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Outline
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Direct Measurement of EBW Wave Pattern

* Experimental Result

* Future Plan
New Vacuum Vessel

( Guo et al., Plasma Phys. Control. Fusion 64 (2022) 035008 )

( Guo et al., Plasma and Fusion Research 17 (2022) 1401024 )

Non-Inductive Formation of Spherical Tokamak by EBW

Development of Soft X-ray CT System



LATE Device
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Cylindrical Vacuum Vessel : 
       R = 5.7 ~ 50 cm
       Z = -50 ~ 50 cm
       A ≧ 1.24
Toroidal Field @ R = 25 cm 
       Bt ≦ 1.6 kG, > 0.13 sec
Vertical Field @ R = 25 cm
       Bv ≦ 250 G, 2 sec

Microwave Sources :
  5 GHz 
       200 kW, 0.1 sec
       1 klystron  
  2.45 GHz 
       20 kW, 2 sec, 
       4 magnetrons

2.45GHz, 
20kW, 
2sec, #1

5GHz, 
~200kW, 
~100ms

2.45GHz, 
20kW, 
2sec, #3

2.45GHz, 
20kW, 
2sec, #4

Diagnostics :
  Magnetic Measurement 
      (17 Flux Loops, 46 MPs)
  4 ch 70 GHz Interferometers
 Fast CCD Camera
  Visible Light Spectrometer
  4 ch HX PHA system
  HX pin-hole camera
  AXUV pin-hole camera
  HIBP system (Rb+, 20kV)

No Center Solenoids



EBW Excitation via O-X-B Mode Conversion
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Maekawa et al., Phys. Rev. Lett. 40 (1978) 1379
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Formation of ST by ECH/ECCD
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EC
R

dIp/dt=260 kA/s

Ip=0 Ip=7 kA Ip=20 kA

Discharge evolves in three stages
(I) Closed flux surfaces is formed under steady 

Bv.
(II) Ip ramps up with a ramp of Bv.
(III) Ip still ramps up even with a very slow ramp 

of Bv.
 → Negative VL(~ -0.1V) by induction of Ip ramp.
βp ~1.5 due to tail electrons
    ( βp-bulk ~ 0.05 )   when Ip = 20kA
 → tail electrons' energy ~ 100 keV
line-averaged density > plasma cutoff density
     ne ~ 4 x 1017 m-3 ~ 1.3 x nc (3.1 x 1017 m-3)
 → ECCD by EBW with high N//
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Optimal Injection Polarization for Mode Conversion to EBW 
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increasing ∇n

50% 70% 90%
95%

Conversion rate of optimal 
injection mode

Final stage at Ip ~ 10kA

(density scale length)

[H. Igami, et.al., PPCF 48 573(2006)]

Optimal injection polarization

O-modeX-mode like increasing ∇n



Production of Highly Overdense ST Plasma
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1st 
ECR

2nd 
ECR

X-mode likeO-mode like

A highly overdense ST plasma is produced when the UHR layer located between the 
fundamental and the second ECR layer and EBW is excited at the first propagation band.

By increasing X-mode component as the density increases, plasma current increases up 
to 12 kA (~20% increment), while the density is nearly the same.



* Experimental Result

* Future Plan
New Vacuum Vessel

Non-Inductive Formation of Spherical Tokamak by EBW

Development of Soft X-ray CT System

Direct Measurement of EBW Wave Pattern
( Guo et al., Plasma Phys. Control. Fusion 64 (2022) 035008 )

( Guo et al., Plasma and Fusion Research 17 (2022) 1401024 )



Excitation and Detection System (Side View)
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• 2.45 GHz injection → ECR plasma

• 1.5 GHz injection → EBW excitation

• 2-D sweep of antenna → wave pattern measurement

• mixer circuit → homodyne detection

IQ

RF 
Source

Local 
Oscillator

Band 
Pass 
Filter

Low Pass FilterAmplifier

Mixer

2-D Driving 
System

DC 
Block

Directional 
Coupler

~20 W

1.5 GHz

I/Q Demodulator

Divider

To ADC

LATE

Device

Waveguide 
Launcher

Mixer 
Circuit

Probe 
Antenna

2.45 GHz

ECR Layer

1.5 GHz

ECR Layer

Phase 
Shifter 2.45 GHz


ECR 
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Excitation and Detection System (Top View)
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2.45 GHz

