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Fluctuation-induced particle fluxes (Γ
˜ ˜nφ) in the edge of Alcator C-Mod [Phys. Plasmas 1,

1511 (1994)] are inferred from a fast-scanning probe using standard analysis techniques. The

magnitude and profile shape of Γ
˜ ˜nφ is clearly inconsistent with fluxes inferred from global particle

and power balance. These differences are difficult to reconcile if Γ
˜ ˜nφ is interpreted as a measure of

the particle flux in the unperturbed plasma. However, if Γ
˜ ˜nφ is reinterpreted as the particle flux

which must ‘fill-in’ the presheath zone formed by the probe, these inconsistencies are eliminated.

In this case, an effective diffusivity in the presheath zone ( Dps ) can be estimated from Γ
˜ ˜nφ. Dps

is found to be in the range of diffusivities inferred from global particle balance ( DSOL),  indirectly

supporting the hypothesis. However, the profile of Dps  and its dependency on discharge

conditions are markedly different than DSOL , implying that Dps  is also not simply related to

transport in the unperturbed plasma.
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I. INTRODUCTION

Electrostatic probes have clearly demonstrated their utility as a key diagnostic for

characterizing local plasma conditions, both in the confinement region of low power density

plasmas and in the cooler edge regions of high power density plasma fusion experiments. The

ability of a probe to simultaneously record information about plasma density, electron temperature,

plasma potential and fluctuations of these quantities in a spatially localized region is virtually

unsurpassed by any other diagnostic. However, these measurements come at a price; one must

confront potential problems in interpreting the data: Can the measured quantities be reliably related

to plasma parameters in the absence of the probe? To what degree are the inferred quantities being

influenced by the presence of the probe and complications associated plasma-surface interaction

physics? Probe diagnosticians are usually well acquainted with such concerns. For example,

corrections in electron temperature due to a non-thermal electron population and/or temperature

gradients along magnetic field lines are well known1-4. The influence of the probe-induced

presheath zone and its extent along magnetic field lines relative to nearby objects has been analyzed

extensively5-7 and measured in high density plasmas in some detail8-10.  There is the additional

constraint of power density limitations; if the electrodes become sufficiently hot then thermionic

electron emission can interfere with data interpretation.

Probes are also particularly well suited for measuring plasma fluctuations. High bandwidth

measurements of local floating potential and ion saturation current levels are readily made. These

measurements have in turn allowed direct estimates of the fluctuation-induced fluxes in the edge

plasma of many devices11-26. The unique utility of probes is further demonstrated as they provide a

means to determine the local correlations in plasma fluctuations that give rise to other quantities

such as turbulent conducted energy fluxes27,15 and Reynolds stress25,28, and to study in detail the

intermittent events that characterize the edge plasma transport20,21,29,30. However, a natural question

again arises: Under what conditions does the ‘measurement’ of cross-field turbulence-induced

fluxes (and other deduced transport quantities) properly characterize the level that occurs in a
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plasma in the absence of the probe?

Some success has been reported in relating the fluxes inferred from electrostatic probe

measurements (fluctuation-induced) and fluxes inferred from global particle balance estimates. For

example, pioneering measurements of particle transport in the shadow of a limiter on the Caltech

Tokamak with a 2-D probe array31 indicated that the fluctuation-induced fluxes were consistent with

the fluxes into the limiter shadow cast by the probe array itself.  It was reported on the Texas

Experimental Tokamak (TEXT)13,32 that the level of fluctuation-induced transport at the limiter

radius was of a comparable magnitude and scaled in a similar way with discharge conditions as the

particle fluxes inferred from Hα  measurements and global particle balance. It was also observed

that the pattern of visible light fluctuations in the edge of the plasma was unchanged when a

Langmuir probe was inserted into that region33.  These observations and others suggested that: (1)

electrostatic turbulence primarily sets the level of particle transport in the edge plasma and (2) probe

measurements are non-perturbing and can quantify the magnitude of the underlying turbulent

transport (allowing for possible corrections from electron temperature fluctuations, which were not

measured at that time).

However, when one examines the literature for fluctuation-induced flux measurements made

inside closed flux surface regions or in the scrape-off layers of magnetically diverted discharges,

some clear inconsistencies are evident. It is often observed that the radial-outward fluctuation-

induced fluxes increase in magnitude as one moves further inside the last-closed flux surface

(LCFS). This observation was first noted on the Pretext tokamak12, was reported from experiments

on TEXT13,32, and is evident in data from the HL-1 tokamak14 and the Advanced Toroidal Facility

(ATF)16.  Clearly, radial-outward  fluxes which decrease across the plasma profile before the limiter

shadow is encountered do not satisfy the particle continuity equation, if these fluxes are taken to be

poloidally and toroidally symmetric. (Note: Volume recombination is negligible in these hot

plasmas.) A notable exception to this trend is reported for the Joint European Torus (JET)22,26
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where the radial-outward fluctuation-induced flux did indeed appear to be smaller inside the LCFS

in limited and diverted discharges. There are also some special cases reported where the fluctuation-

induced flux is found to be reversed, i.e., radial-inward. In the TJ-II stellarator34, this situation was

encountered and believed to be associated with the influence of a vacuum magnetic island35. Such

observations remind us that strong poloidal asymmetries in fluctuation-induced fluxes can occur

and in some cases may account for apparent inconsistencies.

It is also observed in many diverted discharges that the measured fluctuation-induced flux is

much too high to be consistent with global particle balance (DIII-D tokamak23, JET36,22,26). Taken

together, the above observations have led to the speculation that (3) there exists some inward particle

transport mechanism that does not involve fine scale plasma turbulence such as large stationary

convection cells, as suggested in some experiments37-40, and/or (4) there are large corrections that

should be made to the fluctuation-induced flux estimate due to finite electron temperature

fluctuations that are not being measured in many of these experiments, and/or (5) there exists a

large poloidal asymmetry in the turbulent transport (ballooning hypothesis). However, with respect

to speculation (4): Recent measurements in the Texas Experimental Tokamak-Upgrade (TEXT-U)41

and in DIII-D30 indicate that density and electron temperature fluctuations in the edge plasma tend

to be in phase. Numerical turbulence simulations also result in density and electron temperature

fluctuations that are in phase42. In this case, finite temperature fluctuation corrections would not

significantly change the magnitude of the estimated particle fluxes. With respect to speculation (5):

the measurements on JET36,22,26 were made with the probe inserted from the top of the torus; it was

concluded that a ‘ballooning hypothesis’ for turbulent transport could not by itself account for the

apparent inconsistency in diverted plasmas.

One possible explanation for much of the observed particle flux inconsistencies is simply

that the probe perturbs the plasma in such a way that it independently sets the magnitude of the

locally inferred fluctuation-induced particle fluxes. Consider Zweben's original observation using

the 2-D limiter probe array31: The measured fluctuation-induced fluxes were consistent with the
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fluxes into the local scrape-off layer that was caused by the probe array itself. As noted above, it is

well established that when a probe is inserted into a plasma it always forms a local scrape-off layer,

the presheath plasma zone, where the plasma density is depressed by a factor of ~2 (in the case of a

non-flowing background plasma). The disturbance scale length along the magnetic field line is set

primarily by particle balance; the cross-field plasma flux into the presheath zone balances the

parallel flux onto the probe body.

