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Abstract. The values of Q=(fusion power)/(auxiliary heating power) predicted for ITER by three different
methods, i.e., transport model based on empirical confinement scaling, dimensionless scaling technique, and
theory-based transport models are compared. The energy confinement time given by the ITERH-98(y,2) scaling for
an inductive scenario with plasma current of 15 MA and plasma density 15% below the Greenwald value is 3.6 s
with one technical standard deviation of +£14%. These data are translated into a Q interval of [7 - 13] at the
auxiliary heating power P, = 40 MW and [7 — 28] at the minimum heating power satisfying a good confinement
ELMy H-mode. Predictions of dimensionless scalings and theory-based transport models such as Weiland, MMM
and IFS/PPPL overlap with the empirical scaling predictions within the margins of uncertainty.

1. Introduction

Predictions of the plasma performance in reactor scale devices are based largely on empirical
global confinement scalings while two other possible approaches, i.e. the dimensionless scaling
analysis and application of theory-based transport models are used for comparison, as discussed
in connection with the ITER-98 design in Ref. [1]. In this paper we compare the performance of
inductively driven plasmas predicted by the three approaches for ITER-FEAT taking into
account recent progress in these areas.

2. Empirical Scaling Approach

A recent analysis of the enlarged global confinement database (ITERH.DB3) has confirmed the
practical reliability of the ITER reference scaling for the thermal energy confinement [1],

’CE,H98(y,2) =0.0562 IO'%BO'15ﬁ?§41P_0'69R1'97K2'7880'58M0'19, (1)

and one technical standard deviation was reduced from +18 to £14% leading to a 95% log non-
linear interval estimate of +28% [2]. The scaling (1) satisfies the Kadomtsev constraint and is
expressed in non-dimensional variables as Btg nog(y,2) * E* B (v¥)*q, where p* = pi/a,
piis the toroidal ion Larmor radius, f is the normalised plasma pressure and v* is the
normalised collisionality [1]. The point prediction for the thermal energy confinement time in
ITER is t¢ = 3.6 s at the following reference parameters: plasma current I = 15 MA, toroidal
magnetic field B = 5.3 T, electron density (in 10" m™) n,=10.1 =0.85n¢ (ng = I/(ra’) is the
Greenwald density), net heating power P = 87 MW, major plasma radius R = 6.2 m, k,
=V/(2n’Ra’) = 1.7 with V being the plasma volume, ¢ =a/R = 0.32 and average hydrogenic
atomic mass M = 2.5 [3]. Fig. 1 shows results obtained with 1.5D transport code ASTRA [4]
using the scaling (1) for normalisation of the ion and electron thermal diffusivities. The fusion
power Pgs and Q = Pg/Payx (Paux 1S the auxiliary heating power) are plotted versus the
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confinement enhancement factor Huos(y,2) = Te/TE Hos(y,2) for the ITER inductive operating
regime with the above reference parameters. The data shown satisfy the condition

P, = 1.3xP = 1.3x0.75 11} "B"*Ra®™* "M~ (MW, 10" m™, T, m, amu)
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where Py, is the power flow through the separatrix and Pr.y
is the power threshold for the L to H mode transition [5]. A
30% margin in Py, is assumed to be required for obtaining a
good confinement ELMy H-mode. While 2% of Be and
1.2% of C ions are assumed to be present in the plasma, the
He content is calculated selfconsistently assuming tpe*/tg =
5 where tye* = tue/(1-Rue), The 1S the intrinsic particle
confinement time for He nuclei, and Ry, is the effective He
recycling coefficient. At P,x =40 MW, Q increases with

Higx(y,z)
Hhros(y,2) satisfying Eq. (2) is =0.83 giving Q = 5.8. Because
of the negative dependence of T on the net heating power, P
= Pr = P, +Paux—Pradefr, in the scaling (1) applied to ITER, Q
increases with reducing P, and the maximum Q is
achieved at the lowest P,,x compatible with Eq. (2), i.e., at P
= 1.3PL.y. Here, P, is the a-particle heating power and
Praaefr 1 the effective radiation power loss from the plasma
core. Qmax 1S a stronger function of Hpog(y,2) (compared to Q
at Pax = 40 MW) with the exponent Ey of about 5 in the
vicinity of HHgg(y,z) = 1. The interval [0.87, 1.15] of HHgg(y,z)
associated with one standard deviation, and the log non-
linear interval [0.76, 1.32] translate into Qmax intervals of [7,
28] and [3.5, >80], and Q intervals at P,y = 40 MW of [7,
13] and [3.5, 18], respectively. The sensitivity of Q to other

