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Abstract 

The impact of tungsten impurity on the dynamics of turbulence and geodesic acoustic mode (GAM) zonal flows has been 

studied in HL-2A NBI-heated deuterium plasmas in detail. Experimental results show that the edge turbulence gradually 
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reduces after tungsten impurity injection, which is related to the increased electron-ion collisionality due to impurity 

stabilization mechanism. Meanwhile both the E × B mean and zonal flows decrease, which results from the increasing tungsten 

impurity concentration. The impurity-induced radiation belt remarkably shifts from edge toward core plasma, the edge local 

tungsten impurity concentration has a corresponding reduction, which is a main cause for the change in E × B mean flow. An 

important observation here is that the E × B mean flow start to rise as edge turbulence reduces to a rather low level, concurrently, 

the GAM zonal flows increase as well, which might result from the turbulent eddy symmetry-breaking by the E × B mean 

flow. The enhanced E × B mean and zonal flows are responsible for the consecutive stabilization of edge turbulence. The 

experimental results reveal the significant contribution from the local impurity concentration to the dynamic interplay between 

turbulence, E × B mean and zonal flow, which could advance the inherent physical mechanism governing turbulence and zonal 

flows in the presence of tungsten impurity in magnetized confined plasmas.  

1. INTRODUCTION 

With the transition from carbon-dominated first wall configurations to all-metal plasma-facing components 

(PFCs) in the design of international thermonuclear experimental reactor (ITER), the combination of impurity 

seeding and metal PFCs will bring up the problem of high-Z impurity sputtering [1]. Recently, tungsten (W) has 

been selected as the dominated PFCs material in the divertor region of ITER, due to its high heat tolerance, low 

erosion rate and low hydrogen retention [2, 3]. In general, the level of tungsten impurity concentration in a fusion 

reactor is roughly steady， but a transient increase of intrinsic tungsten impurity might occur in the case of burst 

events, i.e., edge-localized mode eruptions [4] and strong instability driven by high energy particle [5], which 

plays a critical role in plasma performance. It has been widely considered that the several instabilities existed in 

the plasmas always caused particle or energy loss and lead to confinement degradation. The one of the most 

important instabilities is the turbulence, which contributed the dominated abnormal transport [6]. Therefore, the 

study of effect played by high-Z tungsten impurity on turbulence and the resulting transport has attracted 

enormous interest in magnetically confined plasmas. The iron metal impurity has been observed to promote the 

edge-localized mode suppression via enhancing the turbulence at pedestal top and remain the high confinement 

state in HL-2A tokamak [7]. And the improved energy confinement with high-Z argon seeding at high density has 

also been reported in JT-60U device [8]. Recently, there are several explanations for the physical mechanism on 

how the impurity affect the turbulence and turbulent transport. Several theoretical works indicate that tungsten 

impurity has a stabilizing effect on trapped electron mode (TEM) or ion temperature gradient (ITG) turbulence 

when the impurity ion density profile is inwardly peaked [9, 10]. Meanwhile, the plasma dilution has also been 

thought responsible for the turbulence behavior effected by impurity ions, which is always correlated to the plasma 

parameter effective charge number (𝑍𝑒𝑓𝑓). The theoretical work in W7-X stellarator indicated that the impurity 

can significantly enhance or reduce turbulent ion loss dependent on the effective charge number [11]. And the 

possible contribution of 𝑍𝑒𝑓𝑓  on global turbulence suppression has been put forward in LHD experimental results 

[12]. Another candidate is the flow shear, including mean and zonal flows [13, 14], could be affected by the 

impurity concentration, and then have a significant impact on the turbulence and transport. Such as the suppression 

of turbulence and transport reduction induced by the enhancement of E × B shearing rate in DIII-D tokamak [15, 

16]. And in particular, a reduced turbulence regime accompanied by enhanced zonal flows due to the injected 

tungsten impurity was observed in HL-2A tokamak [17]. However, the underlying physical mechanism governing 

the turbulence activity involved the dynamical interplay between turbulence, mean and zonal flows in the presence 

of tungsten impurities still remains unclear. 

