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Stability of burning of the arc  in a p lasmatron channel depends on the dynamic as well as the 
static cha rac te r i s t i c s  of the arc.  Many investigations show that the dc arc  in a p lasmatron is 
not a s tat ionary phenomenon: the current ,  the voltage, and also the length of the arc  la the 
channel are  all subject to oscil lations.  Steady pulsations of the e lec t r ica l  pa rame te r s  are  
due p r imar i ly  to the arc  shunting process .  Nonstationary p rocesses  also exist that are  not 
connected with shunting. To speak in t e r m s  of a region of the U - I  charac te r i s t i c s  it can be 
said that greates t  interest  cen te rs  on the dynamical  p roces se s  on the r i s ing par t  of the 
charac ter i s t ic .  It has previously been shown [1] that the r i s ing branch of the E - I  relation 
has local  regions where the electr ic  field intensity of the arc  falls with increasing current ,  
such singulari t ies failing to be ref lected by the overal l  static U - I  charac te r i s t i c .  This 
p roces s  whereby the overal l  v o l t - a m p e r e  charac te r i s t i c  is "smoothed out" is connected with 
cer tain variations in the s t ruc ture  of the arc  in the channel and with the appearance of e lec t r ica l  
oscil lations.  The p resen t  paper  presents  the resul ts  of an experimental  study of the e l ec t r i -  
cal  p a r a m e t e r s  of the arc in a p lasmatron channel and its behavior for a r is ing v o l t - a m p e r e  
charac te r i s t i c .  The r is ing par t  is found to exhibit unstable regions, where the arc  cur ren t  
and voltage "osci l la te ."  The s t ructure  of the arc  in the channel changes sharply under un- 
stable conditions. The reason for the appearance of instability is the s ingulari ty In the v a r i a -  
tion of e lect r ic  field Intensity with cur ren t  on the r is ing portion of the charac te r i s t i c .  

1. The plasmatron scheme on which the experiments  were ca r r i ed  out is shown in Fig. 1. The end 
electrode (the cathode) is made f rom thoriated tungsten soldered into a copper  ring. To prevent  intense 
erosion of the cathode during operation the la t ter  is protected by nitrogen (G =2-3 g/see) ,  continuously 
supplied to a corresponding vor tex  chamber .  The working gaswas  air .  The output electrode (the anode, 
of diameter  D) is made of copper.  The electr ic  field intensity of the arc was measured by construct ing a 
par t  of the arc  chamber  of length l and diameter  d out of sections of thickness Al  =0.8 cm. The length of 
the f i rs t  section, constituting the channel input, was 1.5-2 gauge. 

All sections were e lect r ical ly  insulated f rom each other by g lass - f iber  discs.  The experiments  were 
ca r r i ed  out for  two values of the internal diameter  of the channel, d=2.5 and 3.0 cm. The diameter  of the 
output electrode was chosen so that the rat io D / d  remained constant  at 1.8-1.9. The sections used in the 
electr ic  field measurements  were a i r  cooled; all other unis of the plasmatron were  water  cooled. The 
flow ra tes  of the working and protect ive gases were  measured respect ively using a DMKV flowmeter  and 
an RS-5 rotarneter.  

The var iat ion of the electr ic  field intensity of the arc  with cu r ren t  in time was studied using a CI-17 
double-beam oscil loscope.  One of the beams recorded  the al ternating component of the arc  cur ren t  I t . 
The potential difference between two sections AU t was fed to the other beam via a differential amplif ier  
(Fig. 1).  The oscf l lograms obtained in this manner reflect  the dynamic dependence of E on I over  a short 
interval of t ime (of the order  of 10 -4 see). 
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Fig. 2 

