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Abstract. The efficiency of fast wave (FW) heating and current drive can be reduced by a number of edge RF
power loss processes in the vicinity of the antenna and in the scrape off layer (SOL), prior to the RF power
reaching the core plasma inside the last closed flux surface (LCFS). These processes include sheath dissipation
by near fields on and in the vicinity of the antenna, propagation of power on open field lines to the divertor
regions, and possibly others. These edge losses subtract directly from the RF power deposited inside the LCFS
and must be studied and then minimized in order to optimize fast wave heating and current drive performance
generally. On NSTX up to 60% of the HHFW power coupled from the antenna has been observed to be lost to
the SOL regions. A large part of this edge power loss is deposited in bright spirals on the divertor floor and
ceiling, reaching up to ~ 2 MW/m? of localized heat deposition for ~ 2 MW of coupled antenna power. Magnetic
field line mapping using the SPIRAL code shows that the spirals are caused by HHFW power flowing along
open field lines that pass in front of the antenna at radii between the antenna and the LCFS. The spiraled
geometry occurs because the field lines strike the divertor regions further around toroidally and further inward in
major radius as the radii of the lines in the SOL at the antenna midplane approach the LCFS. Magnetic pitch
scans show that the spirals move inward in major radius in the divertor regions at a given toroidal location with
increasing pitch, as observed with cameras, tile currents, and Langmuir probes. The magnetic mappings track
this behavior quite well. This one-to-one mapping of edge power flow from the SOL in front of the antenna to
the divertor region should serve to verify advanced RF codes for the SOL against power flow along the field
lines. Such codes then can be used to understand this edge power loss process and to assure minimization of RF
heat deposition and erosion in the divertor region on ITER.

1. Introduction

Plasma heating using waves in the ion-cyclotron range of frequencies (ICRF) will be a
primary heating scheme on ITER, where up to 20 MW of ICRF power is planned [1].
Effectively coupling the ICRF power from the sources to the core plasma is a major goal, and
traditional issues include maintaining high antenna loading by keeping the plasma separatrix
to antenna gap as small as possible and/or the edge density as large as permitted, losses near
the antenna structures such as RF-sheath enhanced bombardment [2,3] and parametric decay
instability (PDI) [4,5], and multi-pass dampening where waves that penetrate the core damp
out at the plasma edge rather than in the core plasma [6]. However, significant losses can also
occur directly in the SOL as the waves propagate away from the antenna; such losses can
create situations of poor core heating even with high antenna loading and must be subtracted
out before multi-pass dampening is considered.

On the National Spherical Torus Experiment (NSTX), the heating and current-drive
efficiencies of the high-harmonic fast-wave (HHFW) system are significantly lowered due to
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TRy interactions of the waves with the scrape-off layer
(SOL) plasma [7,8]. These reductions in heating
efficiencies are accompanied by bright streaks
emanating from the antenna region and terminating on
the upper and lower divertor in bright and hot spirals
[9,10] (Fig. 1 and comparable in-vessel view of Fig.
2). Infrared (IR) camera measurements of these spirals
show a significant RF-induced heat flux to the
I'/l divertor, up to 2 MW/m” [10]. This indicates that a
N significant part of the HHFW power missing from the
\ K core is coupling directly to the SOL and is being
deposited on the divertor. The heating efficiency is a
strong function of the toroidal wavenumber, k,
selectively launched at the antenna, and edge density
Figure 1. Strong interactions of the HHFW [7-10]. Figure 1 shows the spirals for the k, = -8 m™' (-
Sgg:rinatrr‘l?s tmhﬁjp?:r?: Vg?bﬁzﬁgﬁr?mgsjrz 90° phasing between antenna straps) case of shot
the RF-induced streak and resulting spirals 130021 in Fig. 4 of Ref. 7 for which ~ 40% of the RF
on the upper and lower divertor for an ELM-  power coupled from the antenna reached the core
T B e "o s, plasma while ~ 60% was lost o the SOL. The
detailed in Fig. 4 of Ref. 4: ganr = -90°, Pyg  Dackground is relatively dark outside the spiral zones
=2 MW, lp=1MA,B=055T. and antenna face for this ELM-free H-mode case.
Importantly, the flow of the HHFW power from the midplane to the divertor in the SOL is
largely along field lines [12], as has been determined by field-line mapping using the SPIRAL
code [13], and occurs along all SOL field lines passing in front of the antenna, not just those
connected to antenna components.
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This paper uses the field-line mapping to map the IR divertor measurements of RF-induced
heat flux back to the midplane, giving the radial profile of HHFW power coupled to SOL
field lines in front of the antenna. For the case of Fig. 1, this procedure yields a power profile
with relatively strong coupling ~ 1 cm inboard of the
antenna and again a few millimeters outboard of the
LCFS and relatively weak coupling in between. This
suggests that the underlying mechanism behind this
loss cannot be localized to the antenna components. It
would appear that the underlying cause is fast-wave
propagation in the SOL, with the low-density plasma
between the antenna and LCFS acting in effect as a
waveguide. Evidence for this behavior is found in the
relationship between heating efficiency, edge density,
and the onset density for perpendicular fast-wave
. . . 3y propagation [7,8]. The results for power flow in the
Figure 2. Vessel image showing position of gy resulting in localized heat deposition in the
the antenna, tiles, CHI gap [11], and toroidal ) . .
bay locations. View rotated 30° toroidally divertor region presented here suggest a radial
relative to that of Fig. 1. standing wave pattern in the SOL channel between
the very steep density gradient at the LCFS and the perpendicular fast wave cutoff/vessel
wall. These results are important for verifying advanced RF codes, as these edge losses are
readily apparent under NSTX conditions. Once these codes can predict the amount of fast
wave power coupled to the SOL [14], they can be used for determining the underlying cause
and for understanding how to minimize this direct SOL power loss for fast-wave heating,
generally.




