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The SOL power decay length (/,) deduced from analysis of fully attached divertor heat load profiles from
two tokamaks, JET and ASDEX Upgrade with carbon plasma facing components, are presented. Interpre-
tation of the target heat load profiles is performed by using a 1D-fit function which disentangles the
upstream /4 and an effective diffusion in the divertor (S), the latter essentially acting as a power spread-
ing parameter in the divertor volume. It is shown that the so called integral decay length A;,; is approx-
imately given by Ay~ /q+1.64xS. An empirical scaling reveals parametric dependency
Jq/mm ~ 0.9 - B;*qL2P, RY,, for type-I ELMy H-modes. Extrapolation to ITER gives /, ~1 mm. Recent
measurements in JET-ILW and from ASDEX Upgrade full-W confirm the results. It is shown that a regres-
sion for the divertor power spreading parameter S is not yet possible due to the large effect of different
divertor geometries of JET and ASDEX Upgrade Divertor-I and Divertor-IIb.

© 2013 Euratom. Published by Elsevier B.V. All rights reserved.

1. Introduction

In diverted tokamak devices, plasmas are confined in a toroi-
dally symmetric region of closed magnetic field lines referred to
as the core plasma. These are surrounded by an open field line re-
gion, known as the scrape-of-layer (SOL), with field lines that begin
and end on material surfaces of a structure known as a divertor.
Energy is temporarily confined within the core plasma, but eventu-
ally flows outwards, partially through radiation, but with a signif-
icant energy heat flux (q) flowing into the SOL and, through it, to
the divertor. This power flow to the divertor must be below that
which can be sustained by the divertor surface material and this
places an important restriction on the plasmas which are permis-
sible. The integral power decay width, A, is effectively the radial
width of the region on the divertor target plates onto which power
flows. The latter is a critical quantity for determining the divertor
peak heat load (q,,,) for current and future devices. Closely related
to this parameter is the power decay length in the SOL, 4,. The high
confinement mode, or H-mode [1], is chosen for the baseline sce-
nario of ITER [32] and is also a candidate for future fusion reactors.
The mode is characterised by an edge transport barrier just inside
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the last closed flux surface which is often subject to periodic relax-
ations, called edge-localised-modes (ELMs) [2]. This paper is con-
cerned with determining both /;; and 4, during H-mode
plasmas. It reviews and builds on previous work to determine Aq
[9]. Additional ASDEX Upgrade data from the open Divertor-I are
presented to support this. In addition, the empirical model of 4,
first presented in [9] is further validated by showing agreement
with an ASDEX Upgrade fit and new data from JET and ASDEX Up-
grade plasmas with tungsten divertors. A first comparative study of
L-mode and H-mode power decay length scalings is also presented.

As for Ref. [9], the work is based on divertor heat load mea-
surements from fast (10 kHz) infrared camera systems installed
on both JET and ASDEX Upgrade. Both systems have a spatial res-
olution of 1.7 mm. As can be seen for the JET plasma in Fig. 1,
during ELMs, toroidally asymmetric heat fluxes are observed on
the divertor target [3-5] with large power decay lengths [6]. In
addition, and also shown in Fig. 1, ELMs are often associated with
radial displacements of the strike point on the divertor target,
comparable in size to the power decay length [7]. From Fig. 2,
it can be seen that a similar behaviour is seen in ASDEX Upgrade
only with smaller radial displacements of the strike points,
<5 mm [8]. Thus, ELM heat loads appear to be different in nature
to the inter-ELM heat loads considered here and must be treated
separately. For this reason, inter-ELM periods from 90% to 99% of
the ELM cycle period are defined and only data from these are
used in the rest of this paper.

0022-3115/$ - see front matter © 2013 Euratom. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Evolution of heat flux and the inferred strike line position on the divertor
target for a typical JET discharge during type-I ELMy phase.