The spatial behavior of the arc  in the p lasmatron  channel 
was investigated using a special optical section with a t r ansve r se  
slit on the whole d iameter  of the channel. The osci l lat ions of the 
arc  column in t ime were recorded  on an FR-1 photorecorder  as 
shown in Fig. 1. In these exper iments  the plasmatron and the 
pho to recorder  were rigidly fixed together.  The a m p l i t u d e - f r e -  
quency cha rac t e r i s t i c s  of the al ternat ing components of the c u r -  
rent I t and the total (overall) a rc  voltage U t were displayed on an 
SK4-3 analyzer .  Osc i l lograms of I t and U t were also obtained 
using an OK-17M oscil loscope.  The static v o l t - a m p e r e  c h a r a c -  
t e r i s t i c s  of the arc  of the investigated p lasmat ron  and their  de-  
pendence on var ious  p a r a m e t e r s  are  descr ibed in [2]. 

2. The shunting-induced fluctuations o f t h e e l e c t r i c a l p a r a m -  
e te r s  of a p lasmat ron  a rc  with se l f -se t t ing length are  descr ibed 
in [3]. It was shown that these osci l lat ions are  random and con-  
form to a normal  distribution. In general  this is also the case for 
fixed-length a r c s  in modes of operation both on the falling and on 
the r is ing brahe hes of the v o l t - a m p e r e  charac te r i s t i c .  Besides 
this, however, the arc  cu r r en t  and voltage oscil lat ions exhibit 
cer ta in  features  that belong solely to individual regions on the 
r i s ing branches  of the U - I  cha rac te r i s t i c s .  It is a lmost  imposs i -  
ble to specify these regions f rom a considerat ion of the overall  
(integral) v o l t - a m p e r e  charac te r i s t i c .  The appearance of unstable 
zones is connected with the dependence of the e lectr ic  field inten- 
sity on arc  cur ren t  [1]. 

By way of example, we show in Fig. 2 the E - I  cha rac te r i s t i c  of par t  of the arc  burning in a channel 
d =2.5 cm, G =30 g/see .  It can be seen that the field intensity var ies  nonmonotonically with cur ren t ;  regions 
in which E falls with increas ing I are  also present  on the r is ing curve.  One would expect, on the basis of 
the resul ts  of the E investigations, that  the r i s ing branch of the overal l  v o l t - a m p e r e  cha rac te r i s t i c  would 
also have regions in which the voltage U falls with increas ing I. It can be seen f rom Fig. 3 (curve 1) that 
the U - I  relation for  the g rea t e r  par t  of the arc  length does have these singular regions;  curve  1 is the v o l t -  
ampere  cha rac te r i s t i c  of the part  of the arc  extending f rom the cathode to the anode shoulder. 

The integral  (overall) v o l t - a m p e r e  cha rac te r i s t i c  for the entire arc  is shown by curve  2. The 
changed form of the la t ter  compared  with curve 1 is due part ly to the U - I  charac te r i s t i c  of the initial part  
of the arc  in the vicinity of the vor tex  chamber ,  and par t ly  to the U - I  cha rac te r i s t i c  of the output par t  of 
the arc  in the channel of d iamete r  D. As was noted in the experiments ,  the smoothing-out  of the overal l  
v o l t - a m p e r e  cha rac te r i s t i c  is due p r imar i ly  to the dynamics  of the behavior of the arc  column in regions 
of intensity drop. The osci l lat ions of I t and Ut can be quite var ied  in charac te r .  Thus, we show in Fig. 3 
osc i l lograms  of the al ternat ing component of the arc  voltage taken in the regions:  b-c (I), c - d  (II), and d-e 
(III). They demonst ra te  the behavior of the osci l lat ions of U t associa ted  with shunting on different par ts  of 
the U - I  cha rac t e r i s t i c s  (d=2.5 cm, l =14.5 cm, G=60 g / see ) .  While the form of osc i l lograms  I and III is 
typical  for the shunting p rocess ,  with its cha rac t e r i s t i c  increase  of voltage with increas ing  arc  length and 
subsequent sharp drop, this cannot be said about osc i l logram II. In the la t ter  case  a lmost  square pulses of 
Ut are  observed,  for wh ichva r ious  explanations a re  possible on account of the instability of burning of the 
arc .  It should be noted that osc i l logram II cannot, general ly  speaking, be said to be typical,  unlike osc l l lo-  
g rams  I and HI. In the region of instability, the arc  voltage and cu r ren t  can exhibit quite a var ie ty  of wave- 
forms;  there  is, however, one distinctive feature - t h e s e  waveforms are  quali tat ively different f rom those 
associa ted  with Mpure" shunting. 

