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Abstract 

The DIII-D tokamak magnetic diagnostic system [E.J. Strait, Rev. Sci. Instrum. 77, 
023502 (2006)] has been upgraded to significantly expand the measurement of the 
plasma response to intrinsic and applied non-axisymmetric “3D” fields. The placement 
and design of 101 additional sensors allow resolution of toroidal mode numbers 1 ≤ n ≤ 
3, and poloidal wavelengths smaller than MARS-F, IPEC, and VMEC 
magnetohydrodynamic (MHD) model predictions. Small 3D perturbations, relative to the 
equilibrium field 10−5 < δB / B0 <10

−4( ) , require sub-millimeter fabrication and 
installation tolerances. This high precision is achieved using electrical discharge 
machined components, and alignment techniques employing rotary laser levels and a 
coordinate measurement machine. A 16-bit data acquisition system is used in conjunction 
with analog signal-processing to recover non-axisymmetric perturbations. Co-located 
radial and poloidal field measurements allow up to 14.2 cm spatial resolution of poloidal 
structures (plasma poloidal circumference is ~ 500 cm). The function of the new system 
is verified by comparing the rotating tearing mode structure, measured by  
31 BP fluctuation sensors, with that measured by the upgraded BR saddle loop sensors 
after the mode locks to the vessel wall. The result is a nearly identical 2/1 helical 
eigenstructure in both cases. 
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I. INTRODUCTION 

Inductive loop and coil magnetic field measurement is the bedrock diagnostic for 
studying magnetically confined plasmas. These sensors provide a simple, robust 
measurement of static and fluctuating magnetic properties spanning the full range of 
operational space.  The foundation of magnetic measurements dates back to the 19th 
century with the discovery of electromagnetic induction by Michael Faraday and, while 
not discussed in this paper, further application to laboratory plasma measurements has 
been thoroughly reviewed in previous works [1,2].  Here we have taken the step to 
explore subtle changes to the tokamak magnetic field topology associated with small 
distortions in toroidal symmetry.  A large disparity between Tesla equilibrium field and 
sub-Guass asymmetries 10−5 < δB / B0 <10

−4( )  exists in tokamaks, requiring great care 
in sensor positioning, alignment and electronic instrumentation.   

The tokamak is nominally an axisymmetric device and the full suite of axisymmetric 
magnetic field measurements on DIII-D is detailed in Ref. 1. Recently, small non-
axisymmetric, or “3D”, fields have been found to be beneficial in fusion energy relevant 
plasma studies. Some examples of these results include resonant magnetic perturbations 
(RMP) causing edge localized mode (ELM) suppression [3], non-resonant magnetic field 
(NRMF) induced torque increasing toroidal plasma rotation [4,5], and active feedback 
control of resistive wall modes (RWM) [6,7].  

This article will discuss a large diagnostic upgrade that extends the non-axisymmetric 
magnetic field measurement capability of DIII-D. The physics objectives of this upgrade 
are diverse. The primary goal is measurement of the plasma response [8,9] to applied 3D 
fields. This measurement may prove critical to understanding how n=3 RMPs suppress 
ELMs. Furthermore, the validation of 3D perturbed or equilibrium model predictions will 
be possible, allowing for accurate extrapolation to ITER. A second objective is a more 
complete measurement of the toroidal and poloidal structure of non-rotating 
magnetohydrodynamic (MHD) modes such as locked tearing modes [10] and resistive 
wall modes. Furthermore, local electromagnetic torque between the plasma and applied 
fields may be directly measured [11], which can further elucidate error field braking 
effects and enable the optimization of necessary corrections. The eventual full 
reconstruction of non-axisymmetric equilibria will be possible. This upgrade is intended 
to improve axisymmetric equilibrium EFIT [12] reconstructions, as well. Finally, a small 
subset of 6 high frequency response sensors was added to improve the detection of ELM 
precursors and small wavelength toroidal Alfven eigenmodes (TAE) [13]. Future 
application of these new capabilities to real-time feedback control may enable tokamak 
operation in previously inaccessible regimes by stabilizing RWM growth [14–16].  
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Magnetic measurement of non-rotating, non-axisymmetric plasma modes requires an 
additional dimension of sensor coverage. For rotating modes, if the phenomenon under 
study evolves much slower than the toroidal plasma rotation period, then all phases of the 
mode will pass a single location, allowing diagnosis of the structure from a single 
poloidal array at one toroidal angle. However, for static variations, all phases of the mode 
must be simultaneously measured toroidally to capture the full structure at a single time.  

