Chapter 3. Closed Magnetic Confinement Systems

Reading assignments: Harms Chap. 10,
Stacey Chap. 4,

1. Tokamak system

Russian: TOroidalnaya KAmera MAgnit Katushka
(English: Toroidal Chamber Magnetic Coil)

A. Features
Magnetic fields :
* Toroidal field B, produced by TFC

(toroidal field coils) around a torus
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* Polodal field B, produced by plasma

current j, induced by transformer
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Magnetic shear S :
S « v o< q
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Magnetic surface with a constant v covered with ergodic field lines.
OHC(ohmic heating coils) produce self-consistent plasma current j,, and thereby
poloidal magnetic field B, or By, and ohmic heating power P .

o1, B
% = Hr = E(n = {q,(r) = B,(»)

f o 2d = P,y = T!)(» : Ohmic heating limited

by rLi oc TeT—B/Z
VFC(vertical field coils) or EFC(equilibrium field coils) produce equilibrium field B,

to prevent a toroidal plasma column from moving toward the outboard side of torus
Features

B, by internal plasma current

Pulsed and complicated operation

Complex coil geometry ( B, > B, > By )
Difficult engineering design

Large minimum unit size ( ntg o I*xV?)

High #ntg

Flexibility of heating(NBI, RFs, Compression, ...) and refueling(gas puffing, pellet, ...)
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1) Toroidal vacuum vessel
- High strength & resistance material (S.S. - low 1)
with bellows (high n, 14 in TFTR = ~3 m&) sections
(or ceramic breaks + insulated slit)
- Base pressure ~ < 107 torr (clean, no leaks, no gassy matter)
Bake out (~150. C), Gas discharge cleaning
» Main turbopumps (2,000 /s SNUT-79, 10,000 //s TFTR)
Auxiliary pump (Rotary 1,200 I/m SNUT-79 ,
T; gettering, ZrAl getter panel in TFTR~10" torr)
- Internal structures : Plasma facing components (PFC)
Limiters (C tile : good refractive, thermal, electrical conductor, low Z)
Diverter plates
Antennas
Protective plates (C tile) : protect "shine thru” of NB
Bellows covers . protect runaway electrons
- Manhole access ports for diagnostics, heating, vacuum
2) Fuel systems
Gas puffing (~107 torr)
Pellets (frozen fuel) © 2 mm x 4 mm, 10° m/s in TFTR
3) Toroidal field coils + power supply
For toroidally axisymmetric tokamaks,
B = B,(r,0)% cr,g:d?)

VxB = u,j

§ 5yt = w1
2RB, = u,l, %

Hole 1 BiR,
BB = 'R T R

B%Ro — BZJ )
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B
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Drift motions in the simple toroidal magnetic field :

vp= vt vyp= qu[vzn RIS(ZB"‘(UZZL)(B?XVB)] = 7;1[”2n +5 |2

= B,(r,0) (2)
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Discrete structure of TF coils
— ripple ( 2B,/ Bj < 1% ) — B,(r,0,9) for nonaxisymm.
D-shaped pure tension coil
4) Poloidal field coils + power supply
a. Ohmic heating coils w/ air-core or ion-core

Provides ohmic current — U + shear + heating
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Effects of B, or B, : RS

1) Rotational transform v =  canceling

il) Particle trapping by magnetic mirrors
Trapped particles with banana orbits
Untrapped particles with circular orbits
Trapped fraction :

S trap = \/1_1/Rm = \/1_Rmin/Rmax
=V1—-(1—-e)/(Q+e) =V2/(l+e)
(e.g.) For a typical tokamak, ¢=a/R,=1/3 = f,,~ 10%
Collisional excursion across flux surfaces :
Untrapped particles = 27, = 27,
[Trapped particles = A7,,, > 2r, = Enhanced banana particle losses

Untrapped Trapped

E,xBy = radially inward drifts of banana ptcls = Ware—pinch effect

iii) Force imbalance : (O Hoop force - -
& )&

Pz ~F—> <« B2p

,# ( Tire-tube force -

- O net force.

o @ Cetrifugal force by rotating plasma



b. Vertical field (or Equilibrium field) coils
Correct the loss of equilibrium due to loop force
- Copper stabilizing shell (old way)

image current

® Cu shell :
) finite thickness or hole on it

= 1,=u,0(AMN% < 10ms
no use in 100 ms ~ 10 s
- Vertical field coils (present active control)

