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Ohmic Heatin

LI, +1,R =V =—§

Total change in magnetic flux needed to induce a final current

A¢md=ﬂf¢'dt—uf R{ [afj k 2}|f

| ~ In[1.65+0.89(q95 —1)] internal inductance
Additional magnetic flux needed to overcome resistive losses during start up
A =Co R, ;, C: =0.4 Ejima coefficient
Further change in magnetic flux needed to maintain I, after start up
Ay = [ 1R,
Technological limit to the maximum value of B,

Ag = 7ZTV2ABOH Tokamak is inherently a pulsed device.




2
Po =1 Ohmic heating density

5 = 7s :

= Neoclassical resistivity

ns: Spitzer resistivity

3
2

n~8x10°Z.. /T? (r=al/2, R/a=3)

(1) = jo—(r/a)?)" 13 J, ( rj \
B,(r)="—"——|1- l——2 mpeére’s law
(§%)=Js v +1) ) 2(V+1)r{ } Amperes

Ua = B¢a/BeR’ 0a /G =V+1 Jo= ZB¢/Rq0,u0

<J2>:2[ B¢ ]2 1
HoR 1
qo(qa _Zqoj



P, =77<j2>=3nT/Z'E =P

n(J?) =1.0x10°Z T **(B,/R)*/q,(q, -,/ 2)

2 4 ?

T = 275107 2 [°[ B | 6
nqaqO R 5

Zeff :15 qaqo 215 T ’

r. =(n/10*)a’ /2

Alcator scaling

4
T =0.87B} %

log ¢ [barn]

(1 barn = 1028 m?) -

“D(D,P)T ]

10 100
Eer. [keV]

1000

6
B (T)

8

10

12

Average temperatures above — 7keV are necessary before alpha heating is

large enough to achieve a significant fusion rate



Plasma stability requires:

B¢a B¢a B¢a ZB¢
qa = = = - > = - > 2
BR  Holy o (i) o ao{J)R
27 27a
B

(J) <

HoR



Injection of a beam of neutral _
fuel atoms (H, D, T) B
at high energies (E, > 50 keV)*
U H,D, T

isation i ®
lonisation in the plasma g o ® E——

Collisional slowing down

* E, = 120 keV and 1 MeV for KSTAR and ITER, respectively



e Generation of a neutral fuel beam

Extraction Neutralizer Vacuum valve
acceleration grids
lon source Il Deflection Beam

11 magnet duct

Low I I
temperature

SIESEN | |
S5 eV
11

e S

11
O é$ O kV \/ Beam dump

100 kv -3 kV
Ex) W7-AS: V=50 kV, I1=25 A, power deposited in plasma: 0.4 MW
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To vacuuml
pump
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 lon acceleration

Accelerator Vacuum envelope

Calorimeter
lon beam N

source

HVPS +

O

To vacuum I

pump ~



Neutraliser gas * lon neutralization

!

Accelerator Vacuum envelope

: Calorimeter
Composite beam N

lon !
source

Neutraliser

HVPS +

N

To vacuuml I

pump ‘v




Neutraliser gas e lon deflection

|

Accelerator Vacuum envelope

Source
gas =

lon *
source

HVPS +

Calorimeter

o
S
~
~
4W#’
C
P d
- ”
Neutraliser
Bending |
magnet |on beam
lon dump

O

To vacuum I I

pump R




Ne”"a'iiser gas « Neutral injection
Doppler shift
Accelerator Vacuum envelope spectroscop}_f,x"

Source af
gas =
— =
| =! P —
o ' To plasma
isalll Neutraliser Scraper p
HVPS
Bending
magnet |on peam
lon dump
T

To vacuuml I

pump W




Neutral Beam Injection

B B TP

« JET NBI System

Full energy
Neutral injector box — ( i
Central support column  — HE 5 : Neutraliser
Scrapers
T ] bl : _
Torus Rotary
Calorimeter i -
Fractional energy
\ / dumps
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Neutral Beam Injection

« JET NBI System

Deflection magnet

Central support column

Duct scraper

|
Rotary valve /

Torus port PINI

Fast shutter Neutraliser

Box scrapers Fpugs




« JET NBI System

b} C'.L

=

AN A \ i Jo1.212¢

JET with machine and Octant 4 Neutral Injector Box



« JET NBI System

Octant 4 Neutal Injector Box



e lOon sources

Co-8m
magnats

Valve

RF &
coil R

20-8m
I'Iagnets = 2

FLASHA
EXTRACTIGN 59 0

HROUHD GRID

< [

0.4-0.8m

system

eXtractioné{

Cathodes difficult to replace, finite life time

Plasma grid

RF Source

(Gas inlet

Quariz wall

Faraday ’
seraer,
0.3 cm
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Neutral Beam

o Extraction and steering

» 3-lens system
potential lines

I
| L

100 kV -3kV O0OkV

Typically 800 extraction
holes per source

H+ 85%
H,* 12%
H,+ 3%

Grid system at ASDEX Upgrade
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 Neutralizer