CW Magnetron


~400 W
Waveguide

Launcher

Limiter

70 GHz

Interferometer

70 GHz

Interferometer

Rt = 27 cm

Rt = 35.5 cm

Movable

Langmuir


Probe

2-D

Driving

System Probe


Antenna

TMP

Axis 1

Axis 2

2

3

1

4

Rs

1 mm
3 mm

BN Cap

Ceramic

• Langmuir probe & 
interferometers → 
ne & Te profiles

Pin Number



5 Pin-Type Probe Antenna
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• five-pin type, firstly used in similar experiments

• potential difference between center pin and corner pin is measured

• highly sensitive to short-wavelength (mm-level) electrostatic waves

E1
<latexit sha1_base64="6JifAn91UFlEIJMDP1svjBQvKXA="></latexit>

E2
<latexit sha1_base64="1H15k4cLJeVeSJG3/x37/ozDt3M="></latexit>

E3
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E4
<latexit sha1_base64="HFQkYwqm6M5LHFOzbE+ngyaIKoY="></latexit>
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MI Cable
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Discharge Waveform and I/Q Signals (O-Mode Injection) 
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• steady state → 0.75 ~ 4.0 s

• Rs = 220 mm, S/N ratio ~ 20
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Density & Temperature Profiles

13

• density and temperature points from I-V characteristics

• sawtooth voltage, fixed position during 1 shot


• density profile from ion saturation current profile and fitting curve

• constant negative voltage, sweeping during 1 shot


• overdense plasma for 1.5 GHz microwave

• low electron temperature

          →  decrease EBW wavelength, increase collisional damping rate, protect probe antenna
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2-D Wave Pattern of Phase (O-Mode Injection)
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• rapid phase change pattern is observed for pin 4

• localized near UHR layer

UHRPCECRCP UHRPCECRCP



1-D Wave Pattern of Phase (O-Mode Injection)
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• rapid phase change pattern → short wavelength (~2 mm)

• phase decreases when moving inside (high field side) → backward wave

• pin 4 direction is almost same as antenna moving direction → electrostatic


• EBW-like wave pattern (first-time direct detection in torus plasma)

• only appears in a localized region (3 x 3.5 cm) near UHR layer



Bt Adjustment (O-Mode Injection)
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• position and size of short-wavelength region have changed, but still localized

UHR

PC

ECR



Localized Observation

• toroidally localized

• PC and LC


• two layers are parallel in 1-D case


• wave Nz have a wide distribution on PC layer due to its curvature in 2-D case

• LC layer becomes a curve and there is an intersection point between PC and LC

• O-X mode conversion efficiency is high near the intersection point

• total conversion efficiency is dependent on wave energy spatial distribution and evanescent region shape 
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LC
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Localized Observation
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• radially localized

• generalized EBW dispersion function (Pesic, 1984)


• complex value of perpendicular wave number


• several cm damping length due to low Te
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�damping = 2⇡/Im(k?) = 1.9cm
<latexit sha1_base64="b/YscoxJ+AM31uwOgQ8vU2guqHE=">AAACInicbVDLSgMxFM3UV62vqks3wSLops7U4mMhCG5cVrFV6Awlk97a0GQmJBmhDP0WN/6KGxeKuhL8GDPtCL4OBA7nnEvuPaHkTBvXfXcKU9Mzs3PF+dLC4tLySnl1raXjRFFo0pjH6jokGjiLoGmY4XAtFRARcrgKB6eZf3ULSrM4ujRDCYEgNxHrMUqMlTrlI5/bcJd0fAlKHtd8yXZ9QUxfifQCRtuDibGDj3Gtuoe/LCFGnXLFrbpj4L/Ey0kF5Wh0yq9+N6aJgMhQTrRue640QUqUYZTDqOQnGiShA3IDbUsjIkAH6fjEEd6yShf3YmVfZPBY/T6REqH1UIQ2ma2of3uZ+J/XTkzvMEhZJBMDEZ181Es4NjHO+sJdpoAaPrSEUMXsrpj2iSLU2FZLtgTv98l/SatW9far9fN65aSe11FEG2gTbSMPHaATdIYaqIkoukMP6Ak9O/fOo/PivE2iBSefWUc/4Hx8AmrCo4s=</latexit>

