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Abstract. Recent infra-red measurements of divertor power loads on JET and AUG [1],
revealed that the inter-ELM power width at the outer mid-plane in attached ELMy H-modes,
Ag, does not exhibit any noticeable scaling with machine size [1]. Making use of these results
to calculate the effective radial heat diffusivity, ), , and then including this ), in parametrized
expressions based on edge plasma fluid simulations, it is possible to estimate the peak inter-
ELM divertor power loads, Q7***, in future fusion devices with conventional divertor designs.
Two additional constraints are imposed: (i) power flow across the separatrix must exceed
the L — H access power, P;_y, as given by an empirical scaling [2], in order to maintain H-
mode operation, i.e., P,y = fr—nPL—p, With fi_g > 1, and (ii) the upstream separatrix density
is given by some fraction, fée‘g < 1, of the Greenwald density, ngw ~ I,/ ma®, while line
average density is set equal to ngwy. Affecting the calculation yields the following expression:

nax oc fée‘,llfo'75 fifq 084 B3 ROIS K0'28’0'23ng3fl. Hence, Q/"* increases only weakly with
reactor size and should be comparable in future and present devices, for comparable levels of
fow, fLu, g, Br and 6, . Calibrating the scaling against a high density JET shot with nitrogen
seeding, and allowing for an additional factor of two reduction due to divertor closure, leads
to an estimate of Q;"** in ITER and DEMO (R = 8.5 m, Br = 5.7 T, gcyy = 2, Zogy = 3) as
8 — 16 MW/m? and 20 — 50 MW/m?, respectively. It thus appears that H-mode operation
of a tokamak fusion reactor cannot be reconciled with the thermo-mechanical properties of
leading candidate materials (< 5 MW/m? for irradiated W), and the power exhaust cabilities of
conventional divertors, requiring either advanced materials and/or advanced divertor solutions.
The main uncertainties in the above prediction are the upper limit on the separatrix density,
distribution of divertor radiation and the impact of divertor closure.
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Recent infra-red measurements of divertor power loads on JET and AUG [1], revealed
that the inter-ELM power width at the outer mid-plane in attached ELMy H-modes, Ap =
IV10;/Qy|~", can be approximated by,

AQ ~0.73 '3;0'78:“)'256]1'2i0'27PA%lH:O'11R0'02i0'2. 1)

Here parallel power e-folding length, A, is in mm, the toroidal magnetic field, By, is in T,
the power entering the SOL, Py,

Psor = Peore — rcaodre = frc;zojepcore; (2)
is in MW and the central major radius R is in m, while the cylindrical safety factor,
2wexaBr
"ol
is dimensionless. The remarkable, and at first glance deeply worrying, feature of (1) is the fact

qd=dcyl = ) (3)

that Ao is virtually independent of reactor size. In this letter, we examine the implication of
this lack of size scaling on the peak divertor (target) power load, Q;"**, and the peak divertor
electron temperature, 7,;'“* in future tokamak reactors.

In order to make this prediction, we resort to results of 2-D plasma fluid simulations in
which the plasma density, power entering the SOL, reactor size and heat diffusivity in the
SOL were all varied independently [4]. In the high density (high recycling) regime of SOL

operation, the results were found to agree reasonably well with the following expressions:

Q’ﬁ;"x[MW/mz] ~ 1120 % ne—ul.82(PSOZ/SL>2,37X11.O7q0.52R0.33 (4)
Tei;lax[ev] ~ ne—u5.52(Psol/SJ_)4.06xI1.51q0.18R—0.66 (5)
nzax[1020m73] ~ nz’.l36<PSOl/SL)72.01%5)_.8q0.37R1.15 (6)

where the peak parallel divertor (target) power density, ﬁ;“x is in MW /m?, upstream
separatrix density, 71, is in 10°°m~3, power into the SOL, P, is in MW, the plasma surface
area S, is in m?2, radial heat diffusivity, x|, is in m? /s, the cylindrical safety factor g is
dimensionless, and R is in m. It is worth noting that ELMs were absent from the simulations,
such that comparison with experiment requires replacing Py, by the power entering the SOL

in between ELMs, P:U_IE , which is defined as some fraction of Py,

PoE = 7 EP,. (7

sol

Since the effects of radial transport enter (4)-(6) via the SOL radial heat diffusivity, x|,
it is necessary to estimate this quantity based on the experimental power e-folding length, Ay,
(1). For this purpose we employ a well known expression [3],