2. Database of JET and ASDEX Upgrade discharges

Using the diagnosis outlined in Section 1, a database of type-I
ELMy H-mode discharges from JET and ASDEX Upgrade has been
constructed. The new database extends the previous version [9]
which comprised 56 discharges from JET and 11 from ASDEX
Upgrade with the Div-IIb divertor. 11 further ASDEX Upgrade

Div-IIb discharges have been added as well as 4 discharges with
the more open Div-I divertor [10]. This enables the study the influ-
ence of the divertor target tiles and magnetic geometry on Ay,. In
addition, 4 new JET discharges have been added. The range of
key parameters in the new database is summarised in Table 1.
Here,l, is the plasma current, By the toroidal magnetic field, gq5
the edge safety factor, P, the heating power, § the averaged trian-
gularity, Z,; the effective charge, and few the Greenwald density
fraction. The aspect ratio of both machines, defined as € = a/Rg,,
is € = 0.32, where Ry, is the major geometrical radius and a the
minor radius. The plasma elongation is k¥ = 1.8 for both devices.
Heat flux profiles are analysed with minimal gas puffing and in
the absence of power detachment with carbon divertor plasma-
facing components. However, it should be noted that the divertor
geometries for JET and ASDEX Upgrade are quite different. JET im-
poses an open divertor geometry, i.e. the outer strike line is posi-
tioned on the outer horizontal target tile [11]. Additionally, for
JET, only such discharges can be analysed with IR due to the obser-
vation geometry (for details see [6]). ASDEX Upgrade Div-IIb runs
regularly with both strike points on vertical tiles and establishes
this way a more closed, ITER like divertor magnetic configuration
[12]. However, ASDEX Upgrade Div-I (in operation from 1991 to
1997) did establish a more open divertor geometry with both
strike lines on the horizontal plates[10].

3. Experimental estimation of the SOL power flow

The SOL power flow profile is measured at the target and related
back to the upstream profile using a simplified SOL model [6]). An
exponential profile with decay length 7, is assumed at the outer
midplane separatrix region [15]. As power flows towards the diver-
tor target, this is broadened by magnetic flux expansion, parame-
terised as fy. Here, the definition for an integral flux expansion
along the target surface [13,14] calculated for the outer midplane
region R = R to R = R, + 5 mm, with Ry, being the outer separ-
atrix radius, is used. The variation of f, by using R = R, + 2.5 mm
amounts to <5%.

By expressing the target coordinate as s and the strike line posi-
tion on target as sp the heat load profile at the divertor entrance
can be described as
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Fig. 2. Evolution of heat flux and the inferred strike line position on the divertor target for a typical ASDEX Upgrade discharge during type-1 ELMy phase.
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Table 1
Database of analysed discharges.
# I, (MA) Br (T) os Py (MW ) o Zog fow
JET 60 1.0-3.5 1.1-3.2 2.6-5.5 5-24 0.2-0.4 1.5-2.5 0.44-0.88
AUG Div-IIb 22 0.8-1.0 1.5-24 3.2-5.1 2.5-12.5 0.2-0.4 2.0-2.7 0.46-0.74
AUG Div-1 4 1.0-1.2 1.9-2.0 2.6-3.0 5.0-7.5 ~0.1 ~2 ~0.5
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Fig. 3. Heat flux profiles measured on the outer divertor target and fits using Eq. (2)
applied to heat flux data from JET and ASDEX Upgrade Div-I and Div-IIb.
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Agf
In addition to flux expansion, power flow in the divertor region is
also assumed to be broadened by perpendicular heat diffusion
which expands the profile deeper into the SOL and also into the pri-
vate-flux-region (PFR) in a process known as leakage [16]. In this
simple model, perpendicular diffusion is included by introducing
a Gaussian, with a width S, which represents the competition be-
tween parallel and perpendicular heat transport in the divertor vol-
ume. This Gaussian is convoluted with the exponential profile [17].
The target heat flux profiles are thus expressed in a domain s ele-
ment of [—oo, oo].

