1998 | CPP& 25th EPS Conf. on Contr. Fusion and Plasma Physics, Praha, 29 June - 3 July. ECA Vol. 22C (1998) 1923-1926.

ELECTRON MHD OF PRESSURE DRIVEN PERTURBATIONS
IN STRONGLY MAGNETIZED, INHOMOGENEOUS PLASMA

B.N. Kuvshinov, E. Westerhof and T.J. Schep

FOM-Instituut voor Plasmafysica ‘ Rijnhuizen’, Associatie Euratom-FOM,
Trilateral Euregio Cluster, PO Box 1207, 3430 BE Nieuwegein, The Netherlands

1. Introduction

Electron magnetohydrodynamics (EMHD) [1-4] has been devel oped to describe phenomena at
frequencies w large compared to the ion gyro- and plasma frequency, but below the electron
plasma frequency. Phase velocities are taken small compared to the speed of light, lw < c. It
followsthat | < ¢/wy; [1]. With thisordering, al ion motions are negligible and the dynamics
isgoverned by the electrons. In particular, the current is carried by electronsonly, j = —en. V..
Spatial scales may fall below the collisionless skin-depth d. = ¢/w,., but remain larger than the
Debijeradius.

Usually EMHD is applied under conditions where the current density j and velocity V.
are incompressible, i.e. for negligible density perturbations and gradients. This requires the
following conditions[1,2]: frequencies must be smaller than the el ectron plasmafrequency wy.,
scalelengths/ should be much larger than the Debije length and, finally, (2 /1%)(w}, /w2, ) < 1
must hold, where d. = ¢/w,. istheinertial skin depth and wp. is the electron gyrofrequency.
Thislast conditionimpliesarestriction to weskly magnetized plasmas, wg. /wye < 1, Or tolong
scale lengths, @2 /1? < 1. We have extended the EMHD model to include density perturbations
and inhomogeneity [5], allowing a description of short scale phenomenain strongly magnetized
plasmas with (dZ /%) (wp,/w?.) = O(1).

2. Theéelectron fluid: equilibrium and perturbed density

The electron density iS n. = ney(x) + 7e(x, t), where n.,(x) is the nonuniform equilibrium
density and 7. isthe perturbation. The equilibriumisassumed to be quasi-neutral. The magnetic
field has a dominant equilibrium contribution with a small perturbation, B = B, + B. The
equilibrium currents are negligible compared to perturbed currents.

The basic equations are the collisionless electron momentum balance

d e
me— Ve = —¢E — EVe x B — vp , (1)
dt c

Te

with the electric field E, magnetic field B, electron mass m.., and electron pressure p. = n.1e,

and Maxwell’s equation
4 10E
B="j+-—. 2
VX c I+ c Ot )
Since (lw/c)?* < 1, the displacement current is negligibly small except when the left hand side
is annihilated by taking the divergence of Eq. (2). In that case, it isjust this small term that

determines the compressibility of the electron flow, i.e. thevalueof V - V..
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We obtain the density perturbation 7. from Poisson’s equation, in combination with the
divergence of the electron momentum balance (1). The latter gives

1
—dmie=V-E=——V-[V.xB] (3)

with negligibly small electron inertia and pressure terms. Assuming weak inhomogeneity,
i.e lk, < 1where s, = —dlnn.(z)/dx, and small density perturbations . /ny < 1, with
reference value n, the fluid velocity is to leading order

j c
V.~ ——— ~ — V x B. 4
eng 4mnge (4)

Substituting thisinto (3) yields the electron density perturbation,

~ 2 g
Te Wge 2 , B
e _ Pe Vi—_ 5
no w]%e e © By’ (5)

where e = B,/ By is the unit vector in along the equilibrium field with reference value B,.
According to (5), the density perturbations are 7, /ng = O(B/B,) for (wpe/wpe)?(de/1)? =
O(1). Selfconsistency of the model requires small perturbations B/ By < 1.

3. CompressibleEMHD

The basic equation of EMHD is obtained from the curl of the electron momentum balance (1),
using the induction equation to eliminate E. This gives

082 1
7 _ 2 — —

5 V x [V, x £2] o Vne X Vpe, (6)
where 2 = (e/mc)B —V x V. isthegeneralized vorticity. Equation (6) statesthat {2 isfrozen-
intotheelectron fluid, while nonaligned density and pressure gradients present avorticity source.

