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Abstract

The National Spherical Torus Experiment (NSTX) has recently studied

the use of a liquid lithium divertor (LLD). Divertor Langmuir probes have

also been installed for making measurements of the local plasma conditions.

A non-local probe interpretation method is used to supplement the clas-

sical probe interpretation and obtain measurements of the electron energy

distribution function (EEDF) which show the occurrence of a hot-electron

component. Analysis is made of two discharges within a sequence that exhib-

ited changes in plasma fueling efficiency. It is found that the local electron

temperature increases and that this increase is most strongly correlated with

the energy contained within the hot-electron population. Preliminary in-

terpretative modeling indicates that kinetic effects are likely in the NSTX
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scrape-off layer (SOL) plasma. The decrease in plasma fueling efficiency,

increase in local temperature, and increase in hot-electron fraction are all

consistent with an absorbing surface intercepting the SOL plasma.

Keywords: Langmuir probe, Lithium Plasma-Facing Component, Electron

Distribution Function

1. Introduction

Plasma wall conditioning and the plasma-material interactions have pre-

sented a significant challenge to fusion research for some time. Energy con-

finement time, stability and other metrics often improve with the applica-

tion of various wall conditioning procedures. Boron is often employed for

this purpose, but recent experiments have led to more wide-spread use of

lithium as a wall-conditioning material. TFTR showed improvements in

plasma performance by lithium conditioning of its graphite limiter[1]. CDX-

U demonstrated energy confinement time increases with greater lithium cov-

erage of its limiting surfaces in the form of both liquid and solid coatings[2].

FTU demonstrated improvements in performance with the usage of a liquid

lithium limiter[3]. Many other experiments are also exploring this material

in experiments detailed further in these proceedings. NSTX has also demon-

strated plasma performance improvements with the application of evaporated

lithium to its divertor and other plasma facing surfaces[4]. These studies all

demonstrate modifications of the bulk plasma, but do not address the issue

of how the wall conditioning is modifying the local plasma that is in direct

contact with the plasma facing component(PFC).

The Liquid Lithium Divertor (LLD) was installed and tested in NSTX in
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order to provide an initial assessment of a porous molybdenum plasma-facing

component with evaporated lithium coatings and the associated plasma-

material interactions (PMI)[5, 6]. In addition to the extensive core diag-

nostics available on NSTX, new divertor diagnostics were installed alongside

the LLD[7, 8]. This work focuses on the Langmuir probes used to diagnose

the near-surface plasma.

Langmuir probes provide a direct measure of the net current collected by

a biased electrode in a plasma[9]. Although simple in implementation, relat-

ing the electron and ion currents to plasma fluid observables has remained

an issue of debate. It is possible to formulate a theory describing the elec-

tron current channel based on transport arguments[10] although such theo-

ries have been criticized[9] due to reliance on anomalous cross-field transport

terms. At present, the consensus is that the region of an I-V characteristic

below floating potential can be utilized for the determination of a plasma elec-

tron temperature[11] This is referred to as the “classical” interpretation[12].

In general, this reveals a mere 5% of the electron distribution — the high

energy tail. Without the ability to view the bulk of the plasma electrons,

non-Maxwellian effects are not diagnosable with the classical interpretation

potentially leading to erroneous measurements[13].

Indications of such effects are evident in experiment and kinetic simula-

tions. Experimentally, comparisons have been made between divertor Lang-

muir probes and divertor Thomson scattering on ASDEX[14] and DIII-D[15].

On DIII-D, it was found that the Langmuir probes yielded consistently higher

electron temperatures which would be expected if the classical interpretation

were used in the presence of a high-temperature tail population[13]. In AS-
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DEX, the probe-based electron temperature was found to be a factor of two

greater than the laser scattering during quiescent plasma conditions. Addi-

tionally, the Thomson scattering on ASDEX gave some indications of non-

Maxwellian characteristics. In simulations of charged particles in the SOL,

non-Maxwellian EEDFs are a common feature. Independent simulations by

Chodura[16] and Batishchev[17] both show that sharp spatial gradients aris-

ing from a recycling boundary were found to give rise to non-Maxwellian

distributions at a divertor target plate. In addition to gradient effects, elec-

tron interactions with neutrals and ions can also lead to non-Maxwellian

distributions[18].

