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The motion of a current sheet in a rai l- type plasma accelerator 
is examined in the case in which the dynamic resistance of the gas 

filling the accelerator is comparable with the electromagnetic forces. 

An estimate is made of the energy losses associated with the increase 
in the internal energy of the gas when a shock wave is formed, and 

possible conversion coefficients are discussed. 
The dynamics of a current sheet in plasma accelerators of various 

types have been investigated by many authors (see, for instance, the 

comprehensive review [1]). In the majority of cases the conversion 
of the electric energy stored in the accelerating circuit into the kinetic 

energy of the accelerated plasma was investigated on the assumption 
that the resistance of the surrounding medium can be neglected as 

small in comparison with the electromagnetic forces of acceleration 

and retardation. 
The authors of [2] took into consideration the effect of the viscous 

force of friction due to interaction of the particles diffusing from the 
current sheet with the guide electrodes and the accelerator wails, 
which causes inelastic losses and partial  dissipation of momentum. 

The resistance of the undisturbed gas filling the accelerator was ne- 
glected as before. However, when a current sheet is accelerated in 

a plasma accelerator filled with a sufficiently dense gas, the energy 

dissipation due to collisions with gas molecules may become substan- 
t ia l  and must be taken into consideration. In w the concept of a 

plasma piston raking up the gas in the aeceIerator is discussed, the 
conditions under which this concept is valid are examined, and a 
criterion is established for the sufficient gas density at which the dy- 
namic resistance of the undisturbed gas is comparable to the electro- 
magnetic forces acting on the current sheet. In w on the basls of 

these ideas, the energy-conversion coefficient is estimated for plasma 

accelerators operating in the plasma-piston mode. 
w The plasma-piston concept. During gas breakdown in a plasma 

accelerator a current sheet is formed which under the influence of the 
self- or external-magnetic field moves along the guide electrodes, 

acting under certain conditions l ike an impenetrable plasma piston on 

the gas filling the accelerator. Ahead of this current sheet stretches 
a cloud of ionized gas whose existence (over distances of 10 cm and 

more) is maintained by spectralenergy transfer from the main plasmoid 
as well as by electron diffusion processes and heat conduction (in the 

region x -< i cm). The electron density in this plasma cloud varies 
from n e ~ 1016 cm -3 near the current sheet to ne ~ i0  t~ cm -a at a 

distance x ~ 15 cm from it [18]. To entrain the charged particles 
effectively it is necessary that the t ime taken by the current sheet to 

cover a distance comparable with its thickness ( r  v ~ L/v) be much 
less than the t ime r m taken by the magnetic field to penetrate the 
current sheet. The quantity r m can be estimated from the diffusion 

relation 

L N ('irn'Ym) V', ?rn = c~ / 4gp,~. (1.1) 

Here, Ym is the magnetic diffusion coefficient (magnetic viscosity). 
Thus one of the conditions for the existence of a magnetic piston re- 

duces to the inequality 

' i 'm / 'i v ~ Lv / % ,  >~" 1, ( L  1 ' )  

which coincides with the magnetohydrodynamic requirement Re m >> 
>> i (Rein = L v / Y m  is the magnetic Reynolds number). When this 
condition is satisfied, entrainment by the magnetic field predominates 

7 
over penetration. For example, at L ~ l c m ,  v >__ 10 c m / s e c  we 
should have Ym ~< 10TernS/sec, i . e . ,  the plasma conductivity o >-- 
r 1013 sec  -1  ~ 10 ohm -1 cm -s .  These conductivity values are easily 

achieved in plasma accelerator s [18]. As far as the neutral atoms are 
concerned, if they are to be entrained by the moving current sheet 

as a result of charge-transfer processes and elastic collisions it is nec- 
essary that the effective flight path of the neutral atoms inside the 

current sheet La ~ [<ni> ~ Sat (ca)~]-i  not exceed its thickness L. 
In other words, the current sheet should have a sufficient piston density 

P ---- <n~> < Sal (c a) > L >~ t. (1.2) 

Here, < Sai (Ca) > is the cross section for momentum transfer 
from ionized atoms to neutrals averaged over the distribution function. 
For most gases <Sa i  (ca) > ~ t0 -15 c m  z, and inequality (1.2) is 

satisfied if in a sheet of thickness L ~ 1 cm the average ion density 

<hi> >~ 10 r~ cm- z. Such charged particle concentrations are normal 
for plasma accelerators [6,3]. 

