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Adding toroidal arrays of magnetic probes at the top and bottom of NSTX-U would improve both the 
detection of the multimodal plasma response to applied magnetic perturbations and the identification of the 
poloidal structure of unstable plasma modes, as well as contribute to the validation of MHD models, improve 
the understanding of the plasma response to external fields and improve the error field correction. In this 
paper the MHD code MARS-F/K has been used to identify poloidal locations that would improve the 
capability to measure stationary or near-stationary 3D fields that may result from the plasma response to 
external sources of non-axisymmetric fields. The study highlighted 6 poloidal positions where new arrays of 
both poloidal and radial magnetic field sensors will improve the poloidal resolution. The proposed set of new 
arrays combined with the present ones is shown capable to measure the poloidal structure of perturbation with 
n≤6 and to detect the multimodal plasma response. Assessment of the tradeoff in poloidal length of the probes 
leads to an ideal length between 10 cm and 30 cm. A method to configure the probes of a toroidal array based 
on the SVD condition number is proposed and an ideal solution and a low-cost one are presented. 
 

I. INTRODUCTION 

The measurement of quasi-stationary, non-axisymmetric 
(3D) magnetic fields is critical for NSTX-U1. It is required 
for example to understand the plasma response to external 
fields applied through two rows of 12 saddle coils dubbed 
Non-axisymmetric Control Coils (NCC), to identify the 
poloidal structure of unstable plasma modes, to validate 
3D perturbed equilibrium models as well as MHD stability 
models, to improve error field compensation and to detect 
multimodal plasma response. Such measurements are 
challenging due to the typical small amplitude of the signal 
in tokamak plasmas (δB/B ≤ 10-4) and to the quasi-
stationary nature of these fields. The work presented here 
is aimed at developing a conceptual design for an 
extension of the NSTX-U magnetic diagnostic system, 
with the goal of more complete measurements of the non-
axisymmetric 3D magnetic field. Extensive simulations of 
the plasma response to field applied through the NCC coils 
using the linear MHD code MARS-F/K2,3 have been 
computed in order to predict the signal that can be detected 
by magnetic sensors. The best poloidal and toroidal 
distribution of sensors has been studied using the Singular 
Value Decomposition4 (SVD) condition number as figure 
of merit. The top and bottom part of the machine were 
found to be the most important locations in which to install 
new toroidal arrays of magnetic probes. This paper will 

continue as follows: in Section II the system of magnetic 
probes already installed in NSTX-U will be evaluated, in 
Section III the optimal poloidal positions for new toroidal 
arrays are identified, in Section IV the capabilities of the 
new system are evaluated and in Section V a study on the 
ideal length of the probes and a way to optimize their 
connection schemes are presented. 

II. EVALUATION OF THE EXISTING SYSTEM 

The existing system of magnetic probes to measure 3D 
fields is comprised of 3 toroidal arrays of probes 
measuring the poloidal component of the magnetic field 
(Bp) and two toroidal arrays measuring the radial 
component (Br). Two of the Bp and the Br arrays are 
located in the low field side (LFS) of the machine, two 
above and two below the midplane, and have 12 probes 
each. One Bp array is located at the midplane in the high 
field side (HFS) and has 10 probes. The poloidal location 
of these arrays is indicated in black in Figure 1. To 
evaluate the adequacy of the existing system to measure 
3D fields, the SVD condition number is used. The 
condition number gives an enhancement factor in the 
measurement error for poorly located probes. What has 
been found is that the toroidal distribution of the existing 
12-probe arrays is sufficient to resolve toroidal harmonics 
up to n=5, the 10-probe array on the HFS up to n=4 with 
low condition number. However, the poloidal distribution 
is insufficient to resolve local poloidal wavenumbers on 
either the low or high field sides of the device. 

