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Small-scale quasicoherent oscillations of the x-ray emissivity and magnetic field perturbations are
observed in the T-10 tokamak during abrupt growth of the m = 2, n = 1 magnetohydrodynamic modes
at the density limit disruption. Analysis indicates a possible link between the small-scale oscillations
and nonthermal electron beams induced around the X points of the m =2, n = 1 magnetic island
during reconnection of magnetic field lines at the disruption instability.
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Acceleration of electrons to suprathermal energies,
E, ~ 100 keV, is a typical feature of magnetic reconnec-
tion in a variety of plasma phenomena ranging from
large-scale astrophysics events (e.g., solar flares) to en-
ergy relaxations and disruptions in laboratory experi-
ments [1,2]. The effect can be especially important
during the disruption instability in high-temperature
collisionless plasma in tokamaks, when electron accel-
eration represents one of the dominant mechanisms of
current dissipation in the reconnection layer [3,4].
Experimental analysis has in fact revealed the generation
of localized beams of the suprathermal electrons around
the X points of the m=1, n=1and m=2, n=1
magnetic islands during internal and major disruptions
in tokamak [5] (here, n, m are longitudinal and transverse
wave numbers). However, details of the process are still
not clear at the moment. The particular problem of the
beam dynamics is connected with instabilities possibly
induced by the fast electrons in a magnetized plasma [6].

A classical instability of high-energy electrons is
connected with the movement of the beams through
magnetic fields with periodic structure [6,7]. Periodic
modulation of the magnetic fields in tokamaks can be
connected, for example, with a variety of stray fields,
arising from imperfect alignment of a tokamak magnetic
system. In particular, strong field modulation can be
produced by the magnetic ripples due to a discrete number
of the toroidal field coils [see Fig. 1(a)]. Movement of the
electrons through the magnetic ripples leads to modula-
tion of the beams and can be accompanied by an induced
radiation.

In this Letter, we identify and analyze small-scale
quasicoherent oscillations of the x-ray intensity and per-
turbations of magnetic fields accompanying large-scale
MHD modes during disruptions at high density in the
T-10 tokamak (minor and major radii, a = 0.3m, Ry =
1.5m, respectively). While a variety of phenomeno-
logically similar small-scale perturbations were observed
during the abrupt growth of MHD modes in previous
tokamak experiments [see, for example, ballooning
modes (n ~ 10) [8], microtearing modes (m ~ 7-20)
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[9], or high-harmonic secondary oscillations induced
due to nonlinear mode coupling [10]], present experi-
ments suggest a new type of instability possibly con-
nected with nonthermal electron beams localized
around the magnetic islands.

One of the key elements of the present experiments is
connected with measurements of the x-ray radiation in a
direction tangential to the helical field lines using toroi-
dally viewing x-ray array [see TX array - 4, in Fig. 1] [11].
The TX array consists of three Si and CdTe detectors with
an adjustable field of view covering in subsequent dis-
charges the plasma area 0.3 < r/a < 0.9 (spatial resolu-
tion of the systems is dr = (0.7 cm, data acquisition
frequency is up to F, = 330 kHz, energy range E, =
2-150 keV). The array provides superior resolution of
the small-scale helical perturbations and allows the
identification of the localized fluctuations of nonthermal
x-ray emission, not analyzed previously in detail in
tokamaks due to limited spatial and time resolution of
the diagnostics [12]. The x-ray intensity in the direction
orthogonal to the plasma column is measured by the
standard Si diodes XRA (5), XRB (6), XRC (7) (up to
58 channels), and multiwire gas detector XWD (8) (up to
32 channels).

Experimental results.—Fig. 2 shows a typical time
evolution of the plasma parameters observed during
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FIG. 1. Schematic view of the magnetic system and diagnos-
tics in the T-10 tokamak. Quasicoherent nonthermal x-ray
radiation (1) is generated by electron beams (2) moving
through the magnetic field with ripples (3).
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FIG. 2. (a),(b) Time evolution of the central line-averaged

electron density (n,), plasma current, /,, and ECE emission,
T,., prior the density limit disruption. Time evolution (c)—(e)
and spectrogram (f) of the x-ray intensity measured with the
tangential x-ray array. (g) Repetition rate of the dominant
(circles) and secondary (dashed rectangles) harmonics of the
small-scale x-ray oscillations in plasma discharges with vari-
ous frequency of the m =2, n = 1 mode rotation, f,;. The
dashed line represents the dependence f,,. ~ 16f,;. (h) Radial
profiles of amplitude of the small-scale x-ray oscillations
(circles) and MHD modes (triangles) measured using the 7X
array. Dashed and solid lines represent the amplitude of the
singular m = 1, n = 1 mode (sawtooth precursor) and coupled
m =1 and m = 2 modes, respectively, measured by the gas
detector XWD.

