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The method of holographic in te r fe romet ry  in real  time is used to determine the t empera tu re  
fluctuations of a subsonic turbulent s t ream of a nitrogen plasma which are  caused by shunt- 
ing. The s t r eam is generated by a vort ical  plasmatron.  

One of the important  p rocesses  which occur  in the discharge chamber  of an e l e c t r i c - a r c  plasmatron 
with a self-adjusted a rc  length is the l a rge - sca l e  shunting [1] which causes fluctuations in the energy de- 
l ivered to the d ischarge  gap and, correspondingly,  in the density and tempera ture  of the gaseous  plasma 
in the s t ream.  Fur the rmore ,  the motion of the parts  of the arc  cut off by the shunting leads to the appear-  
ance of charac te r i s t i c  "bunches" at the exit f rom the nozzle. 

Spectroscopic methods are  not always suitable for  determining the tempera ture  of such s t r e ams  of a 
weakly ionized gas for  the following reasons:  

1) There are technical difficulties involved in measur ing  low tempera tures  with a high time resolution 
(when the order  of a few to severa l  tenths of microseconds) .  

2) In a nonequilibrium, weakly ionized plasma, the governing 
fac tor  is the gas tempera ture ,  ra ther  than the e lectron 
tempera ture ,  which is the tempera ture  usually measured 
by spectral  methods. 

3) There are  difficulties involved in measur ing the t empera -  
ture of the peripheral  regions of the s t ream and those fa r  
f rom the end of the nozzle. 

An ext remely  effective method for studying low-tempera ture  
plasma s t r eams  is in te r fe rometry ,  although this method has a dis-  
advantage of its own: a ve ry  nonlinear tempera ture  dependence of 
the refract ive  index. This c i rcumstance  reduces the sensit ivity of 
the method at high t empera tu res .  

The use of in te r fe romet ry  in studying cool plasma s t reams  
with those reported in [2, 3]; here laminar  plasma flow was studied. 

The method of pulsed holographic in te r fe romet ry  with a tur -  
bulent s t r eam flowing out of a nozzle was f i rs t  used in [4]. 

Fig. 1. F r a m e  from a time sweep 
In the present  experiments ,  we determined the gas t empera -  of in te r fe rograms  during turbu-  

ture and the magnitude of the tempera ture  fluctuations in a nitrogen lent subsonic flow of a s t r eam 
from a nozzle,  s t r eam generated by a s ing le -chamber  dc a rc  plasmatron with 
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Fringe shift (relative units) for various cross sections of 
the stream at various times. Here r is given in cm. 
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Fig. 3. Radial profiles of the maximum and minimum stream temperatures (~ over a time ~ 300 

�9 10 -6 see atdistaneesl I= 0.25 cm andl 2 =0.4 cm from the nozzle. Here r is incm. 

Fig. 4. Radial profile of the stream temperature (~ at distances 13 = 1 cm and 14 = 2.8 cm from 

the nozzle. Here r is in cm. 

vortical gas stabilization of the arc; we used a holographic interferometer in real time. In contrast with the 
interferometer arrangement described in [5], we use an arrangement in which the plane of the test object 
is focused onto the hologram, so that it becomes possible to significantly improve the quality of the inter- 
ferograms, through a suppression of the influence of light refraction by inhomogeneities of the stream. 
With this experimental apparatus, it is possible to obtain up to 30 interferograms in fringes of finite width 
with a time resolution as short as 1 �9 10 -6 sec during the free generation of the ruby laser, (300-400) �9 10 -6 
sec. The interferograms were analyzed quantitatively on a microdensitometer; the fringe shift was deter- 
mined within 1/16 of a fringe. 

We transform from the refractive index of the nitrogen plasma to the temperature by working from the 
dependence of the refractive index on the component densities: 

(n - -  1)p 1 = 2~ (azN ~ + a2N -t- a3N +) - - ( n -  1)el (1) 

whe re  ( n - 1 ) e l  = 4.46 �9 10-14~.2Ne is  the r e f r a c t i v e  index of the e l e c t r o n  componen t .  The va lues  f o r  the a v e r -  
age po l a r i zab i l i t y  of the heavy  p a r t i c l e s  a r e  taken f r o m  [6, 7]. The s ta t i c  p r e s s u r e  in the s t r e a m  is a s s u m e d  
to be equal  to a t m o s p h e r i c  p r e s s u r e .  
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Under the condi t ions of the p r e sen t  e x p e r i m e n t s ,  the quant i ty  ( n - l ) p t  is  governed p r i m a r i l y  by the 

f i r s t  two t e r m s  in Eq. (1}. 

