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ABSTRACT - - -  

Investigations have been made  to de te rmine  the effects of i n t e r -  

pa r t i c le  coll isions on the  ant i resonant  impedance cha rac t e r i s t i c s  of a n  

e lec t r i ca l ly  sho r t ,  cyl indr ical  antenna in the  vicinity of the  p l a sma  f r e -  

quency of a n  isot ropic  non-Maxwellian p lasma,  The  dependence of t he  

e lec t ron-neu t ra l  coll ision f requency on the  e lec t ron  energy has  been 

taken into account,  The  exper imenta l  r e su l t s  have been compared  with 

1 2 
the  theor ies  proposed by King e t  al.  and Balmain. The u se  of th is  

antenna a s  a diagnostic probe f o r  measu r ing  e lec t ron-neu t ra l  coll ision 

f requency and e lec t ron  density has been investigated. E lec t ron-neu t ra l  

coll ision f requencies  fo r  Hel ium m e a s u r e d  by th is  technique a r e  in  good 

ag reemen t  with theore t ica l  r e su l t s  calculated f r o m  the  coll ision c r o s s  - 

sec t ion  data  of Golden and Bandel, 
3 



1. Introduction 

4 
Although e lec t ros ta t ic  Langmuir probes and r f resonance probes  

5 

have been used f o r  a number of years: for making rel iable  measurements  of 

the e lectron density and electron tempera ture  of p lasmas ,  no sa t i s fac tory  

r. f ,  probe technique appears  to  have been developed a s  yet ,  fo r  measur ing  

electron-neutral  collision frequencies of e i ther  laboratory o r  ionospheric 

plasmas,  Typical  radio frequency diagnostic methods used for  measur ing  

collision frequencies of p lasmas  include a wide var ie ty  of r. f ,  attenuation 

8 
measurements6 '  o r  some  f o r m  of a c r o s s  modulation technique 

The p r i m a r y  purpose of this paper is  to  investigate the impedance 

behavior of a sho r t ,  cylindrical  antenna in the vicinity of the p lasma f r e -  

quency of a weakly-ionized, isotropic ,  collis ion-dominated, non-Maxwellian 

plasma,  Secondly, i t  i s  of considerable i n t e r e s t  to  explore the possibil i ty 

of using such an antenna a s  a diagnostic probe for  measur ing  electron-  

neutral  coll ision f r e q u e n c ~ e s ,  Since the antenna i s  e lec t r ica l ly  very  shor t ,  

the values of the coll ision frequency and electron density a r e  averaged over 

the 'near-f ie ld '  region of the antenna, the dimensions of whlch a r e  q u ~ t e  

sma l l ,  s o  that  i t  becomes possible t o  get information on the local cha rac t e r -  

is t ics  of the plasma,  Miss i le  antennas of this type have been used by 

9 10 Haycock, Baker ,  and Ulwick and by Jackson and Kane for  e lectron 

density measu remen t s ,  by measur ing  the change in the antenna reactance 

a t  the  p lasma frequency. They have, however, not extended their  technique 

f o r  measur ing  coll ision frequencies by considering the change in the input 

res i s tance  of the antenna. The quasi-s ta t ic  theories  used in t he i r  calcula- 

tions a l so  leave much to  be des i red  s ince the effect of the antenna dimensions 

and p lasma p a r a m e t e r s  have not been proper ly  accounted for ,  Mlodnosky 



11 
and Garr io t t  have used a dipole antenna fo r  measur ing  electron densi ty  

and e lec t ron  tempera ture  in a lo s s - l e s s  - plasma; the i r  method consis ts  of 

measur ing  the effect of the ion-sheath on the antenna admittance a t  f r e -  

quencies much below the p lasma frequency. In cont ras t  to  t hese  e a r l i e r  

investigations, this paper i s  devoted mainly to making accura te  m e a s u r e -  

ments  of coll ision frequency and e lec t ron  density in a collision-dominated 

p lasma because,  under these conditions, the contribution to the antenna 

impedance f r o m  the e lectron t empera tu re  and ion-sheath effects can  be 

neglected. The  probe i s ,  therefore ,  likely to be useful for diagnostic 

measurements  in high p r e s s u r e ,  r a r e - g a s  laboratory-discharge p l a smas ,  

shock-tube p lasmas ,  and some  types of r e - en t ry  p lasmas ,  and a l s o  in the 

7 
D-region of the  ionosphere , provided that  the effects of the  e a r t h ' s  mag-  

netic field a r e  proper ly  accounted for ,  
12 

The  two pr incipal  difficulties encountered in applying such a technique 

for  collision frequency measurements  a r e  1) the lack of an accu ra t e  theory  

which takes into account the effect of the various p lasma p a r a m e t e r s  such 

a s  the  e lectron density,  collision frequency, e lectron t empera tu re ,  and 

non-collisional damping on the input impedance of the antenna, and 2) the  

discrepancy in the expression for  the plasma conductivity obtained f r o m  

the Lorentzian model (which is  commonly used f o r  determining antenna 

impedance) and the kinetic theory model  derived f r o m  the Boltzmann 

13 
equation. The  following two sect ions  of this paper will  e labora te  on  

these  topics. 



