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Abstract. This article presents a novel method for high-speed fu-
sion plasma diagnostic based on two specific narrow spectral bands
of the total Thomson Scattering (T'S) spectra. Two integral condi-
tions are formulated, providing the optical radiation within these
spectral bands to be directly proportional to the corresponding
basic plasma parameters — the electron density and temperature.
A model of a Continuous Wave (CW) Light Detection and Rang-
ing (LIDAR) diagnostic system meeting the expected performance
is presented. The direct real-time joint measurements of the elec-
tron density and temperature are possible here by fast photo-
detection, digital sampling and processing of the electrical output
signals without using inversion algorithms. The good linearity
of the novel method is demonstrated by computer modelling and
simulations. The method performance is tested by simulations for
the cases of pedestal plasma in the presence of the so-called Edge
Localized Modes (ELMs) in the H-mode operation of fusion re-
actors. Approaches to calibrating instruments are also analysed.
The effects of photon numbers fluctuations are considered and er-
ror estimates are given as well. Some advantages of the CW TS
LIDAR scheme by this method are also discussed. In principle, no
limitations exist for the method developed to be applied to fast
density and temperature joint measurements inside the plasma
core. The overall simplicity of the optical set-up offers a variety
of different diagnostic approaches.
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1. INTRODUCTION

Different diagnostic instruments [1-4] are used in modern fusion reactors
for measuring fast plasma variations, such as the electron density and temper-
ature evolutions within the pedestal area, as caused by Edge Localized Modes
(ELMs) [5-7].

The fusion plasma electron density profiles are typically probed by Mi-
croWave (MW) radar reflections on free electrons. For example, the Density
Profile MW Reflectometers [4-5, 8] measure density profiles inside the plasma
with radial resolutions below 1 cm and temporal resolutions within the range
of 1ps—1 ms at an accuracy of ~5%. The Lithium beam instruments for
electron density measurements offer a radial resolution of 1.5-2 cm at 20 ms
time resolution and can be used for pedestal gradient measurements, as well
as in the Scrape-off Layer (SOL) [9-10]. The multichannel heterodyne MW
Electron Cyclotron Emission (ECE) Radiometers ensure efficient diagnostics
by electron temperature profiling with radial resolutions within 1.5-2 ¢m on
the edge and ~2-4 c¢m within the core plasma at an accuracy of ~10% and
temporal resolutions, typically varying within the range from 0.2-1 ms up to
1 ps for studies of fast processes [1-3].

The Thomson scattering diagnostics is among the most powerful technolo-
gies and is based on the measurement of laser-light scattering intensities and
relativistic Doppler shifts from free plasma electrons, thus providing simulta-
neous range profiling of the electron density n. and temperature T, [11-12].
The typical measuring accuracies of the Thomson Scattering (TS) Core Light
Detection and Ranging (LIDAR) (backscattering geometry) of the Joint Euro-
pean Torus (JET) are ~5% in determining n. and ~10% in determining 7, at
a radial resolution of ~11 ¢m and a 50 ms time resolution. Similar accuracies
are expected to be realized by the ITER TS LIDAR at a radial resolution of
~7 cm and a ~10 ms time resolution [10-12]. Another modification of the
TS diagnostics is the High-Resolution Thomson Scattering (HRTS) system,
which uses variable scattering geometry with a spatial resolution from ~2.5
cm up to ~1 cm at 20 Hz laser repetition frequency [13]. TS LIDAR systems
are used for relative alignment of other diagnostics as well. As a rule, they do
not provide reliable information on fast events (say, for ELMs time evolutions)
due to the low repetition rates of the laser sources.
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Some disadvantages of the above techniques can be here marked: (i) the
two plasma parameters are measured by different instruments (excluding the
TS diagnostics), leading usually to differences in the sampling rates (time
resolutions) of the density and temperature variations; (ii) time-consuming
retrieving algorithms are applied to extract the electron density and temper-
ature time dependences; (iii) moreover the non-real-time operation precludes
the development of fast feedback controlling techniques, synchronized directly
to the electron density and temperature time variations.

