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BASIC EQUATIONS

The electromotance or voltage e (- Ne = E, the eectric field
intensity) in Voltsinduced in acircuit equals the rate of change of
flux N in Wbs1:

_dN
T

I.e
SExdl =- 9 5.BondS
9 dt@‘s

Caoail

voltage
produced

across
leads
Contour |

Figure. The contour | and surface S of a pick-up coil.

To obtain the required B the coil output signal must be integrated.
This is performed passively with a resistance-capacitance circuit,
with active integrators, or numerically on a computer after
digitizing the data.
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Integration

The time integration required to obtain the magnetic field B from the pick-up coil output e can be
performed either digitally or by an analog circuit.

W

€in E— out

Figure. A passive “WC” integration circuit.

The simplest thing to do is to use a capacitor (C) and resistor (W) network, as shown in Figure.
The output voltage is given by

deout , Eout _ &n
at t t

witht = WC called the integrator time constant. The solution to this equation is
0
Cout = € }/f / em(t )_

For example, suppose at t = 0 we start an input voltage e, = gno Sin(wt), so that the required
integral is eint = ano (1-cos(wt))/w. The output from the passive circuit is (obtained using
L aplace transforms)

sm(wt) wt cos(wt)

eOUt_emoge}’(ﬁ(wt) ) Lra?) o

Now consider two extremes. First, if wt >> 1 andt <<t we have

Cout = % (1- cos(wt))

That is, egyt = U/t timestherequired integral. In thislimit we have integrated the input signal.
If wt <<landt>>t, then egyt = gn.
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As an example, we show in Figure the output from the passive integrator (“integrator output”,
dotted line) for a sinusoidal voltage input of 1V at a frequency of 100 Hz (“coail input”, solid
line), with an integrator timet = 0.1s. The exact integral (“field”) divided by t is shown as the
broken line. The integral is only performed accurately for timest << t; as the pulse proceeds
there is a “droop”, and significant errors result. We can imagine the curve “field” represents a
specified magnetic field time history B = Bg(1-cos(wt))/(wt), with Bg = t/(nA) T, and B/t is
plotted. The curve “coil output” represents the non-integrated output from a magnetic pick-up
coil with area nA m2, (n turns each of area A), which becomes the input voltage to a passive
integrator e, = sin(wt). Finally the curve “integrator output” represents the output from the
passive integrator, which we would interpret as the original magnetic field.

A common situation is that the required signal from the pick-up coil has a low frequency
component of angular frequency wo, and superimposed upon thisis a higher frequency unwanted
“noise” signal of angular frequency wq. By carefully choosing the time constant t of our passive
integrator so that wot << 1 (egyt = €jn) but wit >> 1 (integration) we filter the noise, leaving the
required slowly time varying voltage. As an example, Figure shows the passive integrator output
€out (dashed line) for an input voltage gn, (solid line) comprising aslow (wp = 10rsL, gng=1V)
and fast (wy = 2x103rs'1, gin1 = 0.2 V) component. The time constant t = 0.01 s, so that wgt =
0.1 (<< 1) and w1t =100 (>> 1). The output voltage is filtered, as required. The dashed line
shows the exact integral divided by t, for comparison.

Figure. Theinput (“coil input”, solid line) sinusoidal voltage with f = 100 Hz and output
(“integrator output”, dotted line) of a passive integrator circuit witht = WC =0.1s. The (exact
integral)/t is denoted by “field”, the broken line.
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Figure The output of a passive integrator circuit used as afilter. Aninput voltage (solid line)
with summed sinusoidal voltages is smoothed to give the dash-dot line. The exact integral
divided by t = WC is shown as the dashed line.

A more common system to perform the time integration is an active integrator, but in many cases
an input filter consisting of a passive integrator is still used. Active integration is performed
using a circuit such as shown in Figure; the output voltage e,, =—— (g, dt. The example
shown grounds one side of the coil. A useful feature shown is the integrator gate, which defines
thetime t; the integration starts. On tokamaks this gate is often used to help reduce errors from
misaligned pick-up coils. For example, tokamaks have alarge toroidal field and a much smaller
poloidal field. Therefore if the pick-up coil used to measure the poloidal field is misaligned even
by a small amount, the resulting component of the toroidal field which is picked up (as dB/dt)
can be significant. However the toroidal field usually evolves on a much slower time scale than
the poloidal field, and in fact it is usualy time independent at the time the poloidal field is
initiated. Therefore the integrator gate can be opened when the toroidal field is time
independent, and therefore the induced voltage in the misaligned pick-up coil is independent of
the toroidal field.
Integrator gate —

B
e—\/W Eout

1

—

Figure. An activeintegrator circuit.

