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Abstract— Tokamak is a magnetic confinement device that 

confines hot plasma in the shape of torus during the process of 

thermonuclear fusion power generation. In tokamak, eddy 

currents are produced due to change in plasma positions during 

plasma instabilities that induce electromagnetic forces on 

interaction with the induced currents.  Mirnov coils are widely  

used in  tokamaks  to  study  plasma  positions  during plasma 

instabilities. Principle objective of this paper is the design and 

development of Mirnov coil sensor to find eddy currents on a 

toroidal vessel. This paper presents an elaborative and practical 

construction technique of a Mirnov coil. The calibration method 

of a Mirnov coil is also discussed. Mirnov coils as an eddy 

current diagnostics are tested and experiments to measure 

magnetic fields due to induced current on torroidal vessel are 

performed using the coils.  

 

Keywords—Eddy Current Experiment, Sensor, Mirnov Coil, 

Helmholtz Coil. 

I. INTRODUCTION 

Mirnov coil is an induction coil sensor [1, 2], also called 

search coil sensor or pick up coil sensor or magnetic 

antenna. It is one of the oldest and well-known magnetic 

sensors. The induction sensor is practically the only sensor, 

which can be feasibly manufactured directly by its users 

unlike the Hall-effect type, magneto restrictive type or 

fluxgate-type sensors [1]. The technology used for the 

manufacturing of induction sensor is simple and the 

materials (winding wire) are commonly available in desired 

varieties. The operating principle of the coil sensor is 

nothing but the Faraday’s law of electromagnetic induction. 

When a varying flux ϕ passes through the coil with cross-

sectional area A and number of turns n, a voltage V is 

induced at the terminals of the coil given by:  

 

dt

d
tV


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The relation between flux ϕ and flux density B, for field 

lines perpendicular to the coil windings, is given as: 

ABn   

Thus, induced voltage at the coil terminals is given by: 
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    Basic induction coil sensors are based on the first term 

of the above equation. The second term describes rotating 

coil sensors, where A(t) is the effective area in the plane 

perpendicular to the measured field. The last term is the 

basic equation for the flux-gate type sensor. 

    Since Mirnov coils are air-cored or wound on a non-

ferromagnetic former, so μr ≈1. Thus, output voltage is: 

dt

tdH
nAtV o

)(
)(   

    Mirnov coil can be used in either of the two modes: 

voltage output mode or current output mode. In the voltage 

output mode, the coil is terminated with high resistance and 

induced voltage at the coil’s output is proportional to 

frequency. In the current output mode, the coil is usually 

terminated with a low resistance and the output current 

response is flat for f>>R/2πL.  

II. MIRNOV COIL DESIGN AND CONSTRUCTION 

 Coil Design 

 A typical design of a multilayer air-cored induction coil 

sensor or Mirnov coil is shown in the figure 1. 

 
 

Fig. 1 Design of Air Coil Sensor 
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Here, ‘l’ is the length of the coil, ‘D’ is the diameter of 

the coil, ‘Di’ is the inner diameter of the coil or diameter of 

the core,‘d’ is the diameter of the winding wire. The mean 

diameter of the coil is given by: 

2

DD
D i

m


  

Mirnov coil gives an average value of magnetic field over 

its geometric area. If the measured field is inhomogeneous, 

it is impossible to determine the exact point where the field 

has the measured intensity. Researchers have found [3, 4] 

that for a multilayer coil, the optimum value of the ration 

(l/D) is recommended to be in between 0.67 and 0.866. 

Further, it is also recommended that the ratio of (Di /D) 

should be less than 0.3 [4]. 

The number of turns of the coil (‘n’) depends on the 

diameter of the wire used (‘d’), on the packaging factor k (k 

≈ 0.85) and on the dimensions of the coil. 
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Using the above cited formula [4], various dimensions are 

calculated and tabulated for various values of D considering 

that the diameter of the wire (d) remains constant. Diameter 

of the wire (d) is selected such that it increases the flexibility 

of winding. The coil made with the dimensions as tabulated 

in table-1, greatly ensures that the average value of flux 

density, measured by the coil, is at the centre of the coil. 

However, the number of turns and the number of layers of 

windings are very large. This, in turn, makes it difficult to 

manually prepare a coil of dimensions given in the table 1. 

If the dimensions of the coil are kept small, the average 

value of flux density as measured by the coil will be near to 

the centre of the coil axis. Hence, the coils are wound on a 

core with small cross-sectional area. 