Ao /Ly~ \J KL/ Kl = /20 2 (®)

which is obtained by assuming energy conservation in the absence of source/sinks, V-Q = 0,
and purely conductive transport in both parallel and perpendicular directions,

O~ Qe = K|V Te, 0~k V.| T. ©)
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One then finds
VHKHeVHTe %VJ_KJ_VJ_T@ (10)

Assuming that K, o< Tes/ 2 and K | o< Tec, and estimating the gradients by characteristic lengths,
we find

5
5+ Dj/Li = (C+ 1)Kk /A7, Ly~ 7R, (11)

where Ay =T,/V  T,. Since Kjje < Tes/ 2 implies that 1o ~ %AT, the above can also be rewritten

Ao/Ly ~ (%)3/2 V1K1 /K. (12)

Isolating for ¥ | = nk |, we obtain the required expression,

as

3
XL~ (%) (C+1) " xe(Ag/Ly)*. (13)

In the presence of an edge transport barrier extending into the near-SOL, one typically finds
{ ~ 3.5 so that

X1~ 107).(Ag/Ly)*. (14)
The upstream separatrix temperature, 7,,, may be evaluated using a modified two point

model of SOL transport [3, 11],

7/2 7/2
Tol> m T + IPiLy /(S| Koe), (15)

where T, and T, are the upstream and target values of the temperature and kp, o< 1/Z, ff 18
a constant in the Spitzer-Harm expression for parallel heat conduction, k|, = K'()eTeS/ 2 [9,10].
This relation follows directly from a quadrature of the parallel electron heat conduction
equation,

5/2
Poo1/S) = Qjle = K| V| Te = Koe T, V|Te, (16)

between the upstream and target regions. The parallel energy flow (cross-sectional surface)
area, S|, may be derived from a divergence form of energy conservation, V Q) ~ V0,

S| =S.(L, /L)) ~4TRVKkAp€/q. (17)

The target temperature in (15) may be obtained by invoking two additional assumptions
of the 2 point model: (i) pressure conservation, n, T, ~ 2n;T;, and (ii) the target energy flux
boundary condition,

2/3
Pot/S| = Qs = YTunaCsi, = Tor o< (Poor/S|ner) / (18)

where ¥ = ¥, + ¥ =~ 8 is the total sheath energy transmission coefficient. However, in high
recycling (high density) conditions, the second term in (15) dominates, and the expression for
T., becomes

Tou ~ [5PsorLy) /(S %0 )7, (19)



Letter to the Editor 4

Inserting (11) and (19), into (13) we obtain
2o A) B g TR (ev/i) 2, (20)

sol

i.e., x, increases with Ap and Py,;, and decreases with n,,, g and R, and decreases linearly
with both size and density. Finally, inserting (1) for A¢, we find

—2/7
Ko o Plbn By TR e w) 37,7 e

which introduces an inverse dependence with Br and yields a linear scaling with g.

