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Abstract 

This paper describes techniques for measuring halo currents, and their associated toroidal 
peaking, in the National Spherical Torus Experiments [M. Ono, et. al, Nuclear Fusion 40, 
557 (2000)]. The measurements are based on three techniques: i) measurement of the 
toroidal field created by the poloidal halo current, either with segmented Rogowski coils 
or discrete toroidal field sensors, ii) the direct measurement of halo currents into specially 
instrument tiles, and iii) small Rogowski coils placed on the mechanical supports of in-
vessel components. For the segmented Rogowski coils and discrete toroidal field 
detectors, it is shown that the toroidal peaking factor inferred from the data is 
significantly less than the peaking factor of the underlying halo current distribution, and a 
simple model is developed to relate the two. For the array of discrete toroidal field 
detectors and small Rogowski sensors, the compensation steps that are used to isolate the 
halo current signal are described. The electrical and mechanical design of compact under-
tile resistive shunts and mini-Rogowski coils is described. Example data from the various 
systems is shown. 
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I: Introduction 
 
 
 Tokamak [1] discharges are often terminated by events known as disruptions, 

where instabilities cause the plasma thermal energy to be lost in ~1 msec, followed by a 

rapid decay of the plasma current [2-5]. Control of the plasma vertical position is often 

lost during these events, with the plasma moving up (or down) and impacting the top (or 

bottom) of the device; this plasma motion is known as a vertical displacement event 

(VDE) [2,3]. When this happens, currents can flow from the plasma to in-vessel 

components, and then back to the plasma. These currents are, for the purposed of this 

paper, called halo currents. The poloidal component of those vessel/structure currents, 

when crossed with the tokamak toroidal field, can lead to potentially damaging forces on 

those components. Furthermore, if the currents are toroidally localized, the local force 

will be much larger than that inferred from measurements of the toroidally averaged 

current. Hence, it is important to understand how the peaking of those currents is related 

to the toroidally average halo current, and how those values are related to the total plasma 

current and other plasma parameters. For instance, understanding the distribution, 

magnitude, and temporal evolution of halo currents is a critical for the design of large 

tokamak experiments such as ITER [6,7]. 

It is the purpose of this paper to describe instrumentation for the measurement of 

these halo currents in the National Spherical Torus Experiment (NSTX) [8]. NSTX is a 

medium sized spherical tokamak [9], designed to test the possible stability and transport 

advantages that can come from the low-aspect ratio geometry, compared to more 

traditional tokamaks [1]. The major radius is R0=0.85 m and aspect ratios are typically in 

the range of R0/a=1.3-1.55 (a is the minor radius, defined as half the distance between the 

inboard and outboard plasma boundaries at the midplane). The toroidal field strength at 

the magnetic axis is typically in the range 0.35-0.55 T, while the plasma current is 

typically 0.6-1.3 MA. Plasmas are typically heated with up to 7.5 MW of neutral beams 

and/or up to 6 MW of 30 MHz high-harmonic fast waves. The vacuum vessel is 

composed of “inner” and “outer” vacuum vessels, corresponding to small and large major 

radius; this allows coaxial helicity injection studies of plasma start-up. The insulating 
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breaks between the two vessels are located in the divertor region at the top and bottom of 

the device. The two vessel sections are connected by copper buswork under the device. 

 The instrumentation utilized for halo current detection in NSTX are shown 

schematically in Fig. 1, and are indicated in the photograph in Fig. 2. There are Rogowski 

sensors [10] wrapped around the center column, both at the top and bottom of the 

machine, to measure currents flowing on the center column. The CSCL1 Rogowski 

sensor has been split into three segments. Two arrays of discrete toroidal fields sensors, 

known as the “inner ring” and “outer ring”, are mounted to the vacuum chamber floor 

and measure current flowing in the chamber wall. Discrete “instrumented” tiles are 

located at six toroidal angles in each of two rows of tiles, and measure the current 

flowing into or out of the tiles. 

 

 
Fig 1: Layout of Halo Current Diagnostics in NSTX. Not shown are the center-stack casing 
Rogowski coils (CSCU1 and CSCU2) located on the upper center column, in an orientation 
identical to the CSCL1 and CSCL2 sensors. The inner and outer ring detectors are circled. 

