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Abstract

Power balance accountability was investigated for neutral beam heated plasmas in NSTX. Measurements of heat to

the divertor strike plates and radiation in the divertor and the core were made as a function of heating power in lower

single-null (LSN) and double-null (DN) configurations. Up to 70% of the net input power is accounted in the LSN dis-

charges with �15–20% of power lost as fast ions, �25–35% incident on the divertor plates, �5% radiated in the core,

and �5–10% radiated in the divertor. In DN discharges, the fast ion loss is comparable to LSN discharges, the core

radiated power fraction is �10%, and the power deposited in the lower divertor as radiation and heat flux is

�20–25% of the total. Assuming up/down symmetry, the power accountability in DN is �85–90%.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Accounting of power balance is needed for the under-

standing of divertor operation, a requirement for future

high-power fusion devices. This paper presents results

from a power accountability experiment on the National

Spherical Torus Experiment (NSTX) [1] whose small

major radius (intrinsic to spherical tokamak designs)

can lead to high heat fluxes to plasma facing com-

ponents (PFC�s). For this experiment, NSTX (R =
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0.85 m, a = 0.67 m, R/aP 1.26) was operated at Ip =

0.8 MA, Bt = 0.45 T in lower single-null (LSN) and

double-null diverted (DN) configurations over a range

of neutral beam injected (NBI) power from 1 to

6 MW. H-modes, which have confinement properties

desirable in high power, long-pulse reactors, are rou-

tinely produced in diverted discharges in NSTX. Shown

in Fig. 1 are the typical conditions of the LSN H-mode

discharges, which generally exhibit occasional large type

I ELMs at �20 Hz. accompanied by newly observed,

small amplitude ELMs, recently termed �type V� [2].
Previous results from NSTX [3] showed that the heat

flux to the divertor plates in LSN H-modes reached

10 MW/m2 with 4.9 MW of NBI power, accounting for

between 50% and 70% of the SOL power. Here we
ed.
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Fig. 1. Operating conditions for the LSN power scan in H-modes. The plasma current is in amperes, the Injected power is in megawatt,

and the Da signal is in arbitrary units. This plasma (shot #112499) had a nominal NBI power of 6 MW and a plasma current of

0.8 MA. The H-mode transition occurred at 0.22 s and the first type I ELM occurred at 0.34 s.
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augment that study with a fine NBI power scan and more

detailed radiated power measurements. The power scan

was achieved by changing the number of neutral

beam sources (each providing 2.0 MW at 90 kV), while

keeping NBI voltage, plasma current and shape con-

stant and holding the central electron density in the

4.0–4.7 · 1013 cm�3 range. To allow for thermal equili-

bration, discharges were designed to remain in H-mode

for a minimum of 100 ms.

The power flow regime (i.e. sheath limited, conduc-

tion recycling, or detached) in the divertor plasma is

known to affect the balance between the inner and outer

target power flow, as well as the balance between radi-

ated power and heat flux [4]. The divertor Da and Dc

profiles from 1-D CCD cameras, along with the ion sat-

uration current measured by the lower divertor tile

Langmuir probes, indicate that the NSTX inner divertor

is detached and the outer divertor is attached in nearly

all of the conditions presented here [5].

Power balance studies from the conventional aspect

ratio (R/aP 2.7) DIII-D tokamak [6] and also the low

aspect ratio (R/a P 1.3) MAST device have been per-

formed [7]. In LSN H-mode discharges on DIII-D, the

total power accountability was more than 85%, with a

core radiated power fraction 618%, and an inner/outer

divertor power split of 1/1.3 [6]. In the MAST device
[7], the in/out power split in DN discharges was quite

high (1:9), but qualitatively consistent with NSTX and

other devices operating in DN configurations. That

study utilized Langmuir probes in the target; no

accounting of radiated power was given.
2. Diagnostics – bolometric and infrared camera

