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The isotope effect on zonal flows (ZFs) and turbulence remains a key issue that is not completely solved in fusion
plasmas. This paper presents the first experimental results of the ab initio prediction of causal relation between geodesic
acoustic mode (GAM) and ambient turbulence at different isotope masses in the edge of HL-2A tokamak, where transfer
entropy method based on information-theoretical approach is utilized as a quantified indicator of causality. Analysis shows
that GAM is more pronounced in deuterium plasmas than in hydrogen, leading to a lower heat transport as well as more
peaked profiles in the former situation. The causal impact of GAM on conductive heat flux component is stronger than on
the convective component, which is resulted from a larger causal influence of zonal flow on temperature fluctuation. While
a stronger GAM in deuterium plasmas has larger influence on all flux components, the relative change in temperature fluc-
tuation and coefficient is more obvious when the ion mass varies. These findings not only offer an in-depth understanding
of the real causality between zonal flow and turbulence in the present isotope experiments, but also provide useful ways for
the physical understandings of transport and zonal flow dynamics in future deuterium—tritium fusion plasmas.
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1. Introduction

The isotope effect has been a long unresolved physics and
a major challenge in magnetic confinement fusion research.!!!
Although theoretical gyro-Bohm scaling!®! predicts that heav-
ier ions would reduce confinement due to increased radial
transport, experiments have demonstrated that deuterium (D)
plasmas exhibit longer confinement times compared to hydro-
gen (H) plasmas under similar conditions.3-¢! This divergence
between theoretical predictions and experimental observations
induced by isotope mass is typically termed as the “isotope ef-
fect”. The manifestation of this effect varies across different
devices: some experiments reveal a strong positive correlation
between ion mass and confinement time, whereas others indi-
cate a weak or negligible dependence.!”~%! Consequently, gain-
ing a comprehensive understanding of the underlying physi-
cal mechanisms of the isotope effect is crucial for optimizing
plasma performance in future deuterium—tritium (D-T) fusion
reactors.

In order to elucidate the physical mechanism of isotope
effect on the confinement property, several theories have been
proposed, !*12 with zonal flow (ZF) activity being identi-
fied as a leading candidate. Zonal flow is poloidally sym-
metric large scale structures with finite radial wavenumber
generated via nonlinear three-wave interactions by turbulence
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which can suppress turbulence through flow shearing.[!3-13]
There are two kinds of ZFs, i.e., the low/zero frequency ZF
(L/ZFZF)'617] and the high frequency branch geodesic acous-
tic mode (GAM).!'8-201 Whilst the former generally exists in
the core and can hardly be recognized in present devices, the
latter is more obvious at the edge plasma and is much easier
to be detected. Therefore, the edge plasmas characterized by
GAM-turbulence system offers a good conditions for studying
the basic physics of zonal flow and transport dynamics. For
example, studies on TEXTOR provide the first experimental
evidence that larger GAM amplitude is associated higher D/H
ratio.l>!l Subsequent observations on TJ-II corroborated the
impact of isotope mass on turbulent structures.!”l These re-
sults highlight the critical role of multi-scale interaction be-
tween turbulence and ZFs in regulating the observed isotope
effects.

Whilst most results indicate that the influence of isotopes
on plasma transport and confinement is resulted from the dif-
ferent turbulent and ZF amplitudes, there remain many unre-
solved physics regarding the mechanisms of the isotopic ef-
fect, particularly the direct quantifications of the causality.
In this paper, we report the first experimental results of the
isotope effect on the nonlinear coupling between zonal flow
and temperature fluctuation responsible for the heat transport,
combined with a direct information-theoretical-based causal-
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ity analysis of the modulation effect of ZFs on heat transport
using transfer entropy technique, which provides an in-depth
understanding of complex nonlinear physics of the isotope ef-
fect.

2. Experimental results

Experiments were conducted in ohmically heated hydro-
gen and deuterium plasmas on the HL-2A tokamak®?! (ma-
H
and D isotope plasmas have similar discharge conditions with

jor radius R = 165 cm and minor radius a = 40 cm).

line-averaged density /i, ~ 1.3 x 10! m~3, plasma current
I, ~ 150 kA and toroidal magnetic field B ~ 1.3 T. In these
experiments, the edge plasma physical parameters were mea-
sured by a double-step Langmuir probe array located at the
mid-plane on the low-field side, whose innermost radial posi-
tion is about 3 cm inside the last closed flux surface (LCFS),
i.e., r — rLcgs = —3 cm, at where the GAM and fluctuations
can be clearly detected simultaneously.!?>3 The local elec-
tron density () and temperature (7¢) can be estimated based
on the triple-probe principle. %! The poloidal electric field Eg
can be calculated via two floating potentials (¢) measured by
poloidally separated pins as Eg = (¢; — ¢2)/A0 (A0 is the
poloidal distance of the two pins), and then the radial velocity
is obtained, V; = Eg/B;. The turbulent particle I; and heat flux
Q; are calculated by IT = (ii.Eg) /B; and Q; = 3/2(p.Eg) /B,
where the tilde denotes the fluctuation part and bracket denotes
the ensemble average, respectively. All the results obtained in
this study have excellent reproducibility.

