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Abstract — The university-scale tokamak GOLEM provides a unique opportunity to perform remote thermo-
nuclear experiments [V. Svoboda, J. Fusion Energy, Vol. 38, Part 2, p. 253 (2019)]. Undergraduate plasma 
physics students from three universities—Moscow Institute of Physics and Technology (National Research 
University), RUDN University, and National Research Nuclear University MEPhI—carried out joint remote 
experiments to train in tokamak operation and to study topics relevant for mainstream fusion research such as 
plasma start-up, comparison of hydrogen versus helium plasma characteristics, electrostatic and electromag-
netic turbulence, long-range correlations, etc. New observations of the long-range correlations between low- 
frequency (<50 kHz) quasi-coherent electrostatic and magnetic oscillations identified as m = 2 mode with 
several techniques were done, as well as of the broadband (<250 kHz) magnetic oscillations resolved in 
frequency and wave vector in helium and hydrogen plasmas. The presence of broadband electrostatic and 
broadband magnetic turbulence has also been established at the plasma edge.

Keywords — Tokamak, GOLEM, magnetohydrodynamics, electrostatic and magnetic turbulence, long- 
range correlations. 

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Nowadays, physics has reached a level of mega-science 
devices like the Large Hadron Collider, European Center for 
Synchrotron Radiation, International Thermonuclear 
Experimental Reactor (ITER), etc. Large-scale experimental 
sessions take months to plan, and their realization takes multi-
ple years, which are periods of time that do not necessarily 
align with the university education period. So, it is difficult for 
a young generation of experimentalists to get practical training 
and impossible for them to perform their own experiment plan.

The life cycle of a large thermonuclear device from 
its conception to operation typically exceeds a decade, 
like in the case of Wendelstein-7X, the world’s largest 
stellarator, and it may even take several decades, like in 
the case of ITER. During this time, the team that starts its 
creation and partially or even completely manages it may 
change by the time of the operation stage. In this case, 
there may be many newcomers that have never partici-
pated in a plasma experiment in their lives. Because of 
this, they may not get a chance to work directly with any 
plasma device for years. The university-scale tokamak 
GOLEM is used as a test bench for young plasma physi-
cists to make their first experiments by themselves, to *E-mail: sarancha.ga@phystech.edu
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feel a spirit of the modern experimental work, and to 
derive satisfaction by obtaining their own first results. 
During the university course, students have an opportu-
nity not only to understand the basic principles of toka-
mak operation but also to immerse themselves in the 
intricacies of high-temperature plasma diagnostics and 
data processing and to study modern plasma physics 
directly.

In contrast to the standard university laboratory work in 
physics with known physical processes and known solution, 
the GOLEM experiments are dedicated to open questions of 
modern plasma physics research with the teacher acting not as 
a lecturer and mentor but as an elder colleague. Thanks to 
such an organization of education, the thermonuclear com-
munity will have a continuous stream of qualified personnel 
who are ready to start working with a large thermonuclear 
device without a long acquainting period.

For the students, in the experiment the key elements are 
to prepare a list of tasks, relevant for mainstream fusion 
research, and to equip the machine with adequate diagnostic 
and technology systems. The approaches to get such synergy 
and the results obtained are the topic of this paper.

GOLEM is a small tokamak operating at the Faculty 
of Nuclear Sciences and Physical Engineering, Czech 
Technical University in Prague, Czech Republic. It was 
manufactured in 1966 and operated in the Soviet Union in 
the Kurchatov Institute, the birthplace of tokamaks until 
1983 under the name TM-1, later TM-1-MH. Then, it was 
donated to the Czechoslovak Academy of Sciences and 
transferred to the Institute of Plasma Physics in Prague, 
where it worked under the name CASTOR for almost 
30 years. Since 2009, it got the name GOLEM and started 
to be a platform for research work of students from the 
Faculty of Nuclear Sciences and Physical Engineering 
and also from abroad. GOLEM is an ohmically heated 
circular tokamak, equipped with basic diagnostics, and it 
provides experiments in various areas relevant for basic 
plasma physics and mainstream fusion research1,2 with 
access all over the world via Web interface.3–5 For 
instance, helium plasma is quite unique in operating 
fusion machines. It is mostly studied on large-scale 
devices and dedicated to ITER-relevant studies for its 
starting nonnuclear operation stage. Helium plasma per-
formance is always lower than hydrogen or deuterium 
performance with identical plasma current Ipl, toroidal 
magnetic field Bt, line-averaged electron density ne; and 
heating power.6 It contradicts the isotope effect suggest-
ing better confinement for the species with larger mass. 
Theoretical mechanisms including E×B shearing7,8 and 
collisional effects9 were proposed to explain this effect, 
but for the moment there is no explanation.

