
Journal of Nuclear Materials 415 (2011) S360–S364
Contents lists available at ScienceDirect

Journal of Nuclear Materials

journal homepage: www.elsevier .com/locate / jnucmat
Dependence of divertor heat flux widths on heating power, flux expansion,
and plasma current in the NSTX

T.K. Gray a,b,⇑, R. Maingi b, V.A. Soukhanovskii c, J.E. Surany d, J.-W. Ahn b, A.G. McLean b

a Oak Ridge Institute for Science and Education (ORISE), Oak Ridge, TN, USA
b Oak Ridge National Laboratory, Oak Ridge, TN, USA
c Lawrence Livermore National Laboratory, Livermore, CA, USA
d Princeton University, Princeton, NJ, USA

a r t i c l e i n f o
Article history:
Available online 28 January 2011
0022-3115/$ - see front matter � 2011 Elsevier B.V. A
doi:10.1016/j.jnucmat.2011.01.029

⇑ Corresponding and presenting author. Address: P
NJ 08543-0451, USA. Tel.: +1 609 243 2212; fax: +1 6

E-mail address: tkgray@pppl.gov (T.K. Gray).
a b s t r a c t

We report the dependence of the lower divertor surface heat flux profiles, measured from infrared ther-
mography and mapped magnetically to the mid-plane on loss power into the scrape-off layer (PLOSS),
plasma current (Ip), and magnetic flux expansion (fexp), as well as initial results with lithium wall condi-
tioning in NSTX. Here we extend previous studies [R. Maingi et al., J. Nucl. Mater. 363–365 (2007) 196–
200] to higher triangularity �0.7 and higher Ip 6 1.2 MA. First we note that the mid-plane heat flux width
mapped to the mid-plane, kmid

q , is largely independent of PLOSS for PLOSS P 4 MW. kmid
q is also found to be

relatively independent of fexp; peak heat flux is strongly reduced as fexp is increased, as expected. Finally,
kmid

q is shown to strongly contract with increasing Ip such that kmid
q / I�1:6

p with a peak divertor heat flux of
qdiv, peak � 15 MW/m2 when Ip = 1.2 MA and PLOSS � 6 MW. These relationships are then used to predict
the divertor heat flux for the planned NSTX-Upgrade, with heating power between 10 and 15 MW,
Bt = 1.0 T and Ip = 2.0 MA for 5 s.

� 2011 Elsevier B.V. All rights reserved.
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. The divertor heat flux
profile and its characteristic scale length, kdiv

q are determined by
the balance of parallel and perpendicular thermal transport in the
scrape-off layer (SOL), along with volumetric losses along the open
field lines [1]. Near term research in this area at the National Spher-
ical Torus Experiment (NSTX) [2] has been motivated in part by the
US DoE multi-machine Joint Research Milestone in 2010, which
seeks to understand thermal transport in the SOL through experi-
ments on Alcator C-Mod, DIII-D and NSTX. Correspondingly, results
from DIII-D [3,4] and C-mod [5,6] are being reported at this confer-
ence. In addition, the planned upgrade on NSTX (NSTX-U) [7] will
increase plasma current, Ip 6 2 MA; neutral beam heating power,
PNBI 6 10 MW; and a pulse length of 5 s have motivated further
work on understanding the scaling of kmid

q (where kmid
q ¼ kdiv

q =fexp

and fexp is the magnetic flux expansion) with PNBI and Ip, particularly
for highly shaped plasmas. Previous estimates [8] indicated that a
heat flux of 10 MW/m2 would exceed the 1200 C administrative
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limit of the ATJ graphite tiles in about 3 s short of the desired pulse
length of 5 s.

NSTX has previously measured the dependence of the outer
perpendicular divertor peak heat flux, qdiv, peak, on controlled
engineering parameters [9,11]; a preliminary assessment of the
divertor heat flux widths was also made in these experiments.
Here we present systematic analysis of the divertor heat flux
widths from both those experiments and new ones, for projection
to the planned NSTX-U. The planned upgrade to NSTX will stress
the thermal limits of NSTX’s graphite PFCs with neutral beam input
power, PNBI 6 12 MW; RF heating power, PRF 6 6 MW; toroidal
magnetic field, Bt 6 1 T; Ip 6 2 MA; and pulse lengths up to 5 s
[10]. Viable divertor designs may require some combination of
heat flux mitigation techniques, including some combination of a
detached or radiative divertor [12], high magnetic flux expansion
[13], and/or a snowflake divertor [14,15].

