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Change of Potential Profile due to Bv
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When the vertical 
field is applied, the 
space potential 
distribution changes 
to support the 
toroidal equilibrium.

� � � � � � � Formation of 
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flux surfaces



Motivation and Objectives

Microwave Spherical Tokamak

in the ST plasma produced and maintained by EBW/ECW heating 
and current drive ?

There is no measurement of potential distribution so far!

How the electric field has effects on
Formation of initial closed flux surfaces
Equilibrium and confinement

Measurement of potential and magnetic field fluctuation

✓
✓

Electron temperature measurement (10 < Te < 100 eV)
Plasma current profile measurement with aid of magnetic 
measurement

*
*

Measurement of density fluctuation*
*

Measurement of electrostatic potential distribution*
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Overall System Configuration

Target Plasma Parameters

Bt     =   480G,     720G

for 2.45GHz

Bv = 15 ~ 100G
Ip < 10kA

1011～1012 cm-3

109～1010 cm-3

~100 eV

10～50 eV

@R=25cm

Core

Peripheral

RECR = 13.7cm,   20.6cm

～

Ion Gun

Poloidal Sweeper

Toroidal Sweeper

Poloidal Deflector

100cm

Energy Analyzer

Toroidal Deflector

Primary Beam

Secondary 
Beam
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Ion Source & Ion Gun

Gun Voltage VG ≤ 20kV
Ion Gun

Ion Source

Na zeolite base
Exchange Na ions with alkali metal (Li, K, Rb, Ce) ions 
in hot water solution
Recrystalization at ~1000℃
in vacuum

Li+, Na+, K+, Rb+, Ce+

Lens 
Electrode

Ion Source

Pierce 
Electrode

Pierce electrode
3 Cylindrical lens electrode

6mm

The same type used for 
HIBP system of CHS

Thermionic ion source ... low energy spread (< 1eV)

31
cm



K+ → K2+
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Estimation of Secondary Beam Current

Na+

K+

0.9×10-8 cm3/s 

4×10-8 cm3/s

＜σ v＞i@Te=70eV

Rb+ ～8×10-8 cm3/s

Ionization Energy

47.3 eV

31.6 eV

27.3 eV

mass 
number

85

39

23

Li+

Cs+

7 75.6 eV

133 23.2 eV

0.1×10-8 cm3/s 
ions

Ratio

Primary Beam Energy 
20 keV, Current 100μA
ne = 5 x 1011 cm-3

Te = 70 eV 

Is

Ip
= Zinel

�σv�i

vb

Secondary Beam Current

Zi = 2
Length of Sample Volume 
l = 1cm

22 nA

130 nA

380 nA

1.4 nA

～10×10-8 cm3/s 590 nA

A+ → A2+

Ip = nbevbA

Is = Zienbne�σv�iAl

Primary Beam Current

Secondary Beam Current



Test of Ion Gun at Test Bench

Ion Gun Beam Current 
Monitor

Beam Profile 
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Faraday 
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101119/079 : VGUN=18.0kV VEXT=15.0kV VLEN=14.0kV Heater=20.0W101119/079 : VGUN=18.0kV VEXT=15.0kV VLEN=14.0kV Heater=20.0WK+, 18keV

~17mm

@L=206cm

K+ ion current more than 100 μA is obtained 
sometimes.
K+ ion current of ~ 40 μA is routinely extracted.
Beam diameter is less than 2 cm at 206 cm 
away from the ion source (corresponding to z ~ 
10 cm in LATE)

*

*
*



Installation of IBP Beam Line to LATE

Ion Gun

8x3 Matrix 
Plate Detector

Poloidal 
Sweeper2.45GHz, 

20kW, 2 sec

2.45GHz, 
20kW, 2 sec

2.45GHz, 
20kW, 2 sec

Poloidal 
Deflector

2.45GHz, 
5kW, CW

High Voltage 
Power Supply 
& Amp



Test of Beam Injection (1)

ʼ

Ion Gun

Toroidal
Sweeper

Poloidal
Sweeper

Beam Profile Monitor
(Rotating-Wire Probe)

K+, 8~14keV

Linearly Movable Detector
(5+6 two-lined plates)

Bt = 480G       計測結果(K+, VGUN8kV) ６

0

Beam Profile Monitor Beam Position DetectorSliding Detector

のX′軸)にそれぞれ投影して，ビームの1次元プロファイルを求める．X′軸は，ビーム
ラインと交わる点を原点とし，図4.14(a)に示す通りビームの進行方向に対して右が正，
左が負となるように取る．