All these conditions, however, while necessary, do not in fact 

guarantee effective entrainment of the gas by the current sheet. While 
traveling along the guide electrodes the current sheet may split into 
separate plasmoid filaments of thickness ~10-1cm, around which the 

gas flows easily, and the stationary plasma and neutral gas are not 
entrained. 

The conditions for breakdown of the current sheet and the forma- 

tion of filaments ( 'pinches"), which is one of the modes of instability 

of the current flow through a plasmoid, reduce to the relation between 
the magnetic self-field of the pinches and the corresponding external 

magnetic fields: the guide-electrode field, the field of the current 
sheets moving ahead of the pinches, etc. [5]. tf the magnetic self- 
field of the pinches is small  as compared to the external field, then 

pinches either do not form or rapidly disintegrate. The current sheet 
becomes more or less homogeneous, and the gas filling the accelerator 

is in fact entrained by the moving plasma.* 
The concept of a plasma piston has been used in many experimental 

studies and the experimental results have been treated from this view- 

point, which is indirectly confirmed by the spatial separation of the 
ionization and luminescence fronts and by estimates of the degree of 
ionization in the current sheet (see, for example, [14-16]). Only in 

[6], however, which was undertaken precisely with this goal in mind, 

was it shown directly that in a rai l - type accelerator a sheet of thick- 
ness ~1 em can effectively entrain the gas fi l l ing the accelerator. It 
was discovered that in the current sheet there is a charged-particle 
concentrations gradient ~3  �9 10mcm -4, and the plasma density turns 
out to be an order greater than it would be if the undisturbed gas were 
fully ionized. This testifies to effective raking of the gasbythecurrent  

sheet under the conditions of the experiment.** 

Let us calculate  the momentum transferred per unit t ime by gas 

molecules of average density P0 to a surface element of a current 

* The ionized gas may also be effectively entrained when the current 

sheet splits into separate filaments [17]. For this to happen it is nec- 

essary for the principal current to flow through the pinches, and for a 
condition of the (1.1) type to be satisfied with velocity v = Hp (4rrpp)- ~/2, 

where Hp is the pinch field, and pp is the plasma density in the pinches. 
The mechanism of ionized-gas entrainment by the moving pinches is 

inductive in character [6]. 
**In [6] hydrogen at air init ial  pressure p ~ 8 �9 102 g Hg was used 

as the working medium. The parameters of the accelerating circuit 

were: C ~ 3/~F, U0 ~ 16kV, ima x ~ 8 �9 104A. The electrodes were 
flat parallel  plates. This geometry ensured a flat current sheet with a 
thickness of ~1 cm. The thickness of the current sheet was estimated 
from probe and optical measurements. The plasma density gradient 
was determined by the schlieren method, using the deflection of a 
light ray in the region with a refractive index gradient depending 
linearly on the charged-particle concentration. 



J O U R N A L  O F  A P P L I E D  M E C H A N I C S  A N D  T E C H N I C A L  P H Y S I C S  47  

sheet moving  with ve loc i ty  v. The g a s - m o l e c u l e  ve loc i ty  distribution 

in the coordinate system t ied  to the current sheet wil l  be taken  in the 

form 

/ (c:~; cu: cz) = no (~XVo~) -% exp ( - -  Vo ~ (c x + v) ~ + cu" + Cz~]}, 

Vo ~ = 2kT  / rn a (1.3) 

( the x -ax i s  is d i rected along the outward normal  to the surface of the 
sheet) .  In the i m m e d i a t e  v ic in i ty  of the surface of the current sheet 
(x < Xa) re f lec ted  par t ic les  s l ight ly  distort the in i t i a l  distr ibution 
(1.3). The distr ibution of par t ic les  ref lected from the current sheet 

depends on the scat ter ing function w(c, c ' ) ,  i. e . ,  on the probabi l i ty  

that  as a result  of col l is ion with the sheet a pa r t i c le  wi l l  change its 
i n i t i a l  ve loc i ty  c to c ' .  At the present t i m e  l i t t l e  is known about the 

