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Understanding of key physics and engineering parameters is one of the most important issues to conduct
fundamental design studies of future fusion reactors. Also, sensitivity analyses of performance by parameter
surveys need to be done for optimizing a reactor. This research aims at a qualitative analysis to identify directions
of design parameter optimization for fusion reactors. For this purpose, a Core-SOL-Divertor (CSD) model has
been employed, because it is suitable for a wide range of parameter surveys by changing various parameters with
low computational costs. This paper analyzes the particle and energy balances of the JT-60U divertor plasma by
using a CSD model and reveals dependencies of the balances on design parameters of the device. In addition, the
same CSD model is applied to conduct divertor plasma analyses for a future demonstration reactor (JA-DEMO).
The result shows that it is possible to obtain a low temperature state of its divertor plasma as has been already
reported by a two-dimensional SOL-Divertor integrated code. From these results, this paper shows that the CSD
model is applicable to basic studies of directions and design concepts for future fusion reactors.
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1. Introduction

One of the most critical issues to design future demon-
stration and/or commercial fusion reactors is how to con-
trol high heat load on divertor plates. Two-dimensional
(2D) integrated codes such as SONIC[1, 2] or SOLPS-
ITER [3,4] are widely used for understanding of behaviors
of boundary plasmas [5-8]. However, calculation costs
with these heavy codes are high. Low costs and simple
models are suitable to understand basic behaviors of fu-
sion plasmas and to conduct fundamental and conceptual
design studies of future fusion reactors over a wide range
of physics and engineering parameters.

Core-SOL-Divertor (CSD) models [9-11] were pro-
posed as one of the useful simple models describing SOL
and divertor plasmas. CSD models are based on so-called
zero-dimensional (OD) models for the core, SOL and di-
vertor regions. Zero-dimensional models treat each region
as a point by using local or averaged quantities of basic
plasma parameters, such as plasma density, flow veloc-
ity and temperature. A distinctive feature of CSD mod-
els different from other two-point models for the SOL and
divertor plasmas [12, 13] is that CSD models include the
core plasma as well as the SOL and divertor plasmas. Al-
though the core plasma is also modelled by a very sim-
ple OD model of particle and energy balance equations in
CSD models, they are possible to perform integrated and
self-consistent analyses of basic characteristics and/or per-
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formances for the fusion core, SOL and divertor plasmas
altogether.

Reference [11] has shown the particle/energy balances
on (T4, nyg) plane. It has also discussed state transitions be-
tween high/low recycling while changing relations among
three decay length (density/temperature/energy) equivalent
to SOL width. This paper follows Ref.[11]. The par-
ticle/energy balances are thoroughly analyzed by using
the CSD model with JT-60U parameters. This paper also
evaluates dependencies of particle/energy balances on key
physics and engineering parameters of the device.

Following the JT-60U divertor plasma analyses above,
this research applies the CSD model to a simulation with
JA DEMO parameters. For this simulation, both carbon
and argon are calculated as impurity species. The CSD
model compares impacts on the divertor plasma depending
on the impurity species. A reproduction of a low tempera-
ture state of its divertor, which is shown by a SONIC simu-
lation, proves that the CSD model has potential to perform
basic studies of directions and design concepts for fusion
reactors.

In Sec. 2, we first explain the CSD model. This pa-
per mainly focuses on model equations for SOL and di-
vertor plasmas. In Sec. 3, in order to solve simultaneous
model equations, they are reduced to two main equations,
i.e., particle/energy balance equations in SOL and diver-
tor regions. After giving a summary-table comparing basic
parameters for two tokamaks, a typical large tokamak ever
existed (JT-60U) is calculated in Sec. 4.1 for the first case.

© 2024 The Japan Society of Plasma
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Then, in Sec. 4.2, particle/energy balance equations are an-
alyzed to clarify dependencies of the divertor temperature
on key physics and engineering parameters. In Sec. 5, a test
calculation has been done by using input parameters rele-
vant to a future demonstration fusion reactor (JA DEMO)
to show potential of the CSD model for design studies of
future fusion reactors.

2. Core-SOL-Divertor Model

2.1 Two-dimensional slab model

Figure 1 shows a schematic concept of the CSD
model. By using toroidal symmetry, the geometry of
single-null divertor tokamak in Fig. 1 (a) is simplified as
a two-dimensional (2D) slab model geometry shown in
Fig. 1 (b). The model geometry consists of three regions:
i) core, ii) SOL and iii) divertor. In Fig. 1 (b), the x- and
s-coordinates in the SOL and divertor regions correspond
to the radial direction (perpendicular to the magnetic flux
surface) and the direction along the magnetic field line, re-
spectively. The length of the SOL and the divertor is ex-
pressed by L and L;. Symbols 4,,, A7 and A are the decay
length for density, temperature and energy, respectively. In
this paper, 4, = (1/2)47 and Ag = (2/7)A4r are assumed.

