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ABSTRACT.

Neutral beam heated H-mode DIII-D and JET expanded boundary divertor discharges were
examined to study the parametric dependence of the thermal energy confinement on the plasma
current, plasma size and neutral beam power. Single-null discharges in both machines were
examined during the ELM-free phase (ELM standsfor edgelocalized mode) to extract information
about the intrinsic H-mode thermal energy confinement time t,,. A power law dependence of
ELM-free thermal energy confinement was assumed, with the result that for By = 2.2T and K =
1.8, 1y, = C | 103007 p 0465006 148509 The gze dependence of 1y, is described by the linear
dimension L since the determination of the individual a and R dependences on the minor and
major radii isprecluded by the similar aspect ratio of the two machines. For this representation of
Ty, (unitsof MA, MW and m), when L isthe plasmamajor radius, C = 0.106 + 0.011, and when L
is the plasma minor radius, C = 0.441 + 0.044. A dimensionally correct version of the scaling,
consistent with the constraints of a collisional high (3 beta model, is 1, Ipl'06 Pﬁ“‘r’ L140 neo'07
BT°'°6. These results indicate that, within the experimental error, the empirical scaling and the
dimensionally correct scaling are the same.



1. INTRODUCTION

In the designs of next step tokamak machines that are presently under discussion,
energy confinement (7g) has been identified as a critical parameter [1]. The indica-
tions are that were these machines to operate in the conventional L-mode regime
they would either not ignite or have a small ignition margin. These predictions are
based on application of various empirical scalings {2-5] that have been created for the
L-mode regime. However, with the discovery of the H-mode on ASDEX [6] and the
confirmation of this enhanced confinement mgiﬁc on other tokamaks [7-10], tokamak
design studies have assumed the ability to obtain better than L-mode confinement.
The predictions for H-mode confinement in next generation devices have been based
on the use of numerous L-mode 7g scaling expressions with an H-mode enhance-
ment factor of order two. There is, however, no reason to assume that the physics
underlying the confinement enhancement in the H-mode is the same as the physics
underlying the basic L-mode confinement, and therefore no a priori reason why the
global conﬁ.nc:ment scaling should be similar for the two regimes. The H-mode con-
finement enhancement is believed to be at least partly caused by the formation of a
transport barrier at the plasma edge. However, decreases of the transport parameters

throughout the bulk of the plasma have also been observed [11,12].

A genuine empirical H-mode scaling for g, based on H-mode data from more
than one machine, does not exist. In this paper, we present the results of an initial
attempt at creating an H-mode confinement scaling based on H-mode data from
the DIII-D and JET tokamaks. Specifically, we investigated how ELM-free H-mode
thermal energy confinement (7,) depends on plasma size, plasma current (I;) and

absorbed neutral beam power (P;). The dependence of H-mode 7y on plasma current



and neutral beam power is relatively easy to obtain for any given tokamak. However,
divertor H-mode size scaling experiments in one tokamak are very difficult to perform
due to the difficulties associated with controlling the plasma shape as the plasma size
is reduced. In order to overcome this difficulty, JET and DIII-D H-mode discharges
of similar shape and with similar dependencies of 7, on P, and I, have been combined
to obtain the size dependence of 7iy. Since the aspect ratio of the two machines is
the same it was not possible to establish the individual ma.jor (R) and minor radius
(a) dependence of 7. Instead, the effect of plasma size on Ty, was represented by
a function of a characteristic plasma linear dimension L. Since the plasma magnetic
field (Br), elongation (x), and aspect ratio (R/a) have been kept constant during
this comparison, no information on the dependence of 7, on these parameters was

obtained.

