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Abstract

In divertor plasmas, atomic processes play a significant role in reducing the
divertor heat load. In particular, the elastic scattering between ions and neu-
tral particles can be characterized as a large-angle scattering; this is in contrast
with Coulomb scattering, which is dominated by small-angle scattering. In a
large-angle scattering, a large fraction of the ion energy is transferred to the
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neutral particle, and the particle flight direction can be changed significantly.
This process can generate additional particle transport perpendicular to mag-

netic field lines and affect plasma density profile in neutral-rich divertor regions.
umezaki.daisuke.786@s.kyushu-u.ac.jp X . . . X .
However, in most edge plasma simulation codes, the elastic scattering with neu-
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tral particles is not taken into account in the direction perpendicular to the
magnetic field lines. In this study, we performed a 2D orbital calculation without
other drifts such as diamagnetic and E X B drifts to assess the effect of the elas-
tic scattering on the density profile. The peak density is found to be decreased
by 11.1 (6.3)% compared with the model that ignores the transport due to the
elastic scattering, even at 3.0 (5.0) T magnetic field similar to that of the JT-60SA
(JA DEMO reactor) class. In addition, the ion transport can be expressed as a
diffusion model by integrating the differential cross section over the large-angle
scattering range = /2 — z. The proposed method may be easily introduced into
any integrated codes to consider the elastic scattering.
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1 | INTRODUCTION

To realize a functional fusion reactor, reducing the divertor heat load is one of the most critical aspects that need to be
addressed. A detached divertor will be employed to reduce the divertor heat load in many fusion devices, including ITER,
JT-60SA, and Japan’s DEMO reactor. The establishment of detached divertor is important, and it requires enhancement of
the power radiation due to impurity injection and interactions between plasmas and neutrals. The interactions between
ions and neutral particles, such as charge exchange and elastic scattering, help ion diffusion. Additionally, impurity power
radiation reduces electron temperature and facilitates volume recombination. The DEMO reactor needs to radiate 80% of
inflowing power into edge plasmas from the core plasma to achieve a heat load peak of less than 10 MW m~2.[1]
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In detached divertor plasmas, the momentum and energy loss for ions caused by the interactions between ions and
neutral particles, such as elastic scatterings, play a crucial role. Our previous study!?! indicated that ions are transported
in the radial direction by large-angle elastic scattering between deuterons and deuterium atoms, although the magnetic
field was ignored. In that study, the plasma was treated by a fluid model, and background neutral particle density was
assumed as be a constant multiple of plasma density. In this present study, an orbital calculation model is employed to
consider magnetic fields and to treat ion motion kinetically. Additionally, a neutral particle density profile is simulated
using a simplified fluid model.

From a quantum point of view, it is impossible to distinguish the elastic scattering from charge exchange between
identical nuclei, such as a deuteron and a deuterium atom.[3>* Therefore, we consider the elastic scattering cross section
with no further consideration of the charge exchange in a classical sense. Hence, in this paper, “the scattering process
involving the elastic scattering and charge exchange between deuteron and deuterium atom” will simply be written as “the
elastic scattering.” As will be shown in a next section, the elastic scattering occurs not only at small-angle scattering but
also at large-angle scattering. In a large-angle scattering, a large fraction of the ion/neutral energy is transferred from the
neutrals/ions, and the particle flight direction can be changed significantly during a single scattering event. It is crucial to
appropriately consider the large-angle elastic scattering in divertor plasma regions with abundant neutral particles. Ions
and neutral particles reach temperature equilibrium through the elastic scattering. In this study, the neutral temperature
is proposed to be equal to the ion temperature. Movement of a guiding center via momentum exchange plays an important
role in the transport effect discussed in this study.

Various codes have been developed to simulate edge plasmas, including plasma fluid codes (e.g., B2,I51 B2.5,[6]
SOLDOR,!78! and EMC3!911]), neutral particle transport Monte Carlo (MC) codes (e.g., EIRENE, 41214l NEUT2D,!":8]
and DEGAS 2!'°]), and fluid or MC transport codes for impurities. Integrated codes typically consist of a plasma fluid
code, a neutral fluid/MC code, and an impurity fluid/MC code. There are some well-known integrated codes such as the
SOLPS,!'%] SOLPS-ITER,!'”-18] SONIC,[*-2)] EMC3-EIRENE,!°-''] UEDGE-EIRENE!?'-23] 50 forth, and the relationships
between each code and integrated code are shown in Figure 1. Most of integrated codes compute the momentum conser-
vation equation for plasmas along the direction parallel to the magnetic field lines. For instance, the SONIC codel*-*°!
assumes the radial ion transport only due to the anomalous diffusion, which is adjusted to reproduce the experimen-
tal results as much as possible. The code has been employed the analyses of the JT-60U experiment!?*]; however, the
density profile at the outer divertor plates was overestimated by a factor of 2-3. Enhancement of the radial transport by
the large-angle elastic scattering may improve the result and also may affect design study of JA DEMO reactor.[2>2%] In the
SOLPS code, the large-angle elastic scattering is taken into account. However, how the elastic scattering affects the plasma
transport in the direction perpendicular to magnetic field lines, especially in the detachment, has not been investigated
in detail.

