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Divertor heat loads are one of the most significant issues affecting fusion reactors. Atomic processes play a
crucial role in reduction of the divertor heat load. Notably, elastic scattering between ions and neutral particles
can be characterized as large-angle scattering. A large fraction of ion energy is transferred to neutral particles, and
the ion direction can be significantly changed by a single large-angle scattering event. In abundant neutral particle
regions such as divertor plasmas, the large-angle elastic scattering results in additional ion transport perpendicular
to magnetic field lines. Effect of the additional ion transport is expected to be significant at low magnetic field
strength and long Larmor radii, such as in a case of advanced divertors (e.g., Super-X and Snowflake divertors).
In this study, we investigated the effect of the large-angle elastic scattering at low magnetic field strength and
long divertor legs with reference to advanced divertor configurations using an orbital calculation. The large-angle
elastic scattering transport is seen to cause a spread in density profiles and a reduction of heat flux. The results
of this study show that for the short (long) leg divertor configuration like JT-60U (advanced divertor), the peak
heat flux is reduced by around 15% (21%) when the magnetic field strength is 0.5 T in comparison to the model
that assumes no guiding center movement due to the elastic scattering. It is also shown that the assumption of
isotropic elastic scattering with neutral particles leads to excessive suppression of ion flows.
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1. Introduction
Reduction of heat loads on divertor plates is one of the

most important issues to be addressed. A (partial) detached
divertor will be employed to reduce the divertor heat load
in various fusion devices, such as ITER, JT-60SA and the
Japan’s DEMO reactor. Interaction between plasma and
neutral particles and power radiation resulting from im-
purity injection play a significant role in establishing the
detached divertor. The interactions with neutral particles
such as charge exchange and elastic scattering, facilitate
diffusion of ions. The power radiation reduces electron
temperature and facilitates volume recombination. In the
Japan’s DEMO reactor, 80% of the inflow power from the
core plasma to the edge plasma regions to suppress the
heat load peak of less than 10 MW/m2 [1–3]. Since exhaust
power of future fusion devices is expected to be larger, it
is important to propose different heat load reduction meth-
ods.

Advanced divertors, such as the Super-X divertor [4,5]
and the Snowflake divertor [6,7], have been proposed to re-
duce the divertor heat load. To configure advanced diver-
tors, the designs have to be modified, and additional coil
currents are necessary. In the advanced divertor methods,
two factors are modified: 1) the divertor legs are length-
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ened to increase the radiated power and facilitate interac-
tions with neutral particles, and 2) the magnetic flux is ex-
panded to induce particle diffusion. Effectiveness of the
advanced divertors has been evaluated using the SOLPS
software package [8–10]. Design of advanced divertors for
the previous Japanese DEMO reactor has also been eval-
uated [11–13] using the SONIC software package [14, 15].
Most of integrated codes solve the fluid momentum bal-
ance only in a direction parallel to magnetic field lines,
thus the atomic processes are taken into account in a source
term of the parallel momentum balance. For a direction
perpendicular to magnetic field lines, most of integrated
codes, including the SONIC code, solve a diffusion equa-
tion and do not consider atomic processes such as the elas-
tic scattering. In the SOLPS code, atomic processes are
considered in a direction perpendicular to magnetic field
lines. However, the effect of the elastic scattering on ion
transport perpendicular to magnetic field lines is not fully
clear. Atomic processes, including the elastic scattering,
are basic cause of particle transport.

From a quantum point of view, it is impossible to dis-
tinguish elastic scattering from charge exchange between
identical nuclei, such as deuterons and deuterium atoms
[16]. In this study, the collision process between a deuteron
ion and a deuterium atom is simply referred to as “the elas-
tic scattering”. In order to adequately assess effect of the
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elastic scattering, following unique characteristics should
be considered. 1) The elastic scattering can be charac-
terized as large-angle scattering in contrast to Coulomb
scattering. Figure 1 (a) shows the differential cross sec-
tions of the elastic scattering between deuteron and deu-
terium at some center-of-mass collision energy ECM [16]
in black, red, and blue lines. The cross sections are also
shown in black, red, and blue dashed lines when the elas-
tic scattering is assumed to be isotropic scattering. The
Coulomb scattering cross section between deuteron and tri-
ton is drawn in a green line. As described later, kinetic
simulation models often assume the elastic scattering to
be isotropic. In order to compare the results of the actual
anisotropic elastic scattering with those of the isotropic as-
sumption, a case of isotropic assumption is also simulated
in this study. Figure 1 (b) shows the scattering of a particle
colliding with a stationary target particle. The differential