; SY _s 5.3
q() :% exp ((2%) _)qif) ~erfc<2—iq—sifx> +qpc (2)

Experimentally, heat flux profiles are measured on the outer
divertor target by means of infrared thermography. Details of the
experimental setup for JET can be found in Ref. [6] and for ASDEX
Upgrade in Ref.[13]. These measurements are then related to the
power decay length by fitting the parameters S, 44, ¢y, gz and so
in Eq. (2). Fig. 3 shows examples for measured heat flux profiles
and their fits.

Xq [mm]

Fig. 4. Resulting values for /, and S from fitting for the complete database.

Fig. 4 shows the resulting values for 2, and S from fitting for the
complete database. Most notable here is that the values for S are
largely varying when comparing JET, AUG Div-I and AUG Div-IIb
and seem to cluster for each single divertor around a mean value.
In particular it should be noted that for ASDEX Upgrade Div-I and
Div-IIb largely different values for the power spreading parameter
S are found. In contrast 4, for both devices cover the same range
from values of about 1 mm to 4 mm. Hence, in the JET machine,
which has a radius of about 3 m, the shortest power fall-off widths
are about 1 mm and are associated with the highest plasma cur-
rents. Also, values of about 1-4 mm are found for ASDEX Upgrade,
a truly notable result.

4. Comparison of fit results to 2D-modelling of heat transport

The use of a Gaussian width (S) to describe the effects of the
perpendicular cross-field and parallel along field diffusivities is a
considerable simplification. However, this approximation has been
validated by comparison with two-dimensional numerical heat
diffusion calculations [18] using Spitzer-like (< T*/) parallel and
Bohm-like perpendicular (oc T) thermal diffusivities. The technique
is found to be accurate to better than 15% in determining 4, at the
divertor entrance in cases where ratio of the deduced Gaussian
width (S) and the exponential fall-off length (4,) is below unity
as shown in Fig. 5. For the mean value of all JET data S/, = 0.4 cor-
responding to 2% accuracy and for ASDEX Upgrade S//q = 0.57 cor-
responding to 5% accuracy.

5. Approximate relation between i, iy and S

The integral power decay width [14] at the divertor target can
be derived from From Eq. (2) as
(q(s) — ds
e = J(a(s) — ggc) S

quIX

(3)
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Fig. 5. The deviation of using a constant diffusion rather than solving the 2D
numerical heat diffusion is dependent on S/, and below 6% and 15% for JET and
ASDEX Upgrade, respectively.

This quantity is frequently used in the literature [14] since it en-
ables the peak heat load on the divertor target to be related to
the power deposited on the divertor target, a crucial design param-
eter for the power handling capabilities of a large device such as
ITER. It is shown by Makowski that, given the model for the target
heat flux from Eq. (2) is applicable, the following relation is accurate
to better than 3% for the analysed database[19]:

Jing ~ Jq +1.64-S (4)

Fig. 6 shows a comparison between the experimental integral
decay length 4;,; (see Eq. (3)) and that calculated from Eq. (4) using
the fitted 2, and S. Good agreement is found. This suggests that, de-
spite its simplicity, the fitting function stated in Eq. (2) well de-
scribes the experimentally measured heat load profiles. The most
notable conclusion from Eq. (4) is that a regression of J;,; as a sub-
stitute for /4, as attempted in earlier studies [14], is unlikely to re-
veal the correct scaling parameters.

This becomes more evident upon closer examination of the typ-
ical values of A;;; for ASDEX Upgrade Div-I and ASDEX Upgrade Div-
IIb and comparing them to /;, values from JET. Regressing Div-I
and JET data for J;;; would give positive major R dependencies,
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Fig. 6. Correlation between the experimental and fitted /;,, by using 4, and S and
applying the Makowski relation (Eq. (4)).

but regressing Div-IIb and JET data would give negative major R
dependencies. As stated, this is in both cases an artefact from using
Aine Tather than J,.