Hrog(y,2) as with Eg = 3, and the minimum value of

parameters of interest expressed in terms of the exponent &,
different He content predicted in the relation Q « Y~ (Y denotes parameters I, n, ...) in
by 1/2D ITINT1.54S code [2]. the vicinity of the reference operating point is as follows:
Er = 3.4 for the plasma current at B = const and <n.>/ng = const; E, = 1.6 for the plasma density
at I = const; and Epr= 2.2 (Epr = 6 at P = P, + Py = const) for the DT ion fraction fpr varying
with Ty */tg ratio. The log non-linear interval for Huog(y 2) is assumed to cover uncertainties in
the ITER performance predictions with the limitations of the power law form of the scaling (1)
and with effects of parameters not included in this scaling explicitly, such as the density peaking
factor <n.>/npeq (Npeq 18 the density at the top of the edge pedestal), closeness to the density limit
characterised by the ratio <n.>/ng, and the plasma triangularity 6. Correction to the scaling (1)
i.e. an ancillary scaling of Hpuog(y,2) factor, based on JET only data was suggested in [6] and for
the ITERH.DB3v10 database in [2]. For ITER with 8 = 0.5 and <n.>/ng = 0.85, this correction
gives Huog(y.2) = 1.03 at a moderately peaked density with ny./<n>=0.71 as observed in present
day experiments [7] and can be expected in ITER at a proper combination of gas puffing and
pellet fuelling [8]. The most unfavourable value here, Huosg(y,2) = 0.82, is predicted for ITER
plasma with npes/<n> = 1, which is slightly outside one technical standard deviation but well
inside the log non-linear interval. The offset non-linear two-term scaling suggested in [9] and
the analysis in [2] predict relatively low tg (Hmos(y,2) = 0.8) while the two-term scalings in [10],
e.g., the thermal conduction model and the MHD model, predict Hpog(y,2) very close to 1
although with strongly different relative contributions from the core and pedestal terms.

FIG. 2. Qpx versus Hyosgy, 2) at

Above data correspond to moderately conservative assumptions used in the ITER project
documentation [3]. Recently, a possibility of reducing the ratio of ty.*/tg has been suggested in
B2/Eirene code simulations as a result of account of the He elastic collisions [11]. Experimental
verification is worthwhile. Fig. 2 illustrates the importance of reducing He contents for
maximising Q. One can see that reduction of fy. from 3.2% (the reference case) to 1.6%
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increases Qmax to 20 at Huog(y,2) = 1 and the margin in Hpog(y,2) for achieving Qmax = 10 to
approximately 0.1. These data are based on the premise that Py, should be at least 45 MW to
remain in the ELMy H-mode [2].

3. Dimensionless Scaling Approach

The dimensionless scaling approach is based on the Kadomtsev’s principle suggesting that
confinement scalings can be expressed in a non-dimensional form as [1]