Fig. 1 (a) Differential and isotropic (Coulomb) cross section
2π sin θdσ/dΩ of the elastic scattering between deuteron
and deuterium (triton) [16], and (b) a schematic view of a
particle colliding with a stationary target particle.

cross section 2π sin θ(dσ/dΩ) shown in Fig. 1 (a) means
the probability of the particle being scattered within the cir-
cle 2π sin θdθ in Fig. 1 (b). A change in velocity after scat-
tering is small for small-angle scattering, while a change in
velocity is large for large-angle scattering. The probabil-
ity of the large-angle elastic scattering is several orders of
magnitude higher than in the case of isotropic scattering.
In the actual elastic scattering between deuterons and deu-
terium atoms, large- and small-angle scattering occur at al-
most the same level, in contrast to Coulomb scattering. 2)
In large-angle scattering, a large fraction of the ion/neutral
energy is transferred from the neutrals/ions, and the par-
ticle flight direction can be significantly shifted during a
single scattering event. Our previous study [17,18] showed
that ions are transported in the radial direction by the large-
angle elastic scattering. In Ref. [18], an orbital calculation
model that can treat ion transport due to the large-angle
elastic scattering has been developed.

Particle-in-cell models can adequately treat the ion’s
kinetics. A lot of PIC codes have been developed (e.g.,
BIT1 code [19–21] and PARASOL code [22–24]) to simu-
late edge plasmas. These codes have produced significant
results in the study of a magnetized plasma-wall-transition
layer and effect of various drifts. The BIT1 code simulates
plasmas in one spatial and three velocity dimensions. The
PARASOL code traces ions in 2D space with considering
−→
E × −→B drift. The 1D space model cannot account for par-
ticle transport perpendicular to magnetic field lines. More-
over, if the elastic scattering between ions and neutrals is
treated as isotropic, the effect of large-angle scattering may
not be adequately assessed.

Particle transport is generated by motion of a guiding
center to another magnetic field line via various scattering
events. The distance covered by a guiding center in a radial
direction is longer in large-angle scattering than in small-
angle scattering, and the distance is inversely proportional
to magnetic field strength. In tokamak devices, the mag-
netic field consists of toroidal (BT ) and poloidal (BP) mag-
netic fields and its strength mainly depends on the toroidal
magnetic field. In the Super-X divertor, divertor plates are
placed farther than in a standard divertor position. Since
the toroidal field is proportional to 1/R, the toroidal field is
expected to be weakened in the Super-X divertor configu-
ration. In such small magnetic fields, the large-angle elas-
tic scattering effect on particle transport can be enhanced.

In this study, we investigate the effect of large-angle
elastic scattering on particle transport in configurations
similar to that of the JT-60U divertor (short leg) and ad-
vanced divertors (long leg) by simulating fuel ions using an
orbit calculation [18, 25–27]. As a parameter, the toroidal
magnetic field strength is changed. Background plasma
values for the orbit calculation are simulated using a fluid
model [28]. The large-angle elastic scattering process is
properly treated with a probability function by consider-
ing the differential cross section [29–35]. Results of the
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orbit calculation are discussed to evaluate the effect of the
large-angle elastic scattering on ion transport and heat flux
at the divertor plate. This study’s results show that, at a
magnetic field strength of 0.5 T, the peak heat flux in the
short (long) leg divertor configuration is reduced by ap-
proximately 15% (21%) compared to a model that ignores
the impact of the elastic scattering on guiding center move-
ment. It is also shown that assuming the elastic scattering
as isotropic leads to excessive suppression of ion flows.

