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Abstract: In most present-day tokamaks, the majority of the heating power comes from sources such
as neutral-beam injection (NBI) and other types of auxiliary heating which allow for the transfer of
energy to the plasma by a small population of externally introduced fast particles. The behavior of
the fast ions is important for the overall plasma dynamics, and understanding their influence is vital
for the success of any future magnetic confinement devices. In the TUMAN-3M tokamak, it has been
noted that the loss of fast particles during NBI can lead to dramatic changes in the rotation velocity
profiles, as they are responsible for the negative radial electric field on the periphery.

Keywords: fast particles; fast ions; spherical tokamak; diagnostics of high-temperature plasma;
Doppler backscattering; microwave diagnostics

1. Introduction

In all modern magnetic confinement devices, such as tokamaks [1–4], fast ions with
energies significantly larger than the bulk ion temperature are used to heat the plasma
effectively [5]. Since their behavior significantly impacts tokamak performance and the
plasma properties, and there are several ways of introducing fast particles into the plasma,
it is of importance to understand all the implications of their presence in plasma for any
future devices and fusion reactors.

Nowadays, experiments with deuterium–tritium (D-T) fusion reactions are possible
and have been carried out in two of the world’s largest tokamaks, JET [6,7] and TFTR [8],
and this has indicated there is great potential for success when it comes to fusion reactors. In
such conditions, fast (or energetic alpha) particles are created and contribute considerably
to the heating of the plasma, and, in the future, most plasma heating will be accomplished
in this way. Nevertheless, many more experiments are required and much more research is
to be performed in the field of alpha particles in tokamaks regarding their effect on plasma
performance. This is to be accomplished in a future ITER fusion experiment [9].

However, in most present-day tokamaks, the majority of the heating power comes
from sources such as neutral-beam injection (NBI), primarily, and other types of auxiliary
heating as well [10,11]. In methods of heating such as NBI, energy is transferred to the
plasma by a small population of externally introduced fast particles. Their velocity is
typically significantly higher than that of the ions of the background plasma, and the
energy of the fast particle population makes up a significant fraction of the stored energy
in the total plasma of the device. For this reason, the behavior of the fast ions is important
for overall plasma dynamics, and understanding their behavior is vital for the success of
future devices.

There are several issues and questions that need to be addressed when it comes to
plasma heated by NBI. As the distribution of the fast particles determines the heating
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profile, it can, in turn, dramatically affect the transport, temperature and density profiles of
the plasma [12]. The importance of NBI when it comes to providing stability and improving
the performance of the plasma is also to be addressed, as fast particles may stabilize modes
that are otherwise unstable and give rise to new instabilities, and the losses of the fast
ions are also crucial to the energy balance [13]. Additionally, its role in forming the spatial
velocity distribution is of significance for plasma physics research. It has been noted that,
depending on the location, direction and angle of the NBI, different effects of the fast
particles on plasma behavior can be observed.

For example, work [14] (also observable on other devices) illustrated how NBI and fast
particles introduced into the plasma lead to rotation of the plasma in the toroidal direction,
as well as play a significant role in determining the direction of the perpendicular velocity
and in forming the radial profile of the electric field. This is caused by NBI in the sense
that, under such conditions, the toroidal rotation velocity is consequently determined by
a balance between the toroidal momentum source of tangentially injected NBI and the
perpendicular viscosity and can be determined through the radial momentum balance
equation [15].

Another illustration of the possible influence of fast particles on plasma rotation was
provided in the TUMAN-3M tokamak [16]. The results presented focused mainly on the
idea that the loss of fast ions during counter-NBI leads to the formation of a radial electric
field and toroidal rotation, which play a role in the transition to H-mode. It was specifically
noted that the discharges are characterized by the small absorption of the NBI power with
an almost 40% power loss and associated ion orbit losses. Data collected using the heavy
ion beam probe (HIBP) and electrostatic probes indicated a drop in the radial electric field
after NBI started; however, the poloidal velocity (and, consequently, the radial electric
field) profile was not obtained directly in these experiments, requiring additional work to
highlight and prove the suggested influence of the ion losses on plasma rotation.

This work provides additional data regarding fast particles and their influence on
plasma behavior from experiments in TUMAN-3M where the rotation velocity was directly
measured using the Doppler backscattering (DBS) method. The paper is structured as
follows. The next segment contains the description of the TUMAN-3M tokamak, as well as
the conditions, plasma parameters of the experiments and discharges that were used as
evidence of fast particle influence on plasma rotation. After that, the basic principle behind
the DBS method, along with a detailed characterization of the diagnostic installed on
TUMAN-3M, is discussed. In the next segment, the measurements of the rotation velocity
using DBS are presented with additional data highlighting the effect of NBI on the results.
Finally, following an in-depth discussion of the results and conclusions, a possible model
describing the explanation behind the phenomena observed is proposed.

