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¢ Introduction

“ EBW Heating Experiments in linear device

« EBW heating by collisional damping with direct XB conversion

« Direct XB mode conversion via multiple wall reflection

< EBW Heating Experiments in VEST

 EBW collisional heating in pure TF and TPC pre-ionization

* Low loop voltage startup with EBW collisional heating

“ Summary & References

2/20 18t international Spherical Torus Workshop on November 4th 2015, at PPPL ‘h/UPLEXI’. A BI5% EAET%&[

LHY_ISTW_NOVO04 NUclear PLasma EXperiments rusion and lication Lab., MlaBX.  UNIVER SERY




>,
e
=
S

;Eg Introduction
&

VEST : the first Spherical Torus in Korea

Versatile Experiment Spherical Torus
» Objectives

« Basic research on a compact, high- ST (Spherical Torus)
« Study on innovative start-up, non-inductive H&CD, and

innovative divertor concept, etc

»  Specifications

0.8 : Main Chamber

ChamberRadius [ml ¢ g . Ypper & Lower Chambers

Chamber Height [m] 2.4

Toroidal B Field [T] 0.1 0.3

Major Radius [m] 0.43 0.4

Minor Radius [m] 0.33 0.3
Aspect Ratio >1.3 >1.3

Plasma Current [kA] ~70 kKA 100

Elongation ~1.6 2.5

Safety factor, g, ~3.5 ~3
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*‘Té Introduction
# Motivation & Objective

» Electron Cyclotron Heating(ECH) is widely used for various purposes in fusion device
that the pre-ionization, local heating and current drive. Especially non-inductive current
drive and startup using ECH is essential for Spherical Torus (ST) which has lack of
space for the center stack. But ECH in ST shows the limitations due to low toroidal field.

» An EBW(Electron Bernstein Wave) which has no cutoff density, has been proposed as
a promising alternative for heating and current drive in ST that it is impossible for ECH

due to density limit.

EBW OXB OXB XB
(O cutoff & UHR) (CS & UHR) (UHR)

Pros Excellent results in theory and Simple design

experiment Single Mode conversion

Cons | Complex Scenario | Complex Scenario Limit of R cutoff —
Density fluctuation Need : polarizer tunneling effect
Angular dependant Limit of O cutoff Control on density profile

Device MASTI[1], NSTX][2], QUESTI[3] LATE[4], TST-2[5], CDX-U[6]
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;é EBW Heating Experiments in linear device
4

Experimental Setup

Bent Magnetic

HFS Injection

Pump
System

‘Electird
Magnet 2
.-"' \'-\._‘

LFS Injection

MW Loss

Protection ] _ _ o
» Objectives : To find the feasibility of ECH

from EBW via XB mode conversion.

» Small cylindrical device with axial magnetic
7\ field bent similar to tokamak

» Possible to change the direction of MW

‘ | = injection mode — LFS&HFS
| HFS I 875G I Lrs > Easily changeable of magnetic field and MW
power — movable location of ECR

oo > Antenna : open waveguide(WR284)

Distance (cm)

Quartz Quart

950 -

900

Magnetic Field (G)

750
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EBW Heating Experiments in linear device

E Experimental Setup : Wall with X/O Polarized Slit

Z2=0

Center

Pump
System

| §Hydrogen
[ | Injection

O slit wall

Objective 2.45GHz

« Confirm the effect of EBW mode conversion on the wall
reflection with polarized slit
The wall is possible to change the position along the injection
and opposite side.
X/O slit : The wall with slits that reflects the X/O mode wave
« Formation of polarized wave with specific direction to :
radiate the electric field of wave perpendicular/parallel on ElJ_Bt
the magnetic field .
_ _ _ _ _ perpendicular
. ;Lr;escl)i‘iher wave with different direction will pass through X slit wall
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ECH Experiment in linear device

