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Lateral deflection of the SOL plasma during a giant ELM
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Abstract

In recent H-mode experiments at JET with giant ELMs a lateral deflection of hot tokamak plasma striking the
divertor plate has been observed. This deflection can effect the divertor erosion caused by the hot plasma irradiation.
Based on the MHD model for the vapor shield plasma and the hot plasma, the Seebeck effect is analyzed for expla-
nation of the deflection. At t = —oo both plasmas are at rest and separated by a boundary parallel to the target. The
interaction between plasmas develops gradually (‘adiabatically’) as exp(z/#) with #y ~ 10> ps the ELM duration time.
At inclined impact of the magnetized hot plasma a toroidal current develops in the interaction zone of the plasmas. The
J x B force accelerates the interacting plasmas in the lateral direction. The cold plasma motion essentially compensates
the current. The magnitude of the hot plasma deflection is comparable to the observed one. © 2001 Elsevier Science

B.V. All rights reserved.
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1. Introduction

To achieve better plasma confinement the H-mode of
operation is used in tokamaks, in which edge localized
modes (ELMs) develop [1]. During an ELM, the ex-
pelled hot plasma is lost to the scrape-off layer (SOL)
and is guided to the divertor along the magnetic field
lines (see Fig. 1). This can result in rather serious di-
vertor damage. In recent H-mode experiments at JET
with giant ELMs, a lateral deflection of both separatrix
strike points has been observed [2]. During the initial
stage of ELMs, the separation of the strike points in-
creased between 20 and 36 cm. This deflection can effect
the divertor erosion because of enlarging the irradiated
area.

From the experiments and their interpretation it is
unclear which physical mechanism produces the lateral
deflection. For ELMs of duration of 10? s and target
heat loads in the 10 GW/m” range the eroded material
(carbon or beryllium) forms a vapor layer which shields
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the target [3]. The numerical simulation of the hot
plasma target interaction has to include the influence of
the lateral deflection of the vapor shield, because of its
influence on the shielding efficiency. Up to now two
models handling the deflection mechanisms are available
[4,5]. Both models include the vapor shield and are
based on the thermoelectric effect, which depends on the
inclination angle o of the magnetic field to the target.
The presented approach improves the model of Land-
man [5] aiming to explain the mentioned experimental
results.

2. Main assumptions and equations

Initially the hot plasma heats the unshielded wall.
After some time vaporization starts and the vapor
shield develops. The thermoelectric effect accompanies
this process from the very beginning, but the starting
phase is not taken into account. The analysis starts
from two toroidal plasmas initially being at rest (see
Fig. 2). For the lateral (y) and toroidal (z) coordinates
symmetry is assumed (0/0y =0, 0/0z=0). The
plasmas have the sizes a,, a, and a. with a, = L. for
the cold plasma and a, = L, for the hot plasma. The
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Fig. 1. The divertor and the geometry of the SOL schemati-
cally. The strike points of the SOL plasma are located at the
divertor plates. The toroidal coordinate z (not shown) is
orthogonal to x- and y-axes. The lines of poloidal magnetic field
indicate the x-axis.
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Fig. 2. Positions of the plasmas schematically. a,, a, and a. are
the plasma sizes with a, shown in the figure to be equal for both
plasmas. Compensating toroidal currents / and —/ are devel-
oping in the hot-cold plasma interface. The lateral deflection
develops in y-direction.

components of the initial magnetic field are given as
By = (B,,0, B.) with B, = Bgsina, B, = By cosa. Electric
currents in x- and y-directions are assumed to vanish

thus it remains only an eddy current / in toroidal di-
rection.

A large difference is assumed to be between the hot
and the cold plasma temperatures (7; > 7). With this
condition, the stopping length /. of the hot electrons in
the cold plasma is much larger than that of the hot ions.
The hot electrons propagate into the cold plasma or
penetrate into the target getting absorbed there. The hot
ions are assumed to be stopped at the boundary between
the plasmas. Thus in the cold plasma an electron flux
appears, which compensates the flux of the hot electrons
and produces a toroidal current of density J,. This cur-
rent produces the z-component E, of the electric field E
and a perturbation B, of By (below it is shown that B, is
small compared to By). The fields E. and B, obey
Maxwell’s equations
0B, 4n 0B, OE,

—=—J. —=c Bl . =
aX ¢ zy at ax7 }|mlt

0. (1)

The x-component of E is given as E, = —0¢/0x with ¢
the electric potential obtained from the quasineutrality
equation n. = n; = ny, for the hot plasma and n, = Zng
for the cold plasma with Z the mean charge state and n
the particle densities. ny, is small compared to n; and ne..
The pressure balance is given as (ng + nice) Te =~ 2ny Th.

