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lon-cyclotron waves are a promising tool
for non-inductive heating and current drive

* Future fusion devices (ITER) will need additional
heating from rf waves and neutral beams (NB)

* Physics of ion-cyclotron resonant frequency (ICRF)
waves widely studied, including ICRF harmonics

— Heating, current drive (CD), g-profile control

* Spurious absorption on fast (supra-thermal) ions can
occur during simultaneous rf and NB injection

— Decrease in heating, CD efficiency
* How does fast ion distribution interact with ICRF?

Approach: measurements & modeling
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Outline

. Experimental setup and diagnostics
— Fast-lon D-Alpha (FIDA) spectroscopy
— The NSTX and DIlI-D tokamaks

* Experimental results in NSTX and DIII-D

— Spectral features and spatial profile
modifications

* Comparison with codes: discussion

* Summary and conclusions
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Outline

. Experimental setup and diagnostics
— Fast-lon D-Alpha (FIDA) spectroscopy
— The NSTX and DIlI-D tokamaks
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FIDA technique based on active charge-exchange
recombination spectroscopy

* Fast ion population created by Neutral Beam injection

NB source
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FIDA technique based on active charge-exchange
recombination spectroscopy

* Fast ion population created by Neutral Beam injection

* FIDA exploits wavelength Doppler shift from cold D-alpha line
of photons emitted by re-neutralizing fast ions

sightline Fastion  Re-neutralization with
injected neutral

excited re-neutral
confined fast ions B

| > Photon emission
n=3—2

|\| Mmm T Vmeas o ‘7
<: NB source | re-neutral

Collection optics

Doppler shift allows to distinguish fast 1on
features from dominant cold D-alpha emission

Post, JFE 1 (1981) McKee, RSI 66 (1995) Heidbrink, PPCF 46 (2004) Podesta’, RSI 78 (2008)



Fast ion signal results from convolution in energy,
pitch of fast ion distribution and response function

- Measured fast ion signal: 1 fHederink. PRCF 49 (2007 £, B
s(A) = [f F* W d(v,/v) dE _ 05, |
F(v,/v,E) : fast-ion distribution ;: 0.0
W(v,/v,E | g) : weight function -0.5
v,/v : pitch, E : energy, g;: geometry & NB -1.0
A : wavelength from Doppler shift formula 1.0
E =E(A) : “measured” energy > 0.5
+ FIDA density, N, («fast-ion density) ~ ~ 8(5)
obtained by integrating spectrum over 10
energy E, and taking into account local 10,
neutral density in W 05
* Vertical views: signal weighted toward Ez 0.0
perpendicular velocities 05"
. s, .=s(A) + B(A) : Background B(a) is 1.0

main source of experimental error



Measured signal = fast ion signal + background,
but... background > fast ion signal

* Main contributions to background:
— Bremsstrahlung, impurity emission

— Light from divertor & plasma facing components
— Scattered light

* Two techniques can be used to measure
background contribution:

— ON/OFF modulation of Neutral Beam (DIlI-D, NSTX)
O Same views for active/background measurements

|;| 0 Temporal resolution reduced; specific NB waveform

mgmu

required
— Passive views, toroidally displaced, missing the
neutral beam for background measurement (NSTX)
O Temporal resolution not affected
o Number of views doubles; toroidal symmetry required
[W.W. Heidbrink, PPCF 46 (2004)] [M. Podesta', RSI 78 (2008)]
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NSTX and DIll-D tokamaks
Main parameters for the study presented here

NSTX DIII-D 1.5NSTX —128739,00296 eftg2 i8 DIII-D 122060.02450
R,,a[m] |0.8,0.65 | 1.7,0.6 B '
Aspectratio| ~1.3 ~3 2l g0
B, [T] 0.55 1519 |
n, [101 m-3] 3 2
T., [keV] 1 3 Eo,o
pr [cm] <20 ~2
Pys [MW] 1 1 aad|
PMwl | o | o]
f.r [MHZ] 30 60
Ky [m-1] 7 S e s o8 1z s IR ey Y

R (m) R (m)

Different regimes for HHFW physics can be explored:

e Large vs. small fast ion Larmor radius = k p, effects

* Single vs. multiple resonances = absorption profile

' NSTX
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Comparison between experiments and rf code CQL3D :

approach

CQL3D calculates fast ion distribution, F;, resulting from

HHFW absorption by fast ions [www.compxco.com/cql3d.htm]
— Bounce-averaged, Fokker-Planck, zero-banana width

F.used as input of a FIDA simulation code

—  “Experimental” signal reconstructed for real geometry, NB
parameters, plasma profiles (TRANSP), ...

