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To determine the conditions for the excitation of TAE (Toroidal Alfvén Eigenmodes) and their influence on the confinement of fast par-
ticles in the spherical Globus-M tokamak [1—4], the MHD spectra were computed for the reconstructed divertor equilibrium configura-
tions with the value of the safety factor at the magnetic axis go > 1. The equilibrium reconstruction procedure provides the plasma shape
and profiles including the electron temperature and density distributions along the normalized toroidal magnetic flux. The sensitivity of
TAE frequencies with a toroidal wave number n = 1 to the type of boundary conditions and the choice of the plasma boundary was inves-
tigated. It is found that the frequencies of the modes with dominant poloidal harmonics m = 1 and m = 2 in the continuum gap are much
higher than those observed in the spectrograms of the signals from Mirnov coils, especially under the assumption of a free plasma
boundary and taking into account plasma compressibility. The modes with lower frequencies and with higher poloidal wave numbers
localized near the plasma boundary can be responsible for the oscillations observed in the experiment. However, for these modes a coup-
ling to the continuum and possibly associated damping are expected.
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JIyis BBIACHEHUS] YCJIOBHI BO30YXKACHHS TOPOUIATBHBIX alb(PBEHOBCKUX cOOCTBeHHBIX MoJ (TACM) u X BIMSHHSA Ha YACp:KaHHE
OBICTPBIX YacTHI] B cheprueckoM Tokamake [100yc-M mpoBeeHB! pacuéThl MArHUTOTHIPOANHAMUYECKIX CIIEKTPOB PEKOHCTPYHUPOBAH-
HBIX JIMBEPTOPHBIX PABHOBECHBIX KOH(HUrypaluii ¢ 3HaYeHHeM (akTopa 3amaca yCTOHYMBOCTH HA MArHUTHOM ocu (o > 1 [1—4]. PekoH-
CTPYKIIUSI PaBHOBECHBIX KOHPHUTYpALMii TIO3BOJISET ONPENETUTh GOpMY U PODUIN XapaKTEPUCTHK IUIa3Mbl, B YaCTHOCTH, pacipeaese-
HHE JICKTPOHHON TeMIepaTypbl U INIOTHOCTH BJOJIb HOPMAJIN30BAHHOTO TOPOUIAIBHOIO MarHUTHOIO MoToka. MccienoBana 4yBcTBU-
TenbHOCTh 4acToT TACM ¢ TOpoHanbHBIM BOJTHOBBIM YMCIOM N = | MO OTHOLICHHIO K THUITY TPAHUYHBIX YCJIOBHI U BEIOOPY MPaHUYHOI
TTOBEPXHOCTH IUTa3MBL. BBIICHEHO, YTO YaCTOTHI MOJI C TIOMUHHUPYIOIINMH MTOJIOWAATEHBIMI TApMOHUKAMA M = 1 1 M = 2 B mIeH KOHTH-
HyyMa CyIIECTBEHHO BBIIIE, YeM HaOJI01aeMble B CIIEKTPOrpaMMax CHTHAJIOB OT KaTyllek MUpHOBa, 0COOEHHO B MPEAIIOI0KEHUH CBO-
OOIHOI TpaHHUITHI TIA3MBI H ¢ YIETOM CokuMaeMocTH ia3Mbel. TACM ¢ Gosiee HU3KHMH 4acTOTaMH U 00Jiee BRICOKUMHU TOJIOHIATEHBIMH
BOJIHOBBIMH YHCJIaMH, JIOKAJIM30BaHHbIe BOJIM3U TPaHMIBI IJIa3MbI, MOTYT OBITh OTBETCTBEHHBI 33 KOJIeOaHHs1, HAOII0aeMble B KCIIEPH-
MeHTaXx. OJJHAaKO [yl 3TUX MOJ XapaKTEePHO B3aUMOJEHCTBUE ¢ KOHTUHYYMOM U, BO3MOXKHO, CBSI3aHHOE C 3TUM HX 3aTyXaHUeE.

