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A simple two point model was developed in order to evaluate divertor and scrape-off
plasma parameters. The advantage of this model is a capability for evaluating not only
the plasma parameters but also the neutral parameters, like the recycling rate and the
particle multiplication factor, without detailed numerical simufations. This model was
applied to JT-60 Super Upgrade for determining the guideline values of the divertor
design. It was found that the particle pumping rate (the pumped flux over the total
flux to the divertor plates) should be about 0.5% and the rate of back-flow neutral
flux should be under 2% in order to obtain enough He-ash exhaust and cold-dense

divertor plasma in the steady state operation.

Keywords: JT-60 Super Upgrade, Divertor, Scrape-off Layer, Recycling Rate, Particle

Multiplication Factor
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1. Introduction

For development of the next-step tokamak fusion reactor (like ITER [1] and
SSTR [2]), optimization of the divertor is one of the most important issues. Main
functions of the divertor are heat removal and particle exhaust. However, on the both
aspects, the optimized divertor concept has not been demonstrated.

About the heat removal, divertor plate materials must be tolerable with the high
heat fluk density over 10 MW/mZ2. In order to reduce the heat flux density, several
methods have been proposed and investigated. They are declination of the divertor plates,
strike-point swing, radiative cooling [3], gas target divertor [4] and so on. Geometrical
effects of the magnetic flux are used in the former two methods, but the reduction of the
heat flux density is not enough only for these two methods. Hence, it is necessary to
modify the divertor plasma to reduce the damage of the plasma-facing materials.

About the particle exhaust, neutral particle pressure increases in the divertor
region and the particles are pumped effectively. In particular, in order to avoid the plasma
dilution, He-ash and impurity species must be pumped with an adequate pumping speed.
Therefore, it is necessary that the particle recycling to the main plasma is suppressed and
the impurity shielding effect [5] is enhanced. Tn addition, in order to reduce the heat flux
density and the sputtering damage, high density and low temperature plasma should be
generated in the divertor region.

Up to now, many efforts have been devoted to the investigation and the
optimization of the divertor on the above mentioned standing points. However, we need
more exarnination of the divertor plasma behavior. Numerical simulation [6, 7] is an
effective tool for studying the divertor plasma parameters and is heipful for the divertor
design. However, the numerical simulation is time-consuming and it is not adequate for
the design parameter survey. Hence, we think that the more simple model to evaluate the
plasma parameters is useful. Here, a simple two point model is described and an

application to JT-60 Super Upgrade is shown.
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2. Two Point Model

Here, we think the plasma parameters at two points, the divertor plate and the
scrape-off layer, which are connected with the connection length Ly paraliel to the
magnetic field line. The connection length is estimated as Ly = nqR, where q is the safety
factor and R is the major radius. The radial width A in the scrape-off layer is expanded by
a factor of h on the divertor plate.

The particle balance is illustrated in Fig. 1, where the representations are

't : gas pufting flux to main region

I'; : gas puffing flux to divertor region

T : birth flux in the core plasma

T4 : flux to the divertor plate

[through : neutral flux through the divertor throat
Tinain © flux across the separatrix surface

Tre-ion : re-ionized flux in the divertor region

Ipump : pumped flux

B1 : penetration rate from the main region to the core plasma
B2 : penetration rate from the divertor region to the core plasma

1 : rate through the divertor throat

(Tre-ion and 1 are not shown in the figure.) The above parameters have the following

relations of

Tinrough = N(Cg+T2) (1)
Fimain = Dot Ba(Ta+T2)+B 1T 1+ through) )
Tee-ion = (1-B2)(Ta+T2)-Tihrough-T pump (3)
T4 = Cmaint L re-iont (1-B1XT 1+ Dinrough) (4)
I'i+T2+ g = Tpump (5)
Apump = Dpump/(T'a+12) (6)
Y = I'¢/T'imain o)
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where Apump is the pumping rate and Y is the particle multiplication factor.