 
 A unique feature of NSTX is the liquid lithium divertor (LLD), installed inside 

NSTX in the fall of 2009. This structure, visible as four grey trays in Fig. 2, is composed 

of four 2.22 cm thick copper plates. Each tray has a 0.025 cm thick stainless steel liner 

brazed to its surface, with a 0.01 cm thick layer of porous molybdenum flame sprayed on 

top. Each tray has a single point electrical connection to the divertor floor, with insulating 

supports at the tray corners. There are small Rogowski sensors on each of these “center 

post grounds”, in order to measure disruption currents into the trays. More physics 

motivation and engineering details regarding the liquid lithium divertor can be found in 

Ref. [11]. 
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 Note that halo currents have been measured in many tokamaks in the past. 

Discrete toroidal field sensors similar to those used in NSTX were utilized in JET [12-14] 

and Compass-D [15]. Segmented Rogowski coils have been utilized in Alcator C-Mod 

[16] and MAST [17,18]. Resistive shunts placed under tiles were utilized to measure halo 

currents in DIII-D [19,20] and ASDEX-Upgrade [21,22]. Additionally, small Rogowski 

coils linking in vessel structural supports have been used in MAST [17,18], JET [13,14], 

and JT-60 [23], and small Rogowski sensors mounted under single-point-grounded tiles 

have been proposed [24] and implemented [25] for JET.  
 
 
 

 
Fig. 2: Photograph of the NSTX lower divertor, with the locations of halo current 

instrumentation called out. The red lines outline the shunt tiles, while the blue circles 
indicated the locations for the LLD Rogowski coils. The green arrow points to a single 

“inner ring” detector, and the cyan bands indicated the locations of the segmented 
Rogowskis. 

 
 The outline of this paper is as follows. Section II shows that for segmented 

Rogowskis on the center-column of the device, modeling is required in order to relate the 

measured and actual toroidal peaking factors. The details and limitations of such a model 

are described.  This problem remains, but is less significant, for the array composed of 
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discrete toroidal field sensors mounted to the vessel floor, described in Section III. A 

challenging analysis task with these sensors is to correctly isolate the halo-current signal 

from pickup due to the coils, plasma current, and induced vacuum vessel currents. 

Section IV describes compact instrumentation for measuring the current into individual 

tiles in the lower divertor. The mechanical and electrical design for the compact resistive-

shunt based detectors is presented, and example data is shown. Section V describes the 

Rogowski sensors used to measure halo currents flowing into LLD, and shows example 

data. The physics results from these instruments will be presented in subsequent 

publications. 

 
II: Interpretation of Measurements from the Center Column 
Segmented Rogowski Coils 
 
  For the spherical torus configuration, where the toroidal field is much stronger on 

the inboard side than the outboard (BT∝1/R), poloidal halo currents on the center-column 

are a great threat to the integrity of the device [26]. In order to assess these currents, 

Rogowski coils were placed around the inconel tube (“Center Stack Casing”, or “CSC”) 

that provides the inboard vacuum boundary. The carbon tiles on the center column had 

special slots machined on their backsides to allow room for the Rogowski coils. As 

shown by the bands in Fig.1 & 2, these Rogowski coils are oriented in the horizontal 

plane, so as to detect the toroidal field created by currents flowing vertically in the center 

stack casing. Measurement of the total CSC halo current using these instruments is 

straightforward using the standard Rogowski formulas [10]. 

 The upper Rogowski coil in the lower divertor (CSCL1) is divided into three 

sections, in order to assess the toroidal peaking of the halo current. The measured toroidal 

peaking factor is given by:  

€ 

(TPF)BT =
N ⋅ max BT ,HC ,i,  i =1:N( )

BT ,HC ,i
i
∑

,                                (1) 

where N is the number of segments in the Rogowski sensor and BT,HC,i is the average 

toroidal field measured by the ith
 segment of the Rogowski coil. However, this measure of 

the peaking factor can severely underestimate the actual halo current, defined as  
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€ 

(TPF)HC =
max JHC( )
mean JHC( )

.                                               (2) 

Here, JHC is the poloidal current density in the component of interest. 

