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ABSTRACT 

P l a s m a  oscillations of very  low frequency (0 - 30 kHz) have 

been found in a cold cathode DC discharge, where the cathode consists 

of an uniformly magnetized sphere.  Under cer tain p res su re  and 

discharge conditions the plasma becomes trapped in the magnetic 

dipole field of the cathode. Under these conditions plasma oscillations 

occur .  The plasma oscillations have been studied in detail with 

respec t  to the two terminal  character is t ic  of the device. It i s  found 

that the frequency of the plasma fluctuations decreases  with increasing 

cur rent ,  gas p res su re ,  ion m a s s ,  and decreasing voltage. No 

dependence of the frequency on the external ser ies  res i s tance  or  

magnetic field i s  noticeable. The oscillations a r e  r ich  in harmonics .  

In addition to the fundamental, the 2nd and 3 r d  harmonic have been 

studied. Experimentally i t  i s  found that f = A RDC, where f i s  the 

frequency, A a constant dependent upon p res su re  and R i s  the rat io  
DC 

of the DC voltage between the electrodes and the DC discharge current .  

It i s  a lso shown that the phenomena could se rve  a s  the basis  

for  a highly sensitive p res su re  gauge. 



1. INTRODUCTION 

The laboratory plasmas generated by a DC discharge a r e  

normally typified by specifying the operating p res su re  and the type 

of cathode. With r e spec t  to p res su re  one distinguishes between low 

p r e s s u r e  discharges (p<  0.01 Tor r )  and high p r e s s u r e  discharges 

(p  > 0. 1 Tor r )  . F o r  the cathodes, one makes use of the distinction 

between hot cathodes and cold cathodes. 

Most of the experimental r e s e a r c h  which has been done deals 

with hot cathode plasma devices. Crawford (1961), in a review paper 

of plasma oscillations in a low p r e s s u r e  DC discharge gives an 

extensive bibliography of these investigations. Oscillations found in 

thermally generated plasmas in conjunction with thermionic emission 

f r o m  a hot cathode have been descr ibed by D'Angelo and Motley 

(1963). Appleton and West (1923) observed ionic oscillations in a cold 

cathode discharge without magnetic field a t  a p r e s s u r e  of 0 .25 T o r r  in 

the frequency range 1 to 100 kHz. There has  been a recent ly revived 

in teres t  in cold cathode discharges for use  in l a s e r s ,  where hollow cold 

cathodes a r e  used. (Hochuli et .  al. 1965 and 1967). 

The p lasma device under study in this paper uses  a spherical  

cold cathode made of Alnico alloys and operates  a t  a p res su re  of 

approximately 0 . 5  up to 8 T o r r  depending upon the type of residual  

gas .  It i s  found that, under cer ta in  discharge conditions, plasma 

oscillations occur in the VLF and L F  range. 

This paper r epor t s  the resu l t s  of the r e s e a r c h  effor t  which 

was directed toward the determination of the effect of the DC discharge 

voltage, the DC discharge cur rent ,  the p r e s s u r e ,  the external s e r i e s  

res i s tance ,  the magnetic field,  the ion species  and the diameter  of 



the cathode on the frequency, magnitude and harmonic content of 

the detected oscillations. 

At the present  t ime,  i t  i s  not c lear  what type of plasma 

oscillations a r e  occurring. Hopefully additional insight into the pheno - 
mena will be gained by a new s e r i e s  of experiments now underway and 

devised to investigate the influence of the above mentioned effects 

upon the wavelength of the oscillations. 



2. APPARATUS AND MEASURING PROCEDURE 

2. 1 Description of the Apparatus 

The schematic of the experimental apparatus i s  presented in 

figure 2 .1 .  A sphere  i s  placed upon a copper rod which a lso  se rves  

a s  a conductor in addition to a support. Various spheres  were  used .  

Table 2, 1 enumerates  them by specifying respectively the mater ia l  

and the diameter .  The l a s t  column r e f e r s  to the curves labelled in 

figure 2. 2. The la t ter  have been obtained by means of a Bell, 

model 620, gaussmeter .  The rod i s  placed in a solid tripod stand which 

i s  aligned along the axis of a cylindrical vacuum chamber.  The 

sphere  i s  used a s  a cold cathode in a DC discharge. The anode is  a 

ring of copper wi re  fixed a t  the innerwall of the vacuum chamber and 

located in the equatorial plane of the magnetic dipole. The position 

and distance of the anode with respec t  to the cathode i s  not cr i t ical  

(Quinn e t . a l .  1966). 

The vacuum chamber used in the experiment i s  a g lass  bell 

jar  on a s ta inless  s teel  base plate. The pumping unit i s  a Veeco 

VS 400 consisting of a roughing and a diffusion pump. 

The type of the plasma obtained with the above descr ibed elec-  

trode geometry has  been investigated previously by Quinn et .  al .  

(1965, 1966) and Twardeck (1968). The plasma i s  generated by applying 

a DC voltage a c r o s s  the electrodes in vacuum. A plasma belt i s  

formed in the equatorial plane under cer tain p r e s s u r e  and discharge 

conditions. 
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Number  
Designation 

TABLE 2 . 1  

Specifications of the  Spher ica l  Cathodes 

Ma te r i a l  D iame te r  ( c m )  Magnetic F ie ld  

ALNICO 5 6. 4 Unmagnetiz ed 

ALNICO 5 6. 4 curve  2 

ALNICO 6 6 . 4  curve  3 

ALNICO 7 6 . 4  

ALNICO 5 3.  3 

ALNICO 5 15. 4 

curve  4 

curve  5 

curve  6 
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2 . 2  Measurement Procedures  

The vacuum chamber i s  filled with a particular gas  to a 

selected p res su re .  With switch Sl (figure 2. 1) closed and S2 open, the 

DC biasing voltage i s  increased until the gas  breaks down and the 

plasma i s  confined to the equatorial plane of the magnetized sphere.  

