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Role of isotopes in microturbulence from linear to saturated Ohmic confinement regimes
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The first-principle gyrokinetic numerical experiments investigating the isotopic dependence of energy confine-
ment achieve a quantitative agreement with experimental empirical scalings, particularly in Ohmic and L-mode
tokamak plasmas. Mitigation of turbulence radial electric field intensity |SE,|> and associated poloidal E x B
fluctuating velocity with the radial correlation length /., o« MY!! strongly deviating from the gyro-Bohm scaling

is identified as the principal mechanism behind the isotope effects. Three primary contributors are classified:
the deviation from gyro-Bohm scaling, zonal flow, and trapped electron turbulence stabilization. Zonal flow
enhances isotope effects primarily through reinforcing the inverse dependence of turbulence decorrelation rate
on isotope mass with w, oc M%7, which markedly differs from the characteristic linear frequency. The findings

offer insights into isotope effects, providing critical implications for energy confinement optimization in tokamak

plasmas.
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Deuterium (D) and tritium (T), pivotal to fusion energy,
serve as the fuel for power generation in fusion plants, mak-
ing their reactor-level operation a crucial objective for ITER
[1]. Experiments across various tokamaks show that isotopes
enhance energy confinement, epitomized by a general empiri-
cal scaling tz o< My, where 1z denotes energy confinement
time, and M; represents isotope mass ratio to hydrogen. o
varies between 0.2 and 0.5 [2-8] in nearly all operation
regimes across worldwide tokamaks. Compiling data from
diverse tokamaks, differing in size and magnetic configura-
tions, L-mode confinement scaling ITER89-P [9] indicated
o = 0.5, and H-mode confinement scaling ITER-IPB(y) [4]
yielded o = 0.2. Intriguingly, isotopic dependence in Ohmic
plasmas on ASDEX revealed o = 0.31 in the low-density
linear Ohmic confinement (LOC) regime and ¢ = 0.5 in the
high-density saturated Ohmic confinement (SOC) regime [2].
Further, recent experiments shed light on the influence of iso-
topes on L-H power threshold in DIII-D [10], pedestal height
in JET [11] and ASDEX Upgrade [7]. Given these findings,
it is pivotal to unravel isotope effects in less complex plasma
states like Ohmic and L-mode.

Despite experimental findings, theoretical understanding
of isotope effects remains poor and constitutes a conun-
drum to date. Mixing-length diffusivity, yur ~ v /ki, scales
as o« M?3 from the gyro-Bohm scaling with perpendicular
wave number k| o M 03 Similarly, gyro-Bohm diffusivity
XGB = p?VTi /a exhibits a proportional relationship with MI.O'S.

“qileister @kfe.re.kr

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

2643-1564/2024/6(1)/L012004(6) L012004-1

These predict a scaling tz oc 1/x o« M~ 05 at odds with exper-
imental findings. Here, y represents linear growth rate, p; is
ion gyro radius, Vy; = 4/T;/M; denotes ion thermal velocity,
and a refers to tokamak minor radius. Previous studies ex-
plored nonlinear regimes, with a particular focus on zonal flow
[12], along with collisions [13], electromagnetic effects [14],
nonadiabatic electrons [15-18], and heating sources [19].
However, the scopes of these studies were limited, leading to
incomplete understandings of isotope effects and shortage of
consistent comparisons with experiments. To our knowledge,
only qualitative consensus between experiments and theoret-
ical models or simulations was attained in restricted regimes,
illustrating that the pursuit of quantitative correlations is a
significant challenge.