This underestimation can be understood by considering the limiting case of a 

single filament of halo current flowing up the CSC at a single toroidal angle. The actual 

toroidal peaking factor, defined as the maximum halo current normalized by the average 

halo current, would approach infinity. However, finite signal would be detected on all the 

Rogowski coil segments, and the inferred toroidal peaking factor would be much less 

than the actual value. Said another way, the toroidal field distribution due to poloidal 

currents on the center column is less toroidally peaked than the underlying current 

distribution. The segmented Rogowski measures the toroidal field distribution, and will 

necessarily underestimate the actual current peaking. 

 Based on these arguments, a relationship must be defined between the measured 

and actual toroidal peaking factors. This relationship can be deduced from cylindrical 

model of the system as follows. A toroidal distribution of vertically flowing current on 

the 0.25 meter radius center-stack casing is assumed. In the present modeling, the 

following distribution is used: 

€ 

IHC φ( ) =1+ AHC cos φ − φHC( )                                        (3) 

This provides a simple approximation to the toroidal structure observed in various 

devices, where n=1 (as well as potentially higher n) structures are observed. The toroidal 

peaking factor of this distribution is then  (TPF)HC=1+AHC. The average toroidal field 

along each of the N Rogowski segments is then computed, and the peaking factor of the 

toroidal field is computed as in eqn (1). 

An additional source of uncertainty comes from the relative phase of the halo 

current distribution with respect to the fixed Rogowski segments [14]. Imagine again a 

hypothetical single filament of vertical current at one toroidal angle, and a segmented 

Rogowski coil with two segments. If a break between the two segments falls at the 

toroidal angle of the filament, then the two segments will measure the same signal, and 

the inferred toroidal peaking will be 1. On the other hand, if one of the segments is 

centered on the filament, then the toroidal peaking factor will be >1 (though still much 

smaller than the actual peaking factor). In order to account for this variation, the 
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calculation described in the previous paragraph is then repeated for many value of the 

parameter φHC, but with fixed segment locations; the range of  “measured” peaking 

factors (TPF)BT is then used provide an uncertainty estimate. 

 The results of these simulations are shown in Fig 3, for Rogowski coils with 3, 5, 

and 30 segments.  For a three segment Rogowski sensor like in NSTX, a true toroidal 

peaking factor of 2 leads to a measured peaking factor of ~1.3. The measured peaking 

factor increases as the number of Rogowski coil segments is increased; however, the 

effect saturates as the number of segments is increased beyond ~8. Increasing the number 

of segments does, however, reduce the uncertainty due to the relative phases of the halo 

current and the Rogowski sensors, since the shorter Rogowski segments are able to more 

accurately sample the local toroidal field. 

 
Fig 3: The toroidal peaking factor (TPF) of the halo current distribution, compared to that 

inferred from segmented Rogowski sensors, which sample the toroidal field. Results are 
from a cylindrical model of segmented Rogowski sensors and halo currents on the center 
column, with an n=1 cosine toroidal variation. The dashed lines are fits as per eqn. (4). 

 

 With this modeling, we can relate the measured and halo current peaking factors 

as: 

€ 

TPF( )HC = A0 + A1 TPF( )BT                                        (4) 

The values of A0 and A1 are given in Table 1 for various numbers of segments. Also 

given are the same coefficients, calculated from the same model with the more toroidally 

peaked Gaussian current distribution  
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€ 

IHC θ( ) =1+ AHCe
−
θ −θ HC( )2

0.52
⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ 
,                                      (5) 

where the angle θ is in radians. Compared in the form in eqn. (3), the form in eqn. (5) has 

the advantage that by changing the parameter AHC, the toroidal peaking factor can be 

increased above 2. With the coefficients in this table, it is possible to correct the 

measurements to estimate the actual peaking of currents in the center column, after 

making an assumption about the underlying toroidal distribution. 

 

# of Segments Current Distribution A0 A1 
3 Cosine -2.04 3.04 
5 Cosine -1.40 2.40 
30 Cosine -1.10 2.10 
3 Gaussian -7.03 8.03 
6 Gaussian -2.85 3.85 
30 Gaussian -1.53 2.53 

 
Table #1: Coefficients relating the quantities (TPF)BT and (TPF)HC via eqn. (4). 

