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ABSTRACT

Far scrape-off layer (SOL) plasma parameters in DIII–D depend strongly on the

discharge density and confinement regime. In L–mode, cross-field transport increases with

the average discharge density and elevates the far SOL density, thus increasing plasma-wall

contact. Far SOL density near the low field side (LFS) of the main chamber wall also

increases with decreasing plasma current and with decreasing outer wall gap. In H–mode,

between edge localized modes (ELMs), plasma-wall contact is weaker than in L–mode.

During ELMs plasma fluxes to the LFS wall increase to, or above the L–mode levels. A large

fraction of the net cross-field fluxes is convected through the SOL by large amplitude

intermittent transport events. In high density L–mode and during ELMs in H–mode,

intermittent events propagate all the way to the LFS wall and may cause sputtering.
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1.  INTRODUCTION

Plasma contact with the main chamber wall in a magnetic fusion device should be

minimized in order to prevent the damage of the first wall elements by the plasma fluxes and

core plasma contamination with impurities. In most modern tokamaks the isolation of the

core plasma from the main chamber wall is accomplished by the use of a poloidal divertor

magnetic configuration [1], where a magnetic separatrix divides the core plasma from the

scrape-off layer (SOL). In an ideal picture of a divertor operation the plasma particles

crossing the last closed flux surface (LCFS) into the SOL stream along the open field lines

into the divertor volume, where most of the plasma-material interactions (PMI) occur.

However, experiments on Alcator C–Mod [2–3], DIII–D [4–6], ASDEX Upgrade [7], JET

[8], and other machines have shown that the plasma contact with the main chamber wall in

divertor machines may be significant. A number of studies have reported cross-field

convective transport of particles and heat in the tokamak SOL [2–4,6,8]. This transport,

intermittent in time and space, is attributed to coherent structures that are born in the vicinity

of the LCFS and propagate towards the wall due to E B×  drifts [9].

The intermittent structures in a tokamak SOL have been studied by Langmuir probes

[3–6,8] as well as optical imaging [10]. However, optical measurements are often limited to

the “near SOL” region (within 1–2 cm from the LCFS) due to insufficient light emission

levels in the far SOL. On the other hand, probes can resolve very low plasma densities,

making them suitable for studies of the far SOL regions that are most important for the main

wall PMI. In this article we report the studies of the far SOL and near-wall plasmas in

DIII–D that rely mostly on the data obtained by the mid-plane reciprocating probe array

[4–6].
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2.  DEPENDENCE OF THE FAR SOL PLASMA PARAMETERS
ON THE DISCHARGE CONDITIONS

Figure 1 shows a poloidal cross-section of the DIII–D tokamak with LCFS and a few

SOL magnetic flux surfaces for a lower single-null (LSN) discharge. Immediately adjacent to

the LCFS is the near SOL region where the magnetic field lines connect from the outboard to

the inboard side of the torus and terminate at the divertor plates or baffles at both ends. We

will refer to this region as “divertor SOL” (DSOL). Radially outwards from the DSOL at the

low field side (LFS) of the torus is a region where magnetic field lines terminate at the

toroidally symmetric “knee limiter” located at the upper outer side of the vacuum vessel. We

will refer to this region, marked by lighter shading in Fig. 1, as “knee limiter shadow” (KLS).

Further outwards from the KLS region is the “outer wall shadow” (OWS) region, shown by

the darker shaded area in Fig. 1, where the magnetic field lines terminate at the outer wall

near the mid-plane. Any plasma present in the KLS and OWS regions is directly contributing

to the PMI at the main chamber wall.

Knee limiter”

LCFS

Baffle

Outer wall gap

Midplane probe

Divertor SOL (DSOL)

Knee limiter shadow (KLS)

Outer wall shadow (OWS)

Fig. 1. Diagnostic arrangement and the structure of the
DIII–D low field side SOL in a LSN magnetic
configuration.

A large set of experimental data was collected over a number of low-power L–mode LSN

discharges with the following typical discharge parameters: toroidal magnetic field, BT = 2

T, plasma current, Ip = 1 MA, average plasma density, ne = − × −2 5 5 5 1019 3. . m . Radial
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profiles of the SOL plasma density, ne  electron temperature, Te and normalized density root-

mean-square (RMS) fluctuation level, ˜ /n ne e , for four different average discharge densities

are shown in Fig. 2. The profiles were generated by averaging the probe data over 1 ms time

intervals and plotting those versus the radial position of the probe. Profile generation process

and its implications are discussed in more detail in Ref. [5]. The shading in Fig. 2

corresponds to the convention of Fig. 1. The four density conditions in Fig. 2 correspond to

the Greenwald fractions (densities normalized to the Greenwald limit nGW ), fGW of 0.27,

0.35, 0.4 and 0.5.
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Fig. 2. SOL profiles of the plasma density (a), electron
temperature (b), and relative density fluctuation level (c)
in LSN L–mode discharges with Ip  = 1 MA and varying
average discharge densities, ne , of 2.8, 3.7, 4.3, and
5 3 1019 3. × −m .
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The SOL density profiles show three distinct regions: steep exponential decay in the

inner part of DSOL just outside the LCFS; flattening (slower decay) in the outer part of

DSOL; faster decay in the KLS region. As ne  increases, so does the density decay length in

the outer part of the DSOL, and the flattening of the density profile in this region becomes

more pronounced. The Te profiles do not change much with the density. The relative density

fluctuation profiles stay flat at about 0.3 through most of the DSOL under all density

conditions. We should note that the absolute density fluctuation level in the outer part of the

DSOL and KLS region does increase with the discharge density.