As for the core region, we simply model it as a par-
ticles/energy source in the present study. In other words,
as shown in Fig. 1 (b) we simply give the number of parti-
cles @.gep(s’l) and the heat Q., (W) across the separatrix
boundary between the core and the SOL as input parame-
ters.

2.2 Basic equations

The CSD model in this paper analyzes the left-half
part of the slab model in Fig. 1 (b), which is terminated at
the inner divertor target. This subsection provides basic
equations of the CSD model.

(Particle Balance)
A particle transport equation was integrated over the

SOL and the divertor regions with an assumption of ex-
ponential distribution of the density in the radial direction
(the x-coordinate in Fig. 1(b)). The decay length of ex-
ponential distribution is defined as 4,. Then, a particle
balance equation is given as follows.

naMyC2nR A, siny — Ch ®y,,
= fion (CanaMyC27R A, sings + Npugs) . (1)

For LHS (Left Hand Side), the first term shows the particle
flux absorbed into the divertor target. The second term is
the number of ion particles flowing into the left SOL from
the core. The RHS (Right Hand Side) represents the ion-
ization source due to neutral particles recycled and puffed
at the target.

The gas pufT is expressed by the term of N,,¢r. In the
present study, Ny, sy = 0 is assumed. The symbol C¥ is
the fraction of the particles flowing into the left SOL in
Fig. 1 (b) to all the particles from the core. This study as-
sumes Cfx = (0.5. Symbols n and T are the density and the
temperature, respectively. The subscript “s” is for the SOL
and “d” means the divertor. The symbol C, is the ratio of
the neutral flux from the divertor target to the plasma flux
into the target. In this paper, C, = 1.0 is assumed. Mach
number at the divertor target is defined as M, = 1.0. The
symbol Cy; = \T,/m; is the sound velocity at the divertor
target, where m; is the proton mass. The major radius is ex-
pressed by R,,. The symbol  is the angle between the mag-
netic field and the divertor plate. In this study, siny = 0.05
is assumed. The symbol f;,, is the ionization faction of
neutrals emitted from the divertor target. The faction f;,,
is modelled in Sec.2.3.

(Pressure Balance)
Integrating a momentum transport equation over the
SOL and the divertor regions gives

(I- fmom) nsTy = (1 + Mﬁ)nde (2)

LHS of Eq. (2) expresses that the fraction, (1 — f,,0,), of the
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(a) poloidal geometry

(b) simplified two-dimensional slab model

Fig. 1 Schematic drawing of the CSD model; (a) a poloidal cross section of single-null divertor tokamak and (b) a corresponding simpli-
fied two-dimensional slab model. In (b), the radial direction and the direction along the magnetic field line are taken as two basic
directions of the (x, s) coordinate system by assuming toroidal symmetry in (a). The model consists of three regions: i) core, ii)
SOL and iii) divertor with three representative points (solid circles) for each of them.
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total pressure at the stagnation reaches the divertor target.
The fraction f,,,, is the ratio of momentum losses in both
the SOL and the divertor regions to the static pressure at the
stagnation point. The faction f,,, is modelled in Sec.2.3.
RHS means the total pressure just before the target.

(Global Energy Balance)

An energy transport equation was integrated over the
SOL and the divertor regions with an assumption of expo-
nential distribution of the heat flux in the radial direction.
The decay length of exponential distribution is defined as
Ag. Then, an energy balance equation is given as follows.

Lq,
= fimpLqr + enaM CiAp + yTangMyCiAg. (3)

LHS of Eq. (3) is the heat crossing over the separatrix into
the left-half part of the SOL in Fig. 1 (b). The first, second
and third terms of RHS in Eq. (3) are impurity radiation
losses, ionization losses and heat flux into the sheath re-
gion, respectively.

The SOL length is estimated as Ly = nR,q.rs, Where
gerr is the effective safety factor. The heat flux flowing into
the left-half part of the SOL from the Core in Fig. 1 (b)
is assumed to be ¢, = CEQy.,/(S ,/2), where CE is the
fraction of the heat leaking into the left SOL to the to-
tal heat from the core. This study assumes Cfl = 0.33
[14]. The symbol S, is the plasma surface area defined by
S, = 2nR,2na, \k, where a, is the minor radius and « is
for the elongation. The fraction f;,,, is the ratio of impu-
rity radiation losses to the total heat flowing into the left
SOL in Fig. 1 (b). The faction f;,,, is modelled in Sec.2.3.
Symbols € = 21.8eV [11] and y = 7.0[15] are the ioniza-
tion energy of a neutral and the sheath energy transmission
coefficient, respectively.

(Local Energy Balance)

The local energy balance is obtained by integrating
Vg = Q, where ¢ and Q are the heat flux and the energy
source term, respectively.

4. (1= fing) 12 = 220 (7 -

efion)

The symbol 47 is the decay length of exponential dis-
tribution of the temperature in the radial direction. A con-
stant portion of the parallel heat conductivity is given as
ko = 1.26 X 10° (eV)"> W/m.

