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ABSTRACT

Analysis of the type-I ELM power load asymmetries using infra-red thermography and target current

measurements is performed in JET DOC-L and ASDEX Upgrade Upper Single Null type-I ELMy H-

Mode discharges with ‘normal’ and ‘reversed’ field direction, i.e. with the ion B×∇B drift direction

pointing towards the active X-point and the ion B×∇B drift direction pointing away from the active

X-point, respectively. The ELM power load towards the inner target plate is found to be larger as

towards the outer target with ‘normal’ field direction and vice versa with ‘reversed’ field. Current

measurements are performed in ASDEX Upgrade providing information that the inner target receives

a net positive and the outer target a net negative charge during the ELM in ‘normal’ field and vice

versa for discharges with ‘reversed’ field. The difference between the ELM energy load on the inner

and outer target, Eouter - Einner, is well correlated with the net charge due to the‘ ELM giving a net

charge of 5As  for a value of 5kJ for Eouter - Einner. A comparison to JET data shows that in both

devices the maximum difference for values on Eouter - Einner for ‘normal’ field direction, as foreseen

in ITER, corresponds to values of  Eouter - Einner = 2.

1. INTRODUCTION AND EXPERIMENTAL DATA BASE

The target power deposition during edge localized modes [1] (ELMs) is a concern for the divertor

target plates [2,3] in ITER. For an extrapolation of target power load characteristics (measured by

infra-red thermography) of present devices such as ASDEX Upgrade and JET to ITER it is necessary

to understand the ELM related SOL transport physics. For this reason, in JET and ASDEX Upgrade

dedicated discharges for optimized infra-red measurements have been performed, complemented by

target integrated current measurements in ASDEX Upgrade [4] and probe measurements in JET [5].

To study the effect of ELM loss size, pedestal temperature and density and particle drifts on type-I

ELM SOL transport, experiments were performed with varying heating power, plasma density and

field direction. The field direction with the ion B×∇B drift direction pointing towards the active X-

point will be named as ‘normal’ throughout the paper, and the ion B×∇B drift direction pointing away

from the X-point as ‘reversed’. It should be noted that the field direction change in ASDEX Upgrade

is achieved by switching only the toroidal magnetic field whereas in JET both the direction of the

toroidal magnetic field and the toroidal plasma current direction are switched.

Although progress was made for quantifying the ELM target load characteristics as expected for

ITER [6], the underlying transport mechanism driving a larger fraction of the ELM released energy

towards the inner target plates than to the outer in ‘normal’ field direction [7] is still not resolved.

Therefore, this paper focuses on the latter issue and presents correlation of the ELM target deposited

energy asymmetries with net target charge due to ELMs. Co-deposited surface layers can influence

the correct estimation of power fluxes from surface temperature measurements [7]. These layers are

reported from JET [8] to be deposited largely asymmetrically on the inner and outer target tiles

depending on the field direction. Therefore such influences have been minimized in ASDEX Upgrade

upper single null discharges by installing new and therefore clean target tiles (for details see [9]).  All
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presented data are obtained by using coherent averaging techniques, in which about at least 10-20

ELMs are used for one data point in this work.

2. POWER DEPOSITION AND TARGET CURRENTS DURING TYPE-I ELMS

Before the ELM induced target power and target current are presented, the corresponding value for

the Inter-ELM transport should be briefly discussed for both field directions. In the Inter-ELM phases

with ‘normal’ field, generally at target thermo current is observed caused by the difference of the local

electron temperature,Te, at the target plates with Te being reported to be larger a the outer target [10,

4]. Also commonly observed, a larger fraction of the Inter-ELM released power into the SOL is

deposited on the outer divertor target plates due to the ballooning-like nature of tokamak energy

release from the confined plasma into the SOL, which causes poloidally localized power outward

fluxes at the outer equatorial midplane [7]; this ballooning-like power release is reported not to change

during the ELM energy release, see e.g. [11]. In ‘reversed’ field cases, the Inter-ELM target power

deposition is reported to be roughly equal and no change of the midplane power release origin is

observed. Measured thermo currents change flow direction for ‘reversed’ field interpreted as a larger

Te at the inner target for that case.

Figure 1 (a) shows the experimental set up for the power flux and target current measurements in

ASDEX Upgrade upper single null discharges for ‘normal’ field direction. Figure 1(b) shows that

during the ELM a larger fraction of the ELM induced power is deposited on the inner target than on

the outer (inversing to the Inter-ELM ratio) and simultaneously that the observed target current is

increased but keeping the same flow direction as in the Inter-ELM phase. Figure 1(c) shows the time

integrals of the values presented in (b) giving the ELM energy for inner, Einner, and outer target,

Eouter, and the ELM related charge difference, CELM, between both target plates; Note that CELM is

negative in the latter case, i.e. a negative current flows from the inner to the outer target plate through

the SOL during the ELM.  Since the poloidal origin of the energy release location has not significantly

changed from the Inter-ELM to the ELM phase, it may surprise that a larger fraction of the ELM

energy is deposited onto the inner divertor target.

