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Abstract   

Previously, ELM-free and inter-ELM divertor peak heat flux reduction induced by an edge 

harmonic oscillation (EHO) was observed in NSTX (K.F. Gan et al., 2017 Nucl. 

Fusion 57 126053). This paper introduces new analysis of the EHO impact on the divertor heat 

flux. It was found that enhanced edge turbulence significantly altered the divertor heat flux 

footprint in NSTX H-modes, relative to ELM-free discharges. When the background edge 

fluctuation level was low, the EHO significantly increased the heat flux width and decreased the 

divertor peak heat flux. When the background edge fluctuation level was high, the EHO actually 

increased the divertor peak heat flux. Furthermore, it was also found that the heat flux width 

increased with increasing frequency of the EHO. 

 

1. Introduction  

     The divertor target peak heat flux is one of the critical issues to be addressed with upcoming 

experiments on NSTX-U [1]. Recent empirical scaling indicates a strong inverse relationship 

between the SOL power decay length and the poloidal magnetic field at the outer midplane: 

𝜆𝑞(𝑚𝑚) = (0.63 ± 0.08) × 𝐵𝑝𝑜𝑙,𝑀𝑃
−1.19±0.08 [2]. This inverse scaling with edge poloidal field presents 

serious heat flux handling problems for the high plasma current ITER tokamak [3], as well as the 

compact high toroidal field device SPARC [4].  The divertor peak heat flux is inversely related  

The divertor peak heat flux is inversely related with the 𝜆𝑞, and narrow 𝜆𝑞  will cause unaccepted 

divertor peak heat flux and surface temperature on the divertor. It is important to investigate new 
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operation regime for a wider 𝜆𝑞   than the empirical scaling. Recent simulations with the XGC-1 

code [5] for ITER level BP (1.2T) predict heat flux widths of ~ 6 mm, which are 10 times wider 

than the empirical scaling.  The XGC-1 code simulations suggest a transition from drift-dominated 

to turbulence-dominated cross field transport under ITER conditions. NSTX-U is designed to 

operate with plasma currents up to 2MA [6], with empirically projected SOL λq ~ 1.6mm, which, 

if realized, will place larger constraints on the heat flux mitigation requirements for multi-second 

discharges.  

Edge harmonic oscillation (EHO) is an edge localized, electromagnetic 

oscillation, accompany by multiple toroidal harmonics mode. The EHO will enhance the edge 

transport and stabilize the pedestal to keep the edge operating point below the peeling–ballooning 

boundary in Quiescent H-mode [7]. It was previously found that the divertor heat flux was 

significantly broadened during the spontaneous appearance of an edge harmonic oscillation (EHO) 

in NSTX H-mode plasmas that propagates in the counter-current direction in the laboratory frame 

with n=1-4 [8].  The counter-current direction is in the reversed direction as the measured toroidal 

flow and is in the electron-diamagnetic direction. The counter-current EHO on NSTX was first 

reported in Figure 2 in [9] where the peak heat flux at the inner and outer strike point decreased 

with the onset of the EHO.  An EHO has also been observed on NSTX propagating in the co-

current direction with n ≥ 3 where the modes are in the electron-diamagnetic direction in the 

plasma frame but rotate in the ion-diamagnetic direction in the laboratory frame [10].  

The EHO is not observed to induce a significant change in the particle or impurity 

confinement [11]. However, in some cases, a high degree of correlation was observed between the 

EHO and the generation of large blobs in the scrape-off layer (SOL) implying an increase in the 

boundary layer turbulence [12]. It can be expected that the increase in the SOL turbulence would 

broaden the divertor heat flux footprint potentially mitigating the problem of peaked heat fluxes. 

In [8], the EHO was observed to broaden the ELM-free and inter-ELM heat flux profile indirectly 

via strike point splitting, i.e. not directly by broadening of the SOL 𝜆𝑞 via increased SOL transport. 

