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An expe r imen ta l  invest igat ion was made of the gasdynamic  s t ruc tu re  of the initial sect ion of 
supersonic  jets  of a p l a s m a  of a rgon  and helium with outflow into a r a r e f i e d  med ium f rom a 
source  of the magne top lasmodynamic  type. A study is  made  of the dependence of the gas -  
dynamic s t ruc tu re  on the kind of gas,  the p r e s s u r e  in the sur rounding  medium,  the induc- 
tance of the ex te rna l  magne t ic  field,  the stagnation enthalpy, the m a s s  flow ra t e ,  and the 
means  used for  feeding the gas. 

The gasdynamic  s t ruc tu re  of supersonic  je ts  of p l a sma  depends to a cons iderable  extent  on the type 
of p l a s m a  source .  In [1, 2] an exper imenta l  study was made of the s t ruc tu re  of the p l a s m a  jets  of e l e c t r o -  
t he rma l  sou rces .  The specia l  c h a r a c t e r i s t i c s  of the acce le ra t ion  of a p l a sma  in magne top lasmodynamic  
sources  (MPDS} with an externa l  magnet ic  field de te rmine  the specif ic  c h a r a c t e r  of the fo rmat ion  of the 
initial sect ion of jets  of this type. Individual quest ions in the gasdynamics  of the je ts  of magne top l a smo-  
dynamic sou rces  were  d i scussed  in [3, 4]. In the p resen t  work,  on the basis  of exper imenta l  data an a t -  
t empt  is made to give a quanti tat ive p ic ture  of the flow of a p l a s m a  in the initial sect ion,  with outflow into 
a l o w - p r e s s u r e  flooded space ,  and to c la r i fy  the connection between the gasdynamic  s t ruc tu re  and the p a -  
r a m e t e r s  of the source .  The exper imenta l  data were  obtained during the course  of gasdynamic ,  e l e c t r i c -  
probe,  and optical  m e a s u r e m e n t s .  

i. Source of Plasma and Experimental Conditions 

The construction of the magnetoplasmodynamic source (Fig. i) includes a tungsten cathode 1 and a 
coaxial pyrographite anode-nozzle 2, separated by a central insert 3, with a ring 4 made of boron nitride. 
Using the magnetic ceil 5 and the magnetic circuit 6, a magnetic field is set up with an intensity at the end 
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of the cathode B = 30ImG/A , where I m is the current in the cathode. The diameter of the cathode is equal 
to 5 ram, and the minimal inside diameter of the anode d = 40 ram. The interelectrode gap is located in a 

diverging magnetic field. The construction of the source ensures an axial feed of gas along the cathode and 
a radial feed through the openings in the anode. 

The magnetoplasmodynamic source is mounted inside a vacuum chamber on a positioning device with 
two degrees of freedom in the horizontal plane. The measuring devices were fixed with respect to the vac- 
uum chamber. The gas was evacuated by a block of vacuum pumps, made up of two VN-6 mechanical pumps 
and a BN-15000 booster pump. For the experiments described the following conditions are typical: cur- 
rent of arc I=250-500 A; B=250-900 G; mass flow rate of gas G=0.015-0.3 g/sec. Under steady-state out- 
let conditions, the pressure in the vacuum chamber Pr is proportional to the mass flow rate of the gas and, 
with G=0.1 g/sec, is equal to approximately 0.2 torr for argon and 2 terrs for helium. In accordance with 
the data of the heat balance of the source, with G=0.1 g/sec and a current of 500 A, the mean-mass stag- 
nation enthalpy is about 1.5 �9 105 J/g for helium and 5 • 104 J/g for argon. Under these circumstances, 
there is complete primary and a considerable degree of secondary ionization of argon, and a considerable 
degree of primary ionization of helium. The spectra in the initial section of the jet are, respectively, the 
spectra of the argon ion and the helium atom [5, 6]. The pressure in the chamber of the magnetoplasmo- 
dynamic source was 0.3-3 terrs, with a concentration of particles 1014-1015 cm -3 and an electron tempera- 
ture of 5-10 eV. 

