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Spatiotemporal dynamics 
of high‑wavenumber turbulence 
in a basic laboratory plasma
Yuichi Kawachi1*, Makoto Sasaki2, Yusuke Kosuga3,4, Kenichiro Terasaka5, 
Takashi Nishizawa3,4, Takuma Yamada6, Naohiro Kasuya3,4, Chanho Moon3,4 & 
Shigeru Inagaki7

High‑spatial resolution observation of high‑wavenumber broadband turbulence is achieved by 
controlling the magnetic field to be relatively low and measuring with a azimuthally arranged multi‑
channel Langmuir array in a basic laboratory plasma. The observed turbulence consists of narrowband 
low‑frequency fluctuations and broadband high‑frequency turbulent fluctuations. The low‑frequency 
fluctuations have a frequency of about 0.7 times the ion cyclotron frequency and a spatial scale of 
1/10 of the ion inertial scale. In comparison, high‑frequency fluctuations have a higher frequency than 
the ion cyclotron frequency and spatial scales of 1/10–1/40 of the ion inertial scale. Two‑dimensional 
correlation analysis evaluates the spatial and temporal correlation lengths and reveals that the 
high‑wavenumber broadband fluctuations have turbulent characteristics. The measurements give us 
further understanding of small scale turbulence in space and fusion plasmas.

High-wavenumber or small-scale turbulence is believed to play an essential role in anomalous electron energy 
transport, anomalous heating, and particle energization in space and fusion  plasmas1–7. Here the “small”-scale 
turbulence means turbulence with a smaller scale than the ion inertial scale length ρs , i.e. characterized as 
k⊥ρs ≥ 1 including sub ion scale k⊥ρs ≥ 1 and electron scale k⊥ρe ≫ k⊥ρs ≫ 1 . Here, ρs = Cs/�ci , Cs is the 
ion sound velocity, �ci is the ion cyclotron angular frequency, k⊥ is a typical wavenumber perpendicular to 
the magnetic field. ρe = Vth,e/�ce is electron Lamor radius, where Vth,e is electron thermal velocity and �ce is 
electron cyclotron angular frequency. Instances of high-wavenumber turbulence are kinetic Alfvén waves and 
ion cyclotron waves related to anomalous heating and particle energization in space  plasmas3,4, and electron 
temperature gradient modes related to anomalous electron energy transport in fusion  plasmas5,6.

Observations of the spatiotemporal dynamics of turbulence in basic laboratory plasmas are essential for 
validation of fundamental theoretical and simulation studies and understanding more complex processes such 
as wave-trapping, shear-flow decorrelation, and meso-scale flow  generation3–8. Previously, many studies of ion 
scale turbulence ( k⊥ρs ≪ 1 ) have been elucidated in basic plasma devices, including turbulent transport and 
structure  formation9–12. The turbulence characteristics observed in linear plasmas are often common to those 
of torus  plasmas13,14, even though some parameters are far apart. However, there have been few experimental 
studies of high-wavenumber turbulence. Furthermore, there are no examples of detailed observations of their 
spatiotemporal dynamics. As well as the studies of ion scale turbulence, the detailed observation of the spati-
otemporal structure of high-wavenumber turbulence should provide fruitful insights into understanding the 
fundamental physical processes of high-wavenumber turbulence.

In general, the measurement of high-wavenumber turbulence is challenging because it requires high-spatial 
resolution. Scattering diagnostics and phase-contrast imaging have been proposed for high-wavenumber fluc-
tuation measurement in torus  plasmas15–17 and in some linear  plasmas18. Scattering diagnostics allow us local 
measurements with high-spatial resolution, but they are difficult for simultaneous multi-point and multi-wave-
number measurement. Although the phase-contrast imaging can evaluate a two-dimensional wavenumber spec-
trum, reconstruction of local fluctuations requires additional analyses because it is line integrated measurement. 
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Therefore, it is not sufficient for measuring spatiotemporal dynamics of high-wavenumber turbulence in detail. 
Essentially, basic laboratory plasmas are more suitable for studying spatiotemporal dynamics of high-wave-
number turbulence, because Langmuir probes with a high signal-to-noise ratio, high-spatial resolution, and 
scalability for multipoint measurement, can be utilized at low temperature. However, there are few examples of 
observation of high-wavenumber turbulence by Langmuir  probes19,20. Moreover, the spatial structure of high-
wavenumber fluctuations is studied only by two-point correlation analyses. Azimuthally aligned probe arrays 
have been used to study ion-scale turbulence with fundamental modes up to m=521–23. Although it potentially 
has high enough spatial resolution to measure sub-ion and electron scale turbulence, have not been utilized to 
observe these scale turbulence.

In this article, we present the first experimental observation of spatiotemporal dynamics of high-wavenumber 
turbulence, which is achieved by controlling ion inertial scale and high-spatial resolution measurement by an 
azimuthally equal-aligned multi-channel Langmuir probe array. Two-dimensional spectral analysis shows the 
coexistence of narrowband and broadband turbulent components of high-wavenumber turbulence. Moreover, 
the space-time two-dimensional autocorrelation analysis reveals the coherent nature of narroband fluctuations 
and the turbulent natuer of the broadband flucution. Both fluctuations rotate in an electron diamagnetic direction 
with a different dispersion relation and correlation length. These detailed spatiotemporal dynamics measure-
ments are pioneering work for studying the fundamental process of high-wavenumber turbulence in a basic 
laboratory plasma.

