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A model for calculating neutral helium radiation for the Globus-M2

tokamak peripheral plasma spectroscopic diagnostics
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A simple model has been developed for calculating synthetic images of neutral helium clouds recorded by

spectroscopic diagnostics of peripheral distributions of electron temperature and concentration at the Globus-

M2 tokamak. The size of the numerically obtained radiating helium cloud is in a quite good agreement with

experimental results. Calculations of the effect of averaging the radiation intensity along the line of sight on the

recovered electron temperature values demonstrate the need to reduce the angular broadening of the injected

helium jet to 10−15◦; in this case, the relative measurement error will not exceed 10−20%. As a means for

practical engineering implementation of such a helium jet, a Laval nozzle with a set of diaphragms is proposed.
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Spectroscopic diagnostics of peripheral plasma with in-

jecting neutral helium provides information on the electron

temperature and concentration distributions in the plasma

column peripheral regions based on ratios of intensities

of the neutral helium emission spectral lines [1]. The

provided data on plasma parameters are being averaged

along the lines of sight; the size of the light-emitting region

along these lines of sight depends on the neutral helium

distribution, optical system focal depth, and parameters

of plasma in the emitting region. A similar diagnostics

have been successfully applied at a number of facilities for

determining electron concentration and temperature at the

plasma periphery (RFX-mod [2], ASDEX-Upgrade [3]), as
well as in experiments with observing filaments of edge

instability modes jcite4.

To estimate the error in averaging the measured concen-

tration and temperature, the problem of modeling polychro-

mator images was solved for preset electron temperature

and plasma density distributions, which made it possible

to significantly improve interpretation of the diagnostic

measurements. The goal of this work was to describe this

model and analyze the main results of image simulation

via it.

Intensities of the neutral helium lines for singlet

and triplet transitions (668 nm (1s3d(1D)−1s2p(1P0)),
728 nm (1s3s(1S)−1s2p(1P0)) and 706 nm (1s3s(3S)−
− 1s2p(3P0))) differently depend on both the electron

temperature and concentration; this allows determining the

background plasma parameters from the experimentally

measured line intensity ratios (in our case I668 nm/I728 nm,
I728 nm/I706 nm) by using calculations via the collision-

radiative model (CRM) [3]. Different CRM modifications

are able to take into account different numbers of simulated

helium atom energy levels and either include in calculation

the dynamics of their population or consider only stationary

populations. The first experimental results obtained by the

neutral helium spectroscopic diagnostics at the Globus-M2

tokamak were described in [1]. To determine spatial distri-

butions of the peripheral-plasma electron concentration and

temperature, the result of calculations via stationary CRM

from [5] was used, which enabled obtaining reasonable

distributions of the measured quantities.

The experiment layout is presented in Fig. 1. Emission

from the helium jet introduced by the injection system

through a capillary 0.5mm in diameter vertically along the

tokamak Zaxis from the point with coordinates R = 0.24m

and Z = −0.51m (the point of reference is in the center

of the facility) gets on the camera matrix of a four-

channel filter-lens imaging polychromator from the viewing

field through the focus of the lens located at coordinates

R = 1.10m and Z = 0.26m in the tokamak poloidal cross-

section shifted from the helium injection crosssection by

toroidal angle 1ϕ = 47.4◦ . The neutral helium cloud emits

predominantly in the PFR (Private Flux Region) region near

the lower X point. Emission is received from the region of

the facility equatorial plane at the angle of 40◦ to it. The

distance between the objective lens and injection system

capillary is 1.2m. The experimental design is described in

more detail in [1].
To calculate the image of the helium emitting cloud

measured in the experiment by the optical system camera,

40× 40 lines of sight were laid from the polychromator lens

focal plane, in which helium radiation integrated along the

line of sight was calculated:

I ∝
∫

ε(l)dl. (1)

Here I is the radiation integrated along the line of sight,

ε is the local helium emissivity, l is the integration variable
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Figure 1. Arrangement of diagnostic elements for the tokamak

Globus-M2 peripheral plasma with the neutral helium injection.

(distance along the line of sight). The geometric factor

accounting for variations in the angular size of the radiation

source that generates the signal in the camera detector was

estimated in [6]. It was shown that, because of a large

distance between the radiation source and lens (compared to

the lens focal length), the geometric factor may be ignored.

Helium radiation is governed by the energy level popu-

lations to be calculated, in the general case, according to

the complete CRM involving all the essential elementary

processes, which is a rather difficult task. In this study,

helium radiation was calculated according to a simple

coronal model:

ε ∼ n ∼ nHene〈σv〉. (2)

Here n is the helium level population, nHe is the neutral

helium concentration, ne is the electron concentration,

〈σv〉 is the effective rate coefficient of the helium atom

excitation from the ground state to the upper level of the

relevant emission line.

Distributions of the electron concentration and tempera-

ture in the jet light-emission region were obtained for this

calculation by modeling with the SOLPS-ITER code [7] for
a discharge similar in parameters to discharge #40269 of

the Globus-M2 tokamak where the helium cloud emissions

were measured experimentally.