This paper presents Langmuir probe measurements obtained during the

recent LLD experiments on NSTX. The classical and non-local approaches

to probe interpretation are both utilized and compared. This is the first time

the non-local approach has been applied to Langmuir probes in the divertor

of a toroidal device. The impact of the evolving surface of the LLD on the

SOL plasma is measured with the use of these probes and a heuristic model

is proposed to account for the observations in light of the kinetic treatments

of the SOL. Finally, preliminary interpretative model simulations are shown

which assess the degree of collisionality of the SOL and the likelihood of the

hypothesis.

2. Theory

Standard practice in the interpretation of tokamak Langmuir probes has

been to assume the existence of a single Boltzmann fluid[9, 10, 11] and fit
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the data to the following equation:

Ipr = I+
sat

[

1 − exp

(

Vpr − Vfl

Te

)]

(1)

where Ipr is the probe current, I+
sat is the ion saturation current, Vpr and

Vfl are the probe and floating potentials respectively, and Te is the electron

temperature. One will notice, however, that eqn. 1 already has inaccuracies

in that even though the electrons form the fluid under question, it is the ion

current that is used in the fit, as opposed to the electron current as is the

case with non-magnetized discharge probe interpretation[19, 20].

One can determine if depletion of the plasma in the flux-tube attached

to the probe is operating by considering the balance of fluxes into and out of

that flux-tube. Define the fraction φ as follows:

φ ≡ Γ⊥A⊥

Γ‖A‖

≈ D⊥L

c̄eD2
h

(2)

where the flux, Γ is given in both perpendicular (⊥) and parallel (‖) directions

across the respective areas, A. At the limit of electron saturation, the plasma

supplies, in the parallel direction, the mean thermal velocity, c̄e. The length

terms, L and Dh = 2ab/(a + b) are the length of the flux tube and the

“hydraulic” diameter (a term borrowed from hydrodynamics), respectively.

The collection point is defined as having a rectangular cross section with

side lengths of a and b. When the value of φ is much greater than one,

then cross-field transport can supply more particles than are removed by

the free-streaming parallel particle flux. In the case where ionizations are

occuring inside the flux-tube, then an additional particle source is added to

the numerator, relaxing the conditions on φ.
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For Bohm-like diffusion[21] φ can be further simplified to the following:

φ ≈ 0.06
L

BD2
h

√

πmeTe

8e
(3)

where B is the magnetic field strength in T, Te is given in eV and the other

terms are in SI units. This is a conservative approximation as the cross-field

transport is often found to be in excess of Bohm transport[21, 22]. In the case

of the NSTX SOL, a typical connection length is 20m, mean temperatures

based on target data and upstream MPTS measurements are about 20eV

along a flux-tube and B ≈ 0.5T. The probes under consideration in this

study are 2 × 7mm in surface area but due to the field-line angle-of-attack,

the projected dimensions are about 2 × 0.6mm. For a probe of this size the

we find φ ≈ 20. Considering the conservative nature of this estimate for the

reasons above, one would not expect the flux-tube to suffer depletion effects.

In order to address the I-V characteristic in the region beyond the floating

potential, a more comprehensive probe theory is sought. In certain circum-

stances, it can be shown that the non-local approach is usable[12, 23, 24, 25].

Although the method is developed in these references, it is repeated here due

to its relative novelty. The essence of this approach is that the energy scale

length of the electrons, λǫ, in the plasma is much larger than the spatial scale

of the probe such that[24, 26]:

λǫ =

[

4De

νe + δνa + ν∗

]1/2

> a ln

(

πl

4a

)

(4)

where a is a probe radius and l is a probe length (probe scale length is

λpr = a ln(πl/(4a))[26]). The electron diffusion is given by De = vλ/3.

