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ABSTRACT. The design of future tokamaks, which are supposed to reach ignition with
the H-mode, requires a reliable scaling expression for the H-mode energy confinement time. In the
present work, an H-mode scaling expression for the thermal plasma energy confinement time has been
developed by combining data from four ezisting divertor tokamaks, ASDEX, DIII-D, JET and PBX-M.
The plasma conditions, which were as similar as possible to ensure a coherent set of data, were ELM-
free deuterium discharges heated by deuterium neutral beam injection. By combining four tokamaks, the
parametric dependence of the thermal energy confinement on the main plasma parameters, including
the three main geometrical variables, was determined. Assuming a power law dependence, one obiains
for the H-mode in deuterium by linear regression:

Teh = 0.066 I%).lli:O.O‘i PEO.51i0.03 Rl.TSiU.OB a—0.30:l:0.07 l,‘:0.18:1:0.09 B%.IS:ED.O?_

The densily dependence is found 1o be close to zero. This ezpression is compared with the ezisting
scaling relations and the differences are analyzed. Predictions for ITER are given and discussed with
particular emphasis on the uncertainties. Finally, it is shown that taking the improved H-mode con-
finement into account by means of a simple mulliplier in front of an L-mode confinement scaling
ezpression is valid for ITER, but is not necessarily universally valid.



1. INTRODUCTION

One of the primary goals of controlled thermonuclear tokamak research is to max-
imize the energy confinement time 7 during auxiliary heating and thereby ease the
requirements for creating an ignited plasma. The most promising energy confinement
regime is the H-mode, which was discovered in 1982 in ASDEX [1], and has since been
confirmed and intensively studied under various conditions in many machines [2-12].
Knowing the parametric dependences of H-mode confinement is of crucial importance
for designing next-generation devices such as ITER. Until recently, these designs were
based on energy confinement time predictions derived from L-mode scaling expressions
where the H-mode confinement was taken into account by a numerical enhancement
factor, fy, above the L-mode value. Among the numerous L-mode scaling relations, the
ITER89-P scaling expression [13] was developed for the ITER confinement study and
is now considered as the L-mode reference for plasma performance comparisons and
predictions. For the present ITER design to reach ignition, fg must be approximately
2. This condition is met experimentally for the H-mode in existing tokamaks. It is not
clear, however, that the H-mode confinement time has parametric dependences similar
to as ITER89-P. While the dependence on the heating power, plasma current, mag-
netic field and density can be studied for each machine individually, the variation of the
confinement time with machine size must be studied by comparing the results of dif-
ferently sized tokamaks. This was the aim of earlier analyses such as the ASDEX/JET
study [14], the DIII-D/JET work [15] and the ITER H-mode database study [16,17].
In [14], the confinement time was investigated with attention to the low and high
q regimes. In [15], the authors analyzed the thermal energy confinement time for a
cautiously chosen limited set of ELM—free H-mode discharges obtained under similar
operating conditions. As only two machines were compared, it was possible to deter-
mine the H-mode confinement dependence on just one of the geometrical parameters.
For the ITER H-mode database [17], global energy confinement data from six toka-
maks were assembled and the confinement times were analyzed statistically, giving the
dependence on all parameters included. The approach of selecting a reduced number of
well-analyzed and comparable discharges, as in [15], has the advantage of reducing the
uncertainties for the scaling expression. Furthermore, the thermal energy confinement
time value is particularly relevant to ITER. The work presented here is an extension

of the previous DIII-D/JET study. ASDEX and PBX-M data from discharges with




similar experimental conditions were added to the existing DIII-D/JET database of
reference [15]. This allowed the thermal energy confinement dependence on the three
main geometrical parameters, major radius, R, minor radius, a, and elongation, &, to
be studied by regression analysis. The paper is organized as follows: Section 2 describes
the experimental conditions and parameter range of the database; Section 3 describes
the confinement analysis and the results of the regression analysis, which are compared
with other scaling expressions; Section 4 is dedicated to discussion of the results and
their implications for ITER.