A number of LSN L–mode discharges had a lower plasma current, Ip = 0.8 MA. Profiles

of the SOL plasma density for four different values of ne  in lower Ip shots are shown in

Fig. 3. The density profiles are remarkably different from those in Fig 2. Except for the

lowest ne , the decay lengths are virtually constant through the SOL up to the OWS

boundary. The LCFS densities are comparable to those at higher Ip. The most notable

difference is observed in the KLS region where the local densities for comparable ne  differ

by a factor of 2–4 between the two Ip cases. The ˜ /n ne e   profile (not shown) is similar to that

at higher Ip, which means that the absolute ne fluctuation levels in the far SOL are higher in

the lower Ip case.
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Fig. 3. SOL profiles of the plasma density in LSN
L–mode discharges with Ip  = 0.8 MA and varying
ne  of 2.8, 3.7, 4.3, and 4 5 1019 3. × −m .

There could be a number of explanations for the difference in the far SOL densities

between the two Ip cases. In particular, the connection length from the outer mid-plane to the

divertor and “knee limiter” is longer for the lower Ip shots. However, the difference is not

dramatic, just about 25%. Still, a higher fluctuation level at lower Ip combined with an
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increased connection length may result in an increased ratio of the transverse to the parallel

particle transport, that in turn can lead to higher far SOL densities. We will present some data

substantiating this argument in the next section.

In all the above examples the density profile in the SOL is decaying exponentially in any

given region of the SOL, even though the decay lengths may be substantial (comparable to

the SOL width). Therefore, an increase in the outer wall gap (OWG) is likely to decrease the

main wall plasma contact. This is confirmed by the data shown in Fig. 4, showing the SOL

density profiles from the two otherwise similar L–mode shots (with two different ne  in each

shot) with OWG differing by about 2 cm. As expected, the far SOL density is notably higher

in the smaller OWG case.

Some of the LSN discharges had spontaneous transitions to H–mode. Fig. 5 shows the

radial profiles of the SOL plasma density under L and H–mode conditions. H–mode data had

a few ELMs that show up prominently on the profile. Quite obviously, between the ELMs ne

in the KLS region is well below that in L–mode, while during ELMs it increases up to the

L–mode level. Therefore, plasma contact with the main wall in H–mode is lower between the

ELMs and comparable during the ELMs to that in L–mode.
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Fig. 4.  Effect of the outer wall gap change
on the far SOL density in LSN L–mode
discharges.
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3.  INTERMITTENT PLASMA STRUCTURES IN FAR SOL

Previous studies of the cross-field convective transport by intermittent plasma structures

in DIII–D have been reported in Refs. [4–6]. The intermittent transport can be a dominant

cross-field transport mechanism in the far SOL [5] and is therefore likely to be the key to the

difference in the far SOL densities between the two groups of shots in Figs. 2 and 3. This

notion is substantiated by Fig. 6 showing 2 ms portions of the ion saturation current signals

from the outer side of the KLS region (corresponding to R ≈ 233 cm) in the two highest ne

shots from Fig. 2 (lower trace) and Fig. 3 (upper trace). Not only the time-average current is

higher by a factor of ~3 in the lower Ip case, it also features intermittent events that have

much larger relative amplitude than those observed in the higher Ip case. Enhanced cross-

field transport due to those events can explain the higher far SOL densities in the lower Ip

case.

0

0.25

Time  (ms)
0 1 2

I s
i

 (A
)

Fig. 6. Ion saturation current signals in the far SOL ( R  =
233 cm) in two LSN L–mode discharges with Ip  =
1 MA (lower trace) and Ip  = 0.8 MA (upper trace) at
comparable discharge densities.

It has been shown that the blobs dissipate particles and heat as they move towards the

outer wall [4–6]. However, in high density L–modes and during ELMs in H–mode the blobs

can propagate all the way to the outer wall. This is illustrated in Fig. 7 showing the time

series of the plasma density and temperature measured by the mid-plane probe in the far SOL

in high density L–mode (a,b), and H–mode (c,d) discharges. Large intermittent events are

obvious in all signals, appearing even in the OWL region in the L–mode case. The

intermittent spikes in ne  correlate with those in Te i.e. in high density discharges the

intermittent structures feature both densities and temperatures above the ambient conditions

even in the far SOL. This may have two consequences: first the intermittent structures can
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replenish themselves by ionization; and second, their relative contribution to the main wall

plasma interactions can be quite significant.
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Fig. 7. Time traces (plotted versus the radial position of the
probe) of the plasma density and electron temperature in the far
SOL of high-density ( ne ≈ × −6 5 1019 3. m , fGW ~ .0 6) L–mode
(a,b) and high density ( ne ≈ × −1 1020 3m , fGW ~ 1) H–mode
(c,d) discharges.
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4.  SUMMARY AND CONCLUSION

We have presented experimental evidence that plasma densities and temperatures in

DIII–D can be appreciable in the remote SOL regions where the magnetic field lines

terminate at the elements of the main chamber wall. Plasma-wall contact increases with the

discharge density. Increasing wall gaps can alleviate this problem to some extent. However,

even with extended wall gaps, bursts due to intermittent convective transport in high density

discharges, particularly during ELMs, are likely to reach the outer wall and cause erosion.

This does not present a significant problem for present day tokamaks. Yet, in future devices

like ITER with much higher power density and pulse duration, main wall erosion can be a

serious concern due to possible wall damage and core plasma contamination with impurities.

Therefore, it is essential to better quantify the consequences of the main wall plasma contact

in present day tokamaks in order to get reliable predictions and scalings for next generation

devices.
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