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Fig. 1. Radiation distribution of nitrogen seeded discharges at AUG (#30506) and 
JET (JPN 85067) in the detached state. 
above the H-mode threshold allows (and requires) significant core 
radiation [4] . 

High radiation scenarios with different seed impurities were 
tested at two of the all-metal tokamaks, ASDEX Upgrade (AUG) 
and JET. These experiments aimed to demonstrate power exhaust 
at highest heat fluxes. The dominant parameter determining these 
heat fluxes is the ratio of the power flux over the separatrix P sep 
and the major radius of the plasma R [5] . For ITER, this is in the 
range of P sep /R ≈ 15 MW/m and for DEMO expected to be in the 
range of 15–20 MW/m [1] . At AUG, values of up to P sep /R = 12 
MW/m were achieved, while at JET experiments were limited to 
about 5 MW/m. 

This publication compares the observations at both machines 
and the impact of the various seed impurities on the plasma sce- 
narios. It is ordered by the different seed impurities used, show- 
ing for both devices nitrogen seeding in Section 2 , neon seeding 
in Section 3 and krypton seeding in Section 4 . Section 5 compares 
the observations at both devices and Section 6 gives a summary 
and short outlook. 
2. Nitrogen seeding 

The use of nitrogen for divertor cooling is a well established 
technique [6] . It is commonly observed that the energy confine- 
ment time of the plasma is increased with the injection of nitrogen 
in an all-metal device [7] . At the same time, the N seeding is ob- 
served to alter the ELM characteristics, increasing their frequency 
and decreasing the relative energy loss [8] . 

Fig. 1 a shows a tomographic reconstruction of the radiation 
distribution in AUG discharge #30506, where 18MW of heating 
power are applied at a constant N seeding rate. The normalized 
confinement following the ITER physics base scaling [9] is around 
H 98 = 0 . 9 at up to 95% of the Greenwald density. In between the 
type-III ELMs, the divertor is in a pronounced detached state [10] , 
where the particle flux onto the target is significantly reduced for 
about 10cm along the target. The radiated power fraction ( f rad = 
P rad /P heat ) in this discharge is around 75%, while in discharges with 
lower heating power (e.g. AUG #29383) up to 90% of the heating 
power is radiated in the detached state. 

In Fig. 1 b a tomographic reconstruction of JET pulse 85067 
is shown, where also 18MW of heating power are applied. The 
plasma is in a ELM-less H-mode, the confinement is around H 98 = 
0 . 7 at 90% of the Greenwald density. The divertor is in a fully de- 

Fig. 2. Evolution of radiation around X-point, line of sight measurements (top), cen- 
tral nitrogen concentration (middle) and temporal evolution of tomographic recon- 
struction (bottom). 
tached state and the radiated power fraction at about 75%, the 
maximum observed at JET [11] . Note, that in this condition no sig- 
nificant heat flux is measured at the divertor [12,13] . At a higher 
heating power (JPN 87201, P heat = 27 MW), the plasma is in a type- 
I ELMy H-mode but shows similar values of confinement and radi- 
ated power fraction as at 18MW. 

The comparison in Fig. 1 shows that for both devices, in N 
seeded detached discharges, the dominant radiation is emitted by 
a small region inside the confined region, above the X-point. In 
both cases, about 5MW are radiated from this region, which is 
about 40% of the total radiation for JET and AUG. 

For AUG, this so-called X-point radiator is consistently observed 
in the N seeded detached condition, not only at highest heat- 
ing powers [14] . Such a local radiator inside the confined region 
can also be reproduced by modeling with the SOLPS code package 
[15,16] . 

Fig. 2 shows the temporal evolution of the location of the X- 
point radiator in discharge AUG #30506, where a constant N seed- 
ing rate is applied. This constant seeding leads to a slow increase 
of the N concentration in the confined plasma due to the residence 
time of nitrogen in the vacuum chamber. The X-point radiator de- 
velops in the region of the X-point and with increasing N concen- 
tration moves upwards inside the confined region. It appears to be 
very localized and not significantly elongated along the magnetic 
field lines. 

