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Abstract: Recent research in Scrape-Off Layer (SOL) and divertor physics is reviewed; New
and existing data from a variety of experiments have been used to make cross-experiment
comparisons with implications for further research and ITER. Studies of the region near the
separatrix have addressed the relationship of profiles to turbulence as well as the scaling of the
parallel power flow. Enhanced low-field side radial transport is implicated as driving parallel
flows to the inboard side. The medium-n nature of Edge Localized Modes (ELMs) has been
elucidated and new measurements have determined that they carry ~10-20% of the ELM
energy to the far SOL with implications for ITER limiters and the upper divertor. The
predicted divertor power loads for ITER disruptions are reduced while those to main chamber
PFCs increase. Disruption mitigation through massive gas puffing is successful at reducing
PFC heat loads. New estimates of ITER tritium retention have shown tile sides to play a
significant role; Tritium cleanup may be necessary every few days to weeks. ITER’s use of
mixed materials gives rise to a reduction of surface melting temperatures and chemical
sputtering. Advances in modelling of the ITER divertor and flows have enhanced the

capability to match experimental data and predict ITER performance.
PACS: 52.25.Fi, 52.35.Ra, 52.40.Hf, 52.55.Fa, 52.55.Rk
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1. Introduction

The interaction of plasma with surrounding Plasma Facing Component (PFC) surfaces will
have considerable impact on the performance of fusion plasmas, the lifetime of PFCs, and
the retention of tritium in next step Burning Plasma Experiments, such as ITER. This paper
on recent Scrape-Off Layer (SOL) & divertor physics research, primarily the work of the
International Tokamak Physics Activity (ITPA) SOL/Divertor group, reviews the
considerable progress achieved in the last several years. Earlier, more in-depth reviews of

work in this area, are available [1-3].
2. Transport

Recent research has provided insight on the physics that controls the steady-state transport
and cross-field profiles that are observed in the Scrape-Off-Layer (SOL). Studies of the
density and temperature profiles just outside the separatrix (within one density scale length,

A, — the ‘near’ SOL) in C-Mod [4] have shown that the local radial pressure gradient, Vp,



depends on the local normalized collisionality, v* (v./L, where v, is the electron-electron
collisionality and L is the connection length from the midplane to the divertor). Moreover, a
potential connection to the underlying turbulence that determines the gradients is made: at
fixed values of normalized collisionality parameter (characterized as the ‘diamagnetic
parameter’, @), electron pressure gradients in the near SOL increase with plasma current
squared, holding the MHD ballooning parameter, o, [5, 6], constant. A parallel analysis
of ASDEX-Upgrade density and temperature scale lengths in the region of the separatrix
(both inside and outside) during ELMy H-modes [7] showed that the temperature decay
length, A;, correlates with the density decay length, A,, as 1, =A,/A; = 2. Reference [7]
indicates that an inward particle pinch, driven by drift-wave turbulence, should drive 7, to a

limiting value of 2.

While the above single-machine analyses potentially give new insight into the connection of
steady-state profiles to the underlying physics of radial transport, empirical extrapolation
can also be made to ITER. A multi-machine database of plasma profiles in the region of the
separatrix has been compiled and analyzed for the local temperature gradients under the

1.5 assumption that electron thermal conductivity is

average = 0.86, 6 = 0.14 |
dominant (ion channel ignored) [8]. Thomson

profile data was utilized for all tokamaks in the

—
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Figure 1: Ratio of parallel power e-folding 1.6 — 4.0MW, JT-60U: 4.5 — 5.5MW). Based on

length, Xq, to device major radius, plotted vs

— JT-60U + -
0.0 :

separatrix density normalized to the that database and the known relationship
Greenwald density. The average and standard .
deviation for the dataset are shown. between SOL parallel power flow (conduction)

and temperature e-folding lengths mapped to the
low-field side midplane, namely A =2A./7 [9], one can derive A, for those tokamaks
included in the study. The result is shown in Fig. 1 where the power flow gradient scale
length normalized to device linear size (R, major radius), A /R, is seen to be approximately
constant within the significant scatter of the data. Such a scaling indicates that the resultant

peak parallel power flow in the SOL, gy, which is proportional to Pg, Aqes/(RA,), scales as



Py /R if one holds the aspect ratio, A, and edge safety factor, g5, and therefore normalized
connection length, constant. There are several implications of such a scaling: First, it
surprisingly suggests that present devices in fact span the level of parallel power flow

density (W/m?®) predicted for ITER (see Table 1), allowing direct empirical comparisons

Parameter C-Mod DIII-D JET ITER
a (m) 22 .6 1.2 2

R (m) 0.67 1.7 2.96 6.2
Puiuxma (MW) | 6.0 15 25 50
Pa (MW) 0 0 0 80
P/R (MW/m) 9 8.8 8.5 21
P/R* (MW/m?) | 13.4 5.2 2.9 34

Table 1: Comparison of the operating parameters (maximum auxiliary heating power) for
various tokamaks with that of ITER. ASDEX-Upgrade and JT-60U are assume to be
essentially the same as DIII-D and JET respectively for this comparison.

between present devices and ITER. Second, it appears that A, proportional to R is at odds
with the popular use of the SOL P/R scaling [10], which fundamentally sets the
requirements for matching SOL temperature scale lengths across devices through
dimensionless arguments, as also being the important figure of merit for heat exhaust (e.g.
[11]). The linear scaling with major radius of Fig. 1 extrapolates to a A, for ITER of order 6
mm with significant uncertainty. We have more confidence in the A, dependence on R than
in the absolute value predicted for ITER at this time. On the other hand the prediction of this
multi-machine study is similar to other extrapolations of midplane A, to ITER based on
analysis of ELM-averaged divertor power deposition profiles [12, 13]. Lastly, such short
values of A, are also predicted by modeling of ITER [14]. It is important to note that the
modeled parallel power flow profile incident on the divertor is not as narrow as that
predicted from the above empirical scalings; Flux expansion in the divertor region lowers
the parallel flow per unit area of flux tube. Experimentally, it is found that there can be an
additional factor of three or more broadening of the heat load profile at the divertor plate
beyond that due merely to flux expansion, probably the result of higher power losses
(primarily radiation) near the separatrix relative to farther out in the SOL. It is also possible
that the observed divertor heat load broadening may be due to enhanced cross-field heat
transport there and/or the effect of flux tubes passing close to the x-point. Further studies are
needed to confirm the scaling indicated in Fig. 1 in absolute value as well as with regard to

potential dependencies on power. In addition we must compare the divertor heat load



profiles with that obtained upstream to better understand the processes that are playing a

role in heat load broadening.

Further from the separatrix (in the ‘far’ SOL) the density gradients are weaker leading to
substantial densities there [15-17]. The inferred steady-state cross-field ion transport in the
far SOL is convective during L-mode [18, 19] as well as during, and between, ELMs [19].
The inferred ‘effective’ convective radial velocity increases as a function of distance from
the separatrix from v, ~ 20 m/s to ~ 100-200m/s. Dimensionless comparisons of this
convective steady-state transport among three tokamaks (L-modes) shows little or no
dependence on local dimensionless parameters (p*, v¥*, ) [20, 18]. This characteristic
independence of local parameters in the far SOL may be due to the blob filament being born

at a point in the near SOL, far away, and thus not having local characteristics.

Based on the above convective velocities we can make an estimate of the radial ion fluxes in
the ITER far SOL. Taking predicted density profiles for the ITER SOL [21], we select the
density at the second separatrix radius (4 cm at the midplane) which corresponds to the edge
of the model grid, 4x10" m™. Given that the near SOL width scales roughly with major
radius (4 mm in C-Mod [18], 1 cm in DIII-D [18], 2 cm in JET [20]) then the ITER second
separatrix will be located near the transition between near and far SOL regions. The ITER
radial convective velocity there would then be ~20m/s (v, is independent of local plasma
characteristics). Together with the ITER surface area, 940 m?, the resultant total wall flux
would then be ~7.5x10%*/s, a value similar to current tokamaks [22, 23]. This is probably a
lower estimate of the wall fluxes and resultant Be source given that we do not yet know how
flat the far SOL density profile will be nor can we predict the Be source due to ELMs (those
issues will both be discussed later). Assuming a sputtering coefficient of 1%, the Be source
would then be ~ 7.5x10%/s, again similar to the total C source rate in current tokamaks [24,
23, 3]. We can estimate the core B content by assuming reasonable values for impurity
confinement time, T,,,, at the level of the energy confinement time of 3.7s in ITER [1], a
plasma volume, Vg, of ~ 840m’, and a high transmission of impurities through the SOL,
n, of 0.1 (e.g. [25]). The core Be density is then given by ng, ~ I'g. jypunX N X(Tiny/ Virer) ~

3

3.5x10m”. For ITER volume-averaged densities of order 1x10*m” the impurity

concentration would be of order 0.4% (Z due to Be ~ .05).