2.  M e t h o d s  o f  D i a g n o s i s  

Gasdyuamic ,  e l e c t r i c - p r o b e ,  and optical  methods  were  used to obtain quanti tat ive informat ion on the 
gasdynamic  s t ruc tu re  and the p a r a m e t e r s  of the p l a sma .  The gasdynamic  m e a s u r e m e n t s  included m e a -  
s u r e m e n t s  of the total  heads  in the whole flow field and of the s ta t ic  p r e s s u r e  a t  the axis  of the jet. The 
pickups for  the total  head were  cyl indrical  wa te r - coo led  fi t t ings with a f lat  end and a d i a m e t e r  of the r e -  
ceiving opening f rom 2 to 10 ram.  Fi t t ings  with a sma l l  d i a m e t e r  were  used for  m e a s u r e m e n t s  nea r  the 
outlet  c ro s s  sect ion of the nozzle  of the source .  The pickup for  the s ta t ic  p r e s s u r e  was a cyl indrical  fitting 
with a d i ame te r  of 6 ram, with a head cone of 20 ~ and l a t e ra l  openings a t  a dis tance of 50 m m  f rom the apex 
of the cone. The p r e s s u r e  was m e a s u r e d  with VR-3 and VT-3  vacuum m e t e r s  and BV-3 and LT-2  con- 
v e r t e r s ,  r e spec t ive ly .  The prof i les  of the total  head and the s ta t ic  p r e s s u r e  we re  r eco rded  continuously 
us ing a two-coord ina te  PDP-4-002  au tomat ic  r e c o r d e r .  The e r r o r  in m e a s u r e m e n t  of the p r e s s u r e  was 
30-50%. 

E l e c t r i c - p r o b e  m e a s u r e m e n t s  were  used to obtain data on the potential  and veloci ty  of the p la sma ,  
and the concentrat ion and t e m p e r a t u r e  of the e lec t rons .  Cyl indr ica l  and plane single p robes  were  used. 
The e lec t ron ic  p a r a m e t e r s  and the potential  of the p l a s m a  were  found under  the assumpt ion  of a Maxwellian 
distr ibution o f  the e lec t rons  and of f r e e - m o l e c u l a r  conditions of flow around the probe [7, 8]. The veloci ty  
of the p l a s m a  was m e a s u r e d  by the method of two fiat  p robes  with collecting su r f ace s  a r r a n g e d  para l le l  
and pe rpend icu la r  to the vec t o r  of the ve loc i ty  [9]. The e r r o r  of the e l e c t r i c - p r o b e  m e a s u r e m e n t s  was 
about 30%. 

Optical  diagnosis  included photography of the jets  and s p e c t r a l  m e a s u r e m e n t s .  The la t t e r  were  c a r -  
r i ed  out using an ISP-51  in s t rumen t  with photographic  and photoe lec t r ic  recording.  The optical methods 
ensured  obtaining informat ion on the d imens ions  of the gasdynamic  s t ruc tu re  of the jets ,  the spec t rum of 
the radiat ion,  the composi t ion of the p l a s m a ,  and the e lec t ronic  p a r a m e t e r s  [5, 6]. 

