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Two-fluid hydrodynamics is used to derive a system of equations suitable for the
description of advanced drift fluxes of particles and the energy in a 6-pinch
plasma. A general stability criterion is obtained for an inhomogeneous plasma in
a straight field relative to drift oscillations of the flute type. The nonlinear
regime is investigated qualitatively.
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We derived from two-fluid hydrodynamics a system of equations suitable for
the description of dadvanced drift fluxes of particles and the energy in a 6~pinch
plasma. These fluxes can lead to a cooling of the plasma within a time eBa?/cT
(a is the radius of the pinch). A general stability criterion is obtained for an
inhomogeneous plasma in a straight field relative to drift oscillations of the
flute type. The nonlinear regime is investigated qualitatively.

1. The anomalously large escape of heat in a direction transverse to the
magnetic field from the hot region of a plasma that is in mechanical equilibrium
may be due to oblique (drift) heat fluxes in the inhomogeneous plasma. The
heat redistribution connected with these fluxes leads to the onset of relatively
slow plasma motions with velocity v4, ~cT/eBa, much lower than the speed
of sound. An important role is played in such processes by the generation of the
magnetic field. The last~-mentioned effect in a nonmagnetized plasma was con-
sidered in'2, In some configurations, the drift fluxes turned out to be closed so
no energy is carried out. It was shown int31 that such configurations may turn
out to be unstable to nonresonant buildup of drift oscillations of the flute type,
Drift motions with scales exceeding the ionic gyroradius and with times ex-
ceeding the ion-ion collision time can be described with the aid of the equations
of two-fluid hydrodynamics, ™! In the case (wgT),, ;> 1 and (8m7T/B)(wy1),
>>1 we can neglect in these equations the small terms that describe dissipative
effects (the transverse thermal conductivity, the diffusion of the magnetic field,
the thermoelectric power, and the Joule and viscous heats), A simplified system
of equations describing oblique nondissipative heat flow and the plasma convec-
tion it causes has, as will be shown below, a special structure that makes it
possible to separate the description of the heat fluxes from that of convection.

To simplify the exposition we consider the case g=8m7T/B*> 1 (wall con-
tainment, %61 which is of particular physical interest, since it is fraught with
the danger that generation can cause the magnetic field to decrease significant-
ly in part of the pinch cross section, and the heat losses may increase sharply,
As B—= we can put v,=Vv;=V, since |v,~v;l<|vi~v,, We start from the
equations for the particle and energy balance (cf, J).
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It is assumed that Bli2, vliZ, and (z°-¥)=0, where Z is the unit vector in the
z direction. In drift motion, the inertia does not play an important role and the
equation of plasma motion can be replaced by the equations (at n7 > B%/87):

P+ P; =p=const, (4)

dv
(rot n;—) =0, (5)

z

From 8B/ & =—-c curl E and from the electron-motion equation —enE — (en/c)v
xB =Vp,=0, in which the small forces due to friction against the ions, electron
inertia, and the viscous force have been omitted, we obtain an equation for
b=eB/c:

ab 1
— + Vyb +bdivV=<rotvpe) =[V—XVPJ ’ (6)
d n i

t n /g

in which the right-hand side describes the generation of the magnetic field.

The system (1)—(6) conserves the total energy and entropy of the plasma.
It makes it possible to ascertain in detail the conditions and the rate of develop-
ment of the drift fluxes that lead to loss of heat to the walls,

Adding (2) and (3) we obtain, taking (4) into account,
1 , .
divv= — [V&XV P—‘] - V&XV p_e (7)
L z :

Substituting this expression for div v in (1) and (6) and in the equation for g =p,
~p; obtained by subtracting (3) from (2), we obtain

d ad 1 1

2ol ivyn=-——lygwbl, + 2 _tybxvnl, + —Ivnxyql,, (8
de de 252 nb? 2bn

d 3 5 pi-q?

