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Plasma–wall interaction analysis is developed at the National Spherical Torus Experiment. At present,
poloidally separated recycling and neutral pressure measurements are used to characterize recycling flux
trends. The causes of monotonic density increases observed in initial phases of H-mode discharges at
t 6 0:2—0:6 s appear to be the monotonically increasing source in the divertor, and particle containment
time s�p long in comparison with discharge duration. The ratio of the wall flux to divertor flux is low
throughout the density increase phase except in the initial segment, when dNe=dt is highest and magni-
tudes of the wall and divertor fluxes are similar.
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1. Introduction

Core plasma density control in divertor tokamaks is accom-
plished by changing the relative magnitude of scrape-off layer
(SOL) and divertor particle sources and sinks through fueling and
pumping [1]. Particle removal is achieved by either active divertor
cryopumping, or through passive pumping by the unsaturated
wall. To achieve the pumping wall state, various conditioning tech-
niques, such as the helium glow discharge cleaning (GDC) and me-
tal gettering, including lithium coatings, are commonly used [2].
An essential element of the National Spherical Torus eXperiment
(NSTX) research program is the development of lithium evapora-
tive coating techniques [3,4] for plasma density control. The den-
sity control is desirable for low density ne and low collisionality
H-mode plasma scenarios that will be used to study the physics
of non-inductive current drive and confinement and their projec-
tions for the next-step spherical tori (ST) [5]. The arsenal of fueling
tools on NSTX includes the low and high field side conventional gas
injectors [6,7] and the supersonic gas injector [8]. In this article an
initial assessment of recycling flux trends in NSTX is presented, to
provide a baseline for present and future experiments with lithium
coatings [4] and the liquid lithium divertor (LLD) module.
ll rights reserved.
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2. Experiment and method

NSTX is a medium-size (R ¼ 0:85 m, a ¼ 0:67 m) ST with graph-
ite plasma facing components. In a low triangularity lower single
null (LSN) plasma configuration (Fig. 1) the SOL is comprised of
the divertor SOL (DSOL), where magnetic field lines connect the in-
ner divertor target to the outer divertor target, and the wall SOL
(WSOL) comprising the regions located radially outside the DSOL
and limited by the center stack or upper divertor. Typical for this
configuration are small ELM H-mode discharges with large out-in
heat and particle flux asymmetries [9,10], resulting in the high-
recycling regime for the outer DSOL, and the detached regime for
the inner DSOL [11,12]. The ionization source is assumed to be in
the SOL with a substantial parallel rTe. The WSOL is in the
sheath-limited regime with little ionization [13].

Plasma transport regimes as well as particle sources and sinks
are often estimated using local particle balance. An analysis of
the magnitude of plasma–wall contact, or SOL perpendicular ion
fluxes, has been developed analytically [14–16], and applied to
tokamak experimental data [17–19]. The technique is termed ‘win-
dow-frame’, as it estimates the perpendicular ion wall flux C?
through the ‘window pane’, based on the continuity equation (par-
ticle balance) considerations for an ionization-free SOL and mea-
surements of the parallel flux to the ‘window-pane’. However, a
number of ST SOL geometry features makes the application of this
technique impossible in NSTX. The DSOL is always in direct contact
with the inner wall, and the quasi-continuous poloidal extent of
WSOL makes it difficult to separate the inner and outer WSOL
fluxes.
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Fig. 1. SOL structure and diagnostics layout.
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Lacking high spatial resolution Langmuir probe measurements
in the divertor and midplane SOL at present, we retreat to using
spectroscopic measurements to estimate recycling fluxes. It is real-
ized that because of poloidal and toroidal non-uniformity of recy-
cling, these measurements would not be as accurate as direct ion
flux measurements, however, they should reflect some important
functional trends. Ionization fluxes are estimated from the Bal-
mer-a; b emission measurements [11,12,20], averaged over small
ELMs, in the divertor and midplane locations (Fig. 1) using the S/
XB (ionizations per photon) factors from the ADAS database [21].
This technique assumes that both the electron impact ionization
and the excitation of the neutral atom take place in the same vol-
ume of ionizing plasma. We use S/XB of 20 for Da conversions, and
S/XB of 100 for Db conversions. In a similar manner, we use the R/
XB factor of 80 recombinations per the Balmer-c photon [22] to in-
fer the recombination rate in the optically thin detached inner
divertor where Te ¼ 0:7—2 eV and ne 6 3� 1020 m�3 [23].

