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Abstract—The possibility of carrying out measurements of plasma parameters in a tokamak with reactor tech-
nologies (TRT) by means of the technique based on the Stark effect by resolving the spectrum of the split lines
of Balmer series emitted by fast hydrogen atoms injected into plasma is analyzed. The code containing the
models of emission applicable for the high-temperature tokamak plasma, along with the library of functions
for the ray-tracing simulation of geometric optics, was used. Simulation of spectra of active neutral beam
emission and plasma emission, both as a result of charge exchange on beam atoms and passive one, taking
into account reflections from the plasma facing vessel elements, allowed determining parameters of the diag-
nostic injector and relative position of the light-collection systems and heating injectors for which the useful
and background spectra could be separated. The signal gathered by the detector is simulated. The shape of
the visual angle along the line of sight, optical properties of the lens materials, the instrumental function of
the spectral device, the sensor characteristics, and statistical noise of the signal are taken into consideration.
Based on the obtained results, a preliminary concept of the motional Stark effect (MSE) diagnostic for the

tokamak with reactor technologies is proposed.
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1. INTRODUCTION

The project of the tokamak with reactor technolo-
gies (TRT) represents the next step in development of
the program aimed at realization of controlled fusion.
The TRT is a large-scale facility for magnetic confine-
ment of high-temperature plasma. It exceeds the
international experimental facility (ITER) that is cur-
rently at the final stage of its construction with respect
to certain parameters. The TRT mission consists in
development and integration of the key thermonuclear
technologies, development and investigation of long
(2100 s) quasi-stationary discharges in the tokamak
plasma with temperature and density close to those
required for the fusion reactor, along with obtaining
and studying the thermonuclear plasma in which heat-
ing by alpha-particles is dominant in the near-axial
region of the plasma column in the deuterium—tritium
experiments [1].

To achieve these goals, the tokamak has to be
equipped with an advanced diagnostic complex that
would allow conducting measurements of the required
plasma parameters. Measurements of profiles of the
plasma current density j(p) and the safety factor g(p)

that determine stability of the plasma column, along
with the heat and particle transfer in plasma, are criti-
cally important for realization of the TRT goals.
Knowing these parameters at the initial stages of sys-
tem operation is needed for development of the dis-
charge scenarios and selection of parameters of the
plasma-control systems. At later stages, such a knowl-
edge will be required for understanding the processes
that have to be controlled in order to obtain tokamak
discharges with long energy-confinement times Tzand
high values of parameter 3y that is defined as the ratio
of the gas-dynamic pressure to the magnetic one.

The sought-for quantities listed above can be deter-
mined from measurements of the pitch angle of mag-
netic field y,;, = tan™"'(By/B,). The common method
of determining this parameter consists in analysis of
the direction of polarization of the Balmer series line
emitted by fast atoms propagating through a magnetic
field. This technique is referred to as the Motional
Stark Effect (MSE) diagnostic, since substantial split-
ting of components of this line that allows conducting
the necessary measurements occurs due to the
motional Stark effect [2—6].
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THE CONCEPT OF THE MSE DIAGNOSTIC

This work aims at development of the concept of
the MSE diagnostic for the TRT based on the
MSE-LS spectroscopic technique described in the
next section. Special attention is paid to simulation of
the signals that will be detected by the MSE-diagnos-
tic instruments, which is necessary for determining
the observation geometry and parameters of the mea-
suring equipment in the first place. The synthesized
signals can also be used for solving the inverse problem
in order to determine the location from which the sig-
nal has to be collected, the operating range of the diag-
nostic, and its uncertainty.

In the simplest case, the inverse problem of recon-
struction of the local value of By/B, from the MSE
spectrum reduces to fitting the experimental spectrum
by a set of Gaussian functions. Each of them describes
its own component of the split spectrum. In the pro-
cess, the widths of the components are also fitted
independently, since the further away the component
from the line center, the larger its broadening. The
line-of-sight geometry and the geometry of the diag-
nostic beam are assumed to be known. The magnitude
of the Stark splitting of the line depends on projection
of the vector of magnetic induction on the direction
perpendicular to the vector of atomic velocity (see
Eq. (2) below), while the ratio of the spectral compo-
nents polarized along the Lorentz electric field E;, to
spectral components polarized perpendicular to E;
depends on the angle between vector E; and the direc-
tion of observation (see Eq. (9) below). Hence, by fit-
ting the positions and the relative intensities of the
spectral components, the local value of By/B, can be
reconstructed. The mathematical formulation and
solution of the inverse problem within the framework
of the synthetic diagnostic for estimating the accuracy
of the measured quantity ¥, will be the subject of a
separate publication.

2. PHYSICAL FOUNDATIONS
OF THE MSE DIAGNOSTIC

The effect observed when a Lorentz electric field
appearing in the frame of reference associated with an
atom is acting upon an atom moving in a magnetic
field is referred to as the motional Stark effect. The
vector of this field is given by

E, = vXxB, (D

where v is the vector of atom’s velocity, and B is the
vector of magnetic induction. The details regarding
the Stark effect can be found in, e.g., [7], while the
physical foundations of the MSE diagnostic are
described in [2—6]. We provide a brief description of
both below.

The effect consists in partial lifting of degeneracy of
the excited atomic states and splitting of its electron
terms. As a result, the lines in the optical spectra of an
atom (ion) emission split into components exhibiting
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Fig. 1. Component composition of the MSE spectrum of a

hydrogen atoms at electron density of 10! m~3 and beam
energy of 100 keV.

different polarization. The components polarized par-
allel to vector E; are denoted as the m-components,
while those polarized perpendicular to vector E;, are
denoted as the o-components. The magnitude of
splitting for the hydrogen-like atoms is proportional to
the magnitude of the electric field. In the case of tran-
sitions associated with the Balmer series in a hydrogen
atom (H,) with n = 3 — 2, the level with the principal
quantum number n = 3 splits into 5 energy levels,
while the level with n = 2 splits into 3 energy levels.
Taking selection rules into account, there appear a total
of 15 main transitions (see, e.g., expressions (2.12)—
(2.14) in [2]), but only 9 of them can be resolved when
obtaining the spectra. The relative intensities of the
other Stark lines are so low (0.02—0.3% of the integral
line intensity) that their contribution can be neglected.
The diagram of the split spectrum calculated for the
H,, line of the hydrogen atom is presented in Fig. 1.

Application of the Stark effect in the experiments
carried out on tokamaks is usually based on injection
of a beam of fast atoms formed by the heating and/or
diagnostic injectors. The spectrum of the induced
emission of atoms of hydrogen (deuterium) is mea-
sured and analyzed. The magnitude of the Stark line
splitting AAg,,« can be expressed as a function of pro-
jection of the magnetic field on the direction perpen-
dicular to the vector of atom’s velocity B, (see expres-
sion (2.14) in [4]):

A7\'Stark = %7\’§VBJ_’ (2)
2hc

where a, is the Bohr radius, e is the electron charge, 4

is the Planck constant, c¢ is the speed of light, v is the

atom’s velocity, and A, is the wavelength associated

with the line of hydrogen (deuterium) in the absence

of splitting.
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When the beam direction and the geometry chosen
for its observation are known, measurement of the
spectral characteristics of the H, line of the diagnostic
(or heating) beam with an adequate spectral resolution
allows determining the local magnitude of ;.