The final magnitude of the deflection depends sig-
nificantly on the evolution of the plasma interaction,
which in turn depends on the hot electron current Jy.
in the cold plasma. The regime adequately fitting to
the experiment assumes a gradually (‘adiabatically’)
switching on of Ju. according to exp(¢/#) with #, the
time duration of the ELM. The initial time moment
corresponds to t = —oo and the final one to ¢ = 0.

The density ny of the hot electrons in the cold plasma
and the current Jp,. are obtained by use of the Boltzmann
distribution according to

(MU
he =7 Jesinoe Ty )’

J — CUThelthe exp 1
he \/E fo

with v = (27;,/ me)l/ 2 the hot electron thermal velocity.
The stopping effect is provided by the exponential factor
including Z.. The potential energy U(x) consists of the
sheath potential barrier ¢, ~ T /e between the plasmas
and the ‘effective potential’ ¢ according to
"EB dx
By sina’

(2)

Ux) = ey — eox) with o(x) = (3)

The lateral plasma motion (in y-direction) is analyzed

for both plasmas with the MHD approach. The Euler

equation writes as
oV, B..

at c ’ }'|m11

=0, (4)
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with ¥} the ion velocity and p = p. or p = p; the mass
density. The wall stops the plasma motion, therefore the
boundary condition ¥, = 0 is valid at x = —L.. Another
boundary is assumed to simulate the middle plane of the
SOL in relation to which the lateral deflection is sym-
metrical. Thus 0V} /0x = 0 is valid at x = Lj,.

The whole current is split into the hot and cold
electron currents according to

Jhex +Jcex = 07 Jhey +Jcey = 07 Jhez +Jcez = Jz (5)

with Jhey = Jhe sSinat, Jney =0, Jher = Jnecosa and Je.
found from the Ohm’s law as

J:0<E+%Ve><B) (6)

with ¢ the conductivity and V. the velocity of cold
electrons. In the hot plasma Ohm’s law is also applied
assuming ¢ = oo.

3. Results of the model

A detailed description of how to solve the system of
equations Egs. (1)-(6) is given elsewhere [6]. The cur-
rents J, and Jj,. are eliminated from the system resulting
in an equation for the potential ¢, the solution of which
at small B, values is obtained as

(ﬁ(x)%—%ln (1+K(l—exp (z_i))) )

with the dimensionless parameters

K — ez/lenThenh €Xp (— €¢0/Th) _ Lh

2oy ’ Jesino’
From Ohm’s law the equation for B, is obtained ac-
cording to

®)

B, o

2 _p -2

ot Y ox

_ [%(%%—gsinm%exp<é))7 x<0]. )
07 x>0

From Eq. (4) the boundary conditions 08, /0x|,__; =0
and B,|._, =0 are obtained. Eq. (9) requires also the
fitting at x = 0, which is obtained integrating Eqs. (4)
and (9) over a small interval across the boundary thus
guaranteeing the continuity of B, and E..

Egs. (1), (4) and (9) are linear. Due to this an ana-
lytical solution is obtained as

Kello
V;- ~ Ty naKe
N
sx/Ly ) _ —sl¢
" eto(—x) e (10)
T+ K(1—e/i) 1 1K(I—e k)

with Vj the Alfven velocity and p, @ and /. the dimen-
sionless parameters given as

V. By p cTytycota
A = b = - 2
\VAanpy eBy/; (11)
Ly L
L=

a=—7-",
toVa sin o

The lateral deflection is given as 4, = #V,. The para-
meter K is reversely proportional to the conductivity o
of the cold plasma. Thus according to Eq. (10) if the
cold plasma would be a perfect conductor, the deflection
would not occur because 4, — 0 at ¢ — oo.

The magnitude of B, at the separation boundary is
obtained as

2 t\ el 0
800 s (1) 2

12
to T, Ox ( )

x=—L¢

In order to estimate the value of the deflection some
typical physical parameters are chosen. Unfortunately
up to now the SOL plasma temperature 7; and the
density n, have not been measured in ELMs. Never-
theless, it is assumed that n, is of the order of
3 x 10" cm~3 and T;, of 3 keV. From the calculations of
[3] the temperature of the cold plasma T is assumed to
be 30 eV. A deuterium hot plasma and a graphite plate
in the inclined magnetic field with By =5 T and o« = 0.1
rad are applied. In case of graphite, Z =5 is a typical
value for the charge state.