Next, switch S i s  closed connecting the cathode to ground potential. 2 

The reason for  this specific order  in the starting precedure i s  to 

avoid discharges f rom the anode toward the sphere  tripod stand 

and/ or  the baseplate. 

The p lasma trapped in the magnetic dipolar field has  a dense ring 

region (negative glow) near  the surface of the cathode. A VLF plasma 

oscillation i s  detected when the plasma forms.  

The frequency of the plasma oscillations can be changed by 

varying the p res su re  or  the DC power supply. The generated plasma 

oscillations occur in the VLF (0 t o  30 kHz) range and the L F  (30 to 300 kHz) 

range and can be detected by different methods: 

A. A wi re  antenna wound around the outside of the belljar.  

B. Detected directly ac ross  the electrode gap a s  shown in 
figure 2.  1. As an  alternative,  the oscillations can also 
be detected using an hp 1 llOA current  probe with 
hp 11 1 l A  current  amplifier.  

C. Detected by means of an exposed wi re  probe in the plasma. 

Each detection device can be connected to a suitable spec t rum 

i 
wave analyzer.  The one used consisted of a Tektronix Type 544 

Oscilloscope, plug-in unit type 1L-5 and a P6008 attenuator probe. 

Using a Type M mult i t race plug-in unit with the Type 544 

Tektronix oscilloscope, i t  was observed that the four pick up devices, 

i. e. antenna, voltage probe, cu r ren t  probe and immersed  wire  probe 

give the same  periodic wave f o r m  but have different amplitudes. 



The amplitude of the oscillations picked up by means of the wi re  antenna 

i s  dependent upon the number of turns ,  The rat io  of the ac voltage 

to the ac current ,  detected by means of the voltage and cur rent  probe, 

i s  equal to the s e r i e  res i s tance  (R ) .  
S 

This paper deals exclusively with the VLF detected by using 

the voltage probe together with the spectrum wave analyzer.  

The plasma device i s  considered a s  a. two terminal  black box. 

The quantities measured  a re :  p res su re ;  DC; voltage, defined a s  the 

voltage over the electrode gap; DC cuffrent, defined a s  the cur rent  

bemeen  the electrode gap; frequency and magnitude of the fundamental, 

2nd and 3 rd  harmonic ( r m s  Volt) of the plasma fluctuations. 



3.  EXPERIMENTAL RESULTS 

3 .  1 Two Terminal Character is t ic  with Constant P r e s s u r e  

A11 data given in the next secti.on a r e  obtained keeping the 

p res su re  fixed while changing the DC discharge conditions. 

3. 1. 1 General Considerations 

The following resu l t s  were  obtained using the set-up a s  shown 

in  figure 2.  1. The nitrogen gas i s  broken down and a plasma belt 

i s  formed in the equatorial plane of the sphere  no. 3 a t  a p res su re  of 

2 t o r r .  

The discharge character is t ic  under above conditions i s  presented 

in f igure 3. 1 (curve B). It i s  noticed that a t  the high cur rent  and low 

voltage side la rge  e r r  or  b a r s  a r e  needed. The reason i s  that i t  is 

difficult to maintain the same  p res su re  and cathode surface conditions. 

Apparently, a t  the high voltage and low current  side these effects have 

a smal le r  contribution. 

In figures 3. 2 and 3 .3 ,  DC voltage and DC current  a r e  plotted 

versus  frequency. It i s  interesting to notice that the lowest frequency 

occurs  for  high DC current  and low DC voltage while the highest 

frequency i s  obtained for  low DC cur ren t  and high DC voltage. 

The f igures  3 .4 ,  3 .  5 and 3 .6  represent  respectively the magni- 

tude of the fundamental, the 2nd harmonic and the 3 r d  harmonic in r m s  

volt ve r sus  frequency. It is noticed that the fundamental has  two 

clear ly distinguishable minima and maxima,  The 2nd harmonic 

also has two maxima, although the 1 s t  maximum i s  suppressed, but 

only one minimum. The 3 r d  harmonic has  only one distinguishable 















maximum and minimum. The maximum occur a t  2 .4  kHz which 

corresponds with the 2nd maximum of the fundamental a t  0 . 8  kHz. The 

same  happens for  the minima a t  respectively 1.8 kHz and 0 .6  kHz. Com- 

paring the fundamental with the 2nd harmonic,  i t  i s  observed that the 

l a s t  maximum of the fundamental occurs  a t  1 .4  kHz while for  the 2nd 

harmonic this occurs  a t  2 ,0  kHz, 

The fundamental, 2nd harmonic and 3 r d  harmonic of the plasma 

oscillations behave in the s a m e  manner for  frequencies higher than 

2 , 0  kHz. That i s ,  they all decrease  in magnitude with increasing 

frequency. 

At the high frequency side of the spectrum, the l imit  i s  attaiced 

justbefore the plasma quenches. The lowest frequency i s  reached f o r  

la rge  cur rents  The plasma oscillations disappear by increasing 

the cu r ren t  fur ther .  