A simplified probe-presheath geometry is illustrated in Fig. 1. Three electrodes on the end

of a probe body are used to estimate the cross-field profile of time-averaged fluctuation-induced

radial particle flux density, Γ
rn

r
˜ ˜ ( )φ . It is nearly always reported that this flux points in the +r̂

direction, crossing into the presheath zone formed by the probe. A simple interpretation is that this

turbulence-driven flux consists of two components, one which is due to the intrinsic transport of

particles down the radial gradients in the plasma ( Γr plasma) and one which is caused by the

presence of the probe itself (Γ⊥ probe),

Γ Γ Γ
rn r plasma prober r r

˜ ˜ ( ) ( ) ( )φ = + ⊥ . (1)

It is expected that most of the neutrals recycling from the probe body will ionize outside the probe

presheath, owing to its small cross-field extent. Therefore, in order to conserve plasma-neutral mass

balance, Γ⊥ probe must exist in order to supply the plasma flux which is neutralized on the probe

body. Apparently, Γ⊥ probe is driven by the local cross-field gradients near the edge of the probe

presheath.  From these considerations, it is clear that in order to interpret Γ
rñφ̃ as an estimate of the

transport fluxes in the SOL in the absence of the probe, one needs to be assured that

Γ Γ⊥ <<probe rñφ̃. However,  if in fact there is reason to suspect that Γ Γ⊥ probe rn
~

˜φ̃ , (such as

was detected by Zweben’s 2-D probe array 31) then this interpretation is not justified. In this case,
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Γ
rñφ̃ is essentially the flux density needed to ‘fill-in’ the presheath plasma zone. An effective

cross-field particle diffusion coefficient in the probe presheath can be computed from Γ
rñφ̃ , but it

is not clear if this quantity relates in any direct way to the transport levels or effective cross-field

particle diffusivities in the unperturbed plasma.

In this paper, measurements of fluctuation-induced particle flux profiles in ohmic heated

Alcator C-Mod discharges are reported for a range in discharge densities with the aim to critically

assess the reliability of an electrostatic probe to deduce the transport fluxes in the unperturbed

plasma. Section II describes the plasma discharges and the experimental arrangement of the relevant

diagnostics. In section III, the measured flux profiles and the cross-field heat convection profiles

that they imply are compared to separate estimates of the cross-field particle and heat flux profiles.

These estimates are based on global particle balance (obtained from measurements of ionization

profiles and flows towards the divertor), sound speed flow towards divertor surfaces, and heat

fluxes arising from parallel electron conduction in the scrape-off layer (SOL). Similar to results

reported from other experiments outlined above, it is found that the fluctuation-induced particle

fluxes significantly exceed the flux estimates from particle balance models. The implied heat loss

from the fluctuation-induced convection also appears to be too high; it would exceed the total input

power in most discharges. Also, in discharges where the probe could be inserted well inside the

LCFS, the radial-outward fluctuation-induced particle flux was found to continue to increase in

magnitude, in apparent contradiction to satisfying particle continuity. These observations and others

suggest that the fluctuation-induced particle flux estimates made by the C-Mod probe should not be

interpreted as indicative of the transport in the unperturbed plasma. Section IV considers the

alternative explanation advanced above, namely, that the measured fluctuation-induced particle flux

is simply the cross-field plasma flow that ‘fills-in’ the presheath zone formed by the probe. Two

separate estimates of effective cross-field particle diffusivities in the presheath zone are made. The
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magnitude of these diffusivities are found to be in the range of typical diffusivities seen in the far

scrape-off layer (based on global particle balance estimates), lending some support to this new

interpretation of the measurement.  However, the presheath diffusivity does not appear to be directly

related to the diffusivities found in the unperturbed plasma. Section V discusses the potential impact

of this new interpretation on data analysis. A simple experiment is suggested to provide a more

rigorous test of the hypothesis. Section VI recaps the principle findings of this work.

II. EXPERIMENT

The cross-section of a typical Alcator C-Mod discharge and diagnostics directly relevant to

the present experiments is shown in Fig.2. Results reported in this paper were obtained from ohmic

heated deuterium discharges with plasma currents (Ip) between 0.76 and 0.80 MA, toroidal

magnetic field (BT) of 5.3 tesla, and line-averaged plasma densities spanning the range,  1.0 < ne  <

3.0 x1020 m-3 . In all cases, the plasma had a lower single-null magnetic equilibrium, similar to that

shown in Fig. 2. Further information on Alcator C-Mod's design, diagnostics, and operational

characteristics can be found in Ref.43

Two scanning probe systems are used to sample plasma in main-chamber scrape-off layer

up to and sometimes inside the separatrix (see Fig.2): a vertical-scanning probe located at a position

‘upstream’ from the entrance to the outer divertor, and a horizontal-scanning probe that records

plasma conditions 10 cm above the outer midplane. Both probes can be scanned up to three times in

a single discharge to traverse into and out of the scrape-off layer plasma with a peak velocity of  ~1

m s-1.

The primary focus of this paper is on data collected by the horizontal scanning probe. The

geometry of this probe is shown in fig. 3. Facets are cut into the plasma-facing end of a 19 mm

diameter molybdenum probe body to form a pyramidal surface. Four 1.5 mm diameter tungsten

electrodes penetrate the pyramid through holes at locations equidistant from the peak of the
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pyramid and coincident with the four edges of the pyramid. The tungsten wires are insulated with

ceramic coatings (0.18 mm thick) and cut so that their ends are flush to the pyramidal surface. This

geometry is found to work well in C-Mod's high power density plasmas since it presents a large

surface area to heat flux flowing along magnetic field lines. The edges of the pyramid are oriented

such that a magnetic field line which enters through the center of the WEST electrode proceeds

through the pyramid and exits through the center of the EAST electrode. Thus the EAST and

WEST electrodes sample plasma from opposite directions along the same field line. In contrast, the

NORTH and SOUTH electrodes sample plasma from both directions on their respective magnetic

field lines. The grazing angle between magnetic field lines and the pyramidal surfaces is

approximately 20 degrees and the pyramid is oriented so that all four electrodes lie on the same

magnetic flux surface. The vertical probe has a similar geometry except that the spacing between

tungsten wires is a factor of two larger, the probe body is 16 mm in diameter, and a orifice is located

at the center of the pyramid to enable the injection of gaseous impurities44.

For the data presented in this paper, the NORTH and SOUTH electrodes on the horizontal

scanning probe where operated in a floating-voltage mode and the EAST and WEST electrodes

were operated in a swept-voltage mode (2 kHz sweep, -300 to 100 volts maximum bias range with a

2 amp current clamp). Time instantaneous voltage and current data from all electrodes were sampled

at 1MHz. By fitting positive and negative-going I-V characteristics, densities and temperatures

along each probe’s trajectory are obtained every 0.25 ms (corresponding to ~0.25 mm of probe

travel). Time series data of ion saturation currents (EAST and WEST electrodes) and floating

potentials (NORTH and SOUTH electrodes) were extracted from the horizontal probe data stream

during time periods when the EAST and WEST electrodes demonstrated to be saturated ion

collection. Typical durations of the time segments were ~120 µs. These time series segments were

found to yield similar fluctuation power spectra and time-averaged fluctuation-induced fluxes

(although with higher statistical noise) as very long time segments (~ 200 ms), obtained when the
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EAST and WEST electrodes where continuously biased in ion saturation and held at a fixed spatial

location21.