If the smoothing-out  of the overal l  static v o l t - a m p e r e  cha rac te r i s t i c  is due to the periodic shunting- 
induced var iat ion of the length of the arc ,  then t ime intervals must exist  under dynamic conditions when the 
dependence of voltage on cu r ren t  will have a diminishing form determined by the behavior of E =_f(I). In 
this connection it is par t icu lar ly  important  to know how the e lec t r ic  field intensity of the arc  var ies  as a 
function of cu r ren t  under dynamic conditions. If one s ta r t s  f rom the equation of the dynamic charac te r i s t i c  
[4] and cons iders  per turbat ions  acting on the arc  that have a period g rea te r  than the cha rac te r i s t i c  r e laxa-  
tion t ime, it follows that the dynamic cha rac te r i s t i c  will be determined by the behavior of the static U - I  
charac te r i s t i c .  However,  the question is to what extent does the dynamic variat ion of the intensity E as a 
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function of I cor respond  to the static charac te r i s t i c ,  since 
oscil lat ions of are length on the measurement  basis can 
give r i se  to a cer ta in  discrepancy between them. 

Exper iments  on the arc dynamics were ca r r i ed  out 
in the manner descr ibed above. An analysis  of many 
osc i l lograms  showed that the dynamic cha rac te r i s t i c  has 
a slope that is quite close to that of the tangent to the 
static E - I  curve only on the r is ing par t  of the latter.  
This can be observed from Fig. 4, which shows the dynamic 
E - I  cha rac te r i s t i c s  for d=2.5 cm and G =30 g /see ;  a is 
the r is ing and b the falling part .  

The dashed curve in Fig. 4a re fe r s  to the static 
E - I  relation. In the region where E dec reases  with in- 
c reas ing  I (Fig. 4b) it can be seen that the dynamic curve 
has a much s teeper  slope than the static. Thus, a 50-A 
variat ion of cur ren t  changes E according to the static 
charac te r i s t i c  by only 0.4 V / c m  (see dashed line in Fig. 
4b), whereas  according to the dynamic charac te r i s t i c  we 
find that AE ~2 V/cm.  This sor t  of E dynamics was also 
experimental ly  observed for other  values of the working 
pa rame te r s  of the p lasmatron and is also present  on the 

Fig. 5 E - I  cha rac te r i s t i c s  of the initial par t  of the arc.  

The obtained data show that, despite the smoothing-out  of the overal l  v o l t - a m p e r e  charac te r i s t i c  of 
the plasmatron arc ,  regions in which the arc voltage drops with increasing cur ren t  exist under dynamic 
conditions on t h e r i s i n g  par t  of the U - I  charac te r i s t i c .  