2. Analysis Model
2.1 Mesh structure

Figure 2 shows two-dimensional (2D) schemes (300×
20 cm2, 500 × 20 cm2) that are simplified of tokamak di-
vertor regions as a short leg and a long leg. As depicted

in Fig. 2, the x-axis is aligned parallel to magnetic fields
−→
B

while the y-axis is arranged perpendicular to the x-axis and
parallel to the divertor plates. A uniform magnetic field
from the upwind boundary to the divertor plate is assumed.
The BP is fixed to 0.2 T and the BT is varied between 0.5
and 10.0 T. Although no fusion reactor currently generates
such a high magnetic field BT = 10 T, the high magnetic
field simulation is performed to verify that movement of a
guiding center due to the elastic scattering is reduced. In
an actual fusion reactor, connection length is related to the
ratio of BT and BP. In this research, the connection lengths
(the long side of the 2D scheme) are 300 and 500 cm, re-
gardless of the ratio. Furthermore, the upwind boundary
condition is common for all calculation cases. The fluid
calculation flow is the same as in Ref. [17]; however, in this
study, the effect of the elastic scattering on the ion trans-
port perpendicular to the magnetic field is not taken into
account in the fluid calculation. The stationary solution
of the fluid calculation is assumed to be the background
plasma for the orbital calculation as described in Sec. 2.3
and the effect of the elastic scattering on ion transport is
considered in the orbital simulation.

Fig. 2 Calculation scheme with reference to the divertor plasma
region of the short leg divertor and long leg divertor.

2.2 Fluid and neutral models
The Braginskii equations [28] are simulated in the

same way as in Ref. [17] to define the background plasma
for the orbit calculation. The fluid simulation is also per-
formed in the 2D scheme (Fig. 2). In the fluid simula-
tion, velocity perpendicular to the magnetic field is cal-
culated from a diffusion equation. An anomalous dif-
fusion coefficient of 0.3 m2/s is used. Upwind bound-
ary conditions are provided for the fluid simulation based
on the SONIC package and the experimental values ob-
tained for the fluid equations [36]. Boundary conditions
of ion and electron heat flux at the divertor plate are set
to qi = 3.5 niv f Ti and qe = 4.0 nev f Te [37]. A flux limit
parameter is implemented using the same procedure as
in Ref. [38]. Deuterons and electrons are considered as
plasma particles, and deuterium atoms are considered as
neutral particles. The neutral particles are simulated by
a simple fluid model in the same way as in Ref. [37] us-
ing a reflection coefficient RN [39]. In the simplified neu-
tral fluid model, ions are assumed to be neutralized and
reflected at the divertor plate by considering the pitch an-
gle between the magnetic field lines and the divertor plate.
The neutral particle density profile is calculated using the
method described in Ref. [37] and the total amount of neu-
tral particles is adjusted considering the volume recombi-
nation. Figures 3 (a) and (b) show the stationary solution
of the fluid calculation as the background plasma for the
orbital simulation. In the fluid simulation, since the dif-
fusion equation is applied for the transport perpendicular
to the magnetic field line, the elastic scattering is consid-
ered only in a direction parallel to the magnetic field. Fig-
ure 3 illustrates the ion density ni, neutral density nn, ion
and electron temperature Ti and Te, and flow velocity v f

from the upwind boundary to the divertor plate on a strike
point. For a typical JT-60U magnetic field BT = 3.0 T and
BP = 0.2 T, the integrated ion flux at the divertor plate cal-
culated via the fluid code is 5.5 × 1022 s−1 and it is within
the range of reported experimental values [40].

2.3 Orbit calculation: large-angle scattering
transport (LST) model

The stationary solution of the fluid equation is con-
sidered as the background plasma, and the orbit calcula-
tion for the deuterons is performed using the following
method. The SONIC code [14] consists of the IMPMC
code [25] and the other two codes (SOLDOR [41] and
NEUT2D [41]). The IMPMC code simulates the density
and temperature of the impurity ions, such as C and Ar, by
Monte Carlo orbital calculations. Effect of Coulomb scat-
tering on ion velocity is treated in the same way as in Ref.
[18, 25–27]. The orbital ions experience frictional force
due to the flow velocity of the background plasma. This
frictional force is expressed by the following Eq. (1) and
can be taken into account in the same way of the IMPMC
code. An orbit of ion is calculated by solving the following

1403003-3



Plasma and Fusion Research: Regular Articles Volume 19, 1403003 (2024)