The EAST and WEST electrodes can also function as a ‘Mach probe’ pair in which plasma

flow along the local magnetic field can be estimated from the ratio of ion saturation currents6. As a

result, density, temperature, floating potential, and parallel flow measurements from the vertical

scanning probe can be used to estimate cross-field profiles of both parallel and ExB flows. By

integrating the poloidal projection of these flows along the trajectory of the vertical scanning probe,

the total particle flux directed towards the lower divertor structure can be estimated. These

measurements, combined with midplane Lyα brightnesses45, are used to estimate cross-field particle

flux profiles in Alcator C-Mod. Figure 2 shows the locations of the toroidally-viewing Lyα chords.

Details of the analysis technique can be found in Ref.46

Cross-field profiles of density, electron temperature, Lyα emissivity, and local ionization

rate for the set of discharges under study here are shown in Fig. 4. The density and temperature

profiles are smooth spline fits to raw data obtained from the horizontal scanning probe. The Lyα

emissivity profiles are obtained from an Abel inversion of the Lyα brightness profiles. The local

ionization profiles are computed from the local Lyα emissivity and the measured density and

temperature profiles using Johnson-Hinnov rate coefficients47. Note that at these electron

temperatures, volume recombination is negligible. All data are plotted versus the distance outside the

last closed flux surface at the outer midplane, ρ. It should be noted that in order to get a match

between the electron pressure profiles measured by scanning probes, divertor probes (data not

shown), and edge Thomson scattering system (data not shown), their relative flux surface mappings

in ρ must be adjusted by a few mm. These adjustments are systematically made here to ‘align’ the

data from these diagnostics with an estimated accuracy of ~2 mm. In any case, the principal results

presented in this paper are not sensitive to these mapping corrections; any ‘adjustment’ that is made
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to the horizontal scanning probe data is also applied to the Lyα emissivity data and subsequently to

the ionization rate profile.

The data in Fig. 4 correspond to 13 different ‘scans’ of the horizontal probe. All discharges

had Ip between  0.76 and 0.80 MA and BT of 5.3 tesla. The data fall into 5 groups corresponding to

the line-averaged densities that were programmed: ne  ≈ 1.0, 1.5, 1.8, 2.4, and 3.0 x1020 m-3. Notice

that as ne  is increased to the highest values, the electron temperature near the separatrix drops. This

behavior has been studied in some detail and appears to be related to an increase in the convected

power losses across the scrape-off layer as ne  approaches about 1/2 the Greenwald density48. For

the cases when ne  ≈ 3.0 x1020 m-3, the electron temperature near the separatrix is low enough to

allow the horizontal scanning probe to penetrate almost 10 mm inside the separatrix without

overheating. The Lyα emissivity profiles and the derived ionization source profiles show an

expected behavior as the plasma density is raised: Ionization in the scrape-off layer and inside the

separatrix increases with discharge density. In all cases, the ionization rate increases with distance

across the separatrix into the SOL and decreases with distance across the separatrix into the core

plasma.

III. FLUCTUATION-INDUCED FLUXES

   A. Computation

From the four electrodes on the horizontal scanning probe, the fluctuation-induced cross-

field particle flux can be estimated. The local floating potential (V ), plasma potential (φ), and

electron temperature (Te) are expected to be related by sheath physics,

φ α= +V Te  , (2)

with the coefficient α  having the value of 2.8 for a deuterium plasma 49. The ion saturation current
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( I ) is related to the density ( n ), the probe area projected along the magnetic field line ( A), and the

electron temperature (assuming T Ti e≈ ) by

I An
T

m
e

i

≈ 0 5
2

.
κ

. (3)

(Note: The coefficient, 0.5, can vary depending on the ratio of cross-field momentum to particle

diffusivities6. When this ratio is 1, the coefficient can become ~0.3. However, the value of 0.5 is

consistently used in this paper.) If one assumes that corrections arising from finite electron

temperature fluctuations can be ignored then the NORTH and SOUTH electrodes directly record

information about poloidal electric field fluctuations while the EAST and WEST electrodes record

information about density fluctuations. The time-averaged radial-outward flux arising from the local

turbulence can be estimated directly from the current and voltage time series data,

Γ
rn

East West South North

East West
r

n I I V V

I I d B
nv

˜ ˜

˜ ˜ ˜ ˜

˜ ˜
˜ ˜

φ =
+( ) −( )

+
≈ , (4)

making use of the symmetry in the probe geometry. Here, n  is the time-averaged plasma density

obtained from the usual fit of the I-V characteristic (results shown in Fig. 4), d  is the cross-field

spacing between the NORTH and SOUTH electrodes, B  is the local magnetic field strength and

the quantities Ĩ  and Ṽ  correspond to the time series data with mean values subtracted.

Alternatively, the time series data can be Fourier analyzed and the flux can be computed from real

part of the cross-power between density and electric field fluctuations,

Γ
rn rc n ik B nv

˜ ˜
*Re{ }) / ˜ ˜

φ ω θ ωφ δω= ≈∫  , (5)

making use of frequency-resolved poloidal wavenumber of the potential fluctuations ( kθ ),

estimated from a two-point correlation method50. When electron temperature fluctuations can be

safely ignored, c =1. However, recent measurements 30,41 and numerical simulation42 suggest that
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temperature fluctuations in the edge plasma are at the level ˜ / ˜ /T T n ne e ≈  with temperature and

density fluctuations in phase. In this case, a correction to the flux estimate from finite T̃e in Eq. (3)

contributes, resulting in c T Te e≈ +1 1 0 5/( . ˜ / ). Thus the magnitude of Γ
rñφ̃ could be justifiably

reduced from that suggested by Eq. (4), but by only about ~30% at most. In this paper, no finite T̃e

corrections are made; Eq. (5) is used with c =1. (Computation of Γ
rñφ̃ via Eq. (4) yields identical

results.)

    B. Fluctuation-induced particle and heat flux profiles

Cross-field profiles of fluctuation-induced particle flux density (Γ
rñφ̃) and convected

energy flux density (5Te rn
Γ

˜φ̃, assuming T Ti e≈ ) computed from horizontal scanning probe data

are shown in Fig. 5 for the same set of discharges shown in Fig. 4. Each symbol corresponds to a

separate computation of Γ
rñφ̃ involving the average of three or more time-series realizations of

about ~120 µs length. Note that in addition to heat convection, radial-outward turbulent heat

transport is also expected from triple correlations between  T̃e, ñ , and Ẽθ , which is not included

here. The main-chamber limiter was maintained at a location of ρ ≥ 15 mm in these discharges.