Over-dense plasma generation

T
'T‘ ] . ' —@— High Field Side X-mode v
w, x : Cutoff(reflection) —v—Low Field Side X-mode Y
w oc B X : XB conversion sor
— — 7
@ 45}
E /
= v
o = 30L
g = L-cutoff density
o sf 145x107m’
HFS - — —p E ps
o.o 1 1 1 1 1 1 1
300 400 500 600 700 800 900
Microwave Power [W]
Diagnostics — measured atr =0
The plasma with higher electron density generates
from LFS X mode than from HFS X mode.
As shown in CMA diagram, LFSX/HFSX injection

does not exceed R/L cutoff but in the experiment
LFSX injection overcomes the L cutoff.

w U » The feasibility of EBW via XB mode conversion
might be shown.
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gg EBW Heating Experiments in linear device
W

The n_, & T, Profile along the MW Power

5.00E+017 300W

ECR N —e— 500W | — - 'ECR

—a— 300W
—e— 500W i}

4.50E+017

4.00E+017

—~ 3.50E+017

3.00E+017

w
o
[

2.50E+017

Density (#/m3

2.00E+017

1.50E+017 =

1.00E+017

Distance (cm) Uﬁ'R Distance (cm) UHR
» Over-dense plasma generation and electron temperature increase near ECR
» To confirm the feasibility of XB conversion
« At the lower power, density peak does not exist but when the MW power

increases, over-dense plasma generates and density peak forms between UHR
and ECR - Steep density gradient near UHR

« EBW collisional damping propagating to ECR in low T_[7~9]
T, increase near ECR : ECH effect from some part of the converted EBW
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EBW Heating Experiments in linear device

The n_, & T, Profile along the Magnetic field

3cmL lcmL 1cmR 3cmL lcmL lcmR—=— 875G 5cmL
ECR —=— 875G 5cmL - —e— 875G 3cmL
6.50E+017 ] C T T ECR. r ECR I\ 875G 3cm|_ 6.0 FCR- v CR- v CR i 875G 1cm|_
6.00E+017 —«—875G 1cmL| 55 —v— 875G 1cmR
5 50E+017 / \ —e— 875G 1cmR . ,i
' . )( ‘K ] o
5.00E+017 / | 7/
1 { 45
4.50E+017 —
_ <, 1s, T.|Increase )\
@ 4.00E+017 o 4.0 /1
~ " o (O] b
¥ 3.50E+017 Ki\.\/ //J//( \ LLFSX’ 5 35 LFSX}H
2 i B
8 2.50E+017 g -
o o l_
2.00E+017 * ] ~~—«
1.508+017 -!—hmv—;ﬁ 20
] 1.5 -
1.00E+017
5.00E+016 s . . . \’\ — 10 — — . .
-3 2 -1 0 1 2 UHR -3 -2 -1 0 1 2 UHR
Distance (cm) Distance (cm)

» Over-dense plasma generation and temperature increase near ECR
« Over-dense plasma : EBW collisional damping propagating to ECR in low T,
« Generation of higher density plasma at the lower magnetic field
- The higher density near UHR at the lower magnetic field
 Movement of the electron temperature rising region along ECR layer
» Feasibility of plasma heating by EBW collisional damping with XB conversion

9/20 18t international Spherical Torus Workshop on November 4th 2015, at PPPL ‘IJUPLEXI’. A 3
LHY_ISTW_NOVO04 NUclear PLasma EXperiments rusion and pication Lab Sk

SEOUL
NATIONAL
UNIVERSITY




EBW Heating Experiments in linear device

LFSX Injection with Polarized WaII

7.00E+017 : : : :
1‘ LFSX 6.00E+017 4/ —*— Xslit ,/T
.wc —v— Full 1
IS « | '
?.U . 5.00E+017 — B2
o
S | %7'; -
#
> 4.00E+017 A —
(@) ;] ‘I/
o 3.00E+017 —
e f/
—r
o
=h 2.00E+017
X(L) cutoff

300 400 500 600 700 800 900
Resonance

Power (W)

97> The effect of wall reflection : over dense plasma
» Oslit wall : similar to the none wall
- No effect of the reflected O wave
- Single pass absorption(Direct XB)
» Xslit wall — similar to the full wall (VEST)

p—

> > - Multi pass absorption(reflected X wave)
: w, » The XB mode conversion in VEST to make over
w_g Ny dense plasma (power density : ~5.0 x 1015 #/m3-W)
10/20
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EBW Heating Experiments in VEST

