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Abstract       

In this paper, the divertor heat flux profile evolution is compared during type I, type 

III, and type V edge localized modes (ELMs) in the National Spherical Torus 

Experiment (NSTX). Small type V ELMs are routinely observed in many discharges, 

resulting in  < 50% transient increase in peak heat flux; as compared with true 

ELM-free phases in discharges, the integral power decay width(λint) is ~ 300% larger 

with Type V ELMs than without. During Type III ELMs, the peak heat flux can 

increase by up to 300% relative to the inter-ELM heat flux, and the heat profile width 

decreases as compared to the inter-ELM width, which is dominated by type V ELMs 

that routinely occur between the type III ELMs in these discharges. The peak heat flux 

can increase by up to 1000% during type I ELMs, with a significant contraction of the 

profile width. Finally analysis of the time evolution of the heat flux profiles shows 

instances where the peak heat flux peaks during the ELM decay phase, resulting in a 

very narrow profile and high PFC heating. 
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1. Introduction 

 

Magnetic divertors were implemented in toroidal devices to separate the plasma 

facing components (PFC), where intense plasma-wall interactions (PWI) occur, from 

the core plasma. Thus impurities generated from PWI can be screened before they 

contaminate the core plasma. However X-point divertors have the downside of 

concentrating the plasma exhaust into narrow channels on the PFCs, resulting in high 

peak heat fluxes. Indeed the design
1
 for the ITER with peak steady heat flux < 10 

MW/m
2
 is at the limit of present heat removal technology.  

The favored operational scenario for existing toroidal devices and the one 

intended for ITER is the high confinement or H-mode
2
; in this scenario, an edge 

transport barrier  develops resulting in steep density, temperature, and pressure 

profiles. These steep profiles can destabilize local, usually ideal 

magnetohydrodynamic instabilities called edge localized modes (ELMs)
3, 4

. ELMs 

cause a rapid, periodic ejection of edge plasma stored energy which can transiently 

increase the steady divertor heat flux by ten-fold or more
5
. ELMs are thought to be 

caused by violating either pressure gradient and/or edge current/gradient limits, i.e. 

peeling-ballooning modes
6-8

, which result in coherent, intermediate wavelength, 

instabilities. These instabilities evolve with a linear growth in time, followed by a 

non-linear growth phase
9
. During the non-linear growth phase, helical filamentary 

structures aligned with the magnetic field topology expand radially from the edge 

plasma onto the open field lines of the scrape-off layer
10-12

. These filaments result in 

multiple heat and particle flux helical “stripes” in the divertor
13

. Understanding the 

structure of these filaments on the divertor PFCs is crucial for predictive capability of 

the transient divertor heat flux profile for ITER and other devices.  

The filamentary structure of power deposition is also important since it can 

significantly increase the plasma wetted area during ELMs. In the JET device, 

filamentary structures were easily resolved by an IR imaging system with 1.7mm 

spatial resolution and ~ 100 sec time resolution
14

. In that work, it was shown that the 

heat flux due to the ELM increased rapidly with a characteristic time scale τIR, after 
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which it slowly decayed. There τIR was defined as the duration of the power 

deposition increase from 10% above initial value to 100% of the maximum measured 

value
15

. It was also found that the number of filaments increased in the first 40% of 

τIR, and then remained constant until τIR
14

.  

 In this paper, we report analysis of the heat flux during and after various ELM 

types
16, 17

 observed in the National Spherical Torus experiment (NSTX)
18

: large Type I 

ELMs, intermediate type III ELMs, and small type V ELMs. Studies from other 

devices have shown that ELMs increase the plasma wetted area
19, 20

. Here we will 

show that the heat flux profile width changed only modestly during type V ELMs but 

contracted during type I and type III ELMs; this is attributed to the routine occurrence 

of type V ELMs between these other ELM types. When compared with true ELM-free 

H-mode, the footprint indeed grows wider during type I and type III ELMs. In 

addition, we will describe the heat flux temporal evolution in terms of τIR. 

