r 2 2 + koKR) 2 

P = -r(r 2 + kiK1)/D 

R = jwpok:Kx/D 

2 
= TkoKx/D 
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