2. EXPERIMENTAL SET-UP 

The experimental results presented in this paper are from the NBI-heated deuterium plasmas on HL-2A tokamak 

(R = 1.65 m, a  0.4 m) with the limiter configuration under the following discharge parameters: 𝐼𝑝 ≈ 150 kA, 

𝐵𝑡 ≈ 1.36 T, 𝑛𝑒𝑙 ≈ (1.2 − 1.5) × 1019 𝑚−3, 𝑃𝑁𝐵𝐼 ≈ 100 kW. The tungsten impurity was injected by the laser 

blow-off (LBO) system located at the outer mid-pane and the total number of injected tungsten particles could be 

roughly estimated to be about (1 − 1.2) × 1018 in the this experiment with the thickness (~5 μm), density of 

the tungsten layer (~19.35 g/𝑐𝑚3) and the size of the laser spot (~1 mm) on the target [18]. The main diagnostic 

used for the characteristics analysis of the turbulence, mean and zonal flows was a double-step Langmuir probe 

array [19]. Plotted in Fig. 1(a) are the magnetohydrodynamic equilibrium configuration reconstructed by the 

equilibrium fitting code (EFIT) together with the measurement location of the Langmuir probe. The probe has 

been installed at a reciprocating system at the mid-plane with a scanned speed of 1.0 𝑚/𝑠. The deepest distance 

of the reciprocating probe away from the last closed flux surface (LCFS) is almost at ∆𝑟 = −25 𝑚𝑚, where the 

negative values of ∆𝑟 mean inside the LCFS. Fig. 1(b) give the sketch of the double-step probe utilized in this 

work. Both the combination tips on each step are the standard four-tips probe, which could support for the 

measurement of the mean and fluctuating values of the floating potentials (𝑉𝑓), ion saturated current (𝐼𝑠), the local 

electron density (𝑛𝑒), and temperature (𝑇𝑒) according to the triple probe principle [20]. And the local radial particle 
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flux (Γ𝑟 ) could be calculated as 

Γ𝑟 =< 𝑛𝑒𝑣𝑟 > , where the radial 

velocity  𝑣𝑟 = 𝐸𝑝 × 𝐵𝑡 , and 

poloidal electric field could be 

calculated with two floating 

potential signals at different 

poloidal position. And similarly, 

the radial electric field 𝐸𝑟  could 

be calculated with two floating 

potential signals at different radial 

position. The more detailed 

introduction about this double-

step reciprocating probe have 

been given in previous work [17] 

and let's simplify it here. It should 

be noted that the floating potential 

has always been considered as an alternative of the plasma potential in the Langmuir probe measurement, due to 

the much smaller level of the temperature fluctuation compared to potential fluctuation. And the tips here are 

carefully adjusted to minimize the phase error arising from the finite tip separation cross-field lines. The results 

presented here are well reproducible under similar discharge conditions. 

3. EXPERIMENTAL RESULTS 

3.1. Typical parameters evolutions with tungsten injection   

In this work, we extend the analysis of earlier work [17] and address the inherent physical mechanism 

responsible for the lower turbulent level maintenance after the tungsten impurity injection in HL-2A edge plasmas. 

As presented in Fig. 2, the tungsten injection experiment could be divided into three time periods, i.e., before (𝑡 <
900 𝑚𝑠), during (900 < 𝑡 < 940 𝑚𝑠) and after (𝑡 > 940 𝑚𝑠) impurity injection. One can see that the tungsten 

impurity was injected at 𝑡 = 900 𝑚𝑠, which could be 

confirmed by the significant increase in the 

spatiotemporal profile of the radiation power measured 

by the bolometer arrays [21], and the obvious rise both 

in effective charge number measured by visible 

bremsstrahlung diagnostics [22] and radiation intensity 

of 𝑊6+  measured by space-resolved extreme 

ultraviolet (EUV) diagnostic [23] in Fig. 2(c) further 

indicates the tungsten impurity has been injected into the 

plasmas. An important observation is that the injected 

impurities are initially concentrated in the edge plasmas 

(900 < 𝑡 < 920 𝑚𝑠) and gradually transported into core 

plasmas (𝑡 > 920 𝑚𝑠), as shown in Fig. 2(b). In our 

previous works, “after impurity injection (𝑡 > 940 𝑚𝑠)” 

is termed as a new state of reduced-turbulent transport, 

which is attributed to the enhancement of the GAM zonal 

flows effected by the injected tungsten impurity ions. 

