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Confinement capability of EDA-ITER is investigated by using a 0-D model based on
CDA physics design guidelines. Confinement enhancement factor (H-factor) is evaluated
and required fusion power {Prus) for the ignition is calculated. It is found that
ignition is possible in H-mode plasma (H=2) when helium accumulation (Be) is 10% and
Prus > 1 GW. For Rebut-Lallia scaling law, L-mode {H=1) ignition is possible when
Prus > 3 GW. The required fusion power is, however, more than 4 GV even in H-mode
plasmas when the helium accumuiation is 20%. Therefere, it is an important future work
to studv how much helium accumulates in a burning plasma. Capability of steady-state
mode operation is alsc investigated. Required current-drive power for H-mode plasma is
about 140 MW when He=10% and the fusion gain Q@ is more than 5. [f the enhanced confine-
ment (H ~3) in high safety factor region (q~3) can be adoptable, steady-state operation
with Q > 10 is possible and the required current-drive power is abeut 60 MW. [n spite
of the larger fusion power, the divertor heat load of EDA-ITER calculated by scaling
models is comparable or smaller than that of CDA-ITER due to the longer connection length.
Thermal instability of EDA-ITER is also investigated. The growth time is about 15 s
for ITER8S power scaling law. Fusion power excursion is investigated in very prelimi-

nary way. It is found that the power rises from 1.5 GW tc 3 GW in about 100 s if there
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is no control. Although this instability could be stabilized by beta limit or helium

accumulation effect, it is an important future work since it may cause severe probiem.

Kevwords: Operation Region, Confinement Capability, ITER, EDA, [gnition, Steady-state

Operation
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1. Introduction

Engineering Design Activity (EDA) of International Thermonuclear
Experimental Reactor (ITER) has been started in July 1992. In EDA,
plasma parameters which are different from those of Conceptual
Design Activity (CDA) are proposed [1] by using a self-consistent
plasma model [2]. In this repért, for a comparison with empirical
scaling laws, the operational performance is assessed by using a 0-D
model based on physics design guidelines of CDA [3].

Operation points of ITER are .analyzed by using a 0-D Tokamak
Plasma Power Balance Calculation (TPC) code [4]. TPC code solves the
power balance of a tokamak plasma including O-D profile effects and
calculates beta values, Troyon coefficient, energy confinement time,
neutron wall load, divertor heat load, etc. The divertor heat load is
evaluated by using simplified scaling models [5]. In EDA-ITER,
beryllium is assumed as a main impurity, which is not considered in
CDA-ITER. In CDA-ITER, the impurity species and fractions are given
by physics design guidelines depending on the plasma density. In
EDA-ITER, the impurity fractions, which are the important factor for
the ignition capability, have been remained uncertain. Therefore, we
calculate various cases of impurity assumptions. Other parameters
are following to private communications with JCT and a publication
by P-H. Rebut [1].

In Chap.2, we investigate the ignition capability of EDA-ITER.
Major parameters of EDA-ITER are assessed and compared to those
of CDA-ITER. Comparison is made between 0-D analyses and 1.5-D

transport analyses which are reported by JCT. Required fusion power



JAERI—M 94—080

for the ignition is evaluated for various assumptions of impurities.
Effect of helium accumulation and beryllium fraction on the
operation rtegion is also discussed. The required confinement
enhancement factor is evaluated for the plasma with high MHD
safety factor value since the high performance in a plasma with low
plasma current and high poloidal beta value has been reported in the
present machine [6]. The pl.asma with very low helium accumulation
is also investigated taking account of the capability for the ignition in
a short burn time.

In Chap.3, steady-state operation performance is investigated to
obtain required current-drive power and achievable fusion gain.
Possibility of steady-state operation with enhanced confinement in
 high MHD safety factor region is also considered. Divertor heat load
for the steady-state plasma is estimated by several scaling models.
Characteristics of the plasma with small minor radius are also
investigated.

In Chap.4, a thermal instability of EDA-ITER is investigated by
assuming the confinement scaling law. Analysis of O-D transient
property is also reported in very preliminary way.

Conclusions of our analyses are described in Chap.5.
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2. Ignition Mode Operation
2.1 Comparison between CDA-ITER and EDA-ITER

In EDA-ITER, the plasma major radius R, is increased from 6 m to

7.75 m and the minor radius ap is increased from 2.15 m to 2.8 m.

Plasma elongation x is decreased from 2.0 to 1.6 in order to reduce
the requirements of the controlllability for the positional instability.
The plasma volume increases from 1070 m? to 1910 m’
consequently. Due to the increase of the first wall area (from 920

m? to 1380 m?), the fusion output power Poyg is increased from 1 GW

to 1.5 GW in order to achieve the same neutron wall load as that of
CDA-ITER. An operation with Pg (=3 GW is also considered to secure
the ignition capability since the helium accumulation of 20% is
concerned (10% in CDA guidelines [3]). In this section, the machine
parameters and the operation points of EDA-ITER are evaluated by
using 0-D power balance calculation code (TPC code [3]).

Confinement capability is described by using the enhancement
factor (H-factor) of the required energy confinement time over L-
mode energy confinement time based on empirical scaling laws in
the present machine. In general, H-factor becomes smaller as the
fusion power increases, though the predicted confinement time
decreases with the heating power. The fusion power increases with
the plasma elongation x when the average neutron wall load is fixed.
Therefore, the confinement capability is better for the plasma with
larger-x. The controllability against the positional instability,
however, degrades as «x increases. In EDA-ITER, the plasma is

stabilized by a passive stabilization effect of the vacuum vessel since
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the growth rate of the instability for low-x plasma is relatively small.
On the other hand, the stability is maintained by using in-vessel coils
in CDA-ITER. The stored energy of PF-coil system is much larger for
the double null plasma than that for the single null plasma when x is
small. Therefore, the single null divertor configuration is chosen in
EDA-ITER. Another important motivation of the change is to acquire
the larger magnetic flux to ﬁchieve the long burn time of more than
1000 s by increasing center solenoid (CS) coil radius. Since the
neutron shield width must be increased due to the higher fusion
power, the plasma major radius increases more than the increase of
CS-coil radius.

Figure 2.1 shows the relation between the machine parameters of
CDA-ITER and those of EDA-ITER. Contour line plots of Troyon

coefficient g, H-factor (the enhancement factor over L-mode energy

confinement scaling law) and burn time are shown in Rp-a, space
when the neutron wall loading PWAL is 0.85 MW/m?. Here, ignition

plasma (Q=e) is assumed and the fusion power is calculated for the
given R, and a;. H(IP) and H(RL) denote H-factors for ITER89 power

scaling law and Rebut-Lallia scaling law, respectively. The maximum
toroidal field By, ,y and the gap drp between the toroidal field (TF)

coil and the plasma inner edge are fixed in the figure. The toroidal
field B, at the plasma center is calculated for the given R, and a;.

MHD safety factor q is also fixed on the figure and the plasma
current IP is determined by BT, RP and ap- Here, we assume that

qq,=2.8, B =13.0 T, BTF:1.2 m, k=1.7 and 8=0 in order that CDA-

TMAX

ITER and EDA-ITER are shown in the same plane. The burn time 1is
calculated by CS-coil radius ROH=RP-aP-8TF—O.9 m and the maximum



JAERI—M 94—080

poloidal field BPMAX=13.2 [5]. We also assume that the electron

temperature T, is 10 keV and helium accumulation rate (ratio of

helium density to electron density) is 10%. Points Cl1 and EI
represent the machines with similar parameters to CDA-ITER and
EDA-ITER, respectively. The reason why the burn time of the
machine at El1 point is longer than 1000 s is that the shield width
(5,,+0.9) is same as that of CDA-ITER. Dashed line (A=2.8) in the
figure denotes the machines with the same aspect ratic as CDA-ITER.
It is seen that CDA-ITER (C1) is the machine with the smallest major
radius when g<2, H(JP)<2 and H(RL)<2. It is not necessary to increase
the major radius up to 7.75 m in order to extend the burn time from
400 s to 1000 s. The burn time of 1000 s is possible when the major
radius is increased by 0.2 m along the contour line H(IP)=2. Increase
of 0.7 m in the major radius is enough for the burn time of 1000 s
when the aspect ratio is kept constant along the dashed line (A=2.8).
Note that the shield width of EDA-ITER is thicker than that of CDA-
ITER by 0.41 m (R,;=2.85 m by our assumption while R, ,=2.44 m by
EDA design). Therefore, we must include the difference in the
estimation of major radius,

On the other hand, H-factor at E1 point is much smaller than that
at C1 point for both scaling laws. This margin is indispensable for the
ignition capability as is discussed later.

Table 2.1 shows the major parameters of EDA-ITER together with
those of CDA-ITER. Recently, slight change of plasma size parameters
was made. The new parameters are also shown in the table (EDA'). In
this report, we adopted the old version of EDA-ITER in stead of the

new version unless it is specified.
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In old version of EDA-ITER, MHD safety factor (qlp) value
calculated by CDA formula [3] is lower than 3. According to CDA
physics guidelines, qg must be larger than 3 in order to avoid the

MHD instabilities. However, we leave it as it is since Qy value

depends on the calculation formula and the precise value should be
evaluated by the equilibrium calculation. Consequently, the bootstrap
current fraction may be underestimated in our analyses and the
overestimation of the ohmic current may result in the shorter burn
time. Calculation formula and the various definition of the safety

factor are shown in Figs. 2.2, 2.3 and 2.4.

2.2 Comparison between 1.5-D Transport Analysis

and 0-D Calculations

Some operation scenarios have been proposed by using 1.5-D
transport simulation code [1]. In this section, we compare 0-D results
with the results by JCT. Table 2.2 shows the plasma parameters
calculated by JCT [1]. The electron temperature is not described in
the report by P-H. Rebut [1]. However, we can calculate the electron
temperature from the fusion power and plasma stored energy which
can be seen from Fig.2 of Ref [1]. Estimated electron temperatures
are also shown in Table 2.2. It should be noted that the radiation
power is included in the estimated confinement time in 1.5-D results

for the following definition; ’CE*. It is easily confirmed that the

confinement time in Table 2.2 is the quotient of the plasma stored

energy Wp divided by the alpha heating power P_. When this

definition is used, we designate the confinement time and the
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enhancement factor by superscript *. That is,

W IP

T = y H =T /T »
E Pa - PRAD 1P E E

* _ WP H *_ * / IP

g = P, ° - g [Tg

where TEIP is the confinement time estimated by the L-mode scaling
law and Py, is the total radiation power. Therefore, H;, is always

smaller than HIP.

Although the ion temperature is higher than the electron
temperature in case of 1.5-D calculations, we assume that the ion
temperature is equal to the electron temperature in 0-D calculations
for the simplicity. Generally, the confinement of the ion is better than
that of the electron. Therefore, our estimation is more pessimistic
than that by JCT since the larger part of plasma energy is stored in
the particles with better confinement in JCT assumption. The profiles
of 0-D calculations do not completely coincide with those of 1.5-D
calculations. In our calculation, electron temperature and density
profiles are given by

T, = T,0) {1-(r/a,)? } A1,

n,() = n0) { 1-(r/ap)? } *x.
Here, A, and A, are the profile coefficients for the electron
temperature and electron density, respectively. In this section, we
assume that A=A, =1.0 (parabolic profile) for the simplicity. The
profile of 1.5-D calculations nearly corresponds to A;=1.7 and A =0.2.

While CDA-ITER assumes that A =1.0 and A=0.5. In 0-D calculations,

the plasma stored energy and fusion power are adjusted to those of
1.5-D calculations in order to estimate the confinement time

properly. Therefore, the difference of assumption in the ion
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temperature is compensated by the difference of the profiles.

Table 2.3 shows the calculated parameters of EDA-ITER. In this
case, only carbon is assumed as an impurity. Figures designated by
the superscript * are the values which are different from those of
Table 2.2. The difference in the bootstrap current is due to the
profile effect. Consequently, it causes a discrepancy in the loop
voltage (and the burn time).. The difference in Troyon g comes from
the difference in beta value. This is possibly due to the difference in
the ion density, which is the result of the different impurity
assumptions. For subscripts of H-factor, IP, IO, _GS, RL and SO
represent ITER89 power scaling, ITER89 offset-linear scaling,
Goldston scaling, Rebut-Lallia scaling and Shimomura-Odajima scaling
laws, respectively. It is seen that H-factor evaluated by Rebut-Lallia
scaling law is smaller than 2 for all cases. In case of ITER89 power
scaling law, however, H-mode ignition is possible only for case 4.
Other offset-linear scaling laws (H;, and Hgq) require more than 3
GW for H-mode ignition.

In Table 2.4, the confinement enhancement factors are rewritten
in terms of the JCT definition. It is seen that H-factor in all scaling
laws are smaller than 2 even in Case 1. H-factor evaluated by Rebut-
Lallia scaling law is smaller than the unity when the fusion power is
larger than 3 GW. This implies that L-mode ignition is possible in
Cases 3 and 4.

Table 2.5 shows the H-factor for the same cases when the helium
accumulation is 10 %. Table 2.6 is the calculation result when the
impurity assumption follows CDA physics guidelines and helium

accumulation rate is given by JCT results. In this case, we assume
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that AT:I.O and AN=1.2 since there is no solution for ANzl.O.

Figure 2.5 is a simulated plasma operation parameter contour
(POPCON) plot referred from TAC-3 Physics Report [7]. Alphabetic
letters in the figure are added by the authors. The operation
parameters at these points are listed in Table 2.7. In the table, *1
and *2 denote the results of 1.5-D simulations and 0-D calculations,
respectively. The discrepancy in the table is due to the profile effect
since the impurity condition coincides in both cases. It is seen that
the estimated H-factors at these points are smaller than 2.

Figure 2.6 shows the relation between Troyon coefficient g and the
fusion power Pp,¢ for various helium accumulations when Be=1%. It
shows that the fusion power varies very much with helium
accumulation rate for the same beta value.

Figures 2.7 and 2.8 show POPCON plots for EDA-ITER. Upper graphs
in these figures are referred from Fig.2 in Ref. {7]. Lower graphs are
0-D calculation results when He=12% and Be=1%. It is assumed that

H(IP)=1.5 in Fig.2.7 and H(RL)=1.1 in Fig.2.8, respectively. The

difference is very large in high-T_ and high-n  region in both cases.
It is because the helium accumulation rate depends on both T  and
n, in upper graphs. Figures 2.9 and 2.10 show the 0-D calculation

results when the helium accumulation depends on T, and n,. Upper

graphs show the POPCON plots and lower graphs show the

corresponding helium accumulation rate. We assume that Be=1% and
He = 12 x ( T_/10keV ) x ( n,/10%%)%1> % in Fig.2.9 and He =

12 x (T, /10keV )15 ( ne/l(}zo ¥9-3 9% in Fig.2.10. These graphs are

similar to the upper graphs of Figs. 2.7 and 2.8 relatively well.
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2.3 Required Fusion Power for Ignition

Figure 2.11 shows the relation between the fusion power P..¢ and
H-factor in EDA-ITER plasma (RP=7.75 m, aP:2.8 m, x=1.6, 6=0.05) for
various kinds of scaling laws. Here, we assume that Q=eo, qu=2.7,

IP=25 MA, B, =6 T and Te=10 keV. In this case, helium accumulation

rate is 10% and the impuritf/ fractions are given by CDA physics
guidelines [3]. Here, H(IP), H(IO) and H(RL) denote H-factors for
ITER89 power scaling law, ITER89 offset-linear scaling law and
Rebut-Lallia scaling law, respectively. It is seen that H-factors for all
scaling laws are smaller than 2 (ignition is possible in H-mode
plasma) when P, =1 GW. H-factor for Rebut-Lallia scaling law
decreases down to the unity (ignition is possible in L-mode plasma)
when PFUS=3 GW. H-factor for ITER89 power scaling law, however, is
still more than 1 when P =5 GW. The operation parameters are

listed in Table 2.8.
Figure 2.12 shows the relation between the fusion power Ppiq and

H-factor in EDA-ITER plasma with Q=co when the helium

accumulation rate is 20%. In this case, more than 4 GW of fusion

power is required to achieve the ignition in H-mode plasmas for all
scaling laws. When Py,¢=5 GW, there is the large uncertainty that

H(RL)=1 while H(IP)=2. The operation parameters for these cases are

listed in Table 2.9.
Table 2.10 shows the operation parameters when He=10% and the

effective ion charge is fixed to 2.0. In these cases, only carbon is

assumed for the impurity.
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Figure 2.13 shows the operation region in T, -n_ space. Solid lines

and dashed lines denote H-factor required for the ignition and the
fusion power, respectively. Here, Q=oco, He=10% and other impurity
fractions are assumed based on CDA physics guidelines. The figure
shows that H-factor decreases with the fusion power when the
electron temperature is fixed.