Figure 1 shows the number and location of sensors now used for 3D field 
measurements on DIII-D. Previously only low field side (LFS) simultaneous 
measurements of toroidal asymmetries with n≤2 were resolvable in the bands labeled G, 
and n≤3 was only possible using a single midplane array in band R. This meant only the 
toroidal component of the toroidal plasma response could be resolved at the LFS 
midplane for n=3 RMP ELM suppression experiments. To study detailed screening-kink 
interactions, the full 3D plasma response must be measured. This motivated extending 
n=3 coverage to all but the upper and lower divertor regions. Using synchronous 
detection, the new system provides a measurement of n≤4 in band R, n≤3 in bands Y, G, 
and P. High field side (HFS) poloidal structural coverage is provided by bands B, and 
allow resolution of modes with poloidal wavelengths as small as 14.2 cm. Furthermore, 
in all locations both the radial and poloidal response are measured.  

 
Fig. 1. Number and location of 3D sensors for each region of the DIII-D vacuum vessel. 

For understanding applied 3D field perturbations DIII-D is also equipped with two 
types of picture frame active coils. The first is a set of six coils outside of the vacuum 
vessel at the outer midplane of the machine. These coils are called the C-coils and are 
predominantly used for correcting known error fields. The location of the C-coils is 
illustrated in Fig. 1. The second coil type is located inside the vacuum vessel, but behind 
graphite tile armor, and is referred to as the internal coils or I-coils. There are two arrays 
of I-coils, each array contains six coils distributed evenly in the toroidal direction. These 
coils are located above and below the outer midplane (Regions G in Fig. 1). Both the  
I- and C-coils are capable of generating toroidal perturbations with n≤3. Also, a variety of 
poloidal spectra are possible by varying the toroidal phase of the applied perturbation 
between the coil rows. The amplitudes of applied and intrinsic 3D fields are expected to 
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range between <0.1 G, for edge localized n=3 RMP perturbations, to hundreds of G, for 
locked mode growth. The majority of the upgrade measures relatively slow plasma 
evolution with timescales greater than the vacuum vessel wall time of 3 ms. For this 
reason, many of the sensors have effective bandwidths less than 20 kHz. To study higher 
poloidal wavenumber (k) physics, the size of the sensors is kept small. Both the radial 
and poloidal field components are measured, allowing direct measurement of the field 
structure at each location, as well as providing an estimate of torques on the wall due to 
Maxwell stress.  

This article is structured as follows: Sec. II shows modeling results, which provide a 
basis for determining the sensor sizes and placement needed to capture all physics goals. 
Section III provides an overview of the new sensor designs and how they are arranged. 
Section IV gives a detailed description of how the sensors were fabricated and installed 
with the necessary tolerances. Section V outlines an analog electronic signal-processing 
card designed for small 3D field recovery. Section VI describes an analysis method used 
for determining the plasma response from actively probed perturbations. Section VII 
shows a sample locked mode measurement using the new diagnostic upgrade, which 
agrees with existing sensor measurements.  
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II. 3D MODELING BASIS 

3D model predictions provide a basis for determining sensor locations and 
dimensions. The plasma response resulting from n=1 and n=3 RMPs where calculated 
using perturbed (MARS-F [17] and IPEC [18]) as well as 3D equilibrium (VMEC [19]) 
codes. The most detailed eigenstructure was found to be that of the n=3 RMP predicted 
by the linear ideal MHD code MARS-F. The smallest response amplitude was predicted 
by VMEC. To ensure the upgrade was capable of resolving either of these extremes the 
design criteria were set by the high spatial mode structure predicted by MARS-F and with 
the small perturbation amplitude predicted by VMEC. 

MARS-F shows significant fine mode 
structure on the HFS, which is not predicted 
on the LFS of the machine.  An example 
MARS-F prediction of the fine plasma 
response structure for an RMP ELM 
suppression n=3 I-coil perturbation is shown 
in Fig. 2(a). This motivated locating the 
majority of the new sensors on the HFS, 
since previous non-axisymmetric magnetic 
measurements were entirely located on the 
LFS.  