Finally, we impose two additional constraints. First, in order to maintain H-mode
operation, we require that the power flow across the separatrix exceed the L — H access power,
P;_p, as given by an empirical scaling [2],

B(%8O3ﬂ:0.03 < 0.717:|:0.04S(i94j:0.02 (22)

Pr_pg < ne)

where S| ~ 4n?R’e+/X is the plasma (separatrix) surface area. This can be written as

Psor = fL-HPL-H,; fr-u > 1. (23)
This expression replaces (7) and effectively specifies the core radiative fraction,
ot = fL—HPL—H Peore- (24)
Second, we set the line average density 7i, in (22) equal to the Greenwald density,
new ~ Ip/ﬂ:a (25)

where ngw is in units of 102973, the plasma current, I,,, in MA, and the minor radius a in m,
and set the the upstream separatrix density at some fraction of ngy,

(ne) = fewnew, New = fmnGw, (26)
where fow ~ 1.0 and fg} < few. Since the Greenwald density is a fair proxy for the
appearance of the H-mode density limit, i.e., degradation of energy confinement, we will

assume that fgw = 1 henceforth.
Inserting (22) to (26) into (21), we find

1 2/7
x| o fo 84fsep 0314@0 97B 0.33 p— 04(8\/—)0 OSZeff/ . 27)
Substituting for ngw using (25) and (3),
Ip KBt
o< Lo — 2 28
oW oy TR (28)
the above expression reduces to
1 _ — 2/7
XL o fO 84fsep 1. 37B 0.73 0.01 £0.08 . .—0. 36Zeff/ _ (29)

Finally, inserting (27), (23), (22), (28), (26) into (4) yields the following scaling for the
parallel power load,

se 0.75 £1.47 7082 2.55 p0.15 019 —0.23 31
Qe o< foab ™" fiid B3R Z)7y (30)

Note that ﬁ;‘”‘ increases only weakly with reactor size, and would hence be comparable
in future and present devices provided the other quantities in (30) do not change markedly.

Unfortunately, the magnetic field is expected to roughly double in future devices compared
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Table 1. Major radius, toroidal field, plasma current, cylindrical safety factor and effective
charge for JET, ITER and DEMO.

Quantity: ‘ R (m) ‘ Br (T) ‘ I, (MA) ‘ q ‘ Zefr

JET 29 2.5 2.5 27| 1.7
ITER 6.3 5.3 15 2 | 1.7
DEMO 8.5 5.7 23 2 3

to the largest present device, e.g., in going from JET to ITER, see Table 1, which would
introduce a significant (factor of 6), increase in the parallel heat load.

Needless to say, the above prediction is only as accurate as the results of the plasma-
fluid simulations, specifically (4). There are two criticisms that may be raised against these
simulations. First, the various shortcomings in the simulations themselves, e.g., the relative
simplicity of the neutral particle transport (analytic prescription), the rather rudimentary
treatment of atomic and molecular collisions, the absence of impurities, etc. These were
largely remedied by subsequent studies with more advanced treatment of neutrals and
impurities [5-8], although machine size scans with the improved treatment of neutrals and
impurities are not reported. Second, the fact that the scalings implied by the simulations have
not been validated against experimental data from tokamaks.

One would expect these deficiencies to have the biggest impact on the scaling of Qﬂ’;"x
with n,,, since the presence of neutrals and impurities would enhance divertor radiation and
other power losses (charge exchange) roughly as the square of the electron density,

P ~ czngLy (To)Vyaa, (31)

2

where ¢z is the impurity concentration, Ly is the power loss function and V,,; is the radiation
volume. Since Pr‘flig would reduce the power flowing to the divertor, and hence should subtract

fron Py,; in (4), we would expect it to augment the inverse density dependence. Indeed, just

max
ll#

decrease by a factor of 4 for a roughly 30 % change in n,,, yielding a scaling of

was observed to

—Q
eu

such a dependence has been observed experimentally on JET, where

max
[l

with o ~ 5 [13]. This scaling exponent was further refined by detailed modeling of the JET
discharges using a multi-fluid plasma transport code EDGE2D, coupled to a Monte-Carlo
neutral transport code EIRENE [12]. These results confirm the interpretation proposed above

xn

and indicate a mean value of o as ~ 4.5. Moreover, they provide refined values of the power
and heat diffusivity exponents appearing in (4), as follows,

M o & (Poor /S )P (32)

