
Numerical analysis of heat load distribution in

Heliotron J with magnetic field tracing and plasma

transport modeling

R. Matoike1, G. Kawamura2,3, S. Ohshima4, Y. Suzuki2,3,

M. Kobayashi2,3, S. Masuzaki2, S. Kobayashi4, S. Kado4,

T. Minami4, H. Okada4, T. Mizuuchi4, S. Konoshima4,

Y. Feng5, H. Frerichs6, K. Nagasaki4

1Graduate School of Energy Science, Kyoto University, Uji, 611-0011, Japan
2National Institute for Fusion Science, National Institute of Natural Sciences, Toki,

509-5292, Japan
3Department of Fusion Science, Graduate University for Advanced Science,

SOKENDAI, Toki, 509-5292, Japan
4Institute of Advanced Energy, Kyoto University, Uji, 611-0011, Japan
5Max-Planck-Institut fr Plasmaphysik, D-17491 Greifswald, Germany
6Department of Engineering Physics, University of Wisconsin - Madison, Madison,

WI 53706, USA

E-mail: matoike.ryota.62c@st.kyoto-u.ac.jp

May 2021

Abstract. We model and characterize the heat load patterns on the vacuum chamber

wall in an advanced helical device, Heliotron J, based on the peripheral transport

code EMC3-EIRENE, in three typical magnetic configurations with different toroidal

mirror ratios (bumpiness). The heat flux distribution on the vacuum chamber wall

evaluated with the EMC3-EIRENE code shows several groups of heat flux footprints,

some of which are not seen in the connection length distribution obtained with the

magnetic field tracing code. This clearly shows the necessity for plasma modeling in

addition to magnetic field line tracing in the design of three-dimensional devices. At

high electron density, a displacement and an expansion of the heat flux distribution

in both the toroidal and poloidal directions are observed. As a result of the heat flux

expansion, the peak value of the heat flux decreases at high electron density. Further,

an approach that uses the heat distribution function is proposed to evaluate the global

power distribution in the entire vacuum chamber. The evaluation results confirm a

decrease in the peak heat flux and an increase in the plasma-wetted area at high

electron density. The heat flux distribution expansion is larger for the low-bumpiness

configuration, in which the peak heat value is by more than 15% lower than that for

the high-bumpiness configuration.

Keywords: divertor, modeling, heat load, connection length, Heliotron J, EMC3-

EIRENE
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1. Introduction

A high heat load on a plasma-facing component is a critical issue for realizing fusion

devices. The engineering limit of heat load on the divertor plate is determined by the

thermal conductivity of the material and the cooling performance, and hence a drastic

increase of this limit is difficult to achieve. An understanding of the mechanism of

heat/particle transport in the scrape-off layer (SOL) region is required for predicting

the heat load on divertor plates. For tokamak divertor configurations, the shape of the

footprint on the poloidal divertor has been formulated [1] and the power width λq has

been used [2] for multi-machine comparisons. The heat and particle flux in a divertor

can be controlled by modifying the divertor configuration, as done with long-leg [3, 4]

and snowflake [5, 6] divertors, or by introducing a three dimensional (3D) magnetic

structure with resonant magnetic perturbation (RMP) [7, 8, 9, 10].

The physics of these advanced divertors in tokamak devices is similar to that of

divertor in helical devices such as stellarators and heliotrons because helical devices have

an inherent 3D magnetic field topology and thus a 3D divertor structure. However,

the heat and particle transport is complicated in such a 3D configuration, and a

simple formulation similar to that for the divertor footprint width in tokamaks is

difficult because cross-field transport is more prominent due to the introduction of three-

dimensionality. In addition, the competition between cross-field and parallel transport

plays an essential role in the transport and structure of divertor plasma [11].

For the design of such advanced fusion devices with complicated magnetic field

geometries, an understanding of the 3D physics in divertor plasma transport is

required. Numerical modeling of peripheral plasma is a powerful tool for facilitating

the understanding of plasma transport against the SOL magnetic field structure. The

peripheral plasma transport code EMC3-EIRENE [12, 13] has been applied to various

stellarators [12, 14, 15, 16] and tokamak devices [17, 18]. This code can model the

heat/particle flux distribution including the effects of parallel transport, cross-field

transport and plasma-surface interaction. EMC3-EIRENE has recently been applied

to Heliotron-J [19], a medium-sized helical-axis heliotron device with flexible magnetic

field configurations to study SOL plasma transport in a 3D machine [20]. Heliotron J

allows the magnetic configurations, including the topology of the SOL magnetic field

structure, to be flexibly controlled in a single device. The characterization of the

heat load distribution for various magnetic configurations would serve as a basis for

understanding the heat transport induced by the magnetic field geometry and would

thus benefit divertor optimization.

