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ABSTRACT.

The influence of an n = 2 Resonant Magnetic Perturbation (RMP) field on the density fluctuation
in the edge pedestal has been investigated using correlation reflectometry in type-I ELMy H-mode
plasma on JET. Without the n =2 field, the frequency spectrum of the density fluctuation shows two
broadband fluctuation components: one is with Low Frequency (LF) less than 200kHz and another is
with High Frequency (HF) from 200kHz to 400kHz. A correlation between the density and magnetic
fluctuations has been observed. With the n = 2 field applied, an increase of ELM frequency and
a drop of electron density (so called density pump-out) have been observed. The electron density
(gradient) and pressure (gradient) in the edge pedestal decrease with the application of the n =2 field
while the electron temperature profile shows no change. The experimental observations show that
both the density and magnetic fluctuation levels in the edge pedestal are reduced after applying the
n =2 field. This result implies that the ion-scale turbulence in the edge pedestal is not the responsible

mechanism for the density pump-out observed during the application of the n = 2 field.

1. INTRODUCTION
The high confinement mode, i.e. H-mode, was first discovered in the ASDEX tokamak [1]. Since
then, lots of work has been done to understand the H-mode physics with significant progress being
made in experiment [2] and theory [3]. The H-mode is characterized by a spontaneous formation of
a transport barrier at the edge pedestal which is usually associated with the repetitive Edge Localized
Modes (ELMs). The transport analyses in Refs. [4, 5] have shown that the ion thermal transport
coefficient in the edge pedestal region was close to the neoclassical value while the electron thermal
transport level was still higher than that predicted by the neoclassical theory. This result suggests that
there is remnant turbulence in the pedestal region. In addition, the experimental results on DIII-D
[6, 7] and ASDEX Upgrade [8] showed that the pressure gradient in the edge pedestal recovered
in a short time after an ELM crash and then saturated for a long time up to the next ELM crash.
Electromagnetic turbulence, such as the kinetic ballooning mode [9, 10], has been suggested to be the
responsible mechanism for this saturation of the pedestal pressure gradient [7]. These results indicate
that the turbulence may play an important role in the pedestal transport process between ELMs.
To gain more fusion power, next step fusion devices, e.g ITER, will be operated primarily in the
regime of the ELMy H-mode [11]. Although ELMs provide a natural transport process to control
the plasma density and the edge impurity penetration, they also expel a large amount of plasma
thermal energy onto the plasma facing components in a few hundred microseconds. The analyses
based on an extensive multi-machine ELM database showed the impulsive energy released by the
ELM on ITER may reduce significantly the lifetime of the divertor target [12]. This has stimulated
the research of ELM control techniques [13]. On DIII-D, the ELM suppression has been realized
in the low collisionality H-mode plasmas by applying the Resonant Magnetic Perturbation (RMP)
fields with a toroidal mode number (n) of 3 [14]. On JET,n=1 and n = 2 RMP fields have been used
to mitigate the type-I ELMs [15]. A drop of electron density (ng), i.e. so called density pump-out,



and a reduction of electron pressure (pe) have been observed during the ELM suppression phase on
DIII-D [14] and the ELM mitigation phase on JET [16] while the electron temperature (T¢) shows
no reduction. An explanation of the ELM suppression on DIII-D is that the peeling-ballooning
(P-B) mode, which is regarded as the most likely candidate to explain the origin of ELMs [17],
was stabilised due to the reduction of the pedestal pressure gradient with the application of the
n = 3 field [14]. The experimental results from both devices have shown that the reduction of the
pressure gradient, mainly due to the density pump-out, during the application of the RMP field was
important for the realisations of the ELM suppression or ELM mitigation. A popular explanation
of the density pump-out is that the radial particle transport is enhanced due to the stochastisation
of the magnetic fields at the edge after applying the RMP field [18, 19, 20, 21]. These analytical or
numerical models in Refs. [18, 19, 20, 21] are mainly based on the neoclassical transport theory.
The experimental results in L-mode plasmas on TEXTOR have shown that the RMP fields have
significant effects on the edge turbulence and turbulence induced transport [22, 23]. Since the
L-mode and H-mode plasmas are different, it is important to investigate whether the density pump-
out observed in the ELM control experiment is closely related to the turbulence induced transport.
If the turbulence is responsible for the density pump-out, it is expected that the turbulence level
should increase during the application of the RMP field. In the present work, an X-mode radial
Correlation Reflectometry (CR) [24, 25, 26] has been used to study the influence of the RMP field
on the turbulence in the edge pedestal on JET.