2. EXPERIMENTAL CONDITIONS

The database contains 52 discharges from ASDEX, 20 from DIII-D, 75 from JET
and 9 from PBX-M. The JET and DIII-D data are those used in [15] and subsequently
included in the ITER H-mode database, the PBX-M discharges were selected from
the ITER H-mode database and fully re-analyzed. The ASDEX data were specifically
chosen for the present work and introduced into the updated ITER database in De-
cember 1991. The experimental conditions for the four machines were as similar as
possible. They are described in detail for DIII-D and JET in [15] and only the main

~ features are recalled here.

Obtaining sets of comparable discharges for the four machines was made possible
essentially by selecting only ELM—free H-modes to avoid unce;tainties with energy
losses due to ELMs (Edge Localized Modes). Moreover, only deuterium discharges
heated with deuterium neutral beams were selected, in order to avoid the uncertainties
associated with isotope effects. As a consequence, the atomic mass dependence will
not appear in the results. For ASDEX, DIII-D and JET, the plasma configuration
was single-null, the ion drift direction pointing towards the X-point, which gives the
lowest power threshold allowing exploration of a wide parametric window. For PBX-
M, a double-null configuration was used. The plasma shapes, represented in Fig. 1,
were elongated for DIII-D, JET and PBX-M with x = 1.6-1.8, whereas ASDEX was
basically circular with & = 1. The effect of indentation and triangularity on confinement
for PBX-M cannot be taken into account, but, as shown in Fig. 1, these geometrical
effects only influence the outer flux surfaces in these discharges and are not expected to
modify the global confinement time to an appreciable extent. The divertor geometries
were different: ASDEX had a so-called closed divertor geometry, whereas DIII-D, JET



and PBX-M had open divertor geometries. The possible influence of this effect will be

discussed in Section 3.

The ranges of the main parameters are indicated in Fig. 2 and Table L.

Table 1
Parameter Range

ASDEX  DIII-D JET PBX-M
Number of discharges 52 20 75 9
R [m] 1.68 1.68 2.85 1.60
a [m] 0.39 0.61 1.09 0.26
K 1.0 1.8 1.8 1.6
R/a 4.3 2.7 2.6 6.2
Ip [MA] 0.22-0.46  0.6-2.0 2.0-4.5 0.3-0.34
Bt [T] 1.2-2.8 2.1 2.2-2.5 1.4
q95 2.5-4.6 3.3-9.7 3.3-6.5 4.3
ne [10'°/ m™3) 3.2-4.2 3-9 2-5 2.8- 5.2
Ppeam [MW] 1.2-2.7 1.8-10 5-10 2-6
NBI geometry tangential quasi-perp. quasi-perp. perp. and
tangential

Worth noting in Table I is the wide aspect ratio (A = R/a) range. For DIII-D [18]
and possibly JET [19] the confinement was seen to degrade at low g, probably due to the

increasing sawtooth activity and, so, as in the DIII-D JJET work, only discharges with
q95 = 3 are included. This limitation was not applied to the ASDEX or PBX-M data,

which do not show confinement degradation at low ¢. As a matter of fact, the sawtooth

activity in ASDEX ELM—free H-modes is reduced in relation to an L-mode with similar

parameters. The ASDEX discharges with boronization were chosen because they were

obtained over wide Iy, Bt and power ranges and had reduced radiation losses. The

effect of boronization on confinement time, in ASDEX, was shown in [20] not to be

measurable.



An example of the temporal evolution of a typical discharge used for this study
is given in Fig. 3 for ASDEX. The PBX-M time traces look very similar. Examples
for DIII-D and JET are given in the DIII-D/JET work [15]. The L-H transition is
indicated by the D, light reduction in the divertor. At the same time, due to the
improved confinement, the stored plasma energy strongly increased and reached a max-
imum determined either by radiation or by the occurrence of ELMs as in Fig. 3. As
already adopted in the DIII-D/JET work, the confinement analysis was not performed
at the time when the total plasma energy (W) was at a maximum but at the time when
the slope (dW/dt) of W was about 30% of the total heating power. The reasons for
this choice are justified and discussed in Section 3. After the L-H transition, due to
the strongly improved particle confinement, the density rose in an uncontrolled fashion
throughout the ELM—free phase even with no external gas input. For this study, the
density was therefore not a chosen value but was determined by the time of the analy-
sis. The radiation power also increased during the ELM—free phase but the fractional

radiated power was at most 40% of the input power at the time of the analysis.

