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Off-axis NBCD Enables Advanced Scenario

Development

 Development of steady state, high 100 S JTot(p)
performance scenario (high q.,, at high
B) for ITER and FDF is limited at present =
by overdrive of the central current by <C\EJ
the NBI required for heating ~

* Off-axis NBCD provides most of CD
needed at half radius for noninductive

high B scenario with flat q(p) > 2 6 ,
- d(p)
4l
* Need to validate the off-axis NBCD L 10 MW Off-axis
model against experiment "~ +5MW On-axis
o =
= = = = =15 MW On-axis

8002 07 08 08 1.0
Radius,p
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Robust Off-Axis NBCD Found in DIII-D Experiments

* Demonstration of robust off-axis
NBCD in DIlI-D 132614@2280 132601@2360

On-axis

Benefit of alignment of injection with 40

Measured Jyg a
magnetic pitch

\,Off axis

......
,,,,,

2y

Small effect of anomalous transport
of fast ions on off-axis NBCD profiles

IJNB(p) [A/cm?]

Prospect for ITER and DIII-D scenario
development
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e Demonstration of robust off-axis NBCD in DIII-D

e Benefit of alignment of injection with magnetic field

 Small effect of anomalous transport of fast ions on off-axis
NBCD profiles

 Prospect for ITER and DIlI-D scenario development

DIlI-D
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Plasmas Were Shifted Vertically

o Move NBCD Off-axis

On-Axis NBCD Off-Axis NBCD

w w e Shifted vertically ~30 cm
e Beam deposition at p = 0.5
e MSE measurement p 20.4
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Global Behavior is Consistent with the Existence of

Off-axis CD That Increases With Co-NB Power

132601 H-mode discharge

10 = _
8- Ip(0.1MA) o=, 3 NBI while plasma is
2 B ~-// L7 shifted causes off-axis
> _[/”/—/ 1 NBCD that
0 f———FEc (MW)
0.4
0.2 — <t > . ]

i -shi Mid-plane i
00 - Down-shifted . p
021 ‘\@m i .
= : : :
11 /\/\_/VW\I\J _
1.0 . _
0.9 d 1 e reduces/,
o8l MWM ]
0.7
3 -
o | \HM — . keebs > 1
1 L " o PS Qmin

Umin |

0
5
4 _|
2 [ Soft X-ray (a.u.) /V'\w"/\\;  avoids sawteeth
b Rl

0 1 2_ 3 4

Time (s)
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Short Beam Pulses Show Fast lons Confined as

Expected for On- and Off-Axis Injection

18 e T T T T T T ] 50
~ Nb ng <ov> n x Co Tang
i N 1 E | o CoPerp ]
3 ‘ w A Ctr Tang « ©
12 ] = o Ctr Perp x x @
2 L Exponential decay] - i 3;‘5% 0
g _ as beam ions therrpalize : sz 4o
%) ) QK
5 | D | OffAxis  °¢ x4 O 4
5 0er — oran” \
z | < oo A On-Axis
- Z <>
[ i ¢ O
I Beam pulse L A
......... l‘!||||l|||||||||l|||||||‘| & A
0.23 0.24 0.25 0.26 0.27 LLJ 10 . . )
TIME (s) 10
W.W. Heidbrink JP6.93 THEORETICAL DECAY TIME (ms)  ~°

* Nevutron Rise « on number of confined beam ions injected

e Decay « slowing down & losses on t,, timescale
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Time Evolution of MSE Signals is Consistent with

the Existence of Off-axis NBCD

133982 +B/up 2.0 CO+0.2CN
* MSE signals compared with
transport simulation using : P
realistic current drive sources — ~— 0.76
o 8 1+— 0.66
— TRANSP/NUBEAM %
MSE simulator - 1+—0.58
()]
?Cm 1+— 0.51
(4v]
S — 0.44
* Black: MSE ,E'
Red: simulation with = 1+— 0.41
off-axis NBCD
Blue: simulation without
off-axis NBCD
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NBCD is Obtained Quantitatively

from Evolution of the Equilibria

150 T 1 " " " 1 T T T T T T

132601@2230 . N .