2. Experiment on TUMAN-3M

TUMAN-3M
(

R = 0.53 m, a = 0.22 m, Bτ < 1 T, Ip < 0.18 MA
)

is a circular crossec-
tion tokamak without a divertor that is characterized by a small aspect ratio of A ≈ 2.3 [17].
It has been demonstrated in many experiments that a transition to H-mode [18] is possible
without any auxiliary heating in TUMAN-3M; it happens spontaneously or after a short
increase of the puffing rate (Figure 1e) [19]. In such a low-aspect-ratio torus, the ratio
Pinput/Bτ , which is a crucial parameter for H-mode transition, can overcome the necessary
threshold value in TUMAN-3M using Ohmic heating alone, making it a feature worth
utilizing and investigating.
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in parameters. 

Figure 1. Plasma parameters during a TUMAN-3M discharge with a transition to H-mode:
(a) toroidal magnetic field Bτ , (b) plasma current Ip, (c) electron density ne, (d) Dα signal, (e) gas
puff (puffing rate increased to achieve L–H transition), (f) magnetic probe signal, (g) soft X-ray (SXR)
signal. Red, dashed line at 52 ms indicates the L–H transition.

The typical, characteristic features of the TUMAN-3M H-mode (presented in Figure 1,
where the transition takes place at 52 ms and is marked by a dashed, red line), which are
also observable in other devices and other types of H-mode, include:

# an increase in plasma density suggesting the enhancement of the particle confinement
time in H-mode by approximately a factor of 3 compared to a standard Ohmic heating
(OH) regime (Figure 1c);

# a sharp drop of Dα emission [20] (Figure 1d);
# rapid formation of the steep gradient zone at the periphery during the transition from

OH to H-mode and the relatively slow rise of electron density in the bulk plasma;
# pronounced changes in the electron temperature profile, testifying to thermal transport

reduction in the gradient region as well as an increase in energy confinement time;
# a slow increase in loop voltage during the last stage of H-mode, which is thought to

be caused by impurity accumulation in the bulk plasma due to the improvement in
particle confinement.

In the experiments regarding the influence of fast particles on plasma rotation, an
additional heating method was employed after the transition to Ohmic H-mode had already
taken place (see Figure 2). Co-injection NBI (I = 31 A, U = 19 V ) was used, which means
that the beam was injected in the direction of the plasma current. It must be highlighted
that the NBI did not play a role in the L–H transition, but rather the fast ion introduced into
the plasma at a later point had an impact on plasma behavior and the change in parameters.
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Figure 2. Plasma parameters during a TUMAN-3M discharge with a transition to H-mode:
(a) toroidal magnetic field Bτ , (b) plasma current Ip, (c) electron density ne, (d) Dα signal, (e) gas
puff (puffing rate increased to achieve L–H transition), (f) magnetic probe signal, (g) soft X-ray (SXR)
signal. Red, dashed line at 52 ms indicates the L–H transition. NBI introduced to the plasma at 60 ms
(after the transition to H-mode) is indicated by a striped box.

To demonstrate the effect of fast particles on plasma rotation, the discharges with
“Ohmic H-mode” described above, both with and without NBI, are presented in this work.
In an attempt to make the investigation accurate, the plasma parameters of discussed
discharges were carefully compared, and only those with similar values relating to the
magnetic field, plasma current and electron density were analyzed.

3. Doppler Backscattering

Doppler backscattering (DBS), also known as Doppler reflectometry, is a method
based on recording the backscattered microwave radiation with an oblique incidence of
the microwave beam. Scattering mainly occurs in the cut-off area of the microwave beam
(the point where the beam changes its trajectory) in plasma fluctuations with selected wave
vector k⊥, which satisfies the Bragg condition for backscattering: k⊥ = 2kI, where ki is
the wave vector of the incident wave in the cut-off region (see schematic representation in
Figure 3). When the fluctuating plasma moves in the diamagnetic direction with a certain
velocity, a Doppler frequency shift of backscattered radiation appears and can be described

by the formula ∆ωD =
→
k ·
→
V, where

→
V is the turbulence velocity in the measurement

frame, and
→
k is the turbulence wavenumber. In magnetically confined plasmas, the density

fluctuations are aligned along the field lines, so, typically, k⊥ � k‖, making it possible
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to estimate the shift as ∆ωD = k⊥·V⊥. So, the Doppler reflectometer is only sensitive to
specific, perpendicular wave vector values.
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Figure 3. Schematic of a microwave beam incident on the reflection layer with fluctuations.

