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Scaling of the power exhaust channel in Alcator C-Mod?
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Parametric dependences of the heat flux footprint on the outer divertor target plate are explored in
EDA H-mode and ohmic L-mode plasmas over a wide range of parameters with attached plasma
conditions. Heat flux profile shapes are found to be independent of toroidal field
strength, independent of power flow along magnetic field lines and insensitive to x-point topology
(single-null versus double-null). The magnitudes and widths closely follow that of the “upstream”
pressure profile, which are correlated to plasma thermal energy content and plasma current. Heat
flux decay lengths near the strike-point in H- and L-mode plasmas scale approximately with the
inverse of plasma current, with a diminished dependence at high collisionality in L-mode.
Consistent with previous studies, pressure gradients in the boundary scale with plasma current
squared, holding the magnetohydrodynamic ballooning parameter approximately invariant at fixed
collisionality—strong evidence that critical-gradient transport physics plays a key role in setting

the power exhaust channel. © 2011 American Institute of Physics. [doi:10.1063/1.3566059]

. INTRODUCTION

The width of power exhaust channel at the divertor
plate, 4, is a critical engineering parameter for any tokamak
with reactor-level power entering into its scrape-off layer
(PsoL). Yet, physics-based transport models that can accu-
rately simulate observed /, values and their scalings in exist-
ing tokamaks are lacking at the present time.

The maximum steady-state heat flux that can be safely
handled by a material surface is typically ~10 MW m ™2, the
value which is presently set for ITER’s (international ther-
monuclear experimental reactor) peak divertor heat fluxes.'
Because of this constraint, the size of /, directly sets the ac-
ceptable fraction of Pgor, that may impinge divertor surfaces,
fdivPSOL- For ITER, fdiv is estimated to be fdiv < NO.O4},4,2
with 4, expressed in millimeters, magnetically mapped to
the outboard midplane. Thus ~5 mm /, value, currently pro-
jected for ITER, mandates that ~80% of Psor. must be dissi-
pated to avoid damage to divertor surfaces and associated
coolant structures. This in turn demands that ITER must be
operated in a partially detached divertor regime—a regime
that is not guaranteed to be compatible with the desired core
plasma performance (Qpt ~ 10). The situation expected for
a DEMO is even more severe, having several times ITER’s
Psor in a device of similar size.® However, the ~5 mm value
for ITER is based in part on empirical projections from pres-
ent day experiments,”*> which appear to be ambiguous and
not well formulated. Of primary concern are the inconsisten-
cies with respect to major radius (R), scrape-off layer power
(Psor) or divertor power (Pg4;y), and engineering parameters
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such as toroidal magnetic field (B,) and plasma current (1),
or safety factor (gos).

Multimachine scalings based on heat flux “footprints”
measured at the outer divertor surface of ELMy H-modes®
suggested very weak or no scaling with machine size, a posi-
tive power-law dependence on Psor (~Ptor~Pgiy) and a
sensitivity to By, and gos. Power-law regression analyses
yielded the expressions

AN m) = (5.2+1.3)10°P(MW) g =

% B(T) ;0.45 i0A07q8,557 *0.16 (1)

?

M m) = (5.3%1.4)10°P(MW) "™

~ B(T);O.71t0.08q8,530t0‘15. (2)

Yet, multimachine scaling studies of the temperature e-fold-
ing lengths at the last-closed flux surface (LCFS) near the
outer midplane®’ revealed that major radius is the dominant
scale parameter. This observation appears to be inconsistent
with the above scalings, given that the upstream electron
temperature profile is thought to play such a dominant role in
setting the width of the power exhaust channel. Adding to
these ambiguities, detailed analyses of the power exhaust
channel in JET identified a different set of empirical scaling
projections for iq,s

}v;m‘d o B;ngg'LS ng"is qosR? (conduction limited case), (3)

A o B;nggfngﬁsqg‘ssRl‘s (sheath-limited case), (4)

which includes upstream electron density, n,,, as a para-
meter. This scaling contains a negative power-law sensitivity
to Psor, an inverse scaling with By and a major radius

© 2011 American Institute of Physics
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proportionality, combined with a linear or square-root sensi-
tivity to the field line connection length in the scrape-off
layer, gosR, depending on the parallel heat transport regime.
This ambiguous state of affairs has existed for some time, as
it is plainly stated in the 2007 ITER Physics basis docu-
ment:* “...there is a need for improved experimental meas-
urements and a theory-oriented approach for making
extrapolations for the target heat flux in ITER...””

Recognizing these critical gaps in understanding, Alca-
tor C-Mod initiated an aggressive experimental program in
2009 to help contribute to this important science area, first
by developing an extensive array of divertor heat flux instru-
mentation and second by performing dedicated experiments
to explore boundary layer heat transport. This paper reports
on experiments performed during the FY2010 run campaign,
which were part of a coordinated research program with
NSTX and DIII-D, in support of a Joint Research Target
established by the US DoE Office of Fusion Energy
Sciences.®

The C-Mod experiments were designed to address spe-
cific physics questions: First, what are the typical values of
/.q observed in C-Mod’s EDA H-mode and L-mode plasmas?
What are the dominant empirical dependencies of /, with
regard to PsoL, By, I, and parallel connection length? How
does the outer divertor heat flux footprint relate to the plasma
parameters observed upstream in the boundary layer plasma?
And lastly, how do the observed divertor heat flux profiles
connect to previous experimental results reported from
C-Mod, which identified critical-gradient transport physics
as playing a prominent role in establishing its boundary layer
profiles?”'® Since this paper focuses on C-Mod’s results
alone, the issue of major radius scaling is not addressed
directly. However, as discussed below, C-Mod’s heat flux
footprints are found to be connected to the upstream plasma
pressure profiles and the behaviors of the H-mode pedestal.
This result by itself suggests that 4, scales with major radius
for standard aspect ratio tokamaks, since that is the dominant
scale parameter found for upstream electron temperature
profiles® and pressure gradient widths of H-mode pedes-
tals.!' =13

Section II discusses in some detail the new divertor
diagnostic package developed for these experiments and the
methods used to measure footprints. The experiments involv-
ing EDA H-modes are introduced in Sec. III, including some
of the first heat flux footprint observations obtained in C-
Mod. A typical footprint is composed of a “narrow heat flux
channel” near the strike-point region (~2 mm wide) and a
“tail” feature that extends into the far scrape-off layer
(SOL). Contrary to the empirical scalings described above,
the heat flux profile is found to be robustly independent of
power flow through the SOL. Instead, it is clearly tied to the
upstream plasma pressure profile and overall plasma confine-
ment. For EDA H-modes with the highest stored energy, the
e-folding widths of the narrow heat flux channel in the com-
mon flux region are found to scale as ~1/1,, with no depend-
ence on toroidal magnetic field. These results indicate that 4,
is independent of g5 at fixed current, or equivalently, field
line connection length from “good” to “bad” curvature
regions inside the LCFS. The topic of field line connection
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length outside the LCFS is addressed in Sec. IV. There we
describe experiments in which magnetic topology was
changed dynamically from lower single-null (LSN) to dou-
ble-null (DN), effectively cutting SOL field line lengths in
half. Heat flux profile shapes are found to be invariant. These
results are consistent with the previous SOL observations
and the idea that interchange-driven transport dynamics in
the low-field side SOL sets the boundary layer profiles. Sec-
tion V reports on ohmic L-mode discharges. Here, divertor
and upstream plasma conditions are mapped out in detail
over wide parameter variation. Again, clear connections are
observed between the divertor heat flux profile and pressure
profiles upstream. For plasmas with the same line-averaged
density normalized to Greenwald density,'* 7, /ng (or equiv-
alently the same parallel collisionality), upstream pressure
profiles and divertor heat flux profiles are unchanged, despite
a factor of two change in By. Electron pressure gradients,
normalized according to the magnetohydrodynamic (MHD)
ballooning parameter, omha (~ 4pto g35 R |VnT,|/B* in mks
units), are also found to be invariant and remain approxi-
mately so as the plasma current is changed by a factor of 2.
These data are found to reproduce and extend previous
observations of critical-gradient phenomenology in the C-
Mod boundary layer. Finally, 4, and corresponding upstream
pressure gradient lengths are found to scale as ~1/I, in low
parallel collisionality conditions (or equivalently, 7,./ng
<0.2), revealing an interesting commonality in boundary
layer transport behaviors among H- and L-mode plasmas.