Results
Experimental condition. We investigate the spatiotemporal dynamics of high-wavenumber turbulence 
with kθρs ≥ 1 on the PANTA(Methods), by controlling the magnetic field to a relatively low Bax = 22.5 mT. In 
the lower magnetic field, the ion inertial scale length ρs is about 40 mm. We note that the ion inertial scale is small 
enough to be less than the distance between the vacuum wall and plasma that there is no lost ion to the wall. The 
larger ρs has the following two advantages in the measurement of high-wavenumber turbulence. The first is to 
extend the range of a normalized wavenumber which can be measured with the 64ch probe array (Methods). In 
other words, the measurable range of normalized wavenumbers is kθρs ≈ 1–32 at 22.5 mT, whereas it is kθρs ≈ 
0.25–8 at Bax = 90 mT. The other is that the fluctuation scale to be excited can be controlled, because the excited 
fluctuations should satisfy periodic boundary conditions in the azimuthal direction. Specifically, only a fluctua-
tion of kθρs ≥ 1 can be excited at the lower magnetic field. Thus, the objective of the experimental conditions 
aims to observe the spatiotemporal dynamics from sub ion scale to electron scale ( kθρe ≫ kθ ρs ≥ 1 ) by the 64ch 
probe array.

Typical plasma profiles in the experiments are shown in Fig. 1a. The peaked profiles of high electron density 
and low electron temperature are formed with central electral density of ne ≈ 2× 1018/m3 and electron tem-
prature of Te ≈ 2 eV , respectively. The density gradient scale length is about Ln ∼ 50 mm which is the same 
order of ρs . Since ρs/Ln ∼ 1 , the diamagnetic drift velocity V∗ is almost the same as the ion sound speed, i.e. 
V∗ = Csρs/Ln ≈ Cs =

√
eTe/mi ∼ 2000m/s . The electron temperature scale length is about Ln ∼ 65 mm. The 

ratio of the gradient scale length of density to that of temperature is ηe ∼ 0.77 The electron density fluctuations 
are measured from the ion saturation current Iis as ñe ∝ Ĩis , assuming the electron temperature fluctuation is 
 negligible24. Figure 1b and c show the time evolution of Iis and the corresponding spectrogram. The total ampli-
tude of the fluctuation normalized to the equilibrium is a few percent, which is small compared to the tens of 
percent amplitude of the drift waves at the higher magnetic field  condition11,25. There are two fluctuation com-
ponents, consisting of lower and higher frequency ones than the ion cyclotron frequency fci = 8.5 kHz . They 
are quasi-stationary at 0.24–0.54 s, so subsequent spectral analyses use these periods to evaluate the stationary 
spectrum.

Figure 1.  (a) Radial profiles of electron density (black) and electron temperature (red). Time evolution of (b) 
ion saturation current and (c) frequency spectrum. White dashed line in (c) indicates ion cyclotron frequency.
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Observation of spatiotemporal dynamics of high wavenumber turbulence.. All of the probe 
tips of the azimuthal 64ch probe array measure the spatiotemporal evolution of normalized density fluctuations, 
as shown in Fig. 2a. The direction of the increasing azimuthal phase corresponds to the electron diamagnetic 
direction. It can be seen that the fluctuation corresponding to the lower frequency component propagates in the 
electron diamagnetic direction with a small spatial structure. Figure 2b shows an enlarged view of Fig. 2a with a 
time width of 0.25 ms. The many smaller structures corresponding to higher frequency components are identi-
fied. They also propagate in the electron diamagnetic direction, but appear to decay as they propagate, which is 
also confirmed in the following analysis. Thus, as the aim of the experiment, finer scale turbulence was success-
fully observed by using the full capability of the 64ch probe array.

Figure 2c shows a two-dimensional space-time autocorrelation function (Methods) calculated from the spa-
tiotemporal evolution observed in Fig. 2a. Here a band-pass filter (1–20 kHz) is applied to each time series signal 
before calculating the two-dimensional autocorrelation function. The correlation structure has a frequency of 
6.5 kHz. The azimuthal mode number is m ≈ 10 which corresponds to kθ ∼ 2.5/cm . The temporal and spatial 
correlations are much longer than the fluctuation’s own scale. The spatiotemporal evolution of the peak of the 
correlation indicates the coherent propagation of the low-frequency fluctuation in the electron diamagnetic 
direction. The two-dimensional autocorrelation is also applied to the high-frequency fluctuation (20–500 kHz) 
observed in Fig. 2b, as shown in Figure 2d. The extracted structure has a frequency of about 110 kHz and a 
wavenumber of kθ ≈ 3.7/cm . The autocorrelation decays rapidly to 1/e within a few mm and a few µs , which 
is a spatially and temporally shorter interval than the fluctuation scales. The peak of autocorrelation propagates 
in the electron diamagnetic direction, while its value decays to 1/e by order of the spatiotemporal scale of the 
fluctuations.