2. Field-line mapping and HHFW

power flow in the SOL

HHFW power flows in the SOL mainly
along the magnetic field, as is evidenced by
comparing SOL field-line mapping to
experimental measurements of RF-induced
effects in the divertor regions. The
following sections describe the field-line
mapping procedure and the comparisons
with data.

2.1. Field-line mapping using the SPIRAL
code

Field-line mapping is done using the
SPIRAL code, a full-orbit particle code
[13]. The particle orbits produced with
SPIRAL can be taken as proxies for the
field lines because the particles are launched
with velocities parallel to the magnetic field,
which minimizes grad-B drifts, and with
low speeds (1 eV deuterons), which
minimizes curvature drifts. In this paper,
field lines are tracked from the midplane in
front of the antenna (which has a 90°
toroidal span) to the point at which they
strike the divertor region. Let Rsor denote
the major radius of a field line at the
midplane. Figure 3 provides a top-down
view of three sets of field lines with selected
Rsor of 1.57 m, 1.55 m and 1.51 m, which
lie between the antenna radius of 1.575 m
and the last closed flux surface (LCFS)
radius of 1.477 m. Each set contains
twenty field lines that cover the 90° toroidal
span of the antenna. The points at which
the field lines strike the lower divertor are
denoted by squares. Although the antenna
spans 90°, the lines converge radially as
they wind around the center column, and
lines starting closer to the LCFS strike the
divertor farther in radially and wrap around
the center column more toroidally,
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Figure 3. Field lines mapped between the midplane in
front of the antenna and the lower divertor. The points
at which each field line strikes the divertor are denoted
by squares. The different colors denote lines that
start at different radii at the midplane. Field lines
starting more inboard of the antenna spiral around
more and reach in further radially.
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Figure 4. A large set of strike points defines a large
spiral on the divertor floor. Field lines are tracked
from the midplane in front of the antenna; the color-
coding denotes the midplane radii of each line. The
resulting spiral matches those seen in camera images
(Fig. 1). The CHI gap is denoted by the dashed green
circles.

generating a spiral pattern similar to the visible-camera image in Fig. 1.

The field-line mapping is compared with diagnostic measurements in the divertor region, so it
is often sufficient to know only the strike points of the field lines rather than the entire
trajectories. Figure 4 plots these strike points on the lower divertor floor for a much-denser set
of field lines that includes many different Rgor; the color-coding denotes the midplane radius
of the field line from which each strike point originated. The set of strike points forms a spiral
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as is observed experimentally. It is important to not confuse this spiral, formed by a collection
of field-line strike points, with the spiraling SOL field-line trajectories shown in Fig. 3. The
strike-point positions allow quantitative comparisons of RF-induced effects with the field-line

mapping.
2.2. Comparison of field-line mapping to diagnostic measurements

Previous comparisons of the field-line mapping to diagnostic measurements showed that the
HHFW power flow through the SOL is largely field-aligned [12]. The RF-spiral moves across
the divertor when the magnetic pitch of NSTX is changed as is observed in visible-camera
images and in diagnostic signals such as for Langmuir probes and current-sensing tiles. The
strike points generated by field-line mapping exhibit this motion and, in fact, reveal that the
spiral movement is actually a rotation of the spiral due to the altered magnetic pitch. Also, the
calculated strike points lie over the Langmuir probes and current-sensing tiles on shots for
which these diagnostics show a strong response to the RF pulse. Thus, these experimental
observations support the conclusion that the HHFW power flow through the SOL from the
antenna to the divertor region is along the magnetic field.