Figure 2.14 shows the achievable fusion power for various H-factor
and Troyon g values. The required minimum fusion power for the
given H-factor increases as the helium fraction increases while the

fusion power is limited by the beta limit.

2.4 Helium Accumulation and Operation Region

The Rebut-Lallia-Watkins model used for EDA-ITER suggests a
large amount of helium accumulation [7]. In this section, we discuss
the effect of the helium accumulation.

Figure 2.15 shows the possible operation region of EDA-ITER when
H(IP)<2 and Troyon g<3. The vertical axis denotes the fusion power

and the horizontal axis denotes the helium accumulation rate,

respectively. The effective ion charge Z . is calculated by CDA
guidelines [3]. In this case, Zf:ff =2.04 when H(IP)=2 and He=10%, and
Z g =1.76 when H(IP)=2 and He=20%. Troyon g becomes large and H-

factor becomes small as Pp,¢ increases. Therefore, the operation with

Q=c0 is achievable in the hatched region in the figure. It is seen that
the minimum fusion power required for the ignition increases and

the operation region becomes small as the helium accumulation rate
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increases. Required fusion power for the ignition is about 4 GW when
He=20 %. This ignition characteristics change very much for different
scaling law and the permissible H-factor.

Figure 2.16 shows the possible operation region of EDA-ITER when
H(RL)<1 and Troyon g<3. In this case, about 5 GW 1is required for the
ignition when He=20 %. Troyon g, however, exceeds the critical value
(g=3) for this fusion powﬁr. Therefore, the maximum allowable
helium accumulation rate is about 18 % for this case.

Figure 2.17 shows the required fusion power for the ignition in
EDA-ITER when the effective ion charge Z . is fixed. Here, the

condition that H(IP)=2 is assumed. It is seen that the required fusion

power is very sensitive to Z ;. When He=20% and Z_.=1.8, the

required fusion power for the ignition is 5.5 GW. When He=20% and
Z_~1.6, the required fusion power is reduced to 2 GW. When He=20%

and Z_=2.0, it is almost impossible to achieve the ignition.

Figure 2.18 shows the required fusion power in EDA-ITER when
Q=20, H(IP)<2 and g<3. It is seen that the required fusion power is

about 1.5 GW when He=20%.

2.5 Characteristics of High-q, Operation

In the previous sections, we assumed that the plasma current
1,=25 MA. In this section, we describe the operation region for high-

qy (Ip<25 MA) plasma. High performance of a plasma in high-qy

region is reported in the present large tokamak [6]. According to

Fig.8 of Ref.[7], the ignition operation is possible for the plasma with
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lower-I, when P;.,¢ is small. This implies that the plasma
confinement is better in low-I, (high-qy) region for the model used
in the study. If we can assume the enhanced confinement (H>2) in
high-q, region, the requirement in the plasma current can be
reduced. Here, we consider only beryllium as an impurity following

to JCT study.

Tables 2.11, 2.12 and 2.13 list the operation parameters for the
ignition plasma when the fusion power Pr,;¢=1.5 GW and He=10%.

Table 2.11 is corresponding to the case when 1,=25 MA (gqu=2.7).
Table 2.12 is corresponding to the case when 1,=20 MA (qyu=3.4).
Table 2.13 is corresponding to the case when I,=15 MA (qy=4.5). The

column marked by a symbol, -, means no solution, that is, ignition is
possible only for unrealistic H-factors. This is because the radiation
power is too large to keep the power balance. Figure 2.19 shows the
contour line plot of H-factor evaluated by ITER89 power scaling law
in I;-Be space when He=10%. Figures 2.20, 2.21 and 2.22 are those
for ITER89 offset-lincar scaling , Rebut-Lallia scaling and Goldston

scaling laws, respectively. It is suggested that the H-factor is larger

in high-Be and low-I; region for all scaling laws.

Tables 2.14, 2.15 and 2.16 list the operation parameters for the
ignition plasma when the fusion power P ;(=1.5 GW and He=20%.
Figure 2.23 shows the contour line plot of H-factor evaluated by
ITER89 power scaling law in I;,-Be space when He=20%.

Figure 2.24 shows the contour lines of H-factor and Troyon g in Ip-

Pgys plane when He=10% and Be=1%. H-factor is evaluated by ITERS9

power scaling law in Fig.2.23-a) and by Rebut-Lallia scaling law in

Fig.2.23-b). Figure 2.25 shows the contour lines of H-factor and
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Troyon g in I,-P.,¢ plane when He=10% and Be=6%. Figure 2.26
shows the contour lines of H-factor and Troyon g in L,-P.,¢ plane

when He=15% and Be=1%. Figure 2.27 shows the contour lines of H-
factor and Troyon g in I,-Pg,o plane when He=15% and Be=3.5%.

Operation region for various beryllium fractions are shown in
Fig.2.28 when He=5%, H<2 and g<3. Figures 2.29 and 2.30 are
corresponding to those for f}elium fractions of 10% and 15%. These
graphs are corresponding to Fig.9 in TAC-3 Physics Report [7].

Figure 2.31 shows the operation region for various helium
accumulation rates when Be=1%, H<2 and g<3.

Figures 2.32 and 2.33 show the contour line plots of the required
H-factor for the ignition in He-Be space when I[;=25 MA. The H-factor
is evaluated by ITER89 power scaling law in Fig.2.32 and by Rebut-
Lallia scaling law in Fig.2.33, respectively. In both figures, a) is

corresponding to the case of 1.5 GW and b) to the case of 3 GW.

2.6 Possibility of Short-time Ignition

It is considered that the ignition may be achieved easily in a short
period where helium accumulation is relatively small. In this section,
we investigate the burn time and H-factor for EDA-ITER.

Figure 2.34 shows the operation region for the ignition plasma of
EDA-ITER when PFUS:750 MW and He=10%. Solid lines, short-dashed
lines and long dashed lines denote the H-factor, burn time and

Troyon g, respectively. The burn time is calculated by the

assumptions same as CDA [5]. In this section, we assume that
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B =12 T. In Fig.2.34-a), H-factor is evaluated by ITER89 power

PMAX
scaling law. In Fig.2.34-b), H-factor is evaluated by ITER&9 offset-

linear scaling law. Figure 2.35 shows the operation region for the
ignition plasma when Pp,=1.5 GW and He=10%. Figure 2.36 shows

the operation region for the ignition plasma when Pp, =3 GW and
He=10%. It is seen that the H-factor is smaller in high-I, and low-T,

region where the burn time is shorter. If the operation with qg<3 is

possible, the required H-factor can be reduced. H-factor can be
reduced as well as the enhancement of the burn time by increasing
the fusion power for the same T, and I,. The operation parameters at
10 keV and 25 MA in the above mentioned figures are listed in Table
217 {I,, 1, and L,).

Figures 2.37, 2.38 and 2.39 show the operation region when

He=0%. The operation parameters at 10 keV and 25 MA are also
listed in Table 2.17 (H,, H2 and Hs)' It is seen that H(LR)<1 (L-mode

ignition is possible) when Pp,=1.5 GW. This implies that the plasma
may ignite in a short time until helium ash accumulates (e.g. several

tens second).

Figures 2.40, 2.41 and 2.42 show the operation region when
He=10% and H-factor is calculated by using ’CE* (See Sec.2.2). The

operation parameters at 10 keV and 25 MA are listed in Table 2.18
(I, L," and 1,').
2.7 Effect of Impurity Species

In EDA-ITER, only beryllium (Be) is assumed as an impurity other

than helium, while carbon, oxygen and iron are assumed in CDA-
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ITER. In case of CDA-ITER, the line radiation loss from the main
plasma and the radiation losses in the edge region are calculated
according to CDA guidelines [3]. In this report, because of uncertainty
in the line radiation loss of beryllium, we consider only

bremsstrahlung loss power in EDA-ITER. In CDA-ITER, the effective
ion charge Z . is calculated by the electron density n, because the

fractions of impurities are given as functions of n,. We follow CDA

guidelines in calculations of EDA-ITER except the case we assume the

specific value of effective ion charge. It is useful to know the relation
- 2
Z =1+ 2(ZPL)
]

=1+2f, +12f; +30f,+561, +650 1, ,
where fj is a fraction of i-th impurity of which charge number is Zj.

The bremsstrahlung loss power depends only on Z_ and n..

Therefore, the difference in impurity species affect only on the
dilution effect. The dilution effect of Be is so large that the
confinement capability is greatly degraded compared to the case
with other impurities.

Figure 2.43 shows the required H-factor for the ignition operation
of EDA-ITER when [,=25 MA, T =10 keV and He=20%. Here, H(IP)
and H(RL) denote the enhancement factors evaluated by ITER89
power scaling law and Rebut-Lallia scaling law, respectively. Figure
2.43-a) shows the case that He=20%, Be=3% and no other impurity is
assumed. Figure 2.43-b) shows the case that He=20%, C=0.64%. For
both cases, it is assumed that Z .=1.76. The required H-factor for the
former case is 30 % larger than that for the latter case.

Figures 2.44 and 2.45 show the required H-factor H(IP) of the
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ignition mode plasma for various impurity fractions when Pp,¢=1.5

GW and He=10%. Figure 2.44 shows the case that only beryllium is
assumed as the impurity and Fig.2.45 shows the case that carbon is
assumed. In both cases, the upper graph is a plot as a function of the
impurity fraction and the lower graph is a plot as a function of the
effective ion charge (Z,;). The carbon fraction of 2.5% is
corresponding to the beryllium fr.action of 4% in the view point of the
confinement capability (See the operation point of H=2).

Figures 2.46 and 2.47 show the same relationship when He=20%.

The fracton, 1.25% of C, is corresponding to 2% of Be, which is the
| same ratio with the case He=10% (See the operation point of H=3).
The ratio of Be fraction to C fraction for the same H-factor decrcases

as Z . increases. It implies that overall effect by beryllium is worse

than that by carbon from the view point of the dilution.

2.8 Particle and Heat Load

In this section, particle and heat load are evaluated by using a
simplified model. The neutron wall load (W), radiation wall load

(W ) and wall load (W) by the ripple loss of alpha particles are

RAD

listed in Table 2.19. These wall loads are calculated by

Wyeur = {(Peys - Py ) /S gt »

Weap = (Pyamv + Pepee YSwa »

w =P _xf xR, /S

o wal °
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and P is the radiation from the

Here, Pyain = Perm + Psyn +Prin EDGE
edge region calculated by CDA physics guidelines [3]. Hence, the
impurity species and fractions are following to CDA assumptions
(beryllium is not considered). R, and f are the ripple loss fraction
(~3%) of alpha particles and the peaking factor (~50), respectively.

It is considered that the heat removal of the divertor plate is an
important R & D issue. Figurc 2.48 shows the divertor heat load
calculated by O-D scaling models [5]. Here, we assume only carbon as
the impurity. Figure 2.48-a) shows H-factor as a function of carbon
fraction. Figure 2.48-b) shows the divertor heat load for the ignition
plasma when 1,=25 MW, P.,.=1.5 GW and He=10%. Three types of
divertor scaling models are compared. The angle of divertor plate to
the separatrix field line in the poloidal cross section is assumed to be
90° (15° in CDA-ITER). Therefore, 20 MW/m? of this graph is
corresponding to 35 MW/m? in CDA-ITER since sin15°=0.26. In the
calculation, we need information about the edge radiation. Therefore,
we follow CDA assumptions. In EDA-ITER, the gas target divertor

concept [8)] is adopted and it is completely different from that for

CDA-ITER. Therefore, the further study must be done in this matter.
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3. Steady-state Mode Operation

3.1 General Remarks

In this chapter, steady-state operation mode of EDA-ITER is
investigated. In this report, we consider only a neutral beam
injection (NBI) as the current-driver for the simplicity.

EDA-ITER requires large current-drive power for the steady-state
operation since it is originally designed as a pulsed reactor.
According to Fig.8 of Ref.[1], steady-state operation in EDA-ITER
requires the high current-drive figure of merit (FOM), that Iis,
v=0.4~09 x 1020 AW m=2 The current-drive FOM ¥ is a index
which is used to estimate the current-drive efficiency for various
kinds of current-drivers by one index and given by

Y=1n, Rp Nepy.
Here, np is current-drive efficiency for NBI in our case. Figure 3.1
shows the current-drive FOM (v) of NBI as a function of electron
temperature. It is seen that the current-drive FOM (y) 1is
approximately proportional to the electron temperature. It is also
seen that ¥ does not depend much on the effective ion charge (Z_ ).
According to CDA formula [3], the NBI current-drive efficiency for

EDA-ITER is approximately given by

Te [keV]
A = (0.0031
M ep [AW] =000 n, (1020/m3)

For Case 1 of the previous chapter (Sec.2.2, Table 2.3), the required

driven current is about 21.7 MA. Thercfore, the required current-
drive power is about 840 MW when T, =10 keV and n=1.1 x 1020

m-3. This value is too large for the equipped heating power. If we can
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limit, enmergy confinement time and available current-drive power.

The maximum value of the toroidal beta P, is proportional to the
plasma current I,. The effect of the pressure anisotropy on the beta
limit is not clear. In this report, we assume that all components of
the beam beta B, contribute to B,. This assumption 1is more

conservative than the case that one third of B is included.

Confinement constraints are expressed in terms of the maximum
permissible enhancement (H-factor) over L-mode energy
confinement scaling laws. Generally, the confinement time increases

with I,. Typical value of H-factor in the present experiments of large

tokamaks is smaller than 2.
Another constraint is the available current-drive power Pyg,. Since

the current-drive efficiency is approximately proportional to the
electron temperature T, the required power is larger in lower-T,
region (and naturally in higher-I; region). Fusion gain, or energy
multiplication, Q ( = 5 P/ Pyg; ) 18 another key issue.

For the reasons mentioned above, it is convenient to express the
operation region of a steady-state plasma in T,-I, space together
with the contour lines of Troyon coefficient g, H-factor and Pyg,-

Figure 3.2 shows the steady-state operation region for various
fusion powers P, . Here, H-factor is evaluated by using ITERS8S
power scaling law. In all figures, solid lines, dashed lines and long
dashed lines denote contour lines of H-factor, Py, and Troyon g,
respectively. Upper part of the solid line is corresponding to the area
H<2 (or H<2.2) and lower part of the dashed line to the area Pyp,<120
MW (or Py;,s140 MW). Note that the loop voltage V| 4, is equal to O

V everywhere and the fusion gain Q is not constant on this T, -I,
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limit, energy confinement time and available current-drive power.