P ic tures  3.7 a and b a r e  the spectrum and the t ime domain 

given fox a 2 , 2  kHz signal f rom a h p  model 200 CD wide range 

oscil lator.  Each pulse in the frequency domain has  to be considered 

a s  a delta pulse. One may not in te rpre t  the base  of the pulse a s  a bandwidth. 

To i l lustrate  better this point the signal has  been given also in the t ime 

domain. 

P ic tures  3 * 8 a and b a r e  respectively the spec t rum and the t ime 

domain of the plasma oscillation with a fundamental frequency of 

approximately 2.3 kHz. 

Similar pictures a r e  3 .9  a and b representing a 4 . 6  kHz plasma 

oscillation in the frequency and time domain respectively.  
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F o r  frequencies below 1 .0  kHz, i t  i s  found that small  a r c s  

occur a t  the cathode surface,  These a r c s  s e e m  to interfere  with the 

plasma ring cu r ren t+  The observed spectrum becomes ill defined 

a s  shown in figures 3.10 a and b. 

All photographs were  taken using a Type 564 s torage 

oscilloscope, with a type 2B67 time base,  type 3L-5 spectrum wave 

analyzer and a C. 12 oscilloscope c a m e r a  f rom Tektronix. The f i lm  

used i s  polaroid 3000, type 47. 

The curves in figures 3 . 2  to 3 .6  a r e  obtained in the following 

macner .  The experiment i s  repeated severa l  t imes.  The data points 

a r e  plotted and connected by s t raight  l ines.  The e r r o r  in frequency 

i s  assumed to be negligible so that the only uncertainty taken into 

consideration is the magnitude of the signal. A fur ther  assumption 

i s  made that each of the runs has  equal probability. And that after 

4 runs the possible ex t remes  in magnitude have occurred,  An 

nlvexage i s  then obtained by locating the point in the center of the 

unce-s tainty region defined by the upper and lower extreme curves.  

The average curve i s  obtained by connecting the average points by 

means of a smooth line. 

3 .1 .2  The Effect of P r e s s u r e  upon the P l a s m a  Oscillations 

The resu l t s  plotted in f igures  3 .  11 to 3 .  15 re fe r  to data 

obtained in a s imi lar  experiment a s  described in 3 .  1. 1 using sphere 

no. 3 and nitrogen a s  the residual  gas  but a t  a p res su re  of 1 .0  t o r r .  

Comparing curves A and B in  figure 3.1,  one notices that the 

discharge character is t ic  for  1.0 t o r r  i s  shifted toward the low 

voltage s ide. 
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F i g u r e s  3. 11 and 3. 12 show that  the  f requency extends f r o m  

16 kHz t o  approx imate ly  1 kHz. And that  a d e c r e a s e  in p r e s s u r e  

c a u s e s  a n  i nc r ea se  in frequency.  

Again t he  p l a s m a  osci l la t ions  with the  lowest  f requency a r e  

obtained fo r  high DC c u r r e n t  and low DC voltage.  T h e  gene ra l  f o r m  

of the  cu rve s  is  the  s a m e  fo r  both p r e s s u r e s .  

M o r e  pronounced di f ferences  a r e  observed  between the  f igures  

3 .4 ,  3. 5 and 3. 6 and respec t ive ly  3. 13, 3. 14 and 3. 15. The  d e c r e a s e  

in p r e s s u r e  t o  1 t o r r  causes the  ampl i tude of t he  p l a sma  fluctuations 

t o  i n c r e a s e  a t  high f requency,  e.  g. a t  3500 Hz,  t he  magni tude of the  

fundamental  is  in t he  r ange  of 17 r m s  volt a t  1 t o r r ,  while fo r  t he  

s a m e  f requency a t  2 t o r r  the  magnitude is  in t he  range  of 5 r r n s  volt. 

On the  other  hand it is observed  that  the  s m a l l e s t  magnitude a t  1 t o r r  

occur ing a t  12 kHz i s  in the  range  of 0. 6 r m s  volt  while t he  s m a l l e s t  

observed  magni tude at 2 t o r r  i s  in t he  r ange  of 3 r m s  volt  at 5 kHz. 

F u r t h e r  the  s a m e  gene ra l  f e a tu r e s  a r e  observed  a s  p rev ious ly  a t  2 

t o r r .  The  low f requency  s ide  of t he  cu rve s  is m a r k e d  again  by 

min ima  and m a x i m a  while a t  the  high f requency  s ide  the  magni tudes  

a r e  continuously decreas ing .  

3. 1.3 The  Effect  of the S e r i e s  Res i s t ance  ( R s  ) 

The  exper iment ,  a s  de sc r i bed  in 3. 1. 1 i s  r epea ted  fo r  a 

s e r i e s  r e s i s t a n c e  of 160 k ohm. 

The  d i s cha rge  c h a r a c t e r i s t i c  i s  not apprec iab ly  changed. 

The  only di f ference occu r s  at t h e  high c u r r e n t  and low voltage s ide  



which does not extend up t o  the  point obtained previously but th is  i s  

due t o  the  l imitat ion imposed by t h e  used power supply. F u r t h e r  t he  

curve  fa l ls  within the  region specified by the  e r r o r  b a r s  of t he  

ave rage  d i scharge  cha rac t e r i s t i c  obtained for  the  p l a sma  a t  2 t o r r  a s  

depicted in f igure  3. 1, curve  B and curve  C, 

In f igures  3.16, 3. 17 and 3. 18 the  magnitude of the  fundamental,  

23d harmonic  and 3rd  harmonic  in r m s  voltage a r e  plotted v e r s u s  

f requency for  R = 160 kohm, 
S 

In o r d e r  t o  make  the  compar i son  e a s i e r ,  the  previously  

obtained cu rves  for R = 80 kohm a r e  a l s o  presented.  F o r  
S 

simplicity, t he  e r r o r  b a r s  have been omitted.  

