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Technical Aim: Real-time Thomson Diagnostics  

•  We want to acquire the Thomson (MPTS) data in real-time. 
•  Share with PCS. Calibrate and fit it.  
è Use during the shot for better control to achieve physics 

 goals 
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1.  RT-Kinetic EFIT 

2.  ITER RT-Control Development: 

1.  Pedestal Control 

2.  ELM Stability/Control 

3.  Achieve Advanced Regimes 

1.  Lithium ELM Free Scenario 

2.  Enhanced Pedestal H mode  
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Real Time Kinetic Equilibrium Reconstruction Can be 
Implemented by Adding P and J Constraints to EFIT  

First the Thomson Scattering only addition for 
kinetic EFITs 
With Steve Sabbagh, Keith Ericsson, Dan Boyer 
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Real Time Kinetic Equilibrium Reconstruction Difference 
between regular versus kinetic-EFIT 

•  Example profiles of parallel 
current density and total pressure 
for a kinetic EFIT (black) and a 
basic, magnetics-only EFIT 
(magenta).  

•  Failure to properly account for 
the pedestal pressure gradient 
and the resulting bootstrap 
current introduces errors 
throughout the profiles.  

•  Thus, it is critical that pressure 
constraints be used when 
constructing equilibria for 
stability analysis. 
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p 

ψ 

Constraint from TS, 
CER Measurements 

J 

ψ 

Constraint from TS, 
CER Measurements 
(JBS+JOH) 

Constraints from MSE 

Add constraints on the Current and Pressure to EFIT 

•  RT-Thomson (two-three years of the proposal), MSE (in development – 
Howard) 



7 
E. Kolemen / PPPL / Nov 2015 

1.  RT-Kinetic EFIT 

2.  ITER RT-Control Development: 

1.  Pedestal Control 

2.  ELM Control 

3.  RWM Control 

3.  Achieve Advanced Regimes 

1.  Lithium ELM Free Scenario 

2.  Enhanced Pedestal H mode  



8 
E. Kolemen / PPPL / Nov 2015 

Pedestal Control with Gas: Real-time Thomson  

•  Example pedestal density height feedback at DIII-D using 
Deuterium fueling: uncontrolled discharge shown in black 
and controlled shot shown in red  
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Detachment Control with Gas: Real-time Thomson 
(Divertor)  

Data showing feedback control of divertor detachment.  Red—detachment 
feedback control on.  Black––detachment control off (no divertor fueling).  Top: 
line average core density. Middle: divertor density. Bottom: electron temperature 
above divertor plate.  
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Pedestal Control with 3D Coils: Real-time Thomson  

•  3D coils for pedestal control:  
•  Left) Effect of the n=3 RMP at DIII-D on the pedestal 

electron pressure (the blue line shows the undisturbed 
flattop pedestal electron pressure).  

•  Right) Pedestal electron pressure in RMP regulation 
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1.  RT-Kinetic EFIT 

2.  ITER RT-Control Development: 

1.  Pedestal Control 

2.  ELM Stability/Control 

3.  Achieve Advanced Regimes 

1.  Lithium ELM Free Scenario 

2.  Enhanced Pedestal H mode  
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Adaptive ELM Control Implemented and Tested on DIII-D 

 
Rt-EFIT 

(qR,Z,ΨR,Z) 
 

 
3D coil  

currents 
 

 
Biot-Savart è δBPed-Top 

 

 
Straight-line field coords 

SURFMN (Schaffer). 
 Find response for all 

modes  
èBr(m,n) 

Wp matrix: 
Vacuum to Full 

Plasma 
Response 

Conversion 
Matrix 

•  Tested the control at DIII-D (kink-resonance, n=2, I 
coil) è 20-100 ms 

•  Results ~ good correspondence with offline 
prediction with q variation 

Vacuum Calculation Online Plasma Response 
Calculations Offline 
(Jong-Kyu, Paz-Sol) 

RT-ELM Control Algorithm 

I_coil = Find I Coil Direction 
Current to Max(σchir) or 

Max(kink-resonant) 

Find Island sizes (wp) and 
Chirikov island over lap 

parameter (σchir) in pedestal  
For Vacuum+Plasma 

 
 
 
 