�? = 2⇡/Re(k?) = 2.3mm

<latexit sha1_base64="D4QyyLQd+fBlViWvA4PXBUlVsm0=">AAACDnicbVDLSsNAFJ34rPUVdelmsBTcNCRt2upCKLhxWcE+oK1lMp22Q2eSMDMRSsgXuPFX3LhQxK1rd/6N0zYLbT1w4XDOvdx7jxcyKpVtfxtr6xubW9uZnezu3v7BoXl03JRBJDBp4IAFou0hSRj1SUNRxUg7FARxj5GWN7me+a0HIiQN/Ds1DUmPo5FPhxQjpaW+mZ/0uyER4VWxUr20yoVSybXKFHY5UmPBY57cxwUn6Zs527LngKvESUkOpKj3za/uIMARJ77CDEnZcexQ9WIkFMWMJNluJEmI8ASNSEdTH3Eie/H8nQTmtTKAw0Do8hWcq78nYsSlnHJPd87OlMveTPzP60RqeNGLqR9Givh4sWgYMagCOMsGDqggWLGpJggLqm+FeIwEwkonmNUhOMsvr5Jm0XIqlnvr5mpuGkcGnIIzcA4cUAU1cAPqoAEweATP4BW8GU/Gi/FufCxa14x05gT8gfH5A+fxmh4=</latexit>

k? = 2679.5� 334.5im�1

<latexit sha1_base64="ZibLmb9JtIfG+Ot6yCfZF5nr0sU="></latexit>

1 +
1

k2�2
D

⇥
1 + z0

P1
n=�1 e�µIn(µ)Z(zn)

1 + izc
P1

n=�1 e�µIn(µ)Z(zn)
= 0

<latexit sha1_base64="xr4pTiLIDkMe37qLFib254rWV/E=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiVISalKJuhIIblxXsBdo0TKaTdsgkGWYmQg1duPFV3LhQxK0P4c63cdpmoa0/DHz85xzOnN/jjEplWd9GbmV1bX0jv1nY2t7Z3TP3D1oyTgQmTRyzWHQ8JAmjEWkqqhjpcEFQ6DHS9oLrab19T4SkcXSnxpw4IRpG1KcYKW25ZjG4KgfuA+xXTwO3x4ngGk/6qX1WnbhmyapYM8FlsDMogUwN1/zqDWKchCRSmCEpu7bFlZMioShmZFLoJZJwhAM0JF2NEQqJdNLZERN4rJ0B9GOhX6TgzP09kaJQynHo6c4QqZFcrE3N/2rdRPmXTkojnigS4fkiP2FQxXCaCBxQQbBiYw0IC6r/CvEICYSVzq2gQ7AXT16GVrVin1dqt7VSvZbFkQdFcATKwAYXoA5uQAM0AQaP4Bm8gjfjyXgx3o2PeWvOyGYOwR8Znz/RGJZB</latexit>

