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ABSTRACT 

Experimental i n v e s t i g a t i o n s  have been made t o  determine t h e  behavior  of a  

shor t ,  c y l i n d r i c a l  antenna a t  the r e f r a c t i v e  index resonance and cut-off reg ions  of 

a  co ld ,  l o s sy  magnetoplasma. The s t a t i c  magnetic f i e l d  is  o r i e n t e d  p a r a l l e l  t o  

t h e  a x i s  of t h e  antenna. The experimental  r e s u l t s  have been compared wi th  the  

t h e o r i e s  proposed by s e v e r a l  au thors .  Of p a r t i c u l a r  i n t e r e s t  is  t h e  s e r i e s  of 

r e s i s t a n c e  maxima no t i ced  a t  d i s c r e t e  f requencies  corresponding t o  t h e  cut-off 

and upper-hybrid resonance condi t ions .  The s i g n i f i c a n c e  of t hese  r e s u l t s  i n  

i n t e r p r e t i n g  t h e  maxima i n  cosmic n o i s e  i n t e n s i t i e s  and the"resonance sp ikes"  

observed i n  t h e  ionograms of top-side sounder s a t e l l i t e s  has  been d iscussed .  The 

p o s s i b i l i t y  of us ing  such an antenna a s  a  d i agnos t i c  probe f o r  measuring e l ec t ron -  

d e n s i t i e s  of over-dense magnetoplasmas has been ind ica t ed .  



I. INTRODUCTION 

A kno~dledfre of the: -impedance behavior  of d i p o l e  antennas r a d f a t f n g  i n s i d e  

a magnetoionic medium is necessary  f o r  accu ra t e ly  i n t e r p r e t i n g  t h e  d a t a  ob ta ined  

from d i a g n o s t i c  and propagat ion experiments performed i n  t h e  ionosphere and 

o u t e r  space us ing  r o c k e t s  and s a t e l l i t e s .  The p r a c t i c a l  s i g n i f i c a n c e  of t h i s  

problem has  prompted a number of t h e o r e t i c a l  papers  desc r ib ing  t h e  r a d i a t i o n  

c h a r a c t e r i s t i c s  of antennas immersed i n  magnetized plasmas; a s  {he l i t e r a t u r e  

on t h i s  t o p i c  i s  q u i t e  v a s t  on ly  t h e s e  papers  which a r e  r e l e v a n t  t o  t h i s  

i n v e s t i g a t i o n  w i l l  be mentioned here .  For t h e  most p a r t  t he se  t h e o r e t i c a l  

i n v e s t i g a t i o n s  a r e  based e i t h e r  on q u a s i - s t a t i c  approximation1) o r  an an 

uniaxia l  type  approximation ( s t r o n g  magnetic f i e l d s  l i m i t )  2' ') with  an assumed 

c u r r e n t  d i s t r i b u t i o n  on the  antenna.  The very  n a t u r e  of t he se  approximations 

prec ludes  t he  cons ide ra t i on  of antenna behavior  f o r  a l l  ranges of t h e  magneto- 

plasma parameters andespec i a l l y  nea r  t h e  resonance and cut-off  condi t ions  where 

t h e  most i n t e r e s t i n g  ionospher ic  phenomena mani fes t  themselves.  The antenna 

behavior  a t  t h e s e  c r i t i c a l  f requenc ies  i s  a l s o  conspicuously d i f f e r e n t  from t h a t  

i n  f r e e  space.  Near resonance t h e  r e f r a c t i v e  index of t he  c h a r a c t e r i s t i c  wave 

becomes i n f i n i t y  thereby causing t h e  antenna dimensions t o  become l a r g e  i n  

comparison wi th  t h e  c h a r a c t e r i s t i c  wavelength. The q u a s i - s t a t i c  approximation 

becomes i n v a l i d  i n  t h i s  reg ion  and t h e  a c t u a l  c u r r e n t  d i s t r i b u t i o n  on the  

antenna w i l l  a l s o  d i f f e r  s i g n i f i c a n t l y  from t h e  s imple t r i a n g u l a r  d i s t r i b u t i o n  

assumed i n  t he  a n a l y s i s .  I n  t h e  u n i a x i a l  approximation i t  i s  assumed t h a t  t h e  

of f -d iagonal  term of t h e  p e r m i t t i v i t y  t enso r  c h a r a c t e r i s i n g  t h e  magnetoplasma 

Fs small  i n  comparison wi th  the l e ad ing  diagonal  term, which i s  t r u e  only when 

t h e  app l i ed  s t a t i c  magnetic f i e l d  is  very  l a rge .  When the plasma ps rmie t e r s  

approach cut-off however, t h e  va lue  of t h e  off-djagonab t e r n  i nc reases  r a p i d l y  

and becomes equa l  i n  magnitude t o  t h e  leadfng d iagonal  term eausinp: t he  



refractive intlex of one o r  the o ther  s f  tlrt. ~ I l a r ac t c r l s t kc  waves t o  hecome z e r o ,  

- 3 )  A s  w i l l  h e  e x p l a i n e d  l a t e r  i n  t h i s  p a p e r ,  t h e  a n a l y s i s  of Lee and r e 4 )  and Ao1.x 

have shown t h a t  t h e  s imple t r i a n g u l a r  cu r r en t  d i s t r i b u t i o n  i s  a g a i n  inadequate  

f o r  p r e d i c t i n g  impedance behavior  o f  t h e  antenna under such cond i t i ons .  The 

d i f f i c u l t y  i n  t h e  a n a l y s i s  and t h e  doubts regard ing  t h e  v a l i d i t y  of t h e  t h e o r e t i c a l  

fo rmula t ion  a t  t h e s e  c r i t i c a l  r eg ions  underscores  t h e  need f o r  more experimental  

i n v e s t i g a t i o n s .  Re l a t i ve ly  few meaningful experiments under c a r e f u l l y  c o n t r o l l e d  

l abo ra to ry  cond i t i ons  have been performed t o  examine t h e  behavior  of  a  

c y l i n d r i c a l  d i p o l e  antenna i n  a  magnetoplasma. J3almain1) h a s  r epo r t ed  some 

l a b o r a t o r y  measurements b u t  h i s  experimental  r e s u l t s  a r e  ambiguous a s  they do 

n o t  show any unusual  behavior  i n  t h e  impedance a t  upper-hybrid resonance I )  o r  

