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SUMMARY

A program package was developed to estimate the time dependent auto-correlation
function (ACF) from the time signals of soft X-ray records taken along the various
lines-of-sights in JET-SHOTS, and also to estimate the time dependent Decay Ratio
(DR) from that. On the basis of ACF the time dependent auto-power spectral density
(APSD) was also calculated.

The steps and objectives of this work were:

eliminating the white detection noise, trends and slow variation from the time
signals, since ordinary methods can give good estimate of the time dependent
ACF and DR only for "nearly" stationary signals,

developing an automatic algorithm for finding the maxima and minima of ACF,
since they are the basis for DR estimation,

evaluating and testing different DR estimators for JET-SHOT, with the aim of
finding parts of the signals, where the oscillating character is strong,

- estimating time dependent ACF and APSD that can follow the relatively fast
variation in the time signal.
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Below follows a description of the methods that we developed for data processing of
transient signals:

- White detection noise removal and preparation for trend removal:
Weak components, white detection noise and high frequency components are
filtered from the signal using the so-called soft-threshold wavelet filter

Removal of trends and slow variation:
- Three-point differentiation of.the pre-filtered signal is used to remove trends

and slow variation. Here we made use of the DERIV function of DDL program
language. This leads to a filtered signal that has zero mean value in each time
step.

Calculation of the time dependent ACF:
The signal treated by the two previous steps is used as the input. Calculated
ACF value is added in each new time step, but the previously accumulated
ACF value is multiplied by a weighting factor. Thus the new sample has 100%
contribution, while the contributions from the previous samples are forgotten
quickly.

- PR calculation:
DR is a measure of the decay of oscillating ACF. This parameter was shown
being connected with the feedback in the given system. It characterises the
stability of the system i.e. the tendency (or the level) of the signal to have
oscillating character. An algorithm was developed to find extrema of the ACF
automatically. Upper (DR1) and lower bound (DR2) are calculated from the
ratio of maxima and minima correspondingly.

Calculation of time dependent APSD:
The time dependent APSD is calculated from the time dependent ACF via
FFT. It can follow the spectral changes with an accuracy of one time step.

Details, how and why we arrived to this recipe above, are explained in this report.
First we summarise the basic definitions for these parameters and then we explain
why pre-processing is needed for good statistical estimations. Finally, we describe our
algorithm to estimate the ACF, DR and APSD. We present also some results on test
data

Hopefully, application of this algorithms on JET shots as presented in Appendices
proves, that:

the filtering methods proposed and elaborated are adequate to prepare the signals
for data processing,

- the DR is a good tool to find places where oscillation definitely takes place,

- the proposed weighting method for estimating time dependent ACF is a suitable
tool to find the frequency shift of the main periodic component in the time signal,

it is possible to estimate good, reliable, short range, time dependent APSD based
on such ACF.
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Trend removal to prepare auto correlation estimation of a non-
stationary record

Definitions of ACF for different signals

The auto-correlation function (ACF) of a time function f(t), which consists of periodic
components can be calculated as:

1 rA CF{T) = — \f(t)-f(t- r)dt, where 2T is the period of the signal (1)
2T -T

In practice time signals are sampled, therefore the integral is substituted by
summation:

At N

A CF. = V / . • /._,, where 2N +1 is the number of samples, sampling time At = T/N
2N itif

(2)
If the signal has a purely deterministic, periodic character, then the definition above
can be used directly for ACF calculation.

However, in many cases, the signal has a stochastic, random nature or it may contain
random components as well. Either the physical process itself may have stochastic
nature (cf. for turbulent processes), or what is also rather common, stochastic noise,
born in the detection or amplifying processes, is added to the signal. Therefore
typically both the deterministic and the stochastic components are present in the
signal.

The basic definition of ACF for stochastic processes is different from the definition of
ACF for deterministic processes. It refers to ensemble averages (mathematical
expectation on ensemble) [Schnell, 1982]. However, in the practice it is impossible to
measure an ensemble of a stochastic variable. One can measure only one single
realisation from all possibilities. Therefore, we have to substitute the average over the
ensemble by an average on time. In case of ergodic processes it is true that:

1 N 1 T 1 M 1 f"to+2T

= lim^-£ _Lf/(/)./(r-T)djf»iim-L£_L \f{t)f(t-r)dt
>=1 • ' ' • ' _ j • £ « m=0 - ^ OTf|)

(3)