(b)はテストベンチをイオンガン側からファラデーカップ側に向かって見た図である．
ビームは紙面手前から奥に向かって進んでいる．BPMのプローブは図に示す通りビーム
と垂直に交差する．プローブは，イオンガン側でビームを横切るときは右から左へ，ファ
ラデーカップ側でビームを横切るときは左から右へ，ビームをスキャンすることになる．

図4.14BPMの回転軸とビームラインの位置関係
(a)テストベンチを上から見た図(b)テストベンチをイオンガン側から見た図

　ビームの1次元プロファイルは，プローブが
受けた電流IBPMとBPMの回転角モニタ電
圧Vangleから求める．回転角モニタ電圧とは，
プローブの回転軸からギアでヘリポット(可変
抵抗)に回転を伝え，図4.15に示すヘリポット
電圧出力Vangleを取り込んだものである．ヘリ
ポットは回転角に比例して抵抗値が変化する可
変抵抗であるから，ヘリポット電圧出力Vangle

の変化量はプローブの回転角に比例する．

図4.15ヘリポット電圧出力Vangle

57

BPM回転軸

BPMの腕 ビーム

大半径方向

トロイダル方向

X 軸
(ポロイダル面内)

"

Y 軸 (トロイダル方向)"

90mm

60mm

4x6 Matrix Plate 
Detector

Voltage of Poloidal Sweeper 1



Test of Beam Injection (1)

4x6 Matrix Plate Detector

I_BPM
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Sweeper

Poloidal
Sweeper ~30mm

~15mm

~60mm

Beam Profile Monitor
(Rotating-Wire Probe)

VPS=1.92kV

K+, 13.63keV

Linearly 
Movable 
Detector

~20mmBt = 480G       
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***  late-ibp-g41-1C+pd1B (v1.00)  ***  2011/09/15 19:43:10
_g41-1C+pd1B-01-all : K+(A=39), 8.08keV, It=60kAT, Iv=0, Ip=0
morbit2 =   9,  morbit3 =   0
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***  plot02  ***  2011/09/21 20:51:54

tdatfile1=/Volumes/DO2/LATE02/110701/088/IBP-PD-data03_navr1/IBP-PD-data03.tdat
tdatfile2=/Volumes/DO2/LATE02/110701/088/IBP-V-PS-data04-1_navr1/V-PS.tdat
t1(s)= 1.740 t2(s)= 1.950
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***  plot02  ***  2011/09/21 20:45:08

tdatfile1=/Volumes/DO2/LATE02/110630/017/IBP-PD-data03_navr1/IBP-PD-data03.tdat
tdatfile2=/Volumes/DO2/LATE02/110630/017/IBP-V-PS-data04-1_navr1/V-PS.tdat
t1(s)= 1.700 t2(s)= 2.000
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***  plot02  ***  2011/09/21 20:47:51

tdatfile1=/Volumes/DO2/LATE02/110701/050/IBP-PD-data03_navr1/IBP-PD-data03.tdat
tdatfile2=/Volumes/DO2/LATE02/110701/050/IBP-V-PS-data04-1_navr1/V-PS.tdat
t1(s)= 1.520 t2(s)= 1.720
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***  plot01B  ***  2011/09/21 21:35:45
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***  plot01B  ***  2011/09/21 21:39:03
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***  plot01B  ***  2011/09/21 21:40:56
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Test of Beam Injection (2)

17 18 19 20 21 22 23 24

1 2 3 4 5 6 7 8

112mm

69mm X''' axis
(on the poloidal 

plane)

Y''' axis (in the toroidal direction)

Toroidal Deflector

Poloidal Deflector

8x3 Matrix Plate Detector

9 10 11 12 13 14 15 16
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Test of Beam Injection (2)

Poloidal Deflector

Poloidal
Sweeper

Beam Profile Monitor &
Total Current Monitor

Toroidal 
Sweeper

Ion Gun
K+, 7.69 keV
Bt = 480G       

VPD=1.8~2.6 kV

Y'''

X'
'' 8x3 

Matrix Plate 
Detector

t=1.88sec

VPD=2.18 kV

***  IBP-MPD2-plot03-1  ***  2011/09/25 22:16:02

tdatfile1=/Volumes/DO2/LATE03/110916/038/IBP-MPD2-data01_navr1/IBP-MPD2-data01.tdat
tdatfile2=/Volumes/DO2/LATE03/110916/038/IBP-MPD2-data02_navr1/IBP-MPD2-data02.tdat
t(s)= 1.8800, :060
total current   ( A) =  4.500
max = 1.828 at plate12, min =-0.551 at plate6
total current 2 ( A) =  6.797
center 2 (mm) : x =-8.220, y =-2.640
4*standard deviation 2 (mm) : dx = 29.120, dy = 73.570
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Comparison of Measured Position and Calculated One (2)