In this article, a novel T'S method is proposed that can provide high-speed
simultaneous measurements of the electron density and temperature. It is
based on the specific selection of TS spectral intensities within two defined
narrow spectral bands of the total TS spectra. A relatively simple TS optical
set-up is analyzed meeting the expected performance by fast photo-detection,
direct digitizing and processing of output electrical signals without retrieving
algorithms. Further, the residual nonlinear distortions are estimated within
the operational electron temperature interval from 0.1 keV to 1 keV, covering
the expected ELM time evolution variations in fusion reactors. Some estimates
for comparison of Pulsed and CW LIDAR capabilities are discussed as well.
Approaches to applying the method to diagnostic instrument calibration are
also considered, as well as the effects of Poisson fluctuations in the number of
TS photons received.

2. DESCRIPTION OF THE METHOD FOR HIGH-SPEED
FUSION PLASMA DIAGNOSTICS

The method proposed is based on the assumption that the TS optical in-
tensities, selected within two well-defined specific narrow spectral bands of
the total Thomson Scattering Spectra (TSS), are proportional to the plasma
electron density n.(t) and electron temperature T¢(t), where ¢ is the time.
By fast photo-detection of selected spectral intensities, one could generate the
corresponding output electrical signals proportional to the two plasma param-
eters. The direct simultaneous high-speed measurement of n.(t) and T,(t) can
be then implemented by fast digitizing and processing of the electrical output
signals, avoiding the use of inverse algorithms. Determining the TS spectral
bands of interest, i.e., those capable of providing electrical signals proportional
to the plasma parameters, is of a key importance for the method application.
The performance analysis can be fulfilled by computer modelling based on the
generally accepted analytical expression for the TS fusion spectra [14-15].
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2.1. Block-diagram of the TS diagnostic system

The block-diagram of a possible T'S diagnostic system satisfying the require-
ments for direct fast simultaneous determination of both plasma parameters
considered is presented in Fig. 1. The plasma electrons are irradiated by a
CW laser radiation. This scheme offers a lot of advantages with respect to
pulsed TS LIDARs at probing the pedestal area, containing ELMs. The radi-
ation of a CW laser 1 is focused on a defined distance z from the torus wall
2 within the pedestal area. The distance z defines also the position of the
system resolution volume dz in the horizontal direction. The parameter dz
depends on the laser beam angular divergence as well as on parameters of the
optics. The resolution volume is assumed to be of order of the pedestal width
Zped ~ 4 — 5 cm or 0z ~ zpq. Using the focusing scheme of the CW LIDAR
in Fig. 1 one could avoid time of flight measurements by short laser pulses.
It is evident the CW LIDAR scheme can be effective at a presence of a single
resolution volume dz of independently known position z (the ELM pedestal).
Moreover, the CW laser 1 in Fig. 1 is assumed to be equipped with an optical
attenuator for a precise remote controlling of the total output laser radiation.

CW laser 1

Core
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Fig. 1. Block-diagram of a TS diagnostic system for direct
measurement of plasma electron density and temperature

The backscattered Doppler-shifted radiation from the relativistic free plasma
electrons inside the plasma resolution volume dz is collected by the receiving
optics 3 and then directed through a wavelength division unit 4 to a set of

6 Engineering Sciences, LIX, 2022, No. 2



two filters of defined shapes 5: F,(As) = Fi(Ai, As, Aoy, ANy, for the elec-

max?

tron density measurement (n.-channel) and Fr(\s) = Fr(\i, Ae, AL, AXp)
for the electron temperature measurement (7.-channel). Here indices n and
T denote the parameters linked to both the n. and T, channels, respectively,
Ai is the incident laser wavelength; A is the TS radiation wavelength; A7 ..,
AL are the filters maximum transmission wavelengths; A),, A\p are their
corresponding bandwidths (FWHM). The selected radiations in two spectral
band widths A\,, AAr are photo-detected in analogue mode and amplified
by corresponding units 6. Further, the electrical output signals from units 6
are sampled by the Analogue-to-digital Converters (ADCs) with a time step
7, and further processed in real time (block 7). The time resolution of the
system is equal to the sampling step 75. Moreover, the entire system in Fig. 1
is assumed to be digitally controlled by the information block 7 as well.

