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Abstract 
!
DIII-D ELMing discharges with a secondary X-point (XPT) inside the vessel were used 
to evaluate the power distribution between the primary and secondary divertors. The 
magnetic balance, defined by the distance between the primary and secondary 
separatrices at the outer midplane (dRsep), was varied from -5 mm (lower-single-null, 
LSN) to +16 mm (upper-single-null, USN). 
We find that the secondary divertor receives up to 1/3 of the total heat flux (primary + 
secondary divertors), and it is dominated by the ELM-driven flux. Both the radially-
integrated and the peak heat flux to the secondary divertor decay below ~50% of the 
maximum as dRsep is varied from -5 to +6mm, but the integrated heat flux decay flattens 
out and it would take dRsep above ~25mm to reduce the ELM heat flux to the secondary 
divertor below 10% of the one deposited to a well-defined SN. 
Both the secondary inner and outer strike points receive heat flux during ELMs. The peak 
heat flux is comparable in both strike points for dRsep < 10mm, but the inner strike point 
receives less than 15% of the total flux. This is experimental evidence that the secondary 
inner divertor region receives significant ELM flux which should be taken into account 
for the design of future generation tokamaks. 
 
1. Introduction 
!
Edge-localized-modes (ELMs) are plasma instabilities[1] characteristic of high-energy 
confinement (H-mode) discharges[2] causing periodic loss of particles and energy from 
the confined plasma[3] into the scrape-off-layer (SOL) towards the plasma-facing-
components (PFC)[4][5]. ELMs, which are a response from the plasma to the pedestal 
pressure build-up, remove plasma and impurities from the core, providing density pump 
out and preventing ash accumulation that would lead to reduced performance (see ref [6] 
and references therein) but they increase significantly the heat and particle load to the 
PFC.  
To avoid critical heat flux (CFH) events, the peak power flux density for long-term quasi-
stationary operation of the ITER[7] Tungsten (W) divertor PFC should not exceed ~20 
MW/m2[8]. The onset of bulk W surface melting occurs approximately at 28 MW/m2[9] 
and exceeding such limit would lead to material degradation via formation of leading 
edges by redistributed melt, recrystallization and bubble formation[10]. Regarding 
transient events (such as ELMs), the critical W divertor melting threshold, expressed by 
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the ‘heat flux factor’[11] and calculated as FHF = q!!ttrans
-1/2 where q!"is the perpendicular 

energy density to the target and"!ttrans the duration of the transient, is 50 MJm-2s-1/2[12]. 
 

Potential solutions and mitigation strategies to the quasi-stationary and transient power 
exhaust problem are currently being studied and include: 1) small ELM regimes (type II, 
III, V)[13], 2) ELM suppression by RMP coils[14] and 3) divertor configurations that 
increase the plasma-wetted area at the targets region i.e. snowflake[15][16], super-X 
divertor[17][18] and double null (DN) configurations[19].  
 
ITER is designed to operate in lower single null (LSN) but with a secondary X-point 
(XPT) inside (or in close vicinity to) the vessel[20].  Since the presence of the null is 
expected to result in some heat flux to the upper section of the vessel, the wall has to be 
engineered to accept such power load. Measurements of ELM and inter-ELMs heat 
fluxes to the secondary XPT of today’s tokamaks are essential to provide design 
guidance, given the uncertainties in the “Heat and Nuclear Load Specifications” (HNLS) 
extrapolations for ITER[21]. Moreover, next generation spherical tokamaks[22] are 
designed to operate in quasi-DN configuration. Therefore, there is a need to quantify the 
heat load that a secondary divertor receives during and in-between type-I ELMs.  
 