2.45 GHz CW ECH System of VEST

Coil Geometry

3 stub tuner §

Circulator . .
Directional

Coupler

6kW CW
Magnetron

0.5

Z (m)
o
]

«Commercial microwave Cost-effective homemade
>N power supply magnetron power supplies
| (6 KW 2.45 GHz: 1ea) (10 kW : 1ea, 3 kW : 4ea)
*Low field side launching Low field side launching
i *For main chamber «Easily movable (upper, main
and lower chamber)
*X/O mode injection *X/O mode injection
*Pulse duration, trigger time
_ 0 0.2 O.4R(m)0.6 0.8
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é EBW Heating Experiments in VEST
s

2.45 GHz pulse ECH System

. Filament 10 kW Magnetron
Heating

Cathode

MOSFET
Electro =
magnet
Antenna
20 kQ 110kQ 300 O al
25000 N N N N n 1 n 1 n 1 n 1 n 1 n
6kW CW Forward Power
—— 10kW Pulse Forward Power
. . —— 10kW Pulse Reflect Power
Pneumatic Pneumatic 20000 T :
Switch I l Switch
? 220JuF
15000
) 13V |
53 A 10000
5000 | l 'v AM
—— -
0 . oo bt o . . . — .
390 392 394 396 398 400 402 404 406 408 410
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gfé EBW Heating Experiments in VEST
&

Pre-ionization Experiment — MW power

1.2 Electron Cyclotron Resonance 24 Electron Cyclotron Resonance
i —v— X-mode_2kW - —Vv— X-mode_2kW
i X-mode_3kW 21 |k T X-mode_3kW ’
10 —e— X-mode_4kW 7 | —— X-mode_4kW 7
—H— X-mode_6kW \ 8L —m— X-mode_6kW
0.8} 7 _ ; %
£ % s r %
° 0.6 ™ y Igl L
= ° 12 7‘!\ i\
c’ = / ' ii* Z
04 | G L
7
9L
¥ SN
0.2 | 7 6L
0.0 L= 3 -------------------------------------------------
30 35 40 45 50 55 60 65 70 75 80 85 30 35 40 45 50 55 60

» ECH pre-ionization %E?b"ériment using only TF field in VEST  R™

« Based on the linear device results, the pre-ionization experiments are performed.

« At the lower power, density peak exists near ECR but when the MW power
increases that means the electron density buildup, the density peak moves —
Steep density gradient near UHR

* Density peak formation between UHR and ECR : EBW collisional damping
propagating to ECR in low T, [7~9]
« T.increase near ECR : ECH effect from some EBW and non-converted X wave
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gfé EBW Heating Experiments in VEST
2

ECH Pre-ionization Experiment with Pure TF

2.70E+017

L L L N 1 N 1 N 1 N
_ ECR —u—TF 3.8 kA with ECH 6 kW S ' ' —=— TF 8.2 kA with ECH 6 kW
2.40E+017 —e—TF 3.8 kA with ECH 10 kW|j 2 40E4017 —e— TF 8.2 kA with ECH 10 kW
| | BCR
2.10E+017 2.10E+017
1.80E+017 1 80E+017 - A—
g 1.50E+017 ;u\ £ 1.50E+017 \
- ] 3+ ] 4
2 1 20E+017 / \ > \></\
= 2 1.20E+017
z / — ] Z _ // 1 L cutoff
O 9.00E+016 4 — ———L cuBffg hoe+016
- )\ s {UMR : / 1
6.00E+016 / ® I 1R cutoff-00E+016 & N
1 / >§//1</ | / \5( UHR
3.00E+016 /l —e—y \\ 3.00E+016 ; R cutoff
] —— —e S~~a | 1
0.00E+000 L : . - T \; - 0.00E+000 » — L / - :
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Radius (m) Radius (m)

» Pure TF + ECH pre-ionization experiment
* In case of 3.8 kA, high density plasma generates near ECR with ECH 6 & 10 kW