Figure 2(b) shows the MARS-F 
computed plasma response amplitude 
spectra for the n=3 RMP ELM suppression 
along the vacuum vessel inner wall. These 
spectra are obtained by taking the spatial 
Fourier transform of the predicted response 
at a single toroidal angle. Note, the spectra 
are plotted with respect to the poloidal 
wavenumber (k), which was taken to be the 
poloidal angle subtended along the inner 
vacuum vessel wall and has units of radians 
per meter. A range of poloidal spectral 
changes can be seen. Plasma pressure (βN), 
edge safety factor (q95), and the relative 
phase difference between upper and lower I-coil currents (parity) are varied. Here the 
plasma pressure is described by normalized beta βN ≡ β I aB( ) , where β is the kinetic 

Fig. 2. n=3 MARS-F predicted RMP driven 
by I-coils, showing (a) plasma response 
along the DIII-D vacuum vessel inner wall 
for even parity, q95=3.5, βN=2.9 (b) poloidal 
spectra for: odd parity, q95=5.0, βN=1.7 
(solid); even parity, q95=3.5, βN=1.2 (dotted); 
even parity, q95=3.5, βN=2.9 (dashed). 
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plasma pressure over the magnetic pressure, I is plasma current, a is minor radius, and B 
is toroidal field. These ideal MHD predictions have zero plasma rotation and resistivity. 
The initial EFIT equilibria inputs to MARS-F were constrained by magnetics [20], 
motional Stark effect [21] (internal field pitch), charge exchange recombination [22,23] 

(ion rotation and temperature), and Thomson scattering [24] (electron temperature and 
density) diagnostics. The peak amplitude at k = 18 m-1 doubles as the plasma pressure is 
scaled from βN = 1.2 to βN = 2.9. This is consistent with previous measurement and 
modeling of the outer wall plasma response [9,25]. For larger q95 the dominant peak shifts 
to k = 23 m-1, and a comparable response appears at k=3 m-1. The sensor spacing is 
δZ=14.2 cm for the vertical array. By definition, the Nyquist wavenumber kNyquist = π/δZ. 
However, for reasons discussed in Sec. VI, the resulting Nyquist wavenumber for two 
component, co-located field measurements provides twice the spatial resolution with  
kNyquist = 2π/δZ = 44 m-1. This close effective spacing allows all dominant structural 
components for all these parameter variations to be captured without spatial aliasing. 
These short wavelength perturbations are predicted to be <0.1 G, which is many orders of 
magnitude smaller than equilibrium field (10-5 < 

€ 

δB/B0 < 10-4). Recovering these  
sub-Gauss signals requires additional instrumentation discussed in Sec. V. 
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III.   SENSOR DESIGN AND LAYOUT 

Each sensor measurement (

€ 

δB) can be described as a linear combination of toroidal 
(n) and poloidal (m) harmonics,  

 δB θ,φ( ) =∑m,n Bm,ne
i mθ+nφ( )    . (1) 

Here Bm,n is complex, allowing the eigenmode amplitude and phase to be recovered, 

€ 

θis 
the poloidal and 

€ 

φ  is the toroidal location of a sensor, and ei mθ+nφ( )  identifies the 
sinusoidal basis functions. For all non-rotating 3D eigenstructures consisting of N x M 
mode components, 2(N+1)(M+1) - 1 sensors provide a closed system of equations. 
Assuming only a single poloidal mode is present, then a toroidal sensor array consisting 
of 2N+1 sensors can provide a simultaneous measurement of N toroidal mode 
components. Similarly, for 1 toroidal mode 2M+1 sensors resolves up to M poloidal 
modes.  

A sensor location map is shown in Fig. 3. Saddle loop radial field sensors (open 
rectangles) in Fig. 3(a), between -1 m and 1 m, provide three toroidal arrays of eight 
sensors. The shaded saddle loops at each poloidal location near 700 toroidal angle overlap 
the other loops. Poloidal probe sensors (solid rectangles) provide simultaneous toroidal 
resolution up to n=3. The 10 probes on the LFS midplane allow resolution up to n=4. The 
four-sensor toroidal arrays above 1 m and below -1 m provide simultaneous measurement 
of n=0, and 1, however using synchronous detection, single mode numbers up to at least 
n=4 may be resolved. Note, each of these locations contains both a poloidal probe and 
radial field sensor.  