This work is a first attempt to characterize the heat flux distribution and its density

dependence in three typical magnetic configurations of Heliotron J. The configurations

have different toroidal mirror ratios (bumpiness), which control neoclassical transport.

Bumpiness is a key parameter for optimization of stellarators and heliotrons. The rest

of this paper is organized as follows. In section 2, we describe the peripheral magnetic

structure of Heliotron J and present the difference in footprint patterns between the
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connection length calculated with field line tracing code and the heat flux calculated

with EMC3-EIRENE modeling. In section 3, we discuss the effects of the electron

density and magnetic configurations on the heat flux distribution. The peak heat flux

decreases and shifts in the poloidal and toroidal directions at high electron density. To

investigate the dependence of the heat load on the plasma density and the magnetic

configuration of the divertor plasma, we propose a method for evaluating the heat load

profile as a statistic for the whole vacuum vessel wall. Finally, conclusions are presented

in section 4.

2. Footprint structure obtained with magnetic field tracing and transport

analysis

2.1. Peripheral magnetic structure obtained with magnetic field tracing code

Heliotron J is a helical-axis heliotron device with a major radius of R = 1.2 m and a field

strength on the axis of B0 ≤ 1.5 T. The standard magnetic configuration of Heliotron

J has an n = 4 toroidal periodicity and m = 7 poloidal mode structures, as shown in

figure 1. The coil currents are controlled by five independent power supplies, giving

flexibility to the magnetic configurations. In the helical heliotron concept, bumpiness

[21, 22], the toroidal ripple component, is a parameters for controlling the neo-classical

transport. The magnetic field strength is higher (lower) at the corner (straight) sections

in the standard configuration of Heliotron J. Three configurations with different degrees

of bumpiness are selected for analysis in this paper. The magnetic field strength

along the toroidal direction for different degrees of bumpiness (high, medium, and low)

configurations is shown in figure 2. The rotational transform and the volume of plasma

are similar for the three configurations.

The connection length (Lc) is often used to evaluate the magnetic field structure.

Lc is obtained by tracing the magnetic field lines and integrating the length using the

KMAG code [23, 24]. Ideally, Lc should be infinite in the confinement region. Tracing

of a magnetic field line is initiated at the starting position of a poloidal section. The

calculation is terminated when the condition Lc > 500 m is satisfied. In the peripheral

plasma region, Lc is finite, and the tracing calculation is terminated when a magnetic

field line touches a vacuum wall surface. The tracing is performed in both the clockwise

and counterclockwise toroidal directions. Lc is the sum of the path lengths from the

starting point to the two termination points on the vacuum chamber surface in the two

directions. Figure 3 shows the Lc distribution for a toroidal angle φ = 22.5◦ for the three

configurations. The confinement region with Lc > 500 m is isolated from the chamber

wall by the SOL region with Lc < 200 m. There are seven X-point like structures

in the SOL. The middle of the two X-points is called an O-point region. There is a

characteristic structure similar to the private flux region (PFR) in tokamaks, in the

middle of two divertor legs connected to a given X-point. A pair of divertor legs is

connected to the X-point between them and touch the chamber wall locally as discussed
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Figure 1. (a) Connection length distribution of the standard (medium bumpiness)

configuration. (b) Top view of Heliotron J plasma. Each toroidal angle corresponds to

an angle in (a).

Figure 2. Magnetic field strength along the magnetic-axis for high-, medium- and

low-bumpiness configurations.

later (see section 2.3).

In helical devices, including Heliotron J, each divertor leg also has a helical

structure, which rotates in the poloidal direction when it is traced in the toroidal

direction. When a pair of divertor legs is traced along the helical structure, as shown by

arrows 1 to 5 in figure 1 (a), divertor leg 1 is connected to divertor legs 2-5 in different

toroidal sections. These features of the SOL magnetic field structure are basically the

same in the three configurations discussed in this paper.

