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Abstract Determinations of poloidal beta, internal inductance, plasma energy, plasma pressure, plasma temperature,
plasma resistance, plasma effective atomic number, and plasma energy confinement time are essential for tokamak plasma
experiments. In this paper an experimental methods especially based on diamagnetic loop (toroidal flux loop) for
measurements of these parameters are presented. For this purposes a diamagnetic loop with its compensation coil and also an
array of magnetic probes designed, constructed, and installed on outer surface of the IR-T1 tokamak. Also in this work we
obtained the Shafranov parameter, plasma current, plasma voltage, and the plasma density from the magnetic probe,
Rogowski coil, poloidal flux loop, and the Langmuir probe measurements, respectively.
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1. Introduction

Determinations of the poloidal beta, internal inductance,
plasma energy, plasma pressure, plasma temperature, plasma
resistance, plasma effective atomic number, and energy
confinement time are essential for tokamak experiments and
optimized operation. Also some of the plasma information
can be deduced from these parameters, such as plasma
toroidal current profile, and magnetohydrodynamics (MHD)
instabilities.

Magnetic diagnostics, in particular diamagnetic loop
(toroidal flux loop) are commonly used in tokamaks to
measure the variation of toroidal flux induced by the plasma.
On the other hand, the magnetic fields distribution outside
the plasma provides the measurement of the combination of
poloidal Beta and internal inductance ( g, +1,/2~1), via the
Shafranov parameter A , and also Langmuir probe
measurement provides the value of plasma density. Then
measurement of A from the magnetic probe and poloidal
Beta from diamagnetic loop gives a value of internal
inductance. Also measurement of plasma energy with
diamagnetic loop and measurement of plasma density with
Langmuir probe gives a value of plasma temperature. Energy
confinement time, plasma resistance, and also the plasma
pressure are also can be determined from diamagnetic loop
[1-8]. In this paper we presented experimental magnetic
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diagnostic methods on IR-T1, which it is a small, low beta
and large aspect ratio tokamak with a circular cross section
(see Table 1). Brief approach for measurement of asymmetry
factor by the discrete magnetic probes will present in section
2. Diamagnetic loop method for measurements of the eight
of the basic plasma parameters will present in section 3.
Details of design and construction of magnetic probe and
diamagnetic loop will present in section 4. Experimental
results will discuss in section 5. Summary is also present in
section 6.

Table 1. Main Parameters of the IR-T1 Tokamak.
Parameters Value
Major Radius 45 cm
Minor Radius 12.5cm
Toroidal Field (10T
Plasma Current ( 40 kA
Discharge Duration ( 35 ms
Electron Density 0.7-15X10" cm °

2. Determination of the Asymmetr
Factor (Shafranov Parameter) Using
the Magnetic Probes

Poloidal Beta and internal inductance relate to the
distribution of magnetic fields around the plasma current.

Therefore, those can be written in terms of the tangential and

normal components of the magnetic field on the contour T

(see Fig. (3)). Distributions of the tangential and normal

magnetic fields are also can be written in the first order of the

inverse aspect ratio as follows, respectively [2,5]:
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where R, isthe major radius of the vacuum vessel, A, is
the Shafranov shift, 7, isthe plasma current, « and » are
the minor plasma radius and minor chamber radius
respectively and /; is the plasma internal inductance. These
equations accurate for low beta plasma, large aspect ratio,

and circular cross section tokamaks as IR-T1, and where:
A+1=

14

QP)
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We can obtain poloidal and normal components of the
magnetic field from the output signals of the magnetic
probes after compensation and integration. Therefore we can
be to calculate the Shafranov parameter from the Eq. (2). The
compensation done by fields discharge without plasma and
receives output signals of the magnetic probes and subtract
those from total output signals from the probes. Moreover we
used the Rogowski coil, Langmuir probe, and the poloidal
flux loop for measurements of the plasma current, plasma
density, and the plasma voltage, respectively, but only we
will present their data and used them in our measurements.

