J. Plasma Fusion Res. Vol.102 No.5 (2026) 177-178

1. FLC®HIC

1. Introduction

=IBARRY, BeR 2B
SANPEI Akio and MASAMUNE Sadao
DR TISMMER Y, DRy
(ERE32(F 2025 £ 3 A 22 H)

Wil ¥ > F (Reversed Field Pinch, RFP) [1] & b2 LT, ZORREWNZHIES 272012, RFP B
~ 7 LRk, BREER NSRS X<THD, FELE Fetoe ) U 7= fIEES Y, ST E . LR KE A X
D b a4 XVESENEHRINEIE ST 2 KEREELD 5. JLVEERE) (Pulsed Poloidal Current Drive, PPCD) I X

RFP 1%, 7o X<~ OBRBPBIIMRE FAT TN ES 5 BIRTAHIE [8] %, Y Fova 4 i &k 2GRS
BUMLIcEBAE K, WHW B Taylor EMDFEI T % HOAM HlfE (9] 72 EBRER B TH B, 50 £ EICE % RFP
WLTS X< LTHOERTH S [2. E6iC, TIRX<E W DRERDHT, BcZEBEOBTLD 7253, BEK

I, ZEREETNE, REDOMm =177V V7 E— B OEBREBIZ s RICBEONTWS. FE, Z05H0D
ROSEEANC AR L, B b — 2 ROHICA Y B LVET RFX-mod T M A~ 7@ AIREL T2 7 v 7L — KA
L7797 A BHAEMER SN 2 HKPRER I N (3. fibhiz 10]. ZHAC &Y, RFP THE X WHIMHFE

iz %, MHD (Magnetohydrodynamics, B RETRAASI) T ZZOEE M ZICHEA LT, MHD GEEIHIEORR %
LEMEOHAEHOERE LT, RFP B OMRD =9 Rz epulgrkolz. 77 XAHUADMERDIEE
WRAEREE N AFRINET 2 X4 FENR 4], V THERN—XHEHIE 17 X~EH) © THEHEH) OkT
AX 7T avREBZBIR IR —0FESERY, K RxN3P, ERofIEFEC XD RLEEZIHT 2
- T 77 X< Ao 3 B CMHB ORI R 2 HEER e TR—HOM LI NS, DLED XS Bl
ETBHITE S, X4 FIv I/ THRKEDEWT 7 A< T M5, RFP a3 2 =7 ¢ ZEERZR b2~ 2 H5EHE &
5. NIRRT R T 2128 > TW5 [11]. 2021 i,

A/NFHEDREIDLE B 5 72 2024 F:1%, Taylor O 1990 FEALUE DK DR AR S NT L B 2 — A
SRR [2] 206 50 FFic¥ /25, RFP MZEEAI 0% HWREhTED, Z ZHTHED RFP HEDERED NI X
e ZDFEIZ, SR B I L SBRRBAT WS, Bl nTw3 1.

BT ADOBE,BE, RFPIZa Y%7 N TAR—X{H RFP 2o A REEOFTLHFL LTE, 1999 FL L a2 —
DEWEFEACADHRD—2 L TR IR T E . B TS Y v F 75 X< 2B 2 UADIFEOTIR
RFP Ti& Kruskal-Shafranov BR5 [6,7] 282 T 7 X< LB UIADHIWET— K [12], 2000 FMEHIH DY#G e >~

BRERE L7720, F— 3 v 7RI THORKERE FITBT SEEEOBUIR E RIVKEE) [13], 2008 4
THEATE 2 L DIITFD D o 72h3, Hidhd X 5 72 H CAHM NRHEECE TITER RSB 2 R DHEHHIEA UiA D)
P HIR S 2 M 4 ORNLENE CiAdMERE DA 2 fHE REFFEDH D J7) [14], 2011 FFDREERAHS AR D 7

Kyoto Institute of Technology, Kyoto 606-8585, Japan
corresponding author’s e-mail: sanpei@kit.ac.jp

©2026 The Japan Society of Plasma
177 Science and Nuclear Fusion Research



Journal of Plasma and Fusion Research Vol.102 No.5 May 2026

Yzl L a— 15| REDDH L. ¥RFEDORMETH 5
MR ATZT) ISRk RFLSH [16,17) Do/ Z 2 % TTF
MomEdEoh bR, sy, ZRERYIDO
DFHPE - MNFERICBWT—HEZH S BTl RiFshTwn
DT, ESBEDHE Z Y- ickiuI e Buv, 5l
AL THL [18-23]. Fi, BHREZELNLFEEKICIE
BRUERFEDMR - FHEFLE [24-26) B BB EHEITRKR BT
HA5.

ANRETIE, PGS Y Y FER =6 L72d D)

HAZ. BEHEROBERPHATEOBICLNUIEVT
H5.

% 2 E The RFX-mod2 experiment] Tl&, 4 XV 7
RFX a2 ¥ Y —¥ 7 LA DORHZEE RFX-mod IZDWT/RT.
FAE RFX-mod B TIE~=> D7 vy X7 L — FaEd 5
NTED, RFX-mod2 EHfFIFHNATWVWS. HAERKD
RFP HETH D, WHICHBEINERBER it ah
7274 —=FXNv Z70%RICKD, 77 XERIE2 MAIZ
HET 3. (L. Marrelli)

EIETEANY A LATEHICET 2T I 21—
Y a YORFOHREETRT. NUALa T OREERE
FANCEZE L5, flux pumping H L I EHASK
EEboTWa e Ebis. AETIX, JEHE MHD &
Tal—va iZiaNUBpLaTEREEERRT 3.
(A

H4E]E K7 A7 ML RFP IR OER) TlE, #HS
TEBHERY DO RELAX ZHE DR ZRT. RFP 2K7
AR M TEZickD, reA ZAMRICEE T —
bR LTy FERPELMKR S 7 — DA, arcol
FEEIRARRIEINC X 3 MHD &— F OIEGEH R RR
WA A R DR, ~) IVELAL D EBRIREME DN, 72
EHRFRENTNG [27]. ZOEBRNBRILED20, A =
2 @ RFP & RELAX 2V X 17z, RELAX ZEEDHE
BB SBOBEICOVWTHET 2. (ZH)

F5 BTG LY Y F 77 X< 2B 2 MHENELTRIC
OWTHET 2. KEY 4 Rary yRET 4 Y R
% MST (Madison Symmetric Torus) 2E#E (K¥E R
= 1.5m, P¥E 1 a=050m) EZ7RARZMEA=3D
=T REETHH, K600 kA DT 7 XA<EIREMT
Ze N TES. Highd PPCD & MST TR XN /zd DT
HY, PPCD I & > TRENENT: RFP 75 X< T3,

178

N h 7 RFEEAY HATIEEE Y FEREIC Y 7 MR
KXNZWHEANELIRDE - M FEHRICKELFET 5.
PPCD %2EIL 7z RFP 75 A~%f\W5 Z & TREAHD
RS 7 — IS B 2 MBIELTROIR 2 W2 iH55 T %
TEMTES, U4 Rayy Y R¥ED MST RFP IZBW
THEDHNTE RFP 77 X~HOMMBAELRICE T 3
e EFAM 5 5. (FHiE, M.J. Pueschel, /|NE)

FEET IFrd ITXT, 5D RFP 77 X~<if
ZENDHIRE - B I2OoWTEL D 5. (B, =)

2 £ X ®
] L. Marrelli et al., Nucl. Fusion 61, 023001 (2021).
] J.B. Taylor, Phys. Rev. Lett. 33, 1139 (1974).
] R. Lorenzini et al., Nat. Phys. 5, 570 (2009).
] J. Sarff et al, Proc. 10th IEA Int. RFP Workshop
(2004).
H.A.B. Bodin and A.A. Newton, Nucl. Fusion 20, 1255
(1980).
M.D. Kruskal et al., Phys. Fluids 1, 421 (1958).
V.D. Shafranov, Sov. Phys., JETP 6, 545 (1958).
J.S. Sarff et al., Phys. Rev. Lett. 78, 62 (1997).
P.R. Brunsell et al., Phys. Rev. Lett. 93, 225001 (2004).
0] M. Zuin et al., Nucl. Fusion 57 102012 (2017).
P. Martin fil : 75 X< - RIS 84, 781 (2008)
FEH— L L T X~ - KEEHREE 75, 614 (1999).
BRES, \KEZ : 79 X~ - BBl&¥25E 16, 1217
(2000).
BURET M © 75 X~ - KRG FREE 84, 750 (2008).
FEH— L L T X~ - KElEH R 87, 382 (2011).
I, NI KRGS, 65, 601 (1991).
BURES, FEE— . BRI, 68, 268 (1992).
BURHET | 77 X7 - BElEYRE 75, 1390 (1999).
BURET | 77 A7 - BAEYRE 19, 152 (2003).
JKEEZ @ 75 X< - MREFREE 79, 1130 (2003)
SRR M 0 T 7 X< - MELESEREE 86 481 (2010).
HABE, ZHAmEK 1 79 X< - Rl G REE 87 449
(2011).
S hthAT,
(2012).
FEFE— © E¥am A 118, 97 (1998).
JKBEZ @ B A 123, 605 (2003).
BeRE S, KHIES | B35 125, 9 (2005).
K. Hayase et al., J. Plasma Fusion Res. 80, 721 (2004).

SHRIET R S X~ - BElE R 88 174



J. Plasma Fusion Res. Vol.102 No.5 (2026) 179-185

° . INFEE s e Y FHRA B RS LD
2. The RFX-Mod2 Experiment
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RFX-mod2 is a further modification of the Reversed Field eXperiment (RFX) following RFX-mod. Differ-
ently from RFX, which was a thick-shell device, RFX-mod and RFX-mod2 are characterized by a thin Copper
shell and a network of 48 x 4 independently fed saddle coils. Plasma-shell distance and the high resistivity of
the Inconel vacuum vessel have been found to be limiting factors for RFX-mod. In RFX-mod2 the RFX vacuum
vessel has been removed and the other components of the vessel complex are modified in order to ensure vacuum
tightness and reduce shell-plasma radii ratio b/a from 1.11 to 1.04. RFX-mod2 will also be equipped with several
improved core and edge diagnostic systems, aimed at exploring new regimes (such as the fast rotating Tearing
Modes regime only observed at very low current in RFX-mod) and at investigating many of the remaining open

issues in RFP research.
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2.1 Introduction

RFX-mod2 is a further modified version of the Reversed
Field eXperiment (RFX) [1], a Reversed Field Pinch [2] de-
vice (R/a = 2.0 m/0.45 m) which operated between 1991
and 1999, and follows RFX-mod [3], which operated be-
tween 2004 and 2015. Differently from RFX, which was a
thick-shell RFP device, RFX-mod and RFX-mod2 belong
to the category of RFP thin-shell devices: they are both
characterized by the same thin Copper shell and a network
of 48 x 4 independently fed saddle coils (Fig. 1).

The high resistivity of the Inconel vacuum vessel and
plasma-shell distance have been found to be limiting fac-
tors for RFX-mod [4]. Tearing Modes are in fact wall
locked since the very beginning of RFX and RFX-mod
discharges [5]. Moreover, even though the RFX-mod ac-
tive control system mitigated the effect of wall locking [6],
the reduction of the edge radial field was limited by the
distance between the plasma and the Copper stabilizing
shell [7].

2.2 Description of the RFX-mod2 Main Compo-
nents

The RFX-mod2 experiments inherits from RFX the power
supplies [8], the plasma system [9] and the axis-symmetric
magnets [10] of RFX, while it shares with RFX-mod its
combination of a passive stabilizing shell and of a real-time
network of independently controlled saddle coils, as origi-
nally conceived by J.D. Lawson [11] and later proposed by
C.M. Bishop [12].