2.2. Set up and physical parameters of transport code

The 3D peripheral plasma transport code EMC3-EIRENE [12] solves Braginskii’s fluid

equations along the magnetic field lines. The cross-field transport is modeled as a

diffusion process under the assumption of anomalous transport. The 3D grids for



Heat load analysis in Heliotron J 5

Heliotron J were developed with the aid of the grid generation tool FLARE [20, 25].

EMC3-EIRENE calculations were carried out for each magnetic configuration with

conditions that were based on previous study[20]. The plasma heating power was

assumed to be 320 kW. The input power was equally distributed to electrons and ions.

Thus, electrons and ions both received 160 kW of power. The electron density at the

upstream boundary (minor radius, ρ ∼ 0.8) is set to be neu = 0.8× 1019 m−3, a typical

value for Heliotron J[26]. The perpendicular particle and heat transport coefficients

were assumed to be D = 1.0 m2/s and χ = 3.0 m2/s respectively. These transport

coefficients were chosen to be consistent with the results of the Thomson scattering

measurements[27]. Figure 4 shows the electron density ne and temperature Te for

the three magnetic configurations on the poloidal cross section at φ = 22.5◦. The

distributions of electron density and electron temperature are closely related to the

magnetic field structure shown in figure 3. The electron density and temperature are

very low in the region of Lc < 10 m. Thus, it is confirmed that the plasma region

coincides with the region with a long connection length. An analysis of the connection

length provides a plasma distribution independently of discharge conditions. However,

it was found that the distributions of ne and Te around the divertor legs were different.

The Te distribution has clear structures corresponding to the divertor legs depicted by

the connection length, and the poloidal distribution of ne is broader than Te. The

difference in the ne and Te distributions is thought to be caused by the difference in the

source location for particle and heat. In this calculation model, we assume that the heat

source is ECH and is located at the core region of the plasma. On the other hand, the

particle source is distributeed in the SOL region as the result of the recycling from the

chamber wall. Thus, the ne distribution at the divertor region becomes broader than

the Te distribution.

Figure 3. Connection length distribution for the (a) high-, (b) medium-, and (c)

low-bumpiness configurations at φ = 22.5◦ poloidal cross section.
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Figure 4. Electron density distribution for (a) high-, (b) medium-, and (c) low-

bumpiness configurations at φ = 22.5◦ poloidal cross section. Electron temperature

distribution for (d) high-, (d) medium-, and (f) low-bumpiness configurations.

2.3. Comparison of footprints of connection length and heat flux

A one-dimensional (1D) heat flux distribution on a particular poloidal cross section or

an average toroidal distribution is insufficient for discussing the heat flux distribution

because of the 3D structure of the divertor legs (see section 2.1). Figures 5 and 6 show

the two-dimensional (2D) distributions of Lc and the heat flux footprint on the chamber

wall for high-, medium-, and low-bumpiness configurations, respectively. Overall, the

Lc distribution captures the heat flux distribution, as expected. The long magnetic

field lines are connected to the peak position of the heat flux footprint. These lines

are thought to be a major channel for heat transport to the surface. However, at some

locations, there are peaks of heat flux deposition without a long connection length. For

example, three locations with significant heat flux across φ = 22.5◦ were found in the

low-bumpiness configuration, as shown by arrows 1 to 3 in figure 6 (c). These heat

flux lines correspond to the positions of the divertor legs labeled 1 to 3 in figure 3 (c)

respectively. Even if there is no footprint in the Lc distribution on the vacuum chamber

surface, the divertor legs can exist with very small gap to the vacuum wall surface,

and perpendicular heat flux contributes to the heat load at the location mentioned

above. These results imply that although field line tracing is effective for estimating the

heat flux distribution, some fine structures in the heat flux cannot be explained by the

connection length, and thus 3D transport modeling is required to understand the physics

of heat and particle transport in 3D toroidal devices. However, the model calculation is
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based on some assumptions such as transport coefficients, and the result is affected by

these assumptions. The modeling may not reproduce experimental result quantitatively

if the assumptions are not valid. The advantage of the field line tracing is that it can

predict heat load location roughly, without any assumptions, independently of specific

discharge conditions. Both field line tracing and model calculations are important, and

when used together, they can help qualitative understanding of transport processes in

complicated 3D magnetic fields.