3 .  G a s d y n a m i c  S t r u c t u r e  

Under the conditions of the exper iment ,  in the ini t ial  sect ion there  were  main ly  t rans i t iona l  flow con- 
ditions. With identical  m a s s  flow ra t e s ,  je ts  of an a rgon  p l a s m a  a r e  cons iderably  m o r e  r a r e f i ed  than jets  
of a hel ium p la sma .  F i gu re  1 shows schemat i ca l ly  the gasdynamic  s t ruc tu re  of the initial  sect ion of jets  
of a rgon  and hel ium p l a smas ,  cons t ruc ted  on the basis  of photographs and visual  observa t ions ,  and c o r r e -  
spending to a m a s s  flow ra te  of the gas on the o rde r  of 0.1 g / s e c .  F r o m  the cathode, along the axis  of 
s y m m e t r y  the re  is p ropaga ted  a high-enthalpy and intense radia t ional  flux of p l a s m a  I, usual ly  called a 
cathode jet  (see,  for  example ,  [10]). Beyond the outlet  c r o s s  sect ion of the source ,  there  is a region of 
f r ee  expansion I_I, bounded by a hanging shock wave A and a Mach disk B. With equal  m a s s  flow r a t e s  and 
stagnation enthalpies ,  the d imensions  of the region of f r ee  expansion in a jet  of hel ium a r e  cons iderably  
g r e a t e r  than in a je t  of argon.  As a r e s u l t  of the washing-out  of the shock waves ,  a shock wave and a Mach 
disk a r e  a lmos t  indist inguishable visual ly .  In a jet  of helium, the hanging and cent ra l  shock waves a r e  
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ra ther  c lear ly  visible. The ref lected shock wave B (see Fig. 2) is weakly expressed.  Behind a Mach disk 
in a helium jet there  is a region HI, having a rose  color. The central  regions II and III a re  surrounded by 
region IV, of a blue color,  going over  gradually into the mixing zone V. The visually observed boundary 
between regions HI and IV is obviously the limit of the boundary layer  forming along a tangential d iscon-  
tinuity, which separa tes  the p lasma passing through the central  shock wave f rom the plasma passing through 
the hanging and ref lected shock waves. In the case of argon, as a resu l t  of its high degree o f  rarefact ion,  
the region of mixing coalesces  with the compressed  layer,  and the wave s t ruc ture  has a diffusionaI charac -  
ter .  In Fig. 1 and below, the l inear dimensions are  r e fe r r ed  to the inside diameter  of the tube d. 

We shalI set forth briefly data on the effect of var ious pa rame te r s  on the gasdynamic s t ructure .  With 
a decrease  of the p re s su re  in the vacuum chamber  (for argon from 0.2 to 5 .10  -3 torr) ,  there is an increase  
in the longitudinal and t r ansve r se  dimensions of the initial section, approximately proport ional  to p~1/2. 
Simultaneously, there  is washing-out  of the boundaries of the charac te r i s t ic  regions. 

An increase  in the power of the magnetoplasmodynamic source leads to an inc rease  in the l inear  di-  
mensions of the jet; the cathode jet becomes more  c lear ly  expressed.  With an increase  in the external  
magnetic  field, there is a t r ansve r se  compress ion  of the jet beyond the outlet c ross  section of the source,  
and an increase  in the length of the cathode jet. There is a s t ronger  effect of the magnet ic  field with small  
mass  flow r~tes (G < 0.1 g / s e c )  and large  cur rents  of the discharge (I> 300 A). With ve ry  large values of 
the magnetic inductance B = 900 G, small  values of G, and large values of I, there were observed working 
conditions of the source  with a great  length of the cathode jet, passing through the whole initial section. 
These conditions corresponded to a considerable increase  of the voltage in the a rc  and to a sharp drop in 
the voltage between the cathode and the vacuum chamber.  The end of the cathode jet is ra ther  unstable, 
and there  is tendency toward the formation of a wine-g lass -shaped  configuration (a bifurcation of the end 
in the meridional  plane). 

With G~ 0.1 g / s e c ,  the means of feeding the gas does not have any significant effect  on the gasdy-  
namic s t ruc ture  of the jets. The mos t  stable work of the source is achieved with a mixed feed of the gas, 
where 0.6-0.8 of the mass  flow rate is fed through openings in the anode, and the remaining par t  along the 
cathode. 

Table 1 gives some data on the longitudinal and t r ansve r se  dimensions (see Fig. 1) of the initial s ec -  
tion of jets of argon and helium plasma with feeding of 0.7 of the m a s s  flow rate through openings in the 
anode. In the case of argon, resul ts  are  given for the grea tes t  value of the mass  flow rate G=0.3 g / s e c ,  
where in a jet of argon plasma charac te r i s t i c  regions typical for  a helium jet with G ~ 0.05 g / s e c  become 
visually distinguishable. Along with the values of G, I, B, and p~, the table gives data on the p res su re  at  
the wall of the anode Pw, in the cross  section where the feed openings are  located. We must  note the de-  
c rease  in Pw with an increase  in B, which bears  witness to the considerable role of e lec t romagnet ic  forces  
in the formation of the jet. 