The main substantial difference of RFX-mod2 (Fig. 2 top
panel) with respect to RFX and RFX-mod (Fig. 2 bottom
panel) is the removal of the existing Inconel vacuum ves-
sel and the presence of two poloidal gaps in the passive

Fig. 1 Exploded view of the main components of RFX-mod2. Grey
color: Vacuum Tight Support Structure. Copper color:
Passive Stabilizing Shell. Black color: 72 stiffening rings.
Red color: 48 x 4 active saddle coils. Cyan color: 72 x 8
measurement saddle loops. Blue color: arrays of magnetic
field pick-up coils.

stabilizing shell (PSS) instead of one as in RFX-mod [13].
2.2.1 New Vessel Complex

The RFX-mod2 vessel complex (shown in Fig. 2 top panel)
is schematically composed by three components: the stain-
less steel Vacuum Tight Support Structure (VTSS), the
3mm thick copper Passive Stabilizing Shell (PSS) and the
graphite First Wall (FW). The FW and PSS are held by 72
stiffening rings, made of high performance polymer (Tor-
lon® 5030, polyamide-imide glass-fibre reinforced) acting
as a exoskeleton. As a consequence, the radius of the
plasma increases from 0.459 m to 0.490 m, while the copper
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Fig.2 Comparison between RFX-mod2 (top) and RFX-mod (bot-
tom) components of the vessel complex.

shell radius remains unchanged (0.512 m): subsequently,
the shell-plasma radii ratio b/a decreases from the RFX-
mod value 1.11 to 1.04.

The former RFX-mod ‘Toroidal Support Structure’ has
been transformed into the new ‘Vacuum Tight Support
Structure’ (the RFX-mod2 vacuum vessel) by a) integrat-
ing 150 ports interfaced with existing machine sub-systems
(magnetic windings, diagnostics, pumping and fueling) and
b) implementing 2 vertical and 2 horizontal vacuum-tight
and electrical-insulated joints. In order to ensure vac-
uum tightness of “cross joints”, a combination of high-
performance polymer spacers and fluoroelastomer gaskets
has been developed on a reduced mock-up at the expected
operating conditions (7' < 100 °C, V' < 2.5 kV, leak rates
QL < 1-107% mbarl/s) and successfully tested in the final
components.

Due to the removal of the vacuum vessel, the former
RFX-mod Copper Passive Stabilizing Shell have been mod-
ified in order to a) sustain the first wall, composed by
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Fig. 3 Detail of first wall graphite tiles around an equatorial port.

2016 graphite tiles, and the system of in-vessel magnetic,
electrostatic and thermo-mechanical sensors; b) operate
in vacuum conditions. The latter requirement, together
with the need to impede current induction in the toroidal
direction, implies a risk of arcing among in-vessel com-
ponents in certain operating conditions. This problem is
overcome [14,15] by i) connecting all the graphite tiles
with a network of controlled resistivity connections, while
keeping them isolated from the copper shell; ii) completely
insulating with an alumina coating the internal and exter-
nal surface of the PSS; iii) implementing two overlapped
gaps in the toroidal direction.

A complete refurbishment of the first wall was conceived
for RFX-mod2 [16] to meet the wider dimensions of the
surface exposed to the plasma and to mitigate the ef-
fects of plasma-wall interaction experienced with RFX-
mod. A different design has been implemented in or-
der to avoid exposure of sharp edges to plasma (Fig. 3)
and a higher thermal conductivity graphite (up to about
165 W-m™! . K™1), compared to RFX-mod has been cho-
sen, with a comparable mechanical strength.

2.2.2 Upgraded Auxiliary Systems

In order to recover good wall conditions after a vacuum
break in RFX, the procedure consisted in a baking up
to 350 °C of the vacuum vessel together with Glow Dis-
charge Cleaning (GDC) starting in Ho first and afterwards
in He. This allowed to minimize impurities and hydrogen
trapped into carbon tiles, respectively. In RFX-mod bak-
ing sessions at lower temperature (180 °C) were performed,
due to the thermal limits set by sensors located inside the
vacuum vessel. On the contrary, a baking system is not
foreseen in RFX-mod2, due to lack of space between the
PSS and the VTSS and to the impossibility to apply in-
duction methods, due to poloidal and toroidal gaps in the
conducting structures. Therefore, the necessary heating of
the RFX-mod2 first wall will be plasma driven, exploiting
the Pulse Discharge Cleaning (PDC) technique, as fore-
seen in RFX [8] but never applied. The GDC plant which
equipped RFX and RFX-mod, based on two RF capable
electrodes mounted on long stroke manipulators, will be
used for performing boronization. In addition to that, a
new system composed by eight additional fixed electrodes
has been procured, aimed at short duration and more uni-
form [17] inter-shot glow discharge cleaning.

The RFX-mod Toroidal System was designed to operate
reliably and with flexibility but turned out to be not suffi-
ciently precise in the shallow reversal parameter F' plasma
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Table1 RFX-mod2 magnetic measurements.

Sensors n. toroidal x n. poloidal
single axis pick-ups B 71 x 8

Saddle coils B, 48 x 8
three-axial pick-ups By, By, Br (64+6) x 14
poloidal flux loops 1x8

toroidal flux loops 12 x1

halo current sensors 1x12

Table 2 RFX-mod2 electrostatic measurements.

Sensors n. toroidal x n. poloidal
single-pin probe V7 toroidal arrays 71 x 2
single-pin probe V poloidal arrays 1 x 36
triple balanced probes poloidal arrays 2x17
ball-pen probes [26] 1x28

operations, the ones in which Quasi Single Helicity (QSH)
regimes occur more often. At shallow F, in fact, the in-
verters are normally required to deliver no more than a
few hundred amperes during the reverse phase, leading to
imbalances between the currents of the toroidal winding
sectors [18], eventually injecting an m = 0, n = 1 er-
ror field spoiling plasma performances. An upgrade of the
Toroidal Field system is being implemented to completely
remove this source of error.

2.2.3 Enhanced Diagnostics Capabilities

While existing RFX-mod diagnostic systems access to the
machine through the new 150 ports, all the magnetic, elec-
trostatic probes and thermocouples have been re-designed
in order to fit them inside the new vacuum vessel. A total
of approximately 1000 electric and magnetic transducers
are distributed on the PSS internal surface either embed-
ded in the new first wall or located in the narrow clearance
between graphite tiles and shell. The signal bandwidth of
magnetic field pick-up coils is increased to 250 kHz, com-
pared to 1 kHz of RFX-mod [19].

The local sensors for MHD pertur-
bation are organized in three basic set (Table1). The
first two are aimed at improving full toroidal 3D recon-

Magnetic Sensors

struction [20]: they will allow the detection of magnetic
field perturbations in the toroidal Fourier spectrum up to
n = 36 and in the poloidal spectrum with m = 0, +1, +2
in the RFP configuration. The third set has been de-
signed with a focus on the tokamak and ultra low-q op-
eration [21,22], and is organized in a poloidally staggered
configuration. Additionally, a set of two poloidal arrays
of 12 halo current sensors [23] are mounted on a complete
poloidal array of first wall tiles, along with two-axis pick-
up coils mounted on the outer side of the shell to measure
induced currents.

RFX-mod2 first wall will be
equipped with poloidal and toroidal arrays of electrostatic

FElectrostatic Sensors

probes [24], measuring plasma density and temperature,
plasma potential, particle and energy fluxes and floating
potential fluctuations [25] (Table 2).

Reciprocating Insertable Probes A Fast Reciprocating
Manipulator (FaRM) for probes to be radially inserted
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from the bottom side of the machine has been procured.
It will allow to explore the edge region in a wide range
of plasma conditions including the high plasma current
(2MA) RFP regime, which was not accessible to the in-
sertable probes in RFX-mod due to excessive thermal
loads. The manipulator will combine a 1500 mm slow
transition and a 100 mm fast stroke (50 ms insertion time,
50-100 ms stationary time) by means of a pneumatic pis-
ton with 2 electric valves.

High Frequency Magnetic Probes Characterization of
RFP MHD turbulence will be allowed by High frequency
magnetic probes and Ion cyclotron emission diagnos-
tics. Three sets of 9 small three-axis high frequency (up
to 10MHz) magnetic coils will be installed in different
poloidal and toroidal diagnostic accesses in RFX-mod2
aiming at detecting Micro-Tearing Modes, due to high edge
pressure gradients and Alfven eigenmodes, predicted to be
destabilized during reconnection phenomena. Additional
single loop antennas will be installed to measure ion cy-
clotron emission harmonics for the investigation of fast
ions behaviour and confinement and for whistler wave de-
tection. Finally, a partial array of 2 x 11 and a poloidal
array of 1 x 14 high frequency probes (2.5 MHz instead
of 250 kHz) will be installed behind the graphite tiles,
aimed at measuring the fluctuations of the poloidal mag-
netic field.

Reflectometric Measurements
edge density profiles in RFP RFX-mod2 plasmas will be

A characterization of the

performed by means of a significant modification of the
present ultra-fast reflectometer. An O-mode, multi band
(K, Ka and U) reflectometric system driven by an up-
graded control circuit will replace the outdated diagnostic
components, aiming at reconstruct the edge density profile
with a high time resolution (5-10 us). In parallel, a plasma
position reflectometer, composed by four ultrafast K band
units (18-26 GHz) installed at the same toroidal section,
will be used to measure plasma position for RFX-mod2
tokamak plasmas, based on an innovative technique, also
proposed for DEMO.

Double Filter Soft X-Ray Tomography and Thomson
Scattering A high repetition rate Thomson scattering
system (1 kHz in burst mode) and an increased spatial
resolution Soft X-ray diagnostic implementing the double
filter technique (58 twin-lines of sight, with Be filters of dif-
ferent thickness, arranged in four fans, similar to MST [27]:
see Fig. 4), are being installed for a better characterization
of the dynamics of the electron temperature profile with
particular focus on thermal barrier formation.

RFX-mod2 will be equipped with a
revamped and upgraded version [28] of the RFX-mod Di-
agnostic Neutral Beam Injector (DNBI) [29]. It is based
on a arc-discharge positive ion source that can produce a
50 keV, 2 A neutral beam of maximum duration 50 ms and

ITon Temperature

maximum divergence 0.5°; the beam current can be mod-
ulated up to a maximum frequency of 250 Hz, to discrim-
inate the beam-induced emissions from the background
ones. Moreover, an upgraded version of the RFX-mod
Neutral Particle Analyser is being installed. These diag-
nostic systems will fill a critical gap in RFX-mod, where

information regarding ion dynamics was previously lim-
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Fig. 4 Lines of sight of the Double filter SXR tomography.

ited.

Neutron Measurements A neutron camera system
based on an array of inorganic scintillators that exploits
the *°Cl(n, p)3®S nuclear reaction to allow neutron mea-
surements resolved in space, energy, and time is presently
being developed. The system will consist of two chambers
vertically looking at different plasma regions, the core and
the plasma edge. The proposed neutron camera system
will be able to perform measurements of the neutron rate
and the energy spectrum in each line of sight, making it
possible to measure the fusion power (after a specific char-
acterization) and the temperature of supra-thermal ions in
RFX-mod2.

GEM Detectors Two GEM detectors for RFX-mod2
equipped with three GEM foils and an anode segmented
into rectangular pads are presently being developed: these
detectors are suitable for detection of the x-rays gener-
ated by Runaway Electrons (RE) through Bremsstrahlung
emission in the energy range 1-20keV, an energy range of
particular interest for detection of RE in tokamak opera-
tions [30] and also in RFP during magnetic reconnection
phenomena [31].

Multispectral Advanced Narrowband Tokamak Imaging
System (MANTIS) This diagnostic aims at resolving 2D
maps of the edge with a high spatial and temporal reso-
lution. For this purpose, plasma images are collected by
a bundle of coherent fibre optics, fed into a 6 channels
filter polychromator, aimed at selecting 3 He, 2 H and
1 C emission lines mainly originating from edge regions.
These images are then used for the estimation of the elec-
tron temperature and density by means of properly tuned
collisional radiative models.

Light Impurities Tomography A characterization of the
topology of the plasma wall interaction—dominated by
the 3D deformation induced by Tearing Modes—will be
performed by a Light Impurities Tomography, consist-
ing of 7 cameras, installed in different portholes around
the poloidal direction, with changeable interference filters.
The cameras are designed to be interchangeable with the
MANTIS fibre bundles, allowing simultaneous measure-
ments of different emissivity lines. The edge characteriza-
tion is completed by means of the Thermal Helium Beam
and Gas Puffing Imaging diagnostics, already present in
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RFX-mod. The former provides the edge Te and n. radial
profiles exploiting the He line intensity ratio technique, in-
cluding photon re-absorption. The second measures the

edge fluctuations related to turbulence.

