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I n t r o d u c t i o n  

A plasma cloud expanding with a velocity u 0 ~ 107-108 e m / s e c  has been formed in a number of laboratory 
experiments [1-3] and active experiments in space [4, 5]. The surrounding rarefied medium is in a uniform 
magnetic field H 0 and is ionized by the x-ray  and ultraviolet radiation escaping from the cloud. 

The problem of the retardation of a plasma cloud during expansion into an empty space in which there 
is a magnetic field was analyzed in [6-9]; it was shown that the characterist ic radius R 0 of retardation of the 
cloud is determined from the equation R 0 = (Nmlu~/H~l/3 (N is the total number of ions in the cloud and m i 
is  the mass  of the cloud ions). 

When an external plasma is present,  one must allow for its influence on the motion of the cloud ions. 
Simple energy estimates shows [10] that if the dispersing ions interact intensely w~h the surrounding plasma 
then the characterist ic distance in which the cloud is retarded is R ,  = (3N/4~n,)  1/8 (n, is the ion concentra- 
tion of the surrounding plasma). If  R0<<R , , then the influence of the external plasma on the motion of the 
cloud is negligibly small, so that the data of [6-9] can be used in the interpretation of experimental resul ts .  
The condition R 0 <<R, is satisfied if the Ally6 n M ach number is MA = t~/V.A << 1 (VA = H 0/4r m~. is the Ally6 n 
speed in the external plasma and m s is the mass of ions of the external plasma). 

The problem of a cylindrical explosion in a rarefied plasma with MA > I was solved in [11] on the basis 
of the equations of [12]. The use of these equations to describe the plasma motion in the experiments of [1-5] 
presumes a number of restrictions and reservations. First, this is because a shock wave forms in the ex- 
ternal plasma when MA > 1 [11], and there are presently no generally accepted relations like the classical 
Rankine-Hugoniot conditions for a collisionless shock wave front in a plasma. Second, the parameters of 
these experiments are such that the Larmor radius of cloud ions often proves to be greater than R ,. There- 
fore, the Chew-Goldberger-Low equations cannot be used to describe the flow at scales of ~R,, and just 
these scales are the most interesting in a study of the mechanism of interaction of a dispersing cloud with 
a surrounding plasma. 

The problem of a cylindrical explosion in a rarefied plasma is solved numerically in the present report  
on the basis of a one-dimensional hybrid model [13-15] in which the ion motion is described by the Vlasov 
equation, while the electron component is described as a massless  fluid. It is assumed that the magnetic 
field strength vector H 0 is directed along the a~is of symmetry; the particle velocities are perpendicular to 

...... H 0. O f  course, in such a statement (a cylindrical explosion) one cannot obtain a quantitative description of 
the experimental resul ts  of [1-5], in which the initial energy release is concentrated at a point; however, the 
qualitative pattern of the developing flow and the mechanism of interaction of the dispersing cloud with the 
magnetized external plasma can be investigated in sufficient detail. 

1 .  D e s c r i p t i o n  o f  t h e  M o d e l  a n d  S t a t e m e n t  o f  t h e  P r o b l e m  

Within the framework of the hybrid model, the motion of the plasma ions is described by the Vlasov 
ec~, _~tion 

o/~,ot § vor+"~ ~I~ %'(E+-~' [v. HI) ~-~---- 0, (1.1) 

where fc~ is the distribution function for ions of the type ~.  The index ~ will distinguish ions of the dispersing 
cloud (~ = 1) and ions of the plasma of the medium (~ = 2). The average characterist ics of the ion motion are 
determined by the equations 
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, = e , .  = 7 ev ( v . / : ) .  (1.9) 

Hencefor th  we will a s sume  that  the p lasma  is  singly ionized, so that  the condition of local  e l ec t r i ca l  
neut ra l i ty  of the p lasma has  the following fo rm:  

(z  

T h e  e l ec t ron  component of  the  p lasma is desc r ibed  as a m a s s l e s s  fluid, so that  the equation of motion 
fo r  i t  is  

t I*,- Hi) + vpo - o. (1.4) - - e ( E - k  T 

where  v is  the f requency  of col l is ions of e l ec t rons  with ions (classical  o r  anomalous [141); Pe is the e lec t ron  
p r e s s u r e ,  

