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Generation of Suprathermal Electrons during Magnetic Reconnection at the Sawtooth Crash
and Disruption Instability in the T-10 Tokamak
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Evidence for excitation of suprathermal electrons (Eg � 20 100 keV) during magnetic reconnection
in the T-10 tokamak is presented through analysis of the x-ray measurements with enhanced spatial and
time resolution. A toroidally viewing x-ray imaging system and a fast hard x-ray detector placed inside
the tokamak vessel allow identification of bursts of the nonthermal x-ray radiation around X points of
the m � 1 and m � 2 magnetic islands during the sawtooth crash and prior to the energy quench at the
density limit disruption.
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Magnetic reconnection involves breaking and topologi-
cal rearrangement of magnetic field lines and induces re-
laxation processes in a wide range of laboratory plasmas
[1–3] and astrophysics phenomena [4,5]. The reconnec-
tion process can occur in a current sheet layer formed when
two volumes of highly conducting plasma with opposite
magnetic fields are pushed against each other. The dynam-
ics of the sheet current and annihilation of the perturbed
magnetic fluxes during the reconnection are generally de-
termined by nonideal effects in Ohm’s law such as colli-
sional resistive diffusion, electron viscosity and inertia, as
well as magnetic turbulence (see [2]). However, in weakly
collisional plasma, dissipation of the magnetic energy can
be additionally influenced by high-energy electrons accel-
erated during the reconnection [1,2]. Acceleration of elec-
trons by the electric field is balanced at the first instant by
the drug caused by Coulomb collisions. The collision fre-
quency decreases with increasing electron velocity. This
implies that above a certain critical velocity electrons are
continuously accelerated (“runaway” [6]) until they be-
came a subject of additional loss mechanisms connected
with kinetic instability or synchrotron radiation [7]. Ob-
servation of nonthermal electrons during reconnection is
the primary task of the present experiments.

The reconnection process has attracted particular atten-
tion in experiments in tokamaks during analysis of plasma
disruptions and internal relaxations (sawteeth) [8,9]. In-
stability in this case is characterized by the growth of heli-
cal plasma perturbations (MHD modes) with low toroidal
and poloidal mode numbers (e.g., n � 1 2, m � 1 3,
accordingly) resonant on magnetic surfaces with ratio-
nal values of the safety factor q (here, q � dCt�dCp ,
Ct , Cp are toroidal and poloidal magnetic fluxes, ac-
cordingly). In tokamak plasma with finite magnetic shear
[s � �r�q�dq�dr . 0] growth of the m�n mode leads to
squeezing of the field lines around resonant magnetic sur-
faces with q � m�n and subsequent abrupt redistribution
of magnetic and thermal energy which is described by the
reconnection theory [1].
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Plasma disruptions in tokamaks are often accompanied
by bursts of nonthermal x-ray and electron-cyclotron emis-
sion (see review [9]). Detailed experiments made recently
in JET [10], JT-60U [11], and TEXTOR [12] have indi-
cated such bursts can be connected with the interaction
of MHD modes with the population of high-energy elec-
trons. However, most of the previous experimental studies
considered the postdisruption plasma [10], while analysis
of nonthermal electrons in flight during the reconnection
has not been completed so far. Moreover, analysis of run-
away electrons in laboratory experiments is additionally
complicated by localization of nonthermal radiation in the
narrow forward cone along the particle trajectory, which
limits application of standard x-ray diagnostics with line
of sight orthogonal to the plasma column. Measurements
of x-ray radiation in the direction tangential to the mag-
netic field lines with enhanced time and spatial resolution
in present experiments in T-10 clarify the problem by ex-
plicitly showing the localization and time evolution of non-
thermal x-ray emission during the reconnection process.

The experiment was performed at the T-10 tokamak
in the Kurchatov Institute (major and minor radii, R0 �
1.5 m, a � 0.3 m, accordingly). Plasma perturbations are
analyzed with the use of the toroidally viewing x-ray imag-
ing system (TX array) [13] (1), standard x-ray tomographic
arrays [14] XRA, XRB, XRC (2)–(4), and x-ray gas detec-
tor (5) (see Fig. 1). The TX array consists of a 2 by 2 set
of silicon diodes placed inside the tokamak vacuum vessel
at the low-field side of the torus (energy range of the mea-
sured x rays Eg $ 2.5 keV). Angular orientation of the
TX array can be changed between the tokamak pulses,
which allows measurements of x-ray radiation from the
bulk part of the plasma (r�a $ 0.25) with radial resolution
d � 7 mm. Additional silicon diode HXR (6) is placed
inside the TX array for measurements of the suprather-
mal x-ray emission (Eg $ 45 keV). Hard x-ray emis-
sion (Eg � 0.5 3.0 MeV) is measured using the standard
NaI(Tl) detector (7). A germanium detector (8) is used
for identification of the x-ray spectra from the pulse height
© 2001 The American Physical Society
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FIG. 1. Experimental setup shown schematically. The x-ray
perturbations are measured with the tangentially viewing (TX)
array (1) [13], imaging system (2)–(4) [14], gas detector (5),
silicon diode (6), NaI(Tl) monitor (7), and Ge PHA spectrome-
ter (8).

analysis (PHA). Plasma in T-10 is restrained by a mov-
able rail limiter (9) and guard poloidal limiter (10).