The intense radiation in this region indicates a strong reduction 
of the local temperature to values of 10–100eV, where N radiates 
efficiently. Electron temperatures of only a few eV are indicated by 
the SOLPS modeling and by the observation of deuterium line ra- 
diation in the region below the X-point radiator. However, there 
is no direct measurement of the electron temperature in this re- 
gion available yet. Such a local reduction of the electron tempera- 
ture might represent a so-called radiation condensation, where the 
characteristics of the impurity radiation lead to a strong cooling 
down to the temperature of the most efficient radiation. This leads 
to a density increase in this region and a further amplification of 
the radiation losses. This indicates a similarity of the X-point radi- 
ator to the MARFE phenomenon [17] . However, the operation with 
such a X-point radiator does not lead to an unstable plasma, as it 
is usually observed with MARFEs in tokamaks with carbon as first 
wall material. As shown in Fig. 2 , this radiator can exist for several 
seconds and modulations by ELMs and heating power trips do not 
lead to an immediate end of the discharge. 

Such strong poloidal asymmetries of radiation and electron 
temperature might be unexpected for the confined region of the 
plasma. However, the X-point region has a high flux expansion 
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EU Demo1 is Large & Low Power

R. Wenninger et al., EPS 2015 

How can this even point to a reasonable COE?

Demo Goals
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The Problem is Power Handling

Reasonable cost  
steady-state 

fusion power plant.
Heat flux 
too high.

Add impurity seeding. 

Decreases DT fuel density.

Gain too 
low. 

Heat flux still 
too high.

Increase size & Ip for gain. 
Accept pulsed operation 
for gain & higher density.Cost too high. 

Power too low. 
Heat flux STILL 

too high!

We need to understand this problem!
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Parallel Heat Flux is too High
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IR Data are Well Fit with “Eich Function”

Convolve an exponential representing the near SOL, exp(-x/λq),  
with a Gaussian representing diffusive spreading below the X-point, exp(-x2/S2).
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Figure 1. Typical outer target power parallel heat flux for each machine and result of fitting equation (1).

Table 1. Overview of parameter range for each device as used for regression.

Iplasma Btor q95 PSOL PSOL/Asep Bpol nGW Rgeo a δ κ

Unit MA T — MW MW m−2 T — m m — —
JET 1.0–3.5 1.1–3.2 2.6–5.5 2–12 0.01–0.09 0.2–0.7 0.4–0.9 2.95 0.95 0.2–0.4 1.8
DIII-D 0.7–1.5 1.2–2.2 3.2–7.3 1–5 0.02–0.09 0.2–0.5 0.4–0.7 1.74 0.51 0.2–0.4 1.8
AUG 0.8–1.2 1.9–2.4 2.6–5.1 2–5 0.06–0.19 0.2–0.5 0.4–0.7 1.65 0.51 0.1–0.3 1.7
C-Mod 0.5–0.9 4.6–6.2 3.8–6.6 1–3 0.13–0.36 0.5–0.8 0.5–0.7 0.7 0.22 0.3–0.4 1.6
NSTX 0.6–1.2 0.4–0.5 5.5–9.0 2–6 0.08–0.19 0.2–0.3 0.5–1.1 0.87 0.60 0.4–0.6 2.1
MAST 0.4–1.0 0.4 4.9–6.8 1–5 0.05–0.18 0.1–0.2 0.3–0.6 0.87 0.61 0.4–0.5 1.8
ITER 15 5.3 3 100 0.147 1.185 0.85 6.2 2.0 0.44 1.8

ELM cycle and for DIII-D, 30–99%. All data are taken by
fast framing IR systems with typical sample times of 10 kHz,
and hence fully resolve the ELM cycle. We use the plasma
and machine parameters summarized in table 1 and employ
standard numerical tools for regression, using power laws with
a constant denoted as C such that λq = C ×XxY yZz, etc, with
R2 the multiple (squared) correlation coefficient. The data was
fitted on normal scale. We subsequently add data from C-Mod
since this device operates in ELM-free H-mode. The results
may be summarized as follows, referring to table 2 for the
‘regression number’.

