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Measurement of energetic-particle-driven core magnetic fluctuations

and induced fast-ion transport
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Internal fluctuations arising from energetic-particle-driven instabilities, including both density and
radial magnetic field, are measured in a reversed-field-pinch plasma. The fluctuations peak near the
core where fast ions reside and shift outward along the major radius as the instability transits from
the n=35 to n=4 mode. During this transition, strong nonlinear three-wave interaction among
multiple modes accompanied by enhanced fast-ion transport is observed. © 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4798397]

In toroidal plasma confinement devices, energetic par-
ticles are produced by radio-frequency heating, neutral beam
injection (NBI), and fusion reactions. Large populations of
energetic particles can drive Alfvénic instabilities, which de-
grade confinement performance and even cause concentrated
fast ion losses that damage internal vacuum components.'
Energetic-particle-driven instabilities have been extensively
studied in tokamaks, spherical tokamaks, and stellarators,2
but have only recently been observed in a reversed-field
pinch (RFP).*™ Unique features of a RFP lead to a consider-
ably different environment for energetic particles with
respect to other magnetic configurations. For instance, larger
magnetic shear in a RFP tends to stabilize instabilities.
However, weaker toroidal magnetic field results in larger f¢
(ratio of energetic particle pressure to magnetic pressure),
thereby providing increased drive for instability.®

Magnetic fluctuations play an important role in the inter-
action between Alfvénic instabilities and energetic particles
as they can lead to convective and diffusive fast-ion losses.”*®
Detailed information of their amplitude and structure permits
the computation of fast-ion transport. Furthermore, the asso-
ciated structural dynamics are critical to understanding mode
saturation and damping.” However, direct measurement of
energetic-particle-driven  internal magnetic fluctuations
remains elusive due to the difficulty of accessing the high-
temperature plasma interior. In addition, these instabilities
are typically more spatially localized when compared to
ideal kink or resistive tearing modes, thereby challenging
diagnostic capabilities.

This letter presents the first direct experimental measure-
ment of internal magnetic fluctuations associated with ener-
getic-particle-driven instabilities in a high-temperature plasma.
Internal radial magnetic field fluctuations, with frequency
~90kHz and rms amplitude 2.0 = 1.7 G, are directly meas-
ured by Faraday-effect polarimetry in the Madison Symmetric
Torus (MST) RFP.'° Along with magnetic fluctuations, simul-
taneously measured density fluctuations exhibit a dynamically
evolving and asymmetric spatial structure that peaks near the
core where fast ions reside and shifts outward along the major
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radius as the instability evolves. Furthermore, measurements
reveal strong nonlinear three-wave coupling among multiple
modes that correlate with enhanced fast-ion transport.

The experiments are conducted in MST.,’ a toroidal de-
vice with major radius Ry =1.5m and minor radius
a = 0.5m. All data are collected in standard (multiple helic-
ity) deuterium RFP plasmas with toroidal current 300 kA,
line-averaged electron density 0.7 x 10'° m~3, core electron
temperature ~260eV, and edge safety factor ¢, =0. A
1 MW hydrogen beam at 25keV is injected tangentially in
the direction of the plasma current. TRANSP modeling''
predicts a centrally peaked (within =0.1 m of the magnetic
axis) fast ion density profile with the core fast-ion fi; ~ 7%,
exceeding the core thermal plasma f; ~ 2%.

The primary internal fluctuation diagnostic is an interfer-
ometry-polarimetry system, which measures line-integrated
density and Faraday effect, including both equilibrium and
fluctuating quantities.'? This laser-based system, at the wave-
length 4o = 432 um, consists of 11 vertically viewing chords
(separation ~8 cm) covering most of the plasma cross sec-
tion and located toroidally ~160° from the neutral beam in-
jector. The measured Faraday effect (V) is given by
Y= chneBzdz, where ¢ = 2.62 x 10_13/13, n, is the elec-
tron density, B. is the magnetic field parallel to the beam,
and z is the plasma path length along the probe beam, all in
MKS units. Along the same chord, interferometry and collec-
tive far-forward scattering from electron density fluctuations
(n,) are simultaneously observed. Fluctuation wavenumbers
are resolved by using poloidally and toroidally distributed
external magnetic (Mirnov) coils.