The following variants of the MSE diagnostic are
currently used in the experiments carried out on
tokamaks: polarimetric (the Line-Polarization, or
MSE-LP) and spectroscopic (the Line-Shift, or
MSE-LS). The former are based on the measurement
of the direction of the polarization vector of light
directly by means of the modulating polarizers. The
latter ones gather information on the direction of the
polarization vector from the measurements of the
magnitude of spectral splitting and the relation
between intensities of the - u 6-components of the
Stark spectrum. The Imaging MSE method represents
a relatively new type of the MSE measurements. It is
based on analysis of the two-dimensional interfero-
grams of the polarized plasma emission.

Each of the named methods has its advantages and
limitations. For example, the MSE-LP systems are
fast and allow carrying out measurements in real time.
Therefore, they can be used in the feedback loops for
controlling the plasma discharge. However, such sys-
tems are based on using the ultra-narrow bandpass fil-
ters with transmission bandwidth of about 1 A. In
addition, the polarimeters used in such systems are
sensitive to the neutron fluxes. The detection systems
based on the MSE-LS method are more stable with
respect to the action of plasma since the influence of
perturbations of the vector of polarization of the radi-
ation by the optical elements of the system, along with
the Faraday effect, are eliminated. At the same time,
such systems are subjected to the considerable reduc-
tion in light transmission due to contamination and
degradation of the optical elements of the light collec-
tion and transmission systems caused by the gamma
radiation and neutron fluxes. The Imaging MSE tech-
nique favorably stands out due to the possibility of car-
rying out two-dimensional spatial measurements of
the angular distribution of polarization of emission
and the fact that there is no need for separation of the
components of the Stark spectrum. In addition, the
signal-to-noise ratio obtained using this technique is
higher. The drawbacks of the Imaging MSE method
consist in complexity of its technical implementation
and extremely high cost of its components [5, 6].

Based on the expected neutron fluxes, it is antici-
pated that carrying out measurement by means of the
MSE-LP method at later stages of the TRT tokamak
operation will be very difficult. A very high accuracy of
the measurements conducted by means of the MSE-
LS method can be expected since the design value of
magnitude of the magnetic induction at the axis of the
plasma column will induce large splitting of the active
MSE spectrum. It should be noted that the neutron
flux will be absent at the initial stages of system oper-
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ation, which will allow carrying out measurements
using the MSE-LP technique by mounting a photo-
elastic modulator (PEM) in one of the diagnostic
ports close to plasma. Simultaneous use of two tech-
niques will allow performing sufficiently accurate and
detailed calibration of the results of operation of the
MSE-LS diagnostic using more reliable measure-
ments carried out by means of the PEM.

The MSE-LS diagnostic includes several main ele-
ments listed below.

(1) A diagnostic injector of the hydrogen atoms
(DNB) that serves for injection of a beam of fast
hydrogen atoms into plasma. Analysis of the emission
spectrum of these atoms induced in plasma allows
determining 7,;,. The intensity of the active emission
that will be driven in the plasma volume will be deter-
mined by injector parameters.

(2) The light collection system. Its characteristics
determine the amount of light that will be transmitted
by the fiber-optic collectors from plasma to the spec-
tral device and the region of observation.

(3) The spectral device and detector. These devices
are planned to be installed in a separate remote room
and are used for selection of the spectral range of inter-
est and its detection. Parameters of these devices
determine the spectral resolution of the obtained
spectrum and the uncertainty of the measured para-
meters.

In the present work, we present calculated param-
eters of all three parts of the MSE diagnostic.

3. SIMULATION OF THE MSE SPECTRUM

We used a set of tools for simulation of plasma
parameters and processes occurring in it. The main
instrument for performing calculations was a combi-
nation of the Cherab [8] and Raysect [9] codes. The
obtained results were processed in the Python envi-
ronment.

3.1. Mathematical Model Used in the Calculations

The models from the Cherab code used in the pres-
ent work are described below. All of them, except for
the model of the bremsstrahlung, were improved for
this work.

3.1.1. The model of the neutral beam. We used the
model of a monoenergetic Gaussian beam (i.e., the
beam in which the density in the direction perpendic-
ular to the injection axis is described by the Gaussian
function) with attenuation along the beam-propaga-
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tion direction. The density of atoms in the beam in the
coordinate system of the beam had the following form:

n(Beam) — RH
2nvy0, (2)0, (2)

- B . 2 ) 2
172 (Gx (ZJ +[0y(Z)] @
. exp( s, ]

Jo
Sy

5N = Y Zn@5 T (m(2,157(2), T2), (5)

i=1

Oy Z Z zf tan2 ((Xx )’

C))

Z Zf tanz(ay)’

2 (©6)

1/1

where the z axis was set along the beam-propagation
direction, Ry is the number of neutral atoms injected
per unit time, v, is the magnitude of the vector of
velocity of the beam atoms, z, is the distance to the
beam focus, o is the standard deviation of the beam in
focus, o, and o, are the beam divergence angles, m is
the number of types of plasma ions, Z; is the charge of
the ith type of plasma ions, #, is the density of ions of

the ith type, S,-(CR) is the beam attenuation coefficient
due to radiative-collisional interaction with the ith
type of plasma ions and corresponding fraction of
electrons (the processes of excitation and subsequent
ionization of the beam atoms due to collisions with
ions and electrons but not the charge-exchange pro-
cesses were taken into consideration), €;,, is the kinetic
energy of the beam atoms in the frame of reference
where ions of the ith type are at rest, and 7;is the tem-

perature of ions of the ith type. Coefficients S,-(CR) are
calculated using the codes of the Atomic Data and
Analysis Structure (ADAS) software package [10] and
are available in the OpenADAS database.

The (non-normalized) direction of velocity of the
beam neutral atoms in the coordinate system of
the beam at z > z;is given by

2
(z—2zy) tan” (o, )
o + (- 2,) tan’ (o)

e, =X

— (Z — Zf)z tan’ ((xy) 7
YU )

e :Z_Zf-

Components e,, e,, and e, change sign at z < z;.

> Cyo
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The beam energy, power, standard deviation of the
beam in focus, and divergences (o, and o) at the ori-
gin of the coordinate system, along with the position
of focus and the type of gas in the beam, represent the
boundary conditions for beam description in the dis-
cussed model.

3.1.2. The model of the MSE spectral intensity.
Emissivity at a point, or angular power density of radi-
ation, of the H,, line caused by impact excitation of
beam atoms by electrons and ions was calculated in the
coordinate system of plasma using the following
expression:

B n® (B
(SZeam = “n Z i 1q32eam (eints N, i ’Z)’ (8)
where quBeam) is the coefficient of photon emission of

the H,, line due to interaction of beam atoms with the
plasma ions of the ith type and the corresponding frac-
tion of electrons the value of which was adapted from
the ADAS database.

The spectral distribution of intensity at a point was
calculated in the following way:

fia (M) = (sin® (8) 15" + cos’ (8))

1
X Z]((si)fG (M 0) +sin’ (0) Iy, )
i=—1
X z 17 (X,06),
i=—4..-22...4
1
D=1 P =1,
i==1 (10)
> o=
i=—4..-22...4
hc hc
A\ =—HC e =—fC )
+IA€g "y (1+v1/c)
2
Aeg =" F E=vxB, (12)

4mtm e

where 0 is the angle between vector E of the electric

field and the direction of observation; / éT) and I,(ET) are

the fractions of the sum of all 6- and nt-polarized com-
ponents in the total spectrum upon observation per-

pendicular to the direction of E, respectively; /. ((,i) and
1 are the fractions of individual 6- and m-polarized

components in I((,D and I,([T), respectively; f; is the
Gaussian distribution with respect to the wavelength
of radiation with a center at A; and standard deviation
of Og; A€gy is the magnitude of the Stark splitting; v
is the velocity of the beam atoms; B is the magnetic
field; 1 is the direction of observation; A5, is the wave-
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length of the D, line in the absence of magnetic field.

Quantities, IT([T) R I((,T) A f,’ ), and If[i) are functions of the
beam energy and electron density; their values were
adapted from [11, 12].

Product vl determines the Doppler shift of the
MSE spectrum relative to A3, and, as a result, relative
to the passive D, line and the spectrum of radiation
emitted by beam neutrals in charge-exchange reac-
tions with plasma ions (the charge-exchange spec-
trum). The natural broadening of the spectrum is
determined by the standard deviation of the beam and
its divergence, along with variation of B along the line
of sight. The latter causes stronger broadening of the
components with larger index i. Contribution of the
radial electric field the presence of which can have a
negative impact on the accuracy of the measurements
was not taken into account in (9)—(12).

3.1.3. The model of the charge exchange-spectrum
of beam neutral. The emissivity of the D, line at a point
due to charge exchange reactions of the beam hydro-
gen atoms with deuterium ions of plasma was calcu-
lated as follows:

E(CX) _ L (Beam) 1
3= DM
4m an’n' (13)
CcX
X Z})n (eim) qun ) (eint’nD+aTD+’ Zeff) s
Bl (eim) = lZZI‘niPn([) (einlang,eiq)a]—;’) b (]4)

e i=l

where P, is the population of the nth excited state of
the beam atoms (# = 1 corresponds to the ground

state), P,,(” is the population of the nth excited state due
to interaction with the ions of the ith type and the cor-

responding fraction of electrons, q3(<2:x) is the coeffi-
cient of photon emission of the D, line due to charge

exchange reactions of beam atoms in the nth excited
state with deuterium ions, Z; is the effective plasma

charge, n, is the density of the deuterium ions, and
T}, is the temperature of deuterium ions. The values of

P and qggx) were adapted from the ADAS database.

The Zeeman splitting is usually neglected upon
calculation of the charge-exchange spectrum, because
it is barely visible in the background of strong Doppler
broadening (the charge-exchange neutrals have the
temperature of plasma ions). However, it can be
noticeable in the magnetic field with a magnitude of
8 T planned for the TRT. The spectral distribution of
intensity was calculated using the model of the param-
eterized Zeeman triplet [13] that emulates the Pas-
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chen—Back effect but with corrections for the fine
structure of levels:

A0 = (sin2 (0) N cos’ (ﬁ)}

4 2
X (fo (Mo,506) + fo (Ae..05)) (15)
sin” (1)
+ > fG ()\‘TDGG)a
Ar = Ay (14 vp 1/c),
Ao, = (xu + %‘B)(l +vpl/c), (16)
06 = Ay |25 (1+B°75)), (17)

where U is the angle between the direction of magnetic
field B and the line of sight, vy, is the average velocity
of deuterium ions at a given point, while o, 3, and yare
the numerical parameters adapted from [13].

3.1.4. The model of the passive emission of the D,
line. Emissivity of the D, line at a point due to the
electron-impact excitation of neutral atoms from
plasma and recombination of plasma ions is calculated
using the following expression:

lasma | exc
gl; ) = _nDnquEZ ) (neaT;g)
4r
1 (18)
+— nDJ’leqS(];C) (ngv T;z ) s
4r

where #n,, is the density of deuterium atoms in plasma;
n, and T, are the electron density and temperature,

respectively; ¢'=? and ¢+ are the coefficients of pho-
ton emission upon electron-impact excitation and
recombination, respectively.

Passive emission of the D line from the Scrap-Off
Layer (SOL) crossed by the lines of sight, along with
the light reflected from the metal walls of the tokamak
vessel, including the light emitted in the divertor, will
be visible along the MSE line of sight. Calculations
carried out using the Scrap-Off Layer Plasma Simula-
tion (SOLPS) code [14] revealed that the electron
density in the divertor can exceed 10! m—3, which, in
combination with the relatively low electron tempera-
ture of ~1—10 eV, leads to the necessity of taking into
account not only the Doppler broadening but also the
Stark broadening of the D, line.

To take into account the Doppler and Stark broad-
ening of the hydrogen-isotope spectral line simultane-
ously in the case of their Maxwellian distribution, the
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following convolution has to be calculated at each
point in space:

V(A= Ao AMJ), ART))

- (19)
= [G (k= 2, AMD) L (1= 2= dg, AN ) a1,

—oo

3/2
C, (AM)
L (k, A}L(L)) _ 0( 1/2) , (20)
1/2 (0)\/2
}\‘5/2 " {A}sz
2
A =, ;e,, (1)

where C, (k,AM?Z) ) is the Gaussian distribution;
L, (x,mﬁﬁ) is the Lorentz distribution but with an

exponent of 5/2 instead of 2 (see [15]); A?\,E% and Ak%
are the half-widths of the Gaussian and Lorentz distri-
butions, respectively; aj, b;, and C; are the parameters
adapted from [15]; C, is the normalization constant;
Ao is the wavelength corresponding to the line center
taking into account the Doppler shift due to the non-

n=1

4
Akg/z) =

n=l

Weight factor 1 can be approximated by the loga-
rithmic fifth-order polynomial the coefficients of
which are found by fitting (19) by function (22):

ez

The relative difference of the pseudo-Voigt and

Voigt distributions at A — A, ~ 2Ak5§2) can reach 20%,
but the main characteristics of the Voigt distribution,
namely, its amplitude at maximum, half-width, and
decay in the tail of the spectral line shape are repro-
duced correctly.

(26)

The Zeeman splitting was added into the Doppler—
Stark model approximately, similar to [15], i.e., the
Stark—Doppler line broadening was calculated for
each Zeeman component.

3.1.5. The model of the bremsstrahlung radiation.
The spectral emissivity of the bremsstrahlung radia-
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zero projection of the particle average velocity on the
line of sight. Distribution (19) is known as the Voigt
distribution.

