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Electromagnetic Effects on Rippling Instability
and Tokamak Edge Fluctuations

Sadayoshi MURAKAMI and Hamid SALEEM”

Nanoral Institute for Fusion Science
322-6 Orpshi-cho, Toks 509-5292, Japan

Electromagnetic effects on rippling mode are investigated as a cause of low frequency electromagnetic fluc-
tuations in tokamak edge region. It1s shown that, in a current-carrying resistive plasma, the purely growing
electrostatic rippling mode can turn out to be an efectromagnetic oscillatory instability The resistivity fluc-
tuation and temperature grachent are the main sources of this instability, which requires both parallel and
perpendicular wave vectors. The Alfven waves 1n a coupled dispersion relation are found heavily damped

in such dissipative plasmas
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£1. Introduction

Dissipative mechanisms usually cause damping of the per-
turbations. However in the presence of free energy sources
like inhomogeneities and currents, perturbations may become
unsiable even in a collisional plasma. More than three decades
ago, electrostatic npphing instability was studied first time in a
current-carrying resistive plasma with temperature gradient."
The purely growing rippling mode requires both the parallel
and perpendicular wave vectors. Therefore, in a high temper-
ature fusion plasma (> keV), it 1s considered that such pertur-
bations are not important because the parailel electron thermal
conduction tends to equalize the temperature and so the mode
is stabilized.

However, in the edge regions with low temperature, the sta-
bilization by thermal conduction is not so large. The experi-
mental observations of fluctuations and energy transport near
the tokamak edge regions invoked the nonlinear study of rip-
pling mode.” Then it was shown that the diamagnetic dnft
can couple with the rippling mode giving rise to oscillatory
instabilities in the resistive current carrying non-uniform plas-
mas.” Parallel thermal conduction and parallel eleciron fluid
compressibility effects were not included in this investigation.

In Iater studies, the rippiing mode and it’s relationship with
dissipative drift waves were shown in a sheared magnetic field
using Braginskii’s equations.*’ These investigations about rip-
pling mode have been limited to the electrostatic case only.
However many experimental observations have shown the ex-
istence of low frequency electromagnetic fuctuations in the
plasma edge regions.*® These experimental observations in-
voke considerable interest in an electromagnetic analysis of
the rippling mode.

In the present paper we study the electromagnetic instabili-
ty 1n a current-carrying resistive plasma as a cause of electro-
magnetic fluctuation in tokamak edge plasma. The tempera-
ture gradient which is associated with the resistive fluctuations
is the main source of instability in the presence of background

* Permanent address PINSTECH (NPD), P O. Nilore, Islamabad. Pakistan.

current.

In section 2 the bastc equations governing the phenomenon
are derived. In section 3 the linear dispersion relation in the
electrostatic Limit 1s first considered. Then the electromagnet-
ic dispersion relation for rippling mode is investigated where
we obtain three coupled modes. In section 4 we study the
parameter dependency of the electromagnetic rippling mod-
e with changing the wave and plasma parameters. Finally in
section 5, a2 summary of the present investigation is presented.

£2. Basic equations

We assume the external magnetic field, By, to be along
z-axis with the stationary parallel current only by electrons,
Joz(= ~—engvep:)- The pressure gradient is considered to be
in the x-direction (for electron temperature T, = T(z} and
density n. = n.(z)).

The perpendicular component of the electron fluid velocity,
Ve_Ly iS

Vel Ve+Vp+V, (2.1}
where

V= B%z x Vo,

Vo=— 5
D eBonez X v(neTe)a
C
=2 X (V1D
eBonezx( )

are the F x By, the diamagnetic, and the collisionless stress
tensor drifts, respectively. Furthermore ¢, ¢, e, and I are
the electrostatic potential, the speed of light, the elementary
charge, and the collisionless stress tensor, respectively. The
ideal gas law for the electron fluid has been assumed.