Taking this prediction one step further we can examine what the Be erosion rate implies for
T co-deposition with Be. On present devices such “main-wall” impurity source rates appear

to set impurity film growth, and hence T

1.00 g

co-deposition rates, at the inner divertor

<
[23]. For a T co-deposition rate of ~0.1 %
T/B at surface temperatures ~ 200 °C g 0.10 §
([26] and other studies referenced €

therein) ITER PFCs would retain <
7.5x10"T/s or 0.15¢ T per 400s 0.01

discharge, quite low. The uncertainty of

the T co-deposition is very large given

that the measured T/Be level has been

be
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Figure 2: The mean free path for neutrals (due to
ionization and charge exchange) vs normalized radius
is shown for ITER and Alcator C-Mod. The ITER
density profile for the 2 cases shown is the same from
the separatrix to the edge of the model calculation.
From that point further outward into the SOL we have
assumed that the density either falls exponentially

measured to very temperature
dependent, dropping rapidly from of
order 20% at room temperature to 1% at
400°C. T retention in ITER is predicted

to be higher than this simple estimate

based on methods covered elsewhere in

this paper such as post-campaign tile

(lower opacity) or is flat (higher opacity). Three density
cases for C-Mod are shown corresponding to n/ngeenwaia

of ~0.15,0.22, and 0.36 [18]. The opacity increases as
the density increases.

analysis and  detailed  transport

modelling.

The above-referenced code prediction of the ITER SOL density profile [21] is based on
diffusive transport in the SOL, not the convective transport described earlier. If, as
speculated [20], the opacity of the SOL to recycled neutrals plays an important role in
raising the density in the far SOL, then the ITER SOL density profile could be broader than
presently predicted by fluid models. Again utilizing the model predictions of the ITER SOL
density profile we can calculate the penetration of neutrals through it. In Figure 2 we have
compared that calculation to that for the Alcator C-Mod SOL, which, of current tokamaks,
most closely approaches the ITER conditions for neutral opacity. The C-Mod SOL density
profiles can be very flat at densities far below the empirical Greenwald density limit [27]
which ITER operates near to. The similarities to C-Mod raise the possibility that the ITER
SOL will be broader than presently modeled based on pure diffusive transport leading to

higher densities and higher radial fluxes than calculated above. Further understanding of



how radial ion fluxes scale to ITER, both for L- and H-mode, and the role of SOL opacity to

neutrals, are needed to predict the steady state plasma wall interaction in ITER.

The emerging picture of how turbulent transport leads to the observed steady-state profiles
is that instabilities in the near SOL give rise to plasma filaments (aligned along B), or
‘blobs’, that are radially ejected and carry plasma into the far SOL (100-500 m/s) [3]. Such

behavior would be consistent with the convective characteristics derived from analysis of

time-averaged profiles as discussed above. 12 L/;\PD ' ' '

The streaming of such density clumps into 10:_ .(”near) ]

the far SOL is also consistent with the éo, 8' '

(2] + {
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Figure 3: Turbulence filament cross-section size
and radial velocity in the SOL normalized to the
ionization, which competes against particle local ion Larmor radius at the electron

) . temperature, p,, and the local ion sound speed, c,,
losses along open field lines [28]. for a number of devices.

plasma in the filaments can be sustained by

We have abstracted the physical size and velocity of the blob filaments from published data
for both tokamaks and linear devices [29-32, 15, 33-36] and normalized them to the local p;
and c, respectively, Fig. 3. The appearance of radially moving filaments in a linear machine
[33] has been attributed to interchange modes driven by the frictional force due to neutral
flows. Note that two different primary techniques were used to obtain the measurements
included in Figure 3, namely optical (1D and 2D images), and through the use of Langmuir
probes. Even so the resultant blob/filament velocities tend to be of order a few percent of
the local ion sound speed across an assortment of machine sizes and types (spherical
tokamak, or ST, vs tokamak vs linear machine). While some experiments find a correlation
of filament cross-section size with velocity, leading to larger and faster blobs near the
separatrix [30, 37, 32, 15], there is also evidence that the filaments can have constant
velocities in the SOL [35]. The large variation in normalized filament cross-section size
seen in Fig. 3 is probably not due to differences in measurement techniques used: 1) At least
three sets of size data (NSTX, MAST, C-Mod) are inferred from images; and 2) the ST data
strongly correlate, as they should. There may be too strong a field dependence in the

normalization (p,) used which would be consistent with the lack of blob velocity or size



dependence on magnetic field in a single machine [31]. When the normalization of the data
of Figure 3 is changed to that suggested by Myra (a*, v* [38]) the general scatter in Figure 3
is similar. However, if some adjustment is made for the filament length being shorter in

spherical tokamaks then the ST results move closer to the other tokamaks.

There has been significant work investigating the relationship of the measured turbulence to
the underlying physical processes. For example experimental measurements of the 2D
potential and density distribution in the SOL show that the electric field of the turbulence-
induced dipole structure is oriented such that the resulting ExB drift points radially outwards
[35]. This finding is consistent with the basic models for radial propagation of fluctuation
structures and suggests that this propagation is caused predominantly by curvature (although

this is obviously not true for the linear machines).

There are several recent review papers detailing experimental, theoretical and modelling
work in this area [39-41]. Some models have had success matching measured statistics and
turbulence characteristics (e.g. size and velocity) [42, 31, 38]. In the most recent work
comparing the electrostatic code ESEL with TCV [17, 43] and JET far SOL data [44] the
model matched some of the turbulence characteristics but also the resultant SOL density
profiles. The different experimental scalings of local plasma characteristics described earlier
for the near (dependent on local pressure gradients) and far SOL (independent of local
parameters) imply that different regions of the SOL appear to be governed by different
processes. Those dependencies could be interpreted as due to electromagnetic effects in the

near SOL where 3 is highest [4] and electrostatic effects in the far SOL [17, 43].

Inclusion of an approximation of such turbulent transport into predictive, fluid models of the
divertor and SOL is being addressed at various levels. These include characterizing the
time-averaged transport with spatially varying transport coefficients, usually including
convection, the characteristics of which are deduced from experimental data or turbulent
simulations. For the majority hydrogenic species, the convection is assumed, based on
experiment [28, 18], to increase rapidly between the separatrix and the chamber wall giving
a strong outward flux [45, 46]. Impurity transport is less well characterized, but arguments
and modeling using a combination of outward and inward convection depending on the
charge state have been presented [45]. To obtain direct information from turbulence for
transport modeling, more detailed coupled simulations have been reported [46] where the

turbulent hydrogenic fluxes are averaged over a time window of adjustable duration. These



approaches that use either fixed, time-averaged transport coefficients, or turbulent fluxes
partially averaged over a time window, may miss significant details related to strongly
intermittent processes (depending on the time-window size) for the highly nonlinear SOL

transport response.