Spectral characteristics of high‑wavenumber turbulence.. The observed spatiotemporal evolution 
can be used to evaluate the power spectrum density in frequency and wavenumber space by directly calcu-
lating the two-dimensional Fourier transform. Figure 3 shows the two-dimensional power spectrum density 
of normalized density fluctuation in frequency and wavenumber space. Here we assume the fluctuations only 
propagate in the electron diamagnetic direction, based on the results shown in Fig. 2a–d, that is, the evaluated 
wavenumber spectrum only allow positive values corresponding to wavenumbers in the electron diamagnetic 
direction. Narrow peaks are observed around m = 9–11 and f = 5–7 kHz. It is considered that the multiple 
peaks are caused by nonlinear interaction between the fundamental m ≈ 10 mode and the lower frequency 

Figure 2.  (a) Spatiotemporal evolution of normalized ion saturation current. (b) An enlarged view of the red 
shaded area in (a). Black arrows in (a) and (b) indicate propagation direction. Two-dimensional autocorrelation 
for (c) low-frequency component and (d) high-frequency component function evaluated from (a) and (b).
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m = 1 mode. The phase velocity vp is about vp ≈150 m/s, which is much smaller than the electron diamagnetic 
drift velocity. Broadband peaks are evident over wide ranges of frequency above fci and the wavenumber. The 
ranges of frequency and wavenumber are f =30–300 kHz and m = 8–40 (corresponding to kθ = 2–10/cm), 
respectively. The broadband peaks are on a linear function in frequency and wavenumber space, and the phase 
velocity is vp ≈ 2000m/s , which almost coincides with the electron diamagnetic drift velocity and the ion sound 
velocity, i.e. vp ≈ V∗ ≈ Cs.

The one-dimensional frequency/wavenumber spectrum is evaluated by averaging the low and high-frequency 
components, as shown in Fig. 4a and b. The frequency is normalized by fci as f /fci = ω/�ci , where ω is the 
angular frequency, while the wavenumber is normalized by ρs as kθρs . The normalized frequency of the low-
frequency fluctuations is about ω/�ci = 0.7 and the normalized wavenumber is kθρs ≈ 10. The broadband 
high-frequency fluctuations have the normalized frequency of a range of ω/�ci = 10–30 and the normalized 
wavenumber of a range of kθρs = 10–40. These results demonstrate successful observations of high-wavenumber 
turbulence with kθρs ≫ 1.

Figure 4c shows an azimuthal distribution of the squared coherence spectrum between the reference signal 
of the 64ch probe array at θ = 0 rad and the other signals as a function of frequency and relative azimuthal dis-
tance from the reference probe. From Fig. 4c, the azimuthal correlation length is estimated as the distance from 
the reference probe at which the correlation decays to 1/e, as shown in Fig. 4d. The low-frequency components 
have a correlation of more than 1/e at a distance of 12.5 cm (corresponding to an azimuthal angle π rad) in the 
azimuthal direction. It means that the fluctuation structure propagates coherently, which is consistent with the 
results of the autocorrelation function analysis in Fig. 2c. The high frequency components have small spatial 
correlation lengths. The correlation length peaks at f = 60 kHz and its scale is comparable to the wavelength of 
the broadband fluctuations. Thus, as in the autocorrelation analysis, the spectral analysis indicates the coherent 
nature of the low-frequency fluctuations and the turbulent characteristics of the high-frequency fluctuations.

Discussion
Here we summarize and discuss our experimental observations. Firstly, we discuss neutral-plasma collision which 
is infomative to compare realistic applications, such as edge/SOL turbulence and thruster. Typicaly the linear 
laboratory plasma could be collisional with strong neutral-electron and neutral-ion interaction. In this experi-
ment, the neutral densityis ∼ 1020/m3 . The collision cross section for neutral and electrons, and for neutral and 
ions, are 10−20/m2 and 10−18/m2 , respectively. Here we use the electron temperature of 1 eV and ion temperature 
of 0.1 V. Using the neutral density and the cross section, the neutral-electron collision frequency is evaluated as 
∼ 400 kHz while the neutral-ion collision freuqency is evaluated as ∼ 50  kHz. Namely, both electrons and ions 
are collisional with neutral particle for fluctuation below 50 kHz. On the other hands, for fluctauations with above 
50  kHz, the ions are collisionless and the electrons are collisional in this experiment. Neutral particle effects 
play an important role in plasma confinement and gas puff fueling in the scrape-off layer(SOL)26–29. Our results 
will contribute to turbulence physics including neutral effetcs in the SOL  plasma30–33. In addition to this, since 

Figure 3.  A contour plot of two-dimensional frequency and wavenumber power spectrum density of the 
normalized ion saturation current observed in Fig. 2. A subfigure in this graphshows an enlarged view of the 
low-frequency range. Dashed lines indicate the ion cyclotron frequency fci . The left and right vertical axes 
denote the azimuthal mode number m and the corresponding wavenumber kθ , respectively.
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the experimental conditions of the present study are in parameters close to those of hall-thrusters34, magnetic 
nozzle  thrusters35, or ionospheric  plasmas36, it should impact on these studies.

