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Study of turbulence in a reversed field pinch plasma by

microwave imaging reflectometry
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The physics of turbulence is a key to understand the plasma confinement. In the reversed-field pinch (RFP)
plasma, turbulence plays an important role to sustain the RFP configuration. However, the experimental
study of the turbulence is not sufficient especially around the field reversal surface in the case of RFP plasma.
Microwave imaging reflectometry (MIR) is expected to be a powerful tool for the turbulence measurement,
because it provides the direct view of the 2D/3D image of the turbulence near the cutoff surface deeply into
plasma. However, the turbulence study by using MIR has not been reported yet. This work presents the
turbulence measurement around the reversal field surface in a Jarge RFP device TPE-RX by using MIR.

In RFP, the reversed toroidal field in the edge region is sustained by the dynamo, which is driven by
nstabilities and turbulence. RFP also has an MHD turbulence suppression technique: the pulsed poloidal
current drive (PPCD) operation. The MHD dynamo theory predicts that the fluctuations in the flow (¥ ) and

the magnetic field (B) form the equilibrium electromotive force (EMF) < 7 x B >, where | | denotes
parallel to the magnetic field (it is poloidal at the reversal surface). Without PPCD operation, the ohm's law is
written as 7J; =< ¥xB >, - The dynamo < ¥xB >, can drive the poloidal current, which generates
the reversed toroidal field. The PPCD operation generates the external electric field £ 1. In this case, the chm's
law iswrittenas 72/, = E,+ <V x B > - The poloidal current is directly driven by Z1| without the help of

- the dynamo. As a result, the fluctuations in the PPCD plasma may be suppressed. So far various candidates
for the RFP turbulence have been discussed: tearing instabilities, interchange instabilities and drift wave
turbulence. Nevertheless, a definitive explanation still lacks. Therefore, comparison the turbulence around
the field reversal surface between plasmas with PPCD and without PPCD may clarify the turbulence physics
inthe RFP plasma.

MIR is one of the new diagnostics to measure the 2D/3D density fluctuations. It is based on the microwave
reflection at the density-dependent cutoff surface. MIR signal can be written as Ae', where A is the
amplitude and ¢ is the phase. The amplitude 4 is measured by a diode detector. The phase is measured
by a quadrature (IQ) detector, as ¢ = arctan(Q /), where = cos¢, and Q =sing. In order to
mvestigate the principles of MIR measurement, comparison between the simulation and a laboratory test of

the MIR system has been carried out. The numerical model based on the Huygens-Fresnel equation is used
to simulate the MIR signal. In this test, we found that ¢ corresponds to the displacement of the cutoff



surface in the radial direction, and A4 corresponds to the reflection power, which is modulated by the shape
of the cutoff surface. From the simulation and laboratory test, MIR is valid with the condition k/7L/D<Ito
measure the motion of the cutoff surface. Here Dis the diameter of the optical lens. Lis the distance between
the cutoff surface and the optical lens. & and /7 are the perpendicular wavenumber and the radial
displacement of the fluctuation, respectively. The measured fluctuations in TPE-RX plasmas mainly
distribute in the range of 4k/7/)<0.8 which suggests the present MIR system can make a clear image of the
cutoff surface in plasma.

TPE-RX is one of the world largest RFP devices, which was built in National Institute of Advanced
Industrial Science and Technology (AIST), Tsukuba, Japan, and it has the major and the minor radii of
F=1.72m and #0.45m, respectively. All discharges in this work have the plasma density in the range of
(0.5~1.0x10®m3 and the plasma current in the range of 200~300 kA. In order to measure the density
fluctuations around the reversal surface (74=0.7~0.9) in TPE-RX, we have developed a MIR system with the
microwave frequency of 20 GHz (O-mode, the cutoff density is 0.5%10¥m3) and a 4 x 4 Yagi-Uda antenna
array. In this system, the spatial resolution is 3.7 cm and the temporal resolution is 10s.

Analysis techniques, which have been developed to study the turbulence in this work, are as fllows: (1)
the cross correlation, ) the wavelet, (3) the maximum entropy method (MEM), @ the fluctuation
distributions (skewness and kurtosis), and (5) the bicoherence. The skewness and kurtosis are used to
quantify the distribution of the fluctuations. By using wavelet analysis, the shortlived turbulent structures
can be observed. The wavelet bicoherence is used to quantify the nonlinear interaction. The maximum
entropy method (MEM) is useful to estimate the high resohution 2D kspectrum.

The observed features of the RFP turbulence around the field reversal surface in this work are as follows:

(])Intheiowkandthebwﬁequencyranges,thel\d]Rsignalhasa}ﬁghconelaﬁonwithﬂiemagneﬁc
fluctuations. Without PPCD operation, the m=0 tearing modes (may be dynamo) are dominant. On the other
hand, the m=1 tearing modes are dominant in the PPCD plasma.

(2) In the high k and the high frequency ranges, MIR signal has a high correlation with the electrostatic
fluctuations measured by the Langmuir probe. The & spectrum is broad and is shifted in the electron drift
direction in the plasma without PPCD. The high nonlinear coupling between the high Amodes and the low &
modes is observed. While in the PPCD plasma, the high k mode has not been observed.