The study of energy and particle transport across the 
confining magnetic field of a toroidal device—a tokamak 
or a stellarator—is one of the main problems of modern 
high-temperature plasma physics. Experiments show that 
plasma transport significantly exceeds the predictions of 
neoclassical theory, being anomalous, associated with 
plasma turbulence. Multiscale turbulence presents the 
dynamical combination of eddies with various time and 
space scales, from the electron Larmor radius up to the 
global poloidally and toroidally symmetric zonal flows 
(n = m = 0) (Refs. 10 through 13) and their high- 
frequency counterpart Geodesic Acoustic Mode, 
observed in various machines14–17 including STOR-M 
(Ref. 18), comparable to GOLEM. These global modes 
manifest themselves by long-range toroidal correlations 
(LRC) and poloidal correlations of plasma potential.19–21

The paper is organized as follows. Section II is 
dedicated to the machine description and the experimen-
tal setup, including the methods of the experimental data 
processing. Section III presents the analysis of magnetic 
signals and magnetohydrodynamic (MHD) modes. 
Section IV shows the broadband magnetic turbulence. 
Section V discusses LRC.

II. EXPERIMENTAL SETUP

During the remote experiment, it is possible to prepare 
the vacuum vessel, to set the required discharge parameters, 
to conduct an experiment, and to collect diagnostic data via 
the internet by prior agreement with the machine manager. 
The GOLEM tokamak has a limiter configuration; the main 
plasma parameters are presented in Table I.

II.A. Diagnostics Setup

The diagnostic complex (Fig. 1) consists of the 
following:

1. Two toroidally separated arrays of 4 and 16 
magnetic probes [Mirnov coils (MCs)].

2. Rogowskii coil.

3. Langmuir probe (LP), located at the bottom of 
the vacuum chamber.

4. Double rake probe (DRP), located at the bottom.

Magnetic perturbations are studied by magnetic 
probes. They are located in two vertical cross sections 
very close to the plasma edge at the radius rMC=9.35 cm; 
see Fig. 2. The letter “L” in the name of the magnetic 
probe marks the set of MCs placed at the limiter cross 
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section as shown in Fig. 2b. Analysis of the MC signals 
allows one to reconstruct the mode structure of magnetic 
field perturbation.

In addition, analysis allows one to determine the 
positions Δr and Δz and the radius apl of the plasma 
column. Poloidal magnetic field B can be calculated by 
the law of electromagnetic induction:

BðtÞ ¼ �
1

NSh i

ðt

0
UðτÞdτ ; ð1Þ

where NSh i ¼ 38 cm2 is the effective area of each MC. 
The measured B by four MCs allows us to determine the 
plasma position with respect to the minor axis of the torus22 

in the horizontal and vertical directions; see Fig. 2b:

Δr ¼
BMC� 1L � BMC� 9L

BMC� 1L þ BMC� 9L
� rMC ; ð2Þ

and

Δz ¼
BMC� 5L � BMC� 13L

BMC� 5L þ BMC� 13L
� rMC : ð3Þ

Since the plasma column is limited by the circular limiter, 
the current plasma radius is

aplðtÞ ¼ alim �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ΔrðtÞð Þ
2
þ ΔzðtÞð Þ

2
q

: ð4Þ

The setup of the LP and the DRP is presented in Fig. 3.

