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Abstract

We present a method of beam emission spectroscopy (BES) using an atomic
Li beam that is generated by means of laser blow-off for the investigation of
electron density fluctuations in the edge and scrape-off layer plasmas of fusion
devices. We discuss the operational limits of this technique and compare them
to those of other atomic Li beam diagnostics.

Furthermore, we apply this method to different Wendelstein 7-AS
discharges and study the influence of the line integrated electron density and
the direction of the main magnetic field on the fluctuations inside and outside
the last closed flux surface, and especially on their movement.

The information we obtain on the influence of the main magnetic field on
the fluctuations gives some insight into the possible origin of certain features
of their spatial structure.

1. Introduction

Anomalous transport in fusion plasmas is dominated by correlated fluctuations of the particle
densities and temperatures and the electrical and magnetic fields [1-3]. Therefore, many
diagnostics have been developed to investigate fluctuation phenomena in core as well as in
edge and scrape-off layer (SOL) plasmas [4].

In the special case of the electron density 7. and its fluctuations 7, atomic Li beams have
proven to be a powerful tool in SOL and edge plasmas. Up to now mainly thermal [5, 6] and
high energy [7-9] Li beams have been used for this purpose. However, both methods have their
specific drawbacks: the small velocity of the atoms in a thermal beam restricts its use to the SOL
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and lower densities whereas the high energy beam has a spatial resolution which for certain
plasma conditions is larger than the correlation lengths of the electron density fluctuations [9].

The Li laser blow-off technique has proven its usefulness for the measurement of
ne-profiles [10, 11]. Its application to fluctuation measurements has been proposed [12] but
was never realized on fusion devices before.

In section 2, we explain the principle of this method and discuss its limitations in
comparison to thermal and high energy Li beams.

The experimental realization of this diagnostic on the Wendelstein 7-AS (W7-AS)
stellarator is presented in section 3.

The data evaluation was done by means of correlation functions. This is a commonly used
method in fluctuation analysis and we will only give a short description. As the intensity of
the beam varies strongly with time, the separation between variations of the beam intensity
and fluctuation phenomena is essential. Both subjects are treated in section 4.

In section 5, we present some experimental results concerning a change of the fluctuation
behaviour around the last closed flux surface (LCFS) and its dependence on the direction of
the toroidal magnetic field and in section 6, we discuss these results.

2. Measurement principle

Laser blow-off has been discussed as a source for 1-10eV atoms for the first time in the
seventies [13-15]. A laser blow-off source consists of a laser and a substrate which is
transparent for the laser wavelength. The substrate is coated with a layer (typically 0.1 pm)
that contains the material one wants to inject and which must absorb the laser beam. If a
laser pulse is shot through the substrate onto the coating, the energy of the pulse will be
absorbed in the layer and an expanding plasma cloud is formed. Because of the reflection of
the atoms on the surface of the substrate, the atoms get a velocity component that is directed
perpendicularly to the surface. In the simplest case, the velocity distribution of the atoms
can be described as a constant velocity with a superposed thermal distribution in the frame
of the centre of mass [16]. The exact velocity distribution depends on the thickness of the
coating and the energy density of the laser pulse, and can contain several components (atoms,
clusters) [17-19]. For measurements of the electron density, however, it is essential that the
atomic beam contains no clusters, as those act as a source of atoms within the beam.

If such a beam is injected into a fusion plasma, the atoms are excited and finally ionized
by the plasma electrons. If the excited states are populated from the lower states and not from
free plasma electrons, the interaction between the plasma and the atoms can be described by
a corona model (excitation and ionization by electrons, relaxation by radiation).

According to [20], only bound levels above the level
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are in equilibrium with the continuum (Saha equation). Here, Z is the charge number (3 for Li),
and FEjon hydrogen 15 the ionization energy of hydrogen (13.6eV). The electron density 7. is in
m~? and the electron temperature 7., is in electronvolts. In those discharges investigated here,
typical values at 7o = 14 cm are n, ~ 1.5 x 10 m~3 and T, ~ 200eV. Therefore, levels
below k = 11 are not in equilibrium with the continuum.

