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Abstract. Understanding of underlying physics processes that determine non-axisymmetric divertor footprints is
crucial for ITER’s long pulse operation scenario in the presence of 3-D fields, as they will cause asymmetric
erosion and re-deposition of divertor material. It has been recently found that plasma response plays a key role in
the formation of 3-D lobe structure and divertor footprints by the applied 3-D fields in NSTX and KSTAR.
Work in NSTX showed that ideal plasma response from the IPEC modeling can significantly shield or amplify
vacuum footprints from field line tracing. Comparison of footprint measurements by visible and IR cameras to
that from the field line tracing reveals that n=1 magnetic perturbations are significantly amplified while n=3
perturbations are shielded. The mechanism of amplification and shielding is determined by the competition
between shielding of resonant components and excitation of non-resonant components of applied 3-D fields,
demonstrated in the poloidal field spectrum when including plasma response in the modeling. Connection length
(L) profile from the IPEC modeling for n=1 case shows that L. rapidly begins to decrease in a significantly
deeper region, Wn~0.75, compared to the vacuum case where it only drops near the very plasma edge (¥n~0.97),
corresponding to a dramatic amplification of vacuum footprint splitting. However, for the case of n=3 in NSTX,
applied 3-D fields are primarily shielded by plasma response; the shielding effect of resonant fields is greater
than the amplification effect of non-resonant fields. Shielding and amplification of applied 3-D fields have been
also observed in KSTAR by IPEC plasma response modeling. A full phase scan (A¢=0 — 360°) was conducted
for n=1 perturbations, while two distinctive phases, 90° (resonant) and 0° (non-resonant), were closely examined
for n=2 perturbations. As in NSTX, non-resonant components of applied fields are amplified due to kink
excitation while resonant components are strongly shielded, which produces net amplification (shielding) effect
of applied fields that strengthens (weakens) footprint splitting for n=1 (n=2), depending on which action is more
dominant. Radial location of lobes in the measured heat flux profile shows better agreement with that from the
field line tracing when plasma response is included in the modeling.

1. Introduction

The use of 3-D magnetic perturbations for various physics purposes such as ELM
suppression/mitigation and NTV control is becoming increasingly common. However, non-
axisymmetric divertor flux footprints induced by intrinsic and applied 3-D fields are of
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concern for future machines such as ITER as they lead to non-axisymmetric heat and particle
flux and therefore asymmetric erosion pattern at the divertor surface. Elevated erosion level in
specific toroidal and radial locations can raise the risk of tile damage and pose higher
maintenance cost. Therefore, improved understanding of how 3-D fields produce non-
axisymmetric divertor footprints is necessary. Recently, work on several machines including
NSTX [1,2,3,4], KSTAR [5], DIII-D [6,7], and ITER [8] showed that plasma response can
play an important role in shielding or amplifying externally applied 3-D fields to form very
different separatrix splitting pattern from that of vacuum modeling. It is revealed that several
factors, such as toroidal mode number (n) of the applied 3-D fields, q95, and the configuration
of applied fields, affect the interaction of plasma with 3-D fields. In this manuscript, we
present data from NSTX (mid-plane coils only, up to n=3) and KSTAR (top, middle, and
bottom row of coils, up to n=2) and report the role of resonant and non-resonant components
of 3-D fields in the shielding and amplification of applied fields. Divertor footprints data for
NSTX are both from IR (heat flux) and visible (particle flux) camera, but for KSTAR it is
primarily from the IR measurement.

2. Effect of 3-D fields on divertor footprints in NSTX

The spherical tokamak geometry of NSTX enables measurement of divertor footprints with
almost full toroidal and radial coverage of lower divertor plates, by the use of high-speed
visible camera [9]. This data is compared to the IR data [10], which covers narrower region of
lower divertor but with higher spatial resolution.

2.1. n=1 application
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Figure 1 Divertor footprints in the presence of applied n=1 magnetic perturbations in
NSTX. (a) and (b) are contour plot of connection lengths from field line tracing with
and without ideal plasma response, respectively. Plot (c) is the experimentally

observed footprint from a wide angle visible camera. Plot (d) shows the profile of divertor plates.
connection length for the vacuum (blue) and ideal plasma response (red) case. Figure 1 shows
footprints with

n=1 magnetic perturbations in NSTX. Experimentally observed footprint by a wide angle
visible camera is illustrated in figure 1(c). Connection length (L.) profile for the case of
vacuum approximation (blue, figure 1(d)) shows that L. rapidly decreases only at the very
plasma edge (Wn~0.97). This corresponds to the very weak vacuum footprint splitting shown
in figure 1(b). However, ideal plasma response dramatically amplifies modeled splitting, see
figure 1(a), and this produces a better agreement with the camera image demonstrated in
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figure 1(c). Accordingly, the L, profile begins to decrease (red, figure 1(d)), in a significantly
deeper region, Wn~0.75, which is a consequence of strong amplification of applied n=1 fields.
Figure 2 shows the poloidal spectrum of applied 3-D fields with and without plasma response
included in the calculation. It is seen that vacuum calculation produces very weak field
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Figure 2 Calculated poloidal spectrum of applied 3-D fields for n=1 in NSTX. Plot (a) is for the case of
external fields only, and (b) is for the case of ideal plasma response from IPEC. The simulation boundary for
IPEC calculation is Wy~0.97.

