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The motion of a current sheet in a rail-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 [11). 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 walls,
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-
tial and must be taken into consideration. In §1 the concept of a
plasma piston raking up the gas in the accelerator 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 §2, on the basis of
these ideas, the energy-conversion coefficient is estimated for plasma
accelerators operating in the plasma-piston mode.

§1, 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 like 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 spectral energy transfer from the main plasmoid
as well as by electron diffusion processes and heat conduction (in the
region x = 1 cm). The electron density in this plasma cloud varies
from ng ~ 10" em™? near the current sheet to Re ~ 10%cm™? ata
distance x ~ 15 cm, from it [18]. To entrain the charged particles
effectively it is necessary that the time taken by the current sheet to
cover a distance comparable with its thickness (1, ~ L/v) be much
less than the time Ty, taken by the magnetic field to penetrate the
current sheet. The quantity Ty, can be estimated from the diffusion
relation

Lo~ (Tpv, ) v, = 6o/ 4o, (L.1)
Here, vyp is the magnetic diffusion coefficient (magnetic viscosity).
Thus one of the conditions for the existence of a magnetic piston re-
duces to the inequality

Tl Ty~ Lo /v, > 1, (1.1
which coincides with the magnetohydrodynamic requirement Rem >
> 1 (Rem = Lv/ vy is the magnetic Reynolds number). When this
condition is satisfied, entrainment by the magnetic field predominates
over penetration. For example, atL ~ lcm, v = 107 cm/sec we
should have vy, $ 107cm?/sec, i.e., the plasma conductivity o
710" sec™® ~ 10 ohm™* cm™!. These conductivity values are easily
achieved in plasma accelerators [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 neuiral atoms inside the
current sheet A, ~ [<n;> <{ 8q; (24)>1"1 not exceed its thickness L.

In other words, the current sheet should have a sufficient piston density

P =<ngy < Sgi (e >L=1. (1.2)

Here, <S4 (¢g) > is the cross section for momentum transfer
from ionized atoms to neutrals averaged over the distribution function,
For most gases <[Sy; (eq) > == 10718 cm? and inequality (1.2) is
satisfied if in a sheet of thickness L ~ lcm the average ion density
<n> 2108 cm™®, 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 guidé electrodes the current sheet may split into
separate plasmoid filaments of thickness ~10"tcm, around which the
gas flows easily, and the stationary plasma and neuiral gas are not
entrained.

The conditions for breakdown of the cuirent 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]. If 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
ionjzation in the current sheet (see, for example, [14~16]). Only in
[61, however, which was undertaken precisely with this goal in mind,
was it shown directly that in a rail-type accelerator a sheet of thick-
ness ~1cm can effectively entrain the gas filling the accelerator. It
was discovered that in the current sheet there is a charged-particle
concentrations gradient ~3 * 10em™, 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 gasby the current
sheet under the conditions of the experiment.**

Let us calculate the momentum transferred per unit time by gas
molecules of average density pg to a surface element of a current

* The jonized 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 (4npp y e
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 initial pressure p ~ 3 - 10% 4 Hg was used
as the working medium. The parameters of the accelerating circuit
were: C ~ 3uF, Uy~ 16KkV, imax~ 5° 10* A. Theelectrodes were
flat parallel plates. This geometry ensured a flat current sheet with a
thickness of ~1cm. The thickness of the current sheet was estimated
from probe and optical measurements. The plasina 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.
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sheet moving with velocity v. The gas-molecule velocity distribution
in the coordinate system tied to the current sheet will be taken in the
form

fles € e,)=m (1?7 exp {— ve? (6, - 0 + ¢ 2 42,7},

o = 2T [m, (1.3)

(the x-axis is directed along the outward normal to the surface of the
sheet), In the immediate vicinity of the surface of the current sheet
(x < X ) reflected particles slightly distort the initial distribution
(1.3). The distribution of particles reflected from the current sheet
depends on the scattering function w(c,c'), i.e., on the probability
that as a result of collision with the sheet a particle will change its
initial velocity ¢ to ¢', At the present time little is known about the
function w(c,c¢"), and the perturbed distribution is not represented in
analytic form (see (1.6)). However, at a sufficiently large distance
from the sheet (x > Ag) the distribution again approaches equilibrium.
Therefore, to grasp the essential characteristics of the phenomenon
we assumme that the distribution function of the incident molecules is
close to (1.3) [19] The momentum transferred per unit time to a
surface element of the cwrent sheet by the impinging gas molecules
with velocities from (cy, cy, and ¢;) to (cx + dcx, cy + dcy, and ¢ +
+ dcy) may be written as

d(8F,)=—F (e, ¢y e, )ymyetde dcy de,. (1.4)