Charge exchange:

Re-ionization:

Efficiency:

Neuiralizetion efficisncy, n {%)

100

80

60

40

20

0

D+D,—>D +D,+e"

—— ——
fast gas fast gas

T T ] 1 T LU i I | 1 i I 1 L

I i ' B ] i .
i0 20 50 HOO 200 500 1000

Energy (heV/deutercn)



 Negative ion beam development in JT-60U

1004 '

104

1A

Megative-ion Deam current

1A

ITER

JT- 6&%

PA00keY, 13 SAD(Oct)

S0ket, 10 AMH- pd10keV6 TAD(Sept.)
|[|89:| | —

- ®340keV 3 BAID(Aug.)
oA o)

100keV 2 24D
(a2}

350ke . 0.5 A"
(93] .

10ke

100 ket el
Eeam energy
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Neutral Beam Injection

* lonisation in the plasma

Charge exchange:
+H™ > H?
+e" > H?

lon collision: H fast

+ 268

fast

Electron collision: H

fast fast

Attenuation of a beam of neutral particles in a plasma

beam energy

n: density
0. Cross section

http://www.nasa.gov/mission_pages/galex/20070815/f.html

+H" +e”

Andy Warhol
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* lonisation in the plasma

Charge exchange:

o + + + -
lon collision: H. . ,+H —->H,  +H" +e
L - + -
Electron collision: H. +e — H  +2€

Attenuation of a beam of neutral particles in a plasma

N, (4
=—-N,(x)n(x)o ; :
dX b tot

Ex) beam intensity: |(x) = I, -exp(— X//l) “e 16"} .t Charge exchange(oy ) .
E h fonisation ]
E,, =70 keV 0, =510"m’ 3 :
n= 5.1020m—3 /1 _ 1 ~ O4m S ml6E _5
NGO, I ]

In large reactor plasmas, 16”-

oo 100
HC energy (keV)

beam cannot reach core! !
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Neutral Beam Injection

* lonisation in the plasma

Charge exchange:

+H" > H;
+e" > H;

lon collision: H cetH +e

+ 268

fast

Electron collision: H

fast fast

Attenuation of a beam of neutral particles in a plasma

Io': Li Yy rrrrrry L T T rrrrry T T T T T ¥ 3
dN (x) N ; ;
,(X)n(x)o,, : ]
dx
1.0
n‘-:lo—ls Charge exchange(oy ) .
08k Neutral = - Electron E
g fraction |, [3 ionisation ]
FS ]
0.6 — “ Proton
" ionisation (0 )
e
=6
04— 0 C
Penetrati
0.2 discance (1)
0 1 1 1 i | 1 lo‘” Dy aacaad . oy aa L L T
10 20 40 60 80 1060 00 300 i 1] 100 100

. Beam energy (keV) H® energy (keV) 28




« Slowing down

1 1

2 2,04 m2 1 3 1
d;’\t/b __znsem A W | € e ar2720m 2 /4m2m, ~ 8L
672elM, (T2 W2
W. . 2
b,crit :C3 z19
=

Critical energy W, ¢ie: W, . =14.8-

Y Tlkev]

AZ/ 3 €

The electron and ion heating rates are equal.
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Neutral Beam

e Slowing down

negb

18
P=1.71x10 AO'I:?’/Z

5

é:Cj3/2
S

Y
I
N |~
3
(@p
<
TN

1.0

T

Hlsd

Electron heating fraction

0

—

=
i

uoioel) bulieay uoj

é:b /fe
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Neutral Beam Injection

» Slowing down + V1
1. & = &0 Slowing down on electrons .' o—
no scatter
W V1
2. & < &1 Slowing down on ions ¢ o —
scattering of beams ®
1 S
Fraction of initial beam energy
going to ions
O >
éb/é:c 10 -




* Injection angle

Radial (perpendicular, normal) ‘ 5

injection 5

Tangential injection

Radial injection: B

e standard ports
* shine-through
» particle loss



* Injection angle

Radial (perpendicular, normal)

injection

Tangential injection

KSTAR NB shine-through armor
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Neutral Beam Injection