If the data is digitized, integration can be performed numerically. Sufficiently fast systems now
exist for “real time” integration; the integration can be performed in ns so that integrated signals
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suitable for real time feedback control can be obtained. A p bit digitizer has a resolution of 1
part in 10P, e.g. an 8 hit system has a resolution of 1 in 256, while a 10 bit system has a
resolution of 1 part in 1024. This can be a limitation if we intend to investigate large but low
frequency magnetic fields in the presence of small, high frequency fields. An exampleisthat of
trying to measure the equilibrium poloidal field in the presence of Mirnov oscillations. The
pick-up coil output is dominated by the voltage produced by the time derivative of the small but
high frequency component. Avoiding saturating the input by the higher voltage, high frequency
component means that the resolution of the low frequency fieldsis now restricted. If we want to
use the full capability of the digitizer in recording the lower frequency fields, then the solution is
to filter the signal and only alow frequencies below a certain value to be recorded, i.e. use the
analog filters described above.

Intuition suggests that if a time varying wave form is sampled sufficiently fast then the original
wave form can be recovered. However, we must determine how close the samples must be, and
how to interpolate between adjacent points. The sampling theorem provides answers to these
guestions. An original signal x(t) can be recovered from sample values x(nts), with ts the sample
time, by locating sinc functions at nts with amplitudes x(nts). The signa x(t) can only be
recovered if the signal bandwidth b £ f¢/2, with fs the sampling frequency = 1/ts. If thisis not
done, aiasing occurs.

If b > f4/2 then the high frequency signal can appear as a low frequency signal. The fact that
spoked wheels in films sometimes appear to rotate backwards is a manifestation of aliasing.
Aliasing can be avoided using a passive filter to remove the high frequencies f > f42. For
example, sampling at 5 kHz (i.e. a sample every 0.2 ms) then an “anti aliasing” filter witht = 0.5
ms can be used.
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ALTERNATE MEASUREMENT TECHNIQUES

Other techniques (than pick-up coils) are used to measure magnetic fields. The most common
aternative is a Hall probe, shown in Figure A semiconductor is placed in a field B, and a
current | driven perpendicular to B. The current carriers experience a Lorentz force, producing a
charge build up in the direction perpendicular to both B and I. The resulting charge build up
produces an electric field which cancels the magnetic force. This electric field is measured by
electrodes. Discovered in 1879 in Johns Hopkin University.

up perpendicular to B
and j. Measure E.

1 B l //J' Drive j. Charge build

7

Figure. A Hall probe.

warreml -

Assume electrons move inside flat conductive strip in B field. Then

V, = hiBsin(a)
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i is current, h is efficiency which depends on geometry, temperature, area. Theoretically the
overall efficiency depends on the Hall coefficient, the transverse electric potential gradient per
unit B field per unit current density.

L5 LA
- .\!_,"'*-r
o=

=

Problems:. susceptibility to mechanical stress, and temperature (of resistors).

Faraday Effect

It has also been proposed to use the magneto-optic effect (the Faraday effect) in fused silica
single mode optical fibers to measure magnetic fields, and the electro-optic (Kerr) effect to
measure electric fields. The Faraday effect is the consequence of circular birefringence caused
by a longitudina magnetic field. Circular birefringence causes a rotation F of the plane of
linearly polarized light, given by

F=V.gH-d
|

around a contour |. No time integration is required. The Verdet constant V¢ » 5x10-6 radA-1 for
silica. Thusthe rotation must be now measured.

Another approach is to coat a fiber with magnetostrictive material and measure the strain effects,
with the fiber as one arm of a Mach Zender interferometer.

The Compass.

Chinese 2634 BC, magnetite suspended on silk.

Flux gates

Intended for weak fields. See B-H curve below.
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An applied field H to the core induces amagnetic flux B = mH. For high B the materia saturates
and misvery small. Thereishysterisis, and the path is different for increasing and decreasing H.
When the core is not saturated the core acts as alow impedance path to lines of magnetic flux in
the surrounding space. When the core is saturated the magnetic field lines are no more affected
by the core. Each time the core passes from saturated to unsaturated and backwards, there is a
change to the magnetic field lines. A pickup coil around the core will generate a spike. Flux
lines drawn out of core implies positive spike, lines drawn into core, a negative spike.
Amplitude of spike proportional to intensity of flux vector parallel to the sensing coil. Pulse
polarity gives direction.

Core must be driven in and out of saturation by a second coil. The excitation current will
induce a corresponding current in the sensor coil, but this can be alowed for.

i Ciil sease Ciil

A better approach: position excitation coil so that it will excite without affecting sensor coil. i.e.
excite flux at right angles to axis of sensor coil. Use toroidal core with drive winding and a
cylindrical sensor coil..
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Sensnive A

Dirwe Coil || J LOT e il

EXPERIMENTAL TECHNIQUES

Coils winding

The rogowski coil is simply made by obtaining a delay cable, and returning the wire down the
center of the delay line (to ensure no net single turn is left). More complicated coils must be
made by using variable winding densities (i.e. changing the pitch) or varying the cross sectional
area of the former on which the coil iswound.

Interference suppression

Electrical equipment designed to produced RF energy such as generators, and switching
phenomenain electrical circuits, create RF spectra which must be contended with.
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Figure. Anillustration of interference paths and suppression techniques.