KiioueBnble ciioBa: TOKaMak, I1jiasma, MFI[-CHCKTp, TOPOUIAIbHBIC aIII)q)BeHOBCKI/Ie COOCTBEHHBIE MOJBbI.
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INTRODUCTION

The practical use of spherical tokamaks is associated with the realization of projects involving compact
neutron sources (CNS) that are currently being developed. Such projects assume implementation of neutral
beam injection (NBI) into plasma with non-thermonuclear parameters. The main neutron rate is expected due to
the interaction of fast ions produced, as a result of charge exchange of the beam atoms with thermal ions of the
target plasma. The existence of fast particles with velocities exceeding the Alfvén speed in the plasma will lead
to excitation of Alfvén instabilities provoking additional fast particle radial transport and losses thus decreasing
the neutron rate. As shown in experiments on the tokamaks TFTR and D-IIID the toroidal Alfvén eigenmodes
(TAE) [5] are the most dangerous as concerns fast particle redistribution and losses. In the mentioned experi-
ments it was impossible to distinguish the radial redistribution of the fast ions from their total losses. During the
past decade, the diagnostics have appeared that can provide direct measurements of expelled ions caused by
TAE. In spherical tokamaks (as they operate at rather low toroidal fields), the fast ion velocity can be many
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times the Alfvén one, favoring the excitation of a wide range of instabilities. Experiments on the spherical to-
kamaks START, MAST and NSTX have indeed demonstrated excitation of different instabilities in the Alfvén
frequency range including TAE. The parameters of these tokamaks permitted the development of several modes
simultaneously with different toroidal numbers. At high enough amplitudes, the modes started to interplay with
each other, resulting in the formation of so-called Alfvén avalanches [6]. As was shown in the experiments, they
lead exactly to the largest fast particle redistribution and losses. So on NSTX, short TAE bursts of 1 ms duration
resulted in the drop of the neutron rate by 40% associated with losses and redistribution of the fast particles.
Thus, the modes in the Alfvén frequency band interact with magnetohydrodynamic (MHD) modes of lower fre-
guency, such as fishbone and kink modes. As a result, it is very hard to understand which mode contributes to
the losses. In the spherical tokamak Globus-M due to the smaller size as compared to the NSTX and MAST,
TAE excitation is observed with strongly developed single modes [1, 2] in the sense that they correspond to the
unique toroidal wave number, mostly n = 1. That allows us to identify the effect of a single TAE on the fast par-
ticle confinement. As for a neutron source the main target parameter is the neutron rate, the results of experi-
ments on Globus-M to study the effect of TAE on fast particle confinement deserve further theoretical and ex-
perimental investigations. The structure of the MHD spectrum and the spatial localization of the TAE in incom-
pressible and compressible plasmas under different boundary conditions is the subject of the present paper. The
purpose is to identify experimentally observed modes by their frequency and localization leaving the modeling
of the mode destabilization by interaction with fast particles as well as the corresponding fast particle losses for
a future work.

PREPARATION OF EXPERIMENTAL DATA

In the course of experiments on observation of TAE at the tokamak Globus-M Thomson scattering diagnos-
tics have been used to measure the profiles of electron temperature and concentration. Based on these measure-
ments the data for calculations of MHD spectra were prepared with the help of the ASTRA code [7]. This code
allows solving the set of equations of heat flux balance in the electron and ion channels and the poloidal mag-
netic field diffusion together with the Grad-Shafranov equilibrium equation. Both direct and inverse transport
problems can be solved with the ASTRA code. The solution of the direct problem implies the determination of
spatial distributions of the plasma parameters and their temporal variation on the basis of given spatial distribu-
tions of transport coefficients. The aim of the inverse problem is to determine the transport coefficients based on
the spatial distributions of the plasma parameters (temperature, concentration, current density) measured in the
experiment. For the discharge with observed TAE, the inverse transport problem was solved as the first step.
Then the experimental profiles of electron temperature and density were recalculated as functions of a minor
radius, taking into account the Shafranov shift, and, finally, as functions of a flux coordinate as the solution of
the direct transport problem.