The maximum value of the toroidal beta [, is proportional to the
plasma current I,. The effect of the pressure anisotropy on the beta
limit is not clear. In this report, we assume that all components of
the beam beta B, contribute to B,. This assumption is more

conservative than the case that one third of B, 1is included.

Confinement constraints are expressed in terms of the maximum
permissible enhancement (H-factor) over L-mode energy
confinement scaling laws. Generally, the confinement time increases

with 1,. Typical value of H-factor in the present experiments of large

tokamaks is smaller than 2.
Another constraint is the available current-drive power Py g, . Since

the current-drive efficiency is approximately proportional to the
electron temperature T_, the required power is larger in lower-T,
region (and naturally in higher-I, region). Fusion gain, or energy
multiplication, Q ( = 5 P, / Pyg; ) is another key issue.

For the reasons mentioned above, it is convenient to express the
operation region of a steady-state plasma in T_-I, space together
with the contour lines of Troyon coefficient g, H-factor and PNBI.

Figure 3.2 shows the steady-state operation region for various
fusion powers P.., . Here, H-factor is evaluated by using ITERS9
power scaling law. In all figures, solid lines, dashed lines and long
dashed lines denote contour lines of H-factor, Py, and Troyon g,
respectively. Upper part of the solid line is corresponding to the area
H<2 (or H<2.2) and lower part of the dashed line to the area Py 5,120
MW (or Pyy,<140 MW). Note that the loop voltage V| y4p is equal to O

V everywhere and the fusion gain Q is not constant on this T -I;
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plane. The MHD safety factor qu>3 is another constraint. Here, q4=3
is corresponding to 1,=25 MA. Therefore, operation is possible in the
shaded area of the figures. Points Sl, SZ’ S3, S4 and S5 are

corresponding to the lowest-T  operation points. Operation

parameters of these points are listed in Table 3.3.

Figure 3.3 shows the steady-state operation region of EDA-ITER

pr<140 MW and H<2.1. For the comparison, we show the

operation region of CDA-ITER for the same conditions in Fig.3.4. S,

when PN

S; € and C; are the operation points with the lowest-T,. Operation
parameters of these points are listed in Tables 3.4 and 3.5.

Figure 3.5 shows the operation region in T, -I, space for steady-
state plasma of EDA-ITER when P, ¢ = 500 MW. Here, H-factor is
evaluated by using TE* (See Sec.2.2). ITER8Y power (IP) scaling law is
used in Fig.3.5-a) and ITER89 offset-linear (I0) scaling law is used in
Fig.3.5-b). S, is the lowest-T, operation point when H(IP)<2 and
Prys$120 MW. S, is the lowest-T, operation point when H(IO)<1.5
and P, (<120 MW.

Figure 3.6 shows the operation region when Ppuo = 1000 MW. Here,
H-factor is evaluated by using ’EE*. S, is the lowest-T_ operation point

when H(P)<2 and P, (<120 MW. S, is the lowest-T_ operation point

when H(IO)<1.5 and PFUS$12O MW. In these case of Ppyq, the fusion

gain Q is larger than 5 (Q~8.3).
It is seen from Figs. 3.5 and 3.6 that 120 MW of P .. is enough for

the steady-state mode operation when the JCT definition of 1t is

adopted. The operation parameters for these points are listed in

Table 3.6.
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3.3 Fusion Power and Achievable Q-value

In this section, we discuss the achievable Q-value for the steady-
state plasma. In the following part, we adopt the original dimensions
of EDA-ITER, those are, R,=7.75 m and a,=2.8 m.

Figure 3.7 shows the steady-state operation performance of EDA-
ITER when T =10 keV, He=10% and Hy, =2.0. Figure 3.7-a) shows the
achievable fusion gain Q as a function of Pg. Figure 3.7-b) shows
the bootstrap current fraction Ijc/I, as a function of Py g. Figure 3.7-
c) shows the plasma current [, as a function of Pp,q. Figure 3.7-d)
shows the electron density n, and Troyon coefficient g. It is seen that

Q>15 (Pyp<100 MW) when P, =1500 MW. In this case, the bootstrap

NBI
fraction is about 80%.

Figure 3.8 shows the steady-state operation performance of EDA-
ITER when T =10 keV, He=10% and Hy; =1.0. Figures 3.8-a), 3.8-b),

3.8-c) and 3.8-d) show Q, I; /I, I, and n_, respectively. In this case,
Q is small (Q=5~6) even when PFU521500 MW,

Figure 3.9 shows the steady-state operation performance of EDA-
ITER when Te=10 keV, He=5% and HRL=2.O. Figures 3.9-a), 3.9-b),
3.9-c) and 3.9-d) show Q, I;¢/I,, I, and n, respectively. In this case,

Q is very large (Q>20) when P,(=1500 MW. The bootstrap fraction is

about 80%.

Figure 3.10 shows the steady-state operation performance of EDA-
ITER when T, =10 keV, He=5% and Hy, =1.0. Figures 3.10-a), 3.10-b),

3.10-¢) and 3.10-d) show Q, I;¢/I,, I, and n_, respectively. In this
case, Q is small (Q=6~8) even when P, 21500 MW.
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Figure 3.11 shows the steady-state operation of EDA-ITER when
1,=25 MA and H,,=1.0 for various helium fractions. Figure 3.11-a)

shows the achievable fusion gain Q as a function of Pr . Figure 3.11-
b) shows the required current-drive power Pyg as a function of Pg .

Figure 3.12 shows the steady-state operation of EDA-ITER when

Tezl() keV and HRLzl.O for various helium fractions.

Figure 3.13 shows the stéady-state operation of EDA-ITER when
Zeff=2.0, IP=25 MA and HRL:I.O for various helium fractions.

Figure 3.14 shows the steady-state operation of EDA-ITER when
Zeff:Z.O, Tezl() keV and HRL=1.O for various helium fractions.

In conclusion, it is very difficult to operate L-mode (Hp,=1) EDA
plasma in steady-state even when He=5%. In H-mode (Hy,=2) plasma,
high-Q steady-state operation is possible both for He=5% and He=10%
if Rebut-Lallia scaling law is adoptable. In this case, more than 1.5

GW operation is preferable.
Figure 3.15 shows the steady-state operation of EDA-ITER when
1,=25 MA and Ppys=1200 MW for various helium fractions. Figure

3.15-a) shows the achievable fusion gain Q as a function of H-factor.

Figure 3.15-b) shows the required current-drive power Py g;.

Figure 3.16 shows the steady-state operation of EDA-ITER when
Te:IO keV and PFUS=1200 MW for various helium fractions. It is seen

that the required H-factor is about 2 even for Rebut-Lallia scaling

law in order that the current-drive power is small enough to afford.
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3.4 Enhanced Confinement Plasma with High-qy

The present large tokamak experiments suggest an enhanced
confinement capability in high-qy region [6]. TAC-4 report [9]
discussed the performance for high-qy steady-state plasma and
proposed some operation points. In TAC-4 report, very high fraction
(>90%) of the bootstrap current is assumed [9]. We chose R,=8.11 m,

ap=3.0 m, x=1.53 and §=0.23 in this section for investigating a

possibility of the operation with a smaller bootstrap fraction by
optimizing the fusion power. We also investigate the possibility of
decreasing H-factor by increasing the current-drive power P, A
pessimistic current-drive efficiency is assumed, that 1is, 0.6 times
smaller than the CDA guidelines [3]. Therefore, it should be noted
that 30 MW of P, is corresponding to 18 MW for CDA guidelines.

Figures 3.17 shows the operation performance of steady-state
plasma when qu=5.6, He=14% and Z_=2.2. The impurity fraction 1is

calculated to adjust the plasma parameters to those in Table 7 of
Ref.[9] when P ¢=2.2 GW. The bootstrap fraction decreases as the
fusion power decreases and also by increasing the current-drive
power. In this case, the required H-factor decreases in compensation.
Figure 3.17-b) shows the corresponding H-factor estimated by
ITER89 power scaling law. It is difficult to reduce the fusion power
when the current-drive power is small same as that is assumed in
TAC-4 report [9]. Therefore, the steady-state operation is not feasible
when Pyg; is small since the divertor heat load is too large and the
margin for the profile control may not be enough for the plasma with

large bootstrap current. Figure 3.18 shows more optimistic case with
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lower effective ion charge (Zeff:l.S), In this case, the required H-

factor is about 4 for Rebut-Lallia scaling law and 5 for ITER89 power
scaling law when Py, =30 MW. Figure 3.19 shows the required H-
factor and the bootstrap fraction as a function of He fraction. In these
cases, only carbon is assumed as the impurity.

TAC-4 report [9] also investigates the optimized steady-state
plasma operation. The plasrﬁa with larger-R,, smaller-a, and larger-x
is discussed. Figure 3.20 shows the the required H-factor and the
bootstrap fraction as a function of the major radius Ry. Here, the
plasma minor radius a, is interpolated linearly between two plasmas
listed in Ref.[9]. It is assumed that the toroidal field B =5.7 T, the

fusion power Pp¢=2200 MW and the current-drive power P, =30

MW for the simplicity. In these cases, we assume beryllium only as
the impurity. We also assume that x=1.53, 8=0.23 since the required
H-factor does not greatly depend on x and 8 if the fusion power is
fixed. It is seen that the required H-factor increases with the plasma
major radius. However, the decrease of H-factor due to the lower
helium fraction dominates the increase of H-factor due to the larger
major radius. The decrease of MHD safety factor qy also leads to the
reduction of H-factor because of the larger plasma current. Finally,
we obtain the good performance plasma with larger-R, when qg=4.7.
In Table 7 of Ref.[9], the toroidal field B, is 4.34 T and MHD safety
factor qg is 4.22 which are smaller than our assumption. The

elongation k for our calculation is smaller than that for Ref.[9].

Consequently, the plasma current I, is not much different for each

case.
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Operation parameters for these cases are summarized in Tables 3.7
and 3.8. Table 3.7 shows the initial operation point given by Ref.[9]
and our reconstructions of it. The difference in the impurity

assumption affects the electron density and H-factor because of the
dilution effect (Compare S, and S, in the table). Note that the case

S
S

, is not a realistic case since the bootstrap fraction is too large. Case

518 the best reconstruction by 0-D model. Table 3.8 shows the

optimized operation point given by Ref.[9] and our reconstructions of

it. Note that the case S, is not a steady-state case since the bootstrap
fraction is too small. Case S.is the best reconstruction by 0-D model.

S, is the case with the same x and § as the initial plasma,

6

Details of the comparison between the normal plasma and the

plasma with a small minor radius are discussed in Chap.3.6.

3.5 Divertor Heat Load

In this section, we investigate the divertor heat load for the
steady-state operation of EDA-ITER (R,=8 m, ap=3 m). Here,

optimistic assumption that H;,=3 is assumed. As an impurity, carbon
is considered. The angle of divertor plate to the separatrix field line
in the poloidal cross section is assumed to be 90° (15° in CDA-ITER).
Therefore, 20 MW/m? of our estimation is corresponding to 5

MW/m? in CDA-ITER (See Chap.2.8).

Figures 3.21 shows the divertor heat load of steady-state plasma
when Pr ;=500 MW, He=10% and Z_=1.95. The divertor heat load

w decreases as the current-drive power, PNBI, increases. It is

div
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because the electron temperature at the operation point decreases
with the increase of Py, and the decrease of plasma current
consequently. It should be noted that the divertor heat load has a
positive dependence on the plasma current [5], which is also shown

in Fig.3.21. Figures 3.22 shows the divertor heat load of steady-state
plasma when P., =750 MW, He=10% and Z_=1.95. Figures 3.23

shows the divertor heat load of steady-state plasma when P (=1000

MW, He=10% and Zeﬁ:l.95.

The particle load and heat load for the steady-state plasma are

summarized in Tables 3.9 and 3.10 when the fusion power Pp g is
750 MW and 1500 MW. In Table 3.9, the plasma current I, is fixed

to be 25 MA and the electron temperature is optimized. In Table
3.10, the electron temperature T, is fixed to be 10 keV and the

plasma current is optimized. Here, the impurity fractions are
calculated by using CDA guidelines [3]. Wy, Wgrap and W, denote

the neutron wall load, radiation wall load and alpha particle ripple
loss local wall load, respectively (See Chap.2.8 for the detail).
At the next step, the fusion gain, Q, is optimized in the view point

of the electron temperature Te. Here, cases with He=10% and He=20%

are investigated.

Figures 3.24 shows the operation performance of steady-state
plasma when P, =500 MW and Z_=1.7. Figure 3.24-a) shows the

achievable fusion gain, Q, as a function of electron temperature T.
Figure 3.24-b) shows the required current-drive power Pypy Figures
c), d), ) and f) show Troyon g, qy, [5¢/I, and n, respectively. Figure
3.24-g) shows the divertor heat load WdivHK for Constant-xy model {5].

Figure 3.24-h) shows the divertor heat load \Ndivﬁ60 for JT-60U

model [5].
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Figures 3.25, 3.26 and 3.27 show the operation performance of
steady-state plasma for Pp (=500 MW and Z .=1.95, for Prys=1000

MW and Z_=1.7, and Pp;,¢=1000 MW and Z_,=1.95, respectively.

In each figure, a) shows the fusion gain Q, b) shows the required

current-drive power Py,., ¢) shows Troyon g, d) shows MHD safety
factor qg. ¢) shows the bootstrap current fraction, f) shows the

average electron density n_, ¢) shows the divertor heat load

calculated by Constant-y model and h) shows the divertor heat load

calculated by JT-60U model, respectively. In all cases, the optimum
temperature for Q value is about 16 keV. Operation parameters and

the divertor heat load are summarized in Table 3.11.

3.6 Small-a, Operation

In this section, we discuss the specific operation for plasmas with a

smaller minor radius a,. We assume that the major radius R, is 7.8 m

in both normal plasmas and plasmas with a small-a,. The minor

radius of the normal plasma is chosen to be 2.8 m. Here, we choose

the radius of a,=2.0 m as an example of a small minor radius plasma.

In this case, the plasma stored energy becomes small and
consequently the required confinement time decreases. Therefore, it

is expected that the required plasma current becomes small for the

same H-factor and the required current-drive power P, decreases.

Figure 3.28 denotes the operation region for the normal case and
the small-aP case. Solid line, short-dashed line and long-dashed line

denote the contour lines for H-factor evaluated by ITERZS power
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scaling law, P 5,=120 MW (and 140 MW) and Troyon factor g=3,

respectively. The operation region is shown by a shaded area. Point
SS denotes the operation point with the lowest electron temperature
for the plasma with small-a,. The plasma parameters at this point
are described in Table 3.12 as well as those for the normal operation

point. In case of the normal plasma, there is no operation region
when Pp, =750 MW and Py p,<120 MW, while there appears an

operation region for small-a;, plasma. There is an operation region
even when P =500 MW. It is because the fraction of the bootstrap
current is larger than that of the normal plasma (See Table 3.12).
According to the simplified estimation [10] for a circular cross

section, the bootstrap fraction is given by
— * 0.5
Lo /1, =0.65p," / A™ .