 

 

III: Poloidal halo currents measurements based on discrete 

toroidal field sensors. 
IIIa) TPF Underestimation 

A separate set of sensors has been installed to measure poloidal currents in the 

vessel wall of NSTX at two poloidal locations, denoted as the “Inner Ring” and “Outer 

Ring” in Fig 1. Each poloidal location has a set of 6 discrete toroidal field sensors, which 

are approximately equally spaced in toroidal angle. The sensors are mounted inside the 

vacuum chamber, approximately 0.5 cm off the vacuum chamber wall. These sensors 

detect the toroidal field due to poloidal currents in the nearby vessel wall. They can be 

viewed as a segmented Rogowski coil, in the limit that each segment is of negligible 

toroidal extent. It is thus important to model the performance of these sensors, in order to 

determine to what extent they also may underestimate the toroidal peaking of the halo 

current. 
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The simple model we have constructed for this test assumes that the halo current 

flow in the poloidal plane (i.e. the toroidal component of the halo current in neglected), 

but with a toroidal distribution given by either eqn 3 or 5. One model current path is 

shown in dark green in Fig 4a); current enters the lower outer divertor, flows along the 

divertor plate, down the bus work that connects the inner and outer vessels, out of the 

inner divertor, and around over the plasma top, completing the circuit. This path would 

produce net current detected in the inner ring of BT detectors detectors, but not the outer 

ring. We also considered the model path in orange, where the current flows into the 

secondary passive plate, through the vessel wall, and out of the divertor floor to the 

plasma. This path will produce net current in the outer ring of BT detectors, but not the 

inner. 

 

 
Fig 4: Poloidal halo current path used in the performance modeling for the discrete 

BT sensors. The thick solid lines are the modeled halo current paths, while the thin lines are 
the poloidal flux contours of plasma immediately preceding a disruption. The sensors 

themselves are indicated in the figure, with the same color as the halo current path that 
links them. 
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The results of such calculations are shown in Fig 5. For the Gaussian distribution, 

there is once again an underestimation of the current toroidal peaking (see table #2 for the 

fit coefficients as in eqn. 4), though not as great as for the segmented Rogowski coils. 

The uncertainty associated with the toroidal phase of the current perturbation compared 

to the detector phase is fairly small, as the 6 sensors sample the n=1 fields reasonably 

well. The more toroidally peaked Gaussian distribution, however, shows considerable 

variation in the measured TPF for a given current distribution; there are large differences 

in the measured TPFs if the peak in the current falls at the toroidal angle of the sensors, 

or between two sensors.  

 

 
Fig 5: (TPF)HC vs. (TPF)BT, for the discrete BT sensors on the lower vessel wall. The inner 

ring sensor calculation assumes the green path in Fig. 4, while the outer ring detectors 
assume the yellow path. Both the cosine (eqn. 3) and Gaussian (eqn. 5) toroidal distributions 

are utilized in the calculations. 
 

Sensor Current Distribution A0 A1 
Inner Cosine -0.30 1.30 
Inner Gaussian -1.06 2.06 
Outer Cosine -0.21 1.21 
Outer Gaussian -0.869 1.87 

 
Table #1: Coefficients relating the quantities (TPF)BT and (TPF)HC via eqn. (4), for the 6-
sensor arrays. The inner ring coefficients are based on the green current path in Fig. 4, 

while the outer ring coefficients are based on the orange path. 
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IIIb) Resolving the signal due to the disruption halo current. 

When the array of detectors is considered as a segmented Rogowski, it becomes 

clear that they will measure the TF rod current (i.e. the net current flowing down the 

center columns, which produces the toroidal magnetic field). It might at first appear that 

this contribution would overwhelm the signal from the halo currents. However, spherical 

tokamaks typically operate with ratios of rod current to plasma current less than two; 

typical values of rod and plasma currents in NSTX are 1.7-2.1 MA and 0.8-1.2 MA. Halo 

current fractions, on the other hand, can be 10-30% of the plasma current. Hence, the 

halo current signal can be a reasonable fraction (5-20%) of the signal from the TF, and 

hence can be easily extracted. There is no need to AC couple the sensors in this case, 

which makes calibration checks quite simple using vacuum toroidal field shots to provide 

a known field at the sensor.  