Cold and W a r m  P la smas .  

14 
Numerous theoret ical  papers  have been published in recent  y e a r s  

descr ibing the impedance and radiation charac te r i s t ics  of antennas im- 

m e r s e d  in  plasmas.  A s  the  l i t e r a tu re  on this  problem i s  very  vas t  only 

those papers  which a r e  mos t  re levant  to  this investigation a r e  mentioned 

here .  The experimental  r e su l t s ,  fo r  the mos t  pa r t ,  have been analyzed 

1 
using the theory proposed by King, Har r i son  and Denton for  an  antenna 

in a cold, lossy,  isotropic  plasma, In o r d e r  t o  es t imate  the contribution 

f r o m  the e lectroacoust ic  mode to  the antenna impedance in the vicinity 

of the p lasma frequency, the r e su l t s  have a l so  been compared with the 

2 
theory proposed by Balmain fo r  a w a r m  plasma based 'on  a l i n e a ~ i z e d ,  

hydrodynamic model. More  recent ly ,  ~ a l e ~ s ' ~  has t rea ted  a s i m i l a r  

p roblem using a variational technique; unfortunately, this paper came  t o  

our  attention too late to pe rmi t  numer ica l  calculations for comparison, 

Numerical  solutions of the integral  equations for cyl indr ical  antennas 

i m m e r s e d  in  w a r m  plasmas have been made by Wunsch, l6 Lin and Mei ,  
17 

Cook and Edgar ,  l8 and by Kuehl. l9 These  authors ,  however, have ignored 

coll isional effects and, hence, the i r  theory i s  not applicable to our  exper i -  

ments .  

1 
In the  theory outlined by King, Har r i son  and Denton, the p lasma i s  

t rea ted  a s  a Lorentzian gas with a coll isional damping t e r m  that  i s  a s sumed  

to be  independent of the e lectron velocity. The cu r r en t  distr ibution on the 

antenna is solved by an integral  equation technique and the input admit tance 

Y(k)  of the  antenna i s  given by the following equations:: 



Y .  (k) = Gin(k) + jB. (k)  in  in ( la)  

where 

and 

In the above equation G. (k) and B. (k)  a r e ,  respect ively,  the input con- 
in  ~n 

ductance and input susceptance of the  antenna; 2h and a a r e  the length 

and radius  of the  cylindrical  antenna; F = 1 + [ (3  ln(2) - l ) / (R  - 3) ] ,  and 

R = 2 ln(2hla) .  

a = u J ~  f(p) and B = ~4~ g(p) when p < 0 and € <  Od (Za) 

and 

a = wq g(p) and $ = ~6 e f(p) when p > 0 and c > 0. (2b) 

where 

and 

In equations (1-3), 6 = wp/PI +dl = 2 ln(h /a )  - 2, p = 0 /we where  e e e 



2 
E W V  W 

2 

0 e =% and E = cO[1 - 2 ]  
v -  + w e w t V  - 

w Vc and w a r e ,  respectively,  the angular plasma frequency, collision 
P' 

frequency, and signal frequency of the antenna, 

The input admittance of the antenna given by equations (1-3) has 

been computed for  a wide range of plasma pa ramete r s  corresponding 

to the experimental conditions and has been compared with the measured  

resul ts .  

The theory by King et  a l ,  does not take into account the electron 

tempera ture  which causes a coupling of energy between the electromag- 

netic and electroacoustic modes,  particularly near  the plasma frequency, 

In order  to est imate the relative contribution by electroacoustic and col- 

lisional effects, computations of the antenna impedance were  a l so  made 

2 
f rom the theory proposed by Balmain for an isotropic,  compressible  

plasma; the formula for the antenna impedance Z obtained f rom Poynting's 

theorem with an assumed triangular cur rent  distribution on the antenna 

is  given by (Ref, 2 ,  Eq. 30) 

where 

and 

- 1 - n 2 
ZP junc h - ( ( l  - kO) [J0(7a)NO(7a) f j J O ( ~ a ) ] l  when w > w 

0 0 P 

( 4 c )  

- - - 1 
'P jwnsOkOh [ ( I  - k o ~ ~ o ~ ~ a ) ~ o ~ ~ a ) l  wheri LJ < w P 



In equation (4c ) ,  p = j7 and 

i s  the acoust ical  velocity in  the e lectron gas. In equations (4a) 

and (4b) ZEM and Z a r e  the contributions f r o m  the e lectromagnet ic  and P 

electroacoust ic  modes to  the  input impedance of the antenna. Equation (4c) 

shows that  even for  a loss less  p lasma,  the antenna has a r e s i s t i ve  com- 

ponent owing to  the contribution f r o m  the plasma mode when bJ > bJ It  i s  
P' 

a l so  s e e n  f r o m  (4b) that  the res i s t ive  pa r t  R e m  of the e lectromagnet ic  

mode impedance i s  z e r o  when the p lasma has no losses ;  this r e su l t  i s  a 

consequence of the quas i -s ta t ic  approximation made in the analysis .  When 

s m a l l  collisional losses  a r e  introduced, R i s  a maximum near  the plasma e m  

frequency. The values of R and R f o r  typical  exper imental  e lectron-  
e m  P 

t empera tu re s  and collision frequencies  have been calculated and the i r  

re la t ive  magnitudes have been compared. These  resu l t s  will  b e  d i scussed  

l a t e r  in  this paper.  