Fig. 3 The stationary solutions of (a) ion density ni, neutral den-
sity nn, (b) ion and electron temperature Ti and Te, and
flow velocity v f from the upwind boundary to the diver-
tor plate on the strike point.

equation of motion:

mi
dv∥
dt
=

mi(v f − v∥)
τa

, (1)

∆y =
√

2D⊥∆t × rG, (2)

where mi is the ion mass, v∥ is the velocity of the parti-
cle parallel to the magnetic field line, v f is the velocity of
the background parallel flow, τa is the collision time, and
∆t is the time step interval. Thermal force generated by
temperature gradients is ignored. The position x of the ion
guiding center after ∆t is calculated from the velocity be-
fore and after Coulomb scattering. In Eq. (2), ∆y is the dis-
tance travelled in a perpendicular direction to the magnetic
field line, D⊥ is a diffusion coefficient, and rG is a nor-
mal random number. Similar to other integrated codes, the
anomalous diffusion coefficient Dan

⊥ = 0.3 m2s−1 is used.
The guiding center is traced in the 2D space and move-
ment of the guiding center in the z-axis is ignored. In the
orbit simulation, the parallel velocity v∥, the rotation veloc-
ity v⊥ and the position of the guiding center (x, y) in the 2D
space are simulated. v⊥ is used to obtain the kinetic energy
of the orbital ion.

The steady-state plasma density norbital
i and tempera-

ture T orbital
i are obtained using the track-length estimator

Fig. 4 Schematic of the change in the ion velocity before and
after large-angle scattering.

method as a scoring technique [42]. Inflow particles from
the upwind boundary and ionization are considered as par-
ticle sources. In total, more than 1.4 × 106 orbital particles
are calculated. In this study, the elastic scattering and the
recombination process are considered as atomic processes.
The occurrences of the atomic processes are treated in the
same way as in the IMPMC code. At each time step, the
occurrence of an atomic process is determined before cal-
culating the position of the particle after ∆t. Unlike the
PIC codes, electric fields are not considered, and the orbit
calculation is performed only once under the fixed back-

ground plasma. Other drift velocity such as
−→
E × −→B drift is

not considered to assess the pure effect of the elastic scat-
tering on the ion transport.

The orbit calculation is continued until recombination
process occurs or the particle reaches an end of the cal-
culation area. The number of orbital particles counted in
a control volume near the strike point was approximately
106 - 107. Given these values, the relative error was found
to be less than 0.1%.

* LST model [18, 29–35]
In this model, the velocity after the elastic scattering

is calculated as same way in Ref. [18]. Figure 4 shows
the relationship of the velocity between before and after
the elastic scattering. −→vi is the ion velocity after the elastic

scattering,
−→
VG represents the velocity of the center of mass,

θCM stands for the scattering angle of the center of mass,
−→
V i signifies the ion velocity before the scattering in the

center of mass system (
−→
Vi =

−→
v′i −
−→
VG),
−→
v′i and

−→
v′n are the ion

and neutral particle velocity before the elastic scattering,
and ξCM represents the angle around the axis along with
−→
V i. The velocity −→v i lies on a sphere of radius |−→Vi| centered

on
−→
VG.
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Fig. 5 Schematic of the orbital calculation.

The differential cross section is considered using the
Neumann’s rejection method. Figure 5 shows a schematic
view of the elastic scattering in the orbit calculation. In
this study, as the movement in the z-axis direction is ig-
nored and the position of the guiding center is traced in the
2D space. The z-axis position of the guiding center before
the elastic scattering is assumed to be 0. When the elastic
scattering occurs, the ion position before the scattering is
calculated as (x′, y′ + r′L cosφrot, r′L sinφrot) by using a ro-
tation angle φrot = 2π × rU on a rotational orbit. rU is a
uniform random number. The new position of the guiding
center (x, y, z) after the scattering can be obtained from the
new velocity −→vi as follows:


x
y

z

 =


x′ + rL × Fx/|
−→
F |

y′ + r′L cosφrot + rL × Fy/|
−→
F |

r′L sinφrot + rL × Fz/|
−→
F |

 , (3)

where rL = m|−→vi |/qB(r′L) is a Larmor radius after (before)

the elastic scattering,
−→
F = (Fx, Fy, Fz) = q−→vi×

−→
B is Lorentz

force. The orbit calculation is continued using the new
guiding center position (x, y).