The sources of interference are illustrated in Figure. The interference propagates either down
lines (cables) or by direct radiation. If the wavelength islarge compared to the dimensions of the
interference source only minor radiation will result, which is mostly found along the lines. This
is the case for frequencies up to 30 MHz. When the dimension of the interference source is
about that of the wavelength the interference energy will travel by radiation. The dominant
frequencies are those where the interference source are 1/4 or multiples of it. Favorable radiation
conditions imply reduced line propagation (because of increased line attenuation) . Therefore the
two propagation paths, comprising direct and capacitive or inductive coupling, suggest two
means of suppression, either line attenuation or de-coupling attenuation. Line attenuation is
effected by filters. De-coupling attenuation is effected by the construction of the sensor coil and

the associated connecting lines.
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A common problem with probes is capacitive pick-up. To test for this pick up on simple sensor
coils, two identical and adjacent coils can be connected in series. Depending on the orientation,
the signal obtained should be twice that measured with a single coil, or zero. If the coils
connected in opposition do not give a zero signal, then capacitive coupling effects should be
considered as a possible source of error. Capacitive coupling can be over using a grounded
screen or can around the sensor.

Screened rooms

The requirement is to screen aroom in which a sensitive measurement is being performed
from external interference, or to accommodate apparatus which radiate interference in a screened
room to keep the surroundings free from interference. The basic method is to use cages of wire
mesh, or metal sheet. Both electric and magnetic field components must be considered. Units
used for effectiveness are the decibel :

&’ Bnoscreen 9
SE, B '

withscreen 2

s= 20log

and the Napier

! oscreen .

@
S= Ing EB.. &
The wire mesh works to screen electric fields because the external flux lines mainly end on the
mesh. The effectiveness depends primarily on the size and type of the mesh. Magnetic
screening is effected by induced currents;, DC magnetic fields are not screened, and low
freqguency AC magnetic fields are only poorly screened by non magnetic materials. With
increasing frequency the magnetic shielding improves and approaches a finite value. Double
screens, insulated from each other except at one point, improve the screening. These rooms work
well to 20 MHz. Above this the screen room size can equa the cage dimension, causing
resonances.

Sheet metal rooms have better screening properties than double walled wire mesh, but breathing
is a problem. The screening against electric fields is ideal since no flux can penetrate. The
screening of the magnetic component improves with increasing frequency due to the skin effect.

Honeycomb inserts are also used. The grids are wave guides (with the frequencies considered
below cut-off), the screening effectiveness of which depends on the ratio of depth to width of the
honeycomb up to cm wavelengths. They are used for 100 kHz < f < 1000 MHz.
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Misaligned sensor coils

Typical tokamak requirements include the measurement of poloidal fields in the presence of a
much larger toroidal field. A small misalignment of the coil will then introduce unwanted field
components. There are a number of solution to overcoming this problem

a) subtract data obtained with only the (unwanted) field component by energizing only
the offending windings

b) make use of the differential nature of a pick-up coil signal. For example, consider the

dB_, . .
toroidal field to be the offending field, so that the pick-up coil measures %? = ‘g’t‘"d‘“ + dBt:j’;"da‘ .

If the toroidal field is almost steady state (d/dt » 0) during the times of interest, then the differential
signal during thistime is approximately that required (i.e. from the poloidal field component only).
Therefore the temporal integration should be started as | ate as possible.
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PLASMA CURRENT (The Rogowski coil)

The transient plasma current generates a voltage e in a coil of
uniform winding density of n turns per unit length and area A

di
e= nAAm)E

from which Ip is deduced after signal integration.

Note a center return should be used to avoid unwanted induced
voltages from for example a changing toroidal field.

Figure 2a. A Rogowski coil Figure 2b. Coil placement
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LOOP VOLTS, VOLTS PER TURN, SURFACE VOLTS

Measure e = 2pREf = dY /dt around the plasma on contour 1 (e.g.

vessel). Poynting's theorem for the poloidal fields alone: & B =nj,
R E=-1]”—I?, multiplying these by -E and B/m add, and write

poloidal component:

e 2 0
Te p LR o Bp
+N - GE” -+ =0
Integrating over the volume V defined by rotating the contour I around f :
0
Tebls:,

dV— dl

(using V- (E” B,)av=QE, " B,)- dS, =¢PpRE B,dI)

L is defined by (Lilp2)/2 = qBp2/(2nmp)aV, i.e L j.

Ohmslaw |-B = s ||E-B, assume |Bf 0-Bf | << Bf g so that Ex = j¢/s)|, gives
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For example, suppose the contour is acircle of radius ay, and

Vd

€
e= eogl+ a encos(nw)
n

NN/

| €
=10P& 4 41, cognw)

& 20a &

CNCNC/

& 0
Then (6}=60%1+a| nenx
N o

Li for a"straight" circular tokamak, radius ay and contour radius ay is

Lj » erRpgn a—:+—£§
. 0

noli/(4p) is the inductance per unit toroidal length inside the plasma.