function w(c, c ' ) ,  and the perturbed distribution is not represented in 
ana ly t ic  form (see (1.6)). However, at  a sufficiently large  dis tance 

from the sheet (x ~ Xa) the distribution again approaches equ i l ib r ium.  
Therefore,  to grasp the essential  character is t ics  of the phenomenon 

we assume that  the distribution function of the inc ident  molecu les  is 
close to (1.3) [19]. The momen tum transferred per unit t i m e  to a 

surface e l emen t  of the current sheet by the imping ing  gas molecu les  

with ve loc i t ies  from (ex, Cy, and ez) to (c x + dCx, Cy + dcy, and c z + 
+ dcz) may  be wri t ten as 

d (6Ft~) = - -  f (ca:; cv; Cz) mac:~ de x d% de z . (1.4) 

The to ta l  momen tum 6F O transferred to a surface e l emen t  is found 
after in tegra t ing  (1.4) over the values of the ve loc i ty  components  

e~ ~ [0, oc), cv ~ ( - -cr  oo), e z ~ (--0% oo); as a result  we obtain 

0 o=r,. 0 * * 

+ F ; p o v v o e x p i _ _ ( ~ o )  l+x /29oV  e v 

z z 

% ( z ) = - - ~  e -~ dz ,  ' ~ . . ( ~ ) =  z e  dx,  

2kT  
~-0 ~ = - - .  (1.5) r~ a 

To c a l c u l a t e  the to ta l  resistance of the s tat ionary gas, i t  is nec-  

essary to take  into account  in (1.5) the m o m e n t u m  carr ied away by 
molecu les  ref lec ted  from the current sheet. This momen tum depends 

on the charac ter  of the ref lect ion,  which, in turn, is de te rmined  by 
the phys ica l  nature of the in terac t ion  between the moving  sheet and 

the stat ionary gas. In the case of e las t i c  coll is ions,  there  may be 
specular ref lect ion,  when each m o l e c u l e  preserves the previous values 

of ey and c z, but the sign of c x changes,  and diffuse scat ter ing with 
conservation of the absolute ve loci ty ,  when the molecu les  are ref lec ted  

at any angle  with the same probabi l i ty  (for each  ve loc i ty  the number 
of ref lected molecu les  in  the solid angle  d~ is proportional to df~). 

Only a smal l  fraction of the molecules  (610 -~) undergoes specular 

ref lec t ion  [20]. 
As far as diffuse ref lec t ion  is concerned,  ine las t ic  diffuse scatter-  

ing with accommoda t ion  and in which there  is pa r t i a l  energy transfer 
between the m o l e c u l e  and the sheet is physica l ly  more  probable~ the 

m o l e c u l e  is ref lected,  carrying away only part of its i n i t i a l  energy 

[22]. This process of ine las t ic  scat tering is charac te r ized  by the prob- 
ab i l i ty  of a change  in the ve loc i ty  of the mo lecu le  onref tec t ion ,  i. e . ,  
by the function w(e, c ') .  The flux of molecu les  scat tered ?er  unit 
surface of the sheet 6N' ~ f ( e ' )  cx '  is re la ted  to the inc ident  pa r t i c l e  
flux 6N -~ ] ( e )ex  

cx'=-- f w(e,e')/(e)cxde i (e') (1.6) 
cx<:0 

which, in pr inciple ,  affords a possibi l i ty  of tak ing  into account  the 

m o m e n t u m  carr ied away by the ref lec ted  molecules ,  However, the 
processes of molecu la r  scat tering and absorption are compl i ca t ed  and 

insuff ic ient ly  understood, and not much is known of the properties of the 
function w(e ,c ' ) .  Therefore the ine las t i c - sca t t e r ing  mechanism is 

usually described [19, 21] by means of the ef fec t ive  accommodat ion  

coeff ic ient  13 = e-• = 1 - ( c ' / c )  s, where Ae is the energy lost on 

the average  by the re f lec ted  molecule .  In this case the ve loc i ty  of 

the re f lec ted  molecules  on the average is c '  = c(1 - 5) 1 / 2 .  Taking 
this into considerat ion leads to the appearance of a correct ion factor 
a ~ 1 + (1 -- 5)1/2 on the right hand side of (1.5), which can b e t a k e n  