A number of important observations can be drawn from the profiles shown in Fig.5:

(1) The cross-field fluxes are positive everywhere, suggesting a flow of particles and

associated heat convection directed radial-outward everywhere.

(2) Γ
rñφ̃ is either nearly flat (e.g., lowest density case) or is a decreasing function of ρ. At

high densities, Γ
rñφ̃ drops by a factor of ~4 across the profile with ρ > 0.

(3) For the highest density discharges in which the probe could be inserted well inside of
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the separatrix, Γ
rñφ̃ is found to continue to increase with distance inside the separatrix,

exceeding the separatrix values by a factor of ~3 at ρ ~-10 mm.

(4) The magnitude of Γ
rñφ̃ generally increases by a factor of almost ~8 as the density is

increased from low to moderate densities (1.0 ≤ ne  ≤ 2.4 x1020 m-3)

(5) But, Γ
rñφ̃ does not continue to increase (actually decreases) as the highest density is

approached.

(6) The inferred cross-field heat convection profile shows similar trends with an augmented

spatial variation owing to the electron temperature profile. For the highest density

discharge, the cross-field heat convection is seen to drop by a dramatic factor of ~10 in

going from ~10 mm inside the separatrix to the separatrix location.

Some of these observations appear as a serious challenge to the idea that Γ
rñφ̃ is a measure

of the transport fluxes in the unperturbed plasma. Observations (1) and (2) are not inconsistent with

the expected behavior of cross-field fluxes in the unperturbed SOL plasma; one might expect that

the reduction in Γ
rñφ̃ across the SOL is just balanced by plasma flow along field lines towards the

divertor. However, observation (3) [and  perhaps (6)] point to a potentially severe inconsistency:

How can the particle flux decrease across the profile in a region of closed magnetic field lines

where recombination is negligible? As pointed out in the introduction, this phenomenon has been

seen before in a number of other experiments. Observation (4) appears consistent with the

increased ionization level (see Fig. 3) that is needed inside the separatrix to achieve the higher

density plasmas. But observation (5) is a puzzle in this regard; it is difficult to explain how a higher

density discharge appears to involve a lower particle flux through its boundary. (These are all L-

mode confinement discharges.) In order to reconcile observations (3) and (5), one might be tempted

to postulate the existence of a complicated 3-D flow pattern that sets in for the highest density
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discharges: strong parallel flows, inward radial pinches, and preferential loss of plasma across the

separatrix at a poloidal location other than at the midplane. However, there is no way at present to

investigate such a contrived set of circumstances on Alcator C-Mod.

Another important test is to quantitatively compare Γ
rñφ̃ and 5Te rn

Γ
˜φ̃ with fluxes derived

independently from global particle and energy balance. Such comparisons are made in the

following two subsections.

   C. Comparison with global particle balance

Two models are used to estimate and to bound the magnitude of cross-field fluxes from

global particle balance constraints.

      1. SOL particle continuity model

The details of this model and its benchmark against 2-D transport code results is described

in Refs. 46,48. The model attempts to derive a cross-field particle flux profile in the SOL based on a

solution to the plasma continuity equation, that accounts for the observed Lyα brightness profiles

(ionization rates), the total plasma flow directed towards the divertor (inferred from the vertical

scanning probe), and the flux of plasma arriving on a main-chamber limiter. The particle fluxes

inferred from this model support a conclusion that a large fraction of the plasma flux crossing the

SOL in Alcator C-Mod arrives on main-chamber wall surfaces rather than flows towards divertor

surfaces. For the discharges analyzed here, the ratio of total plasma flow to the divertor divided by

particle flow to the wall is taken to be 0.5, which is found to be consistent with experimental

measurements and 2-D transport modeling46,48. A key output of the model is the cross-field profile

of Asep PCΓ  (s-1) for a given discharge, which is the area of the last closed flux surface times the

cross field particle flux density. In the following figures and text, this model will be referred to as

the ‘particle continuity model’.
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      2. Mach 1  flow model

In this model, any experimental information about flows and ionization in the SOL is treated

with suspicion and ignored. The SOL plasma is simply assumed to be completely exhausted by

flows towards the divertor with velocity equal to the sound speed at a vertical location in the poloidal

cross-section corresponding to the height of the lower X-point. It is assumed that no ionization

occurs in the SOL above the X-point height. Integrating the source-free continuity equation across

the profile leads to an expression for Asep MΓ 1,

A A
n

L

T

msep M sep
e

i

Γ 1
2= ′∫

//

max κ ∂ρ
ρ

ρ
, (6)

which is an estimate of the total particle flux crossing a flux surface in the SOL. Here L//  is the

distance along field lines in the SOL from inner X-point height to outer X-point height. (The value

of L//  at the separatrix is taken to be the same as at the location 1 mm into the SOL.) The measured

density and temperature profiles from Fig. 3 are used in the integrand and the upper limit

corresponds to the location of the last data point in the far SOL. Thus a boundary condition of zero

cross-field flux to main-chamber limiter surfaces is imposed. The particle flux crossing the

separatrix from Eq. (6) may be considered as an upper bound estimate of the true flux; all

ionization is forced to occur inside the separatrix. Also for this reason, Eq. (6) computes the

strongest possible decrease in the cross-field particle flux with radius; any ionization in the SOL

would tend to flatten the flux profile. In the following figures and text, this model will be referred to

as the ‘Mach 1 flow model’.

      3. Particle flux comparison

Figure 6 shows a comparison of the measured flux profiles of Asep rn
Γ

˜φ̃ , and particle flux

profiles, Asep PCΓ  and Asep MΓ 1, computed from the particle continuity and Mach 1 flow models
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described above. The cross-field profiles are for three discharge densities ( ne  = 1.0, 1.8 and 3.0

x1020 m-3), corresponding to the data shown in Figs. 4 and 5. Some important observations can be

made based on Fig. 6:

(1) The magnitude of Asep rn
Γ

˜φ̃  is clearly inconsistent with particle balance, being

systematically high. At the separatrix, Asep rn
Γ

˜φ̃  can exceed the particle continuity

model by a factor of ~10 and the Mach flow model by  a factor of ~3.

(2) As pointed out in section III.B, the shapes of the Asep rn
Γ

˜φ̃  profiles inside the separatrix

(high density discharge) are also inconsistent with particle balance considerations;

Asep rn
Γ

˜φ̃  is found to decrease as the separatrix is approached while ionization in the

particle continuity model causes Asep PCΓ  to increase as the separatrix is approached.

The quantitative discrepancy in these fluxes exceeds a factor of 10 for locations inside

the separatrix.

(3) Although the magnitude is too high, the shape of the Asep rn
Γ

˜φ̃  profile appears to

match the Mach 1 flow model better than the particle continuity model.

Accepting that Γ
rñφ̃ is a measure of the particle fluxes in the unperturbed plasma, these

quantitative discrepancies are hard to reconcile. Ballooning-like transport and/or inaccuracies in the

particle balance model might explain observation (1) but would fail to explain observation (2).

