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Abstract

The ITER divertor power deposition database is described and analysed in this paper. The database contains ex-

perimental measurements from the major divertor experiments in L-mode and H-mode regimes. These measurements are

used to derive multi-machine scaling laws for the peak divertor heat ¯ux and width, particularly of their machine size

dependence. The physical basis for these scalings is discussed and the laws obtained are used to extrapolate from existing

experiments to the parameters expected in the ITER-EDA device. Ó 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the main problems in the design of ITER is

that of power loading on ®rst wall materials. The pre-

dicted values of the power ¯ux to the divertor surfaces in

ITER are likely to exceed the limits set by engineering

and materials constraints [1] (i.e. 5±10 MW/m2 steady

state power load). Due to the anomalous character of

particle and energy perpendicular transport in the to-

kamak SOL, no sound theoretical prediction exists for

the power ¯ux decay length and, consequently, for the

peak power deposition in ITER.

The study of the power ¯ux peak and width scaling

can be performed by means of two di�erent sets of

measurements, either by using the measured SOL plas-

ma parameters (ne, Te, Ti) at the midplane or by

studying the power deposited on the divertor plates

measured with Langmuir probes or infrared cameras.

The ®rst approach, described in another companion

paper [2], has the advantage of not being in¯uenced in its

interpretation by the power losses in the divertor and

SOL. It has the disadvantage, however, of su�ering from

uncertainties in the position of the magnetic separatrix

and the usual lack of Ti measurements in the SOL. In

this paper, we concentrate in the second approach by

utilising measurements of the power deposition by in-

frared cameras from the major divertor tokamaks. The

experimental power deposition database analysed here

has been assembled under the supervision of the ITER

Divertor Modelling and Database Expert Group within

the framework of the ITER-EDA.

2. Database: De®nitions and analysis

The main objective of this analysis is to understand,

in terms of physics variables, the behaviour of the peak
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parallel power ¯ux (the actual power on material sur-

faces depends on the divertor design) so that it can be

reliably extrapolated to ITER. Therefore, in principle,

we would scale this magnitude from existing experiments

by using the measured parallel peak power ¯ux. This

approach requires the angle between the divertor tiles

and the magnetic ®eld to be accurately known (which is

di�cult for low angles of incidence of the ®eld onto the

divertor) including the real alignment inaccuracies.

Therefore, in order to compare results from various

experiments, we have resorted to the study of the power

¯ux width scaling, which is less a�ected by tile mis-

alignments, and from it derive the parallel peak heat

¯ux. In all the analysis performed here we concentrate

on the study of the outer divertor (where the largest

power ¯uxes are measured). We also assume that there

are no large toroidal asymmetries in the power deposi-

tion onto the divertor and, therefore, our measurements

are representative of the average divertor power load for

all devices. Experimental evidence from several experi-

ments that supports such assumption can be found in

Refs. [3±5].

The data contained in the ITER power deposition

database come from discharges in ASDEX-Upgrade,

DIII-D, JET and JT-60U in Ohmic, L-mode and H-

mode regimes. Most of the data contained in it has al-

ready been analysed by the di�erent groups, a descrip-

tion of such analyses can be found for ASDEX-Upgrade

in Refs. [4,6,7], DIII-D [8±10], JET [11±13] and JT-60U

[14±16] together with details of the experimental set-up

for each device. In this paper we perform a cross-ma-

chine comparison with the aim of determining the size

scaling of the power SOL width.

The measured power deposition pro®les in most ex-

periments present a sharp decay in the SOL near the

separatrix and a ¯atter part in the outer SOL. Two

methods can be used to characterise such pro®les, either

to ®t the steep part of the pro®le and study its scaling,

assuming that it dominates the pro®le, or to de®ne an

integral power width, kq:

kq �
R

div
qdiv2pR dr

2pRdivqpeak
div

RdivBdiv
h

RmpBmp
h

; �1�

where kq is referred to the outer midplane of the device

(Rmp), qdiv is the measured power ¯ux onto the target

and the second fraction in Eq. (1) accounts for the di-

vertor ¯ux expansion. The second method is more ro-

bust for inter-machine comparisons and it will be the

one adopted here. It has also the advantage that it takes

implicitly into account the real e�ect of the di�usion of

energy into the private ¯ux region that reduces the

measured peak power ¯ux.