2.3 Aspects of the RFX-mod2 Scientific Program
The RFX-mod2 device with its improved magnetic bound-
ary, revamped auxiliary systems and advanced diagnostics
suite will allow to study many aspects of RFP physics with
higher resolution and in regimes not achievable so far by
RFX and RFX-mod.

MHD Control and 3D Boundary The flexibility of the
active MHD control system has been exploited to system-
atically suppress Resistive Wall Modes demonstrating the
feasibility of thin shell operations [32]. Moreover, a signif-
icant mitigation of the effect of wall-locked tearing modes
on plasma wall interaction has been obtained by imple-
menting a suitable control algorithm (Clean Mode Con-
trol [6]). Active control of boundary conditions removed
the hysteresis behaviour of the wall-locking threshold of
tearing modes, as experimentally observed and modelled
with the REXLOCKING code [33]. The change of the pas-
sive boundary and of the increase of magnetic sensors is
going to play a significant role in improving performances
in RFX-mod2, as detailed in the following. Active control
of the edge radial field harmonics amplitude will be used
to characterize self-organized helical states as obtained in
RFX-mod and in visco-resistive MHD simulations [34, 35].

Rotating Tearing Modes Regimes Actually, the change
of the resistivity of the first conducting structure around
the plasma is expected to significantly increase the wall-
locking threshold, as modelled by the REXLOCKING code
[4]. Conservatively assuming the same saturation level of
tearing modes and the same flow parameters as in RFX-
mod, a factor 3-5 increase in plasma current threshold
for wall-locking in RFX-mod2 with respect to RFX-mod
is predicted. While in RFX-mod wall locking already oc-
curred above very low I, current (80-120 kA depending on
filling gas [33]), a much higher value is expected in RFX-
mod?2: it can be expected that wall locking will not occur
immediately right after the reversal phase of the setting-
up, allowing to perform experiments in the rotating TM
regime.

Tearing Modes Amplitude Reduction No RFP device
experimentally characterized to date the behaviour of tear-
ing modes simultaneously under active control and with
a high conductivity thin shell very close to the plasma.
Some indications can be obtained by extrapolating present
results with the codes. Indeed, 3D visco-resistive MHD
simulations by the SpeCyl with a resistive shell at r = a
boundary condition, show a reduction of the time averaged
edge and volume integrated perturbed magnetic field for
tearing modes amplitude, due to increased proximity of
the shell to the plasma [4]. RFX-mod2 experiments will
provide informations in this respect.

Pulsed Poloidal Current Drive (PPCD) and Oscillating
Poloidal Current Drive (OPCD) Due to the removal of
the vacuum vessel, to the reduced plasma shell distance
and to the upgraded toroidal system, improved plasma
performances in PPCD and OPCD are expected. On the
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one hand no poloidally continuous structure (except for
high resistance Inconel ring keeping First Wall Tiles at the
same potential) is present acting as a filter to the action of
Toroidal Field coils fed by Pulse Width Modulated power
supplies. Moreover, a positive impact on edge amplitude of
m = 0 modes is expected, based on REXLOCKING simu-
lations [4, 36], possibly leading to improved performances
as in MST best PPCD with m = 0 bursts suppression [37].
The removal of the vacuum vessel leads by itself to a faster
rotation of the Last Closed Flux Surface bulging gener-
ated by the m = 1 Tearing Modes phase locking, which
non-linearly interact with m = 0 modes. In addition, the
upgrade of the toroidal system in terms of latency and syn-
chronisation among different inverters supplying the differ-
ent toroidal field coil sectors by which it is composed will
improve the effectiveness of m = 0 modes control reducing
m = 0 low-n error field generation during transients.

QSH and Electron Internal Transport Barriers: Per-
sistence and Transport In RFX-mod, electron Internal
Transport Barriers are observed when Quasi Single Helic-
ity (QSH) evolve to Single Helical Axis (SHAx) states [38]:
the helical core region is wider when the secondary modes
are at their low values [39]. Moreover, high time resolu-
tion reconstructions of the electron temperature gradient
by means of the double filter diagnostics do show an in-
tense dynamic behavior during otherwise stationary QSH
regimes [40]. The main expectation for RFX-mod?2 is that
the reduction of the secondary tearing mode amplitudes
is going to decrease the value of thermal and particle dif-
fusivities, possibly leading to steeper Electron Tempera-
ture Gradients (ETG) and, consequently, to clearer evi-
dences of micro-turbulence driven transport (gyro-kinetic
simulations showed that ETG trapped electron modes and
micro-tearing modes can play a role [41,42]; experimen-
tally evidences of micro-tearing modes during in QSH were
collected in RFX-mod [43]). Transport studies in these
helical states will benefit of the RFX-mod2 improved tem-
perature diagnostics, especially the ion temperature pro-
file by means of active Charge exchange spectroscopy of
neutrally injected ions by the RFX-mod2 DNBI. As far as
particle transport is concerned, transport analyses in RFX-
mod [44, 45] have shown that particle core transport, as
heat transport, is mainly driven by magnetic chaos. On the
other hand, edge particle transport remains driven by elec-
trostatic transport with clear evidences of filaments [46],
but the detailed physics remains elusive. To properly trace
core diffusion and convection terms in impurity fluxes, the
presence of an internal trace impurity source is very help-
ful [47]. In this respect, the injection of solid pellets filled
with metal powder is foreseen in RFX-mod2 to follow the
behavior of metal deposited inside the region characterized
by high outward velocity [48].

Momentum Transport Low plasma current regimes in
RFX-mod2 will allow, as performed in other RFP devices,
the investigation of the kinematic viscosity through active
modification of the rotation profile and analysis of momen-
tum transport. Plasma flow profiles at the edge through
the reciprocating manipulator and in the core with the
active charge exchange spectroscopy will be key to these
investigations, together with the flexibility of the RFX-
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mod2 MHD feedback control system, able to apply a large
variety of time dependent selected radial field harmonics.
The measurement of viscosity with error field braking [49]
is therefore foreseen in several regimes.

Isotope Effect The study of the Isotope Effect (IE)
has been conducted in RFX-mod for the first time in a
RFP, comparing discharges with Deuterium, Hydrogen,
Helium [50, 51], even though high current operations in
Deuterium were performed with a suboptimal MHD con-
trol due to the lack of several active coils. Despite the less
effective MHD control, high current deuterium operations
was characterized by longer lasting and hotter QSH states,
compared to Hydrogen. RFX-mod2 upgraded diagnostics
coverage and improved magnetic boundary is expected to
allow a better characterization of the Isotope Effect.

Reconnection Physics and Ion Heating A thorough di-
agnostic characterization of the reconnection events as in
RFX-mod [52] (possibly repeating more regularly as in the
MST device) is anticipated, thanks to the previously men-
tioned improved diagnostic suite both at the edge and in
the core. Particularly important will be addressing experi-
mentally the issue of minor-crashes during QSH states and
QSH to Multiple Helicity (MH) back transitions [53], and
measuring ion temperature profiles.

3D Edge Physics The topology of the plasma edge in
RFX and in RFX-mod has always been governed by the
dominant tearing modes. Depending on the main states in
which the RFP is found, QSH and MH, the shape of the
boundary and consequently the Plasma Wall Interaction
(PWI) is modulated. In the QSH state, the boundary dis-
plays a helical pattern (with a m =1, n = 7 and m = 0,
n = 7 components) for the PWI, particle influxes, edge
pressure, floating potential, turbulence properties [54-56],
with a small residual phase locking of the secondary modes
with 7 < n < 24. In the MH state, the whole PWI, radi-
ated power, electron pressure and edge transport is mod-
ulated by a strong m = 0, n = 1 mode, which largely in-
fluences electron and ion transport [57]. Moreover, high-n
pressure driven tearing modes [58,59] and Alfven eigen-
modes [60, 61], have been observed in this region: new
measurements in RFX-mod2 are expected to shed more
light on the physics processes going on in this region.

Ohmic Tokamak Operations Thanks to the flexibility
of its electromagnetic system, RFX-mod offered an almost
unique possibility to explore a wide range of magnetic con-
figurations, from the RFP, to the ultra-low ¢ [21,22], to the
actively stabilized very low g ohmic tokamak [62]. RFX-
mod2 will continue tokamak studies started in RFX-mod
focusing on shaped plasmas with both positive and neg-
ative triangularity [63], given the results in terms of sta-
bility and performances observed on different machines in
the latter configuration [45].

2.4 Outlook

The manufacturing of all relevant components is now com-
pleted and RFX-mod2 is at present being assembled at
Consorzio RFX: it is expected to start operations in 2027.
The improved Vessel Complex, the revamped auxiliary
plants and the enhanced diagnostics will ensure a very in-
teresting scientific exploitation phase, allowing to complete
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of the original RFX scientific mission of assessing the capa-
bilities of the RFP configuration, to enhance the mission

exploring also Tokamak physics, and train younger gener-

ations towards the forthcoming fusion experiments such as
the Divertor Test Tokamak and ITER.

References

(1]

2]

8]

(4]

(5]

(6]

(7]

(8]

[9]

(10]

(1]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

G. Rostagni, “RFX: an expected step in RFP research”,
Fusion Eng. Des. 25, 301-313 (1995) 10.1016,/0920-
3796(94)00362-B.

L. Marrelli et al., “The reversed field pinch”, Nucl. Fusion
61, 023001 (2021) 10.1088/1741-4326/abcO6c.

P. Sonato et al., “Machine modification for active MHD
control in RFX”, Fusion Eng. Des. 66-68, 161-168 (2003)
10.1016/50920-3796(03)00177-7.

L. Marrelli et al., “Upgrades of the RFX-mod reversed
field pinch and expected scenario improvements”, Nucl.
Fusion 59, 076027 (2019) 10.1088/1741-4326/ablc6a.

R. Fitzpatrick and P. Zanca, “Phase-locking of tearing
modes in the reversed field experiment”, Phys. Plasmas
9, 2707-2724 (2002) 10.1063/1.1481057.

P. Zanca et al., “Beyond the intelligent shell concept: the
clean-mode-control”, Nucl. Fusion 47, 1425-1436 (2007)
10.1088/0029-5515/47/11/004.

P. Zanca et al., “Advanced feedback control of magneto-
hydrodynamic instabilities: comparison of compensation
techniques for radial sensors”, Plasma Phys. Control. Fu-
sion 54, 124018 (2012) 10.1088,/0741-3335/54/12/124018.
A. Maschio et al., “The power supply system of RFX”,
Fusion Eng. Des. 25, 401-424 (1995) 10.1016,/0920-
3796(94)00282-C.

F. Gnesotto et al, “The plasma system of RFX”,
Fusion Eng. Des. 25, 335-372 (1995) 10.1016,/0920-
3796(94)00280-K.

A. Stella et al., “The RFX magnet system”, Fusion Eng.
Des. 25, 373-399 (1995) 10.1016,/0920-3796(94)00281-B.
J. Lawson, Reversed Field Pinch Reactor Studies. Part I.,
Physical Principles, CLM-R171 (Culham Laboratory —
UKAEA, Abingdon Oxfordshire, 1977).

C.M. Bishop, “An intelligent shell for the toroidal pinch”,
Plasma Phys. Control. Fusion 31, 1179-1189 (1989)
10.1088,/0741-3335/31/7/012.

S. Peruzzo et al., “The new vessel complex for the
RFX-mod2 experiment: An effective synergy between
fusion research and technological development”, Fu-
sion Eng. Des. 194, 113890 (2023) 10.1016/j.fusen-
gdes.2023.113890.

R. Cavazzana et al., “Design constraints on new vacuum
components of REX-mod2 upgrade using electrical mod-
eling of reversed field pinch plasma”, Fusion Eng. Des.
136, 1209-1213 (2018) 10.1016/j.fusengdes.2018.04.103.

L. Cordaro et al., “Ceramic coatings for arc prevention
between plasma facing components”, in Proc. 29th Inter-
national Symposium on Discharges and Electrical Insu-
lation in Vacuum (ISDEIV), pp. 433-436 (IEEE, 2021)
10.1109/ISDEIV46977.2021.9586952.

M. Dalla Palma et al., “Design of the RFX-mod2
first wall”, Fusion Eng. Des. 160, 111795 (2020)
10.1016/j.fusengdes.2020.111795.