3. 

In deriving an  express ion  for  the antenna impedance, King e t  al .  
1 

have assumed the plasma to be a 'Lorentzian '  gas ,  where; the coll ision t e r m  

i s  independent of the e lectron energy; the a ,  c,  e lec t r ica l  conductivity of the 

p lasma obtained f r o m  Langevin's  equation i s  given by 



where V i s  the effective coll ision frequency, Although Balmain has 
e 

considered the electroacoctstic ~ a d i a t i o n  due to  rhe finite e lec t ron  t empera -  

t u r e  of the p lasma,  his resu l t s  a r e  valid only f o ~  a Maxwellian p lasma 

s ince he has assumed thay the coli ision frequency is independent of e lec-  

t ron  tempera ture ;  hence, his express ion  for plasma conductivity for the 

e lectromagnet ic  mode 4s identical  to  the one used by King. 

Although this simple ' eonveaa t ionaP~xpress ion  for  the conductivity 

has been used quite extensively in  the l i t e ra ture ,  especially by ionospheric 

physicis ts ,  i t  is s t i l l  subject  to  c r i t i c i s m  since i t  i s  not s t r i c t l y  applicable 

to a ' s ta t i s t i ca l '  ensemble of e lec t rons  having a distr ibution of energy,  but, 

r a the r ,  t o  a 'microcanonical '  a ssembly  with a known, average  e lec t ron  

energy. To  obtain a m o r e  r igorous express ion  for the plasma conductivity 

based on s ta t i s t i ca l  considerations one needs to s t a r t  with the Boltzmann 

2 B equation; a solution has been obtained by ~1 l i s 'O  and Margenau by 

expanding the distribution function in t e r m s  of spher ica l  harmonics  in  

velocity space  and by Four i e r  s e r i e s  in t ime. The high frequency e lec-  

t ronic  conductivity of the plasma is given by 
2 2 

where  

and 

and 



where v is  the electron-neutral  collision frequency 
m 

for  momentum t ransfer .  
0 Fo i s  the symmetr ica l  pa r t  of the distribution 

function and depends only on the velocity 7. It i s  the distribution fo r  

electrons prevailing in the plasma when the r. f. field on the antenna i s  

absent. In most  cases  it is reasonable to a s sume  that this distribution 

is Maxwellian in  nature,  with a n ~ a r b i t r a r y  electron tempera ture  T e' 

where 

The collision frequency of momentum t ransfer  v within the integral  s ign 
m 

in (6b-d) can be expressed a s  

where p is  the number of gas atoms per  cubic centimeter.  

where P is the neutral  gas p res su re  in T o r r ,  T is the neutral  gas t empera -  
g 

tu re  in degrees Kelvin. Q is  the electron-neutral  collision c ross  -section 

for  momentum t ransfer .  Substitution of (7) and (8) into (6b) yields 

F o r  a Maxwellian gas ,  the cross-sect ion for  momentum t ransfer  Q var ies  

inversely a s  the electron velocity. Hence, V is a constant with respec t  
m 

to electron velocity. Thus, f rom equation (6b) 



The  in tegra l  on the  r ight  hand s ide  m a y  be  evaluated by  using the  identity 

F r o m  equations ( 6 ) ,  (10) and (11) i t  follows that  f o r  a Maxwellhian gas 

A compar i son  of equations (5)  and (12) indicates that  f o r  a Maxwellian gas  

the effective coll ision f requency V obtained f r o m  the  Lorentz ian model  e 

i s  equal  to  the  average  coll ision f requency V ('v) whe re  =: (3kT /rn) 1 / 2 
m e 

is the roo t  m e a n  s q u a r e  velocity, 

However,  m o s t  gaseous  p l a smas  a r e  non-Maxwellian in nature;  t h e  

coll ision f requency of t he se  gases  has  a s t rong  functional  dependency on 

the  e lec t ron  velocity. FOP exampie,  f o r  a i r  and ni-trogen Q i s  propor t ional  