a t  t he  cut-off  f requenc ies  probably due t o  t h e  r e l a t i v e l y  h igh  c o l l i s i o n  

frequency i n  h i s  experiments.  Stone,Alexander and Weber 5a9b)  Molozzi and 

lIichardson6) and liugil17) have made " in - f l i gh t "  impedance measurements on a  

s h o r t  d i p o l e  mounted on a  rocke t  f o r  c e r t a i n  ranges of  magnetoionic parameters  

e x i s t i n g  i n  t h e  ionosphere;  they have n o t ,  however, considered behavior  a t  

cu t -of f .  The advantage of l abo ra to ry  experiments over  " in - f l i gh t "  measure- 

ments is  t h a t  i n  t h e  former ca se  t h e  plasma parameters  can be  v a r i e d  over a  

wide range,  permi t t ing  accu ra t e  measurements a t  va r ious  cond i t i ons  corresponding 

t o  cut-off and resonance;  a l t e r n a t i v e  d i a g n o s t i c  measurements can b e  made t o  

determine t h e  e l e c t r o n  d e n s i t y ,  e l e c t r o n  temperature  and c o l l i s i o n  frequency a s  

w e l l  a s  t h e  s t r e n g t h  and o r i e n t a t i o n  of ttte app l i ed  magnetic f i e l d  s o  t h a t  t h e  

p r e v a i l i n g  experimental  cond i t i ons  a r e  more p r e c i s e l y  def ined  than is  p o s s i b l e  

i n  r o c k e t  and s a t e l l f t e  "in-f l igh t9 \xper iments .  

Th i s  paper  d e s c r i b e s  some l a b o r a t o r y  i n v e s t i g a t i o n s  on t h e  impedance 

c h a r a c t e r i s t i c s  s f  an  e L e e t r l c a l l y  s h o r t  c y E l n d r i c a 1  an tenna  i n s i d e  a magnetized 

plasma w i t h  t t te s t a t i c  magnet ic  f i e l d  a n p l l e d  p a r a l l e l  t o  the  a x i s  of the  



h) 
2 

(1 )  v 
e. C 

an tenna .  The ti. R. S, 1, symbols X =--I%-- .i- = -- % z?z -- and I J  = I - jZ vIIJ_ 
u2 W - (i\ 

i n  e 
be used t o  d e s c r i b e  t h e  piasma parameters ,  where (IJ = = angu la r  plasma 

en o 
0 

frequency,  o, = -- = angu la r  cyc lo t ron  frequency,  vc = c o l l i s i o n  frequency and 
C m 

w = angular  s i g n a l  frequency of t h e  antenna.  B i s  t h e  a x i a l  s t a t i c  magnetic 
0 

f i e l d  and n  is  t h e  e l e c t r o n  dens i ty  and m and e a r e  t h e  e l e c t r o n  mass and charge 
0 

r e s p e ~ t i v e l y .  For c l a r i f i c a t i o n ,  the n o t a t i o n  of s t i x R )  w i l l  b e  used f o r  

i d e n t i f y i n g  t h e  va r ious  c u t - o f f ' s  and p r i n c i p a l  resonances of t h e  magnetoplasma. 

The v a r i a t i o n  i n  t he  i npu t  impedance of  t h e  antenna w i l l  be s t u d i e d  a t  t r a n s i t i o n  

reg ions  desc r ibed  by t h e  fol lowing plasma parameters  f o r  a  one-component, 

l o s s - l e s s  plasma: 1) upper hybrid resonance where X = 1 - y2 (S = O), 

2 )  e l e c t r o n  cyc lo t ron  resonance where Y = 1 (R = m) and 3) t h e  cut-off  

cond i t i ons  given by S = 1 (P = 0 ) ,  X = 1 + Y  (IA = 0) and X = 1 - Y (R = 0 ) .  The 

S t i x  symbolsR) P,  R ,  L, and S  f o r  one one-com~onent plasma a r e  given by P = 1 - X, 
X I; R = l -  L =  1 ------ 1 

1 S Y  and S = -- (R + L) . The cond i t i ons  R = 0 ,  L = 0 ,  
1 - Y' 2 

P = 0, R = DJ and S = O c o n s t i t u t e  t h e  boundary s u r f a c e s  on t h e  CMA diagram f o r  

a one-component plasma ~ i v e n  i n  F ig .  5 ;  t h e s e  s u r f a c e s  d i v i d e  t h e  diagram i n t o  

va r ious  r eg ions  which w i l l  be convenient  for l a t e r  d i s c t ~ s s i o n  of wave-propagation 

phenomena i n  t h e  plasma. 

I I.  EXPERIMEIJTAL APPARRTUS 

The exper imenta l  i n v e s t i g a t i o n s  were made i n  a  hot-cathode,  Helium d.c. 

clischarge tube 38cm i n  l eng th  and 6.5cn1 i n  d iameter .  The p o s i t i v e  column of 

t h e  d i s cha rge  was p laced  along the  a x i s  of a  so l eno id  2Rcm long and 15cm i n  

d iameter .  The antenna was a  copper rod 4mm i n  d j m i e t e r  and 3.5cm long. S i n c e  

t h e  l ength  of t h e  antenna WE very s h o r t  compared t o  t h e  wavelength of t h e  

highesk s i g n a l  f requency used i n  t h e  exneriment (h =: 0.07 at 600 ~ ~ I I z ) ,  i t s  
X 

0 

r a d i a t i o n  f i e l d  i s  n e g l i g i b l e  and t h e  plasma d i scha rge  around the  antenna has 



a signiffcant effect  on ly  on the reactive near f i e l d  of t he  antenna, Iienee t h e  

f i i i i t e  s i z e  of ttie plasm& con-ainer does riot s e r i o u s i y  soriipromise t h e  " i n f i n i t e  

plasma" assumption made i n  t h e  t h e o r e t i c a l  a n a l y s i s .  