There is broad interest in small ELM regimes for ITER. In this paper, we report 

the heat flux characteristics of type V ELMs specifically and small ELMs in general 

for the first time. For reference we note that type V ELMs are single or double 

filamentary perturbations resulting in ≤1% plasma stored energy loss per event, in a 

wide variety of shapes and with βp > 0.5
21, 22

. We found that type V ELMs increase the 

integral power width(λint), where )2/( ,,

int x

outdiv

peak

outdiv

peak

out

div fqRP   23
. Here Pdiv

out
 is the 

integrated outer divertor power, Rpeak
div,out

 is the radial location of the peak heat flux, 

qpeak
div,out

, fx is the magnetic flux expansion. Furthermore we found that the type V 

ELMs actually reduce the qpeak as compared to true ELM-free phases.  

The remainder of this paper is organized as follows: the NSTX device and the IR 

diagnostics used for the temperature measurements and heat flux calculations are 

presented in section 2. In section 3, the relationship between λint and qpeak for different 

types of ELMs is described. In section 4, we describe the detailed time evolution of 

power deposition and peak heat flux during individual ELMs. Finally, the paper 

concludes with a brief summary of the results in section 5. 
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2. Diagnostic setup and analysis tools 

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

measure the lower divertor temperature evolution on the divertor PFCs
24

 . 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 

give a 5.8mm spatial resolution at the divetor 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 can measure a 2D toroidal-radial temperature distribution. In this paper, we 

focus on outer plate divertor heat flux because the inner strike points are out of the 

field of view for most of shots; early experiments showed that the maximum heat flux 

up to 10 MW/m
2
 occurs near the outer divertor strike point in NSTX

25
.  

 The divertor heat flux profile was calculated from the calibrated surface 

temperature from the IR camera. The divertor heat fluxes were computed using the 

3-D heat transfer code, TACO
26, 27

. The TACO code was upgraded
28

 to allow 

inclusion of a surface film in poor thermal contact with the underlying PFC substrate, 

using the same technique as in the 2-D THEODOR code
29

. Specifically an effective 

heat transmission coefficient through a thin surface film is used:  = layer/layer, where 

the latter two quantities represent layer thermal conductivity and thickness 

respectively
30

. Because the thermal characteristics and thickness of the layer are 

unknown, the value of α is often chosen to avoid having a negative heat flux 

following ELMs. In NSTX, the simple criterion used in this work determined the α 

value needed to keep energy deposition constant after the end of the discharge
28

, since 

there is no power going to the divertor after the end of discharge. Typical α values of 

60-100 kW/m
2
-K were needed for NSTX discharges, rather close to the 100 kW/m

2
-K 

reported in ASDEX-Upgrade
30

. In addition, the results of the TACO code with this 

modification gave nearly identical results to the THEODOR calculation applied to 

NSTX
28

. 

 

3. ELM heat deposition patterns 

All of the discharges analyzed in this paper were lower single-null discharges, 
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with varying degrees of r
sep

, which is the radial separation between the two X-points 

mapped to the outer midplane. In addition, these discharges were obtained with 

boronized walls, prior to the usage of lithium coatings in this particular campaign 

(lithium coatings are known to alter the surface emissivity relative to graphite PFCs). 

We first discuss results for small type V ELMs, followed by medium type III ELMs, 

and finally large type I ELMs. The shots analyzed in this paper are listed in table 1. 

Shot # Time (s) Type Ip(MA) ne(10
19

/m
3
) PNBI 

132403 0.43-0.47s Type v ELM 0.6 4.4-4.9 3.2MW 

132406 0.21-0.24s,  Tye v ELM 0.6 2.6-3.2 5.2MW 

132401 0.17-0.55s Type III /Type v 

ELM 

0.6 2-5 4MW 

132460 0.23-0.4s Type III ELM 0.7 3.3-4.3 2MW 

132438 0.19-0.27s Type I ELM 0.8 3.1-4.7 6MW 

 

 

3.1. Type V ELMs 

NSTX has observed a high performance operating regime with small ELMs that 

were labeled as “type V” because they differ from other existing ELM types
21, 22

