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The value of gyrokinetic simulation and modelling of tokamaks lies in providing insights for
the development of future laboratory machines and reactors, such as ITER, DEMO and fusion
plants. Precise predictions for future tokamaks can greatly aid in the design of reactors and
their associated heating systems. Gyrokinetic simulations already indicate that in future, larger
tokamaks, the anomalous transport level will follow a gyro-Bohm scaling, in contrast to a
Bohm scaling observed in smaller, past and present-day tokamaks[1,2]. A subsequent study[3]
further elaborates this system size dependence is directly influenced by the size of turbulence
region rather than the tokamak's minor radius. Meanwhile, a flux-driven full-f simulation[4]
has not observed a transition to gyro-Bohm scaling from a system size scan.

In magnetically confined fusion plasmas, the most efficient way to achieve burning plasmas
in future tokamaks and fusion plants is to utilize hydrogen isotopes deuterium (D) and tritium
(T), leveraging their favorable fusion cross sections. Experiments on past and present-day
tokamaks have demonstrated a favorable isotopic dependence of the energy confinement
across different operational regimes, yielding an empirical scaling t; < M. The exponent &
is positive and typically ranges from 0.2 to 0.5; Ty represents the energy confinement time,
and M; denotes the isotope mass ratio to hydrogen. A recent update of H-mode data from
JET-ILW and ASDEX-Upgrade (AUG) indicates the exponent o to be in the range of 0.09-
0.47[5]. The favorable isotopic dependence of energy confinement has also been observed in
an alternative magnetic configuration, stellarators[6,7,8].

Predictions for future tokamaks and fusion plants heavily rely on empirical scaling laws
derived from past tokamaks, such as L-mode confinement scaling ITER89-P[9] and the H-
mode confinement scaling ITER-IPB(y)[10], along with ITPA activities to update databases
from current tokamaks. ITER89-P and ITER-IPB(y) indicate ¢ =0.5 and o =0.2, respectively.
However, extrapolations to future tokamaks and fusion plants based on these scaling laws
may encounter unexpected changes in trend, induced by substantial dimensional disparities
between current (and past) tokamaks and future ones (e.g., the Bohm to gyro-Bohm
transition). There are evident system size gaps in the dimensionless parameter p*~1 = a/p;,
which is typically on the order of p*~1~103 for future tokamaks and fusion plants, compared
to p*~1~102 for past and present-day tokamaks, which is much smaller. Therefore, dedicated
investigations into the isotopic dependence of energy confinement from current to future
tokamaks are highly desirable.

Recently, a dedicated gyrokinetic simulation has quantitatively reproduced the empirical
scaling law for the isotopic dependence of energy confinement as derived from past and
present-day tokamaks[11]. A novel mechanism has been identified, in which the turbulence
radial correlation length, [, o< M?*!, significantly deviates from gyro-Bohm scaling. This
deviation has been demonstrated to be crucial for understanding isotope effects, prompting
further investigation into the properties of turbulence radial correlation and their impact on
energy confinement from past and current to future tokamaks. The quantitative agreement
between the gyrokinetic simulations and experimental results from previous and present-day
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tokamaks provides a solid basis for exploring isotope effects in forthcoming tokamaks. In this
work, we present a reversal in the isotopic dependence of energy confinement in the tokamak
plasma core from past to future tokamaks, as shown in the figure. The favorable isotope
effects on the energy confinement observed in past and present-day tokamaks may diminish
or reverse in future tokamaks with significantly larger p*~1. This finding offers critical
insights for the design of future tokamaks, such as ITER, DEMO and fusion plants,
particularly those with larger sizes or stronger magnetic fields. The primary mechanism
driving this reversal is the isotope mass dependence of the turbulence radial correlation length,
which is significantly weaker than Bohm scaling at low p*~! and closer to gyro-Bohm scaling
at high p*~ 1. In addition, our work also implies the study of impurity transport and energetic
particle transport should consider the system size effects.
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