Parallel flows in the SOL play an important role in

impurity transport, ideally sweeping impurities to 5 1 I I

the divertor before they can diffuse into the core 50_5_ |

plasma. Flows also play a central role in the co- E

deposition of D with carbon in present day E o —
tokamaks and are associated with concerns for T E Outer SOL Inner SOL
retention in ITER [23, 47]. Collecting Mach probe '0-50 ' l '

0.5
Flux-tube coordinate, S
Figure 4: Parallel flow measurements in the

tokamaks, we find a fairly consistent flow pattern SOL made by Langmuir probes at a number
. . . of points from the inner to outer divertor. S
between divertors (Fig. 4) where all cases are with  1anees from 0 at the outer divertor to 1 at the

measurements from a number of divertor

inner divertor. Positive Mach number (flow)

BxVB towards the lower divertor (lower, single- .
corresponds to flow towards the inner

null plasma). The flows appear to reverse direction

in the region between the low-field side midplane and the outer divertor. The flows also
approach Mach 1 in the SOL at the high-field side midplane. This level of flow asymmetry
between the low- and high-field SOLs is stronger than would be expected from fluid code
modelling including drifts which, for example, predict that the Mach number should be
highest at the midplane at the high- and low-field SOLs (due to Pfirsch-Schlutter flows). It
has been proposed that the strong radial ballooning transport across the separatrix at the
low-field side drives a poloidal pressure imbalance in the SOL which, in turn, drives flows
along B to the inner edge [48, 49, 43], indicates that such pressure-driven flows add to and,
in some locations, dominate drift effects (e.g. at the top of the machine with BxXVB down
[50]). The support for this pressure-driven flow hypothesis comes from several sources;
First, high-field SOL probe measurements from C-Mod have demonstrated a pressure
imbalance with respect to the low-field SOL consistent with that needed to drive flows [48].
Secondly, probe measurements at the top of the limiter tokamak Tore Supra, made while
shifting the recycling limiter intersection poloidally, show the same poloidal flow imbalance
as in divertor tokamaks [49]. This greatly strengthens the credibility of the proposed
pressure imbalance model while at the same time demonstrating that the effect is

independent of the existence of a separatrix. Lastly, low-field side Mach flow profile



measurements from TCV evidence a field-direction independent component consistent in
magnitude and direction with the enhanced low-field side radial transport and resultant
pressure imbalance discussed above ([51] and references to similar profile measurements

therein).

A further connection between low-field side transport and parallel flows is indicated
through studies of turbulence. Langmuir probe measurements of SOL turbulence have
shown a dynamical relationship between transport and parallel flows; As the size of the radial

transport events increases, parallel flows also increase [52].

We note that any steady state flow of particles to the high-field side along field lines must
be balanced by a returning flow across the LCFS, into the core and back to the low-field
side again. Such a current could be carried by either ions (pinch) or neutral ionization.

Experimental verification of such a process has not yet been made.

3. Edge Localized Modes (ELMs)

While the general transport discussed above generates steady state heat loads on PFC
surfaces ELMs deposit large amounts of energy in a short time, and in some cases in a
toroidally-localized fashion, that can lead to strong excursions in PFC surface temperatures.
While the majority of ELM energy is deposited on divertor surfaces a significant fraction is
carried to surfaces outside the divertor. There are obvious concerns that ELMs will lead to
material erosion and reduced PFC lifetime. An additional concern is that even without
erosion, thermal shock can lead to degradation of material thermo-mechanical properties.
An example of such damage is that the ductility of the PFC (such as tungsten) is reduced

leading to an enhanced probability of mechanical failure or spalling (erosion).

There has been considerable effort to characterize the ELMs in the SOL: Toroidal mode
numbers are typically in the range n~2-20 [53-55], similar to the mode structure from
stability analysis at ELM onset. The ELMs initially rotate toroidally (and poloidally) at high
velocities (10s of km/s), similar to that of the main plasma. In MAST plasmas visible
images show that the ELM toroidal rotation slows after 10’s of microseconds simultaneous
with a radial acceleration [56, 57]. Analysis of the divertor target power load pattern during
ELMs in ASDEX-Upgrade also indicates that the toroidal rotation of ELMs is largely
suppressed as the ELM propagates radially across the SOL [53].

10



Similar to the compilation of turbulent blob filament characteristics discussed above in
Section 2 we have abstracted the physical size and velocity of the ELM filaments from
published data [58, 59, 56, 60, 57, 55, 61, 62], all normalized to their respective pedestal p,
and c,, Fig. 5. The scatter in both ELM filament size and velocity is potentially due to a host
of variables including type of ELM, ELM energy, local plasma parameters, and the
disparate measurement techniques (from Langmuir probes to image analysis). Radial
velocities vary widely across devices (0.5 — 8 km/s), as well as within a single device (e.g.

[59, 37, 56]). The range in measured ELM filament sizes is also quite wide - radial widths

vary from 5 mm [62] up to 5-10 cm [56, 55, 6; ' ' ' '

61]. There is evidence that the filament 5_‘ ]
cross-section is not circular; Based on g 4+ 8
toroidal images of filaments from C-Mod (¥ 3_ ]
and NSTX [55, 62] radial widths are ~ Smm \E 2 - ! 1
and 30mm respectively while the respective > 1 ;_% % NSTX _
poloidal lengths are a factor of 3-5 times 0; y [ 600 YO AS% ]
larger. In  contrast to  turbulence 0 10 20 30 40 20

radial ELM size/ps
Figure 5: Radial cross-section size and radial

utilizing imaging techniques (Alcator C- velocity of ELM filaments in the SOL normalized
] ] to the ion Larmor radius at the electron
Mod, MAST, NSTX) infer ELM filament (emperature, p,, and the ion sound speed, c, for a

blob/filaments the three experiments

variety of devices (see text). The normalization

sizes that, when normalized to p,, are fairly quantities are evaluated for pedestal parameters.

well grouped. p, may be a reasonable scaling

parameter for ELM size.

The initial period while the ELM is strongly rotating toroidally is also the period when most
of the ELM energy is lost to the divertor (~80-90% of the overall ELM energy loss). New
detailed measurements of the divertor ELM power flux have confirmed that the timescale
for the ELM divertor power flux rise (similar to that of the ELM temperature rise time) is
correlated with the parallel ion transport timescale, in good agreement with expectations
from modeling [63-65]. On the basis of this, the power flux rise time for ITER is expected to
be in the region of 250-500 us. Figure 6 shows that during this time interval typically less
than 30% of the total ELM divertor energy flux reaches the divertor target [66, 67], the
remaining arriving in a time interval typically three times longer than that of the power rise
time. Compared to previous estimates of power loading based on a square-wave power-flux

waveform [1], the new predictions of the ELM power deposition time dependence decreases
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the expected divertor surface temperature rise in ITER following an ELM of given

magnitude and duration and the corresponding expected erosion [68, 69].

The divertor heat load pattern during the initial period when the ELM is rotating is similar in
width to that between ELMs. In order to reconcile this toroidal uniformity with the ELM’s

toroidally-discrete nature one can invoke enhanced cross-field energy diffusion or field line
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Figure 6: Proportion of the ELM energy revealed an asymmetry in divertor heat loads
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(2:1) favouring the inner target for normal

the X-point in lower single-null discharges) [51,
65]. This asymmetry is opposite to the behaviour
in L-mode or inter-ELM H-mode JET plasmas [72]. While data exist only for a small
number of reversed-field discharges in JET and ASDEX-Upgrade plasmas with low ELM
energies, they show that that the ELM energy deposition asymmetry also reverses [65].
These trends are not yet explained. But it is clear from ASDEX-Upgrade that the ELM
energy asymmetry is well-correlated with the passage of net charge from one target to the
other [65]. These currents reverse direction with field reversal and there is no net current
flow when the ELM energy loads to the targets are in balance (independent of the full ELM
energy on the target). Under the assumption that the plasma temperature asymmetry, which
drives thermoelectric currents, correlates with the power asymmetry (higher power flow to
the outer divertor plate results in higher T, there) then when the power asymmetry reverses
during an ELM, the current asymmetry should as well. Since the current asymmetry does
not reverse during ELMs and, if fact, increases in value, the currents are believed not to be

thermoelectric in origin, in contrast to the inter-ELM current flow [65].

In contrast to the relatively smooth ELM heat load profiles peaked near the divertor strike-

point which are observed as the ELM is toroidally rotating (discussed above), the loss of
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energy to the divertor during the ELM’s radial propagation away from the separatrix,
combined with the toroidal mode structure of the filaments discussed above, is evident in
heat flux striations outboard of the divertor strike-point [71]. The heat loads corresponding
to such striations are much lower than for the main ELM heat load deposited earlier in the

ELM lifetime.