Experiments evaluating divertor power sharing for different magnetic balances have been 
carried out at EAST tokamak, showing the effect of !B direction on active and secondary 
divertor asymmetry[23]. Heat flux footprint widths of type-III ELMs have been 
investigated[24], providing scaling laws of those scenarios for EAST. The influence of 
magnetic flux balance on divertor power sharing for ELMs-free discharges has been 
studied in Alcator C-MOD[25], while in MAST[26] the up-down heat flux asymmetry has 
been evaluated for one H-mode DN configuration. Measurements of the perpendicular 
heat flux decay length in the SOL during H-mode for both LSN and USN have been 
carried out at ASDEX-Upgrade[27], as well as power load deposition for USN and DN 
equilibria[28]. Research on advanced plasma scenarios at ASDEX-Upgrade and 
JET[29][30][31] showed! the achievement of ‘small’ type II ELMs for discharges at high 
density, high triangularity and operating in DN. At DIII-D[32][33][34], peak heat flux in both 
active and secondary divertors have been measured for different magnetic balances (LSN 
to USN) together with their effect on discharge performance and SOL plasma 
characteristics. 
However, most of the work reported above was carried out in L-mode, ELM-free regimes 
or without spatially and time-resolved divertor ELM heat flux footprints. The scope of 
this paper can then be summarized as follows: 
 
(1) Evaluate heat and particle fluxes to the primary and secondary divertor in DIII-D 

during type-I ELMs and inter-ELMs. 
(2) Quantify the power distribution between primary and secondary inner (ISP) and outer 

(OSP) strike points.  
(3) Examine how variations of dRsep affect the above. 

 
This work provides experimental results that can be of interest for the modeling 
community in order to extract predictions for future generation tokamaks[35]. 
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3. Experimental results 
3.1 Heat flux footprints 
 
We first proceed to evaluate the relative contribution of the ELM and inter-ELM heat 
flux to the primary and secondary divertors, in particular the inner and outer divertor legs. 
 
To separate the ELM from the inter-ELM heat flux, we use conditional averaging of the 
IRTV signal versus time over windows of typically ~ 1-2 ms, which correspond to the 
time range where the heat flux profile returns to pre-ELM levels, and we evaluate the 
ELM energy loss (!WELM) for each magnetic configuration using conditional averaging 
of the diamagnetic loop signal. Two representative cases, LSN and USN, are reported in 
Fig. 3 together with D-" signal measured at the outer midplane for reference. To take into 
account the slightly different ELM sizes, shown in Table 1, we multiply each ELM heat 

flux by a correction coefficient (c in Table 1), calculated as !! !
!!!"#!!!"!!
!!!"#!!!!

 where 

!!!"#!!!! =!! !!!"#!!!
!"#!!

!  with n being the number of ELMs per each dRsep case i and 

!!!"#!!!"#! the averaged ELM energy loss for all the discharges adopted in this work 
i.e. 58.16 kJ, and we find the correction coefficients to be comparable within ~15%. 
 

 
Figure 3 ELM D-! signal at the outer midplane (up) and "Wplasma normalized over the pre-ELM level (down) VS 

ELM time for two representative dRsep cases.  

 

 

 

 

!
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Table 2 Radially integrated ELM heat flux to inner and outer lower divertor. 

dRsep (mm)! Qi (W/cm)! Qo (W/cm)! QSUM (W/cm)!

-5! 8707 30668 39375 

-2.5! 7702 27963 35666 

+4.5 ! 2070 17432 19502 

+6 ! 1999 17095 19094 

+9 ! 1671 15740 17411 

+13 ! 275 14369 14644 

+16 ! 203 13607 13810 

 
Inspecting the data in Table 2, the secondary divertor, with dRsep of +4.5 and +6mm, 
receives about 1/3 of the total ELM heat flux deposited to a primary divertor in a well-
defined SN, while that fraction drops below ~1/4 when dRsep = +16mm. The total SN 
ELM heat flux is extracted from our data by summing the flux of two magnetically 
symmetric discharges, as !!" ! ! !!"!!!"#$%!!!!!!!" ! ! !!"!!!"#$%!!!!!!!!!"  i.e. 
~58,880 W/cm.  
The values presented in Table 2 are shown in Fig. 7a, together with the peak values of 
the same profiles (Fig. 7b). 
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Figure 7 (a) Radially-integrated ELM heat flux profiles reported in  Fig. 5 for several values of dRsep. The total 

(up+down) flux is indicated with a green dashed line for comparison. (b) Peak values of the same profiles.  