H-mode energy confinement can be considered in two different regimes, namely
in the presence of edge localized modes (ELMs) or in their absence. One major
difference between the H-mode in the two tokamaks was the frequent occurrence of
ELMs in DIII-D compared with their relative absence in JET. This difference in
H-mode behavior is illustrated by examining the traces of the total stored energy and
the D, emission in Fig. 1. The first graph represents the evolution of a high power
DIII-D H—mc;de that begins to ELM after a short ELM~free phase. The second and
third graphs illustrate for both a DIII-D (low power) and JET discharge an H-mode
without ELMs. Previous confinement results from DIII-D [13] have been obtained
during the ELMing phase of the H-mode which would occur around 2.6 s in the
first graph of Fig. 1. These results indicated that deuterium H-mode g with ELMs
increased with increasing plasma current for ggs > 3 and decreased with increasing
total power (Pr). The total power is defined as the sum of the neutral beam power
minus shinethrough plus the ohmic heating power. Recently reported JET results [14]
have been obtained by examining ELM-free deuterium H~mode discharges similar in

behavior to the plasma presented in the third graph of Iig. 1. These JET results
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0.3, and therefore the time when the energy confinement time was calculated.



indicated that T ~ [;%7® nd18 Py 0-69 B%:48 where n, is the electron density and Pp
is the loss power defined as the total input power minus the time rate of change of
the total plasma stored energy Wo. The weaker than linear JET current dependence
resulted from the inclusion of data with ggs < 3.0 along with the non—optimization of

the highest current discharges.

The effect of ELMs on DIII-D [15] has been the reduction in impurity accumula-
tion resulting in quasi-steady state H—méde operation. However ELMs also produce
a modest, although difficult to quantify, reduction in the time averaged particle and
energy confinement. The confinement analysis for the present study has been limited
to the ELMfree periods following the L-H transition. These analysis times are illus-
trated in Fig. 1 by the dotted vertical lines. This choice of ELM-free data eliminated
the ELM related differences between tokamaks, eliminated the need to quantify ELM
effects, and allowed an examination of the intrinsic H-mode confinement. Therefore,
the DIII-D data was analyzed after the H-mode transition but before the the onset
of the first _ELM which results in transient confinement analysis. The results pre-
sented in this paper are for the ELM-free phase of the JET and DIII-D H-mode and

presumably represent optimum H-mode energy confinement.

This paper is organized into four sections. After the introduction in Section 1,
the experimental conditions and analysis methods are described in Section 2. The
single-null experiments on both tokamaks covered a combined parameter range of
toroidal magnetic feld between 2.1 T and 2.5 T, 0.8 < I, (MA) £ 45, 1.8 <
P, (MW) < 13.0, and 2.0 < 7.(10'® m~3) < 10.0. The results of an empirical
fit and a dimensionally constrained analysis of H-mode confinement are presented
in Section 3. Here we find thé.t a power law representation of the H-mode thermal
energy confinement implies that 7y, = C I,1:03%0.07 p~0.46:£0.06 11482009 with units
of seconds, MA, MW, and meters. The constant of proportionality C is equal to
0.106 %+ 0.011 when L is the plasma major radius and is equal to 0.441 = 0.044 when

L is the plasma minor radius. The uncertainty in C and the uncertainties in the I,



P, and R exponents imply an uncertainty in 7 of ~ 18 % for a 2.5 MA, 6 MW,

and 2.25 m plasma. The dimensionally constrained analysis assumes that the plasma
anomalous transport is determined by a collisional high 8 model and results in an ex-
pression for confinement that is similar to the empirical fit previously stated. Finally,

gection 4 discusses the implications of our results on L-mode and H-mode scaling

relations.