This paper presents a more refined, in-depth analysis of the effect of the EHO on the divertor heat 

flux in NSTX, specifically examining the impact of strike-point splitting on the maximum heat 

flux in conditions with large and small SOL transport.  A new result is that the EHO can increase 

the divertor peak heat flux in conditions with high edge turbulence. 
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The remainder of this paper is organized as follows: the IR diagnostic used for the heat flux 

measurement and GPI diagnostic used for edge fluctuation research are presented in section 2. In 

section 3, the EHO effect on divertor heat flux is described. Finally, the paper concludes with a 

brief discussion and summary of the results in sections 4 and section 5. 

 

2 Thermography and Fluctuation Diagnostics  

    A Santa Barbara Focal plane (SBF161) Infrared (IR) camera was used to measure the lower 

divertor temperature evolution on the divertor plasma facing components (PFCs) [13]. The field 

of view of the IR camera can be varied with a mirror, as shown in Figure 1. The camera is sensitive 

to IR radiation between 2-12µm. The detector has 128×128 pixels, which results in a 5.8mm spatial 

resolution at the divertor PFCs. The frame rate can be changed by altering the frame size: 1.6 kHz 

for full frame and 6.3kHz for 96×32 pixels. The IR camera measures emission with a 2D toroidal-

radial view, and the emission intensity is calibrated to yield the surface temperature. The heat flux 

is calculated by a 3D heat flux solver code, TACO [14].  The fall off length is determined using 

the method described by Eich et al [15], in which the measured heat flux profile, q, at the upper 

divertor is fitted with equation 1:  

                         q(𝑠̅) =
𝑞0
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     In equation [1], 𝑠̅ = 𝑠 − 𝑠0 with 𝑠0 the location of the outer strike point, fx is the flux expansion 

from the outboard midplane to the divertor surface, q0 is the heat flux at the outboard midplane, S 

is the power spreading parameter described by the width of the Gaussian and qBG is the background 

heat flux. The λq and S are fitted with equation 1. In addition to the Eich fit, an integral heat flux 

width is applied in order to better describe the divertor heat flux characteristics. The integral heat 

flux width is defined as λint = (∫
q(𝑠̅)d𝑠̅

fx(𝑠̅)
)/max (q(𝑠̅)) [16], where s is the radial path length along 

the divertor, and fx(𝑠̅)is magnetic flux expansion from the outboard midplane to the divertor 

location s. The deposited power to the divertor surface is obtained by assuming toroidal symmetry 

and integrating the heat flux in both the radial and toroidal directions: 𝑃𝑑𝑖𝑣 = ∫ 2𝜋𝑅𝑞(𝑠̅)𝑑𝑠̅.  
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Figure 1. Plasma reconstructed equilibrium, radial field-of-view of the fast IR diagnostic and 

field of view of the gas-puff imaging diagnostic. 

     To compare with measured heat flux profiles, the edge turbulence is observed by the gas-

puffing imaging (GPI) diagnostic [17]. GPI uses a fast visible camera to record the 2D D (656nm) 

line emission image near the separatrix at a resolution of 64×64 pixels, and the field of view of 

GPI is shown in Fig. 1. During these experiments a frame rate of ~110 kHz was used, with pixel 

resolution 3.8 mm × 3.8 mm, and a total viewable area of 24 cm × 24 cm. The relative GPI 

fluctuation level, defined as the ratio between the standard deviation and mean intensity of the GPI 

level, is used to evaluate the edge turbulence.  

 

3.1 EHO effect on divertor heat flux with low edge turbulence 

   A characteristic signature for the EHO effect on divertor heat flux with low edge turbulence is 

shown in Fig. 2. The discharge is a lower single null, ELM-free H mode with ~5.2 MW of injected 

neutral beam power with a plasma current, Ip ~ 600 kA, edge q95~10, βp ~1.1, and toroidal 

magnetic field, BT ~ 0.45 T, the line average density as a fraction of Greenwald density  𝑛̅𝑒/𝑛𝐺𝑊 

