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Steady-state handling of divertor heat flux is a critical issue for both ITER and spherical torus-based
devices with compact high power density divertors. Significant reduction of heat flux to the divertor
plate has been achieved simultaneously with favorable core and pedestal confinement and stability
properties in a highly shaped lower single null configuration in the National Spherical Torus
Experiment �NSTX� �M. Ono et al., Nucl. Fusion 40, 557 2000� using high magnetic flux expansion
at the divertor strike point and the radiative divertor technique. A partial detachment of the outer
strike point was achieved with divertor deuterium injection leading to peak flux reduction from
4–6 MW m−2 to 0.5–2 MW m−2 in small-ELM 0.8–1.0 MA, 4–6 MW neutral beam
injection-heated H-mode discharges. A self-consistent picture of the outer strike point partial
detachment was evident from divertor heat flux profiles and recombination, particle flux and neutral
pressure measurements. Analytic scrape-off layer parallel transport models were used for
interpretation of NSTX detachment experiments. The modeling showed that the observed peak heat
flux reduction and detachment are possible with high radiated power and momentum loss fractions,
achievable with divertor gas injection, and nearly impossible to achieve with main electron density,
divertor neutral density or recombination increases alone. © 2009 American Institute of Physics.
�DOI: 10.1063/1.3068170�

I. INTRODUCTION

Steady-state mitigation of divertor heat flux and material
erosion are critical issues for both ITER and spherical torus
�ST� based devices. At present, the candidate mitigation
techniques are radiative �detached� divertors and specialized
divertor geometry. In ITER, an H-mode discharge with small
edge localized modes �ELMs, �WELM /WPlasma�0.3%,
where W is the energy� and partially detached divertor
�PDD� strike points is envisioned as a baseline steady-state
operation scenario1 with a peak divertor heat flux under
10 MW m−2, a limit imposed by the present day divertor
material and engineering constrains. Particle and heat fluxes
are reduced in the radiative �detached� divertor by means of
volumetric momentum and energy dissipative processes—
the ion-neutral elastic and inelastic collisions, recombination
and radiative cooling.2

In the ST magnetic geometry access to the radiative di-
vertor as well as its efficiency have been in question because
of an inherently large divertor figure of merit P /R �Ref. 3�
�where P is input power and R is major radius�, and because
of geometric features of the ST divertor—a small plasma
volume, a small plasma-wetted area, a short parallel connec-
tion length, and a large heat flux asymmetry between the
inboard and outboard scrape-off layer �SOL�. Experimental
studies of high power ST radiative divertors provide a basis

for future ST concept development and elucidate on the limi-
tations of the radiative divertor concept, since its extrapola-
tion to reactorlike fusion plasma devices has been
questioned.4 A ST-based Component Test Facility �CTF�
conceptual design employs the radiative divertor and/or
mantle with high radiated power fractions to reduce divertor
heat loads from the predicted 15 MW m−2 to tolerable levels
qpeak�10 MW m−2.5 Integration of a fusion-relevant
plasma-material interface with sustained high-performance
plasma operation is a key program element of the recently
proposed National High-power Advanced Torus eXperiment
�NHTX� concept.6

This paper reports on the first successful experiments to
obtain significant divertor heat flux reduction in the National
Spherical Torus Experiment �NSTX�,7 simultaneously with
high performance and confinement plasma characteristics in
a highly shaped lower single null �LSN� configuration with a
high magnetic flux expansion radiative divertor. The radia-
tive divertor experiments are part of the SOL and divertor
transport and turbulence research conducted on the NSTX.8,9

Access to the radiative divertor regime on NSTX was previ-
ously demonstrated in 2–6 MW NBI �neutral beam
injection�-heated H-mode plasmas in a weakly shaped LSN
configuration �a range of elongations �=1.8–2.0 and trian-
gularities �=0.40–0.50� using a high gas injection rate gen-
erally incompatible with H-mode confinement.10,11

The paper is organized as follows: Sec. II describes
NSTX facility features, diagnostics, and experimental tech-
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niques used in the radiative divertor studies. In Sec. III A,
the results of divertor detachment studies in the low � ,�
shape configuration are summarized, followed by a descrip-
tion of the experiments on heat flux reduction by high flux
expansion divertor and detachment in highly shaped plasmas
in Sec. III B. Comparisons are made where appropriate to
large aspect ratio tokamak divertor experiments. The NSTX
experimental results are discussed within the framework of
one-dimensional analytic heat conduction and noncoronal
impurity radiation models in Sec. IV. A discussion of SOL
geometry and high flux expansion divertor plasma properties
is presented in Sec. V.

II. EXPERIMENTAL FACILITY, DIAGNOSTICS,
AND METHOD

A number of special facility and diagnostic capabilities
must be realized for successful radiative divertor studies. De-
tails of the NSTX device, diagnostics, and method are sum-
marized in this section.

The NSTX divertor consists of horizontal and tilted
��=24° � toroidally extended copper plates covered with
1.25 cm thick graphite tiles. The tiles act as plasma-facing
components. The upper and lower divertor plates are sym-
metric. Both divertors are of open geometry enabling much
flexibility in plasma shaping.

The plasma control system in NSTX enables routine at-
tainment of high-performance highly shaped plasmas.12–14

The highly shaped LSN configuration with a high flux ex-
pansion divertor was obtained by creating a poloidal field
null using divertor coils PF1A and/or PF1B as shown in
Fig. 1. The LSN configuration had an inner strike point �ISP�
on the vertical target �graphite tile covered center stack�,
while the outer strike point �OSP� was positioned on the
horizontal divertor plate. Coil currents were controlled in a
feedback mode using a real-time equilibrium reconstruction
code rtEFIT �Ref. 15� to keep the X-point height nearly
constant.

Deuterium gas was injected from several high-pressure
computer-controlled injectors at rates �=2.1−9.8�1021 s−1.
For plasma refueling, both the low and the high field side
midplane injectors were used. In radiative divertor experi-
ments, a divertor gas injector equipped with a piezoelectric
valve with ms-scale response was used. The gas injector ori-
fice was situated between the lower divertor plates as shown
in Fig. 1, so that deuterium was injected into the outer SOL.
Midplane deuterium injections have been previously used in
NSTX divertor detachment experiments.10,11 However, they
proved to be too disruptive and often led to a H-L back
transition.