The parallel resistivity fluctuation, 7, is related with elec-
tron temperature by the relation

3 Tel

Mz = —35Te077>

22
27T (2.2)

where 7.0 = 1 meVey

=5 . Vep is the electron-1on collision fre-
TLe€
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quency and m. is electron mass. The subscripts one and
naught denote the linear and equilibrium quantities, respec-
tively.

Then the parallel component of electron velocity perturba-
tion is given by

(§+ ”E") Vsl ‘”*ea [® — N — 1.71T4]

8t 2
L Voot N 1
2 e0lels 1 1

2 a "
+% (Bt +Vpe- v) A, 23)

Tgl and A] =

—T—L denotes the parallel vector potentlal perturbation. The
unperturbed electron diamagnetic drift is denoted by V pg =
—(¢/eByng)2 x V(ngTeo). Equation (2.3) reduces to eq. (2)
of ref. (11) in the absence of external parallel current. For
purely electrostatic case in the limit | w [< < .o, this equation
reduces to eq. (10 b) of ref. (4).

We, here, assume that the wavelength of the perturbation is
much shorter than the density and temperature scale length-
s and the physical variables have a variation proportional to
exp{ik - & — 2wi), where w and k are the frequency and wave
vector, respectively. Then eq. (2.3) can be expressed as

[ (S Y [R¥S]

where v}, = 2=, &, = ecﬁ; LN =

20 Y veer = ik k(s — Ny — LT1T3]
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The charge neutrality condition couples the perpendicular
ion polarization current and the electron parallel current as

le

wpV®, = -k, (2.5)
where p,(= C—";"Bﬁ) is the ion Larmor radius at electron tem-
perature and J, (= —engv(..)} is the parallel current fluctua-
tion. The Ampere’s law together with eq. (2.5} gives arelation
between 4, and @, viz

(2.6}

where wg =vak: and va(= ""\/4:_';10=m) is the Alfven velocity.
The electron continuity equation gives

agel + (C/B()}Z X Vab; V'fte@ +n50§

Assuming |3/0t] << ¢|V|,wp. , the parallel component of
Ampere’s law yields

Ter: =0. (27)

~ (efdnne0e)VE Ao, (2.8)

Velz
and the electron continuity equation for flat density profile
(Ve = 0) becomes

- k.c
M=-= pYS

A, (2.9)

where Ap.(= 1/ =227 is electron Debye length.
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Using energy equation of Braginskii,'? we obtain the elec-
tron temperature perturbation as

(wy — 0. 47931;:2 ) @y,

2
vl k cT,
where wo, = Veookz, wy = 3.16-1¢ . wp = —BEE"kyrsT and

&7 is the inverse of temperature gradlent scale length. Here
w > ﬁ%yeg has been assumed and the perpendicular ther-
mal conduction has been ignored. Furthermore, in eqs. (2.3)
and (2.9), we have used the relations

(w — woz +iwy ) Tt = (2.10)

(Vp-V)ve, =— (V-in,, (2.11)
meNe

and

3 T

sVp VI,— —Vp-Vn,= ——I—V -q,, (2.12)
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where g, = — (f—ﬂ—m = ) z x VT is the Righi-Leduc electron

heat flux and w, = %Oc"

§3. Dispersion Relations

3.1 Dispersion relation in electrostatic limit

We, first, consider the dispersion relation for the electrostat-
ic limit case. In this case the dispersion relation of the rippling
mode can be obtained by taking the limit wek, /wy << 1
where the right hand side of eq. (2.6) becomes zoro. As are-
sults the dispersion relation of the electrostatic rippling mode
can be obtained from the coupled equations (2.4) and (2.10)
as follows,

- - 3 "
‘ifvtzekZ[(Di - L717 ] + Zer'Uenle =0, (3.1)

(w — woe +iwy ) T — wh®, =0. (3.2)

Then, the dispersion relation of electrostatic drift rippling
* . 3 Ye(ydpz
w=(wp: + L7lwpr)+2 | -

mode is given by
Wy — W
T :
4 ,the kg X

Ignoring the real part in this equation, the first term of the
imaginary part corresponds to the growth rate of the purely
electrostatic rippling mode!** and the second term is the sta-
bilization due to the parallel thermal conduction.