Regressions 1–3: the poloidal magnetic field, Bpol

(∼Iplasma/a) at the outer midplane is identified as a strong
driver for a narrowing of the power fall-off length. This
result has been found separately on all devices in earlier
studies [7, 8, 12–16]. Regression in the database finds a
linear inverse dependency on Iplasma and an approximately
linear dependence on the minor radius, as expected. We
attribute the slight deviation of the minor radius dependence to
effects associated with the exact magnetic geometry, such as
elongation, Shafranov shift, and triangularity. Adding C-Mod
data does not lead to any notable differences.

Regressions 4–5: since the connection length is an important
parameter for the parallel SOL transport, we add q95 as a

proxy for the actual SOL connection length (Lc ∼ πRq95)
and also explicitly include the machine size. Most notably, no
dependence on the latter is found. As before, Bpol shows the
strongest dependence, but is accompanied by a minor positive
dependence of λq on q95. Again the inclusion of C-Mod
data does not change the results within the error bars of the
regression parameters.

Regressions 6–9: we next use the Btor, q95, PSOL and Rgeo
of each device. The latter choice follows the work in [8, 12]
here focussing on identifying machine size dependency and
on PSOL. A strong positive dependence on PSOL would be
very beneficial for ITER, for which PSOL ∼ 100 MW for the
Q = 10 baseline inductive scenario, about 20 times higher than
the values typically found in the database of current tokamaks.
Regression #6 gives results for JET only, DIII-D, AUG and
finally C-Mod data being added consecutively for regressions
#7–9. When comparing results from #6 to #9 the regression
parameters found are essentially unchanged, which may be
noted as an important intermediate step. The dependence on
PSOL is found to be weak but positive for the hierarchically
ordered combinations of JET/DIII-D/AUG/C-Mod. The main
parametric dependencies found are an almost linear variation
with q95 and a strong inverse dependence on Btor.

Since ITER will run its baseline H-mode with similar q95
(∼3) to current devices, but at about twice the toroidal field
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Heuristic Drift (HD) Model Fits λq Data Well

× / ÷ 1.25

Data ∼HD Model /1.25∝ (a /R)ρ
p

Nucl. Fusion 52 (2012) 013009 R.J. Goldston

type flows, consistent with the measured parallel flows, this
amounts to only 1 MW summed over both the ions and the
electrons, much less than the experimentally measured loss
power. However, if we assume a modest electron thermal
diffusivity of 1 m2 s−1, consistent with the ASDEX-U and
DIII-D results, and take ∼ 4 mm to be the gradient scale length,
the resulting heat flux is 10 MW, consistent with experiment.
Of course this analysis simply shows consistency between JET
H-mode results and those of ASDEX-U and DIII-D, so should
not be surprising.

If the edge electron thermal diffusivity of 1 m2 s−1

continues into the SOL, the characteristic time for filling a
4 mm SOL at this thermal diffusivity is 8 µs, comparable to the
parallel loss time of about 10 µs due to Spitzer–Härm thermal
diffusivity at 100 eV. Our second fundamental assumption in
this heuristic model, therefore, is that anomalous electron
thermal diffusivity is adequate to ‘fill’ with electron heat the
plasma channel defined by the flows discussed above. We
assume that electron heat does not flow significantly beyond
this channel. In the very simplest heuristic picture, where we
take a density of nsep within the channel, and zero density
outside of the channel, this is evident. Plasma heat cannot
be transferred by plasma to the vacuum. In a more realistic
situation with profiles, at the low densities outside of the
main channel parallel losses are found to become sheath
limited, which reduces the heat flux compared with the T 7/2

scaling associated with Spitzer–Härm thermal conductivity.
Furthermore, radial turbulent heat flux is limited by falling
density, even at constant T , through the relation q⊥ ∝ ⟨p̃ṽ⊥⟩.

