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Advanced Tokamak Development is
Viewed as a Sequence of Improvements
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Accessto Higher 3 AT Plasmas
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Quasi-Stationary AT Burning Plasmas
are the Primary Focus

The safety factor is held by non-inductive current
— Bootstrap current
— LHCD off-axis (other possibilities are NBl and HHFW)
— ICRF/FW on axis

Pulse lengths 3-5 X Tjarr (30-50 S)
Q=5
1.0<H(y,2)<1.8



~IRE Can Access Various Pulse

Lengths by Varying Bt
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Toroidal Field (Tesla)

Mote: FIRE is = the same physical size as TPX and KSTAR.
At Q = 10 parameters, typical skin time in FIRE is 13 s and is 200 s in ITER-FEAT .



|deal MHD Stability Identifies
Attractive AT Plasmas

e No n=1 stabilization e With n=1 stabilization

— Qpin = 2.1-2.2 --> strong benefit

— 25<Bun< 30 — Qmin = 2.1-2.2

— 0.5 <r/a(gmin) < 0.8 — 34<[Bv<36

— 3.3<I,(MA)<55 — 0.5 < rla(qmin) < 0.8

— 0.3<fs<05 — 3.3<I1y(MA) <55
— 05<fs<0.75

*plasmas with gmin = 1.3-1.4 also identified, but these have
(3,2) and (2,1) NTMs, and no improvement in 3x when n=1
IS stabilized

**pockets of n=1 stability at gwin Just above integer values
are found, although the depth of the pocket is unclear



FIRE AT Modes, Bt=8.5 T, A=3.8, k=1.9, 0=0.65

n(0)/<n>=1.5; * balloon limited; n=1,2,3 checked for n=1 stabilized

gmin=2.1-2.2 n=1 stabilized lower of 4*Ii
or 1.15*(3N

r/a(gmin)=.50 [p=3.25

BN=3.0 BN=3.4 BN=3.45
g*=4.15 gmin=2.16
Bp=2.37 li(3)=0.68

li(1)=0.88

fbs=0.62 fbs=0.65 fbs=0.65
rla(gmin)=.65 [p=4.71

BN=2.8 BN=3.45* BN=2.8
g*=2.88 gmin=2.13
Bp=1.55 [1(3)=0.54

li(1)=0.70

fbs=0.52 fbs=0.63 fbs=0.52
r/a(gmin)=.80 [p=5.45

BN=2.5 BN=3.60 BN=2.32
q*=2.48 gmin=2.20
Bp=1.18 l1(3)=0.45

l1(1)=0.58

fbs=0.54 fbs=0.75 fbs=0.50



FIRE AT Modes, Bt=8.5 T, A=3.8, k=1.9, 0=0.65

n(0)/<n>=1.5; * balloon limited; n=1,2,3 checked for n=1 stabilized

gmin=1.3-14
r/a(gmin)=.50

g*=2.69
Bp=1.89

r/a(gmin)=.65

q*=2.32
Bp=1.38

|p=5.02
BN=3.55
gmin=1.37
l1(3)=0.71
l1(1)=0.92
fbs=0.50

|p=5.85
BN=3.15
gmin=1.37
l1(3)=0.67
li(1)=0.86
fbs=0.38

n=1 stabilized

BN=3.55

fbs=0.50

BN=3.15

fbs=0.38

lower of 4*Ii
or 1.15*(3N

BN=3.68

fbs=0.52

BN=3.44

fbs=0.42



Benefit of n=1 RWM Stabilization

qmin — 21, r/a(qmin) — 08, Ip — 53 MA, BT — 85 T, R/a: 38, (5,2) and
(3,1) NTM’s, allows wider range for value of gmin, N(0)/<n>=1.4-1.5
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Bootstrap Current and the q Profile

e Bootstrap current
profile determined by
n, T profiles-> ¢

* There are pointswith

fixed fus as a function
of B and n(0)/<n>

e At what fus do we need
tocontrolnand T
profiles?
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External Current Drive and Heating

for FIRE
e 30 MW ICREF (ion e 20-30 MW LHCD
heating) (electron heating/CD)
— 4 ports, 100-150 MHz — 2-3 ports, 5.6 GHz, nj
+ <10 MW ICRF/FW =2.0-25
(electron heating/CD) — For NTM control
; e 7?MW ECH/ECCD
— 1 (or 2) ports, 90-110 (electron heating/CD)
MHZz??, phasable