Table-1: Mirnov Coil Dimensions 

d   

(mm) 

Di   

(mm) 

D   

(mm) 

t  

(mm) 

l  

(mm) 
n 

Dm 

mm 
Layers 

0.1 1 3.4 1.2 2.448 345 2.2 12 

0.1 2 6.8 2.4 4.896 1382 4.4 24 

0.1 3 10.2 3.6 7.344 3110 6.6 36 

0.1 4 13.6 4.8 9.792 5529 8.8 48 

0.1 5 17 6 12.24 8640 11 60 

 

Coil Construction  

A hylam core is used for the coils. Coils are wound with 

different core dimensions (from 1 mm to 5 mm diameter) 

and different turns. Coil is terminated with a high 

termination resistance so that it can be used in voltage 

output mode. 

 
FIG. 2: MIRNOV COIL 

 III. MIRNOV COIL CALIBRATION 

Introduction 

In order to calibrate Mirnov coil, it is necessary to 

generate a uniform magnetic field. This uniform magnetic 

field can be generated using a calibration system that may 

contain a pair of coils or a single coil. There are four 

different calibration systems to calibrate a magnetic sensor:  

They are: 

1) Single round loop 

2) Round Helmholtz coil 

3) Single square loop 

4) Square Helmholtz coil 

All the four calibration systems are compared on the basis 

of the deviations of their axial magnetic fields. Each of the 

four calibration systems are single axis system, i.e., the 

calibration filed generated is parallel to only one of the three 

possible axes. The other two axes are not considered for 

calibration purposes. The following graph is the spherical 

test that finds the maximum, minimum and average z-

directed magnetic induction on the surface of a sphere 

centered at the origin of each system. The radius of the 

sphere is varied from 0% to 96% of the radius of the round 

loops and from 0% to 96% of ½ the side length of the square 

loops [5]. The graph shown in figure 3 reveals that the round 

loop has the greatest deviation as a function of the sphere 

radius while the square Helmholtz has the least deviation as 

a function of the sphere radius. 

 

 
Fig. 3: Spherical Variation test graph 
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It can be concluded from figure 3 that the induced 

magnetic field of a Helmholtz coil system (round or square) 

is homogenous for 20% deviation from origin. Thus, the 

radius of the detector coil and length of its windings must 

not exceed 20% of radius of Helmholtz coil in case of round 

calibration system and 20% of ½ of the side length for a 

square system [5]. 

A square Helmholtz coil system is constructed for 

calibration of Mirnov coils. The system is constructed of 

Perspex and wood using glue for construction. The side 

length of each coil is 10 cm and it has 5 turns of 0.67 mm 

enamelled copper wire. The two coils are connected in 

series and a Mirnov coil is placed at the centre of two coils 

for calibration, as shown in figure 4. 

 

 
Fig. 4: Helmholtz coil to calibrate Mirnov coil 

 Calibration of Helmholtz Coils 

The magnetic field of Helmholtz coil is verified using a 

DSP based gauss meter of Lake Shore Cryotronics, with 

model no.:455. The meter uses hall probe as a sensor to 

sense magnetic fields. The probe is a transverse probe with 

model no.: HMNT-4E04-VR manufactured by Lake Shore 

Cryotronics. 

The value of induced magnetic field density at the centre 

of coil system or at origin ((0, 0, 0) point) is given by 

following equation: 

T
l

IN
B )

629.1
(


  

Where, ‘N’ is number of turns in each coil, ‘I’ is the 

current flowing in the coil system and ‘l’ is the side length 

of square Helmholtz system. The average percentage error 

between the theoretical value of flux density, as calculated 

from the equation, and that indicated by the gauss probe is 

found to be within ±5% of reading. This error is considered 

during Mirnov coil calibration and accordingly corrected. 

Coil Calibration 

Mirnov coil is placed in a square Helmholtz system, a 

discharge of current in the Helmholtz coils creates a change 

in the flux density, which is picked up by the Mirnov coil. 

The voltage produced by the Mirnov coil is acquired by the 

scope. This voltage is integrated using integration function 

of scope. The calibration factor of the coil is calculated by 

following equation: 

B

Vdt
k


             

Experiments are carried out and the readings are taken at 

different values of discharged current and for each case the 

calibration constant ‘k’ is calculated. The final value of the 

calibration constant ‘k’ is obtained by taking average of all 

individual values of ‘k’ obtained for each discharge current. 