(Perpendicular Heat Flux)

The perpendicular heat flux is given by g, =
—ngx1 (0T 5 /0x) — 3T D, (Onyy/0x) [12], where y, and
D, are the heat diffusivity and the particle diffusivity, re-
spectively. An exponential distribution in the radial direc-
tion is assumed as ngy) = nge 4 and Ty = Te /M,
Then we obtain the heat flux on the separatrix surface
9.0 =41,

3D
q. = (/:’_; + A_J_)nsTs- (5)

2.3 Auxiliary equations

This sub-section provides our assumptions for frac-
tions of ionizations f;,,, momentum losses f;;om, and radi-
ation losses fi,.

(Tonization faction of neutrals, fi,,)
The ionization fraction of neutrals emitted from the
divertor target, f;,,, is calculated as

fion = O + £3OF (1 - fo0), ©®

where each of f2 and f3F is the ionization fraction of
neutrals in the divertor region and the SOL region, respec-
tively. This paper focuses only on hydrogen atoms for neu-
tral particles.
The fraction in the divertor region was modelled as
: Ly sin
fow=1—-exp [— d;)w w),

won

@)

where A2 = v,/nq(ov); is the ionization mean free path
of neutrals. The neutral velocity v, is calculated by v, =
\T,/m; with the neutral temperature 7,,. In this paper, T,
is assumed to be 3.0eV. The ionization reaction rate co-
efficient of neutrals [16], (ov);, has a strong dependency
on the divertor temperature, especially 7, < 10eV. It is
noted that L, siny is the divertor length on the poloidal
cross section. The length has been employed as an effec-
tive distance for neutrals being ionized in the divertor re-
gion. It is because neutrals are free from the magnetic field
and assumed to directly approach the SOL on the poloidal
cross section.
The fraction in the SOL region was modelled as

AsoL
Skt = , (8)
Acore + Asor + Apump

won

where each of Acore and Ago is an effective area for the
core region and the SOL region, respectively. In this pa-
per, these effective areas of Acore and Agor are assumed
to be their cross-sectional area on the plasma midplane,
Acore = 2nRpa, and Agor = 2nR,4,. The pumping ef-
fect is introduced by the factor of A,,,,. In the present
study, Apump = 0 is assumed.

(The fraction of momentum losses, f.om)

Neutrals continue to collide with ions and take their
momentum through collisions until those neutrals are ion-
ized. As opposite reaction, ions lose their momentum at
collisions. The fraction f,,, is modelled as an exponen-
tial function, a characteristic length of which is assumed to
be the charge-exchange mean free path between neutrals
and plasma ions, Acx. The ionization mean free path of
neutrals, 4;,,, is taken as an effective distance for neutrals
continuing momentum losses.
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/lion

fmom ! exp ( Cmom/lCX ) ’ (9)
where Acx = v,/ng{ov)cx. The charge-exchange reaction
rate coeflicient of neutrals [16], {ov)cx, has a weaker de-
pendency on the divertor temperature compared to (ov);.
In this paper, a parameter C,,,,, = 100 is introduced so that
fnom takes effect when the divertor temperature becomes
less than 5eV.

(The fraction of impurity radiation losses, fi.,)

The fraction of impurity radiation losses to the total
heat flowing into the left SOL from the core in Fig. 1 (b) is
assumed as

27TRPAELd sin lﬁfcl’llzlL (Td)
imp = S .
P

QJ_7

Radiation losses are calculated as P,y =
fdl.v NimphaL(T4)dV, where nj,,, is the impurity density and
L(T,) is a cooling rate. The CSD model has employed
L(T,;), corresponding to impurity species, as a function of
the divertor temperature. On the other hand, [11] assumes
a constant value, L(T;) = 1.0 x 1073 Wm?3/s. This
paper evaluated n;,,, = f.nq. The value of f. depends on
impurity species. The CSD model has taken a constant f
described later in the present study, while [11] uses f, as a
parameter.

(10)

3. Particle and Energy Balance

3.1 Transformation of basic equations

Five basic Egs. (1) through (5) have seven unknown
variables, ng, Tg,ng, Ty, 4,,4r and Ag. The relations
among three decay lengths are assumed as described in
Sec. 2.1, which reduces the number of variables to five.
Now five basic equations can be solved.

In order to solve five basic Egs. (1) through (5), they
were merged into two Eqs. (1) and (3). In the process of
this transformation, three unknowns (n,, T and A7) were
eliminated. In other words, we obtained the particle bal-
ance Eq. (1) and the energy balance Eq. (3) as a function of
ng and T,. This calculation process is explained as follows.