. Type 

V ELMs have a single or double filamentary structure that originates usually in the 

lower part of the H-mode pedestal where Te < 150 eV. There is limited evidence for a 

continuous edge-localized instability in certain type V ELM discharges
31

. An example 

of a type V ELM discharge is shown in Figure 2, from t~0.43 sec (see the red vertical 

line). There is a rollover in the plasma stored energy at t~ 0.4 sec, which corresponds 

to the growth of MHD activity and/or increase in core radiated power. Note that the 

D signal increase is less than 50% of the baseline value during type V ELMs. The 

D signal is irregular during type V ELMs; hence it is difficult to compute a regular 

frequency. For reference, the frame rate of IR data for shot #132403 is 6.3kHz, which 

is well above the approximate type V ELM “frequency” that is typically between 0.5 

and 1 kHz.  
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Figure 3 displays the effect of type V ELMs on the divertor heat flux profiles. 

Panel 3a shows a contour plot of heat flux as a function of radius and time from 

#132403; about a dozen type V ELMs are visibly spreading out the heat flux footprint 

relative to the inter-ELM profile. Panel 3b shows that each type V ELM increases 

peak outer divertor heat flux qpeak
div,out

 by ~ 20%, although certain events can increase 

qpeak
div,out

 by ~ 50% . Panel 3c shows the time evolution of the heat flux profile during 

the ELM. For theis example of type V ELMs, it is clear that the main additional heat 

flux occurs in a zone displaced by ~ 0.05m relative to the original outer strike point, 

i.e. the profile indeed broadens with the ELM heat flux. There is energy deposition 

near the strike points with a similar heat flux profile superimposed by an additional 

contribution out of the strike points during ELM. We note that the ELM heat flux 

profiles show multiple peaks during the type V ELM.  

  Figure 4 contrasts the heat flux profiles during type V ELMs with an ELM-free 

phase observed after the L-H transition . After the L-H transition, the qpeak
div,out

 

increased by ~ 300%, mostly due to a shrinking of λint by 67%. Hence the power 

deposition remained constant in that ELM-free phase. Type V ELMs were first 

observed at t ~ 0.21 sec when the filamentary heat load appears on the target and the 

power deposition increase instantly, after which λint increased slowly and qpeak
div,out

 

decreased, again at constant power deposition. As also shown in Figure 3, type V 

ELMs reduced the qpeak
div,out

, by increasing the extra heat flux in a spatial region 

separated from the strike points. It was also found the λint increased with increasing 

plasma density.  

 

3.2 Type III ELMs 

Type III ELMs are medium sized ELMs that result in a few % drop in the plasma 

stored energy and are typically obtained when the auxiliary heating power is close to 

the L-H power threshold
4, 32

. The frequency of Type III ELMs decreases with 

increasing auxiliary heating power; a small window of ELM-free H-mode is 

sometimes obtained before the observation of large, Type I ELMs. In NSTX, the 

operating window between Type III and Type I ELMs can be quite narrow
33

, although 



 

 7 

the window for type III ELM operation can be substantial at low Ip, in terms of 

auxiliary heating power. The temporal evolution of two different type III ELM 

discharges from NSTX is shown in Figure 5. These two discharges have moderate 

differences in Ip and in plasma shaping, and a more substantial difference in NBI 

power and βp.   

Figure 6 and Figure 7 show the heat flux evolution from several type III ELMs 

from the two discharges shown in Figure 5. Panel 6(a) shows the evolution of the heat 

flux profile as a function of time. Panel 6(b) shows that λint decreased by 50% as the 

qpeak
div,out

 increased from the ELM energy pulse. However the λint rebuilt slowly 

between type III ELMs to a nominal value ~0.03m, i.e. panel 6(c) at 264.928ms. The 

first ELM filament in panel 6(c) appeared at t=265.087 msec; this filament increased 

the heat flux ~ -0.08m away from the nominal outer strike point prior to the ELM 

onset. Following this, the peak heat flux reverted back to the strike point, resulting in 

a narrow λint ~0.015m, i.e. nearly 50% smaller than the pre-ELM heat flux profile. 