However, observation (3) hints at a potential explanation; it suggests that a component of

Asep rn
Γ

˜φ̃  may be proportional to sound speed fluxes in the SOL. This observation sparks the idea

that the cross-field fluxes measured by the probe are due to plasma flow onto the probe itself. In
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this case, the apparent discrepancy from observation (2) could be resolved: Asep rn
Γ

˜φ̃  continues to

increase with distance inside the separatrix simply because the plasma flux onto the probe continues

to increase with distance inside the separatrix.

   D. Comparison with global power balance constraints

The estimate of cross-field convected power carried by fluctuation-induced fluxes

(5T Ae sep rn
Γ

˜φ̃) can be compared to three independently derived quantities related to global power

balance:  (a) the total power crossing into the SOL ( Psol ) derived from ohmic input power ( POH )

minus radiation ( Prad ), (b) the convected power associated with the particle flux from the particle

continuity model (5T Ae sep PCΓ ), and (c) an estimate of the power that must flow across the SOL

to support the electron heat conduction along open field lines to the divertor (Qdiv). The

computation of the first two quantities is straightforward. The method used to estimate Qdiv  is now

described.

      1. Estimate of Qdiv

The parallel heat flux arising from electron conduction is q Te// //

/

= − ∇2
7 0

7 2

κ with κ 0 ≈

2.8x103 in units of watts m-1 eV-7/2. Assuming a Te profile along a field line that is symmetric with

respect to the divertor targets, an equivalent uniform volumetric heat loss along the length of the

field line can be constructed, S q
R q

T Tw= ∇ ⋅ ≈ −// // ( )
/ /4

7 2 2 2 0 0

7 2 7 2

π
κ , where q  is the safety

factor (evaluated at 95% flux surface), R  is major radius, T0 is the peak electron temperature on the

field line ( ≈ Te measured by horizontal probe) and TW  is the temperature at the divertor surface.

An estimate of the cross-field power necessary to support electron parallel conduction losses in the
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SOL beyond the flux surface at location ρ can therefore be obtained by integrating S  over the

volume between that flux surface and the one next to main-chamber limiter surfaces,

Q A
R q

Tdiv sep( ) '
/max

ρ κ
π

∂ρ
ρ

ρ

≈ ∫
4
7

0
2 2 2 0

7 2

. (7)

For most of the range in ρ , the integral is insensitive to the assumed value of ρmax since the

integrand decreases rapidly with ρ . Equation (7) may be considered an upper estimate of Qdiv

since it sets Tw to zero.

      2. Power flux comparison

Figure 7 shows a comparison of the convected power flux, 5T Ae sep rn
Γ

˜φ̃ , with the power

fluxes estimated from 5T Ae sep PCΓ  and Qdiv . Cross-field profiles are computed for three

discharge densities ( ne  = 1.0, 1.8 and 3.0 x1020 m-3), corresponding to that in Fig. 6. In addition,

the level of total input power ( POH ) and power into the SOL ( Psol ) is indicated. Some important

observations can be drawn from the comparisons in Fig. 7:

(1) Consistent with the observations made from the particle flux comparisons, the heat

fluxes carried by 5T Ae sep rn
Γ

˜φ̃  appear too high. In the moderate and high density

discharges, this component of the power crossing the separatrix (turbulent conduction is

not included here) already exceeds Psol , and even POH  in the moderate density case.

(2) Again there appears to be a problem with the magnitude and shape of Γ
rñφ̃ inside the

separatrix: 5T Ae sep rn
Γ

˜φ̃  continues to rise to large values inside the separatrix,

exceeding the input power of the discharge by a factor of ~3 or more.

(3) In all discharges it is found that 5T Ae sep rn
Γ

˜φ̃  exceeds Qdiv  by a factor of 2 to 10
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across the SOL, yet the magnitude of 5T Ae sep rn
Γ

˜φ̃  decreases with distance into the

SOL.

Observations (1) and (2) are just manifestations of the problems already identified in the

particle flux comparison, but independently confirmed here by power balance considerations.

Observation (3) presents another puzzle: If the magnitude of 5T Ae sep rn
Γ

˜φ̃  is approximately

correct (as it might be argued for the low density case), what is the mechanism that causes

5T Ae sep rn
Γ

˜φ̃  to reduce by a factor of 10 in going from ρ = 0 to 15 mm? Heat loss by parallel

condition to the divertor is quantitatively insufficient to account for this reduction. One explanation

could be that most of the power into the SOL is radiated and does not conduct to the divertor or

convect to the main-chamber walls. However,  no significant radiation in the SOL is detected; such

radiation would be included in the measurement of Prad  and this quantity is especially small in the

low density case.

IV. CROSS-FIELD FLUXES INTO PROBE PRESHEATH

An ideal probe design for detecting the fluctuation-induced flux in the unperturbed plasma

( Γr plasma) would be one which to exposes only the active areas of the electrodes to the plasma

(Fig. 8a). In this way,  the perturbation to the ambient plasma fluxes would be minimized and one

might be confident that Γ Γr plasma rn
≈

˜φ̃ . However, this arrangement is not physically possible;

there must be some kind of ‘probe body’ to provided mechanical support and means for electrical

connections.

Consider a case when the projection of the probe body along field lines can be represented

as a disk with radius a . Here, a  is taken to be small compared to the cross-field scale lengths of

the time-averaged plasma conditions (Fig. 8b). Owing to the presence of the probe body, there will
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be a radial flux passing by the electrodes ( Γ⊥ probe ), attempting to ‘fill-in’ the presheath and

maintaining the plasma flow along field lines to the probe body. If electrostatic turbulence is the

dominant cross-field transport mechanism in the plasma, then the sum of both fluxes will be

detected by the electrodes (Γ
rñφ̃). The actual probe geometry (Fig. 8c) leads to the same behavior

with additional complexities: The vertical height of the probe shadow ( 2a) can be larger than the

gradient scale lengths of the background plasma and Γ⊥ probe varies along the horizontal extent. In

either case, Γ
rñφ̃ may be interpreted as a reliable estimate of Γr plasma  only if Γ⊥ probe in the

vicinity of the electrodes is much smaller than the measured value, Γ
rñφ̃.

The strategy used in this section of the paper is to assume that Γ⊥ probe  is in fact much

larger than Γr plasma  such that the measurement,Γ
rñφ̃, is essentially a direct measurement of

Γ⊥ probe. This allows a characteristic length of the presheath ( ′L ) or equivalently a characteristic

diffusion coefficient in the presheath ( ′⊥D ps) to be estimated from local particle balance. Two local

particle balance models are considered in the following subsections: a probe disk model (Fig. 8b)

and a model that attempts to correct for probe geometry and plasma profile effects (Fig. 8c).  Given

separate estimates of the actual presheath values ( L or D ps⊥ ), one could in principle test if the

hypothesis is valid: If ′L  is comparable to L, or ′⊥D ps  is comparable to D ps⊥  then indeed the

assumption Γ Γ⊥ <<probe rñφ̃ is not justified; the flux densities would be of the same order.

At present, there is no independent measurement of L or D ps⊥  available in C-Mod.