To speed up integration along the rays upon ray
tracing simulation, exact relation (19) was replaced by
the so-called pseudo-Voigt distribution [16] of the
form

V, (A= 2o, AN AM7))

(22)

L(A = ko, AM) + (1=m) G (A = A, AM})),
AM) = F(AM7), AN7)), (23)
n = £ (AN, AND)), (24)

where AMI//Z), the half-width of the Voigt distribution,
and n, the weight of the Lorentz distribution in the

pseudo-Voigt distribution, are functions of AM% and
L
ALY
Factor F can be approximated by the sixth-order
polynomials of X = AM% /MEQ at AM% /Aksf; <1

6 G n
AAME) | M‘/z AV A <1
1/2 +z D | 12/ ANy <

1/2

(25)
J 5 Ax1/2/A7V1/2—

tion was calculated using the well-known expres-
sion (5.3.40) from [17]:

2 )3 2
32" [2m, T
€Brems 7\’ = € ", e
wrems (M) (41&0} 3x/§m§c3 e 4757»2 @7
Xexp(_hc/xn)zgff Zzanak‘) n;
i=l

where €, is the dielectric permittivity of vacuum, and
g is the Gaunt factor for the free—free transitions. The
tabulated values of the latter factor were adapted from
[18]. They differ from the values found in [19] only by
an extended range of parameters for which they were
calculated.

3.2. Initial Data Used in the Simulation

Plasma profiles obtained by combining the one-
dimensional profiles for the core region calculated
using the Automated System for Transport Analysis
(ASTRA) code [20] that were published in [21] with
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Fig. 2. Poloidal distributions of the electron density and temperature used in the simulations.

the two-dimensional distributions in the SOL calcu-
lated by means of the SOLPS code were used in the
calculations. Parameters of deuterium plasma with an
admixture of neon in the scenario with heat flux
through the separatrix equal to 20 MW (which corre-
sponds to auxiliary-plasma-heating power of
28.5 MW), average electron density at the separatrix of
7.8 x 10" m~3, and average electron and ion tempera-
tures at the separatrix of 160 and 260 eV, respectively,
were calculated with the SOLPS. The profiles of the
electron density and temperature in the calculated
scenario are presented in Fig. 2, while the profiles of
the effective plasma charge and passive radiance of
the D, line calculated using Eq. (18) are presented
in Fig. 3.

To take into account reflections from the plasma
facing elements, we used a three-dimensional solid-
state model of the tokamak (i.e., the analytically spec-
ified model rather than the polygonal one) presented
in Fig. 4. The model was divided into three parts: the
vacuum vessel with flanges, the first wall, and the
divertor. The surface of the first wall was assumed to be
fabricated from beryllium, that of the divertor was
assumed to be fabricated from tungsten, and the vac-
uum vessel was assumed to be fabricated from steel.
The Cook—Torrance model [22] with microfaces and
the roughness parameters varying from 0 (mirror
reflection) to 1 (diffuse reflection) was used as the
model of the bidirectional reflectance distribution
function. The roughness parameter was chosen equal
to 0.26 for beryllium, 0.29 for tungsten, and 0.13 for
steel. The same model of reflectivity (with the same
values of the roughness parameter) was used in [23] for
the JET-ILW and in [24] for the ITER tokamak.

Simulation in the present work was carried out for
hydrogen diagnostic beam. The initial data for its
description in the Cherab code are energy £ of the fast
beam neutrals, standard deviation of the beam in focus
G, angles o, and o, of beam divergence, along with the
total concentration of the beam atoms and position of
its focus. For circular beam cross section, we assumed
that o, = o, Position of focus was fixed at the mag-
netic axis of the plasma column. To define the beam
parameters, we assumed that the ion-optical system of
the diagnostic injector formed an ion beam with a cur-
rent of / = 15 A. The emission current density was set
equal to 120 mA/cm?. The local angular divergence o
of the formed beam and its radius » at the focus were
determined in the course of calculations of an individ-
ual cell of the ion-optical system by means of the
PBGUNSs software. The calculation results are pre-
sented in Fig. 5.

We also took into account that the beam formed by
the ion source of the diagnostic injector contained

molecular ions H; and Hj in addition to protons H™.
Atoms with energies of Ey/2 and E,/3 are formed,
respectively, from these molecular ions upon ion-
beam neutralization. The equivalent current of atoms
of each component /. after charge exchange was cal-
culated using expression
1oy (E;) = mPFlI, (28)
where F; is the efficiency of charge exchange of the ith
component [25], P;is its fraction in the beam compo-
sition, and m; is its atomic weight. The composition of
PLASMA PHYSICS REPORTS  Vol. 50
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the ion beam was assumed to be the same as in [26]:

H*: H; : Hy =0.85:0.05:0.10.

3.3. Composition of the Model Spectrum

Application of the described models to objects of
the TRT tokamak vessel, plasma, and beam allowed

PLASMA PHYSICS REPORTS
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performing calculations of the passive and active
plasma emission spectra. The following components
were taken into account: bremsstrahlung (27), passive
D, line of plasma (18)—(26), along with the active
spectra of beam emission (8)—(12) and charge
exchange of plasma ions with beam atoms (13)—(17).
It should be noted that we did not take into account
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the emission of the lines of plasma impurity ions in the
model spectrum. In particular, we did not take into
account the contribution of the C II multiplet that is
capable of partial overlapping with the MSE spec-
trum, as was demonstrated in [27], since the SOLPS
simulation was performed for the TRT tokamak with-
out taking into account the carbon impurity. An exam-
ple of the simulated spectrum is presented in Fig. 6.
The passive plasma line D, the main contribution to
which is associated with radiation coming from the
divertor and appearing at the line of sight as a result of
reflections from the first wall is shown on the left-

hand side, while part of the spectrum on a larger scale
is presented on the right-hand side in the background
of the passive-line wing. All considered spectral com-
ponents can be seen: the passive line of plasma, the
bremsstrahlung continuum, the active charge-
exchange line of the beam, and the active MSE spec-
trum of the beam. The active spectrum in the back-
ground of the D, line is shown in detail in Fig. 7. Con-
tributions of each of the three energy components of
the diagnostic beam to the total active spectrum are
shown separately. The spectra presented in Figs. 6 and
7 were calculated for the line of sight starting from the
PLASMA PHYSICS REPORTS  Vol. 50
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equatorial port in the cross section adjacent to the
diagnostic injector and directed to the crossing point
of the beam and the magnetic axis of the plasma col-
umn.

The simulation was carried out in two stages: the
preliminary calculation aimed at determining param-
eters of the light collection system, along with param-
eters of the diagnostic injector, and the more detailed
calculation aimed at estimating the requirements for
the spectral device and the detector. The preliminary
calculation was performed in the approximation of
infinitely thin lines of sight, and reflections from the
vessel walls were taken into account only for the pas-
sive components of the spectrum. Such an approxima-
tion did not affect position of the peaks of the spectral
lines, which allowed estimating the dependence of the
relative position of the active MSE signal and the
background on the direction of observation and
parameters of the diagnostic injector. At the second
stage, we specified the size and numerical aperture of
the fiber-optic collector, along with optics in front of
it that focuses the cone of light collected from the cen-
ter of the diagnostic beam. The following factors were
also taken into account: the influence of optics and the
spectral device on the obtained spectrum, along with
the statistical noise.

