
so that the results represented in Fig. 4 retain their value. 

In conclusion, it should be noted that insertion of a sharp boundary between zones I and 
2 as well as the approximation R3 = I will increase the reflection coefficient R. Hence, the 
computed value of the energy flux Sl0 should be considered an upper bound. 
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MOTION OF A CURRENT-CARRYING PLASMA SHELL IN A RAREFACTION WAVE 

V. S. Komel'kov, A. P. Kuznetsov, 
and A. S. Pleshanov 

UDC 533.9.07 

The paper is an extension of the research of [I, 2]. In [2] it was shown, both experi- 
mentally and theoretically, that a plasma shell generated by a coaxial accelerator can also 
be accelerated beyond the limits of the coaxial section. The existence of limits to such 
acceleration was also indicated there. It turned out that high parameters of the accelerated 
plasma can be obtained (at currents of order I MA) only when the gas filling the accelerator 
has a relatively low density (a number of hydrogen atoms n < 1017 I/cm3). For the experiment 
described in [I, 2] the interelectrode space must be filled with a gas having a density an 
order of magnitude greater than that at which it is possible to obtain a high-temperature 
plasma. A conflict arises between the demands for performing the experiment and the condi- 
tions for obtaining high-parameter plasma formations. This conflict can be eliminated, in 
our view, if the plasma is accelerated in a rarefaction wave propagating opposite to the mo- 
tion of the plasma shell. With the appropriate synchronization of the motion of the plasma 
and the rarefaction wave one can assure the development of a discharge and the formation of a 
shell in a sufficiently dense gas, while the plasma acceleration occurs, as in [2, 3], beyond 
the cut of the accelerator in the considerably less dense medium formed by the rarefaction 
wave. 

The present work was devoted to a numerical investigation of the possibilities of such 
plasma acceleration. One of the possible schemes for it is presented in Fig. I, where I is 
the coaxial accelerator with energy storage, 2 is the accelerator chamber, 3 is a diaphragm 
that opens, and 4 is the evacuated section. In such an apparatus the process develops as 
follows. The coaxial accelerator ejects into the accelerator chamber a plasma cluster which 
is formed under the action of the current flowing into the shell (Fig. 2). At a certain in- 
stant the diaphragm is opened and a rarefaction wave is formed, in which the current-carrying 
shell to be accelerated moves. 

Statement of the Problem 

We consider only the process taking place beyond the cut of the coaxial plasma accelera- 
tor. The plasma emitted from the accelerator consists of an axisymmetric shell formed by the 

Moscow. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. I, pp. 
13-18, January-February, 1985. Original article submitted October 31, 1983. 

i0 0021-8944/85/2601-0010509.50 �9 1985 Plenum Publishing Corporation 



,2 5 4 

Fig. 1 

tog~maz/~w 
�9 . ~ z  , 

P l a s m a ~ e z  I ~. ,7 
I H - ~ ! ~ I  ~ o~ ,. ,s 

, , ..T,-i-i. ;; T4.LFJ~I [ 
C u r r e n t  - Z  DZ '-~ ~ i 

2 filament " / / ?"" 1 

" Ii t . i~  ' ' 
f s - 

3 log  Po/,% 

Fig. 2 

plasma ejected from the accelerator and the plasma formed behind the shock wave propagating 
through the gas surrounding the accelerator. Inside the shell there is a current filament 
(this is confirmed experimentally [2-4]) connecting the inner coaxial electrode with the 
shell. The circuit is closed by the plasma itself. As in [2], the plasma can be considered 
as perfectly conducting and quasineutral. A schematic picture of the phenomenon being cal- 
culated is presented in the upper corner of Fig. 2. 