There has been a consistent need to elucidate the changes
in energy confinement as density escalates, transitioning from
the linear growth regime (LOC) to the saturated regime (SOC)
in Ohmic and L-mode plasmas. Recent gyrokinetic simula-
tions adeptly mirrored this LOC-SOC transition, depicting
the shift in microturbulence dominance from trapped electron
mode (TEM) to ion temperature gradient mode (ITG) due
to stabilization of TEM by electron-ion collisions [20]. In
this Letter, using state-of-the-art gyrokinetic numerical ex-
periments, we illustrate the isotopic dependence of energy
confinement, showing o >~ 0.5 at the low-density LOC regime
and o ~ 0.25 at the high-density SOC regime. This aligns
quantitatively with empirical scalings with o ranging from 0.2
to 0.5. Additionally, we introduce a groundbreaking mecha-
nism that explicates isotope effects driving this quantitative
correlation. The mechanism stands out to replicate exper-
imental observations of advantageous isotopic dependence
of energy confinement, evident during LOC-SOC transition
across multiple tokamaks, including ASDEX [2], JET-ILW
[21], FT-2 [22], and TCV [23]. Our findings emphasize the
pivotal role of isotopes in alleviating fluctuations of radial
electric field |8E,|> and associated poloidal SE x B flows.
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Radial correlation length ., o« M!! significantly deviates
from the gyro-Bohm scaling, indicating three key factors be-
hind isotope effects: deviation from the gyro-Bohm scaling,
zonal flow, and stabilization of TEM.

In this work, we employ the 8 f version of cutting-edge
first-principle global gyrokinetic particle-in-cell simulation
platform gKPSP to conduct numerical experiments. In the
code, ions are governed by gyrokinetic equations [24,25].
Bounce-averaged kinetics [26] is applied to describe trapped
electrons with drift-kinetic passing electrons passively re-
sponding to fluctuations. Code details can be acquired in pre-
vious publications [27,28]. The code has been demonstrated
capable to study ion-scale microturbulence with general
tokamak geometry [29,30]. Simulations adopt parameters rep-
resentative in typical Ohmic and L-mode discharges. Ion and
electron density gradient is R/L,; = R/L,, = 2.5, electron
temperature gradient is R/Ly, = 7.5, and ion temperature gra-
dient is R/Ly; = 4.5, wherein L, = —(d Inx/dr)~". Gradient
profiles are given by the function G(e) = —Lﬁ; exp{—I[(e —

e.)/ea]*?}. Here, inverse aspect ratio ¢ = r/R with r the
radius; R/L, represents normalized gradient; &, = 0.18 and
ea = 0.054 are the gradient profile’s center and width, re-
spectively. Ion and electron temperatures at the plasma center
are Tjp = 2.725keV and T,o = 5.5keV. Density at the plasma
center n varies from 0.5 x 10 m™3 t0 9.0 x 10" m~3. The
safety factor is set up by g = 0.58 + 3.04¢ + 8.5¢%. Other
main parameters are as follows: a = 0.67 m, major radius R =
1.86 m, and magnetic field By = 1.917. Maximum toroidal
mode number ny,,, = 116, which ensures kg p; ~ 1.0, cover-
ing both ITG and TEM regimes. Radial domain size p*~! =
a/pig = 220, with p;z being hydrogen gyro-radius. A con-
centric circular tokamak geometry is applied, while for some
cases shaped geometry with elongation x = 1.5 is utilized.
Coulomb collision operator is utilized for ion-ion collision,
while electron-ion collision is modeled by the Lorentz pitch-
angle scattering operator. Parameters considered here are in
the low-collision regime.

Effective thermal energy transport diffusivity x.g is de-
fined by Eq. (1), with x,(;, being electron (ion) heat transport
diffusivity and D, electron (ion) particle flux diffusivity.
Xetf 1s normalized to hydrogen gyro-Bohm diffusivity xggy =
pizHVTm /a, with Vr;; being hydrogen thermal velocity. Ther-
mal energy confinement time is calculated by ey = a2/ xefr
and displayed in Fig. 1(a) in terms of densities. Cases with
zonal flow (w ZF) are indicated with symbols and solid lines,
while scenarios without zonal flow (wo ZF) are indicated
with only symbols. Open circles represent cases in shaped
tokamak geometry with elongation « = 1.5. Top axis indi-
cates electron-ion effective collisionality v¥; = v /awy, only
for Fig. 1(a), and vt = v,;/e. v,; is electron-ion collision
frequency, and wp, = Vr./(qRoe~"/?) is electron bounce fre-
quency with Vp, = /T,/m, being electron thermal velocity.
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Figure 1(a) highlights the following key aspects: (i) xef
undergoes a transition from the linear regime (LOC) at low
density to the saturated regime (SOC) at high density, with
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FIG. 1. (a) 7 is depicted against density n with (w ZF) and
without (wo ZF) zonal flow, for H, D, and T. Open circles represent
cases in shaped geometry with elongation k = 1.5. Top axis indicates
effective electron-ion collisionality v, and y axis is in log scale.
(b) Energy confinement time adapted from Fig. 1(b) in Ref. [2].

