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Fluctuation-induced dynamo effect in a magnetic confinement plasma
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The electron temperature fluctuation-induced dynamo electric field has been measured in the core of high-
temperature EAST tokamak plasmas by Faraday-effect polarimetry and electron cyclotron emission. It is found
that a dynamo electric field primarily arises from the coherent interaction between radial magnetic-field fluctu-
ations and electron temperature fluctuations associated with the internal kink instability, acting to self-regulate
the current profile to prevent sawtooth magnetic reconnection.
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Dynamo effect, or transport of field-aligned current
whereby a self-generated electric current or magnetic field
[1,2] can arise from a fluctuation-induced electromotive mean
field (emf), is an important physical phenomena in both
astrophysical [3] (e.g., solar coronal loops [4], galactic for-
mation [5,6]) and laboratory plasmas [7,8]. In recent years,
the magnetohydrodynamic (MHD) and Hall dynamos have
been experimentally measured in reversed-field pinch plas-
mas [9-14] and are considered the dominant mechanism for
magnetic-field generation and anomalous current transport.
Sawtooth crash is a ubiquitous phenomenon in tokamak plas-
mas during which the core current falls suddenly due to
magnetic reconnection. The sawtooth crash affects energy
confinement and can trigger the neoclassical tearing mode,
leading to discharge termination (disruption), hence requiring
it to be suppressed to achieve the safe operation of a tokamak
reactor [15—17]. It is generally thought that a helical internal
[(m, n) = (1,1), where m and n are poloidal and toroidal model
numbers, respectively] kink/tearing instability plays an impor-
tant role in sawtooth events, where a magnetic reconnection
process occurs on resonant surfaces with rational values of
the safety factor ¢ = 1 (here, g = dv,/d{,, and ¢, and ¥,
are the toroidal and poloidal magnetic fluxes, respectively).
As a consequence of reconnection, current density (poloidal
flux) drops (¢ at the magnetic axis increases) and thermal
energy redistributes. However, it has been long observed in
the magnetic confinement plasmas that the (1,1) mode can
persist much longer than the energy confinement time with-
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out reconnection (or pressure flattening) occurring, where
the safety factor profile remains flat and clamped near unity
[18,19], suggesting there exists an unknown current transport
mechanism acting to prevent current profile peaking.

Dynamo effects have been investigated in tokamak plas-
mas both theoretically [20,21] and experimentally [8,22—
25]. Direct measurements of magnetic flux pumping (cur-
rent transport) confirm there is a dynamo effect in tokamak
plasmas where MHD activity is thought to be critical [22].
However, identifying the origin of dynamo electric field in
tokamak plasmas remains extremely challenging since it de-
mands simultaneous measurements of magnetic and flow
fluctuations. Recently, Jardin et al. [26] proposed a new
theory for sawtooth-free operation in inductively driven dis-
charges, where a dynamo voltage can be produced by a
nonlinearly saturated (1,1) interchange mode. Theoretically, a
E x B flow-driven dynamo effect is proposed to explain the
“hybrid” mode [27,28], where the flow is a self-organized
effect attributed to MHD modes, such as internal saturated
modes in a steady-state, nonaxisymmetric, magnetic equilib-
rium or nonlinearly coupled tearing modes [22]. In addition,
it is shown in global gyrokinetic simulations that small-scale
turbulence can also generate a plasma current in different
plasma regions [29].

Parallel current transport driven by instabilities is described
by parallel Ohm’s law [30], where all applied forces are bal-
anced by frictional drag [31] according to

m, 8] - _ - VP,
— +E+79,xB+

_ =nJ, 1
en, ot en, g M

where 7, is electron density, e is electron charge, J is plasma
current density, P, is the electron pressure, E is the electric
field, and electron velocity is v, = ¥; — J /ne, where v; is ion
velocity or plasma velocity. B is magnetic field and 7 is the
electric resistivity. By decomposing each quantity into mean
and fluctuating parts, and taking the ensemble average of the
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parallel component over a flux surface [14], we find
)y — (E)y = (8T x 8B)y. 2