Eventually the ELM’s radial trajectory leads it to impact surfaces outside the divertor. At
that point the filaments can still carry a significant fraction of the total ELM energy,
typically in the range of 10-20% [73, 57]. Such convected fluxes are also predicted for
typical medium Type I ELMs on JET using a recent model of ELM filament parallel
particle and energy loss [67]. Extrapolation to ITER based on this model gives similar
fractions of type I ELM energy delivered to main chamber PFCs [67]. Both model and JET
experiments indicate that ions cool more slowly than electrons in the filament (through
parallel losses) as it travels across the SOL [74]. Of course high T, ions impacting main
chamber PFCs are a concern since this enhances physical sputtering and impurity influxes,
the level of which is dependent on PFC material choices there [23, 47]. Even with toroidal
mode numbers of order 10 each individual filament carries ~1% of the total ELM energy
and can lead to localized heat loading over small areas (10-20 cm?®) [73] of toroidally-
discontinuous PFCs in a very short period, 100-200 usec. Averaged over a number of
ELMs, the ELM-derived deposited heat flux has a more poloidally-continuous profile over
main chamber PFCs near the outer equatorial midplane [73]. Given the concentration of
energy at the divertor during the ELM and the large flux expansion of the field lines near
the upper X-point region in ITER (closest PFCs to the separatrix), the erosion of PFCs by
ELM:s is more critical for the lower divertor target than the first wall components (assuming
that tile edges exposed to ELM fluxes are avoided in ITER). Instead, the impact of ELMs on
main chamber PFCs is worrisome as a source of impurities which have a much higher
probability of reaching the core plasma when born in the main chamber compared to that

originating from the divertor [75, 25, 23].

The particle flux carried by ELMs to main chamber surfaces appears to be dependent on
core plasma density and the energy per ELM. During low-density DIII-D H-modes
(typically larger energy Type I ELMs), and with no external gas puffing, 80% of the particle
flux to the outboard midplane limiter arrives during ELMs, even though the ELM duration

is a small fraction of the time between ELMs [15]. At high density the fraction of limiter
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particle flux occurring during ELMs remains high at 50% even though the ELMs are

smaller and the radial ion flux between ELMs becomes much larger.

Early in the modelling of ITER performance Type I ELM heat loads were recognized to lead
to a significant fraction of the overall ITER divertor erosion rate and thus limits PFC
lifetime [76, 68, 3]. Recent modelling and experiments aimed at better understanding the
effect of such transient heat loads on ITER-like materials and geometry have shown that the
erosion and damage incurred is more than expected from the basic physical properties of the
materials [77, 78]. For the case of Carbon Fiber Composite (CFC) graphite there is
enhanced erosion along so-called PAN fibers oriented parallel to the surface; Such fibers
have poorer heat conduction into the bulk leading to higher temperature excursions and
faster sublimation (x10) than fibers oriented perpendicular to the surface (and whose
properties have been used to predict tile lifetime in ITER). As a result of enhanced PAN
fiber loss the effective heat-load handling area of the surface is diminished along with the
capability of the surface to handle subsequent ELMs and disruptions. The results for similar
tests of tungsten tiles [77, 78] showed enhanced erosion of the surface due to droplet
formation and loss beyond what would be expected based just on evaporation. In addition,
cracks were formed, some of which extend 0.5 mm into the surface. For both tungsten and
CFCs such erosion leads to the rapid formation of dust which is a concern for safety and T

retention (large surface area) in ITER [79].

Given the damage that ELMs present for

0.2 T T g T " T " T
:'j‘.?_ g(I)EL)J( ~Upgrade *|:| - ITER the question arises as to whether
§§ ‘S ?[IEIJED o O = there is some ITER operating regime
\§ D* H % where the ELM energy release is reduced
Upé 1 B gl F* | to a level more compatible with a divertor
% @ED.Q PFC lifetime of years. Fig. 7 shows that

*

0.0

*

*

0.0

0.1

0.2

0.3

0.4

0.5

ATped,ELM/Tped
Figure 7. Normalised ELM energy drop versus
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(AWg /W oeq < 0.05) are associated with small changes of pedestal plasma temperature at
the ELM, ATy, (typically ATy, /T,q < 0.15). In such cases convection dominates the
transport of energy from the confined plasma onto open field lines. The achievement of
small “convective” Type I ELMs for ‘standard’ operation in present tokamaks is associated
with high density AND high collisionality operation [80]. This is at odds with what is
needed for ITER to achieve small Type I ELM energy losses, namely high density
(normalised to the Greenwald limit) and LOW collisionality conditions. Recent experiments
at JET [80] and JT-60U [66] have shown that convective ELMs can also be achieved in low
v* conditions. However, the plasma conditions which are required to access this ELM
regime are not compatible with the requirements for Q,; =10 operation in ITER, either
because of the need for high qys (~ 4.5) or the strong deterioration of plasma energy
confinement as density is increased to achieve <n,> ~ 0.85ngy. Experiments are underway
to understand the interplay between the achievement of convective ELMs, global energy
confinement and accessibility to high densities in order to bring these regimes closer to

ITER’s requirements.

Summarising the ELM results we conclude that type I ELM energy deposition represents a
serious concern for ITER. The high instantaneous heat flux to divertor PFCs leads to
erosion and reduction of the heat-load bearing capability of the surfaces that will limit
divertor lifetime. Such a situation is unacceptable for routine ITER operation with Type I
ELMs. AW, /W ., needs to be kept below 0.05 to maximize divertor lifetime. These
concerns add renewed emphasis on identification and implementation of small ELM
regimes and control techniques; Examples are pellet pacing, which reduces the energy
released/ELM [81], and application of external magnetic perturbations to the pedestal region
[82]. If we assume that regimes with tolerable ELMs for the divertor compatible with the
required ITER performance are identified, the situation for PFC surfaces outside the
divertor in ITER is less an issue of lifetime than of enhanced impurity sources in a region

where the probability of reaching the core plasma is higher.
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4. Disruptions
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damage as a result of the rapid energy E 8 1 - ]
e o0 et of he i evrey £ 0]y
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are relatively insensitive to machine Size Figure 8: Ratio of the divertor power flux width at the
thermal quench to that during steady state plasma
the resultant large surface temperature conditions for various tokamak devices, showing the

large broadening of the power flux width in divertor

rise can cause ftransient overheating tokamaks, which is absent in limiter tokamaks.

damage to PFC surfaces, threatening

their long-term viability for power handling. Additionally, ITER presently employs three
different PFC materials at various locations and each material will respond differently to the
energy pulse, particularly with regard to erosion (melting of Be or W versus sublimation of
carbon) and the power threshold for significant losses (Be having a much lower melting
temperature). Previously, it was assumed that most of the thermal energy deposition would
be to the divertor region. However, measured energy deposition during disruptions at first-
wall regions outside of the divertor can reach as high as 50% of the pre-disruption thermal
and magnetic plasma energy [3]. This high heat flux is linked to two effects: 1) the
broadening of the divertor heat load footprint by up to a factor of 10 during the MHD-
induced thermal quench in divertor tokamaks as shown in Fig. 8 [83], and 2) an isotropic
deposition of poloidal magnetic energy due to radiation in the current quench when the
plasma is typically cold (T < 10 eV). A further mitigating factor for divertor heat loads is
displayed in Figure 9; The fraction of thermal energy arriving on divertor surfaces during
disruptions appears to be reduced on average as the stored thermal energy density in the
plasma increases. These new insights lessen concerns that the divertor must absorb all the
thermal energy of the plasma over a small area of the target. On the other hand there is more
power flow to main chamber PFCs which may be less suited to deal with such rapid energy

deposition.
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Comparison of measurements from several
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Figure 9: Ratio of plasma energy reaching the
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(normalized by plasma volume). The circled point
corresponds to a disruption of a discharge with an
ITB.

degradation in energy confinement (e.g.
reversion to L-mode) and the increase of
plasma radiation (i.e. MARFE) have
considerably reduced the stored energy. This
behavior is shown in Fig. 10 for JET and
ASDEX Upgrade [68, 69], a positive development for the survivability of all ITER PFCs to
disruption loads. It is not clear at present if the lower disruption plasma energy measured at
JET is due to a favourable size scaling or to disruption amelioration actions, which are

applied routinely at JET but not in ASDEX-Upgrade.

