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Focused efforts have confirmed the importance of plasma current 
scaling for both pedestal gradients and divertor heat flux widths
• Results of coordinated U.S. experiments to understand the 

scaling of:
- the divertor power flux width, λq and
- the H-mode pedestal with engineering parameters

• λq was found to scale ~ Bpolmid under attached divertor 
conditions

• Pedestal height was found to be well described by Peeling-
Ballooning modes 

• Given the common dependence on Ip on both λq and the 
pedestal, a correlation is possible
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Combined scaling from US tokamaks highlights the Ip 
and minor radius (a) dependence
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Combined scaling from US tokamaks highlights the Ip and 
minor radius (a) dependence 
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In NSTX, lithium wall conditioning has also been shown 
to have a strong impact on λq

• 0 mg (boronized) and 150 
mg of Li yield similar heat 
fluxes (inter-ELM averaged)

• λq contracts with addition of 
150 mg of Li
– Likely due to the elimination of 

small Type V that can be 
ubiquitous in boronized 
conditions [Maingi2005]

• With sufficient Li (300 mg), 
heat flux is also reduced
– Measurements made with 

DBIR camera to account for 
surface emissivity effects

– λq contracts further still
4
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• Diffusive-Gaussian (D-G) 
Model[Eich2012]
– Simple semi-empirical model
– Assumes λq is an exponential in the SOL 

before entering the divertor

– The exponential “diffuses” into the private 
flux region as it enters the divertor

– No mechanism for this diffusion is put forth
• But is clearly observed in all divertor footprints

– 5 free parameters which require nonlinear 
least squares fitting to determine

There are numerous definitions for the SOL width, λq
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s0 = Strike Point Location

q0 = peak heat flux
qBG = background heat flux
λq (λq, Eich) = e-folding length of q in SOL
S = Gaussian diffusion parameter
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- Numerical integration of radial 
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λq, Eich contracts with Ip
• Diffusive-Gaussian analysis 

used to analyze heat flux 
profile
- λq, Eich ~ λq, int

• λq, Eich is similar between 0 
and 150 mg data
- Perhaps less scatter in the data
- This suggests that λq is similar 

at the outer midplane (OMP) for 
0 and 150 mg data

- But their must be more 
diffusion in the 0 mg data to 
achieve larger λq, int’s

• 300 mg data is still 
contracted under this 
analysis
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Could Peeling-Ballooning (P-B) or Kinetic Ballooning 
Modes (KBMs) set λq?

• Pedestal profiles are 
characterized using modified 
TANH functions

• The peak pedestal pressure is 
found to scale as ~ Ip2

• The pedestal pressure height 
is set by Peeling-Ballooning 
physics

• Useful to describe the 
pedestal with a normalized 
pressure gradient:
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Figure 5. (a) Pressure width evolution during an ELM cycle for three values of plasma current. Stars (!) indicate the pedestal width for the
low plasma current case; the diamond ("), the high plasma current case and the cross (×) the medium current case. (b) The maximum
pressure gradient for the low and high current remains unchanged (within errorbar) during an ELM cycle.
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Figure 6. The pedestal width in ψn scaling with the pedestal
poloidal β and the associated best fit. This width scaling effectively
provides a relation between the width and the height of the pedestal
(see text for details). Shown also are the fits for MAST and DIIID
for comparison.

yield a predictive model on the pedestal height and width.
Furthermore, based on the KBM dispersion relation, the onset
of the KBM leads to weak or no dependence of the width on
other normalized parameters.

In NSTX, we observe no systematic trends between the
pedestal width and ρ∗ (evaluated at the electron pedestal
temperature), which is not inconsistent with the KBM
arguments. On the other hand, figure 6 shows a clear
dependence of the pedestal width prior to the type I ELM onset
(e.g. the last 20% of an ELM cycle) of type I ELM on β

ped
θ .