<«

volts per turn

contour
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DEDUCTIONS FROM LOOP VOLTS

Average plasma conductivity <s>:

2
2pRpIF2) )¢ q a?_i | %9
——— = o—dV =Ip{e)- —g—;
papis) VS|l tg 2 5

Conductivity temperature Ts:

Zeff In(L g)

Then Ts is defined as that temperature which gives a Spitzer conductivity (with Zef
= 1) equal to the average conductivity <s>.

The Spitzer conductivity is

s =1.9” 104

Average “skin time”:

prpsa
16
Energy confinement time tg
W :3rr0b| Rp :3nbb|a%(s> tE »b)
Poh 8Wp 16 t skin

Uskin =

tg =
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CIRCULAR LOW b LARGE R/a EQUILIBRIUM

Use the coordinate system (r ,w,- f) based on a circular contour
centered at Rj.

z
A . vesse vessel
V‘
w
AR [ Ny

__ R \ - |
plasma

Dg
Center of outermost plasma flux surface (the geometric center) is
at R1+Dy. For r > ap, the plasma minor radius, and taking Dg/ap
<< 1, we obtain:

2
Rl ‘ol a 2R|D
Y _m ngg@ﬂo 6 Mo IOAl _p_(l_+ )+|naer A gucos(W)
25 4p % 2 éapﬂ r2 g

z 2 .. ~
| ln & 350 . e, 0 2RDg Y
vt = 102 U0 B o 000 200,

2pr 4qu§ 2% apg r2 4
5 2 u
1,8 a5 o « @& 0 2RDgY
B (r W)z_MAl__pﬁJr}an r 2 Rlzgusin(w)
4paé r P 29 gapg r H
|
L :b| +—-1
2
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Figure. Flux contoursfor a (badly drawn) circular plasmawith geometric center 0.06 m outside

the coordinate center, mi

nor radius 0.265m, L = 2.

T plasma
0.3 s contribution
— 0.2 o
o
- .-_.__.-"'
e o.1 | tota external
- flux
_-"".-
o.g 0.6 1.2
-0.1
-

—0.2 e
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edge from external

sources

Figure. The external poloidal flux y =Y /(2p) in the plane z = 0 for a plasma with minor radius
& = 0.2m, amajor geometric radius Rg = 1m, current | = 1/mp, and L = 2.
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Figure. The field components By and Bg on a contour with minor radius 0.3m placed outside and
concentric with the plasma described in previous Figure.
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POSITION AND by + Ii/2 FOR A CIRCULAR EQUILIBRIUM
Bw and saddle coils

Figure 4a. Saddle and Bw coils Figure 4b. A plan view of poloidal flux loops

Y1-Y -
Bn = Y1- Y2 _Y1-Y2

4pR|b 2Rb
_ NE 0 L
BNZ 3N1+B,\ :méln?ﬂ++bl +|_|_1Q
2 2pR & ed,g 2

D 220 ®p0 @& Z200
9= o & g+|ng b++ 0.591- P
b 2R&Db°g éaps & bgy

Iterate to obtain Dy and ap, and L = by + |i/2-1.
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MODIFIED ROGOWSKI AND SADDLE COILS (FIELD
CHARACTERIZATION)

We characterize the tangential (subscript t) and normal (subscript
n) fields on acircular contour of radius al using a Fourier series.

e v
By = B ‘—|§L+él n cos(nw) +dp sin(nw)u
2pa g
m! & y
By =Bp=——8& kpcos(nw)+npsin(nw)u
F n 2pa| @n " 9|

A modified Rogowski coil (nA p cos(w)) can be used to measure
the part of Bw(r ,w) proportional to cos(w), and a saddle coil
(width p sin(w)) used to measure that part of By (r ,w)
proportional to sin(w).
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We can measure the components either by performing a Fourier analysis of the data from a set of
individual coils measuring Bn(w), Bt(w), or we can construct integral coils which will do the job
directly. For example, a "modified Rogowski coil”, or “cosine coil”, whose winding density
(number of turns per unit length) na = ngcos(nw), each turn of area A, will give a signa which,
when time integrated, is proportional only tol

e:-—‘B-ndS):-g

S

_)__

iB. (w)nA(w)athN)g

— d 2 U
=- —pﬂl %COS(nW? a sm(ﬂW)HfLCOS(nW) dwt;
d

The elemental area dS = npAdl, the unit length dl = gdw, and ng is the unit normal to the cail
area. That is, the only contribution to the space integral comes from the term cos?(nw), because
(‘%zpcos(nw)cos(mw)dw = p if m = n, otherwise = 0. If the winding density is proportional to

sin(nw), the time integrated output is proportional to d,. To obtain the coefficients niy and kp, we
must wind a “saddle coil” with ny, turns of width w varying as sin(nw) or cos(nw), so that for a
"sin” saddle coil w(w) = wq cos(w), and

e=- 9 dB(w)an(w)adw)g

W,
A
In this case the elemental area dS = nywdl = nywadw, the time integrated output provides the
coefficient m Figure shows a cosine coil which measures | 1. Although it is not illustrated, a
center return wound inside the Rogowski coil should be used. Figure shows an unfolded “sin
saddle coil” measuring m. Of course, we cold also use an array of coils placed on a contour,
measuring independent By and Bp, at different positions (different w) and construct the required

integrals.
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From these two coils we can obtain the two unknowns L and Dy,
assuming ap.