@ * Kinetic equilibria reconstruction
using magnetic pitch angles

JTot(p) from MSE = J;;

100
e Internal loop voltage from time
series of equilibria 5

reconstruction = Jo,=0,c, 57

<> [A/cm?]

%)
o

[ Ing = Jrot = Jon = Jis }
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Systematic Uncertainties in NBCD Analysis

Reduced by Subtracting a Fiducial Case

Individual CD Analysis Differential CD Analysis
40"'|"'|"|"'|"' 301|||
132601@2360
2CO + 0.2CN |
—~ 30
N
&
= 20
<
o /132605@2240
<10l A 1.5CO + 1.5 CN
I .“'wiN U B E A M“"’.’.
0 ----I.,t‘1 I-“I‘“‘.‘“‘I Iol' | | | | | | “I ‘ o’:.. 0 \
0 02 04 0 06 08 1.0 0 0.2 0.4p 06 08 1.0

* Differential CD analysis compares two discharges with
co and balanced - NBl at same n_ and T,

= Reduce systematic sources of error (e.g. Z_g)
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Experimental On- and Off-axis NBCD Profiles in

Good Agreement with NUBEAM Model

132614@2280 132601@2360 o Theoretical model

PNB =52 MW (CO) | — NUBEAM Monte-Carlo
+0.5 MW (CN) beam ion slowing down
a " 4 | calculation
E " IR INBCD ~ Assume no anomalous
2 ) fast ion diffusion
=
(aa)
=< * Integrated current (kA)
; - Off-axis  On-axis
’ g | Measured
XY 167 170
0 0.2 0.4 o 06 0.8 1.0 NUBEAM  1/0 175
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Off-axis NBCD Does not Lose CD Efficiency by

Going to a Larger Radius

0519|ﬁe|NBRI2I 80— 7T T 1
S 0.4 £ I «fasti
- - ] \ rast ion current
§ : 37 KA/MW 33 kKA/MW § 60 N i
C Down-shifted —~ \
: ] - |
% O3 § ; (\é Net ;urren?
2| 4 1 Y40+ \
é 0.2 Mid-plane plasma ] <
c
g
O 0.1F .
0 A T T SR
0 0.2 0.4 0.6 0.8

Radius, p

* Increase of trapped electron fraction with radius
reduces the electron cancellation current, resulting
in good off-axis CD efficiency

* Trapped elecirons help off-axis NBCD, unlike
off-axis ECCD
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Fast-ion D, (FIDA) Measures Radial Profile or 2-D

Image of Beam lon Density

* Doppler-shifted light from
nevutralized fast ions . images a 2-D

Photon plasma cross section.

Radiates

N

Fast neutral

Injected F!DA Can'.lera
Neutral Vertica Field of View
Charge FIDA
Fast
Exchange
lon X
D* + DO => DO* + D* ‘."“
R %
DO* => hy + DO

"
“
*

e Vertical specirometer

measures profile and spectrum Neutral

#115549
10f o] Beams

S 8f 7

E)I 6F Background

é ar 1 5

2 o< FIDA i = Heidbrink, PPCF 46 (2004)
0 b= : : : .1 ©  Luo, Rev. Sci. Instrum. 78 (2007)

651 652 653 654 655

WAVELENGTH (nm)
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2-D FIDA Image Shows Clear Off-axis Beam lon

Profile Consistent with Theoretical Model

Experiment Simulation

On-axis

Off-axis

R(m) ~ R(m)
* Image convolves fast-ion profile with footprint of injected neuvtrals.

DIln-pD [Heidbrink, JP6.93]
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Demonsitration of robust off-axis NBCD in DIII-D

Benefit of alignment of injection with magnetic field

Small effect of anomalous transport of fast ions on off-axis
NBCD profiles

Prospect for ITER and DIlI-D scenario development

DIlI-D

NATIONAL FUSION FACILITY J.M Park/APS/Nov2008 368-08/JMP/jy 15
nnnnnnnn



Off-axis NBCD Is Sensitive to the B; Direction Due to Alignment

of NBI with Local Pitch of the Magnetic Field Lines

1.0 ' ' ' A * Alignment of NBI with the
1o ol local magnetic field (B; /

0.8 Br T - B,+B;) helicity is an
WwF o e important physics for on-

=, - . -BT N and off-axis NBCD

0.6 +BT b D S R ;
E S0 oo .0.“. .. .'.
IS +Br e There MUST exist a

favorable B; direction for
off-axis NBCD.

