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Application of the continuous wavelet transform to the fluctuations
and electric field analysis in the H-1 heliac
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We apply the continuous wavelet transfof@WT) and a CWT spectral technique to the analysis of

the time-resolved fluctuation-driven particle flux in the H-1 heliac. The results confirm that in some
cases the outward radial flux reverses its direction. In addition, time-resolved frequency spectra of
fluctuation signals obtained by CWT show that the dominant frequency component as a function of
time closely follows changes in the radial electric field. This suggests thatghg drift velocity
dominates the poloidal phase velocity of the fluctuations in the laboratory frame, in which case the
time-resolved frequency can be used to characterize the radial electric fiel@00® American
Institute of Physics[DOI: 10.1063/1.1310583

I. INTRODUCTION components they are analyzing. For high frequencies the
. wavelets are very narrow, and for low frequencies the wave-
The wavelet transform has proven to be a useful tool in i
time-frequency analysis of transient signals in plasm ets are much broader. As a result, t.he wavelet transfprm is
%etter able than the STFT to “zoom in” on very short-lived

physics' In this article, we apply the continuous wavelet , . : o
: . ! high frequency phenomena, such as transients in signals,
transform(CWT) to the fluctuation signals measured in the = : .
while still being able to have the low frequency components

H-1 heliac. We reformulate the spectral techniques intro- . : .

duced by Power$ by replacing the Fourier transform with resolved_ln th_e time and fr_equency domains. .

the CWT, to study time-resolved fluctuation-driven particle In this _artlt_:le, th_e continuous wavelet transform is em-

. . . ployed, which is defined as

transport. Time evolution of the dominant frequency compo-

nent of the fluctuations and its correlation with the radial

electric field are also studied. The article is organized as C(a,b)=ijm f(t)y

follows. In Sec. Il, the CWT and the CWT spectral technique NEYR

are discussed. In Sec. lll the main results are presented,

which is followed by a summary in Sec. IV. wheref(t) is the signal being analyzegy (t—b)/a] is the

analyzing wavelet witha and b being the scale factor and

position factor respectively, and(a,b) are the CWT coef-

ficients. The larger the scale factarthe longer the wavelet

in the time domain. Each analyzing wavelet at a particular
The time-frequency spectrum of a nonstationary signakcalea analyzes a frequency band of the signal centered at a

can be obtained using the wavelet transform. The wavelérequencyw. The scale factoa is inversely proportional to

transform uses a family of compressed and stretched wavéhe frequencyw. The position factob indicates the location

lets from a mother wavelet to analyze a signal. These waveof the analyzing wavelet on the time axis. A plot©{a,b)

lets are known as analyzing wavelets. There are analogieegrsus a set oi's andb’s gives the time-frequency spectrum

and differences between the wavelet transform and the wiref a signal. In our work, a complex Morlet wavelet is used as

dowed Fourier transform, also known as the short time Fouthe mother wavelet in the CWT. The CWT coefficients ob-

rier transform(STFT).>® Both transforms use a set of ana- tained are also complex numbers containing magnitude and

lyzing signals, which have finite effective support in the timephase information of signal frequency components.

domain, and the spectra of these analyzing signals have finite Power§ has derived the time-averaged fluctuation-

effective support in the frequency domain. The major differ-driven particle flux as

ence between them is that in the STFT, the analyzing signals

have the same time width during the analysis of frequency

contents of a signal, while in the wavelet transform, the time

widths of analyzing wavelets are adapted to the frequency

where the pointed brackets denote a time aver:é\g'e, the

aAuthor to whom correspondence should be addressed; electronic maiﬂUCtuat?ng ele_Ctron de'_"Sity: in a torOian geomettyis the
x.shi@cqu.edu.au fluctuating radial velocity of particles in a plasma cross sec-

t—b)
- dt, (@]

IIl. THE CWT AND ITS APPLICATION TO THE STUDY
OF FLUCTUATIONS AND PARTICLE TRANSPORT

o~ 1 _~ 2 o
V)= 5 (FE) = 5Re | prg, ()0, @
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tion, Ep is the fluctuating poloidal electric field, alis the x10
toroidal magnetic field. ThePﬁ”Ep is the cross-power spec-
trum of n andE,

P (@) =Ff (@)Fg (), )

whereFs ), ng(w) are the Fourier transforms EfandEp,
respectively, and the asterisk denotes the complex conjugate
The Re in the front of the integral in E¢R) denotes the real
part of the integral.

In order to obtain a “time-resolved particle flux,” we
replace Eq(3) with

Pﬁgp(a,b) = CWT%(a,b)CWTNEp(a,b), (4)

N W

Is (arb. units)

o

0.61 0.02 0.03 0.04 0.05 0.06

o

-
o

Ep (Vicm)
h o o

where CWTF (a,b) are the complex conjugates of the CWT
coefficients ofh, and CW‘Ep(a,b) are the CWT coefficients -100 0.6 1 0.62 0_63 0.6 4 005 006

of ~Ep. Now Eg.(2) can be rewritten as Time (seconds)

FIG. 1. The ion saturation currerid) and the poloidal electric fieldb)

~ 1 _~ 2 o
<ﬁvr>b:_<ﬁEp>b:_ Ref prz (a,b)da. (5) measured at the ra_dial positiota,~0.38,a, being the mean radius of the
B B 0 P last closed magnetic surface. Plasma shot No. 26882.