into account  by introducing the "equiva lent  gas density" Pa = a p o .  
For to ta l  absorption of the molecules  13 = 1, P a  = P0; e las t ic  ref lect ion 
when 13 = 0, leads to P a  = 2po.  In the general  case the accommoda t ion  

coeff ic ien t  13 ~ (0,1) and depends on the mass rat io of the g a s m o l e -  
eules,  and on the gas tempera ture  in the layer  and in front of it, as 
well  as on other factors. On the average,  we can  assume that  13 
~ ( 1 / 2 ) ( m e / r a p ) ,  i.  e . ,  inour case, apparently,  13 ~ 1/2.  Here, the 

coeff ic ient  a ~ 1.7, i. e . ,  Pc~ ~ 1.Yp~. Thus, if  we replace  t h e i n i t i a l  
gas density P0 with the equivalent  density Pa ,  expression ( i .5 )  wiI1 
de termine  the to ta l  resistance exper ienced by a surface e l emen t  of 
the current sheet in the case of an arbitrary re la t ion  between the sheet 

ve loc i ty  v and the most probable random ve loc i ty  v0 of the gas molecules .  

In two l imi t i ng  cases ( i  .5) s implif ies .  
(1) At smal l  ve loc i t ies ,  when (v/v0) ~ << I ,  the values of ~0(v/v0) 

and ~2(v/v0) are close to zero, and the resistance exper ienced by a 

surface e l e m e n t  of the current sheet in raking up the undisturbed gas, 

may  be represented as  

p~v0 ~- f 4 v p~'0v 

In the l imi t ,  as v --~ 0, 5Fp "-~ - ( 1 / 4 ) p a v ~  = - (1 /2 )nc~kT ,  i . e . ,  
i t  is comple te ly  determined by the random motion of the mole -  

cules.  
(2) At large  ve loc i t ies ,  when (v/v0)  s >> I ~0 (v /v0 )  and g0s(V/V0 ) 

differ l i t t l e  from unity, and for the momen tum transferred to the  sheet 

we can  write 

p~Vo ~" V 2 v / v \*-'1 
- -  6F a ~.  ~ L t +  ~ - -  e x p - - ( - - | u  z~ vo ~vo / 3 | - [ - P ~ v L ~ n ~ k T + p ~ v  ~.. (1.8) 

At suff icient ly large ve loc i t ies  (v ~ ~o) the resistance is whooly 

de termined  by the d i rec t ional  ve loc i ty  of the sheet v 

6 F  o ~ ~ p~v ~" . (1.9) 

In the in te rmedia te  sheets i t  is necessary to use general  formula 
(1.6) ( replacing Po by Pc~), wh ieh i sconven ien t fo r  ana ly s i s andea l cu l a -  

tions because of the possibi l i ty of using tabulated functions ~0(z) and 

r  
As a er t ier ion of the dynamic  gas density we can  use the ratio of 

the resis tance force (1.5) to the e lec t romagne t i c  forces of acce le ra t ion  
and retardat ion in the self- and e x t e r n a l - m a g n e t i c  f i e l d s - t h e  gas 

should be considered sufficiently dense if  this ratio is comparab le  with 
or exceeds unity. At sufficiently large ve loc i t i es  (case (2), (v/v0)2 >~ 

>> 1) this condi t ion is equivalent  to the inequa l i ty  

[ 2C~176176 c~ / 
rain ~ - -  ~ 1. (1.10) 

im~x l ' imaxBr J 

Here, i m a  x is the m a x i m u m  current in the sheet, Co, the speeds 
of l ight,  l denotes the increase in inductance  per unit  length of acce l -  
erator, 13 is the induct ion of the external  magne t i c  field,  r is the dis- 

t ance  between the ' acce l e r a t i ng  electrodes,  and S* is the ef fec t ive  
surface of the current sheet. In p lasma accelera tors  of the usual size 
with m a x i m u m  currents i m a  x ~ 3 �9 10 ~ A and the ve loc i t ies  v 

107em/sec ,  condi t ion (1.10) is satisfied at  an equivalent  gas density 
Pa ~> 3 �9 10 - s  g / c m  3. This means that  hydrogen wil l  be sufficiently 
dense at  an in i t i a l  pressure P0 ~ 1.5 �9 10 s g Hg; in the case of air, the 
density cr i ter ion is satisfied at  p0 ~> 10 # Hg; in the case of mercury 
vapor, at  p0 ~> 1.5~ Hg (saturated vapor pressure at To ~ 20 ~ C), etc.  

