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Castellation of plasma facing components is foreseen as the best solution for ensuring the lifetime of future fusion
devices. However, the gaps between the resulting surface elements can increase fuel retention and complicate fuel removal
issues. To know how the fuel is retained inside the gaps, the plasma sheath around the gaps needs to be understood first.
In this work, a kinetic model is used to study plasma characteristics around the divertor gaps with the focus on the H
penetration depth inside the poloidal gaps, and a rate-theory model is coupled to simulate the hydrogen retention inside the
tungsten gaps. By varying the magnetic field strength and plasma temperature, we find that the HT cyclotron radius has a
significant effect on the penetration depth. Besides, the increase of magnetic field inclination angle can also increase the
penetration depth. It is found in this work that parameters as well as the penetration depth strongly affect fuel retention in

tungsten gaps.
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1. Introduction

Castellation is thought to be the best solution to ensuring
the thermo-mechanical durability and integrity of plasma fac-
ing components (PFCs) under high heat flux loads,!!*! espe-
cially when considering the use of metals as the plasma facing
material (e.g., tungsten (W) and beryllium in ITER).3! How-
ever, issues such as material migration into gaps, and the sub-
sequent fuel retention, are of crucial importance for fusion de-
vices with castellated PFCs. These issues would bring great
challenges for fuel removal.[3] Therefore, concerns over the
plasma characteristics and fuel accumulation in the gaps call
for dedicated studies.

Experimental studies*>! on the fuel inventory inside the
PFCs in different fusion devices showed that the divertor gaps
can increase fuel retention significantly. Moreover, the exper-
imental results also indicated that fuel retention in gaps de-
pends on the plasma parameters as they vary remarkably in
different fusion devices.!%”! Therefore, an understanding of
the influence of gap parameters on fuel inventory inside the
gaps is required. As is well known, fuel accumulation inside
the gaps is influenced directly by the plasma behavior around
gaps, so it is important to study the plasma characteristics
around this region. Calculations of fuel accumulation in gaps
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and its subsequent release need a model to consider factors
such as surface temperature and chemistry, and an adequate
description of the plasma interaction with the gap sidewall.
Due to the complicated geometry and steep gradients of the
plasma around the gap entrance, fluid models are not suitable
for studying the plasma characteristics around the gaps, and
instead, a kinetic model is needed. Such kinetic descriptions
can be obtained, for instance, by particle-in-cell (PIC) meth-
ods, which have been applied extensively to edge plasma stud-
ies. Recently, a number of simulations have been carried out
on the divertor gap sheath region using the PIC method.8-!1]
For the fuel retention investigation, various simulation meth-
ods such as density functional theory (DFT), molecular dy-
namics (MD), kinetic Monte Carlo (KMC)!"?! and rate theory
method!'3! have been successfully applied. However, due to
the limitation of length and time scales, most models are not
suitable for the fuel inventory on a macroscopic scale except
the rate theory method.

In this work, a two-dimensional (2D) in space and three-
dimensional (3D) in velocity (2D3V) edge plasma particle-in-
cell (EPPIC2D) code!'¥ is used to study the plasma character-
istics around the gaps of divertor tiles under different operation
parameters, and the 2D hydrogen isotope inventory processes
code (HITPC)['3! based on the rate theory is employed, with
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the input supplied by EPPIC2D, to study the effect of these pa-
rameters on the hydrogen isotope retention inside the W tiles.
Through this study, the relationship between penetration depth
and cyclotron radius of the ions is established, and the effects
of plasma parameters and magnetic field on the penetration
depth as well as fuel retention are analyzed and discussed.

2. Simulation models

In this work, the 2d3v PIC code EPPIC2D is employed to
study the plasma characteristics in the gap region of a castel-
lated divertor. The technique is based on the electrostatic PIC
model, similar to the model in Refs. [16]-[18], and the code
has been successfully used to study hydrocarbons deposited
inside the gaps.['”) During the simulation, the trajectories of
charged particles are tracked by solution of Newton’s equa-
tions of motion, where the electric field is obtained by solving
Poisson’s equation. The electric potential, plasma density dis-
tribution, particle and energy fluxes to the wall, which are the
basic information for studying plasma material interactions,
could be obtained.

