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a b s t r a c t

Divertor heat and particle flux profiles are modified by externally imposed non-axisymmetric magnetic
perturbations in the National Spherical Torus Experiment. The applied 3-D field causes strike point split-
ting that is represented as local peaks and valleys in the divertor profiles. The plasma response in an ideal
perturbed equilibrium approach was included in the field line tracing by taking account of the B-field
generated by the plasma current up to a certain fraction of normalized flux inside the separatrix and
being superposed to the vacuum field. The inclusion of this type of plasma response does not significantly
affect the location and spacing of the split strike points at the divertor surface. A modest level of divertor
profile modification is found to occur even without the application of 3-D fields in certain high triangu-
larity (d = 0.65–0.8) discharges, with the location of local peaks and valleys same before and after the
application. The intrinsic error field from the non-circularity of PF5 coil is known to have primarily
n = 3 component in NSTX and was modeled to be included in the vacuum field line tracing. The produced
puncture plot of the field line along with the connection length profile shows that the radial location of
local peaks agrees well with the measurement, identifying intrinsic error field as a possible source of
intrinsic strike point splitting. The radial location of local peaks in the profiles during the triggered
ELM by the applied n = 3 field is the same before and after the 3-D field application. This shows that
the heat flux from the triggered ELMs appears to follow the imposed n = 3 field structure.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Tokamaks are commonly regarded to have toroidally axisym-
metric magnetic configuration. Therefore, plasma facing compo-
nents (PFCs) are also designed and built axisymmetric to protect
areas where high heat and particle fluxes are expected from the
2-D equilibrium. However, the application of small, non-axisym-
metric magnetic field perturbations produced by in-vessel or
ex-vessel coils has been recently found to modify and break the
axisymmetry of divertor profiles as well as to have significant im-
pact on the Edge Localized Mode (ELM) characteristics in tokamaks
[1]. As ITER presently considers the use of 3-D magnetic perturba-
tion for the ELM suppression as a possible option [2], the effect of
these 3-D fields on the heat and particle footprints on the divertor
plates is of substantial interest and has recently drawn attention
from various machines [3–6].
ll rights reserved.
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In DIII-D [7], large Type-I ELMs have been successfully elimi-
nated [8,9] by applying resonant magnetic perturbations (RMPs)
produced by a series of coils inside the vacuum vessel (internal
or ‘‘I-coils’’). In the National Spherical Torus Experiment (NSTX)
[10], long (>600 ms) ELM-free H-mode plasmas were achieved by
heavy lithium evaporation and coating onto the plasma facing
components [11]. Application of 3-D fields to these plasmas trig-
gered ELMs with the ELM frequency controlled by the frequency
of applied 3-D field coil currents in case a square wave coil current
was applied [12,13], while the ELM frequency tend to increase with
the increasing coil current in case of constant coil current [13].
Note that the data presented in this paper were obtained with
constant coil current. When the external 3-D field is applied,
modification of the magnetic equilibrium produces a 3-D structure
of perturbed magnetic field lines in the plasma edge, where the
poloidal magnetic flux is re-organized into topological structures
known as homoclinic tangles [14]. Perturbed by non-axisymmetric
3-D fields, the separatrix is split into multiple invariant manifolds
forming a 3-D lobe structure for the open field lines (in other
words, field lines that hit the material surface), which are a
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mixture of long connection length stochastic field lines and short
connection length laminar field lines. The lobe structure of the
open field lines generates a striated, i.e. split, strike point (SP) pat-
tern radially across the divertor target surface. This structure is ex-
pected to be reflected in the measured divertor heat and particle
flux profiles and such an observation during the 3-D perturbation
field application was recently reported in DIII-D [1,14,15] and
NSTX [16] H-mode plasmas.

