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Abstract

Magnetic fluctuations have been studied during Reversed Field Pinch operation in

the Extrap T1-Upgrade device using external poloidal and toroidal arrays of edge coils.

Statistical techniques have been adopted to determine the spatial structure of the edge

fluctuati L field. For frequencies below 200 kHz a global mode structure is found with

poloir t jiode numbers m=0 and 1 and negligible power for modes with m>2.

Flue . r»' i activity with higher frequencies appears to be of a turbulent nature with a

scal< •) v ,th shorter than the coil separation length. The derived toroidal mode power

speclr i is peaked around mode numbers In 1=12 to 22. This peak corresponds to helical

m= .' nodes resonant on the q-profile inside the reversal surface. Comparatively low

- is found in n>0 external kink modes.
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1. INTRODUCTION

In the reversed field pinch (RFP), magnetic field fluctuations play an important

role in sustaining the field configuration [1]. Numerical simulations of the RFP have

shown that nonlinear interaction of resistive internal modes, resonant on or near the axis,

are capable of producing the dynamo effect [2,3]. The fluctuations also determine the

transport properties thereby affecting confinement.

Earlier studies on experiments with shells with different magnetic penetration

times have produced results, which are not in complete agreement. From the conducting

shell device MST high power in internally resonant modes was reported with only lower

power in the external modes [4], in agreement with early HBTX experiments [5,6]. In

the thin shell HBTX-1C experiment a quiescent period in the order of the shell time was

observed followed by growth of externally nonresonant and on axis internally resonant

resistive shell modes after approximately 3 shell times [7]. Growth of external modes

could not be observed on the OHTE device even though the pulse lengths exceeded the

shell time by several times [8]. Studies on the Reversatron II, however, showed a broad

spectrum of fluctuations with high power both in the internal and the external modes for a

shell time comparable to the pulse duration [9]. In the experiments performed on the

Extrap T1-Upgrade device the pulse lengths are between 1 and 2 shell times [10].

In the low aspect ratio device MST, the power in resonant internal modes could

not be separated from the power in nonresonant modes with low n numbers [4]. In an

experiment with a very high aspect raiio, such as Extrap Tl-U (R/a=8.8), the peak in the

spectrum arising from resonant modes should be easy to detect. From measurements of

the equilibrium field profiles [11] it is clear that we may expect resonant internal m=l

modes in Extrap Tl-U to have Inl > 14 while externally resonant m=l modes will have

n>30.
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Section 2 gives a brief description of the Extrap Tl-Upgrade device and the

magnetic diagnostics used for the measurements. In section 3 the mathematical and

statistical methods adopted in the data analysis are presented. The results both from the

poloidal and toroidal analysis are presented in section 4. A summary and discussion of

the results is given in section 5.
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2. TECHNIQUES

2.1. The Extrap TI-Upgrade machine

The Extrap T1-Upgrade machine, shown in Fig.l, is a high aspect ratio (R/a =

8.8) toroidal pinch with a distant resistive shell. The vacuum vessel consists of a stainless

steel bellows with a field penetration time of 50 \is for toroidal field and 5 |as for

perpendicular fields. The bellows is surrounded by a segmented brass shell with 12

poloidal gaps and two toroidal gaps in the equatorial plane. Additional copper foil has

been installed to reduce field errors at the gaps in the shell. The resulting average field

penetration times are about 300 us for radial field and 500 us for vertical field. The

plasma current is induced as the secondary of an iron core transformer with a flux swing

of 0.4 Vs using a three stage capacitor bank. The primary currents are distributed on the

inboard and outboard side of the vessel to provide the vertical field necessary for

equilibrium control for pulse lengths longer than the shell penetration time.

For the experiments described in this paper, the machine was operated in the

reversed field pinch mode with plasma currents of about 60 kA and pulse lengths of 500 -

700 (is. The filling pressure was 2 mTorr. Typical parameters of the Extrap Tl-U

experiment are listed in Table 1.

2.2. Magnetic diagnostics

The magnetic diagnostics used for the fluctuation measurements consists of

poloidal arrays of pick-up coils measuring toroidal and poloidal fields and toroidal arrays

of simplified, m=l, cosine and sine coils. All coils ere situated in the convolutions of the

bellows, in the interspace between the liner and the shell. This means that high frequency

fluctuations will be screened bv the liner.



2.2.1. Poloidal coil arrays

For poloidal mode analysis, two coil arrays have been installed on the device, one

measuring poloidal field and one measuring toroidal field. Both arrays are situated at the

same toroidal position.

The array measuring Be consists of 16 small pickup coils distributed around the

poloidal circumference with the first coil at 9=0°, as shown in Fig. 2. This array allows

resolution of poloidal mode numbers up to m=7, according to the sampling theorem as

will be discussed in sec. 3.7.1. The coils were calibrated outside the machine using a

magnetic field of known strength.

For B6 the array comprises only 8 pickup coils, equally spaced from 6=0°, as

shown in Fig. 3. The resulting highest detectable poloidal mode number is m=3. The

coils in this array were calibrated using the vacuum toroidal field in the machine.

2.2.2. Toroidal coil arrays

Toroidal arrays allowing measurements of the toroidal structure of m=l

fluctuations have been installed on the experiment. Due to the high aspect ratio toroidal

mode numbers larger than n=14 can be expected for m=l modes [11]. To be able to

resolve high toroidal mode numbers for m=l, using a reasonable number of data

acquisition channels, a solution consisting of arrays of simplified m=l cosine and sine

coils was chosen. By measuring both the m=l cosine and sine component it is possible to

distinguish helical modes from non-helical disturbances such as m=l equilibrium shifts

and tilts. As will be shown in section 3.7.3. it is also possible to deduce the helicity of

the mode, i.e. if the mode is resonant outside or inside the reversal surface.