The collision frequencies for electron-electron, electron-atom and electronic
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excitation are νe, νa and ν∗ respectively. Typical plasma parameters and

probe dimensions are given in table 1. The electronic excitation frequency is

estimated by the electron-ion collision frequency for the present work. The

term, δ = 2m/M , is the electron-atom energy-transfer efficiency. In this

instance, the kinetic equation for the distribution function can be simplified

as a problem in spatial coordinates only[24]. The resulting solution for the

electron current collected by the probe is given as follows:

Ie(U) = −8πeApr

3m2

∫ ∞

eU

(W − eU)f(W )

γ
[

1 + W−eU
W

ψ(W )
]dW (5)

where Apr is the probe area, m and e are the electron mass and charge

respectively, U is the probe potential, W is the energy, γ is a geometric

factor and ψ(W ) is the “diffusion parameter”. In the case of a magnetized

plasma, the diffusion parameter is given as follows for a perpendicularly

oriented probe[12, 26]:

ψ⊥ =
a ln

(

πl
4a

)

γRLe(W,B)
(6)

where RLe(W,B) is the electron Larmor radius. This equation is simplified

such that a nominal value of the diffusion parameter is used at the Larmor

radius corresponding to 1eV such that ψ(W ) = ψ0/
√
W . An important

consequence of having the full I-V characteristic available for interpretation

is the ability to determine the plasma potential.

For large values of ψ0 an approximation for eqn. 5 can be used such that

the first derivative is found to be directly proportional to the distribution

function[12, 25]. This yields the result that:

f(ǫ) ∝ (eU)−3/2 dI

dU
(7)
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Table 1: Scale length estimation for the NSTX divertor plasma.

Method ne m−3 Te eV λǫm λprm

Classical 1(1020) 15 0.023 6(10−4)

Non-local 1.4(1020) 8 0.005 6(10−4)

This equation is a simplification of the full non-local interpretation where it

was found that the error in using the approximation is less than 5% when

the diffusion parameter is suitably large (ψ0 > 100)[12]. The approximation

is used in this study due to speed and simplicity of implementation with the

expectation that the error in the derived distribution will be ≈ 10–20%.

Ion-current growth far from floating potential is also considered here. It

is modeled that the Debye sheath grows according to the Child-Langmuir law

typical of flush-mount Langmuir probes[27]. In the thin-sheath regime, the

effect of this ion-current growth is negligible for the classical interpretation,

however, can impact the calculated distribution if not taken into account[26].

A typical sheath scale-length is of order micrometers while the projected

probe size perpendicular to the incident magnetic field is 100s of micrometers

confirming the thin-sheath regime.

A heuristic model demonstrating the impact of inelastic collisions (i.e.

excitation and ionization) is described in texts[28] and the literature[18, 29].

In such a case, an example reaction is considered as follows:

A+ e→ A+ + 2e−Eioniz. (8)

where A is some atom, e is the incident electron and Eioniz. is the energy lost

to ionization. As a result of the interaction, the incident electron loses Eioniz.
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Figure 1: Heuristic model of the effect of inelastic interactions (here ionization) on an ini-

tially Maxwellian distribution. The interacting particles are redistributed to lower energies

as a result of the interaction.

amount of energy. This process is depicted in fig. 1 where a hypothetical

cross-section is given with some threshold energy and interacts with an ini-

tially Maxwellian distribution. As reactions such as that shown in eqn. 8 oc-

cur, the reacted population above the ionization threshold is translated from

higher to lower energies. This has the effect of creating a departure from a

Maxwellian distribution. The degree to which the distribution departs from

a Maxwellian is determined by the balance of the inelastic interactions and

elastic (electron-electron) interactions[18].

