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Abstract

A 3-D field line integration code (TRIP3D) is used to trace stochastic field lines in the edge of DIII-D plasmas in which
edge localized modes (ELMs) are suppressed by resonant magnetic perturbations (RMPs). In these experiments norma-
lized RMPs of 2.6 x 107 on the 95% flux surface produce complete ELM suppression, while global confinement stays
high. The particle and heat diffusion coefficients produced by stochastic magnetic field on 95% flux surface have been cal-
culated without and with ELM suppression. They are different from experimental results. The reason is that stochastic
quasi-linear diffusion theory cannot be applied for the experimental explanation due to the complex nature of the transport
physics involved when boundary layer field lines connect regions of hot plasma directly to material surfaces.
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1. Introduction

H-mode discharges with high edge pressure gra-
dients are expected to be required for the economic
feasibility of future fusion reactors. However, the
high edge pressure gradients easily produce an
ELM instability [1], which expels large heat and
particle loading to the divertor targets. These ELMs
limit the core plasma performance and reduce the
lifetime of divertor target plates. The transport of
heat and particles outward across the plasma
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boundary is useful to control density and impurity
profiles for steady-state, high-performance opera-
tions. Consequently, any technique to eliminate or
mitigate large fast ELM impulses must replace the
transient heat and particle transport with another
quasi-steady transport process. Such a technique is
high priority for a burning plasma device such as
ITER [2].

Recently, several methods have been found to
avoid large ELMs. The quiescent H-mode (QH-
mode) is a type of high performance discharge,
without large ELMs discovered on DIII-D and
reproduced in other devices [3]. The enhanced D,
(EDA) H-mode without ELMs, obtained in Alcator
C-Mod, depends on a quasi-coherent MHD mode
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near the separatrix for particle control [4]. Another
H-mode scenario without large ELMs is high recy-
cling steady (HRS) H-mode observed in JFT-2M
[5] Recent experiments in DIII-D indicate that sta-
tic RMPs can effectively decrease or eliminate large,
fast ELMs without degrading confinement perfor-
mance [6,7]. This suppression depends on the
magnetic perturbation amplitude, safety factor,
heating power and plasma density. A 3-D code is
used to model stochastic boundaries on DIII-D
(8], ergodic divertor on Tore Supra [9], dynamic
ergodic divertor on TEXTOR [10].

2. Experimental results of large ELM suppression

Steady-state H-mode plasmas without large
ELMs have been achieved in the DIII-D tokamak
by applying small RMPs [7]. In these experiments,
a normalized radial magnetic perturbation of
2.6x 107* [11] on the 95% flux surface (i, = 0.95)
produces complete ELM suppression, while global
confinement stays high. A typical example is dis-
charge 123301 with an n = 3 even-parity I-coil cur-
rent of I, =3.3kA t and an n =1 C-coil current of
12kAt. Main parameters at t=3s are R=
1.65m,a=0.6m, B;=-2.0T, I, = 1.5 MA, safety
factor g95s = 3.7. In discharge 123301 both the single
turn I-coil, located inside the vacuum vessel, and the
four-turn C-coil located outside the vacuum vessel
are used to completely eliminate ELMs, while in dis-
charge 123302 with the C-coil but without the I-coil
the ELMs are not suppressed. The edge profiles of
electron temperature and density for two discharges
are given in the Fig. 8 of Ref. [11]. An increase in the
divertor CIII emission in discharge 123301 suggests
that particles from inside the magnetic separatrix
directly reach divertor plates across a stochastic
boundary with the I-coil RMP. This increase in CIII
is not seen in discharge 123302 without the I-coil
RMP. The H-factor and normalized beta increase
slightly in ELM suppressed discharges compared
to those without ELM suppression. Here, we model
the magnetic field line structure of discharge 123301
and 123302 and compare the changes due to the I-
coil RMP.

3. The modeling of stochastic field transport

A 3-D field line integration code, TRIP3D, was
developed to model RMPs in poloidally diverted
tokamaks [12]. In TRIP3D, the unperturbed mag-
netic field (Bg, B4, Bz) at each point is provided by

the EFIT code [13]. The perturbed field (bg, by, b2),
produced by I-coil and C-coil currents as well as
error fields, is calculated for each integration step
and added to the unperturbed axisymmetric EFIT
field. The code integrates a set of first-order cylindri-
cal (R, ¢, Z) magnetic differential equations given as
[14]
OR _R(Bx+br) OZ R(B,+by) 0
0  By+by = 0P  By+by