A. Canton et al., “Designing high efficiency glow dis-
charge cleaning systems”, Nucl. Mater. Energy 19,
468-472 (2019) 10.1016/j.nme.2019.04.004.

L. Zanotto, C. Finotti, and V. Toigo, “Overview of
the toroidal power supply system of RFX-mod after
ten years of operation”, in Proc. 2015 IEEE 15th In-
ternational Conference on Environment and Electri-
cal Engineering (EEEIC), pp. 926-931 (IEEE, 2015)

184

[19]

[20]

21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

10.1109/EEEIC.2015.7165286.

N. Marconato et al., “Accurate Magnetic Sensor Sys-
tem Integrated Design”, Sensors 20, 2929 (2020)
10.3390/520102929.

P. Zanca and D. Terranova, “Reconstruction of the
magnetic perturbation in a toroidal reversed field
pinch”, Plasma Phys. Control. Fusion 46, 1115 (2004)
10.1088/0741-3335/46/7/011.

M. Zuin et al., “Dynamics of ultralow-q plasmas in
the RFX-mod device”, Nucl. Fusion 62, 066029 (2022)
10.1088/1741-4326 /ac58a7.

D. Bonfiglio et al., “3D nonlinear MHD simulations of
ultra-low ¢ plasmas”, Nucl. Fusion 48, 115010 (2008)
10.1088/0029-5515/48/11/115010.

M. Bonotto et al., “Design and Analysis of Halo Current
Diagnostic for RFX-mod2”, IEEE Trans. Plasma Sci. 50,
4096-4101 (2022) 10.1109/TPS.2022.3176021.

S. Spagnolo et al., “Design of embedded electrostatic sen-
sors for the RFX-mod2 device”, J. Instrum. 14, C11014
(2019) 10.1088/1748-0221/14/11/C11014.

L. Carraro et al, “RFX-mod2 diagnostic capa-
bility enhancements for the exploration of multi-
magnetic-configurations”, Nucl. Fusion 64, 076032 (2024)
10.1088/1741-4326/ad490a.

J. Adamek et al., “A novel approach to direct mea-
surement of the plasma potential”, Czech. J. Phys. 54,
C95-C99 (2004) 10.1007/BF03166386.

P. Franz et al., “Two-dimensional time resolved measure-
ments of the electron temperature in MST”, Rev. Sci.
Instrum. 77, 10F318 (2006) 10.1063/1.2229192.

M. Barbisan et al, “Upgrade of the Diagnostic Neu-
tral Beam Injector for the RFX-mod2 experiment”,
arXiv:2411.13373 (2024), http://arxiv.org/abs/2411.133
73.

S.A. Korepanov et al., “Neutral beam injector for active
plasma spectroscopy”, Rev. Sci. Instrum. 75, 1829-1831
(2004) 10.1063/1.1699513.

M. Gobbin et al., “Runaway electron mitigation by ap-
plied magnetic perturbations in RFX-mod tokamak plas-
mas”, Nucl. Fusion 57, 016014 (2016) 10.1088/0029-
5515/57/1/016014.

AM. DuBois, “Anisotropic Electron Tail Genera-
tion during Tearing Mode Magnetic Reconnection”,
Phys. Rev. Lett. 118, 075001 (2017) 10.1103/Phys-
RevLett.118.075001.

S. Ortolani and the RFX team, “Active MHD control ex-
periments in RFX-mod”, Plasma Phys. Control. Fusion
48, B371-B381 (2006) 10.1088/0741-3335/48/12B/S34.
P. Innocente et al., “Tearing modes transition from slow
to fast rotation branch in the presence of magnetic feed-
back”, Nucl. Fusion 54, 122001 (2014) 10.1088/0029-
5515/54,/12/122001.

M. Veranda et al, “Magnetohydrodynamics modelling
successfully predicts new helical states in reversed-field
pinch fusion plasmas”, Nucl. Fusion 57, 116029 (2017)
10.1088/1741-4326/aa7{46.

L. Spinicci et al., “Nonlinear verification of the resistive-
magneto-hydrodynamic codes for fusion plasmas”, AIP
Advances 13, 095111 (2023) 10.1063/5.0161029.

M. Zuin et al., “Overview of the RFX-mod fusion science
activity”, Nucl. Fusion 57, 102012 (2017) 10.1088/1741-
4326/aablcc.

B.E. Chapman et al., “High confinement plasmas in the
Madison Symmetric Torus reversed-field pinch”, Phys.
Plasmas 9, 2061-2068 (2002) 10.1063/1.1456930.

R. Lorenzini et al., “Self-organized helical equilibria as a
new paradigm for ohmically heated fusion plasmas”, Nat.
Phys. 5, 570-574 (2009) 10.1038/nphys1308.

R. Lorenzini et al., “Internal Transport Barrier Broaden-
ing through Subdominant Mode Stabilization in Reversed



[40]

41]

42]

(43]

(4]

(45]

(46]

(47]

(48]

(49]

(50]

[51]

Journal of Plasma and Fusion Research Vol.102 No.5 May 2026

Field Pinch Plasmas”, Phys. Rev. Lett. 116, 185002
(2016) 10.1103/PhysRevLett.116.185002.

P. Franz et al., “Experimental investigation of electron
temperature dynamics of helical states in the RFX-Mod
reversed field pinch”, Nucl. Fusion 53, 053011 (2013)
10.1088/0029-5515/53/5/053011.

I. Predebon and P. Xanthopoulos, “lon tempera-
ture gradient turbulence in helical and axisymmet-
ric RFP plasmas”, Phys. Plasmas 22, 052308 (2015)
10.1063/1.4921645.

I. Predebon, P. Xanthopoulos, and M. Gobbin, “Elec-
tron temperature gradient driven instabilities in helical
reversed-field pinch plasmas”, Plasma Phys. Control. Fu-
sion 61, 055011 (2019) 10.1088/1361-6587/ab0d60.

M. Zuin et al., “Experimental Observation of Microtear-
ing Modes in a Toroidal Fusion Plasma”, Phys. Rev. Lett.
110, 055002 (2013) 10.1103/PhysRevLett.110.055002.
F. Auriemma et al., “Characterization of particle con-
finement properties in RFX-mod at a high plasma cur-
rent”, Nucl. Fusion 55, 043010 (2015) 10.1088/0029-
5515/55/4,/043010.

D. Terranova et al, “RFX-mod2 as a flexible de-
vice for reversed-field-pinch and low-field tokamak re-
search”, Nucl. Fusion 64, 076003 (2024) 10.1088/1741-
4326/ad4805.

M. Spolaore et al., “Turbulent electromagnetic filaments
in actively modulated toroidal plasma edge”, Nucl. Fu-
sion 55, 063041 (2015) 10.1088,/0029-5515/55/6/063041.
T. Barbui et al., “Light impurity transport studies with
solid pellet injections in the RFX-mod reversed-field
pinch”, Plasma Phys. Control. Fusion 57, 025006 (2015)
10.1088,/0741-3335/57/2,/025006.

L. Carraro, “1-dim Collisional Radiative impurity trans-
port code with internal particle source for TESPEL in-
ject”; in Proc. 46th EPS Conference on Plasma Physics
(2019).

R. Fridstrom et al., “Dependence of Perpendicular Vis-
cosity on Magnetic Fluctuations in a Stochastic Topol-
ogy”, Phys. Rev. Lett. 120, 225002 (2018) 10.1103/Phys-
RevLett.120.225002.

R. Lorenzini et al., “The isotope effect in the RFX-
mod experiment”, Nucl. Fusion 55, 043012 (2015)
10.1088/0029-5515/55/4/043012.

M. Gobbin et al., “Spontaneous versus induced hydrogen

185

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

and deuterium helical shaped plasmas with electron in-
ternal transport barriers”, Plasma Phys. Control. Fusion
57, 095004 (2015) 10.1088,/0741-3335/57,/9/095004.

B. Momo et al., “The phenomenology of reconnection
events in the reversed field pinch”, Nucl. Fusion 60,
056023 (2020) 10.1088/1741-4326/ab7d4e.

M. Gobbin et al., “Ion heating and energy balance dur-
ing magnetic reconnection events in the RFX-mod ex-
periment”, Nucl. Fusion 62, 026030 (2022) 10.1088,/1741-
4326/ac39f2.

P. Scarin et al.,, “Topology and transport in the edge
region of RFX-mod helical regimes”, Nucl. Fusion 51,
073002 (2011) 10.1088/0029-5515/51/7/073002.

M. Agostini et al., “Interplay between edge magnetic
topology, pressure profile and blobs in the edge of RFX-
mod”, Plasma Phys. Control. Fusion 54, 065003 (2012)
10.1088/0741-3335/54/6/065003.

N. Vianello et al., “3D effects on the RFX-mod bound-
ary”, Nucl. Fusion 53, 073025 (2013) 10.1088/0029-
5515/53/7/073025.

G. Spizzo et al., “Edge ambipolar potential in toroidal
fusion plasmas”, Phys. Plasmas 21, 056102 (2014)
10.1063/1.4872173.

R. Paccagnella, “Pressure driven tearing and interchange
modes in the reversed field pinch”, Phys. Plasmas 20,
012119 (2013) 10.1063/1.4789446.

M. Zuin et al., “Resistive g-modes in a reversed-field pinch
plasma”, Nucl. Fusion 50, 052001 (2010) 10.1088,/0029-
5515/50/5/052001.

S. Spagnolo et al., “Alfvén eigenmodes in the RFX-mod
reversed-field pinch plasma”, Nucl. Fusion 51, 083038
(2011) 10.1088,/0029-5515/51/8/083038.

A. Kryzhanovskyy et al., “Alfvén waves in reversed-field
pinch and tokamak ohmic plasmas: nonlinear 3D MHD
modeling and comparison with RFX-mod”, Nucl. Fusion
62, 086019 (2022) 10.1088/1741-4326/ac6ad3.

P. Zanca et al., “Feedback control model of the m = 2,
n = 1 resistive wall mode in a circular plasma”, Plasma
Phys. Control. Fusion 54, 094004 (2012) 10.1088/0741-
3335/54,/9/094004.

D. Abate et al., “Modeling snowflake plasmas in RFX-
mod2: A test bed for SOL and edge physics char-
acterization”, Fusion Eng. Des. 189, 113484 (2023)
10.1016/j.fusengdes.2023.113484.



J. Plasma Fusion Res. Vol.102 No.5 (2026) 186-192

INFEE s L FEREA G5 LD

3. AVAILIAT7D I al—>3>

3. Nonlinear Simulations of Helical Core

A BTG
SUZUKI Yasuhiro
INEYNEv N n S M ST
(FRAESZAS - 2025 4 5 A 27 H)

JERRE MHD > 2 2L —3 2 YIZKBANY a7 DFEFEREOELZSEHNI/Tbh TN, 28, N
N AT HHEFFENB DD LN S BICOWTIE, flux pumping OFEER, NV B a7 TOBERD L BEF

BAmOFEHIIC LD E— FRLENRINZ Z D> T3,

ANVHLATIE NI TDANAL T v R

FUFATH I BHENZ 0D, FEHES I 2L — a YOBRIERTHAIZATWS. AZETlE NIMROD

a— FOFERZHIC, RIEDODEFHEOER 2N

35.

—J7, M THAENZANY I LaTIE, 7

SR E LB o TWABRREMES S X TV 3. RETIE, 30T MHD FEFHE o — R & 2 7153 o

EELMENT 5.
Keywords:

helical core, nonlinear MHD, bifurcated equilibrium

3.1 [FL®IC

WG Y > F (RFP) b A ~2 D & 5 B SEC
LIz BV TS T DG DSIREE i < & 512 3 Kot
HINCEML T B2 ANU a7 id, £ XY 7 «RFX-mod EET
@ Quasi-Single Helicity (QSH) & — F OFERLIEE [1], o
RFP EERTHEBEOANY AL a7 HRBHER SN [2,3)],
HiNFS 5 X~ HSE RN LE TR 3 RILT T A=< ~FEMT
5 HoMbo—fle LTHEHEATE X [4]. QSH E—
Fi&, BEDE— FHFEET % Multi Helicity (MH) E—
K oERT 22 L TIERENS [5]. EHOE— A
FH—DE— FICHHE L TIREI NS AV a7 250l
YIalb—Ya I HRETIHRATELI P HITDA,
MH E— K25 QSH E— FADHHERIC X 2 HLa 7
DR, KAV B a7 AMINCBWTHEER T 28D
HARRY, FRABFERADIZ I NIz 6-11).