Nucl. Fusion 48 (2008) 024004 M.J. Schaffer et al

the axisymmetric poloidal flux ψp related to the axisymmetric
poloidal field by

Bθ = −∇ψp × ∇φ. (A.6)

The local nonaxisymmetric radial field B̃r is related to a
nonaxisymmetric poloidal flux, ψ̃p, defined so that

B̃r = −(∇ψ̃p × ∇φ)r = − RoBo

qBθR3

∂ψ̃p

∂θ
. (A.7)

For small displacements, the radial displacement in poloidal
flux of a magnetic line under the influence of B̃r is

dψline = (∇ψp)r
B̃r

Bφ

dsφ = − 1
q

∂ψ̃p(θ, φ)

∂θ
dφ, (A.8)

where equations (A.6) and (A.7) were used, ψ̃p is evaluated
at the local θ of the line, and φ is a convenient independent
variable for tokamaks. Now consider the single sinusoidal
harmonic ψ̃m,n cos αm,n of ψ̃p, where ψ̃m,n is a positive number,
and αm,n = n(φ − φo) − mθ has m poloidal and n toroidal
periods and is exactly pitch resonant with the unperturbed line.
The line displacement becomes

dψline = m

q
ψ̃m,n sin αm,ndφ. (A.9)

Let ψs be the value of ψp on the unperturbed resonant surface.
The background magnetic field is sheared, so as the line moves
radially from the resonant surface, the line also advances or
lags in phase αm,n relative to the unperturbed line, due to
dq(ψp)/dψp. Neglecting the smaller contribution of B̃θ to
the changing phase, the changing phase at the line obeys

dαm,n = m

(
1

q(ψs)
− 1

q(ψs + ψline)

)
dφ = m

q2

dq

dψp
ψlinedφ.

(A.10)
Eliminating dφ between equations (A.9) and (A.10) yields an
equation that can be integrated for ψ2

line as a function of αm,n

in the usual way. The widest closed line trajectory that crosses
the unperturbed surface defines the full width of the island,
which in units of poloidal flux is

wp =
√

16
q

q ′ ψ̃m,n, (A.11)

with q ′ = dq(ψp)/dψp.
SURFMN calculates B, from which it obtains B̃r on a

surface. It does not calculate ψ̃p, so equation (A.11) must be
recast in terms of a correctly Fourier analysed B̃r . The two-
dimensional Fourier analysis of ψ̃p in helical harmonics can
be written as

ψ̃p(θ, φ) = ψ̃0,0

2
+

∑

m,n

[ψ̃c,m,n cos αm,n + ψ̃s,m,n sin αm,n],

(A.12)

ψ̃c,m,n = 1
(2π)2

!
2ψ̃p cos αm,ndθdφ, (A.13)

and similarly for the sine coefficients. The double sum is for
−∞ < m < ∞ and 0 < n < ∞, excluding m, n = 0, 0. The
double integral is 2π each around the poloidal and toroidal

directions. The Fourier coefficients of the product (J B̃r ) are
calculated in the same way. In accordance with equation (A.7),
the Fourier amplitudes are related by

(J B̃r )m,n = mψ̃m,n. (A.14)

Note that the B̃r field corresponding to a sinusoidal flux
harmonic is not sinusoidal in θ in the magnetic coordinate
system. However, we define a surface-averaged equivalent B̃r

Fourier harmonic amplitude,

Bc,r(m,n) ≡
!

JBr cos αm,ndθdφ!
Jdθdφ = S

, (A.15)

and similarly for the sine coefficients. The amplitude
Br(m,n) = (B2

c,r(m,n) + B2
s,r(m,n))

1/2 is the physical harmonic
amplitude in the high-aspect-ratio circular cross section limit,
and it is a logical extension of the definition to low aspect
ratio and noncircular plasmas. Noting that the numerator
in equation (A.15) is (2π)2 times the Fourier coefficient
(J B̃r )m,n, equation (A.14) yields

ψ̃m,n = S

(2π)2m
Br,m,n. (A.16)

Then the island width, equation (A.11), can be written in terms
of the surface-averaged Br,m,n as

wp =

√
16
m

q

q ′
S

(2π)2
Br(m,n). (A.17)

SURFMN actually uses normalized poloidal flux ψN as the
radial coordinate for island width calculations. It is defined as