00 02 04 06 08 10
Radius, p

Dili-D

NATIONAL FUSION FACILITY J.M Park/APS/Nov2008 368-08/JMPljy 4 6

SSSSSSSS



Magnetic Alignment Model Tested by Changing the

Sign of B; or, by Shifting Plasma Upward or Downward

+BT
(favorable)
)

NATIONAL FUSION FACILITY J.M Park/APS/Nov2008 368-08/JMPljy 17
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Experiments Confirmed Prediction that Off-axis NBCD

Efficiency Depends on Magnetic Field Alignment

Jneco (A/lcm?) ingep (KA)
0 mseotezase | 20— a
- 134418@2310 Down/-Br ‘ @~ _(favorable
— 30 Up/+By i 1 —150F alignment)
c <
=
= a
< 20 g 1 21001 @ <— (unfavorable)
() . _
8 - ," i _Z ’ Measured
<10+ NUBEN;/I 1 50 - A Model(Dp=0)
DOWH/+B I'veep = | J SdA
0 Caw“'at'bns 133964@3020 1. p:fm >
-n\"“ ............... THE 0 1 1 1 1 1 1 1
0O 02 04 06 08 1.0 40 -20 O 20 40
Y Zy (cm)

* |y (unfavorable alignment)/l; (favorable) =60 - 65% for both
measurement and theory
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Unfavorable Alignment Leads to Increase in Fast lon Trapping

Fraction Resulting in Lower NBCD

04F at deposition

+B, Down
(full energy) :

-B, Down

at equilibrium 4B, Down

025 -B, Down

Trapped Beam Ion Fraction
(=
N SN

00 02 04 06 08 10
Radius, p

e -BT direction : Passing orbits
= well localized CD

 +BT direction :

: (1) Trapped orbits
= Not contributing to fast ion current
(2) Inward particle shift

= place the particles where electron
shielding is larger

Dili-D
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Good Off-axis NBCD Does NOT Necessarily Mean

Good Fast lon Confinement

Radiance (10" ph/s/cm?)

of..

175 180 185 190 195 200 205 210
Major Radius (cm)

[Heidbrink, JP6.00093]

Dili-D

* Fat banana orbits in unfavorable
alignment results in more fast ion
deposition near the axis, leading
to better fast ion confinement

 Both vertical FIDA and nevutron
signals are higher with +B;/down
as predicted

— 28 % higher neutron rate
(theory: 15 %)

e Optimization of off-axis NBCD is
different from optimization of fast
ion confinement

NATIONAL FUSION FACILITY J.M Park/APS/Nov2008 368-08/JMP/jy 20

SSSSSSSS



Demonstration of robust off-axis NBCD in DIII-D

Benefit of alignment of injection with magnetic field

Small effect of anomalous transport of fast ions on off-axis
NBCD profiles

Prospect for ITER and DIII-D scenario development
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No Evidence for Anomalous Fast lon Diffusion

Observed at Low power

Short beam pulse

1

> 133970 : Dg (m2/s) e Beam-blip decay time
4 ' agrees with classical
s prediction
= 3
oc
P
2 2
-
-
L
<

O, ... Levunnnn, Levuvann, s

3.04 305 3.0 307 3.08 3.09
TIME (s)

[Heidbrink, JP6.93]
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MSE Simulations With No Anomalous Fast lon Diffusion Agree the

Best With MSE Signals During Off-axis NBCD at P.5 < 5 MW

| 0 —

iy L (b) Dy, (m2/s) — i 1

D

= ? —ge= 0 o

p 06 |\ ~o- 03 s | O _

= - 10.0 = i )

= 04l I \‘.R\ 0 S 0.15 [ .