This shows that the rippling mode seems to couple linear-
ly with the drift waves (w ~ w}) in electrostatic limit where
the ion polarization drift is ignored and parallel electron per-
turbed current is not taken into account. That is because the
density perturbations are not important in the purely growing
electrostatic rippling instability. The electron density fluctua-
tions can take place in the presence of density gradient but the
ion dynamics has to be considered to fulfill the quasi neutral-
ity requirement. In this situation both ions and electrons have
the electric drift and they move together satisfying the charge
neutrality exactly.

If we introduce the electromagnetic effect the electromag-
netic rippling mode is not completely separate from Alfven
waves. The density perturbations give rise to Alfven wave
propagation and the coupling between the Alfven waves and
the electrostatic drift rippling mode take place in the presence
of density perturbations due to ion polarization drift and the
electron parallel perturbed motion which guarantee V - j =0

(3.3)
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even in the absence of density gradient. Then the nippling
mode does not follow the elecirostatic dispersion relation but
includes magnetic perturbation effects as well.

We observe that equation (2.6) implies A, = ad, where
a # 0. Just for the sake of comparison, we substitute the
parameters at T = 40 eV in this equation. Then we notice
A, = 0.3®; and therefore the magnetic energy density is not
ignorable.

3.2 Electromagnetic dispersion relation

The dispersion relation of low frequency electromagnetic
waves [n 2 current carrying collisional plasma can be obtained
by solving coupled equations (2.4), (2,6), (2.9) and (2.10). S-
ince we are interested mainly in rippling type instabilities we,
here, assume a flat density profile and we do not consider the
density gradient driven drift dissipative modes for simplicity.
Then, the set of coupled equations (2.4), (2,6}, (2.9) and (2.10)
yields the cubic order linear dispersion relation as follows:

Bspw® + (Bar + B2, )w” + (B + 1B )w

+(Bor +iBp) =0, (34)
where
By, = bw wo. + wiw(;z + 1.71w§~wf;, (3.5a)
By, = —bwf‘ewx - Wqux + Zyeow()zw}wiwt_ez, (3.5b)
By, = wpuwy; — (a — ])VZLDMX —whb+ bl
—w — L14p2kouh (3.5¢)
By, = ~wiwy — (@ — Do, — busns
—0.5p2 k2 Veowowhwis s (3.5d)
By = —wp — awp: — bwps, (3.5¢)
Bas = awy +(a — 1)5’—2"3, (3.56)
By, =a, (3.52)
and
a=1+XAk2, (3.5h)
b=k, (3.51)
K=k + kL (3.5)
Ae = €fwpe, (3.5%)
Wre = Vseks- (3.51)

We solve this dispersion relation (3.4) numerically as-
suming laboratory plasma parameters By = 37, and n =
10%3em ™. Figure 1 shows the temperature dependence of the
solutions of the dispersion relation (3.4); (a) the real frequency
and (b} the growth rate. The other parameters are k, = Sem™!,
k. =05 x 107%cm ™, vep: = 0-1veen, and &1 = 0.lem™',
respectively. We can see that only one of the three modes (so-
lution 1) is highly unstable with a growth rate of the order
of wy, at low temperatures (T, < 50eV). This corresponds
to the electromagnetic rippling mode with a relatively lower
frequency and with significantly shorter e-folding time. We
can see stabilization of this mode due to the parallel thermal

conduction in higher temperature regton (T, > 50eV).

