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1. Introduction 
Spherical tori (ST) face the prospect of high heat flux onto the plasma facing components 
(PFC), owing to their compact nature and design as high power density systems. Power 
balance mandates a straightforward relationship between the peak heat flux and its 
characteristic footprint. The divertor heat flux profile and its characteristic scale length, λq are 
determined by the balance of parallel and radial thermal transport in the scrape-off layer 
(SOL), along with volumetric losses on the open field lines. Clearly λq is related to the 
upstream mid-plane density and temperature widths. Previously, National Spherical Torus 
Experiment [1] has performed scaling experiments to determine the dependence of the peak 
heat flux on controllable engineering parameters such as plasma current, heating power[2][3] 
and magnetic flux expansion [1]; in those experiments, a preliminary assessment of the 
divertor footprint was made. Understanding how those quantities scale [4] is a necessity for 
building larger, higher power spherical tori. The proposed NSTX-upgrade will stress the 
thermal limits of the existing graphite plasma facing components, with 10-12 MW of neutral 
beam input power, up to 6 MW of RF heating power, toroidal magnetic field up to 1T and 
plasma current of up to 2 MA with pulse lengths up to 5 sec [5]. Viable divertor designs may 
therefore require some form of heat flux mitigation techniques, including a detached or 
radiative divertor, magnetic flux expansion [6][7], and/or a snowflake divertor [8][9]. 
2. Experimental Set-up 
NSTX is a medium size spherical torus with a major radius of 0.85 m and a minor radius < 
0.65 m (A >1.27). Plasma currents range from 0.6–1.4 MA, with toroidal magnetic fields in 
the range of 0.3–0.55 T and discharge lengths of < 1.8s. Plasma heating is achieved by neutral 
beam injection typically ranging from 1–6 MW with core electron temperatures, Te(0) ≃ 0.6– 
1.5 keV, and line-average electron densities, ne ≃ 1–6(10)19 m−3 . The NSTX divertor has an 
open geometry and as such is capable of a wide range of discharge shapes.  
 Surface infrared emissivity measurements are captured an Indigo Omega IR camera at a 
30 Hz frame rate with surface temperature derived from both an ex-situ calibration with a 
blackbody calibration source as well as an in-situ calibration during vacuum bake-outs [2].  
Since 2006 NSTX has employed evaporative lithium wall conditioning of its ATJ graphite 
plasma facing surfaces during some or all of the run campaign [10]. The data presented here 
are for discharges with boronized walls and not with lithium wall conditioning. This is 
because of the uncertainty the application of thin lithium coatings have on the surface 
emissivity of graphite tiles and how that emissivity is modified transiently during a discharge.  
3. Results  
Given the time resolution of the infrared camera system, measurements obtained are averaged 
over small edge localized modes (ELMs), although care is taken to filter out time slices just 
after large transients, disruptions or large ELMs that result in a large decrease in the plasma 
stored energy. In order to compare results from NSTX to those of other tokamaks, an integral 
definition of the characteristic scale length, 

€ 

λq, int
div  of the heat flux is used. This characteristic 

width was discussed in [11]:  

€ 

λq
div ≡

Pdiv
out

2π Rdiv, peak
out qdiv, peak

out ,   (1) 
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where 

€ 

qdiv, peak
out  is the peak in the radial divertor 

heat flux measured from IR thermography, 

€ 

Rdiv, peak
out  is the radial location the peak heat flux 

occurs, and 

€ 

Pdiv
out  is the outer divertor power 

derived from the measured divertor heat flux 
defined as,  

€ 

Pdiv
out = 2π Rdiv

out qdiv
out dr

Rmin

Rmax

∫ .  (2) 

The integral scale length, which will be 
referred to simply as 

€ 

λq
div  for the remainder of 

this discussion, is then magnetically mapped to 
the mid-plane such that 

€ 

λq
mid = λq

mid fexp , 
where

€ 

fexp is the average magnetic flux 
expansion measured at the outer strike point 
along the ~ 5 mm midplane flux surface, and 
defined as

€ 

fexp = RmidBθ
mid( ) RdivBθ

div( ) .  

€ 

Bθ
mid  

and 

€ 

Bθ
div  are the midplane and divertor poloidal 

magnetic fields at radial locations Rmid and Rdiv 
respectively.  Note that the definition of 

€ 

λq
div  

used differs from previous analysis [2][3] 
where the scale length was quantified as either 
the full-width, half-maximum (FWHM) of the 
peak in the heat flux radial profile, 

€ 

λq, FWHM
div  or 

the exponential decay length of the SOL side of 
the profile, 

€ 

λq, exp
div .  However, the integral 

method implicitly captures the magnitude and 
distribution of the divertor power better than 
the FWHM or exponential definitions, and 
allows for variations in flux expansion, thus 
allowing for better cross-machine comparisons 

[11].   
 
3.1 

€ 

λq
mid  scaling with Ploss -- Figure 2 shows that as Ploss, which is defined as the power 

flowing through the last closed flux surface or 

€ 

Ploss = PNBI+Poh −dW/dt−Prad
core , is increased 

from 0.5 to 6 MW the heat flux increases as expected. Previous scaling results [3] reported 
similar trends as shown in Fig. 2(b), but 

€ 

λq
div  was defined in terms of the full-width, half-

maximum of the heat flux profile.  Note that the heat flux width, 

€ 

λq
mid  shown in Fig. 2(b) 

follows the integral

€ 

λq
mid  defined in Eq. 2. For low triangularity discharges (δ ∼ 0.5), there is a 

step-discontinuity in 

€ 

λq
mid  as Ploss is increased beyond ~ 4 MW, shifting from an average 

€ 

λq
mid  

of approximately 3 cm down to 1.25 cm. This is due to a transition from a radiative (or 
possibly detached) divertor to an attached divertor at Ploss = 4 MW, the radiated power drops 
as Ploss is increased [12] and is consistent with the 2-point modeling [3][13]. We note, 
however, that a detailed analysis of the divertor regime [14] to detect whether detachment 
itself and volume recombination is occurring in the divertor region has yet to be performed. 

