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Motivation 

• ICRF wave is a main heating 
scheme in future ITER 

— A predictive understanding  

of ICRF wave-fast ion 
interaction in present 

tokamaks is important 

• Zero-orbit study does not 
fully explain DIII-D and NSTX 

ICRF heating experiments 

ITER 

ICRF Antenna 
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 Previous Comparison Indicates Fast-Ion Non-Zero 
Orbit Width Effect May Be Important 
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• This study is aimed 

at resolving the 
discrepancy with 

non-zero orbit 
width effect 
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Outline 

• Fast-ion non-zero orbit width effect is important in 
modeling HHFW heating experiments 

• Iterations between ion distribution and ICRF wave  
field are necessary to allow accurate modeling 

• Fast-Ion D-Alpha (FIDA) spectroscopy provides a 
comprehensive tool to validate the theory 

• ORBIT-RF coupled with AORSA reproduces spectra 
and outward spatial shift of ICRF heated fast ions, 

qualitatively consistent with measurements 
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ICRF Wave Resonant Interaction with Fast Ion is Modeled 
Using Stochastic Quasi-Linear Diffusion Theory 
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HHFW heating due  

to large k i   

S.C. Chiu, Phys. Plasma 7 (2000) 
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ICRF Wave Resonant Interaction with Fast Ion is Modeled 
Using Stochastic Quasi-Linear Diffusion Theory 



133-09/MC/ 
M Choi/APS/November 2009 

D = gq + I + // g  I  I  g  [ ]

˙  = //
B2

D
1

//
g ( ) + μ +

//

2B( )
q

D

B

p

˙  
//
=

(1
//
g ) μ +

//

2B( )
D

B (q+
//
I  ) μ +

//

2B( )
D

B

˙  
p
=

g

D
μ +

//

2B( )
B

+
I

D
μ +

//

2B( )
B

• Hamiltonian guiding center equations with Coulomb 

collision and Q-L heating operators 

R.White, Phys. Plasma 2 (1995)  

ORBIT-RF Guiding Center Equations Include  
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Non-Zero Orbit Width Redistributes Fast Ions 

• 80 keV Deuterium ions 
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• 20 toroidal turns with ICRF wave 
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• 20 toroidal turns with ICRF wave 
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ion density 
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Self-Consistent Modeling of Fast Ion-ICRF Wave 
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Iteration Between Fast Ion and ICRF Wave is 
Necessary to Allow Accurate Modeling 

• Wave fields converge after two iterations  
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Reasonable Agreement with NUBEAM 

• In qualitative agreement with FIDA measurement 

NB only 

Beam Energy (keV) 

0 40 80 

-1 

0 

1 

P
it
c

h
 

ORBIT-RF 
 PNB=0.9MW 

 ED=80keV  



133-09/MC/ 
M Choi/APS/November 2009 

Beam Distribution Simulated by ORBIT-RF is in 
Reasonable Agreement with NUBEAM 

• In qualitative agreement with FIDA measurement 

Beam Energy (keV) 

0 40 80 

0 

1 

-1 
P

it
c

h
 

NB only NB only 

NUBEAM 
 PNB=1.2MW 

ED=80,40,25 keV  

Beam Energy (keV) 

0 40 80 

-1 

0 

1 

P
it
c

h
 

ORBIT-RF 
 PNB=0.9MW 

 ED=80keV  



133-09/MC/ 
M Choi/APS/November 2009 

•   DIII-D #122993: PRF=1.0MW, 60MHz 

Beam Energy (keV) 

0 100 

0 

1 

-1 

P
it
c

h
 

200 300 

NB only 

ORBIT-RF/AORSA Indicates Beam Tails are Created 
Above Injection Energy Due to ICRF Heating 



133-09/MC/ 
M Choi/APS/November 2009 

Beam Energy (keV) 

0 100 

0 

1 

-1 

P
it
c

h
 

200 300 

NB only 

Beam injection energy 

ORBIT-RF/AORSA Indicates Beam Tails are Created 
Above Injection Energy Due to ICRF Heating 

•   DIII-D #122993: PRF=1.0MW, 60MHZ 



133-09/MC/ 
M Choi/APS/November 2009 

Beam Energy (keV) 

0 100 

0 

1 

-1 

P
it
c

h
 

200 300 

E+(V/m) E-(V/m) 

Beam injection energy 

ORBIT-RF/AORSA Indicates Beam Tails are Created 
Above Injection Energy Due to ICRF Heating 

•   Simulation for 160ms with two iterations 



133-09/MC/ 
M Choi/APS/November 2009 

Beam injection energy 

20 ms  

with ICRF 

ORBIT-RF/AORSA Indicates Beam Tails are Created 
Above Injection Energy Due to ICRF Heating 

Beam Energy (keV) 

0 100 

0 

1 

-1 

P
it
c

h
 

200 300 

•   Simulation for 160ms with two iterations 



133-09/MC/ 
M Choi/APS/November 2009 

Beam injection energy 

70 ms  

with ICRF 

ORBIT-RF/AORSA Indicates Beam Tails are Created 
Above Injection Energy Due to ICRF Heating 