where § implies a fluctuation quantity, and (. ..) denotes flux
surface averaging. The perpendicular components of §7, can
result from electric field and pressure fluctuations. Therefore,
parallel Ohm’s law can be rewritten as

my = (B)y = 6By -0b1) + T ) )
en,

where b = B/B is the unit magnetic field and b, is its per-
pendicular component. The right-hand side (rhs) of Eq. (3)
consists of two terms: the first term arising from the correla-
tion of electric and magnetic fluctuations associated with the
electrostatic £ x B flow, and the second term arising from
the correlation of electron pressure gradient and magnetic
fluctuations related to diamagnetic flow fluctuations. The first
term is a single fluid effect commonly referred to as the MHD
dynamo, and the second term is an electron fluid effect called
the diamagnetic dynamo [14]. Furthermore, electron pressure
fluctuations arise from density fluctuation (dn,) and temper-
ature fluctuation (87,), i.e. 6P, = T,6n, + n.8T,. Hence, we
can rewrite the diamagnetic dynamo term, in cylindrical coor-
dinates, as [32]

V, 8P, - 8b T,) [ddn, 1 /98T,
(Vi L) (T.) n sb,) 4+ L 5b,). ()
en, e(n,)B\ or eB\ or

where the first term on the rhs is the §n,—driven dynamo
emf, and the second term is the §7,—driven dynamo emf,
and &b, are the radial magnetic fluctuations. In order to
investigate dynamo effects induced by fluctuations in parallel-
current transport, one has to measure the correlated product
of two fluctuating quantities. In general, the total current
density could also be impacted by other dynamo actions,
such as the dynamo arising from electrostatic fluctuations
(e.g., interchange mode) in Eq. (3). A basic understanding of
fluctuation-induced dynamo processes is of great interest as it
involves self-organization behavior in which fluctuations are
both destabilized by, and contribute to, the shape of the equi-
librium profiles. In addition, the dynamo effect is potentially
critical to current profile control and plasma stability for future
burning plasmas like ITER. To date, direct measurements
of diamagnetic dynamos could only be made in the lower
temperature plasma edge using probes [14].

In this Letter, we present the first measurement of the
diamagnetic dynamo resulting from the correlated prod-
uct of magnetic and electron temperature fluctuations in
high-temperature, collisionless EAST tokamak plasmas. The
fluctuation-induced dynamo is found to be significant and
redistributes the field-aligned current, preventing sawtooth
reconnection events, thereby suggesting that steady-state,
sawtooth-free discharges can be sustained by continuous cur-
rent relaxation in plasmas.

Measurement of the fluctuation-induced dynamo associ-
ated with the internal (1,1) MHD instability has been achieved
on high-temperature EAST plasmas. EAST (major radius,
R < 1.9 m; minor radius, a < 0.45 m) is a fully supercon-
ducting tokamak with an ITER-like tungsten divertor. A previ-
ously reported discharge [33] is shown in Fig. 1 (shot 70187)

0.5 ‘ i 5 &
= 0.4(a) : : 1B e
S 0.3f | ‘ B3
=0.2f ! ! 2 2
—0.15 ; ! 1=

L + L L L L L L c

18 95
S S
2 1 2
go.s— 0.53
_ 8 g

3 4 4 3
23 3 2
= 2 2

2 1 1 2
£ 58 g

E 30f 2

g10f 1
9
“.10 9
w 4
I
=3
g
c 2
s . 2
g ¥ "7 N
&

s 3 4 a5

Timia [s]

FIG. 1. (a) Discharge current and the line-averaged density;
(b) ECRH and ICRF wave power; (c) NBI and LHW power; (d)
external loop emf and normalized plasma pressure Sy, where the
horizontal dashed black line in (d) indicates zero surface electric
field; and (e) soft x-ray (SXR) emission spectra for viewing the
passing plasma center. Emission intensity (white) shows no sawtooth
cycle.