If the re  is  a local  the rmodynamic  equ i l ib r ium in the weakly ionized s t r e a m ,  the p l a s m a  compos i t ion  
is governed en t i r e ly  by the p l a sma  t e m p e r a t u r e ;  in o ther  words ,  Eq. (1) unambiguously r e l a t e s  the t e m -  
p e r a t u r e  to (n -1 )p l .  If there  is a devia t ion  f rom the rmodynamic  equi l ib r ium,  the p l a sma  r e f r a c t i ve  index 
is governed by the gas  t e m p e r a t u r e ,  s ince co l l i s ions  between heavy p a r t i c l e s  predominate  under  these  con- 

d i t ions .  

F r o m  the i n t e r f e r o g r a m s  of the s t r e a m  we can draw qual i ta t ive  conclus ions  r ega rd ing  the na ture  of 
the p lasma  flow. At low gas  flow r a t e s ,  on the o r d e r  of 0.1-0.5 g/sec  (depending on the a r c  c u r r e n t ,  30-130 
A), the flow is l aminar ;  as the flow ra te  is i n c r e a s e d ,  the turbulence  extends p r o g r e s s i v e l y  to the en t i r e  
s t r e a m ,  s t a r t i ng  f rom points f a r  f rom the nozzle.  

F igu re  1 shows a typical  f r a m e  f rom a t ime sweep of the i n t e r f e r o g r a m s  during tubulent subsonic flow 
of the s t r e a m  f rom the nozzle .  The exposure  t ime for  a f r ame  is no longer  than 5 .10  -6 sec;  the d i s tance  
between the m a r k e r s  is 1.92 cm.  

In addi t ion to the turbulence  caused by the in te rac t ion  of the s t r e a m  with the su r round ing  medium,  the 
unsteady behavior  of the p l a sma  p r o p e r t i e s  as  a function of the gas flow rate  is not only affected by the t u r -  
bulence caused by the in te rac t ion  of the s t r e a m  with the sur rounding  medium;  shunting a l so  begins  to have 
a s t rong effect,  s ince  the pulsa t ions  in the input power i n c r e a s e .  

F o r  a quanti ta t ive evaluat ion of the s t r e a m  p r o p e r t i e s ,  we plot ted the fr inge shif t  in a p a r t i c u l a r  c ros s  
sec t ion  as  a function of the rad ius .  F igu re  2 shows such p ro f i l e s  for the following opera t ing  condit ions:  
Iav = 125A;Uav = 105 V; G = 1 g /sec ;  Pay = 13.1 kW, ~ P  ~ 1.9 kW, d = 0.5 cm,  and a shunting f requency on 
the o r d e r  of 14-15 kHz. The cu rves  a re  plot ted for  va r ious  t imes  ~ s e c )  (tl; t 2 = t 1 + 60; t 3 = t 2 + 60; tt --- t 3 
+ 80) and for va r ious  c r o s s  sec t ions ,  at  the following d i s t ances  (cm) f rom the end of the nozzle:  l 1 = 0.25; 

l= 0.4; 13=1; 14=2.8. 
These c u r v e s  c l e a r l y  i l l u s t r a t e  the s p a c e - t i m e  behavior  of the f luctuat ions in the s t r e a m  p r o p e r t i e s .  

At d i s tances  up to (2-3)d f rom the end of the nozzle ,  the s t r e a m  pu l sa tes  as  a whole with a f requency 
nea r  the shunting frequency;  the re  is  even a change in the s t r e a m  rad ius  (see the group of cu rves  fo r / i ) .  It 
is na tura l  to a s sume  that in this  region the pulsa t ions  a re  due p r i m a r i l y  to the shunting. At (4-5)d f rom the 
end of the nozzle ,  the s i tuat ion is much more  compl ica ted .  The f r inge  shi f t  d e c r e a s e s  at the left  s ide of the 
s t r e a m ,  while it  i n c r e a s e s  on the r ight  s ide .  This behavior  can be a t t r ibu ted  to ro ta t ion of the s t r e a m  co re .  
F a r  f rom the nozzle,  the pulsa t ions  take the form of s l ight  random devia t ions  f rom ce r t a in  ave rage  values;  
i .e . ,  in this  region,  turbulent  mixing of the j e t  with the su r rounding  medium is predominant .  

