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Abstract. An overview of experimental studies on IR-T1 tokamak is presented. Several issues of plasma
displacement measurement are investigated. An analytic solution of the Biot–Savart law, which is used to
calculate magnetic fields created by toroidal plasma current, is presented. Results of calculations are compared
with the experimental data obtained in no-plasma shots with a toroidal current-carrying coil positioned inside the
vessel to simulate the plasma movements. The results show a good linear behavior of plasma position
measurements. An array of Mirnov coils employed for measurement of plasma position, too. The results show
that Mirnov array can not be used for this measurement without concerning high field side errors. An external
resonant helical magnetic field (RHF) applied to plasma. The aim of these experiments was to understand the
effect of RHF on light impurities radiation and horizontal displacement measurements. Measurements results of
visible line emissions of OII, CIII impurities and Hα radiation with and without RHF (L=2) show that the addition
of a relatively small amount of resonant magnetic helical field (L=2 & L=3) could be effective for improving the
quality of the discharge by reducing of light impurities radiation. The effect of RHF in plasma displacement
measurement shown an increase in flux value about %5 for L=2, L=3 separately and about %10 for L=2&3
when apply together. In other experiments, Studies of plasma interaction with titanium coated ferritic steel have
been performed. Depth of impurity penetration and retention, and the surface roughness were measured using
surface analysis methods. The results show that titanium acts as an effective getter for oxygen but its fast erosion
poses a problem. A change in roughness with respect to position of samples has been observed.

1. Introduction
IR-T1 tokamak is an ohmically heated air core tokamak with major radius R=0.45 m and
minor radius a=0.125 m defined by two poloidal stainless-steel limiters. The vacuum chamber
has circular cross-section with two toroidal breaks and minor radius b=0.15 m. Toroidal
magnetic field Bt~0.6-0.8 T, plasma current Ip~25-30 kA, averaged electron density 1-2×1019
m-3 in hydrogen, plasma discharge duration td~30ms and electron density Te(0)~200 eV. The
tokamak also has external resonant helical field (RHF) coils. The main goals of IR-T1
tokamak are studies of Magnetohydrodynamic (MHD) activities, tokamak edge physics and
developing the plasma physics education. In this contribution the work developed on IR-T1
tokamak will be presented as plasma displacement measurements, applying a resonant helical
magnetic field on plasma and plasma wall interaction.
2. Plasma Displacement Measurements
In several configurations of magnetically confined plasmas, the position of the plasma column
is a major determinant of plasma behavior for controlling the plasma equilibrium. Several
methods are employed for displacement measurements, such as optical and magnetic
methods. For the magnetic method, almost it is used sine-coil. The Ampere’s theorem and the
Biot–Savart law are well known tools used to calculate magnetic fields created by current
distributions [1-4]. The former is often used in high-symmetry problems of magnetisms. At
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first section of this work, an analytic solution of the Biot–Savart law, which is used to
calculate magnetic fields created by toroidal current-carrying coil positioned inside the vessel
to simulate the plasma movements, is presented.
In the second section a sine-coil, which is a Rogowski coil with a variable wiring density is
designed and fabricated for measurement of no-plasma shot experiments with circle coil of
radius R=0.45 m. The last section contains measuring the poloidal magnetic field components
with discrete pick up coils placing diametrically on the outer surface of torus.
2.1. Biot-Savart Analytical Magnetic Field Measurment
Now we try to use the Biot-Savart law to calculate the field in the toroidal coordinate of the
circular wire coil of radius r = 0.45 cm. According to Maxwell equation the magnetic field, B,
r r
r r r
r r
r
is given by ∇ × B = µ 0 J , since the ∇.B = 0 and using expression of ∇.(∇ × F ) = 0 , we can
r r v
write B = ∇ × A , where J is current density and A is vector potential so that the above
expression yields,
r
r r
µ0 J ( r ' )
A(r ) =
r r dv'
(1)
4π ∫ r − r '
r r
r
and by defining J (r ′)dv′ = I dl , B(r) leads to,
r r r
r r
µ0 I dl × (r2 − r1 )
B(r ) =
4π ∫c rr2 − rr1 3

(2)