Particle-in-cell (PIC) models are effective for studying ion kinetics in edge plasmas. Several PIC codes, including
BIT1 codel?”-2°1 and PARASOL code,*°-32] have been developed and have produced significant results in investigating
the magnetized plasma-wall-transition layer and drift effects. The BIT1 code simulates plasmas in one spatial and three
velocity dimensions and assumes isotropic elastic scattering between ions and neutrals. However, the one-dimensional
spatial model such as the BIT1 code cannot account for particle transport perpendicular to the magnetic field lines. On
the other hand, the PARASOL code traces ions in a two-dimensional space, considers E x Bdrift movement, and assumes
isotropic elastic scattering.

Therefore, it is important to assess the impact of elastic scattering on plasma transport perpendicular to magnetic field
lines. This study aims to assess the effect of elastic scattering between deuterons and deuterium atoms on ion transport

‘ Plasma Fluid ] ‘ Neutral transport

’ ‘ Integrated code

code MC code
B2, B2.5 \/ SOLPS
EMC3 —— EIRENE ———— EMC(C3-EIRENE
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FIGURE 1 Relationship between plasma fluid codes and neutral transport Monte Carlo codes.
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and density profiles using an orbital calculation in a 2D space. Furthermore, we propose a diffusion model to reproduce
the transport effect due to the elastic scattering, which may be easily introduced into the existing integrated codes.

2 | ANALYSIS MODEL

In this study, two methods for dealing with ion transport are employed. The first approach involves a kinetic simulation
of an ion guiding center movement due to scatterings, as described later. When the elastic scattering occurs, a velocity and
guiding center after the scattering are calculated considering the differential cross section. Figure 2 depicts the differential
cross section of elastic scattering between deuterons and deuterium atoms in black, red, and blue lines.!3] Here, Ecy
represents the center of mass collision energy and 6¢y is the scattering angle in the center of mass system. Additionally, the
Coulomb scattering cross section between deuterons and tritons is also shown in a green line. As shown in the differential
cross section illustrated in Figure 2, the elastic scattering involves not only small-angle scattering but also large-angle
scattering. The second approach involves computing movement of an ion guiding center due to scatterings using an MC
method with a diffusion coefficient. To assess the impact of elastic scattering on ion transport, four simulation cases (A-D)
are performed. Details of the simulation methods are explained in the subsequent section.

2.1 | Treatment of elastic scattering in the orbital calculation

When the elastic scattering occurs, the velocity of the neutral particle is selected from an isotropic Maxwellian distribu-
tion as the scattering partner. The velocity of the ion after scattering is determined by considering the differential cross
section. The scattering angle is calculated in the same way as Ref. [33] to take the differential cross section into account.
According to the treatment developed by our research group, >*-*°] the new velocity of the scattered ion is calculated using
Equation (1) and is shown in Figure 3.

171 = I7G + ‘ZCOS@CM + |1_/'1‘§Sln Ocm. (1)
V.V, si
Viycoséem + HE—H "’;méCM
- ViyVigsi
S=; —VmCOSfCMﬁ'%ijCM . (2)
V24V 2 2 sinécl,[
Pl (i)t

In Equations (1) and (2), v; is the new ion velocity after the scattering event, Vg is the velocity of the center of
mass, fcy is the scattering angle of the center of mass, V; = (Vix, Vigs Viz) is the ion velocity before the scattering in
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FIGURE 2 Differential cross section 2 sin 6cydo /dQ of the elastic (Coulomb) scattering between deuteron and deuterium (triton).
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FIGURE 3 Schematic of the change in the ion velocity before and after elastic scattering.

the center of mass system (V; = v?’ —Vg), and § is a unit vector perpendicular to Vi. The component of parallel (per-
pendicular) to the magnetic field of Vi is v (v). These equations can be obtained from the conservation of energy
and momentum. Using the rotation angle ¢, = 27 X rg, the ion velocity before the scattering v:’ can be expressed as
v_i)’ = (v” , V1 SIN @rot, =V €COS (pmt). In the velocity space, the velocity after elastic scattering lies on the surface of a sphere
with radius |I71 | The center of the sphere is located at the end of the Vi vector. &y is the angle around the axis along with