This means that, in case of ergodic processes, the ensemble average can be substituted
by an average of ACF calculated on the limited length-of-record called block of data.
This opens the way to estimate the ACF and APSD from time records. Here, from
now, we shall distinguish this two data evaluation processes introducing the following
terminology. When the ACF is determined for deterministic processes, (Eq.l), then
we shall use the terminology of "calculation of ACF", whereas when we deal with
stochastic processes (Eq.3), then we shall use the term of "estimating the ACF' (or
APSD).
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Stationary signals

When estimating statistical descriptors of stochastic processes like moments, ACF
and APSD, it is important to have in mind that the estimated value approaches the true
value only with certain accuracy. This accuracy depends on the number of averages.
Since we replace the ensemble average by the time average, it is necessary to have
several blocks of records, on which we can carry out calculation of the given function.
We take an average of the calculated functions over the separate blocks of the record.
Such an average over the blocks is meaningful only if there is no change in the system
during the recording of different blocks. Thus we have to require some kind of
stationarity of the measured process. This is expressed in stationarity requirements in
stochastic signals. A stochastic signal is called stationary when its moments are
unchanged in time, i.e.

E[f(t)]= const, E\f\t)}= const,

Stationarity is needed also for ergodicity that we need for equivalence between the
ensemble average and the time average. Without stationarity, equality is not ensured,
i.e. time averages of statistical estimates are not approaching the true value.

Stationarity is a very important requirement both from the theoretical point of view
and from practical aspects as well. Therefore it was natural to start our pre-processing
with removal of trends and slow variations, since they can destroy stationarity.

There are different levels of stationarity. In the literature, there exists a terminology of
the "weak stationarity". A stochastic signal is called 'weakly' stationary if its first two
moments are stationary (invariant) in time. But if one is interested in the variation of
the autospectrum in time, one should not expect a time dependent second moment,
since the APSD is the distribution of the second moment into its frequency
components. Consequently, what we want is, that the first moment, i.e. the mean
value be constant at all times .

Trying usual methods for producing a stationary signal from measurement

In the previous section we concluded that we needed the mean value to be invariant
all the time for the correct estimation of the ACF. Thus our task is to convert the
measured signal into a signal, which has unchanged (zero) mean value during the
whole measurement, hi reality, we have trends, transients and slow variation in the
measured time signals. The task is to remove those from the signal, making the signal
suitable for further data processing and analysis.

The simplest way to remove the mean value is to calculate the mean value and
subtract it from the original signal. This practical way can be used when there is no
big variation during the measurement and we would like just get rid of high mean
value. This is also useful, when estimating windowed APSD, since every window will
expand the DC component (the mean value) into higher components due to
convolution of the window with the signal.
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One often divides the signal into blocks to estimate the APSD as averaged from many
blocks. This is a typical way for APSD estimation via Fast Fourier Transformation
(FFT) from a stationary record of a stochastic process. This is fine, if the mean value
is not varying. However, the latter is not always granted. Therefore typically some
kind of high pass filtering is used to remove trends and slow variations from the
signal.

We also tried two high pass filtering methods to remove the trends from soft-X-ray of
the JET records. First, we tried the convolution filter bank (since this is available in
the DDL program package1 [IDL,1998] specially designed for filtering). Later, we also
tried to use the wavelet filtering method for high pass filtering.

The convolution filter was found to have two drawbacks. First, it was found not being
very effective (at least when using relatively low order) to remove visible transients.
Using a high order in that filter, one has to use long blocks for filtering. Thus it cannot
be used on usual short length of blocks, which are suitable to follow changes of the
spectra. The relatively short length of the JET records did not allow an effective use
of this method. The second problem was connected to the selection of the high pass
filter frequency. It has to be selected by the user. This is fine for manual filtering but
it is a rather labour demanding procedure when dealing with records with many
detectors and lines-of-sights, moreover it carries the potential drawback of making the
data evaluation results subjective.

The wavelet filtering was proposed already by the start of the present project for trend
removal. Trying this method on JET shots, we faced the following problem. To use a
wavelet filter, one needs a record length of power of two. If the signal length is
different of that, then one may either truncate or add samples to the signal. Truncation
leads to loss of information and sometimes the most important part is truncated. One
should avoid added samples to the measured signal when using wavelet filtering.
There are two possibilities widely used for expanding the record beyond its original
length: adding zeros (so called zero padding) or adding the fixed high value, which is
equal to the last measured value (no sudden change at the end). We tried both, and
they both introduced large errors in wavelet filtering. This is easy to understand since
both methods will bias the mean value of the signal very much. Therefore new
methods had to be found that are described in the next section.