* Models for comparison
For comparison with the LST model, we simulate

three other models. 1) The Isotropic model treats the
elastic scattering between ions and neutrals as isotropic
scattering. 2) The second model also assumes the elas-
tic scattering as isotropic but ignores guiding center move-
ment via the elastic scattering (Ignoring the Guiding Cen-
ter Movement model: IGM model). The typical treatment
of the elastic scattering in the PIC codes [19–24] assumes
it to be isotropic and, in some cases, effect of the elas-
tic scattering on ion transport in space is not considered.
3) The anisotropic-IGM model considers the differential
cross section of the elastic scattering and ignores guiding
center movement. This model is required to adequately
evaluate the effect of LST on the density profile at the
divertor plate. Details are discussed in Sec. 3.2. In the
Isotropic and IGM models, the scattering angle is calcu-
lated as θCM = cos−1(1 − 2 × rU) [20] to simulate the

Table 1 Characteristics of each orbital calculation model.

isotropic scattering. In the IGM model, the velocity after
scattering is updated −→vi ; however, the guiding center posi-
tion remains unchanged. Similarly, in the anisotropic-IGM
model, while the differential cross section is taken into ac-
count, the guiding center position is not updated.

The effect of the large-angle scattering on ion trans-
port can be evaluated by comparing the LST model with
the above three models. The characteristics of each or-
bital calculation model are listed in Table 1. For exam-
ple, by comparing the results of the LST model with those
of the Isotropic model, an assessment of the effect of the
anisotropic elastic scattering on ion transport can be ex-
pected. The validity of the isotropic scattering assumption
could also be discussed. By comparing the LST with the
anisotropic-IGM model, the impact of introducing the elas-
tic scattering transport into an integrated code that does
not consider elastic scattering for transport perpendicular
to magnetic field lines could be predicted.

The reduction ratio of heat flux, which is discussed in
Sec. 3.3, is expressed as follows:

(reduction ratio) = − (hLS T − hIGM)
hIGM

× 100, (4)

h =
3
2

norbital
i T orbital

i ui, (5)

where ui is the velocity of the ions and is expressed as ui =√
2T orbital

i /mi at the divertor plate.

3. Results and Discussion
3.1 Effect of large-angle scattering on the 2D

density profile
In this section, the effect of the large-angle elastic

scattering on the density profile is assessed by comparing
the 2D density profiles calculated by the LST model with
those of the IGM model. Figure 6 displays the 2D den-
sity profiles up to 50 cm from the divertor plates for the (a)
short leg divertor and (b) long leg divertor configurations at
BT = 0.5 T calculated via the LST and IGM models. The
vertical axis is along the magnetic field. Figures 6 (a-1) and
(b-1) show the result of the LST model, whilst Figs. 6 (a-2)
and (b-2) show the result of the IGM model. The compari-
son between Figs. 6 (a-1) and (a-2) shows that LST spreads
the 2D density profile perpendicular to the magnetic field
lines and reduces the density peak at the low magnetic field
strength. The 2D density profile is spread perpendicular to
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Fig. 6 2D density profiles up to 50 cm from the divertor plate in the (a) short leg divertor and (b) long leg divertor configurations calculated
using the LST and IGM models.

the magnetic field lines, and the density peak is reduced as
a consequence of the LST. Distance covered by ions in a
single large-angle elastic scattering event is much longer
than that in small-angle Coulomb scattering. It caused the
additional radial ion transport and made the density profile
spread. In the 2D configuration of the short leg divertor,
the peak density calculated via the IGM model is around
5.30 × 1019 m−3. The peak density calculated via the LST
model decreases to 4.27×1019 m−3 by the large-angle elas-

tic scattering.
In the 2D configuration of the long leg divertor, the

peak density calculated via the IGM model is approxi-
mately 6.71 × 1019 m−3. The peak density obtained using
the LST model decreases to 4.79× 1019 m−3. Furthermore,
the peak density calculated via the IGM model in strong
magnetic fields (BT > 5.0 T) was also higher than the that
of the LST model. The same but small impact can be seen
in the high magnetic strength case, as discussed in Secs. 3.2
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Fig. 7 Density profile at the divertor plate calculated via the LST, Isotropic and IGM models at (a-1) BT = 0.5 T, (a-2) BT = 3.0 T and
(a-3) BT = 10.0 T in the short leg divertor configuration.

and 3.3. By assuming the isotropic elastic scattering, ob-
struction effect of the elastic scattering might be overesti-
mated, and details of it are discussed next section.