Evidence for energetic-particle-driven instabilities is
shown in Fig. 1(a), by comparing far-forward scattering
measurements for discharges with and without NBI for the
chord at R — Ry = —0.02m. A coherent mode at ~90kHz is
only observed in NBI-heated plasmas, indicating a fast-ion
driving mechanism. This coherent mode is barely visible on
the edge chords (R — Ro| > 0.28 m), suggesting a core-
localized structure. The lower-frequency (<30 kHz) fluctua-
tion peak corresponds to a tearing mode whose frequency is

© 2013 American Institute of Physics
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upshifted from 15 kHz to 28 kHz in plasmas with NBI. In
addition, broadband fluctuations up to 300kHz, with fre-
quencies also upshifted during NBI, appear on the scattering
signal. The frequency upshift results from the external torque
induced by the co-injected NBI acting to increase the core
toroidal flow from 28 km/s to 45km/s, thereby Doppler-
shifting the frequency of measured fluctuations.

The NBI-driven mode at ~90kHz is also detected by the
external magnetic coils.” The mode is bursty and rotates in
the beam injection direction with the toroidal mode number
n =25 and the poloidal number m = 1. The measured fre-
quency linearly depends on the beam-ion velocity while
remaining significantly below the predicted toroidal Alfvén
eigenmode (TAE) gap.’ These features resemble those of the
energetic particle mode (EPM) in tokamaks.'® To extract its
temporal evolution, a bandpass filter from 60 to 120kHz is
employed. The time trace of an n = 5 burst is shown in Fig.
1(b), where t = Oms corresponds to the peak of the mode.
Each n =5 burst has a duration ~0.06 ms, corresponding to
~160 Alfvén times a/v4, where v, is the Alfven velocity at
the plasma core. The peak of the n = 5 mode provides a time
marker to combine many similar bursts for the purpose of en-
semble analysis. Except for Fig. 1(b), all results presented in
this letter are obtained after ensembling over 1000 similar
bursts. The n = 5 density fluctuation is extracted by correlat-
ing the interferometry measurement with the spatially Fourier
decomposed fluctuations from the magnetic coil array. Figure
1(c) shows the spectrogram of the n = 5 line-integrated den-
sity fluctuations ([ 7i.dz) at R — Ry = —0.02m. A mode at
90kHz with the duration ~0.06 ms is clearly visible, consist-
ent with the far forward scattering and external coil
measurements.

Multi-chord interferometry reveals the spatial structure of
density fluctuations. As shown in Fig. 2(a), the n = 5 density
fluctuation, obtained after bandpass filtering and averaging
from —0.1 to 0.1 ms, peaks in the plasma core where the fast
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FIG. 1. (a) Frequency spectra of far-forward scattering at R — Ry = —0.02m;
(b) a single n = 5 burst from the Mirnov coils; (c) spectrogram of n =5 inter-
ferometry measurements at R — Ry = —0.02m.
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ions reside. This structure is very different from that of the
global tearing mode which peaks near the plasma edge where
the equilibrium density gradient is maximum.'* From the
peak of [71.dz at R — Ry ~ —0.02m, the estimated density
fluctuation level ([ 71.dz/ [ neodz where ny is the equilibrium
electron density) is ~0.4%, comparable to tokamak observa-
tions.'” There is also a strong inboard and outboard asymme-
try (peaking on the inboard side), resembling that of an
antiballooning density fluctuation observed on tokamaks.'®
Internal radial magnetic fluctuations driven by fast
ions are also measured for the first time by the Faraday-
effect polarimetry technique. Faraday-effect fluctuations
(‘I‘ ‘I’n—i-‘P ) contain contributions from both density
fluctuation (‘I‘n —chn B.odz) and magnetic fluctuation
(‘I’h —Cpfneob dz), where B,y and b are the equilibrium and
fluctuating magnetic field along the probe beam, respectively.
As shown in Fig. 2(c), similar to the interferometry measure-
ments, the profile of Faraday-effect fluctuations also peaks in
the plasma interior and is asymmetric across the magnetic
axis. A line-averaged magnetic fluctuation amplitude,
b.=V¥ 5./ (cr [ neodz), can be extracted by combining interfer-
ometry and polarimetry measurements and properly subtract-
ing ‘:Pﬁ from V. For the central chord, Z;Z is dominated by
radial magnetic fluctuations (b,) from the plasma core due to
both the magnetic geometry and the equilibrium density
weighting For the chord at R—Rp=0.06m,
¥~ (4+3)x 103 deg, much larger than P; ~0.3 x 10> deg,
giving the magnetic fluctuation amplitude by~b.~2.0%1.7G
or b,/Bo~(7%5)x10"* near the plasma center. Similar
analysis for the chord at R—Ry=—0.02m leads to by~b.
~2.5*1.5G. For the edge chord at R—Ry=-—0.32m,
¥~ (6+3)x 103 deg and ¥; <2.5x 10> deg, allowing us to
estimate a lower bound of b.>0.6G, roughly consistent with
by~0.6G at r~0.5m from the external coils. The edge mag-
netic fluctuation is approximately four times less than the core
radial magnetic fluctuation as expected for the core-localized
fast-ion drive. Radial magnetic fluctuations also exhibit some
asymmetry across the magnetic axis, consistent with the
asymmetric density fluctuations, implying a correlation
between them. One possible explanation for an asymmetric
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FIG. 2. Profile of (a) rms amplitude and (b) phase of line-integrated density
fluctuations, and (c) rms amplitude of Faraday-effect fluctuations for the n =
5 mode.