Fig. 1 shows the experimental profiles of electron temperature and density at different times that were used

for modeling. The direct transport problem was solved for ions under the assumption of the neoclassical beha-
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Fig. 1. Experimental profiles of electron temperature (T) (a) and density (n) (b) as functions of the major radius in the equatorial plane of the
plasma for the discharge 31 497 at different instants of time (shown in the inserts), T, n: 132; 134; 136; 138;
———140; —— 142
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vior of ions on the Globus-M tokamak [8]. For the poloidal magnetic flux diffusion, the direct transport
problem was also solved for neoclassical plasma conductivity using the NCLASS code [9]. The ion concen-
tration was calculated from the condition of the plasma quasineutrality. The main impurity was carbon. The
distribution of the safety factor along the radius was obtained from the solution of the diffusion equation
for the poloidal magnetic flux. The position of the last closed magnetic surface was set based on the EFIT
code data [10]. When calculating the absorbed beam power, its component composition and corresponding
losses of each of the energy components of the beam were taken into account. The values of the absorbed
power were corrected in accordance with the simulation by the full orbit code [11]. The calculated value of
the loop voltage of the plasma column with the internal inductance correction was compared with the ex-
perimental one, which made it possible to determine the average value of the effective charge of the plas-
ma. As a result, the electron temperature and density distributions in the flux coordinate were obtained,
shown in Fig. 2. At the time close to the moment of TAE development the safety factor profile was calcu-
lated both in minor radius and in flux coordinate. These profiles along with the data from the EFIT code
formed the basis for calculating the Alfvén continuum and the structure of TAE.
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Fig. 2. Experimental profiles of electron temperature (a) and density (b) as functions of averaged minor radius p,,, = j(WBO), where @

is the toroidal flux of the magnetic field inside the magnetic surface, Bo is the vacuum toroidal magnetic field in the center of the plasma

for the discharge 31 497 at different instants of time (shown in the inserts), T, n; ——— 132; ——— 134; ——— 136; —— — 138;

———140; ——— 142. The Shafranov shift is taken into account

ADAPTATION OF THE CODE KINX FOR CALCULATING TAE
WITH THE GLOBUS-M PARAMETERS

The computer code KINX was adapted to calculate the Alfvén continuum and the structures of TAE in a
spherical tokamak with Globus-M parameters. Based on the modified KINX stability code and the CAXE code
for calculating equilibrium configurations on grids adapted to magnetic surfaces, and Matlab functions for cal-
culating the continuous spectrum and visualization of the results, a software package was prepared for analyzing
the structure of the MHD spectrum in spherical tokamaks. As input data for the calculation of equilibrium con-
figurations, the CAXE code uses output files (EQDSK) of the equilibrium reconstruction code EFIT, from
which the coordinates of the plasma boundary coinciding with the separatrix of the poloidal magnetic field and
the reconstructed profile of the toroidal current density are used. Additional experimental data provide infor-
mation on the electron temperature and density profiles.

The CAXE code for given boundary coordinates and flux functions of the pressure gradient and plasma poloi-
dal current taken from the EQDSK files provides a highly accurate calculation of the plasma equilibrium required
for the subsequent calculation of the continuous and full MHD spectra. Fig. 3 shows the plasma profiles and the
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level lines of the local shear of the magnetic field in such an equilibrium. Herein the mass density profile is re-
stored by mapping and smoothing the experimental data to magnetic surfaces. The approximation of the electron
temperature and density by means of functions associated with magnetic surfaces is shown in Fig. 2.
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Fig. 3. The plasma profiles as a functions of the normalized poloidal flux (a) and the level lines of the local shear of magnetic field lines
in the toroidal cross-section (b) for the reconstructed equilibrium from the discharge of 31 497 at 142 ms