We compare the electromagnetic rippling mode (solution
1) with the electrostatic rippling mode obtained by eq. (3.3)
in order to study the electromagnetic effects on the real fre-
quency and growth rate of rippling mode. Figure 2 shows
the comparisons of the real frequency and the growth rate be-
tween the electromagnetic and electrostatic rippling mode for
two typical parameters. The comparisons of the real frequen-
¢y and growth rate with k, = Sem™!, k. = 0.5 x 107%cm ™,
Vege = 0.10.4n, and k7 = 0.lcm™!, are shown in Fig 2-(a)
and (b). We can see that the real frequency is slightly de-
creased due to the electromagnetic effect. Also the small d-
ifference in growth rate at the low temperature region can be
seen. Fiuger 2-(c) and (d) show the comparisons in the case
of k, = 15cm™!, &k, = 1.0 x 107%cm™", vep. = 0.20esn,
and k7t = 0.1cm™!, where the Alfven frequency is closer to
the real frequency of the rippling mode. In this case the cou-
pling between the rippleing mode and the Alfven wave be-
comes stronger and the difference with the electrostatic rip-
pling mode is increased. Especially the electromagnetic effect
destabilize in the higher temperature region (T, ~ 60eV).

As a result we found that the purely electrostatic growing
rippling modes turn out to be an oscillatory instability in a cur-
rent carrying dissipative plasma. It is important to note that
a purely growing electrostatic resistive mode can become an
oscillatory instability due to the presence of pressure pertur-
bations. The recent experiments on tokamak discharges'* !
have observed significant level of magnetic fluctnations in the
edge region. Therefore we expect that the purely growing
electrostatic rippling mode can turn out to be an oscillatory
electromagnetic instability for relatively shorter wavelengths.

We can also see the other two modes (Solution 2 and 3} in
Fig. 1. These modes are the shear Alfven waves and high-
ly damped at low temperatures due to the strong dissipation
by particle collisions. We can recover this dissipative Alfven
modes in the limit wg — 0 and wg, — Oineq. (3.1) as,

2.2
i"—;ﬁw LA+ 11452 = 0. (3.6)
If we assume veoAZkiw” << wy and ignore the dissipation
term in this dispersion relation, we obtain the well-known dis-
persion refation for the kinetic Alfven waves as well as the
slow shear Alfven waves,

(1+ X2k%w” +4

Wi+ Pk
1+ AZk?
As a result we find that the shear Alfven waves are highly

damped in the low temperature edge region, even in the pres-
ence of temperature gradient and external current.

2

‘

(3.7)

§4. Parameter Dependency of Electromagnetic Rippling
Mode

In the previous section we have studied three coupled
modes in the dispersion relation (3.4). One is the electromag-
netic rippling mode and the other two are the shear Alfven
waves which are highly damped. Here, the parameter depen-
dency of the electromagnetic rippling mode is investigated
changing the wave and piasma parameters.

We, first, study the wave number dependency on the growth
rate of the electromagnetic rippling mode. Figure 3 shows the
comparnson of the real frequency (a) and the growth rate (b) of
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the ripphing mode with following four sets of parallel and per-
pendicular wave number values, k. and ky; (A) &k, = Sem™!
and k; = 0.5 x 107%cm™", B) k, = Scm™! and k, =
1.0x107%cm™ !, (C) ky, = 10cm™! and k. = 0.5 x 10~ 3cm !,
and (D) ky = 10cm ! and k, = 1.0 x 10~ 3cm™~'. The elec-
tron temperature gradient and parallel flow velocity are chosen
such that k7 = 0.1cm™! and veg, = 0.1¢,15, respectively.

We can see that the real frequency depend on both of k, and
ky. The k, dependency of the real frequency can be under-
stand by the strong dependency on the drift wave frequency,
w7 and the &, dependency comes from the change of normal-
ization factor w,o(= v.0.k:). The growth rate also shows the
dependency on both of k£, and k. The mode is most unstable
in the case of smailer k. and larger &, values.

Next, we study the density and the magnetic field strength
dependency on the eleciromagnetic rippling mode. Figure 4
shows the real frequency and the growth rate as a function of
electron temperature with changing the density and magnetic
field strength. We can see the weak dependency of the re-
al frequency on the density but the strong dependency of the
growth rate on the density [Fig. 4 (a) and (b)}. The strong de-
pendency of the real frequency on the magnetic field strength
can be seen in Fig 4-(c), especially in the higher temperature
region. Also it is found that the mode is more unstable in the
weak magnetic field, where the w7 increases.