The equations describing the process are purely hydrodynamic, 

Ou Ou l Op OU + u + v ---------0, 
a--f -57 Tf+-0 0r 
Ov + .Or Ov t Op ~-0, 
3-Y u-~r + v-~ + T 3-7 

ae Oe + " oe p [ I O(ur).4_ Or] 
O-'Y + U'~r v"5"[z + T r Or ~ O, 

\ 

w h e r e  r and  z a r e  t h e  r a d i a l  a n d  a x i a l  c o o r d i n a t e s ,  r e s p e c t i v e l y ;  u a n d  v ,  r a d i a l  a n d  a x i a l  
v e l o c i t y  c o m p o n e n t s ;  P,  d e n s i t y ;  p ,  p r e s s u r e ;  e ,  s p e c i f i c  i n t e r n a l  e n e r g y .  As i n  [ ? - ] ,  we 
u s e d  t a b l e s  o f  t h e r m o d y n a m i c  f u n c t i o n s  o f  h y d r o g e n  a n d  a m o d i f i e d  n u m e r i c a l  m e t h o d  o f  p a r -  
t i c l e s  in cells. 

Initial and Boundary Conditions 

At the initial time the plasma cluster was assumed to be a disk of plasma compressed in 
the shock wave. The parameters of the plasma were determined by the current and the initial 
gas density in the accelerator and were calculated in accordance with the experimental data 
and the procedure described in [2]. The rarefaction wave was assumed to be plane at the ini- 
tial time. Its front lay at a distance of four cells of the calculation grid from the ac- 
celerator cut and the critical cross section of the wave had the coordinate z = 10 cells. 
The "tail" of the wave extended beyond the edge of the calculation field. Conditions of the 
"rigid-wall" type were assigned at the coordinate surfaces r = 0 (the z axis) and z = 0 (the 
plane of the coaxial cut). In cells adjacent to the accelerator cut the plasma flux was kept 
constant until all the plasma contained in the accelerator had flowed out. 

The shell configuration is formed starting with this time. The cavity of the shell is 
acted on by a magnetic pressure pm, determined by the current I flowing through the filament 
and the distance r from the z axis, 

~o ( I ~ ~ 
P ~  = T \ ~ - ~ ]  , 

where P0 is the magnetic permeability of a vacuum. As in [2], the pressure in the current 
filament was found from the condition of equilibrium, while its diameter was taken as 5 mm. 
The step of the calculation grid was set at 10 -2 m along both coordinates. The time step was 
determined by the Courant stability condition. 

Results of the Calculations 

We calculated three variants, differing in the value of the current (1 or 2 MA) and the 
initial hydrogen pressure p0 (10 4 or 10 5 Pa). It is convenient to characterize each variant 
by the parameter ~ = 12/p0, Ae/pa. This quantity determines the initial intensity of the 
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shock wave and allows one to make a comparison with the variants of [2], where it also fig- 
ures. Three values of ~ were adopted in the variants under discussion here: 4.10 8 (I = 2 MA, 
p0 = 10 4 Pa), 4.10 7 (I = 2 MA, p0 = 10 5 Pa), and 10 8 (I = I MA, P0 = 10 4 Pa). As in [2], 
principal attention was devoted to the axial region of the shell in the investigation. The 
formation of a high-temperature and relatively dense plasma was expected just here. 