As a consequence of the pre-disruption
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Figure 10. Relative probability for the fraction of
disruption thermal energy in JET and ASDEX-
Upgrade for a database of high-energy disruptive
discharges.

magnitude compared to those at the thermal

quench. Only when fast phenomena are

involved, such as a growth of MHD modes
with subsequent locking (toroidal rotation slowed to zero), and fast H-L transitions, can the
pre-disruptive divertor power fluxes be significant compared to the thermal quench. This is
in part due to the lack of a significant broadening of the power flux footprint during these
transitions, contrary to the observations during the thermal quench [84]. In such fast
transients the plasma can deposit an amount of energy in the range of 10-50% of that at full
performance in timescales typically a factor of 5-10 smaller than the full-performance tg, as

seen in JET and MAST. On the basis of these measurements, for most disruptions, the pre-
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disruptive power flux transients are not expected to cause a significant erosion of the

divertor target.

The exceptions to the pre-disruptive energy confinement deterioration behaviour (examples
circled in Figures 9 and 10) are disruptions triggered by ideal-like {3 limits, such as for ITB
(Internal Transport Barrier) plasmas, and disruptions caused by a Vertical Displacement
Event (VDE) [68, 69]. In these cases there is no significant reduction in the plasma thermal
energy before the disruption, which makes these disruption types of the highest concern for
ITER operations. ITB-type disruptions in JET tend to have low fractional dissipation in the
divertor, while for ideal-like 8 limits in DIII-D most of the thermal plasma energy is seen to
flow to the divertor. On the other hand, the pure VDE disruptions typically lose their
thermal energy to the area of contact between wall and plasma determined by the vertical
movement of the plasma (frequently the PFCs outside the divertor area or main-wall).
Therefore, any strategy to mitigate the disruptions so that the damage produced by thermal

loads on PFCs is minimized should be adapted to the various disruption types.

Disruption mitigation techniques are being developed and tested in order to alleviate
thermal and electromagnetic damage to PFCs on a variety of tokamaks with positive

implications for ITER. Massive gas injection
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energy to be dissipated, is a key issue for
PFC surfaces. Ideally the TQ is tailored by
the impurity injection such that it is faster
than the un-mitigated disruption, and
therefore alleviates possible damage caused
by plasma heat conduction to the wall. On
the other hand the injection must not be so rapid that the radiation flash heats the wall PFC
surfaces past their melting point, e.g. the beryllium main wall PFC in ITER. Fig. 11 shows

TQ durations ~ 1-10 ms for noble gas disruption mitigation for ASDEX-Upgrade, DIII-D
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and Alcator C-Mod. The TQ duration is measured as the time between the first diagnosis of
edge plasma cooling or radiation, and the beginning of the current decay (however this does
not guarantee that the radiated power is constant over this time). The differences in injection
density arise from varying gas injection hardware and the small size/volume of C-Mod
(a/V~0.2m/1m’) versus AUG/DIII-D (a/V~ 0.6m/15m’). The significantly faster TQ of C-
Mod suggests a size dependence, whilst the fastest TQ times of DIII-D and AUG, which are
nearly of identical size, are similar despite large differences in injected density. The
generally faster TQ times of neon compared to argon further suggest that the less massive
impurities induce the radiative quench more quickly, in a manner similar to the more rapid
transit time of the gas from reservoir to the plasma edge [85]. Based on these observations,
it is found that the fastest TQ durations are well organized by normalizing (square symbols
in Fig. 11) to the transit time of the gas across the plasma size, a/c,, where c, is the gas
sound speed at room temperature which varies with the gas atomic weight as 1/M"?. This
simple size and gas mass scaling appears sufficient despite the fact that is now understood
that the gas does not penetrate ballistically through the plasma during the TQ [86, 87],
therefore suggesting a process linked to the transport time of ionized impurities in the
plasma. The details of the TQ are complicated by the MHD effects induced by the impurity
cooling in the edge plasma [88] which suggest radial impurity penetration via island
formation and field-line stochasticity. The role of MHD in setting the TQ timescale remains
uncertain and is the subject of ongoing numerical modeling. The TQ time is consistently
found at its minimum values (i.e. less scatter) when the injected impurity density exceeds
2x10*' m”, suggesting a threshold for obtaining reproducible TQ durations. Using the
simple empirical size scaling suggested by Figure 11, the induced TQ time of ITER is ~ 9-
24 ms using pure neon injection. Such time scales are longer than predicted by 0-D
modeling ~1 ms [89]. If the radiation release time in ITER resulting from massive gas
injection also followed the above empirical size scaling then it would not lead to melting of
the beryllium first wall. However significantly slower induced TQ durations (> 20 ms) may
be too slow to mitigate the fastest types of disruptions on ITER (e.g. with ITBs), when the
finite delivery time of the neon gas (~10-20 ms) to the plasma edge is taken into account.
Further experiments (e.g. on JET) and modeling are required to understand the phenomena

controlling the TQ duration.

5. Tritium retention
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The retention of tritium is a serious concern for ITER given that 50g is to be injected each
full-power D-T discharge and the in-vessel limit may be as low as 330g [1]. Our current
working premise for D or T retention in existing carbon-PFC tokamaks is that hydrogenic
retention i1s dominated by co-deposition with carbon forming hydrogen-rich carbon surface
layers. An important erosion source of the carbon appears to be due to plasma contact with
main chamber surfaces with resultant chemical- and physical-sputtering. The eroded carbon
is then transported to the inner divertor in the strong SOL flows described in section 2
resulting in a nearly universal pattern of inner divertor net carbon deposition in present
tokamaks [23, 47]. Once the carbon reaches, and is deposited on the inner divertor, it can be
transported further by local re-erosion (due to steady-state ion fluxes or ELMs) and by
volume recombination from the C*' state [90], until finally the C (and co-deposited D)
cannot be eroded further, having come to rest on surfaces facing low-T, plasmas and areas
shadowed from direct plasma contact where the erosion is weak (compared to the deposition
rate). It is likely that ELMs play an important role in the last erosion steps at the inner
divertor, by their ability to erode C through sputtering, sublimation and thermal transients.
The latter erosion process could, in principle, launch clusters of C from the surface (dust),
which, along with the flux of C atoms resulting from C*' recombination, would potentially
explain the co-deposition of C and D at surface locations in the private flux region or other
surfaces that view the strike-point region; The charge exchange mean free paths of
chemically sputtered molecules should not permit them to make it through the divertor leg
without ionization whilst clusters have long mean free paths since they are stopped by

ablation processes as opposed to ionization.

Present global hydrogenic retention fractions of the injected fuel for pulse-lengths of order
seconds are in the range of 3 to 30% [91-93, 3]. The lower range of retention fractions are
typically based on post-campaign analysis of individual tiles (exposed to an entire campaign
of discharges) using ion beam techniques. Such techniques, which have been successfully
applied to tiles from most operating tokamaks, probably underestimate fuel retention in an
individual discharge as they integrate over multiple events that lead to D outgassing such as
disruptions and cleanings that occur during a run campaign. Moreover, in general, only a
small fraction of PFC surfaces are typically analyzed (e.g. a sampling at one toroidal
location at many points poloidally) and results are extrapolated assuming toroidal
symmetry. The higher levels of retention cited above are inferred from global gas balance

measurements which rely on single discharge integrations of the difference between injected
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and pumped gas. However, the database of global particle balance is still limited and suffers
also from limited accuracy of the measurements. These measurements are likely over-
estimating fuel retention because gas release due to the occasional disruption, or occurring
slowly over long periods between discharges (e.g. nights, weekends) is not included. The
current H and D retention fraction database (3-30%) with carbon-PFC dominated machines
has been extrapolated to ITER giving a range of T retention between 1.6 and 27 g/shot [3].
The large range reflects the uncertainties in current measurements and the lack of
understanding of how to properly extrapolate such results to ITER. It does not reflect the
fact that ITER will be operating with a different mix of materials/temperatures than present
devices. Efforts to model the effect of replacing C with Be over 90% of the PFC surfaces
have resulted in a slight reduction (factor of 2) in the maximum T retention rate with the
ITER vessel limit for T reached after 55-140 full power discharges [94, 95]. In any case the
high levels of retention and corresponding uncertainties indicates the need for a significant

tritium removal capability. Overall, D retention in tokamaks with high-Z PFCs appears
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Figure 12: D retention on tile sides between 2
well as the processes involved. The literature toroidally-adjacent tiles. The ASDEX-Upgrade
data [99] is from C tiles with a gap of 0.5-1 mm
between them and an ion fluence of 5x10* m’
overall D/T retained is found on the sides of (17 s of discharge time). The gap size for C-Mod
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tiles [97, 98] There are I'Ollghly 104 tiles in 1.56)(1026 m? (Campaign a\/eraged over 5500
seconds). The D inventory in deposits was