Il. EXPERIMENTAL ARRANGEMENT
A. Divertor heat flux diagnostics

The results from boundary layer heat transport experi-
ments reported in this paper were made possible by the in-
stallation of a new divertor diagnostic package in C-Mod,
specifically designed to record thermal loads and plasma pa-
rameters across the outer divertor strike-point region.'>™"’
Two different installations were performed (2009 and 2010).
As shown in Fig. 1, a set of “ramped tiles” was installed in
one of C-Mod’s outer divertor cassettes, spanning four verti-
cal columns of tiles—approximately 12° of toroidal circum-
ference (2010 installation). The three right-most columns are
tilted in the toroidal direction by ~2° and “ramped up” rela-
tive to standard tiles, starting from a location that is 1 mm
recessed below the standard tile surface and ending at a loca-
tion that is 2 mm extended above. Thus, the far right column
is purposefully shadowed by adjacent tiles, providing a
means to subtract background light in the IR camera view.
The final, left-most column maintains the 2 mm extension
for one tile width. This arrangement ensures that field lines
striking the leftmost columns will not be shadowed by adja-
cent divertor cassette and/or tile misalignments—a situation
that is regularly seen elsewhere on C-Mod’s vertical target
face where a typical field line grazing angle is under 1°. This
ramped-tile arrangement also increases the incident heat flux
density, enhancing the signal-to-noise ratio of thermal diag-
nostics. The diagnostic package includes an extensive array
of embedded calorimeters (13), tile thermocouples (10),
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FIG. 1. (Color online) In order to facilitate measurements of divertor heat
flux “footprints” in Alcator C-Mod, a set of “ramped tiles” was installed in
one of the outer divertor cassettes and instrumented with an extensive array
of embedded thermal sensors and Langmuir probes (hardware from 2010 in-
stallation is shown). An IR camera system was assembled to view the
ramped-tile surfaces from above at oblique angles (Refs. 16, 19).

surface thermocouples (9), Langmuir probes (LPs) (7), and
an IR periscope'® coupled to a FLIR SC7000 camera. The
diagnostic/tile arrangement for the earlier installation (2009)
was similar to that shown in Fig. 1, except that it included
only the two central tile columns and no embedded LPs. In
this case, an older LP array, embedded in a standard divertor
cassette located 90° away toroidally, was used to character-
ize the divertor conditions. However, subsequent cross-
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comparisons between the old and new LP arrays revealed
that some of the old LPs can be corrupted by shadowing
effects and therefore their data must be treated with caution.
The EDA H-mode data reported in this paper (Sec. III) were
obtained using the 2009 installation. Data from x-point bal-
ance experiments and ohmic L-modes (Secs. IV and V) were
obtained from the 2010 diagnostic package (Fig. 1).

The IR camera detects emission in a 3—5 um range with
320 x 256 pixel resolution.'® It views the ramped tiles by
looking both down and in the toroidal direction from a peri-
scope in a vertical port (~90° away toroidally), such that it
can view the otherwise hidden vertical segment of the tile
surface. A reference image used for camera alignment is
shown in Fig. 1. IR thermography is particularly challenging
in C-Mod with its shiny, low emissivity, molybdenum tile
surfaces, and oblique observations angles'®'*—an environ-
ment that is similar to ITER. These complexities are handled
by in-situ IR calibrations and by performing various cross-
checks with embedded sensors. Additional complications
include low-Z surface films (e.g., boron) that change in time
and image movement due to relative machine/periscope/
camera motion that routinely exceeds 20 pixels in the image.
To compensate for the image movement, the overall tile pat-
tern seen in Fig. 1 is used as a landmark to numerically stabi-
lize the image, necessitating the wide field-of-view.
Nevertheless, the camera/periscope system resolves ~1 mm
scale features on the ramped-tile surfaces.

A two-dimensional (2D) thermal model of the ramped-
tile section (QFLUX_2D) is used to convert the surface tem-
perature measurements to surface heat fluxes. QFLUX_2D
contains a dimensionally accurate 2D description of C-
Mod’s ramped-tile geometry, including tile gaps (see Fig. 2),
at a cross-section corresponding to the ramped tile’s midsec-
tion in toroidal angle. Since the ramped tiles are also seg-
mented in the toroidal direction, heat flow in that direction is
small and therefore neglected. QFLUX_2D accounts for
temperature-dependent materials properties and allows a
thermal resistance layer (film) profile to be specified. Surface
films can change the relationship between surface tempera-
ture and heat flux and, if not properly considered, can lead to
erroneous negative heat fluxes.”” We employ a novel Fourier
analysis method to estimate the thermal resistance of films:
(1) computing the complex thermal impedance of a bare sur-
face using measured temperatures and modeled heat fluxes
and (2) adding to this a minimal amount of surface thermal
resistance to eliminate negative heat fluxes. Figure 2 shows
an example of a QFLUX_2D simulation, including surface
film compensation (expressed in terms of an equivalent layer
of pure boron). It should be noted that without film compen-
sation, transient negative heat fluxes on the order of 20% of
the time-averaged value can be seen as power to the divertor
is modulated by strike-point sweeps (Sec. IV) or changes in
confinement regime (Sec. III). During the discharge (top
panel), QFLUX_2D imposes the IR-measured surface tem-
peratures as a time-dependent boundary condition and com-
putes the implied surface heat flux profiles. Peak surface heat
fluxes exceeding 10 MW m ™2, corresponding to parallel heat
fluxes exceeding 200 MW m_z, are routinely observed. Sur-
face thermocouple temperature measurements (seen as blue



056104-4 LaBombard et al.

Time: 1.237 s

G 1400 T hermography QFLUX_2D 20“.‘E
£ 1200 =
o
:.,; 1000 = «
= 75.
2 800 3 875
e T
5 600 -
‘a ()
g 400 L
3 g
g 200 8
a >
: (7]
£ 1 Surface Film 1100819022
© : ] L )
0%——%5 40 15 20 arux2p ™€
Poloidal Arc Length (cm) Thermal Modal
400 Time: 25.00 s

IR Thermography QFLUX_2D

300} [Calorimeter '\

200}

100

Temperature (Degrees C)

5 10 15 20

' 0
Poloidal Arc Length (cm) Arc Length

140.°C

FIG. 2. (Color online) Heat flux profiles during a plasma discharge (top pan-
els) are deduced from surface temperatures using a thermal analysis code,
QFLUX_2D. Surface thermocouple data yield valuable cross-checks on IR
measurements. At long times after a discharge (bottom panels), calorimeter
and tile temperatures are used to calibrate the IR system and to check the
overall consistency of the thermal model.

bars in online version of Fig. 2) are found to agree with IR-
inferred surface temperature measurements, lending confi-
dence to the data.