Figures 2-5 illustrate the results of the calculations. In Fig. 4 we present the tra- 
jectories of motion of two characteristic points of the shell, A (Zex, 0) and B (Zin , 0), 
obtained for variant 1. Here Zex is the z coordinate reached by the shock wave propagating 
along the axis of symmetry; Zin is the z coordinate reached by the point of the cavity located 
on the axis of symmetry. The trajectories of motion of these same points from [2] are pre- 
sented in Fig. 4 for comparison (lines not marked by crosses). The considerably altered 
character of the motion of these points is noted. From the first, point A moves noticeably 
faster in the rarefaction wave than in the uniform medium. For quite a long time the trajec- 
tory of point B when moving in the rarefaction wave does not differ from the trajectory of 
this point moving in a Uniform medium. This is understandable. The trajectory of point A 
is the trajectory of a shock wave generated by a moving piston, and the fact of its accelera- 
tion as the shell moves in the rarefaction wave is explained by the fact that as the shock 
wave advances, it emerges into ever more rarefied regions of space. This fact accords with 
the results of a solution of the one-dimensional, self-similar problem of the propagation of 
a shock wave in an atmosphere with a density decreasing in accordance with a power law [5]. 
The following can be said about the trajectory of point B. Its motion is determined to a 
considerable extent by the amount of plasma in its vicinity. And this amount itself depends 
on the velocity of radial plasma flow and initially it is practically the same both in the 
case of the efflux of the shell in a uniform medium and in the case of efflux in a rarefaction 
wave. It is determined by the initial gas density inside the accelerator and by the value of 
the current. With time the radial flux in the vicinity of point B for efflux into a rarefac- 
tion wave starts to exceed the radial flux for efflux into a uniform medium (the "informa- 
tion," supplied by the C characteristics for the periphery of the shell, that the resistance 
of the medium is considerably lower due to the presence of the rarefaction wave than in its 
absence, reaches the axial region), the amount of material here decreases considerably, and 
the velocity of point B grows. It is important to note, however, that in contrast to the 
motion of a shell in a uniform medium, the velocity of motion of point A exceeds the velocity 
of motion of point B: As it propagates through a medium with a decreasing density the shock 
wave is separated more and more from the piston. 

Density profiles pertaining to different times for variant I are shown in Fig. 3. The 
times were determined by the position of point A relative to the rarefaction wave. The pro- 
files were taken along the line AB, i.e., along the axis of symmetry. Here we also show the 
density distribution in the rarefaction wave itself, which pertains to the initial time. We 
note that the profile of the shell varies insignificantly over the time of its passage through 
the rarefaction wave in view of the brevity of the process, and for purposes of illustration 
it is sufficient to work with distributions of the gas parameters in the rarefaction wave 
pertaining just to the initial time. 

We were able to obtain very interesting results in an analysis of the degree of com- 
pression of the material in the axial region. Figure 2 represents the dependence of the quan- 
tity K = log (Pmax/0w), Characterizing the degree of compression, on the variable x = log (Po/ 
Pw)- Here Pmax is the maximum value of the shell density (reached at the point B); Pw is the 
density of the medium in the rarefaction wave at the point reached by the point B at the given 
time; P0 is the density of the medium undisturbed by the rarefaction wave. As seen from Fig. 
2, the logarithmic coefficient of maximum compression of material in the shell is a linear 
function of the logarithmic "distance" of the point of maximum compression from the front of 
the rarefaction wave: 

K = 0 . 5 5 x - F 0 . ~  (1) 

The same r e l a t i o n  c a n  a l s o  b e  e x p r e s s e d  i n  t e r m s  of  a b s o l u t e  q u a n t i t i e s :  

n 0 ,55  0 . 4 5  

The relation (I) satisfactorily describes all the calculated variants and is valid for almost 
all times. Only the points of the variant e = 4"10 8 pertaining to later times do not lie on 
the straight line I. These points are underlined in Fig. 2. 
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In comparing the results obtained and the results of [2] we can note that acceleration 
in a rarefaction wave enables one to increase the velocity of plasma flow in the axial region 
and the plasma temperature by 5-8 times for a decrease in density by 20-30 times. The param- 
eters of the accelerated plasma had the following absolute values (in the numerical order 
of the variants): T = 4-106 , I07~ v = 106 , 2.106 m/sec; n = 6"I0 Is, 3.8"I017 I/cm ~. 

An important fact for the phenomenon as a whole is that the technique of plas~m accelera- 
tion in a rarefaction wave, by allowing one to initiate the discharge in a very dense medium 
and providing the necessary conditions for the formation of a shell, makes it possible to 
achieve those parameters of the accelerated plasma which could be obtained for acceleration 
into a medium of constant density an order of magnitude lower than P0. In other words, ac- 
celeration in a rarefaction wave requires currents two to three times lower to obtain the 
same plasma parameters as acceleration into a medium of constant density (equal to P0). 