~0.4-0.6. In addition, this shot was a low triangularity shape with the carbon walls conditioned 

with boronization and inter-shot Helium glow discharge cleaning, prior to the usage of lithium 

coatings in this particular campaign. The red dashed line in Fig. 2 indicates the time of the L-H 

transition. The EHO appears at ~0.16se. The edge turbulence can be observed in the edge GPI 
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spectrum, e.g. as blob transport observed from the 2D GPI movie. The spectrogram of the 

amplitude fluctuations in the GPI signal at the separatrix is shown in Fig. 2(a). The GPI diagnostic 

was operated passively during the discharge, e.g. without active gas puffing. Fig. 2(b) shows the 

relative GPI fluctuation level near the separatrix. The relative fluctuation level significantly 

decreased from ~0.35 to ~0.15 after the L-H transition; qualitatively similar observations were 

reported in DIII-D[18], EAST[19], NSTX[20]. From the divertor heat flux evolution in Fig 2(b), 

the heat flux profile width obviously shrunk after the L-H transition. The integral heat flux 

width λint decreased from ~28mm to ~13mm when the edge turbulence was reduced after L-H 

transition. According to the decreased divertor heat flux width during L-H transition, low edge 

turbulence was assumed with relative fluctuation level < 0.2, and high edge turbulence was 

assumed with relative fluctuation level > 0.2. The EHO appeared at ~0.16s, and significantly 

decreased the qpeak, due to strike point splitting [7]. The EHO was also identified in the Mirnov 

signal spectrogram in Fig. 2(c) and the GPI spectrogram. During the ELM-free with reduced edge 

turbulence, the EHO broadened the divertor heat flux profile and reduced the peak value. 

 

Figure 2. EHO effect on divertor heat flux with low edge turbulence. D spectrogram at the 

separatrix measured by GPI diagnostic (a), the relative GPI fluctuation level near the separatrix 

(b) the evolution of divertor heat flux on lower outer target plate (c), Mirnov signal spectrogram 

(d), the divertor peak heat flux, deposited power on divertor (e), and integral heat flux width 

divertor Dα signal (f). 
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3.2 EHO effect on divertor heat flux with high edge turbulence 

 

    The EHO also appeared during ELM-free periods with high edge turbulence, as shown in Figure 

3. The edge broadband spectrogram in GPI-D signal is shown in Fig. 3(a). Although the edge 

fluctuation level decreased after the L-H transition, the edge fluctuation level can eventually 

increase back to the level in the L mode. The relative GPI fluctuation level is ~0.3 -0.4 in ELM-

free H mode, which is similar to the fluctuation magnitude in the L mode shown in Fig. 2. In ELM-

free H modes, the divertor heat flux profile with high background edge fluctuation level was wider 

than the heat flux profile with low edge fluctuation level. Specifically the λint was ~30mm with 

high edge fluctuation level, which is 2-3 times larger than the λint with low edge fluctuation level, 

and the heat flux width during the ELM-free phase with high edge turbulence was similar to that 

in the L mode. The heat flux width broadening with high edge turbulence could be induced by 

turbulent blob transport. However, the qpeak with high edge turbulence was comparable to the value 

with low edge turbulence, since the Pdiv was larger during the period with strong edge turbulence.  

 

Figure 3. EHO effect on divertor heat flux with high edge turbulence. D spectrogram at the 

separatrix measured by GPI diagnostic (a), the relative GPI fluctuation level near the separatrix 

(b), the evolution of divertor heat flux on lower outer target plate (c), Mirnov signal spectrogram 

(d), the divertor peak heat flux, deposited power on the divertor (e), and integral heat flux width 

divertor Dα signal (f).  
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       Fig. 3(d) shows the Mirnov signal spectrum and indicates that an EHO appeared at 0.306s, 

with a dominant n=1 mode with frequency of 2 kHz. This n=1 dominant EHO caused a change in 

the divertor heat flux, as shown in Fig. 3(c). In ELM-free periods with low edge turbulence, the 

EHO decreased the peak heat flux, but with high edge turbulence the qpeak increased by 50%, from 

~0.6 MW/m2 up to 0.9 MW/m2. The slight increase in Pdiv at ~0.314s was caused by a naturally 

occurring small ELM.  The heat flux profile is so wide with high edge turbulence, the strike point 

splitting induced by the EHO n=1 mode is still under the range of the heat flux profile with high 

edge turbulence. This could be the reason the heat flux was not broadened by the EHO at high 

edge turbulence. While the footprint of the EHO induced strike point splitting is out of range of 

the heat flux profile with low edge turbulence, that caused the EHO to significantly broaden the 

heat flux width at low edge turbulence.  