171 and is determined in the range of 0 < écy < 27 using a uniform random number. 6cy is determined by considering
the differential cross section of the elastic scattering. This method can be used to determine the velocity after each elastic
scattering event if the velocities of the two particles before scattering and the differential cross section are known. When
the elastic scattering occurs, the ion position before the scattering is calculated as (x’ , V' + ¥ cos @rot, ¥ SIN (prot) using
the rotation angle @« = 27 X rg on the rotational orbit. The new position of guiding center (x,y, z) after the scattering
can be obtained from the new velocity v; as follows:

X x’+rL><Fx/|17“|
y| =V +7, cos g + 1 X Fy/|F| | (3)
Z r,LSin(Prot+rLXFz/|ﬁ|

where r, = m|¥|/gB (') is the Larmor radius after (before) the scattering, F = (F\, F,, F;) = qv; x Bis the Lorentz force;
however, the movement in the z-axis direction is ignored and the orbit calculation is continued using the new guiding cen-
ter position (x,y). The position of the guiding center is tracked during the orbital calculation. When the elastic scattering
occurs or when the density is calculated by the orbital particle, the particle’s position on the Larmor orbit is determined
using a uniform random number. A velocity and guiding center position after the elastic scattering are calculated using
Equations (1-3). In the simulation of case A, the elastic scattering and anomalous diffusion are considered as a cause
of movement of an ion guiding center. The distance traveled in the perpendicular direction to the magnetic field due to
anomalous diffusion is expressed as Ay = /2D, At X rg, where At is the time step interval and rg is a normal random
number. The anomalous diffusion coefficient D, is 0.3 m?s~! with reference to other previous works.!?*-21 On the other
hand, in case B, although the velocity is calculated from Equations (1) and (2), the movement of guiding center in the
direction perpendicular to magnetic fields is ignored. In other words, Equation (3) is not used.

2.2 | Treatment of the elastic scattering as a diffusion

To incorporate the transport effect of the elastic scattering into the diffusion coefficient, we calculated it as follows:
Dgy, = r{{oV)ELAn, 4)

where (oV)gL is the reaction rate coefficient obtained from the cross section in Ref. [3]. The expression of Equation (4) is
often used and is the product of the reaction rate coefficient and the collision frequency.
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FIGURE 4 Relationship between each reaction rate coefficient and temperature.
TABLE 1 Characteristics of each simulation case.
Case A Case B Case C Case D
Elastic scattering Considered by the kinetic way Ignored Considered using the diffusion coefficient
Diffusion coefficient D, D, D, + Dy, D, + Dy [2ree

However, as described in Section 1, the large-angle elastic scattering dominates the change in ion flight direction,
indicating Equation (4) may overestimate the transport effect due to the elastic scattering. Therefore, we calculated a new
cross section by integrating the differential cross section over the large-angle range of 7 /2 to = and obtained an additional

reaction rate coefficient (av)g“{ge. This diffusion coefficient due to the large-angle elastic scattering is expressed as follows:

large large
D% =ri{ov) g hn. (5)

Using Equations (4) or (5), the distance traveled in the perpendicular direction of magnetic field can be written as

Ay = \/2(D, + DgL)At X rg or Ay = \/ 2<Da + Dlélige>At x rg. Figure 4 shows the reaction rate coefficients (ov)g, and

(av)lsige represented by the black and red lines, respectively. For reference, a reaction rate coefficient utilized in the B2
code, when the code is combined with a neutral fluid model without simulating the EIRENE, is also shown by the blue
line.[®] On the right axis, a ratio (av}?{gs /{ov)gy is presented as a black dotted line. As can be seen from the figure, the
large-angle scattering accounts for approximately 30%-40% of the total elastic scattering.

In simulation cases C and D, the elastic scattering is taken into account as a diffusion coefficient. The former Ay is for
simulation case C and the latter is for case D. In these simulation cases, the movement of guiding center is considered as
above diffusion, and Equation (3) is not used.

In summary, the four orbital simulation cases (cases A-D) are performed. The characteristics of these simulation cases

are summarized in Table 1.

