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Abstract. A procedure is presented to map from the spatial correlation parameters of a
turbulent density field (the radial and binormal correlation lengths and wavenumbers, and
the fluctuation amplitude) to correlation parameters that would be measured by a Beam
Emission Spectroscopy (BES) diagnostic. The inverse mapping is also derived, which results
in resolution criteria for recovering correct correlation parameters, depending on the spatial
response of the instrument quantified in terms of Point-Spread Functions (PSFs). Thus, a
procedure is presented that allows for a systematic comparison between theoretical predictions
and experimental observations. This procedure is illustrated using the MAST BES system and
the validity of the underlying assumptions is tested on fluctuating density fields generated by
direct numerical simulations using the gyrokinetic code GS2. The measurement of the correlation
time, by means of the cross-correlation time-delay (CCTD) method, is also investigated and is
shown to be sensitive to the fluctuating radial component of velocity, as well as to small variations
in the spatial properties of the PSF's.

Keywords: Beam-emission spectroscopy, point-spread functions, synthetic diagnostics,
plasma turbulence, plasma diagnostics, tokamaks.
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Figure 1. Example e~! amplitude contours of PSFs [I] for five specific cases taken from MAST
shots and described in Section[f:3] The dots mark the locations of the focal points of the detector
channels. The characterisation of the PSFs is described in Section [£.2

1. Introduction

Turbulence plays an important role in the transport of particles, momentum and heat in
tokamak plasmas [2, 3], therefore measurements of the turbulent fluctuating quantities
(density, temperature, electric potential, magnetic field and velocity) are essential to
validate our understanding of the physical processes responsible for this transport. For
example, of particular interest is the effect of velocity shear on the spatial structure
of turbulence [4, B 6] and the relationship between this and improved confinement
regimes [7,[§]. There are also interesting questions of a fundamental nature, e.g., whether
the turbulence is in critical balance [9, 10, [I1], or how the transition to turbulence



occurs [12].

The link between theory and experiment is made through the spatial and
temporal correlation functions of the turbulent fields, which are often characterised
using correlation lengths and times. However, correlation functions of experimentally
measured fluctuating quantities are not directly comparable to the correlation functions
of the physical fields that we are interested in. Thus, Beam Emission Spectroscopy
(BES) systems [13, [14], [15, 16, 17, 18] measure the fluctuating intensity, 67;, of the
Doppler-shifted D, emission from excited neutral beam atoms, which is nontrivially
related to the density field in the plasma via the Point-Spread Functions (PSFs) of the
diagnostic [19], see Figure [1]

ol; = /H(r — 14, 2 — Z;)pon(r, Z)drdZ, (1)

where dn(r, Z) is the fluctuating (laboratory-frame) density field inside the plasma at
the focal plane of the BES optics, » and Z are the radial and poloidal coordinates,
respectively, P;(r — r;, Z — Z;) is the PSF for channel i with focal point at (r;, Z;) and
S is a coefficient weakly dependent on the atomic physics of the line emission [I} 20]
(8 = 1is assumed throughout this paper [19]). The physical field we are interested in is
the plasma-frame density field, which can be reached from the laboratory-frame density
field by a transformation into field-aligned and rotating (with the mean plasma flow)
coordinates. It is clear from (|1}) that if the PSFs are taken to be delta functions then the
measured intensity will be directly proportional to the density field in the laboratory
frame. However, the PSFs of BES systems have typical widths greater than the ion
gyro-radius, p;, and, therefore, are of a similar size to the ion-scale turbulence that is
being measured. This raises the following two questions, which will be answered in this

paper:

(i) What is the difference between the correlation parameters of the density field in the
plasma frame (P), namely, the radial, ¢, p, and binormal, ¢, p, correlation lengths,
the radial, k,p, and binormal, k,p, wavenumbers, the correlation time, 7p,
and the root-mean square (RMS) fluctuation amplitude, m, and the respective
correlation parameters of the intensity field measured by the BES system (B): the
radial, £, 5, and poloidal, £z g, correlation lengths, the radial, %, 5, and poloidal,
k7 B, wavenumbers, the correlation time, 7.5, and the RMS fluctuation amplitude,
0I/17 l.e., what is the effect of the PSFs?

(ii) Given BES measurements of the intensity field’s correlation parameters, is it

possible to reconstruct the plasma-frame correlation parameters of the density field?

The rest of this paper, focused on answering these questions, is organised as
follows. We start, in Section [2 by describing how the correlation parameters of the
intensity field are measured from the BES signal. Then, in Section [3, we derive the
relation between the correlation parameters in the plasma frame and in the laboratory
frame, which, in the absence of PSF effects, would fully describe how to reconstruct
the plasma-frame correlation parameters. In Section [ we discuss how the PSFs are
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calculated, taking our examples from the BES system on the Mega-Ampere Spherical
Tokamak (MAST), characterising the PSFs using principal-component analysis, and
introducing a simplified Gaussian model of the PSFs. These Gaussian-model PSFs
are then used in Section [5| to calculate analytically the effect of the PSFs on the
measured laboratory-frame correlation parameters. Then, in Section [6], we test the
validity of these calculations by comparing the predictions of Section |5|to the correlation
parameters measured from synthetic-BES data generated by evaluating numerically
using the real PSFs and a model of a fluctuating density field. Having established that
this comparison is reasonably successful, in Section [7] we present equations that allow
one to reconstruct the plasma-frame spatial correlation parameters and the fluctuation
amplitude from BES measurements. In Section [8 we test this reconstruction procedure
by applying real PSFs to density-fluctuation data generated by a non-linear, local,
gyrokinetic simulation of MAST turbulence using the GS2 code [2I], and successfully
map from the spatial correlation parameters of this synthetic-BES data to the spatial
correlation parameters of the fluctuating density field. In Section [9] we find that the
PSFs have an effect also on the measurement of the correlation time and establish that
this can be due to the presence of a fluctuating radial component of velocity; however,
the Gaussian model of PSF's is shown to be unable to account correctly for this radial
velocity effect. Finally, in Section we summarise, and discuss the implications of,
our results.

Some technical details of our models and procedures are given in the Appendices.
In we test our improved method for measuring the poloidal correlation
length. In[Appendix B] we present the model of fluctuating fields that we use for the
tests in Section [6 In we calculate the correlation time and apparent
poloidal velocity inferred from our assumed form of the correlation function, with and
without including PSF effects. In we quantify the differences between the
real and Gaussian-model PSFs.

2. Correlation parameters of the measured BES signal

A BES system consists of an array of detector channels each of which receives photons
from a spatially localised region within the plasma. This region is assumed to lie in
a plane described by the radial r and poloidal Z coordinates (the plane of detection).
BES systems are designed to resolve fluctuations that vary on the turbulent-fluctuation
timescale of a few microseconds. Therefore, both spatial and temporal properties of the
turbulence can be investigated. In this section, we describe the operational definitions
of the parameters that characterise the correlation function of the signals detected by a
BES diagnostic.

Each BES detector channel ¢ measures the intensity of photons as a function of
time,

1(t) = (L)) + SLi(1), 2)
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where we have split the signal into its temporal mean (/;(¢)) and fluctuating part
dI;(t) = I;(t) — (I;(t)). The detector channel i can be associated with a viewing location
in the radial-poloidal plane given by the coordinates (7;, Z;), which are determined by
the focal point of the optical system for that channel.

All the parameters of the turbulence that we will be considering are determined
from measurements of the covariance function of the fluctuating part of the time series.
The covariance between two detector channels (¢, j) is defined as
(0I;(t)01;(t + At)) 3)
(L) (L;(t + At))”

where At is the time delay between the signals. Thus, the covariance function is

Ce (Al) =

a function of the time delay At and of the spatial separation of the two channels
(Ar;;, AZ;;) = (r; — rj, Z; — Z;). When the auto-covariance (¢ = j) is calculated,
(3) needs to be corrected for auto-correlated photon noise, as described in [19]. The
correlation function is defined as the normalised covariance function

(SL(1)SI,(t + At)
JORO)YGI(E + Ay

Cij(At) = (4)
2.1. Fluctuation amplitude

The fluctuation amplitude of the signal is the mean, over a set of N channels, of the
square root of the auto-covariance function at At =0,

=\ 7 2 e\ ¥ 2 O ?

2.2. Correlation time

The standard technique [22) [19] for extracting a correlation time from BES
measurements relies on the toroidal rotation of the plasma with velocity v; to advect
turbulent structures, which are field-aligned and anisotropic [2, 23] 24] (the correlation
length parallel to the magnetic field is much greater than the perpendicular lengths),
past the plane of detection. The structures, therefore, appear to move in the poloidal
direction in the plane of detection with velocity v tan«, where o = arctan(B/B)
is the pitch angle of the magnetic field, with B, the poloidal and B¢ the toroidal
components of the magnetic field. Provided that the minimum passing time of a
turbulent structure, Tmim = AZumin/(ve tana), where AZ;, is the minimum poloidal
distance between detector channels, is less than the correlation time of the turbulence,
the turbulent structure will be seen to decay as it passes multiple detector channels.
By considering the correlation function between poloidally, but not radially,
separated detector channels (such that Ar;; = 0), the decay in the amplitude can be
observed, an example of which is shown in Figure 2 To measure this decay, we first
identify the amplitude, Apearp(AZ;;), and the time delay, Atpeap(AZ;;), of the peak of
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Figure 2. Time delay auto- and cross-correlation functions taken from shot #28155 at
t = 126 ms using channels 1, 9, 17 and 25, with channel 1 as the reference channel (see inset for
their positions in the BES array). The black dashed line is the result of the CCTD technique
where is fit to the global maxima (peaks) of the cross-correlation functions.

the time-delay correlation function, C(AZ;;, At), for each value of poloidal separation,
AZ;j, by fitting the function

[At — Atpeak,B(AZij)]Q)

fpeak(At) = Apeak|B(AZij) €xXp (_ 7_2 (6)
eff

to the data points selected in the vicinity of the peak, where the fitting parameter
Ter 18 an effective decay time of the peak. We have introduced the subscript B to
identify parameters that describe the covariance/correlation properties of the measured
intensity field (i.e., the BES signal). Then, using the pairs of amplitudes and time
delays (Apeax|B(AZij), Atpears(AZ;j5)) for each AZ;;, we find the correlation time of the
BES-measure intensity signal, 7.z, by minimising

At2ea (Azz) ?
2= Z Apeax|B(AZ;;) — exp (_ P lj-]; j ) .
Al c|B

This technique is known as the cross-correlation time-delay (CCTD) method [22] and
the parameter 7,5 can be considered, by definition, to be the correlation time of the
BES signal, although, as we will see, the interpretation of this in terms of physical
turbulent fields is complicated (see Section [9] and [Appendix C.1).

2.3. Apparent poloidal velocity

Using the CCTD technique, it is also possible to measure the apparent poloidal velocity,
given that we know the distances between the viewing locations of the detector channels
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AZ;j, and the time delays of the peaks Atpearp(AZ;;) of the cross-correlation functions.
Then,
AZ;;
UpollB = ————, 8
poll Atpeauk|B ( )

assuming that neither the toroidal velocity nor pitch angle change during the
measurement tim@. Practically, as multiple values of AZ;; are available, a linear fit is
used to find vpep. The efficacy of this measurement method is supported by successful
cross-diagnostic comparisons with charge-exchange recombination spectroscopy [19] and,
more recently, with Doppler backscattering [25].

2.4. Two-dimensional spatial correlation parameters

We now consider the spatial properties of the correlation function by setting the
time delay to zero, At = 0. We also make the assumption that the turbulence is
homogeneous, drop the indices i, j, and treat the correlation function as a function of
Ar and AZ only. In order to extract the spatial correlation parameters, the following
function, which is similar in form to that used in [5], is fitted to the correlation function

#):

Ar? AZ?
Cin(Ar, AZ) =p+ (1 —pexp | ——— — =2 ) cos(kypAr + kzpAZ), 9)
gr\B gZ\B

where ¢, p is the radial correlation length, 7 is the poloidal correlation length, k, g
is the radial wavenumber, and kzp the poloidal wavenumber. The parameter p is used
with experimental data to account for offsets caused by global MHD modes [19] or
beam-fluctuation effects [26]. We also define, for later convenience, the tilt angle of the
correlation function as
Op = —arctan (kri) . (10)
Z|B

As the spatial distribution of viewing locations is often sparse for BES systems
(the MAST BES has only 8 x 4 radial-poloidal channels), the fit of (9) to the measured
correlation function (4)) can be insufficiently constrained. Therefore, we impose a further
constraint by fixing the product kz plzp in the above fitting procedure. The value of
this product is determined from the shape of the time-delayed auto-correlation function,
using the fact that a turbulent perturbation is advected past a single detector channel
by the bulk velocity of the plasma (Section , therefore encoding the spatial structure
of the perturbation in the temporal domain of the detected signal [27, 28].

The procedure for determining kzplzp is as follows. First we measure the
correlation time 7. p as described in Section . Then we calculate the time-delayed
auto-correlation function and multiply it by the correction factor exp(At? /Tf| B)
which accounts for the fact that the amplitude of the turbulence decays in time, so that

I We use v,o g here to distinguish this apparent velocity, mainly due to v¢tanc, from the ‘true’
poloidal velocity vz, which we introduce later in Section
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Figure 3. (a) The zero-time-delay binned spatial correlation function (see Section of
the BES intensity signal in MAST shot #28155 at ¢ = 0.369 s plotted using the outer set of
channels. The red contours show the fit (9) to the data. (b) The corrected correlation function
using and the PSF parameters Ly = 3.1 cm, Ly = 1.5 cm, and apsp = —24° (defined in
Section . These PSF parameters are similar to those of Case 2, described in Section and
shown in Figure(l] In (b) the black contour line is the same as that in (a), the red contour line
is for the corrected parameters. The fitted and corrected parameter values are given in Table[I]

Parameter | (. /em  {z/cm k./em™  kz/em™'  ©/deg

(a) BES fit value | 3.7+ 0.5 8.6+0.7 —0.204+0.07 0.53 £0.01 217
(b) Corrected value (lab) | 2.6 +0.7 7.7+£0.8  0.03£0.20 0.66£0.03 —2+17

Table 1. Fitting parameters, using @D, for Figure

the resulting corrected auto-correlation function only includes information about the
decay due to the poloidal correlation length. Finally, the following function is fitted to

this corrected auto-correlation function (see discussion in|Appendix Aland Section|3.2.2)):

v2At? tan? o
Chauto(Al) = exp _CKQ—] coS (kZ|BvCAt tan 04) , (11)
i Z|B
[ A2
= exp | =y | CO8 (k'Z‘BAt) ) (12)
| “ZiB

where the primed quantities are the fitting parameters, which have the property that
’Z‘ BK’Zl 5 = kzBlz B and, therefore, the requirement to know v, tan a is eliminated. This

method is tested successfully in using our model of a fluctuating density
field (described in Section and [Appendix Bj).

2.4.1. Spatial correlation parameters from the MAST BES. The BES system on MAST
has a set of 32 channels arranged into an 8 x4 radial-poloidal array, with spacing between
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channels of approximately 2 cm. As this BES array covers almost a quarter of the minor
radius of the tokamak, it is not expected that the turbulence is precisely homogeneous
across the entire array. Therefore, we split it into two radial-poloidal sub-arrays of 5 x 4

¢

channels each, referred to here as “inner” and “outer” arrays.

A complete set of spatial correlation functions for a single sub-array can be
represented by a 20 x 20 matrix. In order to visualise this matrix, it is necessary
to associate spatial coordinates with each matrix element. As the spacing between
BES channels is uniform, and we are assuming that the turbulence is homogeneous,
a single pair of relative coordinates (Ar, AZ) can correspond to multiple values in the
spatial-correlation-function matrix. To resolve this problem, a binned spatial correlation
function is constructed by averaging over all values of the spatial correlation function
matrix that have the same relative coordinates. An example binned correlation function
is shown in Figure [3(a). The slight difference between the binned correlation function
contours and the contours of the fit (@, shown in red, is due to the fact that this fit,
along with all others in this work, has been made to the complete set of values of the

spatial correlation function, with no binning.