This paper is organised as follows: after a brief overview of the experimental setup in section 2,
the analysis methods are described in section 3. The experimental results are presented in section

4 and a discussion and conclusion are given in section 5.

2. EXPERIMENTAL SETUP

On JET, an n = 2 RMP field, induced by the Error Field Correction Coils (EFCCs) [27], has been
applied in the type-1 ELMy H-mode plasmas with a toroidal field (B¢) of 2.7T. The EFCCs consist
of four planar square shaped coils (~6m in dimension) which are mounted at equally spaced toroidal
positions with R = 6m and attached to the transformer limbs. Here, R is the radial distance from
the major axis of the machine. Each coil spans a toroidal angle of 70° and has 16 winding turns.
The maximum value of the total current (Igp-) per coil is 48kAt. The Igpcc is given in terms of
the current in one coil winding times the number of turns.

The density fluctuation in the edge pedestal has been measured by using the CR in this
experiment. The CR is composed of four independent reflectometry systems [26]. Each system
has two channels. One is the xed frequency channel and another is the variable channel with the
frequency configurable. The frequencies of the four fixed channels are 76GHz, 85GHz, 92GHz and
103GHz while the frequencies of the four variable channels can be varied in ranges of 76—78GHz,
85-87GHz, 92-96GHz and 100—106GHz. All of the probing waves are directed into the plasma

horizontally by using the same antenna (launcher) located at 30.2cm above the equatorial plane



and all of the reflected waves are received by another antenna (receiver), located at 26.8cm above
the equatorial plane. Both antennae are installed inside the vacuum vessel at a position of R~4.3m
(low field side). Each CR channel is equipped with a quadrature phase detector. More details about
the CR can be found in Refs.[24, 25, 26, 28]. Recently, the CR has been used to investigate the
characteristics of turbulence on JET [29, 30, 31, 32].

The diagnostic of High Resolution Thomson Scattering (HRTS) [33] has been used to measure
ne and T, profiles along the outer radius (R = 2.9-3.9m) on the equatorial plane. The repetition

rate of the laser pulses determines a sampling rate of 20Hz.

3. ANALYSIS METHODS

Reflectometry is based on a radar technique in which a microwave beam is directed into the plasma
with the wave reflected from the cuto layer being detected [34, 35]. Since the phase of the reflected
wave is determined by the optical distance, the electron density prole can be derived from the phase
variation along the wave path and the density fluctuation can be derived from the phase fluctuation.
Due to its simple instruments, the reflectometry has been widely applied to measure density or density
fluctuation on present major fusion devices [36, 37]. A quadrature detection allows a complex
electrical field (E = Aeiq)) to be reconstructed from the in-phase signal (I = A cos ¢) and quadrature
signal (Q = A sin ¢), i.e. E=1 + iQ, where A is the amplitude and ¢ the phase. In principle, the
complex electrical field, amplitude or phase can be used for analysis. In this work, the phase has
been used for the analyses of the characteristics of the turbulence in the edge pedestal. The phase
jumps are automatically corrected by applying the algorithm introduced in [38].

In the experiment, using radially spaced reflectometry channels, the local wavenumber-frequency
spectral density of the phase fluctuation, Sy (ky, f), has been measured by applying the two-point
correlation technique [39]. By integrating the frequency components on the measured Sy (ky; 1),
the radial wavenumber spectral density, Sy (kr) has been calculated, i.e. S¢ (ky) = >t S¢ (ky; £). The

mean wavenumber, k;, and the wavenumber spectral width, ok, are defined by

=

g, Ky So (k) _ | B (k= k) S (k)
, Oy, = (D
Zk, Sq, (kr) zkr S¢ (kr)

The radial correlation length of the phase fluctuation, Iy, is defined by the inverse of ok, i.e.
I V2/oy, [24].