Iterate to obtain L, Dg and ap.

pitch changes

‘width' changes
sign

A modified Rogowski coil . A saddle coil
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MOMENTS OF THE TOROIDAL CURRENT DENSITY

Let fields q and g satisfy the equation

1., ~Ry0
— (N =N¢=+,
m( q) -
S0 that
N"(N"q)=0
Then
BO
o jdv = oq.cN”™ —=dV
V V me
e ag, 6 g ., U
= ofN- ¢ g+ (N7 g)uv
Ve M g m u
e o) _ay0u
= 0eN EEE g++B N@+’V
vé €em g emgy(]
: 0 0 u
= ¢ B q+-n+a@+B-nCdSn
s, m g mg U

This has not invoked axisymmetry. Now let g = fNf (which has

a component only in the f direction, g = f/R) and consider
uniform permeability np.
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Then we can write an expression for the "multipole moment"
Y m of the toroidal current density

1 . 1
Ym = = ofmif d§ :—Iﬁ(met + RgmBn)d
Ps ip|
where, from
1

—(N"q)= r—f@ %er §= N?—JS,

fm and gm are various solutions of

fg_ 1%
TR Rz
fg_119t
1z RIR

Remember that Nx(Nxq) = 0, with q = fNf = eff/R, so the
equation for f is

°f 19 1°f
—- -t =0
iR RIR gz
That is, f isa solution of the homogeneous equilibrium equation

and g is a solution of Laplace's equation. Of course, the trick is
to find useful expressions for fm (equivalent to Qm) and gm.
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An important point about the method of multipole moments is
that the results obtained are sensitive only to currents flowing
within the contour | (including vacuum vessel currents if the
measurements are made outside this).
equilibrium fields, or just the plasma fields, can be used. The
plasma fields can be calculated if external conductor currents are
known. Using just the plasma fields alone may have advantages
in terms of requiring fewer moments to accurately describe the

data
symmetric
fo =1
go =0
e 0]
fl = X(;1+L+
e 2R.p
g =2
Re

chapter 3
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asymmetric
fo =0
go=-1
D
e 0
fl = Zgl+l+
e Rog
x & x 0 72
—c{‘1+—++—2
Re 2Rg R

Thus either the tota
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Rectangular geometry:

Z
A
< >
> R P

o
Relate plasma (@S) coordinatesto fixed (al) coordinates
through a plasma displacement Dr, D;:

X=X+Dr,h=z+D;, Re=Rj +Dr, R=Rc+ X =R + X.
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PLASMA POSITION

Define the current center to makeY 1 = 0:

7

ese ) 20 u
Q‘)%X- DR+(X DR): +Mh8nl;t"
' 2R g Re H
e u
'@éﬁ( ,Bndl =0
|€ u

I.e. the current channel displacement is:

DZRO

Dr=Dro+DRr1- ===

2R
1 € U
Dro =—— S(xB; +hBp)dIL
'p§ b
1 éaex2 hx 9 &
Dr; =—— 9&— B +— Bpdll
Ip §&2 P

Therefore the position is measured with a "modified Rogowski
coil" whose winding density times cross sectional area varies as x
+[x2/(2R1)], and a saddle coil whose width varies as h+[hx/R] ]-

Alternatively the integrals can be constructed from discrete local
measurements.
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Circular geometry (x = agcos(w), h = agsin(w), neglecting x/R1,
then first coil is a"cos Rogowski", second term is a"sin saddle".
|.e. position given by Fourier components

DR”%(' 1+m)+

2 . 2

Y ae. 1o, 0 9
—< 4 n‘Q_ -

2
ﬁgl-'_ 5 : ﬁ(|1+m|_)
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PLASMA SHAPE

Using higher order moments we can obtain information on the
plasma shape. For example, Y2 determines ellipticity and Y3

determines triangularity.

That is, with the Rogowski coil measuring Ip and either modified
Rogowski and saddle coils, or single point measurements of Bn
and Bt suitably combined, we can construct Y2.

If we want to use modified Rogowski and saddle coils, then to
obtain Ip, DR and Y 2 takes atotal of 5 coils.