Simulations validated for no-rf, MHD quiescent discharges

—  “Classical” fast ion dynamics expected

TRANSP code w/o fast ion acceleration by ICRF used to
distinguish between “profile” and “rf” effects during HHFW
Injection

' NSTX
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Outline

* Experimental results in NSTX and DIII-D

— Spectral features and spatial profile
modifications
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Experimental scenario: NB injection + HHFW heating

NSTX

2.5
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15 HHFW Power (MW)
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. Pws=1MW, injection energy 65keV (NSTX), ~80keV (DIlI-D)

. P.=0.7-1.1MW

. NB modulation, 50% duty-cycle for FIDA background
. No strong MHD affecting fast ion dynamics

Main References for this work:

[D. Liu et al., PPCF 2009 (submitted)]

[W.W. Heidbrink et al., PPCF 49 2007]

' NSTX
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Enhancement x 2-3 in neutron rate during HHFW suggests
acceleration of beam ions to high energy

NSTX
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Slight neutron increase from TRANSP without ICRF modeling
“‘plasma profile” effects do not dominate

' NSTX
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Enhanced high-energy population leads to 3x larger
neutron decay time during HHFW (NSTX)

NB on NB off 128742

dl/dt=-lp/7,

Measurement

Neutron rate (x10'%/s)
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dl/dt=-1,/x,

0.28
Time (s)

Rise/decay rates from simple model
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[W.W. Heidbrink, NF 43 (2003)]

Larger decay time: rf acceleration counteracts Coulomb

deceleration

No difference seen in rise time (NB ramp-up rate dominates)

' NSTX
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FIDA spectra exhibit enhanced high-energy tails
during HHFW injection

#122993
s J IR B B e B R R R R R
i ICH on
| t=0.29-0.36s, R=108cm ] _ ICHoff I
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:i 6 i —— Measurement with RF 1 =
T T e CQL3D fbeam without RF =
= CQL3D fbeam with RF 2

L
= [
o Z
? =
8 =
L il

[N

[¥a]

VERTICAL ENERGY E;_(keV)

. FIDA signals are weighted toward perpendicular energy
. Higher count rate over broad energy range

. CQL3D predictions and spectral shape
—  NSTX: no-rfcase @ rfcase (normalized)
—  DIII-D: no-rf case () rf case
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Fast ion profile is modified during HHFW, with
clear differences between NSTX and DIII-D

Major radius (cm)

NSTX: profile broadens over most of minor radius

Central region (R=80-120 cm) shows more pronounced effects
DIlI-D: narrower, more peaked profile

Narrower region (around R=185 cm) is affected by HHFW

~ E}=80~60keV, t=0.29~0.36 s s
:3: L B B A A — = 4r ]
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' NSTX
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Relative enhancement indicates a much broader
absorption profile in NSTX than in DIlI-D

| E,=30~65keV, t=0.29~0.36s
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. Increase by factor ~2 (average) in FIDA profile
. Profile peaking is shifted ~10cm from resonance (DIII-D)

. Multiple resonances in NSTX lead to HHFW absorption
over entire minor radius
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Outline

* Comparison with codes: discussion
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Discrepancy between experiments and codes suggests that

some fundamental physics is missing

E,=30~60keV, t=0.29~0.36s NSTX
3: s T T T T T T T T T T T T ]
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Poor agreement for no-rf case, worse for rf-case

CQL3D simulated profile is narrower, more peaked than in
experiments for rf case

Peak at wrong position for both rf and no-rf case

' NSTX
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Effects of multiple vs. single resonances
not sufficient to explain the discrepancies
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Simulation works for P,=0
Simulated profile peaks at
wrong position during rf

CQL3D predicts smaller
enhancement
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Analysis of DIII-D case reveals that finite banana width may
play a major role to explain discrepancy

e bal-b —«  Simulation works for P,=0
’ L: #122993 . .
sor 2 | < Reticon 1 Simulated profile peaks at
S 35 8 . wrong position during rf
= L £ . .
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. CQL3D assumes zero-banana width '. !
% /
. Banana orbits likely responsible for
observed outward shift t A
. Effect more evident on DIII-D _~--FIDA" /|, 7 ¢

Peak”
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Preliminary results with full-orbit code ORBIT-RF show better
agreement with experimental data

45T T I
5th harmonic

4.0 layer N
FIDA data
3.5F _

3.0 ORBIT-RF —

2.5

2.0

FIDA enhancement

1.5

1.0~

0.5

. ORBIT-RF: finite banana width effects included
Correct position of peak recovered [M. Choi, PoP 16 (2009)]

. Quantitative disagreement likely due to input fast ion
distribution
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Outline

* Summary and conclusions
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Summary and Conclusions

. FIDA spectroscopy is a powerful tool for understanding ICRF
effects in magnetically confined plasmas
—  FIDA can provide time, space and energy resolved measurements
of confined fast ion population
. Fast ion acceleration by HHFW during NB injection
successfully characterized on NSTX and DIII-D tokamaks:
—  High-energy tails observed in fast ion spectra
—  Modification of fast ion profile
—  Synergetic effect of multiple resonances (NSTX) vs. single
resonance (DIII-D): broader absorption profile
. Modeling can account for most of the observed features

— Need correct treatment of fast ion orbits: finite-banana width
— Future work: extend ORBIT-RF simulation to NSTX

[D. Liu et al., PPCF 2009 (submitted)] [W.W. Heidbrink et al., PPCF 49 2007]
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