Physical Basis for the Adopted Shell Model 

The calculated results presented above were obtained under the following assuEptions 
about the properties of the plasma: a) The plasma is in equilibrium; b) the influence of 
radiation and electronic heat conduction distorts the internal energy distribution insignifi- 
cantly. Before proceeding to a discussion of these questions, we note that the characteris- 
tics required for estimates of the properties of the plasma have a power-law dependence on 
its temperature T and density n [5]: 

/ = cr~ n 8. (2 )  

Here f i s  a c h a r a c t e r i s t i c  o f  t he  p lasma ( t ime  of  e s t a b l i s h m e n t ,  r a d i a t i o n  d e n s i t y ,  e t c . ) .  
This  f a c i l i t a t e s  t he  a n a l y s i s  and p e r m i t s  t he  c l e a r  i l l u s t r a t i o n  o f  the  r e s u l t s  o b t a i n e d .  
For  t h i s  p u r p o s e ,  p o i n t s  c h a r a c t e r i z i n g  t he  s t a t e  of  the  p lasma d u r i n g  i t s  e f f l u x  i n t o  a me- 
dium w i t h  a c o n s t a n t  d e n s i t y ,  numbered by the  i n c r e a s e  in a ,  a r e  p l o t t e d  in F i g .  5 in l o g a -  
r i t h m i c  n--T c o o r d i n a t e s .  The a r r o w s  show the  s t a t e s  a t  which the  p lasma a r r i v e s  a f t e r  p a s s a g e  
t h r o u g h  t h e  r a r e f a c t i o n  wave. The s t r a i g h t  l i n e s  p l o t t e d  in F i g .  5 in  a c c o r d a n c e  w i t h  (2) 
d e f i n e  t he  b o u n d a r i e s  o f  the  r e g i o n  where one o r  a n o t h e r  a s s u m p t i o n  a b o u t  the  l i m i t i n g  v a l u e  
of the characteristic f is correct. 

The times of establishment of component-by-component equilibrium (electronic Tee and 
Tii) and of intercomponent equilibrium (Tei) are characteristics of the plasma equilibrium. 
Keeping in mind that B = 1.5 and 6 = --I in (2), while the characteristic time of the process 
is T = 10 -7 sec, we obtain the equations for the respective boundaries: 

�9 l g T  = 0 . 6 7 1 g n - - 3 . 6 ~ r  xee~ 
l g T = 0 . 6 7 1 g n - - 4 . 6 7  ~r xii~ 
l g T  = 0 . 6 7 1 g n - - 5 . 7 5  ~r Tei. 

It is seen from Fig. 5 that an equilibrium (one-fluid) plasma occurs absolutely only for vari- 
ant I. Variant 2 is in equilibrium, while variant 3 is almost in equilibrium, relative to the 
establishment of component-by-component equilibrium, The fact that intercomponent equilibrium 
is not established in these variants cannot significantly affect the results of the calcula- 
tions. The point is that the calculation procedure does not deal directly with the tempera- 
ture but operates with the internal energy, enabling one (when component-by-component equi- 
librium is present) to correctly determine both the state of the plasma and its dynamics. 
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'fhus, we can say that the one-fluid model of an equilibrium plasma proved to be a fully 
satisfactory assumption for the given value of ~. 