In Fig. 4 the design of the coils is shown. Each coil consists of 4 coils each

covering 90 degrees of the poloidal angle. The coils on the inboard and the outboard side

are connected to give a signal equal to the difference of the individual coil signals. This
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signal is approximately proportional to the m=l cosine component. In the same manner

the coils on the top and bottom are connected to give a signal approximately proportional

to the m=l sine component. Since the coils are not ideal sine and cosine coils, they will

measure components m=3,5 etc. in addition to the m=l component. Given a poloidal

field Be, the signal from the coil, Bc, is calculated to be:

Be(9) = Bo + Bicosö + B2cos26 + B3cos38 + .... (2. l)

B c ~ B 1 + l B , + l B $ + .... ( 2 2 )

Note that the contributions from higher mode numbers are suppressed. It is worthwhile

noting that very low power in m>2 modes has been found both experimentally and in

numerical simulations of the RFP. Analysis of the poloidal mode structure, shown in sec.

4.3.2., will confirm that the power in modes with m>2 is negligib'e.

The array consists of 27 pairs of simplified cosine and sine coils positioned

around the torus as shown in Fig. 5. Twelve pairs are equally spaced around the torus,

allowing measurements of n<5 with perfect resolution. The remaining 15 pairs are

distributed to form a second closely spaced array together with 4 pairs from the first

array. This second array covers 90 degrees of the torus and allows measurements of

toroidal mode numbers up to n=3S with reduced resolution. This problem is treated in

section 3.7.2.

The simplified m=l cosine and sine coils were calibrated outside the machine in a

similar geometry, with liner and shell, using a m=l magnetic field of known strength.

2.3. Data acquisition

Data from the coils is recorded using a CAMAC data acquisition system. The

signals are connected via variable attenuators to active integrators with an integration

constant of 100 (as. Integrated signals are recorded using AEON 3248 transient

recorders. The transient recorders digitizes 2048 -amples during one shot with a
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sampling frequency of 2.5 MHz. Recorder data is stored on a LSI 11/73 computer using

the CAMAC software DAMPT. Data for the shots used in the analysis is moved to a *i-

Vax 3400 where the raw data is stored.

Software for analysis and display of the fluctuation data is written in IDL

(Interactive Data Language) on a Vax station 4000 60 where the analysis is performed.

ri



3. DATA ANALYSIS METHODS

In this section the statistical methods used in the analysis are outlined. A more

complete description can be found in the literature, for example Reference [12].

3.1. Ensemble average and standard deviation

To estimate the statistical quantities of a random process, for example cross-

correlation and power spectrum, data from a number of shots is used to calculate an

ensemble average of the desired quantity.

N

N k=i Xk (3.1)

Here <x> denotes the ensemble average of the quantity x, xk is the estimate from shot k

and the summation is performed over an ensemble of typically 10 shots.

The standard deviation of the ensemble average is estimated by:

O<x> =

N

(3.2)

Note that the standard deviation of the ensemble average is not the same as the standard

deviation of the individual estimates. The error bars drawn in the figures in the following

sections represent the standard deviation of the ensemble average.

3.2. Finite sample time

The fact that the data used in the calculation consists of a number of time traces

with finite lengths leads to problems in the frequency analysis. Since we only measure

data during a finite time period, the measured signal may be regarded as the product of an

infinite signal with a box function. Taking the Fourier transform of this product, the

result becomes a convolution in the frequency domain between the Fourier transform of

10



r
v

the infinite signal and the Fourier transform of the box function, which is a sine function.

When this convolution is squared to compute, for example, the power density spectrum,

false features will appear, such as spillage of power from a given frequency to

surrounding frequencies. This problem arises because high resolution functions, such as

the box function, will have Fourier transforms with extensive side lobes in the frequency

domain. If instead the finite signal could be regarded as the product of the infinite signal

and a function with poorer resolution, the convolution in frequency domain would be

with a function with a wider main lobe but much smaller side lobes, resulting in a

reduced resolution and a reduction of errors in the spectrum.

One way to avoid the problems caused by the side lobes is to weight the signals

with a smoother function before taking the Fourier transform. The function commonly

used is the Hanning window:

W(H[H61 ,3.3)

Here Tm is the length of the measure interval. When using a Hanning window the

resolution is reduced by about a factor of two compared with the resolution without, but

since Tm is relatively long it still improves the power spectrum.

The same problems arise when using the closely spaced toroidal array, which

only covers a part of the torus. In this case the reduction of resolution when using a

Hanning window is not acceptable.

3.3. Frequency analysis

Analysis of the frequency content of the signals is performed using a numerical

Fast Fourier Transform (FFT). The Fourier transform of the signal is achieved by

applying the FFT routine to the time traces after weighting with a Hanning window.

11
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3.3.1. Power density spectrum

Given an ergodic process x(t) during a finite time period T, with the Fourier

transform X(v), the power density spectrum (or auto-spectrum) is defined as:

( 3 4 )

where <..> denotes the ensemble average over an ensemble of typically 10 shots.

According to the sampling theorem the highest resolvable frequency is:

_ Vsampling

m a x " 2 (3.5)

which in our case is equal to 1.25 MHz.

3.3.2. Cross-spectrum

The cross-spectrum of the signals x(t) and y(t) is defined in a similar way as:

P , y (v)=( lX(v)Y>)) ( 3 6 )

where X(v) and Y(v) are the Fourier transforms of x(t) and y(t) respectively and *

denotes the complex conjugate.

The absolute value of the cross-spectrum is normalized to give the coherence:

y VPXX(V)Pyy(V) ( 3 . 7 )

The cross-phase spectrum is defined as the argument of the cross-spectrum.

