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j(ψ), p(ψ), q(ψ)
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Profiles are “integrally indistinguishable” to external magnetics

Artificial profile restriction can force dependence
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Intensity contours contain flux surface shape information

Shape information used to constrain equilibrium code

��	������������������0� �	
�������	��������
#�	�������	��	
��	1������

q profiles consistent with observed MHD activity



A = 1.12 - 1.3

R = 0.2 - 0.45 m

Ip = 0.16 MA

RBT ≤ 0.03 T-m

κ = 1.4 - 3.7

∆tpulse = 0.01 - 0.03 s

<ne> = 1 - 5x1019 m-3

βT ≤ 20%

(βt ≡ 2µ0<p>/BT0,vac
2)
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Auxiliary RF heating will help explore beta limits

Present vertical field index restricts κ to ~1.5
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A,B,C,D calculated from position in interval

Second derivatives calculated from knot values

Natural splines used; second derivative = 0 at boundaries
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Measurement values from diagnostics

Current in external field coils, vacuum vessel walls

Equilibrium restrictions can be used (e.g. limits on q)

Response matrix generated from partial derivative of
measurements with respect to each parameter

Parameters updated using relaxation parameter for stability

“Picard” iterations interleave fitting solutions with Grad-
Shafranov solutions for faster convergence

Uses gradient search routine to minimize χ2

Near minimum, uses quadratic approximation for direct fit

Requires careful evaluation with regard to local minima
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Spline parameterization decouples internal from boundary

MSE is standard internal measurement

Flux surface shape can also constrain internal profiles

External magnetic field depends only weakly on profile

Profiles can exist which are integrally indiscernible

Reduction of free parameters

Solution only allowed from small family of profiles

“Calibration” of profile functions using intermittent internal
measurements may work for similar discharges

Only allows determination of plasma boundary
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Solution for ψ determines j(R,z) through G-S equation

Shaped plasmas ideal for measurement technique

*Christiansen, J.P., Taylor, J.B., Nucl. Fusion 22 (1982) 111
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Obtain intensity profiles at several vertical locations
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Obtain 2-D tangential intensity image
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More compact, less complex imaging system

Intensity profiles can be directly Abel inverted

Emissivity profiles identify coordinates of equal flux

Sub-sampled flux surface used to constrain reconstruction

Precise calibration necessary

Hardware and electronics implementation challenging

Forward modeling used to compare image to equilibrium
projection

Analysis more complex and numerically intensive

Line integrated measurements subject to information loss
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Forward modeling avoided direct 2-D inversion noise sensitivity
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q0 manually scanned to find best fit of equilibrium projection to measured image

*Powell, E.T., et. al., Nucl. Fusion 33 (1993) 1493
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Code attempts to match flux for each set of specified
coordinates

$�6��������������+��1�����������������

Modeling of technique used on JET for profile reconstruction
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Code minimizes RMS distance between model and fitted
emissivity contour paths
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Minimization of RMS difference between model image and
fitted image 
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Code minimizes RMS distance between model intensity contours
and fitted projection contours 
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Parameters varied ~10% of model value
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Noise added to external measurements and imaging constraint
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2% image noise constrains q profile to ~< 2%
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Profiles well constrained with 2% image noise

2-D emissivity image must come from intensity inversion

2% emissivity noise may require << 1% intensity noise for
accurate inversion
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Smooth image corresponds to small RMS deviation

Tangential intensity images inherently smooth
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SNR achievable with present imaging technology

High performance, high βT plasma show better sensitivity
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Vacuum
Viewport

P.I. camera
512x512, 16bit

50mm lenses

local
acquisition
computer

40mm dia. MCP

Gd2O2S:Pr
Scintillator

X-Rays

Folding
Mirror

Pinhole &
Filter Assembly
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Images were vertically centered to minimize smearing artifacts
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Image contour constraint with spline parameterization shows flat
current profile at plasma center consistent with large scale island



Contour fit metric corresponds to image noise 2-4%
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Flat current profile in 9639 consistent with large island
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Accurate magnetics still necessary to avoid reconstruction
conflicts
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Should approach model constraint with q0 deviation at 10%
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Potential Upgrades

6����������������	�����������������������

X-ray exposure of CCD sensor with pixel mask for exposure
control and multiple timepoint capability

Will have few 100 times better sensitivity than phosphor system
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���	��������	�������

Use Beowulf cluster for economical multiprocessing

LM nonlinear fitting trivial to parallelize

Can use dense solution grid for better match to stability codes
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Strongly shaped plasmas sensitive to flux surface constraint

Validate on well-diagnosed advanced tokamak (DIII-D, NSTX?)