Secondery, we consider to identification of the observed modes. Two types of high-wavenumber fluctuations 
were observed in this experimental configuration: low and high-frequency fluctuations. The low-frequency one 
has a time scale of 0.7 times the ion cyclotron frequency and a spatial scale of ten times the ion inertial scale. 
The ions and electrons moves collisional in this mode. The azimuthal propagation velocity is 150 m/s, which is 
much slower than the electron diamagnetic drift velocity. Spatial and temporal correlation scales are longer than 
the fluctuation scale, which indicate that the low-frequency fluctuation propagates coherently in the electron 
diamagnetic direction. From the point of view of a dispersion relation, kinetic Alfven waves or electromagnetic 
ion cyclotron mode could be a candidates of the low-frequency  modes37,38. These modes are important in the 
ionosphere and magnetosphere, and magnetic fluctuation measurements are necessary to confirm whether 
these electromagnetic modes destabilizes. Figure 5 shows radial profile of power spectrum density of the density 
fluctaiotion. Since the low-frequency mode seems to exist at edge region(r = 60 mm), the free energy source is 
not the pressure gradient. At the plasma edge r = 60 mm, neutral particle is richer than core and its effect should 
be strong. Thus, another candidates of identity of the low freuquency modes could be related neutral pressure 
gradient from edge to  core30,31,39.

The high-frequency fluctuations are distributed in wide ranges of frequency and wavenumber. The time and 
spatial scales are 10–30 times the ion cyclotron frequency and 10–40 times ion inertia length, respectively. The 
higher frequency compared to the neutral-ion collision frequency indicates that the ions are moving without 
collision with neutral in the high-frequency fluctuations. The phase velocity is close to the electron diamag-
netic velocity and ion sound velocity. The correlation analysis indicates that the high-frequency turbulence has 
turbulent characteristics.The high-frequency mode is destabilized at r ≤40 mm, as shown Fig. 5. Therefore, the 
high-frequency mode shold be destabilized by pressure gradient.Candidates for high-wavenumber ( kθρs ≫ 1 ) 
and high-frequency ( fci < f < fLH ) electrostatic turbulence driven by pressure gradient include the electron 
temperature gradient mode (ETG), the electrostatic ion cyclotron wave (EICW) and the ion cyclotron drift wave 

Figure 4.  Semi-logarithmic plots of (a) normalized frequency ω/�ci spectra and (b) normalized wavenumber 
kθρs spectra of the normalized ion saturation current. Blue and orange lines indicate the low-frequency 
(1–20 kHz) and high-frequency (20–500 kHz) components, respectively. (c) An azimuthal distribution of 
squared coherence between one of the probes at θ = 0 and the others of 64ch probe array. Red lines in (c) and 
(d) shows correlation length spectrum.
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(ICDW) and so on. Conventional theory suggests that the destabilization of typical ETGs requires a gradient in 
electron temperature that is stronger than the gradient in  density5 while whistler ETG mode is destabilized even 
if the ratio of the scale length is ηe > 2/340. The former does not agree with the experimental results, but the later 
does. The dispersion relation of the high-frequency turbulence coincides with both the ω2 = �2

ci
+ C2

s k
2
⊥ ≈ C2

s k
2
⊥ 

for the EICW or ω ≈ kθV∗ ≈ kθCs for the ICDW. EICW has been observed in linear  plasmas41,42, and is driven 
by plasma current which have not been observed in the experiment. ICDW is a high-frequency branch of drift 
wave destabilized when the density gradient scale length is comparable to the ion inertial scale  length19,43 and 
which agrees with the experimental results. Ion bernstein waves which have similar to the dispersion relation of 
the ICDW and EICW could be also one of the candidates. Distingishing the these instabilities requires plasma 
current measurement and is fruitful because both these instabilites could have important roles related to electron 
heat transport, plasma heating and energization in space  plasmas3,4 and fusion  plasmas5,40,44.

Finally, we discuss the broadening of the turbulent specturm. In general, ion-scale turbulence often has inter-
mittency and have been discussed comparing with spectrum  broadening45–47. The probability function analysis 
shows small skewness of about -0.1 which means the intermittency is no observed here. Typically, the intermit-
tency of the turbulence may appear as power law in the spectrum. In our experiment, the spectrum broadening 
seems not to obey power law in observed frequency range. The other factors could be broadening the spectrum, 
for example the broadened growth rate itself by linearity or nonlinearity.

Summary
In conclusion, we have achieved a high-spatial resolution observation of spatiotemporal dynamics of high-
wavenumber turbulence in a basic laboratory plasma. The experiment was conducted aiming for only higher 
wavenumber fluctuations than the ion inertial scale length as kθρs > 1 can be excited, controlled by a low mag-
netic field. As a result, low-frequency narrowband and high-frequency broadband fluctuations with kθρs ≫ 1 
were identified. The autocorrelation function and spectral analyses revealed the correlation length of the high-
wavenumber fluctuations, indicating that high-frequency broadband fluctuations have turbulent characteristics. 
The presented experiment is a pioneering study for the fundamental process of high-wavenumber turbulence 
in basic laboratory plasmas. The observations of spatiotemporal dynamics of high-wavenumber turbulence 
contribute to a comprehensive understanding of small-scale plasma turbulence and related nonlinear processes, 
anomalous transport, and heating.