The Doppler frequency shift ∆ωD can be obtained from the DBS measurements as
the position of the ‘center of gravity’ of the complex signal I(t) + iQ(t) spectral density or
the derivative of the phase of the complex signal [21]. For this purpose, the complex DBS
signal spectrum is calculated so as to investigate the Doppler shift and, consequently, the
rotation velocity. The sign and value of the shift allow the determination of the direction
and value of the velocity V⊥. The actual velocity extracted from the Doppler shift contains
two components: V⊥ = Vphase + VExB. Both terms provide valuable information about
the plasma. A measurement of Vphase and its direction say something about the type of
turbulence present, while knowledge of VExB can give the values of the radial electric field.

Reflectometer Hardware

Figure 4 depicts a schematic of the two-frequency (referred to as two-channel) DBS
system installed in TUMAN-3M. Its design is similar to the one used in the reflectometer
in the JET tokamak described in work [22]. It consists of two heterodyne schemes that
are used for detection of the backscattering from the plasma. Each of them works on the
principle of quadrature IQ detection. The main idea behind the system’s implementation is
that the two generators are used for both probing the plasma with an incidence beam and
for producing a reference signal at heterodyne reception, allowing for the Doppler shift to
be extracted from the signals.
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This system was previously used in TUMAN-3M to study a variety of phenomena.
For instance, the geodesic acoustic mode (GAM) and its various qualities were thoroughly
investigated using DBS [23,24], and the results of these measurements helped researchers to
understand the physics of the transition to H-mode initiated by the developments of these
modes [25–27]. However, this is the first series of experiments where the characteristics of
the plasma with NBI were studied using DBS in TUMAN-3M.

In the experiments described in this work, two different frequencies (always indicated
in figures) were used for plasma probing, which allowed us to measure the plasma rotation
velocity at different locations or at different radii. In order to follow the trajectories of
the beams in the TUMAN-3M tokamak, a special code was developed which uses the
density profiles obtained by an interferometer to perform the ray tracing. An example of
the performed ray tracing is presented in Figure 5. The black lines are the trajectory of the
probing beams sent into the plasma at an angle, and at a given frequency, with a higher
probing frequency cut-off being further into the plasma. The red line corresponds to the last
closed flux surface (LCFS), or the separatrix, indicating the area in which the measurements
took place. Additionally, the tokamak wall (green line) and position of the hog-horn DBS
antenna are depicted in Figure 5.
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4. Experimental Results of Rotation Velocity Measurements

In order to determine the cut-off position of the probing beams in the TUMAN-3M
tokamak, information about the discharges, such as the temporal evolution of plasma
density, its radial profile, reflectometer incidence angle and probing frequency, was used.
Information on the position of the cut-offs is necessary so as to know whether the local-
ization of the measurements in the compared discharges (for instance, #18052522 and
#18052524 in Figure 6) coincides and, thus, justifies any further analysis.

For this purpose, the radius of the cut-off was calculated in time and was analyzed
both before and after the NBI. The obtained temporal evolution is presented in Figure 6. As
one can see, the localization was very similar in both discharges presented and for both
frequency channels, which implies that any changes noted in the profiles of the rotation
velocity were not due to the analysis of different plasma areas, but rather signified a process
being performed in the plasma.

Further analysis of the DBS signals involved the calculation of the Doppler frequency
shift so as to observe the temporal evolution of the plasma rotation velocity. The results of
the shift for the 36.9 GHz probing frequency can be seen in Figure 7, which also depicts
the plasma parameters, such as electron density (Figure 7a) and the Dα signal (Figure 7b)
before and after the L–H transition. These are shown so as to highlight the similar nature
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of the velocity in both discharges up until the moment when NBI was introduced into the
plasma, as demonstrated in Figure 7B(c).
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Figure 7. Plasma parameters during TUMAN-3M discharges with a transition to H-mode: (a) electron
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Before the 60 ms mark (when the NBI was introduced into the tokamak plasma), the
shift values were very similar. After the drop in Dα, and along with a steady increase of the
electron density, the Doppler shift observably grew in time to the value of around 300 kHz
after the transition to H-mode (it is worthy of note that the Doppler shift generally does not
reach values above 200 kHz in the case of discharges with no H-mode). In the case of the
entirely Ohmic H-mode, after reaching this peak, the shift gradually decreased until the
end of the discharge. This can be explained by the movement of the cut-off radius towards
the LCFS, where the velocity value becomes equal to zero. However, in Figure 7B(c), while
we can clearly still see a drop in the shift in the temporal evolution right after the NBI was
turned, later on, after as a delay of several ms, it was followed by a return of the Doppler
shift to its peak values, and it remained at roughly this value both during injection and
even some time after the NBI was turned off.