a) 

b) 

λm
id

q [
cm

] 

Figure 2: Scan of power lost through the last 
closed flux surface, Ploss for low triangularity (◊) 
and high triangularity () discharges.  (a) Divertor 
heat increasing as Ploss increases. (b) Reduction in 

€ 

λq
mid  as increase was a change in slope at 

approximately 4 MW suggesting a change in 
divertor regimes from detached/radiative to 
attached. 
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For the high triangularity discharges shown in 
Fig. 2(b), where δ ∼ 0.7, fexp = 16 and Ip = 1.2 
MA, 

€ 

λq
mid  is constant at ~0.7 cm. However, 

these data for high triangularity discharges 
were limited to Ploss > 5 MW.  Therefore, 

€ 

λq
mid  

appears to vary weakly with Ploss, especially 
when the divertor is in an attached regime. 
We will show in the next section that this 
difference in 

€ 

λq
mid  values at low and high 

triangularity are actually due to a strong Ip 
dependence.  
 
3.2 

€ 

λq
mid  scaling with plasma current -- Since 

the results of the previous two sections 
showed 

€ 

λq
mid  is largely independent of flux 

expansion and Ploss, data from a number of 
discharges have been used to determine of the 
heat flux and 

€ 

λq
mid  scale as a function of 

plasma current. This is shown in Fig. 3 for 
low triangularity discharges (δ ∼ 0.5) where 4 
MW of beam power and a narrow flux 
expansion of 6 were used, as well as high 
triangularity discharges (δ ∼ 0.7) with a much 
higher flux expansion of 16 and a beam 
heating power of 6 MW. The trends shown 
are therefore indicative of the wide range of 
plasma parameters used; however, although 

€ 

λq
mid  has shown minimal dependencies on 

other parameters, these dependences have probably resulted in the scatter in part of the data 
shown in Fig. 2.  
 From Fig. 3(b), 

€ 

λq
mid  is seen to strongly contract with increasing plasma current.  From 

the data presented in Fig. 3(b), it can be shown that the heat flux width scales with the plasma 
current as 

€ 

λq
mid =0.91Ip

−1.62 . It should be noted that both DIII-D [15] and JET [16] have 
reported that 

€ 

λq
mid  ~ 1/Ip, i.e. a somewhat weaker dependence but in the same direction.  The 

NSTX results are applicable over the large range of the plasma shape, flux expansion, q95 and 
heating power of the discharges used in the dataset. Understanding why 

€ 

λq
mid  contracts with 

increasing plasma current is the subject of ongoing investigation.   
 Recent simulations with the SOLT code [17], which simulates midplane SOL 
turbulence, were able to describe trends 

€ 

λq
mid  observed in low power, ELM-free H-mode 

discharges.  However, similar agreement between measured and simulated 

€ 

λq
mid  was not 

possible for the plasma current scaling seen in high power, H-mode NSTX discharges. This 
suggests that midplane turbulence is not the underlying cause of the contraction in 

€ 

λq
mid  with 

respect to Ip but that some other mechanism that is not included in SOLT such as divertor leg 
instabilities [18], hot ion losses or MHD activity that moves the strike point is the underlying 
cause of the contraction in 

€ 

λq
mid . 

b) 

λm
id

q [
cm

] 

a) 

Figure 3: Effect of increasing plasma current, Ip for 
low triangularity (◊) and high triangularity () 
discharges. (a) Divertor heat flux increases with 
increasing plasma current. (b) 

€ 

λq
mid  contracts with 

increasing plasma current. ( ) Power law fit to the 

€ 

λq
mid  data. 
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Summary and Conclusions 
By magnetically mapping the divertor scale length, 

€ 

λq
div  to the midplane, we have determined 

that the footprint depends at most weakly with plasma heating power and flux expansion. 
This yields a simple relation for the mid-plane heat flux width with respect to the plasma 
current, where 

€ 

λq
mid  is shown to contract strongly with plasma current such that 

€ 

λq
mid =0.91Ip

−1.62 . This scaling covers a wide range of plasma shapes, flux expansions and 
heating powers. Future experiments planned to further explore the density dependence of 

€ 

λq
mid  

as well as the effect of lithium wall conditioning using a 2-color IR diagnostic recently 
developed [19] that should be less susceptible to emissivity changes on the divertor tiles.  
 To estimate what can be expected for NSTX-Upgrade, Eq. 1 can be re-written to 
estimate the peak heat flux on the divertor such that 

€ 

qdiv, peak
out = Pdiv

out 2π Rdiv, peak
out fexp λq

mid( ), 
where 

€ 

Pdiv
out ≈ fdivPheat , fdiv = 0.5 and 

€ 

λq
mid  can be treated as a known function of Ip.  Therefore, 

for operating conditions of Ip = 2 MA and PNBI = 12 MW, which are the maximum design 
points of NSTX-U, then the peak heat flux to the divertor would reach 24 ± 4 MW/m2 for δ ~ 
0.7 and fexp = 30.  This calculation does not take credit for any method of heat flux mitigation 
such as a radiative or detached divertor. It is thus clear that some technique or combination of 
techniques of heat flux mitigation will be required for NSTX-U.  Therefore, given the 
potentially large magnitudes of divertor heat fluxes expected, fully understanding 

€ 

λq
mid’s 

strong dependence on plasma current is a necessity for a next step ST, and the focus of near 
term theoretical modeling.  
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