3. Let us consider  the features  of the osci l lat ions of the e lec t r ica l  pa rame te r s  of the arc  on the 
r is ing branches of the U - I  cha rac t e r i s t i c s  in regions of instability. As was shown above the appearance of 
regions of instability on the v o l t - a m p e r e  charac te r i s t i c  is connected with a change in the fo rm of the E - I  
relation, the distinctive feature of these regions being the presence  of a negative differential arc res i s tance  
R*. Under cer ta in  conditions this leads to the appearance of undamped oscil lat ions of cur ren t  and voltage. 
The arc  can go over  into an oscillation mode on violation of one of the stability c r i t e r i a  [5], for  example, 
the inequality R + R *  > 0, where R is the ohmic res is tance  in the plasmatron supply circuit .  Our previous 
investigations [1] and also the dynamic charac te r i s t i c  of the arc  (see Fig. 4b) indicate that ve ry  large nega- 
tive values of R* can indeed be achieved in the second region of instability on the r is ing branch of the v o l t -  
ampere  charac te r i s t i c  (for example, the region c -d  in Fig. 3). Accordingly,  undamped oscil lat ions of arc  
cu r ren t  and voltage should appear  in this region for p lasmat rons  with var ious  working pa rame te r s  and for 
almost  any value of R, which cheoks out experimentally.  

Figure 5 shows t r aces  of the ampl i t ude - f r equencyeha rac t e r i s t i c  of the arc  cu r ren t  osci l lat ions for  
d=3.0 cm, l =24 em, G=80 g / sec ;  I=650 A (a), 850 A (b), 1200 A (c). The power supply was a genera tor  
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Fig. 6 

with a nominal voltage of 750 V. For  the given values of G, d, l ,  the Second region of instability about the 
minimum of the v o l t - a m p e r e  charac te r i s t i c  lies in the region of 800-900 A. 

T races  a and c show the spec t rum of the oscil lat ions at cu r ren t s  of 650 and 1200 A, corresponding to 
a positive cha rac te r i s t i c ;  t r ace  b re la tes  to the region of instability. It can be seen that the spect rum of the 
oscil lat ions change sharply at 850 A. Whereas in the stable regions the spec t rum simply represen t s  the 
noise induced by the random cha rac t e r  of the shunting of the arc  in channel D, distinct maxima of I t are  
c lear ly  discernible  on the t race  of Fig. 5b. The amplitude of the cur ren t  oscil lat ions at the f i rs t  maximum 
is a lmost  an o rder  of magnitude g rea te r  than the I t of Figs. 5a, c. It should be noted that the obtained spec-  
t rum (Fig. 5b) is not the resul t  of power-supply oscil lations,  the frequency of which is 1500 Hz. Traces  of 
the arc  voltage oscil lat ions taken under the same conditions of operation of the p lasmatron show that U t 
behaves in a s imi lar  manner.  

The spec t rum of the expanded signals is of considerable  interest .  Indeed, the arc  in a plasmatron 
( represented as an inductance, capaci tance,  and ohmic res is tance)  together  with the elements  of the supply 
c i rcui t  const i tutes  a tuned c i rcui t  resonat ing at a frequency w 0. The oscil lat ions of I t and U t produced upon 
excitation of this c i rcui t  should have a sinusoidal form and the spect rum of the signals a single maximum at 
the frequency ~0. The t r ace  of Fig. 5b c lea r ly  disc loses ,  however,  four maxima, at f requencies  ~ 320, 
640, 960, and 1280 Hz; i.e., frequency multiples of 2, 3, and 4 are  present .  The amplitude of I t falls off 
approximately  as 1/n. Thus, the spect rum does not co r respond  to the expansion of a sinusoidal signal but, 
for example, to the  expansion of an approximately sawtooth waveform. This suggests  that the generated 
signals are  formed by a p rocess  involving a cer ta in  motion of the arc ,  there  being no other likely explana-  
tion. Accordingly,  investigation of the spatial behavior of the arc  column in a p lasmatron channel is of 
in teres t  with a view to explaining the cu r r en t  and voltage oscil lat ions.  

4. We mentioned above the smoothing out of the static v o l t - a m p e r e  charac te r i s t i c  of a p lasmatron 
arc  as a resul t  of the appreciable osci l lat ions in the length of the arc.  This can also explain the data of 
Fig. 4b, which show that the intensity as a function of cu r ren t  drops more steeply under dynamic conditions 
than in the static case ,  i.e., spatial instability of the arc column should be observed on the investigated 
par t  of the E - I  charac te r i s t i c .  