4. LIGHT COLLECTION SYSTEM
FOR THE MSE DIAGNOSTIC

The shape and position of the MSE spectrum rela-
tive to the background components will be determined
by position of the light collection system with respect
to the axis of injection of fast atoms. To determine
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characteristics of the light collection system for the
MSE diagnostic, it is necessary to determine in which
diagnostic port it will be located. In the present work,
we analyzed the variants of location that allow obser-
vation of the diagnostic beam injected radially in the
equatorial plane of the tokamak. Under the conditions
of the planned TRT geometry, we considered locating
the light-collection system in the diagnostic ports
located in four cross sections adjacent to the beam.
The vertical ports in the injection cross section were
not taken into consideration at this stage since the
angle between the lines of sight in the central region of
the plasma column and the diagnostic beam would be
close to 90°. Such observation geometry would not
allow shifting the active MSE spectrum relative to the
passive D, line due to the Doppler effect. The equato-
rial ports also allow mounting a larger number of opti-
cal devices, adjustment systems, shutters, and other
necessary elements of the light collection systems.

4.1. The Choice of the Observation Position
Jfor Detecting the Signal along the Central Line of Sight

The variants of observation of the central part of
the plasma column analyzed in the present work are
illustrated in Fig. 8 that presents the plane of the mag-
netic axis of the plasma column. The observation
points were arranged in the center of the equatorial
ports as close to plasma as possible but beyond the first
wall on the circle of radius R = 3 m. Such a distance
allows placing a mirror in front of the observation
point that is necessary for protecting optics from the
direct flux of plasma neutrons. The influence of this
mirror on the signal for the MSE-LS diagnostic can be
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taken into account in the overall transmission coeffi-
cient of the light collection system. For the fifth cross
section relative to the beam, despite it providing ade-
quate conditions for observation, part of the lines of
sight (observing the center of the plasma column) pass
the high-field side (HFS) SOL, which substantially
increases the level of passive signal collected along
these lines of sight and reduces the ratio of the useful
signal to the total one. Therefore, this cross section
was also excluded from analysis.
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For the four selected variants, we carried out simu-
lation of the active spectrum and determined its total
intensity as a function of the diagnostic beam energy.
The results of the simulation are presented in Fig. 9a.
It can be seen that the lines of sight from the first and
fourth cross sections allow collecting considerably
higher radiation intensities upon observation of the
central region of the plasma column than observation
along the other two lines of sight. In addition, the
same two cross sections allow obtaining a larger shift
of the active spectrum relative to the passive D, line
due to more shallow angles between the direction of
observation and the direction of beam injection,
which is illustrated in Fig. 9b. Figure 9 also allows to
conclude that higher beam energy is preferable for the
MSE measurements: the transition from 60 to 100 keV
increases the integral useful signal by 60% and pro-
vides a 1—1.5-nm larger shift for the central lines of
sight. Based on these results, it is suggested to consider
only two variants of arrangement of the light collection
systems for the MSE-LS diagnostic, namely, those in
cross sections 1 (LOS 1) and 4 (LOS 4).

The difference between these two lines of sight
consists in the fact that the projection of the beam
direction on the line-of-sight direction for line of
sight 1 is positive, and the active signal will experience
the red shift, while the same projection for the line of
sight 4 is negative, and the active signal will experience
the blue shift. The optimal shift direction will be deter-
mined by the composition of plasma impurities. The
absence of strong spectral lines of impurities on one of
the sides of the passive D, line will facilitate isolation
of the active signal and processing of the spectrum.

From the point of view of observation angles, the
difference between lines of sight 1 and 4 consists in the
fact that, for the cross section adjacent to the beam,
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the lines of sight directed to the center of the plasma
column provide larger shift of the active spectrum than
the peripheral ones. For the observation from cross
section 4, the situation is opposite: the active spectrum
shifts more for the peripheral lines of sight than for the
central ones. In this regard, when arranging the system
of measurements, it could be advantageous to separate
the light collection systems with respect to areas of
observation into two, the central and the peripheral
ones, and mounting them in different diagnostic ports.
On the one hand, this would lower the requirements
for the light collection optics, but, on the other hand,
would increase their number.

4.2. Parameters of the Light Collection System

In order to determine parameters of the light col-
lection systems, we carried out simulation of the active
and passive spectra obtained for five lines of sight for
two selected observation points. The lines of sight were
directed to different points located on the minor
plasma radius between p = 0 and p = 1 on the low-
field side where concentration of the beam atoms is
the highest. The geometry of the lines of sight speci-
fied in the simulations is illustrated in Fig. 10. The
dependence of the total intensity of the active signal on
the diagnostic beam-injector energy was obtained for
each line of sight. The results of simulation for LOS 1
in absolute units are presented in Fig. 11b while those
normalized to maximum value for each line of sight
are presented in Fig. 11a. It is evident from Fig. 11b
that for the core plasma, the highest intensity is
achieved at energy of the main component equal to
100 keV, while that for the peripheral area is achieved
at 60 keV. The total brightness of the signal obtained by
the peripheral lines of sight, however, drops by 30%
upon transition from low beam energies to high ones.
It can be seen from Fig. 11a that the intensity obtained
by the peripheral lines of sight exceeds that obtained
along the central lines of sight by a factor of 10—15 in
entire range of studied energies. This is also true for
LOS 4.

One of the main characteristics of a photographic
lens is its f-number that determines its etendue. Since
the active-signal intensity in the central area is low, f-
number should be as small as possible. In the process,
the total etendue of the diagnostic will be determined
by the component with the lowest etendue. This is
usually the spectrometer, the most expensive and
complex device. For spectrometers used for the MSE
diagnostic in tokamaks, the lenses with f-numbers of
<F/4.0 are used most widely [28, 29]. The devices
characterized by f-numbers of F/2.5—F/3.5 are used
as well [30]. The brightest of the spectroscopic instru-
ments is close to F/2.0 [31, 32]. At the present stage of
development of the MSE diagnostic, it is suggested
using optics with an f~-number of F/3.0.

The viewing angles for each of the proposed vari-
ants of the light-collection-system arrangement are

PLASMA PHYSICS REPORTS Vol.50 No.4 2024
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Fig. 10. Geometry of observation of entire plasma-column
radius for chosen points of observation.

presented in Fig. 12. For the integrated system located
in port 1 (Fig. 12a), a lens with a viewing angle starting
from 26° is needed, provided that the optical axis is
directed at p = 0.5. It should be considered that the
light-collection efficiency reduces substantially at
large divergences from the optical axis of the lens due
to vignetting. Therefore, in the case of such a position
of the optical axis, designing lenses with large collec-
tion angles and suppressed vignetting would be opti-
mal. If, however, vignetting of the lens cannot be sup-
pressed to the desired level, the optical axis of the col-
lection system should be shifted closer to the plasma
column center, because the amount of light emitted in
this area is an order of magnitude lower than at the
plasma edge, and usable surface area of the lens should
be maximized. When the optical axis of the light-col-
lection system crosses the beam at p = 0.2, the viewing
angle for detection of radiation over entire range of
values of minor radius equals to 37°, while that for the
crossing point located at p = 0 equals to 52°.