Let us estimate the influence of electronic heat conduction. From the heat-conduction 
equation we find that the heat losses As through the surface S = ~e for given characteristic 
values of the size l, the maximum temperature T, and the time T are expressed as 

Ae = ~ ( T / l ) ~  (3) 

where ~ i s  t h e  a v e r a g e  v a l u e  of  the  c o e f f i c i e n t  of  t h e r m a l  c o n d u c t i v i t y .  S u b s t i t u t i n g  i n t o  
(3) the  v a l u e  of  • f rom [5]  and t a k i n g  l = 0.1 and T = 10 -7 s e c ,  we o b t a i n  

�9 As = 3.5.t0"13Tm erg. (4) 

In turn, the internal energy of the volume 13 is 

2nkr 13 = iO_13nT " (5) 
e=7_ i 

To justify neglecting the influence of electronic heat conduction it is necessary that As 
g. Assigning a tenfold excess of g over As and combining (4) and (5), we obtain 

lg T = 0 A l g  n - - 0 , 6 2 ,  

An a n a l y s i s  of  the  l o c a t i o n  o f  the  p o i n t s  c h a r a c t e r i z i n g  the  s t a t e  o f  t he  p lasma f o r  
the  d i f f e r e n t  v a r i a n t s  shows t h a t  a l l o w a n c e  f o r  e l e c t r o n i c  h e a t  c o n d u c t i o n  i s  u n i m p o r t a n t  
f o r  v a r i a n t  1. This  c o n c l u s i o n  i s  a l s o  v a l i d  f o r  v a r i a n t  2, s i n c e  s t a t e s  f o r  which t h i s  i n -  
f l u e n c e  becomes a p p r e c i a b l e  a r e  r e a c h e d  o n l y  in  the  l a s t  s t a g e  o f  e f f l u x ,  and the  c h a r a c t e r -  
i s t i c  t ime of  the  p r o c e s s  can be r e d u c e d  by s e v e r a l  t imes  compared w i t h  the  v a l u e  o f  �9 = 10 -7  
sec  used  i n  t he  e s t i m a t e s .  As f o r  v a r i a n t  3,  i t s  r e s u l t s  a r e  i n c o r r e c t ,  s t r i c t l y  s p e a k i n g .  
The a c t u a l  s t a t e  of  the  p lasma w i l l  be such t h a t  i t s  t e m p e r a t u r e  h a r d l y  exceeds  107~ The 
d i s c o v e r e d  f l o w  anomaly migh t  be of  i n t e r e s t ,  b u t  t he  low r e l i a b i l i t y  of  the  r e s u l t s ,  o b -  
t a i n e d  w i t h o u t  a l l o w a n c e  f o r  e l e c t r o n i c  h e a t  c o n d u c t i o n ,  p r e v e n t s  us  f rom p a y i n g  i t  any s i g -  
n i f i c a n t  attention. 

To answer the question of the influence of radiation on the results obtained, we compare 
the internal energy density with the radiation flux density. For a photon mean free path 
Iph > I (just this regime is characteristic for all the calculated variants) the boundary 
of the region where the radiation density ASrad is much less than the internal energy den- 
sity is determined by the relation [5] 

A~a d = t,42.i0-~n2TV2w <<2nkT/(? - ,  i); 

A f t e r  t r a n s f o r m a t i o n s ,  and a s s i g n i n g  a t e n f o l d  e x c e s s  o f  e o v e r  5S rad ,  we have  

lg T = --34.64 + 2 lg n. (6) 

The  r e g i o n  where the  a s s u m p t i o n  made i s  l e g i t i m a t e  l i e s  above the  s t r a i g h t  l i n e  (6) in F i g .  
5. I t  i s  seen  t h a t  none of  t he  c a l c u l a t e d  v a r i a n t s  need  r e f i n e m e n t  i n  c o n n e c t i o n  w i t h  the  
a l l o w a n c e  f o r  r a d i a t i o n .  

In  summing up t he  f o r e g o i n g ,  we can  say t h a t  the  a d o p t e d  s h e l l  model works w i t h  s u f f i -  
c i e n t  v a l i d i t y  u n d e r  the  a s s u m p t i o n s  made. 