Substituting Eq. (2) into Eq. (5) with 4, = (1/2)4r
gives

xo+6D, (1+Mg)naTs
A7 (ng, Ty) = : : (11
qL (1 - f mom)

With the use of Eq.(11) and 4 = (2/7)47, Eq. (10) be-
comes

2R, Ly siny fun2 L(Ty)
S
‘ILTP
><2 xL+6D, (1+M)n Ty
7 q.1 (l_fmom)

Variables 4,47, Ag and f;,, have been expressed as

fimp(nda Ty)=

(12)

functions of n; and T, so far. Fractions f,, and fom
are originally functions of n; and/or T,;. Substitution of
A, A7, A, fimps fion a0d fiy0p into Egs. (1) and (3) deletes
all the variables but n; and T',.

3.2 Particle balance
Equation (1) now has two variables (n; and T,) and
a parameter @g,. In our calculation process, @, was

Energy Balance PB: d)sep=05x1022 s .
PB: @, =0.1x107 s PB:®, =1.0x107s" o
PB: ©,=0.3x107 5™ PB: 0, =3.0x107 5" e

PB: Particle Balance
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Fig. 2 Particle/energy balances for (a) JT-60U parameters in Ta-
ble 1 (Reference Case), (b) a,=0.4m, (c) Qyep=7.5MW
and (d) L; =9.0m. For case (b) through (d), parameters
other than those stated above are the same as Reference
Case (a). The hatched areas indicate Reference Range of
®D,,,. The left hatched area in each graph is for low tem-
perature solutions, while right for high temperature so-
Iutions. Case (a) through (c) have high temperature solu-
tions, while (d) has lost them in Reference Range of @,,,,.
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fixed. Then, for given T, the divertor density n, satisfying
Eq. (1) was solved by a binary method. This process was
repeated for five @, values shown in Fig. 2.

3.3 Energy balance
For the energy balance, substituting Egs. (11) and (12)
into Eq. (3) with an assumption of 45 = (2/7)4r yields

—a/EnZ —ﬁEnfl + Lyg, =0, (13)
where

@i(Ta) = fimpAeLsqu,

— (14)
Be(Ta) = MyCsdp(e + yTa),
and
—  27R,Lgsiny fL(T,)
imp = s,
q. >
= fimp/ (dEn)),
T 2 (xo +6D,) (1 +MHTy
T q L= finom
=Adg/ng.

A cubic Eq.(13) always has a unique real solution
with a positive sign (ny; > 0), while the remaining two
solutions are real ones with a negative sign (n; < 0) or
imaginary ones. Here, only the unique real solution with a
positive sign (n; > 0) has a physical meaning. For given
T,, coeflicients ag(T,) and Bg(T,) are calculated, then ny
is obtained from Eq. (13).

4. Divertor Plasma Characteristics on
Temperature-Density Plane under
JT-60U Parameters

The particle/energy balances are thoroughly analyzed
by using the CSD model with JT-60U parameters [17, 18].
The investigation reveals dependencies of particle/energy
balances on key physics and engineering parameters of the
device. In addition, Sec. 4.2 discusses requirements for the
divertor plasma to have low temperature solutions.

JT-60U parameters used in a simulation are shown in
Table 1. The table also has JA-DEMO parameters [7, 8]
calculated in Sec. 5. A simulation for a JT-60U case incor-
porates carbon sputtered on the walls as impurity particles.
This paper assumes f, = 1.5 1072[19] as a ratio of Mjmp 1O
ny and has employed a cooling rate fitted in Ref. [20] as a
function of the divertor temperature. The cooling rate has
a local peak of L(T;)~1.0 x 1073! Wm?/s at Ty~7eV. On
the other hand, for T; > 20 eV, the rate drops by two orders
of magnitude.

4.1 Divertor plasma characteristics under
JT-60U parameters

Each of the particle and energy balance was indepen-

dently calculated in a manner described in Sec.3.2 and

Table 1 Parameter differences: JT-60U vs JA DEMO.

Parameter, (unit) JT-60U | JADEMO

Major Radius, (m) Ry 3.4 8.5
Minor Radius, (m) ap 0.8 2.42
Divertor Length (on the Ly 30 320
magnetic field), (m)

Heat from the core, (MW) Qsep 2.5 258
Safe factor Aefr 4.7 4.1
Ellipticity K 1.5 1.75
Diffusivity (Particle), (m?s") | D1 0.3 0.3
Diffusivity (Heat), (m?s™) XL 2.0 1.0

Sec. 3.3, respectively. Figure 2 is plotted with “given tem-
perature T,;” as the horizontal axis and “calculated diver-
tor density n,;” as the vertical axis. Particle/energy bal-
ance curves are drawn in a wider range than that of realis-
tic physical solutions so that mathematical tendencies can
be discussed. Although Fig.2 has four graphs ((a) - (d)),
this sub-section discusses only Fig.2 (a) which has been
calculated with JT-60U parameters shown in Table 1. Fig-
ure 2 (a) is “Reference Case” for other calculations in the
following sections.

4.1.1 Divertor plasma characteristics

The particle balance strongly depends on ®,,,, which
has been used as a parameter in this paper. Figure 2 (a)
depicts particle balance curves for five cases of @,,,. For
smaller @, (e.g., Dy, = 1.0 X 10%' s71), the particle bal-
ance has two solutions of 7, in the entire region of temper-
ature as described in Sec. 4.2.2. Hence, it forms two curves
for higher n, and lower n, as shown in Fig. 2 (a). Both par-
ticle balance curves for smaller @,,, have no intersection
with the energy balance curve.