3. Correlation parameters of the physical density field

The physical field of interest is the ion number density. The correlation function of this
field is most easily described in the plasma frame, which will be defined in Section [3.1]
In Section [3.2] the transformation of correlation parameters from the plasma frame
to the laboratory frame (that of the experimental observer) is made. The correlation
parameters of the density field in the laboratory frame would be equivalent to those of
the intensity field measured by a BES system if the PSFs in were delta functions.
However, as we will show, making this assumption is rarely justified, and, therefore, the
distinction between the laboratory-frame and BES measurements is emphasised here:
the “laboratory frame” refers specifically to the correlation properties of the density
field, whilst BES measurements are of the correlation properties of the intensity field.

3.1. Plasma frame

The plasma frame is a coordinate system aligned with the magnetic field and moving
with the mean velocity of the plasma, i.e., rotating with the toroidal v and poloidal
vz plasma velocities. The coordinates (z,y, z) describe the spatial position of a plasma
element in this frame in the radial (X), binormal (§) and parallel to the magnetic field
(z) directions. We assume that the correlation function of the turbulent density field in
these coordinates can be fitted by

Ax?  Ay? A2 A
= _ _

z|P

CP<A$7 Aya AZ? At) = eXp ( ) cos (kﬂPA:E + kmpAy) ’ (13)

2 2 2
gy\P gz\P 7-c|P
where /,p is the radial correlation length, £, p is the binormal correlation length, £, p is
the parallel correlation length, 7, p is the correlation time, £, p is the radial wavenumber
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and kg p is the binormal wavenumber. We have used the subscript P to label correlation
parameters defined in the plasma frame.

3.2. Laboratory frame

In the laboratory frame, we measure a fluctuating time series in a radial-poloidal
cross-section described by the coordinates (r, 7). Therefore, as well as transforming
out of the plasma frame, we also have to consider the projection onto this two-
dimensional plane. In [Appendix B.3| the full expression for the laboratory-
frame correlation function Cp(Ar, AZ, At) is given. For clarity, here we consider the

spatial and temporal laboratory-frame correlation functions separately, in order to relate
measurable parameters in the laboratory frame to the plasma-frame parameters.

3.2.1. Spatial correlation function. The spatial laboratory-frame correlation function
defined from (B.39)) as Cypatianz (Ar, AZ) = Cr(Ar, AZ, At = 0), can be written in the

form

Ar?  AZ?
Ospatja”L(A’r, AZ) = exXp <—€2— — €2—> COS (k’r‘LA’f’ + kZ|LAZ) s (14)
r|L Z|L

where the relationships of the laboratory-frame correlation parameters to the plasma-
frame correlation parameters of are

gr\L = gw\Pa (15)
—1/2
cos? v sin® o
bz = ( 7 =+ 72 ) ) (16)
y| P z|P
kvr = kalp, (17)
kzir = kypcosa, (18)

and we have introduced the subscript label L to identify the laboratory-frame
parameters. The correlation function has the same functional form as the fit
function ([9), used to extract the BES correlation parameters (with p = 0).

3.2.2. Temporal correlation function. The time-delayed, single-point auto-correlation
function defined from (B.39) as Ciemporalz.(At) = CL(Ar = 0,AZ = 0, At), is

At?
Ctemporal|L(At) = exp (— 5 ) cos (k’y|vaAt sin o + ky pvz At cos a) , (19)
auto
where
. . ~1/2
(vesina+wvzcosa)?  (vecosa+uvgsina)? 1
Tauto = P} y (20)
15 72 72
y|P z|P c|P

is a function of the spatial correlation parameters as well as of the plasma-frame
correlation time 7, p. The functional form of Ciemporayzr, above is different from the
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Chauto 11 , because in ([11)) we have only kept the lowest-order (see Section
contributions to the full temporal correlation function ((19)).

The CCTD method (see Section attempts to remove the spatial terms in ([20))
by assuming that the spatial properties of the turbulence remain constant in time and,
therefore, the difference in the peak amplitudes of the time-delayed cross correlations is
only due to the temporal decorrelation. The correlation time resulting from the CCTD
method is 7,z. To interpret this correlation time, we have to find the relationship
between 7,1, and the plasma-frame correlation time 7. p. To do this, we can simply find
the maximum of the time-delayed cross-correlation function at a fixed poloidal
displacement AZ and with Ar = 0. However, it is informative, and will become useful
for later discussions in Section [9 to approach the problem by using an asymptotic
expansion based on the typical time and spatial scales of the problem.

3.2.83.  Asymptotic ordering for CCTD method. We start by assuming that the ion
gyroradius p; is small compared to the minor radius of the tokamak a, providing us with
the small parameter

Pi

e=", (21)

which is just the gyrokinetic ordering [29]. The perpendicular correlation lengths of
the turbulence have been measured to be typically of order a few ion gyroradii (see
Figure , where p; = 1.1 cm), i.e., {yp,{yp ~ p;, while the parallel correlation length
is significantly longer (,p ~ a [2, 23, 24]. Therefore, we order the perpendicular
spatial correlation lengths to be shorter than the parallel correlation length: £, p, £,p ~
€l;;p. The poloidal velocity is ordered to be smaller than the toroidal velocity vy ~
eve [30, BI, B2]. The toroidal velocity is taken to be the same order of magnitude
as the thermal velocity, vy = +/27;/m;, where T; is the ion temperature, and m; is
the ion mass. This then leaves space for a subsidiary expansion in low-Mach number
M = v¢ /g, which will be performed in Section m

We relate the lengths, times and velocities to each other by noting that the poloidal
displacement of a perturbation AZ scales with the toroidal velocity and laboratory-
frame time delay of the peak of the cross-correlation function At e r: AZ ~ veAtpearr,
and that this poloidal displacement is typical of the perpendicular correlation lengths
lyp and fyp. In addition to this, we use the critical balance conjecture [10, [T} [33]
to relate the parallel correlation length to the thermal velocity and the plasma-frame
correlation time £, p ~ w7, p. Critical balance is an assumption that the length of a
correlated structure parallel to the magnetic field is determined by the time taken for
the structure to decorrelate in the perpendicular plane, 7. p, being comparable to the
time taken to transmit information along the magnetic field line, £.p/ven;.

Combining all these relations, we arrive at the following asymptotic ordering:

[\
[\
~~—

VeTe|Py Vthi Te| P ™ €z|P ~ O<R)7 (
UCAtpealdL ~ AZ, A’f’, €x|p, €y|p ~ O(ER), (
UZAtpeak|L ~ O(EQR), (

N DO
= W
~—_ —



12

where the parameter R is the tokamak major radius, representing the scale of the
longest structures in the system. From , we see that the time delay of the
peak of the cross-correlation function is ordered small compared to the correlation time
of the turbulence At,c.; ~ €7 p. Inspection of the time-delayed cross-correlation
functions measured from experiment, in Figure [2| shows that this approximation may
be considered reasonable, as all Atpeanp S %TC| B.

3.2.4. Laboratory-frame correlation time The full details of the calculation of the

laboratory-frame correlation time, 7., are given in [Appendix C.1 The outline of

the procedure is as follows: the exponent of the correlation function (B.39) is expanded
order by order in €, and at each order the global maximum of the time-delayed cross-
correlation function found. The time-delay envelope, described by the peaks of the
time-delayed cross-correlation functions, Atyeaxr(AZ), is then calculated as a function
of spacing between poloidal channels, AZ. It is found that there is no decay in the
peak amplitude of the time-delayed cross-correlation function until second order in the
expansion. At second order, the time-delay envelope has a decay time given by

1 1 %
_ , 25
TjL 7‘02|P E;P cos? a (25)

thus defining the laboratory-frame correlation time measured using the CCTD method.

3.2.5. Low-Mach-number ordering. The expression for the laboratory-frame correla-
tion time can be further simplified if we adopt, as an ordering subsidiary to ,
the assumption that the Mach number is small M = v¢ /v ~ veTop/lyp < 1. As a
result, the second term in can be neglected and we find that the laboratory-frame
correlation time coincides with the plasma-frame correlation time.

3.2.6. Laboratory-frame poloidal velocity Using Atpear(AZ) and AZ, the laboratory-
frame apparent poloidal velocity is calculated as vpol, = AZ/Alpeak|r, analogous to the
BES measurement of vy, described in Section . The resulting apparent poloidal
velocity is

Upol|, = V¢ tan a + vy. (26)
To lowest order in the € expansion (22{24]), the apparent poloidal velocity is purely the
projection of the toroidal velocity on to the poloidal plane

Upol|L. = Uc tan o + O(ewy). (27)

Another corollary of the e expansion is that the lowest-order expression for the
laboratory-frame poloidal correlation length is

£Z|L = £y|p/ cos o + O(Efmp), (28)

which can be used to extract the plasma-frame binormal correlation length, without
knowledge of the parallel correlation length.
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4. Point-Spread Functions

As described in Section[I] the BES indirectly measures the density field via the intensity
of light emitted from excited neutral-beam atoms. The transformation between these
two fields is dictated by the Point-Spread Functions (PSFs) of the instrument, see ([1).
In this section, we introduce the PSFs and explain how we model their structure.

To understand how the PSFs affect the BES measurements of turbulent quantities,
it is necessary to have a good description of the properties of the PSFs. The complicated
dependence of the PSFs on the plasma equilibrium, neutral-beam profile, and atomic
physics (see variation of the PSFs in Figure[l)) means that a phenomenological approach
is highly beneficial. In Section 4.2, we describe how the shape of the PSFs is
characterised, in terms of only three parameters. Then, in Section 4.3] we describe
how these parameters vary in MAST. We then introduce, in Section [4.4] an idealised
form of a PSF as a tilted Gaussian function, using the three derived parameters and
the peak amplitude of the PSF. In order to calculate analytically the effect of PSF's
on the measured turbulence parameters, we further assume that all the PSFs have the
same shape. Therefore, we approximate the PSF's for a specific time and set of channels
(inner or outer — see Section by using the mean of the PSF parameters. The
accuracy of these approximations is tested in Section [4.5] where we introduce a measure
to quantify the difference between the real PSFs and the Gaussian-model PSFs.

4.1. Calculation of PSFs for BES systems

A full description of how the PSFs for MAST are calculated is available in [I], however,
given that the structure of the PSF's is important for the current work, we review the
most important aspects here. The PSFs are calculated by considering the emission from
the n = 3 — 2 excited state of the primary-beam atom (Deuterium) on a series of two-
dimensional planes aligned perpendicular to the line of sight (LoS) of a detector channel.
The emission from each of the two-dimensional planes is integrated on to the focal plane
of the optical system by using the fact that the density fluctuations are extended along
the parallel direction of the magnetic field [2, 23, 24]. This is equivalent to interpolating
a two-dimensional field of density fluctuations along the magnetic field line, to construct
a three-dimensional field, and then integrating along the LoS, through this density field,
to determine the line-integrated emissivity. Therefore, any misalignment of the LoS and
the magnetic field line in the sampling volume would cause smearing of the image. This
is the main factor affecting the shape of the PSFs in MAST, as will be discussed in
Section

Additionally, the radial motion of the beam atoms within the finite lifetime
(3 — 10ns) of the excited state causes the radial width of the PSFs to be in the range
of 0.5 — 1.5cm, with the exact width depending on the velocity of the beam and the
plasma density [20].

The amplitude of the PSF's is proportional to both the local density of the plasma
and the beam density. The beam density decreases as the atoms in the neutral beam
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Figure 4. A schematic to illustrate the PSF angle apgp, the principal component L, and the
secondary component Lo. The characterisation of the PSFs in terms of these three parameters
is described in Section 2

penetrate the plasma and are ionised by collisions, primarily by charge exchange with
the plasma ions. Therefore, the emissivity decreases with decreasing major radius and
this is reflected in a decrease in the amplitude of the PSFs. In this work, we normalise
each set of PSFs by the maximum amplitude in this set of PSFs, so that we only consider
differences between the PSFs.

4.2. Characterisation of the PSFs

The shape of the PSFs can be characterised by two orthogonal vectors, p; and pso,
using principal-component analysis [35]. For this purpose, each PSF is normalised to
produce a probability distribution from which a sample of points is generated. The
principal-component analysis can then be applied to this distribution of points to find
the direction of the principal vector p; = (pi,, p1z) in the radial-poloidal plane. The
tilt of the PSF is given by the angle

QpSF — arctan (plr) (29)
b1z

from the positive Z-axis in the anti-clockwise sense (this is defined in the same sense
as the tilt of the correlation function, ©, see , and means that all apsp < 0). The
secondary component is defined to be perpendicular to the principal component. We

can determine the ‘size’ of a PSF by constructing a line with the gradient of the principal
component that passes through the peak amplitude of the PSF. The segment of this line
bounded by the points of intersection with the e !-amplitude contour of the PSF then
defines the length 2L,. Following the same procedure with the secondary component
defines the length 2L,. A schematic of this analysis is given in Figure [4]

The three parameters Ly, Ly and apsp cannot be used to reconstruct precisely the
contour of the real PSF from which they have been calculated, because they describe
the shape of a tilted ellipse. As can be seen in Figure [} the PSFs in MAST are clearly
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not elliptical. However, the characterisation in terms of the three PSF parameters can
be used in a simplified model (Section that allows us to construct the correlation
function of the intensity field analytically (Section . We will later check how important
the neglected effects are, by comparing with numerical calculations that use the real
PSFs (Section [6]).

4.8. PSFs in MAST: 5 representative cases

Case 1 2 3 4 5
Shot 28155 | 28155 | 28155 | 27268 | 29891
Sub-array in in out in out
Time/ms 125 250 125 250 375
Li/cm 2.0 3.1 2.2 2.8 2.4
Ly/cm 1.1 1.4 1.3 1.3 1.5
apsr/deg -70 -33 -59 -46 | -144

Table 2. The mean characteristics of the PSFs from the 5 cases that we are considering (see
Figure [I). The PSF parameter values in the table are averages over all the PSF parameter
values from each channel in the respective sub-array, which have been calculated using principal-
component analysis (Section

In Spherical Tokamaks (STs), such as MAST, because of their tight aspect ratio,
the magnetic pitch angle varies significantly over the radial extent of the BES system,
which causes, through the misalignment of the LoS and the magnetic field line (see
Section , the shape of the PSFs to vary from channel to channel. As examples
we consider the five cases shown in Figure [T}, with their measured parameters given in
Table [2] Cases 1-4 are taken from Double-Null Divertor (DND) discharges, where the
BES views on the mid-plane of the plasma. Case 5 is from a Lower-Single-Null Divertor
(LSND) configuration, where the BES views above the magnetic axis. In the DND cases
(especially Case 4), it is clear that the pitch angle of the magnetic field increases with
radius, causing the poloidal extent of the PSFs to increase. In Case 5, the different
viewing geometry means the magnetic field causes the PSFs to be tilted in the opposite
sense to the DND cases. We include Case 5 because of this feature, as it will be useful to
see how the different tilts of the PSF's affect the correlation parameters of the intensity
field (see Section [6.2.4).

The time evolution of the ¢ profile in MAST causes the PSF's also to vary in time, as
can be seen by comparing Case 1 and Case 2, taken from the same shot at two different
times. The temporal evolution is mainly due to the increase in the poloidal component
of the magnetic field, Bz, during the shot, causing apsr to increase. This variation of
Bz in space and time is typical for the majority of DND shots on MAST.

The four DND PSF cases (Cases 1-4) cover most of the possible variation in the
PSF parameters for DND discharges, as will be shown in Section [4.5] We focus on DND

discharges because the symmetry around the mid-plane implies that magnetic-shear
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effects on the turbulence do not need to be taken into account when measuring the
turbulence parameters. However, we have included Case 5 as an example of the PSFs
for LSND discharges because the PSF shapes are significantly different, highlighting the
importance of properly understanding and accounting for the PSF effects.

