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Ion temperature, rotation, and density are key parameters to evaluate the performance of present and future fusion
reactors. These parameters are critical for understanding ion heat, momentum, and particle transport, making it manda-
tory to properly diagnose them. A common technique to measure these properties is Charge eXchange Recombination
Spectroscopy (CXRS). For characterizing positive and negative triangularity plasmas at the SMall Aspect Ratio Toka-
mak (SMART), a poloidal array of gas puff based CXRS diagnostics will be measuring the ion properties in different
poloidal positions. In this work, the modelling of the expected signal and spatial coverage using the FIDASIM code is
presented. Furthermore, the design and characterization of the Low Field Side (LFS) midplane CXRS diagnostic are
described. Each diagnostic is composed of a gas injection system, an optical system that collects the light emitted by the
plasma, and a spectrometer. These systems will provide ion temperature, rotation, and density with a radial resolution

of 3.75 mm and a temporal resolution of 2.2 ms.
I. INTRODUCTION

The triple product of density, temperature, and energy con-
finement time is an indication of the fusion performance of
a confined plasma, making it indispensable to properly char-
acterize these parameters. There are several ways to mea-
sure the electron temperature and density. However, there
are fewer techniques to measure the ion properties. One of
the most common techniques for measuring ion properties
is Charge eXchange Recombination Spectroscopy (CXRS)'.
This technique extracts the ion temperature, rotation, and den-
sity from the light emitted after the charge transfer between in-
jected neutrals and ionized ions from the plasma. Therefore,
CXRS requires a source of neutrals to induce light emission.
Charge eXchange (CX) reactions commonly occur due to
background neutrals coming from the Scrape of Layer (SOL)
region. However, the light emission due to these reactions is
not well localized and it is complicated to assign a spatial lo-
cation to it. The CXRS technique needs a localized source
of neutrals that will allow us to determine the location of the
emission and, hence, of the measurement. Three options are
normally used: a neutral beam injection system (NBI), a diag-
nostic neutral beam (DNB), or a gas puff (GP). NBI systems
are used to heat the plasma, but CXRS diagnostics can take ad-
vantage of the high energy neutrals injected by such a system
to produce the CX reactions. DNB systems are similar to NBI
systems, but operate at lower power, reducing their impact on
the plasma. GP systems inject low energetic neutrals that pen-
etrate less into the plasma compared to NBI and DNB. CXRS
diagnostics based on GP (GP-CXRS) have some interesting
advantagesz. First, it is easier to install them around the vessel
wall due to their reduced size. Second, they are much cheaper
than NBI and DNB. Third, the measurements provided at the
edge are more accurate because of the higher neutral density
produced by GP-CXRS in this region and the more localized

emission. The main drawbacks of GP-CXRS are the limited
penetration of the injected neutrals and the large molecular
emission if molecules are injected. However, these molecular
emissions can be removed by advanced fitting processes>.

In the confined region of tokamak plasmas, main ion and
electron pressures are expected to be, to a large degree,
constant on a flux surface*. However, poloidal asymme-
tries in the impurity rotation and density have been found
at the plasma edge in different tokamaks, such as ASDEX
Upgrade®>® and Alcator C-Mod”8. In order to character-
ize these poloidal asymmetries, CXRS diagnostics measuring
in different poloidal locations are needed. Efforts have been
made in ASDEX Upgrade® and Alcator C-Mod? to install
CXRS diagnostics at the HFS region. However, diagnostics in
more poloidal positions are desirable to obtain a complete pic-
ture of the ion properties along a complete flux surface!?. All
previous studies on the poloidal dependence of the ion prop-
erties were performed in positive triangularity (PT) plasmas,
which means a plasma geometry similar to a "D". However,
it would be interesting to study this for negative triangularity
(NT) plasmas as well. NT plasmas are characterized by an in-
verse "D" geometry and show important advantages compared
to PT plasmas. These plasmas show high performance with
the absence of Edge Localized Modes (ELMs)' "2, which are
cyclic instabilities that expel particles towards the wall that
can damage the reactor. Furthermore, Low Field Side (LFS)
profiles in NT show differences when compared to PT plas-
mas as there is no pedestal in the edge region. These special
characteristics of NT plasmas and the poloidal dependence of
the ion properties observed in PT plasmas motivate the devel-
opment of a poloidal array of CXRS systems for the SMall
Aspect Ratio Tokamak (SMART).

SMART!3-15 is a spherical tokamak (ST) that is being com-
missioned at the University of Seville that aims to compare the
performance of PT and NT plasmas at low aspect ratio (ratio



between major and minor radius). STs'®"!® show high per-

formance and are more compact than conventional tokamaks,
which might reduce the cost of a possible future fusion power
plant based on this concept. The combination of ST operating
in NT might be a game changer for future fusion power plants
and SMART aims to address it.

This paper is structured as follows: section II discusses the
modelling performed using the FIDASIM code to estimate the
expected signal of these diagnostics. Section III shows the
design and characterization of the first diagnostic of the full
poloidal array of GP-CXRS systems at SMART. A summary
and an outlook are given in section IV.