A VAN z e

B 02} \ - | _ _

51 MR TUA I £ oiof ® ]

= \V’ [ (4v) . | -

S 00 AN -

.E-( i s ~e 1 }"_) .

o 02} \\ o . .

<5 v

g 04 " averaged over t=2.1-29s s\ 8 0.051 i
04 ] =

Z  fcn3zeél; 89 o iz 133982 P\g=5.6 MW
-0.6 . | ||I ” || . | ] ) | 1 . i 1

03 04 05 06 07 08 0 L

p (=MSE channel radius)

* MSE signals are less sensitive to D, in vertically
shifted plasmas
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Modest Anomaly in NBCD Profile Observed for Py, = 7 MW

'JNB (A/CITIZ)
3

0 02 04_06 08 1.0 0 02 04_06 08 1.0
P P
* Fast ion diffusion places particles near the axis
— More diffused, inward shifted NBCD profile

— Reduce net CD by ~20 % for Pyg = 7.2 MW
e Anomaly appears to increase with NB power
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Measured I ; Increases Approximately

Linearly with NB power

300

OffaxisNBCD
-Favorable By direciton @ | =z ' s
o ° = 300" e .
— 200 1 = .
< ) @ P 4
= ® 5 o
~ © 200r 7 n
(aa] @ v o
= 5 A
100 8 7 7 /./
8 100 $/ ® .
O = /./
O P R B S B S O //. A T T R
0 2 4 6 8 0 100 200 300 400
Co NB Power (MW) Theoretical Ing (kA)
o Off-axis NBCD is robust even with potential anomaly
at high NB power
Dil-D
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e Demonstration of robust off-axis NBCD in DIlI-D

e Benefit of alignment of injection with magnetic field

 Small effect of anomalous transport of fast ions on off-axis
NBCD profiles

* Prospect for ITER and DIIlI-D scenario development

Dilli-D
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A ~20% Increase in Off-axis NBCD Expected, If ITER Is

Operated the Reverse (CCW) B; Direction

\ (not allowed)

4 [T T T 40 T T g T T

B - ! By 2001EDA 2007Design,
3 - 30 cw : 1.49 MA 1.58 MA
B N ] i o *s\ccw : 1.99 MA 1.95 MA]

NBI

Bz B '
ol / ' . 10 L
2L - -’0.
a3l : 0le"/ . .

" A 0.0 04 0.8
= i r/a

s é(r‘m%- 8  The ITER off-axis N-NBI for the hybrid

scenario:

— Downward steered sources (with @
substantial offset of NBI port)

— More favorable with B, direction
(counter-clock-wise)

e ITER decided to move toward a larger
DIn-=-pD steering like the EDA design
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The Planned Off-axis NBCD in DIlI-D: Downward Steering of

Two Beamlines by Raising the Source End by upto 1.5 m

[Murakami, TP6.2]
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[ 210° \
| beamline |
| (counter-injection) |

J.M Park/APS/Nov2008

S
\\
‘ N\
\ 330° |
| beamline|
| (co-injection)
\ ) beFmIlr}F
- ™ \\\(co- njection)
Vo e = RN
O T 3 4 ;.\7\\
3 Rian = ) ; .
& e m Positive
¥a ; Rtan =", ™
Y 0.741m ¥\ ] \Bf
‘ Yy 1\ “'~ ” ]
) Positive
\ |p
|\ 150
‘ |\ beamline

\ (co-injection)

\ | 1%toff-axis
t\aas)  beamline

Right (RT)

;zfl}"f;LeT) Source
(L) (RT)
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Conclusion

* Robust off-axis NBCD was found in DIlI-D experiments

* Experiment confirmed prediction that off-axis NBCD efficiency
depends on magnetic alignment

 There is no obvious observation that off-axis NBCD is more prone to
anomalous fast ion transport than on-axis NBCD

o Off-axis NBCD can be increased by ~20 %, if ITER is operated in the
reverse B; direction

e Off-axis NBCD in DIlII-D can supply substantial off-axis current drive
needed for development of steady state, AT scenarios
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