In addition to the direct pickup of the torodial field coil current, other sources of 

signal unrelated to halo currents have also been observed. This additional pickup is due to 

the finite effective area in the poloidal direction due to sensor misalignments and winding 

imperfections. Sources of poloidal field include i) the direct pickup of the poloidal field 

from the PF coils, ii) direct pickup of the poloidal field from the  plasma current, and iii) 

pickup of field from induced toroidal currents flowing in the vacuum vessel wall. 

The method of processing the sensor data to isolate the halo current signal 

proceeds as follows. First, the “raw” integrated signal in volts is multiplied by a 

calibration coefficient to convert the field to Tesla. The static coil pickup is then 

subtracted from the signal, using a weighted sum of coil currents; both the toroidal field 

coils and all the poloidal field coils are included in this step. The weight factors are 

determined from single-coil vacuum shots. This process will be referred to as “static 

compensation” below, and the results of this step are shown in the red curve of Fig. 6a. 

The other two sources of pickup noted above are harder to compensate. The 

pickup of the poloidal field from the plasma will depend strongly on the plasma vertical 

position, X-point location, and internal profiles. All three of these quantities change 

rapidly during a disruption, and so a simple subtraction as with the coil pickup is not 

possible. Similarly, the induced toroidal eddy currents during the disruption are quite 

large. NSTX routinely uses the voltage on flux loops mounted on the chamber wall to 
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measure these currents [27], but we have found that correcting the halo current sensor 

data with these vessel current measurements introduced additional undesirable temporal 

variations. Finally, note that there are not dedicated poloidal field sensors in the 

immediate vicinity of the BT sensors; this precludes using actual BP measurements to 

calculated to local poloidal field for additional correction of the sensor data. 

 

 
Fig 6:  a) moving baseline subtraction methods used to determine the signal due to the 

poloidal halo current as well as the magnetic axis vertical position, and b) halo current and 
plasma current waveforms for this discharge. Note the scaling on the plasma current and 

peaking factor in this second figure. 
 

 Given these issues, we have developed a moving-baseline technique for 

isolating the halo current signal. The static compensated data is median filtered with a 
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window of typically 14-18 msec; this is shown in blue in Fig. 6a. This window is wider 

than the majority of halo currents pulses, but shorted than the typical evolution of the 

plasma motion and coil current variation. The median-filtered signal is then subtracted 

from the compensated data, leaving behind only the rapid spike associated with the halo 

current (black in the figure). Once this process has been applied to all 6 signals, the total 

current linking the sensor ring, and thus flowing in the chamber wall, (shown in blue in 

Fig. 6b) is given by 

€ 

Ilinked =
2πRs

6µ0
BT ,i

i=1

6

∑ , where Rs is the radius of the sensors. The 

toroidal peaking factor (of the measured field) is calculated as per eqn. (1), and can be 

corrected using the coefficients in table 2. 

 

 The result from a typical halo current analysis is shown in Fig. 6b), where the 

total halo current measured by the inner ring detectors is shown as a function of time, 

along with the toroidal peaking factor, corrected as per Eqn. 4, and the plasma current.  

 

IV: Direct Halo-Current Measurements via Instrumented Tiles 
  

The techniques described in the previous section are useful for measuring the 

current flowing in the metal vacuum boundaries in NSTX (the center-stack casing and 

vessel bottom). They do not, however, easily resolve the locations where currents enter 

and exit the vessel. In order to locate these exit and entry points, a number of graphite 

divertor tiles have been instrumented to measure the current flowing into or out of them. 

Essentially, a shunt resistor of known resistance is placed under each tile. The voltage on 

the resistor is brought out of the vessel on two leads, is digitized, and then used to infer 

the current flowing into the tile.  

This system was first implemented for the 2009 run campaign, with four tiles 

located in row #3 of lower outboard divert tiles, and spaced from each other by 90° in the 

toroidal direction. The radius of these tiles (R=0.9 m) is outside that of the lower outer 

strike-point for the vast majority of NSTX discharges. This system of sensors was 

expanded for the 2010-2012 run campaigns, with six sensors in the row 3 tiles of the 

outer divertor, and six sensors in the row 4 tiles; this arrangement is that which is 
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indicated in the red outlines of Fig. 2, where the row 3 tiles are those at smaller major 

radius. 

