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Charged particle losses at the plasma edge affected by resonant magnetic perturbations (RMP) are
considered by taking into account the electron and ion flows both parallel and perpendicular to
perturbed field lines. Calculations are done for H-mode plasmas of low collisionality, i.e., under
conditions where significant pump out of particles has been observed in experiments on the DIII-D
tokamak [J. Luxon, Nucl. Fusion 42, 614 (2002)] with RMP from the I-coils. It is demonstrated that
the perpendicular ion flux, arising by magnetic field stochastization due to the deviation of poloidal
rotation from the neoclassical one, is of more importance than the parallel ion flow. With both loss
contributions included, computations provide a pump out level in agreement with observations if the
screening of RMP by the plasma rotation is taken into account. The impact of possible enhancement
in the perpendicular electron transport due to fluctuations observed with RMP in the edge transport
barrier is assessed. © 2008 American Institute of Physics. [DOI: 10.1063/1.2959122]

I. INTRODUCTION

Significant pump out of plasma particles induced by ex-
ternal resonant magnetic perturbations (RMP) has been ob-
served in several devices.'™ This phenomenon normally ac-
companies suppression or mitigation of type I edge localized
modes (ELM) in the presence of RMPs in collisionless
H-mode plasmas 3 The fact that stronger density drop is
seen by the total suppression of ELMs” than by incomplete
ELM rnitigation3 reveals pump out as one of the key pro-
cesses leading to the ELM modification with RMPs. It is
normally believed that such a modification takes place if
RMPs result in stochastization of magnetic field.? In the pre-
vious analysis,4’5 the flows of electrons and ions along sto-
chastic field lines were assumed ambipolar and considered as
the main channel for the enhanced particle exhaust. The re-
duction of plasma density experimentally found in the
DIII-D tokamak operated with the so called I-coils® was re-
produced well in calculations provided the RMP are not
screened by plasma rotation®’ in the Edge Transport Barrier
(ETB).

Estimates show that the latter assumption should indeed
be justified if the toroidal rotation only is taken into account.
However, due to very sharp gradients of parameters, the po-
loidal plasma velocity in the ETB may be comparable with
the toroidal velocity and, therefore, be more effective for the
screening. It is demonstrated in this paper that in such a case,
the parallel particle flows are not efficient enough to explain
the experimental level of pump out, and other mechanisms
for particle transfer in a stochastic magnetic field have to be
taken into account.

In static plasmas with open stochastic field lines,
quasineutrality requires the ambipolarity of radial fluxes of
electrons and ions. If only flows along stochastic field lines
contribute to radial particle losses,*” these flows have to be
ambipolar also. The latter requirement can be satisfied only if
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the radial electric field E, is equal to a particular value E,
governed by the radial gradients of the electron density n and
temperature Tg.g’9 On the other hand, by acting on ions, E,
competes with the Lorentz force that arises due to the plasma
rotation. Therefore, E, and the ion poloidal velocity V4 are
interdependent. If E, differs from E, ., for which V is equal
to the velocity prescribed by neoclassical theory, a poloidal
viscous force is generated leading to an outward drift of
ions.'"™" The quasineutrality of the plasma is maintained ow-
ing to the deviation of E, from E,;, thus allowing a parallel
electron flux that exceeds the parallel ion one. Thus, in a
stochastic region both parallel and perpendicular flows of
electrons and ions can be generated that are nonambipolar
apart.

In this paper, both parallel and perpendicular flows aris-
ing in a stochastic magnetic field are taken into account by
considering the modifications in the density profile caused by
the I-coils in DII-D.*'*'* The parallel flow is calculated
from the plasma parallel motion equation as it is described in
Ref. 5. The perpendicular flux is determined by taking into
account the radial and poloidal force balances for ions and
ambipolarity condition for the total radial fluxes. The RMP
screening factor has been taken from Ref. 7, where it was
calculated numerically on the basis of kinetic modeling rel-
evant for the collisionless plasma in the ETB. The poloidal
rotation velocity is estimated self-consistently while the tor-
oidal flow is taken from experimental measurements of car-
bon ions that are assumed to be representative for the deute-
rium ion flow."