The radially integrated heat flux data (indicated in black in Fig. 7a), dominated by the 
outer divertor, displays an exponential decay with the resulting fit function being 
!!"#!!"#$%! ! !!!"!!"! ! !!!!!"#!!"#$%. We estimate that dRsep needs to be increased 
beyond ~25-30mm to bring the heat flux to the secondary divertor below 10% of the total 
heat flux driven by an ELM to an actual SN (indicated with a green dashed line in Fig. 
7(a)).  
The dRsep uncertainty on the primary and secondary divertor power sharing in DIII-D is 
about 2mm[49], which corresponds to a difference on the total heat flux (green in Fig. 7a) 
of ~2900 W/cm, giving an estimated error of about 5%. ELM-induced reflection may 
also be a concern on the IR measurements; however, this effect is expected to be 
negligible in carbon wall machines compared to metal walls ones[50], given the low 
emissivity of W ($~0.2-0.3) compared to graphite ($~0.8-0.9). An ELM-resolved power 
balance !!!"#$%! ! !!!!"#$%# ! !!!!" ! !!!"#  where !!!"#$%! !!!"#!!"!!!"#$ 
with !" ! !!!!" (the averaged ELM duration), !!"#!!"! ! !"!!!" (green in Fig. 7a), 
!!!" ! !!!!" and !!!"# ! !!" (averaged over 5ms),  gives a deposited energy of 
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~75kJ. The discrepancy with the average !WELM (~60 kJ), or 20%, is within the data 
scatter of the IRTV, the diamagnetic measurement and observed ELM[47][51] heat 
deposition toroidal asymmetries[52][28]. 
 
The peak heat flux (Fig. 7b) shows a linear decay with a slope of -107.5*dRsep and an 
almost even load between the inner and outer divertor for 0<dRsep<+10mm. The data 
highlights that the radial profile has a significant effect on the total heat received by the 
secondary divertor, in particular that significant amount of heat flux is received from the 
far SOL at the outer target, (Fig. 5, right), whereas the inner target sees little far SOL flux 
(Fig. 5, left).  
 
Inter-ELM time-averaged heat flux has also been calculated and the resulting profiles, 
mapped at the outer midplane, are shown in Fig. 8.  

 
Figure 8 Lower divertor inter-ELM time-averaged heat flux for inner (left) and outer (right) divertor, projected 
at the midplane. DRsep is varied from LSN (dRsep = -4 mm, black) to dRsep = +16 mm (blue) and scanning 
through +7 (red) and +10 mm (green). The PFR and the SOL are shown, with the dashed line indicating the 
separatrix of the LSN. 

LSN profiles (black curves in Fig. 8) exhibit a broader shape at the inner target and 
similar peak values between inner and outer targets. It is important to note that the 
toroidal field was reversed in these experiments, with !B ion drift directed away from the 
LSN configuration, which leads to more symmetric heat loads between inner and outer 
regions[53][54]. Similarly to what has been observed in Alcator C-MOD[25] and ASDEX-
Upgrade[28], the inter-ELM heat flux to the secondary inner target is small for all dRsep 
cases, thus confirming that the heat flux measured at the inner target in Fig. 5 is driven by 
ELMs. 
 
3.2 Particle flux to the secondary divertor and plasma recycling 
 
We measured the particle flux to the lower outer divertor during ELMs and inter-ELM 
for various values of dRsep using the divertor reciprocating probe. The flux is given by 

the relation !! ! !!"#
! , where Jsat is the ion saturation current density, and the results are 

shown in Fig. 9 as a function of R-Rsep, mapped to the outer midplane. 

INTER-ELM HEAT FLUX

!"#$%&'$ !"#$%&'$

())*'$+(,*'-"'$ ".-*'$+(,*'-"'$
dRsep (mm)
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Figure 9 Inter-ELM particle flux profiles to the outer divertor for dRsep of -4 (black, LSN), +8 (red) and +14 
(blue), both USN. ELM-driven flux, available only for dRsep = +14mm, is indicated in green. Solid lines are 
exponential fits to the data. The separatrix is at R-Rmid=0 (not shown). 