3. Measurements of Eight of the Plasma
Parameters using the Diamagnetic
Loop (Toroidal Flux Loop)

Diamagnetic loop measures the toroidal diamagnetic flux
for the purposes of measurements of the plasma parameters
e.g. poloidal beta and thermal energy of the plasma. The
toroidal flux that produced by the plasma is related to the
total perpendicular thermal energy of the plasma. This
diamagnetic flux is usually measured with the diamagnetic
loop. It is usually a single wire which circling the plasma
column either inside or outside of the plasma vacuum
chamber. Intrinsically this loop will also pickup the toroidal
magnetic flux from the toroidal field coil and any current
circulating in the poloidal plane, in particular toroidal field
coil current, eddy currents in the conducting vacuum
chamber induced during transient changes in the plasma
energy and plasma current. In other words, the diamagnetic
loop consist of a simple loop that links the plasma column,
ideally located in a poloidal direction in order to minimize
detecting the poloidal field. In cases of the ohmically heated

tokamaks (low beta) where the plasma energy density is
small compared to the energy density of the magnetic field,
the change in the total toroidal magnetic flux is small.
Therefore a reference signal equal to the vacuum toroidal
magnetic flux is usually subtracted from it, giving a net
toroidal flux equal to the diamagnetic flux A®;, produced
by the circular plasma. Relation between the diamagnetic
flux and the poloidal beta derived from simplified
equilibrium relation [3,6]:
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and where B, is the toroidal magnetic field in the
absence of the plasma which can be obtained by the magnetic
probe, [ » is the plasma current which can be obtained by
the rogowski coil, @ is the toroidal flux because of toroidal
field coils, ®, and @, are the passing flux through loop
due to possible misalignment between ohmic field and
vertical field and the diamagnetic loop and @, is the
toroidal field due to eddy current on the vacuum chamber.
These fluxes can be compensated either with compensation
coil or fields discharge without plasma. It must be noted that
compensating coil for diamagnetic loop is wrapped out of the
plasma current, and only the toroidal flux (which is induced
by the change of toroidal field coil current when plasma
discharges) can be received (see Fig. (2) and Fig. (3)). As
shown in Eq. (3) the diamagnetic loop signal contains two
parts, plasma diamagnetic flux and the vacuum toroidal flux.
So the diamagnetic flux A®, caused by plasma current can
be measured from the diamagnetic loop and compensating
coil using subtraction.

Therefore combination of the magnetic probe and
diamagnetic loop measurements give us the value of the
internal inductance:

i =2(A-p,+1). 4)

If we want to have a determination of the volume averaged

plasma kinetic pressure (p), it is can be measured directly
from the definition of the poloidal Beta:

< >_ Bg(a) _ 'uOI}Z?ﬂP

= = , (5)
r 2 1y 824>

where a is the plasma minor radius.
For measurement of the plasma thermal energy we start
from the plasma state equation:

Py =2 mti =3 5 =S ©

where subscript I indicate the plasma species i, and E
indicate the plasma thermal energy density, therefore the
plasma thermal energy U, and also plasma temperature is
obtained:

U:%[Za:naTa]V:%<p> v, (7)

7, =Y
3n,V

where » is the plasma volume. If we have the quasi
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neutral plasma density from the Langmuir probe
measurements, then we can find the plasma averaged
temperature from Eq. (7).

The plasma specific resistance in the steady state plasma is
can be written as:

2
1 4 a” v

P T TRy T, ®
)4 0%p

where o, is the plasma conductivity, r, is the plasma

resistance, and 7, is the resistive component of the loop
voltage (poloidal flux loop). Moreover for determining the
plasma effective atomic number we use the Spitzer relation
for plasma conductivity[6]:
1.9><104Te3/2’ ©)

o) InA

where In A is the Coulomb logarithm.

But most important of these measurements is the
determination of the plasma thermal energy confinement
time which defined by equation:

Zyy =

du U
d = Fohmic = > (10)
t T

where 7, is the plasma energy confinement time, and
Ponmic 1S the rate of input heating power. Rearranging Eq.
(10), the ohmic heating power is:

d(l o
Pommic =V&lp 75[5%’)'

(11)

If the plasma is in thermal equilibrium (£ =0,and /=0),
then from Egs. (7), (10) we have:
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Also if dU/dr is not negligible, then from Egs. (7), (10)

we have:
L_ 8RRy 20 Bp
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(13)

In the flat region of the tokamak plasma current, time
variations is very small and Eq. (12) is indefeasible.
Therefore according to above discussion we can find eight of
the mentioned parameters by the diamagnetic loop and with
helping the magnetic probe, Rogowski coil, poloidal flux
loop, and Langmuir probe (see Fig. (1)). Experimental
results for determinations of these parameters will present in
section 5.

Diamagnetic Loop
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Figure 1. Schematic Representation of the Our Measurements Procedure

4. Design and Construction of the
Magnetic Probe and Diamagnetic
Loop

In general the magnetic sensors (magnetic probe or
diamagnetic loop) works based on Faraday’s law and
measures component(s) of the local magnetic fields or
magnetic fluxes for use in plasma control, equilibrium
reconstruction and detection of plasma energy, poloidal beta
and MHD instabilities.