We define the gap along the poloidal direction as a
poloidal gap. Figure 1 shows the schematic of the simulation
domain representing a cross section of a poloidal gap: z repre-
sents the gap depth direction, and x denotes the toroidal direc-
tion. The other axis (not shown in the schematic) is aligned
along the poloidal direction. The bulk plasma and the gap
bottom plane serve as the top and bottom boundaries, respec-
tively. Periodic boundary conditions are used for left and right
boundaries. The charged particles are injected from the top
boundary, which are treated as an ideal plasma source, with
Bohm velocity (Cs = \/kb(7}+—Ti)/mi, where k;, is the Boltz-
mann’s constant; 7. and T; are the electron and ion plasma
temperature, respectively; m; is the mass of the ion) along the
magnetic field direction and Maxwellian velocity distributions
in the perpendicular direction. The electric potential is fixed
at zero for the top boundary and Vy = —3kT; at the bottom
boundary and material surfaces, ! where V) is the floating po-
tential. The uniform magnetic field makes an inclination angle
o with respect to the plasma facing surface (PFS). In the sim-
ulation, the traced particles are H" and electrons. The simula-
tion domain is represented by 256 x 256 cells (200 particles per
cell) during the overall simulation, in which the cell size is kept
to be smaller than the Debye length. For the convenience of
presentation, the tile surfaces are marked in sequence as Side
1, Side 2, Side 3, and Side 4, as shown in Fig. 1. In this work,
the divertor plasma is assumed to be fully ionized, and col-
lisions between charged particles and neutrals are neglected.
The Coulomb collisions between charged particles e—e, e-H™,
and H"—H™) are included in our model since they are very im-
portant for such high-density low-pressure plasmas. The code
runs until the simulated plasma reaches a steady state.

bulk plasma

z (toroidal)

Fig. 1. (color online) Schematic diagram of the simulation domain,
which is taken as being two-dimensional in space.

In order to model the fuel retention inside the W tiles, a
2D rate theory based code HITPC2D!"3! is used, to be coupled
with EPPIC2D. For W materials, during hydrogen flux im-
plantation, hydrogen atoms (only hydrogen atoms exist inside
the material) will diffuse toward the place where the solute
hydrogen concentration is lower. In the course of this diffu-
sion, most atoms will be trapped by the trap sites. The reten-
tion process can be represented by a set of reaction-diffusion

equations(?!]
dC(x,z,t) 0 dCs (x,7,t) d dCs (x,7,1)
o ‘ax(D o )T \P o
< aCwl X2
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where C is the solute hydrogen concentration, Ci; is the
trapped hydrogen concentration in trap type i, D is the diffu-
sion rate coefficient expressed using an Arrhenius—Boltzmann
relation D = Doexp(—Em/kyT),1?*! Dy is the diffusion con-
stant, Ey, is the energy barrier, I is the incident hydrogen flux,
¢ (x,z) is the hydrogen implantation profile, ag is the lattice
constant, C?,i is the initial concentration of the i-th trap site,
E; qurap 18 the binding energy of hydrogen within a trap of type
i, and T is the temperature of the material.

During the diffusion process, some of the atoms will
reach the PFS or back surface of the W wall. Then, the surface
recombination process occurs, by which two solute hydrogen
atoms combine into a molecule and are released. It can be

expressed as!??]

J = KC2, 3)
where K, is the recombination rate coefficient, which is deter-
mined by!?’!

K: = Krpexp (—E;/kT). 4)

In the coupled model, the particle fluxes to each side of the
tiles are used as input parameters for the model of HIIPC2D.

115201-2



Chin. Phys. B Vol. 23, No. 11 (2014) 115201

3. Results and discussion

In this work, unless otherwise stated, the simulation pa-
rameters are taken as follows: plasma density ne = n; =
1.0 x 10" m™3, plasma temperature 7, = T; = 20 eV, simu-
lation domain 2.4 mm x2.4 mm with a gap of 0.6 mm in width
(y-direction) and 0.9 mm in depth (z-direction), uniform mag-
netic field with strength B = 2 T and inclination angle ¢ = 2°
with the PFS (see Fig. 1). These parameters are similar to
those of the EAST tokamak, which is upgrading its upper di-
vertor to W and the researchers will focus on the investigation
of fuel retention in the W gaps.>*l Although the fuel retention
is not a very crucial problem for EAST because no tritium is
used, the present work focuses on finding the parameter de-
pendence of fuel retention inside the W divertor tiles. The
parameters for the fuel retention inside the W in Egs. (1)—(4)
are taken to be the same values as used in Ref. [13].