k = (k2z + k2?)
1/2

<latexit sha1_base64="ZAcHAOxyT7jjdarRgNuP0sN5EE0=">AAACI3icbVDLSsNAFJ34rPVVdekmWARXNSlFRRAKunBZwT6gCWEynbZDZ5I4c1MoIf/ixl9x40Ipblz4L07b4KP1wMCZc8/l3nv8iDMFlvVhLC2vrK6t5zbym1vbO7uFvf2GCmNJaJ2EPJQtHyvKWUDrwIDTViQpFj6nTX9wPak3h1QqFgb3MIqoK3AvYF1GMGjJK1w6XJs72HMEhr4UyU16Nfz+QD89ddSDhKScOqGgvR9flHqFolWypjAXiZ2RIspQ8wpjpxOSWNAACMdKtW0rAjfBEhjhNM07saIRJgPco21NAyyocpPpjal5rJWO2Q2lfgGYU/V3R4KFUiPha+dkQzVfm4j/1doxdC/chAVRDDQgs0HdmJsQmpPAzA6TlAAfaYKJZHpXk/SxxAR0rHkdgj1/8iJplEv2WalyVylWK1kcOXSIjtAJstE5qqJbVEN1RNAjekav6M14Ml6MsfE+sy4ZWc8B+gPj8wtLf6aC</latexit>

�D = vth/
p
2!p

<latexit sha1_base64="KL66A4d9ZxSlNfksfRwMB1y1Uto=">AAACMXicbZDLSgMxFIYzXmu9VV26CRahItYZKepGKLjpsoK9QKcMmTRtQ5PMkGQK7TCv5MY3ETddKOLWlzC9ULX1h8DPd84h5/x+yKjStj2yVlbX1jc2U1vp7Z3dvf3MwWFVBZHEpIIDFsi6jxRhVJCKppqReigJ4j4jNb93P67X+kQqGohHPQhJk6OOoG2KkTbIy5SGnsuR7koei+Qu5wacdNA5dUV08cOndN6Ik7PLnjeE/TnR3cTLZO28PRFcNs7MZMFMZS/z4rYCHHEiNGZIqYZjh7oZI6kpZiRJu5EiIcI91CENYwXiRDXjycUJPDWkBduBNE9oOKG/J2LElRpw33SOV1SLtTH8r9aIdPu2GVMRRpoIPP2oHTGoAziOD7aoJFizgTEIS2p2hbiLJMLahJw2ITiLJy+b6lXeuc4XHgrZYmEWRwocgxOQAw64AUVQAmVQARg8gVfwBt6tZ2tkfVif09YVazZzBP7I+voGKnur/Q==</latexit>

zn = (! + i⌫ � n!c)/kzvth
<latexit sha1_base64="X7OdXLvx7X+a8o3cErhUHvKGOQ8=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFc1USKuhEKblxWsA9oQphMJ+3QySTMTAptyN6Nv+LGhSJu/QF3/o2TNoi2HrhwOOde7r3HjxmVyrK+jJXVtfWNzdJWeXtnd2/fPDhsyygRmLRwxCLR9ZEkjHLSUlQx0o0FQaHPSMcf3eR+Z0yEpBG/V5OYuCEacBpQjJSWPLMy9ZwQqaEIU5xdOzw5G3lTOP4R1TDzzKpVs2aAy8QuSBUUaHrmp9OPcBISrjBDUvZsK1ZuioSimJGs7CSSxAiP0ID0NOUoJNJNZ79k8EQrfRhEQhdXcKb+nkhRKOUk9HVnfqJc9HLxP6+XqODKTSmPE0U4ni8KEgZVBPNgYJ8KghWbaIKwoPpWiIdIIKx0fGUdgr348jJpn9fsi1r9rl5t1Is4SuAYVMApsMElaIBb0AQtgMEDeAIv4NV4NJ6NN+N93rpiFDNH4A+Mj28YL5uw</latexit>

zc = ⌫/kzvth
<latexit sha1_base64="hDbk/1Mx9BrqeToxkWiMFOypi2c=">AAACLHicbVDLSgMxFM3UV62vqks3wSK4qjOlPjZCoRuXFewDOrVk0ts2NJkZkkyhDPNBbvwVQVxYxK3fYdopqK0HAifn3Mu993ghZ0rb9tTKrK1vbG5lt3M7u3v7B/nDo4YKIkmhTgMeyJZHFHDmQ10zzaEVSiDC49D0RtWZ3xyDVCzwH/QkhI4gA5/1GSXaSN181RXRrV28xKNu7IYgw+QxLiV4bH6C6KEUsR4mqXaB3UDAgPxYNHW6+YJdtOfAq8RZkAJaoNbNv7q9gEYCfE05Uart2KHuxERqRjkkOTdSEBI6IgNoG+oTAaoTz49N8JlRergfSPN8jefq746YCKUmwjOVszXVsjcT//Pake7fdGLmh5EGn6aD+hHHOsCz5HCPSaCaTwwhVDKzK6ZDIgnVJt+cCcFZPnmVNEpF56pYvi8XKuVFHFl0gk7ROXLQNaqgO1RDdUTRE3pB72hqPVtv1of1mZZmrEXPMfoD6+sbX6Wo8A==</latexit>