We now develop the implications of the assumption
that anomalous electron thermal diffusivity fills the particle
channel defined by the flows discussed above, and that the
channel is emptied of heat by Spitzer–Härm electron thermal
conductivity. Along the field lines this corresponds to the usual
two-point model. Here we assume that the heat flux crossing
the separatrix into the SOL is constant along the separatrix
surface. This gives

PSOL =
4πRλBpχ0,ST

7/2
sep

(7/4)BL∥
. (4)

Combining equations (4) and (1) to eliminate Tsep, and
evaluating the constants, we arrive at

λ = 5671 · P
1/8
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p R
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2Ā
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all units SI (5)

if we assume that the ion magnetic drift determines the net
particle transport, and

λ = 5671 · P
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p R
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Zeff + 4
5

)1/8

all units SI (6)

if we assume that the electron magnetic drift determines the
net transport. The dimensional variables are expressed in SI
units: metres, watts, teslas and amperes.

What is perhaps most striking about equations (5) and (6)
is the strong inverse dependence on Ip. Furthermore, since
plasma current scales with the linear dimension of a device at
fixed R/a, q, κ , and B, all of the size scaling in this expression
is implicit, coming in through the weak power scaling.

We can also solve equations (4) and (1) for Tsep, giving

Tsep

e
= 30.81 · P

1/4
SOL

[
(1 + Z̄)

2Ā

]1/8
a1/4(1 + κ2)1/4B1/2

I
1/4
p

×
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Zeff + 4
5

)1/4

(7)

again assuming the electron drift velocity is determinant, and
with all units SI. (Note that Tsep/e is expressed in volts.) The
resulting Tsep is close to 100 and 75 eV for assumed JET and
C-Mod parameters.

4. Comparison with recent experimental results

Recently heat flux width measurements have been published
for C-Mod [16], DIII-D [30], JET [31] and NSTX [32].
Experimental methods have improved, and these widths are
believed to be more accurate than those reported previously,
although measurement uncertainties remain. The quoted
results are for outer strike point measurements in deuterium
H-mode plasmas with low or zero gas puffing, and avoiding the
effects of large ELMs. The experimental widths quoted below
are ‘integral’ widths [33], λ ≡

∫
p dl/p̂ mapped magnetically

to the plasma midplane. A striking general pattern in the
new experimental results is a strong inverse dependence on Ip,
with relatively weak dependences on other variables, similar
to equations (5) and (6). Table 1 evaluates equation (5) for
deuterium plasma cases reported in [16, 32], assuming Z̄ = 1
and Ā = 2.

No account has been taken for the difference between the
reported heating power and the SOL power. Some of the input
parameters are educated guesses, particularly in the case of
JET, where only ranges of parameters have been provided,
whose extent is roughly represented by the ‘JET low λ’ and
‘JET high λ’ columns. Overall the number of data points
addressed is modest. Thus these results should be viewed not
so much as definitive, but reasonable, and strongly encouraging
of further comparisons with experimental data bases.

The worst fit is to the data from C-Mod, which is in
EDA H-mode, unlike the ELMy H-modes of the other cases.
The EDA H-mode has enhanced particle flux compared with
conventional H-modes, likely violating the assumptions of
this model. A long tail of heat flux in the outer SOL of
C-Mod may increase the value of λ compared with other
experiments, and FWHM estimates of λ in C-Mod are in
much closer agreement with the model result shown in
table 1. Measurements excluding the heat flux tail also show
a clear inverse dependence on plasma current, more closely
resembling the other experimental results. This highlights the
need for experimentalists to work with their data to provide a
carefully considered data set for comparison with models, and
to find a way to exclude the effect of ‘tails’, which could be
associated with recycling particle flux in this model.

Most recently [34], the heuristic model presented here
has been compared with the estimated projected exponential
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λq scales with intensive variables T, B, a/R, not with system size! 
Ignoring dependence on T1/2, λq ∝ (a/R)/Bp 

Projects to ITER, Demo λq ~ 1 mm!

R. Goldston 
JNM 2015
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S Appears to Scale with λq, not Device Size

S ≈ 0.5 λq    ⇒   λint,OMP  ≈ 1.8 λq  
S provides no relief, unless trends change dramatically. 