Panels 7(a)-(c) show the corresponding evolution for the second type III ELM 

discharge. Here the filamentary deposition of the heat flux was distributed wider at 

t=273.597 msec, actually increasing λint during the type III ELM. Then, during the 

ELM recovery phase, the profile reverted slowly to a peak near the strike point, 

resulting in a reduction of λint to ~ 0.02m. The difference in these two discharges is 

the time scale for profile reversion back to the strike point area: this process took 

longer in the lower set of panels, resulting in a peak heat flux that occurred during the 

first ELM filament peak, where the λint is largest during ELMs. The different behavior 

between the λint and the qpeak
div,out

 in these two discharges is also shown in Figure 8. 

Some individual ELM-like filaments can be seen between type III ELMs for the 

shot 132401; inspection of those filament with the gas-puff imaging diagnostic 
34,35

 

indicate these filaments between type III ELMs are actually type V ELMs
21

. In 

addition, type V ELMs are present in the figure 6(a)from #132401, the heat flux at 

inter-ELM during 0.267-0.27s is multiplied by 2. Previously a βp > 0.6 threshold was 

identified for the onset of type V ELMs
22

; here p=40WMHD/(3|Bpol|
2
) where WMHD is 
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the plasma stored energy from equilibrium reconstructions
36,37

, 0 is the permeability 

of free space, and |Bpol| is the flux-surface averaged magnitude of the poloidal 

magnetic field at the separatrix. Indeed the p value is higher for #132401than 

#132460 (because of the higher PNBI and lower Ip), suggesting a continuous 

relationship between the effectiveness of type V ELMs in spreading the heat flux 

profile between the type III ELMs. Previous studies have shown very broad heat flux 

profiles at high p in other tokamaks, independent of the ELM type
38

.  

 

3.3 Type I ELMs 

Type I ELMs are thought to occur when the edge plasma violates ideal MHD 

limits for current-driven kink/peeling modes and/or pressure gradient driven 

ballooning modes
6-8

. In contrast to Type III ELMs the observed frequency of type I 

ELMs increases with heating power. These large ELMs can result in up to a 10% drop 

in the plasma stored energy per event, resulting in high transient heat loads.
3, 5, 39-41

 

Type I ELMs are also routinely observed in NSTX discharges; the example in 

this paper come from a high X-point, low elongation scenario developed for small 

ELM similarity experiments
33

. Figure 8 shows the temporal evolution of a discharge 

with ordinary type I ELMs; Figure 8(b) shows that these ELMs resulted in discrete 

drops of the plasma density and in discrete D emission spikes in panel 8(c). The 

energy loss per ELM relative to the plasma stored energy was in the 2-9% range. This 

particular scenario uses a large separation between the X-point and lower divertor 

PFCs, resulting in very low poloidal flux expansion values, fx, of 1.5-2 relative to the 

outer midplane. More typical values of fx in NSTX range from 5-30. Because the 

(divertor-mapped) midplane width of the heat flux profile is approximately constant
42

, 

the low value of fx results in small power deposition width at the divertor, and 

consequently high qpeak
div,out

.  

The evolution of the heat flux profile for the Type I ELMy discharge is shown in 

Figure 9. Panel 9(b) shows that that the qpeak
div,out

 increased by up to 1000% during 

each ELM, with a 33% decrease in the int. Owing to the low flux expansion, the 

ELM filaments (e.g. at t=266.496 msec in panel 9(c)) increase the peak heat flux 
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within a couple of cm of the original strike point.  

It is unclear if the midplane-mapped target heat flux profiles during ELMs have 

physical significance, because of the probable change to the magnetic topology itself 

for the large ELMs. It can be seen that the heat flux profile contracted during the type 

I ELMs (# 132438) and the type III ELMs (# 132401), but when compared with true 

ELM-free H-mode, the footprint indeed grew wider during type I and type III ELMs.  