 

 

Fig. 4 The averaged heat flux profile without EHO (black triangular) at the lower outboard 

divertor (black triangle) with the Eich fit using the equation 1 (red curve) and heat flux with 

EHO (purple line), with low edge turbulence (a) and with high edge turbulence (b), and (c) 

Poloidal magnetic field at the outer midplane versus SOL power decay length λq, black solid and 

dash line represents empirical trend 𝜆𝑞 = (0.63 ± 0.08) × 𝐵𝑝𝑜𝑙,𝑀𝑃
−1.19±0.08. 

 

     Figure 4 shows the divertor heat flux profile without EHO from the discharges with low and 

high edge turbulence that was shown in Figs. 2 and 3, respectively, and results from the fit to 

equation 1. The heat flux in Fig. 4(a) is the averaged heat flux during an ELM-free period (0.15-

0.155s) with low edge turbulence, for which the relative GPI fluctuation was ~ 0.15 near the 

separatrix. The heat flux in Fig. 4(b) is the averaged heat flux during an ELM-free period (0.295-
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0.3s) with high edge turbulence, during which the relative GPI fluctuation was ~ 0.35 near the 

separatrix. The 𝜆𝑞 from Eich scaling in Eq. 1 is between 4.7mm and 7.3mm for shot #132405, with 

𝐵𝑝𝑜𝑙,𝑀𝑃 ~0.16T. In Fig. 4(a), the measured 𝜆𝑞 was 5.5mm with low edge turbulence, which is in 

good agreement with the 𝜆𝑞 empirical trend. With high edge turbulence, the heat flux width was 

~14.7mm, which is almost 3 times larger than the 𝜆𝑞 value obtained from the empirical trend, as 

shown in Fig. 4(c). The large λq with high edge turbulence is therefore correlated with a wide 

divertor heat flux footprint. The EHO does not broaden the heat flux during the time with large 

edge turbulence. Since there are multiple peaks on the heat flux profiles during EHO, as shown in 

Figure 4(a) and 4(b), it is inappropriate to get the 𝜆𝑞 at the EHO with the equation 1. 

3.3 Increased heat flux width with the frequency of EHO 

      The frequency of the EHO affects the heat flux width and the divertor qpeak. This can be seen 

in  shot #132470, a lower single null, ELM-free H mode with ~4MW of injected neutral beam 

power and plasma current, Ip ~ 700 kA.  Figure 5 shows an example of the frequency change in 

the EHO:  the EHO frequency changes from 1 kHz to 2.5 kHz, as shown in Fig. 5(b). One can see 

the qpeak decreased from 1MW/m2 to ~0.6MW/m2 and the λint increased from ~11mm to 16mm 

when the frequency of the EHO n=1 mode increased. The relative MHD mode intensity is reflected 

by the ratio between the FFT of the Mirnov signal and the mode frequency. From the Fig. 5(b), it 

appears that the n=1 mode intensity increased with the frequency. However, we could not conclude 

that the heat flux width increased directly with the intensity of n=1 mode.  
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Figure 5. Divertor heat flux evolution with EHO, (a) the evolution of divertor heat flux on lower 

outer target plate, MHD mode relative intensity (b), the divertor peak heat flux (qpeak) and 

integral heat flux width(c). 

 

Figure 6. The relationship between the divertor peak heat flux, integral heat flux width and the 

frequency of EHO n=1 mode. 
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     Figure 6 shows the relationship between the qpeak and the λint and the frequency of EHO n=1 

mode, extracted from the data shown in Figure 5. Fig. 6 also shows that the qpeak decreases with 

the frequency of EHO n=1 mode, while the heat flux width increases with the frequency of the 

EHO n=1 mode. The change in the EHO frequency follows changes to the plasma shape and it is 

not yet understood what are the critical parameters impacting the changes to the divertor qpeak and 

heat flux width.  