For simplicity, we will use further the joint notation F, 7(\s) of the two
filter shapes F,()\s) and Fr()\s), indexed by n and T, respectively. Let us
denote the numbers of backscattered photons by LE" (t) and Lf}h (t) detected
for resolution time 75 in the n. and T, channels of the optical system, respec-

tively. As above, we will use for simplicity the joint notation LffT (t). The

quantities LﬁhT (t) are expressed by the LIDAR equation for the case of a TS
LIDAR system emitting CW laser radiation [15-16], or:

L;;):LT (t) = Kn 7 No(Xi)Tsne (t,2,0z)

X/ For (M) Tre(Xs) EQE (Xg) Top [Te (t,2) , i, AsldAs, (1)

where Nj ()\;) is the photon rate of the incident laser radiation; n. (¢, z,dz)
is the total electron density within the illuminated plasma volume dz at a
distance z; Tgp [Te (t,2), Ai, As] is the normalized TS spectrum for a given
electron temperature T,(t, z) [14-15]; Tr.(\s) are the transmissions of the
collection paths; EQE ()s) are the effective quantum efficiencies; K, r are
general constants for the n. and T, channels, which depend on the system non-
wavelength dependent factors, the receiving optics parameters, the plasma-
volume backscattering coefficient, etc.

Now, let us assume (in a first order of approximation) that the bandwidths
of filters F), 7 (\s) are narrow with respect to the typical broadband trans-
missions of the collection paths T, (As), as well as to the effective quantum
efficiencies. Assuming Tr. (A\s) ~ const, and EQFE (\s) ~ const within the
corresponding filter bandwidths A\, 7, the output signals detected SZ“Tt(t)
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are given by:

SOU(t) ~o Cor L (1) ~ e (1) / For )T [To(8), i, Al s, (2)
As

where C), 7 are constants and T, (t) = T¢(t, 2), ne (t) = ne(t, 2).
2.2. Integrals providing the linear performance

Following the declared goals of generating electrical signals SZ“%(t) corre-
sponding to the plasma parameters considered, let us assume the integral in
equation (2) to be proportional to the variations of the electron plasma tem-
perature T, (t) within a defined operational temperature range from T™" to

T2 when using the filter Frp (Ag), or:

/ Fr(Xs)Tsp [Te(t), Mis As] dAs ~ Te (t), (3)
AXr

where T, (t) = T, + AT, (t), T, is the mean temperature and AT, (t) are varia-
tions centered within the defined temperature range. Assuming the condition
(3) to be fulfilled, one will obtain from equation (2) the intermediate signal
Sput(t) as expressed by:

Spt(t) = cone () T (1) (4)

where ¢y = const. The next step is to describe the generation of an electrical
output signal Sg“t(t) proportional to the electron density within the same
electron temperature interval (T™" + T™3). To this purpose, we should
define the filter F), (\s) in such a way that:

/ Fin () Top [T0 (), Ais As] dAy = const. (5)
AN

As aresult, we will obtain from equation (2) an output signal that is linearly
dependent on the electron density:

Syt (t) = cyne (1), (6)

out

where ¢/, = const. Then, the output signal S?*(t), proportional to T (t), is

determined by dividing signals (4) and (6) and thus:

_ ng (t) _ CoMe (t) Te (t)
SR T e (®

S (t) =cpTe (1), (7)
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where ¢ = const. In equation (7) we assumed the inequality n. (t) > 0 to be
fulfilled in the H-mode within the temperature range T < T, (t) < Tmax,
Moreover, the intermediate signal So*/(¢) in equation (4) could be useful in
some experimental data analyses, as it is also directly proportional to the
product of the electron density and temperature (or the electron pressure in
non-magnetized plasma). From a physical point of view, the linear depen-
dences (6) and (7) are produced by the combined effects of the TS spectra
complex shapes and the filter spectral characteristics at electron temperature
variations within the operational interval.

3. COMPUTER MODELLING AND SIMULATION RESULTS

In this section, we present a set of basic simulation results from computer
modelling of the novel instrument performance. Special attention will be paid
to the following topics: (i) determination of specific spectral shapes of filters
Fr()\) and F, ()\) within the defined interval T™® < T, (t) < T (ii) esti-
mation of nonlinear distortions of signals S2*(¢) and S“*(t) as functions of
the input density n. (t) and temperature T, (t), respectively; (iii) calibration of
the detected and sampled output signals; (iv) fluctuation effects in the number
of photons received.