The width scales with
√
β

ped
θ , with a best fit equation being

% = 0.17(β
ped
θ )1/2. This pedestal width correlation of the type

‘% = c(β
ped
θ )1/2’ is consistent with experimental observations
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Figure 7. Pedestal height scaling with Ip: collecting the pedestal
pressure at the onset of ELMs, we show that the pedestal height
scales with I αp , where 2.0 # α # 2.6 with a reduced χ2 ∼ 0.63.

in DIIID and MAST, except the fitting coefficient c in NSTX
is slightly larger than that of MAST [14] and 2.4 times greater
than that of DIIID [10]. In summary, the coefficient appears
to be overall larger in ST than in high aspect-ratio tokamaks
pointing to a different type of coupling of the pedestal width
and height in STs. The difference in values of c in STs remains
unclear. Furthermore, this scaling provides the necessary
ingredients for testing EPED in STs. Note that EPED was
initially developed for large aspect-ratio tokamaks. Testing of
a version of EPED supporting low aspect-ratio tokamaks will
be the subject of future work.

To further characterize the pedestal, we examine the total
pedestal pressure dependence with global parameters such as
Ip. We compile the total pedestal pressure during the last 20%
of an ELM cycle. Figure 7 shows a near quadratic (within
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Figure 4. The mtanh fit captures the important elements of the H-mode pedestal with 5 intuitive
parameters. An example electron temperature profile is shown. αslope is the normalized slope
inboard of the pedestal, with αslope > 0 indicating a monotonic profile and αslope < 0 indicating

a hollow profile. T offset
e is related to the temperature in the scrape-off layer, and T

pedestal
e is

approximately the temperature at the top of the pedestal. ψsymmetry and #width are, respectively,
the location and full width of the pedestal, or alternatively, the edge transport barrier.

reconstructed. Electron density, temperature and pressure profiles were measured with the
NSTX multi-point Thomson scattering (TS) system [33], while ion profiles were measured by
the charge exchange recombination spectroscopy (CHERS) system [34]. In this experiment,
one TS laser was operated at repetition rate 30 Hz. Measurements were made at 30 radial
locations on the horizontal midplane, and resolution ranged from ∼5 to 11 cm on the high-
field side and from ∼1 to 3 cm on the low-field side, with the finest resolution near the outboard
edge. Relative uncertainty was typically ∼2–10% in electron density and temperature, with
higher values at the edge. The CHERS diagnostic measured ion temperature, carbon density
and velocity profiles with an integration time of 10 ms and radial resolution ranging from
0.6 to 3 cm (edge to core). Relative uncertainty was typically ∼2–5% in ion density and
temperature.

As the profile measurements occurred at fixed locations in real space, small fluctuations
in the boundary caused the measurement locations to vary in magnetic flux coordinates.
This effect was used with a standard set of procedures and tools [15] to achieve greater
resolution than available from a single profile alone. This ‘correlated sampling’ technique
combined 3–6 measurements taken from the inter-ELM periods of ∼100–200 ms time
intervals, chosen such that total stored energy, line integrated density and ELM behavior
did not vary substantially over the interval. For each TS profile measurement in the
interval, an EFIT equilibrium reconstruction [35, 36] was calculated and the TS and CHERS
profiles were mapped from real space coordinates into normalized poloidal flux coordinates
ψN = (ψ − ψcore)/(ψseparatrix − ψcore). All of the data were superimposed, and fit to
smoothing splines and modified hyperbolic tangent (mtanh) functions [37]. Note that well
resolved profiles could not be fit for every discharge or for every period of unique ELM
behavior within each discharge, and mtanh functions usually could only be fit to the electron
profiles.

Fits to mtanh functions are useful for comparison as the H-mode pedestal can be
captured with five fitting parameters, all of which have direct physical meanings. The entire
functional form used in the fitting procedure is given by by Y (X) = Yoffset + (Ypedestal −
Yoffset)(1/2 + 1/2 mtanh(αslope, 2(Xsymmetry − X)/#width), while the mtanh function itself

8
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Lithium wall conditioning has a strong effect on the 
electron density (and therefore pressure) pedestal 

8
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Figure 2. Comparison of composite profiles of reference, no-lithium (black) and lower power with-lithium discharge (red) from figure 1:
(a) electron density, (b) electron temperature, (c) electron pressure, (d) deuteron density, (e) ion temperature, (f ) ion pressure, (g) toroidal
rotation speed, (h) Zeff contribution from fully stripped carbon, and (i) total plasma pressure. Data (symbols) and profile fits (solid curves)
are both shown. The reference composite profiles include data from #129015 to #129020 near 0.4 s, and the lithiated profiles fit data from
#129038 near 0.55 s. The profile images were chosen at comparable line-averaged density ∼4.8 × 1019 m−3. Here
ψN = (ψ − ψsep)/(ψ0 − ψsep), where ψsep and ψ are the poloidal flux values at the separatrix and magnetic axis, respectively.