 
Fig. 3. Vacuum vessel wall of DIII-D showing internal magnetic diagnostics relevant to non-axisymmetric 
measurement: radial field sensors (open rectangles), poloidal field probes (solid rectangles). The vessel 
wall is presented as “unwrapped” with the vertical axis representing the poloidal distance from the 
midplane for both the (a) LFS and (b) HFS. Array band coding Y, G, R, B, and P from Fig. 1 is repeated. 
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An irregular spacing was adopted for the toroidal sensor arrays to avoid degeneracies 
and allow detection of a wider range of mode numbers. An example of this spacing can 
be seen in array P of Fig. 3(b). Within the constraints of available space and compatibility 
with the vertical arrays [B arrays of Fig. 3(b)], the sensor locations were optimized for 
the desired combinations of toroidal mode numbers. The figure of merit is the condition 
number of the coupling matrix between the sensors and a given set of toroidal harmonics. 
(A smaller condition number is better.) With the as-built locations, the HFS toroidal 
arrays have a condition number of 2.38 for simultaneous resolution of n=(0,1,2,3), and 
1.94 for simultaneously resolution of n=(0,2,4). The latter combination is of interest for 
n=2 plasma response measurements, since DIII-D's non-axisymmetric coil sets have a 
significant n=4 harmonic when configured to apply an n=2 field. The arrays only contain 
eight sensors; however irregular spacing extends the capability beyond the 2N+1 criterion 
for n=4 resolution only if odd harmonics are negligible. For comparison, equal spacing of 
the eight sensors would yield a slightly better condition number of 1.41 for simultaneous 
resolution of n=(0,1,2,3), but the spatial degeneracy would lead to an infinite condition 
number for any combination that includes n=4. A similar optimization was used in 
designing the LFS toroidal arrays, with the additional constraint of including existing 
sensors. 

The 14.2 cm HFS vertical spacing of the B arrays at toroidal angle 1420 and 2020 
were chosen based on modeling constraints described in Sec. II. A 28 cm gap to the last 
sensors at the top and bottom was used to better constrain n<3 spectra. The 600 toroidal 
separation of these arrays was chosen to optimize the n=3 difference amplitude while also 
allowing single-mode measurements of n=1 and 2. Differencing will be discussed in 
more detail in Sec. VI, but it is important to note that the plasma response is known to 
decrease with increasing toroidal mode number [25]. For typical plasma shapes, model 
predictions showed the HFS signal is peaked near the midplane, so the toroidal arrays on 
the HFS were located just above and below midplane. Furthermore comparison of the 
two toroidal arrays allows a simultaneous local estimate of the poloidal wavelength for  
1 ≤ n ≤ 3. 

Axisymmetric equilibrium reconstructions at DIII-D currently use an array of 
poloidal field (BP) probes at toroidal angle 3220. These sensors cover all poloidal angles 
of the machine. An appreciable n=1 error field has been well documented in DIII-D [26]. 
To provide immunity of the 2D equilibrium reconstruction from this dominant n=1 error 
field, sensors were added to complete a second poloidal array ~1800 away from the 
original array. This can be seen on the LFS at 1420, while the HFS utilizes the vertical 
array placement at 1420. 

Closely spaced, high bandwidth sensors were installed at 1350 and 3150 on the LFS 
midplane. These high-resolution arrays are used to measure small wavelength instabilities 
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(ELM precursors, TAEs, etc.). They are spaced such that poloidal mode wavelengths 
with m < 120 may be measured.  

The active area for measuring a change in magnetic flux is the area (A) normal to the 
change in flux multiplied by the number of turns (N). The cross-sectional area is limited 
by the wavelength of interest. For many of the sensors the dimensions are selected to be 
no larger than 25% the wavelength of interest, to avoid averaging out the response. Even 
with fixed A, the sensitivity of any magnetic measurement can be made arbitrarily large 
by increasing N. The finite diameter of the cabling provides an upper limit on the space a 
sensor can practically occupy. A summary of all sensor effective areas is shown in  
Table I.  

Table I. Summary of DIII-D non-axisymmetric magnetic diagnostic sensors 

 
Sensor Type 

Poloidal 
Location(s) 

No. of 
Sensors 

NA  
(cm2)* 

RC/G  
(ms) 

SNR** 

Bp probe: toroidal array LFS 0 m 10 1000~1200 0.5 20 
Saddle loop: toroidal array LFS 0 m 8 ~35000 10.0 29 
Bp probe: toroidal arrays LFS ± 0.75 m 16 2600~2700 1.0 23 
Saddle loop: toroidal arrays LFS ± 0.75 m 24 26000~48000 10.0 30 
Bp probe: toroidal arrays LFS± 1.2 m 8 4200~4240 1.0 36 
BR probe: toroidal arrays  LFS± 1.2 m 8 11060~11420 5.0 19 
Bp probe: toroidal & 
vertical arrays 

HFS 32 1950~1960 1.0 17 

Saddle loop: toroidal & 
vertical arrays 

HFS 32 4860 2.0 20 

Bp probe:  poloidal arrays HFS and LFS 62 100~1240 0.5 20 

€ 

˙ B p  probe: short 
wavelength 

LFS midplane 8 240~250 ---- ---- 

*The NA for paired sensors is the total for both sensors 
**The signal to noise ratio considering a 0.04 G minimum expected signal and nominal RMS 
electronic noise 3 mV, and averaging over 200 ms data window. 