µ = 0.5k2?v
2
th/!

2
c

<latexit sha1_base64="y8ymXR3Opv7648rAlEEJRKjiC2U=">AAAB9XicbVBNSwMxEJ31s9avqkcvwSJ4WnalVI8FL56kgv2Adi3ZNNuGJtklySp16f/w4kERr/4Xb/4b03YP2vpg4PHeDDPzwoQzbTzv21lZXVvf2CxsFbd3dvf2SweHTR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC0dXUbz1QpVks78w4oYHAA8kiRrCx0v1N7wl1NRPIc6u+3yuVPdebAS0TPydlyFHvlb66/ZikgkpDONa643uJCTKsDCOcTordVNMEkxEe0I6lEguqg2x29QSdWqWPoljZkgbN1N8TGRZaj0VoOwU2Q73oTcX/vE5qossgYzJJDZVkvihKOTIxmkaA+kxRYvjYEkwUs7ciMsQKE2ODKtoQ/MWXl0nz3PWrbuW2Uq5V8jgKcAwncAY+XEANrqEODSCg4Ble4c15dF6cd+dj3rri5DNH8AfO5w9AcZED</latexit>

Nz ⇠ 0.611
<latexit sha1_base64="R0IlPIohputzBJ6xHMYcJIQ8NCE=">AAACDnicbVDLSsNAFJ3UV62vqEs3g6XgxpJItS4LblxWsA9o0jKZTtuhM5MwMxFKyBe48VfcuFDErWt3/o2TNgttPXDhcM693HtPEDGqtON8W4W19Y3NreJ2aWd3b//APjxqqzCWmLRwyELZDZAijArS0lQz0o0kQTxgpBNMbzK/80CkoqG417OI+ByNBR1RjLSRBnbFEzH0FOXw0tOUEwVdp1+HHkd6Inmi0n5y7qYDu+xUnTngKnFzUgY5mgP7yxuGOOZEaMyQUj3XibSfIKkpZiQtebEiEcJTNCY9QwUym/1k/k4KK0YZwlEoTQkN5+rviQRxpWY8MJ3ZmWrZy8T/vF6sR9d+QkUUayLwYtEoZlCHMMsGDqkkWLOZIQhLam6FeIIkwtokWDIhuMsvr5L2RdW9qtbuauVGLY+jCE7AKTgDLqiDBrgFTdACGDyCZ/AK3qwn68V6tz4WrQUrnzkGf2B9/gCTiZsp</latexit>

⌫ ⇠ 5⇥ 107s�1



1-D Kinetic Full Wave Simulation
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• EBW collisional damping is included

• similar Bt, ne, Te profiles with experiments

⌫ = 5⇥ 107s�1
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( Ram & Schultz, Phys. Plasmas 7 (2000) 4084. )

• O-mode injection

• EBW can be excited (89.8% conversion efficiency)

• 2 mm wavelength

• several cm damping length
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* Experimental Result

* Future Plan
New Vacuum Vessel

Non-Inductive Formation of Spherical Tokamak by EBW

Development of Soft X-ray CT System

Direct Measurement of EBW Wave Pattern
( Guo et al., Plasma Phys. Control. Fusion 64 (2022) 035008 )

( Guo et al., Plasma and Fusion Research 17 (2022) 1401024 )



Shut Down for Renovation of Experiment Building
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Plasma Wave Experiment Building

Advanced Energy Science Laboratory

Repair works for floors, walls, water piping, 
electric piping and air duct

Construction period from August 2021 to February 2022

LATE was shut down and disassembled in May 2021

Re-assembling of LATE begun in June 2022

All the materials except large power supplies were moved in June 2021

All the materials were moved back again in May 2022

WT-3 Tokamak was removed and scrapped.