power (blue). Panel (a) shows that the ELM-free discharges
lasted longer, and panel (b) shows the ELM activity (or lack
thereof) as spikes on the divertor Dα emission. Note that
the baseline divertor Dα emission was substantially lower
in the with-lithium discharges, indicating reduced recycling.
At these high pre-discharge evaporation levels, the energy
confinement τE increased such that it was necessary to reduce
PNBI to avoid the global stability limit [9, 20]; hence, panel
(c) shows a range in PNBI from 2 to 3 MW in the discharges
with lithium, compared with PNBI = 4 MW in the reference
discharge. Note that many of the other discharges with high
pre-discharge lithium evaporation near the end of the lithium-
coating scan with PNBI = 4 MW had large locked modes
shortly after the Ip flat-top (not shown). Panel (d) compares the
normalized plasma pressure βN, where βN = βtBtam/Ip, and
βt = 4µ0WMHD/(3Vp|Bt|2) is the plasma pressure normalized
to the on-axis vacuum toroidal field Bt , am is the minor radius,
Ip is the plasma current, µ0 is the permeability of free space,
and WMHD and Vp are the plasma stored energy and volume
from equilibrium reconstructions. Despite the reduction in
PNBI from 4 to 2 MW, the orange and black discharges had
a nearly identical peak βN and stored energy. An additional
1 MW of PNBI in the blue discharge increased βN to ∼5.5, i.e.
where resistive wall modes are typically encountered [26, 27]

in NSTX. Indeed the sudden drop in βN in the blue discharge
at ∼0.5 s was concurrent with magnetohyrodynamic (MHD)
activity typical of resistive wall modes. Panel (e) shows that
the τE normalized by the ITER-97 L-mode global scaling [28]
was 50% higher in the with-lithium discharges. The discharges
with lithium in figure 1 showed reduced early density and
dN /dt , despite a higher gas fuelling rate [9]. The eventual
density in the long-lived lowest power discharge reached the
same value as the reference discharge; this was mainly due
to an increase in Zeff as characteristic of ELM-free H-mode.
Also the radiated power fraction increased with time in these
ELM-free discharges [9, 16, 18, 20], because ELMs typically
flush impurities, preventing temporal accumulation. While
this temporal increase in radiated power is a hindrance in
developing these lithiated ELM-free discharges into long pulse
scenarios, other methods have been shown to reduce impurity
accumulation, e.g. with pulsed 3D fields [29, 30] or use of the
‘snowflake divertor’ configuration [31].

The modification of the plasma kinetic profiles via lithium
conditioning is displayed in figure 2 for the 2 MW lithiated
and 4 MW boronized discharges from figure 1. The technique
used for the profile analysis is described elsewhere [32];
briefly, individual profiles are mapped to ψN space. These
profiles are then combined in synchronization with the ELM

3
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Increasing amounts of Li have a nearly continuous effect 
on the pedestal

9
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Figure 6. Density and pressure pedestals became wider and farther from separatrix with increasing
lithium wall coatings while temperature showed no relationship to lithium. Lithium deposited
since previous discharge is plotted versus for ELMy (black *) and ELM free plasmas (blue ♦):
(a) ne mtanh full width, (b) ne mtanh symmetry point, (c) peak ne gradient, (d) Te mtanh full width,
(e) Te mtanh symmetry point, (f ) peak Te gradient, (g) pe mtanh full width, (h) pe mtanh symmetry
point, (i) peak pe gradient, (j ) ptot full width at half maximum, (k) ptot peak gradient location, and
(i) peak ptot gradient. Note that the vertical axes have suppressed zeros, and that the ptot profile fit
parameters are based on spline fits rather than mtanh fits.

gradient (figure 6(i)), peak |∇pe| itself showed no direct relationship to ELM behavior. As
further evidence that the changes in the total pressure were caused mainly by the electrons,
plots for the total pressure (figures 6(j )–(l)) were quite similar to the electron pressure plots.