The Einstein coefficient for the Li resonance line (2p — 2s) observed here is:
A=23.72x10"s"!. With a velocity of the atoms of v, < 10*ms~! that means that the
atoms travel less than 1 mm during the time interval 1/A and the plasma parameters can be
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considered as constant. Therefore, one can assume a corona model in the case of the blow-off
Li beam.
Hence, one can derive an expression for the electron density profile [11]:

Va1 (r)
(o12ve) [ ({o1ve) /(0120e)) L (") dF’

In this equation, v, is the average velocity of the atoms in the beam and I, is the intensity of the
light emitted by the atoms. The integration has to be executed from the point of observation
r to the point ry where all atoms are ionized. The centre of the coordinate system is in the
plasma centre and the atoms propagate fromr > 0 — r = 0 (v, < 0).

(o12ve) and (o7v.) are the rate coefficients for electron impact excitation and ionization,
respectively. They have been calculated with the cross sections o, from [21] and o7 from [22]
under the assumption of a Maxwellian velocity distribution of the plasma electrons. Here
we take into account only the ionization from the ground state. It has been shown that the
influence from the ionization of excited atoms is mostly compensated by the increase of |v,|
towards the plasma centre [23]. This apparent acceleration of the beam is caused by the fact
that the slower atoms are ionized closer to the plasma edge. The line that is observed here is
the resonance line of Li at A = 670.8 nm, which corresponds to the transition 2p — 2s.

For electron temperatures 7. in the range between 10 and 200 eV, the ratio of the rate
coefficients (oyv.)/{o12ve) depends only weakly on 7, and therefore on r. Hence, one may
simplify equation (2) to:

@

ne(r) =

Vala(r)
{orve) [° L") dr
This means that it is possible to determine the profile of the absolute electron density by
measuring the relative emission profile up to the point of complete ionization.

In the following, we will discuss the parameter range in which the Li laser blow-off can
be used for fluctuation measurements.

(€)
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2.1. Temperature range

Equation (3) is only valid in the temperature range 10eV < T, < 200eV. This condition is
normally satisfied in the SOL and edge of fusion plasmas.

If this condition is not fulfilled, one has to know the temperature profile 7, (r) to calculate
profile of the electron density n. ().

2.2. Penetration depth

The ionization of the atoms by electron impact restricts the applicability of this technique to
the plasma edge.

One can characterize the penetration depth by the point r;,. where the number of atoms
in the beam has decreased to 1/e of the initial amount of atoms. If the condition for the
temperature range is fulfilled, (ojv.) only depends weakly on T, and therefore on » and one
can derive a criterion for the penetration depth ry /c:

/ Ty dr ~ 1l @)

1/e (UI Ue)

For our laser blow-off system (v, ~ 10*ms™!) and Li ({(ojve) &~ 6 x 107¥m3s~!), one
obtains a penetration depth of [ndr =2 x 107 m™2.
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Table 1. Comparison of the three Li beams with regard to fluctuation measurements. The
confinement regions where the diagnostics can be used are given for medium size experiments
as TEXTOR or W7-AS.

Thermal Blow-off High energy
Energy 50-100 meV 5-10eV 50keV
Penetration depth 2x10°m=2  2x107m=2 10 m?
Plasma region SOL Edge plasma Core plasma
Radial resolution 0.2mm 2mm 10-20 mm
Length of pulse Continuous 100-300 us Continuous
Frequency resolution ~ Very high 10-3kHz Very high

2.3. Spatial resolution

If the beam encounters a spatial variation of the electron density, it takes a certain time for the
atoms to reach equilibrium between the excited states again. For a thermal Li beam this time
has been determined to be of the order of 7z = 0.2 us [24]. As the atoms of the thermal and
blow-off beam are both much slower than the plasma electrons and since other collisions can
be neglected in both cases, the time to reach equilibrium is the same for both beams. For the
laser blow-off beam, this leads to a spatial resolution of the order of 2 mm.

Table 1 summarizes some properties of the three Li beams with regard to fluctuation
measurements. As the correlation lengths in the SOL are typically of the order of 5-10 mm,
one can see that from the atomic physics point of view, the blow-off beam is the best possible
compromise between spatial resolution and penetration depth for the investigations of such
structures.

2.4. Temporal resolution

Of course, a finite v leads also to a restriction of the temporal resolution. However
1/tg = 5 MHz is fast enough to measure all edge fluctuation phenomena which are generally
characterized by frequencies below 100 kHz [29, 30, 24].