To capture the complex relationship of SOL plasma and
atomic processes in the radiative �detached� divertor phase,
measurements at the upstream �midplane and/or X-point re-
gion� and downstream �divertor� SOL locations must be
made. Plasma transport in the highly collisional SOL is de-
scribed by the moments of the gyroaveraged kinetic equa-
tions for each plasma species, referred to as the Braginskii
equations.16 The coordinate system is adopted with elemen-
tary vectors in the directions parallel and perpendicular to the
magnetic field, and the radial direction. For the interpretation
of detachment experiments, plasma transport in the direction
parallel to the magnetic field x can be described by a simpli-
fied yet insightful set of one-dimensional steady-state
continuity, momentum, and power balance equations �e.g.,
Refs. 17–19�,

��nv�
�x

= n�nn�	v�i − n�	v�rec� + S�, �1�

��mnv2 + 2nT�
�x

= − mnv�nn�	v�cx+el + n�	v�rec� , �2�

�

�x
�− �0T5/2 +

1

2
mnv3 + 5nTv�

= − n2fZLZ −
3

2
Tnnn�	v�cx+el − nEion�	v�i + Q�. �3�

In the equations, n, T, and v are the plasma one fluid tem-
perature, density, and velocity, respectively. Neutral density
is denoted by nn, impurity fraction by fZ=nZ /ne, where Z is
the nuclear charge, and impurity radiation efficiency by LZ.
Atomic process rates �	v� are labeled �i� for ionization, �rec�
for recombination, including both the radiative and three-
body processes, and �cx+el� for charge exchange and elastic
collisions. Particle and heat sources due to radial transport
are labeled S� and Q�, respectively. Parallel SOL transport
and divertor detachment will be discussed throughout the
paper in the context of these equations.

The layout of NSTX edge diagnostics is shown in Fig. 1.
Divertor heat flux profiles were measured by infrared mi-
crobolometer cameras operated at a 30 Hz framing rate.20,21

Divertor emission profiles were measured using one-
dimensional CCD arrays with ms-scale spatial resolution,
operated at 1–20 kHz rate. The arrays were spectrally fil-
tered for deuterium Balmer-
 �656.1 nm�, Balmer-�
�433.9 nm�, and/or He II Paschen-
 �468.5 nm� emission
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FIG. 1. �Color online� A lower part of the NSTX poloidal cross section
showing the layout of divertor diagnostics, magnetic coils, and gas injectors.
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lines using ��=1.0–1.5 nm bandpass interference filters.22

A 0.5 m commercial spectrometer with three independent
collimated views and a CCD detector operated at 30–100 Hz
was used to monitor UV and visible spectra.23 The filtered
CCD arrays and spectrometer were photometrically cali-
brated in situ using a calibration transfer standard placed
inside the NSTX vacuum vessel. The cameras and spectrom-
eter were used to monitor the onset and extent of volume
recombination during detachment. High-n Balmer series line
spectra were also used to infer averaged electron density and
temperature in the recombining plasma region using the
Stark broadening and line intensities.23 Radiated power was
measured using silicon diode �AXUV� arrays in the core,
and a four-channel gold foil bolometer system in the
divertor.24 Tile Langmuir probes of the flush-mounted
design25,26 swept with 
50 V were used for ion
flux measurements using the standard I−V characteristic
method for Isat

+ analysis. Divertor parallel ion flux den-
sities were obtained from current density measurements,
�i= Isat

+ Aprobe
−1 �e sin ��−1= jsat

+ �e sin ��−1, where e is the elec-
tron charge, Aprobe is the probe area, and � is the angle be-
tween the total magnetic field and the probe tip surface. To
monitor neutral pressure, microionization and Penning
gauges,27 located at several midplane and divertor locations,
were used. The neutral pressure measurements were not
conductance-limited. Core and midplane �upstream� SOL
plasma electron and ion �carbon� temperatures and densities
were measured using the 30-point multipulse Thomson scat-
tering �MPTS� system operated at 60 Hz,28,29 and the 20-
point charge exchange recombination spectroscopy
�CHERS� system,30 operated at 30 Hz, respectively. Edge C
III �465.0 nm line� and He II �468.5 nm line� brightness pro-
files were measured by the edge rotation diagnostic �ERD�.31

The line-integrated brightnesses B� profiles were inverted,
and local emissivities Eexp at the maximum brightness loca-
tion were used to obtain edge C III and He II densities ni, as
follows:

B� =
1

4�
	

l

Eexpdl , �4�

ni = Eexp/�ADAS�Te,ne� , �5�

where the MPTS Te and ne measurements and the corre-
sponding photon emission coefficients �ADAS from a full
collisional-radiative model of Atomic Data and Analysis
Structure �ADAS�32 were used.

The power flowing into the SOL was estimated from
measured quantities according to a conventional power ac-
counting procedure outlined in Ref. 24,

PSOL = POH + PNBI − Prad − dW/dt − Ploss, �6�

where POH is the Ohmic power, PNBI is the NBI power, Prad

is the core radiated power, and WMHD and Ploss are the stored
energy and the fast ion loss power, respectively.

III. DIVERTOR HEAT FLUX REDUCTION
AND DETACHMENT

In large aspect ratio tokamaks, when SOL collisionality
becomes high ��

e
*�60−100�, atomic processes lead to

power and momentum losses at the target.2 The atomic pro-
cesses include line radiation �of impurity and neutrals�,
charge exchange, elastic, and inelastic collisions between
ions and neutrals. A parallel plasma pressure loss at the di-
vertor target �i.e., detachment� is observed, with the associ-
ated reduction of power and particle fluxes. The detachment
may be only partial, occurring in the radial region adjacent to
the separatrix �e.g., Refs. 33 and 34�. Such PDD regime
could be induced by extrinsic deuterium �e.g., Ref. 35� or
impurity seeding �e.g., Refs. 36 and 37�, and/or occur natu-
rally at high plasma density.34,38 The detachment threshold
and characteristics were found to depend on divertor geom-
etry, target orientation, divertor pumping, and magnetic
geometry.2,34,39,40 In particular, recent tokamak results show
that the magnetic balance and the ion B��B drift direction
play an important role in divertor physics.41–43 The present
NSTX study deals with the LSN configuration with the ion
�B drift direction toward the lower X-point. In general, the
observed divertor power and particle asymmetries were con-
sistent with large aspect ratio tokamak experiments.44 How-
ever, characterization of the impact of radial and poloidal
E�B drifts on measured magnitude and direction of SOL
particle and power flows was beyond the existing NSTX
facility, diagnostic and modeling capabilities, and thus out-
side of the present study.