Methods
Plasma Assembly for Nonlinear Turbulence Analysis (PANTA). The experiments are conducted on 
PANTA, a linear laboratory plasma apparatus with a vacuum vessel 450 mm in diameter and 4000 mm  long48. 
A homogeneous axial magnetic field ( Bax ) is applied to the plasma by 17 pairs of Helmholtz coils. Argon plasma 
with a diameter of 100 mm is produced by helicon wave heating (7MHz, 3kW) from the quarts tube with axial 
length of 400 mm and inner diamiter of 95 mm. Neutral gas pressure is controlled as about 0.2 Pa by solenoid valv. 
Under standard experimental conditions on the PANTA, the magnetic field is set above Bax = 90 mT to study 
the nonlinear processes of ion-scale drift wave turbuelence ( kθρs < 1 ) and mesoscale structure  formation11,25. 
Drift wave turbulence experiments with a setting to the magnetic field near Bax ∼ 100 mT have also been studied 
vigorously in various laboratory  plasmas9,10,22.

Langmuir probe array. High spatiotemporal resolution measurement of plasma turbulence is realized by 
using an azimuthally aligned 64ch Langmuir probe  array21. The 64ch probe array consists of 64 tungsten tips, 
arranged at equal intervals in the azimuthal direction at r = 40 mm, where r is the plasma radius, and is installed 
at 1885 mm away from the plasma source. It has a temporal resolution of fs = 1 MHz and a spatial resolution of 

Figure 5.  Radial profile of power spectrum density of normalized density fluctuations. Dashed line indicate the 
ion cyclotron frequency fci.
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3.9 mm, corresponding to an azimuthal wavenumber ( kθ ) resolution of δkθ = 0.25/cm. The maximum measur-
able kθ is kθ = ± 8/cm, restricted to the Nyquist theorem, or kθ = 16/cm, assuming a propagation direction of 
fluctuations. The corresponding azimuthal mode numbers (m) are m = 32 and m = 64.

The density fluctuations are measured by each probe tip biased negative enough to collect ion saturation 
current. The electronic circuit of ion saturation current measurement is simple, consisting of a shunt resistor. 
The digital low pass filter 600kHz is applied to suppress the aliasing of the RF signal. In general, ion saturation 
current measurement is not cared about the details of the circuit because of the good frequency response. On 
the other hand, if we are measuring floating potential, we need to be careful. The existing systems with an elec-
tric circuit for floating potential have phase delays starting at about 20 kHz. Even if there is a phase delay in the 
measurement of ion saturation currents, it does not affect the wavenumber analysis because the same circuit is 
used for each ion saturation current measurement. However, it is necessary to compensate for the phase delay 
of floating potential measurement to evaluate fluctuation-induced particle transport.

Two‑dimensional space‑time Autocorrelation function analysis. Autocorrelation function analy-
sis is well-estabished within the plasma community. The definition is written as

where C1 is autocorrelation function, τ is time lag, σt is standard deviation of zero-mean original time series of 
f(t), and T is data length in time. This study utilizes a two-dimensional autocorrelation function analysis that 
extends it to the temporal and spatial domains. The two-dimensional autocorrelation function C2 is defined as

where ξ is spatial lag, σtx is standard deviation of zero-mean original spatial and temporal image of f(t, x), and L 
is data length in space. We note that this analysis is different from the cross-correlation function analysis which 
analyzes the correlation between the reference signal and other signal. Typical, the cross-correlation function 
is used for data obtained in shot-by-shot  manner11, sometimes the cross-correlation functions are applied to 
data obtained  simultaneously49,50. The two-dimensional autocorrelation function is analyzed without one fixed 
signal as a reference signal but with its 2-dimensional images. It is compatible with data obtained from multi-
point measurements that satisfy periodic boundary conditions, such as 64-ch probe arrays. The advantage of this 
analysis is to be able to capture the way turbulence is excited and decays during propagation.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 8 July 2022; Accepted: 2 November 2022

References
 1. Pécseli, H. Low Frequency Waves and Turbulence in Magnetized Laboratory Plasmas and in the Ionosphere (IOP Publishing Bristol, 

2016).
 2. Chen, C. H. K., Klein, K. G. & Howes, G. G. Evidence for electron Landau damping in space plasma turbulence. Nat. Commun. 

10, 740. https:// doi. org/ 10. 1038/ s41467- 019- 08435-3 (2019).
 3. Lysak, R., Hudson, M. & Temerin, M. Ion heating by strong electrostatic ion cyclotron turbulence. J. Geophys. Res. 85, 678–686. 

https:// doi. org/ 10. 1029/ JA085 iA02p 00678 (1980).
 4. Vranjes, J. & Poedts, S. The universally growing mode in the solar atmosphere: Coronal heating by drift waves. Mon. Not. R. Astron. 

Soc. 398, 918–930. https:// doi. org/ 10. 1111/j. 1365- 2966. 2009. 15180.x (2009).
 5. Dorland, W., Jenko, F., Kotschenreuther, M. & Rogers, B. N. Electron temperature gradient turbulence. Phys. Rev. Lett. 85, 5579–

5582. https:// doi. org/ 10. 1103/ PhysR evLett. 85. 5579 (2000).
 6. Garbet, X., Idomura, Y., Villard, L. & Watanabe, T. H. Gyrokinetic simulations of turbulent transport. Nucl. Fusion 50, 043002. 

https:// doi. org/ 10. 1088/ 0029- 5515/ 50/4/ 043002 (2010).
 7. Jenko, F., Dorland, W. & Hammett, G. W. Critical gradient formula for toroidal electron temperature gradient modes. Phys. Plasmas 