Bt, = (p*) "“"'F(B,v*,q,R/a,K,9,...), 3)
where o, = 0 and 1 correspond to Bohm and gyroBohm scaling, respectively. Parameter o was
measured in a number of tokamaks and found to be close to 1 in low-q (~3-4) ELMy H-mode
discharges. In particular, o, = 1.15 was obtained in DIII-D [12] and a,, = 0.7 in JET [13]. Note
that the latter value coincides with that in the dimensionless form of scaling (1). Eq. (3) permits
the scaling of the product Bt from present day machines to larger devices by decreasing p*
while keeping other non-dimensional parameters fixed. The values of Btg extrapolated to ITER
from JET pulse #42983 [14] (by a factor of 2.25 in p=*) are 25.1 at o, = 1.15 and 17.4 at o, =
0.7. Extrapolated values of Wy, (thermal plasma energy) and Py, are 293 MJ and 335 MW
resulting in Q of 13 and 6 for a, of 1.15 and 0.7, respectively. Although this pulse looks as a
relevant one, a number of its dimensionless parameters, i.e., 8 = 0.23, fnm = 1.46 and
presumably the toroidal Mach number deviate significantly from ITER. Therefore, discharges
with a better match to the dimensionless ITER parameters are needed to improve the accuracy
of this method. According to the similarity scaling experiments, the dependence of Btg on f is
very weak, i.e., Btg o f** in DIII-D [12] and Btg o« $7% in JET [13], in a clear contradiction
to the dimensionless form of the global confinement scaling. The origin of this discrepancy is
not yet understood.

4. Theory-Based Model Predictions

In this section, the values of Q and Py predicted for ITER by three theory-based transport
models, i.e., Multi-Mode (MMM) [15], Weiland [16] and IFS/PPPL [17], are compared. All
three models utilise transport driven by the drift wave turbulence although detailed treatment of
the physics of microinstabilities is somewhat different. The IFS/PPPL model and the related,
more complete GLF23 model [18], are based on non-linear gyro-fluid turbulence simulations
for the amplitude of the ITG (ion-temperature-gradient) mode together with linear gyro-kinetic
computations for the threshold of this mode. Transport obtained in this way is higher than that
predicted by the more advanced non-linear gyro-kinetic turbulence simulations [19], and GLF23
tends to underpredict experimental thermal energy at higher edge temperatures for ASDEX
Upgrade [20]. The Weiland reactive drift model, which provides the ITG/TEM (trapped
electron mode) part of MMM, comes close to agreeing with the results of the non-linear gyro-
kinetic simulations [19]. In addition, electromagnetic effects in the Weiland model have been
developed to treat finite beta effects. The MMM model also includes transport due to resistive
and kinetic ballooning modes and neoclassical transport. Fig. 3 shows the values of Q versus
Tpea predicted for ITER by the Weiland [21] and MM models (Tpeq is the ion temperature at the
top of the edge pedestal). According to these simulations ITER will need Teq = 2.3-3.9 keV to
obtain Q = 10 at [ = 15 MA and P,,x = 40 MW. The horizontal bars at the bottom of the figure
show approximate ranges of T.q predicted for ITER by different pedestal scalings [7, 10, 22,
23] assuming nyeq = 0.7<n> [7]. One can see that the scatter in predicted Tjeq is very large.

To evaluate the uncertainties in the theory-based model predictions for ITER we run the models
at the same input parameters using the 1.5D transport code ASTRA [4]. The following
simplified approach [24] was employed in the simulations. In the transport models, only
diagonal terms of the turbulent transport matrix were retained. Heat diffusivities for electrons
and ions were taken directly from the transport models while the particle flux was taken as
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FIG.3. Q versus Tpeq given by the  FIG. 4. Py versus T,.q predicted FIG. 5. Radial profiles of T;, T,
MM and Weiland models. for ITER by the ‘reduced’ MM, and n., predicted by Multi-
Dashed line shows value of Q IFS/PPPL and GLF23 models Mode model at T,q = 2.74 keV
compatible with Py, = 1.3xP;.y.  incorporated into the ASTRA (solid curves) and by the model
The horizontal bars at the bottom  code [24]. I = 15 MA,, <n,>/ng based on the empirical scaling
show the ranges of T,eq predicted = 0.85, P,,. = 40 MW (solid (1) (dashed curves) for ITER
by edge pedestal models (a) and curves) and P, = 0 (dashed with I = 15 MA, <n,>/ng =
(b) [10], (c) [7], (d) [22], and (e)  curves). fpr = 0.94 was fixed in 0.84 and P, = 40 MW.

[23]. these simulations.