The computer model is based on expression (1) for the number LflhT (t) of
backscattered photons detected in the two channels. The relativistic Thom-
son scattering spectra T, [Te (¢, 2) , Ai, As| are calculated from the theoretical
model for the case of backscattering geometry [15-16]. The simulation code
contains a set of moduli allowing calculation and estimation of instrument
blocks presented in this article, such as filter shapes, calibration procedures,
etc. As an example of applying the method, we will demonstrate its satis-
factory performance within a temperature interval interesting from the point
of view of high-speed measurement of ELM time evolution on the edge of a
Be-walls torus (as in JET). The input density and temperature temporal vari-
ations are modelled so as to be similar to typical ELM time evolutions, as
measured by some diagnostic instruments (see below). It is further assumed
that the ELM time evolution series are (in the first order of approximation)
stationary processes within measuring intervals t¢,,.,s much longer than the
characteristic time duration 7z of the ELM pulses (tmeqs > Terar). This
requirement is fulfilled (see below) for relatively short measuring intervals
tmeas < TH, TH being the H-mode.
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3.1. Determination of the optical filters spectral shapes

In the calculations we used a simple mathematical model for the two filters
F, 7 (X\s) that contains sets of well-defined variable parameters. In general,
the filter shapes contain two flat wings on both the sides of the central wave-
lengths A7 and two wavelength dependent wings of (1 — 0.5cosine (\;)) type,
disposed on both the sides of the flat wings. They are denoted as follows: (i)
posmons of the correspondlng central wavelengths A7 : (i) widths of the left-
wl T and right-hand w," T gides of the filters plateaus with respect to AL :

max?

(iii) widths of the filters left- vln’T and right-hand v™7 wings (wavelength de-
pendent) outside the plateaus. The mathematical expressions are:

((1-0.5c0s (W()‘s - Aln’T)/vln’T)

for AT < Ay < NPT ot

For(As) =4 1 for A\l —wp” Taxg <l 4yt s (8)
1 —0.5cos (7( (AT — /? )
for)\”T ol <A < AT

where A" e = \nT w" — T _ v T and AT = T T 4™ T The spectral
shapes selected of Fror (Xs) are presented in Fig. 2(a) together with the laser
line \;, as well as the TS spectra T, [Temin, A, )\5] and Ty, [T, A, Ag] calcu-
lated for the boundary electron temperatures Te”1in and T, respectively.
As seen, the filter characteristic of Fr (\s), satisfying the requirement for
linear dependence of the integral in equation (3), is situated on the left-hand
side (blue shift zone) with respect to the TSS maxima along the operational
interval. This position of Fp (As) provides for the method good sensitivity,
because of the steeper TS spectra decrease at lower wavelengths and a higher
T. (t). The filter shape F,, (\s), satisfying the condition for the integral in
equation (5) to be constant within the same interval (7™ = T2 is situ-
ated on the right-hand side of the laser wavelength A; (red shift zone). The
position of F,, (\s) on the \-axis is also well grounded, as for any electron tem-
perature with the interval (7™ =+ T3 the TS spectra in the red zone will
cover narrower spectral intervals with respect to the blue zone. It offers the
opportunity to use a relatively narrow bandwidth filter of a steep left wing to
collect practically the total scattered radiation within the red zone for any elec-
tron temperature within the operational interval. The requirements that both
conditions (3) and (5) should hold true are provided by tuning the variable
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Fig. 2. (a) Selected spectral shapes of filters F,, 1 (A\); (b) Temperature depen-
dences of the integrals in equations (3) and (5) for the corresponding spectral
shapes F,, 1 (As)

parameters into equations (8). The parameters of the two filters selected are
summarized in Table 1 for A; = 532 nm (2°¢ harmonic of the Nd:YAG-laser).

Table 1. Selected numerical parameters according to equations (8), providing
the requirements to both conditions in equations (3) and (5)

Fr(\) | AL, =448 nm |w] =3 nm |w! =12 nm | v} =91 nm | v] = 34 nm

Fp(Xs) | Ahax =562 1nm |w =18 nm | w; =1nm |[v =7nm |v) =180 nm

The dependences of the two integrals in equations (3) and (5) on the tem-
perature variations within the interval (T™™ + T™%%) are of key importance
for the method performance. Using the filter characteristics selected, given in
Table 1, we calculated the above integrals as functions of T, (t). The results
are plotted in Fig. 2(b), where curves 1 and 2 display the values of the inte-
grals in equations (3) and (5), respectively. The fits of both curves are given
as well. It is seen that the linearly fitted curves 1 and 2 overlap well with the
values of the integral within the interval from 0.2 keV to 1 keV. The differences
between the values of the integral and the fitting results do not exceed +1%,
for curve 1, and £4%, for curve 2.