In this section we describe divertor heat flux reduction
and detachment studies performed in two NSTX plasma con-
figurations described by the lower-end and higher end � and
�. Core and pedestal plasma confinement and magnetohydro-
dynamic �MHD� stability properties depend on the plasma
shape configuration. In the divertor LSN configuration, opti-
mization of the shape control parameters, such as the plasma
elongation � and triangularity �, often leads to performance
improvements. Measurable differences in SOL and divertor
performance were observed in NSTX between the lower-end
and higher-end � ,� configurations, drawing comparisons to
large aspect ratio tokamak divertors of open geometry oper-
ated without active pumping.2,34,45

A. Lower-end triangularity and elongation plasmas

Divertor heat flux reduction and detachment in NSTX
were previously studied in the LSN plasmas with lower-end
elongation �
1.8–2.0 and triangularity �
0.4–0.5. Dis-
charges run in this configuration were typical of the earlier
years of the NSTX research program.46 Large particle and
heat flux asymmetries between inner and outer SOL regions
were measured in this configuration.

The inner divertor leg detachment occurred naturally at
n̄e
�2–3��1019 m−3 and input power 0.8� PNBI�6 MW.
The inner divertor leg region remained in a highly recombin-
ing �detached� state with qin�1 MW /m−2 and Te�1.2 eV,
ne
�0.7–4��1020 m−3 throughout the operating space,
similar to conventional tokamaks.2 Inner strike point detach-
ment was attributed to a combination of factors: the proxim-
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ity of the vertical inner wall acting as a source of deuterium
neutrals and carbon, a broad heat flux profile with much
reduced qpk, and a longer connection length.47

The density threshold for the outer SOL detachment was
found to be high, as the detachment, in general, was not
observed even at the plasma densities approaching the
Greenwald density nG. In NBI-heated H-mode plasmas the
outer SOL peak heat flux qpk demonstrated a linear scaling
with the SOL power, being in the 2–12 MW m−2 range for
1–6 MW NBI power. Also similar to tokamak divertor stud-
ies �e.g., Refs. 48 and 49� qpk was found to increase mono-
tonically with the plasma current Ip commensurate with the
change in q95 and the corresponding connection length L�.

50

Power balance analysis typically accounted for up to 70% of
Pin, with up to 10% radiated in the divertor24 even at highest
densities. It is therefore not surprising that the OSP detach-
ment was not observed in these experiments.

Radiative divertor experiments were conducted in 4 MW
NBI-heated H-mode discharges using D2 injection at rates
�D2

=5−29�1021 s−1.10,11 A steady-state highly radiating
high-recycling divertor regime and a PDD regime have
been established, with the OSP heat flux reduction from
qpk=4–6 MW m−2 to 0.5–1.5 MW m−2. However, only the
highly radiating high-recycling regime was found to be com-
patible with good core plasma performance and H-mode
confinement. In the PDD regime, heat flux reduction, signs
of volume recombination and transient reductions in divertor
ion flux were measured in the OSP region. The PPD regime
was obtained only at high D2 injection rates �D2

=15−29
�1021 s−1 that led to an X-point MARFE formation and con-
finement degradation. The results of the qpk reduction experi-
ments in the lower-end � ,� LSN configuration are summa-
rized in Fig. 2, where qpk is plotted as a function of PSOL for
small-ELM H-mode 0.8 MA plasmas. The limited access to
detachment was found to be qualitatively consistent with

predictions of zero-dimensional two point models and two-
dimensional multifluid modeling10,11 using the UEDGE code.51

These experiments demonstrated the difficulty in attain-
ing adequate steady-state volumetric power and momentum
loss required for detachment at high parallel heat flux
q� �30–50 MW m−2 in the open geometry carbon divertor
with a short parallel length and poor gas entrapment typical
of the lower-end � ,� configurations. In contrast, encouraging
results were obtained in a highly shaped plasma configura-
tion discussed in the next section.

B. Highly shaped plasmas with high flux
expansion divertor

Tokamak plasma performance generally improves with
increased plasma shaping. A similar relation between strong
shaping and high performance was demonstrated recently in
NSTX in H-mode plasmas with �=2.2–2.5 and �=0.6–0.8,
obtained as a result of improvements in the NSTX coil de-
sign and plasma control system.13,14 Improved plasma per-
formance approaching the performance level of CTF with
high �t=15–25%, high �N�5.7, and a high bootstrap cur-
rent fraction fBS=45–50% sustained for several current re-
distribution times has been achieved in the highly shaped
plasmas on the NSTX.9,13 Higher plasma shaping factor also
led to longer plasma pulses, and an H-mode regime with
smaller ELMs.13 Routine attainment of high-performance
highly shaped plasmas in NSTX presented an opportunity to
study divertor properties in a different geometry.

A salient feature of the highly shaped configuration is
the high divertor poloidal magnetic flux expansion,

fm =
�B�/Btot�MP

�B�/Btot�OSP , �7�

where B� ,Btot are the poloidal and total magnetic field at
the OSP and midplane �MP� locations.49 A higher flux expan-
sion fm may lead to a higher area expansion factor
Aexp= fmROSP /RMP, where R is the major radius evaluated at
the OSP and midplane separatrix. The area expansion factor
thus accounts for the actual total area of the projection of the
expanded flux tube cross section. In the highly shaped con-
figuration the area expansion was Aexp=3.5–7.8. This
was significantly higher than the area expansion factor
Aexp=2.0–2.8 attained in discharges with lower-end � ,�.
The expansion of a heat-carrying magnetic flux tube is pres-
ently considered as a candidate technique for heat and par-
ticle flux mitigation in future fusion reactor devices.4,52