Relative H-Displacement

This equation has been solved using a numerical method, and the topology of the whole
magnetic fields calculated. The result has been investigated for measurement of current
carrying coil position with respect to sine-coil position. In this calculation, we fixed the sinecoil position and moved the current coil in horizontal direction. The results of flux calculation
by Biot-Savart law has been compared with experimental data as shown in FIG.1. The error is
less than 2.5% and it has been compared with other methods of measurements of the plasma
position [5].
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FIG. 1. Comparison of calculations with actual plasma position. The rectangle and the triangle
symbols show the Biot-Savart law calculation and the measurements with the sine-coil, respectively.
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2.2. Plasma Displacement Measurements via Discrete Method
This is one of the simple possible techniques, which measures the local values of poloidal
magnetic field at some points around the plasma by placing magnetic probes diametrically
opposite for magnetic field measurement. Combination of the signals produced by these
probes is proportional to the displacement of the plasma column. In this method, twelve
Mirnov coils has been used. The results shown that high field side effect needs correction for
horizontal displacement measurement.
3. Resonant Helical Field Experiments
The RHF in IR-T1 tokamak is an external magnetic field which can improve the plasma
confinement. This field is produced by two winding with optimized geometry conductors
wound externally around the tokamak torus with a given helicity. The minor radius of these
helical windings are 22cm (L=2, n=1) and 23cm (L=3, n=1). In the experiments presented
here, the current through the helical windings was between 100-400A, which is very low
compared with the plasma current itself (25-30kA).
3.1. Effect of RHF on Light Impurities Radiation
The aim of these experiments was to understand the effect of RHF on light impurities
radiation and suppressing major disruptions. The length and the magnitude of the pulse
feeding the helical windings could be programmed. Measurements results of visible line
emissions of OII (4416A°), CIII (4644A°) impurities and Hα (6563A°) radiation with and
without RHF (l=2) show that the addition of a relatively small amount of resonant magnetic
helical field could be effective for improving the quality of the discharge by reducing of light
impurities radiation and possible suppressing major disruptions. FIG. 2 shows the
measurement results of visible line emissions of OII (a, b), CIII (c, d) impurities and Hα
radiation (e, f) with and without RHF (L=2) [6].

(a)
With RHF L=2

(b)
Without RHF

(c)
Without RHF

With RHF L=2

Hα
With RHF L=2

(d)

(e)

Hα
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Without RHF

FIG. 2. The measurement results of visible line emissions of OII (a, b), CIII (c, d) impurities and
Hα radiation (e, f) with and without RHF (L=2).
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3.2. Effect of RHF on Plasma Displacement
The plasma displacement measured during Resonant Helical Field application in L=2, L=3
and L=2&3. The results shown an increase in flux value about %5 for L=2, L=3 and about
%10 for L=2&3. FIG.3 shows typical Schematic of L=2/1 and L=3/1 RHF winding coil
around the chamber and effect of RHF with different mode on plasma horizontal
displacement. It shows the Magnetic field calculation from RHF via Bio-Sawart law in best
position 0°, 45°, 145° for installing Sine-Coil and a sample magnetic field calculated in the
120° as a high nonlinear effective position.
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FIG. 3. a) A typical Schematic of L=2/1 and L=3/1 RHF winding coil around the chamber, b) Effect
of RHF with different mode on plasma horizontal displacement, c) Magnetic field calculation from
RHF via Bio-Sawart law in best position 0°, 45°, 145° for installing Sine-Coil, d) A sample magnetic
field calculated in the 120° as a high nonlinear effective position.

