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O-ring groove design
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Comparison of different types of flange
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Flange of the vacuum chamber for the spherical tokamak
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We need to work with a vacuum system

Vertical-field coils
Tokamak /

plasma \

1 kW, 2.45 GHz
Magnetron

(1) Feedthrough for conducting
current to drive the vertical coil.

(2) Feedthrough for Rogowski coil.

(3) Feedthrough for triple probe.
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Plasma will first be generated using capacitive coupling
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 RF can interact with plasma inductively or capacitively.

Capacitively coupled Inductively coupled

planar
’_*_‘ coaxial
L E

spiral
coaxial ---1--1

Ty -
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Capacitive RF coupling plasma without magnetic fields
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Dy (t) = Uyo€Xp (—vet)

RF.
SOURCE

Ptot neP - ZEOEO

dzx dx
mos +mv,— T = eE(sin(wt)

x = Cysin(wt) + C,cos(wt)

BEO 1
€1 =- 2 2
m w*+v,
v.eE, 1
C2=— 2 2
om w4 +v,
E c s
v,(t) = — % cos(wt) — v;sm(wt)]
P = w_ Eosin(wt)
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High voltage electrode inserted from the feedthrough at
the bottom of the chamber will be used for CCP
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A pulse generator will be used to convert a DC voltage
to an AC voltage
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Internal of a magnetron

N /“:fga::s;e

—_

output
antenna

cathode path of an
electron

magnet

cooling fins cavities

magpst RF fields

ceramic
© 2010 Encyclopaedia Britannica, Inc.

https://kids.britannica.com/students/article/electron-tube/106024/media?assemblyld=137
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Microwave is generated in pulses
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HV capacitor V (v)
15o§ M-wave ouT H-wave OUT
mo;
ol 8 ms
i Magnetron f 5 J ; 5
rimary : ' ' ' . '
supply -50f Timé (t/T)
oO— L
-100 f
High-voltage ~150
transformer F
T 1 16.7
= — = 7ms
60

e The width of the microwave pulses is ~ 8 ms.

http://www.sciencemadness.org/talk/viewthread.php?tid=154071 20



Electron cyclotron resonance (ECR) microwave

systems

microwave systems
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Strong absorption occurs when the frequency matches
the electron cyclotron frequency
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« Electron cyclotron resonance heating (ECH, ECR heating)

RESONANT SURFACE
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Electrons keep getting accelerated when a electric field
rotates in electron’s gyrofrequency
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dv e N N N R o
me— =7 VxB—eE B =B,z E =Ey[xcos(wt) + ysin(wt)]
m,v, = —EBv + Eycos(wt) . 2 Eo

evx c Y Vy = —Wee"Vy — — (wee + w)cos(wt)
e
: e
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Electric field in a circular polarized electromagnetic
wave keeps rotating as the wave propagates

ﬁﬁﬁﬁﬁ

 Right-handed polarization « Left-handed polarization

https://en.wikipedia.org/wiki/Circular_polarizatian



A magnetic field of 0.0876 T is needed for ECH

eB
wce=m cEw=21t><2.45GHz
e
2T X 2.45 X 10°m,c ol
= © =876G=0.0876T B ="
e 27T

Toroidal field coil p= 2t _Amh
orolaal r1ie COl\ = 1o = A < 10~

1 kW, 2.45 GHz = SB(T)T‘(m) (MA)
Magnetron

=22KA @5 cm

: _‘/ « A pulsed-power system
Z | : will be used to generate

e | the current with a pulse
width of 1 ms.
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The 0.1-T magnetic field is sufficient to confine 10-eV Ar
lon
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V=rw —mv? = kT w=— r=

Larmor radius in mm @ B=0.1T:

H(1g/mo|e D(Zg/mole T(Sg/mole He(4g/mo|e Ar(40g/m0Ie

10 4.6 6.5 7.9 9.1 28.9
100 14.4 20.4 25.0 28.9 91.3
1000 45.6 64.5 79.1 91.3 288.7

e The Larmor radius of 1-keV electron @ B=0.1 T is 1.1 mm. Electrons are
confined in our system.