The electron temperature gradient, xp, and the electron par-
allel flow, v,., are also important parameters for the growth
of rippling instability. We, next, study the dependencies of the
electron temperature gradient and the electron parallel flow on
the growth rate of rippling mode. Figure 5 shows the real fre-
quency and the growth rate of the rippling mode as a function
of the electron temperature gradient for two different param-
eters assumed in Fig. 2 (weak and strong coupling cases); (A)
ky =5cm Yk, = 0.5 x 10 %cm ™! and veg, = 0.1ve4p, and
BYk, =15cm Lk, = 1.0 x 10 3cm ™! and w0, = 0.200ss.
The electron temperature is assumed to be T, = 30eV,

The increase of growth rate can be seen as k7 increases
and the mode becomes unstable when k7 ~ 0.03cm™?. The
increase of k7 enlarges wt and the growth rate rises in the
higher s . Interestingly the saturation of the real frequency
and the growth rate can be seen in the strong coupling case.

Figure 6 shows the electron parallel flow dependency on the
growth rate of the rippling mode. The electron temperature
and the electron temperature gradient are assumed to be T, =
80eV and kp = 0.1cm !, respectively. The other parameters
of (A) and (B) are same as 1n Fig. 5. We can see the strong
increase of the growth rate as v,q, increases in the lower ve;
region (Vep, /Vesn < 0.1) while this increment of the growth
rage suppressed in the higher v, region. We can not see
any difference of the tendency between the weak coupling and
strong coupling cases.

§5. Summary

We have shown that electromagnetic perturbations can be
associated with the rippling mode instability to explain one of
the causes of low frequency electromagnetic fluctuations ob-
served in tokamak edge regions particularly in shorter wave-
fengthregime. The purely electrostatic growing rippling mod-
e can appear as an oscillatory electromagnetic instability, It
is noticed that this instability can not occur in hot regions of
the plasma. As the temperature increases this electromagnet-

ic perturbation damps very rapidly. Since the mode has non
vanishing parallel wave vector therefore paraliel thermal con-
duction equalizes the temperature as it increases. This phe-
nomenon is similar to the electrostatic rippling instability.

Our analysis shows that the electrostatic drift rippling mod-
€ can couple with Alfven waves in current carrying resistive
plasmas. The electrostatic drift rippling mode is considered
to be a longer wavelength perturbation such that A2k? << 1
and k7 ~ 0.1. In case of shorter wavelength perturbations for
which Ak ~ 1 and k7 ~ 0.1, we think the electromagnetic
effects should not be ignored completely. In this case the rip-
pling mode is coupled with electromagnetic Alfven waves as
well. The real frequency of the electromagnetic rippling mode
remains below the Alfven frequency. But as we have shown
that the level of the fluctuation of magnetic vector potential
can be about one third of electrostatic potential. In this case
the electromagnetic effects should be taken into account and
this study can explain a possible cause of relatively shorter
wavelength fluctuations observed in the tokamak edges.

In the plasma edge regions with relatively ow temperatures
(Te < 50eV), the temperature gradient would become steep
and electromagnetic rippling instability can take place giv-
ing rise to particle and energy transpott. This mode can cou-
ple with the electromagnetic and electrostatic drift dissipative
waves in the presence of density gradient, However the large
magnetic shear in tokamak edge region enlarges the parallel
wave vector, k., and would stabilize this mode.

In this study we have discussed the electromagnetic effects
on the rippling mode with Jocal approximation. The non-local
effect (e.g. magnetic shear) would afso have some influence
on the rippling mode. Hassam and Drake® considered the
non-local effects on the rippling mode but in the electrostatic
limit. Electromagnetic case is more complicated due to the
effects of paraliel vector potential and this is our future work.
Also we have assume the flat density profile in this analysis.
The density gradient also have significant effects on the rip-
pling mode. This would be discussed in the different paper.
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with Alfven wave cases in Fig 2).
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