for plasma with toroidal magnetic field By =2.5 T, ra-
diofrequency (RF)-driven current I, = 400 kA, line-averaged
density 71, ~ 3 x 10 m=3, core electron temperature T, ~
3keV, and By ~ 1.5 [By = Br/U,/aBr)], where a is the
plasma minor radius, and Sy is defined as the plasma pressure
normalized by toroidal magnetic pressure. Plasmas are pro-
duced and sustained by RF sources, including lower hybrid
wave (LHW) electron cyclotron resonant heating (ECRH)
and ion cyclotron resonant heating (ICRH), and neutral beam
injection (NBI) heating. RF power remains unchanged after
2.2's, and two co-1, neutral beams were turned on in succes-
sion after 2.5 s, while a third counter-/, beam is activated
at 3.5 s, as shown in Fig. 1(c). The external loop field Ejoop
drops to almost zero [Fig. 1(d)], indicating the plasma current
is driven noninductively. Sawtooth events are not observed, as
shown in Fig. 1(e), where only a (1,1) resonant mode appears
from 2.5 to 4.5 s [see Fig. 1(e)]. Equilibrium plasma profiles at
t = 3 s are shown in Fig. 2 [34]. The T, profile shows a steep
gradient near normalized minor radius r/a ~ 0.19, while the
n, profile remains relatively flat [see Fig. 2(a) and 2(b)]. The
current density profile is monotonically decreasing toward the
edge [Fig. 2(c)] and sustained longer than the resistive diffu-
sion time of 1 to 2 s. A relatively flat ¢ profile close to unity
in the core area [Fig. 2(d)], and sawtooth-free discharges with
active (1,1) mode, are often observed on EAST, suggesting
that fluctuation-induced current transport may be occurring to
prevent further current profile peaking and sawteeth [15].

In order to determine the fluctuation-induced dynamo, the
correlations of magnetic fluctuation with electron temperature
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FIG. 2. Profile of (a) electron density, (b) electron temperature
showing a steep gradient near r/a ~ 0.19, (c) total current density
driven by rf and NBI power with no inductive loop voltage, and (d)
safety factor g—flat and close to unity for r/a < 0.19. Profiles are at
t = 3 s, and the inverted profile error is estimated to be ~15%. The
vertical black dashed lines indicates the ¢ = 1 surface.

fluctuation and density fluctuation are measured using a
high-speed ("1 us), Faraday-effect polarimeter-interferometer
system (POINT) [35] with 11 horizontally viewing chords
(separation, 8.5 cm). The line-integrated density and
Faraday rotation are ¢; = 2.82 x 107X [ n.(R, Z)dR and
Wp =2.62 x 1078342 [ n,(R, Z)Bg(R, Z)dR, respectively,
where dR is the plasma path length along the major radius,
Bg(T) is the magnetic field component in the radial direction
(parallel to the viewing line), and (R, Z) are the radial
and vertical positions in the tokamak coordinate system,
respectively. The first-order perturbation for interferometry
and polarimetry can be expressed as d¢; ~ [dén.dR,
oW ~ [n.6BrdR [13], respectively, where [ d6n.BrdR
for viewing lines at or near the magnetic axis can be neglected
[36].
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FIG. 3. Spectrogram of (a) density fluctuations at Z = —8.5 cm,
(b) radial magnetic fluctuation at Z = 0, and (c) electron temperature
fluctuation near the ¢ = 1 resonant surface.
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FIG. 4. Forthe (1,1) kink mode att = 3 s, (a) Faraday fluctuation
(circles) profile with the best fit from inversion (dotted line), and
interferometer density fluctuation (squares) with the best fit from
inversion (solid line), (b) 8b, profile (blue solid line with shaded
error) and corresponding y!'! profile (red dotted line), (c) 8, profile
(blue solid line with shaded error) and én,./n, (red dotted line), and
(d) 8T, profile (blue squares) and 67,/7T, (red circles). The vertical
black dashed lines indicate the ¢ = 1 resonant surface.

Spectrograms of the density [ én.dR [Fig. 3(a)], radial
magnetic 6Bg ~ [n.0BrdR [Fig. 3(b)], and local electron
temperature fluctuations [Fig. 3(c)] near ¢ = 1 resonant sur-
face (ry) exhibit a low-frequency (f ~ 2kHz) oscillation,
which arises from a (1,1) kink/tearing mode rotating with
plasma velocity (Vy) in a laboratory frame. The frequency
can vary during the discharge due to velocity change induced
by NBI (o = k- 170, where k is the mode wave number);
therefore, fluctuation amplitude in the frequency domain cor-
responds to the amplitude in the space domain. This mode has
a strong core-localized magnetic fluctuation with an ampli-
tude that tends to decrease when By gradually ramps up. This
implies the mode is more kink-like and driven by the current
gradient.