2. EXPERIMENTAL CONDITIONS AND ANALYSIS

The experiments run on both JET and DIII-D were operated in the single-
null configuration with an expanded boundary divertor that had the ion VB drift
towards the X—point. Both plasmas had the same shape as defined by the plasma
elongation (1.8), null (0.35) and non-null (0.25) triangularity, X-point distance to the
wall (6 cm), and distance between the low field side of the plasma and the wall or
limiter (7 cm). The null triangularity is defined for the X—point half of the plasma and
the non—null triangularity is defined for the half of the plasma opposite the X—point.
Figure 2 shows a poloidal cross-section of both JET and DIII-D, each with a ma;gnetic
flux plot of a typical expanded boundary divertor plasma that was operated for this
experiment. Both machines were run with 75-80 keV (Epeam ) deuterium neutral beam
injection into a deuterium target plasma. Experiments on DIII-D were run at 2.1 T
with a major radius of 1.67 m, a minor radius of 0.62 m, a plasma current range from
- 0.75 to 2.0 MA, neutral beam power from 1.8 to 10 MW, and a density range from
2.5 to 10.0 x 10*® m™3. There was no ELM free H-mode data obtained at different
toroidal fields on DIII-D so that the dependence of H-mode confinement on magnetic
field could not be addressed. The JET experiments were carried out between 2.2 and
2.5 T with a major radius of 2.85 m, a minor radius of 1.09 m, a plasma current
range from 2.0 to 4.5 MA and neutral beam power between 5 and 10 MW, and a
density range from 2.0 to 5.0 x 10*® m~2. In both machines, the global behavior of
the H-mode is the same with the L-H transition marked by a rapid decrease in the
divertor Dy signal, a rapid increase in the electron density resulting in a flat density
profile, and an increase in the energy confinement time. For the majority of the

H-mode discharges, the large value of electron density allowed for strong electron—ion




Fig. 2. Poloidal cross-section of the JET and DIll-D tokamaks for an expanded boundary
divertor discharge with both machine centers to the left. The figure is drawn to 1/30
scale with B = 2.85 m and @ = 1.09 m for the JET plasma, and R = 1.67 m
and a = 0.62 m for the D!lI-D plasma. For JET the two beit limiters are shown on
the low field side, the inner wall tiles on the high field side, and the carbon X~-point
target tiles at the top of the vessel. The DIII-D poloidal cross—section shows the
carbon blade limiter on the low field side along with the inner ring of carbon tiles
whose function is to protect the inner wall and divertor region.
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coupling resulting in similar electron (T.) and ion (T}) temperatures. J ET data was
obtained in the 1986 (2 MA) and 1988 (> 3 MA) experimental campaigns, both of
which occurred before the introduction of beryllium evaporation. The interior of the
JET vessel was carbonized during the 1988 campaign. For the data used in this study,
both machines utilized carbon tiles for divertor target area and first wall protection.
A comparison of typical JET and DIII-D plasma parameters is shown in Table 1.

The previously mentioned parameter ranges for the two tokamaks have a sub-
stantial variation in the plasma current, neutral beam power, plasma size, and plasma
electron density. Within one machine at fixed plasma current, the accessible range of
plasma density in the H-mode was quite limited. In the DIII-D H-mode the electron
density and plasma current have been very closely coupled [16]. Attempts to break
this coupling have not been successful. It has therefore not been possible on DIII-D to
obtain information on how H-mode 15 varied with both electron density and plasma
current. However, results from JET indicated that H-mode g depended only weakly
on density [14]. Therefore, in this paper, the dependence of H-mode confinement on

n. has been assumed to be small and was not considered.

In order to insure consistency between the two datasets, it was decided to cal-
culate 7y, for-both machines at that time in the discharge evolution where WT /Pt
had the same value. Using this condition to choose an analysis time guaranteed the
calculation of H-mode 7y, at the same phase of its temporal evolution regardless of
what the evolution path might have been. Furthermore, it was observed for both
datasets that the radiated power (Praa) is negatively correlated with W, Therefore,
performing confinement analysis at a constant value of Wir/Pr implied the same con-
stant value of radiated power for both machines. Possible values of Wr/ Pr used for
this study were limited on the low end by radiation and the onset of ELMs (Fig. 1),
and on the high end by the relatively large fast ion contribution to the stored energy
increase which occurred just after the neutral beams were switched on. A value of