3. CONFINEMENT ANALYSIS AND SCALING STUDY

3.1. Confinement Time Analysis

To be consistent with the philosophy of performing the study under similar con-
ditions for each device, we chose to analyze the thermal confinement time, 7y,. The
confinement time, 7, derived from the total stored energy is influenced by the fast
beam ion population, which differs from machine to machine, so that a study of 7g
would require taking additional parameters into account to characterize the fast ions.

As usual, the thermal confinement time is calculated from

Tth = Wth/(PT - dW/dt) s

where Wy, is the thermal plasma energy and Pt is the sum of the absorbed beam
power (P,ps) and residual Ohmic power. The absorbed beam power, in this case, is
the beam power going into the torus diminished by shine-through, charge exchange
and orbit losses. Wy, is given either by the kinetic energy from Te, Ti, Zeg and ne
profiles, or by the stored energy from magnetic measurements less the contribution

of the fast beam ions. For DIII-D, except for the 2 MA discharges, Wi, was given
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by the kinetic data. For ASDEX, JET, PBX-M and DIII-D at 2 MA, the second
method was used and the fast ion contribution was calculated. For DIII-D at 2 MA,
the plasma energy was taken from the equilibrium beta and the contribution of the fast
jons was estimated from the formula Wiag ~ (Te)?/? Paps/ne, where (Te) is the volume-
averaged electron temperature and P,y is the absorbed beam power. This formula was
normalized to transport calculations. For JET, the plasma energy was taken from the
diamagnetic loop and the fast beam ions were calculated by a Fokker-Planck code
including experimental profiles to determine the birth place of the ions. For ASDEX,
the plasma energy was given by the diamagnetic loop and the stored fast ion energy
was calculated from Wi,g; = 0.024 Te(0)%8% P,ps/n® [MJ, keV, MW, 10'%, m~3]. This
formula was determined by TRANSP calculations performed on a subset of the ASDEX
dataset. For PBX-M, the plasma energy is given by beta equilibrium and, similarly
to ASDEX, a method based on TRANSP calculations was applied to calculate the fast
jon contribution. The errors in the thermal energy are estimated to be 15% for DIII-D
and JET, 20% for ASDEX and 25% for PBX-M.

As indicated in the previous section, the confinement analysis was performed at
the time where 0.25 Pt < dW/dt < 0.35 Pt. Under this condition, the radiated power
was low enough so that no radiation correction to the confinement time was necessary.
Moreover, because of this approach, the ASDEX discharges at low magnetic field which
eventually reached the beta limit were not affected by the beta limit at the time of the

analysis and therefore could be included in the database.

3.2. Regression Analysis

A combined analysis of the four datasets is greatly simplified if the power and
plasma current dependences are similar for each device. This condition is fulfilled for
ASDEX, DIII-D and JET, as is shown by the individual regression analyses:

ASDEX: Tih = 0.266 I;JO:&:O.ZZ PEU.?:*:O.23 B?.IS:I:O.‘ZS’
DIII-D: 7y = 0.251 Ig.93:i:0.17 PEO'49:’:0'10,
JET: Teh = 0.473 I;.O4:I:0.08 PEO.IM:!:U.ID.

The units are s, MA, MW, m, T and Py, = (P - dW/dt). The errors in the exponents
are obtained by propagating the experimental uncertainties given in the previous section

for each device.




The limited amount of PBX-M data suited to the present work only allowed the
power dependence to be determined on the assumption that the energy confinement

time is proportional to the plasma current. The regression yields:

PBX-M: 7y = 0.24 1100 pp0-88£0.25 (1100 jmposed).