Il. SYNTHETIC SIGNAL CALCULATION USING FIDASIM

To provide measurements at different points along the
poloidal direction, six GP-CXRS diagnostics have been
planned for the SMART tokamak. These six systems will be
split between LFS and HFS. The first step in the design of
such a suite of diagnostics is a feasibility study. In this work,
the GP module? of the FIDASIM code'®?° has been used to
calculate the neutral density produced by these GP systems.
FIDASIM launches Monte Carlo (MC) markers following an
initial distribution that simulates the observed gas cloud shape
in laboratory experiments at ASDEX Upgrade®. These MC
markers travel around the edge of the plasma and can produce
CX reactions with the main ions of the plasma, producing an-
other generation of neutrals. Note that in the cases consid-
ered here, the species of the injected neutrals coincide with
the main ion species. These new neutrals can suffer again
CX with other main ions, producing successive generations
of neutrals. These are the so-called halo neutrals. Figure 1
shows the first generation of neutrals produced by the GP-
CXRS suite at SMART simulated with FIDASIM. Note that
this generation of neutrals does not penetrate much due to its
low energy. Halo neutrals penetrate deeper into the plasma
and are the main responsible for CX emission in the confined
region®.

The measured radiance depends on the neutral density but
also on the density of the measured species. Specifically, the
expected radiance can be calculated as follows:

h
Lovan =32 L [ moa(s)na(s)(Guaavders(s)ds - (1)

where hv is the energy of the photons, np ,(s) is the total neu-
tral density of the main ion species (hydrogen in this case) at
each point s along the line of sight (LOS), ng(s) is the den-
sity of the measured species, (G, ¢ 2V})ess(s) is the CX emis-
sion rate, and the sub-index 7 represents the principal quan-
tum number. In SMART, carbon is expected to be the main
impurity in plasma. Considering a case where a flow rate of
5-10° part/s, which is similar to the values used at ASDEX
Upgrade, is injected at the LFS midplane and a value of the
effective charge of Z,rr = 3.0, the previous equation can be
solved providing the carbon radiance profile shown in figure
2. This radiance corresponds to the C®%(n = 8 — 7) line at
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FIG. 1. Density of the first generation of neutrals produced by the
poloidal array of GP-CXRS calculated with FIDASIM.

529.059 nm. The horizontal line at 10'® ph/(sr-m?-s) repre-
sents an empirical signal threshold obtained from experience
at ASDEX Upgrade. It can be seen that the signal stays above
this threshold in the range 0.6 S p,o; < 1.0, which means that
measurements of carbon temperature, rotation, and density
would be possible in this region. If Z,rs = 2.0 is considered,
this radial range is reduced to 0.7 < p,e S 1.0. Other species
such as hydrogen (main ion), helium, and nitrogen together
with other carbon lines will be explored.

I1l. DESIGN AND CHARACTERIZATION OF THE LFS
MIDPLANE CXRS DIAGNOSTIC

The installation of the GP-CXRS suite at SMART will be
done in several steps. The first diagnostic that will be installed
is the one at the LFS midplane. This diagnostic will confirm
the calculations shown in the previous section and will allow
us to identify challenges and possible improvements.

A sketch of the gas injection system is shown in figure 3,
which is a simplification of the system shown in?! and also
used in’. Two bottles with different gases will be available to
supply the system. The pressure reducers PR1 and PR2 to-
gether with the valves V1 and V2 will allow us to safely open
the gas bottles. A commercial pressure controller PC (model
MKS GPCA) will be in charge of setting the requested pres-
sure in the system. This pressure is measured with the pres-
sure sensor PS. A reservoir RE is filled with gas which will
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FIG. 2. Radiance of the C%F (n = 8 — 7) line expected for the LFS
midplane GP-CXRS system. The symbols correspond to the radi-
ance at the measurement positions of the LOS. The red dashed line
represents the minimum empirical radiance level required to extract
temperature, rotation and density measurements.
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FIG. 3. Sketch of the gas control system of the GP-CXRS diagnos-
tics. He and H, bottles are shown, but other gases could also be used.

ensure a constant pressure during a plasma discharge due to its
large volume (1 L approx.). Note that the valve V3 is closed
during operation. Finally, a fast piezoelectric valve PV (model
Key PEV-1) controls the gas injection to the plasma with a re-
sponse time of 2 ms. This valve enables fast switching of the
valve, allowing us to remove the background emission from
the active source of light. The valve V4 is activated when
pumping is needed.

As commented in the previous section, the gas flows to-
wards the plasma and light is emitted due to CX reactions.
The first GP-CXRS system at SMART collects the light emit-
ted at the LFS midplane using 25 toroidally oriented lines of
sight (LOS). Figure 4 shows a sketch of a top view of the sys-
tem. Note that only 5 LOS are shown for clarity, and the GP
is shown as a green cone. Figure 4 also shows how the optical
components are attached to the vacuum chamber of SMART.
The main limitation in terms of radial resolution is given by
the LOS spot size at the measurement position, which is =~
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FIG. 4. Top and external view of the optical components of the LFS
midplane GP-CXRS system. Five evenly spaced LOS are shown in
the top view together with a green triangle simulating the gas cloud
shape.