7.69keV 8.64keV

***  plot02  ***  2011/09/26 22:07:00

tdatfile1=/Volumes/DO2/LATE03/110916/038/IBP-MPD2-data02_navr1/IBP-MPD2-data02.tdat
tdatfile2=/Volumes/DO2/LATE03/110916/038/IBP-V-PD-data04-1_navr1/V-PD.tdat
t1(s)= 1.400 t2(s)= 2.200
tdatfile3=/Volumes/DO2/LATE03/110916/Summary-1/beam_position/W7.69_VPS200_zi-1.600/beam_position.tdat
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***  plot02  ***  2011/09/26 22:43:19

tdatfile1=/Volumes/DO2/LATE03/110916/111/IBP-MPD2-data02_navr100/IBP-MPD2-data02.tdat
tdatfile2=/Volumes/DO2/LATE03/110916/111/IBP-V-PD-data04-1_navr100/V-PD.tdat
t1(s)= 0.950 t2(s)= 1.700
tdatfile3=/Volumes/DO2/LATE03/110916/Summary-1/beam_position/W8.64_VPS400_zi-1.600/beam_position.tdat

-5 0 5

x" (cm)

2.4

2.5

2.6

2.7

2.8

2.9

3.0

V
_P

D
 (

kV
)

VPS=638V

VPS=400V

8.64keV

***  plot02  ***  2011/09/26 22:24:11

tdatfile1=/Volumes/DO2/LATE03/110916/125/IBP-MPD2-data02_navr100/IBP-MPD2-data02.tdat
tdatfile2=/Volumes/DO2/LATE03/110916/125/IBP-V-PD-data04-1_navr100/V-PD.tdat
t1(s)= 1.300 t2(s)= 2.100
tdatfile3=/Volumes/DO2/LATE03/110916/Summary-1/beam_position/W8.64_VPS555_zi-1.600/beam_position.tdat
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***  late-ibp-g41-2C+pd2B (v1.00)  ***  2011/09/26 17:44:55
_g41-2C+pd2B-01-all : K+(A=39), 8keV, It=60kAT, Iv=0, Ip=0, V_PS=200V
morbit2 =   8,  morbit3 =   0

0.0 0.5 1.0 1.5
x (m)

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

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
)

Bt = 480G       K+

Poloidal 
Sweeper 
VPS

8x3 Matrix Plate Detector

Poloidal 
Deflector 
VPD

x''
'

* VPD is the same range for both measurement and calculation



***  late-ibp-g41-2C+pd2B (v1.00)  ***  2011/09/26 14:28:05
_g41-2C+pd2B-01-all : K+(A=39), 8keV, It=60kAT, Iv=0, Ip=0, V_PS=200V
morbit2 =  49,  morbit3 =   0
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***  IBP-MPD2-plot03-1  ***  2011/09/25 22:16:02

tdatfile1=/Volumes/DO2/LATE03/110916/038/IBP-MPD2-data01_navr1/IBP-MPD2-data01.tdat
tdatfile2=/Volumes/DO2/LATE03/110916/038/IBP-MPD2-data02_navr1/IBP-MPD2-data02.tdat
t(s)= 1.8800, :060
total current   ( A) =  4.500
max = 1.828 at plate12, min =-0.551 at plate6
total current 2 ( A) =  6.797
center 2 (mm) : x =-8.220, y =-2.640
4*standard deviation 2 (mm) : dx = 29.120, dy = 73.570
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***  late-ibp-g41-2C+pd2B (v1.00)  ***  2011/09/26 14:28:05
_g41-2C+pd2B-01-all : K+(A=39), 8keV, It=60kAT, Iv=0, Ip=0, V_PS=200V
morbit2 =  49,  morbit3 =   0
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原点(ビームライン)から
x' 方向に -3mm～+3mm

y' 方向に -3mm～+3mm

1mm刻みの計49個の格子点を
出発点として軌道計算

 の範囲内

ビームライン

49本の軌道は全て
ビームラインと平行方向の
初速を持つ

(a) (b)

大半径外側
から見た図

ビーム位置検出器の位置

検出器への到達点

上から見た図
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***  late-ibp-g41-2C+pd2B (v1.00)  ***  2011/09/16 20:28:07
_g41-2C+pd2B-01-all : Rb+(A=85), 14keV, It=90kAT, 101101-078, t=0.256s, V_PS=0V
morbit2 =   3,  morbit3 =   0
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Calculation of Secondary Beam Orbit

Rb+, Wk=14keV (VG=14kV)

Bt=720G, Ip=10kA

ionization point : 
(Rion,zion)
=(19.2cm, 0.0cm)