Introducing a new trend removal method

Since most of the conventional high-pass filtering methods were found not to be very
effective, we tried to solve this problem approaching from the experimental point of
view. We noticed that the soft-X-ray JET signals have typically linear trends or slow
variations. The latter can be also divided into linear segments. From that observation
we concluded that we could use a simple method, which removes the linear trends and
that would eliminate most of the trends.

Differentiation is a suitable way to remove linear trends (baselines) from the
measured time function. A single differentiation removes the additional value and

1IDL is a program language developed by Science Research Inc. and widely used in JET. Therefore all
software mentioned in this publication was developed in that language.

JP6/9003



JET X-ray analysis CTH-RF-143

reduces the linear trend to a constant value. A second differentiation removes that
second constant as well. This means that a simple or twofold differentiation of the
time signal can be used to remove a linear trend. At the same time, oscillations
(periodical components) will remain almost unaltered by differentiation: their
amplitude remains unchanged, while their phase is shifted. Most of the stochastic
processes are also not filtered out from the signal, except those having a time constant
larger than the time constant of the differentiation. But they have very low frequency
content.

However, some oscillations with very high frequency (near to the differentiation
frequency) will be increased due to differentiation. They should be pre-filtered. This
means that first one should apply a pre-filter, which can remove the high frequency
components and after that pre-filtering, a simple differentiation can remove the trend.
We tested different low pass filters for pre-filtering. The convolution method was
found not being effective enough again. Digital filter based on Fourier transformation
was found effective and good, but we had to set the low-pass frequency to a very low
value and consequently some important higher frequency contents were lost from the
time record. Finally, we found that the soft thresholding wavelet filtering method was
the most suitable for our case.

The soft wavelet filtering fsee cf. Por, 1999, CTH-RF-144) removes all weak
components from the signal. Since the threshold level is selected according to the
white detection noise level, such a filter will remove most of the white detection
noises as well. This is very beneficial for further processing. (In the relatively high
frequency range of the measurements typically white detection noises are present and
they are removed by this way.) If there are some other strong physical components
also present in the high frequency range, they will not be removed (unlike any other
low pass filtering method). This is the advantage of the wavelet filter. This is why we
apply this filter for low-pass filtering. Of course, the high frequency component will
be biased by our trend-removing differentiation. Its amplitude will increase in such
pre-processing. But we do not loose the information. In fact, when making later
Fourier processing to get the spectral components it is possible to correct that bias of
the high frequency components. (Some other problems connected with the use of
wavelet filtering are discussed in [Por, 1999]).

Thus the suggested method is the following:

- First, we carry out a 'de-noising' process, using the so called soft threshold
wavelet filtering of the time signal,

then, we carry out a differentiation on three points (using DERIV function of
IDL).

This pre-processing removes very effectively all trends and suppresses white
detection noises from the measured soft X-ray signal. Typical examples are given in
Appendix 1.

Such a pre-processed signal is rather suitable for time dependent ACF estimation. It
can be also effectively used for the time dependent APSD estimation of the stochastic
part of the signal.
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Estimating time dependent ACF and APSD

Weighting the previous values to have a 'memory' in ACF estimation

It is obvious from the definition of ACF described in the previous section, that for a
"good" estimation we need an averaged ACF. There are two conflicting conditions of
obtaining a good estimate. On the one hand, a larger average gives a better estimate of
the true value of the ACF of stationary stochastic signal. Therefore we want to have
the summation in Eq.(3) to be as long as possible. On the other hand if we take
average on a long record length, then any variation during that time average will be
smoothed (averaged out). However, we are interested in time variation of the ACF
function estimated from the time varying signal. To reach this goal we have to
gradually "forget" those values, which had been measured in earlier time segments.
This can be done by giving smaller weight to earlier time samples.