The total momentum &F, transferred to a surface element is found
after integrating (1.4) over the values of the velocity components
ex € [0, o¢), ¢y &€ (—o0, 00), ¢, € (—oc, oo0); as & result we obtain

—8F , == Yypove® {1 + @ ( :0 )} +
+ o (Tl ()

z z
@y (z) = —g:S P dz, ®y(z)= —4:3 2% dz,
) V=

0
K
vt = 2T (1.5)

My

To calculate the total resistance of the stationary gas, it is nec-
essary to take into account in (1,5) the momentum carried away by
molecules reflected from the current sheet. This momentum depends
on the character of the reflection, which, in turm, is determined by
the physical nature of the interaction between the moving sheet and
the stationary gas. In the case of elastic collisions, there may be
specular reflection, when each molecule preserves the previous values
of ¢y and ¢4, but the sign of cy changes, and diffuse scaitering with
conservation of the absolute velocity, when the molecules are reflected
at any angle with the same probability (for each velocity the number
of reflected molecules in the solid angle d@ is proportional to d@).
Ounly a small fraction of the molecules (s10™Y) undergoes specular
reflection [20],

As far as diffuse reflection is concerned, inelastic diffuse scatter-
ing with accommodation and in which there is partial energy transfer
between the molecule and the sheet is physically more probable; the
molecule is reflected, carrying away only part of its initial energy
[22], This process of inelastic scattering is characterized by the prob-
ability of a change in the velocity of the molecule onreflection, i.e.,
by the function w(c, ¢’). The flux of molecules scattered rer unit
surface of the sheet 8N' = f(c*) cx' is related to the incident particle
flux 6N = f(c)ex

7€) e =— S w(e, €)f(c)c de (1.6)

cx<0

which, in principle, affords a possibility of taking into account the
momentum carried away by the reflected molecules. However, the
processes of molecular scattering and absorption are complicated and

insufficiently understood, and not much is known of the properties of the
function w(c, c®). Therefore the inelastic-scattering mechanism is
usually described [19,21]by means of the effective accommeodation
coefficient B = e"tae =1~ (¢'/c)?, where A€ is the energy lost on
the average by the reflected molecule. In this case the velocity of

the reflected molecules on the average is ¢" = ¢(1 — B)"‘/ z, Taking
this into consideration leads to the appearance of a correction factor
a~ l+(1l~ B)l/2 on the right hand side of (1.5), which can betaken
into account by introducing the "equivalent gas density” gy = 0Po.

For total absorption of the molecules B = 1, p, = py; elastic reflection
when B8 = 0, leads to p = 2p¢. In the general case the accommodation
coefficient 8 € (0,1) and depends on the mass ratio of the gasmole-
cules, and on the gas temperature in the layer and in front of it, as
well as on other factors, On the average, we can assume that 8 ~

~ (1/2)(ma/mp), i.e., inour case, apparently, B ~ 1/2. Here, the
coefficient o ~ 1.7, i.e., pg ® 1.7py. Thus, if we replace theinitial
gas density po with the equivalent density pg, expression (1.5) will
determine the total resistance experienced by a surface element of

the current sheet in the case of an arbitrary relation between the sheet
velocity v and the most probable random velocity v, of the gas molecules.

In two limiting cases (1.5) simplifies.

(1) At small velocities, when (v/vo)z <« 1, the values of ®4(v/vy)
and ®,(v/vy) are close to zero, and the resistance experienced by a
surface element of the current sheet in raking up the undisturbed gas,
may be represented-as

Pave®
—8F, = 7

4 v v \2 [T Pl

iyl l="r 5% e

In the limit, as v = 0, 6F, — ~(1/4)p Vs = =(1/2)n KT, i.e.,
it is completely determined by the random motion of the mole-
cules.