These  r e su l t s  indicate that  t he  f requency of the  fluctuation i s  

independent of the  ex te rna l  r e s i s t o r .  

F u r t h e r  it i s  noticed that  the  magnitude changes but not in the  

r a t i o  of 2:4 a s  t he  r e s i s t o r  values .  F o r  a p r e s s u r e  of 2 t o r r ,  it  i s  

found that ,  taking into account the  e r r o r  b a r s ,  the  magnitudes of t he  

fundamental  of t he  p l a sma  oscil lat ions a r e  approximately  equal for 

the  f requency range  of 2 .  5 t o  5. 0 kHz. The 2nd and 3rd harmonic  

show bet ter  agreement .  In other  words  the  device  can be considered 

a s  a constant voltage genera tor  for the  high f requency p a r t  of the  

spec t rum.  F r o m  f igures  3.2 and 3. 3 one s e e s  that  th i s  cor responds  

t o  the  region whe re  the  DC c u r r e n t  and DC voltage a r e  in the  f i r s t  

approximat ion constant .  
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At the low frequency side,  i t  i s  observed that an increase  in R 
S 

suppresses  the magnitude of the fundamental and increases  the magnitude 

of the 2nd harmonic.  At 1 .0  kHz, the magnitude of the 2nd harmonic 

becomes even l a rge r  than the magnitude of the fundamental. Similar  

features  a r e  observed for  a p res su re  of 1 t o r r .  In that case ,  the 

2nd harmonic becomes l a rge r  than the fundamental a t  2 kHz and the 

plasma device can be looked a t  a s  a constant voltage generator for  the 

frequency range of 6 . 0  to 14.0 kHz. The spectrum range for  which 

the noise amplitude i s  independent of the exterior r e s i s to r  oceu-rs when 

the plasma re s i s to r  R 
DC' 

defined as the ra t io  of DC voltage to DC 

cur r e ~ t ,  i s  much l a rge r  then R the exter ior  r e s i s to r .  s J  

3 .  1 . 4  Effect of Magnetic Fields  

3 .  1.4.  1 Effect of the Magnetic F ie ld  on the Formation of the 
P l a s m a  Belt  

In order  to determine whether the magnetic field i s  a necessary  

condition for  the V. L .  F. plasma oscillations to exist, the magnetized 

sphere was replaced by an unmagnetized one. Sphere no. 1 ( see  

table 1. 1) has  been used and i t  i s  noticed that the plasma configuration 

associated with the oscillation does not exist. The plasma i s  not located 

in the equatorial plane but covers  the complete sphere  a t  low p ressu res .  

At the p res su res  of interest ;  i . e .  1.0 and 2.0 t o r r  with nitrogen a s  the 

residual  gas  the spherical  cathode i s  only partially covered under 

maximum discharge condition, i. e. , 
ID c maximum, and VDC 

minimum. The covered a r e a  decreases  with a decrease  in DC current  

a s  one readily expects. No VLF frequency plasma noise i s  observed 

under any condition of p res su re ,  DC voltage and DC current .  



By changing the unmagnetized sphere no. 1 for  the magnetized 

sphere  no. 4 with the s t rongest  magnetic field available, i t  i s  noticed 

that no normal  plasma ring is formed a t  the equator a t  1 .0  and 2.0 t o r r .  

At 0. 5 t o r r  the sphere  i s  completely covered and a plasma ring in the 

equator becomes visible. By decreasing the cu r ren t  the plasma ring 

i s  f i r s t  broken while the sphere  i s  covered with a plasma glow. By 

decreasing the p res su re  and under maximum discharge condition the 

plasma i s  confined to the equatorial plane. Only random noise no 

d iscre te  tones, becomes audible. The noise disappears  by decreasing 

the cu r ren t  o r  by fur ther  decreasing the p res su re .  It resu l t s  thus 

that, for a strong magnetic field a belt plasma i s  formed a t  low p ressu res .  

Decreasing the magnetic field by using sphere  no. 3 ,  we see  that 

a plasma belt s t a r t s  forming a t  2 . 5  t o r r .  At 2.0 t o r r  and 1.0 t o r r  a 

ve ry  c lear  audible noise i s  observed a s  discussed in  the previous 

paragraphs.  

Going over to a s t i l l  weaker magnetic field by using sphere  

no. 2 the plasma belt i s  formed up to approximately 4. 5 t o r r .  

From these se r i e s  of experiments one can conclude that a 

magnetic field i s  necessary  in order  to get  a dense plasma ring 

appearing in the equatorial plane associated with the V. L. F. fluctuations. 

And fur ther  that, for  a fixed p res su re ,  there  exists a B field above 

which no plasma belt can fo rm.  

3. 1 . 4 . 2  The Effect of Magnetic F ie ld  Upon the P lasma  
Oscillations 

Due to the fact  that different spheres  have different surface 

conditions in addition to different crystall ine s t ruc ture ,  i t  i s  not 

possible to make a complete detailed comparison between the plasma 



oscillations obtained for  different spheres .  However, the following 

observations have been made. 