The power ¯ux width values deduced by these two

methods are usually di�erent. Fig. 1 shows the ratio

between the power ¯ux widths deduced with the two

methods for ASDEX-Upgrade ELMy H-modes, with

the integral value being typically a factor of 1.5±2.5

larger than the exponential one. Ratios in this range are

typical for all divertor experiments.

In order to interpret the experimental scaling of the

power ¯ux width, a physics based model for the SOL

must be used. Here we follow the accepted assumption

that the power ¯ux in the SOL is dominated by electron

conduction along the ®eld and anomalous transport

across it. We further assume that such anomalous

transport is described by a di�usion coe�cient that de-

pends on plasma parameters:

v? / T a
e nb

e qc
95Bd

/ReZg
eff : �2�

Under these assumptions the power ¯ux width scales as

kdiv / P 2aÿ5=9�2a
SOL n7b�7=9�2a

SOL q4a�7c�4=9�2a
95 B7d=9�2a

/

R7e�14=9�2aZ7g�2a�2=9�2a
eff ; �3�

where PSOL is the power ¯ux into the SOL, nSOL is the

separatrix density, q95 is the safety factor and we have

taken into account that the parallel electron conductiv-

ity decreases as Zÿ1
eff [17].

Two problems are encountered with the application

of this method: the ®rst one is the need to know the

separatrix density nSOL and the second one is the accu-

rate determination of PSOL and the sharing of the power

¯ow between the divertors, which is dependent on

plasma conditions. The standard approach to circum-

vent these problems is to perform the scalings with the

line average density (nSOL � hnei assumed) and with the

measured power deposited at the plate instead of the

SOL power [6,14] (a reasonable approximation for low

radiation regimes). Using the measured divertor power

also takes implicitly into account other losses that take

place in the experiment, such as charge exchange losses,

that make the global power balance problematic [4,16].

Fig. 1. Ratio of the exponential and integral power ¯ux widths

for the outer divertor versus measured divertor power for AS-

DEX-Upgrade H-modes.
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3. Power ¯ux width scaling in Ohmic and L-mode

discharges

All experiments report that for Ohmic and L-mode

discharges the power deposition width increases with

plasma density, q95 and decreases with input power

[7,8,14]. This last trend is clearly displayed by the data in

the ITER power deposition database (Fig. 2). At the

higher power end for ASDEX-Upgrade [6,7], DIII-D [8]

and JET there is a saturation of the narrowing of the

power pro®le with power, which is not obvious in JT-

60U [14].

In principle, we can use in the scaling both the SOL

power or the divertor power. The main problem with the

SOL power is that it is not well determined in some

experiments and, furthermore, the power sharing be-

tween the divertors may depend on plasma conditions in

di�erent way for various experiments. Part of the dif-

ference in the inner/outer target power sharing is due to

asymmetric divertor radiation and not to the power ¯ow

to either divertor. However, even in low radiation re-

gimes, the target power asymmetry depends on other

plasma parameters such as triangularity and q95 [11,12].

For instance, the measured power asymmetry for

L-mode discharges in JET [13] and JT-60U [14,15] de-

pends mainly on q95 [13,14] (Fig. 3). Therefore, we have

opted to carry out two scalings one with the measured

divertor power and other with the total input power, so

that any such possible e�ect is included in the scalings.

The two best scalings found within the database of

Ohmic and L-mode discharges are as follows.

Scaling L-1 (with measured divertor power) (Fig. 4):

kL-1
q �m� � �6:6� 2:2�10ÿ4R�m�1:21�ÿ0:15

P �MW�ÿ0:19�0:05
div q0:59�0:11

95 �ne�1019mÿ3�0:54�0:15Z0:61�0:09
eff ;scal :

Scaling L-2 (with total input power):

kL-2
q �m� � �7:2� 2:2�10ÿ4R�m�1:21�0:15

P �MW�ÿ0:28�0:08
TOT q0:59�0:11

95 �ne�1019mÿ3�0:68�0:16Z0:65�0:09
eff ;scal :

Most of the uncertainty in the ®rst coe�cient for

both scalings comes from the stronger decrease of the

power deposition width with power seen in JT-60U

[14,15] than in other experiments. The second scaling

has a stronger power and density dependence, as ex-

pected from the larger radiation losses at higher densi-

ties/lower powers (implicit in this scaling). Because of

incomplete Zeff measurements, Zeff has been calculated

with the multimachine scaling law in [18]. This calcu-

lated value is in good agreement with the available

measurements of Zeff in the database.