The effective focal length of the lens for the LOS 1
system can be determined from the main equation of
geometric optics: f= a/(m + 1), where a is the object
range and m is the image reduction by the lens. The
object range is determined by position of the collec-
tion system. The compression is limited from below by
the size of the port in which the image of the diagnos-
tic beam will be formed by the lens and limited from
above by the required spatial resolution for given input
diameter of the optical fiber. For minimum distance
from the first mirror to the image inside the port, the
scale will be limited at the level of m = 5 by the pipe
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Fig. 12. Visual angles for LOS 1 and LOS 4.

geometry: the collection system has to be fitted into it,
and a space of about 15—25 cm should be left behind
the optical-fiber holder for convenience of its installa-
tion and exploitation. In this case, the effective focal
length will be equal to f = a/(m + 1) = 1690/6 =
280 mm for the central line of sight and f =
a/(m+ 1) = 1460/6 ~ 240 mm for the peripheral one.
Under the condition that f/D < 3.0, the lens diameter
should fall in the range of D > 80—90 mm. The image
distance will fall in the range between 300 and 340 mm
in this case.

Lenses with viewing angles of 12°—13° and 3°—4° in

the 1 and 4 ports, respectively, will be sufficient for
split light collection system to ensure overlap of their

areas of observation (Fig. 12b). Image compression,
the object range, etc. for the lens installed in cross sec-
tion 1 remains the same. The image distance for the
lens installed in cross section 4 is also specified based
on considerations of the branch-pipe geometry and is
limited by the necessity of light collection system
adjustment and servicing. In this case, the distance to
the beam will be on the order of 4—4.5 m, and the
compression rate will be at the level of m = 12—15. For
a fixed value of m = 12, the effective focal length of the
lens and its diameter can be found using the line of
sight directed along the optical axis: f=a/(m + 1) =
4200/12 = 350 mm, D > 120—140 mm.
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Parameters of the lenses can be determined more
precisely at later stages of system development since
the collecting optics has to be integrated not only with
the system of mirrors protecting it from the direct flux
of neutrons but also with other diagnostic systems
located in the same port. The design of the lenses must
include correction for aberrations (chromatic and
astigmatism) and vignetting in both variants of
arrangement of the light collecting systems.

At the present stage of development, a multichan-
nel fiber-optic collector with a numerical aperture that
is at least as large as that of the collecting optics is
planned to be used as the transmitting light guide for
the MSE diagnostic. The number of channels will be
determined by the size of the scientific-camera sensor
and the rate of compression of the image projected
onto the input slit of the spectral device. The fiber
bundles for each line of sight are assembled into a solid
square or rectangular assembly on the tokamak side
while being arranged in a linear array on the spectral-
device side.

The number of bundles in each channel can vary
depending on the number of available spectrometers.
From the tokamak side, the total number of bundles is
limited by the size of the beam image formed by the
lens. For the beam radius of 6 cm and the compression
rate of 5 : 1, the radial dimension of the bundle assem-
bly should not exceed 6 mm, while that for the scale of
12 : 1 should not be larger than 2.5 mm.

From the spectral-device side, the number of fiber
bundles is limited by the size of the camera sensors
available for this diagnostic. In other words, the num-
ber of fiber bundles that create a spot covering entire
matrix of the scientific camera can be assembled for
each line of sight. In this case, on the one hand, the
number of spectrometers and cameras will increase,
but, on the other hand, it will open the possibility of
reducing the noise level thanks to binning. The other
extreme case would be using a set of single-core opti-
cal fibers for each line of sight that, combined, create
a spot matched to the size of the camera matrix. In this
case, it is sufficient having only one spectral device,
but intensity of the signal detected by the sensor will be
lower. In any case, the ratio of the active signal to the
total one weakly depends on the number of bundles.
Therefore, the possibility of using a single-core optical
fiber with core diameter of 400 um was considered at
the present stage.

5. PARAMETERS OF THE DIAGNOSTIC
INJECTOR OF FAST ATOMS

The diagnostic injector for the MSE-LS technique
represents the most technically complex and critically
important element since its parameters determine the
principal possibility of conducting measurements,
along with the ultimate accuracy and spatiotemporal
resolution of the measured quantities. Therefore, sim-
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ulation of the active signal for various variants of diag-
nostic injector design is an important stage of the
MSE-diagnostic development for the TRT tokamak.

5.1. The Influence of Energy of the Main Component
on the Possibility of Carrying
out the MSE Measurements

When solving the problem under consideration
using the Cherab code according to the model
described by Egs. (3)—(6) and (28), we specified that
the diagnostic beam has energy E; of the main compo-
nent in the range from 60 to 100 keV, which corre-
sponds to the energies of the diagnostic beams widely
used at other facilities [26, 33]. First of all, it is worth
noting the influence of this parameter on the current
of the beam atoms at the output of the diagnostic
injector that is described by Eq. (28) and illustrated in
Fig. 13. It is evident from the figure that the total cur-
rent drops by ®35% with increase in the main-compo-
nent energy. The component composition of the beam
changes considerably due to reduction in the neutral-
ization efficiency of the hydrogen ions. Starting from
the energy of 86 keV, the component with energy of
E,/3 represents the major part of the beam current.
This fact can have a negative impact on the composi-
tion of the active spectrum generated by the beam. The
contribution of each of the beam components to the
active MSE spectrum at plasma periphery (LOS 1,
p =1, E, = 100 keV) is illustrated in Fig. 14. It can be
seen that the brightest line in the spectrum is emitted
by particles with energy of £;/3, and most lines overlap
with each other. Processing such a spectrum is diffi-
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Fig. 13. Current of beam atoms as a function of beam
energy.
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cult and requires having accurate data on the beam
parameters in a specific discharge. The beam energy,
its component composition, and divergence must be
known precisely. In this case, much less free parame-
ters will remain upon solving the inverse problem for
description of the experimental data: the Doppler shift
of spectra of various beam components is predictable
since it is independent of parameters of the tokamak
plasma and magnetic field.

One line of sight crossing the injection axis in the
inner volume of the injector is sufficient for con-
trolling the main beam parameters. The spectra of the
H,, line radiation of the beam recorded from it’s vac-
uum vessel would allow obtaining information on the
actual energy of the diagnostic beam, its component
composition, and angular divergence in a specific
pulse relatively straightforward. A port for such control
of parameters should be provided in the design of the
diagnostic injector, similar to, e.g., the DINA-KI60
injector [26].

The composition of the MSE spectrum would
improve if the area of observation is shifted toward the
center of plasma, and the contribution of the slow
beam components nearly disappears at p = 0 (Fig. 7).
This is because the beam components become weaker
upon propagation through plasma. Penetration of the
diagnostic beam into the TRT plasma at different
energies was simulated using the Cherab code, and the
results are presented in Fig. 15. It can be seen that
losses of the injected atoms diminish at higher energy
of the main component, and a larger fraction of the
beam (by a factor of 2—3) reaches the central region of
plasma. This occurs due to the reduction in the cross

sections of interaction of the beam atoms with plasma
with increase in energy of atoms.