Magnetic probe consists of a coil in solenoidal form,
which whose dimensions are small compared to the gradient
scale length of the magnetic field. A total magnetic flux
passed through such a coil is ® 3 = n4B , where n is the number
of turns of coil, A is the average area of cross section of coil,
and B is the local magnetic field parallel to the coil axis (see
Fig. (2)).

The output signal from the magnetic probe or from the
diamagnetic loop is:
dZB =nAiTIj=nA ® B,

where o is the frequency of the fluctuations of the
magnetic field, the average area of the probe is determined
by assumption that the diameter of the coil is equal to mean
value d,, =(d;+d,)/2, thus: A=z (d;+d,)*/16

d, +d,
2

7= (14)

dl

Figure 2. Schematic Representation of the Magnetic Probe

We selected the frequency response of the magnetic probe,
22 kHz for this work and multi-purposes works for future.
Therefore we designed the probe in this frequency region.
Thus first input value for designing the magnetic probe is the
frequency response; the second input value is the sensitivity
of the magnetic probe, and third relation is the ohm law. The
coil resistance, coil inductance, winding turns of coil, length
of coil, and coil radius, are the five interrelated desired
parameters. Because of parameters multiplicity and relation
limitation, two of the five parameters must be obtained from
the three basic relations mentioned above. The first basic
relation which mentioned is the frequency response of coil:

. R R

j_L_Fnzr, (15)
where F is a constant which depending on the ratio of the
coil length / to its radius 7 (for r/I=2, F=.029 ) the

second relation is the famous ohm law:
R=pl/ A4, (16)
where 7/ and 4’ are the length of total wire which used,
and cross section area of the wire. The third relation is the
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sensitivity of the magnetic probe:
=|V;/B|=n4 . (17)

Therefore, we were inserted two desired sensitivity and
frequency response values and other three values were
obtained from above three relations. In order to calibration of
the magnetic probe, it must be insert into a homogeneous
magnetic field of known amplitude B and frequency wr
then effective value of the »4 will obtain. For this purpose
we insert the magnetic probe inside the Helmholtz coil.

The homogeneous magnetic field between the Helmholtz
coils is:

(18)

where 4, n, I,and a are respectively, the permeability
of the free space, number of turns, current and radius of the
Helmholtz coils.

In the IR-T1 tokamak, an array of four magnetic probes
were designed, two magnetic probes were installed on the
circular contour ' of the radius »=16.5cm in angles of
0=0 and 6=r to detect the tangential component of the
magnetic field B, and two magnetic probes are also
installed above, 6=7/2, and below, 6=37/2, to detect the
normal component of the magnetic field B,, as shown in

Fig. (3).

B=071540"
a
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Figure 3. Positions of the Four Magnetic Probes on the Outer Surface of
the IR-T1 Tokamak Chamber
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Figure 4. Positions of the Diamagnetic Loop with its Compensation Coil
on the Outer Surface of the IR-T1 Tokamak Chamber

After measurements (By) and (B,) from magnetic
probes, and 7, from rogowski coil and substituting them in
to Eq. (2) Shafranov parameter were obtained. Design
parameters of the magnetic pickup coils present in Table 2.
Diamagnetic loop and its compensating coil also were
constructed and installed on the IR-T1 tokamak (see Fig. (4)).
Diamagnetic loop characteristics are also shown in Table 2.

Table 2. Design Parameters of the Magnetic Probes and Diamagnetic
Loop
Parameters Magnetic Diamagnetic
Probe Loop
R (Resistivity) 33Q 100 Q
L (Inductance) 1.5mH 20mH
n (Turns) 500 170
S (Sensitivity) 0.7mV/G 0.5V/G
f (Frequency 22kHz SkHz
Response)
Effective n4 0.022 m? 16 m*
d (Wire Diameter) 0.lmm 0.2mm
d,, (Coil Average
Radius) 3mm 175mm

S. Experimental Results and
Comparison between Them

We used the circuit as shown in Figures (4) and (5), for the
measurement of induced voltage 7;(r) in the magnetic
probes and in the diamagnetic loop:

Licnagnetic Loop
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Figure S. Electric Circuit for Diamagnetic Loop and its Compensation
Coil
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Figure 6. Electric Circuit for Magnetic Probe
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As shown in the Fig. (6), () is the current in the
magnetic probe circuit and ¥, (¢) is the coaxial cable output
signal. The application of Kirchhoff’s voltage law for this
circuit yields the following equation:

