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Abstract. Three important physics issues for the ITER divertor design and operation are
summarized based on the experimental and numerical work from multi-machine database (JET,
JT-60U, ASDEX Upgrade, DIII-D, Alcator C-Mod and TEXTOR). (i) The energy load associated
with Type-I ELMs is of great concern for the lifetime of the ITER divertor target. In order t o
understand the physics base of the scaling models[1], the ELM heat and particle transport from
the edge pedestal to the divertor is investigated. Convective transport during ELMs plays an
important role in heat transport to the divertor. (ii) Determination of the SOL flow pattern and
the driving mechanism has progressed experimentally and numerically. Influences of the drift
effects on the SOL and divertor plasma transport were discussed. (iii) Carbon erosion and
redeposition are of great importance in particular for tritium retention via codeposition.
Characteristics of chemical yield at two different deposited carbon surfaces, i.e. erosion- and
redeposition-dominated areas, have been studied. Progress in the understanding of the chemical
erosion is reviewed.

1. Introduction

  Three important physics issues for the ITER divertor design and operation are summarized
based on the experimental and numerical work from multi-machine database (JET, JT-60U,
ASDEX Upgrade, DIII-D, Alcator C-Mod and TEXTOR).

(i) The energy load associated with Type-I ELMs is of great concern for the lifetime of the
ITER divertor target. Recently, scaling studies of the normalized ELM energy loss
(∆WELM/Wped) depending on plasma parameters, such as the effective electron collisionality
of the pedestal plasma (ν*ped ) and pedestal density fraction (ne,ped/nGW), have
progressed[1]. In order to understand the physics base of the scaling models, the ELM heat
and particle transport from the edge pedestal to the divertor is investigated [2]. Convective
transport during ELMs plays an important role in parallel heat transport and deposition to
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the divertor as well as energy loss from the edge in high-density ELMy H-mode plasmas.

(ii) Control of the divertor plasma and impurity ions is strongly influenced by parallel SOL
flow. Determination of the SOL flow pattern and the driving mechanism has progressed
experimentally using the Mach probe measurements [3], and numerically using the SOL
and divertor simulation code (UEDGE) with including drift effects [4]. Particle flux
towards the divertor is influenced by the plasma drifts. Consequences for the divertor
plasma characteristics in ITER are discussed.

(iii) Carbon erosion and redeposition are of great importance, in particular, for tritium
retention via codeposition, which is expected to occur during the initial ITER operation
with carbon target. Characteristics of chemical yield at two different deposited carbon
surfaces, i.e. erosion- and redeposition-dominated areas, have been studied [5]. Progress of
quantitative understanding of the chemical erosion is reviewed.

2. Studies of SOL Transport and Heat Load Due to Type-I ELM Energy Loss

ELM heat load is determined by plasma transport from the edge pedestal to the divertor as
well as ELM energy loss. The role of parallel electron and ion energy transport has been
investigated by heat flux measurements with infrared cameras and soft-X-ray emission from
hot electrons impinging on the divertor (indicating conductive transport). Electron power
pulses evaluated from the soft-X-ray emission in JET have similar duration to edge collapse
time by MHD (τMHD), and it decreases with increasing ne,ped, which shows that the proportion
of energy carried by hot electrons decreases[6]. Therefore, hot electrons play a decreasing role
in determining the divertor ELM energy flux with decreasing Te,ped and increasing ne,ped.

Energy deposition time from the IR
measurements (τIR

ELM) in JET, AUG and JT-
60U is well correlated with the characteristic
time for ion transport from the pedestal to
the divertor, τ//

Front
 = 2πRq95/Cs,ped where

Cs,ped is the ion sonic speed calculated from
plasma pedestal temparatures, while τMHD

remains unchanged (~250 µs). The good
correlation of τIR

ELM[µs] = 0.29(τ//
Front[µs])1.38

suggests that convective transport is
important for ELM heat deposition to the
divertor. The reason of τIR

ELM larger than
τ//

Front is probably that the averaged Te of the
plasma particles expelled with the ELM is lower than Te,ped, which is used to calculate τ//

Front.

