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Objectives : Non-inductive Start-up by ECH/ECCD
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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, 14 AT Probes)
  4 ch 70 GHz Interferometers
  XUV Cameras (20ch x 2)
  Fast CCD Camera
  Visible Light Spectrometer
  4 ch HX PHA system
  HX pin-hole camera
  HIBP system (Rb+, 20kV)

LATE (Low Aspect ratio Torus Experiment)

No Center Solenoids



EBW Excitation with Outboard Injection

Maekawa et al., Phys. Rev. Lett. 40 (1978) 1379

O-mode X-mode

EBW

UHR N�opt =

�
Ωe

ω + Ωe

Injection from 
Outboard Side

Plasma 
Cutoff

Outboard side (low field side) injection is needed from reactor design. 

--> O-X-B mode conversion

UHR

X
X X

B
B B

ECR

Maekawa et al., J. Phys. Soc. Jpn. 48 (1980) 247

EBW is converted from Slow X-mode at 
Upper Hybrid Resonance (UHR).

ωpe2/ω2

ωce/ω

Mode conversion from O-mode to Slow X-
mode is optimum when 

N�opt =

�
Ωe

ω + Ωe
(at the plasma cutoff) 



Optimal Polarization for EBW Mode Conversion

A survey of electron Bernstein wave mode-conversion window 581
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Figure 3. Mode-conversion parameter space maps presented as contour plots of the optimal
mode-conversion rate Tg1(=TEBE) in the Lp/λ0–ω/# plane for various cases of constraint on
the propagation angles, (a) perpendicular propagation, Nz = Ny = 0, (b) Ny adjustment with
the constraint of Nz = 0, (c) Nz adjustment with the constraint of Ny = 0 and (d) adjustments
of both Nz and Ny . The shaded region indicates the area where the mode-conversion rate is
more than 95%, while the meshed region indicates the area where the mode-conversion rate is
less than 10%.

free propagation). Locations 3, 7 and 15 are contained within the transparent region. On the
other hand, at locations 1, 5, 9, 13 and 17, peak transparency is below 90%. The corresponding
windows are in the first column in figure 2. As Lp decreases further, transparency deteriorates
monotonically as shown in figure 3(d).

3.2. Polarization

The polarizations of the !g1 mode and the emission wave !EEBE at the angle locations (a)–(e)
in window (10) in figure 2 are plotted in figure 4, respectively. Note that they are plotted on
the x ′–y ′ plane for the incident wave and on the x ′′–y ′′ plane for the emitted wave and viewed
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ω/Ω=1.67

Ey'

Ex'Bt (toroidal)

Optimized polarization 
changes from O-mode like to  
X-mode like when the density  
scale length becomes short.

Ex' Ex'

k

(10) θ=66.4° (11) θ=61.6° (12) θ=52.2°

in the case of Rcutoff = 35.5 cm 
and RECR = 21.3 cm 

Higher ne 

20° E

(Igami et al., PPCF 48 (2006) 573)

k

2.45GHz 5GHz

Appropriate combination of O and X modes 
(Polarization Adjustment ) gives optimal 
coupling to EB waves when density gradient 
is steep.
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2.45 GHz Microwave Launching System

O-mode like Polarization X-mode like Polarization



EBW Start-up in the 1st Propagation Band with 2.45 GHz

1st 
ECR

2nd 
ECR

X-mode likeO-mode like

EBW Start-up with large fraction of X-mode like polarization at the last stage.

Pinj ~ 65kW

REC=20.6cm
Itc=1.5kA, 
Bt=0.072T

The 2nd EC resonance layer is located outboard side of UHR layer.

UHR

~5x1017m-3



5GHz ECH System

Rectangular 
TE10

Circular TE11

Left-handed Circularly Polarized

200 kW, 0.1 sec

(1/4 λ section)Polarizer                       

Polarizer                       

Oblique Launch 
(θi ~15°)

Bt
Ip
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EBW Start-up in the 1st Propagation Band with 5GHz
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Estimation of Te at the Plasma Center
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Bt Dependences for 5GHz and 2.45 GHz Microwaves

The density increases when the 2nd ECR layer is located at the outboard side of 
the upper hybrid resonance (UHR) layer, which means that the EB wave is excited 
in the 1st propagation band.