w 2. Energy conversion coeff ic ient  for p lasma piston acce lera t ion .  
When a current sheet moves  in a dense gas, i t  is preceded by a shock 
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wave, which moves away from it. At the shock front the parameters 
determining the state of the gas suffer a discontinuity.* A considerable 
portion of the energy is expended on compressing and heating the gas, 
i. e. ,  on changing its internal energy. The remainder of the electro- 
magnetic energy of the acceleration circuit is expended on acceler- 
ating the gas and is converted into the kinetic energy of the directional 
motion of the particle flux entrained by the plasma piston. As soon as 
the shock wave reaches the end of the guide electrodes and the gas 
begins to flow freely into the vacuum, an expansion wave (a simple 
Riemann wave) will travel through the gas compressed by the shock 
wave to meet the current sheet. When the expansion wave reaches 
the surface of the current sheet, a reflected wave is formed, and the 
subsequent motion of the gas is described by the general solution (see, 
for example, [9]). The problem is considerably simplified in the case 
of large velocities, when M 2 = v2/yRoTo >> i, where Vs0 = (YRoT0)l/2 
is the speed of sound in the undisturbed gas ahead of the shock front. 
In this case a strong shock is formed, and the speed of sound behind 
the shock front is given by the expression 

2_ pr fr/2) (7 + 1) pov2~ 
va -- T pt -- p0 ('r + 1) / (T --  t) = 1 / 2  ~ (~ - -  j) v~ (2.1) 

At y < 2 the speed of sound behind the shock front is less than the velocity 
of the current sheet, with which moves the disturbed gas raked up by 
the plasma piston. Therefore the Riemann expansion wave moving 

through the compressed gas to meet the current sheet is unable to 
reach its surface, and the entire acceleration process ends before 
the reflected wave has a chance to form. 

The thermodynamic parameters of the disturbed gas behind the 
shock front (subscript 1) and the velocity v w of the shock wave can be 
determined at sufficiently large current sheet velocities (strong shock) 
from the following known relations [9]: 

pr " r + t  1 
Po - -  T - -  t ' vw = ~ -  (7 + t) v. (2.2) 

We assume that everywhere ahead of the shock front, the gas 
parameters correspond to the undisturbed state, i . e . ,  we neglect the 
change in the state of the gas ahead of the shock front owing to energy 
transport by diffusing electrons and plasma radiation from the current 
sheet.** As the energy-conversion coefficient we take the ratio of the 
kinetic energy" of directional motion of the gas raked up by the plasma 
piston and the accelerated material from the electrodes and the walls 
of the accelerator to the work done by the electromagnetic forces in 
accelerating the current sheet and overcoming the resistance of the 
undisturbed gas on the acceleration section: 

W0 \-1 
~1 = (1 

b 

(t) = I p~O. (t) ,Ix, Wo 
0 

x l  o xll ) 

W, (t) = ~- pry" (t) dx, Wl' (t) = ~-- pr'v~ (t) d~:. (2.3) 
a: x. 

* The shock wave formed when plasma is electrodynamieally acceler- 
ated was experimentally observed, for instance, in [7, 8]. The pressure 
of the undisturbed gas was p0 ~ 0.7 mm Hg wbich, according to (1.10), 
ensured a sufficient gas density. Separation of the luminescence and 
ionization fronts, which can be related to the "contact surface" (cur- 
rent sheet) and the shock front, respectively, and motion of the fronts 
at various speeds were also observed in [14,151 

**Evidently, in energy calculations, which are in the nature of 
estimates, this is admissible, since the energy expendedontheioniza- 
tion, excitation, and dissociation of the gas ahead of the shock front 
does not exceed a few percent of the kinetic energy of the accelerated 
plasma. Therefore, the subsequently calculated energy-conversion 
coefficient can be considered as a fairly close upper limit. 

Here W0(t) is the work done in overcoming the resistance of the 
gas filling the accelerator, Wl(t ) is the kinetic energy of the disturbed 
gas moving ahead of the current sheet Wl(t) is the kinetic energy of 
the accelerated material released from the electrodes and the acceler- 
ator walls as a result of ion bombardment and Joule heating [2], and 
x(t) and Xw(t ) are the linear coordinates of the current sheet and the 
shock front, respectively. 