measurements

Employing AXUV photodiodes, the core radiated

power density (emissivity) at the plasma midplane is

determined through Abel-inversion of the data from a

16-channel bolometer array that views tangentially across

the midplane of the entire plasma column. The dominant

uncertainty in the total radiated power results from the

assumption necessary to extrapolate the midplane data

over the entire plasma volume. The midplane data are

projected along poloidal flux contours, obtained from

EFIT equilibrium reconstructions, assuming that the

radiated power is a constant along a surface of constant

–w. Because themidplane emissivity profile is asymmetric

about the magnetic axis with in/out ratios for the same w-
surface as high as 10:1, the total radiated power is calcu-

lated by using a power density that is the average of the

inner and outer values on the same w surface. This result-



Fig. 2. Total radiated power from the main plasma as a

function of input power.
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ing uncertainty in the core radiationmeasurement is up to

±50% depending on whether the inboard or outboard

profile values are used instead of the average.

A second concern about the core radiated power

measurement is that the AXUV photodiodes have a

known reduction in sensitivity to photons with energy

<30 eV [8]. This is an important consideration because

the Abel-inverted profiles are peaked at the edge in these

(and most) NSTX discharges, as confirmed indepen-

dently with Ultra-Soft X-ray spectroscopy and visible

continuum measurements. In addition, charge-exchange

spectroscopy shows high edge carbon emission and that

the CIII, CIV, and CVI visible radiation is emitted with-

in 2–3 cm of the separatrix. The published response

curves for the relevant edge carbon lines, principally

154.8 nm (8.0 eV, CIV) and 97.7 nm (12.7 eV, CIII) are

used to compensate for the variation in the detector�s
sensitivity. The response to photons in the 8–12 eV

range is, on average, 2.6 times less sensitive than pho-

tons with >50 eV. Therefore after the Abel inversion,

the emissivities in the outer 3 cm inside the separatrix

are multiplied by 2.6. This adjustment has the effect of

increasing the total radiated power by about 15%. The

adjustment would increase to 25% if applied within

7 cm of the separatrix, corresponding to the spatial res-

olution of each bolometer channel.

Recently a �JET style� [9] 4-channel divertor bolo-

meter array was installed, consisting of a 4 lm gold foil

on a 20 lm mica substrate that is able to tolerate re-

peated baking cycles up to 160 �C. The foil is also sensi-

tive to charge exchange losses in the divertor chamber.

Systematic errors in measuring the heat flux incident

on the detectors are less than 10%. To obtain the total

radiated power in the divertor, the bolometer channels

that view radially inward through the X-point to the

lower divertor plate are integrated vertically and the

toroidal integration is performed by assuming toroidal

symmetry. The dominant uncertainty is in the major

radius of the radiating volume (needed for the toriodal

integration), which is not measured because the divertor

bolometer has only horizontally viewing channels. The

uncertainty in the divertor radiated power, determined

by the uncertainty in the radial distribution of the radi-

ation (between the inner strike point at 0.25 m and the

outer strike point at 0.77 m) is �55%, +40%.

An infrared (IR) camera was used to make measure-

ments of divertor heat flux. The camera is a micro-

bolometer array sensitive in the 7–13 lm wavelength

range, with a 30 Hz frame rate and a 25 ms thermal

e-folding time [10]. Though this heat flux analysis works

well for tokamak PFCs in a net erosion area (e.g. the at-

tached outer divertor leg), it can overestimate the heat

flux to areas with thin surface coatings and possibly

poor thermal contact with the underlying graphite (e.g.

the detached inner divertor leg) [11]. The estimated error

resulting from the analysis technique is ±20%.
3. Results

In this section, we discuss the power measured by

the diagnostics described in the previous section. For

reference, the input power is defined as

Pin = PNBI + POH � dW/dt, where POH = ohmic power

(approximately plasma current times loop voltage) and

dW/dt = time derivative of stored energy in both the

plasma and the poloidal magnetic field. These values

are calculated using the EFIT equilibrium reconstruc-

tion code [12,13]. Ignoring the error in dW/dt because

most of these discharges are in equilibrium, the uncer-

tainty in Pin is dominated by the ±15% error in the cal-

ibration of the NBI calorimeters, followed by a 5–7%

error in the calculation of POH.