II.B. Discharge Scenario

Experiments were carried out in hydrogen plasma 
with line-averaged density ne ≈ 0.8 × 1012 cm−3. The 
machine power supply does not allow one to get the 
stationary value of Bt, so the discharge takes place in an 
increasing magnetic field. The discharge scenario is 
shown in Fig. 4. It can be divided into three stages:

Stage I: Breakdown and the initial stage of the dis-
charge (3 to 5 ms). There is a quasi-linear Ipl increase and 
a significant drop of loop voltage Uloop (from 10 to 6 V). 
This stage is characterized by a current up to 1.5 kA.

Stage II: The gradual rise of Ipl and Uloop up to 
a plateau (5 to 11 ms) is accompanied by small-scale 
fluctuations in the plasma current and loop voltage.

Stage III: The final phase of the discharge (11 to 
14 ms) is characterized by a decrease in Ipl and an 
increase in Uloop, leading to the discharge end, and is 
accompanied by a noticeable decrease in the plasma 
minor radius.

Figures 5a and 5b show the evolution of the plasma 
position during the discharge. The plasma column 

TABLE I 

Parameters of the GOLEM Tokamak 

Major radius, R (cm) 40
Minor radius, a (cm) 10

Limiter radius, alim (cm) 8.5
Toroidal magnetic field, Bt (T) <0.8

Plasma current, Ipl (kA) <10
Electron temperature, T0e (eV) <100

Plasma density, n0e (cm−3) <1012

Working gas H/He
Discharge duration, τ (ms) <20

Fig. 1. Setup of GOLEM diagnostics. View from the top 
of the tokamak. 
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initially moves outward to the high-field side (LFS) and 
slightly upward, and finally, it moves toward the high- 
field side (HFS).

II.C. Data Processing for Correlation Studies

The Fourier correlation method is used to search for 
the links between measured fluctuating quantities.23 For 
Fourier images F x f ; tð Þ and F y f ; tð Þ for the experimen-
tal discrete signals x tnð Þ and y tnð Þ; the power spectral 
density (PSD) of the oscillations is determined as

PSDxx ¼ F x f ; tð ÞF�x f ; tð Þ ; ð5Þ

the power cross-spectral density (CSD) is determined as

CSDxy ¼ F x f ; tð ÞF�y f ; tð Þ ; ð6Þ

the quadratic coherence coefficient γ2 (hereinafter called 
the coherence coefficient) is determined as

0 � γ2 f ; tð Þ ¼
CSDxy
� �2

PSDxxh i PSDyy
� � � 1 ; ð7Þ

(a) (b)

Fig. 2. Poloidal cross sections with MC arrays: (a) 16 MCs and (b) MC-5L, MC-1L, MC-13L, and MC-13L, where “L” marks the 
four MCs, located at the limiter cross section. HFS = high-field side of the machine; LFS = low-field side of the machine. Red 
circle denotes an example of the plasma column position. 

(a) (b)

Fig. 3. Scheme of (a) Langmuir and ball-pen probes and (b) double rake probe. 
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and the cross phase is determined as

� π < Δθ ¼ arctg
Im CSDxy
� �

Re CSDxy
� � � π ; ð8Þ

where � denotes complex conjugation; hi is time averaging 
over windows; and Im and Re are the imaginary and real parts 
of the complex number, respectively. The parameters of multi-
window fast Fourier transform ensemble length 
NFFT ¼ 256 and window length NWindow ¼ 64 for Eqs. (5) 
through (8) are chosen constant. The half-window overlapping 
gives n ¼ 2 NFFT

NWindow
� 1 ¼ 7 windows per ensemble (Fig. 6).

Confidence level γ2
conf for the coherence coefficient is 

defined as24

γ2
conf ¼ 1 � α

1
n� 1 ¼ 0:33 ; ð9Þ

where α = 1 – 0.95 = 0.05. For Eqs. (7) and (8), a longer ensemble 
is reasonable to reduce the γ2

conf estimation: γ2
conf ¼ 0:19 for 

NFFT = 512. The experimentally estimated coherence noise level 
averaged over the whole discharge stage is 0.15.