The measured ne and Te gradients in the edge pedestal can be affected by the instrument function
of the HRTS [40]. The Full Width at Half Maximum (FWHM) of the HRTS instrument function
is between lcm and 2.5cm, depending on the HRTS hardware configuration and on the plasma
equilibrium [41]. In this experiment, the FWHM of the HRTS instrument function is about 1.1cm.
To compensate the effect of the instrument function, a forward deconvolution is applied assuming
that both the measured and plasma pedestal proles are well described by the modified tanh (MTANH)



function [42]. Two different deconvolution processes are used, one for the ne prole and another for
T, profile. For the ne, it is assumed that the measured profile is the plasma profile convolved with

the HRTS instrument function, while for the Te, the convolved T profile is weigthed with ne [40].

4. EXPERIMENTAL RESULTS

4.1. CHARACTERISTICS OF TURBULENCE IN THE EDGE PEDESTAL

An example from this experiment is shown in Figure 1 for illustration of the characteristics of the
pedestal turbulence. The target plasma is heated by a neutral beam with a total power of I0MW.
Figure 1 (a) shows the pedestal density profile, the MTANH fitting curve and the cuto positions
of the CR. In this experiment, the fixed channel of the 76GHz reflectometry is not available while
the frequency of the variable channel is fixed at 77.7GHz. The frequency spectra of the phase
fluctuations measured by the 85GHz and 92GHz reectometries are shown in Figure 1 (b) and the
coherence spectrum between the two phase fluctuations is shown in Figure 1 (c). Two broadband
fluctuation components have been observed in these spectra. The first one is a Low Frequency (LF)
component from f~35kHz to f~200kHz peaked at about 80kHz and another one is a High Frequency
(HF) component in the frequency range of 200-400kHz peaked at about 280kHz. The turbulence
measurement with Beam Emission Spectroscopy (BES) on DIII-D have shown that the density
fluctuation in the edge pedestal also had two broadband fluctuation components, one with lower
frequencies (50—150kHz) and another with higher frequencies (200—-400kHz) [43]. The frequency
spectrum of the magnetic signal (8B) measured by an edge magnetic probe is shown in Figure 1
(b). Here, the magnetic probe is located at 18.4cm above the equatorial plane at R = 3.98m (low
field side). In the spectrum of 8B, the fluctuation component with the frequency from 35kHz up
to 150kHz, showing multi-bands feature, is due to the Washboard (WB) modes [44, 45] while two
coherent fluctuations, peaked at f~10kHz and f~30kHz respectively, are due to MHD modes in the
plasma core. The WB modes are commonly observed in JET H-mode plasmas and are apparently
localised in the pedestal region [45]. They rotate in the Electron Diamagnetic Drift (EDD) direction
and usually show multi-bands. The coherence spectrum between the phase fluctuation measured by
the 92GHz reflectometry and the magnetic signal is shown in Figure 1 (c). A correlation between
the phase fluctuation and the magnetic signal has been observed for the fluctuation component with
f < 150kHz while no correlation between them is observed for the component with f> 200kHz.
In addition, this coherence spectrum also shows multi-bands feature from f~35kHz to f~150kHz.
The spectrum of 8B shows another fluctuation component peaked at ~320kHz. This component
is different from the HF fluctuation registered by the reectometry since they have different peak

frequencies and no coherence between them is observed.