e Ar will be used.
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The magnetic field energy of the toroidal field is ~100 J
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A pulsed-power system is capable of providing a high-
power output
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e Driven piles « Capacitive-storage pulsed-
power system
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A spark gap switch is closed when electron breakdown

OCcurs
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Trigatron will be used as the controlled-spark gap switch
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Unit: mm

d25
Connector /
(Anode) |
Gap: 2.5
Trigger In
Connector
(Cathode)
U
< Can be
pressurized.
46
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A slow trigger pulse generator was built using a ignition
coil for cars

Ignition coil .

DC-DC Converter 1kQ , (Hltacfrl[(EE_R_—?{_](_lS 12v) vy,

Vil‘l :18'36 V = ] : ._._O
' Vour:24 V S - lweBT | S
24V| T - .

Control Driver | . | . Primary Secondary
I cml
 IGBT| . : '

| signal

= 4.7 nF
1.25 ms
j <€ >
.-_5: . 10 ' " ' ' i 30 h 1 0
ignition coil for car |-m\\'u| 5 ______ Lo 1:. _Egrlt_r?l_ o _: _____ _i ______ 25 . 5
Fiber coupling | — 0 VWV A—— Wb_. ______ 10
circuit board > 1 | -y
IGBT ecircuit board . : E-" = 5 L, i E; 1 5
F-top . F 110
- 15T ;54 = 55: [ -1
=20} Jitter; £0.4ps Vo (0 |20
V output power supplies =25 * =5 o= 25
-0.5 0.0 05 1.0 1.5 2.0 25
Time (ms)

P.-Y. Chang etc. Rev. Sci. Instrum. 91, 114703 (2020)

Ill“,(:cin‘lrcnl (V)



The controlled spark-gap switch

o
&

aHAL

%
Lt

s Ky,
Yo

e,
Farzan®

32



A simple pulsed-power system is a RLC circuit
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 Before discharge

O 00—

Load

HVPS

How can we generate a square
current pulse?

L/1y

» After discharge

Z

Sys

HVPS

0.5}

0.4}
0.3
0.2}
0.1¢f
0.0¢

Load

Under damped

Critically damped

L |
R = 2 E

.____‘

- Owver damped

2 ! 6

Time (a.u.

)
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Pulse-forming network (PFN)
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Different type of PFN
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The current output of a LC circuit is a basis of Fourier

series
ve
C:: g L O.5§
— o
- —0_5;
1) =V Csi ( ! ) o
= —sin| —
O L™ \VLIc
V) = v ( t )
= Vycos| —
O \VIC
0.I5 15 2.I0
7 L "= 1 sl time(t/T)
C VLC

_1_0:
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A trapezoidal wave can be expressed by Fourier series

(Guillemin’s method)
ar Ir i ‘"’vs.,";
—>r |
101 |
I/1,
T I1.I5I o I20I - I2.I5I - I-?:.
time(t/1)
-0.5
(T =271)
—1.0:- -
) . (nmt
it i(t)=1; b, sin (—T )
= ,0<t<ar =1
I, art - T
. 2 | i(t) nmt
t -
Q:]_ at<t<t-—ar where bn:;]l_Sln(_’l’)dt
I o "
i(t) -1t 4 sin(nma
= ,2 T—at<t<Tt b, = ( ),where n=1735...
nm nma



The required inductance and capacitance are obtained
by comparing LC output with the Fourier series
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C t Z,t V =
I.(t) =V, |—sin =" __
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_ _/nmt B th, I th, 4
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n=1
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A trapezoidal current output can be generated using
Guillemin’s pulse-forming networks
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1.5 1.5
3 1.0 3 1.0
= =
= 0.5} = 05
= . 2
g 0.044 g 0.0
~0.5 ) | S SR
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Time (a.u.)
nmnt
I(t) =1;X2b, Sln( - )
L L L
1 g ’ ’ 4 Sm(mta)
nma
“'01 T3 —"CS Cr2 T
. Zt 4/
L,= Cn = = =1
nnb,, nnzZ I
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Fourier components of t=1 ms, a=0.1

