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CONSIDER A RAREFIED PLASMA in a quasi­
stationary magnetic field which varies in time. 

Let us limit ourselves to the case where the free 
path length of the electrons and ions may be con­
sidered as great as we like and the magnetic field 
H is intense enough to fulfill always the condition 

pj"VH\IH«;:i, (l) 

where p = p c/ ell is the radius of curvature of the 
trajectory of a free charged particle in the magnet­
ic field, p .1.. is the component of momentum of the 
particle perpendicular to. the direction of the mag­
netic field, e is the charge of an electron, and c 
is the velocity of light. It is assumed that condi­
tion (l) is true for all electrons and all ions. 

In the case under consideration, in accordance 
with Ref. l-3, the motion of the electrons and ions 
of the plasma may be represented as circular mo­
tion of radius p around the direction of the magnet­
ic field with cyclical frequency n =ell/me, while 
the center of rotation (we will call the point repre­
senting this center of rotation the drifting center) 
drifts in a direction perpendicular to the magnetic 
field with velocity 

v l. = c[E x H] / W - (ell/ elP)[\7 .L H x H] (2) 

and in a direction parallel to the magnetic field 
with a velocity determined by the equation 

d (mv 11) I dt = e E 11 = (cfL I I e I ) V 11 H, (3) 

where 11 = I e I fll /2c is the magnetic moment pro­
duced by the particle rotation with frequency n, 
\7 l. and \711 are the components of the gradient 
perpendicular and parallel to the magnetic field, 
and m is the mass of the particle. As a conse­
quence of the conservation of the adiabatic invari­
ant P(mv + eA/ c)dl, the magnitude of fll remains 
unchanged 2 in the case of a sufficiently slowly 
changing magnetic field (W 1 I dll/dt I «fl/277). 
Hence 

fL = eilp2 I 2c = e2Hp2 I 2mc2 = const, (4) 

whence the energy of the rotational motion of the 
particle* is 

W = p3_ I 2 m = m02 p.2 I 2 = tLH. (5) 

The drift in a direction perpendicular to H with 
velocity 

(6) 

may he considered as a motion "together with the 
lines of force," just as in the case of magnetic 
hydrodynamics 4• Actually, if we determine the 
"velocity of motion of the lines of force," starting 
from the equation 

(7) 

then, in virtue of the law of electromagnetic induc­
tion, the velocity (6) coincides with the value of u 
occuring in Eq. (7) in the case where E .L H. Thus 
even in the case of an extremely rarefied gas the 
picture of a substance "fastened" to the lines of 
force, or "frozen" into the lines of force, may be 
used as a descriptive representation of the motion 
of the plasma. 

Let us consider the motion of the plasma in two 
simple, cases with axial symmetry. 

l) Let H be directed along the axis of symmetry 
z and be generated by sources situated on the out­
side of a cylinder of radius R. In virtue of the 
stipulation of a quasistationary state within this 
cylinder, we may consider Hz = H(t). If r, z and e 
are the cylindrical coordinates of the drifting cen­
ter of the particle, then in virtue of Eq. (6) and the 
law of electromagnetic induction [or in view of 
Eq. (7)], we have 

u = dr I dt = - (r I 2 H) dH I df, (8) 

whence, as a result of integration, we obtain 
~H = const. By virtue of Eq. (4) p2H = const. al­
so, and thus we have 

P I Po·= r I r o = V H o I H · (9) 

*In the relativistic case, obviously, 



756 LETTERS TO THE EDITOR 

An increasing magnetic field of the type con­
sidered may be created by the rapid compression of 
a conducting cylinder by means of a convergent ex­
plosive wave 5 • In this case, by virtue of the con­
servation of the current of the vector 11, 
ll(t)W(t) = ll(O)R 2(0), where R(t) is the inside rad­
ius of a compressed cylinder. Thus, analogously 
to Eq. (9), RIR, = yll/ll, that is, all the dimen­
sions and distances are decreased in proportion to 
R. At the same time the energy of the rotational 
motion of the particle according to E:q. (5) in­

creases as*: 

WI Wo =HI Ho = [Ro I R]2. (10) 

If the magnetic field is not strictly parallel to 
the z axis, but decreases with distance from the 
axis, that is, has a barrel-shaped form, then as a 
result of Eq. (3), forces appear which draw the 
particles of the plasma together to the surface 

ll z (r, z, t) = 0 and guarantee the stability of the 
motion of the particles in the z direction. 

2) Let the magnetic field be generated by an 

axially symmetrical current directed parallel to 
the z axis. In order to simplify the calculations 
we shall assume that the current density 

j (r, t) = { j (t) for r :o.;;;; R (t), 
0 for r > R (t). (ll) 

In this case, in accordance with Eq. (2) and Max­
well's equations, with cylindrical coordinates r 
and z for the drifting center, we have for r > R: 

u,= ~~ =-{+-:~ [{-
+ In (; ) ] - ~ ~~ + ~~ £ 1} r, (12) 

uz = dz I dt (cv- I e) 1 r, (13) 

where /(t) = TTR 2(t)j(t) is the total current strength 
and E 1 = Ez for r = 0. On integrating Eq. (12) we 
obtain 

t 
rR0 _ [ r 0 'I•](J,/J)-1 { c2 \ } 
roR - Ro e exp - T.) El dt ' 

0 

whence, in accordance with Eq. (5) 

*In the ultrarelativistic case, obviously, 

WiWo=VHIHo=Ro/R. 

(14) 

-~~ _ .!!__ _ JRo [ r 0 '1•}1-J,/ J { c2 l' } 
fVo- Ho - JoR Roe exp T.) El dt . 

0 (15) 

!"he velocity in the z direction is obtained by sub­
stituting E:q. (14) into Eq. (13). 

Formula (15) shows that even in the constant­

current case the energy of rotational motion of the 
particles of a rarefied plasma may be increased 
many fold as a result of a decrease in R. In the 
light of this result, the manifold increase in the 
kinetic ene~gy of electrons and ions which was dis -
covered by Artsimovich and his coworkers 6 • 7 during 
the passage of powerful discharges through rare­
fied gases is not unexpected. (One can assume 
for example, that the electrons and ions formed ~f­
ter the first compression in the region where 
E 1 > ll are first accelerated by the field £ 1 to ener­
gies comparable to the potential difference be­
tween the discharge electrodes and then, as a re­
sult of the increase in density of the discharge 
current, the particles far from the axis enter the 
region ll > E, where a supplementary manifold in­
crease in the energy occurs as a result of the 
induction mechanism considered above.) The fields 
obtained in this case guarantee the fulfillment of 
condition (1) and, consequently, the applicability 
of formula (15). 
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