The magnetic field dependence could not be individually determined for DIII-D, JET
and PBX-M because of the limited Bt range in the data. This point is discussed later
in this section. As shown by Fig. 2 and Table I, the uncontrolled density rise during the
ELM-free phase leads to very different density ranges from device to device. Moreover,
a strong correlation (90%) of density with plasma current is observed in DIII-D and to
a lesser extent in JET (70%), as well as a correlation (60%) between density and power
in JET and PBX-M. For these reasons, the density dependence was set to zero in the
expressions given above. However, the present data give an indication that the density
dependence is weak if we assume an III:,'GO dependence, yielding for DIII-D alone 74y, /I, ~
pp 04908 n~0.02412.0 Gimilarly, selecting JET data for Py = 6.6+0.7 MW, which leaves
density and current ranges intact, gives 7y /Ip ~ ng'l?‘iw‘o. Furthermore, the fact that
for a narrow density range (see Table I), ASDEX shows I, and Py, dependences similar

to those of DIII-D and JET also suggests a weak density dependence.

The combined database shows a 60% correlation between n. and R, essentially
due to DIII-D data. This would influence the result of the regression. Following the
above procedure, one can confirme the weak density dependence by combining ASDEX,
DIII-D and PBX-M. These devices have a very similar R value which permits one to
look directly at the n. dependence for this value of R. The regression, performed on
Tn/Ip to avoid the influence of the correlation between n. and Iy in DIII-D, gives
T /Ip ~ p2A007 The density dependence is therefore assumed to be zero in the

remaining analysis.

The regression analysis applied to the combined database of the four tokamaks

yields —

=0. R . 0.08 _—0.304£0.07 ,_0.18+£0.09 R0.15+0.07
Teh = 0.066 I}l).ll:l:O.[M PLO 51+0.03 Rl 75 a K + BT : (1)



with y2 = 0.277. The units are the same as above. Here and in all following results,
the errors indicate one standard deviation based on the root mean squared error (rmse)
estimated from the data. The quality of the fit is illustrated in Fig. 4, where the experi-
mental confinement time is plotted versus the predicted confinement time from Eq. (1).
The rmse of the data compared with the fitted values is 8%. The experimental errors
in 7y, indicated in Fig. 4 show that all machines are well represented by the fit within
their individual uncertainties. Figure 5 gives complementary statistical information for

each device compared with the fit.

Equation (1) has a plasma current and heating power dependence that is similar
to that observed on individual machines, thus justifying the regression on the combined
database. The strong R dependence confirms the importance of this parameter for
future tokamak design, as inferred from L-mode studies, and will be discussed in Section

4. The comparatively weak dependence on a indicates that the linear dimension L
introduced in the DIII-D/JET study was essentially R.

Although the a dependence is not strong, it is convenient for comparison to in-

troduce the aspect ratio A = R/a explicitly into Eq. (1):

Ty = 0.066 I}l).ll:l:(].04 PEO'SliO'GS R1.45:|:0.05 AD.SOiO.O? I“\’,D.IBiO.OQ BPIJIS:I:O'UT . (lb)

The confinement increase with aspect ratio is weaker than the L-mode scaling relations
of Goldston (A%37) [21] or Kaye-Goldston (A%#*%) [22]. Particularly important for
ITER is the positive A dependence found here, in contrast to the negative one shown
by ITER89-P (A~030) [13], which was used for ITER predictions. This result shows
that, for confinement considerations, the aspect ratio for ITER need not be as small as
possible and this could facilitate the machine design. Moreover, for a given A, the R
dependence of (1b) is close to that of ITER89-P (R'®).

The Bt dependence found above for ASDEX also emerges from the combined
dataset. To investigate the influence of ASDEX, which has the widest explored Bt
range for the present data, we exclude the ASDEX data and repeat the regression.

As there are only three devices, one geometrical dependence has to be imposed; %18,




found in Eq. 1, was chosen because of the reduced s variation in this restricted dataset.

The regression gives

Ty 2 Ié.of 048 RLT9 o—0.52 (018 BO2T£0.33 (018 1y oceq)

Due to the strong correlation (80%) between a and Bt in this reduced dataset, it is
interesting to impose also the a dependence from (1), giving for DIII-D, JET and
PBX-M

Tth ~ IL.O? PEOAS Rl.?? a—0.30 50'18 B?'24i0'29 (a—0.30 RO"IB imposed)

These two results show little or no Bt dependence within the errors and thus agreement
with ASDEX and with the combined database. A further check can be performed
with the JET data used in the present work by looking for the Bt dependence of the
confinement time normalized by an expression similar to (1) with no Bt dependence.
This procedure gives B%27i0'15 for JET, in agreement with the other results. This
consistency of combined data with observations in single machines gives confidence in
the results. However, due to the possible non-negligible impact of the Bt dependence

on extrapolations, new data and further studies with existing tokamaks, in particular
JET, seem highly desirable.