Thus our recommendation to estimate a time varying ACF is the following. First we
carry out pre-processing described in the previous section. Then we take time samples
step by step. For each step we estimate the sum of Eq (3), i.e. its correlation with the
previous time sample, with one but previous time sample, and so on, but giving
falling weight to each earlier time sample. Thus the j-th component of the ACF
function can be calculated as:

w<\ (4)

In practice, we program this weighting method in the following way. First we define
an initial length of block accordingly to desired maximum time lag of ACF (which is
the same as the spectral resolution of the APSD), for example kmax = 128, or 256, or
512. Then we calculate the ACF for that first block using Eq. (1). (Notice that this is a
very rough estimation of the ACF if the signal has stochastic nature, but it is rather
good for periodic components). Then we take the next sample. The ACF is calculated
for each time lag (k=l,...,kmax), and these values are added to the previously
estimated ACF values. However, before the addition, the previously accumulated
value of the ACF is weighted by a factor of w, which is less than unity (w=0.99, or
0.97, or 0.9...). The selection of the w (weight) defines a time constant during which
the previous ACF values are gradually forgotten. We continue this procedure until the
end of the total record. One may notice that we have always a limited length of the
ACF function. Its length is always equal to the selected "kmax". This ACF contains
100 % weight from the correlation of the given sample with the previous "kmax"
measured data, a weight of w from the correlation from the block of 'kmax' length,
which started one sample steps before, a weight equal to w2 from the block with
"kmax" length, which had been started by 2 sample-steps before, and so on. This way
both aims are achieved. The estimated ACF gradually (and relatively quickly) forgets
the correlation, which existed much earlier, than the actual time sample had occurred,
- that is beneficial to follow actual changes of periodic components in time. Still we
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have a long average, which ensures to achieve the minimum possible error for
stochastic components of the signal.

The time dependent APSD is calculated from the time dependent ACF via a simple
Fast Fourier Transformation (FFT).

Man Machine interface

This was also an important subtopic of the project. Namely, how to present the results
of the data evaluation described in the previous two and in the next section. Finding a
suitable way for comprehensive demonstration of the results was far from trivial. In
the Appendix the reader can find typically the following graphs: the time signal, its
filtered version (i.e. the results of pre-processing), the variation of DR value as a time
function. However for ACF and APSD, a third dimension was missing to present the
results. Usual 3D presentation of the results was rather confusing. Sometimes the
resolution was not good enough, sometimes small details were lost behind the strong
peaks (we present an example in Appendix2). Therefore most of the results are
presented in a colour CONTOUR plot using the colour as the measure in the 3rd

dimension.

However, trying to present the results of longer records (longer than the resolution of
the display) produces a re-sampling of the results. Such re-sampling can lead to
sampling error, described by theorems generally known as the Nyquist criteria, or the
Shannon criteria in the sampling theory. In the present case sampling concerns not the
time signal, but the results (on ACF and APSD estimates) due to limited display
resolution. In fact, for every frequency we calculate a time series, when the time
dependent APSD has been calculated. The REBIN procedure of IDL re-samples this
time series and the same happens when due to limited resolution of the display, not all
the dots can be presented from the series. This leads to a new kind of aliasing on the
screen. In other words, the variation in time dependent ACF and APSD should be
scarcer, than the display resolution. Otherwise aliasing will occur, which leads to the
appearance of aliasing spectral components.

The rather big dynamic changes in the amplitude of the calculated APSD did not
allow us to present it in linear scale. It is commonly accepted in physics to present the
APSD on semi-logarithmic scale.

To demonstrate the problems that are still open we show different presentations of the
shot 40554 in Appendix 2. In principle they have the same information, but even a
good colour selection can give much more detail. A larger variety of signal processing
and representation methods, as applied to several different signals, are given in
Appendix 3. This is also intended to illustrate the Man-Machine interface aspects of
the data processing and representation methods.
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Results of time dependent ACF and APSD estimation

Here we demonstrate the application of our method on JET shots, which contain many
transients. All results presented in this section carry only demonstrative character and
are presented in Appendix 1 in graphic form.

Shot 40554

This is a rather good, relatively short test record, which has ah1 typical features of the
JET shots. Is contains a (linearly growing) trend, a large burst, a slow variation in the
middle of the burst, a changing frequency content of the oscillation in the burst. Thus
this was ideal for testing. Most of the testing of our software has been done on this
record. From the physical point of view it is a kink in fusion terminology.

We selected the most meaningful spectral estimation for this report. Each page in
App. 1 shows results for one line-of-sight. The lines of sight that are not included are
marginal and have no physical information.

The figures in Appendix 1 do not need much explanation. They demonstrate the
applicability of our methodology to estimate the time varying APSD of transient
signals. It is clearly seen that when an oscillation is present in the time signal, the
corresponding frequency components appear in the CONTOUR plot of the time
dependent APSD.