isotopes leading to energy confinement improvement. This
demonstrates fair agreement with the experimental trend
shown in Fig. 1(b), adapted from Fig. 1(b) in Ref. [2]. Dots
and lines represented in this figure are approximate mean
values of scattered points in Fig. 1(b) of Ref. [2]. This obser-
vation remains consistent in shaped tokamak geometry with
elongation ¥ = 1.5. (ii) Removal of zonal flow leads to degra-
dation of confinement in all cases. Further analysis shows that
zonal flow enhances isotope effects.

To decipher the underlying mechanism, we explore the
characteristics of inherent turbulence. We employ Eq. (2) to
scrutinize turbulence potential spectrum, which allows us to
establish the potency of ITG and TEM Sitg_rtem. Simulations
illustrate that ITG is characterized by w > 0, ky > 0, while
TEM is identified with w < 0, ks > 0. Dominance by ITG and
TEM is indicated by positive and negative values of Sirg_tem,
respectively, with @ symbolizing turbulence frequency, ky
signifying poloidal wave number, and ¢ representing electro-
static potential. Figure 2 visualizes Sirg_tem against density,
color-coding hydrogen (black), deuterium (blue), and tritium
(red) with symbols and solid lines. The graphical represen-
tation reveals a shift in turbulence dominance from TEM to
ITG as density escalates. This aligns with prior gyrokinetic
simulations which suggest TEM dominance in LOC and ITG
dominance in SOC [31,32].
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FIG. 2. ITG-TEM turbulence strength coefficient Sirg_tgm in
terms of density for H, D, and T. o is also depicted by open circles
and dash line for scenarios with zonal flows (w ZF), discrete green
x for scenarios without zonal flows (w/o ZF), and discrete x for
shaped cases with k = 1.5.

We apply power law scaling 7t oc M7 for three isotopes
under identical densities. Figure 2 showcases o values at
diverse densities. It is noteworthy that in the low-density
(LOC) TEM dominant regime o ~ 0.5, and o ~ 0.25 in
the high-density (SOC) ITG dominant regime, as summa-
rized in Table I. Notably, a quantitative agreement between
numerical and experimental data is attained with o in the
range from 0.2 to 0.5, evident when comparing to empirical
data from ASDEX [2], ITER89-P scaling for L-mode [9],
and ITER-IPB98(y) scaling for H-mode [4], as displayed in
Table I. ITER89-P and ITER-IPB98(y) encompass data bases
from diverse worldwide tokamaks with varying sizes and
magnetic configurations, highlighting their general properties.
The quantitative consensus is robust across a wide range of
parameters for varying densities, elongations, radial domain
sizes (p*~!), and plasma profiles. An additional profile scan
demonstrates that ITG turbulence with R/L, =2,R/Ly; =
6,R/Lr, =2,n=1.0 x 10"°/m?® produces o =0.22, and
TEM turbulence with R/L, =2,R/Ly; =2,R/Ly, = 6,n =
1.0 x 10'/m? yields o = 0.36. When compared closely to
ASDEX, our simulations highlight a more distinct isotope
effect at lower densities. It is important to mention that our
simulations do not exactly mirror plasma parameters found in
ASDEX. Experimental settings are inherently more intricate
with multiple varying parameters. As depicted in Fig. 1(a)
of Ref. [2], electron temperature displays a pronounced shift
from low to high density. Furthermore, in the low-density
LOC regime, confinement time sees a rapid increase with den-
sity. This results in considerable shifts in o even with minor
variations in density measurements. For cases devoid of zonal
flow, o is represented by discrete green x. Comparison with
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FIG. 3. (a) Iy, (b) I1,, (c) 1y, and (d) I1, are displayed versus
n with (with ZF) and without zonal flow (w/o ZF), for H, D, and T.
The y axis is in log scale.

zonal flow cases reveals that zonal flow boosts the isotopic
dependence of energy confinement by escalating o .