To determine the diamagnetic dynamo effect experimen-
tally, one requires the local amplitude of radial magnetic
fluctuations perpendicular to magnetic flux surfaces, &b,.
Faraday-effect polarimetry can provide a measure of the line-
integrated radial magnetic fluctuation in the high-temperature
plasma core [36—38]. The measured Faraday-effect fluctuation
amplitude at different impact parameters Z is shown as open
circles in Fig. 4(a), at t = 3 s using time averaged over 100
ms. The Faraday-effect (magnetic) perturbation peaks at the
magnetic axis, as expected for an m = 1 current perturbation
near the resonant surface. The density perturbations [solid
squares in Fig. 4(a)] have a minimum at the magnetic axis
and reach a maximum near the resonant surface, as expected
for a (1,1) density perturbation.

In order to obtain the local &b, profile, a reconstruc-
tion method based on Newcomb’s equation is used [39].
The perturbed flux eigenfunction is assumed to have form
YL = Yo x ¥ x e /) and 8b = —Vy ! x $, where
¢3 indicates the toroidal direction, §Bgr = 8b,cosf — §bgsinf,
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and V - 8b = 0 is satisfied [40]. The free parameters v, K,
rs, and y are adjusted to minimize the difference between
the calculated line-integrated fluctuation based on assumed
eigenfunction and the experimental data from the density-
weighted Faraday-effect fluctuation measurement. The dotted
line in Fig. 4(a) is the calculated Faraday-effect fluctuation
from fitting experimental data (open circles), where the error
bars result primarily from statistical noise. The correspond-
ing eigenfunction profile, ¥!!, can be obtained as shown
by the red dotted line [Fig. 4(b)], where the perturbed flux
dominates inside the resonant surface. Therefore, the radial
magnetic perturbation profile can be determined directly by
8b, = —iy "' /r, shown by blue solid line [Fig. 4(b)]. The 8b,
amplitude (6b, ~ 30 Gs; % = 1.2 x 1073) remains nearly
constant inside the resonant surface and falls off quickly to-
ward the wall.

The local amplitude of 67, for (1,1) mode [see Fig. 4(c)] is
achieved by inverting the line-integrated value f 6n.dR mea-
sured by interferometry [squares in Fig. 4(a)]. By minimizing
the difference between the experimental data [shown as solid
squares in Fig. 4(a)] and the calculated line-integrated fluctu-
ations based on the function 8n, 1 (r) = 8ng x r* x e~ /1)
[shown as a solid line in Fig. 4(a)], one can determine the free
parameters (8n., 5, k, and y) to obtain 8n. (7). The density
fluctuation has a maximum near the resonant surface and falls
rapidly toward the magnetic axis, where the density gradient is
zero, and the plasma edge, where 6b, ~ 0. The relative density
fluctuations have maximum én,./n, ~ 0.5%, with a similar
profile shape to the density fluctuations [see Fig. 4(c)].

Electron temperature fluctuations are locally measured by
a 32-channel heterodyne electron cyclotron emission (ECE)
radiometer viewing radially along the midplane [41]. The
relative electron temperature fluctuation amplitude, 67,/T,,
is obtained directly from the ECE signals. Furthermore, the
absolute electron temperature fluctuation amplitude, 87, is
obtained by combining ECE and thomson scattering (TS)
measurements [Fig. 2(b)]. As shown in Fig. 4(d), maximum
8T, ~ 300 eV inside the (1,1) resonant surface. §7,/T, ~
10% is much greater than én./n, ~ 0.5%, which is also con-
sistent with the strong harmonic oscillations for §7, seen in
Fig. 3(c). Therefore, the diamagnetic dynamo effect resulting
from 67, is expected to dominate. Both electron tempera-
ture and density fluctuations driven by magnetic perturbations
most likely arise from field line advection [42].