Figure 2 shows the same quantities as in Figure 1 for a similar discharge in ASDEX Upgrade with

‘reversed’ field. Here, a situation is observed with a larger value for Eouter than for Einner and

simultaneously a positive value for CELM.

Summarizing these findings a higher energy load is observed on that target plate, which receives a

net positive charge. A net negative charge of same absolute size within the error bars is measured for

the target with the lower ELM energy load. Consequently, the target with lower value for Te in the

Inter-ELM phases (and also during the ELM) receives the larger power load during the ELM

independently on the field direction.

3. CORRELATION OF ELM TARGET ENERGY WITH TARGET CHARGE

Figure 3 shows the correlation between the difference of ELM target load for outer and inner target, -
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Eouter - Einner, and the ELM related net charge CELM  with the convention

As it is obvious from the plot, both quantities are well correlated. Different aspects of the correlation

should be noted by the reader. First, both quantities strictly change sign with field direction. Secondly,

the graph passes through zero for Eouter - Einner = 0, i.e. for a balanced ELM target power load no

ELM related currents are measured. Finally, the gradient of the graph for, ‘normal’ and ‘reversed’

field are different roughly by a factor or two. By focusing in the following analysis on the ‘normal’

field direction the ratio between energy  and net charge difference is revealed from the gradient of the

graph in Figure 4 with

In the following two cases are discussed, first (1) a case where the net charge difference is fully

attributed to electron flows (thermo currents) and secondly (2) where the net charge difference is fully

attributed to the ions.

(1) Thermo currents [12,13] are observed in ASDEX Upgrade for ‘normal’ field direction to

cause in Inter-ELM phases a larger Te at the outer target than at the inner [4]. Since the target

currents only increase in amplitude but otherwise do not change the sign (see Figure 1 and

Figure 2 and Figure 1 in [4]), thermo currents cannot be responsible to explain the measured

change of ELM energy load being larger at inner target.

(2) In the next step the measured net charge at the targets plates is fully attributed to ions, i.e.

The ELM energy load for each target is explicitly expressed by numbers of ions and electrons

With inner
ELM

outer
ELM NN , being the number of pairs of electrons and ions (and therefore not causing a charge

difference) deposited in the outer and inner, respectively. Unfortunately no probe measurements have

been available for the presented upper single null discharges in ASDEX Upgrade and therefore a

variety of assumptions have to be made, i.e.
inner
ion

outer
ion TT = and 2== inner

ion
outer
ion γγ . As shown in Figure 3, the ELM target load difference is zero,

i.e. the ELM energy load to inner and outer target is equal, when no net charge difference is measured.

Since the energy load is equal when no net charge is measured, it is plausible to conclude that also the

CELM = Cele    -Cion    = Cion  -Cele     .   
outer outerinnerinner

Eouter - Einner

CELM

-5kJ

-5As
= .

CELM = -Cion    -Cion    and Cele      = -Cele     = 0.   outer outerinnerinner

Eouter = γion   kB Tion    (NELM + Cion     ) +  γele   kB Tele    (NELM + Cion    ) 
outer outer outer outer outer outer outer outer

Einner = γion   kB Tion    (NELM + Cion     ) +  γele   kB Tele    (NELM + Cion    ) 
inner inner inner inner inner inner inner inner
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particle fluxes due to an ELM are equal, i.e. inner
ELM

outer
ELM NN =  is assumed. This number is approximated

by calculating the ELM pedestal particle loss to find a typical values of 5 • 1019 particles (i.e. this

gives NELM/CELM ≈ -3). Subtracting equation (2) from equation (1), dividing the result by 2kB

CELM gives then

A possible solutions of this equation is given e.g. by

Although again not enough quantities of the above equation are measured, we can draw the important

conclusion that in caseTouter ≈ Tinner is fulfilled during an ELM the corresponding value for Tion

must be much larger than the values for Touter , Tinner. This result is well consistent to the finding of

the ELM filament evolution in the SOL due to parallel losses [14]. Here only the two limits of attributing

the net charge difference (1) fully towards the electrons and then (2) fully towards the ions have been

briefly discussed. The same formalism has been repeated by attributing half of the net charge difference

to the ions and half of it to the electrons. With the same numbers otherwise as stated above Tion =

700eVis found, therefore a value which exceeds the typical ion pedestal temperatures at AUG and

therefore not realistic. Speculating on these findings, it seems that a net ion charge imbalance is

causing the observed ELM target load differences.

4. COMPARISON OF ASDEX UPGRADE AND JET RESULTS

Figure 4 shows a comparison of JET and ASDEX Upgrade values of Eouter + Einner versus Eouter -

Einner for ‘normal’ and ‘reversed’ field direction. For ASDEX Upgrade ELMs with target load energies

from 2kJ to 20kJ (this number can be verified in Figure 4) it is observed that  -1/3 × (Eouter + Einner)

≤ Eouter + Einner for ‘normal’ and 0 ≤  Eouter - Einner ≤ 2/3 × (Eouter + Einner) for ‘reversed’ field discharges.