The diffusion coefficient that can be calculated in
TRIP3D and is representative of the stochasticity of
a field line is defined as, Dy = 8°/2L, where &r is the
radial random step between the flux surfaces at the
outboard midplane and L is the field line length.
Here, L is taken in the limit of 200 toroidal revolu-
tions or when the field line hits a material surface
such as a divertor target plate. The diffusion coeffi-
(D4) =300t /2L, s
applied to the (Dy,) calculation. The two coefficients
are related by (Dy) = C*/*(D%)/4)?. The coordi-
nate conversion coefficient is C = 1.03-1.27 for the
DIII-D discharges. C = 1.25 is a reasonable approx-
imation for edge plasma. The radial particle diffu-
sion coefficient is calculated using Dy, = (D) x Cs,
where C; = /(T + Ti)/m; is the ion acoustic speed.
In contrast, collisionless electron conductivity is
defined as [15], y.= (Dy) X vr,, where vr, =
\/Te/m. is thermal electron speed.

cient in flux space,

4. Calculation results for ELM suppression
in DIII-D

Fig. 1 shows a Poincaré plot of the field line posi-
tions for normalized magnetic flux versus poloidal
angle for shot 123301 at 7=3.0s with complete
ELM suppression. Here, 72 uniformly distributed
field lines are followed on each flux surface starting
at = 0.7 and ending at = 1.0 with the step of
Ay =0.05. Each field line is preset for a maximum
of 200 toroidal revolutions that results in a maxi-
mum length of about 2000 m or roughly of order
a collisional electron mean free path (L.). For exam-
ple, using T, 95 = 1.2 keV, n. 95 = 1.3 X 10 m—3, we
find L.gs =942 m at Yy =0.95. The large m/n =
2/1 magnetic island seen at /= 0.67 has a width
Ay y=0.06 and results from the C-coil which is
configured to correct n=1 field-errors in these
experiments. The C-coil also produces an m/n =
3/1 island chain on the = 0.88 surface with a
width Ay = 0.025. It should be noted that there
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Fig. 1. Poincaré plot of the field line positions for normalized
magnetic flux versus poloidal angle in shot 123301 at z = 3 s with
complete ELM suppression.

are also small islands between = 0.78 (m/n =7/
3) and Yy = 0.84 (m/n = 8/3) are produced by the
n =3 I-coil perturbations and field-errors from 18
PF and 24 TF coils. Field line dots occupy almost
entire space except island regions even with the step
of Ay n=0.05. The combined I-coil, C-coil and
field-error perturbations produce a relatively strong
stochastic boundary region in these plasmas and
field lines begin to connect to the divertor targets
in less than 200 revolutions once iy 5 > 0.80. This rel-
atively strong stochasticity also reduces the islands
widths. All of the open field lines eventually hit
the lower divertor in this lower single null (LSN)
discharge. There are four stripe-like features
between 80° and 250° on the top near ¥ = 1.0,
which are consistent with the Hamiltonian structure
of the system and a splitting of the separatrix into
two invariant manifolds [16,17] (only one of which
is seen because the field lines in this figure are all
integrated in one direction from the starting point).
Here, the edge safety factor is larger than 4 and
coincides with the four stripe-like features defined
by one of the invariant manifolds. Note that the
density of field line intersections with the Pioncaré
plane is higher between 90° and 270° indicating that
the field lines have more probability appearing in
the HFS than in the LFS. In discharge 123302, with
the C-coil and field-errors but no I-coil, the stochas-
ticity is significantly weaker and wider magnetic
islands are observed, as shown in Fig. 2.

Fig. 3 shows the distribution of radial flux steps
oy v found after integrating through a toroidal angle
A¢p =90° in the I-coil on discharge 123301 at time
t=3.0s starting from ¥y =0.95. The maximum
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Fig. 2. Pioncaré plot of the field line positions for normalized

magnetic flux versus poloidal angle in shot 123302 at 7 =3s
without ELM suppression.
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Fig. 3. Counts versus the flux steps within toroidal angle of 90°
for shot 123301 at t =3.0s.

step with the I-coil is oYy =2.4%, which often
appears just before the field lines hit the divertor
targets. Most steps are oy < 0.29%. The relatively
good symmetry of distribution about dyy = 0 indi-
cates that many toroidal revolutions of the field
lines are needed before being lost to the divertor
targets. The maximum count is 8451 with oYy =
—0.058%. The wings of the distribution are domi-
nated by near field interactions as the field lines pass
through regions close to the I-coil. Large magnetic
islands produce an additional degree of complexity
in the distribution since the trajectories can become
very chaotic near the islands.