4.4. Gaussian-model PSFs

Gaussian-model PSFs are constructed from the measured characteristics of the real
PSFs from each BES channel i: the principal components Ly;, Lo;, the tilt angle apsg;,
and the peak amplitude Apgp;. These are given by

(30)

| AZ?  Ar?
PiGauss(I. —r;, APSF’i) L1i7 LQZ', O{PSFZ‘) = Apst‘eXp (_ ) )

2 72
Lu’ L22’

with  Ar’ = Ar cos(apsr;) + AZ sin(apsr;),
and AZ/ = AZ COS(O&pSFZ’> — AT sin(apgpi),

where r — r; = (Ar,AZ) = (r —r;, Z — Z;), and r;, Z; are the positions of the peak
amplitudes of the PSFs. This paper will make much use of these Gaussian-model PSF's,
because of their analytic tractability. From here onwards, unless otherwise stated, we
assume that each set of the Gaussian-model PSFs have the same values of L, Ly, and
apsr, and these are taken to be the mean of the Ly;, Lo;, and apsp;, respectively, over the
inner or outer set of channels. However, we keep the amplitude dependence in PSS to
show, in Section , that the BES covariance function is independent of the PSF
amplitude. The requirement for using the mean values is also specified in Section [5.1].
Before moving on, let us investigate how good an approximation these Gaussian-model
PSFs are to the real PSFs.

4.5. Difference between real and Gaussian-model PSF's

We define a measure of the difference between a set of the real PSFs, Preal and the

Gaussian-model PSFs, PS5 in order to determine the quality of the approximation
(30). The measure is the average over the set of real PSFs of
1

PSFi

APy =

RMS [Pireal(l‘ —1;) — PO (r — vy, Apspi, L1, Lo, apsr) | (31)

r’

i.e., the root-mean-square (RMS) difference between a real PSF and the Gaussian model
of the set of PSFs, relative to the peak amplitude of the real PSF. The central
position r; of the real PSF is defined in [Appendix D.1l The measure is plotted in
Figure [5| for 245 sets of PSFs taken from a database of MAST shots [I1], and shows
that the difference between the real and Gaussian-model PSF's lies in the range 12-18%.

There are two key factors that contribute to this difference: the use of the average
values for the PSF parameters (ignoring the spatial variation across the sub-array) and
the assumption of a Gaussian shape. In[Appendix D] we show that the main contribution
to this difference comes from the assumption of a Gaussian shape for the PSFs rather
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Figure 5. Difference between the real PSFs and the Gaussian-model PSFs using the difference
measure for 245 sets of PSFs calculated at various times in 20 MAST shots in DND
configuration. The values for each of the cases presented in Figure [I] are indicated with the
inverted triangles. Case 5 is not included in the calculation of the histogram, yet is labelled for
comparison. Cases 1 and 4 have almost the same value of .

than from their spatial variation. We note that the percentage differences given in
Figure [5| do not represent the error in the measured correlation parameters associated
with using the Gaussian-model PSFs in place of the real PSFs when applying these to
a fluctuating density field, which will be discussed in Section [6.3]

‘ Case 1 ‘ Case 2 ‘ Case 3 ‘ Case 4 ‘ Case 5
14 17 16 14 19
2.4 3.9 3.6 3.1 5.4

Difference from Gaussian/%

RMS / deg.

Table 3. Table of values for the difference measure defined in Section for each of the five
cases described in Section Additionally, values are given for the root-mean-square (RMS)
of the differences between the tilt angle © p measured from synthetic-BES data generated using
real and Gaussian-model PSFs. The mean is taken over the difference in values for each PSF
case in Figure d), see Section for the relevant discussion.

On the histogram plot of Figure [, we also indicate the values of the difference
measure for the five PSF cases introduced in Section The numerical values
are given in Table 3] The example cases have been chosen so that they span as large
a range of the difference measure as possible and can, therefore, be used to quantify
how the difference between the effect of real and Gaussian-model PSFs on correlation
parameters (see Section depends on how well the Gaussian-model PSFs agree with
the real PSFs.
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5. Analytic calculations of the effect of PSF's

5.1. Effect of PSFs on the 2D spatial structure of the correlation function

In this section, we calculate analytically the relationship between the laboratory-frame
correlation lengths and wavenumbers to those measured by the BES system by taking
account of PSF effects. Using and , we write the covariance function between two
BES detector channels, located at positions r; and r;, as

([ Pi(r —;)on(r, d2rfP- (r' — r;)on(r', t)d*r’)

C5Y(ri,r;) = <fd2rP r—r;)( fd2 'Py(r' — 1;)(n (t)>> ’
B 2 2 P (e — e Por 1 on(r,t)on(r’,t)
= Ep] d°rd Pz( Z)PJ( ]) < <n(t))2 > ’ (32)
= / A2ArP;(Ar, Ar;;)C5 (Ar), (33)

where n(r,t) = (n(t)) + on(r,t) is the total density field, which is split into a mean
part independent of time and constant in space (n(t)), and a fluctuating part on(r,t),
analogously to the intensity field in Section . In , we assumed that the PSF's
do not vary over the ensemble (time) average and have suppressed the dependence on
time delay At in the covariance functions C7*" and C%V. The denominator terms are

calculated explicitly using :

pi = /erPi(r - Fz‘) = ApgrimL1; Lo;. (34)
In , we introduced the quantity
~ 1
P;(Ar,Ar;;) = — /d2AaR;(Ar + Aa)P;j(Aa+ Ar;;), (35)
(]

which is independent of the PSF amplitudes, and, therefore, so is C%Y. We have
also assumed that the covariance function (B.30), C§™V(Ar) = (dn(r)on(r’)/(n(t))?),
is only a function of the relative position, Ar = r — r/, i.e., the turbulence is spatially
homogeneous, consistent with our assumption in Section 2.4 We have changed the
integration variables from (r,r’) to (Ar,Aa = r’ — r;) so that the BES covariance
function becomes a function of the difference Ar;; = r; — r;. However, this does not
mean that the BES covariance function is independent of the absolute measurement
position, as the Ar;; are still dependent on the PSF indices. In order for the BES
covariance function to be dependent only on relative position, we also have to require
that the PSFs not vary between channels, i.e., that L;, Ls; and apsp; should all be the
same, as postulated in Section [£.4] The correlation function is then simply
CE"(Ar;)

CEr(0)

where we assume that the correlation function is independent of the channel indices,

OB(AI'Z‘J') = (36)

but retain them to distinguish the discrete BES channel spacing from the continuous
density field in the plasma.
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In order to proceed, we use the Gaussian-model PSFs given by . This allows
us to compute explicitly:

_[(Ar — Ary) sinapgr — (AZ — AZ;;) cos apsp’
P 212

P(Ar, Ary;) = RS ex

X exp {_ [(Ar — Ary) cos apsy + (AZ — AZy) sin apgg]” } , (37)

2132

In order to evaluate the integral in (33]), we use the laboratory-frame covariance function
(B.30), with time delay At = 0. We then compute to find the spatial correlation
function that the BES would measurdg}

A7"2 AZ?] AT‘Z'jAZij

Cspatial|B<Arij) = exXp ( > COS (kT|BArij —+ kZ\BAZz'j) s (38)

gi\B EQZ\B 632\3
where
40215 + 2%, (L3 sin? apgp + L3 cos? aps
gz‘B _ £3|L n . Z|L( 2 PSF PSF) (39)
EZ‘L 2(L? cos? apsp + L3 sin? apsy)
) 40212 + 2€f|L(L1 cos? apsp + L3 sin? apsy)
€Z|B _€Z|L 2 2 - 2 2 3 5 (40)
0 + 2(L1sin® apsp + L3 cos® apsy)
D4
2, = 41
2B 7 9(L2 — L2) sin 2apsp’ (41)
1 .
krp = Di [k;,,«|L€%‘L€22|L + 2L7 cos OépSF(kﬂng‘L CoS arpsy + kZ\L€2Z|L sin apgr )
+2L§ SiIl O‘PSF<k‘r|L€%\L SiIl QPpSF — kZ|L€2Z|L COS Oépsp)} s (42)
1
kZ\B = D4 [kZ\LEMLéZ\L + 2L sin OéPSF(kT|L€r|L COS aipsF + kZ\L€Z|L sin Oépsp)
—21L3 cos OCPSF(]CT‘LEHL sin apgp — k:Z‘LEZM cos apsr)] (43)

and
DY = 4L3L5 + £,.05, ‘L + 2L5(02  sin® apgp + (77, cos® apgy)
+ 2L%(€T|L cos® apgr + €Z|L sin? apgr ). (44)
Equations can be easily inverted (see Section to express the laboratory-frame
parameters as functions of the measured BES parameters and the PSF parameters only.
It is clear from the expressions for the BES correlation lengths (39)) and . that in the

limit of small PSFs, i.e., when Ly, Ly < {1,z 1, the measured BES and laboratory-
frame values are equal. Furthermore, we see that the second terms on the right-hand
sides of and are both positive definite, therefore, the effect of PSFs is always to
increase the radial and poloidal correlation lengths above the laboratory-frame values.
Consequently, if we take the limit of the radial and poloidal laboratory-frame correlation
lengths becoming small compared to the PSE lengths, £, 1, {7, < L1, Ly, then the BES-
measured correlation lengths will be functions only of the PSF parameters.

§ It is also possible to get to by using in (33), as the result is normalised in (36).
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Figure 6. Contour lines of €, defined by (45), for (a) Case-1 PSFs and (b) Case-2 PSFs (see
Table . The regions outside the grey areas indicate the range of typical correlation lengths
measured by the MAST BES system. The red contour line shows €2 = 1, which indicates the
boundary of the region where cross-term becomes non-negligible.

The way in which the PSFs affect the wavenumbers is more complicated: from
(42) and , we see that the BES-measured wavenumbers depend on the sign of the
laboratory-frame wavenumbers, as well as on the sign of the tilt angle of the PSFs. This
relationship will be further elucidated in Section [6.2.4]

The appearance of a cross-term between Ar;; and AZ;;, parametrised by
the scale (.7 g, is a result purely of the PSFs, as no such term is present in the
laboratory-frame correlation function . Operationally, including the cross-term
as an independent fitting parameter causes the fit of to to become under-
constrained and, therefore, reduces our ability to extract the parameters of interest. For
this reason, it is opportune to neglect the cross-term in the fitting function. Provided
that éiz\ g > Uy Blz B, it is reasonable to do so. This requirement can be written in
terms of the BES-measured and the PSF parameters as follows

Canton (1414 (2/61plap) (17 — L3)? sin® (2aps)
4|(L? — L2) sin 2apgr|

This is trivially satisfied when apsp = mn/2,m € Z. Figure @ shows that for most

measured values of /g and £z 5, the requirement is satisfied. Generally speaking,

we can always use the fitting function @ without the cross-term and then calculate
Q) for fitted BES-measured correlation parameters to check that it is sufficiently large.

Q= > 1. (45)

However, this post-fitting test does not guarantee that the cross-term could have been
safely neglected, because the inputs into the evaluation of (2 are calculated from fitting
@ and not from fitting to the correlation function (4)).
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5.2. Effect of PSFs on the fluctuation amplitude

The effect of the PSFs on the mean-square fluctuation amplitude can be quantified by
considering the auto-covariance function, setting Ar;; = 0 in :

2 —
O-amp\B -

/ d?ArP(Ar,0)CS (Ar), (46)

where we have introduced the notation camp|p, to distinguish the amplitude calculated
using Gaussian-model PSFs from the equivalent quantity m measured in experiment
and numerical simulations, see , as these are only guaranteed to be the same if the
assumptions of Section [5.1| are satisfied, i.e., that the turbulence is homogeneous and all

PSFs are the same. Then, using @ and to complete the integral in , we find
ngp\B CnlzL {
= exp

o2 D?

amp|L

1
7 2EALE R L + k)

2 2 2 . 2
+ gr\L€Z|LL1(kT|L S11l psSF — kZ\L COS OépSF)

+€72“\L€2Z|LL§(]{;T|L COS apsf + kZ\L sin OZPSF)Q] } s (47)

2
amp|

(B.41). The quantity oump|r is the analytic equivalent of the fluctuation amplitude of
the density field m, defined analogously to m in replacing the intensity field
with the density field.

Generally, we see that the BES-measured mean-square fluctuation amplitude o

where o7 = C7°¥(0) is the mean-square fluctuation amplitude in the laboratory frame

2
amp|B

is a linear function of the laboratory-frame mean-square fluctuation amplitude azmp‘ s

which means that inverting the relationship is easy (see Section [7). As both
D? > l 8z and the exponent in is always negative, the PSFs always cause
the fluctuation amplitude of the measured signal to be lower than the amplitude of
the laboratory-frame density field. For most standard values of turbulence parameters
(see Section @, the exponent in (47) is small and the dominant effect comes from the
coefficient ¢,1,0 7,/ D*.

5.3. Effect of PSFs on the correlation time and poloidal velocity

Following the CCTD method described in Section the correlation time is computed
by finding the envelope of the peaks of the time-delayed cross-correlation functions. We
adopt the asymptotic ordering introduced in Section with the additional ordering
of the PSF lengths L;, L, as the same order as the radial, ¢;p, and poloidal, £, p,
correlation lengths. The derivation, including PSF effects, of the correlation time and
apparent poloidal velocity using the CCTD method is given in here we
simply present the results.
The apparent poloidal velocity is unaffected by PSFs:

Upollp = V¢ tan o + vz + O(e*v;), (48)
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where the second term is O(e') smaller than the first term and, therefore, under
the assumptions of Section [3.2.3| any measurement will be dominated by the toroidal
rotation.

The correlation time is also independent of the PSFs:

1 1 1 %
— = = @) 49
TjB TjL ij + f;P cos? o +0(e), (49)

where the term containing v, can be neglected if, in addition to , we assume
a subsidiary ordering in small Mach number, as was done in Section [3.2.5] Then the
correlation time measured using the CCTD method on the intensity field, 7,5, is the
same as the plasma-frame correlation time.

6. Characterising the effect of PSFs on correlation parameters

We wish to understand how PSFs affect the turbulent parameters and also whether,
in determining this, spatially invariant Gaussian-model PSF's are a good
approximation for the real PSFs. In order to determine the effects of real PSFs, a
fluctuating density field must be generated to which the real PSFs can be applied.
Our model for such a fluctuating density field is described in Section (6.1, Then, in
Section we apply the real PSFs (Cases 1-5) to this numerically generated model
field using , measure the resulting correlation parameters as described in Section ,
and discuss how the correlation parameters of this synthetic-BES data differ from the
correlation parameters in the laboratory frame of the model fluctuating field (i.e., before
applying the real PSFs). In Section , we use the analytically derived laboratory-
frame correlation parameters of the model field , and the measured PSF
parameters for the five MAST representative cases (Table , to calculate the analytic
BES correlation parameters using and . We then compare these with
the correlation parameters measured from the synthetic-BES data of Section [6.2] and
quantify how well the Gaussian-model PSF's reproduce the effects of the real PSFs. In
Section we summarise the results.

6.1. Model fluctuating density field

We will use a model fluctuating density field designed so that the correlation function of
its time series is exactly the plasma-frame correlation function or the laboratory-
frame correlation function and , depending on which frame it is calculated
in. This is shown analytically in where the details of our model field
are presented. We stress that this model is purely phenomenological and contains no
physical prescription for the formation of turbulent structures, and is thus similar to
the models used in other tests of measurement techniques [1I, 36}, B37].

A time series of density fluctuations is generated by constructing a signal from the
sum of N localised perturbations. The initial locations at which the perturbations
are formed are randomly chosen in space and time (uniformly distributed within
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the domain). Each individual perturbation has a functional form similar to the
plasma-frame correlation function , but with an amplitude taken from a Gaussian
distribution with zero mean and standard deviation o,n,, and a phase taken from a
uniform random distribution in the range [0, 27].

Each perturbation is allowed to grow and then decay over a finite number of
correlation times. The radial wavenumber evolves with time as k, = ko + k,St, where
k.o is the radial wavenumber at peak amplitude, S is the flow shear, and ¢ is time. The
flow shear does not appear in any of the following expressions because it is absorbed
into the definition of the plasma-frame radial correlation length and correlation time,
see and , is kept constant throughout this work, and has only a minor
effect on the measured quantities.

The perturbations are created in the plasma frame. To transform them into the
laboratory frame, the toroidal velocity v, poloidal velocity vz, and the pitch angle of
the magnetic field, must be specified. In this work, these are assumed to be constants
in position and time. The pitch angle is set to a = 30°, which is representative of the
value in the outer-core of MAST plasmas.