3.1. Effect of magnetic field strength

First, we consider the plasma in the gap region. There are
almost no electrons inside the gaps, whereas the H can pen-
etrate into the gap.!'"*! The electrons are totally confined by
the magnetic field due to their small radius (the electron cy-
clotron radius is about 7.5 x 1073 mm). The cyclotron radius
of H*, about 0.3 mm, is of the same scale as the gap width
(0.6 mm), which increases the chance of an H' penetrating
into the gap through its cyclotron motion. The separation be-
tween electron and ion at the entrance of the gaps creates a
virtual anode, i.e., a potential hill, which can suppress the H*
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penetrating deeper inside the gaps.[!®! Different fusion devices
have findings similar but different in detail,!?>-?%! and this in-
fluences the fuel inventory in the gap sidewall. Therefore, it
is quite important to understand the influences of different pa-
rameters on the plasma characteristics of divertor gaps as well
as the fuel retention in the tiles.[>7-28]

To better understand how H™ species penetrate into the
gaps, we first vary B under otherwise identical conditions. Fig-
ure 2 shows the H' flux distributions on each side of the tiles
during the steady-state at different B values: (a) 1 T, (b) 2 T,
(¢) 3T, (d) 4 T. The flux to Side 3 of the tiles, which faces the
plasma flux in the gap, shows a complex decay structure. The
fluxes to the corner region of Side 3 and Side 4 increase with B
increasing due to the good confinement, i.e., the stronger mag-
netic field makes the ions move along with it better, resulting
in the incident flux focusing more on the corners of Side 3 and
Side 4. Although Side 2 is in the plasma shadow, ion fluxes to
Side 2 can still be observed at different values of B, which is in
agreement with the simulation results of Komm ez al.'8! The
particle fluxes to the gap side (Sides 2 and 3) show a strong
asymmetry, both in the strength and in the depth. Since the
flux strength and depth to Side 3 are larger than to Side 2, we
define the depth of flux to Side 3 (decay length as 0.1% of the
normalization strength) as the penetration depth in this work.
It can be seen that for B =1 T, the H" species can penetrate
into the gaps over 0.9-mm deep (in our study, the simulated
domain covers a gap depth of 0.9 mm). When B increases up
to 2 T, the penetration depth decreases down to 0.6 mm. When
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Fig. 2. (color online) Particle fluxes to each side of the tiles, obtained from EPPIC2D at magnetic field strengths of (a) 1 T, (b) 2T, (¢) 3T, and (d) 4 T, in a
steady state. The corner of each tile serves as its position origin. The flux is normalized to the averaged flux to the top sides (Side 1 and Side 4) away from

the corners.
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B further increases, it is found that the penetration depth de-
creases continuously until the HT species hardly penetrates
into the gaps. Further analysis shows that the cyclotron ra-
dius of H is important in determining the extent to which the
H™ species penetrate into the gaps. Only when the cyclotron
radius of H™ is larger than the gap width will the penetration
length of H' into the gaps be noteworthy. As B increases and
the cyclotron radius of H" decreases, the penetration depth is
shortened, which can be seen in Fig. 2.

We are most interested in the fuel retention in the gap re-
gion of the W tiles. The plasma fluxes provided by EPPIC2D
shown in Fig. 2 are taken as input parameters for HIIPC2D
to monitor the fuel inventory distributions near and inside the
gaps. The effect of the magnetic field strength on the hydrogen
isotope retention inside the gap sidewall of W material is thus
studied. Figure 3 shows the hydrogen isotope retention distri-

butions for different values of B: (a) 1 T, (b) 2 T, (¢) 3 T, (d)
4 T, after 20-s plasma exposure and 50-s outgassing. We can
see that the hydrogen retained in the sidewall decreases with
the magnetic field strength B increasing, because of the re-
duction of the H penetration depth (see Fig. 2). In addition,
the retention distribution asymmetry in the sidewall (Sides 2
and 3) becomes evident with B increasing. Figure 4 shows
the time evolutions of the fuel inventory in the sidewall dur-
ing and after plasma exposure for different values of B. In the
first 20 s (“pulse on” time), the fuel inventory increases with
time going by, and then decreases during the outgassing pe-
riod due to the desorption of the hydrogen isotopes.'!3 At the
time t = 70 s, the retention quantity in the sidewall falls from
2.3 x 10'7 atoms to 1.9 x 10'® atoms when the magnetic field
Bincreases from 1 T to 4 T, indicating that increasing B can re-
duce the quantity of retained hydrogen isotopes dramatically.

Hydrogen isotope retention distribution inside tungsten tiles
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Fig. 3. (color online) Hydrogen isotope retention distributions inside W tiles after 20-s plasma exposure followed by 50-s outgassing, at different magnetic

field strengths of (a) 1 T, (b) 2 T, (¢) 3 T, and (d) 4 T in a steady state.
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Fig. 4. (color online) Hydrogen isotope retention quantity evolutions
inside the W sidewall at different magnetic field strengths during 20-s
plasma exposure followed by 50-s outgassing.