Consistency check between diagnostic data is an important ele-
ment of this analysis. Particle flux densities (Ci), inferred from Da,
Langmuir probes, and neutral pressure measurements in the outer
high-recycling divertor region, are compared in Fig. 3. The parallel
ion flux density insident on the Langmuir probe is
Cik ¼ jþsat=e ¼ Isat=ðe sinðaÞALpÞ, where Isat is the probe ion saturation
current, ALp ¼ 2:41� 10�6 m2 is the probe tip area, and a is the an-
gle between the magnetic field line and the divertor (probe) sur-
face. Using Cik and a geometric factor ðBz=BTÞ, ionization flux is
obtained as Ci ¼ CikðBz=BTÞ. Neutral pressures are measured in
the midplane and divertor by calibrated microion and Penning
gauges, respectively [24]. The measurements are not conduc-
tance-limited. A standard conversion from pressure P to atomic
neutral flux CD is used: CD ¼ ð1=4ÞðP=kBTÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8kBT=ðpmÞ

p
, where T

is the wall temperature and m is the deutron mass. Errors associ-
ated with this estimate technique are discussed in [14]. Returning
to Fig. 3, we note that the trends of recycling and ion fluxes are
similar. The fluxes, derived from the neutral pressure measured
in the private flux region, away from the outer SOL, also follow
the same trend. The comparison reveals a systematic discrepancy
factor of 1.5–2 between ionization fluxes from Langmuir probe
and Da measurements at the same location. Two factors are likely
to contribute to the discrepancy. First, the S/XB factor can vary be-
tween 20 and 60 depending on the divertor Te and ne. This may
lead to an underestimation of the Da ionization flux in our case.
Second, in an ST geometry, both SOL magnetic shear and the asso-
ciated pitch angle shear are high. At present, the a angles for each
probe are derived from the equilibrium reconstruction data using
LRDFIT code. An error in the separatrix location is estimated to
be about 1 cm. The angle a can change from 20� to 30� over one
cm length in the LSN configuration with a low magnetic flux
expansion at the outer SP, thus leading to an uncertainty in the de-
rived ion flux. With further development of Te, ne analysis of diver-
tor Langmuir probe data, it is expected that the discrepancy factors
would be better understood and reduced.

A large difference between the inner and outer midplane fluxes
is measured. This is because in the inner WSOL, the measured Db

emission is due to the neutral recycling on the inner wall graphite
tiles, while in the outer WSOL, the diffuse midplane emission, not
directly associated with a surface source, is measured. Using ioni-
zation fluxes inferred from spectroscopy, we construct a continu-
ous poloidal flux density profile, and integrate over the poloidal
areas of the outer divertor, inner and outer WSOLs to obtain total
particle fluxes.

Core carbon density is measured by the charge exchange
recombination spectroscopy system [25]. Deutron density is in-
ferred from the quasi-neutrality condition Zeff ¼

P
i

ni
ne

Z2
i where

Zeff due to carbon (Z ¼ 6) is assumed.
3. Results and discussion

In NSTX, a monotonic persistent density increase, referred here-
forth as the secular density rise, is observed in NBI-heated gas-
fueled H-mode discharges [9,10] despite helium GDC wall condi-
tioning between discharges and an apparent pumping state of
graphite walls, as inferred from the 0D particle balance analysis
[26]. Whereas ne can be varied within a limited range by changing
the HFS gas puffing rate, the dNe=dt term, where Ne is the total elec-
tron inventory, remains high, in the range ð0:2—3Þ � 1021 s�1 in
small-ELM or ELM-free H-mode discharges with Ne6 ð2—6Þ�
1020. The secular density rise in a 0.8 MA, 2 MW NBI-heated H-
mode discharge with small ELMs is illustrated in Fig. 2. Both the
electron and ion densities (and inventories) monotonically rise
throughout a discharge. The rates of rise dfN;ng=dt typically de-
crease with density. The contribution from carbon to the total elec-
tron inventory 6�Nc can be up to 30 % during carbon accumulation
in the H-mode pedestal region at a later phase of the discharge.
Importantly, plasma stored energy WMHD and energy confinement
time sE remain nearly constant in the H-mode phase.

The recycling fluxes Ci and the inner divertor recombination CR

fluxes are compared in Fig. 4. In NSTX, the inner divertor detaches
at low density, whereas the outer divertor remains in the high-
recycling regime and does not detach even at ne � nG, the Green-
wald density [11,12]. Several results are apparent from the figure.
The relative magnitude of the divertor and wall fluxes are of the
same order of magnitude at low Ne. Wall fluxes remain nearly con-
stant throughout the density scan, while the magnitude of the out-
er divertor flux increases. In the outer DSOL, average CRecy � �na

e

with a ’ 1:5—1:9, being close to a ’ 2—3 expected from the two
point model of the high parallel rTe DSOL regime [27]. At higher
densities, the outer divertor flux appears to be the dominant recy-
cling source, exceeding the combined wall flux by up to 80%.