2. Experimental apparatus

NSTX is a medium-sized spherical torus with a major radius
R = 0.85 m, minor radius, a 6 0.65 m (R/a P 1.27), Ip 6 1.4 MA,
Bt 6 0.55 T, PNBI 6 7.4 MW, PRF 6 6 MW, and pulse lengths of
61.8 s. The NSTX open divertor geometry enables a wide range of
discharge shapes, both high and low triangularity (d) discharge
shapes, shown in Fig. 1, as well as a range of magnetic flux
expansions, fexp.
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Fig. 1. Efit01 equilibrium reconstructions for two discharges with different plasma shapes. (a) High d discharge (shot # 128,640, 0.4 s) with d � 0.7, j = 2.3 and fexp = 16. (b)
Low d discharge (shot # 132,341, 0.41 s) with d � 0.44, j = 2.1 and fexp = 4.
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Surface IR emissivity measurements are captured by an Indigo
Omega camera at a 30 Hz frame rate, with surface temperature de-
rived from both an ex situ calibration with a blackbody calibration
source and an in situ calibration during vacuum bake-outs [16].
Since 2006 NSTX has employed evaporative lithium wall condi-
tioning on its ATJ graphite plasma facing surfaces during some or
all of the run campaign [17]. The key results presented in Sections
3.1–3.3 are for discharges with boronized walls and not with lith-
ium wall conditioning. This is because the application of thin lith-
ium films alters the surface emissivity of graphite tiles, and the
surface emissivity could be continuously modified due to the
chemical reactivity of lithium and the erosion and redeposition
of the lithium films during a discharge.

All of the data presented here are for lower single null (LSN),
deuterium H-mode discharges, with line averaged electron densi-
ties, �ne ¼ 4—7� 1019 m�3; Bt ffi 0.45 T; and the magnetic balance,
dsep

r between 0.005 and 0.015 m. dsep
r is defined as the radial dis-

tance between the upper divertor separatrix flux surface and the
lower divertor separatrix flux surface as measured at the outer
mid-plane. Given the 30 Hz frame rate of the IR camera system,
measurements obtained are averaged over small edge localized
Fig. 2. Typical progression of discharge parameters for NSTX (shot # 128,640) in (a) Ip an
power to the outer divertor, Pdiv.
modes (ELMs), which are ubiquitous through out the H-mode
phase of the discharges. Time slices just after large transients, dis-
ruptions or large Type-I ELMs that result in a large, rapid decrease
(P10%) in the plasma stored energy, WMHD, have been removed
from the scaling analysis.

Fig. 2 shows typical discharge parameters along with the mea-
sured change in divertor surface temperature, DTdiv, peak, and qdiv,

peak. Heat flux is calculated based on a 1-D, semi-infinite heat con-
duction approximation [18,20]. The peak divertor temperature rise
(Fig. 2d) flattens as �ne rises continuously through out the discharge.
This secular density rise in boronized NSTX discharges is believed
to be due to a strong fueling source at the inboard divertor strike
point, which is typically detached [19]. The peak divertor heat flux
is reached at �0.35 s and then decreases as the density rises. How-
ever, the power to the outer divertor remains constant, shown in
Fig. 2g, after the peak heat flux is reached. This is due to a broad-
ening of the divertor heat flux profile (Fig. 2f). Because of the sec-
ular �ne rise, the data presented are limited to 100–200 ms windows
after the onset of H-mode and after WMHD has reached steady state.
Changes in �ne and dsep

r with in this time window do not appear to
affect the width of the heat flux footprint. For example the analysis
d Pheat, (b) plasma stored energy, WMHD, (c) ne, (d) DTdiv
peak, (e) qdiv, peak, (f) kdiv

q and (g)



Fig. 3. Effect of magnetic flux expansion as measured at the outer strike point for
high triangularity discharges. (a) Reduction in peak heat flux as fexp is increased. (b)
Broadening of the heat flux profile, kdiv

q as fexp is increased. (c) kdiv
q magnetically

mapped to the mid-plane, kmid
q modestly shrinks with fexp.
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window for the discharge shown in Fig. 2 is from 0.3 to 0.5 s. While
this results in a conservative estimate of the heat flux width scaling
with respect to the present discharges, future operation in NSTX
and NSTX-upgrade should result in steady density profiles. We
anticipate execution of experiments with density in the lower
range shown in Fig. 2c in NSTX-U, and so the projections and diver-
tor designs for NSTX-U should accommodate such experiments.