—J, FACZRZBOTHIANY IV 7 OHEL ZDE
BOBROEMENEATVWS., LA, P ZIZBWVWTIE
JET THR X N7z snake 72 ¥, WS 3T O i SUH 25~
VANMBIRIZEL L TV Z & BRE T 2 EEERSES
NTW/z [12]. Cooper 523, 3 X7t MHD FfiEtH a2 — F
ANIMEC (VMEC 22— FOIEFEAEIRTH 25, ZZ
TREHFENTINTOEFHELZFEITLTWS) TITER ®
s F VA2 ER L 25, BEREIRIZEFR (2D)
THRIZH2rb5T, MKMTEEEI ANV INVERT
LRERDBE NI [13]. ZOFER Y, Bid snake D RHE
PED, THRLF—PERNDIRETIE T 7 X< HFEMNIZ

FEBHFR (3D) 12 ZREHFEE LTS Z 2R E Mz,
A DESF U AT, BREROENEE2ZL T3
ZeT, EOLREERES. 20k, RERESHIX
TR a7 TEHEL, F AYHAY 7HE e DM
BAENSE. 22T, ¥V 27— FDOE— FIGEIMEND,
Yoy 7hEcREELLTfEMT2 22T, FI9X<
ATEHBRELANVINENT 2 Z e BPERICBNTHHE
Wi 14. 2L T, VIRIUEE T2 -V a V7T
v INERETOBED S, BHETD, HESF ) F BT B
VAL arERe 2 OERICET 2 A TED SN
TW3 [15].
ANYAINATDFERA =X LIE, KELHFT2D
DRAA=RXLPERME LTER>TW3. 12053 flux-
pumping [16] T, MHD FLEMHIC K D BB N7
FRARBRPER T 2HERT V> ¥ M Ko THRENX
N7z MHD XA FEBANY AL a7 2 T2 2053
D 17). B D —DF DT, REER 2 X5t MHD F
572> 5 LE R 3 Xt MHD FEANBET 22 055D TH
% [13,18,19]. ¥55DIF VYA RZD—RKR—FEIDHD, &
FICIEE-> TVARWY. L2 L, RufoEBMRIR S Zh%E
T L7BMEY I 2L — 3 YTl flux-pumping I2 & 5
FRIRIEETH B.

ARETIE, RFP & A~ 7BMICE T 2R DBIE Y
Tal—YyaYEREHENL, EZETAV I LA TIER
DA H =X LENT RN L0,

Higashi-Hiroshima 739-8527, HIROSHIMA, Japan

186

author’s e-mail: suzukiy@hiroshima-u.ac.jp

©?2026 The Japan Society of Plasma
Science and Nuclear Fusion Research



Parallel Ohm's law

r/a r/a

r/a

Specyl d— RIZ& 3 SH (Single-Helicity) E—RD> I alL—> a3 V#ER([20]. EH5S 4F]HOBOETERRIE, FITHABEICHT S

r/a r/a r/a

F—LOEROEE, 5FBIZHERT VI vil, 6 FBRAENHELZTT. TRLISEKHXBOBEIZ 1R 25RY. 80
THICHSE (ROEEF) HRY. RPORKENE, RERT ML v THB. BERT VI vILICE DREISNZ RIS Z £ H

HLU, ANUALIATEERL, #IFLTWS.

3.2 flux-pumping ICKBEEAD AL AT DAL
CIEEFEMHD > S al—> 3y

28, MCRADDORWAY ZLa 7 BnEEiEFshso
D, ZOBHERX B =X LFHBREE . B B = X L
DD —DlX MHD XA FETHB. NV HLar7zd
TR DA BB T1E, D E— F 2> Multi Helicity
E—FTH3. LoL, HEOE—FZHy SV V728
T—2DE— FIZHHRL, NV ra7hnEEifERsh
%. RFX 77— 7%, SpeCyl a— FTZ DA% A
52 L7z, flux-pumping 12 & 2\ Y L3 7 DFEKE

1 GrhoTE, MEAELERT ZLMEND LM, 22

TIX YOI E (S .

187

E%, SpeCyl a— FD¥ I al—¥ a UFERZHWTHE
BUCHAAS % [20]. Specyl 22— Fi&, FIHEEINIT viscos-
resistive MHD HTEROIERERHEIREEZFH AT 22— F
TH25[9. "VETUBTRIRARIA XTI LH%E
W RFP O3ERTE MHD BIR = ER T 57-D12ffibih s Z
EDRZVEEa-FTHE. B1ig, ¥Ial—yasil
RERT. HHOLD, FEFENIT SH (Single-Helicity)
T— FOMBREEZ#RT 2. £25 45HOBOXES
B, FEATHENCH T B 4 — 2 DEIORIE, 55| i
BRT Vv, 6 HEHITHEEE L RT. 1TIEL2S
RFREORE R S 4 A %2RT. BEOLDICHKM (B
DEH BRT. KADORKEENZ, FHERZ MLv TH5B.
F— L DOFERITHWARCEESAEHE XS, RFPIIB



K2 Specyl I—RiZk3 SH (Single-Helicity) E—RD> I al—> 3 VHER[20]. (a) IHIHTFE TREAENFITE > TWS. (b) 2
RENTAVUAIIITEZRT. JL—OEIFANVAILIATOERNEZRL, BLALVCOEEERERT VI vIILEEZRT. ()&
R-Z FEICOMSHE, #ERTVI v, 41 FEREHBRY MLERT.

2 &4 FERERIEUTD XS RATHEIT 5.

_ EopxB  VexB 1jxB

- B2 B2  B?

= Vpinch t Vdrift + VjxB

ZorE, BEOFLGIIFEELICEZ Y Y FHEHEWNED
S X BEERT VY NMCEB RY 7 NETHS. D
Fu—L Ytk 3FETH L. V—TEEIIEFRT
R 3720, ¥YFIHIZXZH51X 3 RoeBmEES
RO, TRe, ANYHLaTD3IRICKRT EIES DIZFHE
ATV MZEBNY T FHEWS Z2IZRKRE. K11
TIHZES>TERS. a7 fhHETHUTARLEMRIC X D
BrRoY—»ZllL, FIXBRIMHESE SN
5. BOBLENT T T X< BIRIE B BB IR ER T D&
o E e 5.2, BREEICIE—ErtEh, BERT
VYR VRTINS (50074). FRERT Iy ML D
FUZbF (ExB RUZ M) 2D EAFERESGHHK
N, XA FEWGEPERZINDG (65074). XA F TS
12 & 2WESUE T Single-Helicty DAY A2 7 BEKE L
% (100074). ZD&IE, XA FEHEHICLI DAY L
a7 s RSN S (400074). B2, 1 DOFREE
SHILTERRLIEREZTRT. K 2() 3OHEET, %2
KR o TWB Z e bh b, B2(b) &, FERE
BIMOER Y LTRSS EZAY Zra 7 2Ry, KA
L—OHIEANV A LaT7ORMEERL, AL oo
HITEHERT Vv VHZRS. B2(c)ld, R-ZFH
TOMKHE, BERT I v, B4 FEREH T L
BRY. BERT VI M E D ER SN A FEHE
BBEREN TV e BELbhb.

Specyl 2 — FIZ X 2 fRHTHERE, EEBRTHIZNZ Y
Fva 7 OB BRI L —B/LTWE. L2,
Specyl 22— R IXFIEELAL T DIERRIE viscos-resistive MHD
FERXZEa—RTHY, BHEO b XAtef kD
HR—& (B) HOREBA > TRV, iEoT, Mrw

v
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t € [350 7, 500 7]

04
t(m)

K3 Specyl I— R ¥ PIXIE3D Od— RiZ& % SH (Single-Helicity)
E—ROYzal—rarvER[21]. £, R, TR
RIREDEVWETRL, EFIFZENZNOEEBRIKETORS
IRINF—DIHFEREERZVWCOHDD FOTZILE—
R n BICRYT. FRIEIE PIXIEID I— ROKER, BRI
Specyl A— R DIERTHZ. AL, ROTHZILE—RE

m=10K, FNOIHZILE—RENAn=-2015n=0
FTH t = 35074 D5 t = 50074 CEEFHLILESI*
IL¥—%TRY. BOBIIEFIEEALTHS. lHhVWEIEDH
3H, WAHDIA—ROFBRIFBC—HLTWS.

HTEERDDD, I e A ZABIBEATDIER
FEful MHD 22l —> a YRR BEEEZIOLNS. £C2
T, PIXIE3D 21— FiZ X 3 #@#rh3fThbh iz [21]. PIXIE3D
a— KR, buaA ZUEEEAT full MHD A2 O IR
EREREEZFET2a—-FTH3 [22-24]. £3, 31
Specyl 21— K ¥ PIXIE3D a2 — RDOR Y F < —ZfERER
T, ARERDS PIXIE3D a2 — F, B2 Specyl 2 — F DGR
THB. "NV VBN ZIWEED RFP ICOWTH T
Da— FTHFMEL%. Specyl 2— FOFIEIZOWTIE,
BRI TH 2D DD, 3HILARY kI NVETEE
LTW3., fll»VWEEZHZH0D, WHOFEERIIREL



—HLTWwWaZedbhd

FED, RFP B AEMES I 21— a vickdn~
YAl a 7 ifEoEREr LT, KTX (Keda Torus eXper-
iment) DAY B a7 EHRICBET 2SI aL—2 a Ui
BEBNT 3 [25-28]. KTX IZHEY 4 XD RFP ZEET,
RKEFERIT14Am, I A~</PMEFEF alZ 04m, 7T X<
BRIE1IMA ZHIELTWS 29 KTX O HIED, A
< ZWBIT 3 3XYEOER L Z0HEDID, ~NUh
a7 IR KTX EBIZL o T—D2DYA LA =2k
75 TW5%. Luo 51, NIMROD 22— FZHWTKTX iZ
BOWTAUALaAT7BERINE DY D DEFRTE [27].
FEERE FIEORWIEPIE (S =5x%x10Y) 12T, AR B D
JERMEMHD & I 2L —>ar®fTo7z. =L, BGH
MIFMHHETHZ. KAl Ial—Ya VERERT. X
121X, BR—ZFORE AL ZLVE—RIim=1DtuA
ZNE—RARY MLERT. RS5O 5 LI ITEN—
X TlX, MH E— F2 5 QSH £— FANDEBELHER I N
%—7, QSH E— F2HAL MH E— FABUHN T
BENFET S, £ L THREFICQSH E— 2 MH E—
FABETS. ZHUE, MHE—RTHET 7Y >V 7E—
KRB TH %728, BR— X TEARZENDRMEIEK
<§%kMH% FICH BT 270 EZbN5. £C

T, BN XD @R—-XRELEHTEUL, QSH E—
r %J: D ELMRFTZ 20N RSN, —F, Zu b
1%, 320t MHD ¥#iEtHE a2 — FEZHWT, KTX DAY A
Na7EEELE 25 B5IERERT. BiRiZ VMEC
PoBRLNTHKEEZRL, NYALaT7sEREIATY
LZeBbhd. b7 —FEHRIFERT v, BK
FIZEERY 7 Mk 3 X4 FERES 2R T, Sk P

EZ5Y, BEEWRII—NTI7V—TH3. 22T, EMH
?so a MH
(o) t=0.71ms
g 40
i
£ 20
Q0
0 7 8 9 1011 12 6 7 8 9 101112
__601 b MH
@ t=1.5ms
g 40
i
£ 20

6 7 8 9 101112 6 7 8 9 101112

f QSH
t=5.16ms
0 0!
6 7 8 9 101112 6 7 8 9 1011 12

toroidal model n toroidal model n

B4 NIMROD d— RIC&DESNT, KIX TOAY AT
MO Ial— a3 iR 27]. ESTERRRICSIT3,
ROCHAILE—RBEm=1DrO1LILE—RIRI I
ERT. BR—EZTIE, QSH E—RHNELL MH E— RH
BURNZUEERIEFEETS.
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0.04

0.02

=
¢ (V)

-0.02

-0.04

R (lm)

K5 VMEC J—RIC&DEBSNEAVALIT7OREE (BiF)
%muTﬁE*nta%ﬁ%>>v»ﬁﬁ(ts—%%ﬁ)
rEIh BN A1FERES (BXH) [25].