III. OPTIMIZATION OF NEW ARRAYS POLOIDAL 
LOCATION  
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To estimate the most relevant poloidal locations where 
additional toroidal arrays of magnetic probes would 
enhance the capability of the magnetic system, simulations 
of the plasma response to external perturbations with 
different toroidal periodicity (1≤n≤3) have been computed 
for two different ideal NSTX-U equilibria. In particular 
one equilibrium is at high normalized plasma pressure 
(βN~5.5) and one at low (βN~2.5). The MHD code used for 
the analysis is MARS-F/K. The simulations are performed 
by running the code separately for the upper and the lower 
row of NCC coils and then the results are combined 
applying the desired shift between the two rows of coils. 
This is possible due to the linearity of the code and it 
allows performing an easier scan of the possible phasing 
between the perturbation applied by the two rows of coils. 
In Figure 1 there is an example of the magnetic 
perturbation expected when the applied field couples 
strongly with the plasma. Here the n=2 current in the upper 
NCC coils is shifted by 72° with respect to the current in 
the lower row of NCC coils. 

 
Figure 1: Normal magnetic field computed by the MARS-F/K MHD code 
for an NSTX-U equilibrium at βN~5.5 and q95=6.9 when an n=2 
perturbation is applied with a phase difference of 72° between the upper 
and lower NCC rows. The contour plot corresponds to the sum of the 
vacuum and the plasma fields. In black are the sensor arrays already 
installed (circles are Bp sensors, triangles Br), while the green circles and 
triangles are the suggested locations for new sensors. The red squares 
connected by a solid line indicate the position of the NCC coils, and the 
cyan solid lines the position of conductive (passive) plates. 

Three key issues have been considered in order to identify 
the ideal positions for new toroidal arrays: the signal at the 
wall is strong enough to be measured; the new arrays will 
allow the possibility to discriminate different poloidal 
wavelength of the perturbation in different locations; the 
feasibility to install hardware in the selected location. Each 
of these issues is hereafter analyzed in terms of poloidal 
magnetic field. 

 
A. Signal strength 
 
The modeling suggests that the LFS has the most favorable 
locations for new arrays, in terms of signal strength. The 
strength of the signal at the wall has two main components, 
the vacuum contribution to the magnetic field and the 
plasma response to the applied field. What is of interest to 
be measured is the plasma contribution to the field, so the 
analysis has been focused on this component. In Figure 2 
(a) it is shown the amplitude of the poloidal component of 
the magnetic field generated by the plasma at the wall 
(blue line in Figure 1) for the six cases analyzed (three 
toroidal periodicities of the perturbation for two different 
equilibria) as function of the poloidal position θ at the 
wall. θ=0° corresponds to the HFS midplane and θ=180° 
to the LFS midplane. The poloidal angle θ is calculated 
with respect to the magnetic axis position and goes 
counterclockwise. The solid vertical lines indicate the 
position of the existing Bp probes, the dashed lines indicate 
the position of the suggested new Bp arrays. The position 
of these is also shown by green symbols in Figure 1. In 
general, the amplitude is weak in the region θ<90° or 
θ>270°, i.e. the HFS, while it is stronger in the LFS. It is 
worth mentioning that the location in Figure 1 where the 
magnetic field is the strongest is also the location where 
the wall is the farthest away from the plasma. Focusing on 
the proposed new arrays, the amplitude of the signal is 
greater than 1 G/kA for the probes dubbed BPT1 and 
BPB1, it decreases going toward the HFS, leaving the 
suggested probes BPT3 and BPB3 with a signal higher 
than 1 G/kA just for few cases.  
 

 
Figure 2: Amplitude (a) and phase (b) of the poloidal component of the 
plasma response at the wall for different cases analyzed. In the phase plot 
only the highest and lowest amplitude case are reported (“high βN, n=2” 
in magenta and “low βN, n=3” in green). The vertical solid lines 
correspond to the existent probes, the dashed lines to the suggested ones. 
To notice that existing probes are located also at θ =0. The phase between 
the NCC coils in the different cases is the one that produces the maximum 
response, so it varies case by case. 