The antenna was connected t o  t h e  i nne r  conductor of a  vacuum-tight p r e c i s i o n  

c o a x i a l  connector ;  t h i s  e l imina t e s  l a r g e  j unc t ion  e f f e c t s  nea r  t h e  d r i v i n g  

p o i n t  of t h e  antenna.  The c o a x i a l  connector  was mounted a t  t h e  c e n t e r  of  a  copper 

d i s c  which a l s o  serves a s  t h e  anode of t h e  d i scharge  t ube ,  The l o n g i t u d i n a l  

magnetic f i e l d  i n  t h e  so l eno id  was measured by a  Ha l l  probe and t h e  antenna was 

placed i n  t h e  uniform magnetic f i e l d  r eg ion  a t  t h e  c e n t e r  of t h e  so lenoid .  A 

t r a n s i s t o r i z e d  magnet power supply w i th  a  c u r r e n t  r e g u l a t i o n  of one p a r t  i n  10' 

and wi th  a  p r e c i s i o n  c o n t r o l  f o r  f i n e  magnetic f i e l d  adjustments  was used i n  t h e  

experiments.  The e f f e c t  of a  magnetic f i e l d  p a r a l l e l  t o  t he  a x i s  of  t h e  p o s i t i v e  

column of a  d.c.  d i scharge  has  been i n v e s t i g a t e d  by many au thors9) .  The p r i n c i p a l  

e f f e c t  of t h e  magnetic f i e l d  is t o  conf ine  t h e  e l e c t r o n s  w i th in  a  Larmor r a d i u s  

and reduce r a d i a l  d i f f u s i o n  t o  t h e  w a l l s  of t h e  plasma v e s s e l ;  t h i s  e f f e c t  

causes  a s l i g h t  i n c r e a s e  i n  t h e  e l e c t r o n  d e n s i t y  and a  decrease  i n  t h e  e l e c t r o n  

temperature .  The glow reg ion  is  b r i g h t e r  a t  t h e  c e n t e r  than a t  t h e  w a l l s  

and t h e  e f f e c t  is more marked a t  lower n e u t r a l  gas  p re s su re s .  The e l e c t r o n  

d e n s i t y  i n  t h e  plasma con ta ine r  could be  c o n t r o l l e d  by vary ing  t h e  d i s cha rge  

c u r r e n t .  A cons t an t  c u r r e n t  r e g u l a t o r  was used i n  series wi th  d.c .  power supply 

t o  t h e  plasma tube;  t h i s  ensured t h a t  t h e  d i scharge  c u r r e n t  (hence e l e c t r o n  

dens i ty )  remained a t  a  cons t an t  va lue  throtighout t h e  experiment.  Any i n c r e a s e  

i n  t h e  e l e c t r o n  d e n s i t y  caused by an i n c r e a s e  i n  t h e  so lenoid  magnetic f i e l d  

w a s  immediately compensated f o r  by t h e  r e g u l a t o r  through a decrease  i n  t h e  

d.c .  p o t e n t i a l  t o  t he  d i scharge .  This  r e g u l a t i o n  w a s  good f o r  low t o  moderate 

magnetic f i e l d s  used  i n  t h e  experiment,  brat brolce down f o r  h igher  f i e l d s .  The 

i n f l u e n c e  of t h e  magnetic f i e l d  on t h e  e l e c t r o n  d e n s i t y  p r o f i l e  has  heel1 



measured hv i%icherton and Van ilnpell i) ' .  The antenna i s  p l a c e d  at the a x i s  o f  

t h e  d i scharge  tube  where t h e  e l e c t r o n  d e n s i t y  i s  a t  maximum; i t  h a s  n o t  been 

o o s s i b l e  t o  e s t ima te  t h e  e f f e c t  of t h e  r a d i a l  d e n s i t v  v a r i a t i o n  on t h e  antenna 

behavior al though i t  is  l i k e l y  t o  cause a smearing of the sharp  resonances i n  

t he  r e s i s t a n c e  and t h e  r eac t ance  observed a t  c e r t a i n  f requenc ies .  

The e l e c t r o n  dens i ty  and el-ectron temperature of t h e  plasma were determined 

hy  a p l ana r  1,angmui.r probe,  The prohe was made ou t  of a 2.4mm diameter  

tungs ten  w i r e  sheathed i n  z l a s s  w i th  on lp  t he  f l a t  end exposed t o  t h e  plasma. 

T h e  accuracy of t h e  d i a g n o s t i c  measurements of magnetopl.asmas u s ing  1,angmuir 

probes a r e  sub jec t  t o  c r i t i c i s m  because of d i f f i c u l t y  i n  i n t e r p r e t i n g  t h e  r e s u l t s .  

Itowever, improved v e r s i o n s  of  t h i s  model have been developed by Bic!certon and 

Von ~ n ~ e l l ' )  and by lieald and ilharton1l) f o r  an approximate de te rmina t ion  of  

e l e c t r o n  temperatures  and d e n s i t i e s .  The e l e c t r o n  n e u t r a l  c o l l i s i o n  frequency 

v = 2.66 X fi; %P was determined from t h e  c o l l i s i o n  c ross -sec t ion  f o r  
en 

helium measured by Golden and I3andell2). I n  t h e  above equa t ion  Te = e l e c t r o n  

temperature  of t h e  plasma i n  degrees  Kelvin,  P = n e u t r a l  p,as Dressure i n  mrn of I-Ig 

and Qm = e l e c t r o n  n e u t r a l  c o l l i s i o n  c ross -sec t ion  f o r  momentum t r a n s f e r  i n  cm2. 

S ince  t h e  plasma is wea1cl.y ion ized  i t  is assumed t h a t  t h e  e lec t ron- ion  c o l l i s i o n s  

a r e  n e g l i g i b l e ,  s o  t h a t  V 
Ven. 

The s t a t i c  magnetic f i e l d  o r  t h e  s i g n a l  
C 

f requency of t h e  antenna was v a r i e d  s o  t h a t  t h e  r e f r a c t i v e  index of the plasma 

corresponded t o  t he  resonance and cut-off cond i t i ons  which were mentioned e a r l i e r .  

The c o l l i s i o n  frequency was v a r i e d  p r i n c i p a l l y  by changing t h e  n e u t r a l  Ras 

p r e s s u r e  of t h e  helium i n  t h e  d i s cha rge ,  A schematic dZagram of  t h e  experimental  

appa ra tu s  is shown fin F f g .  7 .  