The output of the model is a two-dimensional radial-poloidal fluctuating density
field in the laboratory frame, to which the real PSFs can be applied by evaluating the
integral . This then gives a radial-poloidal fluctuating intensity field (a synthetic
“BES measurement” ) that can be analysed using the same methods that are applied to
the experimental BES data, as described in Section [2]

6.2. The effects of real PSF's

In this section, we consider what effects the real PSFs have on the measurement of
turbulence parameters. We consider each of the plasma-frame parameters in turn: the
fluctuation amplitude, radial correlation length, binormal correlation length, tilt angle
(the ratio of radial and binormal wavenumbers), correlation time, and apparent poloidal
velocity. Proceeding through the panels in Figure (a—f), each of these plasma-frame
correlation parameters is varied, keeping all other quantities constant. To start with,
we are only concerned with the discrete data points (the solid lines will be discussed
in Section . The laboratory-frame correlation parameters measured from the model
fluctuating density field, using the methods of Section [2, are marked with filled black
circles. The equivalent correlation parameters of the synthetic-BES intensity fields,
generated using (1) with the five PSF cases (Figure [l|and Section , are marked with
coloured shapes. By comparing the correlation parameters of these five PSF cases to
the laboratory-frame correlation parameters, we see what effect the real PSFs have.

6.2.1. Fluctuation amplitude. In Figure[7j(a), we see that the real PSFs cause the BES-
measured fluctuation amplitude §1/1 to decrease compared to the laboratory-frame

density-fluctuation amplitude dn/n. The extent of this decrease depends on the PSF
case, and, by using the PSF parameters from Table 2] can be seen to be approximately
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(a) Fluctuation amplitude, (b) radial correlation length, (c¢) poloidal correlation

length, (d) tilt angle; (e) correlation time, and (f) apparent poloidal velocity in the laboratory-
frame with and without PSF effects, plotted against their plasma-frame values. The markers

correspond to numerical calculations using the model of fluctuating fields described in Section|6.1

and are discussed in Section

The black markers correspond to measurements of the

correlation parameters made in the laboratory frame, whilst the different coloured markers

correspond to measurements including the effects of the five PSF cases, which have been
introduced in Section [£.3] and are illustrated in Figure [[ The black solid lines correspond

to the laboratory-frame relations (B.41)), (15), (28), (L7H18), (25), and in each of the

panels, respectively.

The coloured lines correspond to the Gaussian-model PSF calculations

@, , , (42H43]), , and , respectively, which are discussed in Section The

lowest numerical values of 2, from , are given in each panel for each PSF case. The lower
set of curves in (e), labelled with values of dv, /vc, are discussed in Section El
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proportional to the area, A ~ L L,, of the PSFs. It is also evident that, for a given set of
real PSF's, there is a linear relationship between the laboratory-frame and synthetic-BES
fluctuation amplitude.

6.2.2. Radial correlation length. The radial correlation length measured from the
synthetic-BES data is longer than the laboratory-frame radial correlation length, as
can be seen in Figure [7{b). The increase in radial correlation length due to the
PSFs is greater for shorter laboratory-frame radial correlation lengths. This occurs
because the laboratory-frame radial correlation length becomes shorter than the size
of the PSFs (~ L;) and, therefore, the radial width of the spatial correlation function
becomes dominated by the blurring due to the PSFs as they average over the small-scale
perturbations.

The difference between the effect of the different real-PSF cases is small (~ 0.5 cm)
for most laboratory-frame radial correlation lengths, suggesting that the detailed shape
of the PSF's is not very important in determining to what extent the radial correlation
length is increased by the PSFs.

6.2.3. Poloidal correlation length. In Figure (C), we see that the effect of the real
PSF's on the laboratory-frame poloidal correlation length follows similar trends to the
radial correlation length discussed in Section [6.2.2 However, at very small values, the
poloidal correlation length measured from the synthetic-BES data can increase even
as the laboratory-frame poloidal correlation length decreases. This occurs when both
the laboratory-frame poloidal and radial correlation lengths are similar to the PSF
size. As a result, when fitting @D to extract the spatial correlation parameters, the
parameters cannot be well constrained. This can be seen by considering the values of 2
(45), which are smallest at low £,p, and are given for each PSF case by Q™" = min()
in Figure (c) The values of Q™" < 1, clearly do not satisfy the requirement ,
Q > 1, and, therefore, suggest that @D is not the appropriate fitting function to use.
Nevertheless, in most experimental measurements of turbulence in MAST, the poloidal
correlation length is about three times longer than the radial correlation length [11], [34],
and thus this non-monotonic regime is unlikely to be relevant.

6.2.4. Tilt angle of correlation function. The ratio of the radial, k,p, to binormal,
kyp, wavenumbers of turbulence is of particular interest in theories of suppression of
turbulence by flow shear [4, B8]. Therefore, we consider the effect of PSFs on this tilt
angle, rather than on the two wavenumbers separately. Thus, in addition to ((10)), we
define the tilt angle in the laboratory frame to be

Ky

O = —arctan <i> : (50)
Z|L

and the plasma-frame tilt angle to be

ks
©p = —arctan (—P> , (51)

y|P
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where the wavenumbers in the laboratory frame are related to those in the plasma frame
through and ((18).

In Figure [fj(d), the tilt angles ©p of the correlation function of the synthetic-BES
data generated using the five representative real-PSF cases are significantly different
from the laboratory-frame tilt angle. Generally, the effect of the real PSFs is to decrease
the range of possible values of tilt angle that can be observed. For example, consider
Case 2, where the tilt angle ranges between ~ 10° and 45°, despite the laboratory-frame
tilt angle ranging between —45° and 45°. The reduction in the range of measurable tilt
angles due to PSF effects can be understood by first realising that the radial and poloidal
wavenumbers can be determined by the position closest to the peak of the correlation
function where the correlation function changes sign. The effect of the PSF's is to change
this zero-crossing position, by integrating (unevenly) over the positive and negative
regions of the correlation function. Thus, when the tilt angle of the laboratory-frame
correlation function is aligned with the PSF angle ©f ~ apgr (mod 180°), large parts
of both negative regions of the correlation function are integrated over (provided the
sizes of the PSF and of the correlation function are similar), resulting in the correlation
function of the synthetic-BES data having a significantly different zero-crossing position,
and, therefore, a different tilt angle. Conversely, the synthetic-BES tilt angles are closest
to the laboratory-frame tilt angles when the laboratory-frame tilt angle and the PSF
angle are misaligned, i.e., O ~ apgsr + 90° (mod 180°).

The tilt angle also differs significantly between the five real-PSF cases. In
Figure [7[d), we have labelled each curve by the PSF angle from Table [2, which shows
a clear correlation between the PSF angle and the systematic angular shift between
the tilt angle of the correlation function for each of the PSF cases. The reason for
these differences can be understood by following the same argument as presented in the
previous paragraph. Therefore, we see that the alignment between ©; and apsr can
have a significant effect on the measured tilt angle ©p.

6.2.5. Correlation time. In this section, we only consider the upper set of data points
in Figure[7|(e); the lower set of data points will be discussed in Section[9] There is almost
no difference between the laboratory-frame correlation time, 7., and the correlation
time measured from the synthetic-BES data, 7, for each of the five PSF cases.

At correlation times above ~ 15 us, the agreement between the laboratory-frame
and synthetic-BES values worsens, but not in a systematic manner. This is because, for
longer correlation times, the perturbations decay less quickly as they pass the poloidal
detector channels, and, therefore, the change in amplitude that needs to be measured
in order to calculate the correlation time becomes smaller. At sufficiently small changes
in amplitude, statistical noise from the model fluctuating field can start to affect the
measurement of the change in amplitude.

6.2.6. Apparent Poloidal velocity. The apparent poloidal velocity measured in the
laboratory frame and from the synthetic-BES data with the PSF's of all five cases shows
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considerable agreement, as manifested in Figure (f) Therefore, the real PSFs have
almost no effect on the poloidal-velocity measurement, under the assumptions of our
model of fluctuating fields.

6.3. Validity of using Gaussian-model-PSF's

As described in Section [£.4] using the Gaussian-model PSFs relies on the following
modelling assumptions:

(i) the shape of each PSF is well described by a Gaussian, parameterised by L, Ly and
Q'PSF;

(i) all the PSFs in the sub-array (inner/outer) of the BES being considered have the
same Gaussian parameters;

It is the aim of this section to demonstrate that the above approximations are reasonable,
by comparing the effects of the Gaussian-model PSFs, using the PSF parameters in
Table |2 with the effects of the real PSFs on the turbulence correlation parameters that
were discussed in Section [6.2]

6.5.1. Fluctuation amplitude. In Figure [f|(a), for each of the PSF cases introduced in

Section the effect of the Gaussian-model PSFs given by reproduce the observed
effect of the real PSFs on the laboratory-frame fluctuation amplitude. Details of how

this comparison is made are provided in [Appendix B.4, The most significant difference

between the fluctuation amplitudes calculated using the Gaussian-model PSFs and the
real PSF's is for Case 5. Indeed, real PSFs of Case 5 show the largest difference from
the Gaussian-model PSFs (Figure [5)). The larger reduction in the fluctuation amplitude
determined using the Gaussian model for Case 5 can be explained by the real PSF's for
this case being more peaked than a Gaussian, and so behaving more like delta functions
under the integral , reducing the effective area over which the PSFs average.

6.3.2. Radial correlation length. The radial correlation length calculated using the
Gaussian-model PSFs shows good qualitative agreement with the radial correlation
length measured from the synthetic-BES data, as can be seen in Figure (b) The
radial correlation length calculated using the Gaussian-model PSFs tends towards a
non-zero constant, dependent on £y, L1, Lo, and apgr, as the laboratory-frame radial
correlation length decreases below the PSF size. The fact that does not go to
zero as the laboratory-frame radial correlation length goes to zero means that, if an
experimentally measured radial correlation length is lower than the smallest value of
, the corresponding laboratory-frame value cannot be recovered. Therefore, there is
a resolution limit of the BES, which is formalised in Section [7.3]

6.3.3.  Poloidal correlation length. The expression for the poloidal correlation
length with Gaussian-model PSF's is the same as that for the radial correlation length
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(39) when the labels r and Z are interchanged r <+ Z and the PSF lengths are
interchanged L, <+ Ls. Hence, the poloidal correlation length given by has similar
features to the radial correlation length discussed in Section m However, in real
experiments, the poloidal correlation length is longer than both the radial correlation
length and the PSF lengths. In such a parameter regime, the laboratory-frame poloidal
correlation length is similar to the BES poloidal correlation length, which can be seen
in Figure (c), where is plotted for each of the five PSF cases. We also see, in this
figure, that the poloidal correlation length given by is qualitatively the same as
the poloidal correlation length measured from the synthetic-BES data, which has been
discussed in Section [6.2.3]

6.3.4. Tilt angle of the correlation function. The tilt angle ©p defined in is
calculated using the radial and poloidal wavenumbers. In Figure [7[(d), this
analytic calculation shows good qualitative agreement with the tilt angles measured from
the synthetic-BES data. The root-mean-square (RMS) differences between these two
tilt angles, for each of the five PSF cases, are given in Table[3] By comparing these RMS
values with the difference measure between the shapes of the real and Gaussian-
model PSFs; also given in Table [3] we see that there is a clear correlation between the
two quantities. This suggests that the observed difference is due to the imperfect validity
of the assumptions that we have listed at the beginning of this section. The largest RMS
difference between the tilt angles is 5.4°, which corresponds to an approximate error of
10% due to using the Gaussian-model PSFs compared to using the real-PSFs.

6.3.5. Correlation time and apparent poloidal velocity. The correlation time given by
for Gaussian-model PSFs is exactly the same as the laboratory-frame correlation
time . Indeed, in Figure m(e), we see that agrees well with the synthetic-BES
correlation time for all five representative PSF cases.

The analytic calculation of the apparent poloidal velocity including Gaussian-model
PSF effects shows that there is no difference in this quantity from the laboratory
frame. As the real-PSF's also have no effect on the measurement of the apparent poloidal
velocity (see Section , there is, trivially, good agreement between the effects of the
Gaussian-model and real PSFs.

6.4. Summary

As the evidence presented in the above sections shows good agreement between the
real- and Gaussian-model-PSF effects for all measured turbulence parameters, it seems
reasonable to conclude that the Gaussian-model PSFs describe the effects of the real
PSFs on the measurement of the turbulent parameters well. More strongly, we have
seen that the error in using Gaussian-model PSFs instead of the real PSFs (that was
estimated in Section to be no more than 10%) is smaller than the changes to the
measured correlation parameters that are caused by the finite size of the PSFs (see
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Figure [7|(a),(b), and (d) for changes over 100%). Therefore, it is worthwhile to use the
Gaussian-model PSFs to assess, and, in Section [7.1} correct for, the PSF effects, even if
they are not exactly the same as the real PSFs.

7. Correcting for PSF effects

7.1. Determination of laboratory-frame spatial correlation parameters and fluctuation
amplitude

The equations (39H43)) for the spatial properties of the turbulence can easily be inverted
to find the laboratory-frame parameters as functions of the measured BES parameters:

Eiw = % [&2"“3 — 4(L3 cos® apsp + L7 sin® apsr)

/s + A/ ) (L2 — L3)? sin®(2awsr) | (52)
EQZ‘L = % [KQZ‘B — 4(L3 cos® apgr + L3 sin® apsr)

1/ + A/ L) (L — L3)? sin?(2apsr)] | (53)

where the positive square roots are the only physically relevant choice, and

[ 2(L2sin® o + L2 cos® o ] L? — L2)sin(2a
kT|L — 1 + ( ! PSFEQ 2 PSF) kTIB - ( L 222 ( PSF) k:Z|Bv (54)
L r|L ] r|L
[ 2(L2 cos? apsp + L2sin? a ] L? — [2)sin(2«
kzip = |1+ (L PSEQ : Psr) kzip — (0 222 (2apsr) Ky (55)
Z|L | Z|L

The wavenumbers and can be combined to find the laboratory-frame tilt angle:

- L [tan Opsec 2apsp (L7 + L3 + £2,) — (L] — L3)(tan ©p + tan 2aPSF)]
an 9 =

(56)
T [(L% + L3 + (%) sec2apsy + (L — L3)(1 — tan Op tan 2apsp)]

which for brevity has been written in terms of the laboratory-frame correlation lengths
Cyy, and £z, given by and , respectively.

The laboratory-frame fluctuation amplitude can easily be determined from ({47))
once the laboratory-frame spatial parameters have been calculated. One of the
advantages of the above explicit expressions for the laboratory-frame parameters is that
the uncertainty in the resulting quantities can be derived from the uncertainties on the
measurements of the parameters that characterise the BES turbulence and the PSFs.

7.2. Determination of plasma-frame spatial correlation parameters and fluctuation
amplitude

The transformations of the laboratory-frame spatial correlation parameters into plasma-
frame spatial correlation parameters are described by (15118)), which require the pitch
angle « of the magnetic field to be known. The only complication is in the reconstruction



30

of the plasma-frame binormal correlation length , as we have no measurement of
the plasma-frame parallel correlation length £, p. However, by using the asymptotic
ordering , this parallel correlation length can be neglected and the plasma-frame
binormal correlation length can be calculated from . As discussed in [Appendix B.4|

the fluctuation amplitude in the plasma frame is the same as that in the laboratory
frame.

7.3. Resolution limit of BES
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Figure 8. Plots of the resolution limits and showing: (a) the effect of the PSF angle
apsr, (b) the effect of the length of the principal PSF component Ly, (c) the effect of the length
of the secondary PSF component Ls, on the resolution limit of the BES system. The black box
indicates the typical range of measured correlation lengths using the MAST BES system [T1].