It is conceivable that one device may have a larger H-mode confinement due to,
for instance, a more favorable divertor configuration or wall condition. The effects of
such a possible systematic deviation are analyzed in Table II, for which the confinement
was arbitrarily changed by +10% for only one machine, and the regression analysis was

then repeated. The representation is made more convenient by using R and A as in Eq.

(1b).



Table II
Factor and exponents when the confinement of one single
machine is arbitrarily changed by £10%. The last line
gives the maximum deviation with respect to (1b), in % for
the factor and absolutely for the exponents.

Variable Factor I, Pr R A K B

Initial from (1b) 0.066 1.11 -0.51 1.45 0.30 0.18 0.15
ASDEX +10% 0.075 1.12 -0.52 1.44 0.28 0.01 0.16
DIII-D +10% 0.086 1.10 -0.51 1.28 0.17 0.27 0.15
JET +10% 0.060 1.12 -0.51 1.63 0.32 0.17 0.14
PBX-M +10% 0.055 1.11 -0.51 147 0.43 0.27 0.13
ASDEX -10% 0.057 1.10 -0.51 1.47 0.32 039 0.15
DIII-D -10% 0.050 1.13 -0.51 1.65 0.44 0.07 0.13
JET -10% 0.075 1.10 -0.51 1.26 0.28 0.19 0.15
PBX-M -10% 0.082 1.11 -0.52 1.44 0.16 0.07 0.15
Max. deviation 25% 0.01 0.01 0.20 0.14 0.17 0.01

The I,, Bt and Pr dependences are weakly affected by this procedure because
they are varied individually in each device. The most important changes are made to
the numerical factor and the geometrical parameters, in particular R, by varying the
confinement time of DIII-D or JET. The circular machine, ASDEX, has the strongest
influence on the x dependence. PBX-M has the strongest effect on A. The consequences

on extrapolations to ITER are discussed in Section 4.

The question of the divertor geometry was addressed in [17]. It has been suggested
that ASDEX has a higher confinement time because of its closed divertor geometry.
This effect was analyzed in the open and closed divertor studies in ASDEX [9], which
indicated for the open divertor geometry a 30% confinement degradation of the ELMy
discharges supposedly associated with the higher ELM activity. An analysis performed
for ELM-free discharges of ASDEX [20] shows that the confinement time for the open
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geometry is only 15% to 20% lower than that of the closed geometry. From these
observations and from Table II, we infer that the ASDEX divertor geometry is not a
major source of uncertainty in the present study. Moreover, the determining feature
of the divertor’s effect on confinement is probably not only the geometry but also the
characteristics of the plasma boundary. In this respect, large hot tokamaks with open
divertor geometry and an extended boundary might be comparable to smaller machines

with closed divertor geometry.

3.3 Comparison With Other Scaling Expressions

The scaling given by Eq. (1) is comparable to the ITER9OH-P scaling relation for
the total confinement time in ELM-free discharges [17]:

TE = 0.082 A?S IIIJ.UZ PEO.‘!T Rl.ﬁ K—U.lg BE.15 . (2)

One recognizes similar I, P1, R, and Bt dependences. In reference [17], the depen-
dences on a and n. were weak with errors larger than the exponents. The magnetic
field dependence was set to 0.15, as a compromise between the weak dependence gen-
erally observed in individual scans and the strong dependence (0.49-0.96) given by the
combined database. In Eq. (2), 7 is obtained from the total stored plasma energy and,
except for ASDEX, without correcting the input power for fast ion charge exchange and
orbit losses. The beam ion contribution to the plasma energy, although different from
machine to machine, is always positive but is partly compensated for by the power used
in Eq. (2), except for ASDEX. Thus, ASDEX’s confinement time used to determine
Eq. (2) was overestimated and this might introduce the negative x dependence, as sug-
gested by Table II. Recall that the present ASDEX dataset was not in the database used
in [17]. A more quantitative comparison with our results was performed by considering
the ratio of Eq. (2) to Eq. (1):

&7 = 1.75 I;o.os P%U" R~0-15 030 —0.37 B0.00

This ratio was calculated for the data considered in this paper, giving the following

results represented by the mean value and the standard deviation for each device:
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1.37 + 0.040 for ASDEX, 1.13+0.032 for DIII-D, 1.21£0.030 for JET and 1.04+0.010
for PBX-M. These values are in agreement with the positive contribution of the fast
jon population to the plasma energy, with the already included correction for fast ion
losses in ASDEX, the low fast ion losses in DIII-D and JET, and the large fast ion
losses in PBX-M.