As a result of flux tube expansion, heat and particle
fluxes in the divertor were significantly reduced. We note,
however, that the deposited fluxes were reduced due to two
effects: the flux expansion and the tilt of the divertor plate
with respect to the incident magnetic field. Shown in Fig. 3
are typical heat flux profiles measured in 0.8 MA H-mode
discharges with 2, 4, and 6 MW NBI input power in a highly
shaped LSN configuration. The heat flux profiles in Fig. 3
had a fine internal structure, possibly due to strike point split-
ting caused by error fields. Peak heat flux qpk was 40%–60%
lower than in similar plasmas with lower-end � ,� �Fig. 2�.
Similar reduction factors were evident in the particle flux
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FIG. 2. �Color online� Divertor peak heat flux qpk as a function of power
flowing into the SOL PSOL for lower-end � ,� discharges. For comparison,
also shown are the peak heat fluxes measured in discharges with a partially
detached OSP.
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measurements. While divertor particle flux profiles could not
be measured in NSTX because of a limited spatial resolution
of the Langmuir probe array �Fig. 1�, single probe ion satu-
ration currents were routinely measured in the SP region. For
example, the tile Langmuir probe 2913 at R=0.495 m mea-
sured jsat

+ =8–12 A m−2 in the OSP vicinity in the highly
shaped H-mode discharges shown in Fig. 3. In the low �
and � configuration, the tile Langmuir probe 1307 at
R=0.797 m measured jsat

+ =20–40 A m−2 in the OSP vicinity
at a similar input power level.

Therefore, divertor heat and particle flux reduction
comes as a natural benefit of the high-performance highly
shaped ST configuration. Similar advantages of the high di-
vertor flux expansion have been demonstrated in several
large aspect ratio tokamak experiments.49,53,54

C. Partially detached divertor operation
in highly shaped plasmas

The high flux expansion divertor configuration, in addi-
tion to naturally reduced heat and particle fluxes, facilitates
access to detachment, because of a higher radiative volume,
and a possible plasma “plugging” effect counterbalancing the
openness of the NSTX divertor. Experiments summarized in
this section demonstrated that a partially detached divertor
operation in NSTX was compatible with high core plasma
performance. Experiments were carried out at three levels of
input power �PNBI and Ip�, corresponding to a higher end of
the PSOL and divertor qpk range. The three conditions were:
4 MW at 0.8 MA, for comparison with lower � ,� shape re-
sults; 4 MW at 1 MA; and 6 MW at 1 MA. Partial detach-
ment of the OSP has been obtained in all three Pin cases
using additional divertor D2 injections. We note, however,
that in all three cases impurities other than intrinsic carbon
were present in plasmas in small quantities. Radiation from
these impurities apparently played an important role in the
divertor power balance. However, detailed measurements of

these impurities were not available. Future experiments
planned on the NSTX will address SOL and divertor power
balance during the PDD phase.

Experiments were conducted in a highly shaped LSN
configuration with �
2.35, �
0.83. In this configuration,
the �rsep parameter, the midplane distance between the
primary and the secondary separatrices, was maintained
between 8 and 12 mm. The ion �B drift direction was to-
ward the lower X-point, and the central toroidal magnetic
field was Bt=0.45 T. The core plasma conditions were:
Te�0�
�0.8–1.2� keV, n̄e
�3–5��1019 m−3. The energy
confinement time in the H-mode phase was �E
30–50 ms,
being in the range 1.5–1.8 of the ITER89P confinement scal-
ing factor. In the three Pin cases, the H-mode plasmas had
small, type V, ELMs, and occasional type I ELMs. Since the
type V ELMs55 did not carry much energy, all diagnostic
measurements were averaged over several small ELMs.
Large ��W /W
0.10� infrequent type I ELMs were typical
of higher Pin discharges.

To illustrate plasma characteristics in the PDD phase, we
use core, edge, and divertor measurements performed in a
1 MA, 6 MW NBI-heated H-mode discharge, with a focus
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FIG. 3. �Color online� Divertor heat flux profiles in highly shaped �higher-
end � ,�� H-mode discharges at three input power values PNBI.
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on the OSP region characterization. The inner divertor strike
point typically detached in the initial part of the discharge
and remained detached throughout the discharge duration, as
indicated by some of the diagnostic measurements discussed
in this section. However, detailed characterization of the im-
pact of the ISP detachment on the OSP detachment, as, e.g.,
was done in Ref. 56, was not possible since few ISP region
measurements were available.

An important result of these experiments was that core
and edge plasma characteristics did not show much degrada-
tion during the PDD phase. Shown in Fig. 4 are the time
traces of core and edge parameters in a reference and a PDD
discharge. A transition from the high-recycling to the PDD
regime occurred within 50–100 ms from the start of the deu-
terium pulse at 300 ms. The plasma density, stored energy,
and energy confinement time changed only marginally, and
the core radiated power decreased, mostly due to the core
carbon concentration decrease by 30%–40%. Thomson scat-
tering profiles showed that pedestal Te decreased and ne in-
creased by 5%–10%, small enough to maintain the reference
small ELM regime with �WMHD /WMHD�1% –2%.

Intrinsic impurities play a critical role in the deuterium-
seeded divertor detachment, providing a power exhaust
channel via line radiation, as has been shown in large aspect
ratio tokamak experiments.57,58 In NSTX, carbon and helium
impurities were deemed important for divertor power bal-
ance in these discharges. Other impurities, e.g., boron and
lithium, were present in trace quantities. The carbon source
was due to chemical and physical sputtering from the di-
vertor and main chamber plasma-facing components, while
He, Li, and B remained from the helium glow-discharge
cleaning,59,60 lithium evaporative wall conditioning
experiments,61 and boronization,62 respectively. Carbon den-
sity measurements from CHERS indicated a reduction of
core carbon concentration by up to 50% in the PDD �Fig.
4�d�� phase. In a similar manner, edge C III densities were
reduced by 10%–40% in the PDD phase, being in the range
1015–1016 m−3 and corresponding to C III concentrations of
cCIII�0.2 �Fig. 4�e��. Carbon density trends in NSTX were
consistent with the notion of a reduced divertor carbon
source in the PDD phase. As the temperature and particle
fluxes are much reduced in the OSP region during detach-
ment, both the chemical and physical sputtering processes
are drastically reduced, as has been shown in tokamaks with
carbon divertor tiles.63 The correlation between the PDD on-
set and carbon density reduction in NSTX suggested that the
dominant carbon source was in the outer divertor region.