I' = v™n,— (D."*+D.")Vn, with D" and v"*° being the neoclassical diffusion coefficient and
the pinch velocity, respectively. The anomalous diffusion coefficient is taken as D,*" =
0.2(x.""+x;™).Fig. 4 compares the ITER fusion powers predicted by ASTRA simulations using
the ‘reduced’ Multi-Mode, IFS/PPPL and GLF23 models. One can see that the IFS/PPPL and
GLF23 models predict significantly lower Pg at given Tpeq and require higher Teq for obtaining
Q = 10 compared to the Multi-Mode model. Py increases with Tpeq as Prus o (Tpea)” with vy
~1.25 and =2 for Multi-Mode and IFS/PPPL models, respectively. All these models predict a
possibility of reaching ignition in ITER, i.e. plasma sustained by a-particle heating only (Pau=
0) at sufficiently high Tyeq = 4.5 — 6 keV (dashed curves in Fig. 4).

Fig. 5 shows Tj, Te and n. profiles in ITER at Q = 10 predicted by the original Multi-Mode
model with Tpea(r/a = 1.0) = 2.74 keV, i.e., Tped(r/a = 0.95) = 3.6 keV, given by the pedestal
model based on magnetic and flow shear stabilisation (solid curves) [7]. Also shown are plasma
profiles obtained in ASTRA simulations using the scaling (1) [25] (dashed curves). The same
major input parameters, [ = 15 MA, <n.>/ng = 0.85 and P,x = 40 MW, and the averaged
impurity concentration of 2% Be and 0.12% Ar were used in both simulations. The central
value of Zr (=1.44) in MMM case was 19% smaller compared to simulations with scaling (1)
resulting in higher central DT ion fraction. This explains the similar fusion powers (423 and 410
MW) obtained in these simulations although the central ion temperature obtained in MMM
simulation is smaller.

Fig. 6 shows Q versus <n>/ng for three cases R
assuming npeq = 0.7<n.>. The original (‘full’) MMM LR e I
[7] and ‘reduced’ MMM [24] results are obtained -

using two different pedestal models described in Ref. Q
[7] and Ref. [10], respectively. Both curves 10 1
demonstrate a similar, relatively weak dependence of s | e

Q on plasma density in the <n.>/ng range of 0.6 — 1,

although with Q values diverging by a factor of 2. The %% 04 o6 o8 1 1.
dependence of Q on <n.>/ng based on the ITERH- ning

98P(y,2) scaling is stronger, and Q values at <n>/ng  £1G. 6. O versus <n.>/ng predicted for
ratio of 0.7 - 0.9 are close to those given by the full ﬁ%R AIZ[ydthe 05’?’”“1, h‘”’d ij_"luced
MMM. All available scalings for the edge pedestal CZZ?};gSO firm; ej § Av}};i) ?hvswnlffz .esr eth
show increase in Tpeq with the plasma current, Toed  dependerce on <n,>/ng based on

o [" with y in the range of 0.6 [23] to 2 [7, 22]. ITERH-98P(y,2) confinement scaling.
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A scan with the plasma current at Tpeq = const and <n.>/ng = const gives Q o I with & =23
for the Multi-Mode model that is turned to & = 3.0 - 4.8 taking account of the above Tpeq
scalings with I. Note that E; = 3.4 given by the scaling (1) is within this range.

5. Summary

The possibility of achieving high Q (=10) in ITER predicted by the transport model based on
the ITERH-98P(y,2) confinement scaling is reasonably well confirmed by the dimensionless
scaling analysis and theory-based transport modelling. Reduction of He concentration predicted
by the B2/Eirene code, if realized, will significantly increase the operational window for Q =
10. Dimensionless scaling projection from the JET pulse #42983 to the ITER reference
inductive regime gives Q = 6 - 13 that is close to predictions based on the global confinement
scaling. According to the Multi-Mode, Weiland and IFS/PPPL theory-based transport models,
the pedestal temperature Tpeq at r/a = 0.95 required for achieving Q = 10 in ITER is 3.6-5.5 keV.
These values of Tyeq are within the presently large possibility range of Tpeq projections. A more
accurate model of the edge pedestal and its self-consistent coupling to the core plasma are
required. Further elaboration and testing of theory-based transport models is needed in order to
select the most reliable one for the accurate prediction of ITER performance.
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