T. Eich et al. 
NF 2013
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Figure 3. Poloidal magnetic field at the outer midplane versus
power fall-off length (λq). The solid line gives the result of
regression #14 and the dashed lines the error bars.

Figure 4. Comparison of power spreading factor (S) versus power
fall-off length (λq).

strategy seems to employ the separatrix density as an additional
parameter for scaling the power fall-off length. The extent to
which the method of analysing target profiles for estimation of
λq used here is suited in the presence of high gas puffing rates
and edge densities, however, cannot be given yet.

5. Divertor power spreading value (S) from target
profile fitting

Figure 4 plots the power spreading factor (S) versus λq for
JET, DIII-D, AUG Divertor-I and Divertor-IIb and C-Mod.
As shown in figure 4, JET, DIII-D and AUG cover the same
range in λq of 1–4 mm. In contrast to this overlap of λq

in the various conventional tokamaks, the values found for
the power spreading factors appear to cluster around different
mean values for each machine. In particular the different
divertor geometries of AUG Divertor-I, with an open geometry

(outer strike point on horizontal targets), and Divertor-IIb, with
a relatively closed divertor geometry (outer strike point on
vertical targets), have very different numerical values (table 5).
Such a strong geometric dependence negates any attempt at
scaling with global discharge parameter.

Recalling the approximation λint ∼= λq +1.64 ·S identified
by Makowski [7], it becomes clear that a value of S larger
than ∼1 mm would dominate over λq when determining λint,
and therefore an extrapolation of S to ITER is desirable,
although estimates of λint for ITER would only apply for low
SOL radiation, attached plasma conditions, which would not
be tolerable at high performance from an engineering power
handling point of view. We identify such an attempt, namely
to estimate S for ITER conditions, as an important extension
of this work. However the current database does not include
parameters characterizing the divertor plasma conditions or
geometry. Nevertheless, the comparison of AUG Divertor-I
and Divertor-IIb, where the latter is similar to the closed ITER
divertor geometry, suggests that S may give values of λint

which exceed those observed for more open divertors. In this
respect, we note that Divertor-IIb gives a factor of 3 in the
power spreading factor in comparison with Divertor-I, which
is a considerable improvement. We note, however, that the
DIII-D values of S are similar to those of AUG Divertor-IIb
which, given the very different divertor geometries between
the two machines (of very similar scale size), will merit close
attention when extending our approach towards a possible
multi-machine based regression of S and hence to λint.

6. Conclusions and implication for ITER

Regression in a multi-machine database (JET, DIII-D, AUG,
C-Mod) for the SOL power width measured using outer
divertor target IR thermography in low recycling H-mode
discharges findsλq,ITER ∼= 0.7–1.1 mm for the baseline 15 MA,
Q = 10 inductive H-mode burning plasma discharge. This
range of extrapolated values overlaps the measured λq on JET
and C-Mod, respectively the largest and smallest devices in the
database, and is a rather clear demonstration of the absence of
any detectable machine size scaling in the regression. Instead,
the strongest and essentially only dependence amongst the
regression variables tested, at least for the conventional aspect
ratio tokamaks, is an inverse scaling with plasma current
(or equivalently a linear dependence on outboard midplane
poloidal magnetic field).

Recent studies in the JET ITER-Like Wall and full-W
AUG [15] confirm the regression results, i.e. a high-Z
‘tungsten’ divertor environment has no effect on measured
power fall-off width. This is of course already implicitly
suggested by the database used here, which includes points
from C-Mod running with high-Z metal PFCs (molybdenum).

The data obtained from earlier JET/AUG [6, 15] and
DIII-D/C-Mod/NSTX [7, 14] studies are consistent in absolute
magnitude with the predictions of a recently formulated
heuristic drift-based theory [17]. Combining the data sets
and adding the new MAST [16] data yields no notable
deviation from these earlier findings (table 6). We find
identical parametric dependences within error bars for all
data recorded in type-I ELMy H-mode of the conventional
tokamaks JET/DIII-D/AUG. The derived experimental and
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The Problem can be Expressed Simply

If λint,OMP scales ~ ∝ 1/Bp  the q|| problem scales ~ ∝ PB/R. 
So reactor designers constrain PB/R or P/R. 