And the period “during impurity injection (900 < 𝑡 <
940 𝑚𝑠)” has been considered as the ‘transition phase’, 

where both the Hα emission (not presented here) and 

edge electron temperature first significantly drop and 

then increased, whereas the plasma current (𝐼𝑝 ), line-

averaged density (𝑛𝑒𝑙) and the plasma edge density (𝑛𝑒) 

measured by probe located at ∆𝑟 = −25 𝑚𝑚  exhibits 

a less pronounced change after tungsten injection, as 

shown in Fig. 2(a) and (d). For the characteristic analysis 

of the edge turbulent transport, the time-frequency 

spectrum of the radial particle flux has been calculated 

and plotted in Fig. 2(e). It could be seen that the particle 

loss mainly concentrated at 𝑓 = 20 − 60 𝑘𝐻𝑧, which is 

 
Fig. 2. Time evolutions of the line averaged density 

together with the plasma current (a), the radial 

distribution of the radiation power measured by the 

bolometer (b), the radiation intensity of 𝑊6+ and the 

effective charge number (c), the electron temperature 

and density (d) and radial particle flux (e) measured by 

the probe located at ∆𝑟 = −25 𝑚𝑚. 

 
Fig. 1. The magnetohydrodynamic equilibrium configuration reconstructed by 

EFIT code and the location of the reciprocating Langmuir probe (a) and the 

sketch of this double-step Langmuir probe (b) 
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roughly consistent with the turbulence frequency regime resolved on the density fluctuation spectrum. More 

importantly, on can see that the flux starts to drop immediately after the tungsten impurity injection, and then it 

keeps at a low fluctuation level starting from 𝑡 = 920 𝑚𝑠. It seems that the time scale of turbulent transport 

reduction is comparable with the staying time of radiation belt localized in edge region. A question is naturally 

raised, what is the inherent physical mechanism responsible for sustaining the low turbulence level from t=920 

ms? Actually, the enhanced zonal flow was considered responsible for the maintenance of the lower-level 

turbulence in the time period named “after impurity injection” in previous work [13], but the trigger for the 

amplification of zonal flows and the dynamical interaction between turbulence, mean and zonal flows in the time 

range of 900-940 ms has not been illustrated yet.  

3.2 Turbulence and turbulence-driven flows dynamics during impurity injection   

For further studying the dynamics of the turbulence and turbulence-driven flows effected by tungsten impurity, 

the behaviours of mean and GAM zonal flows during 900 ms < 𝑡 < 940 ms has been analysed. Plotted in Figs. 

3(a)-(b) are the time evolutions of the floating potential fluctuation filter in the GAM frequency (9-15 kHz) and 

the auto-power spectrum of floating potential fluctuation measured by the probe located at ∆𝑟 = −25 𝑚𝑚 , 

respectively. The coherent mode with frequency f=11.7 kHz has been confirmed to be GAM zonal flows in 

previous work. One can see that the GAM zonal flow was first decreased at the moment of the tungsten impurity 

injection, however the downtrend lasted only 20 ms and 

then the zonal flow intensity gradually recovered and even 

increased to a higher level than that before impurity 

injection, as shown by the yellow shaded area in Figs. 3(a)-

(b). For a more intuitively analysis of its behavior during 

this period, we have divided this period into two phases: 

phase-I from 900 to 920 ms (blue shaded area) and phase-

II from 920 to 940 ms (red shaded area), as shown in Figs. 

3(c)-(e). Figs. 3(c)-(d) presented the time traces of the root 

mean square (RMS) of the GAM zonal flows component 

( 𝑉̃𝑓 𝐺𝐴𝑀
𝑅𝑀𝑆 ) in the floating potential fluctuation and the 

derivative of the 𝑉̃𝑓 𝐺𝐴𝑀
𝑅𝑀𝑆  in the time domain, respectively. 