Immediately after the discharge, the surface heat flux is
set to zero and the modeled temperatures are allowed to
evolve, arriving at a tile temperature distribution that can be
checked with measurements for overall consistency (lower
panel of Fig. 2). At this point in time, an in-situ calibration
of the IR system is performed, using the tile thermocouple
data (seen as gray bars in online version of Fig. 2). This
procedure is performed after every discharge to compensate
for changes in surface emissivity owing to film evolution
and for degradations in periscope transmission. '’

B. Experimental program

Armed with these new heat flux diagnostics, we per-
formed three separate experimental investigations of foot-
prints in C-Mod: (1) EDA H-modes, (2) influence of
magnetic x-point balance, and (3) ohmic L-modes. The pri-
mary goals were to unfold the parametric dependencies of
C-Mod’s heat flux footprints and, if possible, connect the
footprint observations (magnitudes, profile widths) to the
plasma parameters measured upstream in the boundary layer.
However, divertor heat flux profiles and their connection to
upstream plasma conditions can be dramatically altered as a
divertor transitions from high-recycling to detached regimes;
divertor radiation can compete with power flow and momen-
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tum losses can affect pressure balance. We therefore re-
stricted our investigations to discharges in which the outer
divertor was fully attached (7, > 8 eV) and the total power
incident on the outer divertor was greater than 30% of the
power entering into the SOL.

In the highest power discharges (EDA H-modes and
x-point balance experiments) the primary diagnostics for the
study were IR thermography (spot-checked by embedded
sensors) combined with edge Thomson scattering®' to record
the upstream plasma conditions. In the relatively low-power
ohmic L-mode experiments, where reduced surface tempera-
ture rises render the IR camera less reliable, the heat flux
profile was mapped out in detail via embedded Langmuir
probes (cross-checked against surface thermocouple sen-
sors). This was accomplished by sweeping the strike-point
across the sensors under otherwise constant plasma condi-
tions. Upstream plasma conditions were interrogated in
detail by multiple plunges of C-Mod’s horizontal scanning
probe,** which was upgraded in 2008 to an advanced head
design for high heat-flux handling.?***

lll. EDA H-MODES

EDA H-modes are the first subject of our investigation.
These are steady-state discharges in which the pedestal is regu-
lated by a continuous “quasicoherent’” edge mode (QCM), rather
than by a regular procession of ELMs.> We targeted plasmas
with varying plasma currents (/,= 0.5, 0.8, 0.9, 1.0 MA), toroi-
dal magnetic fields (By=4.5, 54, 6.2 T), and ICRF input
powers (Picrr = 1-4.5 MW) in a standard lower-single-null con-
figuration (i ~ 1.6, §; ~ 048, oy ~ 0.32). Normalized plasma
densities where held to a narrow range (0.45 < i1, /ng < 0.6) in
which steady EDA H-modes are observed.

A. Heat flux footprints: narrow power channel
with a tail

Figure 3 shows a representative 0.9 MA, 54 T EDA
H-mode discharge, with Pjcrp=4 MW (80 MHz, second-
harmonic, hydrogen-minority). Radiated power from the
confined plasma (Prap) is deduced from a resistive bolome-
ter system,?® providing an estimate of Pscy . Power onto the
outer divertor (Popyy) is computed from the IR-inferred di-
vertor heat flux profiles. Heat flux footprints are found to ex-
hibit a two zone structure: a narrow “power channel” near
the separatrix of ~2 mm wide (characterized by its full-
width at half-maximum, FWHM, mapped to the outer mid-
plane), and a tail that extends into the far SOL region. It
should be noted that the exact location of the separatrix rela-
tive to the narrow heat flux channel is uncertain, with shot-
to-shot variation on the order of ~1 mm and systematic off-
sets on the same order. Also shown in Fig. 3 are parallel
heat fluxes estimated from Langmuir probes. These data ini-
tially verified that the tail feature was real and not some arti-
fact of the IR-inferred heat flux profile. More extensive
cross-comparisons have since been performed among IR,
LP, and embedded thermal sensors.””?® These data verify
the full set of IR-inferred heat flux footprints from EDA
H-modes reported here.
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FIG. 3. (Color online) Representative time traces (top panels) and a corre-
sponding divertor heat flux footprint from a steady EDA H-mode discharge.
Heat flux profiles from IR camera (red online color, bottom panel) and Lang-
muir probe array (blue online color) are shown, mapped to the outer mid-
plane. Parallel heat flux profile widths are characterized by the three
different measures shown. (Note: Langmuir probe measurements near the
strike-point may be partially shadowed by divertor misalignments in this
discharge.)

Following the definition of Loarte,4 the integral heat
flux width (integral 4,) is found to be in the range of ~3 mm
for this discharge. Although the tail feature affects this defi-
nition, the integration is nonetheless performed over the full
profile, from —5 to 15 mm mapped to the outer midplane.
Two other measures are also used to track the heat channel
width: the full-width at half maximum (FWHM) and the e-
folding length (1/e length) in the common flux zone of the
narrow heat flux channel (see Fig. 3). It should be noted that
empirical scaling laws [e.g., Eqs. (1)—(4)] are generally cast
in terms of integral /,. However, as discussed below, it is
important to track separately the heat flux widths in the near
SOL (FWHM, e-folding width) since this region is found to
scale differently in some cases.

Turning to the empirical scaling laws, we find that Eq. (1)
predicts Z, ~5 mm while Eq. (3) predicts 4, =~ 0.7mm
(scaled from JET) for the C-Mod discharge shown in Fig. 3,
yet neither of these values is observed. This disappointing
result is not surprising, given the complexity of SOL transport
physics and the fact that these laws were assembled in the ab-
sence of any C-Mod data. In any case, this observation serves
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as additional motivation for the experimental investigation
reported here.

B. Time-dependent observations: /4 and q,,

EDA H-modes often exhibit a slow time evolution in
boundary layer power flow, as ICRF input power is varied
and/or the level of core radiated power changes, owing to the
variation in core density and intrinsic impurity concentra-
tions. These cases allow relationships between 4, and ¢/, to
be explored. An example of a 1.0 MA, 5.4 T EDA H-mode
discharge is shown in Fig. 4. This plasma exhibited two

L-mode EDA 1 EDA 2
] ] ] L} o 2
®_ | Line-Averaged 1
E4} Density
b — Thermal Energy 0.1
=) WTH (MJ)
Shot#1100303018

Phase Contrast Imaging Spectrogram
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FIG. 4. (Color online) H-mode discharge exhibiting two different time-evolving
EDA phases. Peak parallel heat fluxes vary significantly during the first EDA
phase (EDA 1), yet by all measures the width of the footprint remains
unchanged. In contrast, a step change in the footprint width is seen in the transi-
tion from EDA 1 to EDA 2. Pedestal and SOL electron pressure profiles (aver-
aged over the times indicated by red and blue bars in online color version) are
correspondingly different (bottom panel), with the “reduced pedestal height” of
the EDA 2 phase displaying a flatter pressure profile in the SOL.
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FIG. 5. (Color online) Divertor parallel heat flux profiles at multiple time
points from the discharge shown in Fig. 4. Despite the variation in peak par-
allel heat flux, normalized heat flux profiles during the first EDA phase are
identical. Profiles from the EDA 2 phase are also invariant in time, but are
distinctly broadened relative to those from EDA 1.

separate EDA phases (EDA 1 and EDA 2), with a clear qua-
sicoherent mode present in both. The first EDA phase (EDA
1) begins with the initial ramp-up in ICRF power: plasma
density slowly rises and intrinsic impurities (molybdenum,
boron) accumulate, as indicated by the increasing Prap. In
response, plasma thermal energy peaks and then droops with
an associated variation in Pggp. The net result is a 50% vari-
ation in peak ¢g,, arriving at the outer divertor. Yet, by all
three measures, the width of the heat flux profile is found to
be invariant during this phase.