For acircular contour, and ignoring toroidal effects,
2

Vo= D+ D+ (1)
To interpret the moments it is necessary to assume a plasma
current distribution; because the moment is an integral of the
current density over the surface Sf, there is no unique solution for
the boundary shape. e.g., consider a uniform current density and
a surface described by an ellipse with minor and magjor half width
and half height aand b. Then

2

ka

Yo »- —
2> 5
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by + 1j/2

Other integral relationships including the constraint of
equilibrium have been obtained:

L
by + 2p L+

nﬁRchlpr{( 2 Brz])rn er - 2B Bprt - er]RdI

$p = o[(Bt Bn)n ev- 2B Byt - e\/]RdI
”*t2>' pl

r = [(R-R1)2+z2]1/2 is distance from R| to the contour, x = R -

RI.

If contour is plasma surface (see 'fast reconstruction’) then Lj = [j,
Bn =0, and equations for s1 and s2 are simplified.

s1 = 1 for acircular discharge.

Because relationships involve squares of fields, we cannot design
modified Rogowski and saddle coils to make the measurements.
Instead we measure Bn and Bt at discrete points along the
contour, and then construct the required integrals. For circular
plasmainside circular contour,

L
by + =1+ (1 +m)
a
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SEPARATION OF bj AND Ij
For non circular plasmas there is another integral relationship,
which provides the parameter §,(2p+BzZ2/n0)dV in terms of a

measurable contour integral. If the volume averages <Bz2> and
<Bp2> are different, as is the case for non circular discharges,
then this measurement allows the required separation.

For near circular plasmas, we must estimate Lj separately. For
example, for the ssimple circular low beta equilibrium we can take
amodel current distribution

jf o(r) = jo(1-(r/g)2)a

Then li = Li-In(all/ap), with |i given as a function of a = (qa/qo0
-1). By assuming q0 = 1 we can then estimate |j, and make the
separation.

Or we can make a diamagnetic measurement.
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DIAMAGNETISM

During formation inside a magnetic field the plasma particles
acquire a magnetic moment m:

_ . o B&VOTaWO
m = Areagrpit lorbit _pg\ﬁfa Z_DE

Since w = gB/me, we have

2
m = eV
2B
adding up to atotal magnetic moment
M =nm&

per unit length of column with cross section Sf and a number
density of n  Supposing cylindrical geometry the elementary

currents cancel within the homogeneous column, leaving only an
azimuthal surface "magnetization' current density js:

where pr = nkpb(Te + Ti)~, kb is Boltzmann’'s constant. The
toroidal field will be modified.
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The associated flux from this surface current can be calcul ated:
—nal _~2 My _..2 1D -
DF =pa =pap—= | =pap — 2
papDB =p P 2pR p P 2R PRis
np

_ 2 pA _ 2 pA
= Y onpE - Lkl
Pap 5 r2PR g =AM,

Using the definition of by, we then have

2
DF _B!p21
8pB

Macroscopic picture

L et us consider atoroidal device with no toroidal current plasma
current, i.e. a stellarator, in which the necessary rotational
transform is produced only by external conductors. Starting
with the radial pressure balance, with pr = 0 at the plasma edge,
and approximating the torus by along cylinder, then

dpn

?:Jfo
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integrating over the minor radius (r = 0 to ap) gives

ap
pr =- B ojg(r)dr
I

and
1 9P B ‘P 9
<p/\>:—2 0Zppardr =- — o2prdr gjq (r')dr
Pap 0 Pap 0 r
B P o P 5(r).
= 1 pr2ig(ndr=-Br o g (rek
Pap 0 0 Pap

Thenjse = q)apS(r)/(papZ)jq(r)dr IS the effective surface current

density at the plasma edge as a consequence of the finite plasma
pressure.
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Paramagnetic and diamagnetic flux

Outside the plasma the toroidal field has the form Bfe =
Bf O(RO/R), with Bf Q the value at a fixed radius RQ. This
toroidal field, together with the poloidal field, takes part in
balancing the plasma pressure.

We need an equation relating fields to pressure. Substituting
N B=np)j into Np=j B yields (using

2
B"(N" B)= NZB (B-N)B)
e BZC') B

NGp+ B-N)—
é Z’TDQJ( )”D

For astraight axially symmetric system (/fz = 0) we obtain
2 20 2
+B B
f 9p+L:L =)
T 9 2m B rnp
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Multiplying each side by r2, letting u = r2, du = 2rdr, dv =
19r()), v = (..), we obtain by integrating by parts (audv = uv -
vdu)

& g2,g20% g@ g2,g20 ap2
rzgp+%1; - ‘gp+8224{2rdr=- o—rdr
e 0 o Oe 0 4 00

l.e.,
ae 2, r20 3
BS + B< ¢ ae Rp20
gp+22_CL: = iz c‘)ép+28—212prdr
& e g -, Pa0 Mo g

That is, ignoring curvature and equating Bz with Bf, the
pressure balance constraint is

/n\ = R2 2 [r2\
2o\ P/ Bqa+|31°e \5/

where Bf is the toroidal field inside the plasma, Bf e Is the
toroidal field outside the plasma, and <..> means an average over
the plasmaradius.
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In atokamak Bf e ~ <Bf >, so that

