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Application of Doppler backscattering diagnostics for studying edge

localized modes on the Globus-M2 tokamak
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In the high confinement mode with an edge transport barrier (H-mode), large pressure gradients at the plasma

periphery are observed, which leads to the appearance of edge localized modes (ELMs). On the spherical tokamak

Globus-M2 ELMs can be divided into 2 types: synchronized with sawtooth oscillations in the center of the plasma

and independent of them or desynchronized. In this paper, we present a study of synchronized edge localized

modes by Doppler backscattering diagnostics. It is shown that the turbulence level changes dramatically during

ELMs. In addition, the radial electric field profiles were constructed for synchronized edge localized modes of

different amplitude.
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At present, the main operation mode of tokamaks is the

high confinement mode mode (H-mode) [1]. Confinement

is improved due to the development of a region with

strongly suppressed transport of particles and energy (a
transport barrier) at the periphery of the plasma, which

leads to the formation of a pedestal [2]. Large pres-

sure gradients established in the pedestal are a potential

source of plasma instabilities [3] (in particular, edge lo-

calized modes, ELMs) [4]. They cause periodic pulsed

emissions of particles and energy from plasma onto the

first wall and the diverter plates, which may get dam-

aged [5]. Thus, the study of ELMs is highly relevant at

present.

The peeling-ballooning mode model is used to charac-

terize edge localized modes. Two factors triggering ELMs

are distinguished in this model: the pressure gradient from

the low field side field (ballooning mode) and the current

flowing near the separatrix (peeling mode) [6]. More

than five types of edge localized modes differing in size

and degree of their influence on plasma confinement are

distinguished, but types I, II, and III are the most common.

With rare exceptions, only type III/V modes are observed

at spherical tokamaks [7].
Edge localized modes at the Globus-M2 spherical toka-

mak differ somewhat from the generally accepted classifica-

tion. In addition to the standard (desynchronized) type III/V
ELMs occurring spontaneously in the high confinement

mode [8], edge localized modes synchronized with sawtooth

oscillations are observed on the Globus-M2 tokamak in the

center of the plasma [9]. They are being studied actively at

the Globus-M2 tokamak.

A wide variety of diagnostics are suitable for ELM

investigation. From the very beginning, the Dα line emission

diagnostics, which allows to observe particle and energy

fluxes from plasma, has been used for their detection.

However, data from the confinement region are the most

valuable. Such data are provided by Doppler backscattering

(DBS) diagnostics [10], which has been used successfully to

study ELMs at the Globus-M2 tokamak [11]. In the present

study, we report the results of measurement of the velocity

of plasma rotation perpendicular to the magnetic field,

which were used to calculate the radial electric field, during

synchronized ELMs at the Globus-M2 spherical tokamak.

The first results of the study of desynchronized ELMs have

been reported recently in [12].
The Globus-M2 spherical tokamak has major radius

R = 0.36m, minor radius a = 0.24m, and aspect ratio

R/a = 1.5. The design values of the toroidal magnetic

field and the plasma current are as high as 1 T and 0.5MA,

respectively [13]. The triangularity and elongation of the

plasma column may reach 0.5 and 2.2, respectively. In

the analyzed discharge, transition to the high confinement

mode due to neutal beam co-injection (NBI) with a

power up to 1MW. The average electron desity increases

to 〈ne〉 ∼ 1 · 1020 m−3.

It is in the high confinement mode that edge local-

ized modes synchronized with sawtooth oscillations are

observed. Figure 1 shows the parameters of analysed

discharge #41152. Plasma is in the high confinement mode.

The average electron density is presented in Fig. 1, a. The

dotted curve in Fig. 1, b represents the diagnostic signal

of the intensity of collimated soft X-ray radiation along

the chord directed at the center of the column. Sawtooth

oscillations are seen clearly in this signal. The solid curve

in Fig. 1, b represents the Dα line emission diagnostic signal

with periodic bursts that correspond to ELMs. It can be

seen that the Dα diagnostic signal bursts occur immediately

after a sharp reduction in the soft X-ray intensity. This is a
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characteristic sign of the development of synchronized edge

localized modes.