We analysed also the residual effects of the spectral dependence of the
effective quantum efficiencies EQFE (\) on the integrals in Fig. 2(b) in the case
of using the filters F,, 7 (\) already tuned as given in Table 1. As expected,
the effects of EQE (\) are too low because of their much wider bandwidths
with respect to the narrow spectral bands of filters F;, 7 (A); thus, these effects
can be neglected.
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3.2. Estimation of the output signals linearity dependence
on the electron density and temperature

In this section we will estimate the deviations from linearity of the signals
SZ“Tt(t) in equations (6) and (7) as functions of the input plasma parameters,
when using the filters F}, 7 (A) of spectral shapes determined by equation (8)
and Table 1. The nonlinear distortions arise mainly from the TS spectra
nonlinearity within the operational electron temperature interval, as well as
from the nonlinear shapes of F, 7 (A\) within their spectral bands. The total
nonlinear distortion factor Kp ~ sqrt ((a%) + (a2) + (a?) .. .)/a1 is a generally
accepted criterion for the linearity of different instruments (a; is the amplitude
of the basic harmonic and as, ag, a4 are the amplitudes of the successive higher
harmonics [17]). This approach can be applied, if harmonic functions are used
as mathematical models of the input electron density n'™ (t) and temperature
TP (t), as given below:

¢ () = fie (14 bosin (wnt + @), T2 () = Te (1+ brsin (wat),  (9)

where w,, is the basic harmonic frequency of the density and temperature
time variations; ¢, is a phase accounting for possible phase delays between
n'™ (t) and TP (t); by, and by are their amplitudes, respectively. Calculating
the distortion factors K, r in both channels involves determining the Fourier
spectra of the output signals SZ“%(t) at given plasma variations in equation
(9). The nonlinear distortions thus calculated of the density signal S2“*(¢) do
not exceed K, + 3% for of the phase delays variations ¢, within the entire
range of +7 (K, < 1% for ¢, ~ 0). The nonlinear distortion factors Kp of
the temperature signal S9“/(t) are of the same order K ~ K, for any ¢,
within the entire interval (—m + m) as well. These estimates of K, r can be
accepted as tolerable for ELM evolutions measurements. It may be concluded
that the TS spectral intensities, selected by filters F;, 7 () within the spectral
bands in equation (8) and Table 1, provide the linear performance expected
by the method proposed at a low level of nonlinear distortions.

Let us now present the input plasma density n’"” (t) and temperature

3 e
TP (t) by:
B () = Ani™ (1) + 77 and TE (1) = AT (1) + T2, (10)

where 22" and T are mean values and An'™ (t) and AT (t) are the
centered variations. Because of the method linearity, similar expressions could

be signals written now for the output signals detected:

St (t) = ASR () + Sn, (11a)

12 Engineering Sciences, LIX, 2022, No. 2



S (t) = ASF (t) + S, (11b)

where S, St are the mean output values and AS2™ (t), ASY (t) are the
centered output variations. However, as the output electrical signals pass
through the various electronic units as amplifiers, the information for the zero
values of 7™ and T:" may be lost or the mean values S, and St could be
shifted with respect to actual mean values. Therefore, the expressions for the
output signals should be rewritten in the more correct form:

SOUt(t) = e, An'P () + ¢, 7P, (12a)
S;‘f“t(t) = cTAT,f”p (t) + ETTei"p , (12b)

where ¢, and ¢r are coefficients for the mean output values. It is evident
that the information on the input densities and temperatures fast variations
is contained in the centered variations:

ASOU(t) = e AP (1), (13a)
ASUE(t) = cr AT (1) . (13b)