 The components of the instrumented tile sensor are shown in Figure 7. The key 

component of the sensor is the resistive shunt element, fabricated from 0.025 cm thick 

stainless steel shim-stock. A strip of this material is folded into a “Z” shape. Two 0.051 

cm thick Mica insulators are inserted into the “Z”s to insulate the separate folds. One side 

of the Z is fit inside a 0.02 cm deep pocket machined on the back of the tile. When the 

tile is then installed in NSTX, one side of the “Z” presses against the tile, while the other 

presses against the divertor floor, and hence vacuum chamber, through a grafoil sheet.  

A 0.038 cm stainless steel wire is spot-welded to the inside of each bend in the 

stainless “Z”. The diameter of the stainless wires was chosen to be smaller than the mica 

sheets, so that the total thickness of the compressed “Z” is given by three stainless steel 

layers and two mica sheets. Stainless steel wire was chosen because of the ease of 

welding this material to the stainless steel shunt. Given that these wires only transmit the 

shunt voltage, and carry essentially no current, the increased resistivity of the stainless 

steel compared to copper is not important. 

 This design relies on the resistor being the only path to ground for currents 

entering the tile; multiple steps are taken in order to ensure that this is the case. The tile is 

fastened to the grounded divertor plate via a bolted T-bar. The T-bar itself is in electrical 

contact with the tile. However, the washers and upper-half of the bolts are given a 

ceramic coating, which isolates them from the T-bar and tile. Additional isolation is 

ensured by the insertion of mica washers under the ceramic coated washers. It is also 

critical that the tile not touch any adjacent tiles; during the installation, some section of 

the tile were ground off to ensure gaps of 0.25 cm on all sides. Finally, the thickness and 

width of the shunt element were chosen such that the voltage on the shunt during the 

largest expected halo current is <5V. This low voltage helps to prevent arcs to adjacent 

tiles. 
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Fig 7: Components of the instrumented tile design. See text for further details. 

 
 
 The stainless steel signal leads have a length of approximately two feet. They are 

then spliced using hypodermic needle to stainless steel jacketed copper twisted pair. The 

copper twisted pair are then brought to the vacuum electrical feedthrough, and then via 

shielded twisted pair to isolation amplifiers. Isolation amplifiers with 100 kHz bandwidth 

[Analog Devices AD-215] are used to isolate the signals from the data acquisition system 

(recall that one of the leads is directly connected to the NSTX vacuum vessel, and thus 

cannot be connected directly to the data acquisition system). 

 While the resistance of the shunt can be easily calculated from the known 

dimensions and resistance of the stainless steel, we have found that in-situ calibration of 

the system is quite useful. A low-voltage power supply with ~20 A maximum current is 

used, with one lead connected to the NSTX vessel, and the other lead connected to a 2 cm 

diameter copper pad. The copper pad is in turn mounted on the end of a insulating rod, 

such that an individual can press the pad against a single tile without being exposed to the 

circuit. Current is then run through the circuit and the voltage across the shunt is 

recorded; 10 and 20 A tests are common. In addition to the calibrated resistance, this 

process clearly identifies any tiles that may be touching adjacent tiles, as the sensor 

voltage will be anomalously low in this case. 
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 Example time-traces from this diagnostic during a disruption are shown in Figure 

8. The top frame shows the plasma current, with the rapid drop at ~0.382 indicating the 

final disruption; the vertical position of the plasma centroid is shown in frame b), 

indicating the downward motion associated with a VDE. The signals from four shunt tiles 

are indicated in frame c), showing the expected large spike when the plasma impacts the 

divertor floor and disrupts.  

 

 
Fig 8. Typical shunt tile signals during a disruption. Shown are a) the plasma current, b) the 

vertical position of the magnetic axis, and c) the signals from four tiles. 
 