In addition to atomic physics, non-local effects may also alter the distri-

bution function at any given location. The collision cross-section for charged-

particles decreases with increasing energy[30] so that the mean-free-path de-

creases with increasing energy. In regions with steep gradients in plasma

properties of density and temperature it is possible for these high-energy

particles to originate in regions further away (hence the term “non-local”)
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than the slower particles. These non-local effects were the chief concern in

the works by Chodura[16] and Batishchev[17]. The degree of collisionality in

the plasma is given by the ratio of a typical scale-length of the plasma with

the mean-free-path of a given charged-particle population. In a tokamak, this

can be defined with respect to the mid-plane plasma characteristics and total

connection length of a given flux-tube[21]. As gradients in the near-surface

plasma may be important, the following definition is used:

ν∗ee ≡
s

λee
≈ 10−16ne · s

T 2
e

(9)

where ν∗ee is the electron-electron collisionality, s is the distance along the

flux-tube from the PFC surface and λee is the electron mean-free-path at a

given energy. The collisionality is the ratio of the system scale-length with

the mean-free-path of particle. In the work by Chodura[16], it was found that

SOL collisionalities of about 10 would be insufficient to completely eliminate

kinetic effects and that values of ν∗ee & 100 with respect to the temperature

scale-length are necessary. This is due to the fact that the parallel heat-flux

is carried in electrons of energies ≈ 10Te.

3. Apparatus and Approach

The liquid lithium divertor (LLD) has been installed in NSTX for the 2010

run campaign. It is described in detail in refs. [5] and [31]. The Langmuir

probe array used for this study is situated in between toroidal segments of the

LLD and has been described elsewhere as well[7, 8]. As mentioned above,

the probes operate in the thin-sheath regime. In order to make contact

with the non-local interpretation literature, the probes are approximated as
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Figure 2: Classical interpretation of Langmuir probe IV characteristic. Floating potential

indicated by the blue arrow. Classical interpretation does not attempt to interpret data

above floating potential, extension of the classical fit is shown for comparison.

a half-cylinder perpendicular to the magnetic field. This is possible as the

inter-probe separation is a factor of ≈ 100 greater than the Debye sheath

giving the probes the appearance of an isolated, proud structure rather than

a flush-mounted one. In this way, the probe dimensions in this approximation

yield a ≈ 6.1 × 10−4m and l = 2 × 10−3m with corresponding diffusion

parameter ψ0 ≈ 40. For all cases, the incident magnetic field angle is obtained

from the magnetic reconstruction of the equilibrium with the EFIT code[32]

interpolated between the nearest time points available (∆tEFIT = 9ms). The

probes are swept at 500Hz and sampled at 250 kSamples/s giving a sweep-

to-sweep time of 1ms. Three consecutive probe sweeps are overlayed for each

analysis providing some mitigation of high-frequency random fluctuations.

The classical interpretation of the Langmuir probes is illustrated in fig. 2.

In this particular example, the fit is reasonable below the floating potential.

Extending the fit beyond floating potential however, illustrates the deviation
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Figure 3: I-V analysis steps for the determination of plasma potential. Identical data

set as in figure 2 shown with adaptive smoothing result and calculated first derivative.

Plasma potential is indicated at the zero crossing at ≈ 18V. The model I-V characteristic

of the bi-modal EEDF obtained by the analysis and eq. 5 is shown in the upper figure.

The model curves based on the obtained EEDF (Bi-modal) and two single-Maxwellian

distributions (Te = 9.8 and Te = 3.1eV) are also shown in the lower figure. See text for

details.

from the expected exponential behavior.

The process of applying the non-local interpretation is as follows. First,

the data are processed by a smoothing algorithm. This smoothing algorithm

proceeds as a box-car averaging method, except that it applies a linear fit

to the data (i.e. a moving regression). The slode of the linear fit and its

uncertainty are used to estimate the derivative and its error at this point.

The result of the smoothing algorithm and derivative calculation are shown
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in fig. 3.

Fluctuations are identified in the data as follows: in the case of random

noise, data is normally distributed about the mean. In the case of non-

statistical fluctuations, as would arise from turbulent processes[33], say, the

deviation from normal is manifest in the distribution of the data set. In a

normal probability plot, this is demonstrated as a deviation from linearity

and can be evaluated with the coefficient of determination[34]. When the

mean coefficient of determination falls below a cutoff value for the entire

data set, it is rejected from further processing on the grounds that it contains

too large a variability. Additionally, this method allows the identification of

features in the resulting analysis that may result from fluctuations arising

from turbulence and aid in later interpretation.