Il. CHARACTERISTICS OF STOCHASTIC MAGNETIC
FIELD

Normally, an external magnetic perturbations is a super-

position of Fourier harmonics B m. eXp(iMO—iN¢g) with di-
verse multiplicities M and N in the poloidal and toroidal

© 2008 American Institute of Physics
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directions ¥ and ¢, respectively. At resonant magnetic sur-
faces (RMS) with the safety factor ¢ equal to the ratio M/N,
an RMP produces magnetic islands with a width of'*

WM’N=4\’bM’NRr/(N§), (1)

where bM,Nzg,rW’N/B,r and R are the RMS minor and major
radii, correspondingly, and §=dIn g/dInr is the magnetic
shear. If the perturbation is strong enough and the so called
Chirikov parameter oc,=Wy, y/Ar, with Ar=r/(M35) being
the distance between adjacent RMS for which Ag=1/N, ex-
ceeds 1, different island chains are overlapped and magnetic
field stochastization takes place. In this case, the behavior of
field lines can be characterized by considering the distance
between two neighboring field lines, 6, which increases with
the distance [ along the lines. Thus, & grows up exponentially
for small distances I, 8(I) ~exp(l/Lg), where Ly is the so-
called Kolmogorov length:1

Lg =~ mqR(2/ 1/ ocy)¥?. (2)

For [> Ly, field lines displace radially in a diffusive manner,
8(1)=V2Dgl. In a quasilinear approximation, the diffusivity
Dy is represented by the sum of Dirac functions centered on
RMS," Dy = mgRS M,ijzw,N5(M /q—N). In order to proceed
to a smooth radial dependence of Dy, we assume that due to
the broadening of resonances, the contribution from the
(M ,N) harmonic is distributed over the whole island pro-
duced by it. Consequently, at a given radial position the sum
has to include all harmonics whose islands comprise the
point in question. If their amplitudes are not very different,
the total number of such harmonics is equal to o}, and

DFL = Wqu%/[,No-Ch . (3)

Henceforth, we will use the formula above, although it was
not rigorously derived yet.

The variation of by, y with the distance from the separa-
trix at r=a can be described in the first approximation by the
following relation:

by n(r) = b (@) X (rla)"=" X fi;. 4)

Here bOM’ (@) is the amplitude at the separatrix computed in
vacuum approximation. The second factor is a geometrical

one and M=M in a cylindrical approximation.16 In DIII-D

with divertor, M < M since the poloidal mode number “seen”
by the plasma is different from that of the I-coil located at
the low field side where the pitch angle is larger than in the

vicinity of the X-point. Firmly M and its radial variation can
be determined only by calculating vacuum RMP numerically,
see Refs. 17 and 18. Presently we neglect the difference be-

tween M and M because this affects the radial behavior of
by v much weaker than the last screening factor in Eq. (4),
fsor- This takes into account the shielding of the RMP by
currents induced on the resonant surface as a plasma re-
sponse to perturbations. The estimation of the screening fac-
tor is a very delicate point. As it is demonstrated in Ref. 19,
at least 10 different regimes of RMP shielding can be distin-
guished depending on the relations between characteristic
times of different physical processes involved in the screen-
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ing phenomenon. Therefore, a numerical approach is the
most reliable by determining f,, especially by taking into
account that the MHD approximation applied in Ref. 19 may
be questionable under collisionless conditions in question.
Henceforth we use the results of Ref. 7, where the RMP
shielding was numerically analyzed on the basis of a kinetic
model. The radial variation of f,, computed for the plasma
conditions in DIII-D similar to those discussed in the present
paper are taken from Fig. 5 of Ref. 7.

lll. PARTICLE FLOWS IN STOCHASTIC MAGNETIC
FIELD

Ambipolarity constraint. In a stochastic field, radial gra-
dients of plasma parameters generate fluxes of electrons and
ions both perpendicular and parallel to the field lines,
l"ﬁ’i and l"ii, respectively. They have components in the ra-
dial direction normal to unperturbed magnetic surfaces,

Fﬁjz I'¢"-B,/B and l"i’;rE I'“'-e,, where e, is the unit radial

vector. Here, plasma quasineutrality is maintained when the

ambipolarity constraint
r,=r,+I" =TIy

ILr Ir

+I', S

is satisfied for the flux components averaged over ¥ and ¢.