For the cases usually encountered in experimental practice, when 
. the initial voltages and capacitances are not too large, i . e . ,  when 

the following condition is satisfied 

12CUo 
2c2~L2K (t -5 X) ~'~ t, (2.4) 

the rather complicated expressions for the capacitor voltage U (t) and 
the velocity v(t) of the current sheet [10] can be approximated by 
simple relations Of the form [11]: 

( ' )  U ( t ) = U o e x p  - - ~ ,  cos 6)6v(t)= 

2co~RK (1 + %) 

v .  = ( CBoa2) -1, 0) 2 = co"- / C L o - - (  Bco2 / ZLo) ~, 

X = too~ KCUo. (2.5) 

Here,, Uo is the initial capacitor voltage, r z is the effective relaxation 
time of the acceleration process, w is the equivalent frequency, co is 
the speed of light; L0 is the initial inductance of the accelerating 
circuit, C is the capacitance, R is the total ohmic resistance, l is 
the increase in inductance per unit length of the accelerating electrodes, 
K is the erosion factor (gas-discharge electrochemical equivalent of 
the electrode material [10]), X is a parameter characterizing the in- 
tensity of electrode erosion in the acceleration process: when X >> 1, 

the role of erosion in the formation of the Current sheet is large, when 
X << 1 the role of erosion is small [2,111 At l ~ 3 hemy/cm L0 ~ 

3 2 , - 1 4 g  :ge ~ �9 10 cm K ~ 10 /CGSE char e unit [t2] and whenlx << 1 
inequality (2.4)is satisfied if C-<10 s cm - 102 pF, U0~<60 CGSE 
pot. units ~ 2 �9 104 V. In these circumstances for instants between 
the first and second extrema of the voltage, the mass re(t) of material 
removed from the electrodes, which is a function of the current i(t) 
in the sheet, will obey the law 

t 

m (t) = K - f [ i (~) I dT ,~ 2 UoKCoJt. (2.6) 
o 

With these assumptions the W k are calculated and after simple 
transformations for the energy conversion coefficient of the plasma 
accelerator we obtain 

Eo }-* 
1](x)= t +  (I/4)(Tq_IIEr+RvE~ ~ , 

Eo ----- + - -  3 (t - -  exp - - ~ - )  -]- 

3 ( l _ e x p _ ~ )  1 [ - -3x \  
+ ~ - =~- [, - e x p  - r - ) '  

- ~ 

Z,= " i - - -  ~ exp --X-- 

3 - 2 ~  [ 1 _ e x p  - ( ~ - i ) ~ ] _  +~--I exp ~ 

-- 3z 
2exp ~. [ __3(T__i)~l~ 
3( '~ - - t )  l - - e x p  2~, 

E x i --(T~l)z 1 9.=-~- + ~ exp - ~ [ i -  exp 

4 --x [ --(T.I)X~ 
- - z - - l e x p  ~ i - - e x p  2 ~  ' 
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v ,  UoCK(o lUo 
//v - -  veo ' v ,  --  pagS* ' voo - -  2coZRK (1 -k, %) ' 

L = "r,vco, 'r ,  -1 = CRo~ ~. 

The quanti ty ~ (x) approaches i as x -'~ 0 (x /X << 1) and decreases 

monoton ica l ly  with increase in  x. As x --~ *o(x/X >> 1) the conversion 
coeff ic ient  a sympto t i ca l ly  approaches its l i m i t i n g  value  

l }-1 
nlirn = t -y (1/,1) (T ~---l) @ R v" ' 

R e = (2Co ~" / ~) CK%3R (t  + %) / p~S*l .  (2.s) 

This l i m i t i n g  value of the conversion coeff ic ient  increases with y 

and depends strongly on the rat io R v (see Figs. i and 2).* 

,1, 

Fig. 1. Limit ing energy conversion 

coeff ic ient  ~ l i m  as a function of y. 

In par t icular ,  i t  follows that  in po lya tomic  gases the values of 
the l im i t i ng  conversion coeff ic ient  are smal ler  than in mona tomic  

gases. This is because in the case of complex  molecu les  a consider- 
able  portion of the e l ec t romagne t i c  energy is unproduct ively expended 
on the in ternal  degrees of freedom. 