The recombination flux in the inner detached divertor region
appears to be relatively high. The CR also increases with density.
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The inner divertor region includes a volume of ’ 0:075m3 of low
Te, high ne plasma [23]. The high recombination rate of the inner
divertor is consistent with high inner divertor neutral pressure
(Fig. 2). The inner divertor leg structure is complex: the cold
recombining region with high ne and n0 is confined between the
separatrix, private flux region, and the inner SOL. This strongly-
recombining MARFE-like region can act as a limiter [28], with a lo-
cal ionization front fueling plasma through the X-point region. If a
low S/XB ratio of 1–2 is used for the detached divertor Da intensity,
as suggested by experimental studies (e.g., [29,30]), we obtain a
large ionization flux 1—1:5� 1022 s�1. Molecular fluxes in the inner
divertor region can also contribute significantly to both ionization
and recombination [31]. Thus, we conjecture that the detached in-
ner divertor region can strongly contribute as a fueling source,
however, the extent of this contribution is presently unclear.

The relative fraction of WSOL and DSOL fluxes remains constant
� 0:3 over a range of density increase rates as shown in Fig. 5, ex-
cept at the highest dne=dt. The highest density rise rate corre-
sponds to the low ne low recycling phase following the L–H
transition at 0.2 s (Fig. 2) when small ELMs are either absent or just
forming. During this period, WSOL and DSOL ionization fluxes and
the inner divertor recombination flux are of the same order.

To discuss the secular density rises in NSTX, we employ a sim-
ple particle balance equation:

Ne ¼ spðSR þ Sg � dNi=dtÞ þ sNB
p ðSNB � dNNB

i =dtÞ; ð1Þ

where SNB;g;R are ionization sources due to NBI fueling, gas fueling,
and recycling. Particle losses are expressed using Ne=sp, where the
particle confinement time sp is different for gas-puffing/recycling
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and fast NBI neutrals. The observed secular density rise in NSTX can
be attributed to the increase in the divertor recycling source Sr and
to a relatively small loss term Ne=sp. Other particle sources are
much smaller in magnitude and cannot explain the particle inven-
tory increase [26]. The HFS gas injector rate is Cg 6 1021 s�1. When
multiplied by the fueling efficiency of 0.05–0.15, the resulting ion
source Sg is less than the wall source, and significantly less than
the divertor source. The NBI contribution is also small:
1:1� 1020 s�1 per 1 MW of 80 kV NBI (here, the fueling efficiency
of nearly 100% was assumed).

If the equation is re-cast using the particle containment time
s�p ¼ sp=ð1� RÞ as

dNe

dt
¼ S� Ne

s�p
ð2Þ

an analytic solution would reveal a NeðtÞ dependence on s�p magni-
tude (e.g., [32]). Here we assume that in the high-recycling divertor,
the recycling coefficient R is near unity and remains constant. In the
case of t � s�p, Ne will increase monotonically with time. When
t � s�p, N � Ss�p. Order of magnitude estimates with measured Ne

and S result in s�p values of hundreds of milliseconds, suggesting
that the secular density rise over a short time period t 6 s�p may
be affected in part by the large s�p effect [32]. Nonetheless, the sec-
ular density rise is observed in most ohmic, L-mode and small ELM
or ELM-free H-mode discharges with duration up to 1–1.2 s, regard-
less of the fueling scheme. Graphite plasma facing component con-
ditioning with ohmic helium discharges appear to have an arresting
effect on the secular density rises [33], suggesting that density con-
trol could be improved by an optimized between-discharge He GDC.

To summarize, initial results from multiple diagnostics appear to
indicate a fairly low ratio between the wall and divertor fluxes in
NSTX. The ratio remains nearly constant over a wide density range,
except at lower densities when the role of the wall flux appear to be
stronger. It is consistent with the analytic plasma–wall interaction
model [15] describing the divertor-target recycling as a controlling
factor in plasma fueling. The divertor recycling source appears to
dominate ion particle balance resulting in the secular density rises.
Present results suggest that pumping projections for the liquid lith-
ium divertor module should be carefully examined since at low ne

wall and divertor fluxes appear to be nearly equal. Further analysis,
including midplane and divertor Langmuir probe measurements
[13], and the two-dimensional SOL transport modeling [34] should
provide a firmer basis for the particle flux assessment in NSTX.
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