Instead, values of ′⊥D ps  are compared to unperturbed cross-field diffusivities estimated from the

SOL particle continuity model ( D SOL⊥ ).  It is found that ′⊥D ps  lies in the range of typical D SOL⊥
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values. This indirectly supports the hypothesis that Γ Γ
rn probe˜ ˜ ~φ ⊥ . It also suggests that Γ

rñφ̃

could be reinterpreted as a direct measurement of D ps⊥ . However,  as discussed below, the profiles

of ′⊥D ps  and D SOL⊥  are sufficiently different to keep one from concluding that the Γ
rñφ̃ can be

reinterpreted as a direct measure of D SOL⊥ .

A. Ionization in the presheath zone

In the analysis to follow it is assumed that most of the neutrals that recycle from the probe

body ionize outside of the probe’s presheath region. This allows the flux crossing into the

presheath zone to be equated to the flux arriving on the probe body. A crude estimate of the validity

of this assumption can be made. It is well established that incident ions recycle from a material

surface primarily as promptly reflected atoms (with probability of ~0.5 and reflected energy of ~30

eV for a 100 eV deuteron on a molybdenum surface) and molecules 51. The molecules promptly

dissociate with resultant atom energies of ~3 eV. The rate of local electron impact ionization is ≤ 3

x10-14 m-3s-1 for the plasma conditions shown in Fig. 4 52. This yields ionization mean free paths

(MFP) of ≥ ~18 mm and ≥ ~6 mm respectively for the resultant fast and slow atoms in a plasma

with density ~1020 m-3. The fast atoms tend to leave the surface with a cosine distribution, aligned

with the surface normal. The molecular breakup leads to an isotropic distribution of slow atoms.

Owing to the inclined surfaces on the probe body (see Fig. 3), most of the neutral reflux near the

end of the probe (a region of highest density, lowest MFP) is directed towards the unperturbed

plasma across a narrow presheath zone. Therefore for the probe body shown in Fig. 3 ( a ~ .9 5

mm), it is a reasonable first approximation to assume that ionization in the presheath zone can be

neglected. At the highest densities, one might expect the fraction of neutral reflux ionized in the

presheath to be around ~0.3.
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B. Probe disk model

The properties of the magnetized presheath plasma formed by a disk probe has been studied

in some detail in connection with the development of Mach probe theories53,54,6,7. The models

assume a characteristic cross-field particle diffusivity, D ps⊥ , and the influence of cross-field

momentum transport from finite viscosity has been investigated. Hutchinson6 computed 2-D

density and parallel flow velocity profiles for the case of zero background plasma flow and a ratio

of particle to parallel momentum diffusivity equal to unity. The 2-D numerical simulation showed

that the length of the density perturbation extends along field lines over a distance, L, and

quantitatively corresponds to the expected scaling relationship,

L
a C

D
s

ps

≈
⊥

2

2
, (8)

where Cs  is the plasma sound speed. Consequently, the cross-field flux into the presheath zone

also decreases with this characteristic decay length along the field line. As long as the presheath of

the probe is ‘free-standing’, i.e., L does not extend into the presheath zone of other material

surfaces, the ion saturation flux density averaged over the area of the probe projected along

magnetic field lines is close to the familiar value, J nCsat s≈ 0 5. , independent of the size of the

probe. Here n  is the ambient density in the surrounding plasma.

Equating the cross-field flux to the plasma collection on the probe surface leads to the

relationships,

Γ⊥
⊥≈ ≈probe

sat psa J

L

D n

a2 2
, (9)

where Γ⊥ probe  is the magnitude of the cross-field flux near the electrodes caused by the presence

of the probe body. Therefore, this model leads to the expressions,
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     ′ ≈L
a Jsat

rn
2Γ

˜φ̃

   ;  ′ ≈⊥D
a

nps
rn

2 Γ
˜φ̃

  . (10)

 C. Geometry and profile corrected model

Consider the particle flux crossing into the shadow of the probe body in Fig. 8c. It may be

assumed that at a given radial location in the plasma ( r ), the cross-field flux densities directed

radially and poloidally across the boundaries of the probe shadow near the probe body proceed at

the same rate, Γ⊥ probe r( ) , and that this rate is equal to the value measured by the electrostatic

probes, Γ
rn

r
˜ ˜ ( )φ . In general, the characteristic length of the presheath zone can also be a function

of radius, L r( ). Based on this model, the total flux of particles into the volume of the probe

shadow can be estimated as

I aL L rshadow rn rn
r

b

≈ ′ + ′ ′∫2 2Γ Γ
˜ ˜ ˜ ˜φ φ∂ . (11)

As a practical matter, the upper limit to the integral must be set to a finite value, b , corresponding to

the location where some other objects in the plasma (local limiters or wall) begin to shadow the

probe along field lines. Therefore, equation (11) is a valid approximation only for those values of r

where it can be demonstrated that Ishadow  is insensitive to the choice for b .

The ion saturation flux density profile along the surface of the probe body, Jsat , can be

assumed to be similar to that quantity measured by the electrodes on the end of the probe body as

the probe is scanned across the SOL . The total plasma flux arriving on one side of the probe body

can therefore be estimated from,

I a J rbody sat
r

b

≈ ′∫2 ∂ . (12)
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Again, this is a valid approximation for only those values of r  where Ibody  is insensitive to the

choice for b .

If neutrals recycling from the probe body ionize primarily outside the presheath zone, then

particle balance requires, I Ibody shadow≈ . From Eqs. (11) and (12), the characteristic length of the

probe shadow must satisfy

′ + ′ ′ ≈ ′∫ ∫L
a

L r J r
rn rn

r

b

sat
r

b

Γ Γ
˜ ˜ ˜ ˜φ φ∂ ∂1

. (13)

This relationship can also be written in a differential form,

∂
∂ φ φr

L
a

L J
rn rn sat′( ) − ′ = −Γ Γ

˜ ˜ ˜ ˜
1

, (14)

or  equivalently,

∂
∂ φr

L e J e
rn

r a
sat

r a′( ) = −− −Γ
˜ ˜

/ /
. (15)

Integrating Eq. (15) yields

   ′ = ′ + ′− ′− − −∫L J e r L b b e
rn sat

r r a

r

b

rn
b r aΓ Γ

˜ ˜
( ) /

˜ ˜
( ) /( ) ( )φ φ∂ . (16)

Again, Eq. (16) is a valid estimate of ′L r( ) only for those values of r  where ′L
rn

Γ
˜φ̃ is insensitive

to the choice for b  and to the value of ′L b( ). Therefore, for this restricted range of r , Eq. (16)

becomes

′ ≈ ′− ′−∫L J e r
rn

sat
r r a

r

b1
Γ

˜ ˜

( ) /

φ

∂ ,          ( r r< max ). (17)

Comparing this expression with Eq. (10), one can see that the effect of the geometry and profile

corrections is to replace the scale length, a , in the probe disk model with a hybrid scale length,

involving a  and the radial decay length of Jsat . As might be expected, these expressions become
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identical when Jsat  decays with an e-folding length of a . Therefore from Eq. (8),

′ ≈
′

⊥

− ′ −∫
D r

J e r

n Jps

rn sat
r r a

r

b

sat

( )
˜ ˜

( ) /4Γ φ ∂
,          ( r r< max ). (18)

   D. Comparison of ′⊥D ps  and D SOL⊥

Figure 9 shows a comparison of ′⊥D ps  profiles inferred from Eqs. (10) and (18) and

D SOL⊥  profiles estimated from the SOL particle continuity model (outlined in section III.C.1).