Equat ions (1.1)-(1.4), t oge the r  with the  equation fo r  the e lec t ron  p r e s s u r e  Pe 

0p___s 
Ot -F (ve " V) Pe = -- YePe div ve q- (y~ -- t) o - l ]  s -~ (% -- t) (grad k grad-~).~- kA ~P~ = 0 

(a and k a r e  the conductivity and e l ec t ron  t h e r m a l  conductivity,  r e spec t ive ly  [14], and Te = 5 /3 )  and the Maxwell 
equat ions 

rot E -- i OH 
c Ot ' 

in which the  d i sp lacement  cu r r en t  is  omitted,  f o r m  a complete  sys tem of equations to desc r ibe  the motion of 
a r a r e f i e d  p lasma.  

If we a r e  confined to the  invest igat ion of p lasma flows with fie = 8~neTe/H~<<t then the sys tem (1.1)- 
(1.5) can be r educed  to the f o r m  

0/~ ~.~ F 0/~ 
Ot ~- v + m-~ o--~ = O; ( 1 . 6 )  

[rot II �9 II] eTlr, F -- eI(v--u) .  HI q. ~ - - - r o t H ;  (1.7) 
c 4~n c 

OH 
- ~ - - ~ r o t ( [ u ' H ] - - B m ' r o t H - - 4 T e n [ r o t H ' H ]  }, (1.8) 

where  ~ m = C 2 / 4 ~ a  is the magnet ic  v i scos i ty  (q = e 2 n / m e u ) .  

The  following can be taken as  the initial ion dis tr ibut ion functions in the p rob lem of a cyl indrical  ex-  
plosion~ 

N6 (p.) 
h (P, vo, v~, t = O) = ~o~,o2 %6 (v~) (1.9) 

(0 <~ vo <~ uo), 

where  N is the total  number  of cloud ions pe r  unit length along the axis  of s y m m e t r y  (IN] = cm-l) ,  and 

)%. --- n,6 (v~,)6 (v,). (1.10) 

An initial  d is t r ibut ion function chosen in the fo rm  of (1.9) fo r  the cloud ions a s su r e s  that  the  solution 
of the kinetic equation as t - *0  coincides with the  asymptot ic  solution of the prob lem of the d i spers ion  of a 
gas  cy l inder  into a vacuum [16], while the  gasdynamic cha rac t e r i s t i c s  of the medium obtained f ro m  (1.10) 
coincide with the initial data of the problem of an explosion in a medium without a coun te rp re s su re  [11]. We 
note that  in a cyl indr ical  explosion the cha rac t e r i s t i c  rad ius  of r e t a rda t ion  R introduced above is  de te rmined  
by the equation R ,  -- 4N-/-~-~,. * 

The  solution of  the  s tated prob lem depends only on the dis tance 0 to the axis of the cyl inder ,  so that 
the  sys tem of equations (1.6)-(1.8) is considerably simplif ied.  By introducing the component A go of the vector  
potential  of the e lec t romagne t ic  f ield we obtain, in place of (1.8). 

O A~ % ( O~ A- i O A~ Ae; 
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where 

A~(p, t = 0) = H0p/2. (1.12) 

H i 0 .  A . The sole vector component of the magnetic field strength is z = -~--b-~tP ~) �9 For  the kinetic equation (1.6) 

the system of characterist ics has the form 

de dt -- vp, (1.13) 

d% v~ + e H  1 0 H2 
d~ = T ~ (v~ - u d  - . m ~  op s~ ' 

p (v~ + m~zc/= P~ (0) = const. 

The value of the generalized momentum P~(0) is determined by the initial conditions (1.9), (1.10), and (1.12). 

The dissipative processes due to the finite conductivity of the plasma do not play an important role if 
the magnetic Reynolds munbers are large (Rem >>1). The characteristic spatial scale in this problem is the 
Larmor  radius R H of the ions, while the velocity scale is u0. Using the Buneman equation [17] to estimate 

U0~H . the conductivity, for t ~ R , / u  0 we obtain the following estimate for Rein = - ~ - .  Rem ~MAu0mi/cme. For  

MA ~ 1, therefore, one can set ~m = 0 in (1.11), and this was done in the numerical solution of the system 
CI.II)-(1.13). 