density limit disruption in deuterium plasma with toroi-
dal field B, = 2.4 T, and a moderate level of rf power,
P,. = 0.25 MW. Similar to previous experiments, energy
quench (¢# ~ 788.5 ms) is preceded by the growth of
large-scale m = 2, n = 1 helical perturbations coupled
with the m = 1, n = 1 modes in the plasma core. Large-
scale MHD modes are additionally superimposed with
small-scale oscillations observed most clearly with the
tangentially viewing x-ray array [see Figs. 2(d) and 2(e)].
The small-scale oscillations are localized around the
m =2, n =1 modes [see Fig. 2(h)] and are typically
represented by a solitary harmonic in the perturbation
spectrum [see the quasicoherent spikes at frequency f ~
55-65 kHz (r <788 ms) in Fig. 2(f)]. In some cases,
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additional oscillations with extremely small amplitude
are also observed at higher frequencies [see rectangles
in Fig. 2(g)]. These high frequency oscillations are not
well resolved with the present diagnostic technique and
are not studied here in detail. The repetition rate of the
dominant harmonic is changed considerably in various
plasma conditions (f,,. ~ 15-85 kHz); however no clear
dependence of the oscillation frequency on the plasma
parameters was found so far in the experiments [(n,) =
(2.5-6)10" m~3, 1, = 0.09-0.35 MA, B, =2.0-25T].
Meanwhile, experiments indicate a direct connection of
the repetition rate with rotation of the m = 2 mode
[Fig. 2(2)].

Small-scale oscillations of the x-ray intensity are ac-
companied by perturbations of the poloidal magnetic
field measured by magnetic probes [9] placed inside the
vacuum vessel close to the plasma boundary (Fig. 3).
Analysis of phase shifts of the magnetic perturbations
identified using five magnetic probes with narrow poloi-
dal separation (dly, = 3 cm) indicates a modelike struc-
ture of the oscillations traveling in the same direction as
one of the m = 2, n = 1 MHD modes (compare dashed
lines in Fig. 3 at time moments ¢3, 4 and 71, ¢2, for the
small-scale oscillations and the m = 2 mode, accord-
ingly). However, sometimes phase shifts of the magnetic
perturbations can be changed in subsequent cycles (see
marks t5-16), indicating transition from the “modelike”
to a “shock” structure of the oscillations.

Small-scale oscillations are often transformed to in-
tensive x-ray bursts with maximum amplitude at the
growing phase and at the top of the m = 2, n = 1 pertur-
bations. Amplitudes of the bursts are modulated in this
case with the same frequency as one of the quasicoherent
oscillations [5,13].

Discussion.—Several possible mechanisms can be
used for the explanation of the small-scale oscilla-
tions. Connection of the oscillations with localization of
the MHD mode is phenomenologically similar to the
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FIG. 3. (a),(b) Time evolution of the x-ray intensity, Iy ry,
and poloidal magnetic field perturbations, dB,, prior to the
density limit disruption (¢ ~ 750.7 ms). (c) Tomographically
reconstructed image of the x-ray perturbations measured by
conventional x-ray detectors at time Ty = 750.096 ms.
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phenomena of ballooning modes observed in previous
experiments [8]. However, the relatively low magneto-
hydrodynamic pressure in present studies (8, ~ 0.05)
and the continuous growth of the oscillations in respect
to various phases of the m = 2 mode [see similar ampli-
tudes of the oscillations at time moments ¢1, 72 in
Fig. 2(e)] seem to exclude a possible ballooning origin
of the perturbations. Furthermore, the relatively narrow
spectrum of the oscillations observed in the experiments
is in sharp contrast with the broadband perturbations
typically induced during the energy quench [compare ¢ ~
787.5 ms and t > 788.3 ms in Fig. 2(f) accordingly]. This
effect as well as the shocklike magnetic perturbations
with no poloidal phase shifts contradicts a possible con-
nection of the oscillations with high-m, n tearing modes
[9,10]. Furthermore, weak dependence of the repetition
rate f., on plasma parameters (n,, B,) can also indicate
no connection of the oscillations with an instability of
fast ions (e.g., TAE modes [14]).