The maximum flux step size (dyy) with the I-coil
off decreases to oy y = 1.65%, and is dominated by
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Fig. 4. Magnetically perturbed diffusion coefficient versus nor-
malized flux for shot 123301 and 123302.

the m/n = 4/1 magnetic island shown in Fig. 2. The
step size difference of short path integrals (A¢
=90°) with or without ELM suppressions is not
very large. Calculations of the field line properties
using long path integrals (A¢ > 90°) is expected
to be related to a global magnetic diffusion coeffi-
cient of the system since local effects are reduced.

Fig. 4 shows the stochastic magnetic diffusion
coefficient (Dg) versus normalized flux for a dis-
charge with the I-coil (upper) and without one
(lower). Here, 180 field lines are traced on each flux
surface and the flux step Ay between each surface
is 0.01. As seen in Fig. 4, the edge magnetic diffusion
coefficient with the I-coil tends to decrease with nor-
malized magnetic flux for > 0.84. The stochastic
magnetic field line diffusion coefficient at 5 = 0.95
is (Dg) =4.6 % 107" m. Based on this, the radial
particle diffusion coefficient is Dy, = 0.29 m?/s using
ion acoustic speed C;=6.3 % 10° m/s by Teos=
1.2keV and T;9s5 =3 keV, while collisionless elec-
tron conductivity is . = 6.7 m?/s. Therefore, the
edge diffusion appears to be dominated by stochas-
tic magnetic field after large ELM suppression.
Results from TRIP3D also show that the field line
length abruptly drops in edge region because of field
lines lost on divertor targets, with lengths of 1976 m
at yy=0.7, 1124 m at Yy5y=0.95 and 497 m at
Yy =0.99.

The magnetically perturbed diffusion coefficient
in the discharge without the I-coil perturbation field
is well below that in the discharge with the I-coil
perturbation field. Here, the particle radial diffusion
coefficient is D, = 0.046 m%*/s using C,=4.6x
10°m/s by T.os=0.9keV and Tios=1.3keV,
while collisionless electron conductivity is y. =
1.25 m?/s. This level of stochasticity is apparently
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Fig. 5. Major radius of hit points versus toroidal angle for shot
123301.

insufficient to suppress the large ELMs. It is found
that changes caused by the magnetic perturbations
in the pedestal profiles cannot be explained by a
straightforward application of stochastic quasi-
linear diffusion theory due to the complex nature
of the transport physics involved when boundary
layer field lines connect regions of hot plasma
directly to material surfaces [18,19].

Fig. 5 shows the radial variation in field line hit
points for discharge 123301 with the I-coil currents
versus toroidal angle on the lower divertor targets
which are located near poloidal angle 250° in these
LSN diverted discharges, as shown in Fig. 1. The
hit profile is asymmetric along toroidal direction
dependent on the asymmetry of I-coil currents.
The hit width is 1.5-7.0 cm and there are three clear
stripes indicating that the toroidal mode of I-coil
currents (n = 3) is determining the structure of the
field line hit pattern on the divertor targets [8]. This
pattern is consistent with lobes from an invariant
manifold intersecting the divertor targets when the
separatrix is split by the n =3 I-coil perturbation
[16]. The maximum width of the field line hit pattern
in the 123302 discharge without the I-coil drops to
4 cm and the pattern changes to that of a single
stripe. In addition, fewer field lines hit the divertor
plates in the discharge without the I-coil because
of the weaker stochastic field produced by DIII-D
field errors. The broader radial profile of hit points
in the discharge with the I-coil is expected to spread
the heat load on the divertor but, at the same time,
more field lines from the region of the pedestal
plasma hit the divertor targets. Images of the diver-
tor using IR data for the discharge modeled here do
not show evidence of heat flux spreading during the
I-coil perturbation, although in other discharges
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using the I-coil, a splitting of the heat flux is
observed [17].

5. Conclusions

Large ELMs have been completely suppressed in
DIII-D using stochastic magnetic boundary pro-
vided by I-coil and C-coil currents. The radial mag-
netic perturbation is increased in discharges with
ELM suppression, while global confinement stays
high. The 3-D TRIP3D modeling gives the radial
particle diffusion coefficients produced by stochastic
field on flux surface ¥y = 0.95 as 0.29 m?/s with full
ELM suppression and 0.046 m*/s without ELM
suppression, the corresponding collisionless electron
conductivities are 6.7 m?/s and 1.25 m?/s. Stochastic
quasi-linear theory cannot be directly applied to the
experimental explanation because of complex
boundary transport process, while edge electron
temperature predicted by TRIP3D/E3D code is also
smaller than the measured value [8]. Modeling indi-
cates that the field line hit pattern on the divertor
target plates in discharges with ELM suppression
have an n = 3 toroidal asymmetry due to the n =3
I-coil perturbation field and a radial width of 1.5—
7.0 cm, which is consistent with the observation by
tangential TV images [8].
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