3.2. Effect of plasma temperature

Since the penetration depth of H* inside the gaps can in-
fluence the fuel inventory in the gap sidewall, we focus on the
fuel retention as well as penetration depth of H™ inside the
gaps in this work. In a tokamak, various operation modes or
different shots have different divertor plasma parameters. To
study the plasma sheath and fuel retention under these condi-
tions, for different cases, simulation is necessary. H' fluxes
to each side of the tiles obtained from EPPIC2D at different
plasma temperatures 5 eV, 10 eV, 20 eV, and 30 eV, for steady-
state operation, are shown in Figs. 5(a)-5(d). It can be seen
that the penetration depth increases with the plasma tempera-
ture rising. The cyclotron radius of a charged particle in the
magnetic field can be expressed as r. = mv, /gB, where B is
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the magnetic field strength, m, v, g are the mass, velocity
component perpendicular to the magnetic field, and charge of
the particle, respectively. Since the velocity is proportional to
793 (T is the plasma temperature), we can obtain 7. oc T,
i.e., the cyclotron radius of a charged particle increases with
the plasma temperature rising. Therefore, it can be used to
explain why the penetration depth of H increases with the
plasma temperature rising. Besides, the flux asymmetry with
respect to the sidewall is also observed during plasma tem-
perature variation. Under very high plasma temperature cir-
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cumstances, it can be predicted from this conclusion that the
penetration depth of hydrogen cations will be much larger than
during steady-state operation. > It can also be deduced from
this finding that for scenarios operating with divertor detach-
ment, in which the divertor plasma temperature is extremely
low,?% the H* can barely penetrate into the poloidal gaps.
However, due to the existence of the impurities in the divertor
region during detachment, the fuel retention process becomes

much more complicated, which is out of the focus of this work.
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Fig. 5. (color online) Particle fluxes to each side of the tiles, obtained from EPPIC2D at different plasma temperatures of (a) 5 eV, (b) 10 eV, (c) 20 eV, and
(d) 30 eV in a steady state. The flux is normalized to the averaged flux to the top sides (Sides 1 and 4) away from the corners.

The effect of the plasma temperature on the fuel retention
in the sidewall is also studied. Figure 6 presents the fuel inven-
tory evolutions at different plasma temperatures. It shows that
the fuel retention quantity increases with the plasma temper-
ature rising obviously. Two reasons can explain the increase.
The first reason is the penetration depth: it is shown in Fig. 5
that a higher plasma temperature could lead to a larger pene-
tration depth, thus increasing the fuel inventory in the sidewall.
The other reason is the flux strength: a higher plasma tempera-
ture can lead to a larger flux. In the simulation, the normalizing
factors (i.e., the averaged flux to the top side) are 4.1 x 10?2
jons-m~2-s7! (5eV), 6.5 x 10?2 jons-m~2-s~! (10 eV), 1.09 x
10% ions'm~2-s~! (20 eV), and 1.40 x 10% ions-m2-s~!
(30 eV), respectively. Since the fuel inventory does not pro-
portionally increase with incident flux increasing, 3!/ the trend
that the retention quantity varies with incident flux is differ-
ent from the trend that the normalization factor varies incident
flux.

The penetration depth of HT inside the gaps is influ-
enced by the magnetic field strength and the plasma temper-
ature, which are both related to the cyclotron radius of HT,

pulse on: pulse off

—5eV
— 10 eV

Retained/10'" atoms

O0 10 20 30 40 50 60 70

Time/s

Fig. 6. (color online) Hydrogen isotope inventory evolutions inside the
W sidewall at different plasma temperatures during 20-s plasma expo-
sure followed by 50-s outgassing.

as mentioned above (shown in Figs. 2 and 5). Figure 7 dis-
plays the penetration depths versus Ht cyclotron radius ob-
tained from different values of B and T, respectively. We
can see that the penetration depth increases with the H' cy-
clotron radius increasing, from the viewpoints of both mag-
netic field strength (o< B~!) and plasma temperature (o< 79)
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Fig. 7. (color online) H' penetration depths inside the gaps versus
H™" cyclotron radius for different magnetic field strengths and different
plasma temperatures.

and approximates 2r. on the whole. However, the penetra-
tion depth obtained from different B (blue) gradually diverges
from 2r. as B increases. This can be explained by the fact
that a strong magnetic field can confine the charged particle
well and make them run along the magnetic field, causing the
penetration depth to approximate to the gap widthx tan(o)
(~ 0.021 mm, much smaller than the H" cyclotron radius).
Therefore, the penetration depth is smaller than 27, as the

magnetic strength increases. It is also found that the poten-
tial hill increases with plasma temperature rising, and thus re-
strains the penetration depth of H™ making the ratio smaller
than expected, which is similar to the results given by Komm
et al.l'8]