2 
to velocity. F o r  wa te r  Q va r i e s  a s  l / v  . In t h e  exper iments  de sc r ibed  

in th is  pape r ,  the gas used for coll ision f requency measu remen t s  was  

Helium. The  coll ision c ro s s - s ec t i on  Q of Hel ium a s  a function of e lec t ron  

energy  i s  shown in  F i g u r e  5 of Refe rence  3. It: can be  s e e n  f r o m  th i s  

f igure  that  ionized Hel ium i s  a non-Maxwellian p l a sma  s ince  the  Q is 

reasonably constant  with r e spec t  to e lec t ron  velocity, Hence,  the  effective 

coll ision f requency v cannot be  s imply  equated with the  collisicsn frequency e 



obtained f r o m  kinetic theory a s  defined in equation (6) .  Numer ica l  and 

experimental  comparisons of the two conductivity expressions f o r  non- 

Maxwellian p lasmas  such a s  a i r ,  e t c . ,  have been made by Margenau 

24 
and s t i l l ingerZ3 and by Kane ; l a rge  discrepancies  between the two 

models have been noticed. It follows that  in any experiment  involving 

a p rec i se  measurement  of the coll ision frequency using electromagnet ic  

methods,  it i s  neces sa ry  to  d i sc r imina te  between the approximate  and 

accura te  formula  for  the conductivity. 

Seve ra l  authors have suggested convenient mathematical  expedients 

in o r d e r  to  re la te  the two models and to  define the collision frequency of 

22 
p lasmas  in  a n  unambiguous way. Molmud has  suggested the u s e  of 

complex effective collision frequencies in the Lorentz  model,  while 

Whitmer  and ~ e r m a n n ~ ~  have defined both an  effective coll ision f r e -  

quency and an  effective p lasma frequency; other possibil i t ies a r e  a l so  

26 
available, F o r  example,  Shkarofsky has used g and h functions. F o r  

the purpose of analyzing the experimental  data presented in  this  paper ,  

the prescr ip t ion  suggested by MolmudZ3 appears  to  be  the mos t  con- 

venient, even though the method becomes less  accura te  a s  the neutral  

gas p r e s s u r e  i s  increased. Q f o r  Helium is reasonably ihdependent of 

e lec t ron  velocity, which means that  the collision frequency v va r i e s  
m 

d i rec t ly  a s  the velocity v; the mean  f r e e  path of the e lectrons L = V / V  
m 

i s ,  hence,  a constant, 

MolmudZ3 has shown that  for  a constant Q the expressions fo r  B and 

D a s  given by equations (6b) and (6c) reduce to  the following form: 



where  

and 

where Ei(-x) and @ ( z )  a r e  the Exponential Integral  and E r r o r  Integral ,  

respectively,  On equating the conductivity expressions f a r  the two 

models given by equations (5)  and (6), the  complex effective coll ision 

frequency for  the L o ~ e n t z i a n  case  neces sa ry  for  equalizing the two con- 

ductivit ies i s  given by 

When V,/W < I, 

and 

When V / W  > I, 
m 

and 



-12- 

when v in the above two equations i s  s t r i c t l y  defined a s  v = pQ(v) F v  dv. 
m m 

F o r  Helium with a constant Q,  this reduces  t o  the f o r m  

v = 2pQ (2kT lnm)  11 2 
m e (15) 

Equations (14a) and (14b) indicate that  when the imaginary p a r t  of the  com-  

plex effective frequency i s  s m a l l  ( V  e I << VeR), the collision frequency f o r  

momentum t r ans fe r  V can be obtained f r o m  the effective coll ision f r e -  
m 

quency V of the Lorentzian model using the re la t ion e 

and 

when V /u < 1 
m 

when V /U  > 1 
m 

In o r d e r  to  obtain the re la t ive magnitudes of v and v the complex 
e I eR ' 

effective collision frequency for  Helium was calculated for var ious  neutral  

gas  p r e s s u r e s  used in the experimental  investigation; in these calculations 

the e lec t ron  t empera tu re  T was 6. 5 e lectron volts and the signal frequency e 

u /2n  was 450 MegaHertz.  The resu l t s  a r e  shown in F igure  1. I t  i s  s e e n  

f r o m  this f igure that  the assumption v << V i s  valid only a t  p r e s s u r e s  
e I  eR 

below 500p Hg. At  higher p r e s s u r e s  v i nc reases  rapidly i n v a l u e  and, 
e I  

thus ,  t he re  i s  no s imple  method of obtaining v f r o m  the measu red  effective 
m 

collision frequency v In the high p r e s s u r e  l imit  it may  become neces sa ry  
e' 

25 
to  use  the method of Whitmer and Hermann and p re sc r ibe  both a n  equivalent 

e lectron density and collision frequency to  r e l a t e  the Lorentzian and  kinetic 

theory conductivity exp res s  ions. 