To evaluate the dynamo emf, the correlated product of §7,
and 8b, can be obtained by ensemble averaging. In EAST,
toroidal rotation of the low n magnetic modes transfers their
spatial structure in the plasma frame into a temporal evolu-
tion in the laboratory frame. Therefore, the mean correlated
product of electron temperature and radial magnetic field
fluctuations (§7,6b,) = y|6T,||8b,|cosé¢r, is evaluated by
ensemble averaging over a number of realizations in the 3- to
3.4-s time window, where y and §¢r, are the coherence and
phase difference between 87, and §b,, respectively. A toroidal
separation of 7 /8 between the two measurements has been
corrected to determine ¢, for the ensemble average. Tech-
nically, 87, signals are phase-shifted by 7 /8 in the frequency
domain using Hilbert transformation before performing the
ensemble average. In this way, two measurements (b,, §T,)
are effectively considered at the same toroidal location.
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The density fluctuation amplitude (~0.5%) is much smaller
than 67, (about 10%) and negligible, so only the correlated
product —(6P,8b,)/en.B associated with 87, is shown in
Fig. 5(a).

The correlated product (67.6b,) has a maximum value
of 0.4 mV inside the resonant surface. For an ideal incom-
pressible linear mode, the phase difference between §7, and
8b, is w /2, resulting in a zero correlated product. However,
the measured (87,6b,) is nonvanishing experimentally, with
6T, and 8b, being significant, as shown earlier in Fig. 4(b)
and 4(d), respectively. Finite (67,8b,) implies the phase dif-
ference between the fluctuating parameters slightly deviates
from /2, and is likely related to turbulence [24]. The ex-
perimentally measured fluctuation-induced dynamo profile is
shown in Fig. 5(b), determined by calculating the gradient
of the electron momentum flux transport. The dynamo is
—10 mV/m inside the resonant surface and reverses sign
when going across ry, reaching a maximum of 12 mV/m. The
sign change arises from the fact that the correlated product,
shown in Fig. 5(a), has a maximum near the resonant surface,
causing the gradient of the correlated product to change sign
[Fig. 5(a)]. The measured fluctuation-induced dynamo tends
to reduce the total current inside the resonant surface and acts
to drive the current outside. Hence, the fluctuation-induced
dynamo electromotive force tends to transport current away
from the plasma core toward the edge, similar to so-called
“flux pumping,” thereby preventing current peaking near the
magnetic axis.

A (1,1) mode with no sawtooth reconnection during “hy-
brid” operation has previously been observed in many toroidal
magnetic confinement devices [18,19], where the mode was
speculated to sustain gy > 1, (g0 = 2B7 /1oJoRyp). Our results
suggest current density Jy at magnetic axis is clamped at a
level preventing magnetic reconnection (sawtooth crash) by
the diamagnetic dynamo effect. To understand the role of a
fluctuation-induced dynamo in the current balance in EAST,
Eq. (2) can be rewritten as 10y (Jiow1 — JrRF — INB — JBS) —
Eing = emf, where Ejyq is the applied inductive field and Jigy
represents the total current density, including the rf wave-
driven current Jgp, the NBI current Jyg, and the bootstrap
current Jgs [21]. For effective charge Z.+ ~ 4 [43] and n| ~
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2 x 1078 ohm - m at r/a = 0.1, the change of current density
by the measured dynamo inside the resonant surface could
be —0.5 MA/m?. This could reduce the core current by 20%
and prevent gy from falling to <1, thereby suppressing the
sawtooth instability and magnetic reconnection. Hence, the
equilibrium current in EAST is not only determined by an
external current drive, but also by the self-generated current
(dynamo effect) arising from internal instabilities.

In summary, the first direct fluctuation-induced dy-
namo measurement has been made in the core of high-

temperature EAST tokamak plasmas. It is found that
global MHD instabilities drive a diamagnetic dynamo
emf that can serve to transport core parallel current.
The diamagnetic fluctuation-induced dynamo provides new
insight into current transport in magnetically confined
plasmas.

This work was supported by NSFC (Grants No. 11975231
and No. 12127809), and the US DOE (DE-FG03-01ER54615
and DE-FC02-04ER54698).
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