<DXy(v) = arg[Pxy(v)] ( 3 8 )

3.4. Filtering

When computing a correlation analysis in the time domain, it is often essential to

perform the analysis on signals where low frequencies, corresponding to equilibrium

12



evolutions, have been excluded. Also, to study the structure of the fluctuations in

different frequency regimes, a band pass filter must be used to select the desired

frequency range. For this purpose a numerical band pass filtering routine is used. After

weighting the signals with a Hanning window, the FFT routine is applied. The Fourier

transforms of the signals are then multiplied with a box window in the frequency domain,

defining the band pass frequency range. The filtered signals are achieved by inverse

transforming this product.

3.5. Fluctuation levels

The fluctuation level is computed as the normalized r.m.s. value of the

fluctuations. First a high pass filter is applied to the signals to exclude the low frequency

equilibrium variation. The r.m.s. value during a time window T is defined as:

Brm<; =

(3.9)

Here and in the following sections B(t) denotes the fluctuating part of the magnetic field,

T is the length of the chosen time window and <..> denotes the ensemble average.

The r.m.s. value is normalized to the total magnetic field Bo , to give the

fluctuation level in % of the total magnetic field.

D 0 " ' D « T D 9 (3.10)

The value for Bo is calculated as the time average of the total magnetic field at the radius

of the arrays, averaged over the poloidal angle.

3.6. Correlation techniques

One approach for investigating the mode structure and the angular symmetry is

computation of the cross-correlation of the signals in the time domain. We define the

cross-correlation function of signals x(t) and y(t) as:

13
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' = \ : F I x(t) y(t+T) dt (

(3.11)

The cross-correlation coefficient is defined as the normalized cross-correlation function:

p(T) = * I —
VRxx(0)Ryy(0) ( 3 . 1 2 )

To study the spatial structure of the fluctuating modes, the spatial auto-correlation

function, R((pj,(pj), can be computed as the equal-time (zero time delay) cross-correlation

of the signals at angular positions <p; and (fy. In the case of angular symmetry (p is an

ignorable coordinate and R is a function only of A<p=<pi-cpj. R can be estimated by

computing the equal-time cross-correlation of all coil signals with one coil as reference

coil. If the fluctuating mode possesses angular symmetry, R is independent of the choice

of reference coil and symmetric with respect to the reference coil. In that case R is

directly related to the Fourier mode powers, Pm.

R(A(p) = P o + 2 Y P m cos(mA(p)
m=l (3.13)

3.7. Fourier mode analysis
1

3.7.1. Poloidal spectra

To investigate the poloidal mode spectrum we may expand the fluctuating field in

a Fourier series.

B(6,t) = ^ - + X (cm(t) cos(m9) + sn,(t) sin(m6))
1 m=l (3.14)

The Fourier cosine and sine coefficients, cm(t) and sm(t), are obtained from a linear

combination of the coil signals:

= ^ 2 - bk(t) cos(m9k)
Nk=i (3.15)

14
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= éH w o sin(mek)

Nk=i (3.16)

Here bk represents the signal obtained from the poloidal array coil k at a poloidal angle

9k. N is the total number of coils and m is the poloidal mode number. The Fourier mode

power in mode m is defined as:

(3.17)

The average Fourier mode power in mode m during a time interval T is:

(3.18)

The sampling theorem gives a restriction on the highest detectable mode number

as a function of angular spacing of the coils (A6):

A6 (3.19)

The sampling theorem also states that the power in all higher modes must be zero;

otherwise errors will occur in the spectrum due to aliasing. For the poloidal array

measuring Be, we have m<8, and for the array measuring B^, m<4. Since the poloidal

arrays cover the full poloidal circumference, the poloidal Fourier mode power spectrum

has perfect resolution.

3.7.2. Toroidal spectra

The toroidal spectrum can be obtained by expanding the fluctuating fields in

toroidal Fourier harmonics in the same way as for the poloidal spectrum. Since the array

consists of m=l cosine and sine coils, we can determine the toroidal Fourier mode power

spectrum for cos6 and sin6 fluctuations in the poloidal field.

B(0,t) = ̂  + £ lc"(0 cos(n<J>) + sn(t) sin(n
z n=i (3.20)

15



The Fourier coefficients cn(t) and Sn(t) are calculated from a combination of the coil

signals:

N
cn(0 = i ^ X bk(t) cos(n<t>k)

k = l

N
sin(n<(>fc)

k=i

(3.21)

(3.22)

In this case bk represents the signal from the k* toroidal array coil at the toroidal position

defined by ^ and n is the toroidal mode number.

Analogous to the poloidal mode powers, the power in mode n and average power

during the time interval T in mode n are calculated as:

(3.24)

Using the 12 coil array it is possible to detect n<6 with perfect resolution. With

the closely spaced array the maximum detectable mode number is 35. Since this array

covers only 90 degrees of the torus the resolution is reduced. The resolution is a function

of the number of coils and the angular spacing:

A n = - 2 j L -
NA<(>

where N is the number of coils and A0 is the angular spacing.

(3.25)

Using the definition above the resolution becomes An=4. Analogous to the case

with finite data, we measure the product of a signal and a box window with a width of 90

degrees. This means that when taking the square of the Fourier transform, to compute the

Fourier mode power spectrum, we actually take the square of the convolution of the

Fourier transform of the signal with a sine function. If we were to use a Hanning

16



window to eliminate the side lobes of the sine function, the resolution would become

only An=8.

There is a way to improve the resolution provided that toroidal symmetry can be

assumed. By computing the equal-time cross-correlation with two different coils as

reference, toroidal symmetry can be tested. Most certainly the toroidal symmetry will not

be perfect; the cross-correlation will depend both on <J> and 8<|>. The toroidal asymmetry

can be eliminated by calculating the cross-correlation with the two outermost coils as

reference and then adjusting this function to achieve a symmetric spatial auto-correlation

function.