L E E .  IPllJf:DATJCE BEHAVIOR AT UPPER IIYBRII) AND ELECrJ11OM CYC1,OTRON RESONANCE 

\Tithin t he  q u a s i - s t a t i c  l i m i t  and f o r  an assumed t r i a n g u l a r  type  of c u r r e n t  



d i s t r i b u t i o n  on the  antenna t h e  rlnptrfi: ienpetlanee % o f  a s h o r t  cylindrical antenna  n 
1) * i n  an zx ia l  magnetic f i e l d  has been de r ived  by Balrnain . 

where R and XA a r e  t he  input  r e s i s t a n c e  and reac tance  of t h e  antenna. h and a 
A ., 

a r e  t he  length  and r ad ius  of t h e  antenna,  I<' =: 1 - * and K . 1 - A -Y 0 IT ; 0 

is the  p e r m i t t i v i t y  of f r e e  space.  

c a l e j s 2 )  has  used a v a r i a t i o n a l  method with a tl.70-term s i n u s o i d n l  type  

t r i a l  func t ion  f o r  the  antenna cu r ren t  and obtained a similar express ion  i n  

the  q u a s i - s t a t i c  l i m i t  a s  Ralmain's. I n  t h e  l i m i t  of no co l . l i s ions  when 

Z = vC/w = 0 ,  i t  i s  seen from Eqn. 1 t h a t  f o r  S < I and y2 < 1 t h e  antenna 

impediiince v7i11. have a r e s i s t i v e  component f o r  y2 > 1 - X. 'Yhe innu t  r e s i s t a n c e  

reaches i n f i n i t y  a t  t he  hybrid resonance frequency Y' = 1 - X (S = n) and drops 

t o  zero For y2 < 1 - X. For smal l  hu t  f i n i t e  l o s s e s  Z << 1 t h e  r e s i s t a n c e  goes 

t'lrough a f i n i t e  maximum near  upper hyt)rid resonance. S imi l a r ly  near  e l ec t ron  

cyc lo t ron  resonance I' = 1 (R = m), Eqn. I i n d i c a t e s  t h a t  t h e  p r o l ~ e  r eac t ance  

reaches a sliarp minimum causing a corresponding pealting i n  t h e  conductance. 

The q u a s i - s t a t i c  approximation becomes i n v a l i d  a t  cycl.otron resonance neces i ta -  

1 1 13) t i n g  l a r g e  co r r ec t ion  terms i n  t he  theory a s  i nd ica t ed  by Ealmain . Seshadri 

has  r e c e n t l y  considered t h e  impedance b e l ~ a v i o r  of an i n f i n i t e l y  l o n ~  c y l i n d r i c a l  

antenna i n  t he  resonant  reg ion  of a magnetoplasma. The a x i a l  component of t he  

antenna cu r ren t  1 near  t he  d r iv ing  po in t  as c1eri.ved by him i s  given by: 
z 

where c Is a cons tan t  ~ ~ l l o s e  value  d e p e n d s  on t h e  antenna r ad ius .  From t h i s  

7 fornlula .it t s  seen t h a t  1 = 0 when X = I - Y o r  X = 1 and 1 = ..when U = I ;  
Z Z 



cor re~-por~r l ing$~y  t h e  imncidanec reaches i r r f j n i t y  ; a t  the u ~ ~ ~ e r - l t y b r i d  resonance and 

plasma cut-off, and zero a t  "Lie cyclotron resonance. 

F i ~ u r e s  1 ,  2 ,  and 4 show t h e  measured impedance and admi t tance  of t h e  antenna 

f o r  va r ious  plasma cond i t i ons .  The experiments  r epo r t ed  i n  F ipures  1 and 2 were 

performed a t  a f i x e d  s i g n a l  frequency of 690 PTHz and the  a p p l i e d  d .c .  macnetic. 

was va r i ed  f o r  a f i x e d  va lue  of t h e  plasma frequency. I n  Fig.  4 the s i g n a l  

frequency was v a r i e d  form 120 t o  4 R O  MHz, .c,~hile t h e  plasma frequency and t h e  

d . c .  magnetic f i e l d  were kept  a t  a cons t an t  va lue .  The l o c i  of the  exper imenta l  

parameters  corresponding t o  Figures  1 ,  2 ,  and 4 a r e  shown on t h e  CI4A diagram i n  

F ig .  5. It  is  seen  t h a t  each of these  l o c i  i n t e r s e c t  t h e  boundary s u r f a c e s  

X = 1 - Y' (S = 0) and Y = 1 (P. = m) corresponding t o  t h e  upper-hybrid and 

cyc lo t ron  resonance cond i t i ons  r e s p e c t i v e l y .  F ig .  1 shows t h e  r e s u l t s  of  t h e  

experiment performed a t  a n e u t r a l  gas  p re s su re  of 50pIIg. The e l e c t r o n  d e n s i t y  

measured by t h e  L a n p u i r  probe f o r  zero magnetic f i e l d  gave a plasma frequency 

of 321) T.IWz. The e l e c t r o n  temperature T was 2.72 X l o 4  degrees  Kelvin and t h e  
e 

corresponding e l e c t r o n  n e u t r a l  c o l l i s i o n  c ros s - sec t ion  obta ined  from t h e  d a t a  of 
0 

Golden and ~ a n d e 1 . l ~ )  was 5.49 A .  The e l e c t r o n  n e u t r a l  c o l l i s i o n  frequency 

c c a l c u l a t e d  from t h e s e  va lues  i s  v = 1 .20  X l ~ ~ s e c - '  o r  --- = 0.032. Fir:. ? 
C W 

shows t h e  impedance v a r i a t i o n  i n  a s i m i l a r  experiment performed a t  h ighe r  

c o l l i s i o n  f r equenc i e s .  The n e u t r a l  gas  p r e s s u r e  was 300111Ig and t h e  correspondinp 

-1 V c  
c o l l i s i o n  frequency v = 7.67 X lfI8sec (---- = 0.203):  t h e  nlasma freq11enc.y was 

C 0) 

455 MHz. Fip;. 4 shows t h e  r e s u l t s  a t  t h e  p r e s s n r e  o f  8r)l.rIlg. Curve 1 i s  t h e  

v a r i a t i o n  i n  t h e  i n p u t  r e s i s t a n c e  of t h e  antenna a s  t h e  s i g n a l  f requency i s  

swent through t h e  p lasma frequency which e o r r e s ~ o n d s  t o  290 PIllz. Curve 2 shows 

t h e  r e s i s t a n c e  behavior  wi th  a f i xed  cyc lo t ron  frequency of I s2  MIPz and a plasma 

frequency of 305 Ffliz, The collision frequeneg In  t h i s  experiment w a s  approxi- 

- 1 mately 2 . 2 7  X I0 'sec ; only t he  input  r e s i s t a n c e  curves a r e  given i n  t h i s  f i g u r e .  