Here, BP* is a poloidal beta value estimated by the plasma current

and given by

. K

Be’ = 20 f(x.5) h(A) " dw &>
where f(x,8) is the shaping coefficient (f8 of Fig.2.2) and h(A) is the
toroidal effect (fy of Fig.2.2). For x=1.7 and 3=0.15, f(x, 8)=2.0.
Function h(A) has a weak dependence on A and it takes 1.1< h <1.2
for A > 3. Then, we obtain BP* ~ 0.036 A gy g. Finally, we obtain

0.5

Ipg /1, ~ 0.023 A™ qg g .
At Point SS, A=3.9, q,=3.2 and g=3, while in case of the normal
plasma, A=2.89, qu,=4.3 and g=2.3 (Point S4 of Fig.3.28-a). Therefore,
the effect of high-g is compensated by that of low-qy and the
bootstrap fraction dominantly depends on A. In ITER physics
guidelines [3], Igq /1p = q\PO'S g1'3 and the high-g effect is not
completely cancelled by low-qg. When this relation holds, there is

some advantage for a small-a, operation in the present device.
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4. Thermal Instability and 0-D Transient Analysis

It is well known that a fusion plasma can be unstable against
temperature perturbations [11]. This instability is called "thermal
instability”. Although the fusion power excursion would be limited
by other instabilities, it is important to examine the thermal
characteristics of the plasma for zero order approximation. In this
section, we show the preliminary results for the thermal instability

and 0-D transient behavior of EDA-ITER. Here, we assume that the
plasma reported in TAC-4 [9] (major radius R, is 8.11 m and a small

radius a; is 3.0 m).

Figure 4.1 shows the plasma operation parameter contour
(POPCON) plot for the EDA-ITER. Solid lines denote the required
heating power when H(IP)=1.8. Here, H(IP) is the H-factor estimated
by ITER89 power scaling law. Effective ion charge Z . is assumed to
be 1.5 (He=10% and C=1%). Contour lines of the growth rate for the
thermal instability are also shown in the figure. It is seen that the
growth time is about 15 s for this case. Note that the growth time is
greatly dependent on energy confinement scaling laws. For example,
the growth time is about 4 s for ITER89 offset-linear scaling law. An

ignition operation point of ITER is also shown in the figure where the
electron temperature T, and the electron density n_ are 10 keV and

0.98 x 102° m3, respectively. The fusion power Prys is 1.5 GW and

Troyon coefficient is 1.8 at this point. This is an equilibrium point of
a static plasma power balance. According to a linear theory, this

equilibrium is unstable, i.e., a small temperature rise increases the
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fusion reaction rate and the temperature will continue to rise until
the plasma reaches the other stable equilibrium point.

Figure 4.2 shows the time development of the electron
temperature T, and the fusion power Ppyq for the reference
operation point of EDA-ITER when the small perturbation in the
electron temperature occurs. Here, we assume that the electron
density is constant (by proper. fuelling). If the helium accumulation is
included, the excursion may be stabilized. This effect, however,
depends on the fuelling and pumping assumptions and includes the
uncertainty. Therefore, we neglect the helium accumulation effect for
the simplicity. It is seen from Fig.4.2 that the electron temperature
increases from 10 keV to 16 keV and the fusion power increases to
about 3.2 GW. This process occurs in the direction of the arrow in
Fig.4.1. If the instability is not suppressed properly, severe problem
will occur in the plasma facing component etc. One possible scheme is
to select the higher-T, and lower-n, operation point where is the
thermally stable region. In this case, however, the divertor condition

becomes worse. The control method is under investigation.
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5. Conclusion

The major radius of EDA-ITER is large enough to achieve the burn
time of 1000 s. In the viewpoint of confinement, the large major
radius is essential for the ignition for high helium accumulation. The
required fusion power for the ignition greatly depends on the scaling
law and the helium accumulétion rate. EDA-ITER has enough

capability of ignition when the helium accumulation rate is 10 %. The

ignition can be achieved in H-mode plasma when P, =1 GW. There is

a possibility of L-mode ignition when P (=3 GW. In case of high

accumulation of helium, however, very large fusion power might be
required. It is found that about 4 GW is required for the ignition
when He=20 %, H(IP)<2 and Troyon g<3. For Rebut-Lallia scaling law,
the required fusion power would be reduced to 1.5 GW. Lower Q-
value (~20) can be achieved for 1.5 GW and for ITER89 power scaling
law. The results suggest that the helium accumulation and impurity
inflow to the plasma are key issues for the plasma performance.

The divertor heat load estimated by CDA model is comparable to or
smaller than CDA-ITER ignition mode if the divertor plate like CDA
could be designed. It is because the electron density is not much
larger than that of CDA-ITER and the connection length (L=Rpqy) is
longer than that of CDA-ITER. Heat loading for the advanced divertor

concept is left for the future study.

Steady-state operation is also investigated extensively. Required
current-drive power Pyp; for the steady-state operation with Q>5 18

about 140 MW when IP=25 MA and HIP=2.O. If the enhanced

confinement (H;,=3) in high-qy region is feasible, the required
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current-drive power is about 60 MW when PFUS=1000 MA, He=10%
and Z ,=1.7. The required current-drive power is about 110 MW

when PFUS=1000 MA, He=20% and Zeff=1.7.

The divertor heat load for the steady-state operation is also
investigated for CDA divertor model. It is found that the heat load for
the steady-state operation is comparable to that for the ignition
mode. However, it dependé greatly on the impurity assumptions and
the edge radiation by beryllium has not been evaluated. Estimation
of the divertor heat load for the plasma with beryllium impurity is
the subject of the future study. Heat load for the gas target divertor
is out of the scope of this study.

Thermal instability and O-D transient behavior of EDA-ITER is
investigated. The growth time is about 15 s when ITER89 power
scaling law is assumed. The fusion power increases to 3.2 GW
nonlinearly in about 100 s. The growth time is greatly dependent on
the energy confinement scaling law. The growth time is about 4 s if
ITER89 offset-linear scaling law is used. Further study should be

done in this subject.
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The divertor heat load for the steady-state operation is also
investigated for CDA divertor model. It is found that the heat load for
the steady-state operation is comparable to that for the ignition
mode. However, it dependé greatly on the impurity assumptions and
the edge radiation by beryllium has not been evaluated. Estimation
of the divertor heat load for the plasma with beryllium impurity is
the subject of the future study. Heat load for the gas target divertor
is out of the scope of this study.

Thermal instability and 0-D transient behavior of EDA-ITER is
investigated. The growth time is about 15 s when ITER89 power
scaling law is assumed. The fusion power increases to 3.2 GW
nonlinearly in about 100 s. The growth time is greatly dependent on
the energy confinement scaling law. The growth time is about 4 s if
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Table 2.1 Major parameters of CDA-ITER and EDA-ITER.

Major radius
Minor radius
Aspect ratio

Elongation
Triangularity

Elongation at separatrix
Triangularity at separatrix

Plasma volume

Plasma surface area

First wall surface area

Plasma current

MHD safety factor

Cylindrical q
Engineering ¢

Plasma self-inductance

Toroidal field on axis
Maximum toroidal field
Position of maximum field

Fusion power

Loop voltage

Maximum poloidal field
Position of OH coils

Total flux

Flux for current-rise

Flux for burn

Burn time

R,  (m)
ap (m)
A

K95

d 95

Kx

8 x

Vp (m?)
Sp (m?)
Swal (mz)
I, (MA)
Gy

qcyl

qy

L, (uH)
B, (T)
Brax (D)
Riec (m)
Poys  (GW)
Vioor (V)
Bovax (T
Rou (m)
Crorar (VS)
Cpamp  (VS)
CDBURN (Vs)
Toorny (8D

CDA

6.0
2.15
2.79

2.0

0.35
2.22
0.52

1072
877
918

22

3.02
2.45
2.12
9.24

4.85
11.2
2.72

1.08
0.11

13.4
1.725
325
270
45
400

EDA

7.75
2.8
2.77

1.6

0.05
1.96
0.16

1908
1335
1382

25

2.68
2.17
2.16
14.1

6.0
13.2
3.7

1.5
0.13

13.0
2.44
600
450
140
1100

5.81
13.0
3.75

0.11

13.0
2.49
630
440
180
1600
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Table 2.2 Major plasma parameters given by Ref. [1].

Alpha power

Ion temperature
Average clectron density
Energy confinement time
Bootstrap current
Helium accumulation
Loop voltage

Troyon coefficient
Plasma stored energy

Electron temperature
{Center)
Electron temperature

(Average)

T,(0)

<1 >
=

Case 1 Case 2 Case 3 Case 4

MW)
(keV)
(102%/m?)
(s)

(MA)

(%)

(V)

(M)

(keV)

(keV)

216 427
19 23
1.1 1.6
4.0 34
2.7 4.8
19 24
0.15 0.10
1.40 2.34
870 1440
15 18
10 12

637
21

2.1

6.6
24
0.10
2.86
1760

16

11

850

16

2.6

2.1

2.97
1800

13
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Table 2.3 Operation parameters calculated by 0-D model for EDA-ITER. W., Prus, ne
and He ratio are given by Ref.[1J. Carbon fraction and T. are determined

to adjust the above parameters.

Case 1 Case 2 Case 3 Case 4

I, (MA) 25.0 « “— —
Qs 2.7 « - “—
Poys (MW) 1080° 2135 3185 4250
Pr,n (MW) 92 189 283 364
P, (MW) 216 427 637 850
W, (M) 870 1440 1760 1800
Q oo « « «—
<I>  (keV) 10.0 11.4 10.6 8.5
<> (10%m73) 1.1 1.6 2.1 2.6
He (%) 19 24 24 20
Z. o 1.6 1.7 1.7 1.6
Troyon g 15" 25 % 30" 31 *
By (%) 2.2 3.7 4.5 4.6
By (%) 0.13 0.17 0.19 0.19
B, 0.58 0.96 1.2 1.2
I, (MA) 3.3 6.2 " 8.0 82"
Vioop (V) 0.2 009"  0.10 0.2 *
Tourn (8) 820 1200 1250 1000
. (s) 6.8 6.0 4.9 3.7
. (s) 4.0 3.4 2.8 2.1
H, 2.1 2.5 2.4 2.0
H, 2.3 2.2 1.9 1.5
He 2.2 2.6 2.6 2.2
Hp, 1.8 1.8 1.5 1.1
Hy, 2.2 2.3 2.0 1.6

#®

Note : T =W, /Py
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Table 2.4 Operation parameters calculated by 0-D model for EDA-ITER. W., Prus, ne
and He ratio are given by Ref, [1]. Carbon fraction and T. are determined
to adjust the above parameters. H-factors are calculated by tg*.

Case 1 Case 2 Case 3 Case 4

Ip (MA) 25.0 « « -
Qy 2.7 « - «—
Poys  (MW) 1080 2135 3185 4250
Poap (MW) 92 188 283 364
P, (MW) 216 427 637 850
W, (M) 870 1440 1760 1800
Q oo — — -
<T>  (keV) 10.0 11.4 10.6 8.5
<> (10¥m~%) 1.1 1.6 2.1 2.6
He (%) 19 24 24 20
Z 1.6 1.7 1.7 1.6
Troyon g 1.5 2.5 3.0 3.1
B, (%) 2.2 3.7 4.5 4.6
By (%) 0.13 0.17 0.19 0.19
B, 0.59 0.96 1.2 1.2
Iy (MA) 3.3 6.3 8.1 8.3
Vioop (V) 0.12 0.09 0.09 0.12
Tyrn (5 820 1200 1250 1000
T, (5) 6.8 6.0 4.9 3.7
. (s) 4.0 3.4 2.8 2.1
Hp 1.6 1.8 1.7 1.5
Hy, " 1.5 1.4 1.2 0.9
Hyg 1.6 1.9 1.9 1.7
Hy, 1.2 1.1 0.9 0.7
Hy, " 1.5 1.5 1.3 1.0

%*
Note : Tg = WP /Pa
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Table 2.4 Operation parameters calculated by 0-D model for EDA-ITER. W., Prys, ne
and He ratio are given by Ref. [1], Carbon fraction and T. are determined
to adjust the above parameters. H-factors are calculated by t&*,

Case 1 Case 2 Case 3 Case 4

I (MA) 25.0 — — “—
Qg 2.7 « - «
Py (MW) 1080 2135 3185 4250
Peap (MW) 92 188 283 364
P, (MW) 216 427 637 850
W,  (M]) 870 1440 1760 1800
Q 0o — — «
<T>  (keV) 10.0 11.4 10.6 8.5
<> (10%m73) 1.1 1.6 2.1 2.6
He (%) 19 24 24 20
Z, 1.6 1.7 1.7 1.6
Troyon g 1.5 2.5 3.0 3.1
B, (%) 2.2 3.7 4.5 4.6
By (%) 0.13 0.17 0.19 0.19
B, 0.59 0.96 1.2 1.2
I, (MA) 3.3 6.3 8.1 8.3
Vioop (V) 0.12 0.09 0.09 0.12
Toury (5 820 1200 1250 1000
T, (s) 6.8 6.0 4.9 3.7
T, (s) 4.0 3.4 2.8 2.1
H, " 1.6 1.8 1.7 1.5
H " 1.5 1.4 1.2 0.9
Hyg 1.6 1.9 1.9 1.7
Hy, © 1.2 1.1 0.9 0.7
Hg, ™ 1.5 1.5 1.3 1.0

*
Note : Ty = WP /Pa
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Tabie 2.5 Te=10 keV, He=10% and other impurities are given by CDA guidelines.

I, (MA)
Gy
Prys  (MW)
Ppap (MW)
P, (MW)
W, (M)
Q
<> (keV)
>  (102°m73)
He (%)
Zeff
Troyon g
By (%)
Be, (%)
BP
Ig (MA)
Vioor (V)
Teurn (s)
Tg (s)
. (s)
Hp
HIO*
Hos
Hy, ~

%
HSO

Case 1 Case 2
25.0 «—
2.7 “—
1080 2135
81 121
216 427
722 1001
o0 —
10.0 «—
0.86 1.2
10 «—
1.8 1.7
1.3 1.8
1.9 2.7
0.16 0.23
0.50 0.70
2.7 4.1
0.14 0.12
700 860
5.2 3.2
3.3 2.3
1.3 1.3
1.3 1.0
1.3 1.3
1.1 0.8
1.3 1.1

Case 3 Case 4
— —

- —
3185 4250
160 197
637 850
1217 1403
— -

— —
1.4 1.7
« —
1.6 1.6
2.2 2.5
3.3 3.8
0.29 0.34
0.85 0.98
5.3 6.4
0.11 0.10
980 1100
2.5 2.1
1.9 1.7
1.2 1.2
0.8 0.7
1.3 1.3
0.7 0.6
0.9 0.8

*
Note Ty = WP/Pa



Table 2.6 W., Prus, n. and He ratio are given by Ref. [1].
fractions are given by CDA guidelines.

I, (MA)
Ay
Prys  (MW)
Poup (MW)
P, (MW)
W,  (M])
Q
<L> (keV)
<>  (10*m™)
He (%)
Zeff
Troyon g
By (%)
By (%)
BP
I (MA)
VLOOP (V)
TBURN (s)
Ty (s)
TE* (s)
Hp

*
HIO

*
Has
H, *
HSO
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Case 1 Case 2
25.0 —
2.7 “«—
1080 2135
116 220
216 427
870 1440
oo «—
10.0 11.5
1.1 1.6
19 24
1.8 1.9
1.5 2.5
2.2 3.7
0.12 0.16
0.58 0.96
3.3 6.2
0.14 0.10
720 1120
8.4 6.9
4.0 3.4
1.6 1.8
1.5 1.4
1.6 1.9
1.2 1.1
1.5 1.5

Carbon and iron

Oxygen fraction and T. are
determined to adjust the above parameters.