R(80) = \[R«|>I,8<!» + R((J>N.8<t>)] ,- ,A,
2 (3.26)

The toroidal mode power spectrum is defined as the real part of the Fourier

transform of R(5<J>):

n = l R(&j>)cos(n5<|»d(8<tO
(3.27)

We now measure the product of the spatial auto-correlation and a box with a width of 180

degrees, giving an improved resolution of An=2. The measured Fourier mode power

spectrum is now the convolution of the true spectrum with a sine function, as to be

compared to the square of the convolution of a function with a sine function.

3.7.3. Helical spectra

A helical disturbance of the edge magnetic field, periodic both in the toroidal and

poloidal direction, can be written on the form:

B(0,<J>,t) =
(3.28)

17



where m and n are the poloidal and toroidal mode number respectively. The linear wave

number k is related to the toroidal mode number n by k = n/R. Modes are resonant at a

surface where the wave vector is perpendicular to the magnetic field:

k B = 0 (3.29)

leading to a relation between the safety factor and the toroidal and poloidal mode

numbers:

= -01
n (3.30)

The convention is taken that m>0 and n can be both positive and negative. Thus modes

with negative n numbers can be resonant inside the reversal surface where q>0 and

modes with positive n numbers can be resonant outside the reversal surface where q<0.

Modes with n<0 have the same pitch as the field lines inside the reversal surface and are

called internal modes and modes with n>0 are called external modes.

Here we concentrate on m=l disturbances in the edge poloidal field. By

measuring both the cos9 and the sin6 component it is possible to determine the toroidal

mode spectrum for m=l in the poloidal field for both positive and negative toroidal mode

numbers. Using eq. 3.20 to expand the toroidal structure of the cos8 and sin9

fluctuations in a Fourier series we get for k=lnl:

Bc
e
os(e,«>,t) = cose

Bein(6,<fr,t) = sine

k=l
Bk(t) si

« cos(k0) + Ek(t) sin(k<p))
k=l

(3.31)

(3.32)

where Ak, Bk, Dk and Ek can be calculated using eqs. 3.21 and 3.22.

By expanding eq. 3.28 and comparing the coefficients of the expansion with the

coefficients of eqs. 3.31 and 3.32, it can be seen that for each toroidal mode k, the

18



amplitudes of the positive and negative mode number can be calculated from

combinations of Ak, Bk, Dk and Ek.

Cik(t) = l(Ak(t) - Ek(t)) - i(Dk(t) + Bk(t))

Ci.k(t) = i-(Ak(t) + Ek(t))-i(Dk(t)-Bk(t))

The power and average power, during a time interval T, in the mode with m=l

and toroidal mode number n are calculated as:

Pin(t)=|Cin(t)(2 (3.35)

Pln= (
/ C

i=Ur Pln(0dt
/ (3.36)

The resolution of the helical mode spectrum becomes An=4 since eqs. 3.21 and

3.22 must be used to calculate the Fourier coefficients.

From eqs. 3.33 and 3.34 it is clear that the mode amplitudes can not be

completely determined from the cosine or sine spectrum alone. The amplitude of mode Inl

in the cosine and sine spectrum can vary from the sum of the amplitudes of the two

modes n and -n down to the difference of the amplitudes, depending on their relative

phases. This dependence upon the phases of the modes can be removed by averaging

over several shots. If some tendency still remains after averaging this effect should

become clear when looking at the cosine spectrum and the sine spectrum. If the phases of

the modes are such that they subtract on the signals of the cosine coils, they will instead

add on the signals of the sine coils.

19



4. RESULTS

4.1. Global performance

The fluctuation measurements were performed on RFP discharges with plasma

currents of about 60 kA and a pulse duration of about 500 us [10]. In Fig. 6, plasma

current, loop voltage, and the average and edge toroidal fields are shown for a typical

discharge. We also show the reversal ratio (F=B$(a)/<B$>) and pinch parameter

(0=Be(a)/<B$>), as well as signal time traces for one poloidal array coil measuring B^

and one of the m=l cosine coils in the toroidal array. The discharge can be divided into

three parts; the ramp up phase in the beginning of the discharge, the sustainment phase

around trie current maximum and the termination phase.

During the ramp up phase, the current is ramped up to a level of 60 kA in 250 us.

After field reversal, which occurs after about 50 \is, the toroidal flux starts to increase.

Burn through of low Z impurities is achieved, the density measured with laser

interferometr)' decreases from its initially high value and the loop voltage drops to a low

level. The reversal is rather deep, F—0.4, and the pinch parameter is about 0«1.8.

The sustainment phase is characterized by a calmer behaviour. The pinch

parameter decreases to a level of 0*1.65 with a corresponding value of F=-0.2 and the

activity on the coils is lower. Spectroscopic measurements in the VUV regime show a

temperature of 120 eV and a value of Zeff between 2 and 3 [13]. The line averaged

electron density is lxlO20 nr3.

During the termination phase there is a rapid decrease in the plasma current and an

abrupt loop voltage increase.

The structure of the magnetic equilibrium and the dynamics of the magnetic field

profiles have been measured using an insertable magnetic probe 111]. The experimental

20



RFP field profiles are shown in Fig. 7 together with the derived safety factor profile. The

on-axis value of the safety factor is q(0) = 0.072. Accordingly resonant internal m=l

instabilities will have toroidal mode numbers lnl>14. Externally resonant m=l modes

will, if present, have toroidal mode numbers larger than n=33, corresponding to an edge

value of the safety factor of q(a) = 0.03.

The results presented in sections 4.2. - 4.5. are derived from data collected during the

sustainment phase. The fluctuating parts of the edge toroidal and poloidal fields are

denoted Be and B$ respectively.