PRESSURE (microns of Hg) 

COMPLEX EFFECTIVE COLLISION FREQUENCY REQUIRED FOR EQUATING LORENTZIAN AND KINETIC 
THEORY MODELS FOR PLASMA CONDUCTIVITY. ( ELECTRON TEMPERATURE Te = 6 .5eV COLLISION 
CROSS SECTION = 4.5A2 FREQUENCY = 4 5 0  MHz 

FIG. 7 



In the experimental investigations to be described in the following 

sect ions,  the collision frequency v i s  measured  by using the following 
m 

procedure: a )  precision impedance measurements  a r e  made on the antenna 

a t  11 frequencies over a 2 to 1 range, typically 300 to 600 MHz, which 

includes the electron plasma frequency. It i s  preferable to have the plasma 

frequency fal l  near ly in the middle of this range (the approximate plasma 

frequency may  be found by using some independent method such a s  the 

Langmuir probe). b) Using a 4th degree interpolation polynomial the 

meas  
frequencies a t  which the maximum values of the resis tance,  R , and 

meas  
magnitude of the impedance, I Z I  occur a r e  determined a s  well  a s  

meas  the values themselves.  c) Using the frequency of I Z l  a s  the plasma max 
meas  frequency 0 i s  matched to the R thee value f r o m  a family of r e s i s  - 

p' max max  

tance curves derived f r o m  King's theory (eq. 1) with the s a m e  plasma f r e  - 
4, *c- 

quency, but with the collision frequency a s  the parameter .  d) The value of 

the collision frequency for  momentum t ransfer  v is  then obtained f r o m  
m 

either equation (16a) o r  (16b) provided veI<< V eR " e) Lastly,  to obtain an 

es t imate  of the accuracy of the resu l t s ,  the value of V obtained in this 
m 

manner  is  compared with the theoretical resul ts  for  v calculated us'ing 
m 

the collision c ross  -section data of Golden and Bandel. 
3 

:k 
This scheme has been formalized and a computer program wri t ten to process  
the measured  data and re turn  the plasma frequency and effective collision 
frequency. At high collision frequencies the assumption that I Z 1 max occurs  
a t  the electron plasma frequency is  not accurate.  But, for  the laboratory 
plasma measured using the above technique, the e r r o r  involved in the de ter -  
mination of V, and 0 is  only a few percent (= 5%). Thus, i t  is  questionable P 
whether one should use a more  sophisticated curve fitting procedure.  



A block d i ag ram of the experimental  apparatus  i s  shown in 

F igure  2. The experimental  investigations were  made in a hot-cathode, 

Hel ium d. c. d ischarge tube,  14 crns in d iameter  and 38 crns in length. 

The antenna was a copper rod ,  4 m m s  in d iameter  and 3, 5 crns in length. 

Since the length of the antenna i s  ve ry  sho r t  compared to  the wavelength 

of the r. f. s ignal  frequency used in  the experiment,  the  radiation field i s  

negligible and the p lasma d ischarge  around the antenna has a significant 

effect  only on the react ive nea r  field of the antenna. Hence,  the finite s i ze  

of the p lasma container does not se r ious ly  compromise  the ' infinite'  p lasma 

assumption made in the theoret ical  analysis.  This  was investigated exper i -  

mentally by using plasma columns of l a rge r  and Ja rge r  d iameter ,  unti l  the 

s i ze  of the  p lasma column had a negligible effect on the antenna impedance. 

The e lec t ron  density profile in  the p lasma column is ambipolar  diffusion 

controlled with a rad ia l  variation of the type n( r )  = n(0) J0(2.  404r /a )  where 

a i s  the radius  of the discharge tube and n(0) is  the e lec t ron  density a t  the 

axis. Since the antenna was placed along the axis of the positive column, 

i t  i s  evident that when the radius of the discharge column i s  sufficiently 

la rge ,  the fields of the antenna s e e  essent ia l ly  a homogeneous plasma.  

T h e  antenna was connected to  the inner conductor of a vacuum-tight 

precis ion coaxial connector; this e l iminates  la rge  junction effects nea r  the 

driving point of the antenna. The coaxial  connector was mounted a t  the  

center  of a copper d i sc  which also se rved  a s  the anode of the d i scharge  

tube. The  electron density and e lec t ron  tempera ture  of the p lasma w e r e  

determined by a planar  Langmuir probe. The Langmuir probe Q-1 c h a r a c t e r -  

i s t i cs  w e r e  scanned electronically a t  the  r a t e  of once eve ry  two seconds wi th  

a semi- log  plot displayed on a cathode r a y  tube. This r a t e  i s  slow enough t o  
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make  any hys t e r i s i s  in  the  s y s t e m  negligible but f a s t  enough to exclude 

dr i f t  effects  i n  the  p l a sma  discharge,  The  s emi - log  plot allows a d i r e c t  

reading of the  e l ec t ron  t empera tu r e .  This  was  faci l i ta ted by a ca l ib ra ted  

over lay  placed on t he  CRT face. Since the e l ec t ron  t empera tu r e  i s  i m -  

por tant  both fo r  calculat ing coll ision f requencies  a s  wel l  a s  es t imat ing  

e lect roacoust ic  effects ,  g r e a t  c a r e  was  exerc i sed  in making t he se  m e a s u r e -  

ments .  The  value of t he  e lec t ron  t empera tu r e  m e a s u r e d  by this  technique 

was  compared  with the  theore t ica l  values calcula ted f r o m  the  cPR vs  T e / V  
i 

cha rac t e r i s t i c s  f o r  Hel ium ( s e e  Ref. 26, Fig.  14-11). The  ionization poten- 

- 3  
t i a l  fo r  Hel ium V.  = 24,46 volts and c = 3. 9 x 10 P i s  the neu t ra l  gas  

1 

p r e s s u r e  in m m s  of Hg and R i s  the  radius  of the  d i scharge  column in  crns. 