Case 3

3185
326
637
1760

10.7

2.1

24
1.9

3.0
4.5

0.18

1.2
8.0
0.10
1170

5.6
2.8
1.7
1.2
1.9
1.0
1.3

Note :

Case 4

4250
421
850

1800

8.7

2.6

20
1.8

3.1
4.6

0.18

1.2
8.3
0.13
920

4.2
2.1
1.5
0.9
1.7
0.7
1.0

*
Tg = Wp/Py
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Table 2.7 Comparison between 1.5-0 results and 0-D calculations. Here, R.=7.75 m,
8,=2.8m, x=1,6, 1»=25 MA, Br=6 T, Be=1k and Q-o°.

A B C D E F G

T, (keV) 9.6 10.8 12.5 12.7 12,0 10.1 8.5
n, (102%m? 1.00 1.19 1.33 1.50 1.79 2.09 2.50
He (%) 17 1% 21 22 21 20 19
P,  (GW) 021 0.32 043 0.53 0.64 0.76 0.86
P, ! (GW)  0.08 0.13 0.17 0.21 0.24 0.28 0.32
w1 (GD) 089 1.2 1.5 17 1.8 1.9 2.0

P2 (GW) 0.20 0.32 0.46 0.56 0.77 0.81 0.84
P.,. "2 (GW) 0.07 0.11 0.15 0.19 0.25 0.30 0.38

W, (GD) 079 1.0 1.3 15 1.7 1.7 1.7

Hp 2 1.9 1.9 2.0 2.1 20 19 2.0
*2

Hy, 16 1.4 1.3 13 1.1 1.1 1.

*1) 1.5-D results (Fig.1 & Fig.3 in TAC-3 Physics Report [7])
*2) 0-D calculations



Table 2.8 Operation parameters of EDA-ITER.
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Rere, Q=oo, He=10% and

other impurity fractions are given by CDA physics guidelines.

Prys  (MW)
I,  (MA)
Gy

Q

<> (keV)
<n>  (10%%/m?)
He (%)
Zegg

Troyon g

By (%)
Py

Iys/ly (%)
Pean (MW)
W, (MJ)
Tg (s)
Hp

Hy

Hep

Vioor (V)
Taurn (8)

1) 1y (1)
1000 2000 3000
25.0 «— —
2.7 — —

oo — —
10.0 — —
0.83 1.15 1.40
10 e —
1.9 1.7 1.6
1.2 1.7 2.1
1.9 2.6 3.2
0.48 0.68 0.83
10 16 20
78 116 153
697 970 1182
5.5 3.4 2.6
1.8 1.5 1.5
1.9 1.4 1.1
1.6 1.1 0.87
0.15 0.12 0.11
680 840 960

(1)

4000
(_

«—

P

1.61

1.6

2.5
3.6

0.95
25

188
1361

2.2
1.4
0.97
0.75

0.11
1100

)

5000
£

—

«—

1.80

1.6

223
1520

1.9
1.4
0.87
0.67

0.10
1200
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Table 2.8 Operation parameters of EDA-ITER.
other impurity fractions are given by CDA physics guidelines.

Prys  (MW)
I,  (MA)
Ty

Q

<>  (keV)
<a> (10%%/m?)
He (%)

Zege

Troyon g

B¢ (%)

Py

15Ty (%)
PRAD (MW)
W, (M)

Tg (s)

Hp

Hy

Hpp

Vioor (V)
Tyury (8)

I (1)
1000 2000
25.0 «—
2.7 —
oo —
10.0 -
0.83 1.15
10

1.9 1.7
1.2 1.7
1.9 2.6
0.48 0.68
10 16
78 116
697 970
5.5 3.4
1.8 1.5
1.9 1.4
1.6 1.1
0.15 0.12
680 840

Here, Q=oo, He-10% and

(1)

3000

«—

153
1182

2.6

1.5
1.1
0.87

0.11
960

(I,)

4000
—

(._._

—

1.61

1.6

2.5
3.6

0.95
25

188
1361

2.2
1.4
0.97
0.75

0.11
1100

1)

5000

&

223
1520

1.9
1.4
0.87
0.67

0.10
1200
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Table 2.9 Operation parameters of EDA-ITER. Here, Q=o°, He=20% and
other impurity fractions are given by CDA physics guidelines.

ay 0y @) d)  dy)

Poys  (MW) 1000 2000 3000 4000 5000
I, (MA) 25.0 « « — “
Gy 2.7 « — — —

Q oo « «— — e
<I> (keV) 10.0 « — — «—
<>  (10%%m?) 1.13  1.57 1.91 2.20 2.46
He (%) 20 « « — -

Z g 1.9 1.8 1.8 1.8 1.8
Troyon g 1.5 2.2 2.6 3.0 3.4
By (%) 2.3 3.2 3.9 4.5 5.1
Bp 0.60 0.84 1.03 1.18 1.32
Is/Tp (%) 14 21 27 33 38
Peap (MW) 123 195 261 324 384
W, (MJ) 897 1253 1530 1764 1970
Te (s) 11.1 6.0 4.5 3.7 3.2
Hp 2.8 2.3 2.1 2.0 2.0
Hj, 3.2 2.2 1.8 1.5 1.4
Hpp 2.6 1.8 1.4 1.2 1.1
Vioop (V) 0.14 0.12 0.11 0.10 0.10
Tgurn (8) 710 870 1000 1100 1300



Table 2.10 Operation parameters of EDA-ITER.
Zsffzz- 0.

Poys  (MW)
I,  (MA)
Ty

Q

<>  (keV)
<> (10%%/m?)
He (%)
Zeff

Troyon g

By (B

BP

Ips/Tp (%)
Ppap (MW)
W, (M)
g (s)

HIP

I_IIO

HRL

Vioor (V)
Tyrn (8)
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a) Q) (1)
1000 2000 3000
25.0 « «—
2.7 — «
oo & —
10.0 — —
0.92 1.3 1.6
10 «— —
2.0 «— “«—
1.3 1.9 2.3
2.0 3.4
0.51 0.88
11 17 22
90 153 212
747 1056 1293
6.5 4.2 3.3
2.0 1.8 1.7
2.2 1.6 1.4
1.8 1.4 1.1
0.16 0.15 0.14
640 730 810

1)

4000

—

267
1493

2.8
1.6
1.2
1.0

0.13
890

Here, Q=co, He=10% and

(I,)

5000

W AN g
— D

[P

320
1669

2.4
1.6
1.1
0.9

0.12
970



Table 2.10 Operation parameters of EDA-ITER.
Zaff:2- 0.

Prys  (MW)
I,  (MA)
Ty

Q

<>  (keV)
<> (10%%/m?)
He (%)
Zeff

Troyon g

By (B

BP

IBS/IP (%)
Peap (MW)
W, (M)
Tg (s)

HIP

HIO

HRL

VLOOP V)
Tourn (8)
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1,) (I,) (I3)
1000 2000 3000
25.0 «— «—
2.7 «— —
co — «—
10.0 — “
0.92 1.3 1.6
10 «— —
2.0 «— «—
1.3 1.9 2.3
2.0 . 3.4
0.51 0.72 0.88
11 17 22
90 153 212
747 1056 1293
6.5 4.2 3.3
2.0 1.8 1.7
2.2 1.6 1.4
1.8 1.4 1.1
0.16 0.15 0.14
640 730 810

(1)

4000

—

267
1493

2.8
1.6
1.2
1.0

0.13
8§90

Here, Q=o<, He-10% and

(I,)

5000

W RN gy
— D

[

320
1669

2.4
1.6
1.1
0.9

0.12
970
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Table 2,11 Required H-factor for various beryllium fractions when [p=25 MA.
Here, Ro=7.75 m, a,-2.8 m, x=1.6, ¢&=0.05 and Br=6 T, respectively.

Be (%)
He (%)
Zeff

I (MA)
Gy

T, (keV)
Poys  (GW)
Q

Troyon g

n, (10%%m?)
ny (10%%/m?)

B, (%)
Bp

P, (MW)
Poab (MW)
Penv (MW)
Tg (s)

W, (M)
HIP

HIO

HRL

Hgs

Tburn (S)

(B,

1
10
1.32

25.0
2.7
10.0
1.5

o

1.48
0.95

0.36

2.20
0.57

300

61
242

3.37
815

1.44
1.35
0.99
1.45

1463

(B,)

@,
oG

(N N N

1.62
1.13

2.41
0.63

102
201

4.57
921

1.76
1.72
1.38
1.81

1185

~

=
—
w

—

O
(9]

(O N S ol B

2.62
0.68

148
156

6.53
1017

2.21
2.25
1.86
2.29

1068

(By)

L)
I

TT T T NN

8.69
1076

2.63
2.75
2.29
2.75

1025

(Bys)

3.33
0.87

348
<0

1325

950

(B, o)

1594

958
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Table 2.12 Required H-factor for various beryllium fractions when [.=20 MA.
Here, Re=7.75m, a,=2.8m x=1.6, &=0.05 and Br=6 T, respectively.

Be (%)
He (%)
Zeff

I (MA)
Ty

T, (keV)
Prys  (GW)
Q

Troyon g

n, (10%%/m3)
ny (10%%/m?)

B, (%)
Bp

P, (MW)
PRAD (MW)
Poxy  (MW)
Tg (s)
W, (M)
HIP

I_IIO

HRL

Heg

Tburn (S)

(B,,)

1
10
1.32

20.0
3.4
10.0
1.5

o0

1.85
0.95

0.36

2.20
0.90

300
61
241

3.38
815

1.74
1.53
1.22
1.81

3070

(Byy)

(=)}
o0

(N N A S

4.61
921

2.14
1.97
1.68
2.26

2518

(B,3)

\O
(8]

TT T 1Tt =ro

6.60
1017

2.68
2.59
2.26
2.87

2301

(B,y)

o
I

(O N N SR

8.82
1076

3.20
3.18
2.76
3.45

2228

(B,)

2165

(B,g)

1594

2340
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Table 2. 13 Recuired H-factor for various beryllium fractions when [p=13 MA.
Here, R,=7.75m, a,2.8 m x=1.6 &=0.05 and 876 T, respectively.

(B (By)  (Byy)  (By)  (Byy) (Bsg)
Be (%) 1 4 6 7 10 12
He (%) i0 — « - — «
Z 1.32 1.68 1.92 2.04 2.40 2.64
I, (MA) 15.0 & « «— — —
Qy 4.5 «— — « « —
T, (keV) 10.0 « - - - P
Prys  (GW) 1.5 — «— — — «
Q oo — — «— «— «—
Troyon g 2.46 2.70 2.94 3.09 3.72 4.43
n, (102%%/m% 095 113 129 1.39 1.81  2.26
ng (102%m?) 0.36 — «— — « -
B, (%) 2.20 2.41 2.62 2.75 3.33 3.96
Bp 1.59 1.75 1.90 2.00 2.41 2.87
Py (MW) 300 — — « - “
Peap (MW) 61 102 148 180 348 590
Poyy  (MW) 240 199 153 121 <0 <0
Tg (s) 3.39 4,63 6.65 8.91 - -
W, (MD) 815 921 1017 1076 1325 1594
Hp 2.23 2.74 3.44 4.11 - -
Hyy 1.80 2.33 3.08 3.81 - -
Hp, 1.58 2.17 2.87 3.48 - -
Hig 2.41 3.02 3.83 4.62 - -

Ty, (8) 7062 6071 5844 5873 7086 337 h
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Table 2. 14 Required H-factor for various beryllium fractions when Is=25 MA

and He=20%.

dr=6 T, respectively.

Be (%)
He (%)
Zeff

I, (MA)
Gy

T, (keV)
Prus  (GW)
Q

Troyon g

n, (10%%/m?)
ny (10%%/m3)

B, (%)

Bp

Pa (MW)
PRAD (MW)
PCNV (MW)
Tg (s)
Wth (M)
HIP

Hy

HRL

HGS

Tburn (S)

(B4y)

1
20
1.52

25.0
2.7
10.0
1.5

o

1.81
1.29

0.36

2.70
0.71

300
120
184

5.70
1047

2.08
2.06
1.59
2.16

1364

~—

t
N
[\

—

o
S

rTTTToTe

2.84
0.74

147
156

7.10
1108

2.39
2.42
1.91
2.50

1290

(B,,)

~]
(=)

TTTTToTe

3.00
0.78

183
121

9.78
1180

2.90
3.02
2.42
3.06

1231

(Byy)

o0
o0

T T T e

17.09
1264

4.07
4.27
3.43
4.34

1188

Here, Ro,=7.75m, a,=2.8 m, x£=1.5, &=0.05 and

—

ev)
-
Lh

-

<
o

T T T RTw

3.43
0.90

292
11

121.9
1366

15.39
12.94
10.05
16.86

1158

Pt

=
B
o

N

)
I

TT T T T RT

4.09
1.07

503
<0

1646

1154
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Table 2.14 Required H-factor for various beryllium fractions when Ie=25 MA

and He=20%.

Br=6 T, respectively.

Be (%)

He (%)
Zt:ff

I, (MA)
Gy

T, (keV)
Prys (GW)
Q

Troyon g

n, (10%%/m?)
ny (10%%/m3)

B, (%)

Bp

P, (MW)
Poap (MW)
Poyy (MW)
T ()

W, (M)
HIP

HIO

HRL

HGS

(Byy)

1
20
1.52

25.0
2.7
10.0
1.5

oo

1.81
1.29

0.36

2.70
0.71

300
120
184

5.70
1047

2.08
2.06
1.59
2.16

1364

(By,)

e
S

TTT T o

2.84
0.74

147
156

7.10
1108

2.39
2.42
1.91
2.50

1290

(B43)

~1
(=)

TTT Tt

3.00
0.78

183
121

9.78
1180

2.90
3.02
2.42
3.06

1231

(Byy)

[}
oQ

TT T TR

3.19
0.83

230
74

17.09
1264

4.07
4.27
3.43
4.34

1188

Here, R,=7.79 m, 3,=2.8 m, x=1.6, &=0.05 and

o~

ov
p-
Lh

S

o
(o)

TTTTTRTW

3.43
0.90

292
11

121.9
1366

15.39
12.94
10.05
16.86

1158

(B,g)

()
N

TTT T T NT

1646

1154
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Table 2.15 Required H-factor for various beryllium fractions when [e=20 MA
and He=20%.
Br=6 T, respectively.

Be (%)
He (%)
Zeff

I, (MA)
Gy

T, (keV)
Poys  (GW)
Q

Troyon g

n, (102%/m3)
n, (102%/m?)

B, (%)

Bp

P, (MW)
PR AD (MW)
PCNV (MW)
Ty (s)
W, (MD)
HIP

Hp

HRL

Hos

T (s)

(Bs))

1
20
1.52

20.0
3.4
10.0
1.5

(=]

2.27
1.29

0.36

2.70
1.10

300
120
182

5.75
1047

2.53
2.36
1.94
2.70

2954

Here, R,=7.750 m, a,=2.8 m, k=16,

Lan)

=
w
e

~—

(o)
e

TTTTT oM

2.84
1.16

—

147
155

7.17
1108

2.90
2.78
2.32
3.13

2822

—~

ov)
(¥
(%]

~—

~]
(o))

TTTTToT®

9.91
1180

3.54
3.49
2.92
3.84

2728

(B.,)

o]
o0

TTTTToOTHR

3.19
1.30

230
72

17.48
1264

4.98
5.00
4.09
5.47

2675

¢ =0.05 and

~

o]
th
th

h—rg

o
o)

TTT TR

3.43
1.40

292

144.1
1366

21.21
17.04
12.77
23.73

2668

—

oe)
w
(=)}

—

()
Y

ORI

1646

2868
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Table 2. 16 Required H-factor for various beryllium fractions when [e=15 MA
and He=20%.
Br=6 T, respectively.