6. Multi parameter regression of i,

In this section, the empirical regressions of Ref. [9] are repeated
on the extended database. In addition, a first regression using AS-
DEX Upgrade data only is performed and results from a combined
scaling with DIII-D, C-Mod and NSTX are reviewed [19,20]. Taken
together, these studies increase the confidence in the use of the
empirical scaling.

For the new database, empirical regressions are provided for 24
for JET and for the combined dataset from JET and ASDEX Upgrade
deuterium discharges. The regression for ASDEX Upgrade is at-
tempted despite the comparably poor variation in I, and Br. Hence,
only a poor regression quality is found with large error bars for
each regression variable. The regression parameters are Br, cylin-
drical safety factor (q.,), power crossing the separatrix (PsoL). In
addition, R, is included when regressing combined data from
JET and ASDEX Upgrade. Least square fitting is applied to derive
a parametric dependency.

Jq(mm) = Co - B (T) - ¢ - PS5, (MW) - R (m) (5)
where,

_2ma-€-Br (1+x?)
qul - U - Ip : 2 (6)

Results are summarised in Table 2 for /4 including the regres-
sion variances for each variable.

It can be seen that all the fits are consistent with each other
within a single standard deviation. This suggests that similar phys-
ics is at work across all machines and illustrates the robustness of
the empirical scaling. The fitted 4, has a strong dependence on Br
and ¢, and a minor dependency on Pso. Notably, no dependency
of 14 on Rg, is found. A comparison of the regressed versus the
measured values are given in Fig. 7 for JET, ASDEX Upgrade Div-I
and Div-IIb.

7. First results from ‘tungsten’ divertor operation in JET and
ASDEX Upgrade

The analysis of Section 6 is performed solely on plasmas with
carbon targets. However, due to its advantageous (i.e. lower) tri-
tium retention, ITER and next step devices plan to use tungsten
divertor targets. This has motivated experiments in JET and ASDEX
Upgrade to test the applicability of the scalings of Section 6 for
plasmas with tungsten divertors. Experiments have been per-
formed in JET with the JET-ILW tungsten divertor [21] with dedi-
cated scans in plasma current (1-2.8 MA) and toroidal field (1-
2.5T). Low density ASDEX Upgrade discharges have been per-

Table 2
Parameter dependency of 4, using Eq. (5).
Cg CB Cq Cp CR RZ
JET q 070 -0.85 1.23 0.13 - 0.68
+ 023 026 024 0.12 -
AUG Aq 078 -0.63 114 -0.05 - 0.43
+ 0.69 1.05 0.81 0.31 -
JET + AUG q 090 -0.73 1.16 0.04 -0.11 0.61
+ 037 0.26 0.27 0.12 0.15
D3D + NSTX +CMod /4 093 -097 1.09 -0.10 - 0.79

I+

0.26 0.06 0.20 0.09 -
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Fig. 7. Comparison of predicted (see JET + AUG fit in Table 2) versus measured
values for 24.

formed at 1.2 MA, 2.5T, 12.5 MW NBI and 3 MW ECRH heating
with the full tungsten wall [22]. Note that the divertor geometry
of full-W ASDEX Upgrade operation is nearly identical to ASDEX
Upgrade Div-IIb. Identicals diagnosis and analysis method to that
presented for the plasmas with carbon divertors was used for these
plasmas.

As can be seen from Fig. 7, both the JET and ASDEX Upgrade
tungsten divertor plasmas have SOL power decay widths which
are consistent with the multi parameter regression to the com-
bined JET and ASDEX Upgrade database of Section 6. Thus, these
expressions can be applied with some confidence to plasmas with
both carbon and tungsten divertors.