W/ Pr &~ 0.3 was chosen as the best compromise and the corresponding time in an




TABLE |
JET/DII-D COMPARISON

JET JET DIi-D DII-D
I, (MA) 20 40 08 19
Br (T) 20 25 21 21
a (m) 1.09 1.09 0.62 061
R (m) 2.85 2.85 168  1.67
% 1.8 18 1.8 18
T. (0) (keV) 55 45 35 29
T; (0) (keV) 55 45 7.9 27
(ney*(10*® m™%) 25 45 27 9.0
(Zea)* 30 20 29 20
By 06 03 23 06
Br (%) 1.2 13 15 22
B (% T-m/MA) 14 08 2.5 1.5
Wiest (MJ) 0.60 0.30 0.41  0.08
Wiast/Wr 0.20 06.05 047  0.07
Eoear/ B2, 12 14 1.8 22
Pr (MW) 9.0 90 70 7.7
Pooa/Pr 03 05 03 04
Vinlboo.o (571) 0.08 0.16 0.90 1.40
Ten (5) 048 1.00 0.09  0.22
Ten/TE 0.80 0.95 0.53  0.93

*(} denotes volume average.

1‘.BT/ (Ip/a'BT)

**Critical beam slowing down energy

{Effective ion collision frequency at

normalized p of 0.9.
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H-mode evolution is illustrated by the dotted vertical lines in Fig. 1. This value
of Wip/Pr implied that the fraction of radiated power was approximately 40% and
yielded a database that consisted of 75 JET H-modes and 20 DIII-D H-modes.

The ohmic heating power (Pon) was calculated from plasma resistivity ( JnI?dv)
thereby avoiding the need for time dependent analysis of the dynamically evolving
loop voltage during the ELM free H-mode phase. Performing confinement analysis
at a time such that Wr /Py was non—zero required the calculation to be performed
before the discharge had reached steady state. Therefore, the energy confinement
time calculated for this study included the correction for the time rate of change of

the total stored energy /& = W/ (Pr — WT)

The total plasma stored energy was determined from magnetic measurements
for JET and DIII-D so that both the beam and thermal energy was included. By
measuring the profiles of electron temperature, electron density, ion temperature and
Z.g, the DIII-D thermal stored energy (Win) could be separated from the fast ion
stored energy (Wiest). During the ELM-free phase of the DIII-D H-mode, the low
current (low density) discharges had Wrast/Wr ~ 0.45 é.nd the high current (2 MA)
discharges had Wrast/Wr ~ 0.10. Those 2 MA discharges with insufficient profile
information were included in the database by using an expression to calculate the fast
ion stored energy (Wiasy ~ T3/%p, /n.). In this representation of Wsast, the volume
averaged electron temperature was used for 7. and was obtained from Wt assuming
a deuterium dilution factor of unity (rn4/n. ~ 1), and the constant of proportionality
was determined from the 2 MA discharges with profile data. Since the percentage of
fast ion energy at these currents was small this correction to Wr was also small. The
percentage of fast ion energy in the JET H-mode discharges was considerably less and
was determined by computer modeling. A full set of kinetic profiles existed for the
majority of JET discharges with I, > 3 MA. For these plasmas, Wi determined by
profile integration agreed well with W — Weast. In the JET computer simulation the

fast ion birth profile was determined by using measured plasma profiles and the fast
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jon dynamics was modeled by the bounce averaged Fokker—Planck equation. With the
calculated thermal stored energy, it was then straightforward to determine a thermal
energy confinement time from Ty = (Win/Wr) 76, The remainder of this paper will

discuss the behavior of the thermal H-mode energy confinement time 7.
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3. H-MODE SCALING RELATIONSHIPS

3.1 Empirical Scaling

Before attempting to establish the dependence of 7 on size for the complete
JET/DIII-D dataset, it was essential to assess the dependencies on I, and Py, for the
individual machines. Only if the I, and Py dependencies for both machines were the
same did it make sense to combine the data to determine a size scaling. Our results
indicated that thé thermal confinement dependence on I, and Pr in both machines
could be represented by a power law having, within error bars, the same functional
form. Therefore, the scaling expressions that follow were performed with an assumed
power law dependence of 7y, on I, Pr, and L. These scalings were obtained using
least squares minimization techniques. The error in the exponents were determined

by propagating the errors in 7, estimated to be 15% for both datasets.