Toroidal position location errors were determined to be an insensitive parameter for 
global non-axisymmetric measurements. The toroidal position is measured to within 0.10, 
while a Monte Carlo study showed less than 7% error in the plasma response for toroidal 
position uncertainties as large as 20.  
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IV.  FABRICATION AND INSTALLATION 

Like the existing sensors, all new sensors were constructed using high temperature 
coaxial cable. This cable is composed of a 0.006 to 0.010 in. thick 316 stainless steel 
(SST) sheath, MgO ceramic insulator, and 0.010 in. copper center conductor. The thicker 
SST sheath cabling is used for saddle loops and radial field sensors where bandwidth is 
limited by the wall time of DIII-D (~3 ms) and not the sensor itself. An outer diameter of 
0.063 in. was chosen for durability during disruptions [20]. Additional robustness is 
provided by running twisted lead pairs directly to brazed vacuum feed through couplings, 
which avoids the potential for internal disconnections.  

Figure 4 shows photos of three sensor 
designs. Figure 4(a) shows a poloidal 
sensor wound on a 316 SST frame. The 
windings enclose the frame. The conducting 
frame material results in eddy currents that 
reduce the bandwidth of the sensor by a 
factor of two (f3dB ~ 20 kHz) from previous 
designs [20,27]. Despite this loss in 
bandwidth, the enclosed frame allows better 
winding accuracy and more careful 
centering of the return conductor to avoid 
radial field pickup. The “race-track” 
windings enclose the frame to maximize the 
cross-section that will fit under the tile 
armor.  

On the HFS, misalignment of saddle 
loop windings on the order of a single cable 
diameter can result in erroneous pickup of 
n=0 field up to ~30 G. To achieve the 
greatest fabrication precision, the cable was 
pressed into a permanent frame containing 
channels the width of a cable diameter. The 
entire assembly, shown in Fig. 4(b), was 
installed. A tight tolerance, 10% the width of a cable diameter, was achieved by electric 
discharge machining (EDM) a flat piece of SST, then rolling the frame to the 
approximate curvature of the DIII-D inner wall. 310 SST was selected for its reduced 
ferromagnetic properties during cold working. 

Fig. 4. (a) Poloidal sensor for HFS 
measurement. (b) HFS saddle loop and frame. 
This frame was precision-machined using 
electric discharge machining. (c) Poloidal and 
multi-turn radial field sensor. 
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Due to spatial constraints, a nested Bp-Br design was employed above and below  
~1.2 m from the midplane on the LFS. This sensor assembly, pictured in Fig. 4(c), uses a 
radial field sensor comprised of multiple turns and layers of windings to boost NA in a 
compact space.  

The sensors were aligned to gravity using a self-leveling rotatory laser level. The 
imaged shadows of the top windings of each senor were aligned vertically.  

Sensor alignment and positions were confirmed using a coordinate measurement 
machine (CMM). Due to sparse landmark measurement points within the DIII-D vacuum 
vessel, and the need for high relative precision, a cylindrical fit was used to obtain an 
accurate z-axis orientation and radial origin for the DIII-D coordinate system. The CMM 
arm was securely affixed at an arbitrary location within the DIII-D vacuum vessel. 
Hundreds of points were measured along the walls surface spanning the full extent of the 
CMM arm’s reach. These data were fitted to a cylinder providing the z-vector orientation. 
The absolute z was set to zero using a datum punch mark applied during vacuum vessel 
construction. The CMM arm is not large enough to measure all sensor positions from one 
location, and was moved twice from its original position. At each new position a 
cylindrical fit was generated, and re-measurement of two sensors from the previous 
position maintained of a constant coordinate system. Repeat measurements showed 
position uncertainty of 500 µm and all sensors were vertically aligned to within this 
uncertainty. For HFS poloidal field sensors near the midplane this vertical alignment 
precision results in residual equilibrium n=0 pickup less than 2 G.  
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V. INSTRUMENTATION 

Finite digitizer bit resolution requires that most of the equilibrium and toroidal field 
detected by the sensors be removed. A D-tAcq ACQ196 16-bit digitizer with dynamic 
range ±10 V has a bit resolution of 0.3 mV/bit. Signal gains are set to span 25% of the 
full dynamic range for standard equilibrium field measurements. For 

€ 

δB/B0 ~ 0.5x10-4 the 
non-axisymmetric component of the field would span less than a digitizer bit.  