But we need to take into account how the solution scales too!

q̂
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=
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2π R
0
+a( )λ
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B
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T. Eich et al. 
NF 2013

D. Brunner 
CO4: 00002
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Lengyel Model for Cooling due to Impurities 

• Assume local impurity cooling and Spitzer electron thermal conduction.
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• Assume cz = const.                                                       (R.H.S. depends only on Te.)

9 L. Lengyel, IPP 1981



Use ADAS to Evaluate Lengyel Integral

q! GW/m
2( )

ne,sep 10
20 / m3( )cz1/2

∼∝T
e,sep
3/2

• Assume nearly all of Psep 
must be dissipated to  
achieve detachment 
at a few eV. (Not always  
true in present expt’s.) 

• Include finite-lifetime  
non-coronal radiation in  
evaluating R.H.S. 

• q|| that can be detached 
scales as ne,sep cz1/2Tsep3/2 

• Note that per electron,  
lithium is comparable  
to nitrogen.J. Schwartz
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• So far we have something very simple: q
!,det
∼∝ n

e,sep
T
e ,sep

3/2c
z
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• Assume Greenwald density scaling & Spitzer electron thermal conduction:
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• OOPS, we had before, q|| ~∝ PB/R ⇒ Strong P & B scalings, no size scaling!

Bring in Greenwald Density & Spitzer Tsep 
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Now Use HD λq to Evaluate R0q||

• Using HD model for λq, with its Spitzer model for Te,sep:
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13/7
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• Lots of terms cancel:
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P
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ℓ
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1+Z
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⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟
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• If you take into account the solution as 
well as the problem, the difficulty of 
detachment scales as P/Bp not as PB/R. 

• No wonder making the machine larger 
doesn’t help. 

• Surprisingly, you want higher Bp,  
higher    , and higher κ, not larger size.ℓ"



We Really Should Not Have Been Surprised

• Ignore temperature variation and use ultra-simple radiation scaling.

• The HD model (at fixed T) and the Greenwald density are

λ
HD
∝
a

RB
p

1+Z
A

⎛

⎝
⎜⎜⎜⎜

⎞

⎠
⎟⎟⎟⎟

1/2

• Τhis gives the exact same result we had from the Lengyel calculation.
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"
* 1+κ2( )3/2 fGW2

1+Z
A

⎛

⎝
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⎞

⎠
⎟⎟⎟⎟

1/2

P
rad
∝ n

e
n
z
V = c

z
n
e

2
V ⇒ c

z
∝

P
sep

n
sep

2 λ
HD
Raℓ

"
* 1+κ2( )1/2

n
sep
2 ∝ f

GW
2
B
p
2

a2
1+κ2( )

λq Gets You Coming & Going   
The same narrow λint that made q|| very high 
also takes away the scrape-off layer volume 

needed to radiate away that high q||.
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Scientific
Organizers

• Raffaele Albanese, UNFII Naples
• Marco de Baar, DIFFER Eindhoven 
• Tony Donné, EUROfusion
• Piero Martin, U Padova
• Maarten Steinbuch, TU Eindhoven

• Marco Ariola, Parthenope U Naples
• Rob Goldston, PPPL Princeton   
• James Harrison, CCFE Culham
• Egemen Kolemen, Princeton U
• Emmanuel Witrant, UJF Grenoble

Invited 
Speakers

Taming the Flame  
Divertor Detachment Control in Tokamaks

Workshop: 19 - 23 September 2016, Leiden, the Netherlands

The workshop focuses on methods for divertor detachment 
control to prevent damage to the components during the 

power exhaust of a fusion plasma. Image: The Iron Rolling Mill, 
Adolph Menzel (1875). Poster design: SuperNova Studios . NL

The Lorentz Center is an international 
center for scientific workshops. Its aim is 
to organize workshops for researchers in 
an atmosphere that fosters collaborative 

work, discussions and interactions.  
For registration see: www.lorentzcenter.nl

Matt Reinke & I arrived at the  
“Taming the Flame” Lorentz Workshop 

in Sept. 2016, already looking into 
these ideas. We worked together and 

improved each other’s thinking.  
See also Matt’s paper: NF, 2017.