The results indicate that when both datasets were examined independently, the
thermal energy confinement time was proportional to Ip1.04¢o.os Py 0.44£0.10 gr JET
and proportional to Ipo.eaio.:.s Py 0.4930.08 ¢, DIII-D. Restricting both datasets to a
limited power range (Pr = 6 MW) and then examining the current dependence found
that 7, was proportional to Ipl’wio'm for JET and Ipo.97;|:o.1s for DIII-D (Fig. 3).
Fixing the current exponent to unity at the same loss power resulted in a ther-
mal energy confinement quality of 0.227 & 0.01 s/MA for the JET H-mode and
0.110 + 0.01 s/MA for DIII-D. The dependence of 7iy, on the loss power was equally
well described either by an offset linear or a power law expression. The power law

representation of my for the 2.0 MA H-mode discharges is shown for both datasets

13
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in Fig. 4. Here it was found that 7, was proportional to Py’ 0.50£0-18 for DITI-D and

PEDAQ:I:D.I’? for JET.

Fitting the entire database of JET and DIII-D H-mode discharges and assuming
that Ty, depended only on I, Pr, and L (recall Br, x, R/a , and m; were held

constant) resulted in the following expression for the thermal energy confinement of

an ELM-free H-mode

Teh (SBC) — CIPI.OS:I:O.O'T PEO.QG:‘:O.DB L1.48:i:0.09 . (1)

The coefficient C = 0.1060.011 for L = R and C = 0.441+0.044 when L = a where
I, is in MA, Py is in MW and L is in meters. This H-mode scaling relationship
describes thermal energy confinement in an ELM-free divertor deuterium H-mode
with By ~ 2.2 T, s = 1.8 and R/a = 2.65. Figure 5 shows both DIII-D and JET 7,
normalized by the I, and P dependence (TthPLD'4G /1.2%%), plotted versus plasma
major radius. The solid line in the figure represents the inferred size dependence of
in. Figure 6 shows the experimentally measured 7¢y, versus that predicted by Eq. (1).
The correlation coefficients for the data used to derive Eq. (1) are 0.30 for R-FPr, 0.44
for I,—PL, and 0.57 for I,-R. These results indicate that to within a 1% level of
significance no correlation existed between R and P, but there was some correlation
between the other two pairs. The experimental correlation coefficients of I,-Pr, and
I,~R are sufficiently small that it is justifiable to assume that they are independent
variables in this model. The uncertainty in 7yn can be estimated by using only the
four diagonal elements of the covariance matrix. This technique yields an uncertainty

in T of ~ 18 % for a plasma residing in the middle of the Ip, Py and R ranges
(2.5 MA, 6 MW, 2.25 m) used in this study.

15
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3.2 Dimensionless Scaling

It is well known that for any particular model of anomalous transport the In-
variance Principle constrains the form of confinement scaling in a manner that is
characteristic of that model. This approach, recently reviewed by Connor [17], leads
to the formulation of a set of dimensionless parameters, which are characteristic of
the selected set of basic equﬁtions. If it is assumed that the anomalous transport is
governed by the equations of a collisional high 8 model such as the quasi-neutral high
3 Fokker-Planck equation, it follows that the energy confinement should be described
by the dimensionless parameters 7en /TN, Bp, ¥, and p,/L. Here 7iv is the normaliza-
tion time defined by L /v, sy is the electron thermal velocity, B, is the poloidal beta,
P is the normalized collision frequency defined by v,;/ (c,/L), and p, is the poloidal
Larmor radius. In an alternative formulation, due to Rebut and Brusati [4,18], the
dimensionless parameters are 7in /TN, Bp, ! & (pp/ L)z, and A « J/(Bpvin). In each
representation these dimensionless parameters are supplemented by a set of shape
parameters such as g, R/a, mi/m., &, and Z.g. For the present analysis the g de-
pendence has been added to the description of energy confinement. Recall that R/a,
m;/me., and & were constant for the JET/DIII-D data used to derive Eq. (1). The
dimensionless-expressions have been written in 2 power law form since this representa-
tion accurately described the data in the empirical fit. Therefore, with the preceding