In addition to the explicit application of 3-D fields by coils, non-
axisymmetric magnetic perturbations can be also produced from
other sources: intrinsic error fields; internal MHD modes; toroidal
field ripples, etc. These 3-D fields can in principle make a similar
impact on the plasma to the explicitly imposed 3-D fields de-
scribed above. In fact, SP splitting of heat and particle flux profiles
has been observed even without explicit application of 3-D fields in
certain high-triangularity (d = 0.65–0.8) discharges in NSTX [16].
This SP splitting appears to be related to the intrinsic error fields
at least to a certain extent. We will therefore call the SP splitting
without explicit application of 3-D fields the ‘intrinsic SP splitting’
for the remainder of this paper. The intrinsic SP splitting is not
ubiquitous in NSTX. That is, in certain discharges, the non-axisym-
metric magnetic perturbations generated by the intrinsic error
fields may be canceled out by the background equilibrium fields.
Or there may be a threshold of intrinsic error fields to produce
intrinsic SP splitting.

While the pedestal pressure gradient increased by �30% after
the application of 3-D fields in case of no lithium coating
[12,13], which may be responsible for the change in ELM stabil-
ity, there is no change observed in the pedestal pressure gradi-
ent by the applied 3-D fields in the case of lithium enhanced
ELM-free H-mode discharges [16]. It is proposed that the ELM
triggering by the application of 3-D fields is used to flush
impurities during the long ELM-free, lithium-enhanced H-mode
discharges [12,13]. It is therefore important to understand heat
and particle deposition mechanism of the 3-D field triggered
ELMs onto the divertor surface.

Experimental set-up and measurement techniques will be de-
scribed in Section 2 and the data analysis and interpretation will
follow in Section 3. Summary and conclusions will be discussed
in Section 4.
2. Experimental set-up and measurement technique

The 3-D perturbation fields were generated with a set of six
midplane coils, external but close-fitting to the vacuum vessel, that
are typically used for error field correction and resistive wall mode
feedback control [17,18]. The coils were configured to apply an
n = 3 field in the ELM-destabilization experiments, with a gener-
ated magnetic perturbation at the separatrix, dB/B = 0.6–0.7% for
the peak dB at the coil centre and in the order of 0.1% for the inte-
grated dB over the coil surface. The poloidal spectrum of the ap-
plied magnetic perturbation is broad at the plasma edge [13],
reaching high enough mode numbers to be resonant with high
edge safety factor values (q95 � 10).

The heat flux measurement is made with an SBF-161 infrared
(IR) camera [19]. The reference point of the toroidal angle is located
at the centre of the midplane coil #1 and here the angle is measured
counter-clockwise from the reference point. The IR camera is in-
stalled at the toroidal angle of u = 135� (225� if clockwise). The
camera takes IR images of the lower divertor plates in 2-D with a
temporal resolution of 1.6–6.3 kHz (depending on the frame size).
The camera measures surface IR emission, which is converted to
surface temperature from bench and in situ calibrations. A 2-D heat
conduction code called THEODOR [20] is used to calculate the
divertor heat flux profile from the measured surface temperature.
The calculation is carried out both in radial and tile depth directions
for tiles with finite thickness as well as taking account of tempera-
ture dependent material parameters. However, the effect of Li coat-
ings on the surface emissivity has not been properly assessed for
the data to be presented in this paper and the condition of Li coated
surfaces varies with plasma conditions, meaning that the surface
temperature data can be different from the calibration by certain
known amount. Therefore, the heat flux data computed from the
surface temperature is not absolutely calibrated and the actual
amount of heat carried by the heat flux profile is not known quan-
titatively. We thus rely on relative comparison of heat flux profiles
for different experimental conditions. The several kHz framing rate
enables heat flux measurement of transient events, such as ELMs
and disruptions. The fast framing rate also facilitates measurement
of the formation of striations in the divertor heat flux footprints,
which can start to appear within 3–4 ms after initiation of the
3-D field coil.

