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Introduction

In a previous work [1] the statistics of the autocorrelationction (ACF) has been inves-
tigated in connection to the autocorrelation-width-mettACFWM) used for the one point
detection of poloidal flow modulations especially zonal #ownother possibility for studying
this phenomenon is the time delay estimation method whichde®n used e.g. in the DIII-
D tokamak for beam emission spectroscopy [2] and elsewfidris.method is based on the
determination of the time shifirg,ax) of the cross-correlation function (CCF) calculated from
short time intervals of two fluctuating measurement sigijeddled evaluation time windows
ATerw). Due to the finite length of the analyzed time record, ireli uncertainties arise when
we would like to determine the location of the peak correlatralue. IfATeyy IS too short, the
uncertainty of the velocity determination can be highenthi@e velocity modulations so the
modulations are not detectable. So iy, must be adjusted correctly, but it is only possible
when the scatter of the time delay is known. This contribupeesents the determination of the

scatter of the time delay if the noise is dominated by stasigif the events.

Mathematical model of the fluctuating signal

In order to determine the scatter of the time shift, a mathealatnodel of the fluctuating
signals must be made. According to this model the si@tal is represented as a sum of a
finite number of statistically independent random turbtilgtinuctures (eddies, blobs, events
etc.), every events(t, ij)) can be characterized by its random variablgg [ike its spatial

scale, its lifetime, its amplitude, etc.:

N

S(t,u) = 'Zs(t,ﬁ) . 1)

1=
A simple model of a turbulent event could be given by takingi§san-shaped structures
with uniform amplitudes evolving in time as a Gauss-functamd moving in one dimension,

locally detected ax (see Fig. 1):

s(t,li)=e % 2F ()
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wherex" andt* are the uniformly but otherwise randomly distributed sgagéind temporal
centers of theth event respectivelyyy is the poloidal width of structures any is the lifetime.

Cross-correlation measurements for flow detec- ‘X

From practical point of view the most important

moment of a fluctuating signal is the time average! A
t=t $

1 %
5= E/_A;sa) dt. 3)
In our one dimensional model we assume that >t /Qw\
the structures move poloidally. This is a valid ap- X

proximation as the toroidal size of the structures is _ )
_ _ Figure 1: lllustration of propagating
typically 2-3 orders of magnitude longer than their
_ _ _ _ Gauss-shaped structures
poloidal size. In this case we can define the cross-

correlation function (CCF) of the two time records measured andx, as:

Cap(T) = (S(t) ~S) (S+T1)—S) =S O S (+7) - SS. (4)
The cross-correlation function calculated from signalgingfinite temporal length, contains
an error originating from the finite number of overlappingets. This is called event statistical
noise. The variance of the cross-correlation functioninating from this noise can be written

in standard form:
20\ 2 2
02 (1) = (Cap(1)%) — (Cap(1))?, (5)
where the mean value calculating procediire) has to be done for all ofii random variables
except the time averaging which is denoted by an overbarva&hance of the CCF as well as
the mean value of CCF can be analitically evaluated only in gpecial cases.
The velocity of the plasma will be the ratio of the distancete probegx, —X3) and the

mean value of the time shif{ Tmay) ) if the events change slowly.

Relative scatter of the CCF

Using the Gauss-model described above, the mean value andattance of the cross-
correlation function can be derived analytically.

If some reasonable simplifications are made (sucf%’a« w;: the structures change slowly,
‘% < ATeww: during the evaluation time window significant part of an enean be detected, etc.)

the relative scatter of the cross-correlation functionlbaiwalculated. Setting the parameters of
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Figure 2. Parameter dependence of the relative scatter

the turbulence to typical magnitudes found in fusion meam@nts and having many events

during one evaluation time window, the relative scatter bezsi
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Fig. 2 shows the relative scatter of the CCK a#ax). The green line shows Eq. (6) while
the blue line is an extended expression without assuming ignber of events. A numerical
simulation was done to check these analytical expressitsngsult is shown by red crosses.
Two main conclusions can be drawn from this figure: (i) Thatreé scatter will not depend
on the event density if the number of events is high enough(igrttie relative scatter depends

inversely proportional to the square root®leyy (Fig. 2 right).

Scatter of the location of peak correlation value

In order to get information about the event statistical aatflow measurement in the case
of usage of cross-correlation functions, it is essentidirtk the relative scatter of the CCF
calculated above to the standard deviation of the time delaiile maximum of the CCF. In
order to get this let us suppose that the deviation ofrthg from its average value is due to the
superposition of the mean value of CCF and a single Gaussifi@rétice’-function G, (7))
with the amplitude determined by the scatter of the con@ldunction at the maximum to the
average CCF and with FWHM like the FWHM of the mean CCF:

2 (t—dm)?

Can(T) = (Cap(1)) + Gap(T) =Ke 22 + a(T)e 22 (7)

wheresandK are parameters dependingwg Wi, ATetw, V, Xa, X, but do not depends anand
dm s the random variable of the location of the 'differencenftion maximum. The location

of CCF maximum is determined by its derivative with respeat.to
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According to Fig. 3 the location of maximum

peak value:
d{Cap) (1) _ dGgp(1) ®)
dr e dr T= (T

It can be considered that in a CCF the

'difference’-functions are in pairs symmetrically to

(Tmax) SO the effect of the 'difference’-function pair

: 1
<Tmax> Tmax T

which causes the highest displacement must be in-
vestigated. Supposing uniform distribution don

the scatter offmax can be calculated by numerical
Figure 3: The effect of ’difference’-

integration:
function on the displacement of the CCF
Wy Xp — Xa 1
Umax:0-620rel(Tmax)—X " 5 ™ - (9) ,
WV VATetw maximum.

The parametric dependencies in this result were testethuations and excellent agreement
was found. Some initial data analysis has also been done gnuair probe fluctuation data
from the CASTOR tokamak, where the square root dependenbe statter of the CCF maxi-
mum clearly showed up. The above analytical results will$ein the future to help designing
proper two-point flow velocity measurements in fusion plaspregardless of the measurement

method itself.
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Figure 4: Analitic (blue line) and simulated (red cross) elegence of the uncertainty of the
time shift on the length of the evaluation time window andb@aistance: left and middle.
Dependence of the uncertainty of the time shift on the lenfithe evaluation time window in

measured data (blue cross) and the fitted function (red Iirgghjt.
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