These changes were also demonstrated in the form of the calculated radial profile
of the poloidal rotation velocity, as well as the radial electric field, shown in Figure 8.
In Figure 8a, one may observe the radial velocity profiles for the discharges previously
discussed in this section. They highlight the differences in the rotation at the periphery of
the plasma (closer to the LCFS) associated with the NBI. At radii from 10 cm to 17 cm, the
velocity values and behavior were very similar in their increase to a peak of around 6 km/s
and, later, their decrease, with no significant contrast noticeable between the two profiles.
This is highlighted by the fact that, during this time, both discharges were in the Ohmic
heating stage (the colors in Figure 8 represent different discharges and different heating
methods). However, moving closer to the separatrix, the spike of the velocity due to NBI
was in contrast to the slow decline in the Ohmic H-mode case. The orange line in Figure 8a
shows that, after the 17 cm radius, NBI grew up to values of 7 km/s and remained like that
for several cm, after which the values dropped again. Additionally, the profiles for the pair
of discharges presented in Figure 8b are from the same series of experiments with similar
plasma and NBI parameters; also, the same probing frequencies were used. In this case,
some differences in the profile were observable even without NBI injection (this is because
the pressure profiles were not the same, so the values of the velocity and radii varied). The
overall behavior remained similar, and the reaction to NBI was of the same nature, with the
exception of the values of the velocity being slightly higher. One can see from the orange
profile in Figure 8b, that it reached about 7.8 km/s at its highest point. This indicates that
the difference in the rotation velocity still had more to do with the injected fast particles
than simply the location of the measurements.
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The radial electric field scale is also presented in Figure 8. Its values were ob-
tained using the ExB drift velocity formula, meaning that the magnetic field presented in
Figures 1a and 2a was used in these calculations. The resulting electric field had negative
values, which is an important plasma characteristic.
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5. Discussion about the Possible Effects on Plasma Rotation

When analyzing the obtained data, a variety of factors that could have influenced the
differences in rotation velocity initially came to mind.

First and foremost, our analysis and calculations of the cut-off positions in the pairs
of compared discharges clearly indicated that the disagreement in measurements was not
associated with having data from different radii.

Additionally, one may assume that the poloidal rotation velocity of the plasma is
affected by magnetohydrodynamic (MHD) behavior. A closer look at Figures 1 and 2
highlights that, in both cases (with and without NBI), the magnetic probe signals were
quite similar and had the same characteristics. However, not all MHD activity may be
apparent in the magnetic probe signal, such as standing MHD waves. To disprove this as
being the key influence, we present the data in Figure 9. In the signal of the magnetic probe
(Figure 9b), there was clear MHD activity in the form of magnetic islands, and this led
to the reaction in the signal of the interferometer (Figure 9a), which highlights that MHD
can greatly change the plasma parameters. It is also evident that, as the MHD amplitude
increased, there was an observable decrease in rotation velocity, which was demonstrated
in the form of the measured Doppler frequency shift in Figure 9c. What this also signifies is
that the radial electric field also changed in the direction of more positive values, as it can be
noted that the local minimum of the plasma velocity corresponded to the magnetic island’s
minimum rotation velocity and maximum amplitude. After this, the island began to rotate
faster again, which was accompanied by a decrease in the amplitude of the magnetic probe
signal and an increase in its frequency; the rotation velocity of the plasma returned to
the same values as before the development of the magnetic island. This phenomenon has
been studied thoroughly in TUMAN-3M in previous experiments [28,29] and explained
theoretically [30]. It is important to note that magnetic islands generally adversely affect
the development of plasma discharge and, in some cases, even lead to its disruption. The
rotation velocity was described as one of the key parameters that affects confinement with
regard to MHD activity in work [31]. All these points lead to the assumption that, in these
experiments, the MHD influence could not have led to the effects observed in the results
and, thus, should not be considered.

Apart from MHD activity, it is possible that edge-localized modes (ELMs) play a role
in plasma rotation. While they are not very pronounced in the TUMAN-3M tokamak (see
Figure 10b), they were present in the form of small bursts in the Dα signal following a
sawtooth crash, as shown in Figure 10d. Such small ELMs have been observed in TUMAN-
3M under various conditions, and their nature is not entirely understood; however, there
is evidence to indicate that the mechanism behind formation of the ELMs in TUMAN-
3M could be similar to the one described in paper [32]. During these weak ELMs, the
backscattered power decreases, as was showcased through the amplitude DBS signals
shown in Figure 10a. In addition, during each burst, the rotation velocity of the plasma
increased a little (Figure 10c), but it is possible that the ELMs deformed the electric field
profile, similar to the suggested effect they had in work [33]. However, the velocity
fluctuations caused by the ELMs were insignificant when comparing measurements in
Ohmic H-mode and during NBI. Consequently, the observed influence on the velocity
profile cannot be explained solely by the development of ELMs. However, it should be
noted that the NBI leads to the formation of ELMs by a complex mechanism; the injected fast
particles warm the central areas of the plasma, which causes an increase in the amplitude
of the sawtooth, which, in turn, leads to ELMs at the periphery. Furthermore, the effect of
ELMs on the radial electric field is an immensely interesting topic of research.
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Figure 10. Plasma parameters characterizing ELM activity: (a) DBS amplitude, (b) Dα signal,
(c) Doppler frequency shift f D, (d) SXR signal.