Such Bt dependence is observed at two different microwave frequencies.
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EBW Ray and Deposition Profile

f=5GHz, It=204kAT, ne=8x1017m-3, Te=100eV, Ip=10kA
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ρ

R (m)

R (m)

ω=Ω

Plasma 
Cutoff

UHR

EBW

ω=2Ω

ω=Ω ω=2Ω

The position of the UHR layer on the midplane is usually located near the outboard wall almost 
independently on the magnetic field strength in overdense ST plasmas.
For the 1st propagation band, the distance between the fundamental ECR layer and the 2nd ECR layer is 
wide enough to locate the fundamental ECR layer at the plasma core and the effective heating is expected.

Topical Review R5

Figure 2. Dispersion relation of EBW adapted from [3]. Here the frequency is normalized by the
cyclotron frequency ωc and the wave vector is normalized by the thermal electron gyro radius ρe.

Figure 3. Density dependence of the EBW dispersion relation for the electrostatic approximation
between the first and second harmonic resonances. EBWs show no upper density limit but can be
excited at densities above the upper hybrid resonance only. No BX-coupling is incorporated in the
electrostatic approximation. In reality the EBWs are converted into X-waves before reaching the
UHR as sketched by the green line.

1.3. First experiments with EBWs.

The experimental verification of the EBWs had been demonstrated by Crawford et al [4] in
1964. Later on, many experiments were performed to measure the transmission and emission of
EBWs in linear low temperature plasmas devices [5,6]. An overview of these basic experiments
is given by Crawford [4]. The author would like to select two representative examples. In the

Dispersion Relation

Crawford & Tataronis, J. Appl. Phys. 36 (1965) 2930

UHR : 
ω=√ωp2+ωc2 

1st

2nd

3rd

4th

5th Propagation Band

Core 
Heating
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Hard X-ray Energy Spectra

Photon
counts

Photon
counts

Vertical Chord at R=28 cm

Vertical Chord at R=35.5 cm

t=0.24~0.25 s
gate25

TX ~ 40keV

TX ~ 60keV

2.45GHz
Bt=0.072T (Higher density)
Bt=0.067T (Lower density)

Tail electrons with energy ~40 keV carry 
the plasma current ~10kA

ntail / nbulk ~ 0.01

(When the 2nd EC resonance layer is near UHR or 
inner side of it, the density becomes low.)



Equilibrium Pressure Profile Estimated from Magnetic Measurement

1st
ECR

2nd
ECR

p||

p⊥

p||

p⊥

Pressure profile is estimated from equilibrium analysis
 j×B＝∇・P　（P=P⊥I+(P// - P⊥)bb) and ∇・j=0

Higher density 
(Bt = 0.072 T)
(REC=20.6cm)

Lower density 
(Bt = 0.067 T)
(REC=19.2cm)

Plasma current density profile : j

1st
ECR

2nd
ECR

Higher density 
(Bt = 0.072 T)
(REC=20.6cm)

Lower density 
(Bt = 0.067 T)
(REC=19.2cm)

Wp ~ 25J, Pinj ~ 60kW
τc = Wp/Pinj ~ 0.4 ms

Wbulk ~ 1J (ne=0.5x1018m-3, Te=100eV)



Examples of Tail Electron's Orbits

Lost

Passing

Trapped

50keV
10keV, Rinit = 35cm 10keV, Rinit = 30cm 50keV, Rinit = 30cm

0, 20deg

140, 160, 180deg 160, 180deg 140, 160, 180deg

1st
ECR

2nd
ECR

Collisionless orbits
Passing electrons
Trapped electrons
Lost electrons



Heat Flux to the Limiter Decreases in the High Density Discharge
Core heating by EBWs at their first propagation band is favorable 

100keV, Rinit = 37cm 

trapped 

loss 

Passing 

discharge 

higher density  

Lower density 

20 sec 

higher density  

Lower density 

Bottom (outer) 
Bottom (inner) 

Lower density 

higher density  

Q
Li

m
 (k

J)
 

Q
Li

m
 (k

J)
 

Q
Li

m
 (k

J)
 

Outboard 

Top 

50keV, Rinit = 30cm 

Passing 

trapped 

loss 

LCFS 

Current 
Profile 

Higher density  Lower density  
RECR=18.5cm RECR=21.3cm 

QRF = 3.3kJ 

Bottom 
(outer) 

Top 

Lower 
density 

Higher 
density  

Bottom 
(inner) 

Outboard 

• In the lower density discharge, larger power is coupled to high energy electrons outside 
LCFS due to the 2nd harmonic heating by EBW and lost to the outboard and the bottom.