IR camera measurements of RF power
deposition on the upper and lower
divertor regions also agree with the field- (a)
line-mapping spiral patterns [15]. The IR Qpay| ‘T PRF = 0 (130617, t=358ms)
cameras are located at Bay I for the lower (MW/m2)
divertor region and at Bay G for the upper

divertor region [16]. This paper focuses

PRF = 1.8 MW (130621, t=357ms)

on the lower divertor results. Figure 5 A

shows heat-deposition profiles along an [

approximately radial sight line at Bay I 2L A : : .

for two shots under identical conditions: 02 04 O.Igadiuso('r%) 10 12
shot 130621 with 18 MW of HHFW O :

power with -90° phasing between antenna Spiral ) __________ } } ' A l ______ -~
current elements (k, = -8 m"'), and ) '7 Sight Line
reference shot 130617 with no HHFW (LCIADFITO4) ----- ” ’—' —————— —l‘-_-_
power. Subtracting the two heat profiles — gpjrg) /1 B H B s |gh tznﬁe

gives the RF-induced component of the

heat—‘deposmon profﬂe, . d?l Q The Figure 5. The field-line strike points agree well with the
relatively large negative dip in del Q near  ragial locations of peak RF power deposition measured
Ry, ~ 0.4 m in Fig. 5(a) is most likely due  with IR cameras. (a) An IR radial heat-flux profile at Bay |
to a shift in plasma exhaust in the vicinity both with RF (black) and without RF (green). The
. K subtraction of the two gives, del Q, the RF-power
of the vessel outer strike radius due to RF depositon (red). Computed strike points at Bay | with (b)
core heating; this shift makes the EFITO2 and (c) LRDFITO4, are in reasonable agreement
subtraction inaccurate in the vicinity of Withheatpeak radi.
the vessel outer strike radius. The subtraction is valid elsewhere and three RF-induced heat
peaks are clearly resolved. There is significant heat deposition at large radii, 0.85 m — 1.1 m,
well outboard of the outer vessel strike radius. This location is in good agreement with
location of the outer band of the strike points shown in Figs. 5(b) and 5(c) for the equilibrium
fits EFITO2 [17] and LRDFITO04 [18], respectively. The second pass of the spiral is just
inboard of the CHI gap at 0.53 m — 0.6 m, and the corresponding heat deposition is much
weaker. An additional heat peak with larger amplitude is clearly resolved at an inner radius
of 0.45 m, corresponding to a third crossing of the spiral at Bay I. The SPIRAL results also
indicate additional heat peaks close to the outer vessel strike radius that are not resolved in
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Fig. 5(a). The amplitude of the resolved heat peaks will be related to the midplane power-

deposition profile in Sec. 3.

Bay Location
H GF E D C B A

a) EFIT02
141899

The accuracy of the field-line mapping is limited
by the accuracy of the equilibrium fits used. In
Fig. 5, the LRDFITO04 spiral segments are shifted
slightly to smaller R relative to the EFITO2
segments. Another example is given in Fig. 6
where overlays of strike points are compared with
lower-divertor visible (Li I) emission images from
shot 141899 [15] that have been inverted and

plotted as major radius versus toroidal angle [19].
The upper figure contains strike points calculated
using EFITO2 while the bottom figure uses
LRDFITO04. The EFITO2 strike points fit the RF
spiral better at outer radii and just inside the CHI
gap but eventually deviate at inner radii.
LRDFIT04 does not fit as well at outer radii but
fits better as the outer vessel strike radius is
approached. The strike points at inner radii come
from field lines close to the LCFS that make many
loops around the X-point, so any errors from the
fits are sampled repeatedly for such field lines.
Thus, the field-line mapping can be expected to be
least accurate in the vicinity of the outer vessel
Figure 6. Different equilibrium fits give different strike radius. These differences are relatively
field-line mappings. Here, a divertor-camera image gmall and do not alter the conclusion that the
of Li | emission is overlayed with field-line strike field-li trik int tch the IR d iti

points from (a) EFITO2 and (b) LRDFITO4. Green 11€10-1IN€ Sirike points match the cposttion
points denote field lines from the right side of the measurements well. However, they demonstrate
antenna, and yellow points from the left hand side, that the codes are sensitive to relatively small
so the RF power deposition occurs between the tainti in th ilibri tructi .
yellow and green points. The EFITO2 strike points unper ainties _m © eql‘n 1brium reconstruc lon_s’
match the RF streak well at outer radii but not this could be important in general, for example in

close to the LCFS. LRDFITO4 generally matches gpecifying exactly the location of the outer vessel
the streak but not as well at larger radii. . :
strike radius.