As D, increases, they approach each other in the
central area of the figure. The upper one of two parti-
cle balance curves makes contact with the energy balance
curve at Point-A, (T, ny)~(22,2.6x10'%), in Fig.2 (a). The
value of @y, giving Point-A is @, ,~2.0 x 10*' 71

For further increasing ®,.,, two particle balance
curves make contact with each other. And then, they again
split into left (low temperature region) and right (high tem-
perature region). Therefore, the particle balance loses solu-
tions of ny in the mid-temperature region. The larger @,,,
becomes, the lower or higher the particle balance curves
move in the low or high temperature region, respectively.

Particle balance curves in the high temperature re-
gion keep intersections with the energy balance curve un-
til a particle balance curve reaches to go through Point-B,
(T4, ng)~(135,2.8 x 10'8), in Fig.2 (a). The value of @y,
giving Point-B is &, ,~5.9 x 10?!' s7!. On the other hand,
particle balance curves in the low temperature region keep
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intersections with the energy balance curve for larger @y,
values.

The value range of @y, for JT-60U is roughly as-
sumed to be around P, ,~1.0 X 102s7'. Two regions
partitioned by particle balance curves for 3.0 x 10?! s™! <
Dy, <3.0x 1022 57!, hereinafter referred to as “Reference
Range of @,”, are hatched in Fig. 2. The left partitioned
area is for low temperature (Low-T) solutions, while right
for high temperature (High-T) solutions.

The energy balance yields only one solution for given
T, as discussed in Sec.3.3. Therefore, it forms a unique
curve. The energy balance curve goes through both Low-T
and High-T solution areas established by particle balance
curves. Solutions to satisfy both the particle balance and
the energy balance are given by intersections of these two
curves.

For lower @, but which is limited in Reference
Range of @, the divertor has both Low-T and High-
T solutions. Low-T solutions are obtained in accordance
with large f;,, (shown in Fig. 3) corresponding to high re-
cycling. On the other hand, High-T solutions come with
small f;,,, which is interpreted to low recycling. So far,
a hysteresis feature has been pointed out for divertor plas-
mas [21]. Whether Low-T or High-T solution is taken de-
pends on the immediately preceding status of the divertor
plasma.

As @y, becomes larger, particle balance curves in the
high temperature region leave the energy balance curve,
while those in the low temperature region keep intersec-
tions with the energy balance curve. Therefore, the diver-
tor takes Low-T solutions with high recycling for larger
Dy, p. This is a well-known high recycling scenario [11].

4.1.2 Limit of analysis in the current CSD model

The current CSD model has a limit of analysis for low
temperature. As the temperature of divertor plasma goes
lower, fyom converges to 1.0 in Eq.(9). This (fuem~1.0)
takes 4,47 and Ag to positive infinity in Eq. (11). The
divergence of the decay length is not realistic. The rapid

1]:III‘IIII‘IIIIIIIIIIIIII

0||||||||||||||||||||||||

100 200 300 400 500
Temperature : T4 (eV)

Fig. 3 Ionization faction of neutrals, f,,. A sharp drop within
the temperature of M-Segment (20eV < T, < 150eV)
causes instability of the particle balance.

decrease of the energy balance on the left side of its peak
is caused by the divergence. Solutions around T,;~2eV
must not be employed as a divertor status.

The solution trajectory satisfying both the particle
and energy balances completely follows the energy bal-
ance curve with arbitrary ®g,. Now, define three tem-
perature segments divided by Point-A and B in Fig.2 (a);
T, < 22eV (L-Segment), 22eV < T; < 135eV (M-
Segment) and 135eV < T, (H-Segment) on the solution
trajectory (= the energy balance curve). On L-Segment
and H-Segment, ny rises as @, increases. On the other
side, ng drops as Py, increases on M-Segment. The di-
vertor density n, intuitively seems to become larger as the
number of particles coming into SOL ®,,, increases. The
opposite characteristic from our insight on M-Segment re-
sults from a sharp drop of fi,, as ny; decreases. This is
explained as follows.

Substituting C, = 1.0 and N, sy = 0 into Eq. (1) gives

CV@yop = (1 = fion) ngMyC 2R 4, singy = 0. (15)

LHS is originally equivalent to the time differentiation of
the total number of particles in SOL and divertor regions
in a particle transport equation. LHS is assumed to equal 0
in this research because this study focuses on equilibrium
statuses.