Plasma perturbations in T-10 are studied at the radiative
density limit disruption in Ohmically heated plasma
(plasma current, Ip � 0.2 0.3 MA, toroidal magnetic
field, Bt � 2 2.4 T, electron density, ne � 3 4.5 3

1019 m23). Energy quench in such conditions [14] is
preceded by coupling of the m � 1 and m � 2 (n � 1)
modes with subsequent slowing down of the modes
rotation. Measurements of x-ray intensity in the toroidal
direction using TX array indicate that just prior to dis-
ruption, the m � 2 mode becomes superimposed with
periodic bursts of x-ray radiation [see marks (1)– (5) in
Figs. 2a and 2b]. The x-ray bursts are not observed with
conventional x-ray arrays and gas counter with orthogonal
field of view (see Fig. 2c). This indicates preferred emis-
sion in the forward cone around the equatorial midplane,
which is typical for nonthermal electrons [10]. Analysis
of the TX and conventional x-ray data indicates that
the bursts are localized around X points of the m � 2
magnetic islands. Energy quench at the density limit is
initiated during the consecutive x-ray burst [see mark (5)
in Fig. 2] at the moment when X point of the m � 2 mag-
netic island is placed in front of the rail limiter. In contrast
with bursts (1)–(4), the x-ray spike (5) is observed also
with conventional x-ray detectors looking along central
vertical chords, which can indicate interaction of electron
beams with the narrow spot at the limiter [see mark (6)
in Fig. 2d]. Analysis of localization of the bright spot
(6) and time duration of the bursts shows that nonthermal
electrons are placed within 25% of the m � 2 island
wavelength. Such narrow localization of radiation bursts
differs from conventional spikes of hard x-ray emission
after the energy quench measured with all x-ray arrays
and NaI(Tl) monitor when avalanches of the runaway
electrons fill the plasma volume and hit the limiters.

Experiments in T-10 indicate that internal relaxations
(sawtooth crashes) are also preceded by spikes of nonther-
FIG. 2. Time evolution of x-ray intensity and x-ray contour
plot measured with the tangential array (a), in-vessel HXR
detector (b), and vertical XRA array (c),(d) prior the density
limit disruption. Energy quench (t � 747.5 ms) is preceded by
nonthermal x-ray bursts (1)–(6) superimposed with the m � 2
mode. Projection of the rail limiter at the counter plot is shown
schematically by rectangle (7).

mal radiation [see mark (1) in Fig. 3a]. The spikes at saw-
tooth crashes are generally observed during the last cycle
of rotation of the m � 1 mode. Amplitude of the x-ray
spike is maximal around the sawtooth inversion surface
(q � 1 surface), r � rs (Fig. 3b). In contrast with the
density limit disruption (see Fig. 2), spikes during saw-
tooth crashes are also observed with conventional x-ray
arrays. Analysis of x-ray intensity in this case indicates
that during the crash, the spike moves in a “poloidal” di-
rection accordingly with rotation of the m � 1 mode (see
t1 t5 in Fig. 3c). Analysis of local x-ray emissivity de-
termined from the experimental data using Cormack algo-
rithms (see [14]) indicates that the spike is superimposed
with a maximum perturbation due to the m � 1, n � 1
mode, which can be associated with the X point of the
magnetic island (Fig. 3d). In subsequent sawtooth crashes
nonthermal spikes can be initiated at either the low or high
field side of the torus, which seems to exclude the possible
ballooning origin of the perturbations (see [15,16]). Just
after the sawtooth crash x-ray spikes are observed outside
the q � 1 surface at the top of the heat pulse propagating
through the plasma to larger radii (r�a # 0.7) on a time
scale of the order of dt � 0.1 ms (see Fig. 4e).
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FIG. 3. Time evolution of the x-ray intensity (a) and radial
profiles of the x-ray perturbations (b) measured with the TX
array during the nonthermal spikes (1) and sawtooth crashes (2)
in subsequent tokamak pulses [(26087) r , rs, (26090) r � rs,
(26099) r . rs]. (c) Time evolution of the x-ray intensity
measured along chords tangential to the q � 1 surface using
conventional x-ray arrays and (d) tomographic images of the
x-ray emissivity, Gxray (t1 � 742.968 ms, t2 � 743.008 ms,
t3 � 743.056 ms, t4 � 743.080 ms, and t5 � 743.104 ms).
The x-ray spike is observed consecutively along chords with
various pitch angle starting from the equatorial midplane:
u � 0± (a14), u � 260± (b7), u � 2120± (c6), u � 2180±

(a5), u � 2240± (b14).