B. Poloidal wavelength 
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Modeling suggests that the top and bottom of the device 
are the most interesting locations for new arrays also to 
study the poloidal structure of the plasma response. In fact, 
here is where the perturbation transitions from a long 
wavelength (LFS) to a short wavelength (HFS). Figure 2 
(b) shows the phase of the poloidal perturbation for two of 
the cases shown in plot (a), in particular the highest and 
the lowest amplitude case. For about θ<50° and θ>320° 
the wavelength of the perturbation is short in both the 
cases, while it is longer in the region 120°<θ<240° 
(approximatively). The probes that are already installed 
provide a good picture of the modes in the LFS, while the 
single toroidal array in the HFS at θ = 0° is not sufficient 
to identify the poloidal structure there. The new series of 
arrays is intended to measure the change in wavelength, 
being denser where the wavelength is shorter. The choice 
of the position for the suggested probes is clearer looking 
at Figure 3. It shows the real component of the poloidal 
field expected at the wall for the same case of in Figure 1. 
The x-axis is the toroidal direction, the y-axis the poloidal 
one. The black diamonds represent the location of the 
existing poloidal probes, the dashed lines the poloidal 
position where new arrays are suggested. The figure 
highlights that in the region where the new arrays are 
suggested the perturbation has a change in poloidal 
wavelength λp while its amplitude is still greater than few 
Gauss. Figure 2 and Figure 3 also show that for n=2 the 
spacing between the poloidal locations is λp/2 or less, 
while even for n=3 the spacing remains smaller than λp. 
Therefore, arrays at the proposed locations could resolve 
the detailed poloidal structure without spatial aliasing. 

Figure 3: Real part of the poloidal component of the field at the wall as 
function of the poloidal and toroidal angle. The diamonds correspond to 
the position of the poloidal magnetic probes (Bp) already installed, the 
dashed lines correspond to the poloidal location where new Bp arrays are 
suggested. The equilibrium and the perturbation are the same of Figure 1 

C. Hardware limitations and radial perturbation 
 
The wavelength study presented in the previous sections 
suggests focusing on the top and bottom of the machine as 
well as the HFS. The latter though is not considered for the 
installation of new arrays due to the difficulty to install 

new hardware and the weak signal expected. The locations 
of interest left are therefore the top and bottom on the LFS. 
Here the positions of the arrays are constrained by 
conductive structures near the vessel and the predicted 
shortening of the wavelength, therefore the six positions 
identified by the green circles in Figure 1 are the best 
locations to install new arrays. Furthermore, a similar 
analysis to the one presented has been carried out for the 
radial component of the field. Good positions for radial 
probes are similar to those for the poloidal probes.  

IV. CAPABILITY OF THE NEW SYSTEM 

Although the poloidal locations of the proposed 3D 
magnetics are optimized to detect the poloidal structure of 
3D fields with toroidal periodicity n≤3, the possibility to 
measure the plasma response to external perturbation with 
toroidal periodicity up to n=6 (limit of the NCC coils) and 
to identify a multimodal plasma response are highly 
desirable. Both the possibilities are hereafter analyzed. 

A. Plasma response to n>3 perturbations 

 
Figure 4: Poloidal distribution of the poloidal magnetic field at the wall 
for the high βN case with applied perturbations with toroidal mode 
numbers n=4 , n=5, and n=6. The figure shows the amplitude of the field 
(a), and the phase (b). The vertical dashed lines indicate the position of 
the suggested new arrays, the solid lines the position of the already 
installed arrays. 

Simulations of the plasma response to external 
perturbations with toroidal periodicity 4≤n≤6 with the 
MARS-F/K code have been performed for the same 
equilibria of Section III. 
For the low βN case, the signal at the wall is lower than 1 
G/kA all along the wall for both the poloidal and the radial 
component. The poloidal component of the plasma 
response at the wall in the high βN case is shown in Figure 
4, where (a) is its amplitude and (b) its phase. The 
horizontal axis follows the same convention of Figure 2. 
As expected, the field at the wall for n>3 is smaller than 
for n≤3, but the general poloidal structure is similar, with a 
stronger field in the LFS between the NCC coils and a 
much lower field in the HFS. The small amplitude at the 
HFS combined with the very short poloidal wavelength 
(see plot (b)) makes measurements of these higher toroidal 
mode numbers extremely challenging. Panel (b) highlights 
also that the proposed positions in addition to the present 
arrays are located in an optimal position to detect the 
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change in wavelength between the LFS and the HFS. As 
for n ≤3, the BPT and BPB probes are in a long 
wavelength region and BPT1 and BPB1 in the transition 
region. Probes BPT2, BPB2, BPT3 and BPB3 are located 
in the shortened wavelength region. In conclusion, when 
the signal at the wall is strong enough to be detected, the 
poloidal position suggested for the toroidal arrays to detect 
the plasma response to n≤3 perturbations is a good position 
also for perturbations with 3<n≤6 considering the 
hardware limitations 
 
