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The application of resonant magnetic perturbations results in a non-axisymmetric striation pattern

of magnetic field lines from the plasma interior which intersect the divertor targets. The impact on

related particle and heat fluxes is investigated by three dimensional computer simulations for two

different recycling conditions (controlled via neutral gas pumping). It is demonstrated that a

mismatch between the particle and heat flux striation pattern (splitting vs. no splitting), as is

repeatedly observed in ITER similar shape H-mode plasmas at DIII-D, can be reproduced by the

simulations for high recycling conditions at the onset of partial detachment. These results indicate

that a detailed knowledge of the particle and energy balance is at least as important for realistic

simulations as the consideration of a change in the magnetic field structure by plasma response

effects. [http://dx.doi.org/10.1063/1.4864624]

The characterization of particle and heat fluxes to

certain wall elements (so called divertor targets) is a key

topic for the development of a magnetically confined fusion

reactor.1 One way to control these fluxes is the application of

resonant magnetic perturbations (RMPs) at the plasma edge.

This method is of particular interest since its recent success

in the control of edge localized instabilities (ELMs) found in

several present day machines.2–4 In order to provide reliable

predictions of these fluxes, e.g., for the next step fusion

device ITER, it is necessary to develop an adequate inte-

grated model.

One candidate for the numerical investigation of particle

and heat fluxes in divertor tokamaks under the influence of

RMPs is the coupled version of the fluid edge plasma trans-

port code EMC35–7 and the kinetic neutral gas transport code

EIRENE,8,9 which has been adapted to divertor tokamaks.10

Recent simulations for RMP H-mode plasmas at DIII-D

have shown a significant striation pattern in both particle and

heat fluxes to the divertor target11 due to the formation of

homoclinic tangles,12,13 however, almost no heat flux stria-

tion is observed in the corresponding experiment14,15 (which

is characterized by low collisionality and high triangularity).

Other discrepancies between simulations and experiment,

such as a strong reduction of the simulated edge temperature

by RMPs,16 could be related to the overestimation of the

classical parallel electron heat conductivity at low collision-

ality.17 Nevertheless, our first approach to include low colli-

sionality effects in the simulations could not explain the

discrepancy in the target heat flux pattern. Another possible

mechanism is attributed to a modification of the magnetic

field structure by plasma response currents. And although an

impact on the striation pattern of the simulated particle and

heat fluxes was found13—with a slightly stronger decrease of

the secondary peaks of the heat flux compared to the particle

flux—this effect could not adequately explain the observed

discrepancy either.

In the present paper, we study the impact of recycling con-

ditions on the particle and heat flux striation pattern through

modeling. The following analysis is based on an ITER similar

shape plasma (elongation j � 1:8 and average triangularity

d � 0:5) at the DIII-D tokamak: discharge 132741 at 3760 ms.

This discharge is characterized by a plasma current of Ip

¼ 1:5 MA and a toroidal magnetic field of Bt ¼ 1:8 T at ves-

sel center. The safety factor at 95% of the normalized poloidal

flux WN is q95 ¼ 3:52. The RMP field is provided by the

I-coils (a set of six upper and lower rectangular coils located

at the low field side of the machine), which are powered by

Ic ¼ 4 kA in an even configuration (same current direction in

each pair of upper and lower coil) with toroidal base mode

number n ¼ 3. Error fields and their corrections are neglected

at this point, as well as any plasma response effects. The result-

ing magnetic footprint at the inner strike point (ISP) is visual-

ized in Figure 1 by the penetration of field lines (i.e., particular

solutions of the ordinary differential equation (ODE) dx
dl ¼ b

jbj,
where b is the vacuum perturbation field superimposed to the

equilibrium field).

FIG. 1. Modeled magnetic footprint at the inner strike point region depicted

by the field line penetration, i.e., minimum of poloidal flux WN along the

corresponding field line.
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Boundary conditions for the transport code are the edge

input power PISB ¼ 6:3 MW (i.e., total heating power minus

core radiation) and the steady state pumping and re-fueling

rate Cin=out ¼ 1:1� 1021 s�1 based on the corresponding

experimental conditions. Impurities are included for diagnos-

tic purposes only, their impact on the main plasma is

neglected at this point. Their sources are given by the main

ion recycling flux Crec and a sputtering coefficient of

csput ¼ 1 %. The resulting radiation losses are of the order

of 1%� 2 % of PISB. Coefficients for anomalous particle,

momentum, and energy cross-field transport are set to

D? ¼ 0:2 m2 s�1; g? ¼ miniD?, and ve? ¼ vi? ¼ 0:6 m2 s�1.