In all of the above calculations (Section [f| to Section [7.1]), provided the PSF
parameters are known, it is always possible to convert between real-valued laboratory-
frame parameters and BES parameters, however, this is not necessarily true for the data
taken from the real BES diagnostic. It is possible for the laboratory-frame parameters
deduced from this inversion to be imaginary-valued, if the expressions in the right-hand-
side of and are evaluated to be negative. This occurs when the BES-measured
correlation length (either Ly g or Ly p) has a value that is smaller than the minimum
of value of the same length determined using Gaussian-model PSF's; as can be seen in
Figures [7{b) and (c). We can, therefore, define the resolution limits as the minimum
values of /g and £z p that can be obtained from and , which we will refer to as

f‘TJS? and rZe‘SB, respectively. These minima occur when the laboratory-frame values are

zero (Ly, = 0 or {7, = 0). Equations and can then be solved for iy and 7B
as functions of the measured BES spatial correlation lengths and the PSF parameters.
The radial resolution limit is then

2 i 2 .2
- 20z (L7 sin® apgr + L5 cos” apgr)

r|lB —
\/2EZZ|B(L% sin? apgr + L3 cos? apgr) + (L? — L3)%sin? 2apsr

, (57)
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and the poloidal resolution limit is
o 20,5(L3 cos® apgr + L3 sin® apgr)

Z|IB = .
\/%7213@% cos? apgr + L3 sin? apsp) + (L2 — L2)2 sin? 2apsp

(58)

As the laboratory-frame correlation lengths are required to calculate the laboratory-
frame wavenumbers, these expressions also determine when the wavenumbers, k, g and
k7 B, are resolved.

Possible reasons why the experimentally measured BES correlation lengths can be
below the resolution limits and include uncertainties in the measurement from
the BES, such as background D, emission and electronic noise in the detector, as well
as uncertainties in the equilibrium profiles that are used to calculate the PSFs.

Even measurements above, but near, the resolution boundaries may be unreliable.
For example, when the laboratory-frame radial correlation length is calculated using
any small uncertainty in the BES-measured radial correlation length causes a large
uncertainty in the laboratory-frame radial correlation length, see Figure (b) Therefore,
the resolution limits and must be considered as the absolute lower boundaries
of the diagnostic. In order to be confident in the reliability of a reconstruction, an
additional constraint on the values of the reconstructed laboratory-frame correlation
lengths may be used, such that the reconstructed values are above a certain threshold,
e.g., by > E;T%.

In Figure|8| expressions and are plotted for different combinations of PSF
parameters. The region in the upper right side of each plot can be considered resolved.
Figure (a) demonstrates that the tilting of the PSFs can cause a significant change to
the position of the resolution limits in the range of 2 cm < /. p < 4 cm. As most of
the MAST BES-measured radial correlation lengths lie in this interval [11], it is clear
that properly accounting for PSF effects is important. The closeness of the resolution
boundary to the MAST BES-measured radial correlation lengths also means that a small
error, in either of these two quantities, can result in the measurement being essentially
unresolved.

In Figures (b) and (c), the PSF angle apgp is fixed and the lengths L, and Lo
are varied. From Table [2] we see that the principal length L; can increase from 2.0 cm
to 3.1 cm during a shot (Case 1 to Case 2). When apgr is constant, this means that
the radial resolution limit can lay anywhere in the entire range of typical MAST BES
measurements of the radial correlation length. Fortunately, typical measured values of
the poloidal correlation length tend to be greater than the poloidal resolution limit.

8. Testing the inversion method using gyrokinetic simulations

In this section, we discuss only the spatial correlation parameters and fluctuation
amplitude, as the model of fluctuating fields that we have been using (Section [6.1))
has shown that the PSFs have no effect on the temporal correlation parameters. Later,
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in Section [9] however, we find that PSFs do affect the correlation-time measurement,
and attempt to extend our model to explain this.

8.1. Assumptions of our method

We have derived, in Section [5] the effect of PSFs on a specified correlation function
and have tested numerically the validity of these analytic calculations by applying real
PSFs to a time series generated by a model fluctuating density field in Section [6l Our
conclusions about the effect of the PSFs on the turbulent correlation parameters rely
on the functional form that we have assumed for the correlation function. In order
to test this assumption, we generate a density-fluctuation time series (in the laboratory
frame) that is more physically motivated than that generated by our artificial model
of fluctuating fields by using the turbulence data obtained in numerical simulations
of a MAST-relevant plasma [12], with the local, nonlinear, gyrokinetic flux-tube code
GS2 [21].

The correlation parameters for this numerical data are calculated, as in Section 2]
both from the laboratory-frame data and from synthetic-BES data created by applying
real PSFs using ([I)). We then use the analytic relations of Section [7] and the Gaussian
model of the PSFs to estimate the spatial laboratory-frame correlation parameters
(corrected parameters) from the correlation parameters of the synthetic-BES data. By
comparing the corrected parameters with the correlation parameters measured from the
raw density field calculated by GS2, we have a direct measure of the quality of the
assumptions that underpin our procedure.

8.2. Gyrokinetic simulations

The full details of the gyrokinetic simulation that we use can be found in [12]. The
equilibrium used for the simulation is taken from MAST shot #27268 at ¢t = 0.250 s and
at a major radius of R = 1.32 m. The ion-temperature gradient is a/ Ly, = 4.9, where
a is the minor radius of the last closed flux surface, and Ly, = T;'0T;/0r is the ion
(Deuterium) temperature gradient length, with 7; the ion temperature and r the radial
coordinate used by GS2, as described in [12]. This simulation was performed with an
experimentally relevant equilibrium flow shear vz = 0.16 vy,;/a, where vy, = /2T;/m;
is the ion thermal velocity, and m; the ion mass. The ion and electron species are both
treated kinetically with the true ion-electron mass ratio. Artificial damping is applied
to separate the ion and electron spatial scales in order to reduce computation time.
The output of the simulation that we use is a two-dimensional field of density
fluctuations spanning 40 cm x 80 cm in the radial-poloidal planeﬂﬂ. The implementation

|| The GS2 output for a single flux tube is generated using a single set of equilibrium parameters,
however, we note that, when the PSFs are applied to the density field, the spatial variation of these
PSFs is caused by radial variations in the equilibrium, thus introducing some inconsistency into the
analysis. This would be of concern if we were comparing these simulations directly with experiment
rather than simply using them to validate our data-reconstruction technique.
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of flow shear in GS2 introduces spurious aliasing of the density field, which increases with
radial distance from the centre of the simulation domain. Therefore, we only analyse
data from the central region (£5 c¢m) of the simulation output. This aliasing effect will
be illustrated and discussed in more detail in Section

8.8. Spatial correlation parameters

(a) Correlation function of GS2 density field
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Figure 9. Binned spatial correlation functions from a GS2 simulation of MAST [12]: (a) raw
GS2 laboratory-frame binned correlation function, also given as black contours in all other panels
for comparison; (b) and (d) the correlation function after application, using (), of Case 4 and
Case 5 PSFs, respectively (see Section [£.3)); (c) and (e) the corrected correlation function after
the analytic reconstruction (Section is applied to (b) and (d), respectively. Values for the
fitted correlation parameters using @D are given in Table El



Parameter GS2 value | Case 4 — Corrected | Case 5 — Corrected
Fluc. amp. [%] 2.2 1.4 2.1 1.4 2.6
(,/cm 2.16 3.94 2.49 3.43 2.23
lz/cm 8.53 10.1 9.78 10.1 9.67
k,/cm™! —0.633 —0.341 —0.639 —0.299 —0.873
kz/cm™! 0.280 0.246 0.248 0.244 0.278
Te/ 118 78+33| 57+14 — | 8.0%34 —
Upot/km /s 42.84+9.3 | 41.9+8.2 — | 40.1 £8.2 —
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Table 4. Correlation parameters measured from GS2 simulations with and without PSFs,
and the corrected correlation parameters after using the reconstruction method described in
Section [7.1} The correlation functions from which the spatial parameters are extracted are
plotted in Figure[9] The temporal correlation properties are plotted in Figure

The laboratory-frame binned spatial correlation function (see discussion in
Section of the GS2 data calculated from is plotted in Figure [9(a) and the
corresponding fitting parameters measured using @D are given in Table . We consider
the application of two sets of PSF's to the GS2 data, Cases 4 and 5, as typical examples
of DND and LSND PSFs, which have been introduced previously in Section [£.3] The
correlation functions of the resulting synthetic-BES data for these two cases are shown in
Figure[9(b) and (d), respectively. Both cases show nearly a factor of two increase of the
radial correlation length in the synthetic-BES data, compared to the laboratory-frame
correlation length in Figure @(a). The broadening of the correlation function due to the
PSFs is more pronounced in the radial direction than the poloidal direction because the
radial correlation length is nearer the PSF size, Lq, than the poloidal correlation length.

The radial wavenumber is a factor of two smaller in the synthetic-BES correlation
function compared to the laboratory-frame correlation function. We note that Case-5
PSFs cause a slightly greater reduction of the radial wavenumber, because their principal
component is more aligned with the tilt axis of the correlation function than that of
the Case-4 PSFs (whose principal component is perpendicular to the tilt axis), see
Figure (d) This is because Case-b PSFs have a greater “averaging” effect over the
oscillatory structure of the correlation function, as discussed in Section [6.2.4]

The measured properties of the PSFs (Table are used with the inversion equations
of Section to correct for the PSF effects. The results of this procedure are plotted
in Figures [9(c) and (e). We see that these corrected correlation functions match the
raw GS2 laboratory-frame correlation function, in Figure [J[a), much better than the
uncorrected correlation functions of the synthetic-BES data. A closer inspection of the
numerical values in Table {4 shows that, for both PSF cases, the corrected values of
radial and poloidal correlation lengths are near, but overestimate slightly, the raw GS2
correlation lengths.

For Case-4 PSF's, the correction procedure works well for the radial wavenumber
(< 1% difference), but not as well for the poloidal wavenumber (11% difference).
Conversely, for Case-b PSFs, the corrected radial wavenumber shows a significant
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Figure 10. The effect of PSFs on the correlation time measured from the GS2 simulation
of MAST shot #27268: (a) Correlation time with (coloured markers) and without (black
markers) PSFs applied, against radial position relative to the centre of the BES array. The
errors on the PSF data are calculated from . (b) Apparent poloidal velocity measured
from the same simulation. The nominal toroidal rotation projected onto the poloidal plane
Upol = U¢ tan a = 42.6km/s is shown by the horizontal dot-dashed line.

mismatch with the raw-GS2 value (38% difference), whilst the poloidal wavenumber
shows good agreement (< 1% difference). The large magnitude of some of these
differences between the corrected and raw-GS2 wavenumbers is due to the fact that
the radial correlation length is approximately the same size as the principal component
of the PSFs and, therefore, any small errors in the fitting of the correlation function,
combined with the differences between the Gaussian-model PSFs and the real PSFs, are
amplified. The worse performance of the correction procedure for Case 5 compared to
Case 4 is also related to the fact that the Gaussian model is a better approximation to

the Case-4 PSFs than to the Case-5 PSFs (see Section [4.5)).

8.4. Fluctuation amplitude

The fluctuation amplitude is calculated using and is given in the first row of Table .
As expected from Section [6.2.1] the PSFs reduce the observed fluctuation amplitude.
Correcting for the PSF effects using works well in the analysis of Case 4. In
contrast, the correction for Case-5 PSF's overestimates the fluctuation amplitude, which
is consistent with overestimating the reduction in the fluctuation amplitude when
using Gaussian-model PSF's for this case, compared to the numerical evaluation using
the real PSFs, as seen in Figure[7](a).
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9. Temporal correlation parameters: further refinements

In Table[d], the mean correlation times measured with and without the PSFs of Case 4 are
significantly different from each other. This is in stark contrast with the calculation of
Section [p.3] where the PSFs were shown not to affect the measurement of the correlation
time.

The correlation time and apparent poloidal velocity measurements are made at each
radially separated array of poloidal channels in the 2D BES array, and similarly at each
radially distinct set of poloidal grid points in the GS2 numerical domain. Therefore,
it is possible to plot radial profiles of these measurements, which is done in Figure [10]
In Figure [10|(a), we see that the GS2 laboratory-frame correlation time decreases when
|r| 2 2 em. This has been identified as a numerical effect due to aliasing caused by the
algorithm used to implement flow shear in GS2. Therefore, we will not consider data
points outside of this radial range in the following discussion.

The correlation times calculated with Case-5 PSFs are similar to the laboratory-
frame correlation times, which is possibly because these PSFs have a shape more like
delta functions, as discussed in Section [6.3.I] However, the correlation times using
Case-4 PSFs have values that are approximately half of the laboratory-frame correlation
times. Additionally, in Figure [10(b), we see that both Case-4 and Case-5 PSFs produce
apparent poloidal velocities that have a small, but noticeable, difference from the
laboratory-frame apparent poloidal velocities. In this section, we attempt to explain
these differences.

9.1. Physical interpretation of the correlation time

Let us imagine that we are in the plasma frame. The correlation time is defined to be
7.|p, Which can be ‘measured’ by calculating the time-delay auto-correlation function of
the density field (by replacing 67 in with dn) at a fixed spatial point in the plasma
frame, and fitting to this with Az = Ay = Az = 0. The decay measured by this
correlation time can be caused by two effects: (1) the Lagrangian decay of a perturbation
with time, and (2) the Eularian decorrelation of a perturbation as it is advected past the
measurement location by the turbulent velocity field. These two effects are related, as
the turbulent velocity field is determined from the electrostatic potential set up by the
perturbations themselves, and, therefore, the velocity field will decorrelate at a similar
rate to the perturbations. Hence, the correlation time 7.p can be defined to be the
fundamental timescale associated with the turbulence.

The Eularian decorrelation time will be shorter for smaller perturbations (for the
same turbulent velocity field), which means that the correlation time 7, p is an implicit
function of the size of the perturbations. This dependence on the spatial structure of
the turbulence is the key to understanding how PSFs can affect measurements of the
correlation time.

From the above discussion, we can understand why we found that the correlation
time measured by the BES, 7.5, was independent of PSF' effects in Section . This is
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because our assumed form of the plasma-frame correlation function did not include
cross-terms between the spatial and temporal coordinates (e.g, AxAt terms), which
arise due to the Eularian decorrelation. Then, when the PSF integral was calculated
in , no mixing could occur between the spatial and temporal correlation parameters.

9.2. Introducing a fluctuating radial velocity into the model of fluctuating fields.

In order to include cross-terms in the plasma-frame correlation function consistently, we

turn to our model of fluctuating fields (see Section [6.1)). In we describe

how to include a radial velocity v, into the motion of our model perturbations, and then
in [Appendix B.2| the plasma-frame correlation function (B.19) is calculated assuming
that this radial velocity is a Gaussian distributed random variable, with zero mean and

standard deviation dv,. We do not include a fluctuating binormal velocity, because,
for typical binormal correlation lengths, the effect of PSFs has been shown to be small
(Section , and also to simplify the following discussion.

In [Appendix B.2 the plasma-frame correlation time of our model is found to be

1 1 1
7.2 = 7_2 7_2 ’ (59)
c|P life| P eddy|P
where Ty p is the Lagrangian lifetime of a perturbation and
l, 2
|P V2 (60)

Teddy|P = S )
Ur \/ 2+ k§|p€i|p

is the eddy turn over time. In order to calculate 7. p it is necessary to assume that
the fluctuating radial velocity is small, dv,/v; = O(e! = p;/a), compared to the
toroidal velocity. This assumption is reasonable, as the fluctuating radial velocity in
the gyrokinetic simulation used in Section [8]is found to be 2% of the toroidal velocity.

In [Appendix C.1], the laboratory-frame correlation time is calculated, and found to

be the same as the plasma-frame correlation time 7.p in the low-Mach number limit
(Section , just as we found before in . The appearance of both the lifetime and
the eddy passing time in means that the measured correlation time in the laboratory
frame 7., will be dominated by the smaller of Tiip Or Teqayp- We demonstrate this
effect in Figure (e), where the laboratory-frame correlation time 7, is plotted against
the lifetime 7y¢)p (black dashed curves) and see that, as the fluctuating radial velocity
increases relative to the toroidal velocity, the correlation time 7., becomes less sensitive
to the lifetime. For example, when v, /v, = 10%, the CCTD method is only able to
resolve changes in the lifetime below ~ 10us.