Also interesting is the comparison with the ELM-free thermal confinement time

expression from [17] in its unconstrained version, which can be written as

TEEERHDB A IUP.SI PEO.75 RB.DO 00.31 KO'GI B%ﬁﬂ n2.39 . (3)

This expression is very different from Eq. (1), showing a comparatively small I, depen-
dence, stronger Bt and « dependences, a positive a dependence and a non- negligible
density dependence. To compare Eq. (3) with our database, we imposed the exponent
of one variable to have the same value as in Eq. (3) and performed the regression on

our database.

The clear negative a dependence and the low I, dependence cannot be reproduced
by fixing one of the other exponents. The closest result to Eq. (3) is obtained by

imposing 12'81, yielding with or without n. dependence

?

Tth ~ Ig.Bl PEO.SSiO.O‘i R2.10:i:0.12 a0.00:l:O.DG K,O.GO:I:O.W B%43:}:0.06 1-12.22:1:0.04

Teh ~ Ig.SI PEOA!H:O.O'% R1.62:!:0.09 a0.03:t0.07 50.71;1:0.07 B%tﬂ:l:l].l]ﬁ

It is worth noting that the strong dependences on and Bt found in Eq. (3) are
reproduced. The fits are bad, however, as shown by the high x? values of 3.074 and
3.069, respectively. The 60% correlation between R and ne in our database causes the
increase of the R dependence when the density is taken into account. Such a feature

might also have played a role in Eqg. (3). With our database, in which the low gg5
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data are not included, we have no reason to believe that the I, dependence is so low.
Low ¢9s data were also excluded from the analysis yielding Eq. (3) and cannot be a
reason for the difference. It was also demonstrated above that the density dependence is
believed to be close to zero. There is, therefore, no clear agreement between Eq. (3) and
Eq. (1) and no satisfactory explanation for the difference. This discrepancy between two
expressions for the thermal confinement time, Eq. (1) and Eq. (3), is in contradicion
to the similarities shown between Eq. (1) and Eq. (2) for the global confinement time.
This poses the question whether global and thermal energy confinement times actually

scale differently.

4. DISCUSSION FOR ITER

Before applying the results of this work to ITER, we reflect on the decisions to
analyse the thermal confinement and select ELM—free discharges. These choices were
dictated by the goal of assembling a consistent set of data. Moreover, although fast
ions might help to obtain ignition, the thermal confinement time is the relevant pa-
rameter for a future reactor. On the other hand, the present—-day ELM—free H-mode,
with its uncontrolled time evolution and limited duration, is certainly not suitable for
long-pulse operation. The ELM~free phase might, however, be useful to reach ignition.
The necessary H-mode regime for a reactor will most probably be like the stationary
ELM-controlled discharges demonstrated in DIII-D [23] and ASDEX [24]. In ASDEX,
the I, dependence for such discharges is similar to that of the ELM—free H-mode [25].
Furthermore, ASDEX studies of ELMs [26] show that the ELMs are transient energy
losses which do not change the underlying energy transport in the plasma core. There-
fore, it seems reasonable to assume that the time-averaged confinement time of ELM-
controlled discharges needed for a reactor will be lower than the ELM-free confinement
but will scale like Eq. (1). Experifnentally, the confinement time in steady—state ELM—
controlled discharges is 15% to 30% lower than in ELM-free discharges [25,27]. The
reduction factor of 0.75 assumed in the ITER confinement studies [28], although possi-

bly somewhat too pessimistic, will be used in the rest of this discussion.