8. Comparison between the power fall-off in L-mode and H-
mode plasmas

The presented studies were recently extended for dedicated L-
mode discharges or short L-mode phases before transition to H-
mode for both, JET and ASDEX Upgrade. A detailed discussion can
be found in [23]. For all cases it is found that
/g L-mode > ASOLH-mode. FOI' MOSt Cases Aq1 mode iS 2-3 times larger
than predicted by the H-mode scaling. This is expected, as radial
transport in L-mode plasma is larger than in H-mode equivalents
in the edge plasma. Slightly different results are achieved for the
L-mode regression of /, depending on the chosen database from
JET and ASDEX Upgrade as no dedicated scans for L-mode plasmas,
in contrast to the H-mode studies, are available. The best results
w.r.t. best regression residuals from least square fitting for a com-
bined JET and ASDEX Upgrade database are:

Aléfmode(mm) =1.37-B;>%(T) - qg}y - P32 (MW) - R®'(m) (7)

Most worth notifying here is that the L-mode regression parameter
are reminiscent of those found for H-mode plasmas but with an
approximately 2 times larger constant, hence larger values for /,
in L-mode. When extrapolating to ITER for L-mode plasma by using
Eq. (7) and P:5"% = 50 MW a value for 4, of 3.8 mm is found for
ITER. Following the studies in [23] A'{‘“‘)de is between 3.4 mm and
5.5 mm.

9. Conclusions

A simplified model for power flow in the SOL has enabled the
independent estimation of the integral divertor target (i) and

exponential SOL (4,) power fall-off widths and an effective power
spreading parameter (S). The most notable conclusion of the anal-
ysis of /4 is that no machine size scaling is detected. The design val-
ues for the ITER baseline are R=62m, a=20m, k=1.7,
Pso = 120 MW, By =5.3T, I, =15MA, q, =242, Zy5 =16
[32]. Extrapolation of the regression analysis from Table 2 results
in 7™ ~ 1 mm.

Recent experiments carried out with 'tungsten’ divertors in JET
and ASDEX Upgrade revealed no deviations from the results with
carbon plasma-facing-components. Also the comparison 4, to the
prediction of the heuristic drift based model [24], based on parallel
convection and curvature drifts, is satisfactory with regard to both
magnitude and scaling and newer results from ‘tungsten’ divertor
confirm the latter statement.

However, extrapolation of 4, to ITER cannot be performed from
this work. Such an extrapolation requires a reliable regression of S
from the current database which is not yet achieved. Such an at-
tempt has to include an understanding of the effect of the divertor
geometry on the power spreading S parameter. Also accompanying
code simulations seem to be necessary focussing on discharge con-
ditions in absence of detachment processes [25-27].

However, the huge observed difference of the S parameter be-
tween ASDEX Upgrade Divertor-I and Divertor-IIb gives hope that
a sufficiently large S in the long baffled ITER divertor will be pres-
ent and hence will cause Zi,s > 4. As an exercise, purely for curios-
ity, the S value from ASDEX Upgrade Div-IIb can be assumed for
ITER, in which case Z;;; can be calculated as

ITER
/ “int

(mm) =1mm + 1.64 x 1.6 mm = 3.6 mm > 1 mm (8)

It is noted that if S is large enough, radial diffusion dominates and
the actual value of 2; would be of minor importance for the result-
ing i, value. Only dedicated experiments aiming to find a scaling of
S, can lead to a better understanding here, e.g. by varying the dis-
tance between x-point and divertor target plate in controlled exper-
iments with otherwise fixed discharge parameters (i.e. constant /)
as executed in DIII-D [28] recently.

ITER is anticipated to operate in conditions with a high fraction
of SOL radiation and partially detached divertor plasmas, unlike
the conditions studied here. However, the assumption [29] that
/q will be in the range of 5 mm needs to be compared to conse-
quences for operation and divertor detachment accessibility aris-
ing from the prospected result of 7, ~ 1 mm, as aimed for in [30].
Finally, it should be noted that the results here from simple regres-
sion analysis are not constrained by other effects which may be
present and would be violated by a power fall-off length of 1 mm
in the outer midplane in ITER [31].
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