(2) At large velocities, when (v/ve)t > 1 @o(v/ve) and &5(v/ vo)
differ little from unity, and for the momentum transferred to the sheet
Wwe can write

[T
—dF, = B

v

[1+ —1/2_;;7% exp-(vo )?]’l_ et n, kT 4-p, 0% (L.8)

At sufficiently large velocities (v = «) the resistance is whooly
determined by the directional velocity of the sheet v

8F > —py?. (1.9)

In the intermediate sheets it is necessary to use general formula
(1.8) (replacing pg by py ), whichisconvenientfor analysis and calcula-
tions because of the possibility of using tabulated functions ®¢(z) and
@y(2).

As a crtierion of the dynamic gas density we can use the ratio of
the resistance force (1.5) to the electromagnetic forces of acceleration
and retardation in the self- and external-magnetic fields—the gas
should be considered sufficiently dense if this ratio is comparable with
or exceeds unity, At sufficiently large velocities (case (2), (v/vp)? >
> 1) this condition is equivalent to the inequality

2ee’p 7S*  cop vAS*E
min { H } =1.

o T (1.10)
Here, i,y is the maximum current in the sheet, cg, the speeds
of light, I denotes the increase in inductance per unit length of accel-
erator, B is the induction of the external magnetic field, ris the dis-
tance between the-accelerating electrodes, and §* is the effective
surface of the current sheet. In plasma accelerators of the usual size
with maximum currents iy, ~ 3. 10% A and the velocities v ~
~ lOvcm/sec, condition (1.10) is satisfied at an equivalent gas density
PeZ 8- 107% g/em®, This means that hydrogen will be sufficiently
dense at an initial pressure pp # 1.5+ 10? @ Hg; in the case of air, the
density criterion is satisfied at pp 2 104 Hg; in the case of mercury
vapor, at pg # 1.5 Hg (saturated vapor pressure at Ty 2 20° C), etc,
§2. Energy conversion coefficient for plasma piston acceleration.
When a current sheet moves in a dense gas, it 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 sclution (see,
for example, [9]). The problem is considerably simplified in the case
of large velocities, when M® = v%/yRoTy » 1, where vgy = (YR Tp) "/
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

1 1) pev
=T = ()»rpo— 1y == @D
Aty <2 the speed of sound behind the shock front isless than the velocity
of the current sheet, with which moves the disturbed gas raked up by
the plasma plStOl‘l 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, of the shock wave can be
determined at sufficiently large current sheet velocities (strong shock)
from the following known relations [91:

%=g, vw=%(’{—|—1)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:

n= (1wt

Wo(t) = Spazﬂ (t) de,
0

e L
Wx(t)=_2's oo (1) dx, Wl"‘)=TS (B dz,  (2.3)

*The shock wave formed when plasma is electrodynamically acceler-
ated was experimentally observed, for instance, in [7,8]. The pressure
of the undisturbed gas was pg 2 0.7 mm Hg' which, 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 expended onthe ioniza-
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 Wo(t) is the work done in overcoming the resistance of the
gas filling the accelerator, W(t) is the kinetic energy of the disturbed
gas moving ahead of the current sheet Wi(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(1) and x,,(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

PCU,

2 LK @ ) " @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)y= U, exp <~ Qr_) €os i, v (t) =
*

U, ( t ]
zco“RKaTx)[ o “?I> '

=(CRY)™, 0=/ CLy—(Reo/ 2Le),

¥ =mqy/ KCU,. (2.5)

Here, , Uy is the initial capacitor voltage, 7; is the effective relaxation
time of the acceleration process, w is the equivalent frequency, cg is
the speed of light; Lo is the initial inductance of the accelerating
circuit, C is the capacitance, R is the total ohmic resistance, I 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
XK1 the role of erosion is small [2,11] At 7 ~ 3 henry/cm Lo ~
~3.10%em, K~ lO‘Mg/CGSE charge unit [12], and when y <1
mequallk[y (2.4) is satisfied if C € 10%cm ~ 102 UF, Up % 60 CGSE
pot. units ~ 2 - 10* V. In these circumstances for instants between
the first and second extrema of the voltage, the mass m(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):KS[i(T);drz_i UoKCut. (2.6)
4]

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

Ey -1
a@= {+(1/4)('\’+1)E1+R Ez} '