The  r e su l t s  a r e  shown in  F i g u r e  3; they indicate good ag reemen t  between 

theory  and exper iment .  

The  e lec t ron-neu t ra l  coll ision f requency for  momentum t r a n s f e r  

v = 2. 66 x 10'' x\r?; Q P was de te rmined  f r o m  the coll ision c r o s s -  
m e m 

5 
sect ions  f o r  Hel ium m e a s u r e d  by Golden and Bandel. In the above equa- 

tion T i s  the  e lec t ron  t empera tu r e  of the  p l a sma  in  deg ree s  Kelvin, P i s  e  

the  neu t ra l  gas  p r e s s u r e  in  m m s  of Hg, and Qm i s  the  e lec t ron-neu t ra l  

k? 
coll ision c ro s s - s ec t i on  fo r  momentum t r ans f e r  in  crns Since the  p lasma 

i s  weakly ionized it i s  a s s u m e d  that  t he  e lect ron- ion coll isions a r e  negligible. 

The  antenna impedance was measu red  a s  a function of w / w  by 
P 

varying the  s igna l  f requency i n  the  vicinity of the p l a sma  frequency.  T h e  

p lasma frequency during the  exper iment  was  s tabi l ized by using a constant  
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cu r ren t  regulator  in s e r i e s  with the d. c. power supply to  the  d i scharge  

tube. The  impedance measurements  were  made a t  various neutral  gas  

p r e s s u r e s  and the resu l t s  were  compared with the theoret ical  values of 

the impedance obtained f r o m  King's theory (Equation 1). The  values of 

V and W  were  obtained by a curve-fi t t ing technique descr ibed e a r l i e r .  e P 

The  comparison between theoret ical  and experimental  r e su l t s  for  

measurements  made  a t  neutral  gas p r e s s u r e s  of 140, 300, and 750 mic rons  

of Hg a r e  shown in  F igu re  4. The theore t ica l  curves  w e r e  obtained by 

measured  
sett ing W  / W  = 1 a t  Zmax 

2 theoret ical  m e a s u r e d  
= i R 2  + X  andRmax = R 

P m a x  

It  can  be  seen  f r o m  this f igure that  t h e r e  is  good agreement  between 

theory  and experiment  for  values of /U between 0.8 and 1.6. This  
P - 

plasma.  Having obtained the experimental  value for  V in  this manne r ,  
e 

vm was then obtained f r o m  equation 16. In F igu re  5 the experimental  

values fo r  v a r e  compared with the theoret ical  values obtained f r o m  
e 

3 
the coll ision c r o s s  -section data of Golden and Bandel. It i s  s e e n  tha t  

t he re  i s  fa i r ly  good agreement ,  although the experimental  values appear  

to  be  somewhat l a rge r  than that  predicted by theory. This  i nc rease  i s  

probably due to  a )  e r r o r s  in measur ing  neutral  gas p r e s s u r e s  due to  

cal ibrat ion e r r o r s  in  the  thermocouple gauge, b) impuri t ies  in the  gas  

s y s t e m  which can increase  v and c) non-collisional damping phenomena 
e ' 

which have not been taken into account in e i ther  of the theories.  Non- 

coll isional damping effects have a l so  been noticed by Waletzko and 

~ e k e f i ' ~  and by Crawford and ~ a r ~ ~ ~  in impedance measurements  made  
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with a spher ica l  probe Ymmersed in an  isotropic plasma. The r e su l t s  

shown in F igure  5,  however, indicate that ,  in general ,  reasonable  

values for the collision frequency can be obtained by using the antenna 

a s  a diagnostic probe in a coll ision dominated plasma. The value of the  

e lectron density obtained f r o m  the 'curve-fi t t ing'  procedure shown in  

F igu re  4 was compared with independent density measurements  made  

with a planar Langmuir  probe. The resu l t s  a r e  compared in Table  1 

and show once again that  the antenna can be used fo r  making re l iab le  

measurements  of the e lec t ron  density. 

6 .  Effect of E lec t ron  Tempera tu re  and Ion-Sheath Effects on Antenna 

Impedance. 