• At the higher density, the power deposition before the 
2nd ECR layer is suppressed and better coupling to 
EBWs at the first propagation band is realized.

Heat flux to the limiters is due to the direct loss of high energy electrons.



Hard X-ray Emission From the Bottom Flange

Visible Light CCD Image
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Calculation of EBW Absorption by Bulk and Tail Electrons
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Tail absorption 
increases  
by decrease of bulk 
density 
N0/Nc=10 1.7 
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Typical Discharge Waveforms
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Safety Factor (z=0)

q(0) ~ 8

qa ~ 71

Pnet ~ 27 kW, Bv ~ 76 G, Ip ~ 7.5 kA

Magnetic activities and Density Fluctuations are observed 
in highly overdense plasma produced by 2.45 GHz

At the low field side,
interval between rational 
surfaces ~ ion Larmor radius 
~ 0.7 cm*

Ti ~ 10 eV by 
Spectroscopy (Doppler 
broadening)



Plasma is Ejected Through LCFS
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Poloidal Field Changes Such As Ip Decreases At The Event
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Change of Scrape-off Plasma

100μs

Ii, sat (mA) @4B

∫nedl RT = 19 cm
(1017 m-2)

Ii, sat (mA) @12B

Ii, sat (mA) @11R

Ii, sat (mA) @2T

dBR/dt (T/s) @1R

6R

1R,5R

***  late-Psip-g03 (v1.03)  ***  2017/09/08 08:26:26
Psip-g03-1,  PDF file = late-Psip-g03-plot01.pdf
/Volumes/N01D/LATE-PoloidalFlux7/PoloidalFlux-class09/late31/170831/096/170831-096-t0.2290-jf5a-alf0.70

Psip minimum =-7.481E-04 at R = 2.460E-01, z =-6.000E-03
Psip maximum = 1.710E-02 at R = 6.780E-01, z = 3.000E-01

Jphi minimum =-7.671E+04 at R = 3.390E-01, z =-3.000E-03
Jphi maximum =-0.000E+00 at R = 5.100E-02, z =-5.070E-01

0.00.10.20.30.40.5
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
)

Ip  (kA)  =    -7.511

Coil(A)
Bv-in:80.75
Bv-out:23.45
Bv-R:246.56
Bh-FB-KIV:-6.08

 (Wb) :
1.63*10[-2
1.55*10[-2
1.47*10[-2
1.39*10[-2
1.30*10[-2
1.22*10[-2
1.14*10[-2
1.06*10[-2
9.80*10[-3
8.99*10[-3
8.17*10[-3
7.36*10[-3
6.55*10[-3
5.74*10[-3
4.93*10[-3
4.12*10[-3
3.31*10[-3
2.50*10[-3
1.69*10[-3
8.74*10[-4
6.30*10[-5
-6.56*10[-5

 (A/m2) :
-6.39*10[3
-1.28*10[4
-1.92*10[4
-2.56*10[4
-3.20*10[4
-3.84*10[4
-4.47*10[4
-5.11*10[4
-5.75*10[4
-6.39*10[4
-7.03*10[4

0

5

 (
10

-3
W
b)

-5

0

 (
10

4A
/m

2)
z (m) =  0.000

01

 (10-3Wb)
-50

 (104A/m2)

R (m) =  0.250

***  late-Psip-g03 (v1.03)  ***  2017/09/08 08:26:26
Psip-g03-1,  PDF file = late-Psip-g03-plot01.pdf
/Volumes/N01D/LATE-PoloidalFlux7/PoloidalFlux-class09/late31/170831/096/170831-096-t0.2290-jf5a-alf0.70