These scalings imply a dependence of v? on plasma

parameters (Eq. (3)):

vL
? / nÿ0:02�0:04

e T 1:17�0:21
e qÿ0:29�0:09

95 Rÿ0:01�0:04Z0:41�0:06
eff �4�

Fig. 2. Measured power deposition width versus outer divertor

power for Ohmic and L-mode discharges in the ITER power

deposition database.

Fig. 3. Measured divertor power asymmetry for JET and JT-

60U Ohmic and L-mode discharges. An increase of this asym-

metry with q95 is seen in both experiments.

Fig. 4. Measured outer divertor power width for Ohmic and L-

modes versus scaling law L-1 for the ITER power deposition

database.
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with no dependence on toroidal ®eld. From the existing

data we can not rule out that the q95 dependence is a

consequence of the density peaking with q95 (lower nsep

for the same hnei at higher q95) seen for example in

ASDEX-Upgrade [19]. The scaling in Eq. (4) has a

similar Te dependence to Bohm transport but without

the magnetic ®eld dependence. The trend with Te and

Zeff of Eq. (4) is opposite to that found in the analysis of

Langmuir probe data from JET and Alcator C-mod [20]

where v? / T 1:5
e Zÿ1

eff . If such a scaling were applicable to

our experimental database, the power width scaling

would be kq / Pÿ4=3
ower Zÿ4=3

eff . Such a strong decrease of the

L-mode power width with power has not been reported,

the largest one being kq / Pÿ0:49�0:18
ower for JT-60U [14,15].

This discrepancy could be due to the di�erent diagnostic

techniques or to the ion temperature (not measured by

Langmuir probes) dominating the power width; further

work is needed to clarify this issue.

4. Power ¯ux width scaling in H-mode discharges

We consider only the analysis of the steady state

power deposition in ELMy H-modes, the instantaneous

ELM power deposition being discussed in a companion

paper [21]. The analysis of the power deposition in H-

mode discharges is more complex than for L-modes due

to the link between con®nement and SOL width and of

plasma current and plasma density which are closely tied

in H-modes, unlike for L-modes. In ®rst place, contrary

to the L-modes, most experiments report an increase of

power ¯ux width with input power for H-modes, the

dependence on the power in some cases being weak but

positive [6,10,16] (Fig. 5). In principle, this could be

attributed to the averaging e�ect of the ELMs on the

power pro®le. However, the power deposition data for

ELMy H-modes reveals that during ELMs most of the

power ¯ows to the inner divertor. At the outer divertor,

ELMs do not change substantially the shape of the

pro®le [7,9]. This is borne by the JT-60U ELM-free H-

modes which show a similar behaviour to that of ELMy

H-modes from ASDEX-Upgrade and DIII-D (Fig. 5).

A similar scaling approach to that followed for L-

modes is not applicable for H-modes, due to the co-

linearity of some of the variables used in the scaling. In

order to minimise the di�erences among the data ana-

lysed, we have selected a subset of discharges with no gas

pu�, so that they have similar con®nement. The analysis

of such set yields that the dominant variables in the H-

mode power width scaling are the input power (or power

to the divertor), q95 and the toroidal ®eld (the density is

linked to them in ELMy H-modes) with no dependence

on the size of the device. The best scalings obtained for

this set are as follows.

Scaling H-1 (with measured divertor power) (Fig. 6):

kH-1
q �m� ��5:2� 1:3�10ÿ3P �MW�0:44�0:04

div

B�T�ÿ0:45�0:07
/ q0:57�0:16

95

Scaling H-2 (with total input power):

kH-2
q �m� ��5:3� 1:4�10ÿ3P �MW�0:38�0:04

TOT

B�T�ÿ0:71�0:08
/ q0:30�0:15

95

Similar trends have been found previously in DIII-D [9]

and scalings of this type have been ®rst reported for

ASDEX-Upgrade alone [6] in similar discharges, the

sign of the dependence on power for H-modes being

opposite to that found for L-modes. Due to the inter-

relation of many plasma parameters in H-modes, these

scalings cannot be used to deduce ®rst principle depen-

dences of v? in this regime. For instance, the density of

ELMy H-modes tends to be a ®xed fraction of the

Greenwald limit (typically ~60% for most of the data in

this database), which scales as I/R2. Therefore some of

Fig. 5. Measured power deposition width versus divertor power

for H-mode discharges without gas pu� in the ITER power

deposition database.

Fig. 6. Measured outer divertor power width for H-modes

versus scaling law H-1 for the ITER power deposition database.
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the trends in the above scalings could be attributable to

a density dependence.