The informat ion obtained f rom the i n t e r f e r o g r a m s  is the in tegra l  over  the path of the l ight  t r a n s -  
mi t ted  by the s t r e a m .  To obtain local  va lues  of the r e f r ac t i ve  index, we solve the in teg ra l  Abel equation by 
a numer ica l  method [8] which provides  good smoothing of the expe r imen ta l  data  under the assumpt ion  that 
each half of the s t r e a m  is  a x i s y m m e t r i c .  This a ssumpt ion  is ,  of course ,  not s t r i c t l y  c o r r e c t .  In the c a l c u l a -  
tion of each expe r imen ta l  curve  of the fr inge shift ,  a spa t ia l  averag ing  ove r  ad jacent  sec t ions  is introduced;  
this  approach  e l imina te s  the influence of s m a l l - s c a l e  f luctuat ions on the ca lcu la ted  r e su l t s .  

F i g u r e s  3 and 4 show some of the ca lcu la ted  r e su l t s .  Curves  1 and 2 (Fig. 3) co r r e spond  to the min i -  
mum and maximum t e m p e r a t u r e  d i s t r i bu t ions  dur ing an expe r imen t  (~300 .10  -~ sec) at  a d i s tance  l I f rom 
the nozzle;  cu rves  3 and 4 co r r e spond  to a d i s tance  t~ f rom the nozzle .  The tirne in t e rva l  between curves  
1 and 2 is  80-10  -6 sec,  while that between 3 and 4 is 200 .10  -G sec .  

We see that  the h igh- f requency  t e m p e r a t u r e  f luctuat ions can reach  a la rge  magni tude,  ~ 1500-2000 ~ 

In de t e rmin ing  the t empora l  f luctuat ions  at  a d i s tance  l 3 f rom the nozzle ,  we r eca l cu l a t ed  the spec ia l ly  
ave raged  curve of the f r inge shif t  having the makimum axial  s y m m e t r y .  The magnitude of the f luctuat ions 
was de t e rmined  f rom the r e f e r ence  f r inge.  

The r e s u l t  is  shown by curve  1 in Fig .  4, where the range of the t e m p e r a t u r e  va r i a t i on  during the ex-  
pe r imen t  is shown by the dashed l ines .  

Curve 2, obtained by a t ime averag ing  of the f r inge shift ,  c o r r e s p o n d s  to the rad ia l  t e m p e r a t u r e  prof i le  
at  a d i s tance  It f rom the nozzle .  In t r a n s f o r m i n g  f rom the r e f r a c t i ve  index to the t e m p e r a t u r e  he re  we 
neglected the change in the p l a sma  compos i t idn  due to the mixing of the s t r e a m  with the a t m o s p h e r e ,  because  
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of the s m a l l n e s s  of this effect .  The i n t e r f e r o m e t r i c  de te rmina t ion  of the f luctuations in this region gives  
r e s u l t s  which a r e  too low, since the spa t ia l  sca le  of the f luctuations is much s m a l l e r  than the optical  path 
length in the s t r e a m ,  so that the re  is an averag ing  of the f luctuations.  

Accordingly,  the method of holographic i n t e r f e r o m e t r y  in rea l  t ime d e m o n s t r a t e s  both qual i ta t ively 
and quant i ta t ively that shunting p r o c e s s e s  s ignif icant ly  affect  the s p a c e - t i m e  dis tr ibut ion of the p r o p e r t i e s  
of the s t r e a m  and arc  p l a sma t ron .  
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is the r e f r ac t ive  index of p lasma;  
a re  the dens i t i e s  of molecu les ,  a toms ,  and posi t ive ions, respec t ive ly ;  
a r e  the ave r age  po la r izab i l i t i e s  of the molecule ,  a tom, and ion, r e spec t ive ly ;  
is the e lec t ron  densi ty;  
i_S the Wavelength of ruby l a se r ;  
a re  the ave rage  cu r r en t  and a r c  vol tage of the p lasmat ron ;  
is the gas  flow rate ;  
is the nozzle d i ame te r ;  
a r e  the a v e r a g e  power  d iss ipa ted  in the a rc  and fluctuation of this power;  
is the t ime; 
is the rad ia l  coordinate ;  
i s  the t e m p e r a t u r e .  
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