spectrum, which is consistent with the weak strike point splitting shown in figure 1(b). As
shown in figure 1, the ideal plasma response strongly amplifies non-resonant components of
the fields, the so-called kink mode excitation [12], signified by the amplified signal for higher
m (< -10) in the edge region (Wn> 0.9) and this is directly related to the strong amplification
of footprint splitting in figure 1(a). While resonant components (those along the white dashed
line) are all shielded off, this amplification of non-resonant components provide strong net
effect of enhancing divertor striations as seen in figure 1(c).

2.2. n=3 application
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Figure 3 Calculated poloidal spectrum of applied 3-D fields for n=3 in NSTX. Plot (a) is for the case of
external fields only, and (b) is for the case of ideal plasma response from IPEC. The simulation boundary for
IPEC calculation is Wx~0.97.

Contrary to the case of n=1 application, n=3 fields are primarily shielded by ideal plasma
response. Figure 3 shows the calculated poloidal spectrum for the vacuum and ideal plasma
response case. It is seen that resonant components are strongly shielded as was in n=1 case,
however the amplification of non-resonant components are much smaller than in n=1; the net
effect is that shielding of resonant fields is greater than the amplification of non-resonant
fields, leading to overall shrink of striations compared to the vacuum case. It is noted,
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however, that the envelope of striations from the vacuum modeling is well preserved even
with the shrinking by plasma response, and the measured heat and particle flux splitting
agrees quite well with with vacuum modeling [3.4].

3. Role of resonant and non-resonant fields in divertor heat flux striations in KSTAR

KSTAR is the only machine in operation with the mid-plane 3-D coils along with top and
bottom coils. This enables to provide highly aligned pitch of applied 3-D fields, and thus
KSTAR is an excellent test-bed to examine the role of resonant and non-resonant components
of applied 3-D fields.

3.1. n=1 application

A full phase shift scan (A¢=0 — 360°) was conducted for n=1 perturbations in KSTAR using
upper and middle row of coils. Measured heat flux splitting shows clear phase dependence,
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Figure 4 (a) Calculated edge normal field for vacuum (blue) and ideal
plasma response (red) cases as a function of phase shift angle (Ad)
between upper and mid-plane coils in KSTAR, for a phase shift scan of
n=1 perturbation, (b) Measured heat flux profile for Ap=0°, (c) Ap=60°,

divertor surface for three
phase shift angle values, i.e.
0° 60°, and 150°. It is
demonstrated that peak heat

and (d) A¢=150°. Arrows indicate striations induced to the axisymmetric

. : flux and striations are
profile by the applied 3-D fields.

strongly affected by the
phase angle. As the plasma
response moves from shielding (0°) toward amplification (150°), both gpea and striations
become stronger. Overall, a general trend of net shielding for non-resonant A¢, with weaker
strike point splitting, is observed and it moves toward amplification, with splitting becoming
stronger, when A¢ becomes more resonant. Poloidal spectra for 0° (non-resonant) and 150°
(resonant) in figure 5 also exhibits similar trend shown in NSTX as in figures 2 and 3, that
competition between shielding of resonant components and amplification of non-resonant
components determines the end result of net effect of plasma response. The strong kink
excitation for 150° wins over the shielding effect to produce amplification of applied fields as
shown in figure 4(a).
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Figure 5 Calculated poloidal spectrum of applied 3-D fields for 0° and 150° of phase shift for n=1 perturbations
(top and middle row of coils) in KSTAR. The green arrow in the cartoons in the left indicates equilibrium pitch
and the red arrow shows direction of applied fields. Plot (a) and (c) is for the case of external fields only for 0°
and 150°, respectively, and (b) and (d) is for the case of ideal plasma response from IPEC.

3.2. n=2 application

AC waveforms were used to produce time varying spectrum of 3-D fields that continuously
changed alignment with equilibrium pitch. However, there are only four toroidal segments of
coils and this does not allow for continuous scan of phase shift between coil rows for n=2
perturbations. Figure 6 shows time trace of various parameters taken during this experiment.
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Figure 6 Time trace of various parameters during the n=2 perturbation experiment.
Waveform of applied fields is shown in plot (h), from which 0° and 90° of phase
shift angle between top and bottom coils is repetitively applied to the plasma. Strong
density pump-out as well as reduction of stored energy is observed during the 90°
period (red dotted line).

