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ABSTRACT

A 0D analysis of the performances of the FIRE and ITER-FEAT projects is presented. The two
projects are compared with the same rules for the density and temperature profiles, impurity contents
and T^JTE constraint, using three different scaling laws for the energy confinement time: IPB98(y),
IPB98(y,l) and IPB98(y,2).

With IPB98(y) scaling and FIRE rules for the profiles and impurity contents, the Q = 10 nominal
operating point of the FIRE project is reproduced. With the same assumptions, the ITER-FEAT project
is shown to operate at Q = 50.

Using IPB98(y,l) scaling and FIRE rules for profiles and impurity contents, the maximum Q for
FIRE is reduced to Q = 7.5 while an operating point at Q = 50 is still found for ITER-FEAT

Using EPB98(y,2) scaling and FIRE rules, the maximum Q for FIRE is reduced to Q = 4.3 while it
is reduced to Q = 17 in ITER-FEAT

At last, using IPB98(y,2) scaling and ITER-FEAT rules for profiles and impurity contents, the nom-
inal operating point at Q = 10 of ITER-FEAT is reproduced while the maximum Q in FIRE is reduced
to Q = 2.8.



1 Introduction

Figure 1: Comparison of FIRE poloidal section with our modeling of the separatrix (in red).

1 Introduction

As different projects for the next step are proposed with nominal plasmas operating at Q = 10, it is
interesting to try to reproduce the performances of these machines and to compare these performances
when the same rules for the profiles, impurity contents, T^JTE constraint and the same law for the energy
confinement time scaling are used.

In the present report, we compare the FIRE project as described in [1] and the ITER-FEAT project
as described in [2].

MKSA units are used in the formulas.

2 Parameters of the projects and modeling assumptions

2.1 Geometry, magnetic field, safety factor

2.1.1 FIRE

The following geometrical parameters are assumed for FIRE

R = 2 m, a = 0.525 m, rc95 = 1.77, S95 = 0.40

In the HELIOS code, the separatrix is represented by four portions of ellipse, parabola or hyperbola
calculated from the measurement on the poloidal cross-section of upper and lower elongations and tri-
angularities as well as upper and lower angles at the X-points. Comparison of the FERE poloidal cross
section with the model is represented in Fig. 1.

The toroidal magnetic field on the plasma geometrical axis and the total current are taken to be:

Bt = 10 T, Ip = 6.44 MA

The above data result in the following parameters calculated in the frame of our model

A ~ 3.81, Sp ~ 1.57 m2, V ~ 19.1 m3, S ~ 61.1 m2, rc0 ~ 1.81, ^ 9 5 ~ 3.02



2.2 Profiles, impurities

Figure 2: Comparison of ITER-FEAT poloidal section with our modeling of the separatrix (in red).

where [2]:
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2.1.2 ITER-FEAT

The comparison of ITER-FEAT poloidal cross-section with our modeling is shown in Fig. 2.
The following parameters are assumed for ITER-FEAT:

R = 6.20 m, a = 2.00 m, «95 = 1.70, 695 = 0.35

Bt = 5.3 T, Jp = 15.0 MA

The above data result in the following parameters

A = 3.1, Sp ~ 21.8 m2, V ~ 827 m3, 5 ~ 684 m2, na ~ 1.74,

2.2 Profiles, impurities

The profiles are supposed to be of the generalized parabolic form, i.e.

~ 3.03

(1)

The impurity fraction / j m p = nimp/n (where n is the electron density) is supposed to be constant.
Only Be and Ar (seeded impurity) are taken into account in the present report.

The He fraction is calculated self-consistently supposing

THJTE = 5

where r^ e (apparent Helium confinement time) is the ratio of the total number of He ions present in the
discharge to the He source due to fusion reactions.



2.3 Confinement time scaling laws

2.2.1 FIRE rules

The assumptions made for FIRE [1] are as follows

an = 0.5, aT = 1, JBe = 3%, fAr = 0

These assumptions for profiles and impurity contents will be referred to as "FIRE rules" in the con-
tinuation of the report.