As shown in Fig. 2, the AXUV diode data show that

the radiation from the main plasma is quite low, never

exceeding 350 kW and accounting for 2–14% of Pin, con-

siderably lower than in DIII-D. As mentioned in Section

2, the edge emission profiles are quite narrow and loca-

lized within 2–3 cm of the plasma edge, resulting in a

small radiating volume and a low total radiated power.

Perhaps more surprising is the fact that the total radi-

ated power decreases by almost a factor of 3 with

increasing Pin. This can be seen in Fig. 2 with the clear

exception of the points where Pin � 1 MW. These two

discharges are distinguished from the remainder in that

at the time of interest (from .3 to .34 s) dW/dt changes

substantially, accounting for about 60% of Pin. For the

remainder of the points, dW/dt is only a few percent

of Pin. The principal trend towards decreasing radiated

power in the main plasma with increasing Pin cannot

be explained solely by density changes, either on average

or in the edge region where the carbon is radiating.

Thomson scattering density profiles show that the line-

averaged density varied in a narrow range: from 4 to

4.5 · 1013 cm�3 and the edge density only between 1.7

and 2 · 1013 cm�3.
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The largest fraction of Pin flows to the inboard and

outboard divertors. Specifically 25–30% of Pin flows to

the targets with the in/out split typically 1:4 in LSN plas-

mas. The peak heat flux to the outer divertor strike

plates increases with NBI power up to 7 MW/m2 at

6 MW and is typically 3–6 times the peak heat flux to

the inner divertor. The exception is the low input power

shots, where this ratio is about 1:15. In DN discharges

from this experiment, the power split is approximately

1:9, similar to the MAST results mentioned previously.

The peak line-averaged emissivity measured by the

divertor bolometer channel also increases linearly with

Pin but at a level of about 5% of the peak heat flux to

the outer divertor plate. With the radial location of the

emitting volume assumed to be midway between the

X-point and the outer strike point, the volume-inte-

grated power radiated in the divertor accounts for be-

tween 10% and 15% of Pin.

Finally, fast ion losses were calculated using the

TRANSP code, and show that a significant fraction

(10–20%) of Pin is lost due to three processes. Bad orbit

losses, NBI shine-through, and prompt charge-exchange

account for 50%, 40%, and 10% of the fast ion losses,

respectively. The expected uncertainty in the fast-ion

loss calculations is about 30%. The lost ions are pre-

dicted to strike surfaces not observed by the IR cameras

in NSTX.

A composite plot of the power measurements and

calculations discussed above is shown in Fig. 3 as a func-

tion of Pin. To summarize: the LSN operation results

show that 70% of Pin is accounted for. The mean values
Fig. 3. Incremental contributions to the total accounted power

for the H-mode power scan in LSN. The open squares (h)

depict the heat flow to the divertor plates. The increment

between the h�s and the ·�s represent the divertor radiation.

The increment between the ·�s and the triangles (n) is due to

radiation from the main plasma. The energy expended in orbit

losses is shown by the increment between the n�s and the d�s.
The d�s represent the total accounted power.
and uncertainties in the individual power loss channels