2 =,_‘_I_+qu -2k q[VbXVn], (9)
de dt 6 5252

db  db 1
-_-=—fvvb=—z—[vavn]+—[vqva]. (10)
dt dt bn? 2nb

Owing to the pecularities of the right~hand sides of Eqs, (8)—(10), the system
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(5), (7, (8)—(10) can be simplified by changing from the Euler coordinates x
and y to Lagrangian coordinates x3 and y4. In this case

A -4
dt| Euler dt| Lagrange

D(u,v) Dfu.v) D(xoyo)_ n  Dfu,v)

n
= n— [V“XV U] Lagrange
D(x,y)  D(x,.y,) D(x,y) "o D(x,y,) "

[v "XVW]Euler ol

for arbitrary functions # and v. Hére D(u,v)/D{x,y) is the Jacobian of the
transformation (x,y)(x,v), n=n{xy,y,,%) is the running density and ny=n(xy,,,0)
the initial density in the specified Lagrangian point. Equations (8)—(10) take

in Lagrangian coordinates the form

3
i __".-—-[quVb] +————[Vb><Vn] + L tvaxvall, a1)
Jdt n, 22 nb? 2nb
9 n 5 pP-g?

q
— I T ) e — b‘
Fraliail vl LA LI N | (12)
db ni| g 1
— = —{— [VbxVnl, + — Evgxva],|. (13)
Jt n, bn? 2nb

The system (11)—(13) is autonomous; its solution yields the dependence of

n, q, b on xy,yy,t and then, using (5) and (7), we can change back to the Euler
coordinates, Many properties of the drift turbulence, however, can be investi-
gated on the basis of Eqs, (11)—(13) in Lagrangian form, Thus, Eq, (13) can
be written in the form 8b/8 +w,Vb=0, from which follows the important con-
clusion that B, and B,,, do not change, and no demagnetization can occur in
the 0 pinch, Furthermore, any state in which the level lines n, g, and b coin-
cide (in particular, axially-symmetric states) is stationary for Eqs, (11)—(13),
In the investigation of the stability of these states the equations for the per-
turbations 7, ¢, and b contain derivatives of %, g, and B along the level lines
of the statlonary states. It follows therefore that the eigenfunctions are local-
ized on these level lines, and the stability criterion can be expressed in terms
of the local values of the quantities n, g, and b and their derivatives,

An analog of the system (11)—(13) can be obtained also for arbitrary g. We
present the stability criterion and the growth rate for the general case

1
(T. +T.) yh
F=i__e__i V= Xk (14)
2eB(y+2B7Y)

X> 0 fo stability (15)

where k is the wave vector of the perturbation,
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X= 20 (7 -4B72) + 0% y- 1)(4ﬁ2-y)]+z T)[ye]

+ qh _Ti)73[4 (y-1628"1 + &, Ryl -2y(y+ 2871 + 26%(y-1) (y+2871)],

T, =T, \2
= VinA(A=B,n, T, =T); 92 =<—-> ; y=5/3. (16)
T, + T,

e i

It is seen from (16) that at comparable T, and T; the terms containing 8% can be
neglected (82<1/9 at 0.5< 7T,/ T; <2}, and the stability criterion takes the
simpler form

'?ZB ()" 23-1) - 2}/?" ?B > 0 for stability. (17)

1t follows from (17) that the states obtained by rapid heating (with an electron
beam, liner, or laser) of a homogeneous plasms in a uniform magnetic field,
and having k,~ kg as a result of the freezing-in, are unstable.

To illustrate the nonlinear regime, we consider the case of a strong tem=-
perature deviation q%(xy,v,t=0)=p%, It follows from (12) that this equality is
preserved at all times, and it follows from (11) and (13) that

d
2z l) = 0,06 ,— = f(x,, 5,).
dt b

Substituting this equation in (11), we obtain

(—) n (x 'yo) : (foV 1] = 0.

This equation is analogous to the equation v +vv’=0; “toppling”” of the profiles of
n and b takes place after a finite time, and discontinuities of these quantities
appear. An important role near the discontinuities is played by dissipative
effects, which determine the structure of the discontinuity. The description

of drift fluxes on the basis of Eqs. (11)—(13), which do not contain small pa-
rameters, seems to us to be quite informative and at the same time convenient
for investigation by numerical methods,
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