In JT-60U, τIR (250-350µs) is comparable to the duration of ELM-enhanced ion flux and the
SOL flow velocity (i.e. Mach number increases to ion sonic level) measured with Mach probe
just below the X-point [7]. The convective heat flux, γ//[5/2kTi +5/2kTe +1/2mi(MCs)

2]sinθdiv

where γ// and θdiv are the ion flux and the field line pitch angle on divertor plate, reaches up to

Fig.1 Energy deposition time from IRTV and
characteristic time for ion flux to divertor
form database (JET, ASDEX-U, JT-60U)
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70-80% of the total heat flux measured by IRTV, provided that the ELM-enhanced particle
flux has Te, Ti and Cs measured at the pedestal. This is in agreement with the good correlation
found between τIR

ELM and  τ//
Front. The fraction of convective heat flux would be comparable to

or smaller than conductive heat flux, if Te, Ti and Cs for the averaged exhausted plasma are
used.

Above progress in the SOL transport study provides a good physics basis on which to
extrapolate present experimental results of Type-1 ELM energy losses to ITER. An
interpretation of ∆WELM/Wped database as a function of ν*ped (based on MHD instability
models produced by edge bootstrap current) suggested unacceptable value of ∆WELM/Wped

=0.15-0.2 for ITER (ν*ped~0.03). On the other hand, ∆WELM/Wped is small (0.1-0.15[8] and
0.05-0.1[2]) for the models based on the SOL convective transport, which would be allowable
for ITER divertor lifetime for an inclined target option [9]. Determination of conductive and
convective processes in the SOL is crucial for quantitative evaluation of the ELM energy loss.

3. Plasma Flow and Effects of the Plasma Drifts in SOL and Divertor

Poloidal variation of the parallel SOL flow, i.e. at high-field-side (HFS), low-field-side (LFS),
plasma top SOLs and the private flux region, were determined using reciprocating Mach
probes (JT-60U, JET, Alcator C-mod, DIII-D and AUG), which demonstrated a consistent
picture: net particle fluxes to the LFS and HFS divertors, but the SOL flow from the LFS SOL
to the HFS divertor through the plasma top for the ion ∇ B drift direction towards the
divertor. At the same time, in the private flux region, drift flow to the HFS divertor is
produced by large ErxB drift [10]. Particle fluxes towards the HFS divertor are experimentally
investigated with increasing en  in JT-60U[3]
as shown in Fig.2, where nGW =5.2x1019m-3.
Drift flux (Γp,drift

HFS) is away from the HFS
divertor, and its fraction decreases from 50%
to 10% with increasing en . Thus, net particle
flux (Γp

HFS) is always towards the HFS
divertor. On the other hand, the drift flux in
the private region (Γp

Prv) is comparable to or
larger than Γp

HFS under the attached divertor
condition. HFS-enhanced asymmetry in
divertor ion flux is produced mainly by Γp

Prv.

Various mechanisms producing the parallel
SOL plasma flow such as ExB, Bx∇∇∇∇ B and diamagnetic drifts were recently discussed. The
numerical approach to understand the SOL flow pattern has progressed using the UEDGE
code with the drift effects included [11]. Results for a JT-60U L-mode case [4] show that the
SOL flow is produced from LFS midplane to HFS divertor, which is caused mainly by ion
Bx∇∇∇∇ B drift. Mach numbers of the SOL flow are 0.1-0.2 at LFS and increase from 0.2 to 0.6 at
HFS with en  (as shown in Fig.3), which are smaller than and comparable to the measurements
at en =1.5x1019 m-3 (0.3-0.4 and ~0.4), respectively. Simulation of H-mode plasmas suggests
that the effect of drifts becomes more important in H-mode as the radial temperature gradient
scale length is smaller, and that the existence of large parallel pressure gradient drives fast flow.

Fig.2 Particle fluxes towards HFS divertor,
Γp

HFS and Γp
Prv, and ratio of drift flux,

Γp,drift
HFS/Γp,//

HFS  as a function of ne. where the
ion grad-B drift direction is towards divertor.
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Simulation also suggests large carbon ion flow in the private flux region similar to the plasma
drift flow, which may lead to accumulation
of carbon on HFS divertor plate.