2.3 | Background conditions

Figure 5 illustrates a simplified 2D scheme (100 x 20 cm?) of a tokamak divertor region, where the x-axis is aligned parallel
to the magnetic field B. The y-axis is perpendicular to the x-axis and parallel to the divertor plates, while the z-axis is
perpendicular to both the x- and y-axes. Moreover, the uniform magnetic field is assumed from the upwind boundary to
the divertor plate, with By and Bp values of 3.0-5.0 and 0.2 T. The chosen magnetic field conditions of Br =3.0 and 5.0 T
approximately correspond to the magnetic fields of JT-60SA and JA DEMO reactor, respectively.
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FIGURE 5 Calculation scheme with reference to the divertor plasma region.
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FIGURE 6 Background plasma parameters for an orbital simulation.

To adequately assess the effect of the elastic scattering on ion transport, an orbital calculation for deuterons is per-
formed in fixed background plasmas using the track-length estimator method as a scoring technique to simulate the ion
density.l*!] The orbital particles are generated along a line up to 100 cm from the divertor plate and a width of 1 cm. The
width of 1.0 cm corresponds roughly to width of a cell in the SONIC code. The guiding center position (x, y) is traced in the
2D space, ignoring the movement of guiding center in the z-axis. Moreover, the effects of Coulomb scattering, frictional
force, and the anomalous diffusion on the orbital ions are treated in the same way as in the IMPMC code.[42-44]

The background particles considered in the simulation are deuterons, electrons, and deuterium atoms. For clear
assessment of the elastic scattering effect, complex physics discussions such as E x B drift and plasma blob transport
are excluded from the analysis. The background plasma parameters, including plasma density n;, ion temperature Tj,
and electron temperature T, are fixed at 1x 102 m~3, 50eV, and 50 eV, respectively, based on the SONIC simulation
results.[?>20] These are the values at the divertor plate of JA DEMO reactor near a peak of heat load. Temperature and
density plateaued in a width of about a few cm; hence, the background values are chosen as representative conditions.
The neutral particle density profile is simulated in the same way as in Ref. [45] using the reflection coefficient in Ref. [46],
and the neutral temperature T, is assumed to be equal to the ion temperature. The background plasma flow velocity vy is
set to 1.0 x 10* m s~ Figure 6 shows the background ion density n;, neutral density n,, ion, electron, and neutral temper-
ature Tj, Te, Ty, and flow velocity v¢ from the upwind boundary to the divertor plate. Furthermore, the elastic scattering
and the recombination are considered for orbital ions as atomic processes, and their occurrences are calculated in the
same way as in the IMPMC code.

3 | NUMERICAL RESULT

To assess the effect of elastic scattering on the density profile, we performed the orbital simulation in the simplified 2D
scheme described in Section 2. Figure 7a,b depicts the density profiles at the divertor plate for two cases: case A considers
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FIGURE 7 Density profiles at the divertor plate for cases A and B (Guiding center movement ignored) at Br =3.0 and 5.0 T.
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FIGURE 8 Density profiles at the divertor plate for cases A, C,and D at By =3.0 and 5.0 T.

the elastic scattering, case B ignores the movement of the guiding center due to the elastic scattering at By = 3.0 and 5.0
T, respectively. The peak densities at By = 3.0 T for the cases A and B are 1.02 and 1.14 x 10?! m~3, respectively. It is found
that the density profile was broadened by the elastic scattering and the peak density in case A was reduced by 11.1%
compared with case B. Similarly, at By = 5.0 T, the peak density in cases A and B are 1.47 and 1.57 X 102! m~3; hence,
the peak value reduced by 6.3%. Although these magnetic field strengths correspond to those of JT-60SA and JA DEMO
reactors, the effect of the elastic scattering on ion transport in the direction perpendicular to the magnetic field is not
taken into account in the SONIC code, just like with case B. Therefore, we believe that it can be worth considering the ion
transport perpendicular to the magnetic field due to the elastic scattering in the SONIC code for simulating future fusion
devices.

Figure 8a,b shows the density profile at the divertor plate for cases A, C, and D. Cases C and D used the diffusion
coefficients from Equations (4) and (5), respectively, at magnetic field strengths of 3.0 and 5.0 T. The peak densities for
cases A, C,and D at Bt = 3.0(5.0) Tare 1.02, 0.77, and 0.94 (1.47, 1.20 and 1.39) x 10?! m~3, respectively. Comparing case C
with case A, as expected in Section 2, the peak density was underestimated than case A by —24.2 (—18.2) % at By =3.0(5.0)
T. This is because, the reaction rate coefficient in Equation (4) is calculated using the cross section that is the integrated
value of differential cross section over all scattering angles. In fact, the large-angle elastic scattering dominates the ion
transport perpendicular to magnetic fields. Comparing the results of case D with case A, it is found that the peak density
was underestimated by —7.75 (—5.52)% at Br = 3.0 (5.0) T than case A. By taking only the large-angle elastic scattering
into account, the density profile approached the result of case A. Therefore, it may be possible to introduce the effect of
the elastic scattering on ion transport into integrated codes by calculating the diffusion coefficient using Equation (5).
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As shown in Figure 4, approximately 60%-70% of the reaction rate coefficient calculated using the total cross section
derives from small-angle regions. If the reaction rate coefficient obtained from the total cross section is utilized to cal-
culate the diffusion coefficient, it incorporates even small-angle scatterings, which contribute little to ion transport.
As a result, the effect of the elastic scattering on ion transport is overestimated. One possible way to improve the
accuracy of the transport model using the diffusion coefficient due to the elastic scattering is to determine the range
of large-angle scattering, which would bring the results closer to those obtained in case A. However, identifying this
range could be challenging as the differential cross section depends on collision energy. At least for the background
plasma assumed in this study, the overestimation of the transport effect due to the elastic scattering can be avoided
using Equation (5).