4.2. INFLUENCE OF AN N =2 RMP FIELD ON THE PEDESTAL TURBULENCE
On JET, the influence of an n=2 RMP field on the pedestal turbulence has been studied. An overview
of the ELM mitigation discharge using the n=2 field is shown in Figure 2. The I, inducing the



n =2 field, is applied at 17s, then ramps up to the maximum value of 48kAt in half second and stays
at the attop for 2 seconds (about 7 times of the plasma confinement time). With the application of
the n =2 field, the ELM frequency (f; ;) increases from 18Hz to 30Hz and both the core and edge
line averaged densities are reduced by about 15%. Figure 3 shows ne, Te and pe profiles before
and after the application of the n = 2 field. All the profiles are measured by the HRTS at the last
30% duty cycle of the ELMs. The pe and pe gradient in pedestal are reduced by about 15% after
the application of the n = 2 field while the Te and T, gradient show no change. The reductions of
the pe and pe gradient are mainly due to the reductions of the ne and ne gradient in pedestal after
applying the n = 2 field.

Figure 4 (a) shows the spectrum of toroidal mode numbers, where the colours denote the toroidal
mode numbers n. The n—numbers are obtained by making a time windowed Fourier decomposition
of the signals of a toroidal set of edge magnetic probes and analysing the relative phase shift of the
fluctuations. After the application of the n = 2 field at 17s, the frequencies of n =1 and n =2 core
MHD modes decrease. Here, the positive n means that the MHD modes rotate in the Ion Diamagnetic
Drift (IDD) direction. This decrease of the core MHD mode frequency is due to the rotation braking
with the application of the n = 2 field [15, 46]. However, the frequencies of the WB modes, such
as the n = —2WB indicated in Figure 4 (a), have a little increase with the application of the n = 2
field. The mode rotation measured by the magnetic probe is due to the mode rotation in the plasma
frame superimposed on the E; x B velocity. Here, the E; x B velocity is due to the plasma radial
electrical field (E;). It is not known why the frequencies of the WB modes increase after applying
the n = 2 field since there is no accurate measurement of the E; in the edge pedestal region at the
moment. Figure 4 (b) shows the power spectra of the magnetic signals. What we are interested in
are the fluctuation component with the frequency from 30kHz to 200kHz, i.e. the WB modes. It
can be seen from the figure that the power of this component decreases with the application of the
n = 2 field. Further, the time evolution of the magnetic fluctuation level (6B) is shown in Figure
2 (e). Here, the OB is calculated for the fluctuation component with the frequency from 35kHz to
200kHz, avoiding the core MHD modes, from the 8B measured by the edge magnetic probe. Only
the data measured at the last 30% duty cycle of ELMs are used. This result shows that the values
of 0B during the flattop of the Izp- are only about 30% of those before the application of the n
= 2 field. During the application of the EFCCs induced field on JET, the feedback response to the
field in the magnetic control sensors either shrinks or expands the plasma column, depending on
the EFCC phase [33]. The examples of the two cases are the Pulse No’s: 69557 (shrinking) and
69558 (expanding), as shown in the Figure 6 and Figure 10 respectively in Refs.[33]. In the present
experiment, the plasma column is shrank with the application of the n = 2 field. This means that
the distance between the locations of the pedestal and the magnetic probe increases after applying
the n = 2 field. The analysis for Pulse No’s: 69557 and 69558 show that the magnetic fluctuation
levels decrease during the ELM mitigation phase in both pulses although one is with the plasma

shrinking and another with the plasma expanding. This indicates that the reduction of the magnetic



fluctuation level observed in the present experiment is not due to the increase of the distance between
the pedestal plasma and the magnetic probe.