For the present ITER design [28], I, = 22 MA, Ppeat = 115 MW, R = 6 m,
a=215m, kK = 2, By = 4.85 T, Eq. (1) predicts 7y, = 4.74 s for pure deuterium
plasmas. If the isotope effect (AY®) is arbitrarily taken into account for a D/T mixture
(50%/50%), the predicted thermal H-mode confinement time becomes 5.30 s. It must

be pointed out that the isotope effect is rather uncertain, in particular since JET has
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not observed such a dependence. These values for the ELM-free regime should be
reduced by 0.75 to take into account the necessity of having stationary conditions with
ELMs in a reactor, yielding thermal confinement times of 3.56 s and 3.97 s for D and
D/T operation, respectively. These values reach the required range of 3 to 4 s given in
[28]. The uncertainties on the predictions for ITER estimated from Table II are given
in Table III and Fig. 6.

Table Il
ITER confinement time predictions in seconds
from Table Il for present design parameters

Regime; Gas H*;D H% DT H;D H;DT %

from (1) 4.74  5.30 3.56 3.97 0
ASDEX +10% 4.66  5.21 3.50 3.91 -2
DIII-D +10% 4.01  4.48 3.01 3.36 -15
JET +10% 6.04 6.75 4.53 5.06 27
PBX-M +10% 4.86  5.43 3.65 4.08 3
ASDEX -10% 4.86  5.43 3.65 4.08 3
DIII-D -10% 5.66  6.33 425 4.75 19
JET -10% 3.61 4.04 2.71  3.03 -24
PBX-M -10% 4.58  5.12 344 3.84 -3

In this table, H* is for ELM-free and H.is for stationary discharges (ta = 0.75 13)-
The last column gives the relative deviation from the initial values given by Eq. (1),

assuming an isotope effect of AJ-® for the D/T mixture.

Table III and Fig. 6 show that a 10% systematic error in the DIII-D or JET con-
finement time has a major effect on the predictions for ITER. These numbers confirm the
minor role played by the ASDEX and PBX-M divertor geometries on ITER predictions.
Some values for ELM—controlled cases are clearly lower than the required confinement
time for ITER and this shows the potential role of the ELM~free phase to reach ignition

in marginal situations. In this context, it is worth discussing the influence of errors in
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the exponents of Eq. (1) and assessing the main contributions to the uncertainties of
the ITER predictions. The results are summarized in Table IV, which gives the rela-
tive changes of the confinement time predicted for ITER that are induced by: a) the

errors in the exponents indicated in Eq. (1); b) a 10% increase of the design parameters.

Relative changes (%) in the confinement time predicted for ITER by Eq. (1).
Induced by the statistical errors in different exponents
and by a 10% increase of design parameters.

I, P R A & Br

exponent error 14 -15 9 8 7 15
0.10 design 11 -5 15 3 2 1

The largest sources of uncertainties linked with the errors in the exponents are Ip,
Pr and Br; the first two because of their large values for ITER and the last one because
of the relatively poor determination of its dependence. However, the uncertainties on
the predictions do not exceed 15%, which seems acceptable and can be improved by
further studies on the presently operating tokamaks. It is interesting to note that a
10% increase of R (or I;) compensates an eventual negative influence of heating power
introduced by the statistical uncertainty on the Py, exponent. Changing the other design

values has only a small effect.

As most of the ITER studies were performed with the ITER89-P scaling expres-
sion [13] multiplied by the enhancement factor f§ = 2 [27], it is important to check to
what extent this approach was justified. The ITER89-P scaling expression is

T%\ITERSQ—P — 0.048 A?S IOP.SS P—E):?ﬁl.Z a0.3 K:O'5 ng.l B%Z , (4)

and for the ITER design values it gives for deuterium T}IE:TERSQ"P = 1.96 s. The H-mode
confinement time predicted by our Eq. (1) is above this value by an enhancement factor
fg = 2.42 for ELM~free discharges. For ELMy ones, this value would be 0.75 times
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lower, i.e. f§ = 1.8. These predicted enhancement factors are close to the experimental
values, for the ELM—free discharges of the present work, as shown in Fig. 7, and for
the ELM—controlled discharges in ASDEX [9,25]. This validates, a posteriori, the use
of a simple factor to estimate roughly the H-confinement time for ITER, but the final

design should be based on an H-mode scaling expression.