2.2.2 ITER-FEAT rules

The assumptions made for ITER-FEAT [2] are as follows

an = 0.01, fBe = 2%, fAr = 0-12%

The temperature peaking parameter OCT is calculated to reproduce the correct fusion power at the
nominal operating point of ITER-FEAT (Table 1.2.3.1-1 of [2]). We obtain

aT ^ 1.05

The above value of ar is a modeling of both the relatively peaked temperature profiles shown in
Fig. 1.2.3.1-1 of [2] (which would be represented by ar — 2.2) and the flattening due to saw-teeth.

The above assumptions for profiles and impurity contents will be referred to as "ITER-FEAT rules"
in the continuation of the report.

2.3 Confinement time scaling laws

The HELIOS code solves the thermal equilibrium expressed here in the following form

Pa((n), (T)n) + ^ W W . r o j = P f l ( ( n ) , (T)n) + Ps{{n) f {T)n)
TE (\n/ > -"net,/

where

with the constraint T^JTE = Cte. Here {n) is the volume averaged electron density and (T)n the
density averaged electron temperature.

The three following scalings for TE will be considered in the present report [3]

TE;IPB98(y) = 3.65 X l O " 1 1 8 3 <* A P K ' ,3 *
Miet

n q9 M°ff
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r fio v i n -11 .23 Meff Ka lp \n) at H a
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where KX is the up-down averaged value of b/a and Ka is defined in Eq. (1).
The first scaling, IPB98(y) has been derived using the 1398 points of ITERH.DB3 ELMy H-mode

data base including discharges from 11 tokamaks. The RMSE is 15.8%. This scaling is used in the FIRE
report [1].

The second one, IPB98(y,l) is derived using exactly the same database but changing the definition of
the elongation to represent the good confinement obtained in the bean shape discharges of PBX-M. The
main effects are a strong change in the aspect ratio exponent, an improvement of the RMSE which goes
to 15.3% but a very small effect on the extrapolated TE to ITER-FDR.

The third one, IPB98(y,2) is derived using the 1310 points of ITERH.DB2.8 ELMy H-mode base
where the ohmic and ECRH H-mode discharges from COMPASS-D (17) and TCV (11) have been re-
moved as well as 60 ICRH discharges from JET. The main effects are a strong improvement of the
RMSE which decreases to 14.5% and a strong (18%) diminution of the confinement time extrapolated to
ITER-FDR. This latter conservative scaling is the reference one for ITER-FEAT design [2].

In the present study, we take Meff — 2.5.



2.4 H-L power threshold

#H-IPB98(y)
THe/TE
Pfus (MW)

Q
(Te)n (keV)
(ne) (102U m- a)
TE(S)

/He (%)

Zeff

Wtfc (MW)

This report
1
5
220
10
8.40
4.42
0.576
2.67
1.41
32.1
2.29 (thermal)

FBRE[1]
1.04
5
223
10.16
8.2
4.5
0.57
2.6
1.41
32.18
2.54 (total)

Table 1: Comparison of FIRE results for the Q = 10 nominal operating point with our calculation for
IPB98(y) scaling and T*HJTE = 5, an = 0.5, aT = 1, fBe = 3%, fAr = 0.

2.4 H-L power threshold

For the H-L power threshold, we take the ITER-FEAT expression for the L-H transition assuming no
hysteresis (as observed in JET):

PH-L(FEAT) = 2.84 x 10~5-6 ( n ) 0 5 1.00,,0.81 A/T~ 1
a ±eS

2.5 Other assumptions

• The synchrotron losses Ps are calculated using the Fidone-Meyer fit [4] with a reflection coeffi-
cient on the walls r = 0.7.

