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Measurements of current-voltage characteristics of ah abnormal glow discharge between 
two cylindrical electrodes in nitrogen atmosphere have been made for various cathode filling 
factors. The characteristics ate expressed in analytical forro in terms of reduced parameters. 
The external cases ate described by empirical functions agreeing in forro with equations report- 
ed in the literature referring to plane parallel electrodes and hollow cathode discharges. 

I. Introduction 

The abnormal glow discharge between two coaxial cylindrical electrodes 
is of great technological importance. The discharge phenomena occurring in 
such a configuration correspond to those to be found in industrial plants for 
ion treatment of steel surfaces in nitrogen atmosphere [1]. In order to opti- 
mize the technological process of surface treatment it is necessary to study 
the physical phenomena occurring in the process and to describe them by 
mathematical formulae. 

Theories developed for various types of abnormal glow discharge, e.g. 
glow discharge with single plane cathode, the discharge with double cathode 
consisting of two parallel metallic surfaces, of cylindrical hollow cathode 
discharge can be found in literature [1, 3, 4, 5]. 

However, all those examples are of little use in describing conventional 
glow discharge between two cylindrical electrodes because in this case the 
d;scharge conditions differ significantly. 

The present work is ah at tempt of simplified presentation, in terms of 
reduced discharge parameters, of vohage-current characteristics of abnormal 
glow discharge between two cylindrical electrodes in nitrogen. 

The object of experimental study consisted of two stainless-steel cylinders 
of different size (one plaeed coaxially inside the other), the outer being the 
cathode and the inner being the anode. Several values of anode radii were 
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t r ied  in the exper iment  in order to assess how the discharge parameters  and 
current -vol tage  curves depend on the ca thode/anode radius ratio.  Since this 
ra t io  is the decisive fac tor  determining to what  ex ten t  the radia t ion  contr ibutes  
to the  generat ion of charge carriers at  the ca thode surface we supposed tha t  
its changes might  effect also the discharge mode and hence its parameters .  

H. Experiment 

The diagram of the  discharge chamber  is shown in Fig. 1. The inner 
d iameter  of the ca thode cylinder R c was f ixed at  23 mm, while the  anode 
cylinders of external  diameters  R a equal to 1.5 mm, 5 mm and 16 m m  were 
used gl ternat ively .  

The anode-cathode geometry  can be described by  the filling factor  of 
the cathode volume def ined as 

W -  Rc - -  R~ (1) 
Rc 

In  our  exper iment  the values of W for the three  anodes were 0.93; 0.78 and 
0.28, respectively.  

odes 

Fig. 1. Scheme of the discharge ehamber 

Acta Physica Academiae Scientiarum Hungarieae 50, 1981 



ON A TRA_NSVERSE ABNORMAL GLOW DISCHARGE 265 

The discharge surface was limited by special profiled glass plates at the 
edges of the cylinders. In this way such phenomena a~ sparking and genera- 
tion of ah electric arc were avoided. 
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Fig,  2a. Vohage-current characteristics for the filling factor W---~ 0.93 
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Fig.  2b. Voltage-current characteristics for the filling factor I r  ~-~ 0.78 
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Fig. 2c. V o l t a g e - c u r r e n t  c h a r a c t e r i s t i c s  fo r  t h e  f i l l i n g  f a c t o r  W ~ 0 .28  

The cur ren t -vo l t age  character is t ics  a t  var ious  n i t rogen pressures  were 
measured  in the  exper iment .  As addi t ional  d a t a  the  d is t r ibut ion  of  r ad ia t ion  
along the  ca thode  radius  was moni to red  in order  to localize and  e s t ima te  the  
th ickness  of the discharge layers ,  e.g. ca thode  da rk  space, nega t ive  glow, etc. 

The pressure of  spec t ra l ly  pure  n i t rogen was var ied  f rom 0.5 h P a  to  
10 h P a  and the  ca thode  cur ren t  dens i ty  up to 7 mA/cm 2. 

An x--y  recorder  was used to measure  the  character is t ics .  Each  measure-  
m e n t  las ted not  more t h a n  2 s and thus  overhea t ing  of the  ca thode  was avoided.  

The radial  d i s t r ibu t ion  of the  rad ia t ion  in tens i ty  was assessed b y  means  
of  a movab le  spec t ropho tome te r .  The c u r r e n t - v o h a g e  plots  are shown in 
Figs. 2a, b, c. 

