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OUTLINE

 MCF: d-t tokamak capable of ignition
 fusion dynamics
e sState space analysis
e Ignition: stationary contours,

dynamic self-organized ignition
e preferred operation regimes
e conclusions and aspects
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PARAMETERS OF IGNITABLE TOKAMAK

R=8.1 m ...major plasma radius

k=1.6-2.0 ... plasma elongation

a =3.0 m ... minor plasma radius

d=0.3 ... triangularity

B,=5.7 T ... toroidal magnetic field
on axis

N=16 (24) ... number of toroidal
field colls

1,=18-24 MA ... total plasma current

R.= 0.9 ... first wall reflectivity

g(a) = 3 ... safety factor at the edge

Z,=1.6

C;=3,4 ... Troyon factor

b<b, , SBL:tg(b/by)

A=2.5amu ... average fuel ion mass | n<ng

Plasma volume

V, =2pRo &k 1

ad o a
S S _d3+ d4
B8R 8 B8R AT
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FUSION BURN DYNAMICS
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6<67(0 2) (48%$7,216

KXV ZH DUULYH DW

ng(t)' f_- Erlz(r’c’tr Sw dt (T(r,c ’t))
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GLOBAL ENERGY CONFINEMENT TIME t

e pased on theoretical calculations of heat
conductivities as well as on semiempirical
scaling laws

e extended formulation to iclude all operation
regimes (Ohmic heating, L-mode, L-H transition,
H-mode)

 modified by a soft-13 limit (SBL) factor:

35(b /b, )
p 1+25(1 b 16, )}( By C;)

| [MA]
aim] BTesla]

SBL=1+

— | b [%1=C
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dT
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dt

DO H-
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3 fixed points (equilibrium):
T =0UT, =0Un =0
® E,=0

ignition, IfP,, =0

2 stable and 1 unstable:

-- the stable node at low
temperature just refers to the
equilibrium when Ohmic
heating balances all loss
powers ® Ohmic ignition
(practically no fusion power).

-- the attracting high-T
equilibrium corresponds to
fusion ignition as well as the
unstable saddle point that
repells the trajectories.
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s=0.1"1020m=3s1 Tf//rep]

Existence of a separatrix surface separating
the basins of attraction and repulsion!




3-dim display

» Trajectories starting with T:* T, quickly merge to
the T=T, plane (t <<tg<t))

® rapid temperature equilibration

for t>>t;: dynamic analysis can be reduced
to the 2-dim n-T state space with T=(T+T_)/2

* |Ignition surface not explicitely seen
(all 3 fixed points lie therein)
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Zero power contours, dE /dt=0 with P

BN SN

average ion density, n, [10m”]

aux

5 10 15

average ion temperature, T, [keV/]

20

Ignition contours in the (n, T,)-state plane for different electron temperatures

=0:

(C;=8.5, P_,=0, s=0.1"102°m3s-1; no impurities except alpha particles)
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| 2-dim dynamic (P

0)

b-limit

aux
saddle point
2.0 :

separatrix 1 L
E ignition contour (dE/dt=0)
= 1.5 N
- AU stable node
2
5 1.0 _
S \
= \
=
Y separatrix 2
= 0.5
0]
=

2.5 5 7.5 10 125 15 175

average plasma temperature, T [keV]

Fusion dynamic in the n-T state plane for a constant ion fuelling rate
$=0.06x10?°m=3s! resulting in a stable node at n=0.8x10%°m-3 and

T=13.8 keV
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CHANGE OF DYNAMIC CHARACTERISTICS BY VARYING s

T T

12f
- separatrix — 1 :

=
I
[
|

-
Y 2

-
T

0.8

0.6

0.4

average ion density, n, [10 29 m™3]

0.2 1 -" 1

—— saddlepoint

£ stable focus

- Ignition contour

- ohmic ignition

0 2 4 6

average plasma temperature, T [keV]

Same parameters as before, however reduction of s from 0.06x102°m-3s-1
to s=0.014x102°m-3s1 ® stable focus at considerably lower temperature.

1
8 10 12
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Sensitivity of
the dynamic
to the fuelling
rate:

trajectorial
change +
alteration of
nature of
fixed points
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\ periodically

leaving and re-
entering the
ignition domain

(a) Ignition path associated with minimum auxiliary heating energy. The d-t
plasma is considered to be fuelled at a constant average rate density of
$=0.013x10%°m3s"1
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Unacceptable,
Impractical
oscillations!

(d)

(b)-(d):Temporal evolutions along this minimum heating ignition path of the
plasma ion density, of the ion and electron temperature as well as of the
fusion alpha power.
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(a) Preferable path to an
Ignited stable operation

point of an ITER-like
plasma with low fusion

power production. Here

fuelling is managed at

an average rate density
$=0.013710°m"3s!