In [Appendix C.2| the PSF effects on the temporal parameters are calculated from
the laboratory-frame correlation function (B.39)), whilst retaining the radial-velocity
effects. The resulting BES-measured correlation time is then ((C.20))

1 1
,7_2 o 7.2 +
c|B life| P

(61)

5 )
Teddy|B
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where the BES eddy passing time is

~1/2
dv? Kanlon kol
Tedayl = | (2+ kEL@'L)QEQIB " ( 2€2|B| - 2‘1)4| ool (62)

where D is given by , and we have written in terms of both laboratory-frame
and BES-measured correlation parameters, in order to be concise (the relationships
between these two sets of parameters are given by (52}55)).

As the fluctuating component of the radial velocity is not measured experimentally,
quantifying how large the difference between the laboratory-frame and BES-measured
correlation times is troublesome. However, we may estimate the maximum size of the
PSF effects if we assume that the plasma-frame correlation time is dominated by the
eddy passing time. Then the fractional difference between the laboratory-frame
and BES-measured correlation times is independent of dv,, and given by

~ - |Tc|B - 7-c\Ll
err —
Te|B
SO P O P12 (63)
i - )
Teddy|B fr|B

where the final expression is reached by assuming that the poloidal correlation length
Cz1 > U1, Ly, Lo, which is reasonable based on experimental measurements (see [I| and
[T1]). The error calculated using gives an order of magnitude estimate of the error
associated with the PSF effects. The errors on the correlation times of the synthetic-
BES data plotted in Figure [L0|(a), have been calculated using (63)), which shows that
these are the correct size to account for the differences between the synthetic-BES and
the laboratory-frame correlation times. This error estimate can be considered to be
independent of the our model, as the result can also be reached by simply arguing
that the typical size of PSF effects can be given by the ratio £, /¢, 5.

9.3. Limitations of our model

Unfortunately, the laboratory-frame correlation time cannot be reconstructed from the
synthetic-BES correlation time measured from the gyrokinetic simulations using .
There are two reasons why this is the case. The first is our assumption of Gaussian-
model PSFs, and the second is our assumption that the fluctuating velocity field follows
a Gaussian distribution.

We demonstrate the discrepancy that arises due to using Gaussian-model PSFs in
deriving , by applying the real PSFs to the density field generated by our model of
fluctuating fields, just as we did in Section [6.2} In Figure [11] which is an enlargement
of Figure [7|(e), we see that correlation times calculated with the real PSFs and with the
Gaussian-model PSFs do not agree (most notably for Case 5). The difference between
Gaussian-model and real PSFs plays a more important role in the correlation-time
measurement than the spatial correlation measurements of Section[§], because the change
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Figure 11. Enlargement of Figure [fj(e) around the dv,/ve = 10% curve, to illustrate the
difference between the Gaussian-model PSF calculation of the effects of PSFs on the
correlation time measurement (coloured dashed lines) and the effect of the real PSFs (coloured
markers). The length of the simulation was increased from 7' = 2 ms to T' = 20 ms to calculate
these data points in order to reduce the statistical noise in the measurement.

in amplitude of the correlation function required to measure the correlation time is a
second-order effect (in € = p;/a, see Section [3.2.3)).

Furthermore, the modelling assumption of a Gaussian distributed v, that we have
used is too limiting. This can be seen by comparing the change in the correlation time
caused by the real PSFs for Case 4 in Figure [I1 where the assumption of a Gaussian
distributed v, has been used, to the change in the correlation time for the same real PSF's
on the GS2 density field in Figure (a). In Figure , the synthetic-BES correlation
time is longer than the laboratory-frame correlation time, whereas in Figure [10[a), the
synthetic-BES correlation time is shorter than the laboratory-frame correlation time.
Therefore, even if dv, is known, the correction that could be made by using would
never be able to account for this difference.

Finally, we note that one of the key assumptions in this paper is that the functional
form for the time decay of the correlation function is a Gaussian, see . In previous
work [I1] an exponential decaying function, f(t) = exp(—|t|/7.p), has been used to
measure the correlation time 7,5 from the MAST BES. Indeed, this might in fact be
a better fit to the experimental correlation function in Figure [2 Therefore, it could be
argued that the failure of our procedure to account for PSF effects on the correlation-
time measurement was due to the failure of our underlying assumption on the structure
of the time-delay correlation function. However, the peaks of the time-delay correlation
function from the gyrokinetic simulations (shown in Figure that were used in this
section to identify these issues are, in fact, well fit by the Gaussian function (7).
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Figure 12. Time-delayed correlation functions from the gyrokinetic simulation introduced in
Section [8.2] at r = 0.35 cm from the centre of the simulation domain, for a range of poloidal
displacements AZ. The range of AZ used to generate this plot has been increased compared
to that used to calculate the data in Table 4l in order to emphasise the quality of the Gaussian
fit to the peaks of the curves for each AZ. This should be compared to the time-delay
correlation functions of the experimentally measured intensity field from the MAST BES data
in Figure [2]

9.4. Apparent poloidal velocity.

We see in Figure [L0[b) that the apparent poloidal velocity varies in the range of 30-
— 60 km/s across the radial extent of the analysis region. This is due to the flow
shear in the simulated density field adding to the bulk toroidal rotation. The apparent
poloidal velocities measured from the synthetic-BES data for the two PSF cases are also
plotted in Figure (b), and show reasonably good agreement with the laboratory-frame
apparent poloidal velocity, deviating, at most, by 5 km/s. Evidently, the effect of the
PSF's on this measurement is smaller than on the correlation-time measurement, which
is because the toroidal velocity is significantly greater than all other velocities in the
GS2 simulation.

Nevertheless, there is a small systematic effect that the real PSFs have on the
apparent-poloidal-velocity measurement, which is not included in our analytic expression
using Gaussian-model PSFs, even when one accounts for a fluctuating radial
velocity field (see|Appendix C.2)). Therefore, we see, again, that our model is not able to
account fully for the effects of PSFs on the measurement of the temporal properties of
the turbulence. We can, however, be reassured that measurements of apparent poloidal
velocities can be accurate to within 10% of the laboratory-frame value, without having
to be corrected for PSF effects.
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10. Conclusions

In the Introduction to this work, in Section [T, we proposed two questions. The first
relating to what effect PSFs have on the measurement of the correlation parameters
of the plasma turbulence (fluctuation amplitude, m, radial, ¢, g, and poloidal, {7z,
correlation lengths and wavenumbers, k. g, kz g, correlation time, 7.p, and apparent
poloidal velocity, vpoyp) using BES systems. The culmination of the analysis to answer
this question occurs in Section [, where it was found that:

(i) The measurement of the fluctuation amplitude (Section of the intensity field
differs from the same measurement of the density field by a linear factor that is
dependent on the area of the PSFs.

(ii) The measurement of the radial correlation length (Section of the intensity field
correlation function can be significantly longer than the same measurements of the
density field correlation function, which is due to the density field radial correlation
lengths being similar to the size of the PSFs.

(iii) As the poloidal correlation lengths are measured to be longer than the PSF length,
Ly, the effects of the PSFs on these quantities is less significant than on the radial
parameters.

(iv) The tilt angle of the correlation function changes significantly due to PSF effects,
and can even change sign.

(v) The CCTD method for measuring the correlation time and apparent poloidal
velocity (Section can also be affected by PSF effects, as has been shown in
Section [9L

In order to measure these effects we have developed

(i) anew method for measuring the poloidal correlation length using information from a
fit to the time-delayed auto-correlation function, which is subsequently used to help
constrain the fit to the zero-time-delay spatial correlation function (see Section [2.4));
and

(ii) a model of fluctuating fields (Section and |[Appendix B|) that uses randomly

distributed perturbations to generate time series that real PSFs can be applied to
by numerically evaluating the integral .

We note that our model of fluctuating fields could be used to test instrument function
effects on fluctuating fields of various kinds, including density, temperature, potential,
etc. on other devices and aid the development of new turbulence diagnostics.

The second question posed in the Introduction asked whether it was possible to
correct for these PSF effects. Below we enumerate the findings of this work in response
to this question.

(i) A simple, analytic method has been developed that can reconstruct the fluctuation
amplitude and the spatial correlation parameters (52H56|) of the density field

from measurements of the intensity field correlation parameters and the principal



(iii)

(iv)

(vi)
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component lengths and angle of the PSFs: Ly, Lo, and apsp, assuming a Gaussian
model for the PSFs (Section [£.4). This is described in Section and has been
tested successfully on gyrokinetic simulations of turbulence in Section [§

This reconstruction method also provides a definition of the spatial resolution limit,
(57) and , of a BES system in terms of the principal components of the PSF's,
see Section [7.3] In addition to post-hoc testing of the validity of measurements, we
note that these equations can also be used to aid in optimising the design of new
BES systems.

In Section , we have found that the CCTD method measures exactly the plasma-
frame correlation time of the turbulence and is unaffected by PSF effects, under
the assumptions that the Lagrangian lifetime is a/p; longer than the time taken for
a perturbation to be advected past the detector array by the bulk toroidal velocity,
that the Mach number is small, and that any fluctuating radial velocity is smaller
than the bulk toroidal velocity by at least p?/a?.

The fluctuating radial velocity in gyrokinetic simulations of plasma turbulence in
MAST is only p;/a smaller than the bulk toroidal velocity. In Section , we have
shown that, in this case, the CCTD method measures a correlation time that is a
combination of both Lagrangian and Eularian times. The (Eularian) eddy passing
time, in addition to depending on the fluctuating radial velocity, depends on the
spatial scales of the turbulence and, therefore, provides a means through which
PSFs can affect the measurement of the correlation time.

Due to the limitations of our model of fluctuating fields and our Gaussian-model
PSFs, which are discussed in Section (9.3 it is not possible to reconstruct the
laboratory-frame correlation time. Nevertheless, in Section [9.2] we have provided

an estimate of the error on the measured correlation time that is associated with
PSF effects.

The poloidal velocity measurement is dominated by the bulk toroidal velocity. In
Section [9.4], we saw that while it is affected by the real PSF's, these effects are, at
least, p;/a smaller than the bulk toroidal velocity. Therefore, within an accuracy
of 10%, no reconstruction is required for measurements of the toroidal velocity.

To summarise the above, the main results of this investigation can be separated

into two parts: the first is the elucidation of the assumptions behind the measurement

methods used to extract statistical quantities from time series of turbulence data (most

notably the correlation time measurement), while the second is to provide a method

for the reconstruction of the fluctuation amplitude and spatial correlation parameters

of a turbulent density field from BES measurements. This method can now easily be

applied to turbulence measurements, as has been done, for example, in Figure (b),

where the corrected spatial correlation function is plotted for real BES measurements
from MAST shot #28155 and shows that both the tilt angle of the correlation function
and the radial correlation length undergo substantial correction from the raw measured

values.
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We finish by noting that these results are not restricted in applicability to MAST
or other STs. For example, the PSFs for the BES system on the conventional aspect
ratio device DIII-D [39] can be of a similar size to the measured spatial correlation
functions [40} [5], just as is the case for the MAST turbulence and PSFs discussed here.
Therefore, as discussed in [5], accounting for PSFs is also important for such devices.
Indeed, using our method with the DIII-D BES data would probably produce better
reconstructions of the correlation parameters of the turbulent density field than for the
MAST BES, because the spatial variation of the PSFs across the BES array is smaller
in DIII-D, due to the smaller variation in the pitch angle of the magnetic field, and,
therefore, the assumption that all the PSFs are the same is more valid.

Acknowledgments

We would like to thank Daniel Dunai, Jon Hillesheim, Tim Horbury, Gergé Pokol and
Anne White for many useful discussions. This work has been carried out within the
framework of the EUROfusion Consortium and has received funding from the Euratom
research and training programme 2014-2018 under grant agreement No 633053 and
from the RCUK Energy Programme [grant number EP/I501045]. The views and
opinions expressed herein do not necessarily reflect those of the European Commission.
Financial support was also provided to MFJF by Merton College, Oxford. YcG was
supported by the National R&D Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Science, ICT and Future Planning (Grant No.
2014M1A7A1A01029835) and by the KUSTAR-KAIST Institute, KAIST, Korea. The
work of AAS was supported in part by grants from UK STFC and EPSRC.

Appendix A. Measuring the product of the poloidal wavenumber and
poloidal correlation length

The temporal auto-correlation function in the laboratory frame contains both
spatial and temporal correlation parameters. In this Appendix, we demonstrate that
it is possible to extract the product of the poloidal wavenumber kz; and poloidal
correlation length £, from the temporal auto-correlation function , provided that
the correlation time 7, has been measured (using, for example, the CCTD method
— see Section 2.2). We do not consider PSF effects in this Appendix, because the
technique only relies on measuring the correlation time, which, under the assumptions
of Section [5.3], has been shown not to be affected by PSFs.

The product kz ¢z, plotted in Figure (a) is measured by fitting to the
temporal auto-correlation function calculated using , in which the intensity field
0l has be replaced with a density field on generated numerically using our model
of fluctuating fields (see Section and [Appendix B). Figure [Al|a) shows that a
finite value of the correlation time causes the measured product kzpfz; to be an
underestimate of the true kz ¢z (input into the model).



(a) Uncorrected

(b) Corrected
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Figure A1l. A scan in kz|.lz; has been performed using our model of fluctuating fields (see
Section by varying kz|;, and keeping constant £z ;, = 16.3 cm, for three different values
of correlation time 7., € {7.1,14.1,28.2} ps. In both panels (a) and (b), the measurement of
kz Ltz 1 is made by fitting to the auto-correlation function of the numerically generated
fluctuating density field, though in (b) the fit is performed after correcting the auto-correlation
function for its temporal decay 7z, by multiplying it with exp(At?/ 7'02‘ L)

The size of the underestimate of kz|1¢z|; increases as the correlation time becomes
shorter. This is because the contribution of the correlation time 7,7 in the auto-
correlation time becomes large compared to the ratio of the poloidal correlation
length to the toroidal velocity ¢z /ve, which is held constant for this analysis. This
comparison can be understood by inspecting , using to relate the plasma-
frame correlation parameters to the laboratory-frame correlation parameters, setting the
poloidal velocity vz = 0, and assuming that the parallel correlation length £,p > £y

In Figure[AT|(b), we show that this underestimate can be corrected for, as discussed
in Section , by multiplying the measured auto-correlation function by exp(At?/ 7'62‘ 1),
before fitting . The quality of the reconstructed value of kyz 1l clearly decreases
This is attributed to the fact that any

small errors in the measurement of either the temporal auto-correlation function or

as the correlation time becomes shorter.

the correlation time will be increased by using the correction factor exp(At?/ Tj 1), and
that this correction factor grows faster in At with smaller 7.

Finally, we estimate whether this procedure is able to reconstruct accurately the
product kz gl p from experimental data obtained using the MAST BES. As discussed
above, and from (20)), we require that

12
Tc\L > Z_‘L7
U¢
in order to have confidence in the resulting value of kz fz . We can translate (A.1)
into BES-relevant quantities by changing 7, — 7¢p and {z; — {zp. In MAST,

10 cm, and v 2 2 cm/ps. These values satisfy (A.1) and,

(A.1)

T == 10 us, €Z|B S

~
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therefore, we should be able to use this procedure to measure kz plzp with reasonable
accuracy for real MAST BES data.

Appendix B. Modelling a fluctuating field

In this Appendix, we provide the detailed description of the model of fluctuating fields
introduced in Section [6.1], extended in Section and used by us to test our data

reconstruction methodology. First, in [Appendix B.1| we describe the equations used

to generate the two-dimensional fluctuating field. In [Appendix B.2, the plasma-frame

correlation function of this fluctuating field is calculated, followed by the laboratory-

frame correlation function in[Appendix B.3| In[Appendix B.4] the fluctuation amplitude
of this model is discussed. Then, in[Appendix B.5] details of the algorithm for generating
the described fluctuating field are presented.

Appendix B.1. Basic equations

We generate a fluctuating field in the radial-poloidal plane as a function of time:

on al
;(7”; Z,t) = Zsi(ra Z,¢ = 0,1, 10, Zio, Gios tio), (B.1)

i=1
where N is the number of ‘individual perturbations’ s; used to generate the fluctuating
field, which are functions of the laboratory-frame coordinates: the radial r, poloidal Z,
and toroidal ¢ positions and the time ¢, as well as their initial position (70, Zo, Go, tio) in
space and time. From here on, we suppress the dependence of s; on the initial position.
The toroidal coordinate of the radial-poloidal plane at which the fluctuating field is
generated is specified to be { = 0.