B. Detection of multimodal plasma response 

 
Figure 5: Multimodal plasma response for the low βN case as function of 
the NCC coils phasing. Each panel corresponds to a different toroidal 
perturbation applied, different line style and color used to identify 
different toroidal arrays. 

Recent studies in DIII-D showed the presence of a 
multimodal plasma response to n=2 external perturbations 
depending on the poloidal spectrum of the applied field5. 
In these studies, it was observed that the amplitude of the 
Bp field measured in the HFS had a different dependence 
on the phasing between the coils used to apply the 
perturbation than in the LFS, indicating the presence of at 
least two independent, stable modes with different 
couplings to the non-axisymmetric coils. Therefore, the 
dependence of the amplitude of the measurements by the 
poloidal field probes as function of the NCC coil phasing 
is used as a parameter to assess the possibility to identify 
the multimodal plasma response. In Figure 5 each panel 
represents the plasma response measured by the sensors as 
function of the phasing of the NCC coils. In each panel a 
different toroidal periodicity, from n=1 to n=6, is shown, 
for the low βN case. The different curves are the nine 
different arrays of Bp probes, including the existing LFS 
and HFS arrays as well as the six proposed arrays. Two 
important observations can be made from this figure: 1- for 
each toroidal periodicity there are at least 2 arrays with 
clearly different dependences on the poloidal structure of 
the applied field; 2- adding the toroidal arrays called BPT1 
and BPB1 to the already installed BPT and BPB arrays is 
enough to detect the presence of a multimodal plasma 
response for this equilibrium. 

V. OPTIMIZING THE SYSTEM 

In this section some considerations about the poloidal 
length of the probes and how to connect them in order to 
measure the small 3D signals are presented.  
 
A. Probe length 
 
Neglecting all the hardware limitations, the size of a probe 
is constrained by two main factors: it has to be small 
enough to detect spatial variation of the magnetic field, 
and at the same time big enough to acquire a detectible 
signal. The signal coming from a Mirnov coil is: 
𝑉!"#$ = 𝑁𝐴 𝑑 < 𝐵 >!"#$%&

𝑑𝑡, 
where N is the number of turns the probe is comprised of, 
A the area of the probe, and <B> the average magnetic 
field inside the probe. The signal acquired after the 
integration becomes: 
𝑉!"#$%&'#$( = 𝐺 𝑁𝐴 < 𝐵 >!"#$%& 𝑡 . 
Here G is a constant related to the integrator, that contains 
for example the time constant of the integrator and the 
amplification applied to the signal. Since we are looking at 
the poloidal length, the area of the probes is assumed to be 
fixed, as well as the integrator features. This leaves two 
quantities of interest: <B> and length × <B>, since the 
length is proportional to the numbers of turns N. The 
results of the scan of possible lengths from 1cm to 1m for 
the probe BRT1 are shown in Figure 6. Panel (a) and (b) 
correspond to <B> measured in the low βN case and high 
βN case respectively. Panel (c) and (d) show the same 
results multiplied by the poloidal length of the probe. The 
x-axis in all the plots is the length of the probe, the 
different colors correspond to the toroidal periodicities. 
Looking at the magnetic field, panel (a) and (b) suggest 
that probes between 1 cm and 10 cm in length will 
measure a comparable <B>, while bigger probes will 
measure a smaller averaged magnetic field. Looking at the 
detected signal, panel (c) and (d) show that increasing the 
size of the probe up to 30 cm the detected signal also 
increases, while probes greater than 30 cm do not always 
have an improved detected signal, like for example for n=2 
in panel (c) and n=4 in panel (d). 