In general, the Nyquist frequency vny that is half of the sampling rate [31] is a much larger
constraint. In our case, the sampling rate was 1 MHz and therefore sufficiently high for our
purposes.

2.5. Frequency measurements

The laser blow-off system can only produce pulses of limited length. The exact length depends
on the details of the set-up (e.g. the distance between the coated target and the plasma), but
one can hardly obtain pulses that are longer than 7; = 100-300 us. One can increase the
statistics by using a repetitive system as the one presented in section 3 but the frequency
resolution of the fluctuation spectra is limited to Av = 1/Ty which means Av = 3-10kHz.
As fluctuation spectra are usually characterized by broad spectra rather than by strong lines,
this is not necessarily a problem for such measurements, but it can be a major drawback if one
is interested in phenomena with characteristic frequencies.

Accordingly, no phenomena with characteristic frequencies below 3—-10kHz can be
resolved.

2.6. Velocity of the fluctuations

If the velocity of the beam and the velocity of the fluctuations of the electron density in the
direction of propagation of the beam are of similar magnitude, the interpretation of the signal
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becomes very difficult. One would have to separate the influence of the two movements on
the light fluctuations.

In the case of a radial movement, especially the atoms of the thermal beam have a velocity
that is similar to the velocity of the fluctuations of the electron density. This problem has been
discussed in more detail and shown experimentally in [12].

The blow-off beam in contrast has a velocity that is significantly (at least one order of
magnitude) larger than the radial velocity of the fluctuations and the velocity of the high energy
beam is much larger than that.

This means that the radial velocity of the fluctuations of the electron density is neither a
concern for the blow-off beam nor for the high energy beam but has to be considered for the
thermal beam.

2.7. Perturbation of the plasma by the Li beam

As with the laser blow-off material is injected into the plasma, it is important to study if this
injection does disturb the plasma significantly. First, the perturbation of the plasma density 7.
is discussed and then the perturbation of the plasma temperature 7.

2.7.1. Perturbation of the electron density ne. Itis difficult to determine the number of atoms
that are injected, as the opening cone of the beam is not well known and thus the fraction
of atoms that are deposited on the walls of the vacuum vessel or the collimating slit (see
section 3.1) cannot be calculated exactly. An upper estimate of the number of particles can,
however, be obtained by calculating the number of particles in that part of the target coating
that is ablated in a typical laser pulse. For a layer of 0.1 um and a laser spot diameter of
1.5 mm, of the order of 10'® Li atoms are ablated.

The ratio of translational to transverse velocity is approximately 5 : 1 [18]. That means that
after travelling the distance between the target plate and the measurement volume, the beam
has a diameter of 40 cm. A slit in the path of the injection system (see section 3) collimates the
beam to a size of 1 cm x 10 cm in the measurement region. That means the number of particles
injected into the plasma is reduced by a factor of 10cm? : 20cm x 20cm x 7w & 10 : 1000,
which means that about 10'* atoms reach the plasma.

The real number of injected particles is probably lower, as a part of the atoms is ionized
(the photon energy of the excimer laser (4 eV) is close to the ionization energy of Li (5.4 eV)).
In addition, at the edges of the ablated region, the energy density on the target plate may be
too small to atomize the target material completely, which would lead to the creation of small
clusters or fragments.

Assuming that 10'* atoms are deposited in a volume of approximately 10 x 1 x 5cm?
(toroidal x poloidal x radial) during a pulse of approximately 100 us one obtains an influx of
10?2 s~ m~3. The ionized particles leave the deposition area with a velocity of approximately
I'm in 100 us [25], which means that they leave the deposition area in about 10 us. So one
can estimate the number of particles that are deposited during that time to be of the order
of 10" m~3. The electrons originating from the injected fluorine and chromium (which are
components of the target material, see section 3) do not change this estimate. The number of
injected particles is roughly the same as for lithium, and especially fluorine is ionized further in
the plasma (the ionization energies are higher: 17.4 eV for fluorine and 6.8 eV for chromium).