Downloaded 22 Apr 2013 to 128.104.166.218. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://pop.aip.org/about/rights_and_permissions



030701-3 Lin et al.
fluctuation profile is an asymmetric fast-ion density distribu-
tion leading to an asymmetric drive.

Further quantitative analysis indicates that the observed
density fluctuations can arise from magnetic fluctuations.
Measurements also suggest that 71, is dominated by compres-
sion in the core while significant 7, results from advection to-
ward the edge. This can be established using the electron
continuity equation, where 7, arising from the magnetic field
line displacement (&) is written as 7, =—n,V-&—&- V.
The first term is related to compression and the second to
advection.'* The measured fﬁgdz peaks at R—Ry=—0.02m,
where n, is rather flat and its gradient is small,
Oney/Or <2x 10" m~*. In order to balance the observed den-
sity fluctuation level ~0.4% at r~0.07m with radial com-
pression (—n,0V-&~—2n,¢&,/r, where OE./Or~¢&. /r is
assumed), a radial displacement &, ~ 1.5 x 10~*m is required.
Under the ideal MHD assumption, this yields b,
~(B-V)é.~1.6G, a value that is roughly consistent with
b,~25+15G from Faraday-effect —measurements.
However, in order to account for 72, solely by advection
(—=&:0ne/0r), &E.>14x10°m is necessary, requiring
b,>14G. This is well above the direct Faraday-effect meas-
urements. Toward the plasma edge, the contribution from
advection is expected to increase due to the increasing
Oneo/Or. The estimated density fluctuation level at 7 ~0.38m
is ~0.2% from Fig. 2(a). Balancing 71, with —&.0n.o/0r
leads to &,~1.0x107*m and subsequently 1;9/39 ~
—&,.(0By/0r) /By~2x 10~ near the edge, where By and by
are equilibrium and fluctuating poloidal magnetic field,
respectively. This value is comparable to by /By~4x107* at
r~0.5m from the external coil measurements, indicating that
7, arises largely from advection near the plasma edge.

The phase profile of density fluctuations also supports
that the dominant origin of 72, switches from compression in
the core to advection toward the edge. As shown in Fig. 2(b),
the phase of [ 71.dl exhibits 7 shift across the magnetic axis
(R — Ry ~ 0.05m), consistent with the m = 1 feature deter-
mined from the edge coil measurements. An additional ©
shift occurs ~0.25m away from the magnetic axis, which
can be explained by the increasing contribution from advec-
tion (—&,.0n.0/0r) towards the edge. Since On.o/0r < 0, the
sign of —¢&.0n./0r is opposite to —n,V -& under the
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assumption that ¢, retains the same sign across the minor
radius.