Parallel flux contribution. The ion flow along stochastic
field lines has been theoretically analyzed, e.g., in Refs.
20-22. It was assumed there that due to anomalous perpen-
dicular viscosity, the parallel plasma flow is deeply subsonic
and the nonlinear inertia term in a parallel momentum equa-
tion can be neglected compared to the pressure gradient. This
assumption fails for the ETB conditions where the viscosity
is at very low neoclassical level and radial gradients of
plasma parameters are extremely sharp. Therefore, in Ref. 4
the viscous term was neglected but the inertia term has been
retained. This approach was developed further in Ref. 5,
where the radial variation of the field line inclination angle
was taken into account. Henceforth, I" ﬁ’r is calculated by fol-
lowing Ref. 5.

According to Ref. 8, for the collisionless ETB in
question

dlnn 1dInT, ¢E,
PO I b (6)

—+ +
dr 2 dr T

e

e _
r=" thh,eDFl<

where Vi, ,=+2T,/(mm,) is the electron thermal velocity.
Thus the ambipolarity of parallel electron and ion flows,

Fﬁ;f‘f"r, is achieved when E, is equal to
T, Ti, dinn 1dInT,
Eamb == + + - . (7)
e \nVy, .Dg dr 2 dr

Consideration for ion parallel flow™*’ provides as a crude
estimate I'! ~—c,Dpdn/dr with the ion sound velocity
c¢,=+\(T;+T,)/m;. Thus the first term in the brackets in Eq.
(7) is smaller by a factor Vm,/m; than the other ones and
E,.,>0 for normally negative gradients of density and
temperature.

Perpendicular flux contribution. This flux component,
I, , is determined from the radial component of the ion
force balance,10
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1 dnT,
eEr+e(V13B<p_V<pB19)__d_=0 (8)
n dar

and the equation

T | R
A 2T Ln(Vy = Vo) = — eB—-1—L2 )
2 R c

that follows from Egs. (2.10) and (2.13) of Ref. 10 for col-
lisionless plasmas. The left-hand side can be interpreted as a
poloidal viscous force arising if the plasma rotation velocity
deviates from the neoclassical one, Vy.,=kyeo/ eB, X dT;/dr,
with the factor k,., depending on the inverse aspect ratio
g=r/R and ion collisionality v;,=gRe ¥?/\; with \; being
the mean free path length between ion Coulomb collisions,

1.17-0.35v/> = 2.1v}.&*

neo —
1+ 0.71/}/2 + V2 &2

At the barrier top, the ion collisionality is of 0.03-0.1, i.e.,
ions are in the banana regime and k,.,=1.17. The deviation
of V4 from V., is predicted by neoclassical theory to lead to
a poloidal force that can be expressed as either the left-hand
side (LHS) or the right-hand side (RHS) of Eq. (9); see Egs.
(2.10) and (2.13) in Ref. 10, respectively. The RHS of Eq.
(9) corresponds to a j, X B torque induced by a radial current
(do not mix with the “Fitzpatrick torque,” which is essen-
tially a j, X B, one). Equation (9) thus implies that the devia-
tion of Vy from V., leads to a radial ion current Fil’r ex-
ceeding I, . This is the key physics of our model. Unlike
Eq. (2.13) in Ref. 10, also the electron current I , is re-
tained in Eq. (9). This guarantees that even without RMP
when V3=V, and ion and electron perpendicular currents
are ambipolar, I, =T, , Eq. (9) remains valid. I'_, would
appear in Eq. (2. 13) of Ref. 10 if friction between electron
and ions would not be neglected; see the remark at the bot-
tom of p. 167 in Ref. 10. In this case, ', is a neoclassical
one. Since drift motion induced by fluctuating electric fields
is charge- and mass-independent, without RMP the ambipo-
larity condition I, , =T’ , remains valid also when I‘Tr are
enhanced by ﬂuctuatlons above the neoclassical level.>
By combining Egs. (5)—(9), one gets