—05F

~1.0L

(T =271)

(00]
] _ /nmt
i(t) =1; b, sin (—)
T
n=1
R ns ; 4 sin(nma)
= Eh.,p time(t/7) b, = ,where n=1,3,5...

nm nma

bl
b3
b5
b7
b9

1.2524
0.3643
0.1621
0.069

0.0155
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Coils with 8 turns and a PFN charged to 1 kV will be
used

ﬁﬁﬁﬁﬁﬁ

------

L(uH) 254 261 393 680 228.7 1.1 %
C(uF) 3986.5 386.5 103.2 304 5.5

20 1 L(uH) 12.7 146 196 34.0 1144 4.5 2.2 %
C(uF) 7973.0 773.1 206.4 609  10.9

2.5 2 L(uH) 203.3 233.0 314.2 543.7 1830.0 1.1 8.9 %
C(uF) 4983 483 129 338 0.7

2.5 1 L(uH) 101.7 116.5 157.1 271.8 915.0 0.6 17.7 %

C(UF) 996.6 96.6 258 7.6 1.4
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A ferrite ring will be used to make the inductors

EPCOS Ferrite Ring Ferrite Core, 25.3 (Dia.) x 14.8 x

A
10mm EPCOS

RSEFESR 212-0910 HEE{+{ES: B64290L0618X035 SYiSE: EPCOS

o

160 REEF - AR6 L{FARE -

EE (F&R) /E(S25E)
TWD35.60 TWD37.38

(&%) (&H#)
Efi Per unit Per Pack* - 2|
5-45 TWD3560  TWD178.00
50- 245 TWD32.60 TWD163.00 da = 25' 3 i 0' 5mm
LEEEESE. seEESzaTARSE o TWDZSAUC‘ S;T_:}: di — 14' 8 i O' Smm
500 - 995 TWD2
. h=10.40.2Zmm

U, =~ 5000 L=A;N> A; =5400+ 25% nH

N1 ]2 (3 4 |5 6 |7 18 |9 110 |11 |12 |13

L(nH) 54 216 48.6 86.4 135 194 265 346 437 540 653 778 913

[N N —
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A square pulse with a flat top of 2.5 kA can be

generated

7

L1

- .=86.4 uH

c1 .

L2

- .=86.4 uH

c2
T C=000uF T C=100uF T C=25uF
X

L3

c3

¢ L=135uH -

L4

L=264.6 uH

ca

TC=1D uF

L5

L=912.6 uH-

c5

TC=1.5 uF

R1

R=0.001 Ohm

L6
L=15 uH

transient

Current (A)

simulation

TR1
Type=lin
Start=0

Stop=bms

3.5e03+

3e031
2.5e03+
2e03+
1.5e03+
1e03+
500+

0+

-500+
-1e03+
-1.5e03+
-2e03+
-2.5e03+
-3e03+
-3.5e03 i}

1e-03

0.002 0.003
Time (sec)

0.004

0.0

05

Voltage (V)

400+

200+

-200+

-400

1e-03

0.002 0.003
Time (sec)

0.004

0.0

05

&
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A simple PFN with constant C and L in all stages can

also be used

&
o N

YV SN

YL Fa et

YL B A
et LW ] cp LE4SUH D0 ] g3 LE4SUH D] o 0 LEASUH D J o5 L=4SWH 0000
T C=225 uF T C=225uF 7~ C=225 uF T C=225uF T~ C=225uF
V=2000 V=2000 V=2000 V=2000 V=2000
SV YN LYV T Y YL
L2 L4 L6 L8 L13
CoasuH o Lessud asu o Le4suH - leasw oA
1 N
— —_— _ [
C_C—NECn—ZZSuF ar
n=1 10} |
-
L,=2nL+ L; = 2nL i