2 2\»2 _ZBfedF
Bo- \Ef Bfe\Bfe Bf/ pap
where
dF =paf(Bfe- Bt )
Then

., PBr edr

g%

Paramagnetic: dF pD=-

! p
P
8B e
Diamagnetic: dF g =-dF pb

In a torus curvature must be accounted for, corrections with
coefficients (a/R) appear. For b| << R/a these corrections are

small. For non circular cross sections the generalized pressure
moments show that bl = s1 + 8pBf edF /(DI p)2

bl > 0 means dBf 2/dr > 0, and b| < 0 means dBf 2/dr < O.
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DIAMAGNETIC MEASUREMENT

dF ~ 1 mWb, compared to typical vacuum flux Fy = 1 Wb
enclosed by same loop. Therefore measurements to better than 1
part in 104 to get 10% accuracy in values of b.

plasma
Toroidal Field Coil ? Vessdl
— Diamagneti o loop 119P 2
loop e )
~ Compensating
coil
Figure 5a. Diamagnetic loop Figure 5b. Two concentric diamagnetic loops

and compensating coil

Two toroidal flux loops, at different minor radii. The two
concentric loops have radii b1 and b2, and R1 isthe major radius
of theloops. Then, with Bf e = Bf ORI/R,
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¢ 1u
F ()= 20RBr 0 QR - (R - )2+ oF
e o

dF =F (by)- K(F(by)- F(by))
(o b JR-BIHRE-B
D5-bf R+ [RE+D]

integrator gate
plasma

I diamagnetic loop /
compensating coil W
| /\/\/
L S >_
balance resistor
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FAST SURFACE RECONSTRUCTION

August 3, 1997

region 2
Stvacuum

.~ "Contaur
. I Tea.

region 3
St coils

region 1

Figure 6. Boundary regions

To find plasma boundary we must know y (R,Z) in region 2

a) fy/fn (i.e. Bt) and either {y /it (i.e. Bn) or y on part of 1
(spec. fy /it is equivalent to spec. y to within an unimportant
constant after integration). Cauchy condition.

b) currentsinregion 3, and either fy /qn, {ly/ft ory on 1.

Usually use an apparently over determined problem, e.g. al

currents, Ty /fin and iy /fit on 1. In fact thisis not so because we
only have the fields at discrete points, and the boundary
conditions are applied in aleast squares sense.

Various representations for plasma current (hence y plasma) have
been used. Generally the coefficients in an expansion are altered
numerically to provide a minimum "chi squared" between some
measured and computed fields or fluxes.
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EXAMPLE OF FAST RECONSTRUCTION

11—

Eimd

I NN —
02 o3 04 Rim

A full reconstruction (equilibrium).
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MIRNOV OSCILLATIONS

resonance 1

=T
Q—nl

Magnetic idands play a role in determining transport. Thelr
spatial structure is approximately of the form exp(i(mg+nf )), and
they are located at surfaces where g = m/n.
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In terms of the Fourier coefficients of the radial component of
perturbing field brmn at the resonant surface rmn (where q =
m/m), the island half width w is given by:

4G |brn| R
19
me "

wj =2

Mirnov first studied them with bg loops, measuring fbg/1it outside
the plasma.

Vacuum
Vesse!

|
|
|
¢
|

Set of 8
Mirnov Coil Other Mirnov 8 Mirnov Coils
Which Measures  ¢0i1c To Determine n To Determing m
SIDE VIEW B TOP VIEW
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34 e ——————————— |
<
x -
o
0 T T ! T
280 282 284 286 288 290
TIME (msecs)

(op]

MIRNOV SIGNALS B,

MIFOV  SICHAL
- T :

b/t and polar plots of bg(q) during the current rise.
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Because the coils are outside the plasma they do not measure the
field strength at the integer g surface. To extrapolate the fields
(measured at the plasma edge) inwards to the singular surface to
alow the idand width to be derived we can represent the
fluctuations as being caused by current filaments aligned along
thefield lines.

Complications:
1) Vacuum vessels
2) Toroidal geometry
a) jmn produces stronger field at inner equator,

b) perturbation is displaced because of
Shafranov shift

c) the pitch of thefield linesis no longer
constant. Replace q by g*:

* f a % i 0.
q = =q- 5-¢b| +- +1=sin(q)
AMHD F?g8 2 B
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POLOIDAL MODE STRUCTURE

Fourier transform in " to obtain the amplitude of each
component cos(mq” +nf -wmnt).

This has been done both computationally, and using analog
multiplexing.

It is important to use the toroidal (q*) expressions, otherwise
incorrect m values are inferred.