3. Results

As described earlier, the measurements obtained are averaged
over edge localized modes (ELMs) [21], as routinely observed in
NSTX discharges with boronized walls. In order to compare results
from NSTX to those of other tokamaks, an integral definition of the
characteristic scale length, kdiv

q of the heat flux is used. While this
definition of kdiv

q differs from the one used in previous work
[9,11], the integral definition facilitates comparison across devices,
as was discussed in [22]:

kdiv
q �

Pout
div

2pRout
div; peakqout

div;peak

; ð1Þ

where qout
div; peak is the peak in the divertor heat flux measured from IR

thermography, Rout
div; peak is the radial location the peak heat flux oc-

curs, and Pout
div is the outer divertor power derived from the mea-

sured divertor heat flux defined as,

Pout
div ¼

Z Rmax

Rmin

2pRout
div qout

div dr; ð2Þ

where Rmin � Rdiv, peak = �0.05 m and Rmax � Rdiv, peak = 0.20 m. kdiv
q

is then magnetically mapped to the mid-plane such that kmid
q ¼

kdiv
q =fexp, where fexp is the average magnetic flux expansion

measured at the outer strike point along the �5 mm mid-plane flux

surface, and defined as fexp ¼ RmidBmid
h

� �
= RdivBdiv

h

� �
. Bmid

h and Bdiv
h are

the mid-plane and divertor poloidal magnetic fields at radial loca-
tions Rmid and Rdiv respectively.

3.1. kmid
q scaling with magnetic flux expansion

The magnetic flux expansion was varied by changing the x-
point height in NSTX. Highly shaped (d � 0.8, elongation, j
ffi 2.2–2.4), lower single null H-mode discharges were performed
[13] with Ip = 1.0–1.2 MA and PNBI = 6 MW. Fig. 3 shows that qdiv,

peak is reduced from 8 MW/m2 to 2 MW/m2 by increasing fexp from
10 and 40. This is because as fexp is increased, kdiv

q broadens as
shown in Fig. 3b, where kdiv

q increases monotonically from 10 to
37 cm as a function of fexp. This is due to the large magnetic flux
expansion is acting to increase the plasma wetted area on the
divertor and therefore increase the area over which energy must
be dissipated. Note the two outlying data points with high peak
heat fluxes, qdiv, peak P 7 MW/m2, both at fexp ffi 27, while the
majority of the data at similar fexp have qdiv, peak 6 4 MW/m2. These
data are included for completeness, as they cannot be directly
attributed to any identifiable transient heat load on the divertor
such as large Type-I ELMs. When kdiv

q is magnetically mapped to
the mid-plane as in Fig. 3c, the variation in the kmid

q is 0.95 ±
0.2 cm. Therefore, while qdiv, peak scales inversely with fexp, the
kmid

q is largely independent of fexp.

3.2. kmid
q scaling with PLOSS

Fig. 4 shows that as PLOSS is increased from 0.5 to 6 MW, the
peak heat flux increases as expected. Here PLOSS is defined as
PLOSS ¼ PNBI þ Poh � dW=dt � Pcore

rad , where Poh is the ohmic input
power, dW/dt is the time rate of change of the plasma energy,
and Pcore
rad is the core radiated power. For low d discharges

(d � 0.5, Ip = 0.8 MA), there is a marked decrease in kmid
q as PLOSS is

increased beyond 4 MW, shifting from an average kmid
q of approxi-

mately 3 cm down to 1.5 cm. This is due to a transition from a radi-
ative (or possibly even partially detached) divertor to an attached,
high recycling divertor at PLOSS P 4 MW. The radiated power drops
as PLOSS is increased and is consistent with previous 2-point mod-
eling [11,23], where the transition to an attached divertor is de-
noted by a change in slope of qdiv, peak vs. PLOSS as shown in
Fig. 4a. We note, however, that a detailed analysis of the divertor
regime (as previously done in NSTX [24]) to determine if detach-
ment and volume recombination are occurring has not yet been
performed. For the high d discharges shown in Fig. 4b, where
d � 0.7, fexp = 16 and Ip = 1.2 MA, kmid

q is constant at �0.7 cm. Note
that the data for high d discharges are chosen where PLOSS P 5 MW.
Therefore, kmid

q appears to vary weakly with PLOSS, when the diver-
tor is in an attached regime. We will show in the next section that



Fig. 4. Scan of power lost through the last closed flux surface, PLOSS for low
triangularity (�) and high triangularity ( ) discharges. (a) Outer divertor peak heat
increasing as PLOSS increases with the change in slope denoted by the vertical
dashed line. (b) Reduction in kmid

q as PLOSS is increased beyond 4 MW suggesting a
change in divertor regimes from detached/radiative to attached.

Fig. 5. Effect of increasing plasma current, Ip for low triangularity (�) and high
triangularity ( ) discharges. (a) Outer divertor peak heat flux increases with
increasing plasma current. (b) kmid

q contracts with increasing plasma current. ( )
Power law fit to the kmid

q data.

Fig. 6. Radial heat flux profile, in arbitrary units, showing the contraction in the
heat flux profile at 0.662 s for two discharges: shot # 129,019, no-lithium wall
conditioning ( ) and shot # 129,038 with approximately 700 mg of lithium
evaporation between the two shots (—).

T.K. Gray et al. / Journal of Nuclear Materials 415 (2011) S360–S364 S363
this difference in kmid
q values between low and high d are actually

due to a strong Ip dependence in the data.