Obviously there is an unidentified parameter varying the Eouter + Einnervalue for each given Eouter +

Einner value; here comparison of Eouter + Einner values to the pre-ELM pedestal top values of Te,

electron density, collisionality and the normalized ELM pedestal loss size did not reveal a simple

correlation. For JET the ELM target load energies cover values between 40kJ to 500kJ. For the ‘reversed’

field conditions more ELM energy is found to be deposited on the outer target and for ‘normal’ field

cases more on the inner target identical to the findings for ASDEX Upgrade. The data base for ‘reversed’

field is otherwise very poor and therefore not further discussed here. For Çnormal‘ field direction and

again identical to ASDEX Upgrade the relation -1/3 × (Eouter - Einner) ≤ Eouter - Einner ≤ 0 is found.

For ELMs with target energies above 100kJ values only a comparable small variation of the Eouter -

Einner values is observed and it is found that Eouter - Einner ≈ -1/3 ≤ (Eouter - Einner) . Note that the

variation of the ELM target load data with target energies below 100kJ could also be introduced by

the larger diagnostic error bars in JET. However, it seems plausible to speculate in that respect, that

3

2
γion Tion +     .    γele    Tele      -

inner inner γele    Tele      =                       = 500eV.inner inner3

2

Eouter - Einner

2kBCELM

γion = 2, γele    ≈ γele   ≈ 2, Tele     = 50eV, Tele     = 100eV, Tion = 400eV,  
inner outer inner outer

ele ele

ele ele
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the unidentified parameter plays a significant role for the comparable small ELMs in ASDEX and for

low energy ELMs (<100kJ) in JET but not for large ELMs (>100kJ). Finally the corresponding value

for Eouter / Einner are calculated here for the largest ELM in JET for ‘normal’ field by

CONCLUSIONS

Several conclusions can be drawn from the presented observations. First, the finding that ELMs drive

a larger fraction of energy to be deposited in ‘normal’ field direction towards the inner divertor is a

true finding also for JET and not caused by diagnostically introduced artefacts as e.g. surface layers.

Secondly, only a large difference between Tion and Tele is consistent to the findings presented in

Section 3, which is consistent with the model of ELM filament energy evolution due to parallel losses

[14].  In return the analysis in Section 3 suggests, that ion currents during the ELM, possibly caused

by drifts in the SOL, are causing the observed energy/charge asymmetry. Thirdly, an unidentified

parameter appears for all ELM data reported from ASDEX Upgrade (< 20kJ) and possibly for small

ELMs at JET (<100kJ) which can causes values of Eouter - Einner to be close to zero.‘ Note, that‘no

cases have been observed in ASDEX Upgrade upper single null or in JET DOC-L discharges where

more energy was deposited to the outer target plate in ‘normal’ field or to the inner target plate in

‘reversed’ field.‘Finally, for largest ELMs (>100kJ) at JET DOC-L discharges  Eouter / Einner ≈ 2 is

found. It may be of interest to note, that the latter value would be close to a ‘perfect’ value regarding

the ITER divertor life time [3,6]. However, the hidden parameter must be identified before final

conclusion can be given in that respect.
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Figure 1: (a) Sketch of inner/outer ELM power load
asymmetry and corresponding positive target current
direction for ASDEX Upgrade Upper Single Null
discharges. (b) Power load for inner (red) and outer (blue)
target plates and target current evolution during type-I
ELM in ASDEX Upgrade with ‘normal’ ion B ×∇B drift
direction pointing towards the active X-point for
coherently averaged data of about 20 ELMs. (c) Time
integrals of the values in (b) over ELM duration gives
ELM deposited target energy inner Einner (red), Eouter
(blue) and CELM (green).

Figure 2: Same as in figure 1with ‘reversed’ ion B ×∇B
drift direction pointing away from the active X-point.
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Figure 4: Correlation of the ELM deposited energy for both targets, Eouter + Einner with Eouter - Einner in ASDEX
Upgrade and JET. In ASDEX Upgrade the data points are distributed due to an unidentified parameter  in such a
way, that with ‘normal’ field a range of Eouter /Einner = 1 - 2 is found and with ‘reversed’ field a range of Eouter /Einner
= 1/5 - 1. (b)  In JET the data points for large ELMs (>100kJ)in ‘normal’ field are close toEouter /Einner =  2. Open
symbols are ‘reversed’ field data and closed symbols ‘normal field’.
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Figure 3: Correlation between the measured difference of ELM deposited energies towards inner and outer divertor
target, Eouter - Einner, with the time ELM related charge difference CELM. Note that both values, Eouter - Einner and CELM
strictly change sign with field direction. Open symbols are ‘reversed’ field data and closed symbols ‘normal field’.
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