Enhanced amplitude of the small-scale oscillations
identified with the tangentially viewing x-ray array in
comparison with the standard x-ray measurements in
orthogonal direction indicates a possible connection
of the phenomena with beams of fast electrons local-
ized around the X points (X line) of the m =2, n =1
magnetic island [5,13]. While the experimental data
are not sufficient to produce a comprehensive model for
the cause of the observed oscillations, the phenomena
could possibly be described by the following simplified
process. Appearance of nonthermal electrons around a
magnetic island is naturally expected in the presence
of strong electric fields during magnetic reconnection.
Acceleration of electrons in the electric fields is balanced
initially by drag associated with Coulomb collisions. The
collision frequency decreases with increasing electron
velocity. This implies that above a critical electric field
electrons gain a longitudinal velocity high enough to be
continuously accelerated (“’runaway” [14]). The mecha-
nism of the runaway generation is important in the region
of strong induced electric fields around the X points (line)
of the magnetic island, while outside the reconnection
layer (in plasma regions with only low equilibrium elec-
tric field) the nonthermal electrons are effectively slow-
ing down due to collisions with the background plasma.
The process of generation and loss of the electrons can
therefore lead to formation of a helical nonthermal beam
with maximum density around the X line of the magnetic
island. Rotation of the m = 2, n = 1 modes introduces
two typical motions of the nonthermal electrons: continu-
ous acceleration in a longitudinal direction along the
helical X line (typical electron velocity is up to v,/c ~
0.5 in the case) and driftlike motion of the beams with
angular velocity of the order of v;; ~ Ryw,,, where w,, is
the frequency of the mode rotation [Fig. 4(a)]. A non-
thermal beam moving in a magnetized plasma through a
perturbed magnetic field (here, equilibrium magnetic
field with ripples) is a potential source of induced
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FIG. 4. (a) Schematic view of the m = 2 magnetic islands (1)

with beams of the nonthermal electrons (2). (b) Resonant inter-
action of an oscillating electron (3) with a transverse electro-
magnetic wave, E,. The electron is shown at five different times
while it traverses an undulator period of length A,. At the
“injection” point (z;) the undulator magnetic field deflects the
electron in the transverse direction, against the force exerted
by the wave electric field. As a result the electron energy is
transferred to the wave. Initial phase and frequency of the
wave are chosen such that the electron loses energy over the
whole undulator period. Rectangles indicate, schematically,
the positions of tokamak toroidal field coils. (c) Calculated
amplitude of the magnetic field perturbations (B,), density of
the nonthermal electrons (N,), electric field generated during
reconnection (E*), and amplitude of the induced x-ray radia-
tion (1,,).