4.2. Frequency analysis of the coil signals

4.2.1. Power density spectrum

In Fig. 8 we show the power density spectrum of signals from one coil in the

poloidal array measuring Be and one coil in the poloidal array measuring B(>. The power

density spectrum is calculated as the ensemble average over 10 shots. The power is

significantly higher for Bo for all frequencies, indicating a polarization of the edge

fluctuating field. This cannot be explained by shot to shot variations since the analysis for

both Be and B,), is performed for the same shots.

It can be seen that the power drops off rapidly with frequency. Partly this is due

to the fact that the coils are situated outside the liner. The measured field fluctuations have

to penetrate through the liner before detected by the coils as discussed in sec. 2.2.

The spectrum consists of a peak at low frequencies associated with the time

evolution of the equilibrium field. Due to the short duration of the pulse no clear

distinction between the time evolution of the equilibrium field and the fluctuating fields

can be seen. However, the power in the frequency range above 20 kHz can be associated

with fluctuation activity. For frequencies higher than 200 kHz the power drops off

monotonically.
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4.2.2. Coil signal cross-spectrum

Following the definitions in sec. 3.3.2 the coherence and cross-phase can be

calculated for an ensemble of 10 shots. The coherence expresses the correlation of two

coil signals as a function of frequency and the cross-phase is equal to the phase difference

for each frequency component of the Fourier transforms of the signals. For a global

mode with a scale length longer than the separation length of the coils the coherence is

near to unity and the cross-phase is zero. Short scale turbulence will have a low

coherence and a cross-phase which varies randomly from -JC and -HI.

In Figs. 9 and 10 the coherence and cross-phase of signals from two adjacent

coils in the arrays measuring Be and B$ are shown. For Be the coherence varies around

0.7 for frequencies up to 260 kHz while the cross-phase keeps close to zero. Examining

Fig. 10 it can be seen that the coherence for B$ is higher, around 0.9, up to very high

frequencies and the cross-phase is very near zero. These results indicate that in the

frequency range below 200 kHz the fluctuations in both Be and B$ originate from global

modes with scale lengths longer than the separation length of the coils, thereby

suggesting that the modes may be investigated by means of Fourier mode decomposition

and correlation analysis. Note that the separation length between the coils in the array

measuring Bö is twice the separation length in the array measuring Be.

In Fig. 11 we show the coherence and cross-phase of signals from two

neighbouring m=l cosine coils in the closely spaced toroidal array. For frequencies

below 200 kHz the coherence is high and the cross-phase is close to zero. For higher

frequencies the coherence is lower and the cross-phase becomes randomized. Thus

fluctuations below 200 kHz have a toroidal scale length longer than the toroidal

separation length between the cosine coils. Fluctuations with higher frequencies originate

from short scale turbulence not resolvable with the toroidal arrays.
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Based on the power density spectrum and the results from the coherence and

cross-phase measurements, the frequency range from 20 to 200 kHz is chosen for the

correlation and Fourier mode analysis.

4.3. Poloidal mode structure

In this section the poloidal structure of fluctuations in both the edge poloidal and

toroidal field are investigated. Data from the two arrays were collected during the

sustainment phase for the same series of shots. Unless otherwise noted the quantities are

calculated as ensemble averages over 10 shots. For the Fourier mode decomposition and

the correlation analysis the signals were band pass filtered to extract a frequency range

from 20 to 200 kHz.

4.3.1. Poloidal variation of fluctuation level

The fluctuation level is calculated as the normalized r.m.s. amplitude of the

signals after applying a high pass filter with a cut off frequency of 20 kHz to the signals

in order to exclude the time variation of the equilibrium field. The results are shown in

Fig. 12. The fluctuation levels of B e and §<, are 0.3 % and 0.6S % of the total field

respectively. The polarization of the edge fluctuating field is verified, with a ratio

B,i/Be=2. By studying the variation of the fluctuation level with the poloidal angle the

degree of poloidal asymmetry can be estimated. The fluctuation level in the poloidal field

is almost constant for all poloidal angles while the toroidal field shows a weak poloidal

asymmetry with an enhanced fluctuation level on the outboard side.

4.3.2. Poloidal Fourier mode spectrum

Using the method of Fourier decomposition described in sec. 3.7.1., the average

Fourier mode powers during the sustainment phase are computed. The poloidal Fourier

mode spectrum of Be, shown in Fig. 13, consists mainly of m=l with lower power in

m=0. The power in modes m>2 is negligible.

23



t

For Bo the poloidal Fourier mode spectrum is shown in Fig. 14. The highest

power is in m=0, with lower power in m=l. The power in higher modes is close to zero.

4.3.3. Equal-time cross-correlation

The spatial auto-correlation function may be obtained from the equal-time cross-

correlation of the signals from all the coils in the poloidal array with one coil as reference

coil. Under the assumption of poloidal symmetry, the Fourier mode power spectrum is

equal to the Fourier transform of the auto-correlation function. This can be used to verify

the Fourier mode power spectrum and to test the fluctuating modes for poloidal

symmetry.

In Fig. 15 the equal-time cross-correlation of signals from the poloidal array

measuring Be with the coils at 0=0° and 6=180° as reference coils is shown. By a first

inspection the spatial auto-correlation verifies the calculated Fourier mode spectrum,

consisting mainly of a combination of high power in m=l and lower power in m=0 (the

spatial auto-correlation function varies like the sum of a constant and a cos0 term). Upon

a closer inspection, a weak asymmetry with respect to the reference coil is found in the

auto-correlation function. Comparing the two cases it is clear that the correlation

decreases faster with angular distance in the case where the reference coil is positioned at

9=0°. If the reference coil is positioned at 90° or -90° the auto-correlation becomes

asymmetric with respect to the reference coil. This asymmetry in the spatial auto-

correlation function is because the m=l mode is distorted due to toroidicity so that its

phase varies more rapidly on the outboard side than on the inboard side. In our

experiment, however, this effect is relatively weak as a consequence of our high aspect

ratio.