Bo=—-— 3(1—9‘1’ )+
) o)
E1=';:T""r : 1 °%p _kx {1_exp [‘(Z%i %]}_{_

— s [t~ e R

¥

1 (T——i)z:l
Br= oy yiese — -

[1 — exp

4 —x —(1—1z]
—————T_iexp - [1—exp — :Jv
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v, UyCKo U,
By=5, % =pmst ' TS FREUS D)

A =Ty, Ty t=CRa’.
The quantity n(x) approaches 1 as x = 0(x/X < 1) and decreases

monotonically with increase in x, As x => *(x/x > 1) the conversion
coefficient asymptotically approaches its limiting value

g -1
Nim = {1 *W} ’
Ry, = (205" | 1) CK*oR (1 + %) / posS*L. 2.8)

This limiting value of the conversion coefficient increases with y
and depends strongly on the ratio Ry (see Figs. 1 and 2).%

Tum 71
TR | LA
/// R=01

| 7
Yy A R

Fig. 1. Limiting energy conversion
coefficient nyjy, as a function of y.

In particular, it follows that in polyatomic gases the values of
the limiting conversion coefficient are smaller than in monatomic
gases. This is because in the case of complex molecules a consider-
able portion of the electromagnetic energy is unproductively expended
on the internal degrees of freedom.

The rate of change of the energy conversion coefficient depends
importantly on the effective relaxation length A = 7, v,. At small
values of A the conversion coefficient 7 (x) reaches values close to
Myim €ven at comparatively small x. Figure 3 illustrates the function
11 = f(x\); ¥ and Ry are parameters.

In modern plasma accelerators, and for real gases, the energy
conversion coefficient in the "plasma piston” mode does not exceed
~0.5. In fact, if for estimating purposes we take an initial voltage
Ug~ 3 - 10° V, capacitance C ~ 102 pF, total resistance R € (1,10)
ohin, effective frequency w ~lossec“1, erosion coefficient K ~
~ 1071 g/CGSE unit of charge, and an inductance increment per unit
length of the electrodes I € (1,10) henry/cm, then Ry < 107%, and
the effective relaxation length A € (1074, 1) cm. This means that for
ordinary plasma accelerators of length x € (10, 10% cm at a ratio of
specific heats j € (1.1,8) the energy conversion coefficient 7 €
(0.2,0.5).

1, When an accelerator operates in the "plasma piston" mode
under conditions actually realizable at the present time, the coefficients
of conversion of the electromagnetic energy stored in the accelerating

*In Fig. 1 the dashed lines correspond to values of the adiabatic
exponent ¥y > 3. Under normal conditions ¥ does not exceed 3 (y =
= (k +2)/k, where k is the number of degrees of freedom of the gas
molecule), y = 3 corresponding to a directional gas flow moving at
high velocity as a continuum with one degree of freedom. However,
in describing the relations between the thermodynamic gas parameters
with allowance for electronic and molecular excitation, dissociation,
and lonization, we can introduce an effective adiabatic exponent y
such that the true adiabatic curve which, generally speaking, does
not coincide with the Poisson curve, approximates it in the neighbor-
hood of a given point. In this case values of ¥ > 3 may correspond to
actual equations of state [13].

circuit into the kinetic energy of the accelerated plasma are relatively
small, since a large portion of the energy is expended on increasing
the internal energy of the gas inthe formation of a shock wave (1 < 0.5).

i =

/A
15

By

Vi
wrt ot ot ww

Fig. 2. Limiting enefgy conversion
coefficient Ny 28 & function of
Ry.

2. The energy conversion coefficient is a decreasing function of
the electrode length that asymptotically approaches some limiting
value depending on y and Ry, The limiting values of the conversion
coefficient are reached the more rapidly, (at smaller accelerator
lenghts), the smaller the inductance increment and the initial capacitor
voltage, and the larger the capacitance, the total resistance, and the
electrode erosion coefficient.

3, When monatomic gases are accelerated, higher values of the
energy conversion coefficient can be reached than in the case of poly-
atomic gases, since in the latter case a significant portionof the energy
is expended on the internal degrees of freedom.

In conclusion the author wishes to express his gratitude to A. F,
Viishas for his useful comments and to Yu, Morozov who made a
number of important observations.
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Fig. 3. Energy conversion coefficient
1 as a function of the relative length
x/\
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