measured by Nuclear Reaction Analysis using
the reaction D(CHe,H)*He

the sides of tiles (in gaps between PFCs) as

indicates that a large fraction (15-30%) of

many of the currently-operating tokamaks
while the ITER design utilizes approximately
10° castellated and macrobrush armour tiles. More importantly, while most current carbon
PFC tiles have front to side area ratios in the range 1.25-2, ITER will have a surface area
ratio closer to 0.7 thus increasing the relative level of side surface area, and potentially the
relative contribution of tile sides to T retention. As will be discussed later T retention on tile

sides is more difficult to remove than on the front surfaces. It is also important to
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understand the processes that lead to tile side retention as that may lead to the capability to
design tiles and/or change ITER operational characteristics in order to reduce that retention.
A better understanding of D retention processes might also be used to optimize T removal
techniques for those surfaces. For reference, in current high-Z PFC tokamaks the surface
area ratio varies from ~ 2 (ASDEX-Upgrade) to 0.4 (C-Mod), the latter low value driven by

a need to reduce eddy current induced forces in solid Mo in disruptions.

Through an ITPA-organized study of D retention on the sides of tiles that included multiple
tokamaks we have found generally similar D retention profiles on the sides of tiles. Figure
12 displays an example of the typical falloff of D density with distance from the front
surface of an ASDEX-Upgrade graphite tile [99] and a molybdenum one from C-Mod
where the gaps (0.5 — 1.0 mm) are between 2 toroidally-adjacent tiles (poloidal gap). Note
that the ion fluence to the C-Mod tile (front surface) is a factor of 500 larger than that to the
ASDEX-upgrade tile. The e-folding length for drop in D density is typically 1-2x the gap
size [100, 101, 99]. The e-folding length near the surface is often shorter than further into
the gap [101, 99]. The obvious process in the D retention on tile sides is co-deposition of D
with carbon in carbon PFC machines (In the C-Mod case the co-deposition of D is with
boron, which is present due to boronization). This process also leads to a competing re-
erosion of deposited carbon (or boron) by chemical erosion with atomic hydrogen. One
model of the deposition is that C:D molecules (C,D,) eroded from the front surfaces or
leading edges, are dissociated in front of the gap, with some resultant component parts of
the original molecule headed down the gap. Alternatively, if there is direct ion flux to the
leading edge of a particular tile, eroded C and C:D molecules can be directly deposited on
tile sides. In either model the deposition profile is then determined by where the
molecules/atoms originate and the sticking coefficients of fragments to surfaces as they
impact tile sides. Preliminary modelling of the co-deposition process has been done [102,

103, 99].

The comparison of D deposition on the sides of tiles from high and low D" fluence regions
shows generally that higher fluence regions (e.g. divertor) have higher tile-side retention
(and C deposition). This is consistent with the hypothesis explaining the tile side retention
discussed above. Higher ion fluxes to carbon tiles can generate a proportionately larger
source of hydrocarbon molecules eroded in, or dissociating in front of, a tile gap, leading to
increased co-deposition on tile sides. We also note that such a model for D retention on tiles

sides implies that minimizing gap size and the tile side to front surface area would further
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reduce tile side D/T retention. Furthermore, if the dominant tile-side deposition process is
due to direct deposition following leading edge impact and erosion it may be possible to
strongly reduce tile side retention by minimizing leading edges (top edge of tile side) by, for
example, shadowing all leading edges from ion impact [104] Of course, minimizing the C
(or Be) concentration in the high ion flux PFC regions will also reduce the erosion and

subsequent co-deposition.

Minimization of D/T retention on the sides of tiles beyond the geometrical prescriptions
described above can also be achieved through maximizing tile temperatures. Elevated
surface temperatures above 200°C led to a reduction of the D-retention by a factor of 10 in a
DIII-D gap retention study [99], an effect also observed for front surface deposition [105].
The reduction is assumed to originate from the temperature dependent re-erosion by thermal
hydrogen atoms resulting in the emission of heavier hydrocarbon molecules [105, 99]. The
cavity experiments at DIII-D indicate that most of these molecules have low sticking

coefficients and escape the gaps without further deposition.

To test directly the hypothesis that tile side D retention scales with ion fluence to the front

surface the multiple-tokamak database of
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Figure 13: Tile side D retention rate dependence on
side retention is significantly lower. The front surface ion flux. Data are from carbon tiles (Mo
in C-Mod) & boronized surfaces. All tiles used in this
study had tile gaps of 0.5 mm. The tile side D growth
evident from Figure 12. Note that at the rate is determined by integrating the total D inventory

. . on the tile sides, and then dividing by the gap area
time of the ASDEX-Upgrade tile (Iength of 4 sides x half the gap width) and exposure

time. The ion flux to the front surface is just that
perpendicular to the surface.

lower retention rate for the Mo tile is also

exposure a significant fraction of the tiles
in the machine were manufactured from

carbon as opposed to tungsten.

The much lower level of D retention fraction on tile sides observed in C-Mod with Mo

PFCs occurs even though C-Mod tiles have a significantly higher ratio of side to front-
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surface area than the carbon-PFC machines included in this study (about a factor of 5)
which might lead to higher gap deposition. Since the co-deposition of D in C-Mod is with
boron instead of carbon the implication is that the rates of several of the processes involved;
DB (deuterium and boron molecule) chemical erosion, DB dissociation, and DB co-
deposition, are much reduced compared to that for hydrocarbons (see, e.g., [106]). Note also
that the C-Mod tiles utilized in this study had chamfered edges between toroidally-adjacent

tiles to minimize, or eliminate, ion impact on leading edges.

The wealth of existing D and T retention operational experience described above is derived
from short-pulse tokamaks. In recent years experiments on several long-pulse devices have
revealed common long-pulse effects [107]: During the pulse, in a first phase (up till ~1s in
JET [108] up to ~100s in Tore Supra [109]), the retention rate decreases, becoming constant
in the following second phase. Although the D retention in the second phase can reach a
significant fraction of the injected flux (50-80%) it represents only a small fraction of the

recycling flux (1-5%).

There are long-pulse discharges where the gas retention rate can be low, or negative. In such
discharges lower fuelling rates are used, such as long JET L-modes [108], or repetitive long
H-modes performed in JT-60U [110]. In the latter case, where the walls are not actively-
cooled, increases in surface temperatures lead to local outgassing which can dominate the

plasma particle balance yielding, in turn, an increase in density.

An important characteristic of long-pulse Tore 1000 eV D¥, ©~1-15x 1024 D*/m?, T ~ 500 K

D/Mo
DIONISOS, U. Wisc.

Limit of
analysis

§§§§§§§§§§

DICFC ®oq
PISCES-A, UCSD

Supra discharges is that the amount of gas
recovered after each discharge is independent of
pulse length [109]. As a consequence the
accumulated wall inventory is proportional to

the discharge time or the fluence [111, 107]. A

D atomic concentration (%)
o

possible interpretation is that only D retained in

the initial phase of the discharge is dynamically 0 2 4 6 8 10
Depth into surface (um)

released between discharges. In practice, for Figure 14: Depth profile of D within the

) surface of Mo and carbon CFC tiles.
Tore-Supra, this means that over a day of short
discharges the integrated wall inventory stays below 10% of the injected gas and can be
recovered from the walls by a night of glow discharge conditioning. In contrast, during a

day of long discharges the gas recovery between discharges, or overnight, is negligible and
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the accumulated inventory can reach 50% of the injected gas. The retained fraction drops to
of order 10-20% of the injected gas when integrated over a campaign that includes both
long and short discharges [111], more similar to the results of short-pulse discharges
discussed earlier in this section. At the moment the differences between long- and short-
pulse gas retention are not well understood and are the subject of ongoing research due to its

importance for a long-pulse ITER.