2. M e c h a n i s m  o f  E n e r g y  T r a n s f e r  f r o m  t h e  C l o u d  

to  t h e  S u r r o u n d i n g  P l a s m a  

In the early stage of dispersion (t <<f~ l) one can assume that the cloud ions disperse freely, i.e., for 

p <uot 

The ions of the surrounding plasma are immobile, i .e.,  their  distribution function coincides with (1.10). 

Two-velocity ion flow develops in the region of p < u0t. The electrons, owing to the small mass,  undergo 
drift motion. The radial electron velocity is determined from the equation 

\-~.1 J p < Uot." (2.2) 

For  larger  radii  p, Vp e = Up = 0. 

Equation (1.11) for the componeut A~0 of the vector potential of the electromagnetic field, with Up de- 
fined by Eq. (2.2) and ~m =0, has the following solution: 

A, (p, t) Ho i + (R, ~s ' Rx (t) < p <R (t), (2.3) 

//'o ~P2' P > R (t), 

where Rl(t) =uot{ 1 + (u0t/R , ) ~  -1; R(t) =not. 

Thus, at the boundary R(t) =uot between one- and two-velocity flows there is a jump ~ I z  in the magnetic 
field strength vector equal to 

,~H~ = H~ - ~ o  = rZo(rt,/uot)~. 

The magnetic field is fully displaced from the region of p < Rl(t). In the region of 1~ < p < R a uniform mag- 
netic field is formed with a strength which varies with time by the following law: 

Hz = H0{t + (R,/uot)2}. (2.4) 

The result  obtained has a simple interpretation. The electrons of the cloud plasma and the external 
plasm a do not mix because of the small Larmor  radius. With free dispersion of the cloud ions the boundary 
Rl(t) separating the electrons can be found from the equation 
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"' { {R,V/ 
N = 2~ J" dppn~ = nR~n, i -{- \-~d] J' 

0 

which follows f r om the condition of local  e l ec t r i ca l  neutra l i ty  of  the p lasma .  In the d ispers ion  of the cloud 
all the e l ec t rons  of the external  p lasma which a re  set  into motion a re  in a cyl indr ical  l ay e r  bounded by the 
rad i i  R l(t) and R(t) at a t ime  t .  The  e lec t ron  concentra t ion in this  region  is ne = n ,  { 1 + ( R , / u 0 t  ) 3 -  Since the 
magnet ic  f ie ld  is  WfrozenW into the e lec t ron  component of the p lasma (1.45, Hz=H0ne- /n ,  (R l < p < R), and this  
gives Eq .  (2.4). The magnet ic  flux connected with plasma e lec t rons  of the cloud is equal to zero .  Since by 
the  t ime  t t hese  e lec t rons  expand to a radius  Ri(t) , H z = 0 at p < R 1. In the reg ion  of p > R the magnet ic  field 
evident ly is  not d is turbed.  

It  should be noted that  as t ~ 0  t he r e  is  a singularity(H:]t~0 ~ Ho(R,/uot) ~) in the solution of (2A) connected 
with the approximat ion ~/m = 0 which was used.  It  is obvious that  dissipat ive ef fec ts  cannot be neglected if 

hR (t) =l R (t) --  Rz (t) = (S ~lm(t')dt') l/~ (2.55 

i .e. ,  if  the s ize  AR of the region of a " compres sed  w field is  l e s s  than the distance to which the magnetic  field 
penetrates~0wing to the f ini te  conductivity of the p lasma.  One can es t imate  the t ime  t o s tar t ing with which the 
solution (2.3) is  applicable.  Using the Buneman equation for  the conductivity, f rom (2,5) we obtain t o ~ (R,/u05 
(R,  r F o r  the p a r a m e t e r s  of the exper iments  of [1-5] u0t0 /R,  <<1. 