The Da emission at the lower divertor target is recorded by a 1-
D CCD camera installed at u = 255� (105� if clockwise). It is oper-
ated at 2 kHz rate and with �0.5 mm spatial resolution and is a
part of a system of CCD arrays [21]. The sheath-limited divertor
plasma condition produced by Li enhanced plasmas presented in
this paper makes the Da emission more closely correlated with
the particle flux, because in this condition the Da emission comes
more directly from the excitation of neutral particles which are
the source of ionization to produce the particle flux. The derivation
of particle flux from the Da measurement has been carried out in
NSTX [22] and the recycling coefficient with Li has been estimated
from the SOLPS modeling [23] to be R � 0.92, compared to R � 0.98
without Li. The electron temperature and density at the separatrix
for these plasmas are normally Te,sep = 40–60 eV, ne,sep � 1e19 m�3.
We therefore will use the measured Da profile as a proxy to the
divertor particle flux profile for the rest of this paper.
3. Data analysis and interpretation

3.1. Formation of strike point splitting with the effect of 3-D field
application

Fig. 1 shows the temporal evolution of a lithium enhanced ELM-
free H-mode discharge with an n = 3 perturbation field applied. The
L–H transition is indicated by the drop of divertor Da emission at
�110 ms, and the H-mode was sustained until �570 ms. The 3-D
field perturbation was applied at 400 ms with constant amplitude
of 0.75 kA. The Da trace shows that periodic Type-I ELMs were trig-
gered after �45 ms following the application of 3-D fields. The
line-average electron density continued to rise in the H-mode
phase even after the 3-D field application but the rate of increase
is reduced due to the density purge by the ELMs triggered with
the 3-D field, compared to the no ELM-triggering case with lower
coil current of 0.5 kA [16] where the rate of the density increase
is not reduced even after the 3-D field application. The temporal
and spatial evolution of the measured heat flux and Da profiles
are shown in Fig. 3 as a contour plot, for which each profile was
measured at toroidal angles of 135� and 255�, respectively. It is
seen that the striation in both profiles is formed quite immediately,
with a time constant consistent with field penetration time of 4–
5 ms, after the perturbation field application at 400 ms. This stria-
tion represents the split strike points with the effect of applied 3-D
fields and the vacuum field line tracing reproduces the experimen-
tal observation quite well [16]. The inclusion of the plasma re-
sponse inside the original separatrix by the IPEC calculation [24]
is not found to affect the structure of split strike points signifi-
cantly, i.e. the number and radial location of the generated lobes
are unchanged by the inclusion of the plasma response. Here, the



Fig. 1. Time evolution of various discharge parameters for a 3-D field applied shot
135185: (a) plasma current, (b) line averaged density, (c) injected NBI power, (d)
current in the external 3-D coil, (e) Da signal for lower divertor. Note that the 3-D
field coil was switched on at 400 ms to �0.75 kA and this triggered ELMs in about
�45 ms after the onset of n = 3 perturbation field at t = 400 ms.

Fig. 2. Poloidal Poincare plot from a vacuum field line tracing calculation (left) and
from the one with the plasma response included in the field line tracing, up to 97%
of normalized flux (e.g., WN = 0.97) inside the separatrix, calculated by IPEC (right).

Fig. 3. Contour plot of measured heat flux (upper) and Da (lower) profiles with n = 3
perturbation field applied from t = 400 ms. Triggered ELMs are indicated by the
vertical lines in both contour plots. Note that a tile gap (2 mm wide) is located at
r = 43 cm, which is represented by the black dotted line.

S920 J.-W. Ahn et al. / Journal of Nuclear Materials 415 (2011) S918–S922
B-field generated by the plasma current up to a certain fraction of
normalized flux (e.g., WN = 0.97) inside the separatrix is calculated
by IPEC and is superposed to the vacuum field to begin field line
tracing.