The first graph of each figure in Appendix 1 shows the measured signal. The second
graph is its filtered version. The third graph is a CONTOUR plot of the time
dependent ACF. The horizontal axis is the same time axis as for the previous two
graphs. The vertical axis is the time lag axis of the ACF. The magnitude of the ACF is
represented by the colour code. Its intensity is scaled on the right hand side. The
fourth graph is the colour CONTOUR plot of the time dependent APSD. It has the
same features, but the vertical axis is the frequency axis of the APSD. For one time
instant, i.e. for a cross section of the CONTOUR plots, we present the ACF and the
APSD in two-dimensional graphs (graphs 5 and 6). The selected time instant was just
the middle of the record (at 2048th time step). The ACF is plotted in both cases in
linear scale, while the APSD is presented on log scale. The number of the line-of-
sight can be read at the top of the figure on each page.

First it must be noted that the ACF has a damped oscillation character (see graph 5 on
each page). It is rather suitable for the DR estimation (see the next section). There is a
strong oscillation present in the signal during the burst. Its frequency is changing
(shifting). This shift can be hardly seen in the colour CONTOUR plot of the time
dependent APSD, but it is well seen in the CONTOUR plot of the time dependent
ACF. The strong frequency component appears in ACF as a damped oscillation.
When its frequency is decreasing, the peaks of ACF are broadened. This is seen on
the contour plot of the ACF.
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Estimating Decay Ratio for finding instabilities in JET shots

The concept of the Decay Ratio (DR) is well known from boiling reactor instability
investigations. Let us consider how we can use this parameter to characterise
instabilities or oscillations in JET CATS-shots. But first, we review the definition of
the DR, its meaning and how DR is estimated in practice from fluctuating signals.

Basic definitions and derivations

Analytical definition of DR

If the system that models our signals is a second order oscillator of the form
(5)

d2x „ dx
dt1 dt

then the general solution for the system is
(6)

x(t) = A • e~M(cos(t • 4m1 - a1 + q>)).
The DR parameter gives us a measurement of the damping of the system and it is
defined as the ratio between two consecutive maxima of the signal (6). For the second
order system this parameter is a constant, and given by

(7)

1-n-a

DR =

The meaning of this parameter is clear only if we have a second order, linear, stable
system. Otherwise the use of the DR is based on similarities. Namely, if the system
responds to an external impulse perturbation with a damped oscillation, then it is
supposed that its behaviour can be approximated by a second order system, thus the
DR can describe the damping factor of that second order system. If the DR is larger,
the system is considered to be closer to instability. It is said that when the DR
approaches unity, the oscillation approaches a limit cycle, where the system responds
to an external perturbation with non-decaying oscillation.

Either in reactor physics or in fusion experiments, we do not have a chance to excite
the system with impulses. Therefore we make use of the fluctuation of the measured
parameters (signals). The stochastic signal itself cannot be fitted with a continuous
second order system. Alternative approaches imply the consideration that the signals
can be considered as time series and ACF can be calculated from that. This is the
basic method in BWR diagnostics for instability characterisation and we shall try to
use the same approach to find oscillation in soft-X-ray measurement in JET
diagnostics.

JP6/9003 10
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Practical methods of estimation of DR from a fluctuating signal

Standard methods of estimation of DR

One can get the system response in the form of Eq. (6) by perturbing the inlet of the
system by a single impulse (delta function) external perturbation. Thus it is the impulse
response function (IRF) of the system. Consequently if one can determine the IRF of the
system and it has the form of a damped oscillation, then the DR can be estimated as the
ratio of two consecutive maxima if IRF. The other way is to calculate the ACF of
measured noise signal. If it has a damped oscillating character, then the ratio of the
consecutive maxims can characterise the damping, i.e. the DR.

DR estimators used in our calculation

There are two estimators, which are widely used to estimate the DR from ACF.

DRl is the ratio of the first two maxima of ACF. It underestimates the DR since the
maximum at zero lag always contains some white detection noise component.

DR2 is the ratio of the first two minima of ACF. It usually overestimates the DR. The
reason is either the non-stationary character left in the signal in spite of the pre-
processing described in the first chapter, or the existence of higher harmonics in the
signal. If the signal can be characterised by single periodic components, then the ACF
will be periodic. (ACF of a single sinus wave is a cosine function.) When higher
harmonics are present, then ACF will still have a damped periodic character, but its
period is the smallest multiple of all periods. Within that common period the
magnitude of low time lags are influenced by higher components. This leads to biased
estimates in DR2.