The Doppler backscattering diagnostics, which has been

proven efficient at a number of tokamaks around the

world, was used to study ELMs [14–17]. It involves

the detection of electromagnetic radiation backscattered off

density fluctuations near the cutoff of the probing beam

with a given frequency. Since the density fluctuations are

extended along the magnetic field lines, they effectively form

a diffraction grating. Due to the movement of fluctuations,

the diffraction grating rotates around the plasma column.

The amplitude of scattered electromagnetic radiation is

directly proportional to the magnitude of fluctuations of

electron density with a certain value of the wave vector

k⊥. Typical wave vector values for fluctuations recorded

in the discussed experiments are k⊥ = 2.7−11.6 cm−1.

The phase contains a Doppler shift due to the rotation

of fluctuations together with plasma. This allows one

to determine the rotation velocity of plasma in crossed

electric and magnetic fields and, consequently, the radial

electric field under the assumption of smallness of the

phase velocity of propagation of fluctuations. A more

detailed description of Doppler backscattering diagnostics

was provided in [14].

The use of several probing frequencies makes the DBS

study of plasma much simpler, since simultaneous measure-

ments at different distances from the center of the plasma

column become possible. This makes it possible to examine

the radial dependence of plasma parameters. Therefore,

the Globus-M2 tokamak uses two multi-frequency systems.

The first allows one to probe plasma at four frequencies:

20, 29, 39, and 48GHz [18]. This corresponds to edge

region 0.8 < ρ < 1.1. The second system has six frequency

channels: 50−70GHz in 5GHz increments [10]. This

provides an opportunity to examine inner plasma regions

0.4 < ρ < 0.8. The use of these two systems at the

Globus-M2 tokamak allowed us to study in detail the

process of transition to the classical high confinement mode

(H-mode) [19] and the high confinement mode without

ELMs (ELM-free H-mode) [20], as well as such plasma

oscillatory processes as limit cycle oscillations [21,22], the
geodetic acoustic mode [23,24], Alfvén modes [25,26],
quasi-coherent modes [27], tearing modes [28], and the

formation of plasma filaments [29,30], which, as revealed

by full-wave modeling [31,32], may affect significantly the

Doppler backscattering spectrum [33].

The result of operation of the DBS system at the

Globus-M2 tokamak are digitized signals in ten channels

with different sampling rates. Each channel has two signals:

I (initial) and Q (phase-shifted by π/2). When data are

processed, individual signals are immediately converted into

complex channels. The amplitude of a complex signal

is proportional to the amplitude of fluctuations at which

scattering occurred. The derivative of the complex signal

phase is proportional to the Doppler frequency shift, and

the Doppler frequency shift is proportional to the plasma

drift velocity in the crossed radial electric and total magnetic

fields.

Typical discharge #41152 with synchronized ELMs was

chosen for analysis. The data of Dα emission diagnostics

during the bursts of synchronized edge localized modes and

the processed signals of Doppler backscattering diagnostics

are shown in Fig. 2. The Dα diagnostic signal (Fig. 2, a)
features periodic disturbances with a period of T ≈ 4ms,

which correspond to ELM bursts. The amplitude of the

received DBS signal at a probing frequency of 50GHz

(panel b) and its Doppler shift (panel c) are also shown

in Fig. 2. This channel corresponds to the position of

the probing radiation cutoff at radius ρ ≈ 0.8 and cutoff

density ne ≈ 3.1 · 1019 m−3. This figure does not provide

a clear indication of how the received signal amplitude

behaves during a Dα diagnostic signal burst, although it

does increase noticeably within certain bursts. This increase

in the DBS signal amplitude corresponds to an increase

in the amplitude of density fluctuations, which scatter the

probing signal more strongly. However, more obvious

disturbances are also seen in the Doppler shift of the signal,

which is proportional to the velocity of plasma rotation

perpendicular to the total magnetic field (and, consequently,
to the radial electric field). It can be seen from Fig. 2, c

that the Doppler shift of the DBS signal (and, consequently,
the plasma rotation velocity) remains virtually unchanged

between bursts and does not exceed 100 kHz. The modulus

of the Doppler shift of the signal increases significantly

during ELMs and may reach a level of approximately

400 kHz. Thus, it can be stated that the DBS diagnostics

is well-suited for examination of edge localized modes,

since they alter both the modulus of the received diagnostic

signal and (much more profoundly) the derivative of its

phase.