D SOL⊥  is the effective cross-field particle diffusivity in the unperturbed SOL derived from flux

and gradient measurements, D nSOL PC⊥ ≡ − ∇Γ / . (Note that this is simply a definition.

Experimental evidence suggests that a local diffusion description of transport in the far SOL may

not be appropriate; cross-field fluxes occur in the far SOL in Alcator C-Mod even when the density

profile is flat55,56,46,48. This result is evident  in Fig. (9): D SOL⊥  tends to ‘blow up’ in a region near

ρ ~10 mm, owing to the nearly flat density profile there in high density discharges.)

Some observations can be made based on the comparison in Fig. 9:

(1) Both local particle balance models yield comparable ′⊥D ps  values with a strong

variation in ′⊥D ps  across the profile (particularity from the ‘geometry and profile

corrected’ model), depending on discharge density: The lowest density discharge shows

nearly a factor of 10 drop in ′⊥D psnear the separatrix while the highest density

discharge shows no such variation.

(2) Values of ′⊥D psare remarkably insensitive to the discharge density for ρ > 5 mm.

Typical values are ′⊥D ps~ 1 m-2 s-1.
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(3) D SOL⊥  also shows a strong variation across the profile (factor of 10), but the variation

persists independent of discharge density; the entire profile increases with discharge

density.

(4) Values for D SOL⊥  in the region ρ > 5 mm range between  0.1 and 10.0.

From observations (2) and (4), it appears possible that ′⊥D ps  represents the true magnitude

of cross-field diffusivity in the probe presheath zone ( D ps⊥ ), supporting the hypothesis that

Γ Γ
rn probe˜ ˜ ~φ ⊥ .

However, the magnitude of ′⊥D ps is clearly not directly tied to the magnitude of D SOL⊥ :

D SOL⊥  increases with discharge density to account for the increased particle flux across the profile

(increased ionization rate) and the flatter density profiles (see Fig. 4); ′⊥D ps is indifferent to this

global particle balance requirement. But, in light of recent observations of large-scale ‘bursty’

transport in the far SOL of Alcator C-Mod48,57,42, this inconsistency should not be entirely

unexpected: Cross-field transport in the unperturbed SOL appears to involve transport events with

spatial size-scale that is comparable to the width of the SOL. SOL transport physics may not be

adequately described in terms of a single local parameter, D SOL⊥ . Moreover, assuming this

physics also occurs in the probe’s presheath zone, net particle flux into the probe’s presheath

region would involve smaller size-scale transport events.

′⊥D psderived from both models appear to indicate a strong reduction in cross-field

transport near the separatrix for the lowest plasma densities. It is interesting to note that for the

highest density discharges, no reduction is seen; ′⊥D ps  is uniformly ~1 m-2 s-1 across the

separatrix. This observation is consistent with the overall behavior of the SOL in Alcator C-Mod:

As the density is raised, the distinct character of the fluctuations in the far SOL (i. e., bursty
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transport behavior) starts to invade the closed flux surface regions. In the highest density

discharges this bursty behavior is seen well inside the separatrix48.

V. DISCUSSION

Interpreting Γ
rñφ̃ as a measurement of the local particle fluxes in the unperturbed plasma in

Alcator C-Mod clearly leads to some apparent inconsistencies with respect to global particle and

energy balance. These problems mimic similar ones reported in other experiments, as outlined in

the introduction. However, the problems can be resolved if one considers the perturbation that the

probe body can have on these measurements: Γ
rñφ̃ can be dominated by the plasma flux ( Γ⊥ probe)

that is needed to ‘fill-in’ the presheath plasma zone formed by the probe body. The data and

analysis in this paper does indeed support the hypothesis that Γ Γ
rn probe˜ ˜ ~φ ⊥ , but only indirectly.

A direct comparison of ′⊥D ps  with D ps⊥  (or ′L  with L) could not be performed. Instead, values

of ′⊥D pswere compared with estimates of ‘unperturbed’ SOL values, D SOL⊥ .

It is important to know how to the properly interpret Γ
rñφ̃ from probes since conclusions

about plasma turbulence and the scaling of edge plasma conditions rely on these measurements.

For example, in a study comparing turbulence data from TEXT, ATF, ZT-40M, Phaedrius-T and the

Tokamak Fusion Test Reactor (TFTR) 58, it was found that the relationship,

Γ
rn

s n

c

nC L

L˜ ˜ .φ ≈ 0 5 , (19)

was approximately satisfied to within about a factor of ~2 over a range of Γ
rñφ̃ that spanned over

two orders of magnitude. Here Ln  is the density gradient scale length and Lc  is the characteristic

connection length to the limiter in these devices. Based on this relationship, it was concluded that
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one could simply infer Γ
rñφ̃ from the right hand side of Eq. (19) in discharges where Γ

rñφ̃ was

not measured directly. Under the implicit assumption that Γ Γ
rn plasma˜φ̃ ≈ ⊥ , further conclusions

about the scaling of D SOL⊥  where then made. However, an alternative explanation for the observed

relationship is that Γ Γ
rn probe˜φ̃ ≈ ⊥ . From the probe disk model [Eq. (9)],

Γ Γ
rn probe

snC a

L˜ ˜ .φ ≈ ≈⊥ 0 5
2

, (20)

which leads to the observed scaling relationship when a L L Ln c/ ~ / , a condition that is satisfied

when D Dps SOL⊥ ⊥~  . Although in this instance the conclusions that were made about D SOL⊥

may not change, the interpretation, Γ Γ
rn probe˜φ̃ ≈ ⊥ , is fundamentally different and could be

extremely important in other circumstances: Had the probe been inserted into a region of plasma

where Γ⊥ ≈plasma 0  in these experiments (perhaps well inside the limiter radius), then the probe

would still report a large value of Γ
rñφ̃ ( ≈ ⊥Γ probe ).

Recently, cross-field profiles of Γ
rñφ̃ were measured during discharges in Alcator C-Mod

which exhibited a quasi-coherent fluctuation, localized to a 1-2 mm region near the separatrix59. The

magnitude of Γ
rñφ̃ was found to peak very sharply in the vicinity of the mode layer, having values a

factor of ~5 or more higher than on either side of the layer. Although an enhanced particle flux

supported the overall observation that particle losses through the separatrix were higher in these

discharges, the shape and magnitude of the flux profile was a puzzle: How could this rapidly

varying radial flux profile satisfy the particle continuity equation across the separatrix and into the

SOL? Also, the large convected  power implied by the particle flux was difficult to reconcile.

However, the interpretation, Γ Γ
rn probe˜φ̃ ≈ ⊥ , offers an obvious explanation: When the probe is

inserted into the mode layer, particles are efficiently transported onto the probe body; this transport
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rate is not simply related to the transport rate in the unperturbed plasma.