The greatest 3D field resolution is provided through the use of signal-processing 
cards to remove the equilibrium poloidal and toroidal field.  A schematic diagram of this 
3D signal-processing card is shown in Fig. 5. Each sensor signal (φ ) is detecting a 
combination of the axisymmetric equilibrium flux (either radial or poloidal and denoted 
by φ0 ), the 3D flux (φ3D ) and some toroidal flux (φBt

p ), resulting from imperfect 
alignment. A difference of the signals at the same poloidal location removes the majority 
of the axisymmetric equilibrium field.  Subscripts and superscripts 1 and 2 in Fig. 5 
correspond to the first and second sensor in a difference pair, respectively.  The relatively 
small misalignments mentioned in Sec. IV, give rise to unique sensor-pair residual n=0 
pick-up after differencing.  Also variations in NA of the sensors in the pair, due to 
imperfect fabrication, are not eliminated with a simple difference.  For this reason, an 
adjustable balancing circuit is used to null the remaining equilibrium field pick-up.  Each 
sensor-pair has a distinct balance factor requiring separate signal-processing cards.  
Through dedicated vacuum field pulses each sensor-pair is balanced to minimize this n=0 
residual field.  This balanced and differenced signal is then integrated.   

 
Fig. 5. Diagram of magnetic equilibrium and non-axisymmetric signal processing electronics. Toroidal 
field (top) is integrated. The equilibrium path (middle) integrates both equilibrium and non-axisymmetric 
components of the field before being amplified and digitized. 3D signal-processing card path (bottom) 
shows the unintegrated signals are differenced, then integrated, a toroidal field compensation signal is 
scaled then subtracted before amplification and digitization. 
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Another feature of the signal-processing card is a toroidal field compensation circuit.  
An appreciable toroidal field can be detected if sensors are slightly misaligned. For 
instance, a 0.10 misalignment in the toroidal direction results in about 50 G of toroidal 
field pickup. Therefore, a single separate integrated signal, originating from a sensor with 
magnetic axis oriented along the toroidal direction, provides a measurement of toroidal 
field variations for all of the 3D signal-processing cards. This toroidal signal is scaled on 
each card to match the toroidal field pickup of each differenced sensor-pair, such that 
φBt
p2 −φBt

p1 −αφBt = 0 , where φBt
p1  and φBt

p2  are the toroidal flux pick-up due to a 
misalignment of the first and second sensor in the pair, respectively, α is a positive or 
negative gain between 0 and 1 determined from vacuum pulses of the toroidal field coils, 
and φBt is the toroidal flux measured by the dedicated toroidal field magnetic sensor. 

Through the use of this analog signal-processing card, the desired 3D field 
components can span the full dynamic range of the digitizer. For an equilibrium poloidal 
field of 0.7 T, a small δB/B0 ~ 0.5x10-4 perturbation now typically spans ~50 digitizer 
bits. 

The integrator time constants, gains and sensor effective areas (NA) were chosen to 
provide an appreciable signal-to-noise ratio (SNR) for even the smallest predicted 
perturbations. MARS-F spectra in Fig. 2 show non-peak plasma response amplitudes as 
small as 0.01 G/kA. Electronic integrator circuits of similar architecture to those outlined 
in Fig. 5 showed random noise spanning 0.015% the dynamic range of the digitizer, or  
3 mV. Averaging over the large timescale evolution (100 to 200 ms) of the 3D structure 
diminishes the effect of this noise by N , where N is the number of samples averaged. 
From Faraday’s law the voltage digitized for any sensor is, 

 Vdig = δB3DG
NA
RC
!

"
#

$

%
&  , (2) 

where, G is gain and RC is the time constant of the integrator. The signal-to-noise ratio is 
described as SNR =Vdig N Vnoise . Table I summarizes the designed SNR assuming a  
4 kA applied field. Note, the impact of high frequency plasma fluctuations (e.g. sawteeth, 
rotating tearing modes, ELMs, etc.) on δB3D measurement is not considered in this 
analysis. 

Slow timescale integrator drift must be distinguished from actual 3D structural 
evolution. Repeatable, linear integrator drift is removed by subtracting a previously 
determined slope and offset for the integrated signal of interest. Nonlinear,  
non-repeatable integrator drift is largely indistinguishable from the slow timescale 
evolution of the plasma. Many measurements of the drift made over a 10 s. period, 
consistent with the length of a DIII-D shot interval, were used to determine a spectrum of 
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possible drift waveforms. From this spectrum it was found that the drift waveforms roll 
off sharply after 4 Hz. Probing the plasma with applied frequencies greater than the 4 Hz 
and recovering only the frequency of the perturbation avoids non-linear, non-repeating 
drift signal degradation. This synchronous detection technique is used when the signal of 
interest is comparable to the integrator drift amplitude. 
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VI.   PLASMA RESPONSE ANALYSIS 

At present synchronous detection is needed to measure applied perturbation structure. 
This involves probing the plasma with an oscillating applied field, and determining the 
plasma response through Fourier analysis with respect to the applied reference frequency 
of the perturbing coil. Such measurements can be used for MHD spectroscopy [8], in 
which frequency-dependent response allows determination of the damping rate and 
natural frequency of stable plasma modes. Reducing integrator drift in a future upgrade of 
the instrumentation will allow static time evolution measurements of the 3D fields. Such 
an improvement will allow for full 3D equilibrium reconstructions.  