are: 18 ± 6% of power lost as fast ions – prompt CX,

bad orbits, and shine through, 31 ± 6% incident on the

divertor plates, 14 ± 7% radiated in the divertor, and

7 ± 4% radiated in the main plasma. The sum of the

squares of the estimated uncertainties in the individual

measurements and calculations is about 10% of Pin. This

is smaller than the observed 22% standard deviation in

the total power accountability for the thirteen discharges

in the LSN power scan, however, the variability is dom-

inated by the 0.7 MW shot that over accounts for the

input power (see Fig. 3). Discounting that shot due to

the high dW/dt, the variability in the data is only

5.5%, so investigating the cause of the unexpectedly high

variability is probably not warranted.
4. Discussion

We consider possible diagnostic issues that may lead

to an underestimate of the power lost through various

channels. First, we compensated for the decreased sensi-

tivity of the AXUV diodes to low-energy photons within

3 cm of the edge. Applying the sensitivity correction dee-

per in the plasma would imply significant radiation from

low-charge state carbon in the edge pedestal and hotter

core regions, which is not supported by other measure-

ments. Second, the uncertainty in the location of the

radiation zone viewed by the divertor bolometers would

lead to an underestimate of the divertor radiation only if

it originated mainly from the outer strike point region.

However the detachment studies and divertor imaging

with fast cameras has shown that the radiation is more

likely further inboard than our assumption, i.e. the diver-

tor radiation is likely to be over-estimated. Third, the

issues discussed regarding the interpretation of the IR

camera data indicate that the heat flux might be over-

estimated in the presence of surface layers, but not

under-estimated.

There is the possibility that the missing power could

be due to thermal charge exchange losses. The main

chamber bolometers are insensitive to neutrals, but

TRANSP calculations indicate that the thermal charge

exchange losses account for less than 5% of Pin. In

DIII-D, the charge exchange losses typically peak in

the X-point region, an area not surveyed by the core

bolometry in NSTX. However the divertor bolometers

are sensitive to charge exchange and do sample the

X-point region. Moreover a significant portion of charge

exchange losses are expected to heat the target plates in

the private flux region between the strike point, an area

observed by the IR camera. Hence we conclude that

charge exchange losses probably do not account for a

large fraction of the missing input power.

Finally there may be power flow to surfaces not mea-

sured by the IR camera, namely the center stack, the
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outer wall, and top divertor. Preliminary analysis of a

new center stack IR camera suggests that little of the

power is present there. However, a number of obser-

vations suggest that a large fraction of the missing

power could be flowing to the upper divertor. Firstly,

we inferred significantly better total power accountabil-

ity (�85% with the assumption of up/down symmetry) in

DN discharges with engineering parameters similar to

these LSN discharges. Secondly, in DN discharges,

20–25% of Pin flowed to the lower divertor. Assuming

up/down symmetry, the power to the single divertor in

a fully LSN plasma configuration should be twice that

in the corresponding symmetric DN plasma, e.g. 40–

50% of Pin, yet only 25–35% flowed to the lower divertor

in comparable LSN plasmas. Thirdly, the LSN shape

used in this experiment had a second separatrix about

1.2 cm beyond the first separatrix (projected to the outer

midplane) as characterized by EFIT�s drsep parameter.

In comparison, the divertor heat flux width was 3–

6 cm. This divertor width can be mapped upstream using

the EFIT-computed poloidal flux expansion factor of 5

from the outer midplane to the lower divertor, giving a

midplane power flux width between 0.6 and 1.2 cm.

Given the uncertainties in the EFIT magnetic mapping,

we conclude that the midplane SOL power flux width

was �drsep, and as a consequence as much as 1/

e � 40% of the total SOL loss power could flow beyond

the first power flux width. Assuming up/down symmetry

for the power flow outside the flux width, up to half of

that amount (�20%) of the SOL loss power could flow

to the upper divertor, with the remaining �80% flowing

to the lower divertor. We also note the sensitivity of

power flow to the location of the second separatrix be-

cause in previous LSN discharges [3] with a drsep value

near 2 cm, 60–70% of the SOL power flowed into the

lower divertor, a figure close to our estimate. Therefore

the equivalent of 1/4 of the lower divertor power flows to

the upper divertor. With the lower divertor power
accounting for 45 ± 14% of Pin, the upper divertor

power is 11 ± 4% of Pin. Incorporating the error in

Pin, the total accounted power is 81 ± 16%. The hypo-

thesis of power flow to the top divertor will be tested

in upcoming experiments with the implementation of

an additional IR camera to view the top divertor.
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