Inter-ELM data (black, red and blue in Fig. 9) have been fitted with an exponential of the 
form !!!! ! !"#$! ! !!!!!! ! !!!!!!!"#$!!The LSN case (black) displays a steep decay, with 
! ! !!!!, compared to the USN cases (red and blue), whose % coefficients are -4.3 and -
1.7 respectively. Hence, the inter-ELM particle flux is quickly reduced by ~70% with an 
increase in dRsep of 12mm, and spreads over a larger area in the divertor. The ELM 
particle flux (green in Fig. 9) is at least 6 times higher compared to inter-ELM (dRsep = 
+14mm) and a significant amount is collected from the far SOL, which is consistent with 
the IRTV measurements. 
 
ELM-induced plasma recycling has been evaluated by measuring D-" emissions at the 
lower and upper divertor simultaneously. The D-" signal is proportional to the density of 
ground-state recycled atoms and can therefore provide indirect information on the plasma 
flux and recycling to the walls. The normalized D-" signal, absolutely calibrated hence 
providing accurate relative emission, during the ELM peaks and averaged over several 
ELMs, together with the divertor regions of interest, are shown in Fig. 10.   

 
Figure 10 Normalized D-alpha signals during an ELM from both lower and upper divertor is plotted vs dRsep 

of -3, +7, +11 and +16mm.  

LSN USN
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The emission is larger at the primary outer divertor for all cases. The lower inner divertor 
signal is still significant when dRsep < 10mm, confirming that ELM plasma reaches the 
secondary inner divertor region. Emissions from the secondary divertor (inner + outer) 
are below ~15% of the total when dRsep > 10mm.  
 
Uncertainties regarding D-" sources are related to molecule-activated recombination 
processes involving D2 and CxDy

 as well as different geometries and neutral 
concentrations characterizing the lower and upper divertors in DIII-D[55]. Moreover, 
filterscope chords are in discrete locations that, therefore, do not necessarily align with 
the strike points spatial coordinates. However, findings in Fig. 10 are in line with IRTV 
measurements i.e. the secondary divertor collects up to 1/3 of the ELM energy, when 
dRsep < 10mm.  
 
4. Conclusions  
 
Heat and particle flux to primary and secondary divertors in ELMing H-mode attached 
discharges at DIII-D tokamak have been evaluated, during ELMs and inter-ELM, 
keeping plasma parameters identical and varying only dRsep. IRTV has been used to 
measure heat loads and a fast reciprocating probe and filterscopes to evaluate particle 
flux and plasma recycling. The main results can be summarized as follows: 
 

 - The heat flux to the secondary divertor is significant during ELMs, up to 1/3 of 
the total (primary+secondary) ELM heat flux. Between ELMs, however, the 
secondary divertor peak heat flux remains below 25% of the primary divertor.  

 - The secondary inner divertor receives up to ~50% of the ELM peak heat flux to 
the secondary divertor (inner + outer), albeit ~10% of the total integrated ELM 
heat flux. Thus, we have experimentally verified that significant ELM plasma is 
deposited to the secondary inner target, resulting in well-defined profiles that are 
shifted from the secondary ISP. 

 - The ELM heat flux to the secondary outer divertor spreads widely over the SOL. 
This is consistent with previous studies from other machines[26][28] and confirmed 
here also by the significant amount of ELM particle flux measured in the far SOL. 

 - The radially-integrated ELM heat flux to the secondary divertor, larger at the 
outer divertor, decays exponentially, flattening out at larger dRsep and implying 
that dRsep needs to be at least ~25-30mm to reduce the flux to 10% of the total 
ELM-driven heat flux deposited to a well-defined SN. The peak heat flux to the 
secondary divertor decays linearly and much more rapidly than the total heat flux 
when dRsep is large.  

 
Good control on the up-down magnetic balance in future fusion machines will be vital in 
order to protect the divertor walls, including regions surrounding both the secondary 
inner and outer strike points. Spatially-resolved ELM simulations for unbalanced DN 
configurations are needed in order to shed light on the mechanism transporting ELM 
plasma to the secondary inner divertor target.  
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