4. Study of Plasma Wall Interaction
Studies of plasma interaction with titanium coated ferritic steel have been performed on IRT1 tokamak. The main aim of this experiment is to understanding effects of glow discharge
and plasma on the edge surfaces positioned in the wall and limiter area of IR-T1 Tokamak for
future studies. We use RF sputtering method with power 400 W and deposit titanium layer on
ferretic steel substrate, as a protect coating. Some of steel substrates baked in 460ºC
temperature and for 3 hours before analyzing them. Also, we installed some samples on
flange at different depth from plasma core (r=0) in IR-T1 Tokamak in r1=12.5 cm, r2=13.2,
r3=13.5, r4=13.8, r5=14.2 cm, respectively. The samples positioned in parallel array. The
experiments carried out with 15 minute glow discharge cleaning and 55 plasma shots.
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Surface roughness of samples obtained by AFM (Atomic Force Microscopy). We can see an
obvious decrease at surface roughness of samples at different depth from plasma core due to
energetic sputtered particle impact effect on the nearest sample from plasma core. Energetic
particles have decreased when they impact to the far sample, and damaging the surfaces
decreased. FIG. 4 shows changes in roughness in samples before and after 55 plasma
discharges and FIG. 5 shows profile of comparing roughness of samples before and after
discharges [7].

FIG. 4. Changes in roughness at two different positions of the sample with respect to plasma core. Below
one is closer to plasma core. Left figures are before discharges and right figures are after discharge.
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FIG.5. Profile of comparing roughness of samples before discharge and after discharges, where,
r (normalized) is the position of samples with respect to plasma core.

Rutherford Backscattering Spectrometry (RBS) spectra method has been used to measure the
content of Oxygen and Titanium, before and after discharges. Simulation was done by
SIMNRA software as a routine tool to simulate RBS spectra [8-11]. RBS spectra of Ti layer
on Steel obtained by 2000 keV incident on energy at α=0 degree, β=15 degree and θ=165
degree.
We set up samples with different condition but replaced them in the same distance from
plasma core in IR-T1 Tokamak. RBS spectra show lower oxygen content in survivor sample
after plasma-surface interaction in titaniumized sample (FIG. 6). It may be due to oxygen
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gettering of titanium properties. Coated steel capture amount of oxygen by titanium layer,
then titanium layer with content of impurity (oxygen) eroded from surface because of surface
defects. So, we can see lower content of oxygen in this sample. This result isn't good
conclusion because of plasma purity, but it generally emphasis to lower oxygen penetration or
permeability in steel and titanium impurity absorption. The result is shown in Table I.
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FIG. 6. The analyses of RBS measurements with SIMNRA Code.
TABLE I: OXYGEN GETTERING EFFECT OF Ti LAYER.
Samples
O2 (%)
Thickness (°A) Ti (%)
With out Baking (r3186-1-Ti)
200
50
50
After Baking (r3188-2-Ti)
100
40
60
After Baking (r3191-4Ti)
100
35
65

5. Conclusion
•

Comparing the results of the model experiment we conclude that the sine-coil can be
exploited for measurement of plasma displacement in the IR-T1 tokamak. The error is
less than 2.5% and it has been compared with other methods of measurements of the
plasma position. In addition, this method will be used in the feedback position control
system and tests of feedback controller parameters.

•

During Resonant Helical Field application the experimental results suggest that the
addition of a relatively small amount of resonant magnetic helical field (L=2 & L=3)
to the basic torus configuration could be effective for improving the quality of the
discharge by reducing of light impurities radiation and suppressing major disruption.
Also, the structure of magnetic field lines in tokamak with RHF has been investigated
by means of analytically calculation of the Biot–Savart law. The behaviour of plasma
displacement is different when the L is different. It is found that in both cases, RHF
influences on displacement measured by sine-coils. The results shown an increase in
flux value about %5 for L=2, L=3 separately and about %10 for L=2&3 when apply
together. Therefore RHF can influence in Plasma displacements and then on the
plasma feedback control, so it needs some consideration in the results.

•

Plasma interaction with Titanium coated ferretic steel has been performed on IR-T1
Tokamak. AFM analyses before and after discharge in r=12.5-14.2 cm carried out.
The results shown that, we should use methods that decrease titanium erosion.
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Titanium-substrate adhesion and coating technique should be modified, thickness of
layer may be help us in this way, and we must use ferretic steel with different
composition such as type of ferretic steel with no content of nickel or less chromium
content. Depth of impurity penetration and retention, and the surface roughness were
measured by using Rutherford Backscattering Spectrometry (RBS) spectra method has
been used to measure the content of nitrogen, oxygen and titanium, before and after
discharges. The result has been shown a change in roughness with respect to position
of samples. Also, the results shown that the concentration of oxygen decreases after
titanisation.
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