A more general way to look at fy is provided by the ratio of Eq. (1) to T%:TERSQ_P,

more conveniently expressed with the aspect ratio A

= e —0.32
fH = 0.97 Ig'26 PLU.GI A0.55 a 0.05 K 0.32 ng.ﬁl B%US

The isotope effect cancels out if we assume it to be A%5 in both cases. This expression
shows how the positive current and aspect ratio dependences compensate the negative
ones. It, thus, appears that fy is around 2 for ITER fortuitously or, more probably,
because of the analogy of the device with the existing divertor tokamaks. The positive
aspect ratio dependence could be used to increase fy and therefore the margin for

reaching ignition.

The negative influence of the minor radius on the confinement time shown by
Eq. (1) should not lead us to forget that this parameter must be large to achieve high
plasma currents and high heating powers. In fact, if we consider rather.the averaged
current and power densities, j = I,/7a%x and p = Py /272a?kR respectively, Eq. (1)

becomes

o ~ 71 p0-51 Al2 5214 078

The maximum current density, limited by the magnetic field and low-¢ MHD insta-
bilities, does not vary much from machine to machine; from 1 MA m~? in ASDEX to
0.75 MA m~2 in ITER. Due to the rapidly increasing plasma volume with machine
size, the power density decreases with increasing size (from 0.5 MW m~? in ASDEX
to 0.1 MW m™2 in ITER), which moderates the confinement degradation with power.

The aspect ratio and elongation are close to 3 and 2, respectively, for future devices.
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Therefore, this expression indicates that H-mode confinement increases more strongly

than a® at constant aspect ratio.

SUMMARY

An H-mode database including ASDEX, DIII-D, JET and PBX-M data from
ELM-free discharges was assembled. The selection and analysis of the data were per-
formed with the aim of having conditions which are as comparable as possible for the
four machines to reduce the uncertainties. The scaling relation for the thermal en-
ergy confinement time was determined and has features comparable to the H-mode
ITER9OH-P scaling for the global energy confinement time. The confinement time
scales quasi-linearly with the plasma current and degrades with the square root of
the heating power. The major radius plays the dominant role among the geometri-
cal variables. The other parameters, minor radius, elongation and density, show weak
dependences. The positive influence of the aspect ratio on confinement might relax
the requirements on the ITER design. The magnetic field dependence is in agreement
with observations in single scans and this gives confidence in the results. The un-
certainty in the predicted ITER confinement time due to the errors in the exponents
given by the regression analysis is dominated by I, Bt, PL and R; I, and Py, be-
cause of the large design values, Bt and R because of the relatively large errors in
the exponents. Consequently, further studies of the magnetic field dependence for ex-
isting tokamaks are needed. Concerning the improvement of the determination of R,
an important contribution is expected from JT60-U. Comparisons with the ITER89-
P L-mode scaling relation, for the values presently envisaged to reach ignition in
ITER, give an enhancement factor of about 2, as is required by ITER. However, fg

can strongly vary, depending on the combination of the design values of the project.
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Fig. 1: Plasma shapes of the four machines. The figure is drawn to scale.
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Fig. 2: Line averaged density and magnetic field values included in the database versus
plasma current for the four machines.




5 — # 32036
2
I:)rad [M\N]
1 /1
0
Plasma energy
50 —
0
Lme averaged density
4 — [10"7]
5
0
H Div [a.u.]
, | Pu [MW] i
= J \
l - I I
1.1 1.2 1.3 1.4 1.5

time [s]

1.6

g. 3: Time evolution of an ELM-free ASDEX H-discharge included in the database.

Ip 0.28 MA, B;=1.74 T. The analysis was performed at 1.3 s.
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Fig. 4: Experimental thermal confinement time versus predicted thermal confinement
time from Eq. (1).

Fig. 5: Normalized Gaussian fits of Teyp/Tp statistical distributions for each device and
for the combined database where Tg;, is taken from Eq. (1).
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Fig. 6: Predicted thermal confinement time for ITER under different assumptions as
presented in the text.
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Fig. 7: Experimental enhancement factor fy relative to ‘CEITERSS"P versus plasma current
for the four tokamaks for the ELM-free data considered in this paper.