 
Figure 6: Size scan for Br probe in the toroidal array BRT1. In (a) and (b) 
the field measured by such array as function of the probe size, in (c) and 
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(d) a quantity proportional to the voltage measured again as function of 
the probe size. (a) and (c) are the results for the equilibrium with βN~2.5, 
(b) and (d) the equilibrium with βN~5.5. The different colors correspond 
to different toroidal periodicities (n) applied. 

Figure 7 is similar to Figure 6 but in this case a probe 
measuring the poloidal field in a location where the 
perturbation is expected to have a short wavelength is 
considered (BPT3). The figure shows results similar to 
those for BRT1. Summarizing, different sizes in the 
poloidal direction of the probes have been compared, both 
for poloidal and radial probes. The results suggest that the 
ideal length of the probes to detect perturbations with n≤6 
is between 10 cm and 30 cm, where the smaller lengths 
enable more precise identification of the poloidal structure 
while the larger lengths will have a larger signal.  

 
Figure 7: Similar to Figure 6 but for a probe in the BPT3 array. 

 
B. Connection scheme 

 
Figure 8: (a) Optimized set of 12 pair connections for detection of n≤3 
with the existing LFS arrays. (b) Optimized set of 4 pair connections for 
single-mode detection (n=1 or n=2 or n=3) for the existing HFS array. 

Connecting the sensors in pairs and digitizing the 
difference eliminates the contribution from the strong 
axisymmetric field in order to improve the resolution and 
signal to noise ratio of the measurement. A method to 
optimize the connection scheme is hereafter discussed. To 
compare different set of magnetic sensor pairs, the 
condition number of the basis matrix is used as a figure of 
merit6. A well-conditioned matrix has a low condition 
number (ideally 1.0), while the uncertainty in detection or 
rejection of the specified set of modes increases in 
proportion to the condition number. The robustness of a 
given set of sensor pairs to the loss of a single sensor has 

been used as a secondary figure of merit. It is represented 
by the largest condition number (i.e. worst case) that 
results from omitting any single sensor in the original 
array. The assessment then aimed to minimize K0 and K1, 
where K0 is the condition number for the complete set, and 
K1 is the condition number for the worst-case loss of one 
sensor. For a typical array of 12 sensors, the number of 
possible sets of 12 pairs of sensors is too large to catalog 
and test all of them. Therefore, a Monte Carlo method was 
used, in which sets of pairs are selected randomly. Some 
constraints have been applied, such as a rule that each 
sensor should be a member of no more than two pairs. An 
optimized set of 12 pair connections is illustrated in Figure 
8 (a), where the squares corresponds to the toroidal 
distribution of the probes of the existing LFS toroidal 
arrays. For this case, K0=1.2 and K1=2.3. A low-cost 
alternative to a full toroidal array could be a reduced set of 
sensors designed to detect just a single toroidal mode 
number, rather than simultaneous detection or rejection of 
several toroidal modes. A “sparse” array configuration has 
limitations to its capability. Because other mode numbers 
cannot be discriminated against, this approach is suitable 
only when a single toroidal mode number is known to be 
dominant. Figure 8 (b) shows a configuration of 4 sensor 
pairs that is optimized for low K0 in single-mode detection 
of n=1, n=2, or n=3, for the existing probes in the HFS. 
VI. CONCLUSIONS 

In this study it is shown that the addition of 12 toroidal 
arrays of probes equally distributed between the top and 
the bottom of the machine as well as between poloidal and 
radial sensors will provide adequate measurements to 
discriminate the poloidal structure of 3D fields up to n≤6. 
It is also shown that adding only 4 more probes between 
the passive plates either on the top or on the bottom of the 
machine would allow to identify the existence of a 
multimodal plasma response in the case of a known single 
toroidal periodicity. A large variety of options between 
these two extremes are available. 
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