In the di~spersion stage under  cons idera t ion  (in a f i r s t  approximat ion with r e spec t  to M~25 only a vor t ica l  
e l e c t r i c  f ield E ~, d i f ferent  f r o m  zero  in the reg ion  of R 1 < p < R, develops:  

E~ = Ho{(R,/uot)~(p/ct) }. 

In a t ime  t%t <<1 the ions move  l i t t l e  f r om the i r  initial posit ion p 0, and the re fo re ,  using the conservat ion of 
the component: I)2=0(.0 ~0+eA~v/m2c ) of the genera l ized  momentum (1.13) and the express ion  (2,3) for  Ar  we 
obtain 

I~2-~, 0<Po <R1, 
(t5 = po I/R, V /R, V1 < < R, 

[0, Po > R. 

One can also show that  in th is  s tage the radial  veloci ty component Vp is considerably loss  than vgo. On the 
bas i s  of (2.6) we es t imate  the f rac t ion  of energy t r a n s f e r r e d  f rom the dispers ing cloud to the ions of the m e -  
dium through the mechan ism desc r ibed  above, 

0 

where  W0=mtNu2/4 is the initial energy  of cloud ions.  

Thus ,  the f rac t ion  of t r a n s f e r r e d  energy  is de termined  by the value of the p a r a m e t e r  6 = (R,  t2~/u0) 2. 
A condition fo r  intense in teract ion of the d ispers ing  cloud with the  surrounding p lasma is  the fulf i l lment of 
the inequality 6 ~ 1. 

w/% 

0 ~ ~0 t"  

Fig.  1 
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3 .  D i s c u s s i o n  o f  R e s u l t s  o f  t h e  N u m e r i c a l  C a l c u l a t i o n  

2 ! Changing to the d imensionless  va r i ab les  and functions t --tt/~2~, p -- p ~u0/fl z, y --u0P w f~ = (n , /u0) f~ ,  n~ -- 
n , n ~ ,  and E ~ (uetI0 / c)E r in the initial equations and initial conditions (1.9}-(1.13), one can ascer ta in  that the 
solution of the problem r depend on the following d imensionless  p a r a m e t e r s :  

= (R*f22/u0) 2, V = ml/m2, Ma ~ UJVA. 

The solution of the kinetic equation for  the ions was modeled using the method of par t ic les  in a cell [18]. The 
number  of modeling pa r t i c l e s  was var ied  in the range  of 103-104, The law of conservat ion  of the total energy 
of the sys tem,  

i - ~  W ~ + 2 n  dpp ~ 0 ,  
0 

which was satisfied with an accu racy  of 1%, was used as  a control on the accuracy  of the solution. 

The resu l t s  of the calculat ions for  the values  of  the p a r a m e t e r s  8 = T = 1 and MA = 10 a re  presented  in 
F igs .  1-6.  The t ime  dependences of the integral  energy cha rac t e r i s t i c s  of  the p lasma  a r e  presented  in Fig.  1 
(in units of  the total energy  of  the explosion): 
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~o + 0 o  . + o o  m~ v2 

0 --oo --co 

(curves  2 and 5 fo r  ~ = 1 and 2, r e spec t ive ly ) ,  

W~ = 2~ dpp dvp c~ dv+--~ L, 
D - -oa  - -oo  

( c u r v e s  3 and 6 for  ~ = 1 and 2), 

W ~  P o~ T~(z -~-T/~ 

(curves  1 and 4 fo r  ~ = 1 and 2). 

I t  is seen  tha t  by the t i m e  t '  = 5 the d i spe r s ing  cloud l o se s  -~ 75% of i ts  total  energy,  with -~ 20% of the 
ene rgy  going into ene rgy  of the magnet ic  field.  Subsequently the exchange of energy  p rac t i ca l ly  c ea se s  and 
a lmos t  all the kinet ic  ene rgy  of the ions is  concent ra ted  in the r ad ia l  mot ion.  