In addition to the n =5 mode at 90kHz, two other
modes are also observed during NBI: an n =4 mode at
150kHz and an n = —1 mode at 65kHz. The temporal and
spatial evolution of density fluctuations associated with these
modes is shown in Fig. 3. The peak of the n = 4 density fluc-
tuation [Fig. 3(c)] is ~10% of that of the n = 5 density fluc-
tuation and also occurs ~0.03 ms later in time. In addition,
the structure of the n = 4 density fluctuation peaks further
outboard than that of the n = 5 density fluctuations. Previous
work established that the frequency of the n =4 mode
exhibits an Alfvénic scaling.’ The n = —1 density fluctua-
tion [Fig. 3(b)] peaks even further outboard and occurs when
both the n = 4 and n = 5 modes are large.

Both the toroidal mode numbers and frequencies of the
n=>5,n=4, n=—1 modes satisfy the three-wave match-
ing condition: f,—s = f,—4 —f,——1. Figure 4(a) shows the
temporal evolution of edge poloidal magnetic fluctuations
for the three modes, where the » = 5 mode not only has a
larger amplitude than the n = 4 and n = —1 modes but also
occurs earlier in time, consistent with the core density fluctu-
ation measurements. Significant bicoherence is measured
near the peak of the n = 5 mode, as shown in Fig. 4(b), indi-
cating strong nonlinear three-wave coupling.!” One possible
explanation is that the » = 5 mode causes fast-ion transport
as it grows, which leads to saturation and depletion of the
n =5 mode as exhibited by its bursty nature [Fig. 1(c)]. In
this process, the fast ions are scattered out of resonance
and displaced outward, triggering the n = 4 mode, while the
n = —1 mode may be nonlinearly energized through the
interaction between the n = 5 and n = 4 modes. The associ-
ated energy redistribution among multiple modes may play
an important role in the mode saturation. Similar processes
have been demonstrated in the numerical simulation of burst-
ing Alfvén instabilities in tokamaks.'®

Significant fast-ion transport during the NBI-driven
modes is revealed through two methods. The first monitors
the fast-ion distribution function using a high-energy (up to
45keV) neutral particle analyzer (NPA),' which measures
the product of fast ions exchanging charge with background
neutrals. In this experiment, the NPA view is tangential and

FIG. 3. Temporal evolution of line-integrated den-
sity fluctuation profiles associated with the (a)
n=2>5,()n=4,and (c) n = —1 modes.
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FIG. 4. Temporal evolution of (a) rms amplitudes of edge magnetic fluctua-
tions for the n =15, n=4, and n = —1 modes; (b) their bicoherence;
(c) neutral particle analyzer (NPA) signal; and (d) rms amplitude of the n =
5 tearing mode, where the horizontal dashed line denotes its rms amplitude
in non-NBI plasmas.

sensitive to circulating ions. As shown in Fig. 4(c), the NPA
signal at 22 keV (near the beam energy at 25 keV) decreases
by ~14% following the NBI-driven bursts, while no signifi-
cant change of background neutrals is detected, indicating
beam-ion loss or redistribution. The second method is less
direct and involves the temporal dynamics of the global tear-
ing mode. NBI has been observed to reduce the amplitude of
the innermost-resonant tearing mode by up to 50%, as shown
in Fig. 4(d) for the n = 5 tearing mode. However, the tearing
mode amplitude increases when the NBI-driven mode peaks;
hence, the suppression from NBI decreases, consistent with
fast ion loss/redistribution. Interestingly, fast-ion transport
occurs when the nonlinear coupling among multiple NBI-
driven modes reaches maximum, indicating a correlation
between fast-ion redistribution and nonlinear three-wave
interactions.

In summary, core magnetic fluctuations of energetic-
particle-driven instabilities are directly measured in a RFP

plasma with relative fluctuation level b, /By~ (7+5) x 10~%,
The structure of associated density fluctuations dynamically
evolves and shifts outward along the major radius as the
dominant mode transits from the stronger n=>5 to the weaker
n=4 mode. During this process, nonlinear three-wave
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interactions occur along with enhanced fast-ion transport,
suggesting their important role in the mode transition and
saturation.

The authors wish to thank the MST group for their sup-
port and contributions to this research. This work is sup-
ported by U.S. Department of Energy.
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