Ly MJr (s + 1)) =Vi(0)
dt

(19)

where r, is the probe resistivity and #, the cable
resistivity and Z; probe self-inductance. This expression is
valid if the frequency of the interest signal @, is much
smaller than the natural oscillation frequency of the coil
(resonant frequency) o, =1/,/L,Cs . In this case, and since
C,k 1is smaller than C,, the capacitive reactance 1/a(C, +C,)
is greater than the inductive reactance L, , such that for
practical reasons the sum of the capacitances can be
neglected. These conditions are satisfied in the measurement
system composed of the magnetic probes or diamagnetic
loop.

From the circuit of Figure (6), we have:

Vo= 1) (20)
Also from the circuit of Figure (5) we have:
Vo) =—"<—V,(0)
o 21)

So, the integrator output ¥#,(¢) of Fig. (6), is given by:

e 1 [, - : 22
Vo(;)frcws RCIV,(t)dt kJ.Vl(t)dt, (22)

where, RC is the integrator time constant and Eq. (22) is
the integrated output of the probe signal. Moreover 7; is the
inductive voltage supplied by each one of the magnetic
pickup coils or diamagnetic loop, where installed around the
vacuum chamber of the IR-T1 tokamak.

In the case of the magnetic pickup coils the magnetic field
can be obtained from:

(23)
And in the case of diamagnetic loop, diamagnetic flux can
be obtained from:
|
()=o) (24)
Results present in Tables (3), (4) and Figs. (7), (8), (9),
(10).

Table 3. Plasma Parameters at t=15ms in Target Shot which Determined
based on Rogowski Coil, Flux Loop, Langmuir Probe, and Magnetic Probes
Plasma Parameters Values

Total Discharge Duration 35 (ms)
Plasma Current 30500 (4)
Input Heating Power 109.34 (kW)
Plasma Density 12x10'% m™3
Toroidal Field 0.82 (T)
Loop Voltage 3.585 (V)
Shafranov Parameter A 0.4700

Table 4. Eight of the Plasma Basic Parameters at t=15ms in Target Shot
which Determined based on Diamagnetic Loop

Plasma Parameters Value
Poloidal Beta 0.9998
Internal Inductance 0.9404 (H )

Plasma Averaged Pressure 947.8359 (Pascal)

Plasma Averaged Energy 197.1271 (Joule)

Plasma Particles

Temperature 136.8323 (eV)

Plasma Ohmic Resistance 0.11754 (mQ)

Effective Atomic number 3.6505
Plasma Energy 18 ( )
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Figure 7. Diamagnetic Loop Method for Measurement of Poloidal Beta:
(a) Plasma Current, (b) Toroidal Magnetic Field, (c) Plasma Diamagnetic
Flux, and (d) Poloidal Beta along the Plasma Current
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Figure 8. Combination of Diamagnetic Loop and Magnetic Probes
Results: (a) Plasma Current, (b) Internal Inductance obtained by Subtraction
of Poloidal Beta (c) from Shafranov Parameter (d)



Journal of Nuclear and Particle Physics 2011; 1(1): 10-15 15

=
1

(d) Piasma Patticle
Temparaiurs (e V)
EE

%} Flasma Energy
Confinement Time (s)
= 3 8

(b) Plasma Average
Energy (Joule)
- 2 8

fa) IofA)

tms)
Figure 9. Diamagnetic Loop Measurements Results: (a) Plasma Current,
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Figure 10. Diamagnetic Loop Measurements Results: (a) Plasma Current,
(b) Plasma Pressure, (c) Plasma Effective Atomic Number, (d) Plasma
Resistance

6. Summary

Diamagnetic loop with its compensation coil and also an
array of magnetic probes have been designed, constructed,
and installed on the IR-T1 tokamak. The poloidal and radial
components of the magnetic fields and also diamagnetic flux
signal obtained. Then from value of A which obtained
from the magnetic probes, and the poloidal Beta which
obtained from the diamagnetic loop, the value of internal
inductance [, were obtained. And also by measurement of
plasma energy with diamagnetic loop and by measurement
of plasma density with Langmuir probe the value of plasma
temperature were obtained. Moreover, plasma pressure,
plasma resistance, plasma effective atomic number, and
plasma energy confinement time is also determined from the
flux loop and diamagnetic loop.
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