* Incase of 8.2 kA, over dense plasma generation over L cut off density and plasma density
peak exists near UHR : Collisional damping with XB conversion

« Power density in the linear device (~6.0x 1016 #/m3-W) :
- Itis expected that higher pre-ionization density with higher ECH 10 kW power

* In case of 3.8 kA, the density peak exists near the ECR layer but in case of 8.2 kA, the
mode conversion efficiency increases that in the similar position of UHR and cutoffs and
collisional damping of EBW makes the density peak.
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i% EBW Heating Experiments in VEST
W

Enhancement of pre-ionization under TPC

Field Null Significant enhancement of pre-ionization Trapped Particle
Configuration under TPC (Trapped Particle Configuration) Configuration
Coil Geometry Inner Wall BT~0'05 T at R=0.4 m f Outer Wall Coil Geametry

1.5 15
—M— Trapped Particle Configuration |

—@— Field Null Configuration I
—Hl— TF only l

15

1.2

0.9

05k , 05H

77777
/'n

0.6
E o}
) n
\l—i\
| 03 -
05F ‘ \E—E\ 05
[
0.0 ® L | ® %
E 0.1 0.2 0.3 0.4 0.5 0.6 | 07 0.8 it
R [m] v
. Severe degradation of pre-ionization
0 : 15
" under field null
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é‘é EBW Heating Experiments in VEST

EBW coII|S|onaI heating in TPC pre -lonization plasma

4.00E+017

4.00E+017
ECR —-=TPC PF 3&4 Wlth ECH 6 kW ¥ — .= TPC PF 3&4 with ECH 6 kW
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mE ] mE ] / /} |
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> > / <
g - — & - / \ a
S 1.50E+017 \ ! R S 1.50E+017 — N
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1.00E+017 4 S~ M”‘“i\ARL cutoff ~ 1.00E+017 / A\
J \/ \ ) UHR 1 ./ \ T
5.00E+016 ;/j‘ N |R cutoff 5 00E+016 I —_— — UHR
_ — _|Rcutoff
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Radius(m)  TF 3.8 KA Radius(m)  TF 8.2 KA

» EBW collisional heating occurs with TPC pre-ionization plasma
* The mode conversion efficiency is calculated with 1-d full wave simulation[10]

- In case of TF 3.8 kA, broad density profile makes low MC conversion coefficient
(0.0105) but in case of TF 8.2 kA, steep density gradient exists near UHR and
relatively high MC coefficient (0.2625)

» Additional 10 kW pulse ECH power is supplied when TPC enhances pre-ionization plasma
- Over dense plasma generation near UHR showing collisional EBW heating

- In case of 3.8 kA, low MC efficiency (0.0105—0.4819) has slight increase in density
but in case of 8.2 kA, high MC efficiency (0.2526—0.756) has large rise in density due
to steep density gradient and magnetic field.
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éf’é EBW Heating Experiments in VEST
)

EBW coII|S|onal heating durlng TPC startup (1)

ECR —_ TPC Startup W|th ECH 6&10 KW —_— TPC Pre |on|zat|on with ECH 6 kW
1:408+018 —-—TPC Startup with ECH6 kW | 14052018 — = TPC Startup with ECH 6 kW
— +=TPC Pre-ionization with ECH 6kW ] —»=—TPC Startup with ECH 6&10 kW
1.20E+018 1.20E+018 == \
1.00E+018 1.00E+018 \
«,E ] ; \
& B.00E+017 S N 8.00E+017 \
2 \\ \.\ N
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[0
S oneeorr A ' AN
4.00E+017 \\ 4.00E+017 AN
2.00E+017 N\ ‘<L 2.00E+017 -} /~\\
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0.1 0.2 03 0.4 05 06 07 0.8 0.1 0.2 03 0.4 05 06 0.7 08
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» EBW collisional heating occurs during TPC startup
« The low loop voltage startup experiments using TPC have been performed.