3.2 Effect of large-angle elastic scattering on
the density profile at the divertor plate

The impact of LST on density profile at the divertor
plate was also investigated. Density profiles at the diver-
tor plate for the (a) short leg divertor and the (b) long
leg divertor are illustrated in Figs. 7 and 8. Figures 7 and
8 (a-1, b-1), (a-2, b-2) and (a-3, b-3) display the results
at B = 0.5, 3.0 and 10.0 T, respectively. Figures 7 and 8

display the density profiles calculated via the three mod-
els – LST, Isotropic, and IGM – represented by the blue,
green and red lines, respectively. By comparing the den-
sity profile of the LST model (blue line) with that of the
IGM model (red line), the effect of the elastic scattering
on ion transport perpendicular to the magnetic field lines
can be assessed. Furthermore, the distinction between the
anisotropic scattering and the isotropic scattering can also
be assessed by comparing the result of the LST model
with the Isotropic model. For the short (long) leg diver-
tor configuration, the peak density at the divertor plate cal-
culated via the IGM model is 3.90, 6.55 and 6.21 (4.52,
10.3 and 14.0) ×1019 m−3 at B = 0.5, 3.0 and 10.0 T. The
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Fig. 8 Density profile at the divertor plate calculated via the LST, Isotropic and IGM models at (b-1) BT = 0.5 T, (b-2) BT = 3.0 T and
(b-3) BT = 10.0 T in the long leg divertor configuration.

peak density obtained using the LST model are 3.12, 6.03,
and 5.92 (3.03, 8.34, and 11.2) ×1019 m−3 at BT = 0.5,
3.0, and 10.0 T, respectively. Therefore, at low magnetic
fields, the peak density is more reduced by the LST. At
high magnetic fields, the effect of elastic scattering on ion
transport perpendicular to the magnetic field is expected
to be small because the Larmor radius is short. However,
the density profiles calculated via the LST model in the
strong magnetic field (BT = 10.0 T) are almost identical
and slightly smaller than those of the IGM model. More-
over, the decrease is unlikely to be due to the spreading of
the ions. This is because the isotropic scattering assump-
tion obstructs the flows of orbitally calculated ions toward

the divertor plate excessively. The ions flow velocity to-
ward the divertor plate was reduced by the isotropic elastic
scattering and it took longer time for ions to reach the di-
vertor plate than in the LST model. At BT = 10.0, the time
it takes for orbital ions generated at an average distance
of 7.5 cm from the divertor plate to reach the divertor plate
calculated via the LST (Isotropic) model was 0.196 (0.225)
ms. Therefore, the assumption of isotropic scattering can
lead to incorrect results. In this study, the background plas-
mas and neutrals are constant. Further study is needed to
solve ions and neutrals with time evolution.

In order to assess pure effect of the large-angle elastic
scattering on the ion transport, the density profiles at the di-
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vertor plate for the short leg and long legs simulated via the
LST model and anisotropic-IGM model were compared in
Figs. 9 (a) and (b). The results of the LST (anisotropic-
IGM) model are shown with solid (dotted) lines. The blue,
black, and red lines represent the results at BT = 0.5, 3.0,
and 10.0 T, respectively. Since the LST and anisotropic-
IGM models consider the differential cross section of the
elastic scattering, the effect of neutral obstruction on ions
flow velocity is equal in both models. In this comparison,
the density profile at strong magnetic fields calculated via
the LST model corresponded to the one obtained by the
anisotropic-IGM model. At the weak magnetic fields, the
density profile at the divertor plate was spread by the LST.

Fig. 9 Comparison of density profiles at the divertor plate calcu-
lated via the LST model and anisotropic-IGM models in
the (a) short leg and (b) long leg divertor configurations.