Table 2: Mirnov coil calibration results 

Current 

(A) 

Coil 

Integration 

(uVs) 

Theoretic

al B 

(mT) 

Calibrati

on Factor 

(mVs/m
2
) 

4.73 0.4859 0.376 1.29 

10.47 1.119 0.832 1.345 

15.88 1.705 1.262 1.35 

21.39 2.282 1.7 1.342 

26.43 2.856 2.1 1.36 

32.23 3.485 2.561 1.36 

38.2 4.079 3.037 1.343 

43.9 4.701 3.488 1.347 

49 5.282 3.891 1.357 

IV. EDDY CURRENTS EXPERIMENT & RESULTS 

Introduction 

Eddy currents are currents induced in a conductor when it 

is exposed to changing magnetic field; due to relative 

motion of the field source and conductor or due to variations 

of the field with time. These circulating eddies of current 

can cause repulsive, attractive and drag effects. In tokamak, 

eddy currents are produced due to change in plasma 

positions during plasma instabilities. The presence of a high 

magnetic field due to toroidal field coils, induce 

electromagnetic forces on interaction with the induced 

currents. Mirnov coils are used to study plasma position 

during plasma disruptions. The coils are placed on different 

locations on the tokamak and by comparing the output of the 

coils, plasma positions can be identified. 

Experimental Setup 

Tokamak being a toroidal vessel, the experiment of eddy 

currents measurement is performed on a toroidal vessel. 

Instead of producing plasma, a coil with 16 turns is placed 

in the vessel [6]. The purpose of the coil is to increase the 

currents of the order of hundreds of amperes, which induces 

a large amount of eddy currents on the toroidal vessel. 

A voltage discharging circuit is used to produce transient 

current by discharging capacitor voltage into the vessel 

through thyristor. Current in the vessel is multiplied 16 

times due to coil turns. These currents induce eddy currents 

on the vessel. Mirnov coils are placed on three different 

locations on the torus vessel: one on inner side of torus and 

another on outer side of torus as shown in figure 5 below: 
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Fig. 5: Mirnov coils mounted on toroidal vessel 

 

Results 

The coil at one location detects field generated due to 

currents flowing through that location. The flux density 

detected by the coil is proportional to current that induces it. 

The values of flux density for 3 locations as picked up by 

coils are given in table 3. 

Table 3: Flux density picked up by Mirnov coils 

Position 1 Position 2 Position 3 

Current 

(A) B   (mT) 

Current 

(A) B   (mT) 

Current 

(A) B (mT) 

16.8 11.14 213.2 67.55 18.3 38.37 

37.6 25.99 236.2 78.22 37.7 99.03 

55 38.87 255.6 85.18 55.7 152.44 

75.4 53.4 271.1 90.44 76.2 215.18 

93.7 67.03 285.6 94.96 93.3 270.37 

 

By comparing the output of the coils, the current density 

profile on the vessel can be known. Simulation using FE 

ANSYS was carried out for the same experiment and the 

results were compared with the practical results. The current 

density distribution plot of toroidal vessel was obtained by 

simulation. From the results, it can be clearly observed that 

the current densities and hence currents are maximum in the 

inner section of the vessel. The currents are maximum in 

these volumes due to their proximity to the fields that are 

generated due to currents flowing through coil inside the 

toroidal vessel.  

 
Fig. 6: Current density on vessel 

 

Also, from the simulation results of the magnetic density 

on vessel (as shown in fig.7), it is clearly observed that 

magnetic flux is density is higher at the inner section of 

vessel than at the outer section. 

 
Fig. 7: Simulation result of magnetic flux density on 

vessel 

Coil placed on inner side of toroidal vessel picked up 

more magnetic fields as compared to the coil that is placed 

on outer side of torus. Thus, the coils placed on the inner 

side fairly detect magnetic fields induced by eddy currents. 

V. CONCLUSION 

Rogowski coil and Mirnov coil are two important 

diagnostics used for eddy currents detection on tokamak. 

Rogowski coil detects average value of eddy currents 

flowing on tokamak. However, multiple Mirnov coils placed 

on tokamak gives information about eddy currents profile 

and thus plasma positions during plasma instabilities. 

Various important aspects related to the design and 

development of Mirnov coil is discussed in detail. With the 

help of the same, a more elaborative and practical 

construction of the coil is obtained. Helmholtz coil based 

test bench used to calibrate the Mirnov coil offers good 

accuracy to the Mirnov coil to be used for the eddy currents 

experiment. Results obtained through the Eddy currents 

experiment performed on a toroidal vessel are found in fair 

agreement with simulation and encouraging for the future 

work.  
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