0 100 200 300
Toroidal Angle (degrees)
Bay Location
H GF E D C B A

b) LRDFITO4
141899

Radius (m)

0 100 200 300
Toroidal Angle (degrees)

3. Power-deposition profile at the midplane

Given the field-line mapping linking the SOL midplane to the divertor floor and that the
HHFW power flow to the divertor region is primarily along field-lines, we can map the lower-
divertor heat flux back to the midplane. This gives a radial profile of the HHFW power
coupled to different field lines in the SOL and shows that the power coupled is relatively high
both near the antenna and also the LCFS but drops in between. This profile indicates a radial
standing fast-wave pattern across the SOL. We repeat the calculations for ELMy H-mode
plasma shots and reach the same conclusion but with more resolution near the LCFS.

3.1. Calculating the Midplane Power Deposition

To compute the power flux coupled at the midplane, Qg , from the divertor heat flux, Qg,, we
need both the magnetic field-line mapping and the flux expansion factor. The latter is needed
because the SOL flux surfaces are more spread out at the divertor than at the midplane due to
the weakening of the poloidal field. Consider a differential surface element on the divertor
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floor of width dR,, at a given divertor radius R, and angular span de. Its image at the
midplane under the field-line mapping results in another element of span d¢ but at a given

SOL radius R; with width dR.
two surface elements, so that for dR << R

OsorRso1dpdRg,, =0, R, dpdR . (1)
It is clear that
R, dR,
= [V w w s 2
Cror. =0 Rgor dRso, @

where in Eq. (2) Ry, is a function of Ry, under
the field-line mapping. Figure 7 plots (R, —
R,) as a function of R, as well as the flux
expansion factor (dRg/dR,,) and the ratio
R,/R,,. These allow the ratio Q,,/Q,, of Eq.
(2) to be computed and plotted in Fig. 7, which
can then be used to calculate Q,, for a given
RF power deposition in the divertor region,
Qg The translation factor Q,,/Q, 1s relatively
large near the outer vessel strike radius (LCFS)
and falls off with increasing radius. The jagged
portions in Fig. 7 are due to the CHI gap.

All the power flows within the flux tube connecting these

I
130621
-

Rdiv (m)

Figure 7. Solid black: the Qsa/Qqiv factor used to
convert power deposited at the divertor region to
power coupled along field lines at the midplane.
Dotted red: flux expansion. Dashed blue: ratio of
radius at divertor to radius at midplane. Dotted
green: magnetic line mapping from divertor to
midplane.

The IR camera used here only obtains data from Bay I (Fig. 5) and thus samples only a
portion of the HHFW power flow, namely that along field lines whose strike points land at
Bay I. Thus, regions of low heat flux shown in Fig. 5 do not correspond to midplane radii

with low RF-power coupled; rather, the RF
power flowing along such field lines lands off
of Bay I in the lower divertor region. For this
reason, only the local maxima of heat flux,
whose field lines definitely land at Bay I, are
mapped back to the midplane. While this
limits the information obtained at the
midplane, an indication of the power-coupling
profile is still indicated, as shown in Fig. 8.
The interesting conclusion is that the coupled
power is relatively large both close to the
antenna and also again near the LCFS for the
ELM-free conditions of Fig. 5. This is
reminiscent of a standing radial mode pattern
and will be discussed further in the
conclusions. Multiple IR cameras or a single
wide-angle lens camera would allow a more
complete recovery of the radial power-
coupling profile in the SOL.

LCFS — R, - R, (cm) Antenna
0 2 4 6 8 10
: ' " 130621-617
delQ 3| *soLt t=357ms
Bay | b / Ricfs = 1.477 m
(MW/m2) F /J o E
2| | E
Qsol | \\
(MW/m2) £ / \ E
TF | E
L ' e
Y 2 P
02 0.4 06 08 1.0 1.2
Rdiv (m)

Figure 8. Using the conversion factor shown in Fig.
7, the IR measurement of RF heat deposition (black
curve) can be converted to power coupled at the
midplane (red points). This indicates that the
coupled power peaks both close the antenna and
also near the | CFS