Measurements of helium density were only available in
the edge region, being in the range 1015–1016 m−3 and cor-
responding to He II concentrations of cHeII�0.05% �Fig.
4�f�� . Under edge-pedestal plasma conditions �Te�100 eV,
ne
1–2�1019 m−3� helium charge states were fairly well
separated in the temperature and physical space; therefore
the measured density and concentration of singly ionized he-
lium He II were close to the total helium density in the re-
gion. Edge helium density remained unchanged during the
PDD phase.

A number of SOL and divertor measurements contrib-
uted to a consistent picture of the PDD regime in the NSTX.

Shown in Fig. 5 are the time traces of local divertor-relevant
quantities: the total lower divertor D
 emission, divertor bo-
lometer chord passing through the outer leg, and neutral
pressure measured in the SOL at a midplane and divertor
locations. A transition to PDD was accompanied by a 50%
increase in the D
 emission and divertor radiated power, as
well as �75% increase of divertor neutral pressure.

Power and momentum losses in the outer SOL during
the PDD phase were apparent in divertor profile measure-
ments. Heat flux profiles measured in the lower divertor re-
gion are shown in Fig. 6. The peak heat flux decreased by
50%–70% from 4–5 MW m−2 to 1–2 MW m−2, and the
heat flux profile width increased. After the PDD onset, heat
flux reduction occurred in a spatial region radially spanning
�PDD
10–15 cm, corresponding to the near SOL with
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��n
0.01–0.02 in normalized flux space. At the poloidal
OSP flux expansion of 24, the PDD zone width �PDD

mapped to �mid
0.5–0.7 cm in the midplane, being slightly
less than the dr sep parameter �0.8–1.2 cm�. Therefore, the
near SOL was detached over 70%–80% in the radial extent.
The heat flux profile was practically unaffected in the far
SOL outside the zone of partial detachment. The infrared
camera viewing the upper divertor measured negligible heat
flux both prior and during the PDD phase. The qpk decrease
was more drastic in the 4 MW NBI, 1 MA plasmas, where a
reduction from 2–2.5 MW m−2 to 0.5 MW m−2 was mea-
sured at the same D2 injection rate.

Much of the reduction in power flowing through the
SOL PSOL could be attributed to the radiated power loss in
the divertor. Shown in Fig. 7 are the divertor bolometer
chord measurement Bdiv �a� and a relative fraction of the total
power deposited in the outer divertor region Qdiv to a total
PSOL �b�, as functions of SOL power per particle PSOL /ne.
The PSOL /ne metric is indicative of progress toward
detachment. Divertor radiated power was increased up to
70% in the PDD discharges, while the relative power flowing
into outer divertor in the PDD phase was reduced by
30%–50%. In the figure, a group of points with PSOL /ne

�1021 MW m3 represent the PDD discharges with lower ne,
and as a result, lower Prad. A crude estimate of the total outer
divertor radiated power, under the assumption of uniform
distribution of radiation in the divertor leg, leads to
Prad=1–1.5 MW for the outer divertor region. This level of
the divertor radiated power, being about 30%–40% of the

power flowing into the outer SOL, suggests that the observed
detachment process must involve energy dissipation by
charge exchange, ionization, and recombination processes.

During the PDD phase, the divertor deuterium �D I� D


and He II P
 profiles also showed a substantial increase in
the PDD zone, and a much lesser increase in the high-
recycling zone �Fig. 8�. The increase was attributed to higher
photon efficiency of the D
 and He II P
 line emission in
recombining plasmas at lower plasma temperatures and
higher electron density.32 Because the large brightness in-
creases were outside of the dynamic range of spectroscopic
cameras, a detector saturation occurred, rendering a quanti-
tative analysis in these shots difficult.

In tokamak experiments, electron-ion recombination of-
ten accompanies divertor detachment acting as an ion sink in
the divertor region.64–66 Its signatures can be used as an ex-
perimental indicator of low Te and increasing ne before and
during the detachment. The radiative and the three-body re-
combination are the dominating momentum sink process for
plasma ions, although most of the momentum loss is due to
the charge exchange and elastic collisions between ions and
neutral atoms.67,68 In the NSTX experiments, a large increase
in the recombination rate in the PDD phase was evident from
divertor UV spectra. Shown in Fig. 9 are the UV spectra
recorded along the spectrometer lines of sight �Fig. 1�. The
recombination rate is a strong function of temperature
and density, being high R�5�10−19 m3 s−1 only when
Te�1.5 eV and ne�5�1019 m−3. The appearance and in-
tensity increase of the Balmer lines originating in high levels
n=6−11 indicated a strong population flux due to electron-
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ion recombination processes. Based on the developed
Stark broadening and line intensity analysis,23 average
plasma conditions in the PDD zone were estimated to be
ne�4�1020 m−3, and low Te�1.0–1.5 eV �Fig. 9�a��. The
spectrum recorded from a location marginally close to the
PDD zone was indicative of a lower recombination rate and
Stark broadening �lower ne� �Fig. 9�b��. The inner divertor
region in these experiments remained in a detached state
with density ne�2–3�1020 m−3, evidenced by the inner di-
vertor spectrum in Fig. 9�c�, typical for H-mode NBI-heated
plasmas in NSTX.47

Divertor neutral density is a critical parameter that af-
fects momentum loss through charge exchange and elastic
ion-neutral collisions �e.g., Eq. �2��. Geometrically closed
divertors have been shown to operate at higher neutral den-
sities than open divertors for similar n̄e, thus providing a
lower detachment threshold.69 In the lower-end � ,� configu-
ration in NSTX, it was possible to create high neutral pres-
sure transiently at high gas injection rates that proved to be
incompatible with H-mode confinement. In the highly
shaped configuration, the situation was different. The neutral
pressure time trace in Fig. 5 shows a substantial increase
following the start of D2 injection. The accuracy of these
Penning gauge measurements was estimated to be 
25%,

and the measurement was saturated at 1.5 mTorr. Neverthe-
less, an estimate of the neutral compression factor
�= pdiv / pmid, a ratio of pressures �densities� in the divertor
chamber, and at the midplane, could be made. The compari-
son of pdiv / pmid between reference and PDD discharges
shown in Fig. 10 demonstrated that at least a 20–50% in-
crease in the neutral compression factor was typical of the
PDD discharges. The increase was mostly due to the divertor
pressure increase, since midplane pressures in both cases
were similar.