Turning now to the equal-time cross-correlation of signals from the poloidal array

measuring B6, shown in Fig. 16 with coils positioned at 0=0° and 0=180° as reference

coils, the features are similar to the result for the poloidal field. The spectrum consisting
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mainly of m=0 with lower power in m=l is verified and a weak distortion of the m=l

mode due to toroidicity can be observed.

4.3.4. Mode propagation

To study the propagation of the modes, the cross-correlation of all coil signals in

an array is calculated for different time delays with one coil as reference coil. If the mode

is rotating poloidally the cross-correlation of signals from the reference coil and a coil at

a different angular position will have a maximum for a time delay not equal to zero.

In Fig. 17 we show the delayed-time cross-correlation of signals from the

poloidal array measuring Be for a typical discharge with the coil positioned at 6=0° as

reference coil. A clear rotation of the mode is seen with a poloidal rotation velocity of

2.5xl04 ms1 .

For Bo the result for the same shot is plotted in Fig. 18. Here the rotation is less

pronounced but indications of a poloidal rotation of the mode in the same direction and

with the same velocity as for Be can be found.

Not all shots show poloidal mode rotation. Some shots show large m=l activity

of a standing wave type. In a third category, several modes exist at the same time with

different propagation properties, making the rotation analysis different to interpret.

4.4. Toroidal mode structure of m=l

In this section the toroidal structure of m=l fluctuations in the poloidal edge field

is investigated using the toroidal arrays of simplified m=l cosine and sine coils. Data

from the cosine and sine coils was collected simultaneously for the same series of shots.

Unless otherwise noted the quantities are calculated as ensemble averages over a series of

ten shots. For the correlation and Fourier mode analysis, data was band pass filtered to

extract fluctuation activity in the frequency range 20 to 200 kHz. Analysis is performed

for data collected during the sustainment phase.
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4.4.1. Toroidal variation of fluctuation level

Using eq. 3.9 on high pass filtered signals from the toroidal arrays of m=l cosine

and sine coils, the fluctuation level of m=l mode activity oriented in the horizontal and

vertical plane can be calculated. The result is monitored as a function of the toroidal angle

in Fig. 19. The fluctuation level varies around 0.3 % showing toroidal asymmetry with

significantly higher fluctuation levels of both cos9 and sin6 fluctuation at one toroidal

position. Note that the variation has a periodic structure which is not identical for cos©

and sin8 fluctuations. A possible explanation for the asymmetric distribution of the

fluctuation amplitudes is toroidal variations in the equilibrium field due to higher field

errors at some toroidal positions. This toroidal asymmetry may be associated with

mechanical features of the device such as primary turn current feeds (n=l), iron core

limbs (n=4), vacuum liner port sectors (n=6) or shell gap field errors (n=12).

4.4.2. Equal-time cross-correlation

The equal-time cross-correlation of the signals from the dense toroidal arrays of

m=l cosine and sine coils is shown in Figs. 20 and 21 respectively with the first and last

coils as reference coils. It is clear that the spatial auto-correlation function is not

completely symmetric with respect to the reference coil, although some features are

similar for the cross-correlations with the different reference coils. The rapid decrease in

correlation with angular distance indicates the presence of modes with high n numbers

and the structure of the cross-correlation also implies the coexistence of several modes.

4.4.3. Cosine and sine Fourier mode powers

One approach to calculate the toroidal Fourier mode power spectrum is to take the

real part of the Fourier transform of the symmetric spatial auto-correlation function, as

described in sec. 3.7.2. This method, which is based on the assumption of toroidal

symmetry, offers an improved resolution of An=2. From the equal-time cross-correlation

of the coil signals with the two outermost coils as references, shown in Figs. 20 and 21
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in the previous section, the symmetric spatial auto-correlation function may be calculated

using equation 3.26. In Figs. 22 and 23 the symmetric spatial auto-correlation functions

for cos9 and sinö fluctuations are shown. The resulting Fourier mode power spectrums

are shown in Figs. 24 und 25.

The toroidal spectrum of cosG fluctuations consist of two large distinctly

separated peaks, one peak associated with low n numbers (n<8) and one peak for mode

numbers between n=12 and n=19. Also higher power can be found for mode numbers

around n=26 and n=6.

Turning now to the Fourier mode power spectrum of sin9 fluctuations a number

of differences are found. In this spectrum the dominating mode number are between

n=12 and n=22 with lower powers for low n numbers. Small peaks are found around

mode numbers n=3, n=8 and n=28.

The discrepancy between the Fourier mode spectrum of cos6 and sinB

fluctuations can be explained by two factors. One possibility is that there exists some

asymmetry which causes the phases of the modes not to be randomly distributed so that

the disturbances add on the cosine signal and subtract on the sine signal or vice versa.

Another possible explanation for the high power in low n numbers for the cosG

fluctuations is that there exist non-helical disturbances with low n numbers, such as

equilibrium shifts and deformations polarized in the equatorial plane.

4.4.4. Mode propagation

To study the toroidal rotation and propagation properties of m=l fluctuations the

delayed-time cross-correlation of signals from the toroidal arrays of m=l cosine and sine

coils is calculated. The results are shown in Figs. 26 and 27.

The fast fall off of correlation, as a result of the high mode numbers present,

makes the interpretation of the plots difficult. However, in both plots indications of

toroidal rotation can be found with a rotation velocity of 6.5X103 ms 1 . The rotation is
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more evident for the sin8 fluctuation then for the cos0 fluctuations. This can be due to the

presence of non-rotating non-helical disturbance polarized in the horizontal plane, thus

disturbing the delayed-time cross-correlation of signals from the array of m=l cosine

coils.

