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Abstract. A new measurement approach is presented which directly determines the
noninductive current profile from the periodic response of the motional Stark effect (MSE)
signals to the slow modulation of the external current drive source. A Fourier transform of the
poloidal magnetic flux diffusion equation is used to analyze the MSE data. An example of this
measurement technique is shown using modulated electron cyclotron current drive (ECCD)
discharges from the DIII-D tokamak.

Several methods are available for determining the noninductive current profile
from the measured internal magnetic field structure (e.g. motional Stark effect (MSE)
polarimetry [1,2]). In the deductive approach, the noninductive current drive is found
from the evolution of the poloidal magnetic flux per radian (!) obtained from a time
series of magnetic equilibrium reconstructions [3]. In the inductive approach, the
measured MSE signals are compared to realistic simulations of the MSE evolution
using a coupled transport-equilibrium code that contains a model for the location,
width, and magnitude of the current drive source [4]. In this paper, a new modulation
approach is presented, where the current drive profile is found directly from the peri-
odic response of the MSE signals to a slow modulation of the external current drive
source using the poloidal flux diffusion equation. This yields a local measurement of
the noninductive current profile in analogy to measuring the rf power deposition pro-
file from the oscillations in the electron temperature (Te).

DERIVATION OF MODULATION METHOD

The evolution of !  is governed by a diffusion equation that is arrived at by
combining the flux-surface-average Ampere�s, Faraday�s and Ohm�s laws. In general
toroidal geometry, this equation can be written as
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where " is the plasma resistivity, # is the normalized toroidal flux coordinate, #b is the
effective boundary radius, JNI is the noninductive current density, and B$,0 is the
vacuum field at the center of the plasma boundary (at major radius R0). The symbol
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K  denotes a flux surface average. The three dimensionless geometry factors, defined

as
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tend towards unity in the infinite aspect ratio, low !, circular equilibrium limit.
Considering for the moment the simplified situation where the plasma flux surfaces
are fixed in space, the Fourier transform of Eq.!(1) yields an ordinary differential
equation that relates the modulated current drive source ( J NI ) to the modulation in the
poloidal magnetic flux ( � " ),
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where � "  is the modulated resistivity, Joh is the ohmic current density and "J# =

  
J "B B#,0 . Utilizing Eq.!(3), the measured modulation in the vertical magnetic field

from the MSE signals, B z =  1 R( )" � # "R , can be used to experimentally determine the
modulated current drive profile. A useful feature of the modulation method is that
fiducial comparison discharges are not needed to separate the modulated current drive
from the unmodulated noninductive currents since the act of detrending the MSE data
to remove the non-oscillating component serves this purpose.

There are several practical complications in using Eq.!(3) to measure the current
drive profile. First, modulating Te along with the driven current adds a phantom source
to the right hand side of Eq.!(3) through the � "  term. This may be unavoidable if one
wishes to measure the bootstrap current profile by modulating the pressure profile, but
for measurements of an external current source it is preferred to minimize � "  by using
a push/pull setup where co- and counter-injecting current sources at the same deposi-
tion location alternate during each cycle so that the total heating power remains con-
stant with time. Second, the MSE diagnostic actually measures B z  at fixed (R,z)
coordinates rather than at a fixed toroidal flux. Therefore, for moving flux surfaces the
contribution of the electric field to the left hand side of Eq.!(1) should be written as
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where the final relation is derived assuming concentric elliptical flux surfaces.
Oscillations in the � 

F , � G , and � 
H  factors can give rise to additional phantom source

terms in Eq.!(3), but these are generally negligible.
To experimentally determine the modulated current drive, the Fourier transform is

first taken of the oscillating MSE signals, and the resulting B z  profile is integrated
over major radius to convert it to � " . Next � "  is corrected for any periodic movement
of the flux surfaces using Eq.!(6). The constant of integration for � "  can be taken from
the measured oscillation in the surface loop voltage (  V ",b ). Alternatively, for off-axis
current drive the boundary condition � "  ($=0) = 0 works well. In the high frequency
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limit, which is usually approached since � 
D  is small except near the plasma boundary,

the modulated current drive profile is found from
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where Rb is the major radius of the plasma boundary on the low field side. Since the
current profile does not have time to change significantly during the modulation period
in the high frequency limit, the driven current profile is being determined in effect by
the measured back emf. The above equation shows that � "  mirrors the modulated
current drive profile (with a 90!deg phase lag); interestingly, the MSE diagnostic
actually records a null measurement ( B z  = 0) at the peak current drive location.