1 1
JInC V2nLC

 For 5 stages:
_Zn_n_ T

“s =TT T 1ms

L = 45uH

. R time(t/1)
—0.5& (T = 271)

-1.0 -_
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The energy coupling efficiency is lower using the
simple PFN
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Petaat

N

YL

et LMsw o LS o3 LeSWH [ L5wH s L=4SuH
T™C=225uF TC=225-uF T C=225 uF T C=225uF T C=225 uF
V=2000 V=2000 V=2000 V=2000 V=2000
L2 L4 L6 L8 L13
© o L=45 uH CoL=d5uH L=45u4 -~~~ ~ ~ ° L=45uH = - L=45uH -
3e03 3004
2603
© 200+ 1
~ 1e03 s _ 2 Kk
E o 8 2
3 8
3 1e03 2 0 ,
26031 100+
-3¢035—¢'03 0,002 0.003 0,004 0.005 200 : . . .
.002° 0. - : 0 1e03 0002 0003 0004 0005
Time (sec) Time (sec)
[ ]

Only 4.4 % of the energy is transferred to magnetic energy.
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Time sequence

V(v)

100

150 |

-100 F

~150 L

-50 [

B field

1ms

ve

/8ms

0

H-wave OUT
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Instabilities occur in a cylindrical plasma column

e Sausage instability: * Kink instability:

Fig. 4.6. Screw pinch geometry.

s <
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% 2
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A plasma current of ~ 2 kA is needed

‘ | Ro.

Ry ~ 10 cm
a~5cm

48



Plasma current will be generated by the Grad-B drift
and the Curvature drift current
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 Grad-B drift
TVB v b 1 l_i X VB

H{LOQOG

* Curvature drlft Positives Negatives VR - q R 2B2
+ - C
O- O~ B
m 1 R. X B
E—:) VR+VVB__ 'V||2+—'UJ_Z
= 2 2p2
5 q R.°B
PRAEE
g G o R.xB
: ~ g (21, +T.) 752
i f) f ) OlF w c c
g srr®
Center of Curvature g
grad [H|
Q ot & Qs
G Weskerfield = https://en.wikipedia.org/wiki/Guiding_center

http://silas.psfc.mit.edu/introplasma/chap2.htmi 49



A vertical field B, of 12 G with a curvature of 5cm is
needed to generate the required plasma current

e ForP=101Torr =13 Pa=13 N/m? Ro ~ 10 cm
” 1a a~5cm
- = =3.1x102'm3 Rc~5cm
T T4 1x1021 " ‘ T
Assuming the ionization fraction is 1%: ' ﬁ;‘
|
ne=n; =3.1x10°m3 |
j=qnw  I~ma¥j = nalqn.v
I 2 x 103 4
— ~5Xx10%* cm/s

ma’qn, m0.052x 1.6 x 10-19 x 3.1 x 1019
R.xBy 3T 1
R*By2 q R¢By

1
Varift = Vp + Vyp = E(ZT” +T,)

L ! 3X1X 1 0.0012T=12G (B 0.5G)
Varict 9 R¢ 5 X 104 0.05 ' - earth .

e ForT,=1eV,B,=12G
V2mT V2x9.11x1031x1.6 x 1019
eBy 1.6 Xx 107192 x 0.0012 5

By

e



The prospective system design

(1) Vertical field coil (VF coil): B,=12 G w/ curvature of 5 cm.

(2) Pulse forming network for driving VF coil: ? kA.

(3) Rogowski coil for measuring plasma current: I, = 2 KA.

(4) Triple probe for measuring Plasma characteristics: Te~1 eV, n, ~ 101° m-3.

Vertical-field coils

Tolkamak / 1 kKW, 2.45 GHz
plasma \ ' Magnetron

N

- { 3
[~/ TS
- -
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