The problem of calculating the continuous spectrum reduces to solving a series of one-dimensional spectral
problems on each magnetic surface for the resulting equilibrium configurations [5]:
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where the time dependence exp(iwt) is assumed for the plasma displacement vector from the equilibrium posi-
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which determines the Alfvén spectrum in this approximation. At the next step with the help of Matlab packages
for solving spectral problems, a prescribed number of eigenvalues of the one-dimensional operator are calcula-
ted on each magnetic surface, which determine the branches of the continuous spectrum both in the incompres-
sible plasma approximation (Alfvén continuum) and with compressibility (hybrid Alfvén/sound continuum). In
the latter case, in addition to the mass density profile, experimental information on the temperature of the plas-
ma is used to reconstruct the pressure profile. We note that the assumption of an ion temperature equal to half
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the electron temperature in deuterium plasma gives a good coincidence of the pressure profiles obtained from
experimental measurements and reconstructed profiles based on EFIT data, see Fig. 4.
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Fig. 4. Comparison of pressure profiles as a function of the square root of the normalized poloidal flux for the discharge 31 497 at
time instants of 142 ms (a) and 140 ms (b), assuming the ion temperature equal to half of the electron temperature: ——— EFIT;
———TilTe=05

The next step in the analysis of the structure of the MHD spectrum is direct calculations using the two-
dimensional stability code KINX [13]. The KINX code was modified to use the experimental pressure profile in
the term I'pexp|V-E|? for a compressible plasma displacement & in the perturbed potential energy functional:

oW, :%LP{WX@X B)[* ~ (VxB)Vx(ExB)xE+EVP(V &) + TP, [V-E[JAV. 3)

Extensive calculations of the eigenvalues of a two-dimensional MHD operator are carried out in the range
of TAE gaps in the continuous spectrum. In this case, the data on the calculated eigenfunctions with frequencies
from a given interval are stored, and the localization of global modes can be analyzed using the Matlab gra-
phical packages. The sensitivity of the TAE frequencies to changes in the boundary conditions is studied by
specifying the position of an ideally conducting wall in a vacuum around the plasma column, starting from the
wall at the plasma boundary (fixed boundary) to a wall similar to the plasma boundary at a finite distance from
it. To calculate the equilibrium and stability, a separatrix of the magnetic field with an X point on the plasma
boundary is chosen as the boundary of the divertor plasma. In the case of free boundary, the sensitivity to the
choice of the last closed magnetic surface is verified by selecting the boundary as the magnetic surface with the
specified fraction of the poloidal magnetic flux inside the separatrix.

RESULTS OF CALCULATIONS IN COMPARISON WITH EXPERIMENTAL DATA

To determine the conditions for the excitation of TAEs and their influence on the confinement of fast parti-
cles in the spherical Globus-M tokamak [1], the MHD spectra of the reconstructed divertor equilibrium configu-
rations with the safety factor on the magnetic axis go > 1 were calculated using the adapted version of the code
KINX. Due to axial symmetry of the considered equilibria the spectrum splits into independent toroidal har-
mo-nics with wave numbers n. The sensitivity of the frequencies of TAE with a toroidal wave number n =1 to
the type of boundary conditions and the choice of the boundary surface was studied. It is found that the frequen-
cies of the modes with dominant poloidal harmonics m = 1 and m = 2 in the continuum gap are much higher
than those observed in the spectrograms of the signals from Mirnov coils, especially under the assumption of a
free plasma boundary and taking into account its compressibility. TAE with lower frequencies and with higher
poloidal wave numbers localized near the plasma boundary can be responsible for the oscillations observed in
the experiment. However, for these modes a coupling to the continuum and, possibly, the associated damping
are expected.
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f, kHz