During the second EDA phase (EDA 2), line-averaged
density falls slightly and impurity accumulation is arrested.
It is interesting that the heat flux widths are markedly differ-
ent in this phase compared to EDA 1: integral 4, step up
from 4 mm (EDA 1) to 5 mm (EDA 2) and e-folding widths
increase by a factor of ~2. This is perhaps associated with
the enhanced level of particle transport across the pedestal
that supports the density/impurity pump-out behavior. In any
case, the step change in heat flux widths cannot be simply
ascribed to changes in Pgoy since it is only slightly different
between the two phases. Further detail can be gleaned from
snapshots of the time-evolving parallel heat flux profiles
shown in Fig. 5. While a clear variation in power flow is
seen (top panel), normalized profiles are invariant within
each phase (bottom panel). Thus, it is clear that the level of
power flow into the scrape-off layer does not influence the
width of the heat flux footprint. Regression analysis of the
full set of EDA H-mode discharges leads to the same conclu-
sion:"” /q 1s statistically independent of Psoy..

It is interesting that the heat flux widths are associated
with the phase of the discharge (L-mode, EDA 1, EDA 2)
rather than the magnitude of the boundary layer heat flow.
They appear to be directly associated with the edge transport
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barrier, upon which the pedestal and discharge performances
depend. As shown in the bottom panel of Fig. 4, the pedestal
height attained during EDA 2 was significantly lower than in
EDA 1. Associated with EDA 2 is a flattened SOL pressure
profile, directly correlating with the larger heat flux widths.
As we will see below, this connection is born out in the sta-
tistics of many discharges: plasmas that manage to attain
high stored energy tend to have narrow heat flux widths.
This behavior in C-Mod has been seen before in the main
plasma SOL—as confinement improves, SOL pressure gradi-
ent scale lengths tend to become shorter.?’ It should be noted
that ASDEX-Upgrade has examined similar relationships,
producing an explicit power-law scaling of heat flux widths
in terms of H-mode confinement factor.* Thus, one must
look to the physics of the edge transport barrier as control-
ling the width of the power channel in the SOL.

C. Connection to upstream profiles: T‘Z/2 and nT,
mappings

Under attached divertor conditions, we expect that heat
flux footprint should reflect in some way the conditions
measured upstream at the outer midplane. Since electron
conduction typically dominates heat flow along field lines, it
is often assumed that the heat flux channel width 4, should
map to 24, /7, i.e., a small fraction of the electron tempera-
ture e-folding width. This relationship follows from the Spit-
zer—Harm expression™® for parallel electron heat conduction
in a collisional plasma fluid, g/, mua = —2#0V T}/ For
the case of uniform heat deposition into a flux tube of length
L that connects from midplane to divertor, a simple estimate
for the parallel heat flux arriving at the surface is
q// fiuid = %KO(TZ,/nfid/L)’ provided that T mig > ~ 1.5, giv.

Figure 6 shows g,/ fiiq deduced from a typical Thomson
scattering T, profile compared with ¢,, measured at the di-
vertor target. It is clear that this TZ/ 2 “rule-of-thumb” does
not apply: g, suia decays too rapidly and yields a peak heat
flux that is much higher than observed, even allowing for rel-
ative shifts due to field line mapping errors. (Note: one can-
not shift the profiles by an arbitrary amount since the total
power arriving at the divertor, i.e., the area under the curves,
must roughly agree.) Physical processes neglected in this for-
mulation must account for this discrepancy. These include
kinetic corrections®!*? (which must be included in these
plasmas since the collisional mean-free paths for electrons
are a significant fraction of L), cross-field transport that can
spread the footprint via collisional or turbulence proc-

3334 6r via stochastic magnetic field lines in the vicinity
of the x-point (e.g., Ref. 35) and non-negligible radiation in
the divertor (photons plus charge exchange). A better corre-
spondence between the divertor heat flux profile and mid-
plane plasma conditions is found simply from the
requirement that the electron pressure should map along field
lines. Assuming the electron pressure at the divertor target is
approximately equal to half the upstream value, the parallel
heat flux at the target can be computed from standard sheath
formulations,36 using the measured divertor 7, to evaluate
the local sound speed, ¢/ sheatn = 0.5 Vg, (nT)igCr.aiv- Fig-
ure 6 Shows ¢,/ ean deduced from this method, with
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FIG. 6. (Color online) A typical parallel heat flux profile in the divertor is
compared with two different estimates of that quantity based on “midplane”
temperature and density profiles. Data from C-Mod’s edge Thomson scatter-
ing diagnostic are used for this purpose (top panel). The overall width and
magnitude of the heat flux footprint is best described by a model that simply
maps the midplane pressure profile to the divertor plate and accounts for the
parallel heat flux through the sheath using 7, values measured at the divertor
to evaluate the local sound speed (¢ // shearn)- The “two-point model” estimate
of the parallel heat flux profile (¢, fia), i-€., Spitzer—Harm electron parallel
conduction (without corrections associated with kinetic effects, cross-field
heat spreading or volumetric losses), clearly does not apply—it incorrectly
estimates both the peak heat flux and the decay length that is observed. Elec-
tron temperature profiles at the “midplane” and divertor locations are shown
in the bottom panel.

vs» = 7. Since the electron temperature profile across the
divertor target tends to be flat, g,/ shearn 1S €ssentially propor-
tional to the upstream electron pressure profile. This profile
shape is found to be similar to the observed heat profile in
the common flux region.