Credit where Credit is Due Dept.

17



How Serious is This Problem?
C-Mod ASDEX-U JET ITER FNSF (A=4) EU Demo1

Psep 3.83 10.7 14 100 96 154.7
Bt 5.47 2.5 2.5 5.3 7.0 5.7
R0 0.7 1.6 2.9 6.2 4.5 9.1

Psep/R 5.5 6.7 4.8 16.1 21.3 17.0
PsepBt/R 29.9 16.7 12.1 85.5 149.3 96.9

Ip 0.82 1.2 2.5 15 7.5 20
a 0.22 0.52 0.90 2.00 1.13 2.94
κ95 1.51 1.63 1.73 1.80 2.10 1.70

<Bp> 0.58 0.34 0.39 1.03 0.81 0.98
qcyl 3.78 3.16 2.79 2.42 3.55 2.62
nGW 5.39E+20 1.44E+20 9.82E+19 1.19E+20 1.89E+20 7.39E+19

Projected cN 

for detachment 

from AUG
1.0% 4.0% 4.1% 10.1% 8.6% 18.8%

Pretty serious.18



Detachment Tends to Run up to the X-Point

F. Reimold et al. 
NF 2015

Nucl. Fusion 55 (2015) 033004 F. Reimold et al

Figure 6. Tomography of bolometer measurements without (1.85 s)
and with (3.9 s) nitrogen seeding. The radiation characteristic
changes from detached inner divertor to stable, MARFE-like
X-point radiation.

measurements in [36]. Balmer line ratio measurements of Dϵ

Dδ

for lines of sight that pass through the X-point region have been
analysed with ADAS photon emission coefficients [43] and
indicate temperatures below 1 eV and a recombining plasma.

Limiter spectroscopy at AUG observes the low-field side
(LFS) limiter from the top part of the HFS limiter, see
figure 1. The limiter spectroscopy includes Dϵ , N II, N III

and W I lines. The intensity of these lines changes with the
application of nitrogen seeding. The nitrogen line intensities
at the limiter increase with nitrogen seeding by about a factor
of 4. Tungsten and Balmer line intensities decrease with
nitrogen seeding, indicating less tungsten influx from the
limiters despite increased nitrogen recycling. The limiter IDϵ

evolution scales with the neutral flux measurement behind the
HFS (F11) and the far SOL density measurement (V2), see
section 5.6. It has to be noted that the limiter lines of sight
do not end in tile gaps as viewing dumps and reflections at the
metallic limiter surfaces could be significant.

5.3. Radiation

Radiation in the divertor volume disperses the power to
the target and reduces the plasma temperatures to values
necessary for detachment. Bolometer measurements indicate
the location of radiating regions. In AUG the total radiated
power, Prad, is measured by foil bolometers. The analysis
is hampered by the fact that high-frequency ELMs cannot
be resolved by the foil bolometers. Furthermore, possible
reflections at plasma facing components (PFCs) and inside
the bolometer cameras are not taken into account in the
analysis [47]. At AUG a fast evaluation of Prad based on
bolometric measurements and geometric assumptions is used
to determine frad = Prad

PH
. A comparison of the fast evaluation

and tomographic inversions is used to recalibrate the fast Prad in
this work. With recalibration Prad fulfils the quasi-steady-state
power balance (5.1) during N-seeding to an accuracy of about
10% in all our discharges with the same calibration factor.

PH ≈ Ptar + Prad (5.1)

where Ptar is the power to the divertor target measured by
infrared camera.

In the detachment studies frad increases from 0.5–0.6 in
unseeded reference phases to 0.8–0.9 during nitrogen seeding.
A tomographic reconstruction of Prad of #29383 without and
with N-seeding is shown in figure 6.