One could imagine designing an experiment to directly determine conditions under which

the fluctuation-induced flux is a true measure of the transport flux in the unperturbed plasma. A

simple test might be to design a probe such as the ‘disk probe’ shown in Fig. 8b, but with sets of

electrodes spaced around the circumference of the disk. A strong gradient in plasma conditions

would be in the radial direction, while, ideally, the mechanical support for the probe would be

orthogonal to this gradient in the vicinity of the probe. If it is found that the flux at all points around

the circumference of the probe disk are directed toward the probe’s shadow, then the hypothesis,

Γ Γ
rn probe˜ ˜ ~φ ⊥ , would be explicitly proved. In that case, a probe such as that shown  in Fig. 1

would not be able to measure the transport fluxes in the unperturbed plasma.

VI. SUMMARY AND CONCLUSIONS

The reliability of an electrostatic probe to deduce the fluctuation-induced particle fluxes in

the unperturbed plasma has been critically assessed for a series of discharges in Alcator C-Mod.

Comparisons of the measured fluxes with those from global particle and energy balance show clear

inconsistencies in magnitude and profile shape which can not be simply resolved. These

observations suggest that the fluctuation-induced particle flux estimates made by the C-Mod probe

should not be interpreted as indicative of the transport in the unperturbed plasma. Similar

inconsistencies have been reported in other experiments. However, if the fluctuation-induced flux is

reinterpreted as a measure of the local flux into the probe’s presheath region, the inconsistencies

can be resolved. In this case, an effective cross-field diffusivity in the probe’s presheath zone can be

estimated from the fluctuation-induced flux measurement. Its magnitude is found to be in the range

of diffusivities in the unperturbed plasma, indirectly supporting the new interpretation. However, it

is not clear how this effective presheath diffusivity is related to the transport in the unperturbed

plasma; its profile shape and scaling with discharge conditions does not track the effective

diffusivities found from global particle balance. A simple experiment is suggested which might help
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identify the conditions (if any) under which the fluctuation-induced particle fluxes from an

electrostatic probe can be related to the transport rate in the unperturbed plasma.
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Fig. 1. A turbulence transport probe usually employs set of electrodes protruding from the
end of a probe body. Such a probe is typically inserted into a scrape-off layer with strong cross-

field variation in density ( n ) and temperature (T ). The probe body induces a density-depressed

(pre-sheath) plasma zone, extending along magnetic field lines over a characteristic distance ( L).
Cross-field plasma flow into the pre-sheath zone balances parallel plasma flow onto the probe
body.
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Viewing

Fig. 2. Cross-section of Alcator C-Mod showing locations of diagnostics and a plasma
equilibrium used for these studies. In addition to recording time-averaged density and temperature
profiles, the horizontal probe is used to record fluctuation-induced particle fluxes. Cross-field
fluxes are separately estimated from scrape-off layer particle balance, with the aid of plasma flow
measurements from the vertical probe and ionization profile estimates from the toroidally-viewing
Lyα diagnostic45.
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Four Langmuir Probe Elements:
   1.5 mm dia. tungsten wires,
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Fig. 3. Close-up view of electrode geometry for the horizontal scanning probe. Four
electrodes are equally spaced around the apex of a pyramid and machined to match its surfaces. The
NORTH and SOUTH probes record voltage fluctuations while the EAST and WEST probes
record ion current fluctuations.
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Fig. 4. Cross-field profiles for a range of line-averaged plasma densities ( ne ). Two or more
profiles are shown for each density case. Top two panels: Density and electron temperature from
horizontal scanning probe (smooth spline fit to data points). Third panel: Lyα emissivity from Abel
inversion of spline-fitted brightness data. Last panel: Ionization source strength inferred from data
in other panels. All data are plotted versus distance into the scrape-off layer, mapped to the outer
midplane.

___________________________________________________________________________
“An interpretation of fluctuation induced transport …”, B. LaBombard



10

100

 

-10 -5 0 5 10 15

0.1

1.0

1.8
1.5
1.0

2.4
3.0

ne

ρ (mm)

M
W

 m
-2

10
20

 m
-2

 s
-1

Fig. 5. Cross-field profiles of measured fluctuation-induced particle flux density (top panel)
and implied heat convection (bottom panel) corresponding to the discharges represented in Fig. 4.
Profiles deep inside the separatrix are obtained only in the highest density discharge. Particle flux
densities continue to increase inside the separatrix in apparent contradiction to global particle
balance.
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Fig. 6. Comparisons of total cross-field particle fluxes: fluctuation-induced particle flux
measurement (solid), flux from Mach 1 flow model (dotted), flux from SOL particle continuity
model (dashed). Each panel corresponds to a different discharge density. For clarity, curves from
only a single discharge is shown for the latter two parameters in each panel. Both the magnitudes
and shapes of the fluctuation-induced particle flux profiles are not easily reconciled with global
particle balance considerations.
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Fig. 7. Comparisons of total heat flux crossing magnetic flux surfaces: heat convection
from fluctuation-induced particle flux measurement (solid), same quantity from SOL particle
continuity model (dashed), heat necessary to support electron conduction losses to the divertor
(dotted). Each panel corresponds to a different discharge density. For clarity, curves from only a
single discharge are shown for the latter two parameters in each panel. The horizontal lines (dash-
dot) correspond to total input power and the power into the SOL in these discharges. The
fluctuation-induced fluxes lead to obvious inconsistencies in magnitude and shape relative to global
power balance constraints.
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radius = a

(b) Influence of a small disk-like probe body

(c) Actual probe geometry
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Fig. 8. Ideal turbulence probe geometry (a) and practical turbulence probe geometries (b
and c). In order to electrically connect and mechanically support three electrodes for a turbulence-
induced flux estimate, a probe body structure is required. A small ‘disk probe’ lends itself to a
simple transport analysis. The actual probe geometry is more complex, with significant variation in
plasma parameters  across the probe body.

___________________________________________________________________________
“An interpretation of fluctuation induced transport …”, B. LaBombard



-10 -5 0 5 10 150.1

1

 

-10 -5 0 5 10 15
 0.1

1

 

-10 -5 0 5 10 15
0.01

0.1

1

m
2  

s-
1

1.8
1.5
1.0

2.4
3.0

ne

ρ (mm)

geometry 
corrected
model

D⊥ SOL

disk
model

SOL
particle
balance

m
2  

s-
1

m
2  

s-
1

D⊥ ps '

D⊥ ps '

Fig. 9. Comparison of three effective cross-field particle diffusivity profiles: presheath
diffusivity from ‘probe disk’ model (top), presheath diffusivity from geometry-corrected model
(middle), and the unperturbed SOL diffusivity from SOL particle continuity model (note different
vertical scale). Profiles are obtained from the same set of discharges shown in Fig. 4. Both
presheath diffusivities have roughly fixed levels in the far SOL with a trend of decreasing values as
the separatrix is approached, depending on the density of the discharge. In comparison, the
unperturbed SOL diffusivity profile has more of a fixed shape, with its overall magnitude changing
with discharge density. Thus the presheath diffusivities do not appear to be directly related to
effective diffusivities in the unperturbed SOL.
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