Curve 1 F i g ,  4 shows the  v a r i a t i o n  i n  an tenna  r e s i s t a n c e  when t h e r e  is no magnetfe  

f i e i d .  The i n p u t  resSlstarice s h ~ i q s  a pronounced inaximum Dear X = I ;  t h i s  peak is  

a l s o  p red i c t ed  by Eqn. 1 when ol = 0. I n  Pig.  6 t h e  experimental  r e s i s t a n c e  and 
C 

conductance va lues  shown i n  Fig.  1 a r e  compared wi th  t h e  t h e o r e t i c a l  va lues  of t h e  

impedance c a l c u l a t e d  from Eqn. 1 of Balmain. Figures  1, 2 ,  4 and 6 a l l  show t h a t  

t h e  experimental  r e s u l t s  a t  t h e  upper hybrid and cyc lo t ron  resonance cond i t i ons  

a r e  i n  q u a l i t a t i v e  agreement w i th  theory  i n  t h a t  t h e r e  is  a peaking i n  t h e  i n p u t  

r e s i s t a n c e  a t  upper hybrid resonance and i n  t h e  conductance a t  cyc lo t ron  resonance 

both  a s  p red i c t ed  from Eqn. 1.  The experimental  va lues  a t  t h e s e  resonance 

cond i t i ons  a r e ,  however, much lower than t h e  t h e o r e t i c a l  va lues .  Stone,  Alexander 

and 1qeber5) have a l s o  no t i ced  t h a t  t h e  antenna inpu t  r e s i s t a n c e  measured by them 

dur ing  i n - f l i g h t  measurements was much sma l l e r  than t h a t  c a l c u l a t e d  from 

Balmain's formula. This decrease  and broadening of t h e  r e s i s t a n c e  curves may 

be a t t r i b u t e d  t o  a non -co l l i s i ona l  cyc lo t ron  damping phenomenon1') which has  n o t  

been accounted f o r  i n  Balmain's theory .  The experimental  curve shows an 

a d d i t i o n a l  peak a t  t h e  cut-off frequency X = 1 - Y which i s  n o t  accounted f o r  

by t h e  theory ;  t h e  imp l i ca t i ons  of t h i s  w i l l  be  considered i n  t h e  next  s e c t i o n .  

I V .  ITIPEDANCE BEHAVIOR AT THE CUT-OFF CONDITIONS 

It i s  i n t e r e s t i n g  t o  n o t e  t h a t  i n  Fig.  4 t h r e e  a d d i t i o n a l  r e s i s t a n c e  pealcs 

a r e  observed nea r  X = 1 (P = O ) ,  X = 1 - Y (R = 0)  and X = 1 + Y (L = 9) which 

correspond t o  t h e  cut-off cond i t i ons  f o r  a l o s s - l e s s  magnetoplasma. The locus  

of t h e  experimental  parameters  corresponding t o  F i g .  4 is  sfiown f n  t h e  CTlA 

diagram i n  Fig, 5 ,  A s  the s i g n a l  f requency  of the an tenna  is  i n c r e a s e d ,  it i s  

s e e n  t h a t  t h e  l o c u s  i n t e r s e c t s  t h e  boundary s u r f a c e s  X = 1 f Y,  X = 1 and 

X = 1 - Y a t  t h e  p o i n t s  A ,  B and D r e s p e c t i v e l y ,  A d i s t i n c t  maxima i n  t h e  

i n p u t  r e s i s t a n c e  n e a r  >: = 1 - Y when t h e  plasma frequency i s  I)elow t h e  s i g n a l  



f r e q n e r ~ c y  (X < 1) i s  a l s o  seen in F i g .  P ; s i m i l a r l y  a resistance peal' near :: - 1 C Y 

i s  s e e n  i n  Pig, 3, brlien the plasma frequency is above the signzL frequency (X > I j , 

The condi.tion X = 1  corresponds t o  plasma cu t -of f .  It  i s  seen  from Eqn. 1, 

t h a t  t h e  I n  f l f i F  term causes  t h e  i npu t  impedance of t h e  antenna t o  hecome a 
0 

maximclm near  X = 1 ,  when t h e  plasma has  s i g n i f i c a n t  c o l l i s i o n a l  l o s s e s ;  t h e  

numerical  c a l c u l a t i o n s  of Ga le j s  i n d i c a t e  a peaking of r e s i s t a n c e  nea r  t h e  

plasma cu t -o f f .  

However t l ~ e  t h e o r i e s  proposed by 13almain1) and cal .e js2)  do n o t  p r e d i c t  

r e s i s t a n c e  peaks nea r  t h e  cu t -o f f s  X = 1 - Y and X = 1 4- Y. The reason f o r  t h i s  

d i sc repancy  w i l l  b e  explained i n  t h i s  s e c t i o n .  Severa l  au tho r s  3,4,14,15) have 

i n d i c a t e d  t h e  branch-point s i n g u l a r i t i e s  a t  t h e  cut-off f r equenc i e s  X = 1 t Y 

i n  t h e  Green ' s  Function which appears  a s  t h e  kerne l  of t he  i n t e g r a l  equa t ion  

f o r  t h e  c u r r e n t  on an antenna immersed i n  a  magnetoplasma. ~olci ' )  and Lee and 

~ 0 ~ )  have shown t h a t  a s  a consequence of t h i s  s i n g u l a r i t y ,  t h e  a x i a l  c u r r e n t  

d i s t r i 1 ,u t i on  on an i n f i n i t e l y  long antenna i n  a magnetoplasma c o n s i s t s  of two 

t r a v e l l i n g  c u r r e n t  waves w i th  d i f f e r e n t  propagat ion c o n s t a n t s ;  t h e  i n t e r a c t i o n  

between these  c u r r e n t  waves can g ive  rise t o  a d d i t i o n a l  resonances.  Lee and 

L,04) have shown t h a t  when X < 1 and Y < 1,  t h e  antenna c u r r e n t  i n  t h e  

asymptot ic  l i m i t  of l a r g e  k  1 z  1 is of t h e  form: 
0 

Im(z) = A(z)e 
- i k  /%-1 zl -ikoJk;;lal + li(z) e  o  ( 3 4  

where k = w 6 -  i s  t h e  f r e e  space  propagat ion cons tan t  and: 
0 0 0 

XU XY m XY 
and kl, = 1 - - FY7-r  - - n~ - u2C ij2- - y z  (3b) 