• We consider the following modified multi-machine expression for the power radiated in the plasma
mantle (edge plasma inside the separatrix):

1 0 - 3 3

rad-mantle —
—\1.95

5.6
(n)

£0.19

where S is the plasma surface, Zr is the atomic number of the radiative impurity (Argon here), and
Z*g is the effective atomic number taking into account the radiative impurity only

z;n = I + frzT (zr -1)

• Finally, the electron temperature is taken equal to the ion temperature for the FIRE project while
it is supposed to be approximately 10% higher than the ion temperature in ITER-FEAT (Table
1.2.3.1-1 in [2])

^f = 1 in FIRE; — = — in ITER-FEAT
M Ti 8.1

3 Results for inductive mode of operation in FIRE and ITER-FEAT

3.1 IPB98(y) scaling and FIRE rules

3.1.1 FIRE project

Taking T^/TE — 5 and FIRE rules for profiles and impurity contents, we can plot the Q contours
for the FIRE machine in Fig. 3.

The nominal operating point at Q = 10 and Pfus = 220 MW is very close to the one calculated in
[1] as shown in Table 1. In particular the Helium fraction calculated to achieve T*HJTE = 5 is identical.

The fne contours are plotted in Fig. 4. We see that for T^JTE = 5, the Helium fraction varies from
1.5% to 2.7% in the useful part (blank) of the (n,T) space.



3.1 EPB98(y) scaling and FIRE rules

Figure 3: Q contours in FIRE with IPB98(y) scaling and T*HJTE = 5, an = 0.5,
I AT = 0.

= 1, /Be = Vo,
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Figure 4: fHe contours in FIRE with IPB98(y) scaling and T*HJTE = 5, an = 0.5, aT = 1, fBe = 3%,
fAr = 0.



3.2 IPB98(y,l) scaling and FIRE rules

16
x10

14 •

1 2 •

to-

A
C
V

8 :

2 •

1

Greenwaid

0 3

•

\ \ \ \ \

Q=10

\\

(keV)
10 15

Figure 5: Q contours in ITER-FEAT with IPB98(y) scaling and T^S/TE = 5, an = 0.5, aT = 1,
he = 3%, fAr = 0.

3.1.2 ITER-FEAT project

The Q contours for T*HJTE = 5 and FIRE rules for profiles and impurity contents are plotted in
Fig. 5.

Considering that the operating space with good confinement is limited by

• a density approximately 80% of the Greenwaid density,

• a power crossing the separatrix approximately twice the L-H power threshold,

we see that we have an operating point in ITER-FEAT at Q = 50 and Pfus = 500 MW.
The fjje contours are plotted in Fig. 6 showing a Helium fraction in the range 4.5% to 6% for

THelTE = 5.

3.2 IPB98(y,l) scaling and FIRE rules

3.2.1 FIRE project

The Q contours for T^JTE = 5 and FIRE rules are plotted in Fig. 7. We see that the maximum
amplification factor with this scaling is reduced to Q = 7.5.

3.2.2 ITER-FEAT project

The Q contours for T^JTE = 5 and FIRE rules are plotted in Fig. 8. We see that an operating point
at Q = 50 still exists in this machine with this scaling. This feature is similar to the conclusion of [2] on
the insensitivity of ITER-FDR TE projections when using either EPB98(y) or IPB98(y)l).



3.2 DPB98(y,l) scaling and FERE rules

Figure 6: fHe contours in ITER-FEAT with IPB98(y) scaling and T&JTE = 5, an = 0.5, aT = 1,
fBe = 3%, fAr = 0.

Figure 7: Q contours in FERE with EPB98(y,l) scaling and T*HJTE = 5, an = 0.5, aT = 1, /jse = 3%,
fAr = 0.



3.3 EPB98(y,2) scaling and FIRE rules

<T> (keV)

Figure 8: Q contours in ITER-FEAT with IPB98(y,l) scaling and T^JTE = 5, an = 0.5, aT — 1,
fBe = 3%, JAr = 0.

3.3 IPB98(y,2) scaling and FIRE rules

3.3.1 FIRE project

The Q contours for T^/TE = 5 and FIRE rules are plotted in Fig. 9. We see that the maximum
amplification factor is now Q = 4.3.