* Injection angle

Projected

Worge particle Bettfer
heating drifts heating
efficiency efficiency

At low magnetic fields heating efficiency depends on NBI direction.
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Z

eutral

JET

Neutral injector

Tangential beam

| '.i!ll&%%!‘%wﬂ';m i

g maue st S =4 4‘_ _
AN / ! \ \ %
AN s / l S Neutral injector
-1.0 e B =]
T ) TR
B R S T S T a T — GE

&alid = Meymal, Dashed =Tangeniial 35




Tuning fork

Resonance




Tacoma Narrows Bridge
(1940. 11. 4)
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X

o 200 UEEA)

Microwave oven

http://cafe.naver.com/nadobaker.cafe?iframe_url=/ArticleRead.nhn%3Farticleid=82
http://blog.naver.com/rlhyuny27?Redirect=Log&logNo=30029307561
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YRV Y!

AT TN TN

Yg

Magnetic field

'/Lﬂ‘ﬂ
N Y
M_,,.n—«'" — -~
.

Yy

T TN
N
Y

(

gain

Linear / Circular
polarization

hito-//ko. wikivedia. org/wiki/ %ED%EE%BE%EA%B4%91 °°




laYad el b~ aVYale

D
ncoulialivc

Zone

Excitation of plasma wave
(frequency w) near plasma edge

conductor




laYad el b~ aVYale

D
ncoulialivc

Zone

Excitation of plasma wave
(frequency w) near plasma edge

U

wave transports power
Into the plasma center

U Antenna

absorption near resonance,
e.g. o= @, ,
I.e. conversion of wave energy
Into kinetic energy of
resonant particles

U

Resonant particles thermalise




Plasma \Wave

» Considering externally driven perturbations in the magnetic
and electric fields and in the current, relative to an
equilibrium condition for a cold plasma w/o external magnetic fields

- 1 aE
VxB = +—
My ) c2 5,[
Maxwell equation
VxE=- GB
ot

B B _ g 1 0%
Vx(VxE)=V(V-E)-V?%E =— —
( ) ( ) luo 61: C2 atz

j=) neu,

Ou. . _ - o : o
mn.| =L+ (U -V)T. |=ne(E +0 xB)—vp cauations of motion:
"ot : ' ' ' ' isotropic pressure assumed

N 8ui _ e E
ot m. 42




Plane waves with space

<
d
<
M
N
|
<
M
I
|
=
M
=
CDI\)
N
M
|
|
@)
N
ul

=~ m. c? at? and time dependences
-~ g O = e? )= expli(k - r — ot
—k(k-E)—l—sz:sz_luO[znle jE qpl( a))J
‘ oM k : wave vector

o : frequency




2 = -
V(V-E)-V2E = _ﬂo[z ne ]E _iz O0°E  Plane waves with space

2 and time dependences
= m, c’ ot ! P

CZ

—

Sy e @ = )= i(K-r— ot
_k(k‘E)+k2E:a)E_ﬂo[zn'e JE eXplI( r a))J
! k : wave vector

M= o : frequency

, 1l<ne’
w = —Z =w, Plasma frequency

0 = +
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Plasma Waves

 Waves applied to the edge of a plasma tend to be “shielded”
out of the highly conducting plasma.

OB/ ot =-VxE=(n/u, VB

Bx~B.e™’ 0~ nluw

 Externally applied RF waves can penetrate the plasma only
by coupling to natural waves in the plasma determined by
the plasma dielectric tensor.

Vx(VxE)=(w/c)’K-E

Dielectric tensor

Determinant = 0 mss) Disperison relation D(w, k) =0

45




Plasma waves are solutions of disperison relation D(w, k)=0.

generally:
® given by generator
K, given by antenna
where k; >k,

solution: k; =k, (@, k)

,Vacuum
lonosphere
Special cases:
1 NN ottt
4. \N|77 U ,Luiluli

I" \ ! ) h'":n.
“http://wyl-srh.noaa.gov/srh/jetstrea

A'A NNNANAAAAAANAN

2. k,— o ,resonance*
V. VVVVVVVVVIVV

\/ absorption

mode converison

46
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* lon Cyclotron Resonance Heating (ICRH):
@~ @, 30 MHz — 120 MHz (— 10 m)

lon-ion resonance frequency
) 0,0, (1+n,m,/nm,) _z,eB

W;; = y Wy
(myZ,ImZ,+n,Z,/nZ,) m.