Figure 1 shows the comparison of typical discharge wave-
forms and edge profiles in H- and D-dominated plasmas. Fig-
ures 1(al)-1(cl) are the plasma current, central line-averaged
density, and plasma’s stored energy, respectively. It is clearly
seen that under the same plasma discharge conditions the
stored energy in D plasmas is approximately twice as that in
H plasmas, which implies that the heat transport level is much
lower in D plasmas. The vertical dashed lines denote the mea-
suring time by Langmuir probe in these experiments, with ap-
proximately the same radial position in H and D plasmas thus
reducing the impact of location on the turbulence properties.
The radial profiles of electron density, electron temperature,
and their gradients averaged in several similar discharges in
H (blue) and D (red) plasmas are shown in Figs. 1(a2)-1(b2)
and 1(a3)-1(b3), respectively. The local electron density in
the edge is slightly increased in D plasmas compared with H,
leading to the fact that the distinction of electron density gradi-
ent profiles (V) is not obvious, as can be found in Fig. 1(b2).
Figure 1(a3) shows the radial profile of electron temperature,
where a clear increase in D plasmas is found so that in the
edge region temperature gradient (V1) is higher in D plasmas
as seen in Fig. 1(b3). The transports in terms of particle and
heat fluxes (I; and Q;) are illustrated in Figs. 1(c2) and 1(c3),
respectively. It is observed that both fluxes inside the LCFS
are reduced in D plasmas, which is consistent with the higher
plasma stored energy observed in D discharges. As a result, it
is strongly suggested that the fluxes associated with tempera-
ture gradients and its fluctuation play a key role in determining
the transport in the edge region.
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Fig. 1. Time traces of (al) plasma current, (bl) central line-averaged density, (cl) stored energy. Radial profiles of (a2) electron density,
(b2) density gradient, (c2) particle flux, (a3) electron temperature, (b3) temperature gradient and (c3) heat flux. The error bars indicate the
standard deviation estimated in several similar shots and the vertical dashed lines in the profile plots denote the last closed flux surface.
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A low-frequency coherent mode peaking at around f ~
10 kHz is identified as GAM zonal flow that has been system-
atic studied on HL-2A for a long time,!'%>>>7] and its nonlin-
ear interaction in spectral space between ambient turbulence
in isotope discharge experiments has been previously studied
in Ref. [28]. In order to explore the impact of the isotope
mass on heat flux, the frequency spectra of various fluctuation
quantities and their contributions to convective and conductive
heat flux components are compared, i.e., Q@ = Qconv + Ocond =
%(Te <ﬁe\7r> +ne <7~;Vr>) which can be normalized by the pres-
sure as Qcony = <Z’—z\7r> and Qcong = <%\7r>, where fie, T, and
V; represent the electron density, electron temperature, and ra-
dial velocity fluctuations, respectively. Figure 2 depicts the
spectra of convective and conductive fluxes, where the former
is defined as

<j:(f)vr(f)>
Ane )

k9 (f) ’[P(ﬁe/"e)(f)P(ﬁ (f)‘ X C@e/"e)‘lS (f)
B ’

Qconv (f )

in which the coefficient is calculated as

Clie/ne) = S0 % fe) 5 (e )/ [Pliicfe) P )

and o is the angle between the two signals in frequency

e.?] Likewise the conductive component is defined in the

spac
same way. The power spectrum peaks at the GAM frequency
as shown in Fig. 2(e). In Figs. 2(d) and 2(h), it is noted that
in the low-frequency range (f < 20 kHz), both the convective

and conductive heat fluxes almost vanish, since the poloidal
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Fig. 2. Frequency spectra of convective (left panel) and conductive (right
panel) heat flux. Panels (a) and (e) are the cross-power between 7ii/n (T./T.)
and @; panels (b) and (f) are the poloidal wavenumber spectrum; panels (c)
and (g) are the coherence between i/n (T, /T.) and (}3; panels (d) and (h) are
convective and conductive heat flux spectra, respectively.

wave number kg of GAM is close zero and it does not drive
transport, as shown by Figs. 2(b) and 2(f). In the medium fre-
quency (20 kHz—-60 kHz), cross-power and coherence for the
convective heat flux do not show significant difference in both
isotope plasmas, whereas they have distinct feature regarding
the conductive component. It is plausible that the coherence
between temperature and potential fluctuations maybe an im-
portant reason for the reduction of conductive flux in D plas-
mas, consequently leading to a substantial decrease in overall
heat transport.