Adopting ¢/ sneatn s the correct mapping formula, it is
possible to use this as a separatrix-finding algorithm to com-
pensate for shot-to-shot variation in the flux surface map-
pings of the upstream Thomson scattering data. This is
analogous to the way the Spitzer—Harm expression has been
employed in the past.® Here we explore the consequences of
aligning the upstream n,,T, profiles by this method. The inte-
grated heat flux from g sheqrn is forced to be equal to 15 of
the total heat flux arriving at the divertor, as inferred from IR
measurements. The factor of !/ is used as a rough approxi-
mation to account for two inadequacies in the data set: (1)
the Thomson scattering data does not extend into the far
SOL region where a tail is observed in the heat flux profile
(Fig. 3), and (2) it is unclear how much of the divertor heat
flux profile should be included on the “left” side of its peak,
since electron pressure does not map along field lines from
the midplane into the private flux zone. Divertor T, profiles
are taken to be flat with T, =10 eV. The flux surface map-
ping adjustments from this procedure are found to be small
relative to the application of the Spitzer—Harm constraint,
typically 1 mm or less. Figure 7 examines the resulting

Phys. Plasmas 18, 056104 (2011)

. : ' «~EDA1
g EDA 2 oy ‘ 6: i l
= [ X J »»b >
S01F pp _ 9 BT=54T|
xe Ip(MA)
"|Plasma Thermal Energy| [ @ 0.9 ||
0.0 >1.0 ||
qlE 300 EtlithEansPressure 48 ’/‘//1 a 0.60.‘
> 200} st dd H0.4 ;
8° 100;/»/:‘; :Equivalent A/l sheathi] 02 <
- atLCFS = —>

0 0
0.1 0.2 0.3 04 0.5
Peak footprint qj; (GW m-2)

FIG. 7. (Color online) A separatrix-finding algorithm is employed, which
assumes that the divertor heat flux profile matches the shape of the upstream
electron pressure profile. As a consistency check, the electron pressures at
the last-closed flux surface, along with their corresponding pressure-mapped
sheath heat fluxes, are compared to peak parallel heat fluxes arriving at the
divertor plate (bottom panel). An approximately linear relationship is found,
accommodating discharges with significant variation in heat flux widths,
such as those seen in the EDA 1 and EDA 2 time slices of Fig. 4. Plasma
thermal energy is also correlated with peak divertor heat flux (top panel),
consistent with plasma pressure at the boundary being the common element.

relationship that is obtained between electron pressures at
the LCFS and the peak parallel heat fluxes measured on the
outer divertor for all the 0.9 and 1.0 MA discharges in the
EDA H-mode data set (5.4 T). An approximately linear rela-
tionship is found, consistent with the mapping algorithm
employed and the idea that the upstream electron pressure
profile and divertor heat flux profile shapes roughly corre-
spond, even as the heat flux widths vary among discharges
(see EDA 1 and EDA 2 data points marked). More reassur-
ing, perhaps, is the observed relationship between plasma
thermal energy and peak heat flux footprint that is also
shown in Fig. 7. These data are completely independent of
the assumed mapping algorithm, yet they largely support the
one employed here, i.e., plasma thermal energy and peak
heat flux on the divertor are seen to be roughly proportional,
with plasma pressure at the LCFS being the common ele-
ment that connects between the two.

D. Heat flux width scalings

Examining the full range of currents and fields explored
for EDA H-modes, we find that the connection between
achievable plasma thermal energy and heat flux footprint
width, identified in Fig. 4, applies to all discharges. Plasma
current is found to play an important role in this story as
well. As illustrated in Fig. 8, heat flux widths generally
decrease with increasing plasma thermal energy with no sen-
sitivity to toroidal magnetic field strength. Higher plasma
currents allow a higher thermal energy to be achieved, which
in turn tends to be associated with a narrower heat flux foot-
print. For the discharges with the highest thermal energy per
unit current, the e-folding decay length of the narrow power
channel near the separatrix (see Fig. 3) exhibits an approxi-
mately 1/, scaling. No sensitivity to toroidal field strength
is observed in this width parameter.
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FIG. 8. (Color online) Heat flux footprint widths in EDA H-modes (as
defined in Fig. 3) generally decrease with increasing plasma thermal energy,
Wry. The smallest widths therefore tend to occur at the highest currents (top
panels). In discharges with the highest stored energy per unit current (col-
ored symbols), the e-folding decay of the narrow heat-flux channel near the
strike-point exhibits an approximately 1/Ip scaling, with no dependence on
toroidal field (bottom panel). Symbols labeled EDA 1 and EDA 2 corre-
spond to data from the two separate time intervals shown in Fig. 4.

E. Connection to H-modes in other tokamaks

In summary, we find that C-Mod’s heat flux footprints
in EDA H-mode are independent of power flow in the SOL,
independent of toroidal field and exhibit a width that
decreases with plasma thermal energy. The dominant influ-
ence is plasma current and the associated response of the
transport barrier/H-mode pedestal, with the width of the
upstream pressure profile setting the heat flux width. In the
“best” EDA H-modes, i.e., discharges with the highest stored
energy per unit current, the e-folding width of the narrow
power channel near the separatrix scales approximately
as 1/I,. These results are consistent with observations in
DIII-D and NSTX ELMy H-modes, whether the data are
averaged over ELMs or taken during ELM-free phases of the
discharge.®*’? Both machines report plasma current as the
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dominant scale parameter: widths scale as 1 /I;‘j, with o in
the range of 1-1.6; widths are found to be independent of
toroidal field and power flow in the SOL. Heat flux foot-
print widths in DIII-D are also found to be much larger than
the ofgen—assumed 2)%/7 rule, being more on the order
of Jp,. 7

IV. EFFECT OF MAGNETIC TOPOLOGY

The observation that 2, is independent of toroidal field
strength at fixed plasma current also means that /, is inde-
pendent of gys, or equivalently, field line connection length
from good to bad curvature regions inside the LCFS, at fixed
current. But, what about variations in field line length outside
the LCFS? For example, simple transport arguments have
been used to assert that cross-field decay lengths should scale

according to connection length, 2, ~ L,/ /. /% //» O square-

root of connection length, 4, ~ /L i | /Vu, depending on
parallel transport regime (diffusive versus free-streaming,

respectively, e.g., Ref. 5). To help address this question, we
studied the time evolution of heat flux footprints on the outer
divertor in a number of discharges as the magnetic topology
was changed dynamically from lower single-null (LSN) to
double-null (DN) and slightly beyond.

A. X-point balance experiments

Representative results from a 1.1 MA ohmic L-mode
plasma are shown in Fig. 9. The discharge begins in a LSN
configuration. During this period, electron temperature pro-
files across the outer divertor target plate are measured via a
small strike-point sweep. Electron temperature values there
are under 30 eV, indicating a moderate recycling regime near
the strike-point (parallel diffusive) and a sheath-limited re-
gime further out into the SOL (parallel free-streaming). As
indicated by the “magnetic x-pt balance” time trace, a rapid
change in magnetic topology is initiated at 1.05 seconds, tak-
ing the plasma to a DN configuration at 1.125 s and into a
slightly upper single-null configuration (USN) for a short pe-
riod thereafter. Note that in going from LSN to DN, the total
field line length in the SOL (divertor-to-divertor) is effec-
tively cut in half, from 24 to 12 m in this case. Yet, the foot-
print width time traces show remarkably little response.
Corresponding snapshots of heat flux footprints during this
period are shown in the right panels of Fig. 9, with their hori-
zontal axes shifted so as to align peak heat flux values. These
profiles are found to be robustly resilient to the magnetic to-
pology change. As one observes the location of the secondary
separatrix (which marks the interface between 24 and 12 m
field line length) dynamically sweep across the outer divertor,
no evidence of a corresponding break-in-slope in any of the
heat flux profiles is seen. Normalized outer divertor heat flux
profiles essentially overlay, even for the nominal USN cases.
For reference, a typical profile, highlighted in black in Fig. 9,
is artificially narrowed by a factor of 2 and v/2 (see respective
blue and red profiles in online color version). None of the
measured profiles behave in this way. The same result has
been observed for EDA H-mode discharges.'’
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FIG. 9. (Color online) A sweep in mag-
netic topology from lower single-null
(LSN) to double-null (DN) is performed
ina 1.1 MA ohmic L-mode plasma (left
panel). The time history of the x-point
balance is shown in the lower left panel,
which records the distance between the
primary and secondary x-points mapped
to the outboard midplane. Snapshots of