assumptions, the energy confinement can be written as

Ten /TN o B® o™ (pp/L)® g™ . (2)

or

Tin /TN o f1F QI ATA gTe 3)

19




The exponents of Egs (2) and (3) are related by 75 = ¥8 + Y Ya = 7» /2 — 7, and
YA = Yoo
Dimensionally correct scalings can be constructed from empirical scalings follow-

ing a procedure outlined by Christiansen [19]. The empirical scaling for confinement

can be written as

T o I8 PE® L0 BSP nde (4)

where for the JET/DIII-D dataset the density dependence has been assumed negligi-
ble (@, = 0). Equation (2) or (3) can be rewritten in terms of characteristic plasma

parameters as

Tip X If,’ Pg’ L Bfrﬂ nﬁ" . (5)

It is then a simple matter to solve for the &§’s of Eq. (5) given the o’s in Eq. (4). This
solution is obtained by minimizing the sum of the squares of the residuals between the
values of o in Eq. (4) and the corresponding 4 in Eq. (5) which are functions of the
~’s in Eqgs. (2) or (3). Equation (1) provides the values of & except for aop which was
not determined in the empirical scaling. Separately determining the ¥’s of Egs. (2)
and (3) and carrying the ap dependence along results in a dimensionless scaling of

Tth/TN o B;0.33—0.42us §~0.35—O.25a3 (pP/L)-—l.SB—O.EDQB q0.107+1.43c:3 (6)

20




and

Tn /TN o ﬂ;O.BB—O.ﬁ'{ag (034 A=0.35-0.2505 (0.107+HL43ap (7)

As has been stated earlier, the database used to derive Eq. (1) had a very limited
range in Bt and therefore the value of ap was not determined. Limiting values for ap
of 0 and 0.5 can be inferred from existing data. DIII-D confinement data [16] taken
in the presence of ELMs indicated that 1z did not depend on Br. JET results [14]
reported that ELM free 75 depended on toroidal field as B%:%®, although a smaller
Br dependence is supported by more recent data. Therefore, Egs. (6) and (7) with

ap = 0 become
T O I;'GB PEOAS 140 n2'°7 B2 (8)
and with ap = 0.5 become

} Ten X Ié.OO PEOAT L1.55 n;—D.DT B%QS . (9)

Both results indicate that having a small dependence of 7i» on n. and a Bt dependence
between 0 and 0.5 is consistent with the dimensionless analysis. Furthermore, Eqs. (8)
and (9), within the indicated experimental error, are identical to the empirical fit of
Eq. (1).
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4. DISCUSSION

As was stated in the introduction, predictions for H-mode confinement have
been based on L-mode scaling expressions times an H-mode improvement factor
of order two. One such L-mode scaling, based on a power law representation, was
developed by Goldston [3). It is interesting to note the similar functional dependencies
of 75 on Iy, Pr, and L in the Goldston expression (I,1® P93 L*-38) to that in Eq. (1).
The H-mode scaling of Eq. (1) represents, on average for our database, a factor of
1.8 improvement over the g predicted by Goldston scaling. A recent addition to
Goldston scaling has been to add a mass dependence in terms of M:f/rz, where Mg is
taken to be the average of the plasma and beam species. With this additional mass
factor the H-mode multiplier drops to 1.6. However, since L-mode 7g has been shown
to be independent of ion mass for both JET [20} and DIII-D [16] , this addition to
Goldston scaling is questionable.

An exarnple of a global scaling expression based on an offset linear representa-
tion, where the numerical coefficients have been optimized for JET ohmic and L-mode
data, has been developed by Rebut and Lallia [4]. This scaling for electron confine-
ment is 75, = 0.0121, L'® 220° +0.026 ng ™ 1,%° Bp™® L27° 258 P70, Applica-
tion to our database indicates an overall H-mode multiplier of about 1.6, where the
electron confinement time is taken as /2. The plasma size effect in the Rebut-Lallia
scaling is well represented at higher power levels (Pr > 4 MW). There is a system-
atic effect with plasma current in particular for JET; the scaling underestimates the
conﬁnemént of the 3 MA H-modes relative to those at 2 MA and 4 MA, by about
25%. The scaling overestimates the confinement of the lower power DIII-D data
(P, < 4 MW) by up to a factor of 2. The deviations are perhaps not so surprising
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since the global Rebut-Lallia scaling, as an approximation to a local transport model,
does not take into account differences between T, and Tj, the dilution, the profiles

and the edge related H-mode enhancement.

Recently the ITER team [21] has attempted to unify the large number of L-mode
scaling expressions by enhancing the existing L-mode database and creating the
ITER-89 L~mode power law fit (7 ~ 1,%% Pr%® L1®* M3F). This expression has
then been used to estimate ITER H-mode confinement by using ~ 2 for the H-mode
enhancement. This factor compares favorably to the average of 1.8 improvement for
our database that Eq. (1) predicts over 7r . The auxiliary power and size depen-
dencies of the ITER-89 fit are similar to the H-mode expression developed in this
paper but the current dependence is somewhat weaker. Early DIII-D [16] H-mode
results with ELMs indicated that deuterium confinement was twice hydrogen confine-
ment. This result combined with the H-mode confinement similarity of hydrogen and
helium indicated that the scaling of H-mode 75 with ion species was not described
by the jon mass (m;) alone. The similar hydrogen and helium H-mode confinement
suggested that the proper scaling may be a function of m;/ Z2?. More recently, the
hydrogen H-mode was obtained on DIII-D [22] with a smaller ELM frequency and a
larger 7y than was previously achieved which indicated that deuterium 75 was only
~ v/2 larger than the 5 in hydrogen. Therefore, for scaling expressions like Goldston
or ITER-89 that are used to predict hydrogen and deuterium H-mode confinement,
Tg ~ /m; would properly represent DIII-D data. Since no recent helium H-modes
have been attempted it is not possible to comment on whether /m;/Z; might better

describe the scaling of g with ion species.

In conclusion, an empirical H-mode 7y, scaling study based on JET and DIII-D
H-mode data has found that 7y, ~ I,*%%%7 Py 0.46+0.06 7 1.4820.09 The dependence
of 7w on Br, x, R/a, and m; was not investigated since these parameters were not
varied in this study. A dimensionally correct version of this scaling, consistent with

a collisional high 8 model, is Ty, ~ I, Py %45 L140n0-07 B1"% assuming T, ~ B
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and is Ty ~ IV Pp O L1587 0.07 B1.%%% assuming 7y ~ B%®. The differences in
these dimensionally constrained scalings represent the uncertainty in the dependence
of 7 on toroidal field since a B scan was not performed. These results presumably
represent the optimum H-mode confinement since only the ELM free phase of the
H-mode has been examined. These H-mode scaling expressions were obtained at
constant elongation (1.8), toroidal field (= 2.2 T), aspect ratio (= 2.65), and ion
species (deuterium), with the consequence that the effect of these parameters on
1ip, Was not determined. The resulting scaling is remarkably close in the functional
dependencies on the independent variables to the Goldston and ITER-89 scalings.
Thus, although the application of L-mode scaling for H-mode predictions is not
pecessarily logically consistent, this justifies to a large extent the predictions that

have been made.
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