The in¯uence of con®nement deterioration on the

measured power width has been analysed with ASDEX-

Upgrade data for density (gas pu�) scans in H-mode; at

lower con®nement the power width increases and re-

turns to values typical of high density L-modes. Scaling

for ASDEX-Upgrade of such relation yields (Fig. 7):

kScaling-H-AUG
q �m�
� �3:5� 0:9�10ÿ3P�MW�0:23�0:08

div q0:69�0:14
95 Hÿ0:88�0:22

89 :

Similar trends have been reported for the SOL density

and temperature fall-o� lengths in ASDEX-Upgrade

ELMy H-modes [19].

Other internal dependences among parameters that

in¯uence the results for the scaling in H-modes is that of

the ratio of the separatrix density to the line average

density. This ratio scales with power and qÿ0:5
95 , as it has

been reported from DIII-D [9] and ASDEX-Upgrade

[19] and, therefore, part of the q95 dependence in the

scalings H-1 and H-2 may be due to this e�ect.

5. Conclusions

In this paper we have summarised the analysis of the

ITER power deposition database. The trends for the

power deposition width with plasma parameters found

in most experiments seem to be in good qualitative

agreement and reasonable quantitative agreement. For

Ohmic and L-mode discharges the power width de-

creases with power and increases with density, q95 and

the size of the device. This can be understood in terms of

a Bohm-like transport coe�cient at the plasma edge,

under these conditions. For H-mode discharges all ex-

periments show a broadening of the power deposition

pro®le with increasing power and q95. This e�ect may

not be a consequence of anomalous transport itself but

of the interrelation between several plasma parameters

(density, current, separatrix density and con®nement) in

H-modes. Therefore the scalings obtained for this re-

gime can be considered only as e�ective scalings; it is not

clear if the e�ects that lead to such scalings can be ex-

trapolated to ITER. The extrapolation of the above

scalings to the ITER-EDA machine (R� 8.14 m, Ip� 21

MA, B/� 5.7 T, q95� 3.0, Zeff � 1.8) would give the

results shown in Table 1; where the magnetic and di-

vertor geometry of ITER have been taken into account.

The L-mode plasma parameters are reasonable guesses

without detailed calculations to justify them. It is not

surprising that both L- and H-mode scaling laws pro-

duce a similar value of the extrapolated peak power for

ITER, as this is indeed seen in the raw experimental

data. The values of kq found at the higher power end for

L-mode and H-modes in Figs. 2 and 5 are very similar,

although obtained at very di�erent densities and input

powers. The values obtained for ITER show that if the

density and calculated levels of radiation can be

achieved in such a device, the peak power ¯ux falls

within reasonable engineering limits and in agreement

with code calculations [22], i.e. the scaled power ¯ux

width remains broad enough even for these conditions.

Further work is necessary to verify if at such high

Fig. 7. Measured outer divertor power width for ASDEX-Up-

grade ELMy H-mode gas scan versus scaling law H-AUG for

the ITER power deposition database.

Table 1

Extrapolated values of power ¯ux peak and width for ITER-EDA from the scalings derived in this paper

Regime áneñ (1019 mÿ3) Pnet (MW) Pdiv (MW) kq (cm) P
peak
jj (MW/m2) P

peak
div (MW/m2)

L-mode (L-1) 5.0 100 40 2.7
�0:8
ÿ0:8

� �
61

�26
ÿ14

� �
2.2

�0:9
ÿ0:5

� �
L-mode (L-2) 5.0 100 40 2.1

�0:9
ÿ0:7

� �
79

�40
ÿ24

� �
2.9

�1:5
ÿ0:9

� �
H-mode (H-1) 10.0 200 50 2.5

�0:2
ÿ0:2

� �
83

�7
ÿ6

� �
3.0

�0:3
ÿ0:2

� �
cH-mode (H-2) 10.0 200 50 1.6

�0:2
ÿ0:2

� �
129

�18
ÿ14

� �
4.7

�0:7
ÿ0:5

� �
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densities as in ITER (~100% of the Greenwald limit) our

experimental H-mode scaling laws (deduced for dis-

charges at ~60% of the Greenwald limit) remain valid.

The results obtained so far call for dedicated exper-

iments to be carried out in all devices in order to reduce

the statistical errors of the scaling laws presented in this

paper. The fact that the basic dependences are similar in

all devices provides a reasonable chance for the success

of such approach.
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