For these conditions and with L, = 1 m, p, = 12mpn,
and p, = 2mpny,, and using the pressure balance equa-
tion, the parameters K, s, u, and a are obtained as

K=12, s=14, pu=11x1072

a = 1/140. (13)
In these estimations the conductivity is expressed as
0 = NeeTee/Mme = 3 x 101 571, The electron—ion colli-
sion time in the cold plasma is given as T, =
3.5 x 104(T.)"?/(Zne) =~ 2 x 10719 s with 7, in electron-
volts. The stopping length is given as A, = vpeTs & 6 m
with v ~3x10° cm/s and 1, = rce(Th/Tc)”2 ~
2x 1077 s.

From Eq. (10) follows that maximum deflection of
the hot plasma is obtained for L. < A.sina. The hot
electrons mainly reach the target and the hot plasma
deflection A4y, is larger than that of the cold plasma
A.. The relation of the deflection is given as
A/ 4w = (K 4+ 1)L./(%esina). For typical values of
physical parameters, 4, is obtained as A, =~ 7 cm. The
behavior of 4; at L. < A.sina is given as

0.72 epy\ fo [30eV\?
An fom] ~Stana P (1 _Th) 102|,J.S< T; )

12
LY i . (14)
By \ 3keV 3 x 1013 ¢m—3
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Fig. 4. The deflection of the plasmas after 100 ps as a function
of the cold plasma thickness.

A typical behavior of the deflection velocity is shown in
Fig. 3. The deflections of the hot and cold plasma in a
wide region of the parameter L. are shown in Fig. 4.

4. Discussion of the results

In order to provide the linear character of the ana-
lyzed problem the assumption that B, is small was used.
For the adiabatic development of the plasma interaction
B, is obtained from Eq. (12). At the final time moment
and for a the small thickness of the cold plasma B, gets
about 0.02 G. Despite of such a small value of the in-
duced magnetic field, the lateral deflection of the hot
plasma being of the order of the experimentally mea-
sured values occurs only due to the non-zero B,. The
small contribution of the vortex electric field to ¢ makes
the effective potential equal to the usual electric potential
with a good accuracy.

The observation that the deflection occurs only due
to the inclination of the magnetic field is met in the
presented model because according to Eq. (14) the larger
the inclination (the smaller «) the larger the deflection.

The assumption of an adiabatic increase of the in-
teraction intensity in which the characteristic time of the
switching on of the plasmas interaction is of the order of
ty seems to be reasonable. In this case , the amplitudes of
the high frequency parasitic modes become negligibly
small if # is much larger than their oscillation period.
The deflection velocity at each time moment depends
only on the intensity of the current generation. In the
opposite case of a sudden start of the interaction the
induced self-consistent electromagnetic field propagates
with the Alfven velocity along the magnetic field lines
into the hot plasma as a pulse. A similar wave propa-
gates in the cold plasma. In reality the wave front
reaches the boundary of the hot plasma in a time
Ly, /(Va sin |¢|) being much smaller than #. Due to the
reflection from the boundary, plasma modes of rather
high frequencies and amplitudes would occur. For the
above-mentioned typical parameters, the Alfven velocity
is obtained as V4 &~ 10° cm/s. Using the value L, = 1 m
the relation of £ to the time of the mode propagation
through the plasmas is estimated as a~' ~ 10%. Thus the
mode frequencies are of the order of 1/(#a), which does
not relate with the characteristic time ¢, of the problem
under consideration. Similar remarks concern the cold
plasma.

According to Eq. (10), the lateral velocity of the hot
plasma is proportional to the factor [exp —L./(Ze sina)].
Thus, when increasing the thickness L. of the vapor
shield the lateral velocity decreases. According to
Eq. (14), the hot plasma deflection velocity is propor-
tional to (7,)** and thus should be larger at the initial
stage of an ELM. Hence the experimental observation
that the strike points mainly move before arrival of the
power flux pulse correlates well with the model.

5. Conclusion

SOL plasma deflection may play a significant role in
the problem of hot plasma-solid wall interaction be-
cause the exposition area of the hot plasma is increased
and because of the development of an additional
mechanism of cold plasma removal from the exposed
area. Due to this the target screening may get less ef-
fective, thus causing enhanced wall erosion despite the
decrease of the average target heat load. A first simu-
lation of the plasma-target interaction with a given
lateral velocity of the hot plasma showed significant
decrease of erosion. But for drawing final conclusions a
consistent simulation of vapor shield and deflection is
necessary.
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Despite rather significant mathematical simplifi-
cations of the plasma-target interaction, which were
necessary for the development of the analytical model
for the deflection effect, the approach seems fruitful. The
quantitative agreement and the qualitative similarity of
the theoretical and the experimental results demonstrate
that the physical picture used is relevant for the real
deflection phenomenon. The still rather artificial one-
dimensional model considered in this work may be
useful for the development of a more adequate one- and
two-dimensional numerical simulation of the plasma
target interaction with accounting for the lateral de-
flection of both the hot SOL plasma and the vapor
shield layer.
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