Fig. 2 shows puncture plots of magnetic footprints on the diver-
tor target, one from a vacuum field line tracing code and the other
from the IPEC calculation. They do not show the connection length
profile comparison but are simply poloidal plane Poincare plots. It
can be seen that the radial location and spacing of the generated
lobes are little affected by the plasma response inside the separa-
trix. This result implies that the open field lines are necessary to
explain the divertor striations observed in the experiment, as
was pointed out by an EMC3-Eirene modeling [1] that a weak level
of cross field transport is needed for the striations to occur, sup-
porting the idea of open field lines. One should note that, however,
this investigation has yet been carried out only for a limited set of
plasma conditions and a more thorough examination for a wide
range of plasma conditions is needed to draw a generalized conclu-
sion. This result also needs to be compared with those from the
resistive MHD approaches such as [25] in the future. The toroidal
displacement of the IR and Da cameras by 120� is expected to pro-
duce n = 3 periodicity in the divertor fluxes if the generated lobe
structure is consistent with the imposed n = 3 field structure. In-
deed, the temporal and spatial evolution of striations is very simi-
lar for both heat flux and Da profiles (see Fig. 3). Note that the
radial location of the original strike point moves back and forth
by 2–3 cm in the period between 150 ms and 400 ms. This is due
to the plasma feedback control system working to keep the strike
point position as constant as possible. In other words, the PF3 coil
current is controlled to flow toward the direction of canceling any
radial movement of the equilibrium.
3.2. Intrinsic strike point splitting in relation with intrinsic error fields

It is also seen in Fig. 3 that the divertor flux profiles show
certain degree of strike point splitting even before the application



J.-W. Ahn et al. / Journal of Nuclear Materials 415 (2011) S918–S922 S921
of external magnetic perturbation. The profiles show nearly mono-
tonic decay, i.e. no strike point splitting, until t � 190 ms and then
begin to develop local peaks and valleys in the radial locations
other than that of the original strike point at r�35 cm. This intrin-
sic strike point splitting is reflected by striations in the heat flux
and Da profiles. The degree of splitting varies in time and both
the heat flux and Da profiles show similar evolutions. Out of the
possible sources of 3-D magnetic perturbation other than the
external application, the intrinsic error field from the non-circular-
ity of PF5 coil was modeled to be included in the vacuum field line
tracing. It was recently shown [26] that PF5 produces primarily
n = 3 error field and the n = 3 component (BPF5

n¼3 ¼ 4G) is approxi-
mately four times larger than the next highest component, which
is n = 2 component (BPF5

n¼2 ¼ 1G). The inclusion of PF5 non-circular-
ity in the vacuum field line tracing is therefore expected to produce
dominant n = 3 field structure although the model contains all non-
circular components. Fig. 4 shows comparison of computed con-
nection length (Lc) profile with the measured heat and particle flux
profiles, both for the n = 3 application and the PF5 intrinsic error
field cases. Here, the Lc is computed by following up a field line
launched from the surface of outer target until it hits any PFC sur-
face inside the vacuum vessel. It is seen that the radial location of
local peaks agrees with each other very well. This indicates that
intrinsic error fields may be one of the sources of the intrinsic SP
splitting.

It is also seen that the Lc values for the local peaks in the intrin-
sic error field case are smaller than the n = 3 application case. This
Fig. 4. Comparison of computed connection length profile by the vacuum field line
tracing (black) with heat flux (blue) and Da (red) profiles. The upper plots (a) are for
the PF5 intrinsic error field case and the lower ones (b) are for the n = 3 field applied
case. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
implies that those wall-to-wall connecting field lines in the intrin-
sic n = 3 case do not enter the plasma as deep as in the applied n = 3
case. Note also that the two outermost local peaks in the Lc profile
are not observed in the measured divertor profiles in the intrinsic
n = 3 case. It might be that the radial transport in this region simply
wiped out the effect of parallel transport along the long connection
length field lines due to the relatively weaker magnetic perturba-
tion, therefore weaker SP splitting, than the applied n = 3 case,
but this needs further investigation for clearer understanding.
The alignment of local peaks in all three profiles is much better
in the applied n = 3 case, but there is a growing discrepancy be-
tween the modeled and measured profiles with the increasing ra-
dius, which might be due to the growing resistive plasma response
that is not included in neither the vacuum nor the IPEC field line
tracing. Another possible source of error is the uncertainty on the
EFIT provided equilibrium locations. This could lead to up to �a
few centimeter of error bar on the field line tracing result in both
the intrinsic and applied n = 3 cases.