5 1
Midplane distance across SOL (mm)

outer divertor heat flux profiles over the
time span of 1.07-1.25 s (indicated as
dashed lines) are shown in the right pan-

Parallel Heat Flux Profiles (GW m-2)

els. Despite the factor of 2 reduction in
magnetic field line length to the divertor
surfaces, the heat flux profiles are found
to be remarkably resilient, exhibiting lit-
tle or no change in cross-field decay
length, even while the peak heat flux
values decrease. For comparison, a typi-
cal profile is highlighted (black) and arti-
ficially narrowed by factors of 0.707 and
0.5 (red and blue lines overlayed in

Profiles are shifted
to align peak values -
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B. Physics and implications

This result may seem puzzling at first but is consistent
with previous C-Mod observations of scrape-off layer pro-
files in response to magnetic topology changes*’—in chang-
ing from single to double-null, the electron pressure profiles
in the low-field side SOL remained similar. It should be
noted that two important field line lengths remained constant
during these topology variation experiments: the field line
length in the bad curvature region and the field line length
from the outer midplane to the lower divertor. Thus, these
data make sense if the heat flux profile on the outer divertor
is rigidly set by a critical-gradient transport dynamic on the
low-field side (e.g., interchange-driven turbulence). Whether
the field line connects a long way around to the inner diver-
tor (single-null) or a short way to the upper divertor (double-
null) is apparently not of primary importance.

This transport phenomenology is important to keep in
mind when assessing the relative benefits of various mag-
netic topologies for a reactor. Our data indicate that despite
the associated factor of two reduction in field line length in
going from LSN to DN, the heat flux widths do not get nar-
rower. This is good news. On the other hand, the data also
suggest that the extended field line length of advanced diver-
tor topologies*™*!' will not by itself spread the heat flux foot-
print width (as mapped to the outer midplane) beyond that
which is set by the intrinsic SOL transport dynamics. Thus,
the true advantage of these techniques will likely come from
their increase in magnetic flux expansion (to spread the heat
flux over a larger divertor target area) and their increase in
divertor volume (to dissipate parallel heat fluxes via radia-
tion and charge—exchange losses).

V. OHMIC L-MODE PLASMAS

The final subject of our experimental investigation is
ohmic L-modes. Ohmic L-modes are particularly valuable

for boundary layer research because they can be studied over
a large parameter range and investigated in detail with
C-Mod’s extensive array of edge diagnostics. We targeted
plasmas over a wide range of plasma currents (/, =0.55, 0.8,
1.1, 1.2 MA) and toroidal magnetic fields (By=4, 5.4, 8 T),
with normalized plasma densities varied over the range
0.1 <n,/ng <0.4. The principal tools for divertor heat flux
investigation were the embedded sensors (Fig. 1): divertor
Langmuir probes, cross-checked against surface thermocou-
ples. Conditions upstream near the outer midplane were
recorded with a scanning Langmuir probe.

Divertor profiles were examined with high resolution by
performing slow strike-point sweeps across the divertor
under otherwise constant conditions. In low-to-moderate di-
vertor recycling regimes (0.1 <7, /ng < 0.25), parallel heat
flux profiles obtained from surface thermocouples and diver-
tor Langmuir probes were found to closely match the stand-
ard sheath heat flux formulation, g,/ geath = VsnTe/s. Here Jg
is the parallel ion saturation current density, with the value,
vs» = 7, found to be reasonable. However, as the divertor
transitions into a high-recycling regime, the Langmuir probe
data are found to substantially over-estimate the parallel heat
fluxes relative to the surface thermocouples. This remarkable
result appears to be closely related to the “death ray” phe-
nomenon reported early in C-Mod’s operation*? where the
divertor Langmuir probes would report a local, factor of ~2
over-pressure relative to values measured upstream in the
SOL. This observation is important; it clearly indicates that
the “death ray” phenomenon is an artifact that is specific to
Langmuir probe operation and that the probe data must
therefore be interpreted differently in this regime—a topic
that is presently under investigation.?® In recognition of this
fact, we restrict our attention here to divertor Langmuir
probe data in the density range 0.1 <11, /ng <0.25, while
midplane scanning probe data are examined over the full
density range. It should be noted that because of this
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FIG. 10. (Color online) Divertor plasma profiles recorded by embedded
Langmuir probes during ohmic L-mode, strike-point sweep experiments. To
align the profiles, the separatrix location is taken to be the point where the
parallel current density to the divertor surface crosses zero (bottom panel).
The parallel heat flux density to the surface is estimated from standard
sheath theory, with a heat transmission factor of 7. Despite the factor of two
change in toroidal field at fixed current, the electron pressure and parallel
heat flux profiles are virtually identical, both in magnitude and in decay
length across the scrape-off layer.

restriction on 7, /ng, we are not able to examine high-recy-
cling divertor cases in the L-mode dataset, i.e., discharges in
which the divertor electron temperature profile becomes flat
or exhibits its characteristic profile inversion (colder near the
strike-point), similar to what is seen in the EDA H-modes
discussed in Sec. III (see Fig. 6).

A. Divertor heat flux and pressure profiles

Figures 10 and 11 show divertor target profiles obtained
from the embedded Langmuir probe array: net parallel cur-
rent density arriving at the plate (/,/), electron temperature
(T,), presheath electron pressure (2ngheanl,), and parallel
heat flux (¢, = 7T, Jsa). The profiles shown in Figs. 10 and
11 are composites. Data from adjacent probes partially over-
lap in flux surface coordinate due to the strike-point sweep.
The average values are therefore shown.

In order to correct for offsets in flux surface mappings,
which can vary on a shot-to-shot basis as plasma current
and/or toroidal magnetic field is changed, the J,, data are
used as a reference marker. We define the separatrix location
(zero coordinate) to be the location where J,, goes to zero;
all profiles are shifted as needed to meet this condition. The
physics justification for this treatment comes from the obser-
vation that J,, is composed primarily of two parts: a thermo-
electric component*? and a Pfirsch-Schluter component that
changes sign across the strike-point.** Note that once this
adjustment is done there is no “wiggle room” left in shifting
the profiles with respect to one another.
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FIG. 11. (Color online) Divertor plasma profiles from ohmic L-mode dis-
charges with fixed toroidal field and different plasma currents (data process-
ing identical to that of Fig. 10). Peak plasma pressures and parallel heat
fluxes rise with current, as expected for 7,/ng ~ constant in ohmic plasmas.
More significantly, cross-field decay lengths are found to decrease with
increasing plasma current over the region of 2-5 mm from the separatrix.
(Note: the “shoulder” in the pressure and heat flux profiles for the 1.1 MA
that extends beyond 7 mm is caused by plasma conditions changing during
the final portion of the strike-point sweep.)