F igure  3 .  19 shows the magnitudes of the fundamental of the 

plasma fluctuations versus  frequency obtained respectively 

for  spheres  no. 2 and no. 3 .  The curves a r e  represented without 

e r r o r  ba r s .  The most  important feature that appears  f r o m  this graph 

i s  that the frequency range i s  identical (within the experimental e r r o r )  

for  both spheres .  Briefly, the frequency of the plasma oscillations i s  

independent of the magnetic field within experimental accuracy. 

There seems  to exis t  an influence of tbe magnetic field upon the 

ampl~ tude  at the low frequency s ide although no s t r i c t  comparison a s  

such i s  possible due to the different discharge charac ter i s t ics  obtained 

respectively with different spheres .  

3 .  1. 5 Effect of Various Ion Species 

3 .  1. 5. 1 Argon 

Performing the experiment with argon a s  a residual  gas  one 

sees  that for  a p res su re  l a rge r  than 1 t o r r  sphere no. 3 i s  partially 

covered. By decreasing the cur rent  the covered a r e a  decreases  a s  

long a s  V stays constant. At the moment VDC increases  the plasma DC 

s t a r t  vibrating i. e.  the plasma dot shows vibrating extremeties  and 

takes on an ellongated f o r m  in the equatorial plane and finally a 

visible plasma ring i s  formed* At that moment VLF oscillat-ions 

a r e  observed. F o r  a p res su re  below 1 t o r r  a completely covered sphere  

with a dense ring zone in the equatorial plane i s  noticed. In this case ,  

decreasing the cu r ren t  will fir s t  break up the dense ring zone and next 

cause the covered a r e a  to decrease .  No V. L. F. oscillation i s  

observed under these conditions. 
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Figures  3.20, 3 .21 and 3.22 show the data obtained for sphere 

no. 3. As shown schematically in figure 3.20 two values of R have 
s 

been used for the discharge character is t ic .  F o r  R2 80 kohm the high 

cur rent  par t  of the character is t ic  is obtained. The plasma quenches a t  

low D C  current  levels .  F o r  this pajrt of the curves no VLF oscillations 

a r e  found. The low cur ren t  pa r t  of the curve i s  obtained with R = 160 s 

kohm. Also for this value of DC res is tance ,  VLF oscillations a r e  

not observed for  I > 2mA. F o r  the graphs 3 .21  and 3.22 only the 
DC 

value of 160 kohm is used. 

In figure 3 . 2  1, DC current  and DC voltage ve r sus  frequency 

a r e  presented. One distinct difference with the argon data i s  found, 

i. e. , the lower l imit  of the spec t rum extends to 50 Hz (l imit  of the 

spectrum wave analyzer).  Fu r the r  the upper frequency l imit  i s  the same  

a s  that for  nitrogen. 

The fundamental, the 2nd harmonic and 3 r d  harmonic in r m s  

volt versus  frequency a r e  plotted in figure 3.22. The curves a r e  again 

character ized by maxima and minima. It i s  seen  that the maximum 

magnitude of the fundamental i s  much smal le r  for  argon then for  nitrogen. 

In figure 3.23, pictures a and b a r e  respectively the spectrum and 

t ime domain of the plasma oscillations with a fundamental frequency of 

2, 3 kHz. F igures  3. 24 a and b concern plasma oscillations with 4. 6 kHz 

as fundamental frequency. Comparing with the pictures given in  

figure 3 . 8  and 3 .  9 for  nitrogen i t  i s  noticed that a t  2 .3 kHz the nitrogen 

plasma oscillations a r e  l e s s  r ich  in harmonic while a t  4 .6  kHz the r e v e r s e  

seems to happen. 



SPHERE NO. 3 
ARGON 

2 TORR 

R,=80 kOhm (SECTION A) 

R,= 160 kOhm (SECTION 8) 

DC VOLTAGE (lo2 x VOLT) 

DC Discharge  C h a r a c t e r i s t i c  

F IGURE 3 . 2 0  
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3 .  1 . 5 . 2  Helium 

Using helium a s  a residual gas ,  i t  i s  ebserved that: 

a )  The shift of the discharge character is t ics  with p res su re  

i s  very  much smal le r  then the shift found for  nitrogen. 

I n  figure 3. 25, the discharge charac ter i s t ics  of helium 

have Seen plotted for  p res su res  a t  2, 4 and 6 t o r r .  

b) F r o m f i g u s ~ e s 3 . 2 b t o 3 . 2 9 i t i s n o t i c e d t h a t s e v e r a l  

modes of plasma oscillation occur.  The modes a.Pe 

separated by transit ion regions. Transit ion regions a r e  

he re  defined a s  regions in which a discontinuity in the 

change of frequency i s  observed. En this region overlapping 

of two modes i s  a lso observed a s  described in 

s.ection f .  

c)  One mode of oscillation (only observable a t  4 and 6 

t o r r )  , has  the pPoperty that the frequency decreases  

with a decrease  in p res su re ,  a decrease  in  DC cur ren t  

and a constant D@ voltage. 

d9 The second mode of oscillation, occurring a t  lower 

DC cur ren t  values than the previous described mode, 

has  a character is t ic  nose f o r m  when the DC current  

i s  plotted versus  frequency (figure 3.27) .  Starting 

out a t  the high cur rent  side,  a high frequency i s  

observed. Initially the frequency decreases  with 

decreasing current .  At a particular cur rent ,  =NJ  

a minimum frequency i s  obtained. Decreasing the 

cur rent  fur ther  will increase  the frequency. This 
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FIGURE 3,25 
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negative slope portion of the curve i s  s imi lar  to those 

found for nitrogen and argon. The nose curves a r e  

shifted with increasing p res su re  toward lower frequencies.  

e) At 6 t o r r ,  a third mode of oscillatisn i s  observed in 

between the two previous described modes.  

f )  At 4 tor r ,  an overlapping of the two modes occurs .  