Investigate advanced operational regimes (e.g. reversed shear)

Assist experiments which lack q profile diagnostics (NSTX)Assist experiments which lack q profile diagnostics (NSTX)
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Constrained profiles consistent with observed MHD activity
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Impurity concentration poloidal asymmetry driven by
collisional friction with bulk deuterium ions
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Unbalanced NBI drives large toroidal rotation
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Centrifugal force enhances radial diffusion of heavy ions

Heating absorbed by hydrogen minority ions
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Hydrogen ions collect on outboard, creating large electric
field which drives impurities towards the inboard side

No neutral beam current drive
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RF heats bulk electron population
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RMS image difference between
q0 = 1.1 and q0 = 2.0 projected
equilibrium

Central residual less than imposed noise

Smoothness of images causes profile insensitivity
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MCP image intensifier gain factor of x2 higher than specs

Phosphor conversion efficiency factor of x2 lower than specs

Te could be lower than estimate used in modeling

Cryopump may have lowered plasma impurity content



��	��R$EN'%���	��������	�������
�������	��	����	���������

�$D(

�(DH

(D(

(DH

$D(

$D'(DG(DE(D(
7�8

,
7�

8

� 

β�
��

0(

�

κ

$E(�/�

(D$'

(DEE

'D'

$D'

$DH
�(D'

�(D$

(D(

(D$

(D'

(DH(DE(D)(D'(D$(D(

7�8

,
7�

8

!����������������I
4����������������J+�����

��	���������
����������

0(�3�'��	���������1�������/�	
��������	�������!.6�����+���

$D(

(DG

(DF

(DE

(D'

(D(

�(D'

'$'($%$G$N$F$H$E

�
�

��
�
��
�
�
��
�
�7
�
�#
D�
�
�
��
�
8 �������������������	��

�����7��8

��������
!.6�����+���

(DG

(DE

(D(

�(DE

'$'($%$G$N$F$H$E

�����7��8�
�

��
�
��
�
�
��
�
�7
�
�#
D�
�
�
��
�
8 �������������������	��

��	��$EN'%

������������������	
�����	��������	�������'I$�	��)I'
!.6��	�������+���



�������	��	����	��������������1���
� ���������������,���	��

�$D(

�(DH

(D(

(DH

$D(

$D'$D((DG(DF(DE(D'(D(

7�8

,
7�

8

�(D'

�(D$

(D(

(D$

(D'

,
7�

8

(DH(DE(D)(D'(D$(D(

7�8

� 

β�
��

0(

�

κ

%)�/�

(D()

(DFH

$DF

$D$N

$DE

0� �	
����+������	��2�$)M

'(

$H

$(

H

(
$D((DG(DF(DE(D'(D(

σ 0
�7
M
8

ψ
<

)D(

'DH

'D(

$DH

$D(

(DH

(D(
$D((DG(DF(DE(D'(D( �<

2
δ �
	
�
�3

"
�
	
�
�
7M

8

�	��	���
�����������	���� 	�����	�PEM��������	���



/
	��������������������

��
�������*����*���
�

� #092� #,,2�

β )*#�E���)*)+ )*).


	 )*,0�E���)*)- )*0,

A) +*+�E���)*0 #*)

AF9 9*F�E���)*, 9*-

� #*+#�E���)*)+ #*+,

κ #*9 #*-

����������4����	���

/
	�� ���*�&��*

A

-

,

+

)
#*))*.)*-)*,)*+)*)

ψ
�

ψ
�

<
G φ=
�:
2
�
;

-))

,))

+))

)
#*))*.)*-)*,)*+)*)

ψ
�

#)))

.))

-))

,))

+))

)
#*))*.)*-)*,)*+)*)

<
�
=

�����������	����	����������
�&�����	���7�
�
����	����&��2��
��(	������������	
��

�����������	����������

�����������%�
2�
��������������

H ���	��I�%������������������	����	���������������	����	��A����	
�




