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Abstract

®

CrossMark

Ideal plasma shielding and amplification of resonant magnetic perturbations in non-
axisymmetric tokamak is presented by field line tracing simulation with full ideal plasma
response, compared to measurements of divertor lobe structures. Magnetic field line tracing
simulations in NSTX with toroidal non-axisymmetry indicate the ideal plasma response can
significantly shield/amplify and phase shift the vacuum resonant magnetic perturbations.
Ideal plasma shielding for n = 3 mode is found to prevent magnetic islands from opening
as consistently shown in the field line connection length profile and magnetic footprints on
the divertor target. It is also found that the ideal plasma shielding modifies the degree of
stochasticity but does not change the overall helical lobe structures of the vacuum field for
n = 3. Amplification of vacuum fields by the ideal plasma response is predicted for low
toroidal mode n = 1, better reproducing measurements of strong striation of the field lines on

the divertor plate in NSTX.
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1. Introduction

The importance of resonant magnetic perturbation (RMP)
by externally applied non-axisymmetric magnetic fields has
been continuously emphasized for the control of edge local-
ized modes (ELMs) in tokamaks throughout the first demon-
stration of ELM suppression on DIII-D [1] and the successes
in other devices [2—4]. It has been a well-known explanation
that the RMP forms stochastic transport layers at the pedestal
and enhances particle transport to keep the plasma margin-
ally inside ELM stability boundary. The formation of the sto-
chastic layers by RMP has been well elucidated so far using
vacuum field approximation, ignoring plasma response to the
non-axisymmetric fields.

Plasmas in tokamaks, however, respond to the applied non-
axisymmetric magnetic fields by driving perturbed plasma
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currents, which induce perturbed magnetic fields to either
amplify or shield the applied fields [5-8]. That is, the per-
turbed magnetic field structure in practice can be significantly
changed. The shielding of RMP has been widely studied and
understood as plasma flow effects shielding the RMP penetra-
tion into plasmas. Much effort has been made to understand
such plasma response to internal and/or external magnetic
perturbations in tokamaks and helical systems including
stellarators [9—-13]. There are models describing plasma
response, developed to calculate stochastic field structure
with or without finite plasma resistivity [14—18], however, the
final solution of perturbed equilibria strongly depends on the
model used [18]. Work is still underway to achieve a com-
plete solution of the perturbed equilibria including nonideal
and nonlinear magnetohydrodynamic (MHD) processes, and
the plasma response must be properly considered in the RMP
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studies to better understand underlying physics mechanism of
stochastic transport and ELM control.

In this paper, we study the stochastic layer structure in the
perturbed tokamak using the vacuum field approximation and
the perturbed equilibrium with an ideal plasma response. A
main focus of this paper is to qualify the stochastic features of
the ideal perturbed equilibrium compared to the vacuum field.
We use a full ideal plasma response calculation to achieve
the total perturbed field for field line tracing simulations, and
show the plasma response can significantly modify the char-
acteristics of magnetic field structure in the presence of the
non-axisymmetric magnetic fields. It is found that field line
tracing simulations employing full ideal plasma response may
better explain the diverter footprint observations for low n
experiments like n = 1.

2. Field line tracing simulation

The field line tracing simulation is a well-known tool to
study the stochastic magnetic field structure in the non-axi-
symmetric magnetic perturbations. It is useful to display and
investigate the formation and modification of stochastic layers
by the non-axisymmetric perturbations [4, 19-21]. A new
field line tracing routine is used in this study, which has been
implemented in the POCA code [22-24] by solving a set of
magnetic differential equations

OR _ RBg

o By’

0Z  RBy
op By

Here, (Bg, Bz, By) are the magnetic field strength on the
cylindrical coordinates (R, Z, ¢). The field line tracing rou-
tine, called POCA-FLT, solves the magnetic differential equa-
tions in the realistic tokamak geometry including the plasma
facing components such as divertor, limiter and wall structures,
as well as the separatrix. This simulation provides various
output information for a given non-axisymmetric magnetic
field, such as the field line connection length, the field line loss
fraction, the Poincare map at the prescribed toroidal angle,
and the magnetic footprint on the divertor plate covering the
full toroidal angle. The POCA-FLT code is similar to other
existing field line tracing codes in general. However, it has
convenient features designed to study the physics of plasma
response through a coupling to the ideal perturbed equilibrium
code, IPEC [25]. The IPEC code provides POCA-FLT the per-
turbed magnetic field information calculated with the vacuum
field approximation and the ideal plasma response.

One feature is that POCA-FLT can separately track the per-
turbed magnetic field lines produced by intrinsic error fields
in NSTX, which are extracted by IPEC run. The error field
effects can be independently studied without non-axisym-
metric field coils. Typical simulation results are shown in
figure 1, where the magnetic footprints on the divertor target
are drawn by contour plots of field line connection length for
an error field correction discharge in NSTX. The field line
connection length is calculated by tracking a magnetic field
line for 200 toroidal turns in co- and counter-Ip directions
until the field line touches plasma facing components. This is

a useful parameter that can be compared with camera images
on the diverter (figures 4 and 7) since large connection length
implies the field lines stay in the hot plasma core for longer
time to carry high heat fluxes [26]. Figure 1(a) is the footprint
by intrinsic n = 3 error fields from PF5 coils [27, 28] without
applying the non-axisymmetric coil currents, and figure 1(b)
is the one by combined fields of the PF5 error fields and cor-
rection fields supplied by the midplane error field correc-
tion coils in NSTX. Here, n is the toroidal mode number. As
seen in the figure, the PF5 intrinsic error fields create helical
lobe structures represented by typical striation patterns of the
n = 3 mode. However, figure 1(b) indicates that the helical
lobes disappear when the correction fields are applied by the
error field correction coils, as achieved in the experiment. The
separate treatment of the error fields would be useful to inves-
tigate observations of the lobes even without midplane coil
currents in several NSTX discharges.

Another feature is that the POCA-FLT simulation can fully
take into account the ideal plasma response that shields the
normal resonant field at the rational surfaces [29]. Such a capa-
bility is important since the plasma response plays a crucial
role in forming and altering the stochastic layers as reported
in [30, 31], where a helical current sheets model aligned with
the external field was applied to represent the screening of the
resonant magnetic perturbations. The POCA-FLT performs
the field line tracing in a similar manner but employs a full
ideal plasma response calculation by IPEC.

3. Shielding of vacuum field by ideal plasma
response

One can find that the stochasticity is significantly modified by
the ideal plasma shielding in the Poincare maps in figure 2,
where n = 3 non-axisymmetric field was applied using the
midplane coils in NSTX. The same colors in the contour indi-
cate the same initial flux surfaces where tracking of the field
line begins (i.e. core: blue, edge: red). There is one free param-
eter yy;,, the computational boundary of ideal plasma in the
simulation; the IPEC code computes the perturbed equilibria
with the ideal plasma up to a certain normalized poloidal flux
Wiim- The volume outside y;,, is treated as vacuum, but overall
force balance is still maintained.

Figure 2(a) shows a Poincare map with typical n = 3
helical lobe structure generated by the midplane coils in
NSTX using the vacuum fields. The splitting of the field lines
towards the divertor plate is consistent with an observation
of the split striking points in NSTX [21]. Islands open on the
rational flux surfaces by the resonant field components, and
overlap to form the stochastic layers in the whole region. On
the other hand, the stochasticity is largely changed by inclu-
sion of the ideal plasma response with yy,., = 0.97 as shown
in figure 2(b). The stochastic layers formed inside yy;, by
the vacuum fields disappear due to shielding of the reso-
nant field components. Magnetic islands are not opened in
the inner region but altered to make a wobble-like structure
on the flux surfaces, which is identical to the perturbed flux
surface. However, islands reopen due to unshielded resonant
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Figure 1. Contour plot of field line connection length for (a) n = 3 PF5 error fields and (b) correction of the error fields using error field
correction coils in NSTX. These contours indicate (a) striation of the field lines by the intrinsic error fields and (b) correction of the error

fields.
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Figure 2. Poincare map of the magnetic field lines with (a) vacuum approximation and (b) ideal plasma response computed by IPEC with
Wiim = 0.97. Broken line indicates the separatrix of the axisymmetric equilibrium.

that the wobble-like structure in figure 2(b) is due to the cur-
rent sheet at the rational surfaces driven by the ideal plasma
response in this simulation. Such shielding effects are not

components in the vacuum region outside y;,, thus stochas-
ticity arises again to create almost identical helical lobes to
the ones predicted by the vacuum fields. It should be noted
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Figure 3. Field line connection length profile with the vacuum field
approximation and the ideal plasma response as a function of initial
yy. Vertical broken line indicates the boundary of the ideal plasma
at Yy, = 0.97.
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Figure 4. Contour plot of field line connection length by n = 3
non-axisymmetric field with (a) the vacuum field approximation and
the ideal plasma response of (b) yy;,, = 0.97, and (c) y;,,, = 0.99.
Increasing yy;,,, leads to weaker striations.

guaranteed in the presence of nonideal plasma response with
finite resistivity.

One can see the modification of stochasticity more clearly
in figure 3, where the field line connection length profiles
are plotted for the same case in figure 2. Note the x-axis is
not the radial position of the Poincare map in figure 2 but
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Figure 5. Wide angle visible camera image to be compared with
figure 4.
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Figure 6. Poincare plot of the field line tracing simulation
including the ideal plasma response (y;;,, = 0.97), compared to the
perturbed flux surface constructed with ideal plasma displacements
computed by IPEC.

the initial normalized poloidal flux where tracing the field
lines begins. The connection length in the vacuum field is
found to be shorter than the ideal plasma response case on
the rational surfaces because island overlapping moves out
the field line fast. Therefore, the connection length profile
appears stochastic as well. However, field lines are well-con-
fined by the ideal plasma shielding, thus the connection length
becomes an almost continuous function inside y;,,. The ideal
plasma shielding causes an amplification of plasma currents
and thereby amplification of the perturbed field outside the
ideal plasma boundary to maintain the force balance. This
is consistent with the increased connection length outside
the boundary. It should be noted that a slight inside of yg;,
in the ideal case is stochastic, however, it does not mean the
ideal plasma response breaks the magnetic flux conservation.
As noted earlier, since the x-axis of figure 3 is the initial flux
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Figure 7. Wide angle camera images of divertor lobe structure for experiments scanning footprint with n = 1 phase angle. Strong and

static striations were observed regardless of the coil phase angle.
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Figure 8. Divertor footprint by typical n = 1 perturbation,
obtained from connection length in field line tracing simulation
using vacuum fields. Much weaker striation than measurement was
computed.

surface for the field line tracing, the stochastic layer inside of
Wi 1ndicates flux lines on those surfaces can be connected to
vacuum layer due to the wobble-like structure in the vicinity
of the ideal plasma boundary as shown in figures 2(b) and
6. This mixes the ideal plasma and the vacuum layers, and
self-consistent models will be required in the future to better
understand such complicated mixed structures.

The effects of the ideal boundary y;,, can be quantitatively
examined with magnetic footprints. Figures 4(a)—(c) are con-
tour plots of field line connection length for the vacuum and
the ideal perturbed equilibrium with sy, = 0.97 and 0.99 for
the same case in figure 2. The vacuum case in figure 4(a) pre-
sents striations of field lines on the target produced by n = 3
vacuum field, showing consistent patterns with the observa-
tion by a wide angle visible camera in figure 5 [32], where
neutral lithium emission is used to image striations on the
lower divertor plasma facing components [33]. Figure 4(b)
with yy;. = 0.97 shows similar but weaker striations due to
the shielding of resonant field components. Pushing the ideal

plasma region to y;,, = 0.99 makes the footprints even weaker
due to stronger shielding effects in figure 4(c). The simula-
tion results indicate the plasma may respond to the externally
applied field to modify the stochasticity in the non-axisym-
metric magnetic perturbations. A quantitative comparison
between extended numerical models and divertor heat flux
measurement will be further required for validating plasma
response models and understanding underlying physics.

Defining the perturbed flux surfaces of the perturbed equi-
libria is one issue to be resolved. The perturbed flux surface
can be established by normal plasma displacement in the
ideal MHD, while it can be also obtained from the Poincare
map in the field line tracing or contours of the perturbed elec-
tron temperature in the resistive approach [18]. Figure 6 is a
direct comparison of the perturbed flux surfaces between the
Poincare map of field lines with ideal plasma response and
the normal displacement computed by IPEC. The solid curves
in the figure are the superposition of normal displacements
on the axisymmetric flux surfaces. It is found that the per-
turbed flux surfaces from the ideal displacements agree with
the wobble-like structures of Poincare plot in the ideal plasma
region, as pronounced by a relation between the perturbed
magnetic field and the displacement 5 by 5B =V x (E XEO)
in the ideal MHD theory. However, the magnetic field lines
are stochastic around the ideal plasma boundary, so the per-
turbed flux surfaces cannot be well defined from the vacuum
approximation.

4. Amplification of vacuum field by ideal plasma
response

Plasmas can respond to the applied non-axisymmetric fields
to amplify and/or phase shift the perturbations [29]. The
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Figure 9. Divertor footprints by n = 1 fields for each coil phase angle, calculated by field line tracing simulations including ideal plasma
response. Strong striations were reproduced due to amplification of vacuum fields, giving much better agreement with measurements.

midplane non-axisymmetric field coils in NSTX are capable
of applying the n = 1 perturbations in the six phase angle,
providing toroidally phase shifted n = 1 fields depending on
the angle. The modification of the magnetic field line structure
by the n = 1 magnetic perturbations has been investigated
using a series of discharges measuring helical lobe structure
by the n = 1 fields in the six coil phases. The wide angle vis-
ible camera has been used to image the footprints of magnetic
field lines on the divertor plate for each discharge, which are
summarized in figure 7. The general expectation was that the
phase angle shift of the coils will produce toroidally phase-
shifted striation patterns corresponding to the shifted n = 1
field. However, as shown in the figure 7, two interesting points
were observed in the experiments; first, strong striations in
the helical lobe structure are captured in every discharge.
Second, measured lobe structures do not show a clear phase-
shift of the patterns in spite of the phase angle shift between
the discharges.

Vacuum field line tracing simulations have been
attempted to understand the experimental observation, and it
was found that the vacuum field approximation ignoring the
plasma response was not valid for these experiments. The
vacuum field line tracing simulation result for the n = 1, 30
degree case (140390) is shown in figure 8 as an example. It
is clear that experimentally measured strong striation of the
footprint pattern cannot be achieved by the vacuum fields
even though every possible field component of NSTX was
included in the calculation (e.g. » = 1 and n = 3 com-
ponents from midplane, PF5, and TF coils). On the other
hand, clear toroidal rotation of the footprint patterns due to
the phase angle shift was obtained in the calculations (not

shown). Unlike the n = 3 cases, vacuum field line tracing
was not able to reproduce and explain neither of strong stri-
ation and static patterns presented in the wide angle camera
images in figure 7.

It is implied that the vacuum fields should be amplified
and phase shifted to narrow the discrepancies between obser-
vations and calculations and the plasma response may be
responsible for the field modification. We consider the ideal
plasma response calculation and equilibrium reconstruction
using kinetic EFIT. The kinetic EFIT including steep ped-
estal structure and strong contribution of bootstrap current
was utilized for IPEC and POCA-FLT computations, where
edge safety factor and its shear profile strongly impacted
on both axisymmetric and non-axisymmetric equilibriums.
Calculation results combining the ideal plasma and kinetic
EFIT are presented in figure 9. They indicate that modifica-
tion of the applied non-axisymmetric fields by ideal plasma
response dramatically amplified the amplitudes of vacuum
n = 1 fields and produced more consistent diverter footprints
to the camera image. The ideal plasma response was found to
significantly modify the envelope of lobes of vacuum fields
unlike n = 3 cases, therefore, striation patterns were also sig-
nificantly changed from the ones by vacuum fields. Overall
field line tracing simulations including the ideal plasma
response provide much better agreement with the camera
images.

One can notice that some local discrepancies between
measurements and calculations still remain. Measurements
show that almost stationary footprint patterns were cre-
ated in the discharges despite the phase angle change, even
though rotation of vacuum n = 1 fields may have to produce
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toroidally rotating footprint patterns. Field line tracing simu-
lations with ideal plasma response present partially stationary
and partially rotating footprint patterns, as presented by dis-
continuities of lobe structures between discharges in the sim-
ulation. Footprints by externally applied n = 1 fields rotate
toroidally, however, the amplification of intrinsic error fields
by the ideal plasma response included in the simulations for
figure 9 compensates such rotating effects and produces par-
tially stationary striation patterns.

Note strong amplifications of n = 1 fields cause a signif-
icant mixing of the ideal plasma and the vacuum layers as
stated in section 3. They produce a significant amount of new
field line connections from edge to divertor plates that are not
captured in the vacuum field line tracing, and modify footprint
shapes on the divertor plates. The inclusion of other error field
sources makes the pattern by the ideal plasma response look
more different from vacuum field case. They can look even
more different especially when the field sources are compli-
cated across intrinsic and applied components with different
toroidal modes.

More evidence will be required to confirm that the ideal
plasma response is solely responsible for the divertor foot-
prints in the n = 1 magnetic perturbations on NSTX.
Instead, it would be possible to argue that the ideal plasma
response can play significant roles in modifying the magnetic
field structure, which better explains the n = 1 experiments
of NSTX. It is also clear that self-consistent non-axisym-
metric equilibria is necessary for better understanding of
observations. Since plasmas in reality are non-ideal and
lie somewhere between ideal and vacuum regimes, ideal or
vacuum model can be a good approximation depending on
the discharges. However, more advanced plasma response
model must be taken into account to achieve full physical
mechanism of the non-axisymmetric perturbed equilibria
in tokamaks. An ideal plasma response model can be one
approach as shown in this paper, however, robust and com-
plete models including non-ideal effects should be studied
and cross-benchmarked.

5. Conclusions

Field line tracing simulations using POCA-FLT code show
that ideal plasma response can shield or amplify the exter-
nally applied vacuum non-axisymmetric magnetic fields.
Simulation results found the ideal plasma response shielding
of n = 3 vacuum fields and amplification of n = 1 fields,
implying vacuum fields can be significantly modified in
amplitude and phase by the plasma response. The impacts of
plasma response will be even more complicated in the pres-
ence of non-ideal and nonlinear MHD processes. The inclu-
sion of such rich physics remains a future work. It is clearly
indicated in this study that the plasma response must be taken
into account in the non-axisymmetric tokamak physics study
to better understand the stochastic plasma transport and ELM
suppression, which eventually will require a self-consistent
perturbed equilibria.
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