Be (%)
He (%)
Zeff

I, (MA)
Ty

T, (keV)
Prus  (GW)
Q

Troyon g

n, (1020hn3)
ny (10%%/m3)

B, (%)

Bp

P, (MW)
Peap (MW)
Poyy  (MW)
Ty (s)

W, (MD
HIP

I_IIO

HRL

HGS

Tburn (S)

(Bgy)

1
20
1.52

15.0
4.5
10.0
1.5

(> =]

3.02
1.29

0.36

2.70
1.96

300

120
181

5.78
1047

3.24
2.79
2.49
3.60

7663

Here, R,=7.75 m, a,=2.8 m,

(Bgy)

o
re

(K A B

2.84
2.06

&~

147
154

7.21
1108

3.72
3.31
2.96
4.17

7626

o~

o]
=53
w

N’

L |
(=)

O N A Sl B

10.00
1180

4.54
4.18
3.68
5.13

7789

(OO N N N

k£=1.6, ¢=0.05 and

~~

ov)
[=.8
By

Nt

oo
e

17.75
1264

6.42
6.07
5.07
7.33

8242

~—~

=
[=
Lh

S’

o
<

T T 1T 11T Rrw

3.43
2.49

292

163.1
1366

29.92
22.93
16.37
34.66

9211

N

we]
o
5N

S’

)
N

TTT T T NN

1646

4.84 (h)
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Table 2.17 Operation parameters at Te=10 keV and 1,25 MA.

I, (MA)
Ty

Prus (MW)
Prap (MW)
P, (MW)
W, (MJ)
Q

<T> (keV)
<> (102%/m?)
He (%)
Zeff

Troyon g

B¢ (%)
By (%)

Bp

Igs (MA)
Vioor (V)
Taurn ()
Tg (s)
Hp

HIO

Hes

Hpp

Heo

Figure

Iy dy
25.0 ¢
2.7 —
750 1500
68 97
150 300
610 844
oo —
10.0 <
0.74 1.0
10 «
2.0 1.7
1.1 1.5
1.6 2.3
0.13 0.19
0.42 0.59
2.2 3.3
0.16 0.13
610 770
7.0 4.1
1.9 1.6
2.3 1.6
1.9 1.6
1.9 1.3
2.1 1.6
2.32 2.33

j— 52i

(I3)

—
—
3000
153
600
1182
-

.
1.4

(_
1.6

2.1
3.2
0.28
0.83
5.1
0.11
960

2.6
1.5
1.1
1.5
0.87
1.2

2.34

(H))

«—
-
750
50
150
511

0.59

0.0
2.1

0.95
1.4

0.17
0.37
1.8

0.17
560

4.9
1.5
1.7
1.5
1.5
1.6

2.35

(Hy)

—
—
1500
67
300
703

0.80

1.7
1.3
2.0
0.26
0.51
2.8
0.13
750

3.0
1.3
1.2
1.3
0.97
1.3

2.36

(H,)

3000
100
600
982

1.1

1.5

1.9
2.8

0.37
0.72
4.3
0.11
970

2.0
1.2
0.86
1.2
0.65
0.95

2.37
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Table 2. 18 Operation parameters at T.=10 keV and [,=25 MA.
Here, H-factor is calculated by t:*.

I,  (MA)
Gy

Prys (MW)
P, (MW)
P, (MW)
W, (MD)

Q
<I>  (keV)
<Ile>

(10%2%/m3)

He (%)
Zeff
Troyon g
i (%)
B (%)
I')’P
| (MA)
Vioor (V)
Tyrn (8)
Te (s)
T (s)
Hp,
HIO=|=

*
Has
Hy,

*
Heo
Figure

(I

25.0
2.7
750
68 -
150
610

o0

10.0

0.74

10
2.0

1.1
1.6

0.13
0.42
2.2

0.16
610

7.0
4.0
1.4
1.5
1.4
1.3
1.4

2.38

(I,

—
“
1500
97
300
844

1.0

1.7

1.5
2.3

0.19
0.59
3.3

0.13
770

4.1
2.8
1.3
1.1
1.3
0.9
1.2

2.39

(1)

2.40

%
Note : Tz = WP/POL



Table 2.19 Particle and heat load for the ignition plasma of EDA-ITER.

JAERI-M 94080

Here,

the impurity fractions are calculated by CDA physics guidelines.

(I,)

0.2
1335

1508

1500

10
1.7

10.0
1.00

0.84
0.10
0.32

155
15

97
844
4.1
1.6
1.3

(1)

T

T

160
1090
7.6
2.5
2.1

(1)

—

€—

(_

3000

10
1.6

1.40

1.68
0.15
0.63

386
47

153
1182
2.6
1.5
0.9

(I

1

1

252
16

261
1530
4.5
2.1
1.4
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Table 3.1 Requirement for the steady-state mode operation.

Case 1 Case 2 Case 3 Case 4
Rp (m) 7.75 « « «
ap (m) 2.8 « « “—
X 95 1.6 — - «—
d 95 0.05 - — -
Vp  (m¥) 1908 — P —
B, (T) 6.0 — «— —
I, (MA) 25.0 — — “
Qg 2.7 «— « «
Prys  (MW) 1080 2135 3185 4250
P, (MW) 216 427 637 850
Q oo — — «
W, (MI) 870 1440 1760 1800
T, (keV) 10.0 11.4 10.6 8.5
n, (10¥m7) 1.1 1.6 2.1 2.6
He (%) 19 24 24 20
T, (keV) 10.0 11.4 10.6 8.5
n, (102°m™3) 1.1 1.6 2.1 2.6
Troyon g 1.5 (1.4) 2.5 (2.3) 3.0 2.9) 3.1 (3.0)
Igs (MA) 33 (2.7) 6.2 (4.8) 8.0 (6.6) 82 (7.1)
Tg (s) 6.8 (4.0) 6.0 3.4) 49 (2.8) 3.7 (2.1)
Hp 2.1 2.5 2.4 2.0
Hp, 1.8 1.8 1.5 1.1
Iep (MA) 22.3 20.2 18.4 17.9
Nep  (A/W) 0.0265 0.0205 0.0144 0.0091
Y (102°A/wWm?)  0.220 0.254 0.236 0.185
Pop (MW) 842 985 1278 1967
Q 1.3 2.2 2.5 2.2
Required ¥y (Q=5) 0.86 0.59 0.47 0.43
Required vy (Q=10) 1.7 1.2 0.95 0.86
Required y (Q=25) 4.3 2.9 2.4 2.1
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Table 3.2 Major parameters of EDA-ITER (steady-state mode).

Major radius
Minor radius
Aspect ratio

Elongation

Triangularity

Elongation at separatfix
Triangularity at separatrix

Plasma volume

Plasma surface area

Plasma current
MHD safety factor
Cylindrical q
Engineering q

Plasma self-inductance

Toroidal field on axis
Maximum toroidal field
Position of maximum field

Maximum poloidal field
Position of OH coils

(m)
(m)

(LH)

(T)
(T)
(m)

(T)
(m)

7.8
2.7
2.89

1.7

0.15
2.08
0.34

1890
1360

25

2.74
2.25
2.18
14.3

6.0
13.2
3.7

12.0
2.44
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Table 3.3 Operation parameters for steady-state plasma of HDA-ITER.

Prys  (MW)
Py (MW)
H (ITER89-P)
Q

T, (keV)
n, (102°/m3)
Ty

I, (MA)
Ips/Tp
Inei/Ip
Troyon g

B, (%)
Py

g (s)

H (ITER89-OL)
H (Rebut-Lallia)

He
Z

(%)
eff

S1 S2
500 —
120 140
2.2 2.0
4.2 3.6
13.4 12.0
0.54 0.58
5.0 5.1
13.8 13.5
0.33 0.33
0.67 0.67
2.1 2.1
1.8 1.7
1.6 1.6
3.6 3.1
2.0 1.7
2.3 2.0
10 —
2.5 2.3

S3

750
120

2.2
6.1

16.9
0.55

4.1

16.6
0.32
0.68

2.3
2.4

1.4

4.3

16.0
0.32
0.68

2.3
2.3

1.5

S5

1000
140

2.2
7.0

12.0
0.77

5.2

13.3
0.48
0.52
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Table 3.4 Operation parameters for steady-staie plasma of EDA-ITER.

S1 S2 S3
Major radius Rp (m) 7.8 «— —
Minor radius ap (m) 2.7 «— «—
Elongation K 1.7 « «~
Toroidal field on axis B (T) 6.0 — «—
Fusion power Prus (MW) 500 750 1000
Current-drive power Pypy (MW) 140 - «
Radiation loss Prap (MW) 58 66 74
Fusion gain Q 3.6 5.4 7.2
MHD safety factor Dy 5.5 4.9 4.5
Plasma current I, (MA) 12.4 14.0 15.3
Bootstrap fraction I/ 0.37 0.38 0.39
Controllability Lgi/Tp 0.63 0.62 0.61

Current-drive efficiency myg, (A/W) 0.056 0.062 0.067

Electron temperature T (keV) 11.0 12.9 14.5

=

Electron density n, (10%%/m?) 0.62 0.65 0.67
Troyon g 2.2 2.4 2.6
Toroidal beta B, (%) 1.7 2.1 2.5
Poloidal beta Bp 1.8 1.8 1.7
Helium fraction He (%) 10 — “—
Effective ion charge Z 2.2 2.1 2.1
Confinement time g (s) 3.0 3.0 3.0
H-factor (ITERE9-P) 2.1 — «
H-factor (ITER89-OL) 1.8 1.7 1.7
H-factor (Rebut-Lallia) 2.0 1.9 1.8
Divertor heat Load W, (MW/m?)
Constant-y model 13 20 27
Bohm-y model 9 12 15
JT-60U model 9 13 19
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Table 3.5 {Qperation parameters for steady-state plasma of CDA-ITER.

Constant-y model

Bohm-y model
JT-60U model

Major radius R, (m)
Minor radius ap (m)
Elongation X
Toroidal field on axis (1)
Fusion power Prys (MW)
Current-drive power Pyp1 (MW)
Radiation loss Peap (MW)
Fusion gain Q
MHD safety factor Gy
Plasma current I; (MA)
Bootstrap fraction T4/
Controllability Ligi/Tp
Current-drive efficiency nyg, (A/W)
Electron temperature <[> (keV)
Electron density <:ne>(1020/m3)
Troyon g
Toroidal beta B, (%)
Poloidal beta Bp
Helium fraction He (%)
Effective ion charge Lo
Confinement time Tg (s)

H-factor (ITER89-P)

H-factor (ITER89-OL)

H-factor (Rebut-Lallia)
Divertor heat Load Wy, (MW/m?)

C1

6.0
2.15

2.0
4.85

500
140
41
3.6

5.5

12.1
0.39
0.61
0.054

10.7

0.80

2.8
3.3

11
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Table 3.6 Operation parameters for steady-state plasma of EDA-ITER.
Here, H-factor is calculated by 7™

51 52 $3 sS4
Prys (MW) 500 - 1000«
Pygr (MW} 120 “— — —
Ppup (MW) 59 59 74 717
Q 4.2 «— 8.3 «—
T, (keV)  10.4 13.5 13.1 11.0
n, (102%/m?)  0.64 0.54 0.72 0.83
ay 6.1 5.0 5.1 5.8
I, (MA) 112 13.8 13.4 11.8
Ips/lp 0.46 0.33 0.48 0.59
Ingi/1p 0.54 0.67 0.52 0.41
Troyon g 2.3 2.1 2.8 3.0
B, (B 1.6 1.8 2.3 2.2
B, 2.1 1.6 2.1 2.5
He (%) 10 - « -
eft 2.1 2.5 2.0 1.9
W, (M) 547 581 777 753
.0 (s) 2.5 2.6 2.4 2.4
Hp ™ 2.0 1.8 2.0 2.1
Hy ™ 1.6 1.5 1.4 1.5
Hyg 2.1 1.8 2.1 2.3
Hy, 1.8 1.8 1.6 1.7
Hy, 1.2 1.3 1.2 1.2



Table 3.7 Steady-state cperation point reported in Ref. [9] and
its reconstructions by 0-D model (Initial point).

R, (m)
ap (m)
K
)
Br (T)

Zeff

He (%)
Be

C

(%)
(%)
Prys  (MW)
Pypr  (MW)
Q
Prap (MW)
Ty
I, (MA)
Iygr (MA)
g (MA)
Igs/lp
Vioor (V)
<I> (keV)

<> (10%%/m3)

Troyon g

By (%)
W, (MJ)
Tg (s)
Hp

HRL

(TAC4)

8.11
3.0

1.53
0.23
5.7

2200
30
73

5.6
13

0.98
12.0

1.4

44~6.0

5.7
4.4

JAERI—M 94--080

Sy

TTtT T

12.0
0.96

[u—y
I

W) Lh
oo N

1500
6.0
4.4
3.4

(S,)

T T TTT T
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Table 3.8 Steadv-state operation point reported in Ref.[8! and
its reconstructions by 0-D model (Optimized point).

(TAC4) (S)) (Sg) (S¢)
R, (m) 8.46 — — -
ap (m) 2.68 — — —
X 1.71 — — 1.53
5 0.44 « «— 0.23
B, (T) 4.34 «— «— «
off ? 1.44 — «—
He (%) 127 12 — -
Be (%) ? 1.7 «— —
Py (MW) 2000 « “— —
| (MW) 50 — « «—
PRAD (MW) ? 93 «— «—
Gy 4,2 4.3 4.9 3.5
Ip (MA) 12 12 11 11
Ligr (MA) | 1 0.7 — 0.6
Ipg (MA) 11 8.4 9.8 10
Ips/Ip 0.91 0.69 0.91 0.91
<T> (keV) 10 — — «
<n>  (10%%m?) 1.25 “— « 1.33
Troyon g 5.0/6.7 5.1 5.8 5.9
B¢ (%) ? 5.3 «— 5.7
W (MI) ? 1140 «— 1080
Tg (s) 2.6 3.2 «— 3.0
Hp 2.6 2.8 3.1 3.0
Hp, ? 1.9 2.1 2.1
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Table 3.9 Heat load [or the steady-state mode of EDA-ITER when [,.=25 MA.
Here, the impurity fractions are given by UDA guidelines.

CF) (Sy) (S3) (Sy)

Prys  (MW) 750 1500 «
Ip (MA) 25.0 — - —
Oy 2.7 « «— €
Q 5.6 4.0 10.8 7.0
He (%) 10 20 10 20
SOL  (m) 0.2 « - «
<Tp>  (keV) 23.7 212 25.1  21.5
<> (1029/m?) 0.45 0.60 0.56 0.79
Troyon g 1.9 2.1 2.5 2.7
Z 3.0 2.4 2.4 2.1
Pp  (MW) 135 186 139 214
Wygyr (MW/m?) 0.42 « 0.84
Wiap (MW/m?) 0.09 0.10 0.11  0.12
Wo (MW/m?) 0.16 « 032 «
Pory  (MW) 153 192 282 336
Wy (MW/m?) 27 31 59 60
Poap (MW) 94 103 117 132
W,  (MD) 845 989 1150 1332
. (s) 4.4 4.2 3.6 3.5
Hp 2.0 - « «—
H,, 1.9 1.8 1.6 1.5
Hy,, 1.9 1.7 1.5 1.4
Vioop (V) 0.0 «— «— «
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Table 3.10 Heat load for the steady-state mode of EDA-ITER when T.=10 keV.

Here, the impurity fractions are given by CDA guidelines.

Prus  (MW)
I, (MA)
Gy

Q

He (%)
SOL (m)
<I> (keV)
<> (10%%m?)
Troyon g
Zeff

Pepr  (MW)

Wygyr (MW/m?)