III. Discussion 

111.1. Generalized description of the discharge characteristics 

I n  the range  of p a r a m e t e r s  involved  ir was quite reasonable  to  assume 
t h a t  i t  was not  a big error  to assume the  v o h a g e  U measured  be tween  the  
electrodes to be equal  to the  ca thode  fall U c. 

This a s sumpt ion  was jus t i f ied b y  the  fac t  t h a t  ma in ly  the  ca thode  da rk  
space and  negat ive  glow occur  in the  discharge.  In  some cases the  F a r a d a y  
da rk  space and anode glow could also be dist inguished.  The  anode glow 
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oeeurred at higher pressures a n d a t  rather low values at the eurrent density 
and disappeared while inereasing the latter. 

The disappearance of the anode glow was indieated by a drop in the 
plot of the eurrent-voltage eurve (Figs. 2a, b, e). This allowed us to eorreet 
the values of eathode fall by subtraeting the value of the anode potential 
drop from the total voltage. The value of anode drop was about 15 V. The 
voltage of negative glow is usually negleeted in eomparison to the eathode 
fall [61. 

That is why in further analysis ir is assumed tha t  the total operation 
voltage U measured aeross the eleetrodes is equal to the eathode potential 

fall U c. 
For a more eonvenient use of the current voltage eharaeteristies the 

experimental results shown in Figs. 2a, b, e can be presented in log-log seale in 
terms of redueed eurrent density j/p2 plotted against the voltage U = U c. 
An example of sueh a diagram, for the filling parameter IV--  0.93 is shown 
in Fig. 3. 

As can be seen from Fig. 3 there is a eritieal voltage ~-fcr above whieh 
the diseharge beeomes abnormal. This eritieal value of U'cr does not depend 
on the gas pressure. 

All further analysis refers to voltage U ~ Ucr, i.e. to the abnormal 
diseharge. 

From Fig. 3 ir can also be seen that  the experimental points are distri- 
buted along parallel straight lines. These lines have the same slope and inter- 
eept the line • = Ucr at various points. The straight lines eorrespond to 
various pressure of nitrogen. The values of j/pZ, eorresponding to the eritieal 
voltage Ucr have been denoted as (j/P•)cr" 
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Fig. 3. The cathode fall-redueed cur ren t  densi ty  dependence in log-log scale 
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From log-log plots of j/p2 f (U)  dependence it can be found tha t  
using the parameters  Uc~ and (j/p2)c ~ the following relation 

/p2 0,25 

l (J/p% 1 
(2) 

is valid for all the values of the filling factor tV. The critical value (j/p2)c r 
is related to pressure and geometrical properties of the electrodes configurat ion 
by the equation 

(j/p2)~r : (j/p~)c~[ P l b, (3) 
/Po : 

where (j'/Po)cr is the reduced critical value of (j/p2)c r at a pressure Po : -  1 hPa,  
and b i s  related to the filling factor W by the equat ion 

b = --0.75 Ve'. (4) 

Values of Ucr and " 2 (J/Po)cr for various filling factors W are presented 
in Table I. 

Table I 

V a l u e s  o f  Ucr a n d  (j/p2o)cr 

tro, (J/fo)~, 
w (v) (mA/cm2hPa 2) 