Plasma response fitting is achieved through a number of steps including pre-
processing and Fourier analysis. The raw data is first passed through a Kaiser digital low 
pass filter with corner frequency 50% larger than the probing frequency. The order of the 
filter is sufficiently large to maintain the amplitude and phase of the probed signal to 
within 1% while rejecting low frequency integrator drift and high frequency electronic 
noise. The applied vacuum field pickup of the sensors must be subtracted from the total 
field measurement. The same filtering is applied to the perturbing coil current monitors 
prior to vacuum field compensation. Amplitude and phase values for vacuum coupling 
coefficients are determined through dedicated vacuum coil pulse shots at the perturbing 
frequency. After subtracting vacuum coupling, the plasma response is temporally Fourier 
analyzed over an integer number (≥1) of periods of the perturbation to recover a single 
time-slice. These slices may be further spatially resolved to obtain the final 
eigenstructure.  

Simultaneous solution of M x N spectral components may be obtained from Eq. (1) if 
each individual sensor measurement (

€ 

δB) were recorded. However, for practical reasons 
discussed in the previous section it is necessary to consider only sensor-pair differences 
to effectively recover small 3D magnetic response signals.  For this reason, each pair 
difference is included explicitly in the resulting basis array, since 
ΔB = δB1 θ1,φ1( )−δB2 θ2,φ2( ) . The elements of the basis are limited to sine and cosine 
differences for each sensor location and mode combination. In other words, each sensor-
pair measurement (ΔB) can be described as a linear combination of toroidal (n) and 
poloidal (m) modes, ΔB =∑m,n Bm,n e

i mθ1+nφ1( ) − ei mθ2+nφ2( )( ) . An example basis element for an 
m=2, n=1 mode corresponding to a difference pair of sensors located at θ1,φ1( )  and 
θ2,φ2( )  is cos 2θ2 +φ2( )− cos 2θ1 +φ1( )+ i sin 2θ2 +φ2( )− sin 2θ1 +φ1( )( ) . This provides 

the most general formulation, however in DIII-D the differenced sensors are located at 
the same poloidal location such that θ1 ~θ2 . The present analysis assumes the plasma 
boundary is circular. Future efforts are planned to map these elements to a realistic 
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plasma 2D equilibrium. Also in this analysis, the finite dimension of the sensors is 
ignored, so each measurement is considered a point measurement of the local field.  

The HFS arrays consist of co-located radial and vertical field measurements along the 
cylindrical inner wall. The sensors are located in a vacuum region between graphite tile 
armor and the vessel surface. Assuming field periodicity in z and ϕ Lapace’s equation 
collapses to the modified Bessel equation. Solving in this vacuum region gives a 
relationship between the measured radial and vertical field components, 

ΒR = i
!In kr( )
In kr( )

"

#
$$

%

&
''BZ    , (3) 

where, In(kr) is the modified Bessel function of the first kind, k is the poloidal 
wavenumber and r is major radius of the measurement.  The general solution consists of a 
linear combination of Bessel functions of the first and second kind. In the vacuum region 
between the wall and the plasma at the high field side, the boundary conditions are such 
that the field from the plasma corresponds to the modified Bessel function of the first 
kind, and the field from induced currents in the wall to the second kind.  Here we neglect 
the wall currents, assuming a slow time variation, leading to the simple form of Eq. (3). 
Equation 3 shows that the radial and vertical component of each toroidal mode is 
expected to have a 900 phase difference. A poloidal mode can be described as a complex 
amplitude BPM, where BR and BZ are the real and imaginary components, respectively, 
such that BPM = BR + ic(kr)Bz  and c(kr) is the Bessel function ratio from Eq. (3). Taking a 
discrete Fourier transform of this complex expression provides a spectrum with Nyquist 
wavenumber twice that of the spatial sampling interval for each single component 
measurement alone. In other words, measuring both components of the field at one 
location provides effective spatial resolution, without aliasing, equivalent to 14.2 cm, 
despite the sensors being spaced 14.2 cm apart. The mode structure amplitude and phase 
can also be calculated directly at each location, 