An effort was additionally made to investigate the way that NBI affects the plasma
parameters. It was of keen interest to understand how the injected fast particles influence
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different areas of the tokamak plasma, which is demonstrated in Figure 11. The main idea
demonstrated was that no significant increase in temperature could be seen after NBI on the
peripheral soft X-ray (SXR) channels (Figure 11c), which was not the case for measurements
in the core (Figure 11b). In addition, there was no significant increase in density after NBI
in the peripheral interferometer channels. This is not surprising, because most of the fast
particles of the beam are confined in the core region where the corresponding heating
occurs. So, this means that, with the decreasing pressure and its gradient, one should not
expect an increase in the electric field (the neoclassical one), which we observed.
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Figure 11. Plasma parameters in H-mode during NBI: (a) electron density ne at r = 2 cm (core region),
(b) SXR signal at r = 0 cm (core region), (c) SXR signal at r = 15 cm (peripheral region). Red, dashed
line at 52 ms indicates the L–H transition. NBI introduced to the plasma at 60 ms (after the transition
to H-mode) is indicated by a striped box.

There is the possibility that the phase velocity of the fluctuations changed due to
the NBI. However, this assumption was again refuted by the fact that, at the periphery,
fast particles were not generally confined and seemed to have little effect on the tokamak
plasma or on density fluctuations or turbulence in particular, meaning that they could not
be responsible for the dramatic changes in rotation velocity behavior.

However, there can be no doubt about the dependence of the rotation velocity behavior
on the presence of the NBI and the injected fast particles. Due to co-NBI being specifically
employed in these experiments in TUMAN-3M, two main mechanisms could have played a
role in the formation of the radial electric field. The first one is the toroidal plasma rotation
in the direction of the plasma current, and the second one happens as a result of the loss of
the fast ions from the plasma. The former is accompanied by the formation of a positive
electric field (generally has more of an effect on the core plasma), while the latter leads to a
negative electric field profile (generally has more of an effect on the peripheral plasma) [34].
As the measurements show, the electric field in these experiments had negative values
(Figure 8); this led to the conclusion that the rotation behavior was influenced by the
fast particle losses. Moreover, the positions of the cut-off were located close to the LCFS,
meaning that the measurements took place in the edge plasma. The large values of the
Larmor radius of the fast ions in the periphery also suggest that the fast particle losses were
significant in these experiments, and, in general, this could have contributed to changes in
potential and electric field and, hence, to the profiles of the rotation velocity.
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6. Conclusions

So, all the aforementioned results allow us to come to the following conclusions. The
experiments in TUMAN-3M with an Ohmic H-mode achieved only by gas puffing were
analyzed in great detail, which led to the discovery that the injection of fast particles with
additional heating in the form of NBI can greatly affect the radial electric field, which, in
turn, influences the plasma rotation. In this work, the measurements of the poloidal plasma
rotation using the DBS diagnostic were presented for cases of Ohmic H-modes both with
and without co-injection NBI. The results were obtained for different plasma regions so the
radial profile of the velocity could be calculated. The temporal evolution of the Doppler
frequency shifts, as well as the rotation velocity and radial electric field profiles, indicated
that the plasma rotation was influenced by the presence of the fast particles introduced into
the bulk plasma through NBI. What was observed was that, in the case of purely Ohmic
H-mode, the velocity increased to a certain value after the L–H transition and continued to
drop steadily after reaching that peak. If NBI was injected into the plasma, the velocity, after
a delay of several ms, started to increase again to its peak values and remained at that level
for some time even after the injection of fast particles was stopped, despite the shift of the
cut-off position to larger radii due to increased density. The question of what exactly causes
such rotation velocity behavior was addressed, and a variety of factors was analyzed. After
a detailed examination of all the evidence presented, the conclusion reached is that the loss
of the injected fast particles influences the radial electric field, which, in turn, causes the
ExB drift which is responsible for the behavior of the rotation velocity.