I t  i s  obvious f r o m  the previous discussion that  the exper i -  

1 
mental  resu l t s  a r e  in good agreement  with King's theory based on the 

cold plasma model. F o r  w a r m  p lasmas ,  having significant e lec t ron  

tempera ture ,  Balmain 's  theory (Equation 4) indicates that  an  additional 

res i s tance  t e r m  i s  neces sa ry  to account for  the e lectroacoust ic  r ad i a -  

tion by the antenna. If res i s tance  t e r m  R due to  this p lasma mode i s  
P 

s m a l l  compared to  the res i s tance  R due to the e lectromagnet ic  mode,  
e m  

the cold p lasma assumption i s  s t i l l  valid insofar a s  the diagnostic m e a s -  

urements  a r e  concerned. If, however, R and R e m  a r e  comparable ,  
P 

significant e r r o r s  a r e  likely t o  occur if the cold plasma theory  i s  used 

for  making coll ision frequency measurements .  In o rde r  to  e s t ima te  the 

relative magnitudes of R and R calculations w e r e  made using equa- e m  P 
tion (4) f o r  typical  p lasma pa rame te r s  occurr ing in the  experiments  just  

described. The resu l t s  a r e  shown in F igure  6; the vallues of V T , w and 
e 3  e 



TABLE 1 

Compar i son  of P l a s m a  Frequency  Determined by a P l a n a r  Langmuir  P r o b e  
and f r o m  R . F. Impedance Measurements  using a Shor t  Cyl indr ical  Antenna 

Neut ra l  Gas P r e s s u r e  Discharge C u r r e n t  P l a s m a  Frequency  P l a s m a  Frequency  
of Hel ium (mic rons )  (mil l iamps ) Shor t  Antenna Langmui r  P r o b e  

(MHz) (MHz) 

7 0  350 45  0 404  

140 300 418 420 

300 250 47 7 42 0 

450 250 510 458 

600 32 5 630 543  

730 250 587 458 



FIG. 6 EFFECT OF ELECTRON TEMPERATURE ON INPUT 
RESISTANCE OF THE ANTENNA.- COMPARISON OF COLD 
AND WARM PLASMA MODELS. 



the  antenna dimensions  used i n  these  calculations a r e  s i m i l a r  to  t hose  

occu r r i ng  in the impedance measu remen t s  shown i n  F igu re  4a. I t  is 

s e e n  f r o m  this  f i gu re  that  R r eaches  i t s  max imum value of 22. 78 ohms 
P 

a t  W / w  = 0, 84 whe re  the corresponding R = 270 ohms,  Hence,  s i nce  
P e m  

the max imum value of R /R = 0, 084, the e lec t roacous t ic  mode makes  
P e m  

a negligible contribution to the  input r e s i s t ance  of the  antenna when the  

coll ision f requency i s  the  d o m ' i ~ a n t  loss  mechanism,  It i s  a l so  in te res t ing  

to  note that  R fa l ls  o f f sha rp$y  to  z e r o  as the p l a sma  frequency i s  approached,  
P 

The r e s i s t ance  R calculated f r o m  Kinggs  theory  (Equation 1) i s  a l so  plotted 

in  F i g u r e  6. It is s e e n  that  Rem obtaiaed f r o m  Balmain ' s  theory  a g r e e s  

c losely  with R sf  King 's  f o r  W / U  between 0, 5 and 1, 0, Fork,  / W  < 0, 4 ,  R 
P P em 

drops  off sharp ly  to z e r o  and dif fers  significantly f r o m  King 's  theory;  th is  

d i sc repancy  i s  due to the  quas i - s ta t i c  approximations made  by Balmain in  

his  ana lys i s ,  a s  a consequence of which the radia t ion r e s i s t ance  i s  neglected. 

In F igu re  7 the theore t ica l  values for  R computed fo r  var ious  e l ec -  
P $ 

t r o n  t empe ra tu r e s  r ang ing f rom 3 to 50 e lec t ron  volts ,  have been plotted a s  

a function of W / W e  W has  a l so  been plotted i n  the  s a m e  f igure  fo r  com-  
P e m  

parison.  The  s igna l  f requency ~ 1 2 ~  was 400 MHz and the  effective col l i -  

s ion  f requency V was  0. B6W in t he se  ca l cu~a t ions .  The  p l a sma  i s  a s s u m e d  e 

to  be a n  idealized Maxwellian ga s ,  s o  that  the effective coll ision f requency 

i s  independent of the  e lec t ron  t empera tu r e ,  Th is  f igure  indicates tha t  f o r  

coll ision f requencies  of th is  magnitude,  the  max imum value of R lR = 
P 

0,185 even for  e lec t ron  t empera tu r e s  T a s  high a s  10 e lec t ron  volts ,  F o r  
e 

R to become comparab le  t o  R the  eieckren t empera tu r e  m u s t  co r r e spond  
P e m '  

to  50 e lec t ron  volts;  these  a r e  abnormal ly  high e lec t ron  t empera tu r e s  ?which 

a r e  r a r e l y  encountered i n  l abora tory  p lasmas  whe re  a typical  T is of the  
e 



FIG. 7 INPUT RESISTANCE OF ANTENNA FOR VARIOUS 
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o r d e r  of a few e lec t ron  volts. The  e lec t ron  t empera tu r e s  in  t he  iono- 

o - .  
s p h e r e  v a r y  f r o m  300 to  1000 K (0. 025 to  0, 09 e lec t ron  volts)  with 

the  highest  coll ision f requencies  occur r ing  i n  the  D-region (60  - 80 

k i lomete rs )  where  v va r i e s  f r o m  13 t o  0. 2 megacycles.  The  r e su l t s  
e 

shown in  F i g u r e  7 indicate that  fo r  m o s t  l abora tory  p l a smas ,  the  col l i -  

s ions  r a t h e r  than the  e lec t ron  t empera tu r e  play a dominant r o l e  in  d e t e r -  

mining the  input r e s i s t ance  in  the  vicinity of the  p l a sma  frequency.  In 