Time sweeps of the t r ansve r se  osci l lat ions of the arc  in the p lasmatron channel (d =2.5 cm, G =30 
g/sec)  are  shown in Fig. 6 [I=420 A (a), 560 A (b), 700 A (c)]. The distance f rom the cathode to the  c r o s s  
section of the channel at which the photographs were taken (Fig. 1) equals 8 cm. The velocity of motion 
of the film was 3 m / s e e .  An analysis  of the photographs shown in Fig. 6 indicates that t r ansve r se  osc i l la -  
t ions of the arc  do not occur  (Fig. 6a, c) on regions  of the r i s ing E - I  cha rac te r i s t i c  (Fig. 2) to the left and 
to the right of the region of intensity drop. The t r ace s  also c lear ly  exhibit high-frequency pulsations, which 
are  very  likely the resul t  of the motion of the swirl ing flow of gas. It can be seen that the luminous d iam-  
e te r  of the arc  i nc reases  with increas ing  current .  The form of the t race  changes sharply (Fig. 6b) in the 
vicinity of the region where E drops with increas ing h distinct deviations of the arc  f rom the center  of the 
channel a re  observed.  The motion of the arc  is manifest ly.periodic:  for  a cer ta in  t ime the arc is unstable, 
and deflects f rom the center  of the channel; however, af ter  a t ime, the are again takes up a position on the 
"axis, and the p roces s  repeats .  The t race  of Fig. 6b thus has a bunch-like form. The repetit ion frequency 
of these bunches is 315-340 Hz. The voltage and cu r ren t  of the arc  vary  at moments of deviation f rom the 
axis, which can also be seen on the expansion spect rum of the signals (Fig. 5b). Es t imates  of the diameter  
of the arc  column made using the data of Fig. 6b indicate that when the arc  is unstable it s imultaneously 
cont rac ts .  
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The resul ts  of a numerical  calculation [1] also indicate that a reduction in the t r ansve r se  dimensions 
of the arc  is possible in the region where E falls with increasing I. It has hitherto not been possible to 
determine the true reasons  responsible for  the deviations of the arc f rom the axis; it can be said, however, 
that they are  not connected withloss  of hydrodynamic stability. Let us consider  briefly one possible candi-  
date. 

In a discussion on the displacement of an arc  f rom the axis, Maecker [6] obtained the following expres -  
sion for the velocity of the arc  relat ive to the matter,  V: 

(V.V,a) V T = - -  V'~[ i-~--(/2--divW(pcp \ ~ -}-a...)} 

where Vm is the gradient in the vicinity of the tempera ture  maximum, p is the mass density, j2/a is the 
ohmic heating, div W is the heat-conduction loss,  W = -  XVT, and a is the radiative absorption per  unit 
volume. 

The arc  can be brought into motion by, for  example, nonuniformity of the absorption a .  In the motion 
of a nonunlformly heated arc  ignoring variat ion of the tempera ture  maximum Tin, the t e rm on the right 
side of the above expression corresponding to the gradient div W increases  at the maximum and thus r e -  
ta rds  the motion of the arc.  This is a consequence of the change in the curvature  of the tempera ture  d i s t r i -  
bution over the diameter  in the direction of displacement of the arc .  If one a s sumes  that the thermal  con-  
ductivity }, in the vicinity of the tempera ture  maximum begins to fall f rom some moment with increas ing 
Tm, then the gradient div W at the maximum will va ry  with a change of sign. In other words,  the situation 
can ar ise  when, even for a random deviation of the arc  f rom the axial position, the arc  will not re turn  to 
its initial position but will continue to move towards the wall of the channel. This, reduction of X with in- 
c reas ing  T, is one possible reason in a region where E drops with increasing I. In actual fact  the invest i-  
gated phenomenon is much more complex. The effect of the self-magnet ic  field of an arc  upon its motion 
probably cannot be ignored. 
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