4. Profile evolution during ELM rise and decay time  

     The ELM energy pulse to divertor target can be separated into two phases with 

a characteristic timescale τIR, which was previously defined as the length of time it 

took for the power deposition to increase from 10% above its initial value to 100% of 

the maximum measured value
15

. In this picture the divertor PFC temperature peaks at 

τIR. The maximum target temperature during ELMs is decided by the maximum heat 

flux, not the peak power deposition. The maximum qpeak appears at τIR which make 

the peak temperature at τIR. The maximum qpeak rise during ELMs follows this pattern 

for many ELMs in NSTX. However we also observe instances where the qpeak occurs 

after the time of peak power deposition; this occurs in the ELMs where the peak heat 

flux peaks after the time of peak power deposition.  

Figure 11(a)-(b) shows 10 ELMs of 12 ELMs when the maximum power 

deposition was  aligned at the onset of the ELM filaments, but the maximum heat 

flux followed the ELM filaments later and appeared at ELM decay time. Panels 

0(c)-(d) show the 12 ELMs cases where the maximum power deposition and heat flux 

were all aligned with the onset of ELM filaments. This two difference ELMs behavior 

are from two discharges, the first one is #132401, the later one is #132460. The 

parameter for this two discharges is shown in Figure 5. The shot 132401 has higher 

NBI power and plasma stored energy compared to the shot 132460. In panels 11 (a), 

the heat flux during the onset of ELM filaments was distributed farther from the outer 

strike point, which is also shown in Figure 6. Although there are two ELMs are this 

case where the maximum power deposition and heat flux were all aligned with the 

onset of ELM filaments, the heat flux at outer strike point still was not maximum 

value at the ELM filaments and would increase after the peak power deposition, 
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which is the same as the other 10 ELMs.  

The maximum heat flux appears during ELM decay time also happens in large 

ELM, as shown in panel 12 (a)-(b). The peak power deposition 5MW versus 

13MW/m
2
 qpeak at the onset of ELM filament, the maximum heat flux 26MW/m

2
 

appeared during ELM decay time, which is two times larger than the qpeak at the ELM 

filaments. The power deposition at maximum heat flux is 4.5MW which is close to 

the maximum power deposition at ELM filament. The heat flux distribution is wide at 

ELM filaments, the λint decrease fast after the ELM filament, which is can be seen in 

Figure 6, more power deposited on target during ELM decay time will increase the 

qpeak fast. This latter phenomenology would be of obvious concern to future devices. A 

slight variation to these two patterns, which is rare in NSTX, is shown in panels 02 

(c)-(d), where the ELM filaments arrived before the time of peak power deposition; in 

this case, the peak heat flux and temperature rise were aligned with the peak power 

deposition time, but the heat flux footprint was very narrow. This situation makes 

more ELM power deposit on target after the ELM filaments. The qpeak at peak power 

deposition is 9.5MW/m
2
, which is ~3 times larger than the qpeak at ELM filament. The 

reason for the temporal misalignment between the peak power deposition and the 

maximum peak heat flux is not understood. We assume two channel transport 

mechanism to explain this phenomenon. There is a fast channel transporting the 

overwhelming amount of energy during the ELM remote from the strike points, cause 

the filamentary structure on divertor with large λint. Another slow channel is same 

energy transport channel as in turely ELM free phase with narrow λint, which deposits 

the energy slightly later compare with first channel. If large energy transport with 

slow channel, it may cause the ELM peak heat flux appear at ELM decay time. 

 

 

 

5. Summary and Conclusions  

 

In this paper, we showed the first analysis of the evolution of heat flux profiles 
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during various ELMs in NSTX. The small, type V ELMs caused a < 20% increase in 

qpeak
div,out

; as compared to a true ELM-free phase, however, the qpeak
div,out

 actually 

decreased and the λint increased, the latter by up to 300%. It was observed that 

qpeak
div,out

 decreased with increasing density. For Type III ELMs we found that λint 

decreased by up to ~50% with increasing qpeak
 div,out

; the “inter-ELM” phases for those 

discharges were dominated by type V ELMs. Type I ELMs showed the largest 

transient increase in qpeak
div,out

 (up to 1000% in low flux expansion discharges), with a 

~33% contraction of λint. 