Equation(5) calculates the total particle flux, which is thatl «n. It was found that the main energy of the spectrum
the sum of the flux contributed from all frequency compo-of both|; andE, is in the frequency range of 4—26 kHz. The
nents, near the time indicated iy In the CWT spectral  cwT magnitude spectra of andE,, in this frequency range
technique the flux contributed from the lower frequencyare shown in Fig. 2, where the scales are shown to the right
components is averaged over longer time windows, while then they axis, with their corresponding frequencies to the left.

flux contributed from higher frequency components is aver-The magnitudes of the CWT coefficients are shown with
aged over shorter time windows to give a better time resolugray scales.

tion to the fast changing particle flux. In Fig. 2 the dominant frequency component in bogh
andE, is centered at about 13 kHz in the low confinement
ll. RESULTS mode, and then it drops to about 5 kHz in the high confine-

ment mode. Using Eqs4) and (5) in Sec. Il the time-
resolved radial particle flux is obtained as shown in Fig. 3.
H-1 is a helical axis stellarator having a major radius of The flux contributed from the frequency band centered at
1.0 m and a mean minor radius of about 0.2 m. The data usedPout 13 kHz has a time resolution 6f0.16 ms, which is
in this article were obtained at low magnetic fields0.2 7).  the effective length of the analyzing Morlet wavelet used to
The p|asma was produced and sustained by 50-80 ms pu|3@galyze that frequency band. While the flux contributed from
of radio frequency power of up to 100 kW at 7 MHz. Elec- the frequency band centered at about 5 kHz has a time reso-
tron temperatures in the discharge were low enogga  lution of ~0.4 ms.

=5-30 eV for probes to be used in the inner regions of the
plasma. _ CWT magnitude spectrum x10*

In the H-1 heliac, two improved confinement modes |Gl @ .44 10 :
were observed, distinguished by fluctuation behavior across NWW 6
the transition to the high confinement mdde. the so-called g‘ 8170 ! B e |

“quiescent” high mode the fluctuation level drops by more i
than an order of magnitude compared to the low mode. In the }

“fluctuating” high mode fluctuations persist after the transi- 4085 . . . : .
tion. Figure 1 shows the ion saturation current and the poloi- s ok e e £ o TR

A. Time-resolved radial particle flux

-

BT

Frequency (Hz)

dal electric field in a typical plasma shot, with a transition . . . . .
from the low to the fluctuating high confinement mode ap- ®) i w mw -1o [ 4
proximately 27 ms after the start of the plasma. !‘M‘ ‘l

In Fig. 1 the ion saturation curretht and the poloidal ! § ‘ R TreRe—
electric fieldE, are obtained from the measurements of two ! A i
poloidally separated Langmuir probes positionedr &, ;] i

H H i &

~O..38, wherea,, is the mean radius of the last closed mag- R PP P B S
netic surface. The Langmuire probe signals were sampled a Time (seconds)
200 KHz. . . . FIG. 2. The CWT magnitude spectrum kf (a) and ofE,, (b). The scales

To obtain a time-resolved partl_cle flux, the CWT has zre shown to the right on theaxis, with their corresponding frequencies to
been performed ohs andE,, respectively. Here we assume the left; the magnitudes of the coefficients are shown in gray scales.
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FIG. 3. Time-resolved radial particle flux in arbitrary units.

The flux shown in Fig. 3 oscillates with its average di-
rected outwards in the low confinement mode. A clear flux . . . . . .
reversal occurs at about 27 ms into the discharge. In the 0 001 002 003 004 005 006 007
fluctuating high confinement mode, the flux is directed
steadily inwards. The modification in particle transport dur-
ing and after the low to the fluctuating high confinement
mode transition observed in H-1 is mainly due to the change
of the relative phase between theand Ep.8

10r

fis (kHz)

B. Dependence of the fluctuation frequency on the
radial electric field

0 0.01 002 003 004 005 006 007
Time (seconds)

It has been shown in Ref. 9 that the fluctuations in therig. 4. () The ion saturation current measured at the radial positiag
low confinement mode in H-1 propagate in the lab frame~0.38,a, being the mean radius of the last closed magnetic surfag@he
with the EXB drift velocity. Here we attempt to find a cor- average radial electric fieldc) The dominant frequency component in the
relation between the time-resolved fluctuation frequency ob'®" Sawration current. Plasma shot No. 27469.

tained using CWT and the average radial electric field Nconfirm that the radial flux reverses during the transition
H-1. The results are shown in Fig. 4.

The data in Fig. 4 is from a plasma shot, which exhibitsl‘rom the low to the fluctuating high confinement mode in the

" ) : ) H-1 heliac as discussed in Refs. 7-9.
a transition from the low to the quiescent high confinement . .
A strong correlation between the fluctuation frequency

mode at approximately 50 ms into the discharge. In Hig),4 and the radial electric field has also been visualized using the

the average radial electric fiekg} is derived from the plasma CWT. The application of wavelet analysis to the temporal

potentials measured by two triple prob8sone fixed at . . . L
. evolution of the fluctuation frequency in a situation when the
r/a,~0.33 and another ata,~ 1. The dominant frequency f . h locity in the lab f is domi db
component as a function of time shown in Figcywas uctuation phase ve_ocny m_t € ab frame 1s ommat_e y
the EX B drift can (with certain cautionbe used as a diag-

obtained from the CWT spectrum of the ion saturation cur- . . : . .
. A nostic tool to estimate the time-resolved radial electric field.
rent signal shown in Fig.(4).
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