The structure of each individual perturbation is defined in the plasma frame. The
plasma frame is itself defined in terms of field-aligned coordinates (z radial, z parallel to
the magnetic field, y = x x z binormal). In this Appendix, we define the transformations
that take us from the plasma frame into the laboratory frame, such that the structure
of an individual perturbation

C

si(x,y, 2,8) = A exp {_[Aﬁgtﬂz _ [Ay;gtHQ B [Az;%t)P - [At;»(;)p}
X COS[k’x(t)Al‘i(t) + k'yAyz(t) + gbz], (BQ)

can be written in terms of the laboratory-frame coordinates, and, therefore, making
it possible to evaluate . In , A; is the amplitude of the perturbation taken
from a Gaussian random distribution with zero mean and standard deviation omp,
Az is the characteristic radial length, A, is the characteristic binormal length, A is
the characteristic parallel length, 7. is the characteristic lifetime, k,(¢) is the radial
wavenumber, k, is the binormal wavenumber, ¢; is a uniformly distributed random
phase in the range [0, 27]. Note that the term ‘characteristic’ is used because, as we will
find, these differ non-trivially from the correlation lengths and times that are measured.
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The position of the centre (maximum) of the ith perturbation is (z;(t), y;(t), z:(t)),

such that:

Azi(t) =z —xi(t), Ayi(t) =y —ui(t), Az(t) =2z — z(t). (B.3)
The relative plasma-frame coordinates are related to the laboratory-frame
coordinates (r, Z, () via

Az (t) = Ar(t),

Ay;(t) = AG(t) sina + AZ;(t) cos a,

Azi(t) = AG(t) cosa — AZ;(t)sina, (B.4)
where « is the field-line pitch angle and

Ari(t) =r —ri(t), AZ(t)=Z—Z(t), AGE)={(—G(), (B.5)

where the centre of the perturbation is at (r;(t), Z;(t), (;(t)), related to (z;(t), y;(t), z:(t))
by expressions analogous to (B.4). The time evolution of each individual perturbation
is determined by five effects:

(i) the growth and decay of the perturbation controlled by the characteristic lifetime,

Te-
Ati =1 — (tiO + %OTC> s (B6)

where t;5 is the time when the perturbation is created and C' is a dimensionless
constant that describes how long a perturbation exists : %CTC before it reaches its
peak amplitude;

(ii) the advection of the perturbation in the toroidal direction by the toroidal flow v,
so the toroidal position of the centre of the perturbation evolves as

G(t) = Go + vcAty, (B.7)
where (o is the initial toroidal position of the perturbation;

(iii) the advection of the perturbation in the poloidal direction by the poloidal flow vy,
such that the poloidal position evolves as

where Z;q is the initial poloidal position of the perturbation;

(iv) the advection of the perturbation in the radial direction by a radial flow v,, such
that the radial position evolves as

Tl(t) =Ty + ’UTAti, (Bg)
where r;o is the initial radial position of the perturbation;

(v) the increase in k,(t) caused by the radial gradient of the toroidal velocity S (the
flow shear):

ko (£) = ky SAt; + ko, (B.10)

where k,q is the radial wavenumber of the perturbation (whose meaning is discussed
below).
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Summarising the above expressions, we can write the time and spatial dependence in

(B.2) explicitly as

At =t— (tio+ %CTC), (B.11)
Ax; =1 —ro—v.At, (B.12)
Ay;(t) = (¢ — Go — vcAty) sina + (Z — Zyp — vz At;) cos «, (B.13)
Azi(t) = (¢ — Go — vcAty) cosa — (Z — Zig — vz At) sina, (B.14)
ki (t) = kySAt; + ky. (B.15)

It is worth discussing the implications of the choice of the constant C'. When
C =0, the perturbations are created at their peak amplitude, with their specific radial
wavenumber, k.o, and then evolve in the sheared velocity field. When C' > 0, each
perturbation grows and then decays and the radial wavenumber k.o then describes the
wavenumber at which the perturbation has its maximum amplitude. The choice of C'
does not affect the results of the following analytic calculations of the correlation function

in [Appendix B.2| however, it does affect the results calculated from the numerical

implementation of this model described in [Appendix B.5| In order to ensure that the

time series generated by this model is smooth around the peak amplitude of single
perturbations, which is necessary for the CCTD method described in Section to
work, we use a finite value of C.

Appendiz B.2. Plasma-frame correlation function

In the calculation of the correlation function, we need only consider the correlation of
each individual perturbation (B.2)) with itself, because, in our model, each perturbation
is independent of all other such perturbations. The two-point covariance function of a
single perturbation, i, evaluated at (z4, Ya, 24, ta) and (xp, Yp, 26, tp) in the plasma frame
is

<3ai3bi>P = <8i (I‘a, Yay Zas ta)si(xba Yb, 2b, tb)>P
/ 54iSp dA;dg;dxiodyiodzodtpdtdo, Az v}
- ex
(27)2Ly Ly L. T2 G a0, P ’

202 2002
where L,, Ly, L., T are the compact supports of uniform probability distributions for the

(B.16)

amp

initial positions of the perturbations x;g, y:0, zi0, and t;o, respectively. The integration
ranges for each of the variables are: A; € [—o0, 0], v, € [—00,00], ¢; — [0,27],
Tio € [—Ly/2,L./2], vio € [—Ly/2,L,/2], zio € [—L./2,L./2], t; and t € [0,T]. The
radial velocity for each perturbation is taken from a Gaussian random distribution
with zero mean and standard deviation dv,. The toroidal and poloidal velocities are
both assumed to be constant. We compute these integrals under the assumption that
the integration range is much larger than the typical correlation length/time in that
direction (i.e. L, > A;). Then it is possible to extend the limits of the integrals over
the random variables w9, ¥:0, 2zio and t;o to infinity. The integrals then become standard
Gaussian integrals.
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The two-point covariance function in the plasma frame is the sum of (B.16) over
all perturbations

N-1
CICDOV<A:C7 Aya AZ? At) = Z <Sai3bi>P7 (Bl?)
1=0

and is a function only of the distance between the two points’ locations and the time
difference between them (Ax = x, — xp, Ay = Yo — Yo, Az = 24 — 23, At =1, — ;). After
completing the integration in (B.16]), (B.17)) takes the form

CPY (Ax, Ay, Az, At)

w202 Az Ay || Te

_ amp
=N 4L,L,L.T G(AD
Az? Ay? AZ? 1 k??dp&)?
X exp s ———G(At) — — — + G(At) | At?
{ gi’\P 632,\13 gﬁ\p Tl?fe|P 2
x c0s [ky pG(AY) Az + kypAy] (B.18)

which gives the plasma-frame correlation function
CsY(Ax, Ay, Az, At)
Cv(0,0,0,0)

Cp(Az, Ay, Az, At) =

Ax? Ay? A
z|P y|P z|P
1k pov;
— | —+ 2 Tqarn | AP
Tiife| P 2
x 08 [ky pG (AL Az + kypAy] (B.19)
where
20,
V14 (kyA:S7./2)?
lip = V2)\,, (B.21)
Cip =V2)\, (B.22)
Var
Titlp = \/iré — ¢ 7 B.23
el 1+ (kyheS7e)2)2 (B23)
kx|P = kaa (B24)
kyp = ky, (B.25)
At) = - : B.2
G(A) %P + 2002 At? (B.26)
The plasma-frame auto-correlation function has the form
1 ki‘Pévf
Cp(0,0,0,At) = /G(At)exp |— | — + 5 G(At) | At?| . (B.27)
Tiife| P
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To define the plasma-frame correlation time 7,p, we have to be able to compare the
expression (|B.27]) with the plasma-frame auto-correlation function defined in , ie.,

exp(—At2/TC2|P). To do this, we expand the G(At) term (B.26)) for dv,At < £, p, which
is consistent with extending the asymptotic ordering (22{24)) to include dv, < v, (this is

formalised in [Appendix C.1]). Retaining terms to the lowest order O(e?) in the exponent
of (B.27)), the plasma-frame correlation time of our model is then

1 1 Sv?
- ==+ (k‘i plp+ 2) —, (B.28)
Tcz\P Tl?fe\P P %:?:\P

The expressions for the plasma-frame correlation parameters defined with are
related to the characteristic lengths and times of the individual perturbations through
. When v, = 0, becomes exactly the same as the plasma-frame
correlation function given by , and, as there are no G(At) terms, there is no need to
use the asymptotic ordering to find an expression for the plasma-frame correlation time
(i-e., Tp = Tiite|p). When v, # 0, as is discussed in Section , the time dependence in
introduces cross-terms between spatial and temporal coordinates, and therefore,
(B.19) is not equal to ([13)).

Appendiz B.3. Laboratory-frame correlation function

To calculate the two-point covariance function in the laboratory-frame, we follow the
same procedure as in [Appendix B.2] but write the individual perturbation in
laboratory frame coordinates using the transformations and then integrate
over the range of initial positions in the laboratory-frame coordinates (79, Z;o, o), rather

than the plasma-frame coordinates (z;0, ¥i0, zi0). Explicitly, this is
(8aisvi) . = (8i(Tas Zas Ca = 0,ta)8i(15, Z, G = 0,1)) 1
/ SaiSpi dA;ddidrind Zipd(iodtindtdu, A7 v}
= ex
(27m)2L, Lz L T2 0 aimpO v, ’

— — B.29
P 202, 2007 ( )
where L,, Lz, L are the compact supports of uniform probability distributions for the

initial positions of the perturbations r;y, Z;o, G;o. We complete this integration, in the

same way as we did in [Appendix B.2| by assuming that the integration ranges are large

compared to the size of the perturbations, e.g. L, > \,. Then, the covariance function
in the laboratory frame, defined analogously to (B.17)), is

Ci%(Ar, AZ, At) = Fy(At)exp [— (FL(A) AT + FAZ + FsAZvc At + Fy(At)viAt%)]

x cos [F5(At)Ar + FsAZ + FrocAt], (B.30)
where
7202 Ng AT,
- amp”z Ny e
Fy(At) = N 1L L, LT A/ G(AY), (B.31)
A
Fu(Al) = % (B.32)

z|P
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E;P sin? ar + @'P cos? a

F = 3 ) (B.33)
gy\P€z|P
. B (62 p — £2,p) sin(2a) N 2y (0 psin® a — 12, cos® @) (B.34)
S 2,0 v NG ’ ‘
y|P"z|P ¢ y|P"z|P
1 dv2
Fy(At) = ——— + — k2 pG(At)
U?Tl?fe\P 2“? |
(v¢ cos a;— /UZZ sina)?  (ve sina;— "Ug cos a)z’ (B.35)
€z|PUC €y|PU<
F5(At) = kypG(AL), (B.36)
Fs = kyp cosa, (B.37)
F = —kyp (sina + Y2 cos a) , (B.38)
U¢

and where G(At) is defined in (B.26]), and we have written these expressions in terms of
the plasma-frame correlation parameters (B.20{B.25)). The laboratory-frame correlation
function is defined analogously to the plasma-frame correlation function (B.19)), and has
the form

CL(Ar, AZ, At) = /G(At) exp [— (Fi (A Ar® + F,AZ? + F3AZvc At + F4(At)vat2)]
x cos [F5(At)Ar + FsAZ + FrucAt] . (B.39)

When v, = 0 and At = 0, the laboratory-frame correlation function is exactly
the same as , and the relationships between the laboratory-frame and plasma-frame
correlation parameters, , are determined by comparing these two expressions.

The procedure for calculating the relationship between the CCTD correlation time
in the laboratory frame 7, and the plasma-frame correlation time 7, p is described in
Section [3.2.3] for the case when duv, = 0. The detailed calculation of the laboratory-
frame correlation time 7, for the general case when v, # 0 is included in
the results of which are discussed in Section [9.2]

Appendiz B.4. Fluctuation amplitude

The plasma-frame mean-square fluctuation amplitude is the amplitude of the plasma-
frame covariance function (B.18) with Az = Ay = Az = At =0, i.e,

2 9
2 T 0 amp AuAyA|Te

amp|P = 4 LzLyLzT’

g

(B.40)

2
amp?

introduced in (B.2]). Similarly, the laboratory-frame mean-square fluctuation amplitude

which is proportional to the mean-square fluctuation amplitude of our model, o

is the amplitude of the laboratory-frame covariance function, Fy(At = 0), given by
(B.31))
2 _ 7T20—§mp )‘x/\y>\||7_c

amp|L = 4 L.LyL:T

o (B.41)
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As the volumes L, L, L, and L,L;L. are equal, the fluctuation amplitudes in both frames
are the same.

For the plasma-frame (or laboratory-frame) fluctuation amplitude to be
independent of the size of the domain, the number of individual perturbations s;
is chosen to be N = KL,LzL:T /XA \|T., where k is an arbitrary constant. The
exact choice of x does not affect the linear relationship between the plasma-frame (or
laboratory-frame) fluctuation amplitude, Gamp|p (Tamp|r), and the fluctuation amplitude
Oamp Of the model field.

The finiteness of the spatial domain in which the model fluctuating signals are
generated can cause the plasma- and laboratory-frame fluctuation amplitudes to be
lower when calculated from numerically generated time series than those expected from
, because the integration limits in ([B.29)) cannot be extended to infinity. However,
because the integration domain, spatial scales and velocity of the perturbations are all
kept constant throughout the study of varying fluctuation amplitudes in Section |6.2.1],
these effects simply cause the resulting fluctuation amplitude to be reduced by a constant
factor [41]. Therefore, because we already have an arbitrary free parameter k, we can
rescale the analytic expression for the fluctuation amplitude to match the value
measured from the numerically generated fluctuating field. The effect of Gaussian-model
PSFs on the laboratory-frame fluctuation amplitude can then be determined with
and compared with the effect of real PSFs (see Section [6.3.1).

Appendixz B.5. Method for generating a fluctuating field

To generate a time series from the model of fluctuating fields described in
, one can simply use and sum over N perturbations each with its own random
amplitude, phase, radial velocity, start time and position. However, N is determined
from , and takes typical values of N > 1000, therefore evolving this number of
perturbations over the whole four-dimensional (3 space + 1 time) domain requires long
computation times.

In order to reduce the computation time, we use the fact that the contribution of a
perturbation to a time series is localised in time, because 7. < T'. Then we only have to
calculate the contribution to the time series in a reduced time range centred around the
time at which the perturbation reaches its peak amplitude. This is achieved through
the introduction of the parameter C' in , which determines the length of time that
a perturbation exists before reaching its peak amplitude. In the analytic calculations of

[Appendix B.2| and [Appendix B.3| it was shown that the correlation function does not

depend on C|, provided that the integration range (in time) is taken to infinity. This
is equivalent to ensuring that C' > 1, so that each perturbation has sufficient time to
grow and decay from and to near-zero amplitude.

Therefore, for each individual perturbation, the density field is calculated on a sub-
domain of the full domain (r, Z,t) = (L., Lz,C7.). Then this sub-domain is added to
the full domain by positioning the sub-domain at the start time of the perturbation
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set by the random variable ;5. Furthermore, the toroidal length of the domain is set by

L¢ = Cvet, so that only perturbations that will pass through ¢ = 0 during the reduced

time period C'7. are considered.

For typical turbulence parameters, using this approach to construct a fluctuating

time series, allows for the calculation of a 2 ms, 30 cm x 20 cm two-dimensional radial-

poloidal time series on a 0.5 us and 0.5 cm X 0.5 cm grid in less than 5 minutes using a

desktop computer.

Appendiz B.6. Input parameters

Input parameter

Value range

Description

Az / em

Ay / cm

>‘H / cm

Te | s

© /deg.
ko / cm™?
k, / cm™!
Tamp

ve / em/ps
vy / em/us
dv, / cm/us
S /) s~

a / deg.