8, 4096–4104. https:// doi. org/ 10. 1063/1. 13912 61 (2001).
 8. Sasaki, M. et al. Interactions of drift wave turbulence with streamer flows in wave-kinetic formalism. J. Geophys. Res. 28, 102304. 

https:// doi. org/ 10. 1063/5. 00598 39 (2021).
 9. Brochard, F., Windisch, T., Grulke, O. & Klinger, T. Experimental evidence of mode coupling in drift wave intermittent turbulence 

using a wave number bicoherence analysis. Phys. Plasmas 13, 122305. https:// doi. org/ 10. 1063/1. 24021 31 (2006).
 10. Burin, M. J., Tynan, G. R., Antar, G. Y., Crocker, N. A. & Holland, C. On the transition to drift turbulence in a magnetized plasma 

column. Phys. Plasmas 12, 052320. https:// doi. org/ 10. 1063/1. 18894 43 (2005).
 11. Yamada, T. et al. Anatomy of plasma turbulence. Nat. Phys. 4, 721–725. https:// doi. org/ 10. 1038/ nphys 1029 (2008).
 12. Tynan, G. R. et al. Observation of turbulent-driven shear flow in a cylindrical laboratory plasma device. Plasma Phys. Control. 

Fusion 48, S51–S73. https:// doi. org/ 10. 1088/ 0741- 3335/ 48/4/ S05 (2006).
 13. Fujisawa, A. et al. Identification of zonal flows in a toroidal plasma. Phys. Rev. Lett. 93, 165002. https:// doi. org/ 10. 1103/ PhysR 

evLett. 93. 165002 (2004).
 14. Cheng, J. et al. Formation of radially elongated flow leading to onset of type-III edge localized modes in toroidal plasmas. Nucl. 

Fusion 60, 046021. https:// doi. org/ 10. 1088/ 1741- 4326/ ab742a (2020).
 15. Mazzucato, E. et al. Short-Scale Turbulent Fluctuations Driven by the Electron-Temperature Gradient in the National Spherical 

Torus Experiment. Phys. Rev. Lett. 101, 075001. https:// doi. org/ 10. 1103/ PhysR evLett. 101. 075001 (2008).

(1)C1(τ ) =
1

σ 2
t

1

T

∫
T

0
f (t)f (t + τ)dt,

(2)C2(τ , ξ) =
1

σ 2
tx

1

TL

∫
L

0

∫
T

0
f (t, x)f (t + τ , x + ξ)dtdx,

https://doi.org/10.1038/s41467-019-08435-3
https://doi.org/10.1029/JA085iA02p00678
https://doi.org/10.1111/j.1365-2966.2009.15180.x
https://doi.org/10.1103/PhysRevLett.85.5579
https://doi.org/10.1088/0029-5515/50/4/043002
https://doi.org/10.1063/1.1391261
https://doi.org/10.1063/5.0059839
https://doi.org/10.1063/1.2402131
https://doi.org/10.1063/1.1889443
https://doi.org/10.1038/nphys1029
https://doi.org/10.1088/0741-3335/48/4/S05
https://doi.org/10.1103/PhysRevLett.93.165002
https://doi.org/10.1103/PhysRevLett.93.165002
https://doi.org/10.1088/1741-4326/ab742a
https://doi.org/10.1103/PhysRevLett.101.075001


8

Vol:.(1234567890)

Scientific Reports |        (2022) 12:19799  | https://doi.org/10.1038/s41598-022-23559-1

www.nature.com/scientificreports/

 16. Rost, J. C., Porkolab, M., Dorris, J. & Burrell, K. H. Short wavelength turbulence generated by shear in the quiescent H-mode edge 
on DIII-D. Phys. Plasmas 21, 062306. https:// doi. org/ 10. 1063/1. 48831 35 (2014).

 17. Tokuzawa, T. et al. W-band millimeter-wave back-scattering system for high wavenumber turbulence measurements in LHD. Rev. 
Sci. Instrum. 92, 043536. https:// doi. org/ 10. 1063/5. 00434 74 (2021).

 18. Scime, E. E., Carr, J., Galante, M., Magee, R. M. & Hardin, R. Ion heating and short wavelength fluctuations in a helicon plasma 
source. Phys. Plasmas 20, 032103. https:// doi. org/ 10. 1063/1. 47943 51 (2013).

 19. Hendel, H. W. & Yamada, M. Identification of ion-cyclotron drift instability with discrete and continuous spectra. Phys. Rev. Lett. 
33, 1076–1079. https:// doi. org/ 10. 1103/ PhysR evLett. 33. 1076 (1974).

 20. Moon, C., Kaneko, T. & Hatakeyama, R. Dynamics of nonlinear coupling between electron-temperature-gradient mode and drift-
wave mode in linear magnetized plasmas. Phys. Rev. Lett. 111, 115001. https:// doi. org/ 10. 1103/ PhysR evLett. 111. 115001 (2013).