To deepen our understanding, it is crucial to delve
into the turbulence spectrum [33-35] in three-dimensional
(3D) tokamak geometry. We consequently define four
forms of turbulence energy: total energy Iy = I, + Iy +
I, radial [T, = |8E,|* = Zk,.,kg,k; k2|p(ky, ko, k¢ )|*, poloidal
My = |8Ey|> = ke k3\p(ky, ko, k¢ )|?, and toroidal T1, =
|6E;|2 = ankg’k{ k?|¢(k,, kg, k;)l2 electric field energies.
Notably, radial electric field energy correlates with poloidal
SE x B fluctuating velocity, and vice versa. Iy, I1,, [Ty, and
I1; are presented in Fig. 3. The figure clearly underscores that
isotopes suppress radial, poloidal, and toroidal electric field
energy, a pattern independent of zonal flow.

We proceed by calculating radial  correlation
length I, =2m /k,, poloidal correlation  length
lg =2m/ky, and eddy turnover rate wr X kpk,¢.

Here, k_,E«/H,/Zkhkg’k[|¢(k,,k9,k{)|2 and  ky =

\/He/zkhkg'k{ |p(k,, kg, ke )|>. We also calculate decor-
relation rate, w. = 27 /t,, using an alternative method. We
compute autocorrelation of ¢(¢) at 11 x 16 x 11 selected
locations (radial x poloidal x toroidal), evenly spread across
the 3D turbulence regime. 7. is then derived as the time
distance from t = 0 to where the autocorrelation coefficient
equals 0.5 and is averaged over all selected positions. We
examine cases n = [1.0, 3.0, 6.0, 8.0] x 10'°/m? with and
without zonal flows. Average values of o are used for
discussions. Findings reveal [, ocMiO'“, leo och.0'53, and
we o M%7 close to wr oc M7 for cases with zonal

TABLE 1. Predicted isotope scaling exponent o in comparison with empirical scalings.

gKPSP simulator ASDEX ITER89-P L-mode ITER-IPB98(y) H-mode
- LOC SOC LOC SOC 05 02
0.5 0.25 0.31
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FIG. 4. o for turbulence radial electric field intensity |SE,|
(black), linear growth rate y (blue), eddy turnover rates wr with (red)
and without (gray) zonal flow as a function of density.

flow. Scalings of w. or wr with M; starkly contrast with
characteristic linear frequency w,, « ¢;/a x M ;0.5'

From mixing length estimations, energy confinement time
is T ocl/x o 1/I2w, o« M?>* using the radial correlation
length and 7 Mi_o‘3 with the poloidal correlation length.
Dimensional analysis suggests a more crucial role of radial
electric field in isotope effects. Furthermore, ., oc M-!! devi-
ates significantly from the gyro-Bohm scaling which predicts
I, M?'S. In contrast, /.4 M?'53 follows the gyro-Bohm
scaling, implying anisotropic spatial isotopic dependence.
Due to the crucial role of radial correlation, we performed
convergence tests with regards to radial grid size and domain
size for n = 3.0 x 10" m3. In one test, we increase the radial
grid number from N, = 288 to N, = 432. In the other one,
p*~ 1 is doubled from 220 to 440, as we note p*~! > 500 was
adopted in recent gyrokinetic simulations of LOC-SOC tran-
sition [32]. Both tests show consistent isotopic dependence
of radial correlation length, confirming the convergence. In
addition, I, is more strongly influenced by the radial equi-
librium scale length (radial domain size) than the isotope
mass. In the case a/p;y = 220, I, = 8.64p;4,9.550;y and
10.2p;z for H, D, and T, respectively, with ., o« MY, In
the other case a/p;y =440, 1., = 12.27p;y4, 13.660,y4, and
14.61p;y for H, D, and T, respectively, with ., oc M?138.
Obviously, this is one of the reasons why early attempts for
explanation of isotopic dependence of confinement involved
the trapped ion mode led to Bohm, rather than gyro-Bohm
scaling [36]. Upon removing zonal flows, we find [V o
M0 @ o MO and @ oc M?4!. Thus, zonal flow
primarily enhances isotopic dependence of confinement by
reinforcing the inverse dependence of decorrelation rate on
isotopes. Results align with experimental measurements on
DIII-D [10], validating the isotopic reduction of decorrelation
rate.