Another technique isto look in the frequency domain . With coils
placed both poloidally and toroidally around the plasma, the
relationship between the signal phases identifies m and n
without the amplitudes being known. In the frequency
domain we can reject noise, and other modes at frequencies other
than wmn. Again the toroidal expressions must be used.
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INTERNAL PLASMA MEASUREMENTS

So far we have been concerned with
measurements of fields taken outside the
plasma. In comparatively low temperature
plasmas (say Te < 50 to 100 eV), we can design
pickup coils to make internal measurements.
There is aways the worry that the insertion of
such a coll changes the vey plasma
characteristics we would like to determine. This
fear I1s usually allayed by monitoring certain
characteristic plasma features (sawtooth activity,
Mirnov activity, loop voltage) to make sure they
do not change significantly during probe
Insertion. Figures show a possible coil set up
which might be used. The coil itself must be
protected from the plasma, typicaly by a
stainless steel case, possibly surrounded by a
carbon shield. The geometry of the surrounding
materials must be carefully chosen if we are
looking at high frequencies so as not to cut off
the very signals we want to measure.
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Typical internal magnetic probe construction

Single-Cot Multi-Cail
Probe Probe
1cm

28

Copper Coil ~

T~

/ Holaer \\

/
Stainless stee! /

stem

Sitica Housing

oNoXae!

Boron Nitride

P

[foXoXieX oM oXoNoNoNe

. Typical probe insertion geometry

Vacuum seal
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Equilibrium

We first discuss the equilibrium.  From the basic field
measurements themselves we can, assuming circular straight
geometry, reconstruct the current from the equations

1 d
I _rr[)ra(qu)
| 1 d

Jq:'n—ba(Bf)

I.e. to obtain jf (r) we only need the radial dependence of Bq.
Unfortunately we have to contend with non circularity and
toroidicity. One technique which has been applied is illustrated
by the results shown in Figure where small pick-up coils were
used to measure the poloidal magnetic field at current peak in a
small tokamak (TNT in Japan).
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the current peak (700 usec). The dimensions are

chapter 3

—
471

BEREE

T

oo —

out
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e

2%0 —>»

e ]
100G

v

The measured poloidal magnetic field at

in millimeters.

August 3, 1997

Equilibrium poloidal fields measured in TNT

The radial component BR(R0,z) is measured along a vertica
line R = RQ, and the vertica component Bz(R,0) is measured
aong aline z = 0. The results are fitted to expressions of the

form
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The magnetic axis is found where from the zero crossing of the
resulting polynomials. The flux function is found by
integration:;

N
Y(RO,Z)L Roo a (anzn)dz+const
n=0
N n+1
y(R ,O):c‘) a (bnR )dR+const
n=0

The current density is then obtained as

_1Br 1B,
0] 1z IR

The constants (giving BR/fiz a z = 0 and BZ/fR a R = RQ)
must be determined by making some assumptions concerning
the plasma shape, say that it is mostly elliptic. Some examples
of the results of thisanalysis, where N = 5, are shown in Figure
for the fluxes and Figure for the current density.
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A rough sketch of magnetic
surface at the current maximum.
The equi~psi surfaces are drawn
for every 1t x 103 V-sec. Num-
bers at arrows show the field
component parallel to the arrows
in unit of gauss. The shaping
coil current is presented in
kAt, and minus sign means that
the coil current is parallel to
the plasma current. Coil current
has up-to-down Symmgtry.

JOoP

T 00 psec 150

==t 700 psec ([, max)
100

30(cm )

J
"Karm)
A\

\

A

\__our

0

0 (cm)

A typical example of the current density
profile at the current rising stage (r =500 usec) and
at the current peak (¢=700 usec). Origins of the
graphs correspond to the center of the vacuum

vessel.

Current density profilesfor TNT
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Internal electric field

Internal magnetic measurements are also used to determine the
internal electric field. From Faraday's law

dae 0]
e‘)E-dI:-—éc‘)B-nde
| dt S p

we have, applying thisto the geometry of Figure

a
d
£ (1) = B (@)~ o Byycr
r

The geometry used to describe the
measurements of internal eectric field
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. 1‘z.

10
s

7.50
+

5,00
b3
v

wv.n nxyol

€

2.50
+

B0
Y

Toroidal electric field evolution

The internal electric field prior to adisruption
(from Hutchinson)

Figure shows some spatial profiles of Ef from this analysis just
before and at adisruption. Although the edge electric field goes
negative (the negative voltage spike) the internal electric field
strongly positive. In principle, having measured j and E we
could derive the local conductivity.
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Mirnov Oscillations

The same probes used to measure the internal equilibrium
properties can be used to look at the Mirnov fluctuations (as
long as the coils have a sufficiently high frequency response).
Data from such experiments has isolated the radial dependence
of the fluctuating br, bq fields, as shown in Figure It agrees
with our discussion in previous section, namely b p (rmn/r)m+1
for r > rmn without a vacuum vessal. In the presence of a
conducting vessel at r = rw we must account for the image
currents which flow, so for example we would expect

10~ ms2

- l nel

Amplitude of m=2

0s

Radius
Radial dependance of m=2/n=1

The measured radial dependence of the fluctuating poloidal
fields (Mirnov oscillations) from and m = 2 tearing mode
(measurementsin TOSCA).
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