 21. Yamada, T. et al. Fine positioning of a poloidal probe array. Rev. Sci. Instrum. 78, 123501. https:// doi. org/ 10. 1063/1. 28187 96 (2007).
 22. Schröder, C. et al. Mode selective control of drift wave turbulence. Phys. Rev. Lett. 86, 5711–5714. https:// doi. org/ 10. 1103/ PhysR 

evLett. 86. 5711 (2001).
 23. Stroth, U. et al. Study of edge turbulence in dimensionally similar laboratory plasmas. Phys. Plasmas 11, 2558–2564. https:// doi. 

org/ 10. 1063/1. 16887 89 (2004).
 24. Kawachi, Y. et al. Effects of electron temperature fluctuation on turbulence measurement by langmuir probe in a magnetized 

helicon plasma. Plasma Fusion Res. 16, 1202081–1202081. https:// doi. org/ 10. 1585/ pfr. 16. 12020 81 (2021).
 25. Arakawa, H. et al. Eddy, drift wave and zonal flow dynamics in a linear magnetized plasma. Sci. Rep. 6, 33371. https:// doi. org/ 10. 

1038/ srep3 3371 (2016).
 26. Dux, R. et al. Influence of CX-reactions on the radiation in the pedestal region at ASDEX Upgrade. Nucl. Fusion 60, 126039. https:// 

doi. org/ 10. 1088/ 1741- 4326/ abb748 (2020).
 27. Nishizawa, T. et al. Non-parametric inference of impurity transport coefficients in the ASDEX Upgrade tokamak. Nucl. Fusion 62, 

076021. https:// doi. org/ 10. 1088/ 1741- 4326/ ac60e8 (2022).
 28. Osborne, T. H. et al. Gas puff fueled H-mode discharges with good energy confinement above the Greenwald density limit on 

DIII-D. Phys. Plasmas 8, 2017–2022. https:// doi. org/ 10. 1063/1. 13455 04 (2001).
 29. Schuster, C. et al. Edge transport and fuelling studies via gas puff modulation in ASDEX Upgrade L-mode plasmas. Nucl. Fusion 

62, 066035. https:// doi. org/ 10. 1088/ 1741- 4326/ ac6072 (2022).
 30. Wersal, C. & Ricci, P. A first-principles self-consistent model of plasma turbulence and kinetic neutral dynamics in the tokamak 

scrape-off layer. Nucl. Fusion 55, 123014. https:// doi. org/ 10. 1088/ 0029- 5515/ 55/ 12/ 123014 (2015).
 31. Zhang, Y., Krasheninnikov, S. I., Masline, R. & Smirnov, R. D. Neutral impact on anomalous edge plasma transport and its cor-

relation with divertor plasma detachment. Nucl. Fusion 60, 106023. https:// doi. org/ 10. 1088/ 1741- 4326/ aba9ec (2020).
 32. Lunt, T. et al. Study of detachment in future ASDEX Upgrade alternative divertor configurations by means of EMC3-EIRENE. 

Nucl. Mater. Energy 26, 100950. https:// doi. org/ 10. 1016/j. nme. 2021. 100950 (2021).
 33. Arai, S. & Kosuga, Y. Characteristics of Density and Temperature Fluctuation in Fusion Edge Plasma and Implication on Scrape 

off Layer Width. Plasma Fusion Res. 17, 1403050–1403050. https:// doi. org/ 10. 1585/ pfr. 17. 14030 50 (2022).
 34. Faraji, F., Reza, M. & Knoll, A. Enhancing one-dimensional particle-in-cell simulations to self-consistently resolve instability-

induced electron transport in Hall thrusters. J. Appl. Phys. 131, 193302. https:// doi. org/ 10. 1063/5. 00908 53 (2022).
 35. Takahashi, K., Sugawara, T. & Ando, A. Spatially- and vector-resolved momentum flux lost to a wall in a magnetic nozzle rf plasma 

thruster. Sci. Rep. 10, 1061. https:// doi. org/ 10. 1038/ s41598- 020- 58022-6 (2020).
 36. Rishbeth, H. Rotation of the variation of upper atmosphere. Nature 229, 333–334. https:// doi. org/ 10. 1038/ 22933 3a0 (1971).
 37. Zhao, J. S., Voitenko, Y., Yu, M. Y., Lu, J. Y. & Wu, D. J. Properties of short-wavelength oblique alfvén and slow waves. ApJ 793, 107. 

https:// doi. org/ 10. 1088/ 0004- 637X/ 793/2/ 107 (2014).
 38. Shoji, M. et al. Discovery of proton hill in the phase space during interactions between ions and electromagnetic ion cyclotron 

waves. Sci. Rep. 11, 13480. https:// doi. org/ 10. 1038/ s41598- 021- 92541-0 (2021).
 39. Adrian, P. J., Baalrud, S. D. & Lafleur, T. Influence of neutral pressure on instability enhanced friction and ion velocities at the 

sheath edge of two-ion-species plasmas. Phys. Plasmas 24, 123505. https:// doi. org/ 10. 1063/1. 49862 39 (2017).
 40. Singh, S. K. et al. Theory of coupled whistler-electron temperature gradient mode in high beta plasma: Application to linear plasma 

device. Phys. Plasmas 18, 102109. https:// doi. org/ 10. 1063/1. 36444 68 (2011).
 41. Krämer, M. et al. Anomalous helicon wave absorption and parametric excitation of electrostatic fluctuations in a helicon-produced 

plasma. Plasma Phys. Control. Fusion 49, A167–A175. https:// doi. org/ 10. 1088/ 0741- 3335/ 49/ 5A/ S14 (2007).
 42. Rasmussen, J. & Schrittwieser, R. On the current-driven electrostatic ion-cyclotron instability: A review. IEEE Trans. Plasma Sci. 