3.3 Dependence of the density peak and heat
flux reduction ratio on magnetic field
strength

The heat flux reduction ratio at the divertor plate was
assessed at different magnetic fields. Figures 10 (a) and
(b) show the dependence of the peak heat flux reduction
ratio in the short leg and long leg derived from the LST
(Isotropic) and IGM models on the magnetic field strength
with black square (red point) symbols. The heat flux re-
duction ratio was calculated using Eq. (4).

The heat flux reduction ratio of the LST from the IGM
model increases at BT ≤ 3.0 T and reaches approximately
16.8% (28.1%) at BT = 0.5 T in the short (long) leg di-

Fig. 10 Elastic scattering effect on the peak heat flux reduction
ratio in the (a) short leg and (b) long leg divertor config-
urations.
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vertor configuration. At BT ≥ 5.0, the peak heat flux re-
duction ratio of the LST model from the IGM model is
approximately 6% (19%) in the short (long) leg divertor
configuration. On the other hand, the reduction ratio of the
Isotropic model from the IGM model approaches 0% in the
strong magnetic field. As discussed in Sec. 3.2, the density
profile calculated via the Isotropic model was larger than
that of the LST model due to the excessive obstruction ef-
fect of the isotropic assumption on the ion flow. Since the
peak densities calculated via the LST and IGM models do
not correspond at the high magnetic fields, the peak heat
flux reduction ratio of the LST model from the IGM model
does not approach 0% at BT > 5.0 T. In actual plasmas, as
the ion density decreases, the ion temperature increases.
However, in this study, since the background plasma is
constant, the ion temperature calculated by orbital ions re-
flects the temperature of the background plasmas and does
not increase.

In order to assess the impact of large-angle elastic
scattering on the density profile and the heat flux reduction,
the obstructive effect of the elastic scattering with neutral
particles on the ion flow should be even, as between the
LST and the anisotropic-IGM models. Figure 11 shows
the peak heat flux reduction ratio of the LST model from
the anisotropic-IGM model in the short (long) leg with the
blue (black) line. In the high magnetic field, the reduction
ratio approaches 0%. The LST is very limited when the
magnetic field strength exceeds 10.0 T, because the Larmor
radius and the distance travelled by the orbital particles in
the radial direction are short. The reduction ratio increases
at B ≤ 3.0 T and reaches 15% (21%) in the short (long)

Fig. 11 Pure large-angle scattering effect on the peak heat flux
reduction ratio in the short leg and long leg divertor con-
figurations.

leg divertor scheme. This reduction ratio is pure reduction
effect of the large-angle elastic scattering transport on the
heat flux. If the guiding center movement by the large-
angle elastic scattering is ignored such as most of the inte-
grated codes, the reduction effect of the large-angle elastic
scattering on the heat flux is not considered.

4. Conclusion
The effect of the large-angle elastic scattering between

ions and neutral particles on ion transport, density profiles
and heat flux were investigated by varying magnetic field
strength for two divertor configurations, namely short and
long leg divertors. We developed an orbit calculation code
to adequately consider gyro-motion of ions around mag-
netic field lines and the effect of the large-angle elastic
scattering on ion transport in a direction perpendicular to
the magnetic field lines. The peak density and the heat
flux were reduced due to the additional ion transport in-
duced by the large-angle elastic scattering. In addition,
the dependences of the density profile and the peak heat
flux reduction ratio on the magnetic field strength were in-
vestigated. At low magnetic field strength, the large-angle
elastic scattering effect on ion transport was enhanced. At
BT = 0.5 T, the peak heat flux was reduced by 17% (28%)
compared to the IGM model in the short (long) leg divertor
configuration due to the large-angle elastic scattering. The
pure LST effect on the peak heat flux reduction was 15%
(21%) in the short (long) leg divertor. In this work, we
found that the peak heat flux is reduced due to a spread
of the density profile induced by the large-angle elastic
scattering transport. The assumption of isotropic elastic
scattering may overestimate the obstruction effect of elas-
tic scattering with neutral particles on ion flow velocity.

In this study, the background parameters for the orbit
calculation were assumed to be constant. To confirm our
findings regarding the large-angle elastic scattering effect,
it will be necessary to study these phenomena using inte-
grated codes in the future.
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