Assuming the data set being analyzed is normally distributed about the

smoothed curve, the next step is to determine the plasma potential. Model

I-V characteristics are generated using a single Maxwellian distribution and

eqn. 5. A χ2 minimization routine is then utilized to determine which I-

V characteristic and value of Vplasma best fit the data set. In the example

shown in fig. 3, the most prominent features are the zero-crossing location at

18V and the minimum in dI/dV at about 12V. Once the value of Vplasma is

determined in this way the distribution function is calculated using eqn. 7.

An example calculation is shown in fig. 4.

Having obtained the distribution function and the model I-V character-

istic, energy cutoffs are considered. The most important of these is the

ion-current growth effect which, if not taken into account, would lead to a

false high-energy tail[26]. The point at which sheath-growth effects come into
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that obtained by the classical analysis in fig. 2.

play is calculated from the model I-V characteristic and serves as a first cut-

off for fitting. It has been found for the given diffusion parameter and typical

plasma parameters at the divertor target that this cutoff is ≈ 9Te for a single

Maxwellian distribution. Below the cutoff energy, two models are applied to

the data: a single Maxwellian distribution and a bi-modal distribution. The

best-fit bi-modal distribution is determined by a χ2 minimization algorithm

that searches for the best transition in the data between distribution func-

tions. The reduced χ2 goodness-of-fit parameter is calculated for each which

takes into account the number of degrees-of-freedom (DOFs) used in each.

The goodness-of-fit serves as a method to distinguish whether the data are

best described by either the single or bi-modal distributions.

Once the distribution is found in this manner, a new model curve is con-

structed with eq. 5 and compared to the data set. This is shown in fig. 3. Also
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shown in the figure are model curves constructed from two single-Maxwellian

distributions. If one fits a single Maxwellian through the data shown in fig. 4

the resulting temperature is Te = 9.8eV and this characteristic fails to re-

produce the features above ≈ 0V. If one creates an I-V characteristic from

the bulk plasma temperature found in the bi-modal fitting algorithm, though

only using a single-Maxwellian, then the derivative reaches zero far sooner

than the data. Only the bi-modal I-V characteristic captures both features of

the data, though none of the I-V characteristics can capture the fine-structure

details such as that found between −20 and −10V and this results in a slight

discrepancy in the I-V characteristic.

The distribution functions obtained in this manner have the property

that:

n =

∫ ∞

0

√
ǫf(ǫ)dǫ (10)

With this, the ratio of densities, η = nh/nc of the hot and cold electron

populations can be calculated based on the fit parameters. The transition

energy in the case of bi-modal distributions is also calculated. A density-

weighted temperature is calculated for the bi-modal distributions as follows:

Te,bimodal =
Te,cold + ηTe,hot

1 + η
(11)

The fraction of energy in the total plasma contained in the hot-electron

fraction is given as ηTe,hot. Finally, with the determination of both floating

and plasma potential, the estimate of Vplasma −Vfl ≈ 3Te can be used to give

another estimate of the temperature. The analysis code runs in an automated

fashion and provides a consistent analysis method for finding Vplasma and the

associated parameters of the distribution function. For the present study,
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the data is reduced to the effective temperature and hot electron fractions to

demonstrate the changes in the inferred EEDFs.

In order to provide a consistent inter-shot comparison, it is necessary to

reference the Langmuir probes to some plasma location. This is done with

the use of equilibrium reconstructions provided by EFIT[32]. For each time-

point, the probe position is calculated as both a distance from the EFIT-

determined strike-point and the value of the normalized magnetic flux on

the surface. With this data processing, it is possible to construct the plasma

profile as the strike-point sweeps back and forth over the Langmuir probes,

as shown in fig. 5. Similarly, it is possible to select a specific magnetic

flux surface such that all probe measurements on that flux surface can be

compared from shot to shot.

4. Results

Applying the non-local interpretation and equilibrium reconstruction tech-

niques above, it is possible to make consistent analyses and comparisons on

a shot-to-shot basis. The data are sorted for the magnetic surfaces corre-

sponding ≈ 1cm beyond the separatrix location (as determined by the peak

in Isat). Times considered are from 250–750ms in the discharge.