Bearing this in mind, the data in Fig. 10 show a remark-
able result. Despite the factor of 2 change in toroidal field,
the parallel heat flux profiles and electron pressure profiles
are found to be virtually identical, both in magnitude and
decay length. Moreover, this correspondence is not restricted
to the near SOL region; it extends out 10 mm or more. This
result offers an important clue about the underlying transport
dynamics. One possibility is that the factor of 2 increase in
parallel connection length is directly compensated by the
associated factor of 2 increase in toroidal field strength. It
should be noted that such a behavior is consistent with inter-
change-driven turbulence in a toroidal system in which Alv-
fen waves propagate along the magnetic field in response to
the curvature drive:** Since the Alvfen wave speed is propor-
tional to magnetic field strength, its transit time in the poloi-
dal direction from bad to good curvature regions is largely
unaffected by variation in toroidal magnetic field strength at
fixed plasma current. As we will see below, this observation
is particularly relevant because it makes contact with the
more general tendency for the edge plasma to hold the MHD
ballooning parameter, opyng, roughly invariant at fixed paral-
lel collisionality. In this context, oypg is simply a measure of
the relative strength of ideal interchange growth rate versus
shear Alvfen wave damping; it is independent of toroidal
field strength at fixed current.

Turning to Fig. 11, we see how plasma profiles respond
to a factor of 2 increase in plasma current at fixed toroidal
field (and fixed 7, /ng). The electron pressure and parallel
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FIG. 12. (Color online) Parallel heat flux and pressure decay lengths at the
divertor target plate for a series of ohmic L-mode plasmas in which the
strike-point was swept across embedded Langmuir probes. The e-folding
lengths are evaluated at the location of 4 mm into the SOL, mapped to the
outer midplane (see coordinate axis in Fig. 10). The e-folding lengths are
found to scale approximately as 1//, for this range of normalized central
plasma densities (0.1<7, /ng< 0.25).

heat flux profiles show an overall increase, as expected.
However, the gradient scale lengths of pressure (4,r.) and
parallel heat flux (4, ,)) are reduced as current is increased.
Figure 12 examines this behavior in more detail. An approxi-
mately 1/I, dependence of 4, ,, and Aute 18 found. This result
is interesting; it makes contact with the ~1/I, scaling seen
in the e-folding lengths of EDA H-modes (Sec. III), despite
the fact that the plasmas are in completely different confine-
ment regimes.

B. Upstream pressure profiles and normalized
gradients

Figure 13 shows the corresponding behavior of upstream
plasma conditions: electron pressure profiles (n7,), their gra-
dients (|]VnT,|), and their normalized gradients (Gtmha)- %mhd
is the MHD ballooning parameter evaluated as
Umhd = 4 Uy ¢35 R |VnT,|/B* in MKS units. It is important to
note that the parametric responses seen here are virtually
identical to those observed at the outer divertor target: Elec-
tron pressure profiles are robustly insensitive to a factor of 2
change in toroidal magnetic field at fixed current. When
plasma current is doubled at fixed 7i,/ng, plasma pressure
increases and pressure gradient scale lengths in the near SOL
become shorter.

Particularly interesting is the response of the normalized
pressure gradients. At fixed plasma current, o,hq is robustly
invariant to changes in magnetic field, a simple consequence
of the electron pressure profiles being unchanged. But when
plasma current is doubled, pressure gradients roughly quad-
ruple. This response is just what is needed to hold oyng
roughly fixed—another remarkable behavior.
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FIG. 13. (Color online) Information on midplane electron pressure profiles
obtained from multiple plunges of a scanning Langmuir probe. Discharge
conditions correspond to those presented in Figs. 10—12. Approximately five
probe scans are performed for each condition; average profiles with corre-
sponding 1-sigma statistical error bars shown. The behavior of the SOL pres-
sure profiles is consistent in detail with the response seen at the divertor
plate: a factor of 2 increase in toroidal field at fixed current produces no
change, while pressure profiles (top panel) and pressure gradients (middle
panel) increase with plasma current. Also pressure gradient scale lengths
tend to decrease with increasing current (top panel). As noted in previous
studies (Refs. 9, 10), there is an overall tendency for pressure gradients near
the last-closed flux surface to be “clamped” at a fixed value of the MHD bal-
looning parameter, regardless of engineering parameters (bottom panel).
Conditions at the 2 mm location (gray band) are explored in Fig. 14 over a
wider range in 72, /ng.

In order to explore these trends more fully, values of
Omna and Z,r, at the outer midplane were measured and
tracked for the entire set of ohmic L-mode discharges created
for the study. Figure 14 shows the result. These quantities
are evaluated at a location 2 mm outside the LCES and plot-
ted versus 71, /ng. Also shown on the abscissa are approxi-
mate values of parallel collisionality, v; ;= R qos5/ Aei- Here
Aei 1s the electron-ion mean free path evaluated from mid-
plane parameters (2 mm location). These data reveal that the
~1/I, scaling of A, is restricted to low collisionality
regimes where the divertor is in a low-recycling or sheath-
limited state. As collisionality is raised and the plasma enters
into a high recycling regime, this scaling is at first dimin-
ished and then lost. In particular, 4,7, in the low current plas-
mas (0.55 MA) become smaller while 1,7, in the high
current plasmas (1.1, 1.2 MA) become larger. Just prior to
the onset of divertor pressure loss and associated detachment
physics, A,r. are statistically indistinguishable, hovering
around ~2.3 mm. Since our experimental program was re-
stricted to attached regimes, we did not track the behavior
beyond this point.
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FIG. 14. (Color online) Upstream electron pressure decay lengths (top
panel) and MHD ballooning parameter (bottom panel) at a location 2 mm
outside the last-closed flux surface, tracked as a function of normalized dis-
charge density, 71, /ng. The approximate value of miplane parallel collision-
ality, v/j, evaluated at the 2 mm location, is also shown. The corresponding
divertor state is noted. The data points represent average values from a num-
ber of probe scans; error bars indicate typical *1 standard deviation in the
data sample. Smooth curves shown in the top panel are spline fits to the full
set of data points. The strong ~1/Ip dependence of pressure decay length at
low collisionality is found to diminish as the collisionality is raised. Never-
theless, normalized pressure gradients (o4pg) tend to cluster around a value
of this quantity, o, which appears to be predominantly a function of paral-
lel collisionality and is statistically independent of plasma current and toroi-
dal field.

C. Connections to marginal stability transport
paradigm

Perhaps the most important observation that has come
out of the ohmic L-mode data set is the behavior seen in the
bottom panel of Fig. 14. Despite the factor of 2 variation in
current and field, the boundary layer plasma organizes itself
in such a way as to keep amng approximately invariant for a
fixed value of parallel collisionality. This behavior has been
noted before” and tested for its sensitivity to magnetic topol-
ogy and associated edge plasma flow conditions.'® The data
presented here separately verify the result and extend the ob-
servation to a larger range of fields and currents. In addition,
the measurements at the divertor plate (Figs. 10 and 11), in-
dependently confirm this plasma response and show that it is
directly connected to the scaling of the divertor heat flux
footprints observed in the attached plasma regimes.

The tendency for the plasma to organize itself in this
way is broadly consistent with models for electromagnetic
fluid drift turbulence®*° which, among other things,
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identify opnng and plasma collisionality as key parameters
that control the level of turbulence and transport in the
boundary layer. The overall idea is that transport in the vicin-
ity of the LCFS increases sharply when oy,,q exceeds a
threshold value, o, and that this critical value has a strong
dependence on parallel collisionality, occm(vj /5 ...). As a con-
sequence of the critical-gradient dynamic, plasma intermit-
tently “spills” onto the open field lines of the SOL where
flute-like instabilities take over: curvature drift causes a
dipole-like polarization of the resulting plasma “blobs,” lead-
ing to a rapid E x B convection outward in major radius on
the low-field side.’®? Thus the parametric dependence of
e 18 the key physics component since it sets the boundary
layer profiles; omng tends to be “clamped” at that value. This
overall picture is consistent with the heat flux footprint
observations, which identify plasma current as the dominant
external control parameter and magnetic x-point topology
(LSN versus DN) as relatively insignificant.