3.3. Output signal calibration

The output signals into equations (12a, b) are intermediate products that
require application of proper calibration procedures to determine the unknown
coefficients ¢,, ¢, and cp,ép. Different calibration approaches could be pro-
posed to be used in real measurements in fusion reactors. Here we will not
include an analysis of the contributions of the absolute errors of the calibrat-
ing data used, considering this as remaining out of this article scope. Our
goals here are to estimate the relative calibration errors of the method pro-
posed with respect to some independently-measured electron density nc® (t)
and temperature Tecal (t) data suitable of being used as calibrating data. Below
we will only consider a simple calibration procedure, based only on the method
linear performance, in order to demonstrate a possible calibration approach.
It is accepted further the sample presentations for all variables in equations
(10)—(13) because they are to be subjected to further digital processing by the
information system. To this purpose it was assumed that the typical require-
ments to time series are fulfilled according to the sampling theorem in [18].
As an example, let us consider a relative calibration of sampled output signals
SfL“Tt (ksTs), ks = 1,..., K, within the pedestal area by two of the well-known
diagnostic techniques, noted above: (i) MW Reflectometer, measuring the
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ELM evolution of the electron density ng .., (k+7), kr = 1,..., Ky (ii) MW
ECE Radiometer, measuring the ELM evolution of the electron temperature
ceal (KecTee); kee = 1,.. ., Kee. Accepting these calibrated series ng ., (kr7;)

and T; 7, (KecTec) as the input data for the computer model developed here, one

can calculate the parameters of the output signals Sy, (ks07s), Sy (ks67s)
passing through the model. Then, the relative calibration errors with respect
to the input data could be estimated by comparing them with the output time
series.

The simplest calibration by the above approach could be based on the as-
sumption for stationary electron density and temperature time series. Equality
of the sampling steps is not mandatory here. As evident, one can calculate
the standard deviations o ., of Ang ., (kr7) and Uzcal of ATy (kecTee) of
the calibrating input data, as well as the corresponding standard deviations 6
of AS% (kery) and 61 of ASS (ks7s) of the output signals. The calibration
procedure can be reduced to comparing the calculated statistical parameters
of the output signals S (ks7s) and S3* (ks7s) before the calibration with the
corresponding statistical parameters of the calibrating series. One can write

the following calibration expressions for the output time series:

n

out out Te,cal —cal
Sn,cal (kSTS) = ASn (kSTS) (5777/ + ne ’ (14&)
O-anl =
S%?ctal (ksTs) = AS:%M (ksTs) 57T + Tecala (14b)

e

where SZ%al (ks7s) and S%”fgal (ks7s) are the calibrated estimates of the electron
density and temperature time series, respectively.

The applications of equations (14a, b) are demonstrated in Fig. 3, where
the calibrated output signals Sp'e,; (ks7s) and S3%,; (k7s) are overlapped with
the corresponding calibrating electron density and temperature series. The
time series in Fig. 3 are stationary processes, at least in the first order of
approximation. The Poison fluctuations in the output signals are not included
into equations (14). Their effects are given below. The advantages of the
calibration expressions (14) are in the use of only two statistical estimates of
the calibrating time series: the mean values and the standard deviations. The
time histories of the calibrating input series are not used in the calibration
procedures. The temporal resolution of the calibrated output signals remains
equal to the sampling step 7, of the output signals after photo-detection.

The relative calibration errors are found to be ~0.7% for the density and

0.3% for the temperature due mainly to residual nonlinearities of the method
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Fig. 3. Application of expressions (14) to the calibration of: (a) electron

density; (b) electron temperature time series. The calibrated time series (red)

of the density and the temperature are overlapped on the corresponding cali-
brating series (black)

and could be neglected in the first order of approximation. These advantages
offer flexible opportunities for calibration of output signals by the various
calibrated diagnostic instruments used in fusion reactors.

3.4. Effects of the Poisson fluctuations on received photons

As well known, the number of photons detected per resolution time in any
TS instrument is as a rule low, causing additional errors in the plasma pa-
rameters measured. Their estimation requires Monte-Carlo simulations [18].
The typical approach is based on equation (1) for the number of photons Lﬁ'fT

detected within the resolution interval 7g. For a preset LthT, one can calculate
the output signals fluctuations by using the single paranietric Poisson distri-
bution. The effects of Poisson fluctuations on the output signals in the case
of a low number of detected photons are illustrated in Fig. 4 for the electron
density and temperature time series, where the output series are calibrated
(see below).