T h e  s p a c e - t i m e  pa t t e rn  of  the  d is t r ibut ion of densi ty  n~ of ions of the med ium is  i l lus t ra ted  by Fig .  2. 
At an e a r l y  s tage  (t * ~ 1) in the  vic ini ty  of the  point p ' = 1, where  the veloci ty  v ~  is  max ima l  (2.6), a reg ion  of 
i n c r e a s e d  p l a s m a  concent ra t ion  is  f o r m e d .  The  s table  f o r m  o f  the concentra t ion prof i le  f o r m s  with the cour se  
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of time (t' > 5). The sharp leading front moves in accordance with the law ~ v% "r. The region of increased 
concentration expands monotonically. The developing plasma flow is additionally illustrated by Fig. 3, in 
which the trajectories of the model particles are presented. 

The concentration distribution of cloud ions is shown in Fig. 4. If ~ ~ l ,  thenthe maximum velocity of 
the ions of the medium for t '  ~ 1 is less  than the velocity of cloud ions at the leading front. Therefore, most 
of the cloud ions enter a region where the magnetic field is slightly disturbed. Moving in it along Larmor  
circles,  by a t ime t '  ~ ~ they turn around and start  to move toward the center, forming a region of high con- 
centration there at t imes t '  > 2~. Those of the ions which have velocities on the order of the velocity of the 
region of a compressed field form a condensation at the leading front of the cloud. The pattern of motion 
described above is clearly illustrated in Fig. 5, where the trajectories of particles modeling the plasma of 
thecloud are plotted. 

The space- t ime  pattern of variation of the magnetic field is presented in Fig. 6. The presence of a 
sharp magnetic field gradient at the leading front leads to a jump A~, in the potential of the polarization 

electric field E~ = t ~ ( ~ ) 2  ~ n '  ap' 2 . Since H~.~n' at the leading front, A~'  is estimated from the equation 

A~, --~ MA-S(n~-- 1), where n~ is the concentration of the external plasma beyond the front. At t '  -> 5, A~' ~ 0.02, 
while the velocity of the front is u~ -~ 0.3. Consequently, ~-t m2' (ui)2 > A~' and there is no reflection of ions 

from the jump in potential at the front; the flow developing in the surrounding medium has an essentially one- 
velocity character.  It should be noted that reflected ions should appear at la rger  values of MA, according to 
[19]. This leads to a more complex flow pattern in the external plasma. In subsequent reports  it is proposed 
to investigate the solution of the problem under consideration in this region of values of the parameter  M A. 
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CALCULATION OF THE EFFECTIVE THERMAL DIFFUSION 

COEFFICIENTS OF A NONLINEAR MULTIELEMENT PLASMA 

V. I .  K u c h e r e n k o  a n d  G.  A.  P a v l o v  UDC 533.7 

Knowledge of the transport  properties of an equilibrium plasma consisting of a mixture of different 
chemical elements with a temperature from several thousand to several tens of thousands of degrees and 
with a concentration of charged particles of 1018-1021 cm -8 is necessary in connection with the design of gas- 
phase nuclear reactors ,  powerful MHD generators, and thermal protection of spacecraft. In the indicated 
range of parameters  the interaction energy of the charged particles of the plasma is of the order of the ther-  
mal energy - the plasma is nonideal. Experimental data of the transport properties of a nonideal plasma are 
very limited; calculation of rigorous theoretical expressions for the transport coefficients of an equilibrium 
plasma is possible on the condition of weak interparticle interaction; therefore, modeling approaches to the 
determination of the kinetic coefficients of a nonideal plasma acquire an important role. 

The gasdynamics problems associated with the investigation of the flows of a nonideal plasma in the 
devices listed are usually solved in the approximation of local chemical equilibrium, and the plasma is as-  
sumed to be quasineutral. It is advisable in this approximation to switch from the diffusion equations of the 
components to the diffusion equations of the chemical elements ff the number of components in the plasma is 
greater than the number of chemical elements. The mass flows of chemical elements and the Wmolecular" 
thermal flux are determined with the help of the introduction of effective transport coefficients in te rms  of the 
temperature gradient, the fractions of chemical elements, and the electric field in the plasma (the pressure 
is assumed to be constant). We emphasize that the calculation of the transport coefficients is correctly de- 
termined from the solution of a specific gasdynamics problem, which appreciably simplifies its formulation; 
the necessary transport  properties of the plasma are compactly tabulated as a function of the pressure, 
temperature, and fractions of the chemical elements forming the plasma. The complete system of gasdynamics 
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