%EE %2 Eloop, ﬁ%
AN,

ERT VY ¢ 2T DA — LDk

Eloop_v¢+VXB:nj (1)

LEIF L. WS B L OWNRE I - THIGI AT IAZ#E
Z, RaAf XV TH S

B-V¢ B (Ewop—Ve) _ a¢+a¢ @)
B-V0 BV Ta¢
YETFB. T, 0FRaALXLA, ClFrad XA

TH3. VMEC 2 — F» 561560705 % Auild#E
KT ¥ ¢ BFET RPN TE, SHREINEHER
TUTYNECEBE RNV 7 MEERRLE. ZOZhD,
KTX EBRIZBWT, NV ALa 7B RFP B4 FEIZED
i%ﬁ%f%%ﬁ“ﬁ#@%
11U DT TRE &SI, BeFEIHIIE ol
ﬁ/?#ﬁﬁ?%%ﬁ/%Uﬁ@ﬁn,M@@i5ﬁ«
UANATBERENE Z B bhoTWVWDS [17. NV A
a7 & 2HAED 3 KTHIRE(LIE & A 4 >
DESEEMES 72D, REMBEICREZIHEETS. 20
72, EBRrHicHES I —Ya vIIEDERIA
T&E FARZIZBOTIE, EHREEARRE D IER
FEEIFI L, flux-pumping & & D Z2BRE A a 74
THH T2 Z e TRHRKEDOKE AV D AEMDER
HRXhs2 W52 FVANRENTHS. &k, JOREK
a— RiZk b, ASDEX upgrade b #~<27 TDAN) B0
THBIZDOWTERT — X W EBNREZThi
72 [30]. B 6 ICHERZRT. B 6(a) &2 7 HEDRRIREL
D DORREFE, K 6(b) XX A FEI2 X 3 B DR
FEIE, [ 6(c) IZMEKUH DR 2RI qo DIRFFIFERE, B 6(d)
WL OO R S 4 2128 3 BB ¢ ETH
TRT7 7 ANTHE. BEFHqOBEAATOT 7 4L
SEDDDEHE (n=004) bRLTVWS. K
Pobhd k352, FBFEFEEICONT, MHD X4 FEIZ
& % flux-pumping B Z D, qo DHEIMT 3. DR,
a7 ECHEEBR T RFEMTAIELNT VS Z e Bbh
5. L2L, n=00DA%RHEFEREZE 2D FHHETIEM
BRI SRV, X, RFP X RIS, BIF1L 72 LK
B ZEMEIC K 2 EMOBEIEUC L 2 X4 FEEE2 5D



radial distribution of g versus time

0.5
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radial distribution of dynamo emf versus time
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0.1 -0.0015
-0.0020
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time [ms]
3.5 7 T —
= Qo =0.99, 3D @ 505 [ms], saturated
3.01--. g,=0.79, 2D @ 1827 [ms] i
n 2.51=—"= Go=0.75,n %100, 2D, saturated ]
: /
@ /
<Y
T 1.5
1.0 ———T
0.5
0.0 0.2 0.4 0.6 0.8 1.0
Vin

6 JOREK O—RIiZ&D, ASDEXupgrade f AT TOAU AN IATHERICDOVWTERRT —RZAVCEENHERDIER [30]. (a) I
AT7BEDOLZLHRHOHORBEEE, (b) 341 FEBICLZERNIORERE, () IIEKEHMOLZLERE o ORERE, (d) dW<
DHDEBMAS A RIEITZREBH ¢ DBRABTAT 7N THZ. REFRH ¢ OBEAFAETAT 7L, BED=DH 2D 5 E

(n=0D&) BRLTWS.

flux-pumping A3, \VU B 27 DIEKB X FZ DEHFICK
ERREERZLTVWE I 2ERT 3.

3.3 DFFHEAVAILIATEOEHD

Cooper 5DFES I 2L — a VDR, 5 FH e
ANY B a7HEOD Y BEHEBITWS. FIEH
ORI, <12l 3 X0 MAD e fafi LT 7V
¥ 77— FOBRIZBWT, BT - BB R 72 X
N7z 8. E7ic, FEEEOEZ FEnd. KoM
- FERER, IR0 ILF —%RT. 4¥, TF
772 OV D 2R, BERBER \c B2, F
DI UARZEE 2D Al & 225E 3D E D 2 D Ofif k5o
k913, 2LT, &FE 3D FHEIIFLE 2D FiL Lt
N, TILF—RBIDVENRTHS. £/, Y, FLE
2D FHGAJA D o T2 RIS B W TAREDSFAE L, 20k
B, LER 3D FHEARHIBET 2L VI FERIEZI LN

%. Reiman 513, JERIEEIRIL 727 7V > 7 E— R0
I 50 3D WEMTH 2 LW IHIEERHDD &, 3 KT

MHD ¥l a— K PIES TF 7V V27— FOEN %
fTo72 [18).

Cooper 5%, BHREMIXTZEL2LEN 2D) TH S
WKHohbbT, ErREEGEEIHOEY, FIiCKEL
WS> 7 A mIc B 2 B2 FRBORKME ¢unin DEWT
ANYHLATHEREINDZ e ERWE LR (13, L
L, Cooper & DfEMTIE 3 Ryt MHD FHiEI & 2 — F ANI-
MEC*?T{T 2723 DTH%. VMEC - ANIMEC 22— FiZ,

¥DiEFA, ANIMEC a— Ri2d»hbb3dEHENT
HELTWA.

*2
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Axisymmetric

Bifurcation €Unstable

Instability

Stable evolution

Axisymmetric

B

N Ac

K7 DEFEHOBIK. S$RITROMEBETM I CIZLD, &
D TRILF—DIEL 3D FHICHDIKT S.

P
SN

IANF—JFHE AW Ea—- R TH Y, REEME
DEAFITZ AL ZOMFMEEZEATVYS DI TIER
{, BoNTBIEBELSYIRIIIL S DX D ILEEE TR
5. 22T, XTOR a— FOIPEE L olti»Thbih
72 [31]. B8, BRIRFH <2 MAST IZDoW\WT, XTOR
a— R Ta7ECRM LN > 7 £ — R EFIE L
B (EFX) ¥ ANIMEC IZ & 3 57I5F# (G TFX) D
BERERT. BEDRD, 5L ARWIFHROERER
T BEKMOZEMOREINRLL—HLTWS. LHL
XTOR & ANIMEC TR B A ZVWEORTADED Z &
5, E— FOMUMHDBEZ > TWEZ e 2bh 5. B9,
XTOR 22— RIZ & 2 IERHE MHD 315 ¥ ANIMEC 2 X %
FIEFEORERDOE L DERT. BREFRBDRAKME gmin
WRLT, NUBLa7duboZENEEE 6, (0) DEFRE %
iz, FEERD XTOR, REMRD ANIMEC OFHR
TH5. qmin ~ 1L TEEEIICE =R LTV B2,



ANIMEC axisymmetric
9 =2/in
0.5 ‘ \
£
5 ¢
—0.5 /

-1

g 05 1 15 2
la
ANIMEC helical XTOR

L@ =2/3r @ =T7/4m

\ 0.5 . ‘
D

o 05 1 15 2
Rfa
XTOR O— RIZ &k 2 IEIEH, MHD 58 (ETFK) & ANIMEC
ICL BRIETFHOFER (BTKR) [31]. BEDTD, HXIFR

@ ANIMEC DfER (EX) HR7

0 05 1 15 2
R/a

X8

ANIMEC (4 RMP)
T
SR

ANIMEC 7
031 (NO RMP) / #
'y

051
XTOR

0.4r

ANIMEC
(RMP ON)

6}1(0)

0.2r

ANIMEC

(1/10 RMP) X,
/ ANIMEC Y\
! (1/1000 RMP) .
ol 4 Lo

0.92 0.94 0.96 098 1
min

XTOR O— RIC &k 3 FEHGHZ MHD 5HE ¥ ANIMEC |2 & B8
TFEHOBROF LD [31]. BREFRBOREME gmin ISR L
T, ANJALATHROOEER 6, (0) DBEIRERLE. &
EEIEN XTOR, FReaf@h ANIMEC DIERTH B . gmin ~ 1
FIETIEESEMICES—HLTWVWBED, gmin < 0.96 T
%, ENAKEL<HS. ANIMEC TRMP B DO DEtE%# T3 &
XTOR DfEREES (HFig).

01r

1.02 1.04 1.06

Gmin < 0.96 TlE, ZHKEL725. ANIMEC T RMP &
DOFIHE%ZT %L XTOR DFERE &5 (HF.

Nakamura 5%, VMEC a— FEZHWT, 77 X<D
TEIRDI 7 I 8512 5 2 2 o8 2 3EC iR 7z [32]. 2
EROWT, BIRZT TR gmin PRX—XEDANY L
aATHOEMDOREX §ICREHEREZ v 2 H
5L ZORLEET, Kawagoe 513 gmin %= Cooper
SO EDBRELIRD, POR—XHEDRAF YL
TR, NVAILaATHERIC 2 DDRX DR LHH BT
Y hbh ot 33, 10 INECEELTERNEF
YIJE—RNTH5. b5 —DII quasi-interchange E— F
TH53 [34. B101Z, VMEC 2— RFizk b~V hra
7 WA F > 7 E— F & quasi-interchange E— FDW3
NOTEREINZ Z e 2BRLIERERT. BiR5E
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05 —— =16 80044 m 0.04 045 ——ONEIBE0ME 0,
F 04 by 4 0.035 & 04 by —— et 4 0085
go3s YT 1008 € E03s [ T J o0 €

03 QoS 2 oaf PO
8 % N 00252 8% 4 00252
50 \ internai R} 0.02 8 =0 A inemai\1] 002 g
g 02 G g g 02| A Kink 8
045 QT 0.015¢ So45 | 1 0015g
8 o1 4 001 5 8 o4l b H 001 §
I} uasi- ] 5 asi- S
Toos|  Alehae ‘ 0.005 Zoos | et e 0005

0 0 0 0
0.7 0.75 0.8 0.85 09 0.95 1 1.05 0.7 0.75 0.8 0.85 0.9 0.95 1 1.05

Amin Amin

Wore / Wy
N Ao 2N w Ao
T
1

0.75 0.8 0.85q 09 095 1

VMEC O— FICL B DIRTFEBETERDOF O [33]. R
BEMAEOERERICH L, RE2FRBOREME gunin ZZF
CESEBRH AU DI ATHROLOEAEER 5y OBHRZ TR
L7z (EX). FRIE, TRILF—5 2 ZHDESIEREIE
Wpre CEFRERENE 6Wenr DEEETRLTZ. gumin < 0.9 T
&, ENFSEOHFSIARIAED, AUAILOTIZEM
L 7z quasi-interchange E— R TER I TWS Z e h'b
3.

X 10

HE (x =16 & 1.8) OBEFFRICHL, TEFBBDOR
{RME guin ZELZ BRI SNV HLa 7 DO E N FERE
Sy DK ERLSZ (LX), TR, =4 LF—H 2%
97 DHESTERENIE 6Wee & BEIEREIE 6Weu: DLLZRL 7.
gmin < 0.9 TI&, ENBEIHEOHFGARE D, NV 7
)L a 71X BIFI L 7= quasi-interchange £ — K TR XN T
W3 Zehbhsd. m/n=1/1D sawtooth 7 7 v > 212
X3 % quasi-interchange AR EMDHF G E2EHE L - HE
YIal—ralsERHHTED, Zhs b
BREEW [35].