It should be pointed out that the collisionality depend-
ence of o shown in Fig. 14 is slightly different than what
was identified in earlier work.'” The previous study found
the dimensionless ratio g3sR//,; as providing good align-
ment of the data in the two-dimensional phase-space (dmng,
collisionality), while the new data suggest that the relevant
dimensionless grouping is simply gosR/Z;, i.e., the parallel
collisionality shown in Fig. 14. The reasons for this differ-
ence are unknown at the present time. However, the new
data in Fig. 14 were taken over a wider range of ¢,s, which
should provide a more stringent test of the collisionality nor-
malization. In addition, the data quality from the horizontal
scanning probe has since been improved with installation of
advanced probe head geometries and upgraded data acquisi-
tion systems.

Clearly, more work needs to be done on both the experi-
mental and theoretical fronts to fully explain the relation-
ships uncovered here, including the ~1/I, scaling of Az
that appears at low collisionality. The results reported in this
paper are just a part of the ongoing experimental effort that
is aimed at unfolding this physics.

VI. SUMMARY

An extensive array of divertor heat flux instrumentation
was recently installed in Alcator C-Mod with the aim of
improving the understanding of boundary layer heat trans-
port. Over the past year, a series of dedicated experiments
were performed to map out the parametric dependences of
divertor heat flux footprints (peak g,,, 4,) over a wide range
of engineering parameters (toroidal field, plasma current,
input power, density) and to examine their relationships to
plasma conditions in the boundary layer and core. Three sep-
arate experimental investigations were performed: (1) EDA
H-modes, (2) plasmas with dynamically varied magnetic
x-point topology, and (3) ohmic L-modes, all under attached
divertor conditions so as to provide a clear measure of the
power exhaust channel.

C-Mod'’s heat flux footprints in EDA H-modes are found
to exhibit a two zone structure: a narrow power channel near
the separatrix of ~2 mm wide and a tail that extends into the
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far SOL region. Contrary to some empirical scaling laws,
footprint widths are found to be independent of power flow
in the SOL. In time-evolving EDA H-modes, peak g, values
exhibit 50% or more variation while the profile shapes
remain identical. Instead, footprint widths are connected to
the edge transport barrier, making step changes as the plasma
transitions from different confinement regimes: L-mode,
EDA H-mode with impurities accumulating and EDA H-
mode with impurity accumulation arrested. Thus the per-
formance of the discharge, as measured by the plasma
thermal energy and the development of a strong pedestal, is
closely associated with the formation of a narrow power
channel width. This behavior is reflected in the statistics of
many discharges—plasmas that manage to attain high ther-
mal energy content tend to have narrow heat flux widths.
Plasma current plays a key role in this story since it sets the
upper bound on pedestal pressure/thermal stored energy.
Plasmas with the highest thermal stored energy per unit cur-
rent exhibit a power e-folding width near the strike-point
that scales roughly as 1/7,. No dependence on toroidal mag-
netic field strength is found. These results are consistent with
heat flux width scalings reported from NSTX and DIII-D for
ELMy H-mode regimes® (independent of field, independent
of power in the SOL and scaling as ~1/I,°j with 1 <a < 1.6),
pointing to a common transport dynamic.

The overall width and magnitude of the heat flux foot-
print in EDA H-modes is found to be consistent with the
upstream electron pressure profile. This relationship is
expected since the electron temperature profiles at the diver-
tor plate, T, 4iv, tend to be flat and parallel heat flux at the di-
vertor sheath is roughly proportional to pressure,
(nTe) gy~ 0.5(nT)emiq, times the square-root of T, giy. In
contrast, a commonly used “rule-of-thumb” that estimates
the heat flux footprint based on Spitzer—Harm parallel elec-
tron conduction, g fruia X TZ,/nfid, clearly does not apply; it
incorrectly estimates both the peak heat flux and the decay
length that is observed.

The influence of total magnetic connection length in the
SOL on heat flux footprint shape is examined in discharges
where the magnetic topology is changed dynamically from
lower single-null to double-null under otherwise identical
conditions. Heat flux footprints are found to be robustly
insensitive to total magnetic field line length, consistent with
the idea that interchange-driven transport in the low-field
portion of the SOL primarily sets the profile shape. This
result is good news for tokamak operation with a double-null
configuration since the heat flux widths do not narrow rela-
tive to the single-null case.

Finally, ohmic L-mode discharges are examined over a
wide range of plasma currents and toroidal fields. Strike-
point sweeps are used to map out divertor heat flux and elec-
tron pressure profiles across the outer target with high spatial
resolution; scanning probes are used to record the corre-
sponding conditions upstream in the SOL. Despite a factor
of 2 change in toroidal field strength, divertor heat flux and
electron pressure profile shapes are found to be robustly
invariant at fixed plasma current. It is noted that this result is
consistent with expectations from ideal interchange-driven
turbulence, in which the poloidal transit time of shear Alvfen
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waves is unaffected by the toroidal field at fixed current.
Also consistent with this picture, plasma current is found to
strongly affect heat flux footprints and divertor electron pres-
sure profiles. Under low collisionality conditions
(e /nG < 0.2), heat flux e-folding lengths in the near SOL
region scale as ~1 /Ip, which makes contact with the behav-
ior seen in EDA H-modes. This trend is reflected in the
upstream plasma profiles as well; electron pressure e-folding
lengths scale as ~1/I, in this collisionality range. Yet, as the
divertor transitions into a high-recycling regime, the pressure
gradient scale lengths (/,r,) loose their sensitivity to /,, tend-
ing toward a value that is independent of /,,.

More tellingly perhaps is the behavior of the upstream
electron pressure profiles (n7,) and their gradients (|VnT,|).
As plasma current is doubled at fixed collisionality, these
quantities approximately quadruple. Normalized upstream
electron pressure gradients, Oumpg x |VnT,| /I,%, remain
approximately invariant at fixed collisionality. This remark-
able result, which persists over the full range of currents/
fields studied, is consistent with previous investigations’'®
and extends the observation to a wider range of currents and
fields. Moreover, the present study establishes clear connec-
tions between the parametric dependences of this boundary
layer transport phenomenology and the observed scalings of
the divertor heat flux footprint—they are essentially the
same.

Taken together, the picture of boundary layer heat trans-
port that emerges for ohmic L-mode discharges is one in
which pressure profiles (which roughly determine the heat
flux profiles) are largely set by critical-gradient dynamics:
transport in the vicinity of the LCFS increases sharply when
Omhd €Xceeds a critical value, o Ocr¢ in turn has a strong
dependence on parallel collisionality, occm(v’/‘ /5 ...). The fact
that there effectively exists a o in the boundary layer and
that it can be parameterized primarily as a function of colli-
sionality is a key finding. These observations call for further
experimental and theoretical investigation.

It should be noted that a critical opg paradigm is prov-
ing quite successful in explaining the H-mode pressure ped-
estal width and height."' Our experimental observations
suggest that a first-principles understanding of the power
exhaust channel in a tokamak may come from similar
insights.
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