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    Research Objective : Non-inductive Start-up by ECH/ECCD
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Outline

Non-inductive Startup Experiment with 2.45 GHz Microwave.*

Non-inductive Startup Experiment with 5GHz Microwave

* Space Potential Measurement by HIBP in a ST Plasma 
Produced Non-inductively by EBW with 2.45 GHz Microwave.

*

Excitation of EBW at the 1st Propagation Band and 
Polarization Control for Optimal Mode-Conversion 
to Achieve a High-Density and High-Current Plasma

Excitation of EBW at the 1st Propagation Band 
to Achieve a High-Density Plasma



Electron density strongly depends on ECR location
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A High-Density Plasma with ~7 Times the Cutoff DensityDensity

Electron density strongly depends on ECR location
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A high-density plasma with ~7 times the 
cutoff density is produced when EBW is 
excited at the 1st propagation band.

O-mode Injection



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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Optimized polarization 
changes from O-mode-like 
one to X-mode-like one when 
the density scale length 
becomes short.
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in the case of ITF = 93kA, Rcutoff = 35.5 cm 
and RECR = 21.3 cm for ω/2π = 2.45GHz

Mapping of mode conversion efficiency for 
optimal polarization when an 
electromagnetic wave is injected at an 
angle θ to the magnetic field on the 
midplane, calculated with the cold plasma 
resonant absorption model in the slab 
geometry.
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X-mode-like Polarization Injection from 3 Ports
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EBW Start-up with large fraction of X-mode-like polarization at the last stage

1st 
ECR

2nd 
ECR

X-mode likeO-mode like

Plasma current increases up to 12 kA (~20% increment), while the density 
is nearly the same.
The increment amount of EB wave power by the better mode conversion may be 
consumed by tail electron heating which occurs in the lower field side due to the Doppler 
shift effect.
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Non-inductive Startup with 5 GHz (Previous Exp.)

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 denisty > 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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In the case of 5 GHz and ITF = 198 kA,
RΩe = 22.2 cm, R2Ωe = 44.3 cm
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Excitation of EBW at the first 
propagation band with 5 GHz
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5GHz Launching System

TE10

CircularTE11

Left-handed Circularly Polarized

~ 200 kW, ~80 ms
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Polarizer                       

Polarizer                       

Oblique Launch 
(~15° from normal 
to Bt at launcher 
position)



A High-Density Plasma with 5 GHz Microwave
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Horizontal Chord at RT=0.12m
neL = 1 x 1018 m-2 ... <ne> = 1.7x1018 m-3

neL = 2 x 1017 m-2 ... <ne> = 3.5x1017 m-3

~140kW

~8kA

A high-density plasma with ~5.5 times 
the cutoff density is transiently 
produced when the 2nd ECR layer is 
located > 40 cm.



Density Decreases When Hot Spots Appear on the Bottom Mo Plate
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Center Post

Hot Spots

the loss of high energy electrons produced by EBW.

Core heating by EBWs at their first propagation band is favorable 
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• 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.
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HIBP System in LATE2013年 10月 30日 (水) LATE-IBP-sideview-07-2.CAD

A4-tate 1, 5-6, 10-1023

1 m

Ion Gun

Quadrupole Lenses

Gate Valve

X & Y Beam Profile 
Monitors
(Rotating-Wire Probes)

Total Beam 
Current Monitor

Injection Toroidal Sweeper

Injection Poloidal Sweeper

Detection Poloidal Deflector

Detection Toroidal Deflector

Ionization 
Point

Primary 
Beam

Secondary 
Beam

Gate Valve

2.45GHz Cutoff Section 
& 6 ch Beam Detectors

Energy Analyzer

Rb+

Rb+2

Ion Source

3ch Through-Port Detectors

In-vessel Matrix Plates Detector

TFC 
Return Bars

VTS

VGUN
VEXT VLENS

VQD1 VQD2

VPS

VPD

VTD

VEA

LATE

Target Plasma Parameters
Bt ~ 720G
Ip ~ 10 kA
ne ~ 5 x 1017m-3

Te ~ 100 eV



***  late-ibp-g41-3D (v1.00)  ***  2013/11/25 14:46:32
_g41-3D-01-all : Rb+(A=85), 13.99keV, It=90kAT, 131101-020-t0.198, V_PS=0V, zi=-1.800m, V_PD=900V
morbit2 =   9,  morbit3 =   0

0.0 0.5 1.0 1.5 2.0
x (m)

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

z 
(m

)

-0.05 0.00 0.05
y (m)

-0.05

0.00

0.05

y 
(m

)

-0.05 0.00 0.05

x"" (m)

-0.05

0.00

0.05

y"
" 

(m
)

-0.05 0.00 0.05

x"" (m)

-0.05

0.00

0.05

y"
" 

(m
)

***  late-ibp-g41-3D (v1.00)  ***  2013/11/25 14:25:03
_g41-3D-01-all : Rb+(A=85), 13.99keV, It=90kAT, 131101-020-t0.198, V_PS=0V, zi=0.000m, V_PD=900V
morbit2 =   9,  morbit3 =   0

0.0 0.5 1.0 1.5 2.0
x (m)

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

z 
(m

)