Figure 9 shows the dependence of the coefficients of diffusion induced by the elastic scattering on T; (= Ty,) and ny,.
Figure 9a,c displays the diffusion coefficients obtained using Equation (4) at By =3.0 and 5.0 T, respectively. Similarly,
Figure 9b,d shows the diffusion coefficients calculated using Equation (5) at By =3.0 and 5.0 T, respectively. As shown
in Figure 9b, at the plasma conditions assumed in this study simulation such as T;~50eV and n,~0.5 X 102 m~3, the
diffusion coefficient is approximately 0.3 m? s~1. Conversely, the result shown in Figure 9a is 1.0 m? s~!, which is an over-
estimation of three times compared with that of Figure 9b. Similar trends can be seen in the results between Figure 9c,d.
Moreover, the impact of the elastic scattering on ion transport is expected to be more significant in high-temperature and
high-density neutral particles.

Furthermore, drift velocities such as diamagnetic drift and E x B drift depend on a plasma pressure, electric and mag-
netic field. These drifts have directional characteristics and typically have magnitude on the order of 1kms=! in the
poloidal direction and 0.1 km s~ in the radial direction.[***] As shown in this study, the perpendicular ion transport due
to the elastic scattering broadens the plasma density profile. This transport may contribute to the ion movement from
higher density regions to lower density regions. However, in this study, an isotropic neutral particle velocity distribu-
tion function was assumed. If the neutral particles have an anisotropic velocity distribution, such as a sifted-Maxwellian
with a flow velocity in a specific direction, the transport due to elastic scattering may exhibit directional characteristics
as well.

large
DEL

B,=50T

0.1 0.5 1.0 1.5 2.0 0.1 0.5 1.0 1.5 2.0
n, [10% m™] n [10* m™]

FIGURE 9 Diffusion coefficients of the elastic scattering calculated from (a) Equation (4) at B =3.0T, (b) from Equation (5) at
Br=3.0T, (c) from Equation (4) at By =5.0 T, and (d) from Equation (5) at By =5.0T.
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4 | CONCLUSION

The effect of elastic scattering between deuteron and deuterium atom on ion transport and density profile was investi-
gated using an orbital calculation in the simplified 2D scheme. The peak density was reduced due to the ion transport
induced by the large-angle elastic scattering. In addition, the dependence of ion transport on magnetic field strengths
assumed for JT-60SA and JA DEMO reactors was also investigated. At Br=3.0 (5.0) T, the peak density was reduced
by 11.1% (6.3%) compared with the simulation case that ignored the guiding center movement due to the elastic scat-
tering such as most of integrated codes. Moreover, we also attempted to express the transport included in the elastic
scattering as the diffusion coefficient. The diffusion coefficient is calculated from the reaction rate coefficient and col-
lision frequency based on a simple assumption. When the reaction rate was calculated using the cross section that the
integral of the differential cross section over all scattering angles, the effect of elastic scattering on ion transport perpen-
dicular to the magnetic field was overestimated. Using the cross section integrated over only large angles, the density
profile approached to the result of the orbital simulation case, which considered the guiding center movement due to
the elastic scattering. Therefore, it may be possible to incorporate the effect of the elastic scattering into integrated codes
that ignores the elastic scattering in the direction perpendicular to the magnetic field lines, by utilizing the proposed
method.

In this study, the background parameters for the orbit calculation were assumed to be constant and other complex
physics such as E X B drift were ignored. To validate our findings regarding the large-angle elastic scattering effect on ion
transport, it is necessary to introduce our model into an integrated code, such as SONIC, and perform a self-consistent
integrated analysis. Furthermore, the effect of elastic scatterings between ions and molecules on ion transport in a radial
direction will be assessed in future work.
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