N Helmholtz coil arrangement :
Neutrally stable to vertical displacement
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\ B, = 4“;124’0[1 (SR F% 2]
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Stabilizing condition for vertical and horizontal displacements :
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0 < nz_iBy/R < 9 4)
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B,: B,:B,~1: & :%
Note) ¢ e v 1 q q



c. Shaping (Divertor) field coils

{ au:ble null

5) Mechanical structure

Torque frame, Coil and buswork supports
High magnetic forces

Tilting force due to 1xB, L

~ 108 s = 500 tons

Force on PF coils from their colleague neighbors

Buswork carrying current to coils x B
(e.g) 20 kA x 3 T = 6x10* N/m = 6 ton/m
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6) Basic diagnostic systems + Data acquisition & process systems
Principal plasma parameters :
ne K70, T, r, D, Z L), Z{r,D), Ppr,0D
Wave active instabilities : T,(7,f), B(r,?)
Fusion products : S,(7,9, S.(7,0
Not measured well vet for high powered tokamaks :
(r,p), E(r,) — (7,0
7) Auxiliary heating systems
NBI, RF, Adiabatic compression, etc
8) Shielding

X-rays, Neutrons, Scattered ¥



C. Tokamak Equilibrium

1) Equilibrium equations in toroidally axisymmetric (a%) = () systems

a. Magnetic

fluxes

Vp = jxB
VXB = 1,

v-B=10

veji=10
(5)
B- (5)
Ch.2(6)

= Magnetic (flux) surface (v = comst. )

= V||p=0

= B.Vp= B'(]XB)=

= B-vy =

where 2ny = fSB- dS

b. Poloidal magnetic flux

- fs v x(A,3) - dS,

= Isobaric surface ( p = const. )

(5)

(6)

(7

()
p = const along B

0 : BLV)p 9
Blvy (10)
magnetic flux (11)

]

-

0

S, = area of a ribbon obtained

by revolving w, and v

14

between v and w+dy

¢ Stoke’s theorem

= $Ab-al

= 21 (RA, — RA,) (12)
Differential poloidal magnetic flux 2t dy :
2udy = 2n(y+dy) —2ny
— fSPMSPB,;dS,,— fspB,,-dS,,
= [.. B,-dS, ~ B,2xRar (13)
_ ay _
= RB,= - = |vul (14)
= B,— —&%xvu (15)




c. Poloidal current function F(v)
v ><B<l> = Uoj ?

(B,+dB,)2nR — B,2nR

[, vxBy-aS,= §B,- dl=2wd(RB,) = 2x dv

i gy S, = 1,j,2nRdr

d(RB,)

oy

dr
Ll
B f
d(RB,) U oj R
ow (dw/ dr)
= Rjy= B8 = B ygy = OE — v (16)
= Jy= — 5 BxVF (17)
where / V xBy = 1,j, = 2%RB,= ualp
Fly) = leq) = Ipz(:) (18) total poloidal curren Ir R ?R
Note) Symmetry of B and jin O)(7)(@®) = (14)(15) <« 16)17)
d. Magnetic fields and Pressure
In cylindrical coordinates for toroidally axisymmetric fields ( 9/ dd = 0),
e . 1.4 0B, _
2 (7)(10) : » ap(RBp+ 7= = 0
1 ovw
By - 2L
; N Rz (19)
R B 1 oy
-7 - wd
(19) in (9) :
R 0z OR R 0R o0z
= p = p(v) (20)
since —GL 2B Tk + SR H e — 0
e. Current density
®): j= v ~B
, 1(0Bg _ 8B, _ap _1[ 8 (1 ow), 1 o] — __1 ,=«
To u,,( oz aR)_ ? u,,[aR(R aR)+R az2] ugRAW(Zl)
je= kR (RB) =@ L 9B (22)
f. Grad(-Schlueter)-Shafranov equation

(5):

force balance equation in terms of flux function
vp = jxB



Vo = (jo+ i, *(By+ B,
= (jo= L 3xvF)x(B,— L Bxvv)
= —jq)x(% ) quJ) — (% ) va) x B,