-0.05 0.00 0.05
y (m)

-0.05

0.00

0.05

y 
(m

)

-0.05 0.00 0.05

x"" (m)

-0.05

0.00

0.05

y"
" 

(m
)

-0.05 0.00 0.05

x"" (m)

-0.05

0.00

0.05

y"
" 

(m
)Measurement Position is Determined by Two Voltages VPS & VPD 

x'

y

x'''''

y

Starting Point：
(x',y) = 0, ±3mm, 
9 ions

Ionization Point

x'

y

y

x'

z'

y

x

***  late-ibp-g41-3D (v1.00)  ***  2013/11/25 14:25:03
_g41-3D-01-all : Rb+(A=85), 13.99keV, It=90kAT, 131101-020-t0.198, V_PS=0V, zi=0.000m, V_PD=900V
morbit2 =   9,  morbit3 =   0
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VPS

VPD



0

5

10

I-B
 (n

A)

/N01A/LATE06/150115/036/SP12ch-data15-4/SP12ch-data150.210-0.230navr21Ith0.2e-3/plot04/plot04-B

-100

-50

0

50

100

0 0.5 1 1.5 2 2.5 3

Ph
i-B

 (V
)

VPD (kV)

/N01A/LATE06/150115/036/SP12ch-data15-4/SP12ch-data150.210-0.230navr21Ith0.2e-3/plot04/plot04-B

Detection of Secondary Beam

0
10
20
30
40
50

P n
et

 (k
W

)

/N01A/LATE06/150115/036/wffrm8-4
/SP12ch-data15-0/SP12ch-data150.000-0.320navr41Ith0.2e-3/SP12ch-data15.tdat

0

5

0

50

I p
 (k

A)

Bv
(R

=2
5c

m
)

(G
)

/N01A/LATE06/150115/036/wffrm8-4
/SP12ch-data15-0/SP12ch-data150.000-0.320navr41Ith0.2e-3/SP12ch-data15.tdat

0
1
2
3

n- eL

(1
013

cm
-2

)

/N01A/LATE06/150115/036/wffrm8-4
/SP12ch-data15-0/SP12ch-data150.000-0.320navr41Ith0.2e-3/SP12ch-data15.tdat

0
0.5

1
1.5

2
2.5

3

V P
S 

(k
V)

V P
D

 (k
V)

/N01A/LATE06/150115/036/wffrm8-4
/SP12ch-data15-0/SP12ch-data150.000-0.320navr41Ith0.2e-3/SP12ch-data15.tdat

0

5

I U
-B

(n
A)

/N01A/LATE06/150115/036/wffrm8-4
/SP12ch-data15-0/SP12ch-data150.000-0.320navr41Ith0.2e-3/SP12ch-data15.tdat

0

5

I L
-B

(n
A)

/N01A/LATE06/150115/036/wffrm8-4
/SP12ch-data15-0/SP12ch-data150.000-0.320navr41Ith0.2e-3/SP12ch-data15.tdat

0

5

I U
+L

-B
(n

A)

/N01A/LATE06/150115/036/wffrm8-4
/SP12ch-data15-0/SP12ch-data150.000-0.320navr41Ith0.2e-3/SP12ch-data15.tdat

-50

0

50

0 0.05 0.1 0.15 0.2 0.25 0.3

Ph
i-B

 (V
)

Time (sec)

/N01A/LATE06/150115/036/wffrm8-4
/SP12ch-data15-0/SP12ch-data150.000-0.320navr41Ith0.2e-3/SP12ch-data15.tdatITF = 90kA, Bt = 720G, 150115-036

Ip ~ 6.5kA, neL ~ 2 x 1017 m-2
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50V

Space potential is positive and increases 
as the density increases.

***  plot-Rz-VPS-VPD-1 (v1.00)  ***  2015/07/27 19:14:37
Itc1.50kA-EF02_p2_dxx-5mm,  PDF file = plot-Rz-VPS-VPD-1-plot01.pdf
LATE06-EF02_p2_dxx-5mm/150115/036/t0.190-0.210, Itc1.50kA

Psip minimum =-3.940E-04 at R = 2.340E-01, z =-6.000E-03
Psip maximum = 1.278E-02 at R = 6.780E-01, z = 3.000E-01

Jphi minimum =-4.138E+04 at R = 3.690E-01, z =-9.000E-03
Jphi maximum =-0.000E+00 at R = 5.100E-02, z =-5.070E-01
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By injecting 5 GHz microwave in the similar ECR conditions to those 
with 2.45GHz microwave, a high density plasma with ~5.5 times the 
cutoff density is transiently obtained.  It is necessary to mitigate the 
hot spots which may be due to the loss of high energy electrons 
produced by EBW.

Summary

When the microwave power in the X-mode-like polarization is 
increased at the last stage, the plasma current is increased while 
the density is nearly the same.

By injecting 2.45 GHz microwave, non-inductive formation of 
high density ST plasma with 7 times the plasma cutoff density 
is achieved when EBW is excited in the 1st propagation band.

*

*

*

* The space potential in a ST plasma produced by EBW alone is 
measured by HIBP.  The space potential is positive (~50V) in the 
core and increases as the density increases.