The evolution of the total radiation in the bolometer
measurements is similar to that of the N III-line emission
observed with divertor spectroscopy: in the non-seeded phase
the bulk of the radiation stems from the inner divertor, see
figure 6(a). With the onset of nitrogen seeding, the dominant
radiation first shifts to the volume of the partially detached
outer divertor and then to the X-point as the divertor detaches
completely, see figure 6(b). The radiation moves into the
confined plasma above the X-point. At the same time N III

and Balmer line radiation is spectroscopically observed inside
the confined region. This X-point radiation is correlated to the
maximum pressure loss along the separatrix from upstream
to the target, an upstream pressure loss at the pedestal top, see
section 6, and completely detached targets with ELMs replaced
by broadband fluctuations, see section 6.1.

Similar observations of strong radiation losses at the X-
point during detachment have already been made in a number
of experiments [19, 48–51]. However, the experimental
observations did locate the X-point radiation either outside
of the separatrix or did not comment on the stability. In the
detachment studies presented here the X-point MARFE-like
radiation proved to be reproducible and stable.

Experiments indicate that the X-point radiation is not a
steady state in our feed-forward seeding approach, as there is
an ongoing upward movement. However, the slow evolution
of the radiation on timescales of 1 s and the experimental
observation that the X-point radiation reacts on a time scale
of several 100 ms to a reduction of the seeding rate should
allow for a feedback control of the X-point radiation position
using the nitrogen seeding rate as the actuator and bolometer
lines of sight as a controller.

5.4. Radiative fluctuations

Fast AXUV diode bolometers at AUG measure with 200 kHz
time resolution [52] and provide insight into fast radiative
processes. The diodes are not absolutely calibrated and cannot
be used for absolute radiated power analysis. The AXUV
diodes show radiative fluctuations in AXUV chords close to
the HFS X-point, see figure 4(d). During the fluctuating state
the observations are consistent with [27].

The fluctuations are first observed in inter-ELM periods
when the inner divertor is detached along the vertical target.
ELMs transiently reattach the inner target and the radiative
fluctuations disappear during the ELM. With increasing
detachment during nitrogen seeding the outer divertor detaches
first inter-ELM and then completely. Accordingly, the
radiative fluctuations switch from inter-ELM to ELM time
intervals and vanish with detachment of the outer target.
Hence, the appearance of the radiative fluctuations seems
to correlate with a simultaneously detached inner target
and attached outer target. The frequency of the radiative
fluctuations decreases with nitrogen seeding as shown in
figure 4(c). In [27] a connection of the radiative X-point

6

• Exposes core plasma 
to impurity influx. 

• Degrades pedestal 
pressure.  

• Reduces helium 
compression for 
pumping. 
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     May be a Useful Knob

c
z
∝

P
sep

B
p
ℓ
"
* 1+κ2( )3/2 fGW2

• If you have plenty of  
    you gain stability 
against variations  
in Psep and nsep.

ℓ"
*

ℓ"
*

H. Reimerdes, 2016 
4th IAEA Demo Programme Workshop20

+ 31%



• Multiple boxes are used to provide strong differential pumping of Li. 
• Lithium recirculates via capillary action (like in a heat pipe). 
• Reduced Li thermal force along B, and reduced neoclassical 

pinch across B should reduce core impurity level. 
• Bottom box provides enough lithium vapor to detach 200 MW. 

• Higher boxes are cooler, less dense. 
• Efflux to main chamber, 20 mg/s 

• Plasma detachment cannot move to the X-point.

Lithium Vapor Box Provides Stable Detachment

E. Emdee et al., Poster PP11.00094… NOW!21

1 cm thick plasma



Conclusions

• Difficulty of detachment is better characterized by P/Bp  than PB/R. 

• We should perform numerical studies and laboratory experiments 
to confirm this hypothesis. 

• This adds motivation for more compact, higher B reactor designs. 

• A Divertor Test Tokamak should have relevant P/Bp. 

• Enhancing the divertor leg parallel length should reduce the impurity 
content required for detachment, and improve its stability. 

• Detachment location can be assured by localizing the impurity influx, 
as in a Lithium Vapor Box Divertor.
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