Figure 2 shows the particle recycling. In the figure, N, T and R are the main
particle number, the particle confinement time and the recycling rate. Ng is the particle
number generated from the flux T’y and they are related with the confinement time To. Ng
is the particle number generated from the neutral flux and they are related with the
confinement time 1. Using these relations, particle balance equations are written as

Qf_: ] §+ R§+ Co + Bil1 + (B2+nBT2 @)
N

N_Ne, P (10)

dNg _ Ng

d 14 tTa y

dNB NB NGt NB

T_.;E;WLR(E+¥ + By + (BAmPNT2 (12)

In a steady state condition, the particle numbers are given as

Ny = 1ol g (13)
Np = :E{Rl"a+B1F1+(Bz+nl31)Fz} (14)
TE = 15/(1-R) (15)

From Egs (13) to (15), the flux across the separatrix surface is given as

r r r
%:rmm= a+Bi 1?(-[5R2+T]B1) 2 16

The flux to the divertor is given from Egs (7) and (16)
T, = % [Ta+BiT1+(Ba+mBUT2) (17)

, from Eqgs (2) and (16)
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o= L R rutBi T+ (BrenBiTo) (18)
(B2mB1) ™ :

and from Eqs (5) and (6),

-A
My=-1 T+l T +—pumer, (19)

Apump Apump Apump

Using Eqgs (17) to (19), the recycling rate is
R = (BmBpY , 20
and the multiplication factor is

ra+r1+(l 'Apump)r2

Y = (21)
(ApLzmp+B2+nBl)ra+(BIApump+B2+nB 1)1"1+(Bz+ﬂ[31)rz

The multiplication factor is given as

Y= L (for birth flux only) (21-a)
Apllmp+B2+nl31 .

Y= i (for main gas puffing only) (21-b)
BlApu1np+BZ+nB]
1'Apump :

Y=—"d"—F (for divertor gas puffing only) (21-¢)
B2+mB,

Here, it is assumed that the divertor parameters are symmetry between the inner-
side and the outer-side. The particle and the heat flux on the plates are given as

B
l“d = 2-2nR-hAf- ‘BlMdcsnd (22)
t
B p
qq = 2-2ER-hAq' B—'YTdeCde 23)
{

where Ar and Aq are the e-holding lengths of the particle and the heat flux. Bp and By are
the poloidal and the toroidal magnetic field. ng and Tq are the density and the temperature
on the divertor plate. ¢ is the sound velocity and My is Mach number of the parallel flow
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on the plate. yis the total heat transmission coefficient and its value is about 7 [8, 9]. The

ratio of Bp/By is given approximately as

me]

p_Ta

“P_Ta 24
v Ly 9
The e-holding lengths of the particle and the heat flux are given as

A1, 1 - (25)
Ar A, 2Ar

1 1,3 - (26)
Aq Ay 247

where A, and AT are the e-holding lengths of the density and the temperature profiles.

As the radiation and the ionization energy loss.increase near the divertor plate, the
heat flux decreases toward the divertor plate. The heat flux on the plate is the flux across
the separatrix surface q; minus the radiation and the ionization energy loss, which is

written as
9= (I-frag)ay - 51T @7

where fr5q is the radiation loss fraction and & is the ionization energy loss per particle.

From Eqgs (22}, (23) and 27, the divertor temperature is given as

ﬂd:’&m_g(]_%) _A_T (28)
| T Aq

On the other hand, using the classical electron parallel conductivity, electron

temperature in the scrape-off layer is obtained as [10]

2
T2 = % Lk THRS /[ (29)
2K()-A’I'As:urface

where kg = 7.286x10%! [for m, eV unit].
In the scrape-off layer, the particle conservation equation is given as

ArTy=LyTy (30)

where the parallel and the perpendicular particle flux are given as

_5_
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[y = Megng (30
r,=n (32)
Ap