Consider a small change in LHS which is induced by
a perturbation in an equilibrium solution (740, 140). As-
sume that the divertor density takes a “negative” pertur-
bation from ngy (T4 generally takes a “positive” perturba-
tion at the same time). This perturbation rapidly makes f;,,
smaller on M-Segment as shown in Fig. 3. Then, the sec-
ond term of LHS becomes larger because it is proportional
to (1 = fion)/ VT4 under an assumption of constant pres-
sure, ngTy. The first term Py, rises with decrease of ny to
keep the particle balance. This means that LHS of Eq. (15)
becomes negative when ngo takes a negative perturbation
for a fixed D).

Remember that LHS originally is the time differenti-
ation of the number of particles which is roughly propor-
tional to dn,/0t. A condition where dn,/dt < 0 as ny drops
causes a further drop in n,. It is a typical unstable system.
This is what occurs on M-Segment (unstable). Therefore,
H-Segment is in the focus for High-T solutions.

4.2 Particle/energy balance analyses to elim-
inate high temperature solutions

For fusion reactors, Low-T solutions are required as
the divertor plasma status. As shown in Fig. 2 (a), however,
Reference Case has both Low-T and High-T solutions. In
order to keep the divertor plasma at a low temperature, it
is required to eliminate High-T solutions. Solutions are
obtained by intersections of the particle and energy bal-
ance curves. This sub-section provides careful analyses of
the particle/energy balance equations to eradicate intersec-
tions in the high temperature region. These studies clarify
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key physics and engineering parameters to affect relative
positions of the particle/energy balance curves. Then, two
balance curves are re-drawn with changed parameters and
relative positions are investigated whether or not they lose
intersections (High-T solutions).

4.2.1 Analysis of the energy balance

The fraction f;,,, dramatically drops as T4 rises more
than 20 eV because of a dependency of carbon cooling rate
L(T;) on the divertor temperature. Therefore, in this tem-
perature range, f;, can be neglected. Then Eq. (13) is eas-
ily solved,

n = L. Osep \Verf
Be ap kR, (x 1 +6DL)'

Equation (16) indicates;

(16)

(b) For a smaller device (smaller a,, R,), ng in Eq. (16)
becomes larger, which causes the energy balance
curve in Fig. 2 (a) to move upper. For a qualitative dis-
cussion purpose, an energy balance curve with halved
ap is shown in Fig. 2 (b).

(c) For larger power flowing into the SOL (larger Qy.p),
ng in Eq. (16) becomes larger, which causes the en-
ergy balance curve in Fig.2 (a) to move upper. For
a qualitative discussion purpose, an energy balance
curve with tripled Q) is shown in Fig. 2 (c).

(d) The divertor length, L;, does not affect either ny in
Eq. (16) or the energy balance curve. For a qualita-
tive discussion purpose, an energy balance curve with
tripled L, is shown in Fig. 2 (d).

*Bullet characters correspond to sub-characters in Fig. 2.

4.2.2 Analysis of the particle balance

The characteristics of the particle balance are dis-
cussed below. Let P be defined as

P=CNoy,, — ngM Ci2nR A, sin s
+ fon (CanaMyC 27Ry Ay sin s + Npygr) . (17)

Here, P = 0 is the particle balance Eq. (1). As described
in Sec. 2.2, the present study assumes N, sy = 0 and C,, =
1.0. In Eq.(8), Acore > Asor leads f50°~0. Thus, fion
can be approximated as follows,

_ -Div SOL -Div
ﬁm’l - {f;'on +. ion (1 - f;'on )}

~ ¢Div

~ Jion

=1 —exp(—LdS—imﬁ). (18)

Div
/lion

Substituting these into Eq. (17) gives
P =CNdy,, — ngM Ci2nR A, sin s

xexp(—M). (19)

Div
Aion

With the use of
4= L0 +6Dy) (1 + M)Hn T,
" 2 (/IL 1 - f;nom
= Adung,
where
7 _low+ep)d+ MDT,
! 2 q.L 1- f;nom ’
we obtain

P=CNy,, — ngMyC27R , Ayng sin

X exp (—Ld sin ww)
= Ch®yep — Bpn exp(—apny), (20)
where
(o)

ap(Ty) = Lgsinyy——,
0, @1

Br(Tq) = MyC 2R A, sin .

A function P(n,) has a minimum value at ny; = 2/ap
for ny; > 0 and P(0) = P(e0) = CYdy,,. Therefore, the
necessary and sufficient condition for Eq. (20) to have so-
lution(s) is

4
PQ/ap) = CNd,,, - %e” <0. (22)
ap
When @, and T, are given, P(ng) has a unique solution
for P(2/ap) = 0 or two solutions for P(2/ap) < 0.
Inequality (22) determines an allowable maximum

value of P, hereinafter referred to as D, (Ty) =
(4Bp/CNap)e™?. Figure 4 shows a curve of @,,,(Ty) with

o 1x10% e
» E JT-60U (Reference) ———— 7
= 1x10%E @, 4B _, ) E
2 E max N €

S 1x102k i

% 1x10%2 ;_ReferenceR ]
2 2 i
= 1x107 -
:
& 10?0k 3
3] E 3
s 1x10"E §
E 1><1018: el el N