In figure 7, the fit parameters from ELMy profiles (black *) and ELM-free profiles (blue ♦)
are plotted against the ELM frequency of the interval during which they were measured. These
plots make clearer which parameters separate the ELMy and ELM-free profiles and which do
not. The density pedestal widths and symmetry points are seen in figures 7(a) and (b) to
be good ordering parameters. Furthermore, the intermediate ne widths and symmetry points
occurred during the ELM-free periods of otherwise ELMy discharges, suggesting a continuous
relationship between these parameters and robustness to ELMs. In figure 7(c), the peak |∇ne|
did not separate the ELMy plasmas from the ELM free. Figures 7(d) and (f ) show that none
of the Te parameters determined ELM stability, while in figures 7(g)–(i) the electron pressure
shows the same trends as the density. As in figure 6, the total pressure closely tracked the
electron pressure; therefore it is not shown in figure 7.

In general, the edge profile parameters of ELMy plasmas were all fairly similar, or at least
showed no relationship to whether the discharge occurred before or after the introduction of
lithium. The similarity of the edge profiles gives some additional support to the explanation
that the lithium had been passivated by the period of L-mode in the previous discharge. Of
course, it may just be beyond our ability to reconstruct subtle differences due to, for example,
a smoothing effect introduced by the conditional averaging procedure.

In contrast, the differences in the ELM-free plasmas intensified with greater lithium
deposition. While lithium affected both the ELM behavior and edge profiles, the quantity of
lithium deposited did not uniquely determine either. However, the density and pressure pedestal
widths and symmetry points consistently partitioned the ELMy and ELM-free discharges. In

11
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• With increasing Ip, the peak of         
-∇⟂Pe increases

• ∇⟂Pe near the seperatrix remains 
largely unchanged  at -20 kPa/m 
with Ip

• According to Peeling-Ballooning 
theory, the onset of ELMs occur 
when a critical value of the 
normalized pressure gradient 
occurs, αcrit
– Possible that P-B sets the edge 

transport into the SOL even before the 
critical value is reached
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Preliminary analysis shows only a weak correlation 
between λq and the α parameter 

• Comparison of λq’s 
from from a range 
of discharges
– high δ, LSN
– PNBI = 4 MW
– 0.7 ≤ Ip ≤ 1.2 MA
– 150 and 300 mg of 

Li
• Only a weak 

correlation is found 
with αMHD 
evaluated at ψN = 
0.85 or 0.9 
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Conclusions
• λq has been found to scale strongly with Ip and pre-

discharge Li wall conditioning
– Ip dependence varies with amount of pre-discharge Li wall 

conditioning
– At high Ip, λq ~ 2 - 4 mm regardless of amount of Li deposited

• Likewise, the electron pressure pedestal varies with Ip and Li

• However, only a weak correlation between λq and α has 
been found at ψN = 0.85 or 0.9
– No correlation has been found with α evaluated closed to the 

seperatrix

12
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NSTX Divertor Diagnostics
• 2, 30 Hz IR cameras

– 1 viewing the lower divertor, 1 the upper
– sensitive to 6 - 13 μm 

• 1 Fast IR camera (≤ 16 kHz)
– viewing the lower divertor
– sensitive to 6 - 13 μm
– equipped with dual band optics 

• 2 Fast Phantom cameras (≤ 100 kHz)
– each viewing nearly the entire lower divertor
– bandpass filtered

• 2 1D CCD array cameras
– measuring Dα and Li II emission

• 3 channels of lower divertor bolometry
• Flush mounted divertor Langmuir 

probes
14
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NSTX-U APS-DPP – Comparison of Pedestal Stability on λq (PP8.00011),  TK Gray  (10/29/2012 - 11/2/2012)

The Dual-Band IR Camera Allows Measurement of Divertor 
Surface Temperature with Variable Surface Emissivity

• The addition of lithium complicates the 
measurement of divertor surface temperature, Tsurf

– Li emissivity (clean) ~ 0.1 
– Graphite ~ 0.8
– Lithium and Carbon are eroded and redeposited 

constantly through out the discharge
• Using a Santa Barbra Focal Plane Camera

– 128x128 pixels
– frame rate ≤ 16 kHz (typical operation at 1.6 kHz with dual 

band optics)
• 2 different IR wavelength bands are imaged 

simultaneously[McLean 2012]
– MWIR: 7 - 10 μm
– LWIR: 10 - 13 μm

• The ratio of the 2 bands yields Tsurf(r,t)
– Assumes the surface emissivity is similar across both 

wavelength bands
– Not a bad assumption for a diffuse, grey body emitter

• Once Tsurf is known, heat flux can be calculated
– 2D finite difference calculation (THEODOR)

15
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