F igu re  8 the  input r e s i s t ance  has  been calculated fo r  var ious  V /W f r o m  e 

King's  cold p l a sma  theory.  T h e s e  r e su l t s  show that  coll isional  l o s s e s  

a s  s m a l l  a s  v /W = 0, 001 can r e s u l t  in a significant peaking of the  input e 

r e s i s t ance  in  the  neighborhood of the p l a sma  frequency,  F o r  v e r y  high 

coll ision f requencies  (V /W = l, 0) the  r e s i s t ance  va r i e s  in  a smooth  man-  
e 

ne r  near  LJ In o r d e r  to apply th is  impedance probe technique fo r  p l a sma  
P' 

d iagnost ics ,  a n  e r r o r  analysis  was  per formed  by consider ing var ious  values  

of Ve and Te. The range  whe re  the  probe can  be  used for  de te rmin ing  V 
e 

within 10% was  de te rmined  and i s  shown in  F igu re  9. Ca r l i n  and Mi t t r a  29 

have shown that  the power in the  e lec t roacous t ic  mode drops  off sha rp ly  

when the  dimensions  of the antenna a r e  l a rge  compared  to the  e l ec t ro -  

acous t ic  wavelength. F o r  an  e l ec t ron  t empera tu r e  of 5. 2 e lec t ron  volts 

4 
( 6  x 10 Kelvin), the  e lect roacoust ic  wavelength i s  typically of t he  o r d e r  

of c m s  for  a s igna l  f requency of 1 GigaHertz. Hence,  by using long 

antennas it i s  poss ible  t o  reduce the  m a x i m u m  value of R even f u r t h e r ,  
P 

s o  that  the  probe can  be  used fo r  diagnosing even p l a smas  having low 

coll isional  l o s se s ,  

T h e  effect  of the  ion-sheath  on the  impedance of the  b a r e  antenna 

was investigated by applying var ious  d, c. b ias  voltages to the antenna to 

va ry  the  shea th  th ickness ,  This  was  general ly  found to have a negligible 
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FIG. 9 DOMAIN OF VALIDITY FOR COLLISION 
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IMPEDANCE PROBE TECHNIQUE. 
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effect  on the  ant i resonant  impedance behavior of the antenna nea r  w 
P' 

This i s  probably due to the antenna radius  being much l a r g e r  than the 

Debye wavelength of the plasma used in  these investigations. F o r  an 

3 
e lec t ron  density n = 2 x lo9 e l ec t rons / cm and an e lec t ron  t empera tu re  

- L 
T = 5 electron volts,  the Debye wavelength i s  approximately 10 crns, e 

a s  compared to  the antenna radius  of 0.2 crns. Experiments  by Waletzko 

27 28 
and Bekefi and H a r p  and Crawford on a spher ica l  probe indicate that  

ion-sheath effects become noticeable only when the antenna dimensions 

a r e  of the s a m e  o r d e r  of magnitude a s  the Debye length. Investigations 

by Mlodnosky and ~ a r r i o t t "  indicate that  the effects of an  ion-sheath on 

the antenna admittance a r e  noticeable only a t  frequencies well  below the 

p lasma frequency of a low density loss  l e s s  plasma. Another probable 

r ea son  is tha t  when the collision frequencies become significant, the  

' r esonance '  conductance peak gets damped rapidly. ~ u c k l e ~ ~ ~  has  shown 

that for  a spher ica l  resonance probe,  the width of the conductance peak i s  

proportional to  0.10 + 1. 6vee Since the v in our exper iments  w e r e  quite 
P e 

large,  i t  i s  quite likely that  the resonance effects were  too heavily damped 

to  be noticeable. 

7, Conclusions - 

Our investigations show that  1) an  e lectr ical ly  sho r t  cyl indr ical  

antenna can b e  used for  diagnosing the e lectron density and coll ision f r e -  

quency of the  p lasma,  2) near  the p lasma frequency the influence of colli- 

sional losses  on the antenna res i s tance  i s  s imi l a r  to  that  obtained f r o m  

including electroacoust ic  wave effects,  3) the res i s tance  contribution due 

to  the e lectroacoust ie  mode i s  negligible when the eolliaion frequency is 



high, s o  that  the  ' co lds  p l a sma  theory  i s  applicable fo r  in te rpre t ing  expe r i -  

mental da t a ,  4) the  velocity dependence of the  coll ision f requency can  be 

szit~sfatstori ly accounted fo r  by introducing a f ict i t ious co-mplex effective 

collision frequency,  and 5) t he  effect  of the  ion-sheath  on the  antenna 

impedance nea r  w is s m a l l  when t he  e lec t ron  densi ty  and coll ision f r e -  
P 

quency a r e  l a rge ,  
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