Recent results raise the possibility that deep diffusion/migration of D into the bulk PFC
material is an important process to consider in D retention. Co-deposition of deuterium with
carbon can explain the magnitude of long-pulse retention observed in the JET DTEI
campaign [111], but seems to be insufficient the measured retention for Tore Supra [107].
There are mixed results on whether co-deposition is sufficient or not to explain JT-60U
retention results [112, 110]. Co-deposition is more clearly not responsible for the gas
retention in Alcator C-Mod where 35-50% of the injected gas is retained after single, short
discharges (1 second) with, or without B coatings on Mo tiles [113, 93, 114]. Laboratory
experiments, coordinated through the ITPA, confirm deep penetration of D into CFC
graphite [115] (over lengths of tens of microns) as well as in Mo [96] and W [116]. A
comparison of the D profile within carbon and Mo tiles is given in Figure 14. The profiles
typically have a sharper falloff near the surface with a slower e-folding into the bulk.
Implantation of the D into the different materials was done using ion-beams (CFC and W)
and plasmas (Mo). The results are surprising since the range of implanted D is of the order
of nm. One would then not expect the D to be found in the bulk of either of these materials
but rather concentrated near the surface. For carbon this is because the mobility of D in
carbon is very low. While the diffusion of D in Mo is high there are normally no sites for
the D to be trapped. Clearly, migration of D into the bulk of the material to depths of tens of
micrometers is observed, either along grain boundaries or through interconnected porosity,
before reaching stable trapping sites. We note that neutron damage (displacements of atoms
throughout the bulk of the tile) to PFC materials in ITER and reactors will lead to additional

sites for tritium to reside, the rate of site production linear in nuclear fluence.

The existence of substantial D inventory deep within tiles has the potential to impact the
viability of tritium-removal methods to be used in ITER. To evaluate the relative
contribution of co-deposition vs deep diffusion to D retention one needs to examine the
scaling of the retention with ion fluence to PFC surfaces. D retention due to co-deposition

scales linearly with the net deposition rate and therefore does not saturate. The initial
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laboratory studies where D is implanted by ion beams indicate that the deep D retention in C
and W scales with the square root of fluence indicative of a retention process that is limited
by diffusion. The data for the scaling of D retention with fluence in Mo are more scattered:
Laboratory experiments (ions implanted with plasmas) show retention scaling like the
square root of fluence at 300°K climbing to a scaling like fluence for T > 400°K [96].
Experiments with C-Mod tokamak plasmas imply a scaling proportional to fluence which
does not appear to saturate after ~ 30s cumulative plasma exposure (local ion flux
perpendicular to the divertor surface in the range 1-10x10**/m?/s) [93]. Further studies of
deep retention are required to better understand the process(es) involved, the differences
among various PFC materials, whether the implantation of D by ion beams vs plasmas is
different due to the larger particle flux density of the plasmas, and the importance of the role

of neutron damage.

Given the large uncertainties in ITER T retention and the requirement to halt operation to
remove T once the T inventory approaches 330g, it is clear that demonstrations of fast and
efficient T removal techniques in contemporary tokamaks are required. Initial cleaning
efforts on TFTR and JET were slow (~107 g/hour) [3]. Assuming of order 100 g of T needs
to be removed overnight the required T removal rate would be ~ 10 g/hour. The methods
currently being developed for removal of T from carbon fall loosely into 2 types [117, 118]:
1) heat the surface beyond 900°K such that the a-C:T bond is broken and the T liberated
(scanning laser or radiative plasma termination) or; 2) remove the mixed C/T layer
completely by ablation (heating using lasers or flash-lamps) or oxidation of re-deposited
carbon layers. Although such techniques have not been tested widely the removal rates in
some cases approach that needed for a strictly carbon PFC ITER [118, 119]. However, no
single technique has been identified that would work with a mixture of materials. The above
T recovery methods must be compatible with the ITER toroidal field, able to remove T from
several materials and material mixtures, and not lead to additional problems (e.g. dust
formation, corrosion of surfaces by T,0 or, through some way, compromise following
discharges, for example, by raising oxygen levels). It is likely that no single T removal
scheme will be sufficient and, depending on the retention rate, a combination of different
methods will be applied at different times. If ITER PFCs that retain the highest fraction of T
(e.g. the inner divertor and dome) could be heated to elevated temperatures (e.g. >200°C for
Be, >400°C for C) the amount of T retained in PFCs could be substantially reduced leading

to reduced need of T removal techniques.
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The present ITER diagnostic complement does not allow assessment of the gas (H, D or T)
retention occurring during, or even after a discharge. The capability of measuring H/D
retention during the initial, non-activated, ITER operational phase (H, D) will be important
in determining the optimal choice of PFC materials for the activated phase (T). The ITER
team and the ITPA Diagnostic group are working to improve the diagnostic capability such
that accurate measurements of injected and exhausted particles (H, D and T) can be carried

out real-time during ITER discharges.
6. Materials

In contrast to current tokamaks ITER plans to have Be, C and W PFC surfaces, thereby
minimizing C usage and, potentially, T retention. New studies indicate that such a mix of
materials creates new effects: First, an intermixture of different material layers, alloys or
compounds may be formed with strongly different thermo-mechanical properties. An
example is that at higher temperature (800-
1200°C) Be and W can alloy which leads to

e
=
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200 eV D™ -> Carbon layers
1 —a—Pure C
0.121 —a—3 at% W doped

reduced melting temperatures (Be,W: 2250°C,
Be,,W: <1750°C, Be,,W: <1300°C) [120-122]

thus reducing the heat load capability of the
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Figure 15: Temperature dependence of the
chemical erosion of pure carbon compared to
the competition between Be sublimation, W-doped carbon layers [127].

melt layer loss. However, the formation of

Chemical Erosion Yield (C/D)
o
o
%

equilibrium but is given by the Be-fluxes and

erosion and possible alloying. This indicates that the formation of thicker alloyed layers is
minimized under divertor conditions where the heat loads are highest [26]. A second effect
brought about by such a mix of materials is surface alloy and carbon compound formation
(Be,C, WC) which will also influence the tritium retention capabilities of metals [123, 124,
26]; Such surface compounds may retain more hydrogen than pure metals as indicated by
some data, or even act as out-diffusion barriers for implanted hydrogen isotopes, thus
increasing bulk retention or permeation. Lastly, modification of C surfaces through buildup
of metal or carbide precipitates there (e.g. through simultaneous incidence of Be and D/T
ions) can reduce carbon chemical erosion [125], a beneficial effect which will extend
surface lifetime and also possibly reduce co-deposition of fuel with carbon. Carbon

materials doped with metals typically show reduced chemical erosion yields [126] which
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may open additional possibilities to develop advanced graphite PFCs (Figure 15 [127]).
Graphites doped with small additions of Ti, Si and B have been tested in tokamaks with
both positive ([128] and references therein) and negative results [129]. Certainly material
mixing gives rise to both potential risks and opportunities for plasma-wall interaction issues.

Further studies are needed both in laboratory experiments and in fusion devices.

Most fusion reactor studies prefer tungsten over carbon due to its advantages with respect to
erosion and neutron damage [130-132] as well as the level of tritium retention which is
predicted to be lower by orders of magnitude [133] than with carbon PFCs. It is clear that
prior to operation of any fully-ignited fusion reactor the compatibility of high-Z PFCs with
high performance operation, without low-Z coatings, needs to be demonstrated in ITER.
Recently, both Alcator C-Mod (entirely molybdenum PFC tiles) and ASDEX-Upgrade
(most recently 85% W-coated carbon PFCs) have compared the compatibility of high-Z vs

low-Z PFC surfaces for core plasma operation

104 ' Y x
| @ Cmo j [113, 114, 134, 135]. Boronization can strongly
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Figure 16: Recovery of core concentration of  yjo/W
high-Z impurities following a boronization in