* Lower Hybrid (LH) Resonance Heating:
@, < ©< @, 1 GHz — 8 GHz (— 10 cm)

2 2 2 2 2 2
oy = oy I+ oy o), o >> o

* Electron Cyclotron Resonance Heating (ECRH):

®~ @, 100 GHz — 200 GHz (~ mm)
W4y ~ O + @,

47




Ion—-ion hybrid

surfaces Loci of cut off and resonances in
the poloidal cross section of a
tokamak. The fast wave iIs
evanescent in the hatched region.

regions

inority cyclotron
resonance



z {ocm)

ASDEX Upgrade
2150 [E_+I

Alcator C-Mod

Multiple current straps



AORSA ITER Simulation of RF Heating




torus axis

minonty
resohance

A

cutoff region

antenna

A 4

e Plasma with mixture of H and D
with n, << ng

np —» polarization
propagation
n, — absorption

* Production of tail in H velocity
distribution function
» Good single pass absorption



« JET ICRH System

Ceramic support
now inside

antenna Double vacuum

feed through _ _

J1 Hgatmg wing Aux supplies

: oo ¥V o \>3 cooling codes
L Remote
s handling
~ ,

Tettransmission 4’(‘32MW ICRH
O X line enerators
’ HVCD supplies
Interspace 5 __ | ~:1\ ;%3](\_!
pumping system T T | _.E ., circuits
(getter) | | < —
| |
&
SEIEN | _JS%
JG99.119-3¢ e -{ = th
¥R e IR IN RE\T_]
| ¢ 5 e i
1 7 ! <+— Test load
: Switches
Schematic of ICRH plant for one antenna array yTromb(C;;lgtgri:;;r)lmmer




« JET ICRH System

- 8 X 4 MW RF generators, each
one has two 2 MW outputs giving
a possible 32 MW total.

- Frequency range 23 MHz -57 MHz
(excluding 39-41MHZz)

- 8 HVDC Power supplies.

- 4 X 4 strap antenna system with
vacuum interspace, Getter
pumping and Penning gauge
protection.




« JET LH System

Test Loads

Wevapulde Swich

Waveiuide Equillzation Leagth
Droublo Bollcws

Dekle Vacuum Windows

i
"
3
R o o
il gt
by -
" H

“rame 7 ] b5 ' .:_—:;‘_""f»-rf:'" fﬂj
y =t ;. AT

L Tom

Multijuncticns "
Yae Loads Girculalora
Remeta Handlng Flanges 3 A Klyslona

t4ain Waveguida Trensmission Line



« JET LH System

- 24 klystrons @ 3.7 GHz,
650 kW/10s or 500 kW/20s

- For control purposes, klystrons
grouped in 6 modules of
4 Klystrons (modules A to F)

- High voltage power supplies:
Two 33 kV circuit breaker,
LHO1 & LHOZ2, each feeds
3 modules (12 klystrons)

- PS limits long pulse operation
— Total power available at
generators: 12 MW for 10s
4.8 MW for 20s

Power coupled to plasma depends
on launcher power handling and
plasma conditions.

§

LH grill in JET: 12 rows of 32 waveguides 55
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Non-inductive Current Dr

« Asymmetric velocity distribution can be a side effect of plasma heating.

j:ZS:qsns_[V||f(V||)dV

ions

electrons

* Needed for: Steady-state tokamak
current profile control in tokamaks
bootstrap current compensation in stellarators

&Ny 1

J
P (nell mVu/Z) Vel Vel

- Efficiency  1heory: Tl =

Experiment n [1020 ] R[m]- I{A]
(Figure of merit): 7 = PW] C 1
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» Circulating ions carry current

partially compensated by
- concurrent electron drift

- trapping
- dependence on collision frequency

<

Total driven current

| Z. 17 A(Z ) Friction by
— =1-—1 +1.46¢? trapped
JT-60U high B, ELMy H-mode l Lo L electron

. Reverse electron current >/ )




Non-inductive Current Drive

LHCD
ICCD
ECCD
NBCD

0.35-0.4
0.1xT, [10keV]
< 0.1xT, [10keV]
0.2xT, [10keV]

€-Ny -V, 1

J_
P (ell mVII/Z) Veoll V||-Vco||
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Heating Scheme Advantages Disadvantages

OH

NBI

LH

ECRH

ICRH

Efficient

Reliable

Efficient current drive

Reliable
Flexible

lon heating
Central heating

Cannot reach ignition

Close to torus
Negative ions
necessary

Antenna close to
plasma off-axis

Electron heating
(density limit)

Antenna close to
plasma
Antenna coupling
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