3.3. Effect of magnetic field inclination angle

The effect of the magnetic field angle « is studied in this
section. Figure 8 shows the HT fluxes to each side of the tiles
for different values of a: (a) 5°, (b) 10°, and (c) 15°. Because
the cyclotron radius of H™ has a large effect on the penetra-
tion depth, we select a large magnetic field strength (B =5 T)
to eliminate its effect. From the figure, we can see that the
penetration depth of H* inside a gap increases with o rising
and almost all of the H' in the gaps impinge on Side 3 as a
result of good confinement, which is in agreement with the re-
sults in Refs. [32] and [33]. It is shown that H" can go more
deeply into the gaps for larger &, which is consistent with the
theoretical predictions, i.e., the plasma wetted region on Side
3 can be expressed as gap widthx tan(ct). The HT penetration
depth as a function of , obtained from simulation and theo-
retical analysis, are shown in Fig. 9 respectively, which shows
a good consistence with the theoretical analyzes.
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Fig. 8. (color online) Particle fluxes to each side of the tiles, obtained from EPPIC2D at different magnetic field angles of (a) 5°, (b) 10°, and (c) 15° in a
steady state. The magnetic field strength is 5 T. The flux is normalized to the averaged flux to the top sides (Sides 1 and 4) away from the corners.
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Fig. 9. (color online) H penetration depth inside the gaps as a function
of magnetic field angle in a steady state.

Smaller magnetic field inclination angle o has two ef-
fects: reducing the heat flux load to the PFS of the tile (Sides 1

and 4)3431 and reducing the penetration depth of H'. There-
fore, the fuel inventory in the sidewall of a poloidal gap in-
creases with the magnetic field angle increasing, as shown in
Fig. 10. At the end of the plasma exposure ¢ = 20 s, the fuel
inventories are 2.85 x 106 atoms (2°), and 3.99 x 10'¢ atoms
(5°), 7.37 x 10'® atoms (10°), and 1.12 x 10!7 atoms (15°),
respectively, which is approximately proportional to tan(c).
After 50-s outgassing, the retained quantities become 3.9 x
1013 atoms, 1.1 x 10'¢ atoms, 4.1 x 10'¢ atoms, and 7.14 x
106 atoms.

From this study, it can be obtained that the penetration
depth of hydrogen cations can greatly influence the fuel reten-
tion in the W gaps. Both the larger magnitude of the strength
and the smaller inclination angle of the magnetic field are fa-

vorable for reducing the quantity of H* penetrating into the
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poloidal gaps and thus the fuel inventory. Since a lower plasma
temperature can reduce the heat flux on the PFS and the H*
fuel inventory in the sidewall, one should aim to diminish the
plasma temperature. In addition, our simulation shows that T
penetrates more deeply into a fixed-width gap when consider-
ing the H/D/T isotopic effects, which further complicates its
removal and leads to fuel depletion over long pulses. The si-
multaneous use of D/T on the T retention is under development
and not presented in the present paper.

pulse on: pulse off
\ T \ \

Retained/10'" atoms

0 10 20 30 40 50 60 70
Time/s

O 1 i

Fig. 10. (color online) Hydrogen isotope retention quantity evolutions
inside the W sidewall at different values of magnetic field angle o dur-
ing 20-s plasma exposure followed by 50-s outgassing.

4. Conclusions

In this work, a kinetic model is used to study the de-
pendence of the H penetration depth inside the poloidal gaps
of plasma-facing components on operation parameters. It is
found that the penetration depth of H™ decreases with the
magnetic field strength (B) increasing, and increases with the
plasma temperature (7') rising. The penetration depth of H™
is about twice the cyclotron radius (~2r;). The penetration
depth also increases with magnetic field inclination angle ()
increasing under the condition that H™ is well confined. Ef-
fects of the magnetic field strength and angle and plasma tem-
perature on the fuel inventory in the W gap sidewall are stud-
ied. The simulation results show the fuel inventory decreases
with magnetic field strength B increasing but it increases with
the magnetic field incident angle o mainly due to the variation
of penetration depth, and increases with plasma temperature
rising because both the penetration depth and magnitude of the
incident particle flux increase. Therefore, it can be concluded
that the increasing H" penetration depth can greatly increase
the fuel retention in the gap sidewall. Further studies will in-
volve the D-T plasma simulation as well as the T retention
inside the W tiles by taking into account the isotopic effect on
the retention.
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