The rate of change of the energy conversion coeff ic ient  depends 
important ly  on the ef fec t ive  re laxa t ion  length X = % v ~ .  At smal l  

values of X the conversion coeff ic ient  7} (x) reaches values c lose to 
~]lim even at compara t ive ly  smal l  x. Figure 3 i l lustrates  the function 

= f(xX); y and Rv are parameters .  

In modern p lasma accelerators ,  and for rea l  gases, the energy 

conversion coeff ic ient  in the "pIasma piston" mode  does not exceed  
~0.5. In fact,  i f  for es t imat ing  purposes we take  an in i t i a l  vol tage  
U0 ~ 3 �9 l 0  s V, capac i t ance  C ~ 10 z pF, to ta l  resistance R @ (1, 10) 

ohm, e f fec t ive  frequency w ~105sec  -1, erosion coeff ic ien t  K 
10-14 g/CGSE unit of charge,  and an inductance  inc rement  per unit  

length of the electrodes 1 @ (1,10) henry /cm,  then R v ~ 10 -s, and 

the e f fec t ive  reIaxat ion length X 6 (10 -1, 1) cm.  This means that  for 
ordinary p lasma accelera tors  of length x 6 (10, 102) cm at a rat io of 

speci f ic  heats j 6 (1 .1 ,3)  the energy conversion coeff ic ient  ~ @ 
(0.2,0.5) .  

i .  When an acce le ra tor  operates in the "plasma piston" mode 
under condit ions ac tua l ly  r ea l i zab le  at thepresent  t ime ,  the coeff ic ients  
of conversion of the e l ec t romagne t i c  energy stored in the acce le ra t ing  

*In Fig. 1 the dashed l ines  correspond to values of the ad iaba t ic  
exponent y > 3. Under normal  condit ions y does not exceed  3 (y = 

= (k + 2) /k ,  where k is the number of degrees of f reedom of the gas 
molecule) ,  y = 3 corresponding to a d i rec t ional  gas flow moving  at 
high ve loc i ty  as a continuum with one degree  of freedom. However, 
in describing the relat ions between the the rmodynamic  gas parameters  
with a l lowance  for e lec t ronic  and molecu la r  exc i ta t ion ,  dissociation, 
and ionizat ion,  we can  introduce an e f fec t ive  ad iaba t ic  exponent y 
such that  the true ad iaba t ic  curve  which, genera l ly  speaking, does 
not co inc ide  with the Poisson curve, approximates  i t  in  the neighbor-  
hood of a g iven  point.  In this case values of y > 3 may  correspond to 
ac tua l  equations of s tate [13]. 

c i rcu i t  into the ldnet ic  energy of the acce le ra ted  p lasma are re la t ive ly  

smal l ,  s ince a large portion of the energy is expended on increasing 

the in ternal  energy of the gas i n the  fo rma t iono fa  shockwave  (~ ~ 0.8). 
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Fig. 2. Limi t ing  energy conversion 

coeff ic ient  ~]lim as a function of 

Rv. 

2. The energy conversion coeff ic ient  is a decreasing function of 
the e lec t rode  length that  a sympto t i ca l ly  approaches some l imi t i ng  

value  depending on ], and R v. The l i m i t i n g  values of the conversion 
coeff ic ient  are reached the more rapidl~ (at smal le r  acce lera tor  
Ienghts), the smal ler  the inductance  inc rement  a n d t h e i n i t i a l c a p a c i t o r  

vol tage ,  and the larger the capac i tance ,  the to ta l  resistance, and the 
e lec t rode  erosion coefficient .  

8. When mona tomic  gases are acce le ra ted ,  higher values of the 

energy conversion coeff ic ient  can be reached than in the case of poly- 
a tomic  gases, since in the lat ter  case a s ign i f i can tpor t ionof the  energy 
is expended on the in ternal  degrees of freedom. 

In conclusion the author wishes to express his gra t i tude  to A. F. 
Vitshas for his useful comments  and to Yu. Morozov who m a d e  a 
number of important  observations. 
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Fig. 3. Energy conversion coeff ic ient  
as a function of the re la t ive  length 

x/X. 
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