Psip minimum =-7.481E-04 at R = 2.460E-01, z =-6.000E-03
Psip maximum = 1.710E-02 at R = 6.780E-01, z = 3.000E-01

Jphi minimum =-7.671E+04 at R = 3.390E-01, z =-3.000E-03
Jphi maximum =-0.000E+00 at R = 5.100E-02, z =-5.070E-01

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

)

Ip  (kA)  =    -7.511

Coil (A)
Bv-in : 80.75
Bv-out : 23.45
Bv-R : 246.56
Bh-FB-KIV : -6.08

 (Wb) :
1.63 * 10[ - 2
1.55 * 10[ - 2
1.47 * 10[ - 2
1.39 * 10[ - 2
1.30 * 10[ - 2
1.22 * 10[ - 2
1.14 * 10[ - 2
1.06 * 10[ - 2
9.80 * 10[ - 3
8.99 * 10[ - 3
8.17 * 10[ - 3
7.36 * 10[ - 3
6.55 * 10[ - 3
5.74 * 10[ - 3
4.93 * 10[ - 3
4.12 * 10[ - 3
3.31 * 10[ - 3
2.50 * 10[ - 3
1.69 * 10[ - 3
8.74 * 10[ - 4
6.30 * 10[ - 5

-6.56 * 10[ - 5

 (A/m2) :
-6.39 * 10[3
-1.28 * 10[4
-1.92 * 10[4
-2.56 * 10[4
-3.20 * 10[4
-3.84 * 10[4
-4.47 * 10[4
-5.11 * 10[4
-5.75 * 10[4
-6.39 * 10[4
-7.03 * 10[4

0

5

 (
10

-3
W

b)

-5

0

 (
10

4 A
/m

2 )

z (m) =  0.000

0 1

 (10 - 3Wb)
-5 0

 (104A/m2)

R (m) =  0.250

2T

12B-1

11R

4B

12B-2
12B-3

Ion saturation currents measured at  
the scrape-off region increase at the 
crash events.



Time Evolution of Line Density
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Pnet ~ 27 kW, Bv ~ 76 G, Ip ~ 7.5 kA

Pnet ~ 17 kW, Bv ~ 57 G, Ip ~ 5.4 kA

Pnet ~ 20 kW, Bv ~ 67 G, Ip ~ 6.5 kA

Pnet ~ 12 kW, Bv ~ 48 G, Ip ~ 4.8 kA

τcrash

Interval time becomes shorter as plasma current and injected power increase.

Amplitude becomes larger as the peak density increases.
Amplitude becomes smaller as plasma current and injected power increase.

Crash time becomes shorter as plasma current and injected power increase.
*
*

*



Oscillations (f ~ 100 kHz) During the Crash
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Heavy Ion Beam Probe System for LATE
2013年 10月 30日 (水) LATE-IBP-sideview-07-2.CAD

A4-tate 1, 5-6, 10-1023
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threshold = -4σ+μ (σ : std. dev., μ : mean value)
number of averaged event：73

Potential Change during an Event
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(Preliminary Results)



Summary

Highly overdense ST plasmas are produced non-inductively with EBW mode-converted 
via O-X-B scheme when EBW is excited in the 1st propagation band and the 
fundamental EC resonance layer is located in the plasma core.

Plasma current is carried by high energy tail electrons with average energy of some tens 
of keV and with population of ~1/10 of the bulk electrons.
The bulk electron temperature is ~100 eV and the density is 6 ~7 times the plasma 
cutoff density, but the pressure is ~ 1/10 of the total pressure. The high energy tail 
electrons have 90% of the total pressure.

The global confinement time is less than 1ms.
Absorbed microwave energy is mainly lost to the limiter and the vessel walls by the 
electrons' orbit loss.
In the case of higher density discharges, population of high energy tail electrons in the 
low field side is reduced and the heat flow to the limiter and the vessel walls decrease.

Intermittent events of plasma ejection through LCFS occur when the plasma current and 
the density increase, which may limit the density increase.
Preliminary measurement by HIBP shows that the positive potential (φ~50V) decreases 
by Δφ~ -10V and returns back during the event.

*

*

*

*