3.3.2 ITER-FEAT project

The Q contours for T^JTE = 5 and FIRE rules are plotted in Fig. 10. According to the observations
of [3], this scaling has a strong effect on ITER-FEAT performances, reducing the maximum amplification
factor to Q = 17 with the above assumptions.

3.4 IPB98(y,2) scaling and ITER-FEAT rules

Now, we turn to the ITER-FEAT nominal assumptions for profiles and impurity contents described
in paragraph 2.2.2 above.

3.4.1 FIRE project

The Q contours for T^JTE = 5 and ITER-FEAT rules are plotted in Fig. 11. Now the maximum
amplification factor is Q = 2.8.

The corresponding / # e contours are plotted in Fig. 12. We see that the Helium fraction in the useful
part of the graph is reduced to the range 0.9-1.2%.



3.4 IPB98(y,2) scaling and ITER-FEAT rules 10

Figure 9: Q contours in FIRE with EPB98(y,2) scaling and an = 0.5, aT = 1, / s e = 3%, ./Ur = 0.

Figure 10: Q contours in ITER-FEAT with IPB98(y,2) scaling and T^JTE = 5, an = 0.5, aT = 1,
/ s e = 3%, / a r = 0.
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Figure 11: Q contours in FIRE with EPB98(y,2) scaling and T*HJTE = 5, an = 0.01, aT = 1.05,
fBe = 2%, JAr = 0-12%.

Figure 12: fHe contours in FIRE with IPB98(y,2) scaling and T*BJTE = 5, an = 0.01, aT = 1.05,
fBe = 2%, fAr = 0.12%.



4 Conclusion 12

Figure 13: Q contours in ITER-FEAT with IPB98(y,2) scaling and T^JTE = 5, an = 0.01, aT = 1.05,
fBe = 2%, !AV = 0.12%.

3.4.2 ITER-FEAT project

The Q contours for T^JTE = 5 and ITER-FEAT rules are plotted in Fig. 13. The nominal operating
point of ITER-FEAT at Q = 10 and Pfus = 410 MW is reproduced.

The corresponding / # e contours are plotted in Fig. 14 giving / # e ~ 3.07 for the nominal operating
point.

4 Conclusion

The above study shows the great sensitivity of next step tokamaks performances when expressed
in terms of the plasma amplification factor Q. This property has been illustrated comparing FIRE and
ITER-FEAT performances with different assumptions for the density and temperature profiles, impurity
contents and energy confinement time scaling laws.

• Using EPB98(y) scaling law and FIRE assumptions for profiles and impurity contents, the Q = 10
nominal operating point of FIRE is reproduced. With the same assumptions, ITER-FEAT is able
to work at Q = 50.

• Using IPB98(y,l) scaling law and FIRE rules, the FIRE performance is reduced to Q = 7.5 while
the ITER-FEAT performance is unchanged.

• Using IPB98(y,2) scaling has a negative effect of both FIRE and ITER-FEAT performances which
go to Q = 4.5 and Q = 17 respectively when using FIRE rules.

• Using IPB98(y,2) scaling and ITER-FEAT rules for profiles and impurity contents still worsens the
performances which decrease to Q = 2.8 for FIRE and to the nominal Q = 10 for ITER-FEAT.
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Figure 14: fHe contours in ITER-FEAT with IPB98(y,2) scaling and T^JTE = 5, an = 0.01, aT =

In summary, nominal operating points at Q = 10 are reproduced both for FIRE and ITER-FEAT
but using different assumptions on the energy confinement time scaling, profiles and impurity contents.
When the same rules are adopted to compare the performances of the two projects, ITER-FEAT appear
to have systematically better thermonuclear performance than FIRE.

It should also be stressed that using conservative assumptions (ITER-FEAT rules) results in obtain-
ing Q values in FIRE below 5, which means that the main goal of the project of getting plasmas with
dominant alpha heating could be missed.
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