Analysis of angular and energy distribution of the x-ray
radiation measured with various x-ray arrays in the T-10
experiments has indicated that the energy of the runaway
electrons in flight is of the order of 20–100 keV. Mea-
3038
FIG. 4. (a) Schematic view of magnetic flux surfaces (m � 1
mode) and radial profiles of the longitudinal electric field E,
magnetic field perturbations dB�B, and runaway electron den-
sity Nr used in the simulations of the sawtooth relaxation.
Frames (b) and (c) illustrate calculated time evolution of the run-
away beam density (Nr1) induced by electric field (E1) around
the q � 1 surface in subsequent sawtooth crashes specified from
the experiments (see xra5-t � 742.6 ms and t � 751.8 ms).
Frames (e) and (d) represent, accordingly, the contour plot of
x-ray perturbations measured during the sawtooth crash and cal-
culated electron density (Nr ) at outer radii. Radial localization
of the x-ray bursts [see dark area in frame (e)] coincides with
outward displacement of the runaway beam.

surements of the x-ray spectrum using Ge PHA spec-
trometer indicate appearance of the nonthermal electrons
in the specified energy range during density limit disrup-
tion. However, poor time resolution of the PHA analysis
(dt � 0.1 s) did not allow one to determine unambigu-
ously temporal modifications of the spectrum during the
disruption.

Production of runaway electrons during disruption has
been the subject of a number of theoretical investigations
[6,7,17]. In a simplified way, time evolution of the density
of runaway electrons (Nr ) generated with the application
of electric field (E) in thermal plasma with density ne can
be described by the equation

≠Nr�≠t 1 = ? �vrNr� � ne�tdr 1 Nr�tay 2 Nr�tloss ,

where jvr j � 0.5c is the runaway electron mean ve-
locity, 1�tdr and 1�tay are the production rates of the
primary runaway electrons (Dreicer acceleration) [6,7]
and secondary knock-on avalanche [17], accordingly, and
tloss represents the time constant of the runaway losses.
The Dreicer acceleration rate is a function of e � E�Ec:
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where Ec is the critical electric field given by Ec �
e3neZeff lnL��4pe
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2
th�, ne is the collision frequency

of the electrons at the thermal velocity yth, and Zeff is
the effective plasma charge. The time constant of the
knock-on avalanche is described by the relation tay �
2mec lnLa�Zeff���eE�, where a�Zeff � 1� � 1 [11,17].
Macroscale magnetic turbulence can constitute the domi-
nant losses of runaway electrons during the disruption
[11,18]. The time constant tloss can be described in
this case by the relation: tloss � kt�dB�Bt�22, where
kt � dr2

t ��pR0qyr �, drt— the radial extension of the
turbulent area and magnetic field perturbations are con-
sidered as radial functions decaying outside the resonant
magnetic surface.

Calculations of the runaway production rate depend
critically on the amplitude of the electric field generated
during reconnection. Detailed calculations of the field
require 3D MHD simulations (see [16]), which are com-
plicated in real experimental conditions. In a simplified
way, the longitudinal electric field induced during the
sawtooth crash around the q � 1 surface can be estimated
using measured radial velocity of the plasma core (m � 1
displacement rate). Generation of the electric field up to
E � 10 V�m for time duration of tcrash � 0.1 ms can
be predicted in this case. Similar values of the electric
field can be obtained from the calculation of the inductive
response to the reduction of poloidal magnetic flux during
the sawtooth crash. A schematic view of the process is
shown in Fig. 4a. The growth of the MHD (m � 1) mode
leads to generation of the electric field around the resonant
(q � 1) surface. An induced electric field provides accel-
eration of the electrons which is accompanied by bursts of
nonthermal x-ray emission. Calculations (see Figs. 4b and
4c) indicate that electric field E � 10 V�m can induce
a runaway beam with density Nr � 7 3 1017 m23 in a
narrow region (dr�rs � 0.1) around the resonant surface.
Magnetic turbulence (kt � 6 3 10212 s) generated dur-
ing sawtooth relaxation leads to outward displacement of
the runaway beam (see Fig. 4d). The calculated growth
rate (gr � 104 s21) and velocity of the electron beam
propagation outside the q � 1 surface (V � 103 m�s)
agrees with the ones determined from the analysis of x-ray
perturbations observed in the experiments (see Fig. 4e).

The simple model described in the paper allows phe-
nomenological description of runaway production, while
simulations using kinetic and MHD codes are ultimately
required for detailed analysis of the process. Nevertheless,
analysis of the experiments indicates that suprathermal
electrons can play an important role during reconnection
and should be considered in analysis of the disruption phe-
nomena and in interpretation of the experimental measure-
ments in tokamaks. In particular, generation of nonthermal
electrons can possibly explain the abrupt trigger and short
time scale of the internal reconnection as well as fast (bal-
listic) heat pulse propagation at the outer radii. Moreover,
in spite of the fact that the total number of suprathermal
electrons during the crash is small, they can induce run-
away current comparable with one inside the q � 1 sur-
face (Ir is of the order of 20 kA). Growth of runaway
current during the internal reconnection (sawtooth crash)
veils decay of the equilibrium plasma current, which can
explain in part small changes of the q�r� profile observed
in experiments on tokamaks with the use of Faraday rota-
tion and motional Stark effect diagnostics (see references
in [2,9]).
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