Modulation of the second mode by the f i r s t  mode i s  

noticed during the transit ion a s  shown in figure 3 . 3 0 .  

The 15 kHz oscillations a r e  modulated by the lower 

frequency mode which occurs  a t  the same  time. The 

f i r s t  mode i s  quenched and the modulation disappears  

by decreasing the cur rent .  

3 .  1.6  Effect of the Diameter of the Cathode Upon the P l a s m a  Oscillations 

In order  to determine the effect of the magnitude of the diameter  

of the cathode on the plasma oscillation, sphere  no. 6 which has  a mag- 

netic field comparable to the field of sphere no. 3  was used. The data 

obtained for this sphere  has  been plotted in figures 3 .3  1, 3 . 3 2  and 3 . 3 3 .  

Two p ressu res  (1 and 2  t o r r )  have been studied. Comparison with the 

data obtained for  sphere no. 3  a s  represented in f igures  3 . 2  to 3 . 6  

and 3 .  11 to 3 .  15 indicates two distinct differences. F i r s t  for  a fixed 

p res su re  the frequency range for the l a rge r  sphere i s  shifted toward 

lower values. Second the magnitude of the fundamental of the plasma 

oscillation for  the l a rge r  sphere i s  always smal le r  than the magnitude 

of the second harmonic.  The value of R has  not been specified in 
s 

the figures 3 . 3 1  to 3 . 3 3  because various values were  used. The 



Horizontal  s ca l e ,  0. 5 kHz /div. 
Ver t i ca l  s ca l e ,  0 .  5 r m s  Volt /div. 

'DC 
= 260 Volt, IDC = 10.8 mA, 

Sphere  No. 3 ,  4 T o r r .  

The  second pulse i s  the 15 kHz c a r r i e r ,  ro le  
played by the second mode oscil lat ions.  T h e  
f i r s t  and th i rd  pulses  cor respond  to the 2 s ide-  
bands due to the 1. 4 kHz f i r s t  mode oscil lat ions.  

In te rna l  Modulation of Modes i n  Helium P l a s m a  

Transi t ion Region 

FIGURE 3 . 3 0  









high cur rent  points a r e  obtained with R = 80 kohm. The low current  
S 

points with Rs = 228 kohm. R = 160 kohm i s  used for  the,points in s 

between. In the overlapping regions of two re s i s to r  values no 

difference i s  noticed due to the different r e s i s to r  values. The end 

points of the curves a r e  obtained just before the bulk of the plasma 

s t a r t s  pulsating and quenches. 

Sphere no. 5 has  a magnetic field which i s  an order  of magnitude 

l e s s  than the fields of the previously used cathodes. In addition i ts  

surface i s  polished while the surfaces of the other spheres  a r e  rough. 

F o r  these reasons  comparison i s  difficult. However, i t  was observed 

that the belt formed was very  broad with only the pole caps uncovered. 

This condition i s  intermediate between the zero  field and strong field 

spheres .  

Unfortunately no smal l  sphere  with a field strength in the 

neighborhood of sphere  no. 3 having unpolished surface i s  available 

to better i l lustrate  the effect of diameter  upon the p lasma oscillations. 

Briefly, we can say that for  comparable field strengths spheres  

with l a rge r  diameter  give r i s e  to plasma oscillations with lower 

fundamental frequency a t  same DC cur ren t  values. 

3 . 2  Two Terminal  Character is t ic  with Constant Frequency 

In examining the constant frequency character t is t ic ,  four 

values of frequency were  chosen a rb i t r a r i ly  i. e . ,  0 .5 ,  1,  2 and 4 kHz. 

The measured  quantities were  V 
DC' 'DC' the magnitude of the 

fundamental, 2nd and 3 r d  harmonic ( r m s  volt), p re s su re  and the f r e -  

quency. Sphere no. 3, nitrogen a s  a residual  gas ,  and Rs = 80 kohm 

a r e  used in all  the obtained data. The data present  typical measured  

curves.  



Figure  3.34 shows the DC discharge character is t ic  for  constant 

frequency. It i s  noticed that the character is t ics  a r e  shifted down and 

toward the left for  increasing frequency* 

Figures  3 .35  and 3.36 give the DC voltage and DC current  versus  

p res su re .  The curves of 4 and 2 kHz have the end points a t  2 .5  to r r  

because a t  p res su res  l a rge r  than 2 , 5  tosr  the plasma quenches. The 

end point of the 0 . 5  kHz curve corresponds to the l imi t  of the DC power 

supply. At this point the plasma sti l l  exists but a higher voltage than 

was available i s  necessary  to decrease  the frequency fur ther .  F r o m  these 

figures one observes that the high frequency l imit  decreases  with 

increasing p res su re .  Fur the r  a s  we have seen  previously i t  i s  observed 

that for  a fixed p res su re  the highest frequency plasma oscillation occurs  

for  highest voltage and lowest cur rent  values. 