— Want to use same
| CRF equipment



Lower Hybrid for Off-Axis Current
Drive on FIRE

L SC lower hybrid

ray tracing
calculation

Piv =30 MW

llh = 2.4 MA

Nj = 2.0, ANj=0.3
les = 2.6 MA
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Taroidal Current (Afan?®)
L)

External Current Drive and Heating

for FIRE ( )

e 120 keV NBI (positive « HHFW (300-800
Ilon); depogtion to MHZ); deeper
p>0.7; good off-axis penetration than LH
current profile and
rotation
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Dynamic Burning AT Simulations
with TSC-LSC for FIRE

Ip=5.5 MA, Bt=8.5T, Q=/.5,

BN:3.0, B:4.4%, P.w=20 MW, — rﬂt}\uf ‘H\ o
_ _ _ - P I :
v=1.7 MA, |ss=3.5 MA, l,v=0.35 Eg_ o # 57 2 okt
E'I“I
MA L ‘f — = LT
(Y. ! — J
. A r times
A5 ap d =
= [P, 4
LT L e e
E o~ ”; F CRELL L HCH =, / ”m/ y
5 = \ir { E ﬁ = vl |ave
T al L[, ) 2 1%
5 AL " el L]
N ,7‘, LHCh = r2eRNR AR
time, s
5
‘% il 1 1J;| | o s A =4 =
_: #Hhr r‘nqsgrnﬁh i : r boolstrap
RS RN RN Br—
time, s ci A BV CIp
| T .
A —
H(y,2)=1.6 e - {—Fweb

ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ
FFFFFFFFFF



Dynamic Burning AT Simulations
with TSC-LSC for FIRE

t=10-20 5 i =20-26 5 t = 9R-79 g
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Conclusions

gwn a@round 2.1-2.2 is found to provide a good combination
of

— Betalimit with and without n=1 stabilization--

— High plasma current--

— Elimination of (3,2) and (2,1) NTM’s--

— Lower CD power --

Lessthan 2 MA of LHCD isrequired, leading to powers of
20-30 MW from L SC lower hybrid calculations

Stabilization of n=1 RWM would yeild attractive
configuratons

Need to find techniques for density profile peaking to
enhance bootstrap current

TSC-LSC simulations indicate that we can create quasi-
stationary plasmas for flattop burn



Future Work for FIRE Burning AT

Plasma Devel opment
Continueidea MHD  * CD analysis
stability search — Reduce Peo, raise fus
— Pressure profile and g* , HHFW, NBI

variations

— Edge profile effects — ECCD
— n=1stabilized plasmas « TSC-L SC dynamic
NTM requirements discharge simulations
Examine DIII-D AT — Plasmaformation in
experiments shortest time
Examine C-Mod AT ~ Energy and particle

transport models

eXperments — Control of j,n, T



Experimental AT Observationsto
Guide FIRE AT Development

 DIII-D e C-Mod

— NBI strong rotation — Anomalous ICRF
source rotation

— | TB/turbulence — | TB/turbulence
suppression--->profiles suppression--->profiles

— Edge plasma — LHCD/current profile
conditions/pumped control
divertor — High density core/edge

— n=1 RWM feedback — Detached divertor

— NTM stabilization



Burning AT Plasma | ssues

Ripplelosses arelarger < T,n profile control

dueto high g, low |, and — Density peaking vs B for
low B+ bootstrap current
Alfven eigenmodes are - ][T'i’) rle'axation’ or
uroulence Suppression
expected to be more without I TR
severe .
NTM s 0N  Plasmarotation
oD
SUppP — Bulk rotation for RWM
— LHCD and/or ECCD stability
RWM stabilization — Sheared rotation for
— n=1 feedback turbulence suppression
for n>1 * Plasma edge conditions
RWM's — L-mode or H-mode

Impurities for control — Radiation characteristics



FIRE can Test Advanced Regimes of Relevance to ARIES-AT

Confinement
Required

to access
this regime
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