« The mode conversion efficiency is calculated with 1-d full wave simulation when
the plasma density reaches the density peak|[10]

- The MC coefficient of TF 3.8 kA (0.3655) has larger than that of TF 8.2 kA
(0.1536) due to the pre-ionization density near inboard that has strong loop
voltage and it shows the different plasma current ramp-up rate
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;é EBW Heating Experiments in VEST
2

EBW collisional heating during TPC startup (2)

—— 13858 : Main Chamber Triple Probe Ne = 13888 : Main Chamber Triple Probe Te
. |=—— 13888 : Main Chamber Triple Probe Ne e 13858 : Main Chamber Triple Probe Te
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[0 0
(@] k \J g . -'{e'.*’l 0
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wﬁd | | O
2.00E+017 . 10 Yhd -
'Mw [ ]
| ]
0.00E+000 : : : : A A . 0 : : : :
398 400 402 404 406 408 410 412 398 400 402 404

Time (ms) R=05m Time (ms)
» EBW collisional heating occurs during TPC startup

« 13858 (TPC startup with 6 kW), 13888 (TPC startup with 6 & 10 kW)

« The additional 10 kW pulse ECH injection has occurred at 402 ms.

- Incase of TF 8.2 kA, the MC coefficient has dramatically increased (0.1536 —0.966)
and the electron density and temperature increases rapidly (405 ~ 407 ms)

- The feasibility of strong heating in the closed flux surface (R=0.5 m) is confirmed and
EBW collisional damping (density increase) and temperature rise near ECR layer
shows the evidence of EBW heating.
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é EBW Heating Experiments in VEST
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EBW collisional heating during TPC startup (3)

Va1cgum Psi VacuumContour at t=402ms y 10 16000 : TPCIStartulp With ECH6 KW
' ; e —— TPC Startup with ECH 6&10 kW
\ 3 14000 ~
O / : 12000 (AV/"“\/ AN
— % il 2 -
1 = — 10000 7
2 &
5 8000
O N\
2 - \ \
STy g 6000 \\
05 - & 1 / \ N
- 4000
- 2000 \ TF 3.8 kA
E o ®) - 0 : : : : : : : : :
™ = L o 396 398 400 402 404 406 408 410 412 414
- Time (ms)
EBW collisional heating occurs during TPC startup

1« The plasma current has the increase at the time
additional 10 kW pulse ECH injection as well as
electron density and temperature.

2
« Also the plasma current has the longer pulse
NN duration with EBW heating.
15702 04 o6 08
R (m)
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;é EBW Heating Experiments in VEST
)

EBW collisional heatlng durlng TPC startup (4)

25000

—_— TPC Startup W|th ECH 6 kW

Vacuum Psi VacuumContour at t=402ms y 19 TPC Startup with ECH 6810 kW

1.5

20000 7

7\

<
1 5 / \ \
3
g 10000 / \
g - / \ \
0.5
L do 5000
| \Q\ TF 8.2 kA
.
- 0 : : : : : : B ——
é 0 ® H .- 396 398 400 402 404 406 408 410 412 414
" . Time (ms) .
. » EBW collisional heating occurs during TPC
S 2
startup
. « The plasma current has the increase at the
time additional 10 kW pulse ECH injection
b, as well as electron density and
temperature.
NSE 5 « Also the plasma current has the longer
i S pulse duration with EBW heating.
R (m)
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§‘E Summary

» In the linear device, over dense plasma is generated by LFS X mode injection

and the electron temperature peaks near ECR, indicating the presence of direct
XB mode conversion and EBW collisional heating and the wall reflection with O/X
polarized slit has affected to the ECH power absorption via single and multi pass,
showing the feasibility of the heating of reflected X mode microwave and direct
XB mode conversion.

Based on the linear devices experiment results, the VEST pre-ionization
experiments have been performed and increase of T, near ECR and n_, near UHR
Is occurred at the similar result in linear device and enhanced pre-ionization
plasma using TPC has been strengthened via direct XB mode conversion and
collisional heating near outboard region compared to the MC efficiency from 1-d
full wave simulation.

The EBW heating experiment has been performed in low loop voltage startup
using TPC and it is observed that the strong heating in the closed flux surface
(R=0.5 m), EBW collisional damping (density increase), temperature rise near
ECR layer and plasma current & duration increases that tells EBW heating during
startup.
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