ψN =
∣∣∣∣

ψp

'ψp

∣∣∣∣, (A.18)

where 'ψp is the difference between ψp at the magnetic axis
and the last closed flux surface. ψN ranges from 0 at the
magnetic axis to 1 at the last closed surface. The island width
in units of ψN is simply

wpN =
√

16
m|'ψp|

q

dq(ψN)/dψN

S

(2π)2
Br(m,n). (A.19)

In this paper, we use
√

ψN as the radial coordinate for plots,
in order to facilitate comparisons of our results with previous
work by others [16, 17, 25]. We still calculate island widths
in units of ψN according to equation (A.19), and then we take
the square root of the resulting island endpoints to obtain the
widths in units of

√
ψN. The radial variable

√
ψN has the

advantage of being close to the physically intuitive r/a, while
ψN has the advantage of expanding the narrow, high-shear
pedestal layer twofold.

The formulation of island widths and Br(m,n) calculation
were tested in various ways. Cases of widely separated islands
were checked against Poincaré plots of integrated magnetic
lines for the same field sources. Another test is to make
Poincaré plots for the combined fields of two very different
sources whose relative amplitudes are adjusted so that the
net Br(m,n) should be zero at a selected resonant surface, if
the individually calculated Br(m,n) were correct. This is more

13

è è 
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Adaptive ELM Control Implemented and Tested on DIII-D 

•  Adaptive ELM Control Algorithm 
reduces the coil current down while 
maintaining ELM Suppression 

•  Suppression with 1.9 kA I coil current 

•  ~ H98 recovered 

•  BetaN increased (not fully recovered) 

•  H98 and BetaN recovery dependent 
on the initial coil currents 



14 
E. Kolemen / PPPL / Nov 2015 

RT-ELM Stability Using NEUPED for NSTX-U 

•  Train neural network based fit to EPED1 simulations – nueped (with O. 
Meneghini) 

•  RT capable simplified model with regression fit to EPED1 simulations  
•  10 input parameters: ne,ped

, Z
eff,ped

, β
N 

, I
p

, B
T 

, a, R, κ, δ, m
i 
 

 

•  4 input parameters: pped
, p

top
, w

ped
, w

top 

Simplified model of small and large ELM cycles 

Normalized pedestal beta (vertical axis) vs the 
EPED prediction for the DIII-D ELM experiments. 
(Nazikian 2014)"
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RT-ELM Control Using rt-LGI for NSTX-U 

•  LGI is ready for experiments! 
•  Turn on/off and change the frequency of LGI based on the 

rt-ELM-stability calculations 
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1.  RT-Kinetic EFIT 

2.  ITER RT-Control Development: 

1.  Pedestal Control 

2.  ELM Stability/Control 

3.  Achieve Advanced Regimes 

1.  Lithium ELM Free Scenario 

2.  Enhanced Pedestal H mode  
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Control of ELM Free Regimes in Lithium Conditions 

•  Core density accumulation in 
Lithiated conditions will be a 
challenge for NSTX-U 

•  Calculation of the ELM stability 
and control using the rt-LGI to 
trigger ELMs 

•  Gas, HHFW and shape change 
etc. can be incorporated when 
the stability is knows 

Figure 4. Comparison of pre-lithium 
ELMy discharge (black), and two post-
lithium discharges with different NBI 
power (blue, red) 



18 
E. Kolemen / PPPL / Nov 2015 

1.  RT-Kinetic EFIT 

2.  ITER RT-Control Development: 

1.  Pedestal Control 

2.  ELM Stability/Control 

3.  Achieve Advanced Regimes 

1.  Lithium ELM Free Scenario 

2.  Enhanced Pedestal H mode  
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Control of Enhanced Pedestal H-mode 

•  EP H-mode is a new high 
performance regime has been 
observed in NSTX 

•  EP H-mode can be generated 
reliably 

•  But it can not be maintained  
•  We will test the monitoring of 

the pedestal parameters in 
real-time and take action 
when the plasma comes close 
to EP H-mode drop threshold 
with the pedestal and ELM 
control techniques mentioned.   

Time evolution of discharge with 
transition to the enhanced pedestal  
H-mode. The H-mode to EP H-mode 
transition is indicated by an arrow. 