7 EX/P5-40

3.2. Midplane Power Deposition for an ELMy discharge

2

PRE =26 MW ' ' A clearer view of the hot spiral peaks near the

(a) (135333, t=353ms) . . . .
QBay! - k outer vessel strlke'radlus 18 ‘obta‘med for an
(MW/m2) (135334, t=352ms) ELMy plasma as is shown in Fig. 9. The
s ] ELMs tend to raise the edge density and thus
increase the edge losses [7]. The enhanced
- . edge losses reduce the RF core heating so that
the exhaust from the plasma around the outer
Of eI S D vessel strike radius is less affected by the RF
Q2 ﬂ‘f?' , 06 08 D|1\;/0Radiu1s<2(m) power reaching the core pl‘asma inside the
radius b l D ) LCFS; however, the direct-RF power
S(Ft))i)ra] 1.509 1.5107 1.521 1.550 1.575 SOL Radii (m) depOSition in the SOL Should be enhanced.
strike \__Hl_‘l__.‘_:— Ilif:esight The heat-flux peaks in the lower divertor are
points , ' , , , clearly resolved even near the outer vessel

EFITO2 o2 04 06 08 1.0 1.2

strike radius in Fig. 9. In fact, the RF-
induced spiral streaks are clearly seen in the

Figure 9. A comparison of the RF heat position for : . .
an ELMy H-mode plasma against field-line strike IR camera image shown in Fig. 10. These

points. The multiple IR peaks close to the LCFs heat-flux peaks are mapped back to the
are consistent with the multiple passes of the midplane using Eq. (2) to give the Q,, values

computed strike-point spiral and have the same . . . _
general location. The conditions are for shot in Fig. 11 versus the SOL radius, oR, = R

135333 are gant = -90°, Pns = 2 MW, I» = 0.8 MA, Ry cps. Here, it is resolved that the coupled
B.=045T. power peaks a few millimeters outboard of the
LCFS and a few centimeters inboard of the

DIV Radius (m)

sol ~

@ MF 135333334 { = 0.353seC ' i ‘
‘ antenna but drops in between.
8Qgiv 12 F 5
MW/ o E
m2)
0.8 | 4 T T T T T T
06 [ 3 *3
2 ]
> 1 Qo 3 F M .
02 F (MW/
0.0 s m?2) ]
0.2 04 292 6 ’_
Bay H 1
(b) T 3 :
IR image
Bay | ® 4
Floor Bay | 0 ) ) L . : )
0 2 4 6 )
Bay J l LCFS ORsol (M) Antenna
Figure 10. RF power deposition 8Qgy for the ELMy Figure 11. Calculated values of the power coupled at
H-mode plasma of Fig. 9 as viewed with (a) the IR the SOL midplane, Qso, are shown for the peaks of
camera data along the sight line at Bay |, and in (b) the measured IR profile labelled 1 — 6 in Fig. 10. This
the IR camera image for shot 135333 for which the data indicates that the power coupled in the SOL
RF-induced streaks are clearly visible. Also midplane peaks inboard of the antenna and again
shown in (b) is the sight line for the near radial outboard of the LCFS. (Riss = 1.508 m)
profile in (a).

4. Conclusions

Given that the HHFW power coupled to the SOL flows from the NSTX antenna region to the
divertor along field lines, the IR camera data has been mapped back to the midplane to obtain
an estimate of the radial power coupling profile. In both cases analysed, the power couples
strongly to field lines close to the antenna and to the LCFS but drops in between. This is
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similar to a radial standing-wave pattern in a cavity and is indicative of fast-wave properties
in the SOL. Another possible mechanism of direct SOL heating in the vicinity of the LCFS is
PDI [6], but SPIRAL computations for the energetic ions produced show them to be mirror
trapped away from the divertor regions, and the PDI losses do not appear to scale
appropriately with the wavevector, k, to account for all losses [7]. While these losses to the
divertor region have been studied on NSTX, a spherical torus with relatively high magnetic
pitch, field-aligned RF-effects in the SOL have been observed under conventional tokamak
conditions on Alcator C-Mod [20] and indicate these effects are common to fast-wave
systems. Direct measurements of RF fields will be needed on NSTX-U to confirm
experimentally that fast waves are propagating in the SOL. However, the SOL RF power flow
results from NSTX provide a clear test for verifying advanced RF codes that treat the SOL
region and that in turn can be used to theoretically understand the process(es) underlying the
SOL power flow. Such a verification will also validate the use of advanced RF codes to
predict and possibly minimize SOL power losses to the divertor region on ITER.

* This work is supported by USDOE Contract No. DE-AC02-09CH11466.
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