2

where the exponents are found in the range,
o ~4.5, B ~3.0-3.3, Y~ 1.5-2.0. (33)

It is worth noting that the variation in the exponents reflects stronger scalings at higher density.
Comparing with (4), we find that the density, power and diffusivity scalings are all more
pronounced than in the PHP result: o« ~ 4.5 vs. 1.82, B ~3-33vs237and y~ 1.5-2

vs 1.07. In the B and y expressions in (33), the first value corresponds to the lower limit and



Letter to the Editor 6

the second to the upper limit. We will use these limits to define the range of predictions for
extrapolating to future devices.
Rewriting (4) with a, B and ¥ as free parameters, we obtain

Qﬁ;ax ~ const x n,,* (PSOI/SJ_)BXIYqO‘SzRO'sS. (34)

Repeating the above analysis, (30) is then replaced by

max sep\y—a £B8—0.84Y150.33+0.—0.843—0.006y
It < (fow)" “fin R

- - —0+1.528+0.72
Xq0.52+a 0.728 1.37yBToc+ B+0.72y

% K—a+0.69ﬁ+0.36y8—0.06ﬁ—0.0787/20]-%87 (35)
o f

It is worth noting that the density dependence, measured by o, propagates into all but one
term in the above. This can be traced to (25), which introduces the Greenwald density, and
with it dependencies on size, field and safety factor. Finally, we write (30) as the peak power
load onto the divertor tile, Q"™ = Q’ﬂ;“x sin @, where 0, is the inclination angle between the
field line and the tile,

max o sin 6 ﬁ r-a fu B—0.84y R 0.33+0—0.84B—0.006y
! sin3° ) \ 0.5 13 59

q 0.52+a—0.72ﬁ—1.37y( BT)—“+1v52ﬁ+0~727 K \ —a-+0.69B-+0.367
<(37) (+5)

2.7 2.5 1.7
—0.068—-0.078y [/ Z 0.28y
x (=) SIS (36)
0.33 1.7

where Q"™ is in MW / m2, R in m, By in T and the remaining factors are dimensionless.
The pre-factor in (36) has been obtained empirically from JET data, and corresponds
to a deutertum fuelled discharge [12, 13]; by introducing impurity (nitrogen or neon)
seeding, it was possible to reduce the target heat load further by an additional factor of
2, while maintaining Type-I ELMy H-mode level of confinement [12, 13]. However, since
a quantitative scaling of the heat load with divertor radiation, supported by multi-fluid
modelling, is not available at present, we prefer to benchmark the above results to the
deuterium only (unseeded) discharges, and discuss the effect of impurity seeding separately
below.

The exponents in (36) can now be evaluated based on the estimated values of o, 8 and
7. see (33). In the lower limit (as relevant to (33)) this yields

agw = =3, ag =174, ar=23, a,;=0.281,

ap=1.14, ax=-1.89, as=-03, az=042,
while in the upper limit one finds

acw = —2.5, ap =162, ar=2.05 a;=-0.1,

ap=1.96, ac.=-1.5, as=-0.35 az;=0.56,

where ay denotes the exponent for quantity X.
Armed with these expressions we can now predict the divertor power loads in ITER and
DEMO. Assuming that the relative power, as measured by f7g, the elongation, K, inverse
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aspect ratio, €, and the inclination angle 6, remain constant, while the size, field and safety
factor are given by the values in Table 1, then (36) yields,

sep N\ AGw ag a ap
6.3 2\ /(53
ITER: Q" ~2 | =S¥ = — - 37
o=2(x) (35) (25) (33) @)
oY 85\ (2 \% (57\" [ 3 \“
DEMO : Q" ~2 — — — — 38
& ( 0.5 2.9 2.7 2.5 1.7 » (39)
In the low and high density limits, i.e., using the exponents from (37) and (37), these two
expressions become