In figure 3.37 and 3 . 3  8 the amplitudes of the fundamental, 2nd 

and 3rd harmonic versus  p res su re  a r e  depicted, The fundamental 

possesses  a character is t ic  minimum which for  increasing frequency 

i s  shifted toward lower p res su res .  For the 4 kHz, the minimum was 

not observed. FOP the 2, 1 and 0 . 5  kQz curves the minimum occurs  

respectively in the neighborhood of 1. 1, 1 .7  and 3 to r r  respectively.  

3 .3 Mixing 

A completely different phenomenon i s  observed by modifying 

the apparatus a s  shown in  f igure 3 .3  9. 

The basic discharge circui t  i s  the same  but the detection device 

i s  now a wire  wound around the bell jar (15 turns)  which i s  connected 

to a Tektronix s torage oscilloscope type 564, equipped with t ime base 

type 2B67 and spectrum wave analyzer type 3L. 5. 
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A second wire  antenna (30 turns)  i s  wound around the belljar 

connected to the output of a hp amplifier model 450A whose input i s  

connected to a hp wideband oscil lator model 200 CD . 
In this experiment,  sphere  no. 3, Rs = 160 kohm, and nitrogen 

a s  a residual  gas  a r e  used. Fur the r  keeping the p res su re  constant 

a t  1 t o r r ,  the DC power supply conditions a r e  s e t  to obtain a particular 

frequency e. g. 8 kHz. This signal with i t s  harmonics i s  observed by 

means of the spectrum wave analyzer.  

Antenna (1) a l so  detects the signal f r o m  the hp oscil lator,  

whose volume i s  adjusted to eliminate harmonics . 
If the external oscil lator i s  a t  7 kHz then a t  antenna (1) both 

signals i. e .  f r o m  the plasma and the external oscil lator a r e  observed. 

In addition a third signal a t  1 kHz with i ts  harmonics  i s  noticed. 

This difference signal can be varied in frequency by either changing 

the external signal frequency or  by changing the frequency of the 

plasma oscillation. 

Shifting the frequency of the external oscil lator i t  i s  noticed 

that mixing occurs  not only with the fundamental but a l so  with the 2nd 

and 3 r d  harmonic of the plasma oscillation. 

Thus one may consider the plasma oscillations a s  a generator  and 

the p lasma itself a s  the non-linear medium necessary  to obtain the 

mixing effect. 



4. CONCLUSIONS 

P l a s m a  oscillations a r e  found in a cold cathode discharge where 

the cathode i s  a magnetized sphere.  

The frequency of the p lasma oscillations has  the following 

character is t ics :  

1, Under a constant p r e s s u r e  of either nitrogen o r  argon, 

the frequency increases  with decreasing cur rent  and 

increasing voltage, F o r  helium, exceptions have been 

observed. 

2 ,  The frequency increases  with decreasing p res su re  for 

nitrogen, argon and a t  low cur ren t  values also for  helium. 

A high cu r ren t  mode with helium a s  the residual  gas  

shows opposite behavior. 

3 .  The frequency is independent of the external c i rcui t  s e r i e s  

resis tance.  

4, The frequency i s  independent of the magnetic field 

within experimental e r r o r .  

5. The frequency decreases  with increase  in  the diameter  

of the sphere.  

6 .  The frequency range for  nitrogen and argon plasmas a r e  

approximately the same.  Nevertheless argon plasmas 

have a lower frequency l imit  which can be extended to 

0 Hz. Under cer tain discharge conditions i t  has  been 

noticed that an  argon plasma dot revolves in  the equatorial 

plane. The number of revolutions per minute is governed 

by the setting of the DC power supply. Helium plasma 

shows much higher frequency oscillations. 



Comparing the  f requencies  of the  oscil lat ions fo r  t he  

t h r e e  ga se s  a t  a par t i cu la r  c u r r e n t  just before  the  p l a sma  

quenches e .  g. 0 . 65  mA, one h a s  the  following f requencies :  

FA = 4. kHz, 
F ~ e  = 15kHz. It i s  seen  

thus that  in t he  low c u r r e n t  l imi t  before the  p l a sma  

quenches,  the  r a t i o  of t he  f requencies  i s  approximately  

equal  t o  the  root  of the  inverse  r a t i o  of the  ion m a s s e s :  

e. g. and 

The  magnitude of t he  p l a sma  oscil lat ions ha s  the  following 

cha rac t e r i s t i c s  : 

P. Under constant  p r e s s u r e ,  t he  l a r g e s t  oscil lat ions a r e  

found a t  the  low frequency s ide  which i s  cha rac t e r i zed  by 

min ima and max ima  and is  t he  high c u r r e n t  and low voltage 

region.  

2 .  The  magnitude of t he  oscil lat ions i s  a function of p r e s s u r e .  

3. An i n c r e a s e  in t he  r e s i s t o r  R has  a mixed effect upon 
S 

the  magnitude of the  p l a sma  oscil lat ions.  At low frequency 

t he  osci l la t ions  a r e  damped,  at medium frequency the  

oscil lat ions i nc r ea se  in magnitude,  and a t  high f requency 

t he  magnitude of the  p lasma oscil lat ions is  unaffected by 

the  change in r e s i s t ance .  



4. The  effect of magnet ic  field and ion m a s s  upon the  magni-  

tude of t he  oscil lat ions has  not been de te rmined  due t o  

exper imenta l  l imitat ions.  

5. Increas ing the  d i ame te r  of t he  sphe re  cause s  a suppress ion  

of the  fundamental  and a n  enhancement of the  second and 

t h i rd  harmonic .  