Finding the beginning and the end of oscillating processes

hi Appendix 2, we present a practical example, where estimated ACF and DRl and
DR2 from JET shot of 40554 are given.

From the figures presented it is clear that the two estimates of DR, namely the DRl,
which gives the lower bound and the DR2, which gives the upper bound for the
estimate of the DR can indicate the beginning and the end of the oscillation in the
signal. In cases where no oscillation is present, the values of DRl and DR2 are small
(less than 0.5). When the oscillation starts, first DR2, then DRl rises. Since by the
estimation of the ACF (due to averages), the detection noise from the signal is
effectively removed, we get a clear indication where the oscillation begins and ends.
In the given examples it can be seen that DRl and DR2 are approaching to each other
and they almost coincide, where the real big oscillation takes place in the signal. One
case, for line-of-sight 12, included also in App. 2, is shown here for illustration.

JP6/9003 11
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When the magnitude of the oscillation is large, it is relatively easy to see the
oscillation. But it is not very easy to find the beginning and the end without DR
estimation. This parameter can give some indication on the real start of the oscillating
process.

To illustrate further possibilities of data representation, in App. 3 a few more ways of
displaying process parameters are shown.

Some other demonstrative results

Here we selected some interesting results. We do not enter into their physical
interpretation. The selected examples demonstrate clearly the power of the proposed
method.

Shot 45922: analysis of the ACF and APSD at the beginning of the 'snake'

This seems to be a very interesting shot. It is clearly classified as a q=2 "snake" in the
JET literature (B. Alper, 1999). We could nicely show the helical structure using
wavelet-filtering technique on time array from the line-of-sights from the same soft-
X-ray camera (Por et al, 1999).
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Figures can be found in Appendix 4. There are four graphs in each figure:

- the original time signal;
- its filtered version;
- a CONTOUR plot of the time dependent ACF;
- a CONTOUR plot of the time dependent APSD.

The horizontal axis is the real time axis for each graph. The vertical axis is the time
lag axis of the ACF. For the APSD-contour plot, the vertical axis is the frequency
axis. The magnitude is presented in colours in both cases (see the colour bar on the
right hand side).

The so-called 'snake' structure is started at about 46.22 msec. After that time the
eigenvalues (with higher harmonics) are clearly recognisable on the APSD-contour
plot. Here we discuss the details only for the line-of sight No 13, (all others can be
found in Appendix 4). This figure is reproduced here below for demonstration.

The filtered signal demonstrates the effectiveness of the proposed filtering technique.
In the original signal, one can see only a growing trend. This was totally removed.
Bursts in the first half became clearly visible.
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1.55*104 =-

45.210 46,220 40.730
l i r e !n msec

12 ORIGINAL SIGNAL IN TIME STEPS FCOMt

46.240 46.250

4B.2IO 48.220 4B.230 16.240
Vine 1n ms«

HP; 12 h»gh pass«d S»0L995 signal irt Um« ateps from: 0

46.250

. 2.5*10"

1.5*10

1.0*10"
n -5

4&.Z1D 46.220 4B.730 46.240
1HIS IS TrC CHANCE OF THC obs(ACr>=0.995 1" t'^e [mwc]45922_S4;O1 J

46.250

46.220 4S.2W 46.240 4S.250
CHANGE OF yLO0(APSD) based on ACF in TIME [m,ec]45922_S4:013

There are several bursts in the first half of the record, which have a short-lived
spectral component above 40 kHz. The snake oscillation begins at about 46.22 msec.
It has its own eigenvalue below 20 kHz. There are several harmonics. We can see up
to six higher harmonics in the figure of line-of-sight Nol3. Very interesting is the
spectral content of the beginning of the snake. There are sudden changes in the
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spectra. There has been a hypothesis, that sudden drop of eigenfrequencies can occur
at the beginning of the snake. These figures do not support this theory.

The structure of the ACF-contour plot is even more interesting. When the snake has
been established (after 46.22 msec), the structure of the ACF shows a periodic
character that corresponds to the strong eigenfrequency oscillation.