Figure 5 (b) shows the coherence spectra between the phase fluctuations measured by two radially
spaced CR channels, i.e. the 77.7GHz and 85GHz reflectometry. The cuto position of the 77.7GHz
reflectometry is at about 1 =0.977 and doesn’t change with the application of the n=2 field while
the cuto position of the 85GHz reectometry moves a little bit inside, from y=0.97 to Y =0.967.
After the application of the n =2 field, the peak frequency of the LF fluctuation decreases from
100kHz to 50kHz while the peak frequency of the HF fluctuation increases from about 250kHz
to 280kHz. This result implies that the LF and HF fluctuations rotate in opposite directions in the
plasma frame although we don’t know the exact direction (IDD or EDD) for each fluctuation based
on present data. The two broadband density fluctuations in pedestal observed on DIII-D also rotate
in opposite directions in the plasma frame: the lower frequency band (50-150kHz) is in the IDD
direction while the higher frequency band (200-400kHz) is in the EDD direction [43]. Figure 5 (b)
further shows that the coherence values at all the frequencies of the HF fluctuation increase after the
application of the n=2 field while the coherence value at the peak frequency of the LF fluctuation
also increases. Figure 5 (a) shows that the phase fluctuation level of LF fluctuation decreases with
the application of the n=2 field. The integrated power of the HF fluctuation also decreases after
applying the n=2 field although the power at {~280 kHz has an increase, which is due to the upshift
of the frequencies of the HF fluctuation. The decreases of the LF and HF phase fluctuation levels
are more evident in Figure 2 (f) and (g) which show the time evolutions of the LF and the HF phase
fluctuation levels (0y) respectively. These 0 are calculated from the phase fluctuations measured by
the 77.7GHz reflectometry. In this calculation, the frequency changes of the LF and HF fluctuations
with the application of the n = 2 field have been taken into account. For the LF fluctuation, the
values of decrease from about 1.2 rad to 0.8 rad (Figure 2 (f)) with the application of the n =2 field
and the of the HF fluctuation also shows a decrease, from about 0.3 rad to 0.25 rad (Figure 2 (g)).
Figure 5 (c) and (d) show the radial wavenumber spectral density of the phase fluctuation, Sy, (k;),
in the edge pedestal. The Sy (ky) is calculated from the phase fluctuations measured by the 77.7GHz
reflectometry and the 85GHz reflectometry, by applying the method introduced in section 3. The
wavenumber spectral width (ok,) of the LF fluctuation decreases from ~2 Ocm™' t0 6 1:2cm™" and
thus the radial correlation length of the phase fluctuation (1) increases from ~0.71cm to ~1.17cm
with the application of the n = 2 field. For the HF fluctuation, the ok, decreases from ~3cm™ to
~1.55cm™" and thus the 1. increases from ~0.47cm to ~0.9cm after applying the n = 2 field. Many
analytical theories and simulations of the reflectometry, such as those in Ref.[34,35,49,50,51, 52,
53, 48], have shown that quantities analysed from the reflectometry data have complex relations
with the plasma turbulence quantities. To interpret the reflectometry data, several two-dimensional
(2D) full-wave simulations have been utilized in the community. One of them is introduced in [47,
48]. In this 2D simulation, the coherent reflection G [48] and the radial correlation length analysed

from the reflectometry data are needed to map the turbulence quantities, i.e. the turbulence level



and radial correlation length. One example of such mapping has been shown in Fig.3 in Ref.[48].
Here, the G is defined by G = | <E> | /4/< \ E | °> [48], where <> denotes ensemble average and E
is the complex reected wave field. Presently, we use a simplified analytical expression to estimate
the G,ie. G = e_oé/ 2, which is derived from the phase screen model [49, 50] or [52]. For the LF
fluctuation, the G increases from 0.48 (with oy = 1.2) to 0.73 (with 64 = 0.8) with the application
of the n = 2 field while for the HF fluctuation, the G increases from 0.956 (with oy = 0.3) to 0.97
(with ¢ = 0.25). Since both G and I; increases with the application the n = 2 field, i.e. the point
moving from bottom left to top right in Fig.3 in Ref.[48], the density fluctuation levels of the LF
and HF fluctuations should decrease. The reduction of the edge turbulence with the application of
the RMP fields has been observed in L-mode plasmas on TEXTOR [22, 23].