Although high density core plasma
( en /nGW ~0.85) is sustained in ITER,
electron collisionality of the SOL plasma is
relatively low (νe

SOL =Lcl/λee~5-10) since
Te at separatrix (~150 eV) would be high
where ne ~3.5x1019 m-3. Relatively large Er

is expected in such low νe
SOL, which

corresponds to database at en /nGW~0.4 in
Fig.2, and Γp,drift

HFS/Γp,//
HFS of ~30% would

be anticipated. At the same time, the ErxB
drift flow in the private flux region is
expected just below the X-point since the
detachment is localized near the strike-points. Particle flux towards the divertor would be
influenced by these drifts, and a design work including the drift effects will be useful to
optimize the divertor and pump geometries.   

4. Chemical Erosion Under Fusion Relevant Condition

Over the last two years many tokamaks and laboratory experiments have been carried out to
better characterize the chemical erosion yield of carbon for ion flux density of 1021-1023 m-2s-1

and low impact energies. However, there are several aspects of erosion/redeposition that are
uncertain and require further investigation in current machines in order to extrapolate reliably
to ITER. One particular complication arises from differences in chemical erosion yields
between areas of net erosion and net re-deposition; the structure of the re-deposited carbon
films (containing hydrogen isotope) also depends on the energies of the incident ions and
neutrals [5].

On the re-deposition dominated areas, carbon can be deposied in the form of soft layers, and
re-erosion proceeds due to atomic and low energy ion fluxes. This is observed for example in
the JET HFS divertor, which is routinely detached and exposed to high density and low
energy hydrogen atoms and molecules. In this process, contribution of higher hydrocarbons to
the total sputterd carbon atoms was found to dominate (i.e. half of the total methane). Large
contribution (~80%) from higher hydrocarbons was also found in simultaneous CD and C2

measurements of JT-60U LFS divertor [12] (where net erosion dominated) at surface
temparature, Tsuf, of 440 and 560K. Overall chemical yields are large between 7 and 20% for
the two tokamaks, and large influence of Tsuf on the chemical yields was observed. Thus,
contributions of higher hydrocarbons and generation conditions should be clarified in order to
infer chemical yield under the higher flux density

On the net-erosion dominated areas (mostly in the LFS divertor of most devices), overall
trends indicate that chemical yields between 3-5 % are a good guess. There are weak
indications of flux dependence for JET[13] and TEXTOR(limiter)[14] up to flux density of 5-
10x1022 m-2s-1 as shown in Fig.4. At the same time, most data show a week dependence on

Fig. 3 Profiles of Mach numbers at HFS SOL
(above HFS baffle): measurement (circles, ne

=1.5x1019m-3) and simulations for three ne scan.
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Tsuf (in 400-600K). Here, methane-origined
chemical yields are plotted for JT-60U due
to large contribution from higher
hydrocarbons compared to those in other
tokamaks. The yields slightly decrease at
high flux (Γ−α, α=0.1~0.4) and Tsuf

dependence is larger than other tokamaks.
Yields for ASDEX-U decreased to ~1% as
Γ−α, α~0.7 [15], and very low chemical
yields (lower than 0.3-0.5%) was reported
in DIII-D long-exposed tiles [16].

To date no definitive conclusion can be drawn on carbon chemical erosion yields at high flux
density in ITER (several 1023 m-2s-1). More experiments are needed to better determine the
extent to which parameters other than flux (e.g., energy, re-deposition, photon efficiency and
viewing geometry in spectroscopic measurements, yields of higher hydrocarbons etc.) affect
the observed erosion rates in current machines.

5. Conclusions

Understanding of important physics issues for the ITER divertor design and operation, (i)
divertor heat load associated with Type-I ELMs, (ii) parallel SOL plasma transport produced
by the SOL flow and drift flow, have been progressed based on the experimental and numerical
work from multi-machine database. (iii) There has been some progress in the characterization
of chemical erosion yields in C-clad divertor tokamaks. In order to make reliable extraploation
for ITER, the R&D program needs to better address the physics of the erosion mechanisms
and the transportation and redeposition of eroded material and resulting mixing effects.
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Fig. 4 Chemical erosion yields of Methane
as a function of ion flux density.