Figures (b)-(d):

temporal evolutions of

lon density, plasma
temperatures and of fusion
alpha power.
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Temporal evolution of several plasma parameters
(NBI heating, ICRH similar)

s=0.1"10m=3s1
C,=3.5

n(0)=0.2 " 102° m-3
T,(0) =T.(0)=2 keV

Start at n,(0)=0.2" 10%° m-=3and T,(0) =T.(0)=2 keV, initial 7s period of 50 MW NBI
heating: (a) ion and electron densities in 102°°m-3, (b) ion and electron
temperatures in keV, (c) fusion power and initial auxiliary power, and (d) ion and
electron confinement times in s.
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Temporal evolution of several plasma parameters
(initial ECRH)

s=0.1"10m=3s1
C,=3.5

n(0)=0.2 " 102° m-3
T,(0) =T.(0)=2 keV

Same start situation as before, however now evolution after an initial 7s
period of 50 MW ECRH:

Note that the stable fixed point is not reached her e dueto
higher P . ,® smaller energy transfer P o ® lower T,
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&21&/86,216 $1' $63(&76
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$OSKD VRXUFH VSHFWUD

&R LQMHFWHG EHDP | BERRXOXMWHRQYM EHDP EHDP |

E, MeV E MeV

Bear(X,=0.6,130keV)+Tean(Xp=0.6,105keV) Bear{X6=0.6,130keV)+Fear(X;=-0.6,105keV)

6LJQLILFDQW D Q LIMRMMHLIFFRIBINETR IE FFIZFO SKDV DQG |ZL
ELUWK HQHUJ\ VSUHDG R D@ K BW HEHRIRDROVQ R G W
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Distribution function of confined alphas
iIn JET at I/B=(2.5 MA)/(3.45 T)

c0-going
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Alpha distribution and
a-driven bootstrap current

2 T T T 1‘ 2_ |'---|- T T ] l‘
1.5} 5 08 1.5-'. @ 0757
1_ D:h 1':: E 05_
N 1 CU
r=0 © 06 : r=0 i)
’g 0.5} TN 5 ’é\ 0.5} \ Y‘
N + < NI g 05
of c o4 o £
= - S ol
0.5} N -0.5}4 )
X oz =
-1t [ -1t ' — 03]
""" “Outmost FS
1 | Il 1 O_ | | | | -05-
2 24 28 3.2 3.6 2 24 28 3.2 3.6

R(m) R(m)

Distribution of alpha particle density and bootstrap current in the poloidal
cross-section of JET for a hollow current profile with r, /a =0.6 (current hole
drives alphas out form the center).

ICENES-7, Istanbul, 5th June 2007



FUSION POWER DEPOSITION

2 19 ) 1-
= _ —
1.5} N o6 15 0.8
o |
1t 5 1t T
© ©
0.6- 0.6-
—~ | r=0 (al ~ | r=0 (al
N ® N ®
O g 0.4- 0 g 0.4-
— ~—~~
0.5} N 0.5 N
) %, 0.2- . QE, 0.2
il T ©
o o
0- 0-

2 24 28 32 36 2 24 28 3.2 3.6
R(m) R(m)

Profiles of electron and ion power depositions in the poloidal cross-section of
JET for a hollow current profile with r, /a =0.6.
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$OSKD PHDVXUHPHQ

XVLQJ
a+’Be ® n+2C+ g(4.44 MeV)

Remotely
> selectable

collimators

vertical camera - 9 lines-of- Horizantal
Slght o camera

. 3 OOy
horizontal camera - 10 =
lines-of-sight L RE

. ‘ —
Collimators: @10 and 21 | =i
mm §§§§:
gDetectors: dia21x15 mm Sl
Csl-diodes or LuAp -diodes Setector
(new heavy scintillator) box

] ] ] Remotely
Drained water shielding controlled

collimators
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a SDUWLFOH VRX

UFH

Pulse No. 61237: 3T/1MA, off-axis, T-blip @46 s, 250ms
[Kiptily, Yavorskij et al., PRL 93, 115001 (2004)]

blp 61237 6.120000 x10¥ni®s ] blp 61237 6.220000 x10Mni®s? blp 61237 6.320000 x10¥nits?
| [ — | | ] ] | [
2.0 T iy 2.0 : 2.0 .
15.0
13.0
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Poloidal angle, deg
8

o

Loss distributions of DT alphas in JET

N0 |

60 I

0

N # AN # AN
0 - B
S
¥ = g [ s
o %( . L .
\ P —— # T~ <— \* < )
m ! I ]
o= Bt Yom ¢ 9]
a) = C
! \ 1 1 ! ! I\A 1 / 1 L L | \ | / ! 1 1
30 60 90 120 150 180 0 30 60 90 120 150 180 ¢ 30 60 90 120 150 180
Pitch angle, deg Pitch angle, deg Pitch angle, deg

Distributions of FO and collisional loss as a funan of poloidal and
pitch angle in reversed and monotonic shear (MS)TUlasmas for
different plasma currents.

Effect of current hole on the ion loss Is equivalent to a
reduction of the total plasma current!
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