Disassembling on May 27, 2021
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New Vacuum Vessel
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New Radial Port
    ICF70   :  8
    ICF114 : 40

New Top & Bottom Port
    ICF70   :  6
    ICF114 : 12

66 additional ports  in total



Development of Soft X-ray CT System

24

 01.02.2013, 20:27:05, DISLIN 10.0

0.0 0.1 0.2 0.3

t (sec)

0.0

2.0

4.0

6.0

8.0

10.0

Ip
 (

k
A

)

0.0 0.1 0.2 0.3 0.4 0.5

R (m)

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

Z
 (

m
)

Phi

(uVs)

601

1201

1802

2402

3003

3603

4204

4804

0

Jp

(kA/m^2)

1

10

20

29

38

48

57

66

75

85

-91

LCFS measure
R(cm) Z(cm)

6.2 0.0
30.3 0.0
14.1 20.4
14.1 -18.9

R0:

a:

b:

R0/a:

b/a:

17.7

12.0

19.6

1.47

1.63

cm

cm

cm

/ipscan5/late22/111108/123/flux08-r25z3-01-fil+jf5_allpts/ipscan-a0.50-redraw_for_mp

Output PDF File Name
Output - Total Current
Output - Beta + li/2
Output - B-line

Configuration
Output - Each Filament Current
Output - Error
Output - Eddy Current
Output - Flux Before Correction
Output - Flux After Correction
Output - Fitted Flux

a0.50_047.pdf
./ipevo.dat

ipscan4-afunc-a0.50.cnf

./error.dat
./eddy.dat

./phievo-0.dat

./phievo-1.dat
./phiclc.dat

Time
At 0.142630
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No Name Wgt
ob

Phi(uVs)
(ob-clc)/clc

Error(%)

1 Phi-U1  5 128.11 0.67
2 Phi-RU3  1 816.09 -5.54
3 Phi-RD3  1 801.66 -3.19
4 Phi-D1  5 123.53 3.57
5 Phi-RU1  1 1986.60 1.94
6 Phi-RD1  1 1909.70 1.04
7 Phi-RU2  1 1308.70 -0.94
8 Phi-RD2  1 1227.90 -3.19
9 Phi-CU2  25 80.79 1.21

10 Phi-CU1  25 135.16 -0.81
11 Phi-C0  25 158.00 0.67
12 Phi-CD1  25 131.93 -0.01
13 Phi-CD2  25 74.20 -0.19

14 Phi-T1  1 257.75 -3.78
15 Phi-T2  1 521.96 -6.46
16 Phi-B1  1 240.23 -4.93
17 Phi-B2  1 483.73 -7.17

Err_R(Phi-R) =
Err_C(Phi-C) =
Err_H(Phi-T/B) =

3.07 %
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Poloidal Field Energy in Current Profile
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* Four pin-hole cameras on a poloidal plane
* 20 ch AXUV detector array
* two thin-film absorbers

Al-26.3nm+polyimide-47.8nm

Al-53.1nmAl-53.1nm

Al-26.3nm+polyimide-47.8nm



Plan
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ECH/ECCD with ECW/EBW for non-inductive start-up and ramp-up

Combined effect of EBI (< 20 keV) and ECH/ECCD

Diagnostics ... re-installation
* HIBP (Na+, K+, Rb+, Cs+, < 30 keV)
* Radial SX profile with 2 x 20ch pin-hole cameras
* 4 + 2 ch 70GHz interferometer system
* 32 (poloidal) + 14 (toroidal)  magnetic probes
* HX PHA with 4 CdTe detectors
* Fast CCD Camera
* Visible Light Spectroscopy

Intermittent Plasma Ejection Phenomena
* SX CT in poloidal cross section with 4 x 20ch pin-hole cameras