Ax(BxC) = (CxB)xA= (A-CB— (A -BC

_ Ja _ By
= R VYT p VF
V() = H Vv - ‘1’ v F(w) (23)
¢(21)(18) ﬂap—l’l%\
) S, A Mo
N e G
= Aty = _llolez_d2 LloF dF (nonlinear elliptic PDE) (24)
PR S dy
t ' f
]q,xBﬂ vp ]pr(b

where A’y = [R aaR(}e aaR)'i'g]qj = (8R2 —%% +%)w
or from (23) & (21)

2 dF

iy = u,RL 4+ Lo FAE = — L avy (24"
Notes)
1) rp(w) : plasma load on a magnetic flux surface

Fw)F'(v) = %(F2 (¥))" : strength of B,

A*y  strength of B,
= G-S Eq.(24) = Nonlinear elliptic PDE for v describing how

much plasma can be supported by B.
ii) Ideally, LHS of G-S Eq. = 0

> By = uFF = ey = Bmy

2u,

BZ
= p= 2 = p=-——L = not realizable

2u, B:/2u,
In reality, B,(@) supports Ig of <p>
— <o R, _ ,. .
= B,= W < - = A aspect ratio (25)
N . . r By o .
iii) If B, for balancing p , then ¢* = R B kink instability
»

For reasons of stability, plasma confinement by large B, for al.
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Typical flux configurations of limiter and divertor tokamaks
(W. Suttrop, MP-IPP Summer Univ. (2003), Fig. 7.5)

2) Pressure balance

é (20al,/B,
Averaging G-S Eq. over a flux surface v, ie, <(24) >, = —F+——
$a1,/B,
by = py{a)+ S [ B o + <BL D — <BDY] (26)
where <p> and <Bﬁ) > are volume-average values ( ( f :(;: )( Ydir / f ;;:)d%)
Poloidal beta B, :
26) [<BY /20, =
{B% —<(B%>
<Bﬁ>lv(a) /2110 <Bﬁ>w(a)
Paramag. Diamag. —
(B2, — <B% <0 >0 -
B, <1 > 1 B,
B
Bq:c Jtar
q
il -1
W. Suttrop, MP-IPP Summer Univ. (2005), 7.8
Toroidal beta : = = (28)
_ By
Total beta (29)

BY  1+B/B



Equilibrium characteristics
@ Low pressure(low B) & Medium pressure(typical) @ High pressurethigh B)

B,< 1 B, ~ 1 B,> 1

Paramagnetic B, Almost vacuum field B, Diamagnetic B;

Surfaces on which p = constant

Q.. @iy Q..

I/—\,,r/’\,,.v/\_,
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3) Low-3 tokamak confinement

F(y) < RB, = const =0, B,=B,,R,/R (vac. field) case : B, ﬁ =1
b 4
= <p> is supported by B, only, ie. j,xB, pinching force of self-mag.

field induced by plasma current.
If B, is intended to increase for balancing high p,

then, reduced ¢(») | = (»/Ry) (B,,/ B 1) result in ideal kink instab.
Limited I, value or large B, are needed to maintain a limited q value

for stable confinement.



Stability condition for ideal kink modes :

B
W@ = KBl > Gmn ( 1 for m = 1 mode (K-S limit)

(30)
m/n = 25 for higher modes m = 2, 3, .....
B alR e
p o — ~ 2
= B, < i = O(e?) (31)
P £ /2na a/R,

2
= I¢<zi 4

By < 1, R.qun B, : plasma current limit (32)

4 min

For low pressure plasmas (B,< 1),

d min = 25
B2 2 2 ¥ 2
. _ Dy € € - _E
B, B,
@8 =T ge i, e
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2) High-£3 tokamak confinement
Ideal confinement by toroidal field
B2
=  p= leq’ = B,=1 ' not realizable and unstable

For suppressing ballooning modes, B, supports more than a fraction a/R, of p :

_ < R, _ 1 _
g = — Py B, e ¢
@B =g C1rg. e C e T eaprer (1D

(eeg) For Ry/a =3, ¢=1/3, qgum= 25 = B 5%

4, 1/4, 25 =

or high output power & low cost <&

Non-—circular plasma cross sections :
Ellipse D Doublet Bea

B< 4%

Low B for stable operation
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