3.75 mm. These 25 LOS are evenly spaced, covering 0.235 m
of the plasma radius at the midplane. By default, the covered
radial range goes from R = 0.515 - 0.750 m, but small varia-
tions are allowed by adjusting the folding mirror. This folding
mirror deflects the emitted light towards a vacuum window. A
detailed sketch of the out-vessel optical components is shown
in figure 5. After exiting the vacuum window, the light is fo-
cused by a commercial camera objective (model Canon RF
85mm F2 MACRO IS STM) with a focal length of 85 mm.
After the camera objective, another lens is placed to correct
for telecentricity. This telecentric lens is tilted 0.64° and de-
centered with respect to the optical axis by 1.25 mm to op-
timize the correction. This lens ensures sharp images of the
gas cloud emission for all LOS. After the telecentric lens, the
400 um diameter optical fibers are held by a slit. The optical
fibers then travel towards an intermediate connection panel.
This panel is also connected to the spectrometer by another
fiber bundle. This intermediate panel allows us to modify the
connection between the fibers that go to the tokamak vessel
and to the spectrometer.

The light transmitted by the fibers finally enters a Czerny-
Turner spectrometer. The light is collimated after passing
through the entrance slit (60 um) and then dispersed by a 2400
grooves/mm grating and focused onto a charge-coupled de-
vice (CCD) camera (model Teledyne Princeton Instruments
ProEM-HS:1024XB). This camera has 1024x1024 13 um
width pixels. The central wavelength on the chip can be
changed by moving the grating through a motor. This en-
ables measurements of different impurities such as nitrogen
(566.937 nm, n =9 — 8), boron (494.467 nm, n =7 — 6), he-
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FIG. 5. Sketch showing the details of the optical components of the
LFS midplane GP-CXRS system. A picture of the fiber bundle is
also shown. These fibers are connected to another fiber bundle that
brings the light to the spectrometer.

lium (468.571 nm, n =4 — 3) or neon (524.897 nm,n =11 —
10). The lenses used in this spectrometer are made of fused
silica, which produces high chromatic aberration. The chro-
matic aberration is a type of optical distortion that is produced
by the dependence of the refractive index on the wavelength of
the light. To counteract this effect, three additional motors are
installed: one in the entrance objective, one in the camera ob-
jective and another one in the camera itself. These additional
motors allow us to focus a specific wavelength onto the cam-
era. The spectrometer can handle up to 25 fibers that can be
imaged on the camera simultaneously every 2.2 ms. The chan-
nels are distributed along the y axis of the camera chip while
the x axis corresponds to the wavelength. At a central wave-
length of 567 nm, the covered spectral range is ~ 15 nm with
a dispersion dA /dpix of 0.017 nm/pix. Figure 6 shows a pic-
ture of the described spectrometer. Once the spectra have been
recorded, fitting techniques together with background subtrac-
tion are performed to obtain the temperature and rotation of
the measured species. A shot-to-shot wavelength calibration
is performed to improve the rotation measurements. For the
evaluation of the density, the measured radiance together with
the modelled neutral density (as shown in section II) are re-
quired. An integrating sphere (model Gigahertz-Optik ISS-
17-VA-VO01) is used to perform the absolute intensity calibra-
tion of the full system.
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FIG. 6. Picture of the spectrometer that will be used in the LFS
midplane GP-CXRS system. In real operation, the spectrometer will
be covered so that external light does not enter in the system.

IV. SUMMARY AND OUTLOOK

The poloidal array of GP-CXRS of the SMART tokamak
is introduced. These diagnostics will provide radial profiles
of the temperature, rotation, and density of the measured ion
species in different poloidal locations. In order to estimate
the expected signal of these diagnostics, the neutral density
produced by the GP was simulated using the FIDASIM code.
For the C%" (n = 8 — 7) emission line, the expected radiance
is high enough to extract measurements from approximately
mid-radius to the separatrix. This range might change depend-
ing on the measured species. This will also change depending
on the Z,¢r and the plasma density and temperature profiles.
The design of the first GP-CXRS diagnostic, which will be
measuring at the LFS midplane, is described. It is composed
by a gas injection system, the optical system, and a spectrom-
eter. The gas injection allows us to separate between active
light and background light by means of a fast piezoelectric
valve. The optical system is composed by a folding mirror,
a camera objective, a telecentric lens, and a fiber bundle. It
transmits the light from the tokamak vessel towards the spec-
trometer. The radial resolution is given by the LOS spot size
at the measurement position, which is ~ 3.75 mm. Finally,
the light is analyzed by means of a spectrometer. This spec-
trometer can handle up to 25 fibers with a time resolution of
2.2 ms and a wavelength resolution of 0.017 nm/pix. Four
motors allow us to change and focus the central wavelength
of the spectrometer. After subtracting the background emis-
sion, the measured spectra are fitted, and the temperature and
rotation of the measured species are extracted. Density can be
extracted from the measured radiance and the modelled neu-
tral density.
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