Shot 46699: analysis of a magnetic signal

Figures can be found in Appendix 5. On each page, there are six graphs. The first
presents the measured signal. The second shows its filtered version. It clearly
demonstrates the effectiveness of the proposed filtering method. The third graph is a
CONTOUR plot of the time dependent ACF. It has the same time scale (horizontal
axis). The vertical axis is the time lag of the ACF. Different colours in accordance
with the colour bar on the right hand side represent the magnitude of ACF. The fourth
graph is the CONTOUR plot of the estimated time dependent APSD. Here the vertical
axis is the frequency variable of the APSD. The typical ACF and APSD (estimated at
the end of the given record) are shown on the fifth and sixth graphs.

JET CAT SHOT qp46699_1MP:804

46.296 46.293 •46.300
time in msec

6 0R1CIM&L SCNAL IN "TIME STEPS FROM:

4 6.302 46.301

-50 -

46.296 46.298

HP:

46.300
lime ]n msec

6 high posaed s=0.995 sigr.nl in Vme sUpa <'O">:

46.302 46.304

- 1.2x10
1.0*10'

. 6.0*10'
' £.0*10'

4.0*10'
2.0*10', - 5

46.296 46.298 46.300 46.302
THIS IS THE CHANCE Or THE ob<ACF)?=0.995 In lime |msec]46699_1 MP:804

46.304

Z 1.5*105

§ 1.0 V1O
S 4

46.236 46.298 46.300 46.302
CH4M3E OF yLOC(APSO) bosed on ACF in TIME [msec]4S699_1MP:aO4

46.304

We present the effectiveness of the proposed filtering method on this figure above,
corresponding to signal 804. This figure is also included in the Appendix.

One can see on the figures, that pre-filtering removed the trend, thus the typical burst
pattern became visible. From the spectrum contour plot it is well seen, that spectral
components appear where a burst is present, and they disappear in short time after the
bursts end. For a magnetic signal it is characteristic that a 125 kHz component is
always present. This is the saddle magnetic coil frequency. This is not changing in
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time. But the frequency of the burst is decreasing and its spectrum contains several
other components as well. In some magnetic signal also a strong low frequency
component is present.

It is interesting that the time dependent ACF can show again the frequency shift
better. This has been a long lasting question in JET. It seems to us that we have got
better resolution than the earlier estimations.

The last page of this Appendix 5 most probably does not correspond to a physical
effect. But it shows the effectiveness of our filtering technique.

Perhaps the most interesting is the signal M 1:306, since it exhibits a periodic
structure, which is generally referred as "snake". This figure is also reproduced here.

JET CAT SHOT qpq46699-1MH:306

2.0*10'

46.280 46.290 48.300 45,310 46.320
THIS IS 1HE CHANCE OF THE ob?(ACF)s=0.995 In IVne [nnec]46699_1MH;306

46.270 46.280 46.290 46.300 48.310 i6.320
CHANCE OF yLOG(APSO) bosed on ACF in TIME Im,ec]4669«_1MH;306

These are in fact not soft-X-ray records, but magnetic signals. We selected a part of
the total signal where a transient with bursts can be seen. This is before the so-called
'snake* starts.
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Appendix 1
To CTH-RF-143: Time dependent Auto Correlation, Autospectrum and Decay
Ratio estimation of transient signals in JET soft-X-ray records

Time dependent ACF and APSD estimation of shot 40554

The title contains the number of the lines of sight
1. graph: the original signal
2. graph: the filtered signal
3. graph: CONTOUR plot of the time dependent ACF

horizontal axis: time
- vertical axis: time lag of the ACF

colour: amplitude of the ACF (see colour bar on the right hand side)
4. graph: CONTOUR plot of the time dependent APSD

horizontal axis: time
vertical axis: frequency axis of the APSD

- colour: amplitude of the APSD (see colour bar on the right hand side)
5. graph: a single ACF (near to the end of the record)

horizontal axis: time lag
- vertical axis: amplitude

6. graph: a single APSD (corresponding to the previous ACF)
horizontal axis: frequency in Hz

- vertical axis: log of APSD
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JET CAT SHOT por4Q554_S8:006
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1200f=
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JET CAT SHOT por40554_S8:Q1D
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Appendix 2
To CTH-RF-143: Time dependent Auto Correlation, Autospectrum and Decay
Ratio estimation of transient signals in JET soft-X-ray records

Demonstrating the Decay Ratio Estimation to find the beginning and the end of
the oscillation (in shot 40554)

The title contains the number of the lines of sight
1. graph: the original signal
2. graph: the estimated time dependent Decay Ratios (DRl and DR2)

- horizontal axis: time
- vertical axis: amplitude of DR2 and DRl estimators
Note: DR2 > DRl