We therefore estimate that the maximum number of particles deposited is of the order
of 1% of the local plasma density and, hence, even less than the amplitude of the density
fluctuations.
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2.7.2. Perturbation of the electron temperature T,. The ionization of the injected particles
as well as their line radiation lead to a cooling of the plasma. For the confinement region, an
upper limit for the power losses caused by these effects can be estimated with data from [26]:
ionization of all injected atoms leads to power losses of the order of 150 W and the losses
by line radiation are of the order of a few kilowatts. As the parallel thermal velocity of the
electrons in the plasma is high compared to the velocity of the injected atoms and their mean
free path is in excess of 10 m, one may assume that inside the LCFS all electrons on the
flux surface will contribute to the compensation of the energy losses caused by the injected
atoms. In the flat top phase of a typical discharge (e.g. #52772), the total heating power was
Prcar = 400kW and the total radiated power was Pg = 30—40kW. In the stationary phase
of such a discharge, the difference Pheyr — Prag = 350 kW must be transported by anomalous
transport (turbulent convection) radially across the LCFS into the SOL and is thus available to
compensate the local cooling. The total power losses caused by ionization and line radiation
are less than 1% of the available power and, hence, negligible.

In the SOL, time dependent deposition, ionization and transport processes and the complex
nature of this region make it a difficult task to obtain a meaningful estimate of a possible
perturbation. Such a detailed analysis of all the processes is beyond the scope of this paper.
However, in the past, laser blow-off measurements have been used to determine the electron
density and temperature in the SOL by injection of LiF and C [27]. As no collimator slit but a
thicker target layer and spot diameter were used, the amount of injected material (Li, F, C) was
larger by a factor of 210 than for the measurements presented here. The temperature profiles
from these measurements were compared to those from other diagnostics (probes, He beam)
and no cooling effect was found [28]. These experimental results show that the injection of
a small amount of atoms—as during the measurements described here—does not lead to a
significant cooling of the plasma even in the SOL.

2.8. Signal to noise ratio

The temporal and spatial resolution is not defined by the timescale of the atomic physics
processes alone, but the detected photon flux also plays an equally important role. A rough
estimate on the photon flux can be made the following way. The number of photons emitted
by one injected Li atom is determined by the ratio of the excitation rate to the ionization rate,
as a rough estimate this is about R & 10 [21,22]. The total number of injected atoms is about
Nt = 10 (see section 2.7) and one observation channel observes about d//L = 1/20 part
of the beam penetration depth. The detection solid angle is approximately = 1073, and the
detection quantum efficiency is about Q = 0.01. From these data, the total number of photons
detected in one channel during the total length of one LBO pulse is:

dl 0

The length of the LBO pulse is about 100 js, therefore about 10% photons can be detected in
the 1 us time resolution. The photon statistical S/N ratio from this is 10>. Even if the number
of injected particles is overestimated by two orders of magnitude in section 2.7, the S/N ratio
is still 102, which is comparable to or less than the typical amplitude of the density fluctuations
in the plasma (1072-10~! [9]). This estimated S/N ratio is significantly higher than for a high
energy Li beam [8].

We should emphasize, however, that our evaluation method using cross correlation
functions (see section 4.1) is rather insensitive to uncorrelated noise, which would only show
up as a clearly distinguishable peak in the autocorrelation function at time delay T = 0.
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3. Experimental set-up

The set-up that was used for the measurements consists of two parts, the injection and the
observation system that are shown in figures 1(a) and (b), respectively.

3.1. Injection system

For the injection, we used a XeCl excimer laser (Lambda Physik EMG 150) at 308 nm with
a pulse duration of 18 ns and a pulse energy of 100 mJ on the target. The targets themselves
were S0 mm x 50 mm large quartz substrates which were coated with a 0.05 um Cr layer to
absorb the laser energy and a 0.1 um layer of LiF on top.

A lens was used to collimate the laser beam onto the target. The typical diameter of the
blow-off spot was 1-2 mm, depending on the position of the lens.

For the fluctuation measurements, it was essential to inject several times into the same
discharge in order to increase the total measurement time and hence the statistics. Therefore, the

(a) target movement I laser beam

focusing lens

mirror
Rrzze® mirror movement
aperture target

(b)  to photomultiplier tubes

— bunch of optical fibres

\\\\» interference

filter
/

2D camera

field lens

Figure 1. Representation of (a) the injection system and (b) the observation system used on W7-AS.



496 M Bruchhausen et al

last mirror together with the focusing lens and the target itself could be moved in perpendicular
directions in order to scan a target with the laser spot at a frequency of ~10 Hz. The vacuum
system contained up to 15 different targets so that an empty target could easily be replaced
between two successive discharges.