V: Measurements with Small Rogowski Coils on the Liquid 
Lithium Divertor Trays 
 
 The thermal and mechanical properties of the LLD trays provide a challenging 

situation for the halo current measurement. As noted in Sect. 1, each tray of the liquid 

lithium divertor is grounded at a single location via a 1.9 cm diameter post. The space 

available under these trays is limited, and only 0.95 cm between the top of the copper 

slats of the divertor floor and the bottom of the LLD tray was provided for the Rogowski 

sensor. The high operating temperatures of LLD mandate that the sensor be capable of 

surviving operation at 400° C.   
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 The design resulting from this consideration is as follows. The Rogowski coil is 

wound on a mandrel formed from high durability boron nitride ZSBN [28]. A uniformly 

spaced set 68 0.6 mm diameter holes were drilled in a circular pattern with diameter 4.78 

cm, and then in a concentric circular pattern with radius 2.23 cm, in a 0.64 cm thick sheet 

of this material. The sheet was then machined into a small rectangular cross-section torus, 

with inner and outer diameters equal to the 4.78 cm and 2.23 cm respectively. This results 

in ½ of the previously machinated small circles being left intact, as winding grooves to 

hold the conductors of the Rogowski winding. A ~0.2x0.2 cm (wide by deep) trough is 

then machined in the top of the mandrel, for the Rogowski coil wind-back. The cross-

sectional area of the final winding is 1.25 cm x 0.64 cm, for a total area of 7.9x10-5 m2. 

 
Fig 9: Components of the Rogowski sensor design. Shown are a) a test mock-up of the 

Rogowski winding, illustrating the windback trough, b) the individual components of the 
assembly, and c) a nearly complete assembly placed over an LLD center post ground. Note 

the copper finger-stock on the ground post used to ensure a good electrical connection of the 
post to the LLD tray. Also, a mica spacer is inserted in c) between the rogowksi windings 
and the loop-back, in order to prevent contact between the windings. In a) there is a thin 

layer of FortaFix high-temperature cement covering the loop-back. 
 

The winding itself is made from #24 AWG bare copper wire. This conductor is 

hand wound on the mandrel, ensuring that sufficient separation is maintained between the 

windings. The two copper leads that come off the sensor are then TIG welded to 

stainless-jacketed copper twisted pair wires. Note that use of bare copper wire is common 

in NSTX magnetic sensors; precision winding, often followed by mechanical 
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stabilization of the winding geometry with high-temperature cement [29], is common 

practice.  

In order to protect the Rogowski assembly from the mechanical damage during 

installation and use, we have placed it in a stainless steel toroidal canister. The bottom, 

inner side, and outer side of the canister are all machined from a single piece of 316 alloy 

stainless steel to have 0.25 mm wall thickness. A circular cap of the same thickness was 

also prepared, and is spot welded to the can as part of the final assembly step. The inner 

and outer walls of the can, as well as the top and bottom, are insulated from the copper 

turns of the sensors with thin mica sheets and washers. 

The sensitivity of the Rogowski coil is given by the quantity µ0An, where A is the 

area of the cross-section, and n is the number of turns per unit length. Using 68 turns and 

a 3.5  cm diameter of the winding for computing the circumference, the inferred 

sensitivity is 6.13x10-8 V/(A/s). Laboratory tests indicate that the sensitivity is slightly 

greater, in the vicinity of 6.4x10-8 V/(A/s). When coupled to an integrator with 1 ms. time 

constant, the inferred calibration of the system leads to 

€ 

Vdigitizer =
1
RC

µ0AN
dILLD
dt∫ dt = 64 mV/kA( )ILLD , where ILLD is the current flowing into 

the tray. 

 Although the ideal Rogowski coil is sensitive to only currents than link the coil, 

the actual Rogowski sensors are sensitive to other currents in the system (due to non-ideal 

winding effects), including the plasma current and vessel eddy currents. We used the 

same median filtering technique as described in section III, and shown in Fig. 10c). The 

calibrated signal, shown in black, is simply the raw digitizer voltage multiplied by the 

above calibration factor; there is a large baseline offset. The blue trace shows the static 

compensated version of the signal (where direct pickup from the coils has been removed). 

The median filtered of this static compensated signal (green) is then subtracted, yielding 

the halo current signal in red. In this case, approximately 20 kA of current flows into the 

single LLD tray. 
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Fig. 10: Example data from an LLD grounding post Rogowski coils. Shown are a) the 

plasma current, b) the magnetic axis vertical position, and c) the signal from the Rogowski 

sensor (see text for further explanation). 
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