3. graph: CONTOUR plot of the time dependent APSD
- horizontal axis: time

vertical axis: frequency axis of the APSD
- colour: amplitude of the APSD (see colour bar on the right hand side)

4. graph: a single ACF (near to the end of the record)
- horizontal axis: time lag
- vertical axis: amplitude

5. graph: a single APSD (corresponding to the previous ACF)
horizontal axis: frequency in Hz
vertical axis: log of APSD
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JET CAT SHOT por4t>554^S8:013
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Appendix 3
To CTH-RF-143: Time dependent Auto Correlation, Autospectrum and Decay
Ratio estimation of transient signals in JET soft-X-ray records

Demonstrating man-machine interface problems on shot 40554

This appendix contains the following pictures:

1. Results of data processing of line of sight 40554 s8:OO8 (kmax=256)
- The original time signal
- Its filtered version
- DR2 and DR1 estimates
- The variation of the time lag of the first three extrema of the ACF

The time dependent ACF-contour plot
- The time dependent APSD-contour plot

3D presentation of the time dependent ACF
- 3D presentation of the time dependent APSD

2. Results of data processing of line of sight 40554 s8:012 (kmax=64)
- The original time signal
- Its filtered version
- DR2 and DR1 estimates
- The variation of the time lag of the first three extrema of the ACF

The time dependent ACF-contour plot
- The time dependent APSD-contour plot

3D presentation of the time dependent ACF
- 3D presentation of the time dependent APSD

3. 40554 shot
- A set of the filtered signals of the lines of sight from the same camera

Their 3D presentation
And its contour plot presentation (showing periodic structure in the contour
plot, while no such structure can be detected on 3D figure)

4. From shot 46699
the original magnetic signal 1M:3O6

- its filtered version
time dependent ACF-contour plot
time dependent APSD contour plot

- 3D presentation of the time dependent APS
- together with the original signal
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JET CM SHOT th4a554_S8-XI0B
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JET CAT SHOT f™4O554_S6:012
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WaveleTand HP filtered Data for SHOT 40554 : KJ5-Sr
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JET CAT SHOT <f46699-1MH:306

^•l 8,300

IN 11ME STEPS rHOU: 0

1.0*105

5.0-1 ff*

S:::^ll:S-;::::;-::>''::l:;:?l-:;^

J6.300
bo^ed Dn Horning FFT, o««-v : tim
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46.296 46.298 46.300 46.302
ORIGINAL TIME SIGNAL IN TIME /sec/:

46.304
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Appendix 4
To CTH-RF-143: Time dependent Auto Correlation, Autospectrum and Decay
Ratio estimation of transient signals in JET soft-X-ray records

Time dependent ACF and APSD estimation of shot 45922

The title contains the number of the lines of sight
1. graph: the original signal
2. graph: the filtered signal
3. graph: CONTOUR plot of the time dependent ACF

horizontal axis: time
vertical axis: time lag of the ACF

- colour: amplitude of the ACF (see colour bar on the right hand side)
4. graph: CONTOUR plot of the time dependent APSD

- horizontal axis: time
- vertical axis: frequency axis of the APSD
- colour: amplitude of the APSD (see colour bar on the right hand side)

The 'snake' starts only at about 46.22 msec. See explanation in the report.
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JET CAT SHOT por45922_S4-:005

ie.210 46.220 18.230
tfme m mgec
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1.55*10* -

1.45*10 - J
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1.60*10 =-

1.55*104 =-
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Appendix 5
To CTH-RF-143: Time dependent Auto Correlation, Autospectrum and Decay
Ratio estimation of transient signals in JET soft-X-ray records

Time dependent ACF and APSD estimation of shot 46699

The title contains the number of the lines of sight
1. graph: the original signal
2. graph: the filtered signal
3. graph: CONTOUR plot of the time dependent ACF

- horizontal axis: time
- vertical axis: time lag of the ACF
- colour: amplitude of the ACF (see colour bar on the right hand side)

4. graph: CONTOUR plot of the time dependent APSD
horizontal axis: time
vertical axis: frequency axis of the APSD
colour: amplitude of the APSD (see colour bar on the right hand side)

5. graph: a single ACF (near to the end of the record)
- horizontal axis: time lag

vertical axis: amplitude
6. graph: a single APSD (corresponding to the previous ACF)

horizontal axis: frequency in Hz
- vertical axis: log of APSD
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JET CAT SHOT qp46699_1MH:507
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