4.5. Helical mode structure of m=l

The helical spectrum of m=l fluctuations in the edge poloidal field can be

calculated from the toroidal spectrum of cos6 and sinG fluctuations provided that both the

amplitudes and the phases are known for the different modes. Thus Fourier

decomposition by linear combination of the coil signals (eqs. 3.21 and 3.22) must be

used, thereby reducing the resolution to An=4.

The Fourier mode power spectra of cos0 and sin0 fluctuations, calculated using

eqs. 3.21 - 3.24, are shown in Figs. 28 and 29. The spectra resemble the high resolution

spectra shown in Figs. 24 and 25 showing the same characteristic features, although the

resolution is not quite sufficient to resolve the fine structure in the spectra with higher

resolution. Another possible explanation for the discrepancy is that the condition of

toroidal symmetry is not totally fulfilled.

Combining the Fourier coefficients of the cos8 and sin8 fluctuations, the

coefficients for both positive and negative mode numbers can be calculated. In Fig. 30

the resulting helical Fourier mode power spectrum of m=l fluctuations in the edge

poloidal field is shown. Modes with negative n numbers have the same pitch as the

equilibrium field inside the reversal surface while positive mode numbers corresponds to

the pitch on the outside.

The spectrum consists of a large peak stretching from n=-12 to n=-22 with the

maximum around n=-16 and two lower peaks, one broad peak associated with low n

numbers and a small peak centred around n=-27. Recapitulating the experimental q-

profile, it is clear that the large peak around n=-16 originates from modes resonant on the
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q-profile on or near the magnetic axis (0<r<0.5a), while the small peak around n=-27 has

its resonance on the q-profile for a larger radius (r=0.6a). In the measured spectrum no

significant power can be observed for high positive mode numbers corresponding to

modes resonant outside the reversal surface. The power in modes with low n numbers

has no corresponding resonance on the q-profile and hence corresponds to nonresonant

modes.

Although the spectra show shot to shot variations the dominant features remain

unchanged. In some discharges a small peak in the spectrum resulting from external kink

modes with n = 5-8 can be observed.
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5. SUMMARY AND DISCUSSION

In this paper poloidal and toroidal coil arrays have been used to study the structure

of the fluctuating edge magnetic field during the sustainment phase of the discharge. A

frequency study of the coil signals showed a rapid drop off in power with frequency and

no clear distinction between the time evolution of the equilibrium and frequencies

associated with fluctuation activity. The frequency range between 20 kHz and 200 kHz

was chosen for the correlation and Fourier spectrum analysis. Fluctuations with

frequencies above 200 kHz are of a more turbulent nature with toroidal scale lengths

shorter than the separation between the coils in the closely spaced toroidal array.

The normalized r.m.s. amplitudes of the fields are 0.30 % for Be and 0.65 % for

Bö. The fluctuation level is not toroidally symmetric but shows higher fluctuation levels

at one toroidal location both on the cosine and sine coil. The observed fluctuation levels

are lower than reported from other experiments. Typical values are 1-2 % [5,6] and on

Repute even 2-5 %. The lower fluctuation amplitudes may result from the fact that the

coils are situated outside the liner and thus higher frequencies are damped. The

polarization of the fluctuating field at the wall (B^ / Be = 2 - 3 ) has been observed on

other RFP experiments.

Studies of the poloidal mode structure of the fluctuations showed a Fourier mode

power spectrum of Be dominated by m=l mode activity with lower power in the m=0

mode. For B$ the largest power is in the m=0 mode with about half as much power in the

m=l mode. For both field components the power in modes mS2 is negligible. A weak

poloidal asymmetry could be detected resulting from a distortion of the m=l component

so that its phase varies faster on the outboard side of the torus. The poloidal structure of

the fluctuations are in very good agreement with the early results from HBTX-1A [5]. In
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some discharges large rotating m=l disturbances were observed while other shots

showed fluctuations of standing wave type.

Using the arrays of simplified cosine and sine coils the toroidal spectrum of m=l

fluctuations in the edge poloidal field could be calculated with both positive and negative

n numbers. A peaked spectrum was found where the peak corresponded to internal

tearing modes resonant on or near the magnetic axis as predicted by the MHD

simulations. The peak was centred around n=-16, stretching from n=-12 to n=-22 and

clearly separated from the nonresonant modes with low n numbers. This result is in good

agreement with the scaling law that the peak in the spectrum, resulting from the dynamo

modes, should be centred around 2R/a with a width in the order of R/a. The power in

internal modes was found to be much higher than the power in external modes after 1-2

shell times in agreement with the results from OHTE [14], MST [4] and HBTX [7]

opposing the result from the Reversatron II [9]. One reason mentioned to explain the

broad spectrum with high power in external modes, found on the Reversatron II already

for pulse lengths in the order of the shell time, was the presence of toroidal gaps in the

shell [15]. The authors meant that a nonuniform shell can, as a result of the interrupted

image currents in the shell, lead to the mixing of internal and external modes. This

explanation seems unlikely since the geometry of the segmented shell in the Extrap Tl-

Upgrade device is similar to that of Reversatron II with toroidal gaps in the shell in the

equatorial plane both on the inboard and the outboard side of the torus.
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TABLES

Table 1. Typical parameters of the Extrap T1-Upgrade experiment.

1

Major radius, R

Shell radius, b

Limiter radius, a

Tj_ - liner

1̂1 -liner

Tj. - shell

T || - shell

Toroidal plasma
current, lp

Rise time of current

Pulse duration

Electron temperature, Te

Electron density, <ne>

0.5 m

68 mm

57 mm

5 u.s

50 us

300 us

...