3.3. kmid
q scaling with plasma current

Since the results of the previous two sections showed kmid
q is lar-

gely independent of fexp and PLOSS, Fig. 5 shows that the heat flux
and kmid

q depend on Ip. Here we include low d discharges (d � 0.5)
with PNBI = 4 MW and fexp = 6, as well as high d discharges
(d � 0.7) with fexp = 16 and PNBI = 6 MW. The minimal dependences
of kmid

q on other parameters have probably resulted in some of the
scatter in Fig. 5. Fig. 5b shows that kmid

q strongly contracts with
increasing Ip such that kmid

q ¼ 0:91 I�1:6�0:1
p . Here, only the lower

20% of the data set was considered to provide a conservative esti-
mate of the Ip scaling for NSTX-U. Note that both DIII-D [25] and
JET [26] have reported similar trends where kmid

q is inversely pro-
portional to Ip; DIII-D in particular has reported kmid

q / I�1:2
p [3],

close to the NSTX result.
Recent simulations of mid-plane SOL turbulence with the SOLT

code [27] were performed for select NSTX discharges. It was con-
cluded that mid-plane turbulence is the main contributor to the
SOL heat flux width for the low power ELM-free H-mode dis-
charges studied, while additional physics is required to explain
the strong contraction of kmid

q with Ip observed experimentally in
higher power discharges.

3.4. Effect of lithium wall conditioning

As previously stated, NSTX has been using lithium for wall
conditioning for edge density control, higher confinement times
[28], and the elimination of ELMs [29]. The change in surface emis-
sivity due to the lithium coatings makes determining the divertor
surface temperature, and therefore the magnitude of the heat flux,
questionable with conventional IR thermography. However, the
divertor heat flux profile could be less sensitive to emissivity
changes. Fig. 6 shows the contraction of the heat flux profile with
(shot # 129,038) and without (shot # 129,019) the application of
evaporative lithium coatings for Ip = 0.8 MA and PNBI = 4 MW for
the no lithium discharge. However, in the case of the discharge
with lithium, PNBI was lowered to 2 MW to avoid bN limits; there-
fore, kdiv

q , as defined in Eq. (2), is lower for shot # 129,038 consis-
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tent with power accounting. For the profiles shown in Fig. 6, kdiv
q;exp,

here defined as the e-folding length of the SOL side of the profile,
contracts from 2.4 cm to 0.9 cm or a 62% decrease with the evapo-
ration of approximately 700 mg of lithium between discharges.
The post-lithium discharge profile itself is more Gaussian, lacking
the long tail typically seen in the SOL region of divertor heat flux
profiles from NSTX. An important difference between the two
discharges is the elimination of small, Type V ELMs. Type V ELMs
typically result in higher cross-field transport in the SOL and may
explain the contraction of kdiv

q;exp. A two color-IR camera has
been developed for NSTX to quantify the heat flux profile with
lithium coatings [30]. The system has been designed to be less
sensitive to emissivity changes that occur because of the lithium
wall conditioning and will be used to confirm these preliminary
results.
4. Summary and conclusions

It has been shown that for neutral beam heated, H-mode dis-
charges in NSTX kdiv

q / fexp, while qdiv; peak / 1=fexp. However, when
kdiv

q is mapped to the mid-plane, it is relatively independent of fexp.
Additionally, kmid

q is independent of PLOSS in well-attached, high
recycling plasmas with high PLOSS. In contrast, kmid

q is found to vary
/ I�1:6

p , with qdiv, peak reaching 15 MW/m2 when Ip = 1.2 MA and
PNBI = 6 MW. The Ip scaling covers a wide range of plasma shapes,
flux expansions and heating powers. Preliminary data show kdiv

q; exp

is further reduced by as much as 60% with lithium wall condition-
ing, which results in ELM-free discharges. Future experiments are
planned to further explore the effect of lithium wall conditioning
using a 2-color IR diagnostic [30] that should be less susceptible
to emissivity changes on the divertor tiles.

To project for NSTX-U [7], Eq. (1) can be re-written to estimate
the peak heat flux on the divertor such that qout

div; peak ¼ Pout
div=

ð2pRout
div; peakfexpk

mid
q Þ, where Pout

div � fdivPheat, fdiv = 0.5 and kmid
q �

0:9 I�1:6
p . Therefore, for Ip = 2 MA, PNBI = 12 MW and d � 0.7, the

peak heat flux to the divertor would reach 24 ± 4 MW/m2 for
fexp = 30. It is evident that some technique of heat flux mitigation
such as even higher flux expansion, double null operation or radi-
ative/detached divertor operation will be required for NSTX-U as
24 MW/m2 would exceed the established material limits of ATJ
graphite for the 5 s design pulse lengths.
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