The amplitude coefffeients A ( z )  and B(z) can he obtained from equat ions  23 and 

4 ) 2 4  of Lee and 1.0's paper . I n  Eqns .7a and ?b,  1- J i h c o r r ~ o o d s  to the  
0 



p r o p a g a t i o n  consmasat of t h e  rjghlr. hand circu4.arly p o l a r i z e d  wave ncobatlny, 3n t h e  

same d i r e c t i o n  as t h e  gyromotton of t he  e l e c t r o n s  i n  t h e  presence of the s t a t i c  

magnetic f i e l d  app l i ed  p a r a l l e l  t o  t h e  a x i s  of  t h e  antenna.  k  corresponds 

t o  t h e  l e f t  hand c i r c u l a r l y  po l a r i zed  wave r o t a t i n g  i n  t h e  o p p o s i t e  d i r e c t i o n  

t o  t h e  e l e c t r o n i c  motion o r  i n  t h e  same d i r e c t i o n  a s  t h e  p o s i t i v e  p a r t i c l e s .  

ref err in^ t o  t h e  OlA diagram given i n  F ig .  5, Lee and Lo have shown t h a t  i n  

reg ions  1 ,  6 and 7 t h e  branch c u t  i n t e g r a t i o n s  y i e l d  two propagat ing c u r r e n t  

waves wi th  propagat ion cons t an t s  equa l  t o  k  $ and k $ ; i n  r eg ions  2  and 3 ,  
0 0 

t h e  r ight-hand po la r i zed  wave becomes evanascent  and t h e r e  is  only one propa- 

g a t i n g  c u r r e n t  wave wi th  wave number lc &- . I n  r eg ion  8, t h e  le f t -hand  
0 'L 

po la r i zed  wave g e t s  cut-off and t h e r e  is  one propagat ing c u r r e n t  wave wi th  

wave number ko$. I n  reg ion  5 ,  both t h e  c u r r e n t  waves become evanascent .  

3 ) .  A s i m i l a r  express ion  f o r  antenna c u r r e n t  has  a l s o  been obta ined  by Aoki . 
when t h e  s t a t i c  magnetic f i e l d  is  l a r g e ,  ~ o k i ' )  ha s  shown t h a t  t he  c u r r e n t  on 

t h e  i n f i n i t e l y  long antenna i s  of t h e  form: 

XU where K '  = 1 - --- and Vo is  t h e  v o l t a g e  of t h e  d r i v i n g  genera tor  f o r  t h e  
u2- y2 

- i ~ r / 2  2z antenna.  R = I n  e 
7, 

X 
where K = 1 - y a n d  I n  y '  = y =  0.5772. 

0 

The c u r r e n t  on a  f i n i t e  antenna of l ength  2h can he  deduced from t h e  

i n f i n i t e l y  Long antenna ca se ,  by superimposing t h e  r e f l e c t e d  c u r r e n t  waves from 

t h e  two ends of t h e  antenna.  Using an a n a l y s i s  s i m i l a r  t o  t h a t  used by Shen ,  

King and i\iulh' i t  can be shown t h a t  t he  a x i a l  c u r r e n t  on a  f i n i t e  antenna of 

l e n g t h  211 is of t h e  f o n t :  



I 
where c = - R I  (h)  

oo 1 C T:Im(2h) where R is  t h e  r e f l e c t i o n  c o e f f i c i e n t  a t  t h e  

ends of t h e  antenna and where I (z = +h) = 0.  Af te r  rear ranging  t h e  terms i n  
h  

I'qn ( 5 )  i t  can he shown t h a t  : 

f c (z )  s i n  koJi;(h - I " / )  
3 

where t h e  amplitude c o e f f i c i e n t s  c  c  , c , c a r e  func t ions  of t h e  antenna 
0 ' 1  2 3 

dimensions and t h e  plasma parameters .  The method f o r  eva lua t ing  t h e  r e f l e c t i o n  

3 c o e f f i c i e n t  K has  been i n d i c a t e d  by Aoki . An e x p l i c i t  express ion  f o r  R over  

a l l  ranges of t h e  plasma parameters  is d i f f i c u l t  t o  o b t a i n ,  s o  on ly  a  q u a l i t a t i v e  

exp lana t ion  w i l l  he  given h e r e  f o r  t h e  presence of t h e  r e s i s t a n c e  peaks a t  t h e  

cut-off  f requenc ies .  Fu r the r  t h e o r e t i c a l  work on t h i s  problem is  i n  p rog re s s  

now and w i l l  be r epo r t ed  l a t e r .  

It  i s  seen  from Eqn. 6 t h a t  f o r  a  l o s s - l e s s  plasma kT=O when X = 1-Y ( r i g h t  

cu t -of f )  and 1. =r) when % = ICY ( l e f t  cu t -o f f ) .  Iience a t  t l lese  cut-off f r equenc i e s ,  t 

t h e  c u r r e n t  on t h e  antenna i s  a  minimum s i n c e  one of t h e  two s i n e  terms become 

zero  a s  i n d i c a t e d  by equa t ions  6 and 3b. The inpu t  r e s i s t a n c e  of t h e  antenna 

Ra = R e  @ / I h ( z  = 0 ) )  goes through a  maximum,when t h e  plasma parameters 

c o r r e s ~ o n d  t o  t h e  cut-off cond i t i ons .  It i s  c l e a r  from t h e  above d i scus s ion  

t h a t  t he  c u r r e n t  d i s t r i b u t i o n  assumed hy Eialmainl) and t h e  t r i a l  f unc t ion  f o r  

the cu r r en t  assumed by ~ a l e - j s * )  a r e  inadequate  f o r  de sc r ib ing  the  impedance 

behavior  of t h e  antenna a t  t he se  cut-off  f requenc ies  of t h e  magnetoplasma. 