30 - 80 kA

100 u.s

up to 1 ms

uptoi20eV
20 -3

1-2x10 m
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FIGURE CAPTIONS

Fig. 1 Schematic drawing of the Extrap Tl -Upgrade device.

Fig. 2 Schematic drawing of the poloidal coil array measuring Be.

Fig. 3 Schematic drawing of the poloidal coil array measuring B<,.

Fig. 4 Schematic drawing of one of the simplified m=l cosine and sine coil pairs

in the toroidal array.

Fig. 5 Drawing of the coil lay-out in the toroidal array of simplified m=l cosine

and sine coils.

Fig. 6 Pulse forms of plasma current, loop voltage, average toroidal field, edge

toroidal field, reversal ratio, pinch parameter and coil signals from one coil

in the poloidal array measuring B^ and one of the m=l cosine coils for a

typical discharge.

Fig. 7 a) Magnetic field profiles and b) profile of the safety factor.

Fig. 8 Power density spectrum of signals from one coil in the poloidal array

measuring Be and one coil in the poloidal array measuring Bö.

Fig. 9 Coherence and cross-phase of signals from two adjacent coils in the

poloidal array measuring Be-

Fig. 10 Coherence and cross-phase of signals from two adjacent coils in the

poloidal array measuring §$.

Fig. 11 Coherence and cross-phase of signals from two adjacent m=l cosine coils

in the dense toroidal array.
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Fig. 12 Poloidal variation of r.m.s. fluctuation level of Be and Bö.

Fig. 13 Poloidal Fourier mode power spectrum of Be.

Fig. 14 Poloidal Fourier mode power spectrum of B<,.

Fig. 15 Equal-time cross-correlation of signals from the poloidal array measuring

Be with a) coil positioned at 9=0° as reference coil, b) coil positioned at

9=180° as reference coil.

Fig. 16 Equal-time cross-correlation of signals from the poloidal array measuring

B<, with a) coil positioned at 9=0° as reference coil, b) coil positioned at

9=180° as reference coil.

Fig. 17 Delayed-time cross-correlation of signals from the poloidal array

measuring Be with reference coil positioned at 9=0°.

Fig. 18 Delayed-time cross-correlation of signals from the poloidal array

measuring B$ with reference coil positioned at 0=225°.

Fig. 19 Toroidal variation of r.m.s. fluctuation level of m=l cosine and sine

components in the edge poloidal field.

Fig. 20 Equal-time cross-correlation of signals from the dense toroidal array of

m=l cosine coils with a) reference coil positioned at <|>=00, b) reference coil

positioned at <J>=90°.

Fig. 21 Equal-time cross-correlation of signals from the dense toroidal array of

m=l sine coils with a) reference coil positioned at <(>=0o, b) reference coil

positioned at <|>=90o.

Fig. 22 Symmetric spatial auto-correlation function of cosO fluctuations in the

edge poloidal field.
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Fig. 23 Symmetric spatial auto-correlation function of sin8 fluctuations in the

edge poloidal field.

Fig. 24 Toroidal mode power spectrum of cos0 fluctuations in the edge poloidal

field.

Fig. 25 Toroidal mode power spectrum of sinö fluctuations in the edge poloidal

field.

Fig. 26 Delayed-time cross-correlation of signals from the dense toroidal array of

m=l cosine coils with reference coil positioned at <J>=45°.

Fig. 27 Delayed-time cross-correlation of signals from the dense toroidal array of

m=l sine coils with reference coil positioned at ty=45°.

Fig. 28 Reduced resolution toroidal mode power spectrum of cos6 fluctuations in

the edge poloidal field.

Fig. 29 Reduced resolution toroidal mode power spectrum of sin8 fluctuations in

the edge poloidal field.

Fig. 30 Helical Fourier mode power spectrum of m=l fluctuations in the edge

poloidal field.
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Fig. 17
Delayed—time cross-correlation coeff. ref. coil 1 B,
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Fig. 26
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Fig. 27
Delayed-time cross-correlation coeff. ref. coil 10 B, m = 1 sine



Fig. 28
1x10~8

8x10 3 -

6x10 a -

4x10 J -

2x10

Fig. 29
1.5x10~8

1.0x10 ° -

5.0x10 3 -

Mode power Bt m = 1 cos

toroidal mode number n

Mode power B» m = 1 sine

toroidal mode number n



Fig. 30

1.2x10-a

1.0x10- 8

8.0x10 - 9

6.0x10
_ Q

4.0x10 - 9

2.0x10 - 9

Mode power, helicol spectrum m=1
i— i ' r

i\

- 4 0 -20 0
toroidal mode number n

20 40



TRITA-ALF-92-06

Department of Fusion Plasma Physics

Alfvén Laboratory, Royal Institute of Technology

S-100 44 STOCKHOLM, Sweden

Magnetic Field Fluctuations during RFP Operation

in Extrap Tl-Upgrade

S. Mazur, P. Nordlund and JR. Drake

38 pages, in English

Abstract

Magnetic fluctuations have been studied during Reversed Field Pinch operation in

the Extrap T1-Upgrade device using external poloidal and toroidal arrays of edge coils.

Statistical techniques have been adopted to determine the spatial structure of the edge

fluctuating field. For frequencies below 200 kHz a global mode structure is found with

poloidal mode numbers m=0 and 1 and negligible power for modes with m>2.

Fluctuation activity with higher frequencies appears to be of a turbulent nature with a

scale length shorter than the coil separation length. The derived toroidal mode power

spectrum is peaked around mode numbers lnl=12 to 22. This peak corresponds to helical

m=l tnodes resonant on the q-profile inside the reversal surface. Comparatively low

power is found in n>0 external kink modes.

Key words: Reversed Field Pinch (RFP), Extrap Tl , magnetic fluctuations