1 10 100 1000

Temperature : Td (eV)

Fig.4 The necessary and sufficient condition for the parti-
cle balance to have solution(s); @p < DPpar(Ty) =
(4Bp/CNa2)e™.  The hatched area shows Reference
Range of ®,,,. This graph indicates the particle balance
Eq. (1) is likely to lose solutions in the mid- tempera-
ture region. When the curve moves downward, the parti-
cle balance curves in Fig. 2 (a) change the position to far
lower/higher in the low/high temperature region, respec-
tively.
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Reference Range of @g,. When @y, is given, a par-
ticle balance for the @, value has solutions in the 7,
range where @y, < D, (Ty) holds. As an example,
D,,4x(Ty) goes under P, = 1.0 X 1022 57! around 10eV
< Ty < 120eV in Fig. 4. Therefore, the particle balance
for @y, = 1.0x 10?2571 in Fig. 2 (a) has no solution in the
T, range. This is the reason why particle balance curves
bifurcate into low temperature or high temperature region.
The larger @,,, becomes, the lower or higher the particle
balance curves move in the low or high temperature region,
respectively.

Figure 2 (a) indicates that particle balance curves pos-
sibly lose intersections with the energy balance curve in
the high temperature region if they move rightward, much
higher temperature position. In order to move them right-
ward, it is effective to push the curve of @,,,,(T;) down in
Fig. 4. It is equivalent to making @,,,,(T;) smaller.

The value of @,,,,(T) is proportional to some physics
and engineering parameters as shown in Eq. (23).

48p o2 o R%;ap(XL +6D,) vk

Dpax =
N2 2 o
Cap OsepL siny

(23)

Parameters with a large margin of adjustment are a,, R),
QOseps La. Equation (23) indicates that the particle balance
curves in the high temperature region in Fig.2 (a) move
rightward, when

(b) the size of a device is reduced (reduction of a,, and/or
Ry).

(c) the heat flowing into the SOL becomes higher (in-
crease in Qyep) OF

(d) the divertor length becomes longer (extension of L;).

*Bullet characters correspond to sub-characters in Fig. 2.
Re-calculated particle balance curves are shown in
Figs. 2 (b) through (d), respectively.

4.2.3 Parameter surveys

This sub-section discusses relative positions between
shifted particle/energy balance curves whether or not they
lose intersections in the high temperature region. As de-
scribed in Sec. 4.2.2, (b) reduction of a, and/or R,,, (c) in-
crease in Oy, and/or (d) extension of L, possibly let par-
ticle balance curves leave the energy balance curve in the
high temperature region. Parameters surveyed in this study
are; (b) a, = 0.4m, (¢) Qgep = 7.5MW and (d) Ly = 9.0m.
Particle/energy balance curves for these three cases are re-
drawn in Figs. 2 (b) through (d). It is noted that parameters
other than those stated for each case are the same as Ref-
erence Case (a).

In case (b), the minor radius a, was halved. This has
an effect to bring particle balance curves to both sides. At
the same time, a reduction of the minor radius has changed
the position of the energy balance curve to a higher density
side (upper side in Fig. 2 (b)) in accordance with Eq. (16).

As a result, the divertor plasma keeps High-T solutions,
even though particle balance curves have moved to higher
temperature position to leave the energy balance curve in
Reference Case.

In case (c), the heat crossing over the separatrix Q.
was tripled. Qualitative characteristics are the same as
those for case (b).

In case (d), the divertor length L; was tripled. As
Eq.(23) indicates, ®,,,, decreases by the square of L,
which pushes particle balance curves to lower/higher tem-
perature sides. On the other side, n; in Eq. (16) does not
depend on L;. Therefore, the energy balance curve re-
mains at the same place in the high temperature region.
This characteristic has an effect to take particle balance
curves away from the energy balance curve. As a result,
the divertor plasma does not have High-T solutions for
Dyep 2 3.0% 10?!' s7! and it stays at low temperature.

For summary, the CSD model shows the following de-
pendencies of the divertor plasma on the key physics and
engineering parameters of fusion devices.

1) For lower @, *, the divertor has both Low-T and
High-T solutions. (Fig. 2 (a))

2) For higher @,,, *, the divertor has only Low-T solu-
tions with high recycling. (Fig. 2 (a))

3) For a smaller device*, the divertor temperature of
High-T solution becomes higher. (Fig.2 (b))

4) For larger heat from the core*, the divertor tempera-
ture of High-T solution becomes higher. (Fig. 2 (c))

5) For alonger divertor length*, the divertor temperature
becomes lower. (Fig.2 (d))

* Parameters other than those stated are fixed for this study.

5. Divertor Plasma Analyses for JA

DEMO

The CSD model was applied to a future
demonstration-class size reactor in order to confirm
its validity for different sizes of devices. In this paper, JA
DEMO reactor was chosen, major physics and engineering
parameters of which were shown in Table 1. JA DEMO is
currently under study to equip increased divertor volume
so as to increase the radiation power and to reduce the
divertor plasma temperature [8]. In Refs.[7, 8], it is re-
ported a SONIC result indicates that both ion and electron
temperature decrease to around 1 eV when “Detachment”
is achieved.