The atomic beam itself was collimated by a slit to have a poloidal width of ~10 mm on
the location of the measurement which corresponds to the poloidal extension of the fluctuating
cells. As the correlation length of fluctuations in toroidal direction is of the order of several
metres [32], no collimation of the beam was necessary in that direction. In contrary, the use of
the entire width of the beam in toroidal direction permitted us to maximize the signal intensity
without introducing an error by averaging over several fluctuating cells.

3.2. Observation system

To observe the interaction volume between the Li beam and the plasma, we used the imaging
system shown in figure 1(b). First the volume was imaged onto a field lens close to the
vacuum window. This image was then observed simultaneously by a photomultiplier array with
eight equally spaced channels covering radially 18 mm of the plasma and a two-dimensional
CCD camera (PCO SensiCam). In both cases interference filters were used to reduce the
background light. Both filters had a central wavelength of 1y = 670.8 nm. The filter used for
the photomultipliers had a width of AL = 1.5 nm and the one in front of the camera a width
of AA = 6.2nm.

The data from the photomultiplier array was sampled with 1 MHz and used for the
fluctuation measurements as explained in section 4. The camera pictures were integrated
toroidally and could be used to relatively calibrate the photomultipliers as well as for the
calculation of electron density profiles.

4. Data evaluation

4.1. Correlation analysis

The correlation function ® 7, () of two time dependent functions f(¢) and g(¢) is given by:

Cng(T):/ fgt+)de (6

In our case, the two functions f(¢) and g(¢) correspond to the time traces of two photomultiplier
signals. To compare the correlation functions between several channels independently from
their respective signal amplitudes, one can use the normalized correlation functions:

P (1)

T) = —7 7 @ — @
NGO
As the correlation function according to equation (6) and the crosspower spectrum
Kye(v) = F*(1)G(v) (®)
are a pair of Fourier transforms, one can calculate the correlation functions by means of fast
Fourier transformation (FFT) algorithms. In equation (8) F(v) and G (v) denote the Fourier
transforms of f(¢) and g(¢) and the asterisk denotes the complex conjugate.
In the case of our diagnostic, the correlation function depends on the radial positions r;
and r, of the two channels as well as on the time lag 7. Instead of ® ¢, (7), we therefore write
®(ry, ry, 7). Hence, the normalized correlation function becomes:

( ) D(ry, 12, T) ©)
ory, r,7) =
NO(ri, r1,0)®(ra, 12, 0)

)




Fluctuation measurements on W7-AS by laser blow-off 497

To plot such a function, one has to choose one radial channel at fixed r; = const and can plot
the correlation in dependence of r, and 7. The fixed channel has to be specified for every plot.

From such a representation, one can read characteristic parameters of the fluctuations. An
example for this is shown in figure 2. The elliptic shapes in the graphs correspond to levels of
constant correlation. The radial correlation length is the 1/e folding length in radial direction
as shown in figure 2(a). If one determines in a similar way the decay length in t-direction, one
obtains the width 274, which is not the lifetime of the fluctuation. 74 is the decay time seen by
one radial channel. If the fluctuating cells move, the correlation decays faster than correspond-
ing to their lifetime. To take the spatial propagation into account, it is necessary to use the full
extent in T direction of the 1/e contour. This is achieved by determining the intersections of
the line g, which connects the maxima of ¢ for fixed time lags t, with the 1/e contour.

Similarly, one can determine the radial velocity v} by calculating the slope of the same
line g (see figure 2(b)).

The interpretation of v}, however, demands special care. As we use a diagnostic
with neither poloidal nor toroidal resolution, we cannot directly determine the shape of the
fluctuating cells. Therefore, the observed radial velocity can be the result of a projection onto
the radial axis. Anexample for such a projection is shown in figure 3. The observed structure is
inclined in the radial-poloidal plane and its velocity vy is directed in poloidal direction 8. As the
structure moves poloidally (upward), the maximum that is detected by the set of radial channels

(@) (b)

oA . r
contours of constant correlation:

@(r,r,T) = const

2 \
Ta g \
‘ b
2L,
[ s Ry A g [ Ry Ar
-
< 3 q L AT = Ar
2FI i AT
T =0 T, T =0 T

Figure 2. Determination of (a) the lifetime 71, and the radial correlation length L, and (b) the
observed radial velocity v;" of the correlation function.

radial
channels

r

Figure 3. The radial velocity measured by a diagnostic that has only a radial resolution can be the
result of the poloidal movement of the structure that is inclined in the radial-poloidal plane.
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Figure 4. Example of the time trace of a photomultiplier channel.

moves radially, giving the impression of a radial movement with the velocity v’ that does not
correspond to the movement of the structure. Measurements that have been executed with an
angular array of Langmuir probes on W7-AS show that such effects can indeed dominate the
velocity that is derived from diagnostics with only radial resolution [32,33].