An important  special  charac te r i s t i c  of the jets under consideration is the low density of the core of 
the jet in comparison with the density of the surrounding medium. Under t ransi t ional  conditions, this fact 
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TABLE 1 

Gas ~,g/ r, A Pw' 
sec tort L1 L~ d4 

Ar J 0,3 

He 

25G 
50C 
50C 

250 

5O0 

B,G P ' 
torr 

250 
250 0,5 
5O0 

25O 
2,3 

25O 

2,0 
,),2 

2,o 

2,5 

0,5 
1,0 

1.25 

2,0 

0,35 
0,65 
1,0 

2,5 

2,75 

Dimension 

Lz L, de t d~ 

2,2 7,0 1,25 0,75 
5,0 ~0,0 t,5 0,75 
i0,0 i2 ,5  1,75 I 0,75 
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ensures  s t rong diffusion of a toms of the surrounding medium into the jet. As a charac te r i s t i c  of the con- 
ditions for the penetration of a toms of the surrounding medium into the jet, we can use the number Kp = l / d ,  
where l is the length of the f ree-f l ight  path of an atom of the surrounding medium with its motion ac ros s  
the jet in the plane of the outlet c ross  section of the source.  Under the conditions G=0.1 g / see ,  I=500 A, 
B = 250 G, for argon and helium Kp ~ 0.1 and 0.01, respect ively.  In evaluation of the Kp numbers ,  it was 
postulated that, for an atom of argon, coll isions with argon ions are  determining, and, for an atom of he- 
lium, with atoms.  The difference of an o rder  of magnitude in the Kp numbers  explains the observed dif- 
ference in the charac te r i s t i c  dimensions of the initial sections of jets of argon and helium plasma, with 
equal mass  flow rates .  

Under the condit ions of the exper iments ,  the propagation of a jet of argon plasma takes place under 
transit ional  conditions even at the outlet c ross  section. As a consequence of the sca t ter ing of the electrons 
and ions of a toms of the surrounding medium diffusing into the jet, there is formed a layer  with a large 
gradient  of the density, bounding the region of f ree  expansion. Fo r  jets of helium, in distinction from argon 
jets, the flow conditions are  mainly close to continuous. A transi t ion to diffusional conditions took place 
with G < 0.05 g / see .  

4.  P i c t u r e  of  F l o w  

The set  of measuremen t s  presented  makes  it possible to give an approximate descript ion of the pic-  
ture of the flow of a p lasma in the initial section. Figure  2 (1 is the visible boundary of the jet, 2 are  en-  
t ra inment  cur ren ts ,  3 are  flow lines in the ejection zone), for a jet of argon plasma with G=0.1  g / s e e ,  I= 
500 A, B =250 G, and poe=0.3 to r r ,  gives data on the profi les  of the total heads with an axial orientation of 
the fitting p~, the stat ic  p r e s su re  p, the concentration N e and tempera ture  T e of the e lect rons ,  and the po- 
tential of the p lasma with respec t  to the anode q~ in two t r ansver se  c ros s  sections x = 1, 10. The f i r s t  
c ross  section corresponds  approximately to the middle, and the second to the end, of the initial section. 
The profi les  of Ne, Te, and p~ in the f i r s t  c ross  section have sharply expressed  maxima,  corresponding to 
a cathode jet. The monotonic decrease  in N e in a radial  direction with increas ing  distance from the axis 
of the jet bears  witness to a corresponding decrease  in the degree of ionization. The profi les of T e and q~ 
have a maximum near the visually observed boundary of the jet. The increase  in T e in the mixing zone 
cart be explained by heating of the p lasma during its stagnation. The profile of p depends on the conditions 
of the source.  With large cur rents  and small  mass  flow ra tes  of the gas, as a resul t  of compress ion there 
is an axial maximum. In the zone of ejection of the surrounding medium P<P~o, and, within the l imits of 
accu racy  of the measurements ,  it is equal to p~. 

In the c ross  section x = 10, the picture of the flow has a noticeably different charac ter .  There has 
been an equalization of the profi les  in the region near  the axis. At the per iphery  of the jet, the maximum 
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of N e has dropped out and a maximum of ~ has appeared. The total head and the static p ressu re  at the 
axis a re  less  than the p res su re  in the surrounding medium. The main reason for the res t ruc tur ing  of the 
profi les of the gasdynamic pa rame te r s  is twisting of the plasma by e lec t romagnet ic  forces ,  ar is ing with 
an interact ion between the radial  component of the cur rent  of the a r c  and the axial component of the mag-  
netic field. 