2
Weap (MW/m?)
w

o (MW/m?)
Py (MW)
Woy (MW/m?)
Peap (MW)
W,  (MI)
T (s)

HIP
HIO
HRL
VLOOP (V)
Tﬁtﬂuq (s)

(Sy)

750
12.3
5.4

4.3
10
0.2

10.0

0.74

2.4
2.0

175

0.42
0.08
0.16

214
23

68
610
2.4
2.0
1.5
1.6

(3,)

—
14.0
4.8

2.8
20

263
26

104
783
2.5

1.4
1.5

(S3)

1500
13.0
5.2

7.7
10

195

0.84
0.10
0.32

347
39

97
g44
2.1

1.3
1.4

(Sy)

(__
15.5
4.3

4.3
20

422
45

160
1090
2.2

1.2
1.2
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Table 3.11 Divertor heat load of the steady-state plasma calculated by CDA models.
Here, His=3 is assumed. Note that the angle of the plate is 90° ,
while it is 15° in CDA. Therefore, the heat load is 4 times smaller
than the valve listed for CDA type diverter.

Prus 1 Zegr 1He [T [%¢/ [Q |T» 9% |'Bs [Paiv |Vaiv [Vaiv

1020 Mp (HK) |(JT60)

(GW) (%) {kewy| " 4 (MA) MW) | AW | (W

(m ) jm?) |/m?)

10 10 (0.59] 6.6/10.317.3 [0.62]116 113 8

0.5 |1.7 16 (0.40f 8.1{13.1/5.8 [0.41]111 {18 10
20 14 10.57f 5.0(13.7|5.5 [0.43}135 (19 12

18 |[0.48| 53116.7]4.5 0321127 |21 14

10 10 |0.64| 5.4}10.7]7.0 {0.58]109 |11 7

1.95 16 (0.43| 7.0]13.7|5.5 10.39]107 {16 10

20 10 |0.85] 3.3]12.2(6.2 10.54|134 113 9

18 |0.52 45]17.814.3 [0.31]124 120 13

10 10 |0.84(12.3]11.216.7 |0.73]1181 [20 14

1.0 |1.7 16 10.56[/15.8]13.5(5.6 {0.57]188 (32 |20
20 11 0.99| 7.1113.3]5.7 [0.63]217 |25 19

18 (0.67] 9.1/17.3|4.4 [0.45}210 [36 |23

10 10 lo.90| 9.4}11.8|6.4 10.69]168 |17 12

1.95 16 |0.60}113.0|14.2]5.3 |0.53[179 128 18

20 10 1.20] 5.0(13.715.5 [0.62}159 (19 15

18 10.74| 7.4|18.5|4.1 (0.42[203 {33 24
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Table 3.12 Operation parameters of a steady-state plasma with different
minor radius.

S3 S4 SS
Major radius R, (m) 7.8 « &
Minor radius ap (m) 2.7 « 2.0
Aspect ratio A 2.89 & 3.9
Plasma volume Vo  (m?) 1890 « 1040
Toroidal field on axis .BT (T) 6.0 “— «
Fusion power . Prys (MW) 750 « «
Current-drive power Py, (MW) 120 140 120
Radiation loss Prap (MW) 71 68 47
Fusion gain Q 6.2 54 0.2
MHD safety factor Gy 4.1 4.3 3.2
Plasma current I, (MA) 16.6 16.0 11.0
Bootstrap fraction Ig4/1p 0.32  0.32 0.48
Controllability Ligi/Tp 0.68 0.68 0.52

Current-drive efficiency myg, (A/W) 0.092 0.079 0.048

Troyon g 2.3 2.3 3.0
Toroidal beta B, (%) 2.4 2.3 2.8
Poloidal beta ' Bp 1.4 1.5 2.1
Electron temperature T, (keV) 16.9 15.0 13.3
Electron density n, (10%%/m?® 0.55 0.59 0.82
Helium fraction He (%) 10 — «—

Effective ion charge Lo 2.4 2.3 1.9
Impurity seeding No — «

Stored energy W, (M) 750 714 494
Confinement time Ty (s) 3.7 3.2 2.2
H-factor (ITER89-P) 2.2 2.0 «

H-factor (ITER89-OL) 2.4 2.3 1.8
H-factor (Rebut-Lallia) 2.1 1.8 2.2
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3.0

2.7 .
—_ 2.4 n
E H(RL)=1.5
[«
< 2.1 - =

H(RL)=2.0
1.8
1.5
5.0 6.0 7.0 8.0 9.0 10.0

Rp (m)

Fig.2.1 Relation between CDA-ITER and EDA-ITER in Re-ar space. Here, Q=co,
Pwar=0. 83 MW/IHz. qw=2. 8, Bruax=13.0 T, Orr-1.2 m, K =1 7, CS:U,
Beuax=13.2 T, T.=10 keV, He=10% Points Cl and EI represent
the machines with similar parameters to CDA-ITER and EDA-ITER.

Plasma Formulary Yersion 1.1 Yoshiki MURAKAMI

« Major radius Rp = |6 m « Toroidal field BT = [4.85 T
« Minor radius 8p =[2.15 |m e Plasmacurrent Ip = (22 M4
+ Elongation K =[2.0 | « Troyon g = |2.0
« Triangularity 5§ =(0.35 |
4 = i? q
Calculate Default devt = 15 ¢
C ) r J dy =1gfgq
| - 2
» A =[27907] + Py -[42196]% i; - Ei:izjiizaz -1.2§%)}/2
*¢ =[0.3583] *Pp =[0.4740 fg = (1.17-0.65€ )/(1-£2)2
+ 17 =[25000] »q; =[2.1230 - ts
(e q = SepBr/(AlplMA]
*+ 18 2.8871 | * eyt =[2.4518
*T9 =[12335] *dw =[3.0243

Fig.2.2 Calculation of qy value for CDA-ITER.
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- _[l_;.lit )
116 |
Yoshiki MUBAKAMI
« Major radius  Rp =[7.75 |m « Toroidalfield DBr= [6 | T
« Minor radius 8p ={2,8 |m «Plasmacurrent Ip = [25 MA
« Elongation K =116 » Troyon g = [2.0
» Triangularity 0 =[0.05
;1 =174

Calculate Default devt = g d
de =1fgfg g

fro = (1+x2)/2

* A = * us
el R Lt
A 1% : fg=(1.17-0.65¢)/(1-€2)2
fz - [1.7800] - q =[2.1608] || 4 - 5apB1/(A IpIMAD
* 18 =11.7862 | * 9ey1 =[2.1683
« T9 ={12370] * 4y =[2.6823
&

Plasma Formulary — version 1.1 voshiiMURAKAMT O
« Major radius Rp = (8 m s Toroidal field Br = {5.813 T
« Minor radius 8&p =1|3 m e« Plasma current Ip = {24 MA
+ Elongation K =11.6 » Troyon g = [2.0
« Triangularity 0 =10.05
qI = f-? q
¢ =fgfgq
. ) . ) - f7 = (1+x2)/2
P A - l2.6867) Pv -[2.78281% || (0 (1 2" (Log? 12 5% )12
€ =10.3750 Bp =[0.5813] fo o 2y2
 fe - g=(1.17-065¢)/(1-¢€2)
7 =[1.7800] +q; =[2.4251] q = 58pB1/(A IpIMAD
« g =[1.7862 ] * dcy1 ={2.4336 ] potsTr
« f9 =11 2840 * 4y ={3.0522]
& >

Fig. 2.4 Calculation of g, value for EDA-ITER {new version).
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251

J’oo

20

<ng> (1019 m3)

151

<T> (keV)

Fig.2.5 Simulated piasma operation contour map referred from
TAC-3 Physics Report [7].

Rp = 7.75 m, ap = 2.8 m, x = L6, & = 0.05,
Q =, Be = 1 %,T, = 10 keV, I, = 25 MA

T T 1 T T T

106600

9000

8000 |

7000

6000

5000

4000

Prys (MW)

3000 P 475 A G WO NU——
2000 |

1000

Troyon g

Fig.2.6 Relation between Troyon coefficient g and the fusion power
Pruys for various helium accumulations when Be=14.
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<ng> (1019 m3)

<T> (keV)

Fig. 2.5 Simulated plasma operation contour map referred from
TAC-3 Physics Report [7].

Re =775 m,ap=28m, K = 1.6, & = 0.05,
Q =, Be = 1 %,T, = 10 keV, Iy = 25 MA
10000

LS L] ¥ L l T i T v L] L]
! He=10 % i
9000 [P 1
8000 He =0 % /. /3 / N

7000

6000

5000

4000

Prus (MW)

3000

2000

1000

Troyon g

Fig. 2.6 Relation between Troyon coefficient g and the fusion power
Prys for various helium accumulations when Be-14.
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Fig. 2.7 POPCON plot for EDA-ITER.
a) Referred from Fig. 2 of Ref. [7],
b} 0-D results when H{IP)=1.5, He=12% and Be=1h.
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Fig. 2.8 POPCON plot for EDA-ITER.
a) Referred from Fig. 2 of Ref. [7],
b) 0-D results when H{RL)=1.1, He-12% and Be-=1X.
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PNBI (MWD

NE20

3.0 6.0 9.0 t2.0 15.0 18.0 21.0
TE (KEU>

HE (8>
2.7 T T T ) 4

20
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16
NE20 12 14
1.2 10
8
o
4
2 \ | | 1 1
0 6.0 9 15.0 18.0

3. .0 12.0
TE (KEV)

Pig.2.9 0-D calculation results when the helium accumulation

depends on T. and ne.
a) POPCON plet when H(IP}=1.5,
b) helium accumutation rate.
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1

Fig.2.10 0-D calculation results when the helium accumulation

depends on Te and ne.
a} POPCON plot when H{RL)=1. 1,
b} helium accumulation rate.
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0.0 1 l [ ] l L [ L
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Prus (GW)
Fig. 2. 11 Fusion power (Prus) and required H-factor for ignition mode
operation when [p=25 MA, T.=10 keV and He=10% Here,
Hip, Hio, Heo denote H-factors for ITER8Y power scaling law,
[TER8Y offset-linear scaling law and Rebut-Lallia scaling law,
respectively.
4.0 I Y
X —e—H(IP)
: —o—H(I0)
3 . 0 e iy A H(RL)
" - |
g
1P ]
é? 2.0 :
T i : :
10 e
0'0 L | 1 l 1 | 1 ( 1
0.0 1.9 2.0 3.0 4.0 5.0
Fig. 2.12 Fusion power (Prus) and required H-factor for ignition mode

operation when I¢=25 MA, T.=10 keV and He=204. Here,
Hip, Hio, Hero denote H-factors for ITER89 power scaling law,
ITERBY offset-linear scaling law and Rebut-Lallia scaling law,

respectively.
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Fig.2.13 Operation region in Te-ne. space for ignition plasma (Q=oc).
Solid lines denote H-factor required for ignition and dashed
lines denote the fusion power, respectively,

EDA-ITER(7.75/2.8), I, = 25 MA, Q = o=,
T, = 10 keV, Z.;; =f(n,), ITER89P Scaling

10 | 1 '
!
- |
o]
S /
/
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S L / -
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» ’ A _
F. 4 r
- " O’ // -
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2 r M 7
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0 1 [ |
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Fig. 2.14 Achievable fusion power for various H-factor and Troyen g values.
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6 g=3 .
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] H=2 i
0 i | |
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Fig.2.15 Relation between He accumulation and operation space for
ignition mode. Lowest possible fusion power increases and
operation region becomes small as He fraction increases.
Hatched area denote the cperaticn region where g<3 and
Hip <2

10 T I I
L Rebut-Lallia Scaling Law Q=o00 |
8 r -
6 r g= 3 \ .
4 - -
5 \ 4
2 | H —_ 1 —
0 1 | !
5 10 15 20 25
He (%)

Fig.2.16 Relation between He accumulation and operation space for

ignition mode. Lowest possible fusion power increases and
operation region becomes small as He fraction increases.
Hatched area denote the operation region where g<3 and
Hro <2,
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ITER89 Power Scaling Law (H=2), Q = o
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[ | @ Zeff=2.0 ’
8 | | —&Zeft=1.8 ~
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Fig.2. 17 Required fusion power for the ignition when the effective ion
charge Zee¢ is fixed. Here, H(IP)=2 is assumed.

10 T T 1
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Fig. 2. 18 Required fusion power when =20, H{IP)<2 and g<3.
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H-factor ITER89 power scaling law)

Be (%)

15.0 20.0 25.0
I, (MA)

Fig.2.19 Contour !line plot of H-factor evaluated by ITER8Y power
scaling law in l»-Be space when Peus=1.5 GW and He=10%.

H-factor ITER89 offset-linear scaling law)

7.0

Be (%)

15.0 20.0 25.0
I, (MA)

Fig.2.20 Contour line plot of H-factor evaluated by ITEREY offset-linear
scaling law in I»-Be space when Peys=1.5 GW and He=10%
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H-factor (Rebut-Lallia scaling law)

Be (%)

15.0 20.0 25.0
1, (MA)

Fig.2.21 Contour line plot of H-factor evaluated by Rebut-Lallia
scaling law in Ie-Be space when Prus=1.5 GW and He=10%.

H-factor (Goldston scaling law)

Be (%)

15.0 20.0 25.0
1, (MA)

Fig. 2.22 Contour line plot of H-factor evaluated by Goldston
scaling law in Ir-Be space when Prus=1.5 GW and He=10%,
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H-factor (ITERRY power scaling law)
7.0 .

Be (%)

15.0 20.0 25.0
1, (MA) |

Fig. 2.23 Contour line plot of H-factor evaluated by ITER8S power
scaling law in I»-Be space when Prus=1.5 GW and He=20%.
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EDA-ITER (7.75m / 2.8m), H(IP)
He=10%,Be=1%
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Fig. 2. 24 Contour lines of H-factor and Troyon g in I,-Prus plane
when He=10% and Be=1%.
a) H-factor is evaluated by ITERBY power scaling law,
b) H-factor is evaluated by Rebut-Lallia scaling law.

