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Vacuum Levels

Levels

Rough Vacuum
(%% %)
Medium Vacuum
(" R% %)

High Vacuum

(%% %)

Ultra High Vacuum
(#3%3)

Pressure Mean Free Path (A) | Flow type
VS

System size (d)

10-1~760 Torr A<<d Viscos flow

10-°~10-1 Torr A~d Transition flow
109~10 Torr A>>d Molecular flow
< 10° Torr A>>d Molecular flow
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SPOC
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(5) ( ) 30% HEZEFERAMIER :

(a) EFV2; (b) BIRV1; (c) BATPL1; (d) FADP+BP; (e) RV1; (f) FMV2.
(6) ( ) 30% W EZERERARIIIERS -

(a) EAFV2; (b) EADP+BP; (c) 22" —&; (d) FALV1, (e) FALVZ;

(f) BAMV2; (g) FEAE; (h) BERV1,; (i) BETPL; (j) FALV2.



Space Plasma Operation Chamber (SPOC)

 Training of using SPOC is scheduled for next lecture (3/25)
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O-ring groove design
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B

f#

R

A 1.15d 1.4d 1.4d 0.9d—0.95d d

B 0.72d 0.7d 0.7d 0.75d—0.8d 1.154—1.3d
0.15d—0.22d 0.15d—0.22d 0.15d—0.22d 0.15d—0.22d 0.15d—0.22d

R (Bl A Pt Bl A P (Bl At Bl ARt B At
R,<1.6 um R, <1.6 um R,<1.6 um R,<1.6 um R, <1.6 um
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More clamp
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Comparison of different types of flange
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L RRTE AR 3 FH AR FF %
: HEEZERERETME S | 5o TEEME o0 IR » rjEEFEA » AT LUEREE
: EZE 4% (BJIRR 10° Torr | TVOIRFHENERSUEER L LUIREEE o IR - 4
=72 | o st W Viton O | BTEINE - HABRMWH -
Z I: iﬁﬁj\:i%g 200 °C » j’g‘%fﬁ?ﬂfﬁhﬂ ﬁTﬁAﬁgﬂ{ﬁﬁHgﬁimﬂgﬁgﬂ;’%% O ﬂ%iﬁ ’ E‘I‘J/Xﬁrﬁii%ﬂ‘
j S 120 o0 o = 1ERe °
T s |V BE R SRR (hing clamp) » TSR - 6875
{8 » FEEHI B 52 [E#0ER (claw clamp) °
= HEREZERRES B/ | SBREEEMELIE Viton O FZER » HEBIRIEHEV)
T ' | 10° Tom ZAMIEH) - VAR 7] L1 B & TR R TR B SRR BT -
i | i Al AE&BRE R Vitn O £ | FREKETE REZFHEERF -
IR » H#EH Viton O IR AL
CF iR FEZE 200 °C » HAYEIRFE AT
(conflat yZ ) 150 °C o
L a——o , MEEZE A REFMIE S & | B0 FEEME O IR » HETRE 1S IERE -
; ? ! 7 ; HZERH (BIAR 107 Torr | FIEEEBCIEARHA FERE BT (75 IR B RGE 75 TR B IR b
Z ! % § % ! % Z MR (R Viton O TE | HHAERRRE o
’ ' ‘ IRTTHEEZE 200 °C » FR/ER
ASA-ANSI %5 H[EE 150 °C »
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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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e easa 3

Dy (t) = Uyo€Xp (—vet)

Ptot = nep = ZEOEO

dzx dx
mos +mv,— T = eE(sin(wt)

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

BEO 1
C1=- 2 2
m w*+v,
v.eE, 1
€2 =— 2 2
om w4 +v,
E c s
v,(t) = — % cos(wt) — v;sm(wt)]
P = w_ Eosin(wt)
= = eEpsin(ot)v,
1 ,2n.e* v,

me;, w?+v?



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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Microwave heating
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 Microwave generation:

Magnetron

Driver of magnetron

Microwave coupling

Microwave isolation

ECR heating — 1w, 2w, 3w

Required toroidal magnetic field -> coil design, current requirement
Required poloidal magnetic field, using safety factor

Required vertical field estimated from the density
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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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Magnetron schematic diagram
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HV capacitor

L

Magnetron

High-voltage | l

transformer

Primary
supply

3
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http://www.sciencemadness.org/talk/viewthread.php?tid=154071 34



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
W= Weg

MAGNETIC NOZZLE
MAGNETIC TRIM COIL
RESONANCE COIL

TARGET

MATERIAL
CERAMIC et L B
WINDOW BTN T
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Electron cyclotron frequency depends on magnetic field

only

e Assuming B =Bz and the

electron oscillates in x-y plane

- e
mev, = ——Bv, :
e ¢ m.,v,=0

mev, = szx

m,c m,c
2
eB eB
v, = — v,.=—|—] v
Y mec ) 7
e Therefore
eB
Wee =
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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
m,v, = —Bv, + Eysin(wt) ) E
O Uy, = —wee vy + EO (wee + w)sin(wt)
m,v, =0 ¢
eB
Wee =

m,c




Electric field in a circular polarized electromagnetic
wave keeps rotating as the wave propagates
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 Right-handed polarization « Left-handed polarization

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



Only right-handed polarization can resonance with
electron’s gyromotion

Yy v + e
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FIGURE 13.5. Basic principle of ECR heating: (a) continuous energy gain for right-

hand polarization; (b) oscillating energy for left-hand polarization (after Lieberman and
Gottscho, 1994).



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 y2mrB | 2mrB
rol | | = =
oroilda e 0 \ 1o AT % 10_7

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

: ] '/ A pulsed-power system
Za| H will be used to generate

the current.

S—

=22KA @5 cm
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The 0.1-T magnetic field is sufficient to confine 10-eV Ar
lon
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1 eB V2mKT
V=rm —mv? = KT w=— r=
2 m eB

Larmor radius in mm @ B=0.1T:

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

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

« The Larmor radius of 1-keV electron @ B=0.1Tis 1.1 mm.

e Ar will be used.
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The magnetic field energy of the toroidal field is ~100 J

Pol
21r
Tmax
B? 2L pgcI* (Tmax 1 LI* [Tmax {1
—dv— —2nrL dr = Ho zf —Zrdr=”0 j — dr
21, 21, 2pg 2m)* J,. T T ). T
Tmin
poLI? r 24
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41T rmin 1
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Instabilities occur in a cylindrical plasma column

e Sausage instability: * Kink instability:

Fig. 4.6. Screw pinch geometry.
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A plasma current of ~ 2 kA is needed

‘ | Ro.

Ry ~ 10 cm
a~5cm
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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 46



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 47
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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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