One of the main experimental signatures of divertor de-
tachment in tokamaks is the Langmuir probe ion saturation
current density jsat

+ “rollover,” or in some cases, constant
value, in the detachment zone, while the divertor D
 inten-
sity continues to increase. This anticorrelation of jsat

+ and D


is interpreted as a decrease in the plasma particle flux to the
divertor plate during the detachment, and contrasts with the
sheath-limited and high-recycling regimes, where jsat

+ and D


are well correlated �see Ref. 17, and references therein�.
Shown in Fig. 11 are parallel ion flux density �i time traces
of three divertor Langmuir probes. Probe locations are
shown in Fig. 1. Probe 2711, located on the vertical inner
target, measured low �i that did not change with gas puffing.
This was consistent with the detachment of ISP and high
volume recombination rate measured in the ISP region.
Probe 2913 was located at 10–11 cm from the OSP, margin-
ally in the PDD zone. Its �i reduced to low, nearly constant
values, during the gas injection and OSP detachment, when
D
 intensity increased. This was also consistent with modest
level of recombination measured at this location by spectros-
copy �Fig. 9�b��. Probe 1307 was located in the far SOL on
the outer divertor plate, far from the OSP. Both jsat and D


intensity at the 1307 location increased with the gas injec-
tion, suggestive of the high-recycling conditions. Overall,
Langmuir probe jsat data were consistent with the PDD re-
gime inferred from other diagnostics. The degree of detach-
ment metric has been used for detachment characterization in
tokamak experiments.34 It was not possible to infer the de-
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gree of detachment from Langmuir probe data in the NSTX
experiments because of the SP spatial drift and core plasma
density increase.

Parallel plasma momentum balance during the detach-
ment reflects a reduction in plasma pressure due to ion-
neutral friction �parallel momentum loss terms due to charge
exchange and elastic collisions, Eq. �2��. The neutral density
required to explain the observed PDD regime can be esti-
mated directly from Eq. �2�, recast for convenience as

dp

dx
= m�inn�	v�cx+el + mn2�	v�rec. �8�

For the SOL parameters characteristic of the discussed PDD
discharges, upstream Te
40 eV, ne
5�1018 m−3, divertor
Te
1.5 eV, ne�4�1020 m−3, and lx
7 m, we obtain
dp /dx=�p / lx
9–10 Pa /m. The parallel ion flux was
estimated from the Langmuir probe measurements to be
�i
3–4�1023 m−2 s−1. Elastic collision and recombination
process rates were taken as �	v�cx+el
10−14 m3 s−1 and
�	v�rec
10−18 m3 s−1.17 With these numbers, an estimate of
neutral density �pressure� needed to sustain the plasma pres-

sure drop through elastic collisions and recombination was
obtained from Eq. �8�. If only elastic collisions were taken
into account, we obtained the neutral density on the order of
nn
2.5�1017 m−3 and the neutral pressure Pn
1.2 mTorr.
The neutral pressure was calculated for Franck–Condon neu-
trals with E=3 eV. If the recombination sink was also taken
into account, the neutral density became nn
7�1017 m−3

and the neutral pressure Pn
3.3 mTorr. Both neutral pres-
sure values were of the same order as measured in PDD
discharges, suggesting a large ion momentum loss during the
OSP detachment.

The results of the divertor peak heat flux reduction ex-
periments with radiative divertor in highly shaped plasmas
are summarized in Fig. 12. Substantial reduction, up to 60%,
in the peak heat flux was measured in PDD discharges with
divertor deuterium injection. Qualitatively similar PDD char-
acteristics were consistently observed in all three Ip, PNBI

cases with the same amount of D2 injection. Comparison of
peak heat fluxes in the lower-end and higher-end shaping
configurations �Figs. 2 and 12� reveals that substantial, up to
90%, reduction could be obtained in the high flux expansion
divertor operating in a PDD regime for the same amount of
power flowing into the SOL region.

IV. MODEL

State-of-the-art two-dimensional codes that solve a full
set of multifluid Braginskii equations �cf. Eqs. �1�–�3�� are
used to model SOL and divertor transport in a realistic toka-
mak geometry �e.g., Refs. 70–73�. The modeling of divertor
detachment, however, has not been fully implemented, as it
involves multiscale multidiscipline physics �e.g., Ref. 51�.

A simplified one-dimensional model often provides an
insightful interpretation of the experiment. Zero-dimensional
two-point divertor models with losses17 and a number of
one-dimensional models of varying complexity �e.g., Refs.
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18, 19, and 74� are examples of such approach. In this work
we have adopted a one-dimensional analytic SOL model of
fronts developed in Ref. 74. The model appears to capture
the essential physics of divertor detachment, although, two-
dimensional effects, e.g., radiation transport and drift flows,
are not included in the model. The model has been success-
fully applied to published divertor experimental results from
large aspect ratio tokamaks, and favorably compared with a
more rigorous one-dimensional numeric model.74

A brief description of the five region heat conduction
model with constant sources and sinks74 will be given here
along with the relevant SOL quantities for NSTX modeling.
Analytic solutions of the simplified continuity, momentum,
and power balance equations �Eqs. �1�–�3�� for five regions
extending from the midplane �x=0� to the divertor plate
�x=xd� are obtained for electrons. Each region represents dif-
ferent atomic physics phenomena, such as, radiation, ioniza-
tion, and recombination, separated in parallel coordinate and
temperature. These regions are 1� the source term region,
where volumetric SOL heat and particle sources Q� and S�

are specified; 2� the conduction region; 3� the radiation front
region, with a characteristic length �L, specified by a tem-
perature of maximum impurity �carbon� radiation efficiency
Te
10 eV; 4� the ionization front region of length �c,
specified by Te
4 eV at which most neutrals are ionized;
and 5� the recombination front region of length �R with
Te�1.6 eV, the temperature at which the total �three body
and radiative� recombination rate of atomic deuterium ex-
ceeds the ionization rate. Electron heat conduction is as-
sumed to be the dominant heat transport mechanism. The
radiation source is defined by the radiation front region
length �L and magnitude L, where L /Lc is a fraction of the
maximum possible impurity radiation loss Lc. Divertor neu-
tral sources and sinks, e.g., recycling neutral source, charge
exchange, and recombination sources, and neutral transport
are not explicitly included; their effects are parameterized by
1� an additional particle flux �0 as a fraction of the main
ionization source flux S�xx corresponding to divertor “flux
amplification,” 2� a specified recombination source R, and 3�
a term describing the neutral friction parametrized by ion-
neutral collision frequency. The latter two terms are switched
on only at the divertor temperature Te�1.5 eV when the
recombination and elastic collision processes should no
longer be neglected.