φ = tan−1 secnεBz / BR − tannε( )    , (4) 

A = γ BZ
2 +BR

2    , (5) 

γ = 1+ sin2nε
2

sin2φ + sin2 nε cos2φ    , (6) 
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where γ is a geometric correction factor to compensate for a toroidal displacement ε away 
from the co-located sensor position. It can be seen in Fig. 3 that the poloidal field sensors 
on the HFS have staggered toroidal positions such that -3.250 < ε < 3.250 with respect to 
the radial field sensors center. Considering the HFS vertical array differenced signals, it 
is possible to use Eqns (2) through (5) to recover the polodial spectrum of an applied 
perturbation assuming only a single toroidal mode exists.  
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VII. SAMPLE 3D MEASUREMENT 

 Locking tearing modes provide a 
clear MHD structure, which can serve as 
a proxy to test the plasma response 
capabilities of the upgraded magnetics 
diagnostic without requiring careful 
vacuum compensation of direct pickup 
from active coils. A tearing mode-
locking event is shown in Fig. 6(a). The 
n=1 amplitude of the rotating mode 
increases as the rotation begins to 
decrease. Once the mode stops rotating 
the numerically integrated dB / dt  
amplitude drops to zero. As the shielding 
effect of the wall is lost, slow timescale 
integrated radial field saddle loops show 
growth of the mode amplitude at roughly 
the vacuum vessel wall time. This locked 
mode grows until the plasma disrupts. 

In Fig. 6(b) and 6(c), the structure of 
the non-rotating mode is compared with 
the structure observed earlier when the 
mode is rotating. The rotating mode 
structure is obtained through temporal 
Fourier analysis of unintegrated magnetic 
signals from an array of 14 poloidal 
sensors distributed poloidally at 3220 
toroidal angle. Figure 6(c) shows a 
sample measurement of the LFS 
structure of the non-rotating locked 2/1 
tearing mode prior to disruption, using 
28 integrated radial field measurements 
distributed over the full poloidal and 
toroidal extent of the LFS vessel wall. 
The baseline field measured at t = 
2175 ms (before locking) is subtracted 
from the field measured at 2202 ms (after locking) to obtain a quasi-static 0 < m < 6, 0 ≤ 

Fig. 6. (a) Numerically integrated n=1 amplitude 
(δBp) of the rotating n=1 tearing mode in Gauss, 
frequency of the rotating mode x2 in kHz, and a 
LFS saddle loop (δBr) measured n=1 mode 
amplitude in Gauss appearing after the mode has 
locked. (b) Eigenstructure of a tearing mode 
rotating at 2.5 kHz measured using unintegrated 
poloidal field probes on the LFS at 2170 ms. 
Color bar in Gauss. Mode pitch (dashed) ~2.2, 
consistent with a m/n=2/1. (c) Eigenstructure of 
the same tearing mode after locking to the wall, 
measured using integrated radial field sensors on 
the LFS at 2202 ms. Color bar in Gauss. Mode 
pitch (dashed) ~2.1, such that m/n=2/1. 
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n ≤ 1 mode fit. A clear pitch (toroidal angle/poloidal angle) of ~2.1 corresponds to a 2/1 
tearing mode. The overall structure is qualitatively the same between the two cases, with 
the rotating mode pitch estimated to be 2.2. Also, the locked mode peak amplitude 
quantitatively agrees with the rotating amplitude to within 14%, following a couple wall 
times. The smaller amplitude in the rotating case, above 600 poloidal angle, is a 
consequence of eddy current shielding caused by an upper baffle plate behind which the 
sensors are located. The non-rotating case is insensitive to the presence of the baffle 
because the mode dynamics are slower than the wall time.  

Overall, this rotating vs. locked mode structural comparison provides great 
confidence that the 3D magnetic diagnostic upgrade accurately measures non-rotating 
non-axisymmetric fields. Furthermore, the upgrade is capable of measuring n≤3 at seven 
poloidal locations (two locations on the HFS) and measuring poloidal wavelengths as 
small as 14.2 cm. This will enable detailed 3D code validation and elucidate small 3D 
field physics. Experimental topics already exploiting this diagnostic are RMP ELM 
suppression, locked mode entrainment and avoidance, NRMF induced torque, error field 
identification and correction, and RWM control. It is expected that through the continued 
detail study of 3D fields, optimal non-axisymmetric perturbations will be found that 
extend the stable operating space of the tokamak. 
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