We further classify contributors to isotope effects: de-
viation from gyro-Bohm scaling, zonal flow, and TEM
stabilization. Scaling factors o for |SE, 12, y, and wr are show-
cased in Fig. 4. Firstly, the deviation from gyro-Bohm scaling
is characterized by [, M?'“ and inherent isotopic depen-
dence of y « Ml.’o's, identifiable in the ITG-dominant SOC
regime. For example, with n = 8.0 x 10" m~3, y o« M; 07
aligns with |SE,|* oc M; %%, yielding x o )//k_,2 o M08
from mixing length estimation. Secondly, TEM stabilization
becomes clear in the TEM-dominant LOC regime, where y o

0.8F :

: - ZF g

0.6- == TEM stabilization E

o4 f 7

2 ;

0.0 : : ]
ITG dominant TEM dominant

FIG. 5. Contributions to ¢ from participators: deviation from
gyro-Bohm scaling (green), zonal flow (red) and TEM stabilization
(blue) in ITG and TEM dominant regimes.

M7%% in line with |8E,|> oc M " for n = 1.0 x 10" m=.
Evidently, TEM stabilization amplifies isotope effects, adding
to the deviation from gyro-Bohm scaling. This observa-
tion corroborates the findings presented in Refs. [13,15].
Thirdly, zonal flow adds to isotope effects by enhancing
the inverse dependence of the decorrelation rate (turbu-
lence eddy turn over rate) on isotopes, as illustrated in
Fig. 4. Since wy  kyk,6¢ and ky MI._O'53, following the
nature of microturbulence regardless of zonal flow presence,
impacts of zonal flow come from the reinforcement of tur-
bulence radial electric field mitigation by isotopes. This is
confirmed as we find k8¢ oc M 034 with zonal flow and
k.6¢ Mi_o']7 without zonal flow. Figure 5 quantifies each
contributor’s impact in TEM- and ITG-dominant regimes.
For this figure, we calculate the average o for TEM- and
ITG-dominant turbulence, with and without zonal flow, from
Fig. 2.

It is worth noting that electron-ion collision v,; is inde-
pendent of ion mass and remains a constant for isotopes.
Understanding of the role of electron-ion collision in TEM
stabilization by isotopes is nontrivial. A potential explana-
tion can be inferred from TEM dispersion relation, which
requires the resonance condition w — @z, + iv,;/€ [37]. Given
that w — @z, < M 05 and v,; /& M?, collisional broadening
of wave-particle resonance for TEM drive is compara-
tively stronger for larger ion mass, resulting in weaker
turbulence and diminished transport. Furthermore, electron-
ion collision stabilizes TEM by detrapping the trapped
electrons. Detrapping rate f;;, defined as percentage of de-
trapped electrons per unit time, emerges as a critical metric
for evaluating detrapping effects [20]. Our simulations re-
veal that f; Ml.0'6. This indicates that isotopes accelerate
detrapping of trapped electrons and disrupt trapped elec-
tron VB drift resonance more rapidly, leading to TEM
mitigation.

This study exemplifies the isotopic dependence of energy
confinement, T oc M7, with o 2 0.5 in the low-density LOC
regime and o =~ 0.25 in the high-density SOC regime. This
finding aligns with empirical scalings with o ranging from 0.2
to 0.5. Within this robust correlation, we identify a paramount

L012004-4



ROLE OF ISOTOPES IN MICROTURBULENCE FROM ...

PHYSICAL REVIEW RESEARCH 6, L012004 (2024)

physical mechanism: mitigation of turbulence radial electric
field energy |8E,|> and correlated poloidal fluctuating SE x B
flow, dictated by radial correlation length /., M?'“, that
greatly diverges from gyro-Bohm scaling. Notably, impact of
turbulence radial electric field and correlated poloidal fluc-
tuating §E x B flow on transport and confinement remains a
key focus for future research. Our findings suggest this aspect
should receive considerable emphasis, offering a potential di-
rection for experimental exploration and building a theoretical

foundation for isotope effects. This work may have significant
implications for optimizing energy confinement in tokamak
plasmas.

This work is supported by the R&D Program through
Korea Institute of Fusion Energy (KFE) funded by the Min-
istry of Science, ICT and Future Planning of the Republic of
Korea (KFE-EN2341-9). Simulations were run on the KFE
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