During the course of experiments, a fueling scan was performed while

plasma-bombardment heated the LLD plates (lithium evaporation was used

and the rate maintained constant for all discharges). Based on known gas

fueling rates, the number of electrons due to D2 fueling can be calculated and

compared to the plasma electron content calculated by volume integration of

the density from multi-point Thomson scattering measurements. The ratio of
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electrons in the plasma divided by the nominal electrons supplied by the gas

fueling rates is interpreted as a fueling efficiency. Figure 6 shows the results of

this fueling scan. During the course of LLD plate heating, the line-integrated

core density of electrons did not significantly change whereas the fueling ef-

ficiency decreased by a factor of two. It should be noted that more than one

ion species is present in the NSTX plasma and these exhibit some complex

behavior, though the total electron content remained constant. The inter-

ested reader is referred to the associated paper on the LLD performance[31].

The loss of fueling efficiency implies an increase in absorption. In order to

assess if local plasma conditions were changing during this sequence, two

discharges were considered for detailed analysis; these are indicated in fig. 6.

The discharges were chosen as the plasma shaping is most similar and the

ELM-ing character is also the same (Type-V ELMs reappeared toward the

end of this discharge sequence whereas they are absent in the shots consid-
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Figure 7: Measured Vfloat and inferred Vplasma as a function of density during the two

discharges considered on identical ψ surfaces in the SOL. Measurements indicate that

the reduction in floating potential cannot be explained by a similar reduction in plasma

potential.

ered). These two discharges are referred to by the mean LLD plate-surface

temperature for the time period of 500-600ms as measured by the dual-band

IR system: 184C and 224C.

Figure 7 shows the results of the non-local interpretation comparing the

plasma and floating potentials for the SOL region. Most striking is the varia-

tion in floating potential which is the simplest and most direct measurement

that can be made with a Langmuir probe. In the latter discharge, it is found

that the floating potential is depressed from ≈ +10V to the range of ≈ −25 –

+5V in the latter discharge. The non-local analysis indicates that the plasma

potential does not change a significant amount between the two discharges

and cannot provide a simple accounting for the change in floating potential.

Figures 8(a) and 8(b) show comparisons of the electron temperatures for

the two discharges considered. The electron temperature is calculated in two
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Figure 8: (a) Temperatures and densities inferred by the difference between plasma and

floating potentials and (b) calculated from the analyzed bimodal distribution. Both analy-

ses indicate a rise in temperature for the discharge with the higher mean plate temperature.
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Table 2: Summary of correlation analyses on Vp − Vf . Linear function is fit to the data

and the reduced χ2 goodness-of-fit metric is used to evaluate.

Variable Reduced χ2 metric

Hot. Elec. ηTe,hot 0.75

Density ratio η 1.47

Cold Elec. (1 − η)Te,cold 11.73
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ways: from the difference between plasma and floating potentials and from

the fitted distribution functions. The two discharges show a separation in

temperature for both calculation methods. This is more pronounced with the

potential-difference method but both calculation methods indicate a higher

electron temperature is present in the latter discharge where the LLD surface

was hotter. For comparison, fig. 9 shows the electron temperature calculated

with the classical method and the two non-local methods. The classical

method results in consistently higher temperatures by almost a factor of

two whereas the similarity between the two non-local Te calculation methods

indicates the internal consistency in the method.

The change in potential difference is most strongly correlated with the en-

ergy contained in the inferred hot-electron fraction. This is shown in fig. 10.

Comparisons were also made to the density ratio, η, and the cold electron

energy fraction. Table 2 summarizes the differences between the three corre-

lations tested.