In addition to spectral composition, the energy of
the main component of the diagnostic beam strongly
influences the Doppler shift of the active MSE spec-
trum. The spectrum shifts further away from the bright
passive D, line with increase in E, (Fig. 9b), which
allows to lower the requirements for the detection sys-
tem dynamic range. To obtain a quantitative estimate
of the shift of the active spectrum, we introduced three
parameters: width dp,, of the passive line, shift &, of
the MSE spectrum (of the main component of the
beam) with respect to the edge of the m-component,
and shift &, of the MSE spectrum with respect to the
central line of the o-component. These reference
points are illustrated visually in Fig. 16. The ordinate
axis in Fig. 16 coincides with the center of the D line.
In this case, the fulfillment of condition &y, < J, in
any realization means that the active spectrum is
shifted by the amount sufficient for preventing its
overlap with the passive line of plasma emission,
which greatly simplifies signal detection since inten-
sity of the passive radiation reduces substantially. On
the other hand, fulfillment of condition Jp, < O
means that the active spectrum is shifted relative to the
D, line only half-way, so that only the distant triplet of
the T-component and two lines of the central triplet of
the 6-component (including the central one) do not
overlap with the passive line. The second condition is
less strict but still allows reconstructing the MSE spec-
trum based on the condition that intensities of the left
and right halves of the spectrum are equal to each
other.
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The simulation revealed that the condition of
Opy < 9, is not fulfilled for any of the chosen lines of
sight, targeted regions, and energies of the main beam
component. The results of calculation of dp, and o
are presented in Fig. 17. The values of 8y, for all lines
of sight for both variants of collection-system arrange-
ment are shown by the dashed lines, while the solid
lines correspond to ;. It is evident from Fig. 17a that
the condition of dp, < 9, is fulfilled for LOS 1 at
E, > 70 keV, which means that the MSE measure-
ments can be carried out. For the system of observa-
tion completely located in the 4th cross section relative
to the injection cross section, this threshold is equal to
90 keV (Fig. 17b). For the partitioned system located in
diagnostic ports 1 and 4, the same condition is fulfilled
for all corresponding lines of sight at £, > 70 keV.

PLASMA PHYSICS REPORTS Vol.50 No.4 2024

The energy of the main component of the diagnos-
tic beam thus must be equal to or higher than 70 keV.
However, the increasing dependence of intensity of
the MSE signal on E| is indicative of the fact that
higher beam energies (90—100 keV) could simplify
the measurements of plasma parameters using the
MSE-LS diagnostic.

5.2. Limitations on the Relative Position
of the Diagnostic and Heating Injectors

A complex for auxiliary plasma heating that will
include several heating injectors with energy of fast
atoms of 250 or 500 keV is planned to be used in the
TRT tokamak [34]. The tangential direction of their
injection creates a relatively large area along the toroi-
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dal loop of the column in which the lines of sight of the
MSE diagnostic will cross heating beams. At several
positions, the spectrum of radiation emitted by the
heating beam will overlap with the MSE spectrum of
the diagnostic beam. In order to avoid such a situation,
we carried out combined simulation of emission of the
diagnostic and heating beams for some of their relative
positions. The model was specified according to the
scheme depicted in Fig. 18. The diagnostic beam was
injected radially in the center of the equatorial port in
the plane of the magnetic axis of the plasma column.
The diagnostic cross sections were numerated coun-
terclockwise starting from the injection one. The heat-
ing beams were assumed to be injected into the cham-
ber tangentially along the center of the tilted ports pro-
vided for this purpose in the sketches of the vacuum
vessel. The fact that each heating injector contains two
ion sources was taken into consideration. They were
separated vertically and directed toward the magnetic
axis of plasma as shown in Fig. 3 in [34]. The emission
of radiation was simulated for the lines of sight of col-
lection system LOS 1 and LOS 4. A set of spectra
obtained for various relative positions of the heating
and diagnostic beams was simulated. The heating
beams were shifted from one cross section to the next
by rotating them relative to the tokamak axis by 22.5°
(the toroidal angle between the diagnostic cross sec-
tions).

As a result of simulation of spectra of the DNB and
NBI radiation, we determined two variants of their
spectral overlap:

(1) Overlap of the MSE spectrum of the diagnostic
beam with the MSE spectrum of the heating beam;

0 J
—/
(s

Y

—

Fig. 18. Injection direction of the heating beam and

numeration of the diagnostic cross sections.
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Fig. 19. Variants of overlap of the MSE spectrum from the diagnostic beam and the spectrum from the NBI.

(2) overlap of the MSE spectrum of the diagnostic
beam with the D, line emitted by plasma as a result of
charge exchange with atoms of the heating beam (the
CX spectrum).

The variants of position of the heating injector for
which these situations take place are illustrated in
Fig. 19. The total of two unwanted variants of the heat-
ing beam position relative to the diagnostic beam were
found for the LOS 1 system: the spectra of the DNB
and NBI overlap with each other in cross section 1,
while the CX spectrum from the heating beam over-
laps with the MSE spectrum in cross section 13. There
were three unwanted cross sections for the LOS 4: the
MSE and NBI spectra overlap in cross sections 3, 4,
and 16. In addition, the CX spectrum from the NBI
overlaps with the MSE spectrum in cross section 16.

Taking into account these data, we were able to for-
mulate the following requirements for the diagnostic
injector of fast atoms at the stage of the conceptual
development of the MSE diagnostic:

(1) Energy of the main component of 90—100 keV;

(2) total current of beam atoms of 6.4—7.2 A;

(3) effective radius of 5.7—6.0 cm;

(4) positioning in the diagnostic port for which the
DNB and NBI spectra do not overlap with each other.

6. THE MSE SIGNAL DETECTION SYSTEM

The MSE-signal detection system can be divided
into two main parts:

(1) The spectrometer including an input slit,
lenses, and a diffraction grating;

(2) the scientific camera.

To estimate the necessary parameters of the detec-
tion-system elements, we carried out simulation of

PLASMA PHYSICS REPORTS  Vol. 50

No.4 2024

light collection taking into account the influence of
the line of sight and optics for collection system LOS 1
on the obtained spectrum. The collection system of
light from plasma of the TRT tokamak is presented in
Fig. 20. We specified a visual angle sufficient for entire
collecting lens to be within the field of view instead of
an infinitely thin line of sight. Position of the center of
the collecting optics was specified in accordance with
the previous stage of simulation, while position of the
input face of the optical waveguide was adjusted in
such a way that the chord was focused to the center of
the diagnostic beam. The necessary position of the
“pupil” was determined by means of the Raysect—
LoggingRay functional. We also took into account

Fig. 20. The scheme of simulation of the spectrum taking
into account the shape of the visual angle, collecting
optics, and reflections.
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Fig. 21. Results of simulation of collection of light from plasma of the TRT tokamak.

reflections from the vessel walls for all spectral com-
ponents.