III. MAGNETIC ACTIVITY STUDY

Magnetic oscillations were studied in each stage of the 
discharge. On the cross-power spectrograms of magnetic 
oscillations, there are no significant fluctuations observed in 
the first stage, while in the second stage of the discharge, the 
dominant frequency of 50� 20 kHz is pronounced; see 
Fig. 7. The third stage is characterized by an additional peak 

at 20 kHz at the top and at the HFS magnetic probes, which 
are closest to the plasma location.

Figure 7 shows that magnetic turbulence exhibits 
a broadband ( f < 250 kHz) component that supports the 
earlier observation in helium discharges.25 In addition, in 
the hydrogen discharges under study, a quasi-coherent 
component with the peak frequency f ~ 50 kHz occurs.

To analyze the poloidal structure of turbulence, the tech-
nique for constructing coherence matrices was applied; see 
Table II. The row and column numbers correspond to the 
channel numbers (16 Mirov probes). In the matrix cells, the 
coherence coefficient γ2

ij between channels i and j averaged 
over the stage duration and three frequency ranges (20 ± 10, 
50 ± 20, and 150 ± 30 kHz) is plotted. Channels are numbered 
from left to right and from bottom to top. It can be seen that 
during the discharge, the most coherent magnetic oscillations 
take place at the LFS in the frequency range up to 70 kHz. 
When comparing the first and second stages of the discharge, 
an increase in the coherence length for low-frequency oscilla-
tions (20 kHz) and medium-frequency oscillations (50 kHz) 
in a clockwise direction (i.e., HFS-up) is observed. At the 
same time, high-frequency oscillations (over 150 kHz) 
demonstrate the opposite trend: The HFS-bottom coherence 
increases while the HFS-top coherence remains unchanged.

The time-channel contour plot of magnetic probe 
signal oscillations (see Fig. 8) shows a mode with 
a poloidal mode number m = 2 rotating in the direction 
of LFS-bottom–HFS-top at a frequency of 50 kHz. It is 
noteworthy that the line has a steeper slope at the HFS, 
indicating the faster propagation of the perturbation.

To analyze the poloidal mode structure, the technique of 
the cross-phase matrices26 was applied for the 50-kHz mode 
with m = 2; see Fig. 9. The cross-phase matrix is built similarly 
to the coherence matrix; however, the values in the cells are the 
cross phase between the signals of the magnetic probes, aver-
aged over a time interval of 0.5 ms and a frequency range of 30 
to 70 kHz. Figure 8 independently confirms m = 2. 
A deformation of the diagonal structure for 9 ms is caused by 
displacement of the plasma column upward and outward. 
When modeling the matrix of cross phases for the m = 2 
mode, the so-called Merezhkin transform27,28 is used:

#� ¼ # � λ sin# ; ð10Þ

where

λ ¼
apl

Rpl
1þ

,i

2
þ βpol

� �

;

where

Fig. 4. Time traces of loop voltage Uloop, plasma current 
Ipl, and toroidal magnetic field Bt during typical plasma 
discharge #36598. 
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Rpl = plasma major radius

,i ¼
B2

p

D E

B2
pðaplÞ

βpol ¼ μ0
ph i

B2
p

D E ;

which take into account the toroidicity effect.

(a)

(b)

Fig. 5. Evolution of the plasma position and plasma radius during typical plasma discharge #36598. (a) Time traces of Δr, Δz, and 
apl according to Eqs. (2), (3), and (4). (b) Plasma last closed magnetic surface evolution with a step of 1 ms. 
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The poloidal velocity of the m = 2 mode rotation 
was calculated. First of all, the shift of plasma column 
should be taken into account: Because of the different 
distance from the MC, the effective angle between 
neighbor coils is different. With knowledge of the 
plasma position (averaged for 1 ms), the effective 
angle between MCs, observable from the plasma col-
umn center, can be calculated; see Fig. 10.