The NSTX heat and particle volumetric SOL sources
are estimated from the measurements. The heat source in the
SOL Q�= PSOL /VSOL, where the main SOL volume is
VSOL=ASOL�SOL. For the low � ,� plasmas, ASOL
28 m2,
whereas for the highly shaped plasmas it is ASOL
32 m2.
The midplane SOL heat flux width is taken as �SOL


0.007 m from experiments.21,50 The obtained Q� is in the
range 0.5–20 MW m−3. The SOL ionization source is esti-
mated using inner and outer midplane D
 and outer midplane
neutral pressure measurements.22,27,75 Average ionization
fluxes of �i
�0.05–50��1022 s−1 are obtained, with the
lower end characteristic of outer SOL fluxes, and the higher
end characteristic of inner wall SOL and SOL with external
gas puffing.

We use the model to obtain insight into the observed
properties of NSTX divertor, namely 1� OSP detachment
does not occur even at high density n̄e
nG, 2� ISP detach-
ment occurs at low density, 3� OSP peak heat flux reduction
and detachment can be achieved only with an additional D2

injection. The model is used to calculate parallel Te, ne, and
v profiles for a given set of Q�, S� and an impurity radiated
power loss fraction L /Lc. From the profiles, parallel heat flux
q��x�=�0dTe /dx can also be calculated. Shown in Fig. 13 are
the example profiles corresponding to an attached high-
recycling case, and a detached case. The figure demonstrates
that with a much increased radiated power loss term, it is
possible to obtain the parallel temperature and density solu-
tion such that q� is very low at the plate. The Te and ne values
are also close to the expected.

The NSTX divertor operating space can be understood
using a range of Q�, S� and divertor f rad, as shown in Fig.
14. The divertor radiated power fraction is defined as
f rad= Prad

div /q�
max= �L��L� /q�

max. The detachment condition,
defined as Te�1.5 eV, can only be achieved at the
lowest input power levels, and very high divertor radiated
power fractions. The SOL ionization source was
S�=6�1022 s−1 m−1. This was consistent with the described
observations, namely that the high-recycling conditions with
Te

div
5–40 eV prevail throughout the operating space, and
the OSP detachment was not observed even at high densities.

Using the standard solution in Fig. 14, we can now
model different routes to detachment in NSTX. Access to
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detachment is studied by 1� increasing SOL density �up-
stream ionization source S�� in the model, or 2� increasing
the neutral density nn, or 3� increasing the “flux amplifica-
tion” to reflect the increased divertor density and recycling
due to the gas injection, or 4� increasing the divertor radiated
power fraction f rad, or a combination of these factors. The
modeling indicated that out of the four routes, detachment
conditions could be realized in NSTX mostly through the
routes 3� and 4�. Using route 1� alone, a substantial ioniza-
tion source S��1023 s−1 m−3 was necessary to produce a
detachment solution. Applying route 2� by increasing R
and/or �i alone produced a correct trend in the density and
temperature changes; however, Te and ne never reached the
conditions for recombination onset. It is only when �i was
increased by 70%–90% �routes 3� and the radiated power
fraction was f rad=0.4–0.8 �route 4�, we obtained realistic
detachment solutions for a wide range of NSTX operating
parameters �Fig. 15�.

A large divertor radiated power fraction appears to be a
necessary condition for detachment in NSTX. We now esti-
mate whether the large radiated power fractions can be
achieved in the experiment. Here we use again a one-
dimensional SOL transport model with heat conduction and
noncoronal impurity radiation.76 The model has been previ-
ously used to estimate divertor power losses for large toka-
maks, such as, ITER and DIII-D.77,78 In the model a simpli-
fied version of Eq. �3� is integrated analytically to obtain the
maximum power fraction that is possible to exhaust along x
�or lc� with conduction losses and radiated power losses due
to an impurity with a fraction fZ. Noncoronal impurity radia-
tion effects, namely, the charge exchange recombination ef-
fects and the impurity recycling effects, are parametrized in
the model in terms of neutral fraction n0 /ne and the product
of electron density and impurity recycling time ne�recy, re-
spectively. For the NSTX modeling, we used n0 /ne=0.1%,
ne�recy=1016 s m−3, Te

sep=100 eV, and ne
sep=1019 m3. As

shown in Fig. 16, large SOL plasma concentrations of car-
bon, up to 10%, are necessary to radiate a large fraction of

the NSTX divertor parallel heat flux q� 
15–25 MW m−2,
over the connection length lc=8–12 m. It is also evident that
the presence of an additional impurity, such as, helium,
would alleviate the situation, as He radiative cooling rate,
particularly He II rate, is 1–2 orders of magnitude higher
than that of deuterium in the 5–20 eV range.79 Alternatively,
a higher SOL electron density ne

sep�1019 m−3 would also
significantly increase the divertor radiated power.

To summarize, it is evident that to approach highly ra-
diative and detached conditions in the NSTX outer divertor,
a large fraction of heat flux must be exhausted through ra-
diation, and momentum loss must be substantial. These
power and momentum losses are apparently achieved in
NSTX only with an additional divertor gas injection. The
divertor gas injection increases divertor density, recycling
and radiated power. The modeling also suggests that when
ne

SOL �upstream ionization source� is high, while q� is modest,
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the detachment can be achieved at fairly low core plasma
densities, as is the case with the NSTX inner SOL and
divertor.