D

. n .
rv =r¢ ——F -D +V, n 10
L,r L,r D D\T Il,r J_rd 1,7 ( )
with
, D' D¢ T
D ,=— e(1+—'>, (11)
D +D T,
. D' dT
Vim = = (1= ko)~ + = 12
1L,r Te+Ti|:( neo) d 2 dr ( )
Here
DiL =\ 2Tmz 2B2R DH VineDri (13)

characterize the radial transfer of ions due to the deviation of
their poloidal velocity from the neoclassical one and of elec-
trons due to their motion along stochastic field lines, respec-
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tively. The effective perpendicular transport of ions is limited
by the slowest of these processes. For a collisionally domi-
nated plasma, the diffusivities Di and Dj are directly related
to the conductivities o, and o,,, introduced in Ref. 24. It is
important to notice that the two-fluid effects accounted in
Egs. (11)—(13) cannot be taken into consideration in the
framework of ideal or resistive MHD models.* Finally, we
assume as in Ref. 5 I' =-D¢dn/dr with neoclassical
diffusivity D (Ref. 14) in the ETB and an anomalous
gyro-Bohm one of 0.6 m?/s beyond ETB; this allows us to
reproduce well the density profile without I-coils when
Fii,i’: Fi,r's
For the poloidal velocity, one obtains

neo

_Eamb : ﬁ (14)

B, D' +Dj

Vo= Vieo +

with

1| dlnn dT;
Eneoz_ Ti +(] _kneo)_+eB1‘}V<p . (15)
e dr

dr

With E,.=E,., the perpendicular electron and ion flows are
ambipolar, as in the case without RMP when Dﬁ,rﬁr—O
Conversely to E, ., Ene, 1S normally negative in the ETB
region. Thus, E,.,# E,, and with magnetic field stochasti-
zation Vy deviates from V., providing changes in the per-
pendicular ion transport. The resulting radial electric field

can be expressed as follows:

E neoD +E, ame Il

E.=
D’ +Dj

(16)

With increasing stochastization E, changes from the negative
E.., to the positive E, ;. This is in qualitative agreement
with the experimentally observed evolution of E, by activat-
ing the I-coils.'” A quantitative comparison of the model pre-
diction and measured E, will be done elsewhere.

In stationary state, the radial density profile is calculated
from the particle flux continuity equation,

I=J, (17)

where J is the density of the radial influx of recycling neutral
particles. The transport of neutrals is described in the diffu-
sion approximation by taking into account that the rate coef-
ficient for charge exchange with ions, k., exceeds that for
ionization by electrons, k;. The corresponding transport equa-
tions, see, e.g., Ref. 26, are solved analytically by the WKB
method, providing in the first approximation

a /—
gf n\"kl’(ki + kcx)mi/Tidr} . (18)

J(r) = J(a)exp|:—

-
The geometric factor g takes into account that neutrals enter
the confined volume close to the X point where the distance
between adjacent magnetic surfaces is much larger than on
an average.27
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FIG. 1. Radial density profiles for DIII-D conditions computed without
(solid curve) and with RMP from the I-coils by taking into account contri-
butions from both parallel and perpendicular particle flows (short-dashed
curve), with perpendicular (long-dashed curve) and parallel (dotted curve)
contributions only, and with modified temperature profiles but without any
changes in transport (dash-dotted curve).

IV. RESULTS OF CALCULATION

In this study, we examine the particle transport and cal-
culate the radial density profile across the plasma edge by
using the electron and ion temperatures and toroidal rotation
velocity from measurements.”'* These data provide a toroi-
dal velocity of 50 km/s for carbon VI in the ETB. Estimates
show that due to Coulomb collisions, carbon velocity cannot
be very different from V, for the main ions. One gets roughly
the same level for the poloidal velocity by estimating
Vo~ Vieo ™ 1/eB, X dT;/dr. Thus the terms with the toroidal
velocity in Egs. (8), (12), and (15) are of By/B, X dT;/dr and
contribute much less than others because By<B,,.

The following parameters, characteristic for DIII-D deu-
terium discharges with the I-coil current of 3 kA,2 have been
used in calculations: the major and effective minor radius of
the separatrix R=1.67 m and a=0.61 m; the toroidal mag-
netic field B=2 T; the characteristic safety factor g=4 at
the reference magnetic surface with the normalized flux
Un=(r/a)*=0.95; the width of the electron transport barrier
where without RMP the particle transport is reduced to
the neoclassical level, A,=0.92 cm; the vacuum, i.e., with-
out screening accounted, amplitude of RMPs with
M/N=(11-13)/3 provides by y=2.6X10" at ¢n=0.95.>
The density of neutral influx through the separatrix is fixed at
the same level as before RMP application, J(a)=4.5
X 10 m2s7!, and g=4.