DISCUSSION AND CONCLUSION

The CR on JET is predominantly sensitive to the fluctuation with a wave number (k) less than
1.2cm™ [29] or k,pj < 0.36 (calculated using T; = 1.5keV), i.e, the ion-scale turbulence [54].
Here, pj is the ion gyro-radius. During the application of the n = 2 field, the density pump-out, i.e.
enhancement of particle transport, has been observed. If the turbulence in the pedestal measured by
the reflectometry is responsible for the density pump-out, it is expected that the amplitude of this
turbulence should increase with the application of the n = 2 field. However, the analysis in section
4 have shown that both the long wavelength magnetic fluctuation, mainly the WB modes measured
by the magnetic probe, and the ion-scale density fluctuation measured by the CR in the edge pedestal
decrease after applying the n = 2 field. This result implies that the observed density pump-out is not
directly related to the WB modes and the ion-scale density fluctuations in the pedestal on JET. The
influence of an n = 3 RMP field on the turbulence has been studied on DIII-D [55, 56]. Their results
showed that the ion-scale density fluctuation (k  pj < 0:3) measured by BES in the pedestal didn’t
change when the ELMs were suppressed by applying the n = 3 field, while a significant increase
of the ion-scale turbulence level was observed in the plasma core region [55, 56]. On the other
hand, the intermediate scale turbulence (k; ~ 42cm” ' ork 1Pi ~0.8) in the pedestal measured by
the Doppler backscatter reflectometry often showed an increase after the ELM suppression with the
n =3 field [56]. These results imply that the ionscale turbulence in the core and the intermediate scale
turbulence in the pedestal may be important for the enhancement of the particle transport during
the ELM suppression phase on DIII-D. Presently, the reflectometry measurement on JET can not
give a definite answer about how the ion-scale turbulence in the plasma core changes after the ELM
mitigation since the cuto positions of the CR in the core are very different before and during the
application of the RMP field. Nevertheless, both results on JET and DIII-D [55, 56] show that the
ion-scale turbulence in pedestal is not the responsible mechanism for the density pump-out observed
during the application of the RMP fields. The fact that the T and T, gradient are not changed while
the turbulence is reduced with the application of the n = 2 field suggests that the observed magnetic

and density fluctuation in the edge pedestal on JET are not driven by the Te gradient. The reduction



of the pedestal turbulence may be due to the reduction of the density or pressure gradients.

In conclusion, the experimental observations on JET have shown that the ion-scale turbulence
in the edge pedestal can be reduced by using an n = 2 RMP field in the type-I ELMy H-mode
plasmas. This result implies that the ion-scale turbulence in the edge pedestal is not the responsible
mechanism for the enhancement of the particle transport (density pump-out) observed during the
application of the n =2 field on JET.
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Figure 1: (a) The edge density profile and the cuto positions of the CR. (b) The frequency spectra of ¢ measured by
the CR and the spectrum of OB measured by the edge magnetic probe. (c) The coherence spectrum between the ¢ (thin
line) measured by two radially spaced CR channels and the coherence spectrum between the and 0B (thick line).
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Figure 2: An overview of an ELM mitigation discharge using an n = 2 RMP field: (a) plasma energy, Wp (b) the applied
EFCC current, Ippcc (c) core (dash line) and edge (solid line) line averaged density (d) Dg, lines from inner divertor
(e) the magnetic fluctuation level, 8B in the frequency range of 35kHz< f <200kHz (f) and (g) the phase fluctuation
level (G¢) of the LF turbulence and the HF turbulence measured by the 77.7GHz reflectometry.
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Figure 3: The ne, Te and Pe profiles (top) in the last 30% duty cycle of ELMs and correspondent gradients (bottom),
without and with the n = 2 RMP field (solid and dash line, respectively). The lines show the deconvolved fits and the

shaded areas the corresponding uncertainties.
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Figure 4: (a) Spectrum of the toroidal mode number (b) Comparison of the spectra of the magnetic signal before and

after the application of the n = 2 field.
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Figure 5: (a) The spectra of the phase fluctuations measured by the 77.7GHz reflectometry (b) The coherence spectra
between the phase fluctuations measured by the 77.7GHz and 85GHZz refelctometry (c) The radial wavenumber spectral
density of the phase fluctuations, S¢(ky), for LF fluctuation and (d) the Sy(ky) for HF fluctuation.
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