Although the cross spectrum technique is good for ex-
plaining the modulation effect, it is not a measure of the real
‘causality’ but the similarity in frequency space. This linear
analysis falls short in quantifying the strength of causal re-
lationships. Thus, a direct causality analysis should be per-
formed for the understandings isotope effect on zonal flow
and its modulation effect on ambient turbulence. Here, a di-
rection causality measuring technique based on information-

theoretical approach[*"]

is introduced, the transfer entropy
(TE).3! Transfer entropy quantifies the enhancement in pre-
dicting the next sample of signal X through the utilization of
not only its own time history but also that of signal ¥, which
provides a quantitative framework for assessing causality by
measuring the information gained about future events based
on past events. Causal interactions are categorized into redun-
dant, unique, and synergistic contributions, depending on their
nature. This method is non-intrusive, maintains invariance un-
der invertible variable transformations and is highly suitable
for both computational simulations and experimental studies.
In a simplified manner, the transfer entropy can be expressed
using the following formula:

(XN+1 \fok,nyk)
PNy 1lxn—k)

TEy_x (k) ZZP(XN+1 S XN—1, YN—k) 10g; b

The probability distributions p(a,b,c,...) can be esti-
mated by dividing each argument into m bins, resulting in a
total of m¢ bins for p(a,b,c,...). Here, d represents the dimen-
sion of p. The probability distribution p(x|y) = p(x,y)/p(y)
represents the conditional probability distribution of x condi-
tional on y. The length of the signal is denoted as N, and the
time-delay embedding vector k can be converted to a ‘time lag’
by dividing the sampling frequency as At = k/ f;.13?! The sum
in equation runs over the corresponding discrete bins. Low
number of bins (here m = 2 or 3) are used due to the require-
ment of course graining in the construction of the probability
distributions. By calculating the TE with varying time delays,
the temporal scale of the maximum impact of one variable on
another can be accurately quantified by the TE value expressed
in bits, regardless of their amplitudes or sign. Since its first ap-

plication for fusion plasmas by Van Milligen ez al.,3?! it has

105202-3



Chin. Phys. B 34, 105202 (2025)

become a powerful tool for the investigation of complex in-

teractions and modulation phenomena in the field of tearing

modes, zonal flows, and so on.[34-30]
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Fig. 3. Transfer entropy between GAM and convective and conductive heat
flux in H (left panel) and D (right panel) plasmas. Panels (a) and (c) are the
causal relations between GAM and convective component while panels (b)
and (d) are that for conductive component, respectively.

In order to have a deeper insight into the intricate causal
relationships between the GAM and the heat transport mecha-
nisms of convective and conductive nature, figure 3 shows the
calculated transfer entropy values that quantitatively delineate
these interactions. Here the GAM is represented by its radial
electric field fluctuation E}’GAM bandpass filtered from the E,
in the frequency range of 8 kHz—12 kHz which covers the full
width at half maximum of the GAM, where E, is calculated by
the two potentials measured by the two steps with radial res-
olution of 2.5 mm. The results elucidate a significant causal
linkage between EI,GAM and both the convective and conduc-
tive heat flux components for typical H and D plasmas. The
observed modulation amplitude represented by TE values in
D plasmas markedly exceeds that recorded in H plasmas, in-
dicating a much stronger influence of GAM on heat transport,
as can be inferred by the comparison between Figs. 3(a)-3(c)
and Figs. 3(b)-3(d). This finding aligns well with previous
analysis that the comparatively lower convective and conduc-
tive heat fluxes in D plasmas than in H, due to the fact that the
stronger GAM as well as its regulation effect is responsible
for reduced heat transport processes in the former cases. The
modulation effect shows a gradual decay at long time scale due
to the intermittent nature of the GAMs.3’3%1 By investigating
these interactions through the framework of transfer entropy,

it is shown that the effective way for optimizing energy flux

is essential. Consequently, it is also suggested that exploring
the interplay between zonal flows and heat fluxes is vital for

understanding the transport features in fusion plasmas.
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Fig. 4. Transfer entropy between Er,GAM and each component of heat flux.
In the left panel, from panels (a)—(c) are the causal relations between Er,GAM
and Eg™, P™ and Cpms Ems for the case of H plasmas. The corresponding
relations for D plasmas are shown in the right panel by panels (d)—(f).