Figure 1 shows the reference density profile versus i
computed without RMP, solid curve, and those with RMP
obtained under different assumptions about the composition
of the radial particle flux I',. Experimental data from Ref. 2
are presented by the filled box and circle, respectively. The
short-dashed curve has been found with both perpendicular
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FIG. 2. Radial profiles of D' , (solid curve), V' , (dashed curve), and
V| =T, /n (dash-dotted curve).

Il,r

and parallel contributions, FL, and Fﬁ‘r, and reproduces well
the experimentally found plasma density at the reference po-
sition =0.85, n19gs=1.93x10" m=3. A bit higher nggs
follows if FL, only is taken into account, see the long-
dashed curve. However, with Fil’r neglected but I ﬁ’r retained
(dotted curve), the computed density is significantly higher
and the pump out effect is much lower than observed experi-
mentally. It is even weaker (see the dash-dotted curve) if no
changes in transport at all but only the experimentally found
modification of the ion and electron temperatures are taken
into account. Thus, under the conditions in question, the per-
pendicular ion transfer is more important than the parallel
transport. The radial profiles of the transport characteristics
Di,r, 'Vir, and Vﬁ’r=Fﬁ’r/n are shown in Fig. 2. With FL,
and I}, taken into consideration, the model proposed repro-
duces well enough also the density profile obtained with the
I-coil current of 2 kA

As was already mentioned above, the question of the
RMP screening is a very difficult one and is one of the main
sources of uncertainty in our modeling. Therefore, we have
studied the sensitivity of the results to the screening factor by
varying its radial dependence, as is shown in Fig. 3(a), where
the solid curve reproduces the radial dependence from Fig. 5
of Ref. 7. Figure 3(b) displays the corresponding calculated
density profiles. One can see that the density profile is sen-
sitive enough to the screening factor. However, in reality
there is probably not too much freedom to vary arbitrarily
the screening factor because changes in the plasma density
have a feedback reaction on f,.. Indeed, decreasing density
results through the modification in the perpendicular heat
conduction in increasing tempe1rature.4’5 Therefore, the paral-
lel plasma resistivity, essentially affecting RMP screening
process, reduces and f, drops. In order to take this into
account, all processes involved, i.e., particle and heat trans-
port and penetration of MRP, have to be modeled in the
future self-consistently.
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FIG. 3. Radial profiles of the screening factor assumed in the present com-
putations, with the solid curve corresponding to the results of Ref. 7 (a) and
calculated density profiles (b).

Alternatively to the transport processes discussed above,
some rise of the electron perpendicular transport due to in-
creasing fluctuation level, observed experimentally with
RMP* may be of importance. In order to analyze its rel-
evance to the pump out, D has been increased at the sepa-
ratrix by the factor y=1 above the neoclassical level
D'f°; inside the electron ETB, the enhancement degree
&(r)=D /D'f°~1 was assumed varying with the local RMP
magnitude,

8r)=(y=1)- [B(/B (). (19)

Figure 4 demonstrates n g5 versus y and one can see that for
linear scaling, é=1, the experimental level of the particle
pump can be achieved with y=~40. For quadratic depen-
dence, =2, which is normally predicted by theory (see, e.g.,
Ref. 29), only a much higher enhancement in the electron
perpendicular transport could bring a noticeable effect. The
strong increase of D, required to reproduce the experimental
pump-out level would mean a corresponding increase of the
electron perpendicular heat conductivity up to a level critical
for the ETB existence. Therefore, it is probably unrealistic to

1 |

1 10 20 30 40 50

FIG. 4. The vy dependence of n(gs computed under assumptions that inside
the electron ETB either £=1 (solid curve) or £=2 (dashed curve), and com-
pared with the experimental level 1 g5~ 1.93 X 10m™ (dash-dotted line).

expect that the increase in D¢ is decisive for the density drop
with RMP.

The factor g in Eq. (18) depends in a complex way on
the magnetic geometry, and g=4 assumed above is only a
rough estimate. Therefore, we have examined the sensitivity
of the results to this parameter. In particular, nygs is de-
creased by 5% only when g is increased from 2 to 8. This is
explained by the fact that at relatively low plasma density in
the experiments in question, the electron ETB is transparent
for recycling neutrals so that the exponential factor calcu-
lated for r=a—A, is close to 1 in the whole g range consid-
ered. Beyond the electron ETB, the radial variation of J is of
minor importance for the density profile behavior since n(r)
is always flat due to high anomalous D | .
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