It could be observed that the GAM zonal flows 

significantly reduced in phase I, companied by a 

continuous negative value in derivatives in this phase, as 

shown by the blue shaded area. However, both the 𝑉̃𝑓 𝐺𝐴𝑀
𝑅𝑀𝑆  

and its derivative start changing in reverse after t=920 ms 

and remain this reverse variation among the total period in 

phase II, as shown in red shaded area. As mentioned in the 

previous work, the increased 𝐸𝐵 shear flow might play 

active role in stretching turbulence eddies, which leads to 

a higher energy transfer rate from turbulence to GAM 

zonal flows after impurity injection ( 𝑡 > 940 𝑚𝑠 ), 

compared to that before impurity injection (𝑡 < 900 𝑚𝑠). 

In order to further support the crucial role played by 𝐸𝐵 

mean shear flow in modulating the variation of GAM zonal 

flows, the 𝐸 × 𝐵 mean flow velocity (VE×B), replaced by 

the averaged poloidal phase velocity of turbulence in 

absence of the plasma potential measurement, has been 

calculated and plotted in Fig. 3(e). Here the estimated 

poloidal phase velocity ( 𝑣̅,𝑝ℎ )  was formalized as 

𝑣̅,𝑝ℎ = ∑ 𝑆(𝑘𝜃 , 𝑓) ∙ (2𝜋𝑓/𝑘𝜃)/ ∑ 𝑆(𝑘𝜃 , 𝑓)𝑘,𝑓𝑘,𝑓 , where the spectra width 𝜎𝑘  is computed by the statistical 

dispersion relation 〈𝜎𝑘
2〉1/2 = [∑ ∑ [𝑘 − 𝑘̅(𝑓)]

2
∙ 𝑠(𝑘|𝑓)𝑘𝑓 ∙ 𝑠(𝑓)]1/2and the frequency is integrated in 𝑓 = 20 −

500 𝑘𝐻𝑧. The 𝑣̅,𝑝ℎ has always been used as a proxy of 𝐸𝑟 × 𝐵 mean flow (V𝐸×𝐵) in several experiments [24, 

25] One can see that during the impurity injection, the VE×B firstly went down in phase I, and then it increased 

in phase II. Fully indicated that the injected tungsten impurity could affect the GAM zonal flows via changing the 

𝐸𝐵 mean shear flow.  

For further investigated the 𝐸 × 𝐵 mean flow variation during the tungsten impurity injection, the statistical 

data of the E × B mean flow velocity (VE×B) versus the impurity concentration (𝑓𝑧) averaged in these two phases 

have been plotted in Fig. 4(a). The impurity concentration is roughly estimated as 𝑓𝑧 = 𝑛𝑧/𝑛𝑒 ≈
𝐼𝑤

𝑛𝑒
2𝐿𝑧(𝑇𝑒)

, where 

 
Fig. 3. The time traces of the floating potential 

fluctuation filter in GAM frequency (9-15 kHz) (a), 

the spectrogram estimated by the floating potential 

fluctuation (b), the zoomed-in plots: the GAM 

amplitude (c), the growth rate of GAM (d), and the 

𝐸 × 𝐵 mean flow velocity, replaced by the averaged 

poloidal phase velocity ( 𝑣̅,𝑝ℎ ) in absence of the 

plasma potential measurement (e). 
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𝐼𝑤 is the radiation power of the 𝑊6+ line measured by an extreme ultraviolet spectrometer [26], 𝑛𝑒 is the local 

plasma density and 𝐿𝑧(𝑇𝑒) represents the emission coefficient, which is almost constant against the electron 

temperature in the range of 60 𝑒𝑉 < 𝑇𝑒 < 100 𝑒𝑉. ∆𝑡 = 0 in the color-bar indicates the initial time of tungsten 

impurity injection. As expected, for a few milliseconds (~3ms) after the increased tungsten impurity concentration, 

the E × B mean flow velocity kept 

almost un-changed, and then 

gradually, the flow velocity is 

inversely proportional to the 

increased impurity concentration. 

The relation presented here 

indicates the decisive impact of 

local tungsten impurity 

concentration on determining E ×
B mean flow. However, it could be 

observed the although the E × B 

mean flow was still slowing down 

when the impurity concentration 

began to decline, finally the 

enhanced E × B  mean flow 

velocity occur at the appointed time 

with the cautiously decreasing 

impurity concentration. For the 

physical mechanism responsible for 

the influence of impurity ions on radial electric field (𝐸𝑟), there are several potential possibilities displayed follow: 

(i) ion-impurity collision might cause the momentum loss via the collision term related to 𝜈𝑖𝑧 ∝ 𝑍2𝑛𝑧/𝑇𝑖
3/2 (𝑛𝑧 

means the impurity density, Z is the impurity charge number), and suppress poloidal rotation [27]; (ii) the main 

ion density would be diluted by the impurity ions, and the main ion pressure and the pressure gradient-driven 

radial electric field might reduce in term of the plasma quasi-neutrality condition (𝑛𝑒 = 𝑛𝑖 + 𝑍𝑛𝑧) [28]; (iii) 

impurity might enhance energy loss through the radiation mechanism, leading to a decrease in plasma edge 

temperature [29], which in turn affects the radial electric field; (iv) impurities may alter the characteristics of drift 

wave turbulence, which could drive the poloidal rotation (radial electric field) via the momentum transport [30]. 

The relevant physical mechanisms mentioned above still need more experimental evidence in future works. 

Mean and zonal flows are generally thought to be effective in suppressing turbulence via the shearing effect 

[31]. For elucidating the dynamics of turbulence, mean and zonal flows effected by tungsten impurity ions, the 

relationship among the turbulence, mean and zonal flows in the two phases has been given in Fig. 4(b). Here the 

RMS of the density fluctuations filter in ambient turbulence frequency region (𝑛̃𝑒 𝐴𝑇
𝑅𝑀𝑆), i.e., 20-60 kHz has been 

utilized to represent turbulence level, and the VE×B and 𝑉̃𝑓 𝐺𝐴𝑀
𝑅𝑀𝑆  are on behalf of mean and GAM zonal flows, 

respectively. One can see that all of the turbulence and turbulence-driven flows (mean and zonal flows) are 

decreased in phase I. Thus it is important to elucidate the reason one by one why turbulence and two flows will 

decrease with impurity injection in this phase. Firstly, for the turbulence observed here, we have calculated the 

poloidal wave number (𝑘𝜃 ) by using two-point correlation analysis [32], which is roughly valued as 𝑘𝜃 ≈
1.5~2.1 𝑐𝑚−1. Considered the turbulence in this work propagated in the electron diamagnetic direction and was 

accompanied with a quasi-coherent mode (QCM) characteristic, it could be roughly judged as TEM turbulence 

[33]. The theoretical work [10] has indicated that the increased collisionality could weaken the trapped electron 

response and lead to a more stable TEM turbulence, which has also been confirmed in experimental works [34, 

35]. In this work, the enhanced electron- ion collisionality has been observed in phase I, which further confirm 

the stabilized effect of tungsten impurity on edge turbulence via increased collisionality. Additionally, the E × B 

shearing effect, one widely-recognized effective factor to cause turbulence stabilization with impurity injection, 

has been excluded for the reduced E × B mean flow velocity in phase I. Moreover, for the reduced GAM zonal 

flows in this phase, the time trace of the summed biacoherence, which could be a rough estimation of the driving 

term provided from non-zonal turbulence to GAM zonal flows, has been observed reduced in this phase. And the 

collisional damping of zonal flows with considering the impurity effect was calculated and increased significantly 

in this phase. However, the effect of tungsten impurity on GAM zonal flows Landau damping has been excluded 

due to the nearly unchanged GAM frequency presented in the previous work [17]. Thus it could be concluded that 

the reduced E × B mean flow together with the increased collisional damping contributed to the reduced GAM 

zonal flows in phase I. As for the reason why impurity injection could cause the E × B mean flow reduction, the 

potential possibilities have been described in the earlier.  

The surprising observation occurred in phase II, i.e., the turbulence has been controlled at a lower level, 

accompanied with gradually increased and finally higher flow level of mean and zonal component compared to 

 
Fig. 4. The  E×B mean flow velocity versus the impurity concentration in 

phase I and phase II. The relation among the turbulence, mean and zonal flows 

(b). 
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the period before impurity injection, as shown in Fig. 4(b). As we have proposed, the injected impurity ions cloud 

directly influence the edge turbulence with several known physical mechanism in phase I, considering the tungsten 

impurity was concentrated at the edge area in this phase, as shown in Fig. 2(b). However, it could be observed 

that the impurity concentration in edge plasma was rapidly decreased with more radiation power concentrated in 

core plasma, as shown in Figs. 2(b)-(c). Thus the stabilization effect of tungsten impurity on edge turbulence could 

be weaken due to the tungsten impurity behavior in phase II. As mentioned before, the important observation is 

that both the mean and GAM zonal flows were significantly enhanced and even exceed the initially value 

compared before impurity injection in this phase. The flows shearing effect, include mean and zonal, contributed 

a synergistic effect for stabilizing the edge turbulence via turbulent eddy symmetry-breaking process [36]. 

Meanwhile, the increased E × B mean flow and the decreased collisional damping rate together promote the 

enhanced GAM zonal flows. All the results concluded here indicates that the effect of tungsten impurity ions on 

the edge turbulence, mean and zonal flows dynamics could vary, even within a small timescale (~40 ms), which 

might be related to the radial distribution of the impurity radiation intensity. And this founding could offer a more 

precise physical mechanism of the effect of tungsten impurity on turbulence and zonal flows.  

3.3 Turbulence spreading mitigation by impurity ions  

It’s well recognized that the turbulence spreading, i.e., turbulence penetration from the initially location into 

surrounding areas, could results in global confinement degradation while enhancing ion temperature profile 

stiffness [37]. How is turbulence spreading changed among the variation of turbulence dynamics (reduction and 

maintenance) during the impurity injection? In order to observe the changes in turbulence more intuitively and 

meticulously, the initial turbulence fluctuation level 

estimated from the component of the electron density 

fluctuation filtered in turbulence frequency (20-100 kHz) has 

been plotted in Fig. 5(a). It could be seen clearly that the 

turbulence fluctuation level decreased quickly in phase I, 

recovered slightly in phase II and ultimately maintain at a 

lower level after impurity injection (t>940 ms), which is 

consistent with the observation in the time-frequency 

spectrogram of density fluctuation presented in Fig. 2(e). 

Plotted in Fig. 5(b) are the time traces of the shear rates of 

the E × B mean flow (𝛾𝑚𝑒𝑎𝑛) and GAM zonal flows (𝛾𝐺𝐴𝑀), 

which are roughly estimated as  𝛾𝑚𝑒𝑎𝑛 = ∆𝑉𝑓
𝑚𝑒𝑎𝑛/(∆𝑟2𝐵), 

𝛾𝐺𝐴𝑀 = 𝑘𝑟
2∆𝑉𝑓

𝐺𝐴𝑀/𝐵 , respectively, where ∆𝑉𝑓
𝑚𝑒𝑎𝑛  means 

the time-averaged floating potentials across the radial scale 

∆𝑟, and ∆𝑉𝑓
𝐺𝐴𝑀 represents the fluctuating level of the GAM 

zonal flows estimated by the RMS of floating potential 

fluctuation filtered in the GAM frequency (9-16 kHz) [38]. 

Here it should be noted that the effective shearing rate of 

GAM zonal flows roughly reduced about 10% compared to 

the measured shearing rate, with considering the ratio of 

GAM frequency ( 𝑓𝐺𝐴𝑀 = 11.7 𝑘𝐻𝑧 ) to the turbulence 

spectral width (∆𝜔 = 60 𝑘𝐻𝑧) [39]. One can see that the 

reduction of the shearing rate both occur inE × B mean and 

zonal flows in phase I, significantly proved that the edge 

tungsten impurity concentration replaced the mean and zonal 

flows shearing, leading to the stabilization of turbulence in 

this phase. As mentioned earlier, the reduced zonal flows in 

this phase are mainly attributed to the decreased E × B 

mean flow shear and partially to the increased collisional 

damping rate. When the tungsten gradually penetrated to the 

core region, the rising shearing rates of mean together with 

zonal flows are responsible for the mitigation of turbulence in phase II and promote the long-time stabilization 

after impurity injection. The transfer entropy [40], a measurement of the causal relation or information between 

two time series, has been utilized here for the judgement of the direction and intensity of turbulence spreading. 