Fig. 5. The structure of the continuous Alfvén spectrum for the toroidal
wave number n = 1. The profile of the safety factor g is shown by a thick
line, the experimental mass density profile normalized to the Alfvén fre-
quency in the center of the plasma is the dashed line. The horizontal lines

In experiments with the neutral beam injection, instabilities excited by fast ions in the frequency range
50—200 kHz, which were identified as toroidal Alfvén eigenmodes [1, 2], were observed in the early stage
of the Globus-M tokamak discharge. For the simulation, a discharge was selected with the injection of a
hydrogen beam into a deuterium plasma (see Fig. 2, e from [1], shot 31 497), in which the main intense
mode develops at a frequency of ~100 kHz. Small aspect ratio of the plasma in a spherical tokamak leads to
the appearance of a wide gap in the continuum due to the toroidal coupling of the modes with neighboring
numbers of the poloidal harmonics m and m + 1. Fig. 5 shows the structure of the continuous Alfvén spec-
trum (the specific heat ratio I' = 0) calculated by the KINX code using the experimental mass density pro-
file for a quasineutral deuterium plasma. In this gap, there are several global TAE near the upper and lower
boundaries of the continuum (the black horizontal lines in Fig. 5). We note that the boundary conditions at
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correspond to the frequencies of the global modes
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the free boundary of the plasma (the radius of
the conducting wall 1.3a) lead to a noticeable
increase in the frequencies of the global
modes (Fig. 5, red horizontal lines).

At the same time, choosing a separatrix
of the magnetic field or a magnetic surface
inside the separatrix, determined by the frac-
tion of the poloidal flux, as a plasma bounda-
ry does not lead to a significant change in the
frequencies of the external modes, which is a
consequence of the high shear near the plas-
ma boundary of the spherical tokamak. A
comparison of the structure of the displace-
ments for different choices of the last closed
flux surface is shown in Fig. 6 for the TAE
which experiences the strongest increase of
the frequency with the free boundary of
plasma as compared to the fixed boundary.
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0¥ 05 =0.35904

o @5 =0.36262

Fig. 6. Comparison of the plasma displacements for a different choice of the plasma boundary. The level lines of the displacement nor-
mal to magnetic surfaces are shown: the separatrix at the plasma boundary, the eigenfrequency is 248 kHz (a), and the boundary is de-
termined by the fraction of the poloidal flux inside the separatrix, the eigenfrequency is 249 kHz (b)
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The structures of the modes with the boundary conditions corresponding to the fixed and free boundary of
the plasma are shown in Fig. 7. In addition to TAE with frequencies falling into the main TAE gap located near
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continuous spectrum. Figs. 7, f, g, h show the structures
of such modes with large numbers of poloidal harmo-
nics, which correspond to the toroidal «reconnection» of
the continuum branches at the magnetic surfa-ces with
g= 2.5, 3.5. The flux grid with 256 radial (packed to
the boundary) by 256 poloidal intervals has been
checked to be quite sufficient for an accurate resolu-
tion of the eigenfunctions in the TAE gap. For the
modes with the frequencies in the continuum no at-
tempt was made either to resolve the coupling to sin-
gular continuum modes or to estimate the correspon-
ding continuum damping in the simplistic ideal MHD
model. The purpose of the presented spectrum calcu-
lations is just a demonstration of the existence of the
higher-m TAE inside the continuum and its frequency
dependence on the boundary conditions (compare
Fig. 7, fand Fig. 7, g).