Beam Energy (keV) 

0 100 

0 

1 

-1 

P
it
c

h
 

200 300 

•   Simulation for 160ms with two iterations 



133-09/MC/ 
M Choi/APS/November 2009 

ORBIT-RF/AORSA Indicates Beam Tails are Created 
Above Injection Energy Due to ICRF Heating 

Beam injection energy 

160 ms  

with ICRF 

Beam Energy (keV) 

0 100 

0 

1 

-1 

P
it
c

h
 

200 300 

•   Simulation for 160ms with two iterations 



133-09/MC/ 
M Choi/APS/November 2009 

E  (keV) 

F
a

st
 i
o

n
s 

 (
a

u
)  

•   DIII-D 122993: PRF=1.0MW, f=60MHz    

30 40 50 60 70 

Measurement 
10 

Both ORBIT-RF/AORSA and CQL3D/Ray-Tracing 
Predict Similar Tail Spectra to Measurement 



133-09/MC/ 
M Choi/APS/November 2009 

E  (keV) 

F
a

st
 i
o

n
s 

 (
a

u
)  

•   DIII-D 122993: PRF=1.0MW, f=60MHz    

30 40 50 60 70 

Measurement 

CQL3D/Ray-

tracing 
10 

Both ORBIT-RF/AORSA and CQL3D/Ray-Tracing 
Predict Similar Tail Spectra to Measurement 



133-09/MC/ 
M Choi/APS/November 2009 

E  (keV) 

F
a

st
 i
o

n
s 

 (
a

u
)  

•   DIII-D 122993: PRF=1.0MW, f=60MHz    

30 40 50 60 70 

Measurement 

CQL3D/Ray-

tracing 

ORBIT-RF/

AORSA 

• Neutron 
enhancement 

ORBIT-RF ~2.1 

Exp.         ~2.4 

10 reaction rate for 

beam-plasma 
v

Both ORBIT-RF/AORSA and CQL3D/Ray-Tracing 
Predict Similar Tail Spectra to Measurement 

Sn =

i
i=1

n

wi

 

 
 

 

 
 

NB +RF

i
i=1

n

wi

 

 
 

 

 
 

NB



133-09/MC/ 
M Choi/APS/November 2009 

ORBIT-RF/AORSA Predicts Outward Spatial Shift of  
Fast Ions, Qualitatively Consistent with FIDA 

•   DIII-D 122993: PRF=1.0MW, f=60MHz    

210 

R (m) 

 F
a

st
 i
o

n
s 

(a
u

) 

170 180 190 200 

Measurement 

5 D 

1 

2 

3 

4 

6 D 



133-09/MC/ 
M Choi/APS/November 2009 

ORBIT-RF/AORSA Predicts Outward Spatial Shift of  
Fast Ions, Qualitatively Consistent with FIDA 

•   DIII-D 122993: PRF=1.0MW, f=60MHz    

210 

R (m) 

 F
a

st
 i
o

n
s 

(a
u

) 

170 180 190 200 

CQL3D/Ray-tracing 

Measurement 

5 D 

1 

2 

3 

4 

6 D 

• CQL3D 
predicts 

peak near 

magnetic 

axis 



133-09/MC/ 
M Choi/APS/November 2009 

ORBIT-RF/AORSA Predicts Outward Spatial Shift of  
Fast Ions, Qualitatively Consistent with FIDA 

•   DIII-D 122993: PRF=1.0MW, f=60MHz    

210 

R (m) 

 F
a

st
 i
o

n
s 

(a
u

) 

170 180 190 200 

CQL3D/Ray-tracing 

Measurement 

5 D 

1 

2 

3 

4 

ORBIT-RF/AORSA (80ms) 

6 D 

• CQL3D 
predicts 

peak near 

magnetic 

axis 



133-09/MC/ 
M Choi/APS/November 2009 

ORBIT-RF/AORSA Predicts Outward Spatial Shift of  
Fast Ions, Qualitatively Consistent with FIDA 

•   DIII-D 122993: PRF=1.0MW, f=60MHz    

210 

R (m) 

 F
a

st
 i
o

n
s 

(a
u

) 

170 180 190 200 

CQL3D/Ray-tracing 

• CQL3D 
predicts 

peak near 

magnetic 

axis 

• Neutron rate 
reaches 

stationary 

~200 ms 

• Iterations 
important 

Measurement 

5 D 

1 

2 

3 

4 

ORBIT-RF/AORSA (160ms) 

6 D 



133-09/MC/ 
M Choi/APS/November 2009 

Preliminary NSTX Simulations    
Predict Similar Tail Spectra to Measurement 
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Summary and Future Direction 

• Non-zero drift orbit effect and iteration between fast-ion 

distribution and wave field are important 

• ORBIT-RF/AORSA qualitatively reproduces fast ion 

measurements 

— neutron enhancement compatible with neutron detector 

— Spectra consistent with FIDA 

— Outward radial shifts with FIDA 

• Near future plan 

—  Sensitivity and convergence study 

—  Comparison of CQL3D with finite orbit correction 

—  Further development of synthetic diagnostics to facilitate 

theory-experiment comparison 
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