C

L,/ cm
Ly / cm
L; / cm
T/ us

0.75 — 5.0

1.5 — (10) — 15
150.0

1 —(10) — 25
-45 — (25) — 45
—k, cosatan ©
B.42
0.1 — (1.0) — 2.0
0.5 — (1.5)* — 8.0
0.0

0.3

0.02

30

8

30

20

Cchc

2000**

Characteristic length in the radial direction
Characteristic length in the binormal direction
Characteristic length in the parallel direction
Characteristic life time

Tilt angle of the correlation function

Radial wavenumber

Binormal wavenumber

Std. dev. of the amplitude of perturbations
Bulk toroidal velocity (10 km/s)

Poloidal velocity

Standard deviation of radial velocity
Shearing rate

Pitch angle of the magnetic field

C'1.: existence time of a perturbation

Radial length of the domain

Poloidal length of the domain

Toroidal length of the domain

Duration of the simulation in time

Table B1. Input parameters for generating time series from the model of fluctuating fields
described in Section Values in brackets are the fixed values used when varying other
parameters. *In Figure m(e) v¢ = 3.0 has been used. **Except for Figure |11 where 7" = 20 ms.

The input parameters required to generate a time series of fluctuations from our
model are listed in Table with the range of values used in this work also specified,
for reference. The tilt angle of the turbulence, ® = —arctan(k,/kz), has been

made an input parameter for the model by using this to specify the radial wavenumber,
k, = —k, cos atan ©, where has been used.
We have chosen to fix the laboratory-frame poloidal wavenumber to the laboratory-

frame poloidal correlation length, such that kz 10z, = 27, which then requires that the
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input parameter k, is fixed using
1/2
1 tan’a
ky, =21 | — B.42
v ”(nf 2)\ﬁ> | (B.42)
where (16)), (18), (B-21), and (B.22) have been used. This choice was influenced by

the requirement to fix the product kz pflzp in order to constrain a fit to the poloidal

correlation function, which was done previously by assigning the product a value of
27 [1I]. We note that, by using the method described in Section we can now
measure the product kzplzp from the auto-correlation function.

Appendix C. CCTD method - apparent poloidal velocity and correlation
time

In|Appendix C.1], we derive the expression for the correlation time and apparent poloidal

velocity in the laboratory frame that would be measured using the CCTD method (see
Section assuming that the correlation function has the form , by using an
asymptotic ordering. The results include the effect of a Gaussian distributed fluctuating
radial velocity dv,, which reduce to the results of Section [3.2.3] when dv, = 0. In

[Appendix C.2| we discuss the details of the same calculation, but starting from the

correlation function including PSF effects.

Appendiz C.1. CCTD method in the laboratory frame

As the principle of the method has been described in Section |3.2.3] we focus on the
details, including how to perform the calculation accounting for a fluctuating radial
velocity. The goal is to find expressions for the amplitude of the peak of the cross-
correlation function Apeaz(AZ), and to find the time delay Atyeaxr(AZ) of this peak,
both of which are functions of distance AZ between poloidally separated channels.
Furthermore, we require the functional form of A,ear(AZ) to be Gaussian in AZ, in
order to compare with the laboratory-frame correlation time 7z, which is measured by
fitting a Gaussian exp(—Atieak‘L/TflL) t0 Apeak|r, USing .

To proceed we adopt the same asymptotic ordering as in the main text ,
but include also a small radial velocity, which is modelled as a Gaussian distributed
random variable with zero mean and standard deviation dv,. This standard deviation
is then ordered small compared to the toroidal velocity dv,/v; ~ €, and the same size
as vz. Additionally, we write the time delay of the peak as At car = Atg + Aty, where
Aty ~ eAty, such that the asymptotic ordering becomes

VeTel Py VthiTiife| P ~ Lz|p ~ O(R) (C.1)
v Aty ~ AZ,Ar Uy p, Ly p ~ O(eR) (C.2)
vz Aty, dv, Aty, ve Aty ~ O(e€’R) (C.3)
vz Aty 0v,. Aty ~ O(€R). (C.4)
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We assume that the correlation function has the form of . We start by setting
Ar =0in and then neglect all terms that are smaller than O(€°) in the arguments
of the exponential and cosine. The inclusion of a radial velocity has introduced a non-
Gaussian dependence on the time delay At through the G(At) function (B.26]). However,
realising that dv,Aty/lyp ~ € < 1, we find that G(At) = 1+ O(€®), and therefore, for
the lowest order we can neglect this term. This gives the correlation function to zeroth
order.

Appendiz C.1.1. Zeroth order.

(AZ cos a — ve Aty sin a))?
72

y|P

X cos [kyp(AZ cosa — veAtgsina)] (C.5)

Co(AZ, Ato) = exp | —

which is clearly a wave travelling with apparent poloidal velocity v; tan o, and having
maxima occurring at

Aty = AZ cot a/ve. (C.6)

Note that these maxima do not decay in time. Therefore, we need to consider the
small terms we have neglected to determine how the amplitude of the peak of the
correlation function changes in time. To do this, we consider the small deviations,
Aty ~ €Atgy, around the position of a maximum of the zeroth-order correlation
function . Then, by writing At = Aty + Aty, and substituting this into (B.39)), we
find that the lowest order terms that remain are O(¢?). In doing this expansion, care
must be taken, as the argument of the cosine is, in isolation, O(e'), however, in order
to compare this with the argument of the exponential in , we have to expand the
cosine for small argument, which results in an O(e®) contribution from the argument of
the cosine. The correlation function , at second order in €, is

Appendixz C.1.2. Second order.

—1/2
2002\ 7>
Co(AZ,Aty) = (1 + U—) exp

_( 1 +k:%|P£926|P5U7%> AZ?

%Pvg tan? o Tl?fe‘P 26325‘13 vg tan? o
(v Aty tana +vzAZ cotafv) cos’a AZ?
Cp Cp sin? o
X COS [— (ky|vaAt1 tan o + ky pvzAZ cot oc/vc) COS oz] ) (C.7)

At this order, the effects of the G(At) term (B.26) first become evident. The coefficient
of (C.7) has a dependence on AZ, which causes a non-Gaussian decay. However, as the
second term in this coefficient is O(¢?) small, we make the following approximation

—1/2
2002AZ? SVEAZ? Sv2AZ?
(1 I g”r_) ~1_ gvr— + (’)(64) ~ exp ( UT—QOZ> , (C3)

2 2 2 2 2 2 T2 2
2|PUC tan® « 2PV tan® a EI|PUC tan
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which means that this can be incorporated into the exponent of .

After using the approximation in , we eliminate At; from the resulting
expression, by calculating the value of At; at the maximum of . The maximum
occurs when

At k. pl?
Aty = — 280 BIPIP ot (AR)] (C.9)
vecota  2vuesina
where
H(Al)) = kypvc Aty sin o + ky pvz Atg cos o (C.10)

Eq. can be solved for At; by realising that H(At;) is O(¢') and, therefore, we
may expand the tangent function around zero and re-arrange to give
Atl Vz
A_to B V¢
This implies that the peak of the cross-correlation function is shifted in time in
comparison with the zeroth-order solution . Hence, the peak of the cross-correlation
function occurs at

Atpear|n (AZ) = (1 — Z—Z cot a)
¢

|

|

|
o
=t
Q

(C.11)

@ + O(2Aty). (C.12)
Consequently, the apparent poloidal Velocigy in the laboratory-frame is then
AZ Vg !
Upol|L = m =y tan o (1 — U—Ccota)
= vetana + vz + O(e%ve), (C.13)
which is simply the sum of the projection of the toroidal velocity on to the poloidal
plane, v tan o, and the ‘true’ poloidal velocity v;.
Using the result in , we find the expression for the amplitude of the

peak of the cross-correlation function between two detector channels, separated by a
distance AZ, to be

1 1 (2+ k£|P£i\P) dv?
Apeax|L(AZ) = exp | — + " | AZ?cot®> a| .(C.14)
peak| @P cos? v UngffelP %iIP vg

To find the laboratory-frame correlation time, we compare with the fitting
function (7). This fitting function is given as a function of Atpear , however,
because the exponent in is only accurate to O(e?), then it is only necessary
(and correct) to use the lowest order part of (C.12). Therefore, the laboratory-frame
correlation time is

11 v 24 kplip\ s o[ €
2 72 + 2 cos? + 202 vt T2 ’
oL life| P z|P z|P life| P

_ 1, (C.15)
_TCQ‘P Eglpcos2o/ .

We see that the measurement of the correlation time is contaminated by the radial and
toroidal velocities of the turbulent perturbations, but not the poloidal velocity. Further
discussion of this result is given in the main text, Sections and [9]
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Appendixz C.2. PSF effects on the correlation time and apparent poloidal velocity

In this Appendix, we describe how to calculate the effect of PSFs on the correlation
time and apparent poloidal velocity, including radial velocity effects. We start from
the laboratory-frame covariance function , apply the PSFs using the integral
and define the BES correlation function analogously to (36]). This expression is too
cumbersome to write here, though is similar in form to (B.39)), but includes a cross-
term between Ar and AZ similar to that in (38]), arising due to the PSF integral.
With this BES correlation function, the exact same procedure is used as was
described in [Appendix C.1] starting from (B.39), though with the additional ordering
of the PSF lengths as the same size as the radial and binormal correlation lengths,

Ly, Ly ~ €y p, £y p, such that (C.1HC.4) becomes:

VCTe| Py UthiTiifel P ~ Lz|p O(R) (C.16)
vty ~ AZ A1 Uy p, Ly, L, Lo O(eR) (C.17)
vz Atg, 00, Aty ve Aty ~ (9( ’R) (C.18)
vz Aty 0v, Aty ~ O(€R). (C.19)

The calculation becomes more extended than in [Appendix C.1], because there are more
G(At) terms that exist in the exponent of the BES correlation function (with
Ar = 0), which arise because the PSF integral , brings into the coefficients of
the AZ terms. Therefore, to get the correct expression for the second-order correlation
function, analogous to , it is necessary to approximate G(At) using . However,
other than this detail, the process is no different from that described in [Appendix C.1}

The resulting expression for the time at which the peak of the cross-correlation
function occurs is the same as , and is therefore unaffected by the PSFs. Hence,
the apparent poloidal velocity that would be measured by the BES, vy, 5, is equal to the
laboratory-frame apparent poloidal velocity , Upol|- The BES correlation time is
affected by the PSF's

1 1 G\ 0
o = QR (1- 57
Tc2|B TelL i ( EQ %7213
k2, 02 k2, 0 2
+ ( ZZ‘EZ 4L _ ZQLDZ'L> Sv2+ O ( > , (C.20)
r|B c\P

where we have written the expression in terms of both laboratory-frame (subscript
L) and BES parameters (subscript B), and D is given by (44). The mixed notation
is used in order to be concise, and should not cause concern, as the zero-time-delay
expressions for the relationship between the two parameter sets are determined by
7 independent of any radial-velocity contributions. The result is discussed in
Section [9.2]
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Figure D1. Variation of real PSFs from Gaussian-model PSFs for 245 sets of PSFs calculated
at various times in 20 MAST shots in DND configuration. The different measures are designed
to measure: (a) the difference of the real PSFs from a Gaussian (Appendix D.1J); (b) the spatial
variation of the shape of the PSFs ; (c) the spatial variation of the amplitudes
of the PSFs (Appendix D.3)); and (d) and (e) the variation across the channels of the weighted

centre of the response compared to the focal centre (Appendix D.4]). The values for each of the
cases, considered in Figure [I] are indicated with the inverted triangles. Case 5 is not included

in the calculation of the histograms, yet is labelled for comparison.
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Appendix D. Quantifying the difference between real and Gaussian-model
PSF's

In Section [4.5] we compared sets of real PSFs with sets of Gaussian-model PSFs,
where each set of Gaussian-model PSFs have all the same parameters Lq, Ly and apsp.
These parameters are, respectively, the means of the sets of parameters {Lj;},{Lo;}
and {apsp;} measured from the each of the real PSFs, at channel ¢, using a principal
component analysis, as described in Section £.2l The purpose of this Appendix is to
break down the comparison between real and Gaussian-model PSFs of Section to
assess what part of the assumptions of Gaussian-model PSFs cause the biggest difference
between these Gaussian-model PSFs and the real PSFs.

Appendiz D.1. Difference from Gaussian

The first assumption that we have made was that we can describe the real PSFs by a
Gaussian. We measure the quality of this assumption by comparing each real PSF with
a single Gaussian that has the parameters Lq;, Lo; and apsp; measured from that real
PSF. We use the measure

RMS [Pireal(r - I‘z‘) - HGauSS(I' — 14, L1j, La;, apsri, Apsri, i Zz)]

AP
Apsri

r (D)

which gives the root-mean-square (RMS) difference between a real PSF, Pr*3 and the
Gaussian model of the same PSF, relative to the peak amplitude of the real PSF.
The coordinates of the centre of the real PSF, r;, are determined by considering the line
defined by apsr and the point of the maximum of the PSF. The point on this line, a
distance L; from the e~! contour towards the maximum of the PSF, is taken to be r;.

Averaging the AP; over a set of channels gives the measure plotted in the histogram
of Figure [D1f(a), for 245 different sets of PSFs. This shows that there is a variation of
12% to 20% in this ‘difference from Gaussian’ measure. Indeed, this Figure is very
similar to Figure [f] and therefore most of the difference between using the Gaussian-
model (with all PSFs the same) and real PSF's is due to the assumption of a Gaussian
shape for the PSFs.

Appendiz D.2. Spatial variation

To calculate the PSF effects analytically (Section , we have had to assume that the
shape of the PSFs is the same for all the detector channels. Therefore, we measure how
the PSFs vary in space using

AP; = RMS [PiGaUSS(I' — 14, L1i, Ly;, apsri) — PGauss(r — 1y, Ly, Lo, OéPSF)]r, (D.2)

)

which is the difference between the Gaussian-model PSFs for each channel and the
Gaussian-model PSFs using the mean PSF parameters (L, Lo, apsp) over the set of
channels being considered. For this measure, we have assumed all PSFs have the same
amplitude and central locations. The average over a set of channels of AP; is plotted
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in the histogram of Figure [DI|(b), which shows that most sets of PSFs have a spatial
variation of 4% to 5%, suggesting that the spatial variation of the PSFs across the sub-
array is of secondary importance compared with the difference of the real-PSF shape
from a Gaussian.

Appendiz D.3. Variation in amplitude

In Figure (c), we consider the variation in amplitude of the PSFs across the array.
The Figure shows the standard deviation of the Apgp;, relative to the mean of this
quantity, over a set of channels. There is a large variation compared to the previous two
measures, with some cases varying up to 40%, however this is the tail of the distribution,
with the most frequent variation around 10%. Nevertheless, the amplitudes of the PSFs
cancel in the calculation of the covariance function (3), which is shown in Section .
Therefore, the amplitude of the PSFs can also have no effect on the correlation function
, except if the amplitude of the PSF's are sufficiently low to reduce the signal-to-noise
ratio significantly.

Appendiz D.4. Shifted centres

Finally, when using the Gaussian-model PSFs, we assume that the peak response is
located at the focal points (7focali, Ziocali) Of the detector channels (black dots in Figure|l)).
However, as can be seen in Figure[l], the PSF contours are shifted from the focal centres.
To measure the irregularity of this discrepancy we calculate the weighted mean response
of each PSF in the radial direction, relative to the focal point of that channel:

_ Zk(rk — rfocali)Pireal(Tk - Tfocali)
Zk Pireal (Tk - Tfocali) ’

where 7 is the discrete radial coordinate and the sum is over all r,. Then we consider

57”Z‘

(D.3)

the measure of the variation in the difference between the focal point and peak response
of a PSF to be the standard deviation, ogs,., over a set of channels, of dr;. A similar
definition holds for the poloidal difference §Z;. The two measures og. and osy; are
plotted in Figures [DI(d) and [DI|(e), respectively. The radial and poloidal variation
of the mean PSF response from the grid of focal points is at most a few millimetres,
which is an order of magnitude smaller than the typical sizes of the PSFs and turbulent
structures, and, therefore, we have chosen to neglect these effects in this work.

~c. Ghim et al., Nucl. Fusion 54, 042003 (2014).
. H. Burrell, Phys. Plasmas 4, 1499 (1997).
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