A complex lens consisting of two lenses with a
known optical design fabricated from materials chosen
from the Raysect database was used as the collecting
optics at the stage of the conceptual system develop-
ment. Characteristics of lenses are listed in Table 1.
When performing simulation for each chord, the com-
plex lens was rotated so its optical axis coincided with
the center of the observation chord in order to avoid
spherical aberrations. In the scheme under consider-
ation, simulation of light collection for LOS 1 was car-
ried out for three observation chords directed to three
plasma-column regions: p =0, p=0.5,and p = 1. The
results of the simulation in the wavelength range of
654—665 nm are presented in Fig. 21. It can be seen
that the magnitude of the passive signal for the central
chord is a factor of =2.5 higher and that of the active
signal is a factor of =25 lower relative to the chord
directed to p = 1.

Following the simulation of light collection, the
signal was processed taking into account the influence
of the detection system. The obtained spectral power
densities of radiation were converted to spectral densi-
ties of the photon flux. The obtained distributions

were then convoluted with the instrumental function
of the spectral device. At the present stage, a high-
etendue, high-resolution spectrometer with a
200 groove/mm Echelette grating operating in high
diffraction order (11—14) is intended to be used for the
MSE diagnostic at the TRT facility. Its input lens has
a focal length of 370 mm, and the output lens has the
focal length of 260 mm. The spectrometer provides the
dispersion of 5 A/mm in the vicinity of the H,, line and
the ultimate spectral resolution of 0.2 A/mm. The
f-number is equal to F/3.2. The instrumental function
that takes into account distortions introduced by the
input slit, lenses, and the diffraction grating was
obtained for a similar spectrometer in [30]. The con-
tour of the instrumental function was obtained for the
slit width of 400 um that is equal to the core diameter
of the optical fiber in the model under consideration
and is illustrated in Fig. 22. The full width at half-
maximum of the contour equals 1.9 A, which is much
less than the width of the spectral lines obtained as a
result of simulation. Hence, the detected spectrum
changes only slightly by the spectrometer. The largest
influence of spectrometer was visible in the spectrum
calculated for the peripheral observation chord. The
convolution for this chord is presented in Fig. 23 as an
example. It can be seen that taking the instrumental

Table 1. Characteristics of lenses used for simulation of light collection for LOS 1

Radius Radius
Parameter Spectral range Diameter Focal length f-number of curvature of curvature
of front surface | of back surface
Lens A 400—700 nm 75 mm 200 mm F/2.67 96.37 mm 118.81 mm
Lens B 400—700 nm 75 mm 200 mm F/2.67 288.97 mm —96.37 mm
PLASMA PHYSICS REPORTS Vol. 50 No. 4 2024
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Fig. 22. Instrumental contour of spectrometer used in the
simulation.

contour into account made the spectrum smoother
but did not result in line overlap.

Having taken the influence of the spectral device
into account, we integrated the spectrum convoluted
with the instrumental contour of the spectrometer
over the camera matrix. The EMCCD camera with a
resolution of 512 x 512 pixels 24 um each and quantum
efficiency of 90% was chosen for the simulation. The
total transmission of entire system from the input faces
of the optical waveguides to the output lens of the
spectrometer was set equal to 7%, which corresponds
to expected transmission of similar systems at other
facilities [35]. The number of counts per second that
will be detected by the camera in this case for the
chords under consideration is presented in Fig. 24.

Statistical noise in the form of a random quantity
characterized by normal distribution of the probability
density, the mean value equal to zero, and standard
deviation equal to the square root of the signal ampli-
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tude at a given point of the matrix was added to the sig-
nals in the camera frames with and without the active
signal. Using the algorithm of the time difference
scheme, a difference signal containing only the active
signal with noise was retrieved from the noisy signals
of the matrix. The difference signals for the chosen
chords obtained with integration time of 50 ms are
presented in Fig. 25. It is evident from the figure that
the signal level obtained along the central observation
chord with the specified exposure time was relatively
low and contained much noise. The signal-to-noise
ratio was considerably higher for the central and the
peripheral chords.

7. ANALYSIS OF PARAMETERS
OF THE MSE MEASUREMENTS

To estimate the efficiency of measuring plasma
parameters using the MSE-LS technique, we esti-
mated the spatial and temporal resolution that can be
expected upon realization of the MSE diagnostic
according to the concept presented in this work.

The spatial resolution was estimated as the distance
in the radial direction between the outer and inner
magnetic surfaces that the line of sight crosses at the
entering and exiting of the diagnostic beam, where the
input and output points are determined by the effec-
tive beam diameter. The estimated spatial resolution
for collection systems LOS 1 and LOS 4 is presented in
Fig. 26. Several factors determine the obtained values.
First, the necessity of arranging the lines of sight at a
large angle relative to the beam in order to shift the
active spectrum relative to the passive one. Second,
the relatively large diameter of the diagnostic beam
(about 12 cm) and its injection direction. The possibil-
ity of beam observation in the poloidal direction or
rotation of the injection axis with respect to toroidal
angle should be considered for achieving a higher spa-
tial resolution.

lel? p=1
o 3.5k Before convolution
a : —— After convolution
o=
SE30F
55
=X 25F
g&
g E 2.0F
a2
=2 15k
Ea
3
& 1.OF
O. | | Il Il Il
256 658 658 % nm 662 664 666

Fig. 23. Comparison of simulated spectra obtained before and after spectrometer.
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% 8 report, we calculated the dependence of the signal-to-
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= ratio of half-maximum of the brightest line of the
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§5 B presented in Fig. 27. It can be seen that the SNR for
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. . . . . . one to two orders of magnitude larger. The temporal
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Fig. 26. Estimated spatial resolution of the MSE measure-

ments.

noise ratio appears to be different for each line of sight,
which also testifies in favor of separating the detection
system into several parts with respect to areas of the
PLASMA PHYSICS REPORTS  Vol. 50
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Fig. 27. Signal-to-noise ratio as a function of exposure time.
plasma column they observe. Assuming that the SNR FUNDING
of 5 is sufficient for determining the plasma parame- .
p . This work was funded by the Contract
h 1 h 1 ch
ters with required accuracy along the central chord, 12001 13346530000440/53-23/01/230/22.23  dated

the temporal resolution of the diagnostic is expected to
be at the level of 65 ms.

CONCLUSIONS

To formulate the concept of the MSE diagnostic
for the TRT tokamak, we simulated the MSE spectra
and the accompanying background signals taking into
account reflections of radiation from the inner sur-
faces of the vacuum vessel. Based on the results of
analysis of the simulated spectra, we proposed the
schemes of arrangement of the light-collection sys-
tems and parameters of collecting optics: the angles of
view, focal lengths, and numerical apertures. Positions
of the diagnostic injector relative to the heating ones
were determined, along with the lower bound of the
energy of the diagnostic-beam main component
(70 keV) for which the MSE spectrum can be shifted
sufficiently relative to the passive D, line of plasma
that is dominated by the reflected radiation from the
divertor. The difference signal for the high-transmis-
sion spectral device with an f-number of F/3.2 and sci-
entific EMCCD camera was obtained. The spatial and
temporal resolution of the diagnostic were estimated
to be 6—8 cm and 65 ms, respectively.
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