Two distinctive phases
were closely examined
for n=2 perturbations
in this work; resonant
(90° phase) and non-
resonant (0° phase)
configurations. It was
revealed that deep
penetration of applied
n=2 fields is inhibited
by the shielding effect
of resonant
components even with
kink excitation of non-
resonant components
in both phases. Figure
7  shows  poloidal
spectrum of n=2 fields
with 90° phase in
KSTAR. As in NSTX,

non-resonant
components of the
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applied n=2 fields are amplified due to kink excitation, see figure 7(b), while resonant
components, i.e. the field components along the white dashed line in figure 7(a), are strongly
shielded. This shielding effect dominates over the amplification effect of non-resonant fields,
producing the end result that the applied n=2 fields are significantly screened; see figure 7(c)
for comparison of radial profile of total perturbation for the vacuum and IPEC case, which
shows net screening of vacuum fields by plasma response. Radial location of lobes in the
measured heat flux profile shows better agreement with that from field line tracing when
plasma response is taken into account in the calculation. Observed heat flux splitting for 0°
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Figure 7 Poloidal spectrum of n=2 fields with 90° phasing in KSTAR. Plot (a) is for the vacuum case and (b) is
for the ideal plasma response case from IPEC. Strong shielding of resonant fields and excitation of non-resonant
fields are observed when the plasma response is taken into account. Plot (c) is radial profile of total perturbation,
sum over m=[0, 20], for vacuum and IPEC, showing net shielding effect of applied fields by plasma response.

phase is stronger than 90°. This is consistent with that shielding effect should have been
stronger for 90° due to higher toroidal rotation speed (V) as has been observed by CES
measurement (see figure 6(d)). Figure 8 shows non-axisymmetric footprints by n=2
perturbations (0° and 90°), calculated by field line tracing, as well as comparison to measured
heat flux profiles by IR camera. The IR camera is located at the toroidal angle of 45° and a
vertical line is overlaid to indicate its location in the (r, ¢) plane. Comparing the vacuum and
plasma response case, it is seen that agreement for the radial location of striations with
measured heat flux profile is noticeably improved when plasma response is included in field
line tracing. It is also shown that non-axisymmetric striations become weaker for the plasma
response case for both 0° and 90° cases. This result is consistent with the net shielding effect
for n=2 demonstrated in the poloidal spectrum calculation (see figure 7 for 90° case).

4. Summary and conclusions

Impact of applied 3-D fields on divertor footprints has been investigated in NSTX and
KSTAR. The role of resonant and non-resonant components in forming the strike point
splitting and lobe structures was closely examined. Ideal plasma response from IPEC was
used to calculate poloidal spectrum of applied 3-D fields as well as in the field line tracing to
obtain divertor footprints. Measured divertor footprints from both visible and IR cameras
were compared to the calculated footprints in the presence of various configurations of
applied 3-D fields. A common feature of ideal plasma response derived from these analyses is
that non-resonant components are amplified by kink excitation while resonant ones are
shielded. The degree of amplification and shielding varies upon the configuration of 3-D
fields as well as the B-field pitch of equilibrium. Competition between these two opposite
action of plasma response determines if the externally applied 3-D fields are to be shielded or
amplified. In NSTX, due to the lack of top and bottom row of coils, alignment of applied
fields to the equilibrium pitch cannot be easily controlled. Nonetheless, we investigated the
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Figure 8 Divertor striation patterns from field line tracing for phase shift angle of 0° and 90° of n=2 perturbations
in KSTAR, both for vacuum and ideal plasma response case. The green arrow in the cartoons in the left indicates
equilibrium pitch and the red arrow shows direction of applied fields. Plot (c) and (f) are measured heat flux
profile for comparison to field line tracing result. Dotted vertical line indicates the toroidal location of IR camera
for the heat flux profile in plots (c) and (f). Black arrows are to highlight striations induced by 3-D fields.

case of n=1 and n=3 fields and found that n=1 fields are strongly amplified by the plasma
response to enhance divertor striations. However, n=3 fields are primarily shielded by the
plasma response and the overall striation pattern is similar to the one from the vacuum
modeling. Comparing poloidal spectra for n=1 and n=3 with the plasma response included, it
is found that the level of kink amplification for n=1 is dramatically higher than n=3, making
the net effect of plasma response strongly toward the enhancement of divertor striations. This
result is supported by the measured heat and particle flux profiles.

On the other hand, KSTAR has three rows of coils to apply external 3-D fields. This is very
advantageous because of the capability of fine-tuning the pitch alignment as well as
continuous variation of phase shift between different rows of coils for n=1, although only two
distinct phases (0° and 90°) are available for n=2 due to the limited number (=4) of toroidal
sector of coils. For n=1 application, it is shown that edge magnetic fields are either shielded or
amplified depending on the phase shift between top and middle row of coils. Moving from
shielding toward amplification, the peak heat flux and strike point splitting of measured heat
flux profiles become stronger, which is consistent with the result of poloidal spectrum
calculation and field line tracing. For the n=2 application, both 0° and 90° show shielding of
applied fields by the plasma response. Divertor footprint striations are much stronger for the
resonant case (90°) in the vacuum calculation, and this trend is maintained even with the
inclusion of ideal plasma response in the calculation. Comparison to measured heat flux
profiles revealed that field line tracing result with plasma response provides better agreement
with the experimental data both for 0° and 90° of phase shift.
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