          

4 Divertor heat flux broadening with edge n=2 mode 

 

    In NSTX, it was found that, in addition to the EHO, the heat flux broadening was also found 

with counter-current edge n=2 mode. Large 𝜆𝑖𝑛𝑡 was observed during inter-ELM with a ~5 KHz 

n=2 single mode in NSTX, as shown in Fig. 7. The shot #132438 is a type I ELMy discharge with 

~6MW of injected neutral beam power with a plasma current, Ip ~ 800 kA. The relative GPI 

fluctuation level was ~0.2 which is similar to the ELM-free H mode with low edge turbulence, 

shown in Fig. 2.  Fig. 7 (d) shows the MHD mode spectrogram. The counter-current n=2 mode 

was found in Fig. 7 (d), which is consistent with the GPI spectrogram at the separatrix, which 

indicates that this n=2 mode was located near the plasma edge. The integral heat flux λint was 

between 25-40mm with the n=2 mode, i.e. comparable to the λint with EHO in Figure 1. However, 

the higher plasma current (800KA) in shot #132438 should have resulted in a narrower heat flux 

width than the smaller plasma current (600KA) in shot #132405, per Eq. 1.  We note that since the 

frequency of the n=2 mode was ~ 5 kHz, i.e. the 6.3 kHz IR data does not time-resolve this fast 

heat flux oscillation. 
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Figure 7. Divertor heat flux evolution with counter-current n=2 mode, (a) the evolution of 

divertor heat flux on lower outer target plate, integral heat flux width (b), GPI spectrogram at 

separatrix (c) and the Mirnov signal spectrogram (d). 

 

5 Discussion and Summary 

     The divertor heat flux width is much wider in L mode, with normally high turbulence levels, 

than in H mode, with routinely low edge turbulence. Strike point splitting induced by MHD modes 

was also found during Ohmic L mode, but this strike point splitting did not further broaden the 

heat flux profile. This could be caused by a wide divertor heat flux footprint during L mode, which 

routinely exhibits high edge turbulence, and H modes with high edge turbulence.  We note that in 

ASDEX-U, it was found the divertor heat flux width did not increase with imposed magnetic 

perturbations, which typically lead to strike point splitting, during L mode discharges [21].   

     Because EHOs induce strike point splitting, it can be anticipated that the divertor heat flux 

footprint would broaden compared to the empirical scaling [2]. Here we refined and extended 

previous analysis to determine when and how EHOs alter both the heat flux width and the peak 

heat flux. In this paper, we have shown that the EHO can broaden the heat flux width and decrease 
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the divertor peak heat flux at low GPI fluctuation level (~0.15). The edge turbulence was shown 

to be a broadband oscillation of the spectrogram, with high relative fluctuation level from GPI data 

near the separatrix. Enhanced edge turbulence significantly increased the divertor heat flux width 

in NSTX.  The divertor heat flux width during H mode with high relative GPI fluctuation level 

(0.3-0.4) was comparable to the divertor heat flux width during L mode. When the EHO appeared 

at high edge fluctuation level, the divertor peak heat flux increased and the heat flux width 

decreased. The strike point splitting induced by the EHO n=1 mode is still under the range of the 

heat flux profile with high edge turbulence, this could be the reason the EHO could not broaden 

the heat flux width at high edge turbulence. The divertor peak heat flux (width) was found to 

decrease (increase) with the frequency of the EHO.  

      It is important to control the divertor target peak heat flux below material operational limits in 

NSTX-U and future devices. The EHO or other edge MHD, and the associated enhanced edge 

turbulence, should facilitate power exhaust, significantly broaden the heat flux width and decrease 

the divertor peak heat flux. The next step in this research is to simulate the strike pointing splitting 

by the EHO and re-establish and investigate the operational windows of the EHO and high edge 

turbulence in NSTX-U, finally control EHO and edge turbulence with specific operation window 

to reduce the divertor peak heat flux in NSTX-U for the safety of the PFCs  
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