radiation [6,7]. A possible mechanism of resonant trans-
fer of electron kinetic energy to a transverse electro-
magnetic wave is represented schematically in the case
in Fig. 4(b). (A plane-wave electric field interacting with
a single electron is considered here for simplicity [15].)
Nonthermal electron moving in respect to a perturbed
magnetic field experiences periodic displacement in a
transverse direction. If an external wave with an electric
field vector E, copropagating with an electron counter-
acts the transverse oscillatory motion of the electron,
the energy can be transferred from the electron and the
wave is amplified. This occurs on resonances when the
electron slips behind the external wave by one wave-
length, Ay, while the electron transverses the undulator
period, A,. The resonance condition can be written in this
case as (Ao + A,)/c = A, (1 + a% /4y?)/v,;, where v, is
the average longitudinal electron velocity, vy is the rela-
tivistic factor, y = [1 — (v;;/¢)?*]""/2, a,, is an undulator
parameter, a,, = eA,6B/(27mc), and OB is the ampli-
tude of the perturbed magnetic field. Energy modulation
during the longitudinal motion also causes the electron to
bunch with a period of an ‘“‘external” wavelength. At
resonance the bunching occurs at a phase of the field
where there is no net exchange of energy. Modulation of
the electron density inside the helical beam leads to
oscillations of the x-ray emissivity, which can be mea-
sured in experiments. For a typical beam energy, E; ~
80-100 keV, movement of electrons along the X line can
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be accompanied by radiation in a frequency range of the
order of 100 MHz; however the intensity of such radiation
is extremely small due to low density and nonmonochro-
matic energy distribution of the beams. Measurements
of such oscillations are outside the capabilities of the
present diagnostic techniques. Driftlike motion con-
nected with rotation of the mode can be accompanied
by an induced radiation in a frequency range (), ~
27v;;/(€,A,), which is of the order of 20-70 kHz for
typical parameters in a T-10 tokamak (here €, ~ 1 is a
numerical parameter representing bending of the beam
trajectory, €, ~ 1 + a2 /4).While calculations indicate in
the case up to 30% lower values of the oscillations fre-
quency [see dashed line in Fig. 2(g)] than one measured
in the experiments, the mechanism could probably justify
a link between the oscillations and the rotation of the
m = 2 mode, similar to the one observed in experiments.

Results of calculations for typical conditions of the ex-
periments in T-10 are shown in Fig. 4. Growth of MHD
perturbations is described by the tearing mode equation
[16]: dW,,/dt = 1.2(n/ uy)AL,, where, A!, is the stability
parameter, 7 is the plasma resistivity, dW,, is the width of
the magnetic island, dW,, = 4(B,r,Ry/nsB,)"/?, r; is the
radius of the magnetic surface, B, is the radial magnetic
field perturbations, and s is the magnetic shear. (For
simplicity, effects of the ‘“neoclassical” bootstrap cur-
rents and ion polarization flows are not considered in the
present analysis of T-10 experiments with low magneto-
hydrodynamic pressure.) Growth of the tearing mode is
accompanied by the generation of induced electric fields
[3]: E* ~ (sB,/16r)W,,dW,,/dt, with subsequent forma-
tion of the nonthermal electron beam with density, N,. In
a simplified way, the time evolution of the density of
runaway electrons (N,) generated by applied electric
fields in a thermal plasma with density n, can be de-
scribed by the equation [14]:

aN,/at +V- (V,Nr) = ne/Tdr + Nr/Tav = VI

where |v,| ~ 0.5¢ is the runaway electron mean velocity,
1/74. and 1/7,, are the production rates of the pri-
mary runaway electrons (Dreicer acceleration) and sec-
ondary knock-on avalanche, accordingly, and flux I},
denotes losses of the nonthermal electrons. (Analysis
[5,13] indicated that Dreicer acceleration is the dominant
mechanism of the runaway generation inside the recon-
nection layer.) Radiated power induced by the beams de-
pends on the product E,v, averaged over the undulator
period. In a simplified way, the amplitude of induced
oscillations is determined by the relation [15] I, ~
Cl(eExOUI]aw)Nerols where Ex() -~ VSCl)m(SB/)LM, Vvol -~
(m/n)W,,riRy, and ¢; is a normalizing factor. Similar
to the experimental observations, calculations indicate
explosive growth of induced oscillations, [,,, with a
time delay with respect to the MHD perturbations.

It should be pointed out, however, that in spite of
qualitative agreement with experiments, present calcula-
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tions use an oversimplified model of monoenergetic non-
thermal beams interacting with the straight undulator.
Detailed calculations of the wave-beam interaction are
required for analysis of the induced oscillations in real
experimental conditions. Meanwhile, connection of the
oscillations with localized beams of the nonthermal elec-
trons analyzed in present experiments can possibly rep-
resent a general phenomenon accompanying disruptions
in tokamaks, not resolved previously due to diagnostic
limitations. This is confirmed indirectly by previously
reported observations that nonthermal electron cyclotron
emission often precedes disruptions at high 8 [8]. The
x-ray perturbations peak in this case at smaller tangency
radius than the local electron cyclotron emission (ECE)
fluctuations, which indicates that relativistically down-
shifted emission in the presence of the nonthermal elec-
tron beams (E, ~ 100 keV) could also be responsible in
part for the ballooninglike perturbations in high g plas-
mas [8].
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