However, it should be noted that the intrinsic SP splitting is not
ubiquitous in NSTX. For some discharges, the intrinsic SP splitting
is not observed during the whole plasma duration time in either
the heat flux or Da profiles. Whether this is because the PF5 coil
current in these discharges was too low (IPF5 = 5.6 kA) to produce
SP splitting, compared to the other case (IPF5 = 7.5 kA), or the 2-D
equilibrium fields superposed by the 3-D perturbation fields re-
acted toward the direction of canceling 3-D field effect is not clear
at present.
3.3. Heat flux deposition during the ELMs triggered by 3-D field
application

The externally imposed 3-D fields trigger ELMs and the strong
heat and particle expulsion by the triggered ELMs onto the divertor
surface is indicated as several vertical lines in Fig. 3. The frame
speed of the IR camera was sufficiently high (�3.8 kHz) to measure
heat flux profiles during the ELM. Fig. 5 shows the heat flux profiles
at the ELM peak and immediately (0.6 ms) before the ELM occur-
rence. One can notice that the SP splitting is persistent even during
the ELM (t = 444.6 ms) as the profile exhibits local peaks and val-
leys. Also, the radial location of the split strike points before and
during the ELM agrees with each other very well. This indicates
Fig. 5. Heat flux profiles measured at the ELM peak (blue dotted line), divided by 3,
and during the inter-ELM period, 0.6 ms before the peak (red solid line). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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that the heat flux profile from ELMs triggered by n = 3 fields may
follow imposed field structure, i.e. 3-D field triggered ELMs appear
to be phase locked to the externally applied perturbation. This has
an important implication that the distribution of divertor heat flux
of the triggered ELMs can be aligned with the footprint pattern
generated by the imposed 3-D field.

4. Summary and conclusions

The non-axisymmetric perturbation fields, either externally im-
posed or internally arisen, are observed to cause the splitting of
strike point in NSTX H-mode plasmas. The applied 3-D fields mod-
ify the heat and particle flux profiles in a manner consistent with
vacuum field line tracing. The inclusion of ideal plasma response
inside the separatrix in the field line tracing does not significantly
change the radial location and spacing of split strike points. This is
important because it indicates that vacuum field line tracing may
be sufficient to predict the structure of the generated strike point
splitting for this type of plasma. However, it should be further
investigated by including resistive plasma response in the field line
tracing. The intrinsic strike point splitting observed in both profiles
for some NSTX discharges is thought to be related to the intrinsic
error fields in PF5 coil. The non-circularity of PF5 coil was modeled
to be included in the vacuum field line tracing and was shown to
generate very similar field structure to the case of n = 3 field appli-
cation. This indicates that the intrinsic error field may be one of the
sources to produce intrinsic strike point splitting. However, there
are also discharges with no intrinsic strike point splitting for the
whole duration of the discharge. It is not clear at present what is
causing the difference between these two cases. It is possible that
the current of PF5 coils was not sufficiently high to induce the
strike point splitting, or the background 2-D equilibrium fields
for those discharges reacted toward the direction of cancelling
out the effect of superposed 3-D fields. A detailed investigation
to answer this question is needed. Heat flux profiles measured at
the peak of triggered ELMs show that the lobe structure is persis-
tent even during the ELMs and the heat flux follows imposed field
structure, implying that the ELMs may be phase-locked to the
externally imposed perturbation.
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