We also evaluated the evolution of the peak power deposition, peak heat flux, 

and during the ELM rise and decay time. Here it was found that many ELMs showed 

a temporal alignment of the peak power deposition and maximumpeak heat flux., as 

reported in other devices
14, 15

. However a significant number of ELMs exhibited a 

different evolution: the peak heat flux occurred after peak power deposition in the 

ELM decay phase, with a very narrow footprint. Additional research is needed to 

identify the mechanism(s) for this latter phenomenology, which could lead to 

unacceptably high PFC thermal excursions if they were to occur in future devices.  
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Figure Captions 

1. (a) Photograph of the NSTX lower divertor region, with the IR field of view 

shown by the red shaded region, and (b) plasma reconstructed equilibrium and 

radial field-of-view of the fast IR diagnostic.  

2. Example of type V ELM discharge (t ≥ 0.43 sec): (a) Ip and PNBI(MW), (b) 

line-averaged density ne, (c) upper divertor D emission, (d) plasma stored 

energy from equilibrium reconstructions and βp, (e) odd-N MHD activity, (f) 

main chamber radiated power, and (g) position of the outer divertor strike 

point. The vertical red line represents the time when type V ELMs began to 

appear.  

3. Heat flux data during type V ELM: (a) contour plot of the heat flux profile as a 

function of radius and time, (b) the evolution of λint and qpeak
div,out

, (c) 

evolution of the profile in sequential time slices during a Type V ELM. 

4. Comparison of heat flux profile during type V ELMs and the ELM-free phase 

following the L-H transition: (a) contour plot of the heat flux profile as a 

function of radius and time, (b) the relationship between λint and qpeak
div,out

, and  

integrated power deposition during type V ELMs, along with evolution of the 

density. 

5. Example of type III ELM discharges: (a) plasma current Ip, (b) neutral beam 

heating power PNBI, (c) line-averaged density ne, (d) divertor D emission,  

(e) p, (f) plasma stored energy from equilibrium reconstructions, (g) main 

chamber radiated powerand (h) position of the outer divertor strike point.   

6. Heat flux characteristic during type III ELMy discharges are from #132401: (a) 

contour plot of the heat flux profile as a function of radius and time; (b) the 

evolution of λintand qpeak
div,out

; (c) evolution of the profile in sequential time 

slices during a Type III ELM.  

7. Heat flux characteristic during type III ELMy discharges are from #132460: (a) 

contour plot of the heat flux profile as a function of radius and time; (b) the 

evolution of λint and qpeak
div,out

; (c) evolution of the profile in sequential time 

slices during a Type III ELM. 

8.   The evolution of λint and qpeak
div,out

 of the shot 132460 (a) and 132401 (b). 

9.   Example of type I ELM discharge: (a) plasma current Ip and neutral beam 

heating power PNBI, (b) line-averaged density ne, (c) divertor D emission, (d) 

plasma stored energy from equilibrium reconstructions and p, (e) odd-N 

MHD activity, (f) main chamber radiated power, and (g) position of the outer 

divertor strike point .   

10. Heat flux data during type I ELMs: (a) contour plot of the heat flux profile as a 

function of radius and time, (b) the evolution of λint and qpeak
div,out

, (c) 

evolution of the profile in sequential time slices during a Type I ELM.  

11.  Evolution of the ELM heat flux for dozens of ELMs cases. In panels (a)-(b), 

the maximum heat flux and power deposition occurred at the onset of ELM 

filaments at the target. In panels (c)-(d), the maximum heat flux occurred after 

ELM filaments at the target for most of ELMs. 12.  Evolution of the ELM heat 

flux of the shot 132406. In panels (a)-(b), the maximum heat flux occurred after 
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ELM filaments for the large ELM, In panels (c)-(d), the maximum heat flux and 

power deposition occurred after ELM filaments at the target. 
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