) g (100
ITER : Q""" ~ [22 X (W) ,44 x (0 5 ) ] , 39)
DEMO : Q"™ ~ [60 X (ﬁ) ,130 x (f Yep) ] (40)
0.5 0.5 ’
where [-, ] denotes the predicted range of values, and the f;;, dependence has been retained

to allow for additional density increase. It is worth noting that the original expression, (4),
yields

sep 0.73 sep 0.73
ITER : Q"™ ~20 x (OGQV) , DEMO: Q" ~29 x <0va> J(41)

which is generally below the above estimates, especially for DEMO. Since material limits
require that Q" remain below ~ 10 MW/m? for ITER, and likely below ~ 3 —5 MW/m? for
DEMO (due to increased neutron load, and hence much larger number of displacements per
atom in the target material), we may broadly conclude that the power load would be roughly
a factor of 2 — 4 above the material limits in ITER, and roughly a factor of 20 — 40 above the
material limits in DEMO.

There are three principle methods to further reduce the peak target heat load, within the
context a conventional divertor design. These can be roughly described as (i) additional gas
fuelling, (i1) impurity seeding and (iii) increased divertor closure. We will discuss each of
these separately below.

As is evident from the strong dependence of Q"' on féeu’i, the most direct method of
reducing the peak heat load is to further increase the separatrix Greenwald fraction. Based
on JET observations under H-mode conditions [14], fay °+D can be increased to values as high
as ~ 0.7, which would reduce Q/'** by a factor of 2.4 —2.7. However, it remains to be
demonstrated that such an increase of separatrix plasma density is possible without triggering
an X-point MARFE, which would degrade the pedestal pressure and energy confinement.
Therefore, it is safer to adopt féeu’; ~ (.5 as the upper limit.

As already mentioned, in the JET experiments it was possible to reduce the target heat
load further by an additional factor of 2, while maintaining Type-I ELMy H-mode level
of confinement, by introducing impurity (nitrogen or neon) seeding. Although multi-fluid
simulations involving seeded impurity species are available, their agreement with experiment
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is not satisfactory to confidently predict the degree of divertor radiation in a future device
[12]. A simple estimate may be obtained based on (31) assuming that divertor radiation is
concentrated in the vicinity of the X-point, as is observed experimentally, hence n, ~ ngy,
cz~0.01, Lz(T,) ~max(Lz) =~ 103'Wm?, and Vg = 2 x 2R (a/10) Ao FX, with FX = 10.
Normalizing the result to the JET value one thus finds,

P~ 4(R/2.9)* MW (42)

%

compared to P._y ~ 8 MW on JET. Since both powers increase as R?, and the Greenwald
density is roughly constant between JET and DEMO, the divertor radiative fraction is found
to scale mainly with the magnetic field,

iy = piv/p y ~0.5(Br/2.5)7%8 (43)

ra rad

Thus for ITER and DEMO, one would expect a lower radiative fraction than in JET, provided
the divertor closure were kept constant. In that case, one could adopt a downward correction
of only ~ 25% as a proxy for the effect of seeded impurities.

Finally, the JET results have been obtained with a relatively open divertor design, in
which the outer strike point was situated on the horizontal (downward sloping) divertor tile.
Based on past experiments, including those on JET it was observed that peak heat load can
be reduced in more closed divertor configurations (with outer target on vertical targets). As a
proxy for this effect we may thus assume a reduction of Q}"** by an additional factor of 2.

Assuming that the above effects do not interfere with each other, e.g., that core and edge
radiation can be controlled independently, etc., their impact may be combined by multiplying
the reduction factors to yield a net multiplication by a factor of (1 —0.25) x (1 —0.5) = 0.375.
This yields a modified estimate on the range of peak heat loads in ITER and DEMO as

ITER : Q" ~ [8,16) MW /m*>, DEMO : Q"™ ~ [19,49) MW /m>.  (44)

Based on these predictions we may tentatively conclude that a conventional divertor should
be sufficient to handle the inter-ELM power loads in ITER (although the predicted range of
values may exceed the material limit of ~ 10 MW/m? if the mitigating factors prove less
pronounced than assumed above), but is most likely to be inadequate in DEMO, where even
the most optimistic predictions are an order of magnitude above the material limit of ~ 3 —5
MW/m?.