MODULATED ECCD EXAMPLE

The direct measurement of the modulated current drive is demonstrated using the
DIII-D discharge shown in Fig.!1, which utilized 3.0!MW of alternating co/counter
electron cyclotron current drive (ECCD) at 10!Hz. There was a small residual modu-
lation in Te because the co and counter heating powers were not matched exactly. This
caused a small undesired modulation in ! that is neglected in the analysis presented
here. The expected MSE response, determined by numerically solving Eq.!(3), is
shown in Fig.!2 where the amplitude and phase of B z  at the fundamental modulation
frequency are plotted as a function of the major radius. The modulated ECCD source
had a peak deposition at "  = 0.22, which corresponds to R = 1.59!m on the plasma
inboard midplane and R =1.92!m on the plasma outboard midplane. The largest value
of B z  should occur at locations that have a strong spatial gradient in the ECCD source;
it also should be noted that the phase of B z  changes by 180 deg across the major
radius of the ECCD peak. The measured MSE response to the modulated ECCD was
in qualitative agreement with the numerical simulation, as shown in Fig. 2.

The first direct measurement of the flux-surface-average ECCD profile (#JEC$)
using the modulation method is shown in Fig. 3. Since #JNI$ found from Eq. (7)
actually represents the 0-to-peak amplitude for the sinusoidal component at a single
frequency, the magnitude needs to be multiplied by " 2  to yield the peak-to-peak
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Figure 1. Time history of DIII-D discharge
115425: (a) plasma current, (b) neutral beam
power, (c) alternating co-ECCD (solid lines) and
counter-ECCD (dotted lines) powers, (d) line
average electron density, and (e) central electron
temperature.
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Figure 2. (a) Amplitude and (b) phase (relative to
ECCD) of the oscillating vertical magnetic field
measured by MSE polarimetry as a function of
major radius for DIII-D discharge 115425. Both
the modeled (dashed curves) and measured (solid
curves and symbols) MSE responses are shown.
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Figure 3. (a) Real and (b) imaginary components of the flux-surface-average ECCD profile as a
function of normalized toroidal flux coordinate for DIII-D discharge 115425. Both the experimental
(solid curves and symbols) and theoretical (dashed curves) ECCD profiles are plotted.

swing in the driven current density for square wave modulation. The real part of !JEC"
shown in Fig. 3(a) is the component that is in phase with the modulated ECCD source,
whereas the imaginary part of !JEC" plotted in Fig.!3(b) is the (90!deg) out of phase
component that ideally should be zero. Figure!3(a) shows that localized current drive
was measured at the predicted ECCD location, and there was good overlap between
the MSE points on the inboard and outboard sides of the axis. Integrating the
experimental ECCD profile gives a total driven current (co minus counter) of
0.12!MA, which is in agreement with the predicted ECCD of 0.14!MA from the
TORAY-GA ray tracing code [5,6]. However, the TORAY-GA code predicts a more
narrow ECCD profile than measured. This could be due to a steering misalignment
between the six gyrotrons, or radial diffusion of the current carrying electrons.

CONCLUSIONS

A new method has been developed to directly measure the local current drive pro-
file from internal magnetic measurements such as those from MSE polarimetry. In this
approach, the noninductive current profile is determined from the periodic response of
the MSE signals to a slow modulation of the current drive source using the poloidal
flux diffusion equation. (To measure the bootstrap current profile, the plasma pressure
can be slowly modulated.) Corrections to the raw MSE data may be needed to account
for oscillations in the plasma flux surfaces and resistivity. The first direct measure-
ment of localized current drive was successfully demonstrated using 10!Hz modulation
of ECCD on the DIII-D tokamak.
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