For example, a measure of information transfer between the two time series X and Y is given by: 

𝑇𝑌−𝑋 = ∑ 𝑝(𝑥𝑛+1, 𝑥𝑛−𝑘 , 𝑦𝑛−𝑘)𝑙𝑜𝑔2

𝑝(𝑥𝑛+1|𝑥𝑛−𝑘 , 𝑦𝑛−𝑘)

𝑝(𝑥𝑛+1|𝑥𝑛−𝑘)
 (1) 

 
Fig. 5. The time evolutions of the turbulence 

fluctuation level (a), the shearing rates of mean and 

zonal flows (b), the transfer entropy between two 

radially displaced floating potential fluctuations (c-

d), where 𝑉𝑓1 / 𝑉𝑓2  are located at inner/outer 

position, respectively. 
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Where 𝑝(𝑎|𝑏)  is the probability distribution of 𝑎  conditional on 𝑏 , 𝑝(𝑎|𝑏) = 𝑝(𝑎, 𝑏)/𝑝(𝑏) . If Y has no 

influence on the immediate future evolution of system X, one has 𝑝(𝑥𝑛+1|𝑥𝑛−𝑘 , 𝑦𝑛−𝑘) = 𝑝(𝑥𝑛+1|𝑥𝑛−𝑘), so that 

𝑇𝑌−𝑋 = 0. Generally, 𝑇𝑌−𝑋 could be compared with 𝑇𝑋−𝑌 to uncover a net information flow [41]. Given in Figs. 

5(c)-(d) are the comparison of the transfer entropy between two floating potential fluctuations measured from tow 

radially displaced probe pins. One can see that the transfer entropy detects a clear time delay (~3 𝜇𝑠) from 𝑉𝑓1 

(inner position) to 𝑉𝑓2 (outer position) in Fig. 5(c). However, the similar time delay not occurred in the case from 

𝑉𝑓2 to 𝑉𝑓1 in Fig. 5(d), indicates a unidirectional energy transfer from 𝑉𝑓1 to 𝑉𝑓2, which means the outwardly 

turbulence spreading. And the observations presented here indicates that the turbulence spreading has an obvious 

drop at the time of impurity injection, and almost disappear at the period after impurity injection. Thus it could be 

concluded that the turbulence spreading would be modulated by the turbulence and zonal flows dynamics with 

the tungsten impurity, which could be beneficial for the protection of the plasma first wall by mitigate the plasma-

wall interaction.  

4. SUMMARY 

In summary, the experimental observation presented here studied the dynamics of turbulence and zonal flows 

effected by the tungsten impurity in HL-2A NBI-heated deuterium plasmas. Results show that the dynamics of 

turbulence and GAM zonal flows distinct in two phases due to the different concentrated location of tungsten 

impurity. In phase I, the edge turbulence characterized by TEM turbulence would be stabilized directly contributed 

to the injected massive tungsten impurity located at edge plasmas. And the reduced GAM zonal flows is the result 

of the decreased E × B mean flow shear effected by a rising impurity concentration and the enhanced collisional 

damping rate. The former could eliminate the driving energy transfer from turbulence to GAM zonal flows and 

the later could amplify the damping process of zonal flows. In phase II, the maintain of the lower turbulence 

depends on the enhanced E × B mean and zonal flows shear, and the E × B mean flow shear has also account 

for the amplified GAM zonal flows by promoting the elongation of turbulence eddies. Thes experimental results 

here reveal the dynamics of edge turbulence and zonal flows effected by tungsten impurity, which could provide 

an in-depth perspective on the inherent physical mechanism of the edge turbulence behavior with the tungsten 

impurity existence. 
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