Wave phase could be written as θ ¼~k �~r  
� ωt ¼ nφþ m# � ωt. Cross phase is defined as 
Δθ ¼~k � Δ~rð Þ; in particular, toroidal cross phase Δθtor ¼

ktorΔltor ¼ nΔφ and poloidal cross phase 
Δθpol ¼ kpolΔlpol ¼ mΔ#. Once the distance between MCs 

is known, the two-dimensional power spectrum S ~k; f
� �

between MC signals could be computed (for example, see 
Fig. 11). Information about wave-vector ~k at mode m = 2 
frequency f = (50 ± 20) kHz allows one to calculate mode 
rotation velocity according to the following formulas:

~k
�
�
�

�
�
� ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k2tor þ k2pol

q

; ð11Þ

kpol ¼
Δθpol

apl#�
and ktor ¼

Δθtor

ltor
; ð12Þ

and

Fig. 6. Example of multiwindow fast Fourier transform 
technique. 

Fig. 7. (a), (d), (g), and (j) cross-spectral density spectrograms of MC-1|MC-1L, MC-5|MC-5L, MC-9|MC-9L, and MC-13|MC- 
13L. (b), (c), (e), (f), (h), (i), (k), and (l) The corresponding oscillation power spectra for three stages of the discharge; Stage I: 
light blue; Stage II: red; Stage III: dark blue. 
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vpol ¼
ω

k
!
�
�
�

�
�
�

kpol

k
!
�
�
�

�
�
�
¼ 2πf

kpol

k2
pol þ k2

tor 

and

vtor ¼
ω

k
!
�
�
�

�
�
�

ktor

k
!
�
�
�

�
�
�

¼ 2πf
ktor

k2
pol þ k2

tor
:

ð13Þ

As there are only four MCs located at the limiter cross 
sections, ktor and toroidal rotation velocity could be calcu-
lated at only four points: LFS (MC-1), up (MC-5), HFS (MC- 
9), and down (MC-13). Results for different times are pre-
sented in Table III. As can be seen, plasma shifting causes big 
errors in rotation calculation far from it (see HFS column). 
The power density of the signal provided by m = 2 becomes 
comparable with the power density of noise and broadband 
turbulence. That leads to velocity overestimation.

Toroidal mode number n could not be estimated prop-
erly with only two cross sections with magnetic probes.

IV. BROADBAND MAGNETIC TURBULENCE STUDIES

As is seen earlier, broadband magnetic turbulence 
dominates on MC signals at the HFS. In this case the 
right way is to study turbulence at the HFS. Cross-phase 
dependence of time can be associated with turbulence 
rotation as follows:

vrot ¼
Δl
Δτ

;

where Δτ is a time delay between signals on the MC, which is 
obtained from the linear dependence of the cross phase on the 
frequency Δθ ¼ � 2πf Δτ, calculating the cross-phase spec-
trogram and extracting cross-phase spectra from it (notice 
that only the cross phase with coherence γ2 > γ2

conf is taken 
into account); see Figs. 12 and 13.

Such spectra (see Fig. 14) were observed in 
works25,29 for helium plasmas (see Fig. 15). The 

TABLE II 

Time-Frequency Spatial Distribution of the Square Coherence Coefficient γ2
ij Between Magnetic Probes MC-1 Through MC-16 

10 to 30 kHz 30 to 70 kHz 120 to 180 kHz

Stage I

Stage II

Stage III
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Fig. 8. (a) Time-channel contour plot (chronogram) of the magnetic perturbations. The time is shown horizontally, and the 
number of the magnetic probe is shown vertically. The color scale indicates the amplitude of oscillations (b). The spatial Fourier 
transform for times t = 7.220 ms, t = 7.225 ms, and t = 7.230 ms (marked in Fig. 8a with black, blue, and red lines). Arrow and 
stars mark the clockwise rotation direction. (c) Model of mode m = 2: black = pure mode with signal distribution S ¼ A sin 2θð Þ, 
amplitude A = 1; blue = the same mode with account of toroidicity-induced disturbance of MC displacement. Red: Sine of 
experimental cross phase, which presents normalized oscillation with equal amplitude A = 1 for each MC. Taking into account 
dependency of A on distance from MC, distribution as in (b) could be plotted. 
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Fig. 9. (a) Temporal evolution of the MHD mode m = 2 during Stage II. (b) Spatial distribution of MC cross phase with MC-7 at 
t = 7 ms. (c) Numerical simulation of the cross phases between the MC signals for m = 2 with the transformation of poloidal 
angles #� ¼ # � 0:9 sin#, done for the phase matrix at t = 9 ms. 