VPS=0kV, VTS=0kV, 
VTD=0.1kV

***  late-Psip-g02 (v1.00)  ***  2011/09/15 08:35:45
late-Psip-g02-01,  PDF file = late-Psip-g02-plot01.pdf
late-Psip-g02-01 : 101101-078, t=0.256s

Psip minimum =-7.839E-04 at R = 2.160E-01, z = 1.200E-02
Psip maximum = 2.536E-02 at R = 6.780E-01, z =-3.000E-01

J    minimum =-1.051E+05 at R = 3.390E-01, z = 1.500E-02
J    maximum =-0.000E+00 at R = 5.100E-02, z =-5.070E-01
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)

Ip  (kA)  : -9.551

 (Wb) :
2.41 * 10[ - 2
2.27 * 10[ - 2
2.14 * 10[ - 2
2.01 * 10[ - 2
1.88 * 10[ - 2
1.75 * 10[ - 2
1.62 * 10[ - 2
1.49 * 10[ - 2
1.36 * 10[ - 2
1.23 * 10[ - 2
1.10 * 10[ - 2
9.67 * 10[ - 3
8.37 * 10[ - 3
7.06 * 10[ - 3
5.75 * 10[ - 3
4.44 * 10[ - 3
3.14 * 10[ - 3
1.83 * 10[ - 3
5.23 * 10[ - 4
-1.05 * 10[ - 4

J (A/m2) :
-8.75 * 10[3
-1.75 * 10[4
-2.63 * 10[4
-3.50 * 10[4
-4.38 * 10[4
-5.25 * 10[4
-6.13 * 10[4
-7.00 * 10[4
-7.88 * 10[4
-8.75 * 10[4
-9.63 * 10[4
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0 1

 (10 - 3Wb)
-1 0

J (105A/m2)

R (m) =  0.250

VPD = 
0.8kV

1.0kV
***  late-ibp-g41-2C+pd2B (v1.00)  ***  2011/09/16 20:28:07
_g41-2C+pd2B-01-all : Rb+(A=85), 14keV, It=90kAT, 101101-078, t=0.256s, V_PS=0V
morbit2 =   3,  morbit3 =   0
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0.9kV

A set of 5 voltage values (VG, VPS, VTS, VPD, VTD) 
determines an ionization point (Rion, zion).
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Design of Energy Analyzer

Green-Proca Type Parallel Plate Energy Analyzer
T.S.Green and G.A.Proca, Rev. Sci. Instrum. 41 (1970) 1409.

θI = 30◦

Wd

e
= VG + φ

= VG +
2w√
3d

VA
IU − IL

IU + IL

φ =
2w√
3d

VA
IU − IL

IU + IL

Design Parameters 
VG

VA
=

4
3
√

3
XD

d

YD =
d

4
VG

VA
XD = 3

√
3YD

= 5

(Second order focussing)
VA

E =
VA

d

XD

Wd = e(VG + φ)

YD = y1 + y2
θI Split Plates

IU

IL

(Gain Parameter)

w : 
slit width

w : slit width



w
slit 

width 
(mm)

d 
(mm)

YD
(mm)

XD
(mm)

Dynamic Range (V) 
@VG=20kV

Minimum Detectable 
Potential Difference * 

(V)

2 50 62.5 324.8 ±185 1.85

2 75 93.8 487.1 ±123 1.23

2 100 125 649.5 ±92 0.92

Design of Energy Analyzer

Parameter Comparison

* when 
∆Inoise

Itotal
= 10−2

The same parameters used for HIBP in CHS



Design of Energy Analyzer

Current-Voltage Converter (Conventional Type)
  Gain : 4 x 106 V/A
  Electrical Noise Level : ~1nA

If Itotal > 100 nA, then ΔInoise/Itotal < 10-2

Potential Difference due to the variation of incident angle θI

For Achievement of Minimum Detectable Potential Difference 
Δφm < 1 V

φ(∆θI) = − 40√
3
VA(∆θI)3

ΔθI  < 1.3° for Δφm < 1 V



Summary

We are developing the ion beam probe system for the LATE device to 
investigate the electric field effect on formation, confinement and 
transport of the spherical tokamak produced and maintained by EBW/
ECW heating and current drive solely.
For the plasma parameters on LATE, electron temperature may be 
estimated as well as potential, magnetic field and their fluctuation 
measurement.
The ion gun, the injection beam line and the collection beam line were 
installed to LATE and tested.  They meet a minimal demand level for 
the measurement but several developments are still required. 

Ion source ... increase current up to 100 μA
Ion gun ... focussing in the toroidal direction

      Calculation ... improvement of accuracy
Initial design of energy analyzer is surveyed for achievement of 
minimum detectable potential difference less than 1 V.

1. 

2. 

4. 

3. 