In the lower half of Fig. 2 there  a re  given the equipotentials of the e lec t r ica l  field, the lines of force 
of the unperturbed magnetic field of the source,  and a qualitative picture of the propagation of the entra in-  
ment  currents. The part of the discharge current carried beyond the outlet cross section of the source is 
propagated predominantly along the axis of symmetry within the potential well. 

To obtain data on the twisting of the plasma, measurements were made of the total heads using a 
fitting of rotated construction. The measurements also made possible an approximate determination of the 
direction of the lines of force. The latter was taken as the direction of the fitting corresponding to a maxi- 
mum of p~. Measurements of the total head using a fitting oriented perpendicular to the axis of the jet in 
an azimuthal direction gave the profiles of p~ set up as a result of twisting of the plasma. Figure 3a gives 
the results of measurements of p~ and p~ in the transverse cross section of a jet ofargonplasmax=2, 5wlth 
G =0.i g/see, I=250 A, B=250 G, and p~=0.35 tort. With y= I, near the visible boundary of the jet there 

I 
is a maximum of p~ and equality of p~ and p~. Using the results of measurements of the longitudinal ve- 
locity u x by the electric-probe method and the Bernoulli integral, we obtain the profiles of the concentra- 
tion N and the azimuthal velocity ur (Fig. 3b). In the region near the axis of the jet, there is practically 
no twisting, u~ <<Ux; near the boundary u~= u x. The external part of the jet mainly performs a rotational 
motion. In the ejection zone, the gas first moves perpendicularly to the axis of the jet (here p~ N p~ p~), 
the lines of flow then turn predominantly in an azimuthal dire ction (p~ > p~ N p) and enter the boundary'layer 
with an increase in the longitudinal component of the velocity. 

We shall consider the laws governing the change in the parameters in a longitudinal direction using 
the example of a jet of argon plasma with I=500 A, G=0.05 g/see, B=250 G, and poe=0.3 torr (Figs. 4 and 
5). Comparison of the electron pressure Pe and total static pressures shows that Pe/P- 1 near the outlet 
cross section of the source, and decreases monotonically downstream along the jet. In the chamber of the 
source and the region of free expansion of the jet, the electrons make the principal contribution to the pres- 
sure of the plasma, since the ionization is complete and the temperature of the electrons under such con- 
ditions is considerably higher than the temperature of the ions [i0]. The decrease in the ratio Pe/P down- 
stream along the jet confirms the propositions advanced above with respect to the strong diffusion of atoms 
of the surrounding medium into the core of the jet, as a result of which, even with x >-- i, the static pres- 
sure at the axis is determined by the atomic component. The rapid breakdown of the region of free expan- 
sion is confirmed also by the magnitude and the course of the change in the ratio p~/p along the axis. Un- 
der the assumption of isentropic flow, the value of p~/p with x = 1 for a monatomic gas gives a Mach num- 
ber equal to 1.2, an experimental evaluation of which, from the angle of inclination of the attached shock 
wave in a wedge with an apex angle of 20 ~ [II], gave a value of 1.5. 

The connection between the distributions of N e and T e and the gasdynamic structure of the jet can be 
seen in Fig. 5. Near the outlet cross section of the source in region II (see Fig. i) there is a rapid decrease 
in N e and Te, corresponding to an expansion of the plasma. With x ~ 2, there is a sharp slowing-down of 
the fall in the values of N e and Te, connected with stagnation of the plasma. Downstream in the mixing 
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zone, N e falls to a value on the order of l0 s cm -3, corresponding to the concentration of electrons in a vac- 
uum chamber~ At the end of the initial section there is a tendency toward a rise in the value of T e. Anal- 
ogous results were obtained in an investigation of the jets of electrothermal sources [2]. 

According to the data of measurements of the velocity Ux, the energy of the directed motion of argon 
ions near the outlet cross section of the source attains 20-30 eV and has the order of magnitude of the 
voltage in the source. Since the temperature of the electrons in the chamber of a magnetoplasmodynamic 
source does not exceed I0 eV, the observed velocities of the plasma cannot be explained by an electronic- 
thermal mechanism and, together with the factors discussed above, argues for the existence of electro- 
magnetic effects in the formation of the initial section of the plasma jets of magnetoplasmodynamic sources. 
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