Author Contributions: Conceptualization, A.Y.; methodology, A.P. (Alexander Petrov); software,
A.P. (Anna Ponomarenko); validation, A.Y., A.P. (Alexander Petrov) and A.P. (Anna Ponomarenko);
formal analysis, A.Y.; investigation, A.Y.; resources, A.Y. and A.B.; data curation, A.Y.; writing—
original draft preparation, A.Y. and A.P. (Anna Ponomarenko); writing—review and editing, A.Y.,
A.B and L.A.; visualization, A.Y.; supervision, L.A.; project administration, A.Y.; funding acquisition,
A.Y. All authors have read and agreed to the published version of the manuscript.

Funding: The research was funded by the Ministry of Science and Higher Education of the Russian
Federation under the strategic academic leadership program “Priority 2030” (agreement 075-15-2021-
1333, dated 30 September 2021).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The research was funded by the Ministry of Science and Higher Education of
the Russian Federation under the strategic academic leadership program “Priority 2030” (agreement
075-15-2021-1333 dated 30 September 2021). The work of Alexander Belokurov and Leonid Askinazi was
partially supported in the framework of the Ioffe Institute state assignment 0040-2019-0023. Please see full
list in Askinazi, L.G., Abdullina, G.I., Belokurov, A.A. et al. Experimental Determination of the Dispersion
Relation of Plasma Radiation at Frequencies of the Ion Cyclotron Resonance and Its Harmonics in
Tokamak. Tech. Phys. Lett. 47, 214–217 (2021). https://doi.org/10.1134/S1063785021030032.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References
1. Mirnov, S.V. Physical Processes in Tokamak Plasma; Energiatomizdat: Moscow, Russia, 1983.
2. White, R.B. Theory of Tokamak Plasmas; Elsevier: Amsterdam, The Netherlands, 1989.
3. Kadomtsev, B.B. Tokamak Plasma: A Complex Physical System; IOP: Bristol, UK, 1992.
4. Mueller, D. The physics of tokamak start-up. Phys. Plasmas 2013, 20, 058101. [CrossRef]
5. Lisitsa, V.S. Atoms in Plasmas; Springer Series on Atomic, Optical, and Plasma Physics; Springer: Berlin/Heidelberg, Germany,

1994; Volume 14. [CrossRef]

https://doi.org/10.1134/S1063785021030032
http://doi.org/10.1063/1.4804416
http://doi.org/10.1007/978-3-642-78726-3


Atoms 2022, 10, 106 13 of 14

6. Joffrin, E.; Abduallev, S.; Abhangi, M.; Abreu, P.; Afanasev, V.; Afzal, M.; Aggarwal, K.; Ahlgren, T.; Aho-Mantila, L.;
Aiba, N.; et al. Overview of the JET preparation for deuterium–tritium operation with the ITER like-wall. Nucl. Fusion
2019, 59, 112021. [CrossRef]

7. JET Team. Alpha particle studies during JET DT experiments. Nucl. Fusion 1999, 39, 1619. [CrossRef]
8. Zweben, S.J.; Darrow, D.S.; Herrmann, H.W.; Batha, S.; Budny, R.; Chang, C.-S.; Chang, Z.; Fredrickson, E.; Jassby, D.; Johnson,

L.; et al. Alpha particle loss in the TFTR DT experiments. Nucl. Fusion 1995, 35, 893. [CrossRef]
9. Lier, A.; Papp, G.; Lauber, P.W.; Embreus, O.; Wilkie, G.J.; Braun, S. Alpha particle driven Alfvénic instabilities in ITER

post-disruption plasmas. Nucl. Fusion 2021, 61, 086003. [CrossRef]
10. ITER Physics Expert Group on Energetic Particles, Heating and Current Drive; ITER Physics Basis Editors. ITER Physics Basis

Chapter 6: Plasma auxiliary heating and current drive. Nucl. Fusion 2000, 40, 1429. [CrossRef]
11. Fasoli, A.; Gormenzano, C.; Berk, H.L.; Breizman, B.; Briguglio, S.; Darrow, D.; Gorelenkov, N.; Heidbrink, W.; Jaun, A.; Konovalov,

S.; et al. Chapter 5: Physics of energetic ions. Nucl. Fusion 2007, 47, S264. [CrossRef]
12. Telnova, A.Y.; Kurskiev, G.S.; Miroshnikov, I.V.; Sakharov, N.; Kiselev, E.O.; Larionova, M.M.; Bakharev, N.N.; Gusev, V.K.;

Khromov, N.; Minaev, V.; et al. Ion heat transport study in the Globus-M spherical tokamak. Plasma Phys. Control. Fusion 2020,
62, 045011. [CrossRef]

13. Razumova, K.A.; Andreev, V.F.; Eliseev, L.G.; Kantor, M.Y.; Kasyanova, N.V.; Lysenko, S.E.; Melnikov, A.V. Physical processes
determining plasma confinement in tokamaks with presence of transport barriers from the position of self-organization. Plasma
Phys. Control. Fusion 2021, 63, 055003. [CrossRef]