From Egs (30} to (32), the density scale length 1s given as

YA~ L (33)
MCS ZAT

Experimentally, it was found that the ratio of A/Apis 1.5t0 2 [11, 12]. Considering the
parallel electron heat flux with the classical conductivity, Aq =2/7AT. From this and
Eq.(26). the ratio of AT/Ap is evaluated to be 2. Hence, AT/Ap = 2 s assumed in the

following sections.
The divertor temperature and the scrape-off temperature are evaluated from Eqs

(28) and (29), respectively. The divertor density is evaluated from Eq.(22). Hence, the

scrape-off density is obtained using the paralle]l momentum conservation of

ngTy = ”w; n,T, (34)
1+Mj

where fcx is the parallel momentum loss fraction due to charge exchange reaction.

Next, we consider the neutral particle behavior. The neutral particle released from
the wall or the divertor plate is ionized in the plasma region. In general, ionization rate
coefficient is smaller than that of charge exchange reaction. Hence, it is considered that
the neutral particle behaves as random walk process until it is ionized. The illustrative
model is shown in Fig.3. Hence, it is thought that the neutral particle behavior is treated

as a diffusion process [13] of

al‘l() 82n0
= D—— - npne<GV>ign (35)
ot Jx?

where <GV>iop is the ionization rate coefficient. The steady state solution is

ng(x) = np(0exp(- —£—) (36)

ion

and the ionization length Ajon is given as
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2
xinn

Using the mean free pass length for the charge exchange reaction of

hex = 0Y0 (38)
Ni<OV>cx

the diffusion coefficient D is evaluated as

2
D=f Yo~ (39)
N;<OV>cx

where { is geometrical factor and { = 2.0/z. Hence, the ionization length is obtained as

v,
Aion = ‘; 0 (40)
VNN <OV>jq<OV>cx :

In the real condition, the birth neutral from the wall has a low energy and it gets
the thermal energy after a charge exchange reaction. In addition, some neutrals escape
from the plasma region after the charge exchange. Including these effects, the penetration

ratio is given as

B = C,-Cpexpl(- ol @1)

ion

where Lgo is the effective width between the vacuum region and the main plasma region.

C; and C» are the constants reflecting the above mentioned effects.
In a case with the thick scrape-off region of Ly = Acx(Eg=5eV), the neutral

energy is %m\fo2 = T; and the constants are

C,~ <OV>.x

= ) C2=1-€+Eexp(-ﬂ), e=05.
<Gv>lnn -+ <GV>CX

CX
In an another case of Ly, < A (Eg=5eV), the neutral energy is Lmvo2 =5e¢V and the

2
constants are C; = 1, Cy=1-¢"+ € exp(- I—‘—Sﬂ) , ¢=02.

CX
The values of € and €' were determined from comparing with the Monte-Carlo

simalation.
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3. Application to JT-60 Super Upgrade

JT-60 Super Upgrade (JT-60SU) [14] is a tokamak device, which is planned to
succeed to the JT-60 equipment. The mission of JT-60SU is to establish integrated basis
of physics and technology for steady state tokamak reactor. The physics goal is a
simultaneous achievement of stable, steady-state and fully current-driven plasma with
high confinement, high bootstrap current fraction and cold radiative divertor.

Here, the divertor and scrape-off plasma parameters of JT-60SU are evaluated
using the above mentioned simple two point model. Firstly, an example of input

parameters and the calculated results is shown as

Irput Parameters

>diffusion< O=irput-value, 1=Bolm:
(m2/s] :
total heating power (M) :

diffusion coefficient

radiation loss fraction

CX mamentum loss fraction
average mass

pumping rate

penetration rate (main)
penetration rate (divertor)
through rate fram div.to main

imput gas (main) [Pa.m3/s]:
irput gas (divertor) [Pa.m3/s
pellet/alpha particle [/s
toroidal field [T]:
plasma current [MA] :
major radius [m
minor radius [m] :
ellipticity :
triangularity

flux expansion factor

. RESULTS

aspect ratio

safety factor-95
plasma surface area (m2]:
plasma volure fm3]:
connection length [m] :
diffusion coef. (m2/s]:

1

.500000
6C.0000
.500000
.000000
2.00000

5.000000E-03

.000000
.000000

2.000000E-02

15.0000
.006000
.0000C0
6.25000

5.00000

4.80000
1.40000
1.80000
.400000
4.00000

3.42857

: o 7.51435

386.275
334.272
113.314
1.00632
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scrape-off tamperature [eVi: 201.263
divertor temperature feV]: 19.3180
scrape-off density [/m3]: 1.949890E+19
divertor density [/m3]: 1.015739E+20
tamperature scale length m]: 9.062853E-02
density scale length [m]: 4.531427E-02
multiplication factor : 172.197
recycling rate : .800834
divertor particle flux [/s]: 1.483200E+24
divertor heat flux [ev/s]: 1.875000E+26
penetration rate (main) . .231324
penetration rate (divertor) :  4.650679E-03

In the input parameters, the diffusion coefficient is given as a fraction for Bohm
diffusion of (1/16)Ts/B;. The above plasma parameters are standard values as a steady-
state operation with high bootstrap current fraction over 60 %. For the design of the
divertor function, the pumping rate and the through rate from divertor region to main
region are critical parameters. The former is determined from geometrical shape of the
divertor region, conductance of the exhaust port and pumping speed. The latter is mainly
determined from the geometrical shape of the divertor region. In the closed divertor,
where the through rate is small, the particle multiplication factor becomes large and the
recycling rate becomes small, which is important in order to reduce He-ash concentration
in the core plasma.

Figure 4 shows the temperature and the density on the divertor as a function of the
pumping rate Apymp. The other parameters are same as those shown in the above. The
penetration rate in the main region was calculated using Lgo) = Ap, and that in the divertor
region was calculated using Lgo] = hAp. In order to generate the dense and cold divertor
plasma, Apymp is expected to be under 0.5 %. However, an appropriate pumping rate is
necessary to exhaust He-ash satisfactorily. On this point, the recycling rate R must be
under 0.8, which is evaluated from the condition of THe*/tg < 10. Figure 5 shows the
dependence of R on Apymp. In the figure, R decfeases with Apymp under 0.7 %, but 1t
increases with Apymp over 0.7 %. This reason is that the neutral penetration rate from the
divertor region increases with Apymp.

Finally, an effect of the through rate 1 was examined. Figure 6 shows the
dependenée of R on 1. From the figure, 11 should be designed under 2 % in order to
satisfy the condition of R < 0.8. In the realistic divertor condition, the highest possible
pass from the divertor to the core plasma is a space between the separatrix flux surface
and the buffle plate in the private region. In this case, it is noted that the neutrals penetrate

directly into the core region, without passing the scrape-off layer.

ﬁ_‘g_
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4. Conclusions

A simple two point model was developed in order to evaluate plasma parameters
in the divertor and the scrape-off layer. Using this model, we can easily survey the
design parameters and determine the critical parameter’s values for the divertor design.
The advantage of this model is a capability for evaluating not only the plasma parameters
but also the neutral parameters, like the recycling rate and the multiplication factor,
without detailed numerical simulations. In addition, the particle flux across the separatrix
flux surface and the flux to the divertor plate can be evaluated from the input neutral flux,
which is an externally controlled parameter. However, the model is too simple and the
several input parameters, in particular, the penetration rate in the divertor region, should
be evaluated from the more detailed numerical simulation.

This model was applied to JT-60SU for determining the design values of the
divertor functions. In order to obtain the enough He-ash exhaust and the cold-dense

divertor, the guideline values are found as Apymp = 0.5 % and N <2 %.
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Fig. 3 Neutral particle model in the scrape-off layer.
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Fig. 4 Temperature and density on the divertor plate as a function of the pumping rate,
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Fig.5 Recycling rate as a function of the pumping rate.
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Fig. 6 Recycling rate as a function of the through rate.