The assumption of plasma compressibility (the
specific heat ratio I' = 5/3, the pressure profile ob-
tained from the data on the electron temperature, as-
suming Ti/Te = 0.5) leads to the Alfvén and sound
continua coupling (Fig. 8). In addition to the branches
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the magnetic surface with g = 1.5, in the ideal MHD spectrum there are global modes with frequencies falling into the
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Fig. 7. The structures of the TAE for the plasma
in discharge 31497 (time 142 ms) with the
9 boundary conditions corresponding to the fixed
8 and free boundary of the plasma and the follo-
wing frequencies: 391 kHz (a), 181 kHz (b),

66248 kHz (c), 129 kHz (d), fixed boundary,

fixed

free boundary,

2 79kHz (h), fixed boundary. Harmonics of the

1 plasma displacement normal to the magnetic
surfaces EVy in straight field line coordinates
and the level lines of EVy/|[Vy| are shown

Alfvén and sound continuum n =1, shot #031497, time 00142 ms
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Fig. 8. The structure of the continuous Alfvén/sound spectrum for the
toroidal wave number n = 1 for the compressible plasma (discharge
31497, time 142 ms, Alfvén frequency at the center of the plasma
wa= 414 kHz). The profile of the safety factor g is shown by the
thick line, the experimental mass density profile normalized to its
value in the center of the plasma is dashed line. The branches of the
continuum are shown in multicolored dots, the solid lines correspond
to the branches of the Alfvén continuum in the limit of slow sound.
Horizontal lines correspond to the frequencies of global modes
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of the Alfvén/sound continuum, the frequencies of the Alfvén branch in the limit of slow sound are also shown.
Analogs of the incompressible global modes with frequencies close to experimental ones were found for the
compressible plasma with finite pressure (compare Fig. 7, h and Fig. 9, b). Figs. 9, 10 show the structures of
such modes with frequencies and localization corresponding to the local maxima of the branches of the Alf-
vén/sound continuum for two instants of time. In this case, the mode with a lower frequency and a large poloidal
harmonic m = 1 is apparently the result of the coupling of Alfvén and sound modes, as in the case of BAAE
(Beta-induced Alfvén Acoustic Eigenmode) modes [14] with lower frequencies.
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Fig. 9. An enlarged fragment of the structure of the continuous Alfvén/sound spectrum for the toroidal wave number n = 1 for the com-
pressible plasma (discharge 31 497, time 142 ms, Alfvén frequency at the center of the plasma wa = 414 kHz) (a) and the structure of
global modes with low frequencies 89 kHz (b), 80 kHz (c)
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Fig. 10. An enlarged fragment of the structure of the continuous Alfvén /sound spectrum for the toroidal wave number n = 1 for the com-
pressible plasma (discharge 31 497, time 140 ms, Alfvén frequency at the center of the plasma wa = 450 kHz) (a) and the structure of
global modes with low frequencies: 94 kHz (b), 81 kHz (c)

The results of the calculations allow to conclude that the oscillation frequencies observed in the experiment
are rather close to the frequencies of the TAE localized near the plasma boundary in the region of magnetic surfa-
ces with the safety factor values q = 2.5, 3.5. The frequencies of these modes fall into a continuous spectrum,
which can lead to their enhanced damping. However, as discussed in [15], the Landau damping coefficients on
thermal ions can be low due to a change in the mode polarization during the interaction of a wave with energetic
particles.

CONCLUSIONS

The theoretical analysis of the experiments on TAE excitation by means of NBI in the Globus-M spherical
tokamak was carried out. The cases with mainly single-mode instabilities with toroidal number n = 1 were in-
vestigated in accordance with the linear theory predictions for the Globus-M conditions. The experiments on
Globus-M have shown that essential losses in the neutron rate (up to 25%) associated with TAE are possible due
to the single-mode TAE development even in the absence of the Alfvén avalanches. The MHD spectrum analy-
sis demonstrated that the TAE localized near the plasma boundary in the region of magnetic surfaces with the
safety factor values q = 2.5, 3.5 can be responsible for the fast particle losses. The open question is the influence
of TAE on fast particle losses in future CNS designs. One cannot exclude an essential drop of the neutron rate
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due to the TAE development. Experiments on the upgraded tokamak Globus-M2 should provide additional data

for extrapolation to the CNS parameters.
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