Figure 5. Connection length distribution for (a) high-, (b) medium-, and (c) low-

bumpiness configurations on the whole chamber wall.

Figure 6. Heat flux distribution for (a) high-, (b) medium-, and (c) low-bumpiness

configurations on the whole chamber wall.

3. Influence of magnetic configurations and electron density on heat load

The upstream electron density, neu, was scanned from 0.4 × 1019 to 3.0 × 1019 m−3 in

each configuration to study the dependence of the heat flux on the plasma parameter

in the confinement region. The input power and transport coefficients were fixed at the

values given in section 2.
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3.1. Dependence of peak heat load

The poloidal heat flux distributions at the toroidal position with the highest peak

are shown in figure 7. The peak position for the heat flux is almost identical to

the position with a long connection length. When the upstream electron density is

increased, the maximum heat flux on the wall decreases significantly, and the heat flux

profile broadens. The broadening of the heat load distribution at high density can

be caused by several physical processes. The cross-field heat transport could decrease

due to the moderate temperature gradient at high density. Also, the electron density

distribution and parallel flow could be modified due to the change in ionization amount

and distribution. Further analysis is needed to determine the dominant factor and to

evaluate the effects quantitatively. A similar ne dependence was observed for all three

configurations, as shown in figures 7 (a)-(c). In addition, the heat flux on the O-point

side is more significantly enhanced than that on the PFR side. It is likely that the

SOL magnetic field structure induces this asymmetric variation of the heat flux; further

analysis is necessary.

Figure 7. Solid lines indicate the heat flux distributions for (a) high-, (b) medium-,

and (c) low-bumpiness configurations on the poloidal cross section for various electron

densities. The black dashed line indicates the connection length distribution at a given

position. The right- and left-hand sides of the Lc peak are the O-point side and PFR

side, respectively.
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3.2. Dependence of 2D heat load distribution

A detailed comparison of the 2D heat flux distribution is shown in figure 8. The figure

is an enlarged view of the 2D heat flux distributions at the lowest electron density

(neu = 0.4 × 1019 m−3) and the highest electron density (neu = 3.0 × 1019 m−3) for the

high-, medium-, and low-bumpiness configurations. The peak value of the heat flux

at high electron density is much lower than that at low electron density case. This is

consistent with the dependence shown in figure 7. In addition, the position of the heat

flux footprint shifts in the toroidal/poloidal direction when neu is increased. The black

dotted lines in figure 8 indicate the peak poloidal positions of Lc for each configuration.

The right and left sides of the divertor leg are the O-point side and the PFR side,

respectively. At low electron density, the poloidal peak position of the heat flux is close

to the peak of Lc, whereas at high electron density, it shifts to the SOL side of the

divertor leg. The change of the peak position may have been caused by the difference

in transport properties between the two sides of the divertor leg, which is related to the

difference in the magnetic field structure.

Figure 8. 2D heat flux distributions for (a) high-, (b) medium-, and (c) low-bumpiness

configurations at low electron density. (d), (e), and (f) show the results obtained at

high electron density, respectively. The black dotted line shows the peak position of

Lc. The position is the same in each configuration. The right side of the divertor leg

is the O-point side.

3.3. Dependence of heat load dispersion on chamber wall

The local peak value of the heat flux and its position are affected by geometric and

local factors such as the angle of the magnetic field and the vacuum chamber. The
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distribution around the peak position also depends on the shape of the chamber wall. To

describe the global properties of the heat flux distribution on all plasma-facing surfaces

and to compare distributions, a statistical distribution function related to the footprint

is preferable. The histogram of the Lc for Heliotron J was employed in [28], and the

arithmetic mean of Lc was obtained. Similarly, a heat distribution function for the whole

chamber wall is introduced in this study. The dependence of the heat flux distribution

on the upstream electron density and the magnetic configurations is investigated to

obtain the characteristics of the global distribution of the heat load on the chamber

wall. The distribution function is obtained using the following procedure.