Tile r e s u l t s  i n  F ig .  3 a r e  p a r t i c u l a r l y  i n t e r e s t i n g  a s  they shot.7 a d i s t i n c t  

r e s i s t a n c e  peak occur r ing  near  the cut-off X = I  4- Y (1, = 0) when ( bJ (X>I) .  
P 

In t h i s  experiment t h e  p l a sma  frequency was 592. YJIz and t h e  s i g n a l  frequency 



was 5flO iIIJz, so tha t  X = 1 . '345, The e l ec t ron  temperature a s  measured bv tllc 

Langrnufr. ?robe was 1 - 7 2  X 1 0 b a ~ r e e s  Kelvin and tlte correspondinp e l e c t r o n  

n e u t r a l  c ross -sec t ion  (! = 5.57 h .  The ca l cu l a t ed  c o l l i s i o n  frequency 
\ I  

m 
C v = 8.76 X 10' o r  -- = 0.278.  The locus  of t h e  plasma parameters  as t h e s t a t i c  

C C1) 

m a g n e t i c  f i e l d  fs  variecl a s  s h o ~ n ~  i n  Fip,. 5 .  The r e s i s t a n c e  peaks a t  cut-off  

shown i n  F ~ R .  1 t o  4 show a s h i f t  i n  p o s i t i o n  corresponding t o  t h e  loss-less 

plasma c a s e ;  t h i s  i s  due t o  t h e  high c o l l i s i o n a l  l o s s  i n  the  plasma and a l s o  

p a r t l y  due t o  s l i g h t  e r r o r s  i n  measurinf t h e  e l e c t r o n  d e n s i t y  wi th  a Lanpmuir probe. 

A con~parison of F igs .1  ancl 2. i n d i c a t e s  t h a t  t l ic r e s i s t a n c e  peak a t  X = 1 - Y 

Vc 
occurs  only when t h e  c o l l i s i o n a l  l o s s e s  a r e  smal l ;  f o r  l a r g e  - v a l u e s  t h e  

01 

r e s i s t a n c e  peaks a t  X = 1 - Y and a t  S = 1 - y2 merge t o  g ive  a  s i n ~ l c ,  broad 
V 

C - 0,032 and t h e  maximum near  upper hybrid resonance. I n  Fig.  1,  Z = -- - 
CI) 

r e s i s t a n c e  maxima near  X = 1 - Y i s  c l e a r l v  seen.  When t h e  c o l l i s i o n  frequency 

i .ncreases t o  7: = 0.203, t h e  peal.: near  X = 1 - Y is  no longer  d i s t i n g u i s h a b l e  

from t h e  one near  upper hybrid resonance. 

Fig.  4 shov~s t h e  ~ r h o l e  spectrum of  r e s i s t a n c e  peaks which appear a t  t h e  

t h r e e  cut--off ' .s  and a t  upper hybrid resonance when t h e  s i g n a l  frequency of t h e  

antenna i s  v a r i e d .  

S imi l a r  betlavior near t h e  cut-off  f requenc ies  has  a l s o  been no t i ced  i n  o the r  

i n v e s t i g a t i o n s .  Cosmic no i se  i n t e n s i t y  measurements1') made by dl.pole antennas 

mounted on r o c k e t s  ancl s a t e l l i t e s  a l s o  show a sharp  i n c r e a s e  i n  antenna r e s i s t a n c e .  

This  w i l l  be d i scussed  i n  g r e a t e r  d e t a i l  l a t e r  i n  t h i s  paper .  

V . TPIPEDANCE BEIIAVIOP. AT CYCLOTRON JJARlrOiJICS 

An a t tempt  was made t o  determine the  impedance hehavior  of t h e  antenna a t  t h e  

second and t h i r d  harmonics of t he  cyc lo t ron  frequency, Unfortunately f o r  t h e  

plasma parameters  corresponding t o  experinlcntal  r e su l t s  shown i n  F j g s  1 t o  It, t he  



second  h a m o n i e  cond-ition (Y = 0 , 5 )  f a l l s  in the proximity of e f t h e r  tlie upper- 

hybr id  resonance o r  one of the cut-offts, SO t h a t  no d e f i n i t e  ecsnclrrsion ahout 

t he  impedance behavior  can be obtained from these  r e s u l t s .  Indenendent measure- 

ments,  not  repor ted  here  have shown t h a t  no unusual behavior was n o t i c e a l ~ l e  n e a r  

t he  cyc lo t ron  second harmonic when the  c o l l i s i o n  l o s s e s  were high.  The  r e s u l t s  

shown i n  Fig.  1  i n d i c a t e  a s l i g h t  i nc rease  i n  t h e  input  conductance of t he  

antenna near  Y = 0.33 which may b e  due t o  t h e  cyc lo t ron  t h i r d  harmonic. Fu r the r  

experimental  i n v e s t i g a t i o n  on t h i s  problem i s  now i n  progress .  

V I .  APP1,ICATIONS 

a )  - -. -- - I n t e r p r e t a t i o n  -. . - - -- of - -. maxima - ----- i n  cosmic n o i s e  i n t e n s i t y  measurements 

Cosmic n o i s e  i n t e n s i t y  measurements have heen made by a number of au tho r s  
17,18) 

u s ing  d i p o l e  antennas mounted on rocke t s  and s a t e l l i t e s .  It has been shown 18) 

t h a t  t he  n o i s e  v o l t a g e ,  V a ,  developed a t  t he  antenna te rmina ls  i n  t h e  frequency 

width Af is  given by: 

where Ra is  the  input  r e s i s t a n c e  of t h e  antenna,  k is  t h e  Boltzmann's cons t an t ,  

and Ta i s  t h e  antenna temperature.  I n  t h e  cosmic n o i s e  i n t e n s i t y  measurements 

made by I3arveyl7) from the  UK-2 S a t e l l i t e  i t  was observed t h a t  a  l a rge  i n c r e a s e  

i n  the  n o i s e  l e v e l  occurred a t  f requencies  corresponding t o  X = 1 ,  X = 1 - Y and 

2 2 
X = 1 - Y . The maximum no i se  band occupied t h e  range 1  - Y < X < 1 and t h e  

lower l i m i t  of t he  n o i s e  band corresponded t o  a  frequency a t  which X = 1 + Y. 

Since Eqn. 7 i n d i c a t e s  t h a t  the  n o i s e  power i s  d i r e c t l y  p ropor t iona l  t o  t h e  

inpu t  r e s i s t a n c e  of the  antenna, i t  is  t o  be expected t h a t  a l a r g e  i n c r e a s e  i n  

t h e  antenna r e s i s t a n c e  shou ld  a l s o  be seen i n  the maximum n o i s e  band reg ion .  The 

r e s u l t s  shown i n  F i g .  4 c o n f i m s  t h i s  conclusion,  It i s  seen t h a t  t he  antenna 

2 
r e s i s t a n c e  i s  very  Large between X =: I + Y and X = I - Y w i t h  prominent peaks 



2 
near  X = 1 ,  X = Z - Y and X = 1 - Y; t h e  r e s i s t a n c e  f a l l s  o f f  sha rp ly  below 

X = ! -t- Y 9  i n d i c a t i n p  decreased n o i s e  l e v e l s  a t  t h e s e  lower f requenc ies .  These 

r e s u l t s  i n d i c a t e  t h a t  t h e  n o i s e  i n t e n s i t y  maxima can be d i r e c t l y  r e l a t e d  t o  

t h e  impedance behavior  of t h e  antenna nea r  t h e s e  c r i t i c a l  f requenc ies .  

b )  -- Plasma - -.- - - - - resonance - sp__i&_es i n  t h e  i i ~ o g r a m s  of top-sids  sounders.  