To study radial electric field Er during the bursts of edge

localized modes, its values were first determined during

ELMs of different sizes occurring at different moments in

time in discharge #41152. The size was determined from

the amplitude of the Dα diagnostic signal burst during an

ELM burst. Examples of
”
large“ bursts are shown in Figs. 1

and 2. During
”
small“ bursts, the amplitude of the Dα

emission diagnostic signal did not exceed 1.5 a.u.; in the

case of
”
large“ bursts, the amplitude increased to 2.7 a.u. In

addition, all synchronized ELMs investigated in the present

study were observed in a single discharge #41152, but at

different time points with the same signal normalization

conditions.

The obtained results were averaged over similar events

(the Dα diagnostic signal was used for similarity assess-

ment). The use of a multi-frequency system made it possible

to construct a radial electric field profile in each specific

case, which is demonstrated in Fig. 3 for discharge #41152.

Figures 3, a and b present the profiles for
”
large“ and

”
small“ ELMs, respectively. The same scales were used

in both cases. The Dα and DBS diagnostic signals for

”
large“ ELMs are also shown in Fig. 2. The solid curve

in Fig. 3 is the Er profile between ELMs, while the dashed
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Figure 1. Temporal evolution of plasma parameters for discharge #41152. a — Average electron density; b — soft X-ray (SXR) intensity
diagnostic signal and Dα emission diagnostic signal. Plasma current I p ≈ 300 kA and magnetic field BT ≈ 0.8 T were maintained in this

discharge.
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Figure 2. Temporal evolution of plasma parameters for discharge #41152 during synchronized ELMs. a — Da emission; b — amplitude

of the received DBS signal at a probing frequency of 50GHz; c — Doppler frequency shift of the received DBS signal at a probing

frequency of 50GHz.

curve corresponds to the maximum Dα emission, which

is associated with the ELM disruption peak. Let us first

examine the profile in Fig. 3, a. It is evident that the

radial electric field is weak between bursts (its modulus

does not exceed 1 kV/m) and has a local maximum (in
magnitude) near the separatrix. The field sign changes

outside. Within the peak of Dα emission, the electric field

modulus increases synchronously at all radii up to 8 cm

inside the separatrix. In the inner plasma region, an

increase to 2 kV/m is seen. A local maximum of 3 kV/m

is observed on the separatrix, which corresponds to a 4-

fold field enhancement. In Fig. 3, b, the radial electric

field behaves differently. First, the curves are almost

indistinguishable: a 1.5−2-fold field variation is observed

inside the confinement region, while virtually no changes

are seen near the separatrix. Second, the values of Er both

during
”
small“ ELMs and between them nearly match the

value of Er between
”
large“ ELM bursts. This indicates

that
”
large“ ELMs strongly perturb plasma at all the studied

radii, while
”
small“ ELMs have virtually no effect on the

radial electric field.

Thus, it was demonstrated that Doppler backscattering

diagnostics is a powerful instrument for examination of

edge localized modes. ELMs alter profoundly the Doppler

frequency shift of the received signal, although its amplitude

behaves ambiguously. This was used to construct a profile

of the radial electric field averaged over several events

during edge localized modes synchronized with sawtooth
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Figure 3. Averaged profiles of the radial electric field of discharge #41152. a —
”
Large“ ELMs; b —

”
small“ ELMs. The dashed and

solid curves correspond to the average field value at the maxima of Dα bursts and the average level between bursts, respectively.

oscillations at the Globus-M2 spherical tokamak. It was

demonstrated that Er increases noticeably (by a factor of

2−4) at all the examined radii during relatively
”
strong“

ELMs. This may be attributed to changes in the pressure

gradient in the pedestal due to the profound influence of

ELMs on plasma. Relatively
”
weak“ ELMs induce no

noticeable changes in the field, and the obtained values are

close to the radial electric field magnitude between
”
strong‘

ELMs. This is presumably attributable to the weak influence

of
”
small“ ELMs on plasma.
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