The chamber wall is defined as a large number of rectangular cells with finite

width in the poloidal and toroidal directions. The value of the heat flux on each cell is

evaluated. We consider N cells covering the whole chamber wall. The cells are labeled

as i (i = 1, 2, 3, ..., N). The heat flux on a cell and the area of the cell are denoted by

fi [W/m2] and si [m
2] respectively. The power deposited on the cell hi [W] is given as

follows.

hi = fisi (1)

We consider a group of cell indexes A where the heat flux is in the following range:

A(f) = {i |f < fi < f +∆f}. (2)

The total power for cells belonging to A(i∆f) is

FA(i∆f) =
!

j∈A(i∆f)

fjsj. (3)

Finally, the discretized heat flux distribution function is defined as follows:

Hi =
1

∆f
FA(i∆f). (4)

The value of Hi indicates the total power [W] given by the heat flux with

i∆f < f < (i + 1)∆f . The integral of Hi is the total power deposited on the whole

chamber wall. We note that the total power deposited does not significantly depend on

the magnetic configuration or neu value, because the input power is fixed and radiation

loss due to impurities is not considered in this study. In this analysis, ∆f is set to

0.1 MW/m2.

The configuration dependence of Hi is shown in figure 9 (a). In the low-bumpiness

configuration, the maximum heat flux is more than 15% lower than that for the high-

bumpiness case, and the heat flux in the low-heat-flux region (< 0.5MW/m2) is higher

than that in the other two configurations. The neu dependence of Hi for the medium-

bumpiness configuration is shown in figure 9 (b). The maximum heat flux decreases and

the power carried by low heat flux increases when neu is high. A similar neu dependence

was also observed for the high- and low-bumpiness configurations. The dependence of

neu and the magnetic configuration is consistent with the discussion in section 3.2. The

decrease of the high heat flux and the increase of the low heat flux suggest the dispersion

of the heat load on the chamber wall. The peak of Hi is in the low heat flux region (less
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Figure 9. Power distribution results. (a) Configuration dependence under a fixed

upstream electron density; neu = 1.2 × 1019 m−3. (b) neu dependence for medium-

bumpiness configuration.

than 0.2 MW/m2) for all calculation conditions. These results suggest that the highest

heat flux provides only part of the power to the plasma-facing wall and that the low

heat flux provides a non-negligible amount of power deposition. However, a quantitative

evaluation of the peak value in the very-low-heat-flux region and the distribution around

the peak is difficult to perform using the current model because of the low resolution

of the grid, and because the chamber surface possibly affects the heat flux distribution

sensitively.

4. Summary

The distributions of the connection length and heat flux on the chamber wall of Heliotron

J were calculated with EMC3-EIRENE for three magnetic configurations (high, medium,

and low bumpiness), and the dependence on the upstream electron density was discussed.

The footprints of the connection length calculated with the field line tracing code and

the heat load distribution obtained with transport modeling were compared. Field

line tracing was effective for estimating the divertor heat load distributions because

the divertor leg with long Lc is the main channel of heat transport to the chamber

wall. However, some additional footprints of the heat flux were observed with transport

modeling. 3D transport modeling is required to capture the fine structures of heat flux.

The 1D heat flux distribution in the poloidal cross section and the 2D heat flux

distribution in the toroidal and poloidal directions on the chamber wall were modeled

under various neu conditions. Expansion and displacement of the heat flux distribution

were observed at higher neu conditions. The neu dependence is different on the O-point

and PFR sides (i.e., the two sides of the divertor leg in the poloidal direction). This

asymmetry is likely induced by the difference in the magnetic field structure between
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the O-point side and the PFR side.

A heat distribution function was introduced to obtain statistical information on

the power distribution on the whole chamber wall independently of geometric and local

factors. A decrease of the high-heat-flux region and an increase of the low-heat-flux

region were observed at higher neu conditions. The total heat deposited on the chamber

wall did not decrease because of the fixed input power and lack of radiation loss due to

impurities. Thus, the reduction in the maximum heat flux was caused by the dispersion

of power. A dispersion of the heat load was also observed by changing the magnetic

configuration. For the low-bumpiness configuration, the peak heat flux was more than

15% lower than that for the high-bumpiness configuration. These results demonstrate

that the configuration is an optimization parameter for the reduction of the divertor

heat load in 3D toroidal devices. Modeling studies that include impurity radiation

and experimental verifications are needed for a quantitative evaluation of the heat flux

distribution. An analysis that uses a heat distribution function can be applied to a

multi-machine comparison of the heat flux dispersion by normalizing the input power

and the surface area.
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