14. Conway, G.D.; Schirmer, J.; Klenge, S.; Suttrop, W.; Holzhauer, E.; the ASDEX Upgrade Team. Plasma rotation profile measure-
ments using Doppler reflectometry. Plasma Phys. Control. Fusion 2004, 46, 951. [CrossRef]

15. Ida, K. Experimental studies of the physical mechanism determining the radial electric field and its radial structure in a toroidal
plasma. Plasma Phys. Control. Fusion 1998, 40, 1429. [CrossRef]

16. Lebedev, S.V.; Askinazi, L.G.; Chernyshev, F.V.; Irzak, M.; Kornev, V.; Krikunov, S.; Melnik, A.; Razumenko, D.; Rozhdestvensky,
V.; Smirnov, A.; et al. Counter-NBI assisted LH transition in low density plasmas in the TUMAN-3M. Nucl. Fusion 2009,
49, 085029. [CrossRef]

17. Lebedev, S.V.; Andrejko, M.V.; Askinazi, L.G.; Golant, V.E.; Kornev, V.A.; Krikunov, S.V.; Levin, L.S.; Lipin, B.M.; Razdobarin, G.T.;
Rozhansky, V.A.; et al. H-mode studies on TUMAN-3 and TUMAN-3M. Plasma Phys. Control. Fusion 1996, 38, 1103. [CrossRef]

18. Wagner, F.; Becker, G.; Behringer, K.; Campbell, D.; Eberhagen, A.; Engelhardt, W.; Fussmann, G.; Gehre, O.; Gernhardt, J.;
Gierke, G.V.; et al. Regime of Improved Confinement and High Beta in Neutral-Beam-Heated Divertor Discharges of the ASDEX
Tokamak. Phys. Rev. Lett. 1982, 49, 1408. [CrossRef]

19. Lebedev, S.V.; Andrejko, M.V.; Askinazi, L.G.; Golant, V.E.; Kornev, V.A.; Levin, L.S.; Rozhansky, V.A.; Tendler, N.; Tukachinsky,
A.S. Ohmic H-mode studies in TUMAN-3. Plasma Phys. Control. Fusion 1994, 36, B289. [CrossRef]

20. Glushkov, A.V. Relativistic and Correlation Effects in Spectra of Atomic Systems; Astroprint: Odessa, Ukraine, 2006.
21. Conway, G.D.; Schirmer, J.; Klenge, S.; Suttrop, W.; Holzhauer, E. Direct measurement of zonal flows and geodesic acoustic mode

oscillations in ASDEX Upgrade using Doppler reflectometry. Plasma Phys. Control. Fusion 2005, 47, 1165. [CrossRef]
22. Conway, G.D.; Vayakis, G.; Bartlett, D.V. Reflectometer fluctuation and correlation studies on JET. In III Workshop on Microwave Re-

flectometry for Fusion Plasma Diagnostics; CIEMAT-838; Informes Tecnicos Ciemat; Centro de Investigaciones Energeticas, Medioam-
bientales y Tecnologicas (CIEMAT): Madrid, Spain, 1997; Available online: http://www-fusion.ciemat.es/InternalReport/IR838
.pdf (accessed on 10 November 2013).

23. Bulanin, V.V.; Askinazi, L.G.; Belokurov, A.A.; Gusev, V.K.; Kornev, V.A.; Kurskiev, G.S.; Lebedev, S.V.; Minaev, V.B.; Patrov, M.I.;
Petrov, A.V.; et al. Bicoherence analysis of geodesic acoustic modes in the Tuman-3M and Globus-M Tokamaks. Tech. Phys. Lett.
2015, 41, 366–369. [CrossRef]

24. Bulanin, V.V.; Askinazi, L.G.; Belokurov, A.A.; A Kornev, V.; Lebedev, V.; Petrov, A.; Tukachinsky, A.S.; Vildjunas, M.I.; Wagner, F.;
Yashin, A.Y. GAM observation in the TUMAN-3M tokamak. Plasma Phys. Control. Fusion 2016, 58, 045006. [CrossRef]

25. Askinazi, L.G.; Belokurov, A.A.; Bulanin, V.V.; Gurchenko, A.D.; Gusakov, E.; Kiviniemi, T.P.; Lebedev, S.V.; A Kornev, V.; Korpilo,
T.; Krikunov, S.V.; et al. Physics of GAM-initiated L–H transition in a tokamak. Plasma Phys. Control. Fusion 2017, 59, 014037.
[CrossRef]