4.2. Separation between plasma fluctuations and beam effects

Figure 4 shows the time trace of one photomultiplier channel. As one can see, the signal
depends strongly on time, as the density of Li atoms in the beam varies. To investigate the
influence of plasma fluctuations, one has to find a means to eliminate the influence of the
temporal variation of the Li flux on the signal.

To do so, we have made an a priori assumption that the Li flux is a sufficiently smooth
function of time and can therefore be approximated by a smooth function. This assumption,
however, has to be justified by the results (see section 5). Thus, we fit a smooth function f (¢)
to the raw signal and assume that it represents the Li flux. We generally used the function

ft)=—Ae 8O L Dy + Dyt + Dy, (10)

where A, B, C and D;_, ., are the fitting parameters.

Figure 5(a) shows a part of the time trace of one signal together with the fitted function
f which we shall call baseline. If this baseline represents the variation of the Li flux, one can
obtain a signal that is independent of the Li flux by subtraction of the constant background and
subsequent division of the resulting signal by its baseline. To obtain the fluctuations (which
by definition have a time average of 0), we finally subtracted the mean value—which is now
close to 1—and obtained the curve shown in figure 5(b).

As the statistical noise rises strongly in the last half of the time trace shown in figure 5(b),
we mostly used short time traces of 110 us length. In this case, a second-order polynomial
can be used as baseline function, which considerably reduces the time needed for fitting and
therefore the time required for the data analysis.

4.3. Numerical tests

To check the evaluation programs, we have carried out some numerical tests. For this purpose,
we have used a time averaged (static) electron density profile and added some fluctuation events
with a Gaussian distribution of radial velocity v,, lifetime 7, and radial correlation length L, .
Additionally, we have generated Li pulses by using a fit function of the type described in
section 4.2 and adding some variations on the Li flux that were characterized by an amplitude
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Figure 5. (a) Part of the time trace of one photomultiplier channel together with the baseline
assumed to describe the variation of the Li flux and (b) the same time trace normalized to the
baseline.

(typically 5-10% of the number of Li atoms in the beam) and a duration of the order of a few
times 10 us.

Starting from these artificially generated fluctuating electron density profiles and Li pulses,
we have calculated light emission profiles according to equation (2). After adding some
statistical noise, we used the artificial light emission signals at eight radial points as input
for the evaluation routines to calculate the correlation functions. We then compared these
correlation functions of light emission to the correlation functions calculated directly from the
artificial fluctuating profiles of the electron density.

It turned out that the radial correlation length L, and the radial velocity v, of the electron
density correlation functions could be reproduced with an accuracy of 10% or better. The
determination of the lifetime i, in contrast, can easily lead to erroneous results. If 7 is
shorter than 10% of the length of the Li pulse, the separation between the (fast) fluctuations
and the (slow) variation of the Li flux as described in section 4.2 works well. However, if 7
becomes comparable to the length of the Li pulses, this separation becomes impossible.

This problem is aggravated by the fact that the temporal width of correlation functions
can be larger than that of the underlying fluctuations themselves: in the case of fluctuations
with a Gaussian shape the width of the correlations is larger by a factor of v/2.
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5. Measurements

5.1. Correlation across the LCFS

Figure 6 shows the correlation functions for four different series of comparable discharges.
The time axis is the time lag t in the definition of the correlation function (equation (6)), the
spatial coordinate zj go is along the beam axis with the beam propagating in positive direction
towards the plasma centre and z gives the radial position of the reference channel. Red areas
indicate a strong correlation with the reference point (v = 0; z.go = zo) and blue areas an
anticorrelation. The dashed line denotes the position of the LCFS as it has been calculated
with the TRANS code [34].