With the help of the continuity equation, Eg. (6) can be rewritten as

0 0 N 1
A, e’ - = e & €. 7
<8t * ) Ne  Me mend (ne/no) > Vp (7)

This eliminates explicit occurrence of V - V.. Inthe remaining terms 'V, can be substituted to
leading order (4). We introduce the normalized potential vorticity §2*

"= —— ~B/B, — d*V’B/By — e(n./ng — 1). (®)

As aresult, we can now bring Eq. (7) back into the form of the original EMHD equation (6)

o8
ot

where the normalizationst — wg.t, x — x/d. and 8 = p. /4w B have been introduced.

= —V x [(V x B/By) x 2] = V(n./ng) x V, (9)

In many cases, the dynamics will effectively be 2D due to the dom-
inant equilibrium magnetic field. 2D EMHD is obtained by writing the total magnetic field
asB = By{(1+b)e, + V¢ x e}, where e, isthe unit vector in the z-direction, By is the
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equilibrium magnetic field, which is supposed to be homogeneous, and ¢ is the poloidal flux
function. Then, taking the z-component of Eg. (9) one obtains

001 = —[5,92) + [, 8] — [(ne/no), B, (10)

ot~
with @ = ¢) — V21, and the bracket | , | denoting the Jacobian, [f,g] = e, - Vf x Vg =
(0f/0x)(0g/0y) — (Of /0y)(0g/0x). Dropping the constant leading order term unity, the
z-component of the vorticity 2F may be written as

Qf =b— AZVib+ (1 — ney(x) /n0), (11)

where A = 1 + wp, /w?,. The evolution of poloidal flux follows directly from the z-component
of the electron momentum balance (1). Onefinds
0
—® = —1b, D|. 12
58 =—[b.9) (12)
Equations (10)—(12) form the equations for 2D EMHD of strongly magnetized, inhomogeneous
plasma. For ¢y = 0 the model reduces to an equation of the Hasegawa-Mima-Charney ([6] and
references therein) type. Compared to existing 2D EMHD models [3,4], density perturbations
lead to arenormalization of the electron inertiaterm, and the corresponding length scale, in the
vorticity equation by thefactor A. Theflux equationisunaltered. Asshownin[5] our equations
describe nonlinear helicon-whistler waves and, nonlinear electron gradient waves[7].

4. Hamiltonian for mulation of 2D EMHD

Neglecting the pressure source term, the 2D model equations can be cast in noncanonical
Hamiltonian form [5]. Equations (10), (12) conserve the Hamiltonian integral [3]

1 2 *
Hzé/dx(sz—z/@). (13)

Note, that the usual energy integral [4] is obtained by adding to H the conserved integral
[ d?z ®*. The right-hand sides of Egs. (10), (12) can then be expressed in terms of the
variational derivativesof H as (with implied summation over recurring indices)

06 SH . O
W—lwkj,é—é_j], with W_(cp O)’ (14)

whereé; = QF, & = @. If asystemisrepresented in the form (14), it possesses a noncanonical
Hamiltonian structure with the Poisson bracket given by [8]

OF 6G
F,G} = i | =, —| dr. 1
(R = [wy |35 | (13
With this bracket, the evolution equations (10) and (12) are written in Hamiltonian form
O&(r
) _ {6 (ro). ). (10
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5. Pressure driven perturbations

In case of afast, localized electron heating, like ECRH, a pressure perturbation can be created
that, together with the equilibrium density gradient acts as alocal source of vorticity (10). A
Gaussian pressure perturbation in combination with alinear density gradient is seen to generate
adipolevortex with itsaxis perpendicular to thedensity gradient. The nonlinear evolution of this
vortex isstudied witha 2D pseudo-spectral code. Figure 1 showstheresultsof acalculationwith
A = 2, inverse equilibrium density scale length «,, = .002 d_' along the z-axis and pressure
perturbation 3(r) = 0.01 exp(—7?/4d?). At early times a dipole vortex with its axis aligned to
the density gradient is generated as shown in Fig. 1a. Next, the vortex axisis rotated and the
dipole moves away from the source region leaving behind amonopolar structure (Fig. 1b). Also
the density contours and, consequently, the vorticity source are distorted.
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Fig. 1: Contours of constant vorticity, b — AV?2b, at (left) 7' = 500 with equidistant contours [-.003, -.002,
..., +.003] and (right) T' = 6000 with equidistant contours [-.021, -.015, ..., +.021]. For plasma parameters
see text.
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