Literature values for the pumping speed of thermal D2 at the

pump duct entrance are in the range of 30 m3 s�1 to 45 m3 s�1

(see Refs. 18 and 19). The pumping speed L is related to the

pump coefficient (see EIRENE documentation9)

L½l=s� ¼ A½cm2� � epump � 3:6838

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T½K�

m½AMU�

s
;

with an effective pumping area of A ¼ 2p Rduct hduct given by

the duct position Rduct ¼ 142 cm and height hduct ¼ 3:4 cm as

FIG. 2. (a) Target particle flux, (b) target heat flux, and (c) electron temperature in front of the target. Simulation results for the pumping coefficient epump ¼
10% are shown in the left column and those for epump ¼ 2% in the right column.
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shown in Figure 1 in Ref. 16. The resulting pumping coeffi-

cients are in the range of epump ¼ 31%� 46 % which is con-

sistent with values used in 2D transport modeling20 with

SOLPS5 and is in line with previous estimates.16 However, a

revision of the available experimental data from sweeping

the outer strike point during another discharge indicates that

the peak recycling flux is rather of the order 500 kA m�2

than the reported 5 kA m�2. This introduces some ambiguity

with respect to a reasonable choice for epump within the given

assumptions of the transport model. An easy way to explore

such high recycling conditions is to extend our previous

study to rather small values for epump. At this point this is a

means to control recycling conditions, which could, how-

ever, also be affected by adjusting the input/output rate

Cin/out, by accounting for gas-puffing in the divertor rather

than in the core, or by uncertainties in the power balance

(reasons for the latter are discussed below).

A comparison between particle and heat fluxes at the ISP,

as well as the temperature in front of the target, are shown in

Figure 2 for epump ¼ 10 % (case A) and epump ¼ 1:8 % (case

B). It can be seen that a well pronounced striation pattern in

both particle and heat fluxes exists for case A (as reported

earlier). In order to maintain the given boundary condition

C in/out for case B, the total amount of recycling Crec must

increase (but which is still not enough to match the experi-

mental level). As can be seen in Figures 2(a) and 3(a), the

relative increase is larger at the outer peaks than at the

main strike point (a factor of �6 at the secondary peak at

DL ¼ 3 cm compared to a factor of 3� 3:5 at the main peak).

Nevertheless, a clear “splitting structure” still exists. As a con-

sequence of this strong recycling, the plasma is cooled down

to a few eV at the location of the outer peaks. The related heat

flux also drops, because the heat conductivity is significantly

affected by the temperature change (j � T5=2), and only the

main strike point remains. The particle flux distribution and

the low temperature of a few eV at the secondary peak loca-

tions indicate that these peaks are in a very high recycling

state close to the transition to detachment, while the main

peak is still attached.

The shape of the corresponding 1D profile in Figure

3(b) is in good agreement with experimental observations by

an IR camera, but the simulated peak level qmax far exceeds

the experimental one. The reason could either be an overesti-

mation of the edge input power PISB (because a significant

part of the injected power is not coupled to the plasma and

lost otherwise), a stronger asymmetry between inner and

outer strike point (unfortunately the latter is out of the range

of the IR camera for this discharge type), or an underestima-

tion of power loss effects by impurities (e.g., due to a very

localized radiation region or by an underestimation of the

impurity production rate).

An often used measure for the target particle flux is the

observed light emission from neutral hydrogen atoms (Ha

line, k ¼ 656:2 nm) or carbon ions (CII line, k ¼ 514:3 nm).

A virtual camera has been introduced into the simulation

code21 and adapted to DIII-D conditions, which allows to

simulate the observed light emission. As can be seen in

Figure 3(c), the peak structure in the Ha light is in both cases

not as pronounced as in the particle flux. In particular, the

primary peak is not present. Nevertheless, the patterns indi-

cate that secondary peaks are present. A trace fluid model6

has been used to estimate the carbon impurity distribution

FIG. 3. Profiles of (a) target particle flux, (b) target heat flux, (c) Ha line emission, and (d) CII line emission. Available experimental observations for this dis-

charge (IR, CII) and for a similar discharge ðHaÞ are given by the magenta profiles and the underlying magnetic configuration is depicted by the gray profiles

of the field line penetration.
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and to simulate the corresponding CII line emission. A well

pronounced striation pattern—as is indeed observed experi-

mentally—can only be observed for case B (epump � 2%) as

shown in Figure 3(d), although details of the peak structure

still differ.

The presented numerical results demonstrate that a dis-

crepancy in the striation pattern of target particle and heat

fluxes (i.e., splitting vs. no splitting) can be attributed to

recycling conditions. Case B demonstrates that a striation

pattern in the magnetic footprint and in the target particle

flux can exist even without such evidence in the correspond-

ing target heat flux. However, the mechanism to access these

high recycling conditions is not clear at this point.

Inconsistencies in the required pumping conditions might be

related to the inconsistency between edge input power and

peak heat flux at the target, which indicates that additional

power loss channels exist, but are missing in the simulations.

Nevertheless, these results give a strong indication that a

detailed knowledge of the particle and energy balance is at

least as important for realistic simulations as the considera-

tion of a change in the magnetic field structure by plasma

response effects.
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