The injectedjet neutral helium concentration distribution

versus the opening angle and distance from the capillary

was calculated in the approximation of free gas expansion in

the collision-free mode under the assumption of a stationary

spherical source given in monograph [8]:

nHe(θ, r) = n0 cos
2

(

πθ

c

)

(r0
r

)2
(

1− 1

2S0

)

. (3)

Angular dependence relative to the injection axis was taken

from the same literature source for the case of gas flow

in vacuum through a circular hole; it was confirmed by

independent calculations for the same conditions and by

experimental results (Fig. 2). In formula (3), θ is the

angle between the injection axis and radiusvector from the

capillary, r is the distance from the capillary outlet, n0 is

the helium concentration at the capillary outlet, r0 is the

capillary radius (0.5mm), S0 = mHeu2
0/2πkT0, u0, T0 are

the gas velocity and temperature at the capillary outlet,

c = 2.73 is the coefficient determining the effective helium-

jet full opening angle 2θHe = c introduced in [8 ]. The

expansion speed is vHe ≈ 1 · 103 m/s which is equal to the

sound speed in helium under normal conditions.

To assess the interaction between the jet and tokamak

high-temperature plasma, the processes of charge exchange

σcx [9] and ionization through the electron 〈σeve〉 [10] and
ion σi [11] channels were taken into account. According

to [12], the equation was solved (see below), which

accounts for the abovelisted elementary processes in the

distribution of neutral helium flowing at constant speed

vHe from the capillary along its motion trajectory (axis x)
according to (3). The model assumes that the neutral

helium trajectories are straight-line and start at the point

corresponding to the capillary end. The helium outflow

space is divided into N = 50× 50 = 2500 elements of solid

angle �i , and each element is related to a single straight-line

trajectory. Along these trajectories, the following equation

is solved for flow function Fi(x) = n(x)Si(x) = n(x)x2�i :

dFi(x)

dx
= −ne(x)

(

σi + σex +
〈σeve〉
vHe

)

Fi(x)

+
d[nHe(x)x2�i ]

dx
. (4)

Fig. 2, a presents an experimentally obtained image of

the #40269 discharge jet in the 706 nm spectral line

corresponding to transition 1s3s(3S)−1s2p(3P0); the image

may be compared with the result of simulation via the

abovedescribed model, which is presented in Fig. 2, b.

Dimensions of the calculated helium emitting cloud are

in good agreement with the experimental results; however,

there are some discrepancies in the transverse (along R)
distribution of the jet glow and in the position of the

emission intensity maximum.

Using the concentration and temperature distributions

from the SOLPS-ITER code, which more accurately de-

termine the discharge #40269 magnetic configuration, and
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Figure 2. Comparison of experimentally measured helium radiation (a) with that obtained by modeling (b) in discharge #40269 (171ms).

dynamic CRM which will be soon developed, it is possible

to significantly improve the agreement with experimental

data under the Globus-M2 tokamak conditions. Neverthe-

less, the agreement between the calculations of the helium

cloud emission intensity distribution and experimental data

may be regarded as satisfactory.

In addition, the effect of averaging the emission intensity

along the line of sight on the measurements was assessed.

Cross sections for transitions from the ground state in which,

according to the calculation conditions, the injected jet is

located, to the upper transition levels (728 and 706 nm)
were taken from the ADAS database [13]. After that, signal
ratio I728 nm/I706 nm was calculated. Electron temperature Te

may be restored from the obtained ratio distribution using

the known dependence of ratios 〈σv728 nm〉/〈σv706 nm〉 for

effective excitation cross sections on Te .

As per (3), full opening angle 2θHe of the helium jet

is 130◦ . Calculations were performed at four different

opening angles: 12, 18, 24, 130◦ . In calculations based

on the simulated images, plasma parameter profiles were

reconstructed with SOLPS-ITER included in the model for

calculating the distribution of the neutral helium radiation.

Fig. 3 presents the electron temperature along the helium in-

jection axis TeSOLPS calculated using the SOLPS-ITER code,

and electron temperature Te restored from the simulated

images. No data on the excitation cross section are available

for temperatures below 5 eV. The figure shows that, in case

2θHe = 130◦, the temperature profile reconstructed based

on calculations within the framework of the model used

in this work appears to be significantly distorted. Relative

error of temperature restoration was less than 5% at opening

angle 2θHe = 12◦, about 20% at 2θHe = 18◦, and more

than 50% at 2θHe = 24◦ . Note that the experimentally
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Figure 3. Comparison of the calculated TeSOLPS and reconstructed

Te temperature profiles along the injection axis for different helium-

jet full opening angles 2θHe .

measured jet opening angle (Fig. 2, a) is about 90◦, which

also prevents reliable reconstruction of the plasma parameter

profiles.

The results obtained demonstrate the necessity to reduce

the injected helium jet opening angle to 10−15◦ . For

engineering implementation of such a jet geometry, a

source designed based on a Laval nozzle with high Mach

numbers at the nozzle exit may be considered. In this

case, the opening angle will be determined by ratio

2θHe ∼ 2√
γ(γ−1)M2

[14], where γ is the adiabatic index

(5/3 for a monatomic gas), and will meet the requirement

for low averaging errors (10−15◦). It is also possible to
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restrict the helium jet opening angle by using a set of

diaphragms as in the helium source for similar diagnostics

at the TEXTOR tokamak [15].

Thus, a simple model has been developed for calculating

synthetic images of neutral helium cloud emission recorded

by spectroscopic diagnostics of the tokamak Globus-M2

peripheral distributions of electron temperature and concen-

tration. Geometric dimensions of the emitting helium cloud

obtained as a result of image modeling are in good agree-

ment with experimental results; however, the calculated jet

penetration depth is 2−3 cm greater than the experimental

values. The necessity of reducing the injected jet opening

angle to 10−15◦, so as to make the relative measurement

error not exceeding 10−20%, has been demonstrated. The

available design of the gas puff system can give, jointly

with the current diagnostic geometry, the measurement-

area temperature values overestimated by 2−3 times. It

is proposed to use for engineering implementation of such a

helium jet source a Laval nozzle with a set of diaphragms.
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