34 F®

ANV AN AT SHEFFICE 2 X ) = X 25 5
HOHEEREY, BES I 21— a DuG»roEBEZL .
ANV AN TR OHERFD X =X 813, RESTFT
MHD & 4 FEI1Z X % flux-pumping I & 3 Z2%RE ¢ 77
oA, BRI U 72NEE — FIZ X 2 77 IRl h3% 2
5 TW3. flux-pumping IZ2WTIX, b A~ I7EETOD
FELLEICED, EBERZERNICRTTE 2
alb—ya iR oobh B, Tz, LB, S/
B2V KTX OAY HL a7 Bl e RADEH R R D
DHB. —J, FEFHEIIOWTIE, BERLENERF 2
E— FDATIEH L, f0f1 L 7z quasi-interchange € — K D
HEETRBTI2ERNPEOOH D, SHBMELREEICO
WT, BARERDOEBIES I 2L —> a VIR L
TWbnrEbns.
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INFEE s L FEREA G5 LD

4. BE7 AXRY FILRFPHIZTDER

4. Progressin Low-Aspect-Ratio RFP Research

=i BT R
SANPEI Akio
FUHR L =AHERSE
(FRAESZAS £ 2025 £ 3 A 22 H)

RFP #7227 ML T B 222k b, o XARBRICL AR 7 —OHA, MHD E— FDOIERE
MHEERERIC X 250+ 2 DM, NV BLEN OFEFAREM O CHAERIC TRl hTWS. 20
EERNIMRAED 72D, A =2 @ RFP %@ RELAX G X /2. RELAX EE%ZHW2{K7 AR L RFP @

DR & SRDEEICOWTHRET 5.
Keywords:

Reversed Field Pinch (RFP), low aspect ratio, helical deformation, self-organization

4.1 (FLU®IC

M A= 2 [1] £ EKIR b I <2 (Spherical Tokamak, ST)
2] DEWCEONZ XS, F—F A7 FXTIBWVWT,
ZOWRS 70 - BACIADRHME R Y, KEER 2/
YR aDHTHE 7 ARY P ACKTFET 2 Z 23515
NTW3 [3-7). RS, P I~ ZFRTIE Troyon DA —1
YIZH| 8] 208, RF BHEIZT AT b EIC#LEET 2 2
EBFRIENTWS. HALL b= AT 5= TH %
BY Y F (RFP) [9] b, 7 ARZ b A& o TRMENE
3% [10-12].

I<HBND X511, BINHIRIRS S X~TH2 M~
71%, b—7 RROEZERIBRIC F v AL XS B, BAK
L, PaAXAVARITS A~ER I, 2T I TRo
4 XN By B FEXE, T A<M UIAD 3 EEK
D S5 X~ THS. RFP I+ H~ 2 & REICETRER
RO TSI X< THEH, HANCKER TSI X~ERE
N b a4 ZARES B, THILAD SIS, Dk,
By £ By DREINPFRBETH D, A0 S D
Bz r 2322, REMOPHMTREMEE ¢ = rBy/RBy &
TR, B112, AD2KX3DRFPIZNT 3 q
SAFEEHEEAER O — F 13,14 ZHVWTEE L D%
Y. RFP ORKOFIZ, +vA XS B, Ol &)
7T X2HLER e FAEA THIEL TWS 2 ThHD. =
DX RENTZE g DN EDRKIET DT, FrAX
NE—F#8m=10NHHBELZHEET S IR
5. BHODORFPHETIEZNSOHEBHTm =1E—F
MEFEIC K E T 2 Multi-Helicity (MH) €— K 2M8HI X
5. LDLRFPD7ARY MEE T2, 7 X~vDa
FHEBICBOWTEEAY ALE— FORKERBHOEIED,

0.4 . T T .

0.3r

o902

0.1}

01, 02 04 06

rla

1 R2FR g DMOTARY b A ICH T BEEFEEZRLT
V3.

ZNoDMRBIEN 2 DT, HAUADEHILIELE—F
MO EMERAPMZ h, H 4 AGPMERE B
TR S, £, a7EBOAHEEND RS
YT, B—E— FIZX2WKEDPRE L THUADIH
#9 % Quasi-Single-Helicity (QSH) JIRHE [15] %, BT
SEDEE U TInOMSl2HA S % Single-Helical-Axis
(SHAx) {RFE [16] NDOFEAREM Z HDH 2 DL THTE
5. MAT, badZLHRick 2O X -
T, 7= bR L2y TERPHEART 2 ek ERTHlEN
W3 [17)].

MU ED XS 2Bl ERINCRAE S 272012, 7
2R bR ER/ND RFP 2E TRELAX| (Reversed
Field Pinch of Low Aspect Ratio Experiment) 235 #5 T
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ZRRAER T BT 2006 FICEFR SN (18, 19].
A ZAWHEBHED b — 5 REBTHD, R_0m8m
a:&%m,72«7%%@%21%6.%%ﬁﬁ%/x
- FHEIERICBE LT, 2023 £EIC NIFS-MEMO 125\
T “RELAX #EBEOME” ¥ B L 238l 8E 200 85 %
728, RETEHELTERS Z2Z#ITZn. £oT, K
FETIZ RELAX ZE R WK ART b HHREDERE
WHEREPYTTHENT 5.

4.2 {E7 A~RY kL RFP ONERFE

RFP ORI LIZLIEKEE AT A —R F BV F R
X =& O TN 2. TZTFIFFIraAgxL
s < By > 1IN T 2BETO b A XU By(a) DI
F =DBy(a)/ < By >THb. —J}T, ©lF < By >Zxs
BEETCORA A XY By(a) DL © = By(a)/ < By >
TERIND. Thbb, < B, > ZEELTHEZNI,
ZD < By >IN LTFRENIZT b a A XV HEE
TRIZLTWE D, 01N TSI A<ERZIRL 20
WG LTWA., RELAXD F -0 X4 777 0285
BB EE 2 127RT [22]. —2DMEIWIN LT flat-top
T@?ﬁ@@#%F&U@%ﬁﬁb,&4777Aik
—mRZ7Bry PLTWVS — X DOBEIFE AT ZAEIZ
FMIGELTW3. F o Mieu\ﬁui:@uﬁim”\%ﬁb R
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5. Micro-Turbulence in Reversed-Field Pinch Plasmas
with Improved Confinement Due to Current Drive

NISHIZAWA Takashi?, PUESCHEL M.J.2*% and KOSUGA Yusuke
DKyushu University, 2)Dutch Institute for Fundamental Energy Research, 3 Eindhoven University of Technology,

4)Ruhr University Bochum
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Reversed-field pinches (RFPs) have a unique magnetic field configuration: the strength of the poloidal field
is comparable to that of the toroidal field, and the direction of the toroidal field reverses its sign as one moves
from the core to the edge. In standard RFP discharges, multiple tearing modes are destabilized on closely-spaced
rational surfaces that overlap, creating stochastic magnetic fields. However, by utilizing an inductive current
profile control technique called pulsed poloidal current drive (PPCD), the tearing modes can be stabilized, and
largely-intact nested flux surfaces can be sustained in an RFP. In such plasmas, micro-turbulence plays an im-
portant role in transport, similar to tokamaks and optimized stellarators, and thus micro-instabilities and their
nonlinear behavior require study in this less-explored parameter regime. This article reviews both theoretical
and experimental investigations of micro-turbulence in RFP discharges with the application of PPCD.

Keywords:

reversed-field pinch, micro-turbulence, trapped-electron mode, zonal flow, gyrokinetic simulation

5.1 Introduction

Historically, comparatively little attention has been paid to
micro-instabilities in reversed-field pinches (RFPs), since
the stochastic magnetic fields resulting from tearing insta-
bilities tend to govern the heat and particle transport in
such devices.

However, drift-wave-like fluctuations have been exper-
imentally observed at high wave numbers in an RFP’s
stochastic field [1]. The turbulent kinetic energy of these
modes is much smaller than that originating from tearing
modes, and thus, the transport is still thought to be de-
termined primarily by tearing-mode activity. As measures
through which nested flux surfaces are restored in RFP
plasmas, i.e., pulsed poloidal current drive (PPCD) and
quasi-single helicity (QSH) scenarios, have been developed,
micro-instabilities in the RFP has become the subject of
active research. The details of these operations of RFP
plasmas are discussed in Refs. [2,3]. In QSH, one tearing
mode grows to a large amplitude while the amplitudes of
other tearing modes are reduced, leading to nested helical
flux surfaces in the core, reminiscent of a stellarator. Ref-
erence [4] investigated micro-instabilities in this state and
found that microtearing modes can become unstable. Con-
versely, PPCD weakens tearing modes at all mode numbers
by disrupting the dynamo effect with poloidal inductive
currents, restoring axi-symmetric flux surfaces. Flux sur-
faces and field lines in a typical RFP plasma with PPCD
are shown in Fig. 1(a). While axisymmetric, this magnetic
configuration is distinct from those of tokamaks. The pitch

(a)

0.20

0.151
0.101

o 0.05-
ol
-0.05

010052 04 06 08 10

p

Fig. 1 Fluxsurfacesandfield linesin an RFP discharge with PPCD
(a) and the corresponding safety factor profile as a func-
tion of radial coordinate p (b). Due to the low safety factor,
many rational surfaces exist, and tearing modes become
unstable without PPCD.

of the magnetic fields is often characterized by the safety
factor ¢, which indicates how many times a magnetic field
line travels toroidally to complete one poloidal loop. The
radial ¢ profile in an RFP plasma is depicted in Fig. 1(b).
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In the region where g is near zero, the field lines are
oriented mostly in the poloidal direction. In addition,
this g profile leads to much greater normalized magnetic
shear § = (r/q)dq/dr compared with that of tokamaks or
stellarators. Due to these features, unexplored parameter
regimes can be investigated by using PPCD. In this article,
theoretical and experimental studies of micro-instabilities
in PPCD are reviewed.

Identification of dominant instabilities
through linear analyses

Using the gyrokinetic turbulence code GENE [5, 6], lin-

ear stability analyses of micro-instabilities in RFP plas-

mas with PPCD have been performed for experimentally

observed profiles in the MST RFP [7,8]. Fig.2 shows the

linear growth rates and frequencies for different radial loca-

5.2

tions. At low toroidal wavenumbers k, and for most radii,
the unstable drift waves propagate in the electron dia-
magnetic direction and are identified as trapped-electron
modes (TEMSs) through the cross-phases between the fluc-
tuations of the electrostatic potential and the density of
the passing vs. trapped electrons, as well as through sen-
sitivity scans over density and temperature gradients.
The scan of n = (dInT/dr)/(dlnn/dr) demonstrates
that the dominant instability transitions to the ion tem-
perature gradient (ITG) mode when 7 is raised to 1.5. Note
ni = ne for the profiles investigated. While experimental
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Fig.2 Linear analysis of a low-n RFP discharge with PPCD. Lin-
ear growth rates (a) and real frequencies (b) are shown as
a function of a normalized toroidal wavenumber &, p, re-
spectively, with negative frequencies corresponding to the
electron diamagnetic drift direction. r/a is the radial posi-
tion normalized by the plasma minor radius and ps is the

ion sound gyroradius.
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investigations of ITG turbulence in RFPs are still lacking,
a reactor-relevant RFP requires higher n and may operate
in an ITG-dominated regime.

5.3 Nonlinear dynamics of drift-wave turbulence
in RFPs

The nonlinear evolution of turbulence in this RFP PPCD

Fig. 3(a)

shows a snapshot of the electric potential in the z-y (radial-

scenario has also been investigated in Ref. [7].

toroidal) plane. In this simulation, tearing modes are ig-
nored, and the magnetic configuration is purely axisym-
metric. The electric potential has a laminar structure with
k. = 0 and without eddies, showing that zonal flows [9] de-
velop to large amplitudes and suppress turbulence. These
pronounced zonal flows are in large part due to a sizable
zonal-flow residual [10], which is a measure of how resilient
zonal flows are to decay based on linear physics. The zonal
flow residual in axisymmetric systems is given by

Pres 1

=—— 7% (1)
Do 141.6¢2/¢?

where ®¢ is the initial amplitude of the electrostatic po-
tential, and € is the inverse aspect ratio of the flux surface.
Since ¢ is at least one order of magnitude smaller than in
tokamaks, RFP plasmas have significantly higher zonal-
flow residuals and can more effectively sustain zonal flows.