26. Belokurov, A.A.; Abdullina, G.I.; Askinazi, L.G.; Bulanin, V.V.; Zhubr, N.A.; Kornev, V.A.; Krikunov, S.V.; Lebedev, S.V.; Petrov,
A.V.; Razumenko, D.V.; et al. Geodesic Acoustic Mode Temporal Parameters Effect on the LH-Transition Initiation Possibility in
TUMAN-3M Tokamak. Tech. Phys. Lett. 2019, 45, 783–785. [CrossRef]

27. Belokurov, A.A.; Abdullina, G.I.; Askinazi, L.G.; Bulanin, V.V.; Chôné, L.; Gurchenko, A.D.; Gusakov, E.Z.; Kiviniemi, T.P.; Kornev,
V.A.; Krikunov, S.V.; et al. Particle source and radial electric field shear as the factors affecting the LH-transition possibility and
dynamics in a tokamak. Phys. Scr. 2020, 95, 115604. [CrossRef]

28. Askinazi, L.G.; Golant, V.E.; Kornev, V.A.; Lebedev, S.V.; Tukachinsky, A.S.; Vildjunas, M.I.; Zhubr, N.A. Radial electric field
evolution in the vicinity of a rotating magnetic island in the TUMAN-3M tokamak. Plasma Phys. Control. Fusion 2006, 48, A85.
[CrossRef]

29. Bulanin, V.V.; Askinazi, L.G.; Lebedev, S.V.; Gorohov, M.V.; Kornev, V.A.; Petrov, A.V.; Tukachinsky, A.S.; Vildjunas, M.I. Plasma
rotation evolution near the peripheral transport barrier in the presence of low-frequency MHD bursts in TUMAN-3M tokamak.
Plasma Phys. Control. Fusion 2006, 48, A101. [CrossRef]

http://doi.org/10.1088/1741-4326/ab2276
http://doi.org/10.1088/0029-5515/39/11Y/301
http://doi.org/10.1088/0029-5515/35/8/I01
http://doi.org/10.1088/1741-4326/ac054c
http://doi.org/10.1088/0029-5515/40/7/512
http://doi.org/10.1088/0029-5515/47/6/S05
http://doi.org/10.1088/1361-6587/ab6da5
http://doi.org/10.1088/1361-6587/abe023
http://doi.org/10.1088/0741-3335/46/6/003
http://doi.org/10.1088/0741-3335/40/8/002
http://doi.org/10.1088/0029-5515/49/8/085029
http://doi.org/10.1088/0741-3335/38/8/003
http://doi.org/10.1103/PhysRevLett.49.1408
http://doi.org/10.1088/0741-3335/36/12B/024
http://doi.org/10.1088/0741-3335/47/8/003
http://www-fusion.ciemat.es/InternalReport/IR838.pdf
http://www-fusion.ciemat.es/InternalReport/IR838.pdf
http://doi.org/10.1134/S1063785015040197
http://doi.org/10.1088/0741-3335/58/4/045006
http://doi.org/10.1088/0741-3335/59/1/014037
http://doi.org/10.1134/S1063785019080066
http://doi.org/10.1088/1402-4896/abbfcc
http://doi.org/10.1088/0741-3335/48/5A/S07
http://doi.org/10.1088/0741-3335/48/5A/S09


Atoms 2022, 10, 106 14 of 14

30. Kaveeva, E.; Rozhansky, V.; Tendler, M. Interpretation of the observed radial electric field inversion in the TUMAN-3M tokamak
during MHD activity. Nucl. Fusion 2008, 48, 075003. [CrossRef]

31. Waelbroeck, F.L. Theory and observations of magnetic islands. Nucl. Fusion 2009, 49, 104025. [CrossRef]
32. Bulanin, V.V.; Kurskiev, G.S.; Solokha, V.V.; Yashin, A.Y.; Zhiltsov, N.S. The model of synchronization between internal reconnec-

tions and edge-localized modes. Plasma Phys. Control. Fusion 2021, 63, 122001. [CrossRef]
33. Conway, G.D.; Lechte, C.; Poli, E.; ASDEX Upgrade Team. Plasma perpendicular velocity and Er measurements using lower

X-mode Doppler reflectometry on ASDEX Upgrade. ITER Tech. Rep. 2022. to be published.
34. Xu, X.; Xu, Y.; Zhang, X.; Hu, Y. Simulations of the radial electric field induced by neutral beam injection in a tokamak. Nucl.

Fusion 2021, 61, 086002. [CrossRef]

http://doi.org/10.1088/0029-5515/48/7/075003
http://doi.org/10.1088/0029-5515/49/10/104025
http://doi.org/10.1088/1361-6587/ac36a4
http://doi.org/10.1088/1741-4326/ac054d

	Introduction 
	Experiment on TUMAN-3M 
	Doppler Backscattering 
	Experimental Results of Rotation Velocity Measurements 
	Discussion about the Possible Effects on Plasma Rotation 
	Conclusions 
	References