5. Discussion and Conclusions

Interpretive fluid modeling was carried out with the OEDGE (OSM +

EIRENE + DIVIMP edge) code suite[35] in order to assess the degree of

collisionality in the NSTX SOL. The OEDGE modeling code operates by

taking density and temperature derived from Langmuir probes or other mea-

surements as an input and then integrates the 1D fluid equations along a

flux tube (Onion-Skin Model or OSM) to generate a plasma solution. Once

a background plasma is solved in this way, the EIRENE[36] neutral trans-

port code is used to simulate the recycling deuterium and the solution is
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used again as source terms for the OSM solution. The final solution is ob-

tained after iterating between OSM and EIRENE a number of times. For

this simulation a high-recycling wall composed of graphite was used with

the lasma properties obtained from the classical interpretation method. The

plasma solution is shown in fig. 11 as a function of parallel distance from the

target. The particular magnetic surface selected is slightly outboard of the

separatrix location. It can be seen that steep gradients exist in the plasma

solutions of density and temperature immediately adjacent to the target, and

a significant amount of ionization is found adjacent to the target as well. The

electron collisionality is shown for the nominal electron temperature and also

for two multiples of this temperature. This comparison gives some indication

of the variance of collisionality for electrons of higher energy than the ther-

mal population. The collisionality is not found to be high enough to rule out

kinetic effects[16] and the sharp gradients in the SOL as well as large amount

of electron-neutral interactions adjacent to the PFC also indicate that non-

Maxwellian distributions are probable. More detailed OEDGE modeling and

comparison of the two interpretation methods as well as the resulting plasma

solutions is planned for future work.

The non-local interpretation method and associated magnetic flux surface

selection rules yield consistent (in terms of sweep-to-sweep analysis) results

on the shots compared. This is most clearly seen in fig. 7 in the obtained

plasma potential. In comparing the classical with the non-local methods, it

is found that the classical method yields temperatures almost twice a high

as the density-weighted bi-modal temperatures as shown in fig. 9. This is

expected in plasmas with an energetic tail fraction and this effect has been
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shown in the literature[12]. Additionally, it was predicted by Batishchev

that such distribution functions in the divertor would lead to over-estimates

of the electron temperature by a factor of 2–6[17]. Further indication that

the inferred kinetic effects are occurring is found by examination of infrared

thermography. It has been found by Kallman, et al.[37] that the classical

probe interpretation yields a calculated sheath heat transmission coefficient

in NSTX of 2–3, significantly lower than the expected value of ≈ 7. This

could be due to a bi-modal distribution altering the probe measurements[13].

A more detailed study of these effects is planned.

The non-local interpretation yields electron temperatures that are higher

in the latter discharge studied where the LLD surface temperature was

higher. The first indication of this difference in near-surface plasma condi-

tions is in the variation of floating potential and the classical interpretation

method also provides an indication that the latter discharge had higher tem-

peratures. In the classical interpretation, though, it is impossible to evaluate

plasma potential, so the non-local approach is necessary to assess whether

the change in floating potential was significant. With the non-local approach

it is found that the increase in potential difference between Vplasma and Vfloat

is most strongly correlated with the energy contained in the hot-electron

fraction, indicated in fig. 10.

A number of items can contribute to a change in the hot electron fraction.

The heuristic model describing the impact of electron-neutral interactions

shows that a reduction in the number of these interactions would increase the

population of hot electrons reaching the PFC. The ion saturation current is,

in fact, higher in the latter discharge and so this implies that the PFC would
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be absorbing more incident plasma in the latter discharge. A variation in the

gradients in the SOL adjacent to the PFC could also contribute to a change

in the measured distribution. In this case, an increase in the hot-electron

fraction implies the PFC is absorbing more incident plasma[16]. Both effects

are the subject of ongoing studies.

The increase in local electron temperature, reduced fueling efficiency, and

increase in the hot-electron fraction are all consistent with an absorbing PFC.

Initial tests with the LLD have been performed in NSTX. Local plasma

modifications have been measured with the Langmuir probes applying both

the classical and non-local interpretation methods. Overall machine perfor-

mance indicates a decrease in fueling efficiency and the Langmuir probes show

an increase in near-surface plasma temperature. The increase in plasma-to-

floating potential difference is most strongly correlated with an increase in the

hot-electron energy fraction. Preliminary fluid modeling indicates that ki-

netic effects are likely to exist in the NSTX SOL. The increase in hot-electron

fraction, increase in temperature, reduction in machine-fueling efficiency are

all consistent with an absorbing PFC developing as the LLD surface temper-

ature increased.
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