C-Mod (3 MW ICRF, n.~ 4x10* m™), equilibrium over 10's of shots (Figure 16). The
ASDEX-Upgrade (5-7.5 MW Neutral beam,
n~ 6-8x10" m™, squares) with 1-2 MW of

additional ICRF power (triangles). underlying high-Z surface during ICRF heating

levels back to pre-boronization

erosion mechanism of B layers and the

appears to be an RF enhancement of the surface sheath (‘sheath-rectification’) that then

accelerates impurity ions (C*, B*") into surfaces leading to physical sputtering at the top of
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the outer divertor (C-Mod [113, 114]) and the ICRF guard limiters (ASDEX-Upgrade
[134]). For NB-heated plasmas fast ions drift out of the core and impact the low-field side
guard limiters again leading to W physical sputtering [136]. In general the B erosion, and
subsequent W/Mo erosion, is faster for ICRF-heated plasmas as opposed to NB or Ohmic
H-modes (Figure 16) [113, 114]. C-Mod results indicate that the tungsten planned for ITER
is in a location that may be heavily eroded during ICRH-heated discharges (top of the
divertor). ASDEX-Upgrade results raise concerns over a Be outer limiter in ITER in
combination with ICRF. However, during NB-heated plasmas the W levels appear to be
lower with less of an effect on the core plasma. Further experiments on the 2 tokamaks will
clarify the physics underlying high-Z PFCs (and their coatings) as well as implications for a
fully-W ITER. In addition, ASDEX-Upgrade is in the process of coating the last remaining
carbon surfaces with tungsten thus converting to an all-W PFC surface tokamak. We also
look forward to the change in JET PFCs to Be walls and a W divertor which will provide
additional information on high-Z PFC operation as well as the interaction of Be with W in a

tokamak environment [137].
7. The ITER divertor and collisional neutrals

In predicting ITER performance it is clear that we must have confidence that codes are able
to predict accurately plasma performance in present devices. In earlier sections we have
reviewed modelling efforts associated with combining turbulence models with steady state
SOL profile predictions as well as the efforts to explain the dominance of flows along field
lines towards the inner divertor. In the area of divertor modelling current plasma/neutral
models have reproduced measured divertor pressures in the neutral kinetic regime common
to most current tokamaks. However, there has been difficulty in matching experimental
observations on Alcator C-Mod where neutrals are more fluid-like, a neutral transport
regime predicted for the ITER divertor. Recent interpretive modelling efforts have
employed the Onion Skin Model (OSM) - EIRENE combination where a number of new
physics processes have been implemented — neutral viscosity, neutral-ion collisions, and
Lyman-alpha photon trapping [138]. With these modifications, C-Mod’s ITER-like neutral
pressures and other divertor characteristics are more closely reproduced. While at the
highest densities recombination is the source of 80% of the neutrals in the divertor, Lyman-
alpha trapping has the potential to strongly reduce the recombination rate (photons re-ionize
neutrals) and modify the detachment density threshold. The same code improvements have

been included in the B2-EIRENE code [139, 140]. When the model is applied to ITER
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nonlinear neutral effects cause the Private Flux Region neutral pressure operational range to
shift to ~ 2x higher values [139] as compared to previous, linear neutral, studies. The
introduction of divertor Lyman-alpha trapping, although modifying the local plasma
parameters, did not affect the ITER divertor performance with respect to the power and
particle handling [140]. The benchmarking of the new code physics against C-Mod as well
as the continued testing for ITER [141] is ongoing.

In parallel with the above testing of the code physics against experiment a program of code-
code benchmarking has been followed (EDGE2D to SOLPS to UEDGE [142, 46]). This
process has brought to fore the different physics assumptions across codes (e.g. treatment of
kinetic electrons, neutral and ion flux limiters, the Bohm Mach condition at the divertor
surfaces and the treatment of drifts in the core plasma), some of which can lead to
significant differences in the model output. Current plans are for more comparisons of the

codes with impurities and drift processes turned on successively.

8. Summary

Recent advancements in measurements and modeling have considerably improved our
understanding of the SOL and divertor physics needed to predict and maximize ITER
performance. Studies of steady state profile characteristics of both the near and far SOL
regions show progress in connecting observed profile characteristics to the underlying
physics as well as developing empirical scaling of profile characteristics applicable to ITER.
Measurements of the underlying turbulence characteristics show similarities across devices.
Models of the turbulence in the SOL have matched characteristics of the measured
turbulence and in one case, the steady state density profile. A new mechanism has been
proposed to explain the strong SOL flows that have been observed, and which play such an

important role in impurity transport and T co-deposition.

The characteristics of ELMs (e.g. size, toroidal and radial velocity) as they travel though the
SOL have been much more clearly defined posing a significant challenge to modelers. Most
of the ELM energy is transmitted to the divertor in an initial period (~ 50 us) while the
ELM filaments are rotating toroidally giving rise to a heat load profile that is similar in
shape to the steady state profile, but with an in-out asymmetry peaked on the inner divertor
for BxXVB towards the divertor. 10-20% of the ELM energy is carried into the far SOL

impacting the leading edges of the many surfaces there. The resultant impulse heat loads of
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individual ELMs are very localized on main chamber PFCs while, over many ELMs, the
heat loads are more uniform (at least near the midplane) similar to steady-state heat loads.
While the ELM energy divertor energy deposition is most worrisome for PFC lifetime, our
concerns over ELM loads to main chamber PFCs mainly relate to the impurity sources
engendered. The time dependence of the divertor heat pulse during the first phase of the
ELM is much different than the square-wave power pulse originally envisioned and used for
modeling, spreading the power loading over a longer period. The newer measurements show
that only about 30% of the divertor ELM heat load arrives over the short period that
dominates the divertor temperature rise. That lowers the predictions for ITER divertor PFC

surface temperature rise per ELM.

Transient power deposition estimates for disruptions have been lowered for the divertor, but
raised for the main chamber. The heat load footprint to the divertor is up to 10x broader than
the steady state heat load giving rise to power deposition outside the divertor. Main chamber
disruption heat loads also include the uniform radiation that occurs during the current
quench period as the magnetic energy is dissipated. Most disruptions that occur in current
devices lose a significant fraction (up to 80%) of the thermal energy before the thermal
quench. However, ITB disruptions and VDEs carry the full thermal energy into the
disruption. Disruption mitigation utilizing massive gas injection has reduced the measured
divertor loadings and probably can dissipate VDE disruptions in ITER before they release
all their energy onto divertor and main chamber PFCs; VDE displacements in ITER are
projected to be of order 0.1-1.0s, thus much greater than the thermal quench time whether
induced or not [1]. It is more speculative to predict the efficacy of disruption mitigation with
ITBs as they occur over faster timescales than VDEs. In any case, the general impurity
radiation used to minimize divertor heat loads leads to increased main chamber loadings

such that Be melting in ITER may be a concern.

Both tungsten and CFC graphite tiles have been tested under ITER conditions
approximating ELMs and disruptions and the materials performed more poorly then
predicted. Those CFC fibers oriented parallel to the surface fail to conduct the heat away
and are then eroded up to a factor of 10 faster than would be expected from the average tile
thermal conductivity assumed. The tungsten erosion, tested under the same conditions, was

enhanced by droplet formation (leading to dust) and release.
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Estimates of T retention have been reduced, but the level of T retention predicted for ITER
will probably still mandate interruptions in operation to remove T. The D retention rate
measured for present tokamaks as a fraction of injected gas, is primarily attributed to C co-
deposition with D and extends over a wide range from 3-30%. Assuming Be is the dominant
PFC material in ITER, models of impurity migration and D co-deposition predict that the
retention rate drops by a factor of ~ 2 compared to the case of all C PFCs. The
corresponding number of discharges before ITER operation would need to be stopped to
remove retained T is then predicted to be in the range of 55-140 discharges. Tile side
retention contributes a significant fraction of the overall T retention in current devices (~
25%) and is most likely due to C erosion near, or at, the tile gap and subsequent co-
deposition with D. The D or T retention rate on the sides of PFC tiles appears to be ~ a few
% of the ion flux impacting the corresponding front surface for C tiles, but much lower for
Mo. A number of possible control variables have been identified that might be used to
reduce the retention of D on tile sides. These include geometrical changes (tile gap size,
shadowing of tile gaps) as well as operation with heated tiles. The latter is also useful for D
retention on any material surface. A number of T removal techniques are being developed
with significant progress made for strictly carbon PFC surfaces. Depending on the T
retention rate and principal retention locations a number of removal techniques will be
needed at various times in ITER operation. The combined use of Be, W and C for ITER
tiles should reduce T retention (through reduced T/Be ratios at lower temperatures than for
all carbon PFCs), and has the potential to reduce chemical sputtering. However, mixed
materials complicate T removal and also raise the potential for surface alloying (e.g. Be

with W) accompanied by reductions in the surface melting temperature.

In summary, significant progress has been made in clarifying the SOL and divertor physics
of ITER, but the basic problems of excessive first-wall power loading and tritium retention

have yet to be solved.
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