0,93 
0.78 
0.28 

340 

350 

280 

0.34 
0.32 
0.11 

Transforming the relation (2) by  using the relation (3) one obtains the 
f inal  formula relating the reduced current densi ty,  pressure, cathode fall and 
the filling factor (expressed here in terms of b) 

~~~2 =/~:~0~/r/r {~)  ~ (5) 

The experimental  results of j/p2 can be compared with the values cal- 
culated from the formula (5) in Figs. 4a, b, c. As can be seen from the plots 
the agreement  between the experimental  da ta  and our empirical formula 
is good. 
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Fig. 4a. R e d u c e d e u r r e n t  d e n s i t y  a s a  f u n c t i o n  o f  t h e  ca thode  fa] |  for  t he  f i l l ing fac tor  117 ~ 0.93 
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Fig. 4b. R c d u c e d  c u r r e n t  d c n s i t y  a s a  f u n c t i o n  of  t h e  ca thode  fall  for  t h e  f i l l ing fac to r  W ---- 0.78 
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Fig. 4c. R e d u c e d  current density as a f u n c t i o n  o f  the cathode fall for the filling factor 
IV ~ 0 .28  

111.2. Extremal cases 

The range  of values  of  the filling fac tor  W in our expe r imen t  was such 
t h a t  in one ex t r ema l  case, i.e. when W approaches  zero, the  mode  of  the  
discharge was ve ry  close to a glow discharge be tween  paral lel  p lane electrodes 
and close to a hollow ca thode  glow discharge,  in the  other  case, when  W 
approaehes  uni ty .  Thus  it  was possible to  compare  our fo rmula  wi th  theoret i -  
cal resuhs  ob ta ined  b y  o ther  authors  for the  above  ex t r ema l  cases. 

In  order to faci l i ta te  the  compar ison we had  de te rmined  expe r imen ta l ly  
t h rough  spectroscopic  m e a s u r e m e n t s  the  re la t ion  be tween  the  ca thode  poten-  
t ial  fall U and the  reduced  length of the  ca thode  dark  space pd as follows 

A 
U - -  , (6) 

pd 

where A is a cons tan t  to be equal  to 850 V �9 m m  h P a  (Fig. 5). 
Subs t i tu t ing  the  expression (6) for U into Eq.  (5) we ob ta in  f inal ly  

~~'r 7 o  (Pd) ~/2 (7) 
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Fig. 5. Redueed cathode dark space length asa funetion of the eathode fall 

The extremal cases of our discharge have been t rea ted  theoret ical ly by  
BADA~EV et al [3] and HELM et al [4]. 

BADAllEU et al published the formula relating the parameters  of ah 
abnormal  glow discharge between two parallel plane electrodes in case of 
negligible ionization in the cathode dark space as follows 

l e ii/2 U3/2 
j /p2 = 0.09 ( - ~ t )  (Pd)  5~/2 ' (8) 

where e and m a r e  physical constants  and Qt is the charge exchange cross 
section. 

HELM et al have described in analyt ical  form the current-vohage 
characteristics of a cylindrical hollow cathode discharge in the case of neg- 
ligible ionization in the cathode dark space using the following formula:  

j /p2 = eo " k+ (1 + ?) U3/---~2, (9) 
F(R, r0)3/2 p5/2 

where e 0 is the vacuum dielectric constant ,  ? is the coefficient of seeondary 
emission, k+ is the ion mobili ty.  The funet ion F (Ro, r0) 3/2 depends on the 
geometrieal features of the eleetrodes. For the eathode radius R c = 20 mm 
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(which is close to that  used in our experiment) this function can be approxi- 
mately expressed by the formula 

F ( R ,  ro) = B �9 d 5/2 , (10) 

where B is a eonstant. 
Substituting the expression (10) into Eq. (9) the HELM et al formula 

relating the hollow cathode discharge parameters for the case of the cathode 
radius of the order of magnitude of about 20 mm is as follows 

j /p2 _ e0k+(1 + ~) U3]2 (11) 
B (pd) 5/2 

A comparison of the above expressions shows that in the case of discharge 
between two plane electrodes which appears in our experiment when the value 
of filling factor W approches zero, our empirical formula (7) agrees well with 
the theoretical relation (8), where the reduced current density j /p2 and reduced 
length of dark space p d  may be regarded as similarity parameters. 

In the case of filling factor W approaching unity (i.e. the discharge 
being close to the hollow cathode discharge) the comparison of our formula 
(7) with the theoretical formula (11) exhibits agreement of functional type 
of relation between U and pd.  This agreement is better as the nitrogen pressure 
approaches 1 hPa since this pressure corresponds to the hollow cathode effect 
in nitrogen at the given geometry of the electrodes. 

The obtained agreements justify the conclusion that  the analytical 
forro of the current-voltage characteristics presented in this paper can be 
also used for describing two extremal cases of glow discharge between two 
plane electrodes a n d a  hollow cathode discharge. 

IV. Summary 

The relation between the discharge parameters and the geometrical 
features of cylindrical eleetrodes device has been successfully presented in 
analytical forro. The geometrical features of the electrodes are expressed in 
terms of the filling factor W. Using that  factor made it possible to describe 
the extremal cases of the configuration, i.e. the discharge between two plane 
electrodes and the hollow cathode discharge. The quantities j /p2 and p d  
employed in the analytical form of the function are not parameters of similarity 
but  may be only regarded as reduced parameters. However, it is justified to 
use them for describing the discharge as the result can be presented in a clear 
and convenient form and can be compared with theoretical equations. 
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