By variation of the vertical magnetic field B,, the plasma was shifted inward between
consecutive series. The other plasma parameters were kept constant. In all plots, the reference
channel has been selected to be close to the calculated position of the LCFS.

One can see that in these discharges the areas of strong correlation outside the LCFS
are tilted with respect to the axis. Inside the LCFS, however, these structures are oriented
parallel to the axis. Itis clearly visible that the ‘turning point’ where structures change from an
inclined orientation to an orientation parallel to the axis is shifted together with the calculated
position of the LCFS. The inclination in this representation of the correlation function indicates
an apparent radial movement of the fluctuation structures and can be caused by a radial or a
poloidal movement of the structures (see section 4). Correspondingly, the change of orientation
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Figure 6. The normalized correlation functions for four different series of W7-AS discharges with
the same line integrated electron density ['ndl = 3 x 10'® m~2 (this corresponds to a line averaged
electron density of 7 = 5.8 x 10! m™3). By variation of the vertical magnetic field B, the plasma
has been shifted inward between successive series. (The vertical magnetic field B; is perpendicular
to the horizontal diagnostic axis zpgo.)
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Figure 7. Dependence of the observed radial velocity v} on the line integrated electron density
J ndl (the line averaged electron densities vary from 10" t0 5.7 x 10" m~=3). To calculate v¥,
we have determined for times 7; the position zmax,; of the maximum of the normalized correlation
function ¢. In aregion around the reference point (t = 0, z¢) the points (7;; Zmax,; ) have a constant
slope and one can determine v and its standard deviation by linear regression.

may be caused by a change in poloidal velocity. It has already been reported that the poloidal
velocity reverses its sign at the LCFS [3,35]. We can see a change in inclination but no reversal.
The reason for this can be the limited penetration depth of the Li beam.

5.2. Influence of the electron density

Comparing the correlation functions of discharges with different densities, one finds that the
inclination angle of the structure outside of the LCFES is not always the same. One can find
a dependence of the angle and the derived radial velocity v;* on the line integrated electron
density [ndl as shown in figure 7. Obviously, the observed radial velocity v’ decreases
significantly with rising electron density.

This and the fact that the velocities measured here are much smaller than those of the
atoms in the beam (~10* ms~') show that we really measure plasma fluctuations and not a
mere beam effect. Hence, our a priori assumption of a sufficiently smooth dependence of the
Li flux on time is justified (see section 4). Another argument to confirm this is the dependence
of the observed structures on the main magnetic field (see below).

5.3. Influence of the direction of the magnetic field

Figure 8 shows the correlation functions for two series of comparable discharges with opposite
directions of the main magnetic field By. One can easily see that the observed radial velocity
v} outside the LCFS is reversed between both plots.

However, the absolute values of v} for the two different directions of By are also different.
For the example in figure 8, |[v}| in the discharges with positive By is significantly larger than
in the discharges with negative By.

A reason could be that v}’ has two velocity components vy, and vy,. If one assumes that
one of these components (e.g. v;,) depends on the direction of By and the other one does not,
one gets two equations:

Vi + v, = +330ms™! (11)

Vi — v, = —410ms™! (12)
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Figure 8. Comparison of the correlation functions of two series ((a) #52533-52537 and
(b) #52941, 52942, 52946) with opposite directions of the main magnetic field By but otherwise
similar parameters. Linear regression leads to (a) v = 0.33km s7!, 0, = 0.023kms™! and
(b) v¥ = —0.41kms™', o, = 0.020kms~".

From this, one obtains:
v =—40ms™" (13)
lvf,] =370ms™" (14)

A possible interpretation of this result will be discussed in the following section.

6. Discussion

When trying to interpret the observed radial velocities v}, it is important to keep in mind that
they need not necessarily be associated with a real radial movement of fluctuation structures.
Instead, the measurements presented in [32] let us assume that the observed radial velocity v}
is largely dominated by a projection effect as described in section 4.1. The velocities that are
found here are in the same order of magnitude as the ones reported in [32]. A better agreement
is not to be expected as the two diagnostics were mounted on different toroidal and poloidal
positions on W7-AS and the strong variation of the plasma shape along the toroidal angle in
W7-AS leads to large variations of the local poloidal flow velocity. The interpretation of the
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observed radial velocity as largely due to a projection effect would also solve the puzzle why,
at magnetic field reversal, fluctuation structures should reverse their radial movement, whereas
the turbulent radial £ x B transport keeps its outwards direction, as it was observed in many
devices.