V. DISCUSSION

We have demonstrated experimentally that significant
peak heat flux reduction could be achieved in a high input
power high current ST concomitantly with high core plasma
performance and confinement using the radiative divertor
technique. The radiative divertor was induced by a moderate-
rate D2 injection increasing radiation from intrinsic carbon
and small amounts of intrinsic helium. The significance of
this result is in that it was obtained in a highly shaped open
divertor configuration without active pumping, suggesting
that in high performance ST plasmas access to reduced di-
vertor heat flux could be naturally facilitated by divertor ge-
ometry effects. The openness of the divertor configuration is
an additional benefit since it enables much flexibility in op-
timization of the plasma startup and plasma shaping.

In divertor tokamak experiments, divertor geometry has
a profound effect on divertor performance, heat flux reduc-
tion, and detachment operating space.69 We briefly discuss
the implications of the intrinsic NSTX SOL geometry on
access to the radiative divertor regime. Shown in Table I are
divertor parameters of the lower-end and higher-end � ,�
configurations discussed in Secs. III A and III B. For com-
parison, typical divertor parameters of a large aspect ratio
tokamak, such as, DIII-D,80 are also given. Evident from the
comparison are several ST geometry features that explain the
observed divertor heat flux trends in NSTX. First, a large
in-out plasma surface area asymmetry in both NSTX con-
figurations contributes to the observed differences in heat
flows in the inner and outer divertor legs. Second, a rela-
tively short parallel connection length lx between the X-point
and divertor target leads to reduced radiated power and mo-
mentum losses. As shown in Sec. IV, the fraction of q� that
can be radiated is a strong function of lx for the given impu-
rity radiation function LZ and density ne. The momentum
loss is also a function of lx. In a shorter parallel connection
length divertor, fewer ions would be able to undergo recom-
bination processes before striking the divertor plate. This is
evident when we compare electron-ion recombination time
�rec=1 / �neRrec�
1–10 ms to the ion residence time in the

divertor �ion= ld /vion
1 ms, where Rrec is a total �radiative
and three-body� recombination rate at Te
1.3–1.5 eV, and
vion
104 m /s is a typical thermal ion velocity.

Another notable difference between tokamaks and STs is
the edge and SOL magnetic shear �q /��. Spherical tori typi-
cally operate at edge q95 parameter of 6–10, i.e., much higher
than in tokamaks. The angle between magnetic field lines
and the divertor target 
 is much higher in the ST than in the
large aspect ratio tokamak, leading to a higher deposited heat
flux qdiv=q� sin 
 for the same parallel heat flux q�. The mag-
netic shear is also high in the SOL, leading to a large radial
gradient of the parallel connection length �lx /��. Figure 17
illustrates the parallel magnetic field line length as a function
of major radius R in the highly shaped NSTX configuration.
The connection length, being relatively short in the separa-
trix region lx=8–10 m, becomes very short, �1 m, over one
SOL width �q in the radial direction. Since both parallel
power and momentum losses are functions of lx, a steep de-
cline in lx suggests that significant losses leading to the PDD
regime can be sustained only in the radial region adjacent to
the separatrix.

The geometric factors discussed above are similar in all
NSTX LSN configurations. These factors help explain the
difference observed in divertor performance trends between
large aspect ratio tokamaks and STs. We now briefly discuss
the factors that elucidate on the difference between the two
NSTX configurations with the lower-end and higher-end tri-
angularity and elongations. While the connection lengths in
both configurations are similar, the OSP poloidal flux expan-
sion fm is different. When the divertor wetted area is taken
into account, the area expansion factors become 
2 and 
6
for the plasmas with lower and higher shaping factors, re-
spectively, explaining the observed difference in qpk in Figs.
2 and 12. Other features of the high flux expansion divertor,
such as, a higher isothermal divertor volume and higher
plasma “plugging efficiency,” potentially lead to higher
power Prad and momentum pm losses, and therefore to a natu-
ral radiative divertor regime with a lower detachment thresh-
old. Tokamak studies conducted in open geometry unpumped
graphite-tiled divertors �most relevant for comparison with
NSTX�34,35,54,81 also support these notions. Re-ionization of
recycling neutrals in the divertor chamber �also termed “flux
amplification”� is an essential feature of the high-recycling

TABLE I. Comparison between geometrical factors of two NSTX divertor configurations and typical large
aspect ratio tokamak parameters.

Quantity

NSTX
�
2

�
0.5

NSTX
�
2.3
�
0.8 Tokamak

Aspect ratio 1.3–1.4 1.4–1.5 2.7

In-out SOL area ratio 1:3 1:3 2:3

Midplane to target connection length lc �m� 10–12 8–10 30–80

X-point to target parallel length lx �m� 6–8 5–7 10–20

X-point to target poloidal length lp �m� 0.15–0.25 0.05–0.15 0.05–0.25

Poloidal magnetic flux expansion fm at OSP 3–4 16–24 3–15

Magnetic field angle at target �degree� 12–25 2–5 1–2
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divertor regime. As the recycling is increased, the divertor
density increases, the divertor temperature further decreases,
leading to an increase in the Prad and pm loss factors, loss of
parallel pressure balance, and a transition to detachment.17

The plasma “plugging efficiency” � is defined as a fraction of
recycling neutrals re-ionized in the divertor region. In the
high flux expansion divertor � is higher because of the large
divertor plasma size in physical space in respect to ioniza-
tion, charge exchange and elastic collision mean free path
lengths, and higher low-temperature plasma volume.

VI. CONCLUSIONS

For the first time, the possibility of successful divertor
peak heat flux mitigation in a high power density ST with
a simultaneous high core plasma confinement properties
has been demonstrated in NSTX using the radiative di-
vertor technique. Divertor peak heat flux scaling developed
for NSTX implies monotonic dependence on input power
�and PSOL� and plasma current Ip. In the highest achievable

range of PNBI=4–6 MW and Ip=0.8–1.0 MA in this
study, divertor peak heat flux was reduced from
4–6 MW m−2 to 0.5–2 MW m−2 using high magnetic flux
expansion and partial detachment of the outer strike point. In
combination with a very attractive small �type V� ELM
high-�, high bootstrap current fraction H-mode discharge
scenario this will form a basis for high-performance scenario
development for future ST-based concepts.
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