The above n u m e r i c a l  e x p e r i m e n t s  showed t h a t  the  a c c e l e r a t i o n  of  a p lasma s h e l l  in  a 
r a r e f a c t i o n  wave i n c r e a s e s  the  r e s o u r c e s  o f  t he  a c c e l e r a t o r ,  p e r m i t t i n g  c o n f i d e n c e  in  o b t a i n -  
ing p u l s e d  s t r e a m s  of  h i g h - t e m p e r a t u r e  (T ~ 107~ and r e l a t i v e l y  dense  (n = 1017 1/cm 3) p l a s -  
ma. E v i d e n t l y ,  t he  d a t a  o b t a i n e d  can  a l s o  be of  i n t e r e s t  f o r  t he  i n v e s t i g a t i o n  of  p r o c e s s e s  
in  a c c e l e r a t o r s  w i t h  a p u l s e d  gas s u p p l y ,  s i n c e  a c c e l e r a t i o n  in them i s  a l s o  accompan ied  by 
the  p r e s e n c e  o f  a r a r e f a c t i o n  wave t r a v e l i n g  o p p o s i t e  t o  the  p lasma b e i n g  a c c e l e r a t e d .  

In  a d d i t i o n ,  t he  a n a l y s i s  o f  p lasma e f f l u x  in  a r a r e f a c t i o n  wave can p rove  u s e f u l  f o r  
c l a r i f y i n g  t h e  mechanism of  a c c e l e r a t i o n  of  e l e m e n t a r y  p a r t i c l e s  in p r o c e s s e s  a n a l o g o u s  to  
t h o s e  which o c c u r  a t  t h e  s u r f a c e  of  a s t a r  when a s t r o n g  shock  wave a r r i v e s  a t  i t  [6]  o r  in  
the  e f f l u x  of  a l a s e r  p lasma f rom the  s u r f a c e  o f  a t a r g e t  [ 7 ] .  

I. 
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MAGNETOPLASTICITY OF MAGNETIZABLE MEDIA 

N. D. Slatinskii and I. E. Tarapov UDC 537.84:539.374 

An important problem in modern mechanics is the study of the behavior of continuous media 
in strong electromagnetic fields [I]. Here media with strongly manifested magnetic proper- 
ties are of great interest, because in such media the interaction of the medium with the elec- 
tromagnetic field through the ponderomotive forces and energy flow from the field into the 
material, owing to the magnetization, plays an important role. 

Magnetoplastic flows of magnetizable media are realized in elements of engineering struc- 
tures, operating in magnetic fields, which create pressures close to the yield point of the 
magnetic material [2]. The study of such flows is of interest for powder metallurgy and high- 
pressure metal working [3]. It is expected that the magnetization effect is important in 
materials formed by sintering of ferromagnets with other metals. 

The basic system of equations describing magnetoplasticity, ignoring the effects of mag- 
netization, is derived in [4]. The basic equations of motion of magnetizable media are de- 
rived in [5]. 

We assume that the processes studied in the incompressible and perfectly conducting me- 
dium are quasistationary and that the magnetization is reversible. To describe plastic flows 
of magnetizable media in an electromagnetic field, starting from [4, 5] we obtain a closed 
system of equations in the following form: 

: Vkvk O; (1) 

, pdv~ ~dr = Vhp~h; ~ (2) 

pT ~ "p- 3 \ o r . / o , n  ] P*kv*n § div.(XVT); (3) 
o. '. (4) 

vkB h_ = O; 
cgB/gt = curl [v, B]; (5) 

o* (6) -Pin = ~lv~h; 
I o0*oo*~h k ~. ( 7 )  

~ i h  "z ~ - ~  . _ _  

Here Pik = Pik + pHk is the total stress tensor, and Pg=--glh ~0-~- q-~0 Jlf--P~-~]rj1} ]~ 
O 

HiBk is its magnetic part; p, v, T, and s are the density, velocity, temperature, and entropy 
of the medium, respectively; El and B are the magnetic field intensity and induction; % is the 
coefficient of the thermal conductivity; the asterisk indicates the divisor of the stress 
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