The decreasing apparent radial velocity with increasing electron density, as depicted in
figure 7, could then be due to a decrease in poloidal velocity, a behaviour, which was already
described for the electron density fluctuations in the SOL of the ASDEX tokamak [30], and
which also can be found in Langmuir probe measurements of W7-AS in the electron density
range n. = (1.7-7.3) x 10 m=3, although less pronounced [32, figure 17, values for I, for
r=0.5,...,2cm outside the LCFS].

If we, tentatively, interpret the velocity components v and v}, introduced in section 5.3
as due to a true radial movement (v;;) and due to the projection of a poloidal movement of
inclined structures (v;,), we find that the major contribution to vy is not caused by a true
radial movement of the fluctuation structures. This is in agreement with the observations
reported in [32]. It should be stated, however, that also the poloidal velocity of the fluctuations
does usually not reverse to precisely its negative value, if the magnetic field is reversed. Our
tentative interpretation can therefore not replace a truly two-dimensional measurement in order
to distinguish between truly radial movement and projection effect.

In [32], the authors discuss two possible mechanisms that can lead to an inclination of the
fluctuating cells in the radial-poloidal plane:

e The inclination is caused by the radial shear of the poloidal £ x B drift. In this case,
the fluctuating cells would change their shape and inclination with time and the situation
would be similar for all toroidal cross sections. Also, reversing the magnetic field would
invert the inclination of the structures together with the direction of the poloidal movement
(an E x B drift) and hence, the observed radial velocity v} would be conserved.

e The second possible reason could be the magnetic shear in conjunction with the high
correlation length of the fluctuations along the magnetic field. Such an alignment of the
fluctuation structures along the lines of the magnetic field would result in their inclination
and shape not depending on time but on the toroidal position and the corresponding
local magnetic shear. In this case, a reversal of the magnetic field would not change the
orientation of the structures. Their poloidal movement, in contrast, is caused by an E x B
drift and would therefore still be reversed, which would result in a reversal of v;'.

In general, both effects could act simultaneously.

The results presented in section 5.3 are evidence that the second mechanism, i.e. (local)
magnetic shear, is the dominant one in generating the inclination of the fluctuation structures
in the radial-poloidal plane in W7-AS. Such a behaviour is also found in three-dimensional
simulations of drift-Alfvén turbulence in the edge of tokamaks (see, e.g. [36,37]).

We have investigated the magnetic field structure of the flux tubes in which the Li light
was observed, performing field line tracing using the Gourdon code [38], as described in [32].
The direction of the apparent radial velocity v that is expected from the combination of these
calculations of the local magnetic shear and from the direction of the magnetic field, does
indeed agree with the observed direction of v;.

7. Conclusions

We have presented a repetitive Li laser blow-off system that has been used for the investigation
of fluctuation phenomena in the SOL and edge of W7-AS plasmas. We have compared this
technique and its range of application to other techniques that use Li beams. Even if the



504 M Bruchhausen et al

laser blow-off technique has its specific drawbacks, which are mainly caused by the short
pulse length and strong dependence of the Li flux on time, it can be used for fluctuation
measurements. In particular, the latter problem can be solved by normalizing the signals to the
Li flux. The major advantage of the laser blow-off beam is the optimal compromise between
penetration depth and spatial resolution with regard to the typical radial correlation lengths
found in the edge and SOL of fusion devices.

The experimental results we presented confirm earlier results, obtained with a high energy
Li beam [9], that the LCFS is a border line for fluctuation properties. This was shown in
particular for the observed radial velocity v;. We have also investigated the dependence of the
fluctuations on the electron density and on the direction of the main magnetic field. The latter
measurements complement earlier experiments with a two-dimensional array of Langmuir
probes, the Li laser blow-off system having the additional advantage of perturbing the plasma
less than Langmuir probes. Our results enabled us to determine the origin of the inclination
of fluctuation structures in the radial-poloidal plane.

The reversal of the apparent radial velocity v; with magnetic field reversal, which was
observed before on the TEXTOR tokamak [5] can be explained by the finding that the major
contribution to v} is a projection effect, due to the poloidal movement of inclined structures.
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