Fig. 10. Effective angle #� between MCs at 7 to 8 ms. 
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Fig. 11. Two-dimensional power spectrum S(k,f ) of 
magnetic oscillations on probes MC-1|MC-2. 
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following turbulence rotation velocities in toroidal and 
poloidal directions were calculated: vtor ¼ 13:3 km=s and 
vpol ¼ 3:6 km=s. As could be seen, the velocities of the 
MHD mode rotation and broadband turbulence differ 
significantly.

V. LONG-RANGE ELECTROSTATIC CORRELATIONS

Correlations between the floating potential signals of 
the LP and the DRP are observed. The distance between 
probes is 62.8 cm (π=2 in the toroidal direction). As can 
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Fig. 12. Cross phase between MC-9|MC-9L, which represents toroidal propagation of broadband turbulence at the HFS, at 
the second stage of shot #36599. 
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Fig. 13. Cross phase between MC-9|MC-10, which represents poloidal propagation of broadband turbulence at the HFS, at 
the second stage of shot #36599. 

TABLE III 

Poloidal and Toroidal Rotation Velocities for m = 2 Mode Calculated from 
Toroidal and Poloidal Cross Phases of MC Signals at f = (50 ± 20) kHz. 

LFS (MC-1) Up (MC-5) HFS (MC-9) Down (MC-13)

v (km/s) vtor vpol vtor vpol vtor vpol vtor vpol

t = 6–7 ms 0.6 5.7 0.5 8.3 1.4 23.2 2.4 13.1
t = 7–8 ms 0.6 5.5 0.5 9.0 1.5 27.2 2.1 10.9
t = 8–9 ms 0.5 5.2 0.4 8.9 1.7 36.2 0.8 8.5
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be seen in Fig. 16, during the discharge the broadband 
(0 < f < 200 kHz) structure seems not to change notice-
ably. At f = 50 kHz in Stage II of the discharge, a peak on 
the spectra of floating potential oscillation coherence is 
observed. But, unfortunately, it could not be seen in the 
coherence between magnetic and electric probes. 
Furthermore, the toroidal or poloidal number could not 
be calculated due to the location and number of the 
electric probes.

Measuring the cross phase between the LP and DRP- 
L1 (see Figs. 17a and 17b), it is possible to estimate the 
toroidal rotation velocity of electrostatic turbu-
lence vtor � 7:4 km=s:

An interesting fact is that despite the same frequency 
range and observation time of highly coherent magnetic 
oscillations and highly coherent electrostatic oscillations, 
they do not show any cross coherence among themselves; 
see Figs. 18a and 18b.

VI. CONCLUSION

During student remote experiments in the 
GOLEM tokamak, MHD mode f = 50 kHz with poloi-
dal number m = 2 has been observed in hydrogen 
plasmas. The mode has poloidal rotation velo-
city vm¼2

pol ¼ 6 km=s.
Both broadband magnetic turbulence (0 < f < 250 kHz) 

and broadband electrostatic turbulence (0 < f < 200 kHz) 
indicate the features of toroidal plasma rotation. Both 
magnetic and electrostatic turbulences rotate in the cocur-
rent direction, but with different velocities: vmag

tor �

13 km=s and vel
tor � 7 km=s. The magnetic and electro-

static turbulence do not show the cross coherence indica-
tive of their different origins and nature.
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Fig. 14. Two-dimensional spectrum S(k,f ) of broadband 
oscillations on magnetic probes MC-8|MC-9, at 
the second stage of shot #36598. 
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