As seen, the output signals are noisier with relative errors of the order of
~3% at LZAT ~10% photons detected per resolution time. The estimated shifts
dS'n,T of the mean values S’mT in Fig. 4 resulting from Poisson fluctuations
are too low (of the order of db_’n,T ~ 10_95’n7T) and, thus, can be neglected.

As seen in Fig. 4 the Poisson fluctuations contribute mainly to the cen-
tered variations in the output ELM evolution signals, carrying out the useful
information on the fast plasma processes. A mathematical expression of the
output signals that account for Poisson noise can have the form (see equation
11): _

ip(ks07s) = ASPY (ksts) + ASY (KsTs) + S, (15)
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Fig. 4. Calibration using expressions (14) after modification using model (15)

for accounting of Poisson fluctuations at low number of photons (1000 mean

photons/resolution cell): (a) density; (b) temperature. The Poisson noises are

well seen in calibrated output series (red), overlapped on the calibrating series
(black)

where ASP%? (ky7s) are the Poisson centered variations with standard devia-

tions denoted below by 520%8 for the electron density and temperature. The
calibration expressions accounting for Poisson fluctuations are obtained from

2 N2
equation (14) by replacing 67 with \/((5?T) + <05§35> . The plots of the
relative Poisson errors vs the number of photons LﬁhT per resolution cell, vary-
ing within a wide range (from 102 to 104 photons), are displayed in Fig. 5 for
both the calibrated electron density and temperature output signals. It can
be seen that for LZ,’IT ~ 400 photons, the relative Poisson error is of the order

of ~ 5%, as expected from the standard Poisson distribution. The values of

Lﬁ}fT depend on the system optical parameters (laser power, collecting optics,
detectors, etc.).
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An estimate of the necessary CW laser power Poys by this method could
be approximately obtained by the assumption that equal numbers of emitted
photons of equal wavelengths from the CW and Pulsed TS LIDARs will pro-
vide approximately the same numbers of T'S backscattered photons from the
same plasma volume of same parameters during their accumulation (resolu-
tion) times 75 and 7, (pulse duration), respectively. Such equality can also
be expressed by the equality of energies emitted during both the resolution
times. Typically, the emitted energies in pulsed TS LIDARs are of order of
~1 J within the pulse duration. The same energy of 1 J can be emitted by
the CW laser of output power Poy ~100 W within an interval 7, = 10™2s (10
ms). In this case the time resolution 74 will be of order of the expected limiting
resolution, if using the ITER Core TS LIDAR at 100 Hz laser repetition rate.
CW lasers of such output CW power (say, Nd:YAG laser, \; = 532 nm) are
produced by industry for many years.

3.5. Effects of stray light and background radiation

Let us now discuss the expected noise levels by different noise sources as
the background and stray light radiation, if using the CW TS LIDAR scheme.
It must be noted the strong spatial selection by the focussing receiving system
of the CW LIDAR. Really, the parasitic light beams of both the noise types
illuminating the detector sensitive surface have to pass through the small sys-
tem resolution volume dz (positioned on a defined distance z) under relatively
narrow angle (with respect to the optical axis) in order to pass then through
the narrow diaphragm before photodetectors. These requirements are valid
here for both the noise sources. Moreover, the light beams just after the focus
are distributed within large solid angles inside the torus due to the defocus-
ing. This results in additional reduction of stray light intensities, reaching
photodetectors. Moreover, both the specific filters F}, 7 (A) used by the novel
method are quite narrower (~ 75 nm for 7, and ~100nm for n. at FWHM)
with respect to the full spectrum of the plasma background (as the last is
received and processed in wider spectral bands of the total TS spectrum by
the Pulsed LIDAR). Thus, the combination of larger integration times (CW
LIDAR) with narrower receiving bandwidths by the novel method will con-
tribute to the additional reduction of background effects in output ELMs sig-
nals.