This section reports analyses of JA DEMO divertor
plasma with the use of the CSD model. For JA DEMO,
tungsten is the main candidate for divertor plates. The
erosion of tungsten is not expected to be significant in
terms of cooling down the divertor plasma. Rather, in-
jected argon or other noble gas contributes to radiation.
Therefore, the CSD model implemented argon for a simu-
lation. Also, carbon which has been employed for a JT-
60U simulation is calculated as a reference. Reference
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[8] reported that the value of f, for argon varies around
f.~1.0 x 1072 with a spatial distribution. This paper as-
sumes f. = 1.5 x 1072 for argon to have the same precon-
dition employed for carbon in the JT-60U simulation. The
cooling rate for argon is calculated to follow Ref. [22] as a
function of the divertor temperature. The rate has a local
peak of L(T7)~1.0 x 1073 Wm?/s at T;~13 eV.

5.1 The condition for the particle balance to

have solutions

The necessary and sufficient condition for the par-
ticle balance of JA DEMO to have solution(s), @y, <
Dax(Ta) = (4Bp/CNa%)e™, is shown in Fig. 5, which also
depicts that of JT-60U Reference Case for a comparison.
The curve for JA DEMO is far below that for JT-60U be-
cause of a longer divertor length. Now, @, of JA DEMO
is roughly assumed to be around @ ,~1.0 X 1022571 or
more. For this range of @,,, T; becomes around 3eV
with a small dependency on @ ,. Therefore, Fig.5 indi-
cates that the JA-DEMO divertor has only Low-T solutions
(T, < 3eV) unlike JT-60U Reference Case.

5.2 Divertor plasma analyses

Each of the particle and energy balance is indepen-
dently calculated in the same manner as for the JT-60U
case (Sec.4.1). Their balances are drawn on (T4, ny) plane
in Fig. 6.

The particle balance for @,,,~1.0 x 10> s! or more,
as described in Sec. 5.1, has solutions below T;~3 eV. Un-
like JT-60U case (Fig. 2), it does not give any solutions in
the high temperature region of the figure.

The energy balances of JA DEMO with carbon or ar-
gon as impurity are shown in Fig. 6. The fraction of impu-
rity radiation losses, fj.p, has a local peak around a peak
of the cooling rate of each impurity species. Around the
Jfimp peak, the first term in RHS of Eq. (3) becomes larger,
which makes the other terms relatively smaller. This means
a decrease of n;. The local peak of the cooling rate for
carbon/argon is around 7 eV/13 eV, respectively. The en-
ergy balances for each impurity species form a local bot-
tom around the local peak of the cooling rate.

The cooling rate of argon is smaller than that of carbon
below T,;~8 eV. In this temperature range, the total energy
of the divertor plasma is larger when argon is injected as
impurity. Therefore, the energy balance curve for argon
surpasses that for carbon in the temperature range. On the
other hand, argon keeps effective around 7;~20 eV, which
leads the energy balance curve for argon lower than that
for carbon.

The CSD model has shown a low temperature state
of its divertor plasma as has been already reported by a
SONIC simulation. This result has proven the CSD model
can cover a wide range of device sizes, which is required
for design studies of future fusion reactors.
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Fig.5 The necessary and sufficient condition for the particle
balance Eq.(1) to have solution(s) for JT-60U and JA
DEMO. The curve for JA DEMO is far below that for
JT-60U because of a longer divertor length, which pre-
vents JA DEMO from having high temperature solutions.

EB (Carbon) — e—— EB (Argon) sssssnn:

PB: 0, =0.1x107 5" x PB: @ ,=1.0x107 5" o
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Fig. 6 Particle/energy balance for JA DEMO parameters with
carbon/argon as impurities. Around the radiation peak
temperature of each impurity, the energy balance has a
local bottom. It is noted that the impurity species does
not affect the particle balance, though it makes changes
in the energy balance.

6. Summary

This paper has analyzed divertor plasma characteris-
tics by using the CSD model with parameters of JT-60U.
The discussion evaluated dependencies of particle/energy
balances on key physics and engineering parameters of the
device. The CSD model has identified three physics and
engineering parameters which strongly affect the divertor
temperature; (1) divertor length, (2) major/minor radius
and (3) heat from the core. It has been shown that a longer
divertor leg eliminates high temperature solutions.

Section 5 simulated the divertor plasma for a
demonstration-class tokamak (JA DEMO). The extension
of the divertor leg length in JA DEMO keeps the particle
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balance in low temperature, which holds intersections with
the energy balance around the temperature. This low tem-
perature state of the divertor plasma is consistent with a
simulation result SONIC has shown.

These results have proven the CSD model can cover a

wide range of device sizes. The CSD model is applicable
to basic studies of directions and design concepts for fusion
reactors.
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