Plasma resonance s p i k e s  have been observed by ~ o c k w o o d ~ ~ )  , C s l v e r t  and 

~ o e ? ' )  and o t h e r s  i n  t h e  ionograms of t h e  Aloue t te  Topside sounder;  t h e  f requenc ies  

2 a t  which t h e s e  s p i k e s  occur a r e  X = 1 ,  X = 1 - Y , X = 1 + Y and X = 1 - Y 

and a l s o  second and h ighe r  harmonics of t h e  cyc lo t ron  frequency. The f i r s t  four  

resonances occur p r e c i s e l y  a t  t h e  same f requenc ies  where r e s i s t a n c e  spilces have 

heen no t i ced  i n  our experiments .  Loch~ood llas a t t r i b u t e d  t h e  sp ikes  a t  X = 1 + Y 
and S = 1 - Y t o  t h e  propaga t ion  of t h e  Z mode i n  t h e  ionosphere.  

The amplitude of t h e s e  resonance sp ikes  a r e ,  of course ,  dependent on t h e  

coupling between t h e  antenna and t h e  magnetoionic m e t l i u m  during t ransmiss ion  

and r ecep t ion .  The space and time dependence of t h e s e  resonances can h e  found 

by a Four ie r  i n t e g r a l  1~1~ ic l1  involves  t h e  e f f e c t i v e  impedance of t h e  r ece iv ing  

antenna and F o u r i ~ r  transfornl of t h e  t r ansmi t t ed  p u l s e  a s  has  been i n d i c a t e d  

by ~ u t t a l l " ) .  The experimental  r e s u l t s  on t h e  antenna impedance r epo r t ed  h e r e  

may he  u s e f u l  i n  making q u a n t i t i v e  c a l c u l a t i o n s  of t h e  ,amplitude of such resonance 

sp ikes .  

Dinp,nostic a p p l i c a t i o n s  t o  ma~nrtopl.asmas c)  --- ----- ------------,: 

The r e s i s t a n c e  peak near  t h e  cut-off  condi t ion  ?! = 1 4- Y which occurs  

1~~13en X > 1 ( 1 1 )  < 0) ) a s  sh0.i.m i n  Pi,g, '3 and 4 i s  p a r t i c u l a r l y  i n t e r e s t j -ng  from 
P 

a d i a g n o s t j c  po in t  of view a s  i t  p r e sen t s  the  p o s s i h i l i  t v  of measuring c l e c t r o n  

d e n s i t i e s  of  "overdense '  magnetoplasmas 1,v usjnp s i g n a l  prohjng Frequencies 

2. below t l t p  plasma frequency,  The resonance p~nl:s a t  X = 1 - Y and >: = 1 - Y can 



also t r e  u sed  f o r  diagnostic prlrposes abtlroui.,l.1 the r e s u l t s  a r e  l i k e l y  to h e  Less 

acc i~ra tP  f o r  c e r t a i n  ranges of the plasma parameters t~llen these peaks appear 

c l o s e  t oge the r .  
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FIG. 1 IMPEDANCE OF DIPOLE ANEN NA IN A MAGNETo PLASMA. 
EXPERIMENTAL RESULTS; GAS-HELIUM; NEUTRAL 
GAS PRESSURE- 50 pHg; SIGNAL FREQUENCY=WO MHz; 
PLASMA FREQUENCY = 5 2 0  MHz; h/Xe=O.O7; a/Xa=O.OQ4; 
ELECTRON TEMPERATURE = 2.72 x lo4 DEGREES KELVIN. 



%= y = CYCLOTRON FREQUENCY 
W SIGNAL FREQUENCY 

FIG. 2 IMPEDANCE OF Dl POLE ANTENNA IN A MAGNETO PLASMA 
EXPERIMaPAL RESULTS. GASHELIUM; NEUTRAL GAS 
PRESSURE. 30Op Hg; SIGNAL FREQUENCY=6OO MHz 
PLASMA FREQUENCY - 455 MHz; h/Xs =O.O7; a/Xo=O.004, 



FIG. 3 IMPEDANCE OF DIPOLE ANTENNA IN A SWAGNEmPLASMA. 
EXPERIENTAL RESUUS. GASHELIUM; NEUTRAL GAS 
PRESSURE =458p Mg; SIGNAL FREBUENCY=[jOO MI-lz 
P L A S M  FREQUENCY = 582 MHz; h / X o = O , ~ ; a / A o = C Z O Q S  
ELECTRON TEMPERmURE = 1.72 x I@ DEGREES KRVIN. 



FIG. 4 IMPEDANCE OF DIPOLE ANTENNA IN A MAGNETOPLASMA- 
EXPERIMENTAL RESULTS. GAS- HELIUM ; GAS PRESSURE = 
80p Hg; LENGTH OF ANTENNA h = 3.49 x METERS 
RADIUS OF ANTENNA = 2.13 x lo-' METERS 
CALCULATED COLLISION FREQUENCY vc = 2.27 x 10' set:' 



FIG. 5 TI-E CMA DIAGRAM WITH LOCI OF THE EXPERIMENTAL PLASMA 
PARAMETERS FOR F l  GURES 1-4, 



W H - CYCLOTRON FREQUENCY 
W SIGNAL FREQUENCY 

FIG. 6 COMPARISON OF EXPERIMENTAL RESULTS FOR ANTENNA 
IMPEDANCE WITH BAbMAlNS THEORY. NEUTRAL GAS 
PRESSURE = 5 O p  Hg. SIGNAL FREQUENCY = 600 MHz 
PLASMA FREQUENCY = 3 2 0  MHz 



3 DB PAD 3 DB PAD 

FIG. 7 BLOCK DIAGRAM OF THE EXPERlNENTAL APPARATUS 
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