(3) The intermittency is increased as the reversal parameter | F] is increased in the case of without PPCD.
(Note: the reversal parameter 7= B{a)<B¢> can be used to identify the strength of the dynamo as the
reversed toroidal field B{a) is mainly sustained by the dynamo. The deep F plasma corresponds to the strong
dynamo) The intermittency corresponds to the bursts of the negative spikes in MIR signal, which has a
small-scale structure with high fluctuation amplitude. In the PPCD plasma, the intermittency is not observed
and the confinement is improved as the soft-X-ray is increased by the factor of 100.

The fluctuations around the field reversal surface are probably caused by the resistive interchange
instabilities, because the high frequency fluctuations have the features of electrostatic turbulence, while the
low frequency fluctuations are dominated by the low ktearing modes. The high nonlinear coupling between
the high & modes and the low & modes in the plasma without PPCD suggests that the dynamo and the
electrostaticlike turbulence are correlated. The high intermittency at deep F'plasma is expected to be partly
driven by the nonlinear interaction between electrostaticlike turbulence. Simulation of MIR, signal suggests
that the intermittency in MIR signal is caused by the blob structure, which scatters the reflected wave and
leads to the rapid decrease of the reflected power (negative spike). This enhances the transport and decreases
the confinement.

In conclusion, this work is the first demonstration of MIR as the turbulence diagnostics. This is the fi
rstobservaﬁonofmemxbu]enceamundﬂwﬁeldrevemlsuﬂénemmp]asmaﬂﬁsworkdemonsuat
es how the dynamo and intermittent structures cause bad confinement.
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EE, 77 XNEORFTETREHEIREE LT~A 7 ulff 2 —Y 0 K3 (MIR)
BEBEINTWS, ZHE~A 7 a2 77 A< IBHL, 75 X~Dh vy NA 7RI
LFOVEHTH YA 7 ulE 2Rk TREBEICEET S 2 L CTRNEORE (ThbbiE
BE) 2BHTHb0OTHD, M, YEKGY T (RFP) EMIXELKZEERE L T2
FATEPDRICLVERSNTVBELEZLNTVA bbb LT, %, 75 XvKH
BOERFRIR+0Th o, AR, 2%T MIR BEFHEOBREEZTY, =
NERWTHFHZEARED RFP E& TPE-RX (EEEFRAER) BV TEIEAIZ1T
2V, BEFKEELE COERRBOEBIIHKALE LOTH S,

LT, BUDITTIATOIy bATVEOEL ER2EETAIRROSBRNE
NoD<A 7 aEREF%., EETOYI2L—Ya TR MRUFTOEREL,
B3 A2 Lz b, MIR HEIEE L 28 DR BREIC LTWS, ELMITRERMNIC 2
BEICbEVEOERAEDE TH A LDBEE D 7 — ) B CHABENRT+5TH B 2
EDb, Tx—T Ly MEF, A X7 MDAEN, BRTY Frb— (MEM), #E
(Skewness/Kurtosis) 772 & OEFT — & fiEMTEE% MIR EBMATICER D AL TV 3,
LI, RIBES A LAHEE ¢ LEBEFRES Aexp(o)E LTE LD THENTIZLDOE
EMERTRLEI LI MIR R EEAREETH B,

TPE-RX TSR D -V AR A #VEFREE) (PPCD) 2L WEHRE A FE%)
R L CREBEGEMEZ#ERTE S, PPCD 2FALRVWEALEEKEL TS A<~DEL
RODBBIFNCHEL, B X BEBIL 2HU BT 5, % 2 TR TIIIMERA R BLATHE
FOFEN RFP OEBRBEBICED LI REEEEXINEHLLCTBDIC, 20GHz
? MIR 3l & ERROBITFEREFEL, 5T T A<M TRE L - HERECRIEE
BT — & L BT EIT Y L CHRERERIFE TOERRSE 2T/ TN 5,

TDFER, PPCDHVEL Tk MIR EEHRIBIXE D b2V, FEIDT— FEEER2
SERDZENFRENT, PPCD &L ¢ RFP EE&H T, HEERShABRAMESNE
ATEICEETDZE, ZELTHRE MIR ERERER L EREE T RO LBEEDOH & H
LERARICHIGT D Z L2 R Uz, EiZ, B (200—400kHz) - B (heag F e
— N n~70) OHENARRENENFT A T2 BT 5 EEH - K% MHD 8 & 3%
WHEBREREEEB I T L bUD TR L, Zhick L PPCD BT 4 A TEbHE
BARLZEELIE Sh, BUADEERERSALTWVWS,

INHORREIE, MIR FHASELRERELE LTBOD TERATHEZ L2 WD TEEL,
ZNEHAWTRFP 77 AR DS KEEAE COELRBELBRE L, REBSEENL
DB LA OBBREHEIC L b O TH D, ARIIT T X~ OELFRZEICE -
RRZEZZFHALLOLELFEMTE B,

LoT, ZEEZESIINOORE L UESB~ORTMOBENSHBT L, FHIHE
XL LTSI D LWERNAEEZH - TWB LR,