Am empi r i ca l  express ion  re la t ing f requency with p r e s s u r e ,  

c u r r e n t  and voltage ha s  been de te rmined  in the  following way for  the  

ni t rogen p l a sma :  F r o m  f igures  3.2 and 3. 3, and 3.8 and 3, 9, it i s  

poss ible  t o  calcula te  the  DC r e s i s t ance  defined a s  the  r a t i o  of the  DC 

voltage t o  DC cu r r en t .  In f igure  4. B, the  f requency v e r s u s  DC r e s i s -  

t ance  i s  plotted for  a p r e s s u r e  of 1 and 2 T o r r .  Also  the  obtained 

cu rves  can  fo r  a l a r g e  p a r t  be approximated by a s t ra igh t  l ine pass ing 

through the  origin.  F r o m  the  above plot, it  i s  eas i ly  s een  that  for  

curve  (a) 

and for  cu rve  (b )  f = A I R D C  

where  f = frequency 

R~~ = DC re s i s t ance  

- 1 
A 2 - -  - Hz constant  p r e s s u r e  of 2 T o r r  

400 o h m  

A 1  
= 14 Hz -- constant  p r e s s u r e  of 1 T o r r  

975 ohm 

In gene ra l  we can wr i t e  that  

where  A Ip) i s  a constant  dependent upon t he  p r e s s u r e  p and RDC = 
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Applying t he  above method fo r  the  a rgon  and he l ium p l a smas  

one ge t s  f requency v e r s u s  DC r e s i s t a n c e  plots ,  a s  shown in F i g u r e s  4 . 2  

and 4. 3 respect ively .  It i s  s een  that  f o r  a rgon ,  one can  s t i l l  w r i t e  a 

fo rmu la  of t he  f o r m  f = A(p)  RDC , but the  ac tua l  cu rve  devia tes  

much  m o r e  f r o m  the  s t ra igh t  l ine  approximat ion a s  in the  c a s e  of the  

ni t rogen p lasma.  The  approximat ion b r eaks  complete ly  down for the  

hel ium gas .  

At  the  p r e sen t  t i m e  it i s  not c l e a r  what type of p l a sma  osci l -  

lat ions a r e  giving r i s e  t o  t he  numerous  phenomena observed  thus  f a r .  

Var ious  mechan i sms  a r e  p r e sen t l y  under investigation a s  we l l  a s  

f u r t he r  exper imenta l  investigations including a s tudy of the  effects  of 

s p h e r e  rota t ion and t he  spa t i a l  c h a r a c t e r i s t i c s  of t he  osci l la t ions .  

However ,  it should be  noted that  th i s  phenomena could be used a s  the  

ba s i s  for  a highly sens i t ive  p r e s s u r e  gauge o r  con t ro l l e r  in a p r e s s u r e  

range  whe re  the  n o r m a l  gauges a r e  re la t ive ly  insensit ive.  Th i s  i s  

e spec ia l ly  t r u e  in the  low c u r r e n t  por t ion of the  c h a r a c t e r i s t i c s  w h e r e  

a change in p r e s s u r e  of a few tenths  of a t o r r  wi l l  c ause  a change in 

f requency of a few thousand H e r z .  



2 
d 
C, 
(I] 
.d 
(I] 

2 





BIBLIOGRAPHY 

Appleton, E .  V. and A. G. D, West ,  "On Ionic Oscil lat ions in the  
Str ia ted Glow Discharge ,  I '  Phi l .  Mag. , S. 6, 45, - 879, 192 3. 

Crawford,  F. W, and G. S. Kino, "Oscil lat ions and Noise in Low 
P r e s s u r e  DC Discharges ,  " P r o c .  IRE . 1767, 1961. 

DtAngelo,  N, and R ,  W. Motley, "Low Frequency  Oscil lat ions in a 
Po t a s s ium P l a s m a ,  " Phys .  F lu ids ,  - 6, 422, 1963. 

Hochuli,  U. and P. Haldemann, "Cathodes for Pos s ib l e  Use  in 6328 
A-s ing le  Mode He-Ne  as L a s e r s ,  I f  Rev.  of Sci. Ins t ruments ,  
36, 1493, 1965, - 

Hochuli,  U, , P, m l d e m a n n ,  and D. Hardwick,  f 'Cold Cathode for  
He-Ne Gas L a s e r s ,  " IEEE T r a n s , ,  QE-3,  612, 1967. 

Quinn, A. G . ,  "Labora tory  Observat ions  of P l a s m a  Instabil i t ies in a 
Dipole Magnetic F ie ld ,  I '  Nature ,  - 208, 376, 1965. 

Quinn, R.  G, and C. C. Chang, "Labora tory  Observat ions  of a Stable 
P l a s m a  Trapped in a Pe rmanen t  Dipolar Magnetic F ie ld"  
JGR, 71, 253, 1966, - -  

Quinn, R. G, and R ,  B. Fior i to ,  "Investigation of Labo ra to ry  P l a s m a  
Instabil i t ies in a Dipolar Magnetic F ie ld ,  " -- JGR, 72, 161 1, 1967. 

Twardeck,  T.  G . ,  "An Investigation of Microwave Interact ion with a 
P l a s m a  Confined in a Dipolar Magnetic F ie ld ,  l 1  The  Pennsylvania  
Sta te  Universi ty,  I. R.  L ,  Sci. Repor t  No. 320, 1968. 

von Engel,  A. , Ionized Gases ,  Oxford Univers i ty  P r e s s ,  1955. 