This finding motivates two urgent actions. First, additional research, both experimental
and numerical, into the effects of gas fuelling, impurity seeding and divertor closure.
Secondly, further investigation of alternative divertor designs, specifically those involving the
expansion of magnetic flux in the divertor volume, again both via theoretical and experimental
studies. That such expanded divertors, which increase both L|| and FX, should prove effective
at mitigating the peak target heat loads is apparent from the inverse scaling of Qy"** on g o< L,
e.g., see (30)%, and in the linear dependance of Pf%, (31) and (42), on the flux expansion, FX.

In addition to Q]"** and A, in the inter-ELM phase, the energy loads on the target and the
main chamber wall due to Type-I ELMs are a cause for concern. A simple model based on

1 Although part of the g dependence relates to Greenwald fraction rather than the parallel connection length
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Quantity: a(m) ngw (1019 m™3) T (keV) & (MI/m?) Q" (GW/m?)

JET 1 8 1.5 0.08 0.4
ITER 2 11.9 4 0.55 2.7
DEMO 3 8.1 6 0.69 3.4

Table 2. Estimated energy load during ELMs for JET, ITER and DEMO, see text.

Quantity: Ly (m) 7 (us) & (MJ/m?)

JET 40 106 0.04
ITER 87 140 0.39
DEMO 117 155 0.54

Table 3. An alternative estimate of ELM energy loads for JET, ITER and DEMO, see text.

relating the energy losses during an ELM crash to parallel transport from the pedestal plasma
to the divertor targets [11, 15, 16] predicts the peak heat load, Q}"**, and peak energy load, &,
where & = [, 0:dt, in terms of the pedestal pressure, p .4, the sound speed, c; peq and the
ELM crash duration in the pedestal, Tz, as

& =~ 0.56ppedcs7pedTELMsin9L (45)

;nax ~ O.SSpPedcsypedmin{l, TELM/T” }sinOL (46)

which agree between 1-D fluid and kinetic SOL transport codes, and are consistent with
observed magnitude of Type-I ELM energy loads on the outer divertor target in JET
(0.02 — 0.08 MJ/m?), [17]. Adopting ngw as the pedestal density, (45) and (46) yield the
following scalings,

2 3/2 . max 2 3/2 .
&ol,/a XTpedTELMsmGL, Ve I, /a XTpedstl, 47

which are valid for Tgry > 7,7 =Ly /¢s.ped- Based on the observed values on JET, these
scaling may be used to estimate & and Q7**" in ITER and DEMO, assuming that g7y ~ 200
us and 6, ~ 3? in all three machines. The results are shown in Table 2. Alternatively,
because Tgrys is not known, & may be expressed as & o< ppedLHsinO |, which implies that
TeLm = T|. Assuming Ly o< gR and hence L ~ 40 x (R/2.9), one finds & o 1,/@* X TpeaqR
and the estimates for ITER and DEMO shown in Table 3. Both methods predict values of
the peak energy loads in ITER and DEMO as ~ 0.5 MJ/m?, which would result in significant
target material damage over tens of thousands of cycles [18]§. This finding motivates further
investigation of both passive and active ELM mitigation techniques, as well as continued
research into novel plasma facing material science and technology.

This work was funded by the RCUK Energy Programme under grant EP/I501045 and the
European Communities under the contract of Association between EURATOM and CCFE.
The views and opinions expressed herein do not necessarily reflect those of the European
Commission.

§ Recent electron beam tests on ITER divertor tile prototypes suggest a maximum tolerable energy loads on the
Type-I ELM time scales, ~ 1 ms, of only ~ 0.1 —0.2 MJ/m? [18].
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