Although the impact of ZF on total transport shows that
larger GAM amplitude in D plasmas has stronger influence
on turbulence, it is also important for us to understand how
GAM affects each flux components, as turbulent heat flux
is computed as the product of root-mean square (RMS) of
poloidal electric field (Eg™), pressure (P;™), and the coher-
ence (Cpmsrms) between them. According to theory, [26] the
coherence is calculated as Cpmspms = Qr/(P™Eg™/B;) =
(P.Eg/B)/(PM™SES™ /By). The corresponding causal relation
between each component of the heat flux and ELGAM is illus-
trated in Fig. 4. It is worth noting that while the causal impact
of GAM on Ey™ is larger than that on the other two compo-
nents in both isotopes, the relative change of causal effect of
GAM on pressure and coherence is larger than that on the elec-
tric field when the ion mass varies. For example, it is seen that
the largest TEz ., Eym values are 0.004 and 0.008 in H and
D plasmas, whilst TEg s s are 0.001 and 0.0028,
implying that the transport reduction in a heavier ion plasmas
is resulted from the larger causal influence on pressure and co-
herence rather than the potential. It can be seen that Er,GAM
has a strong influence on all elements in D plasmas, as can
be easily concluded from Figs. 4(a) and 4(d). However, in

the H plasmas, E~r7GAM only has a significant impact on the
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poloidal electric field fluctuations, while no clear relationship
is observed between E"LGAM and either the pressure fluctua-
tion or the coherence, as can be found by larger TE values in
Figs. 4(e)—4(f) than that in Figs. 4(b)-4(c). The above results
demonstrate that GAM exhibits a stronger modulating effect
on coherence in D plasmas, which is consistent with the anal-
ysis presented in Figs. 2 and 3.
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Fig. 5. The transfer entropy between E; gam and (7 /ne)™, (Te/T.)™, and
the correlation coefficients as a function of time lag. Panels (a) and (b) are
the causal relations for H plasmas while panels (c) and (d) are those for D
plasmas, respectively.

According to the heat flux expression, the transport with
different isotope mass is primarily resulted from pressure
fluctuations and the correlation coefficient that can be writ-
ten as (Po/Pe)™ = (fie/ne)™ + (Te/Te)™ and Cppmspmms =
C(ﬁe/ ”e)
vestigate the separate causal relationships between E; gam and

rmsE(r;ms + C(fe/Te)rmsEgns, which enable us to further in-

temperature and density fluctuations as well as the coefficients.
In this sense, it can provide an insightful understanding of the
isotope effect on heat transport, which is presented in Fig. 5.
It is observed that in both H and D plasmas the ELGAM has
a larger causal impact on both 7 /T, and C(7. /1 )ms £ and
the modulation amplitude is higher with heavier ion mass, as
can be concluded by the comparison between Figs. 5(a) and
5(c) as well as Figs. 5(b) and 5(d). The modulation effects of
GAM on temperature fluctuations show a weak periodicity in
H plasmas due to the weak GAM activity, as can be inferred
from Figs. 5(a) and 5(b). More importantly, it is found that
GAM is more important in regulating the coefficients than the
fluctuations in both situations, indicating that stronger zonal
flow together with its stronger modulation on coefficient be-
tween temperature and potential perturbations in D plasmas is

the key factor for the reduction of the conductive heat flux,

which further leads to a decrease in the overall heat transport,

as observed in the present experiments.

3. Summary

The complex effect of isotope mass on edge turbulence
and zonal flows, particularly in relation to heat transport, was
investigated using spectral analysis and direct causality detec-
tion techniques in the HL-2A H/D isotope experiments. The
results indicate that deuterium plasmas exhibit stronger GAM
zonal flows and lower energy transport compared to hydrogen
plasmas. A detailed analysis of the underlying mechanisms
reveals a significantly larger coefficient between temperature
and potential fluctuations in D plasmas, which is responsible
for the reduced thermal conduction flux observed in D plas-
mas hence contributing to lower total heat flux. Transfer en-
tropy analysis further demonstrates a clear causal relationship
between GAM and temperature fluctuations in both H and D
plasmas, where in the latter situation a notably higher modula-
tion effect is discovered. These findings highlight the critical
role of zonal flows in modulating heat transport processes, par-
ticularly through correlation coefficients and temperature fluc-
tuation amplitudes. The study provides valuable insights into
the mechanisms behind the isotope effect, which is essential
for understanding plasma transport dynamics in the forthcom-

ing deuterium-tritium fusion experiments.
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