However, the inferred electron heat transport level in
these nonlinear simulations is much lower than what is ob-
served experimentally, indicating that other physics crit-
ically affect outcomes. In experiments, the degree of
PPCD-based tearing-mode suppression varies with mode
number. Even in the most successful PPCD discharges,
there remain finite global-scale magnetic fluctuations orig-
inating from residual tearing activity. When these resid-
ual global-scale magnetic fluctuations are modeled by an
ad-hoc, constant-in-time perturbation in gyrokinetic sim-
ulations [7], fully-developed TEM turbulence as shown in
Fig. 3(b) is obtained. The resulting electron heat trans-
port in this case falls within the range expected from the
experiments. For an ITG-dominated regime, the difference
in turbulence and transport in the presence or absence of
the ad-hoc perturbation is less striking. In Fig. 4, the elec-
tron heat fluxes with and without residual magnetic fluc-
tuations are shown for both TEM and ITG cases. In the
ITG-dominated scenario, an experimentally relevant heat
flux is still driven without added magnetic perturbation.
In addition, the increase in the heat flux by incorporating
the residual tearing modes is modest compared with the
TEM case.

The difference between the nonlinear simulations with
and without the ad-hoc perturbation in the TEM and
ITG cases can be understood through the dominant mech-
anisms of turbulence saturation. In addition to turbulence
decorrelation by sheared flows, mode coupling to stable
modes mediated by marginally stable eigenmodes can also
regulate the development of turbulence [11]. The ITG tur-
bulence obtained in the RFP geometry is identified to be of
the slab-ITG type. Unlike the toroidal ITG, which is typi-
cally more relevant in tokamaks, and for which zonal flows
effectively regulate turbulence, saturation of the slab ITG
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Fig. 3 Electrostatic potential contours (in units of pse/(RoTe)) in
TEM turbulence for simulations with zero (a) and finite (b)
residual magnetic tearing fluctuations. Here, e is the ele-
mentary charge and Ry is the major radius of the magnetic
axis. The horizontal and vertical directions correspond to
the radial and toroidal directions, respectively.

)
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Fig. 4 Electrostatic electron heat flux time traces, with (black and
blue) and without (red and magenta) a magnetic pertur-
bation modeling tearing modes. TEM transport (black and
red) is increased by orders of magnitude, while ITG trans-
port (blue and magenta) only changes by approximately a
factor of two, despite imposing an identical tearing pertur-
bation.

relies less prominently on zonal flows. Thus, the electron
heat flux is less affected by the generation and disruption
of zonal flows in the ITG case.

The same type of externally imposed resonant magnetic
fluctuation has been used in a study of edge turbulence
in the tokamak L-mode [12], successfully recovering trends
from experimental beam-emission-spectroscopy measure-
ments. There, the turbulence is driven by a mixture of
toroidal ITG modes and TEMs. Its response to increasing
external perturbation is more complex: fluxes first increase
as zonal flows begin to be eroded, before decreasing again
as the width of the imposed island—note that the per-
turbation causes only partial stochastization—reaches the
typical scale of radial temperature corrugations. At that
point, the tertiary drive of the instability is reduced, and
fluxes begin to fall, before zonal-flow erosion once more be-
comes dominant, and fluxes rise again. While illustrating
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interesting physics possibly exploitable in designing per-
turbative coils for the suppression of edge-localized modes,
it also raises the question to what degree this ad-hoc per-
turbation is truly reflective of the situation in the RFP,
where larger-scale islands, a larger degree of stochastiza-
tion, and the possible feedback of the turbulence on the
tearing modes may need to be taken into account.

More recently, the GENE code has been upgraded to
incorporate a background current gradient via shifted
Maxwellian equilibrium distribution functions, thus allow-
ing for the linear and nonlinear study of tearing modes in
RFPs and tokamaks [13]. This technology has since been
deployed to numerically evaluate the cross-scale interac-
tion between tearing modes and microturbulence in the
RFP self-consistently [14]. While only resolving a sparse
spectrum (multiples of toroidal mode number n = 5), lead-
ing to a lower tearing fluctuation level and stochastization,
this work confirms that the physics of zonal-flow erosion
modeled in the earlier work with the ad-hoc perturbation
are indeed at play, while no strong back-reaction of the
microturbulence on the low-n tearing modes is seen due
to the radial separation. Notably, zonal-flow erosion re-
lies on low-n core tearing modes first coupling to excite
linearly stable, higher-n edge tearing modes nonlinearly,
which then interact with the TEM turbulence in the edge.

5.4 Experimental investigation of microturbu-
lence in RFP

At the MST RFP, high frequency fluctuations around
100 kHz have been observed when tearing modes are re-
duced by PPCD. Fig. 5 shows spectrograms of the electron
density and C III emission intensity fluctuations, as well as
the amplitude of magnetic fluctuations at the wall. PPCD
is applied at 10 ms, and the period with reduced magnetic
fluctuations lasts until around 22.5 ms. Using the two-
point correlation technique, the peak of the wavenumber
spectrum of this mode is measured to be around 0.5 cm ™ ?,
which is on the scale of the ion gyro-radius [15]. In ad-
dition, simultaneous measurements of the perpendicular
C%* flow and the emission intensity fluctuations of C III
confirmed that this mode propagates in the electron dia-
magnetic drift direction [15]. At a lower plasma current,
with which successful reduction of tearing-mode fluctua-
tions is more reliably achieved, multi-chord interferometer
measurements have shown that the high-frequency fluctu-
ations appear only when the density gradient in the edge
exceeds a certain threshold [16]. These observations are
consistent with density-gradient-driven TEM turbulence,
which is predicted to be unstable in these discharges based
on linear gyrokinetic analyses.

The impurity particle flux associated with the high-
frequency fluctuations (~100 kHz) shown in Fig. 5 is also
directly evaluated by using ion-Doppler spectroscopy [17].
For this measurement, a spectrometer with high through-
put and wavelength resolution and a new correlation anal-
ysis technique has been developed to resolve the radial ve-
locity fluctuations [18,19]. As shown in Fig. 6, substantial
flux of C>T exists around 100 kHz. This fluctuation-driven
flux is comparable with the total C** flux estimated from
the radial distribution of carbon impurities and their ion-
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(a) Spectrogram of normalized C Il 464.7 nm emission in-
tensity fluctuations. (b) Spectrogram of normalized chord-
integrated electron density intensity fluctuations at im-
pact parameter R — Rg = 43 ¢cm (r/a = 0.86). (c) Tan-
gential component of normalized magnetic fluctuations at
r = a. Figure reprinted from Ref. [17] with permission,
copyright 2018 by the American Physical Society.
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Fig.6 Spectral density of the impurity particle flux (red trian-

gles) and the circulating flow (blue circles) due to microtur-
bulence. Figure reprinted from Ref. [17] with permission,
copyright 2018 by the American Physical Society.

ization and recombination rates [20]. This result provides
experimental evidence that micro-instabilities can become
a dominant transport channel in the RFP.

5.5 Zonal flows in the RFP
The gyrokinetic simulations have demonstrated that zonal
flows govern the amplitude of TEM turbulence and the re-
sulting transport. To confirm that zonal flows are actually
at play in real RFP plasmas, an experimental investigation
of zonal flows has been performed. Zonal flows have the
mode structure of m = n = 0, and their radial wavelengths
are on the order of a few ion gyro-radii [21]. To search for
these characteristics, the radial electric field E, is mea-
sured at two both poloidally and toroidally separated lo-
cations by using multichannel capacitive probes [22,23].
Fig. 7(a) shows the radial profile of the power spectral
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Fig. 7 (a) Profile of the power spectral density (PSD) of the per-

turbed E,. in the location of the first probe. Coherence (b)
and cross phase (c) between E,. at the minimum of the E,.
wellin the second probe location and E,. in the first probe
location. d; represents the distance from the LCFS, and
d1 > Oisin the confinement region. Figure reprinted from
Ref. [22] with permission, copyright 2019 by the American
Physical Society.

density of the E, fluctuations during the PPCD period.
The mean radial E, profile has a well structure just inside
the last closed flux surface (LCFS). The amplitude of the
low-frequency components (<10 kHz) of the E, fluctua-
tions peaks near 1 cm from the LCFS and decreases as the
radial location moves further into the core. However, the
fluctuation amplitude increases again for d; > 2 cm. By
using the time evolution of F, at the minimum of the E.
well measured by the second probe as reference, long-range
correlations of E,. fluctuations are evaluated for each radial
location. Coherence with respect to the E, at the second
probe’s reference channel is shown in Fig. 7(b). The coher-
ence in the low frequencies is high at di ~ 1 cm, which
corresponds to the minimum of the E, well at the location
of the first probe. Interestingly, high coherence is also ob-
tained for di > 3 cm. Since the ion gyro-radius in these
radial locations is &1 cm, this coherence profile shows that
the radial structure of low-frequency fluctuations varies on
the order of the ion gyro-radius. The phase angles of the
coherence shown in Fig. 7(b) are plotted in Fig. 7(c). At
the minimum of the E, well, the low-frequency fluctuations
are in phase, satisfying the expectations of the m =n =0
mode structure. On the other hand, the phase angle be-
comes ~180° at d; = 3.5 cm, and the fluctuation here is
out of phase with respect to the minimum of the E, well.
Thus, the E x B flow associated with E, changes its di-
rection around di = 2.5 cm, and these counterflows are
synchronized. This observation is consistent with the sit-
uation in which two layers of zonal flows exist just inside
the LCFS.

The observation of zonal flows near the plasma boundary
has implications for the mechanism of the L-H transition
in tokamaks, the details of which still remain an active
field of research [24]. Some experimentally observed L-
H transitions can be explained by a predator-prey (PP)
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Fig. 8 (a) Time evolution of the depth of the E,. well and the root-

mean-square of the plasma potential fluctuation above
20 kHz. (b) The corresponding Lissajous curve: each ar-
row represents a time step of 50 us. Figure reprinted from
Ref. [22] with permission, copyright 2019 by the American
Physical Society.

model [25,26] in which zonal flows initially suppress tur-
bulence and facilitate the formation of a transport barrier
sustained by the ion pressure gradient. However, zonal
flows are not necessarily always observed at the onset of
L-H transition [27,28], and the validity of the PP model
has been debated for a number of years. While an L-H
transition has not been observed in RFPs so far, the E,
measurements at MST strongly suggest that zonal flows
can exist just inside the LCFS of a toroidal plasma where
an edge transport barrier forms during the L-H transition
of tokamaks. In the PP model, a limit cycle oscillation
(LCO) is expected between the amplitudes of turbulence
and a zonal flow. As shown in Fig. 8, an LCO is also ob-
served in the MST RFP between the depth of the E, well

and the amplitude of the potential fluctuations.

5.6 Summary

Due to the unique magnetic configuration, RFPs are able
to probe the physics of plasma micro-instabilities by reach-
ing parameter regimes which cannot be accessed by toka-
maks or stellarators. Based on gyrokinetic simulations in
a local flux tube and ignoring tearing modes, a pure ax-
isymmetric RFP configuration leads to unphysically low
transport levels due to zonal flows with extremely high am-
plitudes when the TEM is the dominant instability. By im-
posing ad-hoc, constant-in-time magnetic perturbations in
these simulations, which arise from residual tearing modes
in real experiments, the zonal flows are disrupted, and re-
alistic transport levels are obtained. These mechanisms
have since been confirmed through self-consistent multi-
scale global gyrokinetic simulations. In contrast, slab ITG
turbulence can develop without such magnetic perturba-
tions since the nonlinear saturation in this case does not
as strongly rely on zonal flows.
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Experimentally, characteristics consistent with TEM
turbulence are obtained through fluctuation measurements
of multiple plasma parameters at the MST RFP. In ad-
dition, a micro-instability is shown to drive a significant
impurity flux, and zonal flows are also observed.

Due to the small number of RFP experiments in
the world — and particularly that of RFPs with high-
performance, tearing-suppressed operation — the litera-
ture on microinstability and microturbulence in RFP plas-
mas is strongly limited. At the same time, studies of
such turbulence in the RFP have revealed rich, multi-scale
physics and have helped uncover processes of direct rele-
vance to other magnetic confinement device classes. Fur-
thermore, the propensity of RFPs for effectively sustaining
zonal flows may, if tearing-based zonal-flow erosion can be
avoided or otherwise mitigated, make the RFP a highly
desirable configuration able to sustain high pressure gradi-
ents. Paired with the lower capital cost of RFPs, this may
indeed make this type of fusion reactor a strong contender
for commercialization.
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Future Prospects of RFP Research
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	05
	

	102-05_sp05-print_0.3-20260514_x4のコピー
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