— 81—
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EDA-ITER (7.75m / 2.8m), H(IP)
He=10%,Be=6 %
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Fig.2.25 Contour lines of H-factor and Troyon g in I.-Prus plane
when He=10% and Be=6%. _
a) H-factor is evaluated by ITER89 power scaling law,
y) H-factor is evaluated by Rebut-Lallia scaling law.
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EDA-ITER (7.75m / 2.8m), H(IP)
He=15%,Be=1%

10

1, (MA)

P

EDA-ITER (7.75m / 2.8m), H(RL)
He=15%,Be=1%

(MA)

Contour lires of H-factor and Troven g in l,-Frus plane
when He=15% and Be=1%.

a} H-factor is evaluated by ITER89 power scaling law,
b) H-factor is evaluated by Rebut-Lallia scaling law.
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EDA-ITER (7.75m / 2.8m), H(IP)
He=15%,Be=35%

I, (MA)

EDA-ITER (7.75m / 2.8m), H(RL)
He=15%,Be=35%

(MA)

Contour lines of B-factor and Troyon g in l.-Prys plane

when He=15% and Be=3. 54.
a) H-factor is evaluated by ITERBS power scaling law,

b) E-factor is evaluvated by Rebut-Lallia scaling law.
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EDA-ITER Operation Region
HIP)<2,g<3,He=5%
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EDA-ITER Operation Region
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(peration region for various beryllium fractions in I.-Prus
plane when He=5%, H<?2 and g<3.

a) H-factor is evaluated bv ITERBO power scaling law,

b} H-factor is evaluated by Rebut-Lallia scaling law.
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EDA-ITER Operation Region
H(IP)<2,g<3,He=10%
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EDA-ITER Operation Region
H(RL)<2,g<3,He=10%
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Cperation region for various beryllium fractions in Ip-Peus
nlane when He=10% H<Z and g<3.

a) H factor is evaluated by !TER8S power scaling law,

b) H-factor is evaluated by Rebut-Lallia scaling law.
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EDA-ITER Operation Region
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Fig.2. 30 Operation region for various bervliium fractions in I,-Prus
plane when He=15% H<2 and g<a.
ay H-factor is evaluated by ITER89 power scaling law,
b} H-factor is evaluated by Rebut-Laliia scaling law.
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EDA-ITER Operation Region
H(IP)<2,g<3,Be=1%

1 1
10 15 20 25

I, (MA)

EDA-TITER Operation Region
HRL)<2,g<3,Be=1%

1 1
10 15 20 25
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Operation region for various helium fractions in [,-Prus
piane when Be=1%, H<Z2 and g<3.

a) H-factor is evaluated by ITER8I power scaling iaw,

b) H-factor is evaluated by Rebut-Lallia scaling law.
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Fig.2.32 Contour line plot of H-factor required for the ignition
when 17=25 MA and Peus=1.5 GW {a) or 3 GW (b).
Here, H-factor is evaluated by ITER8% power scaling law.
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Fig. 2. 34 Operation region for the ignition plasma in T.-Ie space
when Prys=0.75 GW and He=10%.
a) H-factor is evaluated by ITERBY power scaling law,
b) H-factor is evaluated by ITERBY offset-linear scaling law,
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Fig. 2. 35 Operation regien for the ignition plasma in T.-Ir space
when Prus=1.5 GW and He=10%
a) H-factor is evaluated by ITER89 power scaling law,
b) H-factor is evaluated by ITER89 offset-linear scaling law,
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Fig. 2. 36 Operation region for the ignition plasma in T.-Ie space
when Prus=3 GW and He=104.
a) H-factor is evaluated by ITERSD power scaling law,
b) H-factor is evaluated by ITERBY offset-linear scaling law,
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Fig. 2.38 Operation region for the ignition plasma in T.-le space
when Ppus:1.5 GW and He=0%.
ay H-factor is evaluated by ITER89 power scaling law,
b) H-factor is evaluated by ITERBY offset-linear scaling law.
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Fig. 2.39 (Operation region for the ignition plasma in T.-l» space
when Prus=3 GW and He=0%
a) H-factor is evaluated by ITERBI power scaling law,
b) K-factor is evaluated by ITER89 offset-linear scaling law.
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Fig. 2.40 Operation region for the ignition plasma in T.-Ie space
when Prus=0.75 GW and He=10%. Here, t= is evaluated by We/Pa .
a) H-factor is evaluated by ITER89 power scaling law,
b) H-factor is evaluated by ITER8S offset-linear scaling law.
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Fig.2.41 Operation region for the ignition plasma in Te-Ie space
when Prus=1.5 OW and He=10%. Here, 7= is evaluated by We/Pa .
a) H-factor is evaluated by ITER8Y power scaling law,
b) H-factor is evaluated by ITER8Y offset-linear scaling law.
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Fig. 2. 42 Operation region for the ignition plasma in Te-1r space
when Prus-3 GW and He=10%. Here, ve is evaluated by We/P, .
a) H-factor is evaluated by [TER89 power scaling law,
b) H-factor is evaluated by ITER89 offset-linear scaling law.
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Fig.2.44 Required H-factor for the ignition plasma as a functioen of
beryllium fraction when Peys=1.5 GW and He=10%.
Here, H-factor is evaluated by ITER89 power scaling law.
Lower graph is the same case as upper one in which
abscissa is rewritten by Zere.
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Fig. 2.45 Required H-factor for the ignition plasma as a function of

carbon fraction when Prys=1.5 GW and He=10%.

Here, H-factor is evaluated by ITERBY power scaling law.
Lower graph is the same case as upper one in which
abscissa is rewritten by Zerrs.
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Fig. 2.46 Required H-factor for the ignition plasma as a function of

beryllium fraction when Prus=1.3 GW and He=204.

Here, H-factor is evaluated by ITERBY power scaling law.
Lower graph is the same case as upper one in which

abscissa is rewritten by Zee:.
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Fig. 2. 47 Required H-factor for the ignition plasma as a function of
carbon fraction when Prus=1.5 GW and He=20%
Here, H-factor is evaluated by ITER8S power scaling law.
Lower graph is the same case as upper one in which
abscissa is rewritten by Zess.

— 104 —



3.0

2.0

H-factor

1.0

0.0

b)
40

30

W,,, (MW/m?)
[y )
[~

Fig. 2. 48

JAERI—M 94—080

— : ; —e—H(IP) §
—0—H{I0)

—a—H(ERL) [
L 1 1 ll 1

0.0 1.0 2.0 3.0 4.0
Carbon (%)

] 1 T ! L

- —e— Wdiv (HK) y

| A ~—C—Wdiv (Itoh) | |
—&— Wdiv (IT60)

1 1 1 1 1 1
0.0 1.0 2.0 3.0 4.0
Carbon (%)
a) H-factors for the ignition plasma as a function of carbon

fraction when Ip=25 MW, Prus=1.5 GW and He=10%.

b) Divertor heat load calculated by 0-D scaling models. HK,
Itoh and JT60 denote Constant-y model, Bohm-type x model
and JT-60U empirical scaling model, respectively. The angle
of the divertor plate to the separatrix field line in the
poloidal cross section is assumed to be 90° .
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Fig.3.2 Operation region in T.-1, space for steady-state plasma of
EDA-ITER for various fusion power Prus. Here, H-factor is
evaluaied by ITER89 power scaling law.
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Fig.3.3 Operation region in T.-1, space for steady-state plasma of
EDA-TTER when a) Peus=500 M¥ and b) Prys=1000 MW.
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Fig. 3.4 Operation region in T.-1, space for steady-state plasma of
CDA-ITER when a) Prys=300 MW and b) Prus=1000 MW.
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EDA-ITER when Prus=500 MW. Here, H-factor is evaluated by
7% for a) ITER89 power scaling and b) ITER8S offset-linear
scaling laws, respectively.
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Fig. 3.6 Operation region in Te-I, space for steady-state plasma of
EDA-ITER when Prus=1000 MW. Here, H-factor is evaluated by
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for a) ITER89 power scaling and b) [TER8Y offset-linear

scaling laws, respectively.
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b) Bootstrap current fraction Iss/l, as a function of Prus.
¢) Plasma current I as a function of Prus.

d) Electron density n. and Troyon coefficient g,
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b) Beotstrap current fraction Iss/I, as a function of Prus.
¢) Plasma current Ip as a function of Prus.

d) Electron densitiy ne and Troyon coefficient g.
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Fig.3.9 Steady-state operation of EDA-ITER when T.=10 keV,

He=5% and He.=2. 0.

a) Achievable fusion gain Q as a function of Prus.
%) Bootstrap current fraction Iss/I, as a function of Prus.
c) Plasma current le as a function of Peus.

dy Electron density ne and Troyon coefficient g.
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Fig.3.10 Steady-state operation of EDA-ITER when T.=10 keV,
He=5% and Hg.=1. 0.
a) Achievable fusion gain Q as a function of Prus.
b) Bootstrap curren! fraction Iss/I» as a function of Prus.
¢) Plasma current I» as a function of Prus.
d) BElectron density n. and Trovon coefficient g.
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Fig.3. 11 Steady-state operaticn of EDA-ITER when 1e=25 MA
and Hz1=1.0 for various helium fractions.
a) Achievable fusion gain @ as a function of Prus.
b) Required current-drive power Pyz: as a function of Prus.
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Fig.3.12 Steady-state operation of EDA-ITER when T.=10 keV
and Her=1.0 for various helium fractions.
a) Achievable fusion gain Q as a function of Peus.
b) Required current-drive power Pys: as a function of Prus.
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Fig.3.13 Steady-state operation of EDA-ITER when I[#=25 MA,
T.::-2.0 and Hzp=1.0 for various helium fractions.
a) Achievable fusion gain Q as a function of Prus.
b) Required current-drive power Pxs: as a function of Prus.
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Fig. 3. 14 Steady-state operation of EDA-ITER when T.=10 keV,
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Zer:=2.0 and Heo=1.0 for various helium fractions.
a) Achievable fusion gain Q as a function of Prus.
b) Reguired current-drive power Pwz: as a function of Prus.

2000



JAERI—M 94—080

PHR (SOFT), Ppys = 1200, Ip = 25 MA

12 T
- | —e—He=3% -
10 | —0—He=10%
- — & He=20% / o
s 8 a ' -
= i
— ™ :' L -
o =
U [ / A
4 -
2
0
0.5 1.0 1.5 2.0 2.5
H-factor (Rebut-Lallia)
b)
PHR (SOFT), Pgys = 1200, Ip = 25 MA
600 I
500 I -—.—He:S%
_ | —O—He=10% i
B 400 —&—He=20%
S -
5 300
- .
200 -1
100 e ;
.
0.5 1.0 1.5 2.0 2.5
H-factor (Lebut-Lallia)
Fig.3.15 Steadv-state operation of EDA-ITER when 1»=25 MA
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helium fractions.

a) Achievable fusion gain Q as a function of H-factor.
b) Required current-drive power Pxsi.
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Fig.3.16 Steady-state operation of EDA-ITER when T.=10 keV
and Prus=1200 MW for various helium fractions.
a) Achievable fusion gain Q as a function of H-factor.
b) Required current-drive power Pxszi.
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Fig. 3. 17 Operation performance of steady-state plasma in high-qy
region for various current-drive power Pns:r. Here,
Gy -5.6, He=14% and Z.,:=2. %
a) Fraction of the bootstrap current,
b) Required H-factor evaluated by ITER89 power scaling law.
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Fig.3.18 Operation performance of steady-state plasma in high-qg

region for various current-drive power Pxsi. Here,
Gy =5.6, He=10% and Zere=1. 5.
a) Fraction of the bootstrap current,

b) Trovon coefficient g,

¢) Required H-factor evaluated by ITER89 power scaling law,
d) Required H-factor evaluated by Rebut-Lallia scaling law.
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Fig.3.18 (Continued)
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Fig.3.19 Operation performance of steady-state plasma in high-qgq

region as a function of helium accumulation rate.

Gy =9.6 and Pxs:i=60 MW.

a) Fraction of the bootstrap current,
b) Required H-factor evaluated by ITER89 power scaling law.
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Fig. 3.21 Steady-state operation of EDA-ITER when Hie=3, Zor:=1.90
and Prus=500 MW
a) Achievable fusion gain Q, qy and Ises/Ie as funcfions of
the available current-drive power Pwai.
h) Divertor heat load calculated by 0-D scaling models.
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Fig.3. 22 Steady-state operation of EDA-ITER when Hyp=3, Zerr=1.95
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a) Achievable fusion gain Q, gy and Iss/Ir as functions of
the available current-drive power Pxmi.
b) Divertor heat load calculated by 0-D scaling models.
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Fig. 3,23 Steady-state operation of EDA-ITER when Hie=3, Zer:=1.85
and Prus=1000 MW.
a) Achievable fusion gain §, gy and Iss/Is as functions of
the avaifable current-drive power Pxsi.
b) Divertor heat load calculated by 0-D scaling models.
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Fig. 3.24 Steady-state operation of EDA-ITER when Hip=3, Zer¢=17

and Prus=500 MW.

a) Achievable fusion gain § as functions of the electron
temperature T..

b) Required current drive power Pwar.

c) Troyon g d) qy, €) lss/le and f) n..

g) Divertor heat load (Constant x model) Wa:o™ .

h) Divertor heat load (JT-60U model) Wesvo?™°°.
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Fig.3.24 (Continued)

- 135 —



JAERI—M 94—080

EDA-ITER, Steady-state, H = 3, Z = 1.7
PFUS = 500 MW

1.0 e
0.8 | b
= 0.6
P
= 0.4
0.2
6 8 10 12 14 16 18 20 22
Te (keV)
EDA-ITER, Steady-state, H = 3, Z, = 1.7
Poys = 500 MW
3'0_ T~ T T T 7 Y T
D3 S NN N N S A S S E
D 3 S WU T W N N
£ 1.5F... - ) ; L
P L
= C
0.5
00 b i

6 3 10 12 14 16 18 20 22
Te (keV)

Fig.3.24 (Continued)

— 136 —



g)

h)

Wdiv <HK> (MWImZ)

W, <JT60> (MW/m2)

JAERI—M 94—080

EDA-ITER, Steady-state, H = 3, Z, = 1.7

30.0 LANNS B SN SN SR B (N BN BN B T
5.0f
0.0 Fo o v b o i
6 8 10 12 14 16 18 20 22
Te (keV)
EDA-ITER, Steady-state, H = 3, Z, = 1.7
P = 500 MW
30,0 e e
25.0 |
b
2000 i
15.0 f
10.0 ¢ :
5.0
0.0 :. i i [ | I . s l N
S 3 8 10 12 14 16 18 20 22
Te (keV)

Fig. 3.24 (Continued)

— 137 —



b)

JAERI—M 94—080

EDA-ITER, Steady-state, H = 3, Z, = 1.95
PFUS = 500 MW "

8.0 ———+—17— . .
: % T T
% VN SRS NSRSV — —— : : .
T iy By Y
6.0 [ . ; I E -
o 40 ‘/ P S ¥
. He = 20 %
3.0 / S
2.0}
1.0 F - o
0.0 e T N S
6 8 10 12 14 16 18 20 22
Te (keV)
EDA-ITER, Steady-state, H = 3, Z,r = 1.95
P = 500 MW
2000 e
160.
= 120.
=
£ g0.
=
44,
0.0 [ i i i | L i i ]
6 8 10 12 14 16 18 20 22
Te (keV)

Fig.3.25 Steady-state operation of EDA-ITER when Hiz=3, Zer:=l 95
and Prys=500 MW,
a) Achievable fusion gain Q as functions of the electron

temperature Te.

b) Required current drive power Pwm:.
¢) Troyon g d) ay, € Iss/Ip and f) ne.
g} Divertor heat load (Constant x model) Wass
h) Divertor heat load (JT-60U model) Wasv'™%%
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Fig,3.26 Steadv-state operation of EDA-1TER when Hip=3, Ze¢:=1.7

and Prus=1000 MW,

a) Achievable fusion gain @ as functions of the electron
temperature Ta.

b) Required current drive power Pus:.

¢) Troven g d) Qy, €) Iss/Ie and f) n..

g) Divertor heat load (Constant x model) Waiv™ .

h) Divertor heat load (JT-60U model) Waio'™*°.
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Fig. 3. 27 Steady-state operation of EDA-ITER when Hye=3, Zere=1.95

and Prus=1000 MW,

a) Achievabie fusion gain Q as functions of the electron

temperature Te

b) Required current drive power Pwsi.

¢) Trovon g, d) qy, e) Iss/Ie and ) n..

g) Divertor heat load {Constant x model) Weiv"™.

n) Divertor heat load (JT-60U model) We:.'T%%
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Fig.3.28 Steady-state operation region for the plasma with different
miner radius when Prus=750 MW
a) Re=7.8 m and ar=2.8m, b) Re=7.8 m and a,=2.0 m.
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Fig.4.1 Plasma operation parameter contour (POPCON) plot of
EDA-ITER when H=1.8 and Z.r,=1.3 (He=10%, C=1%).

Solid lines and dashed lines denote the required heating

power and the growth time of the thermal instability,
respectively. Here, ITER89 power scaling law is used.
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Fig.4.2 Time development of electron temperature Te and fusion
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power Prys for the reference operation point of EDA-ITER.

Here, the electron density is assumed to be constant.
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