19, 457–501. https:// doi. org/ 10. 1109/ 27. 87228 (1991).
 43. Ghosh, A., Saha, S. K., Chowdhury, S. & Janaki, M. S. Observation of upper drift modes in radio frequency produced magnetized 

plasmas with frequency above ion cyclotron frequency. Phys. Plasmas 22, 122111. https:// doi. org/ 10. 1063/1. 49385 07 (2015).
 44. Okuda, H., Cheng, C. Z. & Lee, W. W. Anomalous diffusion and ion heating in the presence of electrostatic hydrogen cyclotron 

instabilities. Phys. Rev. Lett. 46, 427–430. https:// doi. org/ 10. 1103/ PhysR evLett. 46. 427 (1981).
 45. Fraternale, F., Pogorelov, N. V., Richardson, J. D. & Tordella, D. Magnetic turbulence spectra and intermittency in the heliosheath 

and in the local interstellar medium. ApJ 872, 40. https:// doi. org/ 10. 3847/ 1538- 4357/ aafd30 (2019).
 46. Zhang, B. et al. Study of turbulence intermittency in linear magnetized plasma. Plasma Phys. Control. Fusion 61, 115010. https:// 

doi. org/ 10. 1088/ 1361- 6587/ ab434f (2019).
 47. Xu, Y. H. et al. Investigation of self-organized criticality behavior of edge plasma transport in Torus experiment of technology 

oriented research. Phys. Plasmas 11, 5413–5422. https:// doi. org/ 10. 1063/1. 18101 60 (2004).
 48. Inagaki, S. et al. A concept of cross-ferroic plasma turbulence. Sci. Rep. 6, 22189. https:// doi. org/ 10. 1038/ srep2 2189 (2016).
 49. Zweben, S. J., Stotler, D. P., Scotti, F. & Myra, J. R. Two-dimensional turbulence cross-correlation functions in the edge of NSTX. 

Phys. Plasmas 24, 102509. https:// doi. org/ 10. 1063/1. 50026 95 (2017).
 50. Inagaki, S. et al. Observation of long-distance radial correlation in toroidal plasma turbulence. Phys. Rev. Lett. 107, 115001. https:// 

doi. org/ 10. 1103/ PhysR evLett. 107. 115001 (2011).

Acknowledgements
Fruitful discussions with T. Kobayashi and S. Maeyama are gratefully acknowledged. We thank S. Shimbara and 
S. Arai for support in the experimental operation. This work was supported in part by JSPS KAKENHI Grant 
Numbers JP21H01066, JP20J12625, JP17H06089, JP17K06994, the Collaborative Research Program of Research 
Institute for Applied Mechanics Kyushu University, and the JSPS Core-to-Core Program (’PLADyS’).

Author contributions
Y. K. performed the experiments and analyzed the data. M .S., Y. K., K. T., T. N., T. Y., N. K., C. M., and S. I. 
contributed to the discussion and the preparation of the manuscript. All authors reviewed the manuscript.

https://doi.org/10.1063/1.4883135
https://doi.org/10.1063/5.0043474
https://doi.org/10.1063/1.4794351
https://doi.org/10.1103/PhysRevLett.33.1076
https://doi.org/10.1103/PhysRevLett.111.115001
https://doi.org/10.1063/1.2818796
https://doi.org/10.1103/PhysRevLett.86.5711
https://doi.org/10.1103/PhysRevLett.86.5711
https://doi.org/10.1063/1.1688789
https://doi.org/10.1063/1.1688789
https://doi.org/10.1585/pfr.16.1202081
https://doi.org/10.1038/srep33371
https://doi.org/10.1038/srep33371
https://doi.org/10.1088/1741-4326/abb748
https://doi.org/10.1088/1741-4326/abb748
https://doi.org/10.1088/1741-4326/ac60e8
https://doi.org/10.1063/1.1345504
https://doi.org/10.1088/1741-4326/ac6072
https://doi.org/10.1088/0029-5515/55/12/123014
https://doi.org/10.1088/1741-4326/aba9ec
https://doi.org/10.1016/j.nme.2021.100950
https://doi.org/10.1585/pfr.17.1403050
https://doi.org/10.1063/5.0090853
https://doi.org/10.1038/s41598-020-58022-6
https://doi.org/10.1038/229333a0
https://doi.org/10.1088/0004-637X/793/2/107
https://doi.org/10.1038/s41598-021-92541-0
https://doi.org/10.1063/1.4986239
https://doi.org/10.1063/1.3644468
https://doi.org/10.1088/0741-3335/49/5A/S14
https://doi.org/10.1109/27.87228
https://doi.org/10.1063/1.4938507
https://doi.org/10.1103/PhysRevLett.46.427
https://doi.org/10.3847/1538-4357/aafd30
https://doi.org/10.1088/1361-6587/ab434f
https://doi.org/10.1088/1361-6587/ab434f
https://doi.org/10.1063/1.1810160
https://doi.org/10.1038/srep22189
https://doi.org/10.1063/1.5002695
https://doi.org/10.1103/PhysRevLett.107.115001
https://doi.org/10.1103/PhysRevLett.107.115001


9

Vol.:(0123456789)

Scientific Reports |        (2022) 12:19799  | https://doi.org/10.1038/s41598-022-23559-1

www.nature.com/scientificreports/

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