As shown above (say, equations 12) the information on the densities and
temperatures ELMs fast variations is contained in the centered variations.
Let us now approximately estimate the SNRs by both the methods, denoting
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by Sﬁl’rf‘(Ts) the centered ELMs output signals in n. and 7T, channels during

the integration time 74, and by Selm(Tp) the output signals by pulsed LIDAR
during the convolved pulse duration 7, ~0.8 ns (JET). Moreover, we will

denote by JZZ?(TS) the Poisson standard variations (see 3.4) as well as by

JZtTTay(TS) and oza;kgr(Ts) the standard deviations of photon numbers due to

the stray and plasma background illuminations, respectively. Further we will
use the standard expression for the SNR given by SNR ~ S(7av)/05(Taw),
where S(74,) is the useful signal, og(74,) is the total standard deviation, 74,
is the averaging time. Then, the corresponding estimates of SN Rs by both
the methods could be expressed by:

elm(,rs)
SNRT: , 16a
(7s) ~ [(oe(7))2 + (o 1 (76))2 + (o ”“C'“g’"( 75))2]L/2 (16
elm
SNRE () ~ 7(7) (16b)

(o (7))2 + () < 2))2 A+ (G0 (1)) 2]1/2

t back L
where JZ{’%I(TP), o) ¥(mp) and 0,7 gT(Tp) are the standard deviations due to

the Poisson, stray light, and background centred fluctuations during the con-
volved pulse duration 7,, respectively. Using now the expressions in (16a,
b) one could approximately compare both the estimates SN Relm (1s) and
SN Rff’:’ﬁ (7p). As mentioned above, assuming equal numbers of emltted pho-
tons of equal wavelengths from the CW and Pulsed TS LIDARs in the same
plasma, one can accept for the numbers of T'S backscattered photons from the
same plasma volume to be approximately the same or ff’}l( s) ~ Selm( )
during their accumulation times 7, and 7,. In this case for standard devia-
tions we obtain to be expressed approximately by O'ZZZ'}(TS) ~ O'nlg}(Tp) For
the stray light standard deviations one could accept as discussed above ap-
proximately UStmy (15) ~ aStTTay(Tp) due to the defocusing of light beams in the
CW LIDAR system. For the plasma light we noted above the application of
narrower bandwidths filters Fig. 2(a), contributing to an additional reduction
of background mean photon numbers in output ELMs signals by the novel
method. Moreover, the quite larger integration time by the novel method will
additionally contribute to lower levels of centered fluctuations. At these con-
ditions, one could accept for the background standard deviations the estimate
oPUKIT (1) ~ oPRIT (7). Finally, with an account of the above comparisons
of all variables into estimates (16a, b) one could obtain the approximate esti-

mates of the expected SN Rs by both the methods or:
SNRIT (1) ~ SNRIE (7). (17)
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The comparison of both SN Rs just demonstrates that the novel method
could provide at least a similar performance as the pulsed LIDAR with re-
spect to SNR. These estimates (16)—(17) are sufficient to accept that the novel
method by CW laser can offer novel opportunities for linear detection of fast
plasma processes on the torus edge with respect to the pulsed TS LIDAR
approach.

4. DISCUSSION

It was demonstrated the linear performance of a novel plasma TS diag-
nostic method consisting in the direct detection of two independently-selected
spectral intensities in a backscattering geometry. The optical set-up simplicity
offers a variety of different diagnostic applications in large and smaller toka-
maks. E.g., the novel method could form the basis of the future development
of fast range-resolved edge diagnostic instruments measuring directly and in-
dependently at least two plasma parameters. Moreover, in principle, there are
no limitations for the method described to be applied to fast density and tem-
perature measurements inside the core plasma at other scattering geometries
(e.g., similar to the optical geometry of HRTS instruments). The intermedi-
ate signal in equation (4) could be useful in experimental analyses, as it is
directly proportional to the product of the electron density and temperature
(the electron pressure in non- or low-magnetized plasma as in the pedestal
area). The method provides real-time data processing without retrieving al-
gorithms. The possibility of generating alarm signals to control fast processes
inside the reactor are also an important advantage of the method.

5. CONCLUSIONS

In this paper, we proposed and analysed by simulations a model of a TS CW
LIDAR diagnostic system, meeting the expected performance for direct fast
and linear measurement of ELM-mode electron density and temperature time
evolution. The time resolution is easily chosen via the ADCs sampling rate. An
approach is considered to the instrument calibration by data from two plasma
diagnostics, operating in fusion reactors. Calibration expressions are proposed
for the case of a stationary ELM time evolution within a given measurement
interval by only calculating the standard deviations and mean values of the
calibrating series. Calibration expressions are proposed accounting for Poisson
fluctuations in the number of photons received. The calibration approach is
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also efficient in the case of different sampling steps of the output and the
calibrating data.
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