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ABSTRACT: 

The upgrade of the high field side (HFS) edge charge exchange recombination spectroscopy 

(CXRS) system of ASDEX Upgrade is presented. This diagnostic provides temperature, rotation 

and radiance measurements of impurity species by taking advantage of the gas puff based 

CXRS technique (GP-CXRS). The system is formed by a fast piezoelectric valve, that injects 

thermal neutrals into the plasma, and two optical heads. The localized gas injection together 

with properly aligned lines of sights (LOS) lead to a high spatial resolution of 5-19 mm. Fast 

gas puff modulation allows a precise subtraction of the passive part of the signal. The existing 

poloidal optical head has been replaced with a new one to increase the radial resolution. The 

number of lines of sight (LOS) of the poloidal optical head has been increased from 8 to 16 

covering around 7 cm of the plasma edge at the HFS. The same radial range is also viewed by a 

toroidal optical head. The neutral deposition, needed to calculate the impurity density profile, 

has been modelled using the FIDASIM code. A realistic gas puff geometry has been 

implemented in the code. The first measurements of impurity temperature, rotation and radiance 

utilizing the upgraded diagnostic are presented. 

KEYWORDS: Nuclear instruments and methods for hot plasma diagnostics; Plasma diagnostics - 

charged-particle spectroscopy. 
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1. Introduction 

The most common technique to measure impurity properties in magnetically confined 

fusion devices is charge exchange recombination spectroscopy (CXRS) [1]. This technique 

exploits the light emitted due to charge exchange reactions between neutral particles, that are 

injected via a neutral beam or a gas puff, and ionized plasma impurities: 

𝐴𝑍+ + 𝐷 → 𝐴(𝑍−1)+∗ + 𝐷+ → 𝐴(𝑍−1)+ + 𝒉𝝂 + 𝐷+ 

After the reaction, the excited impurity atoms decay and emit photons that are collected by the 

optics of the diagnostic. The spectrum of the emitted light yields information on the observed 

species. The temperature and rotation are related to the Doppler width and shift, respectively, 

while the impurity density is related to the intensity of the signal.  

 Usually, the edge CXRS measurements are taken at the low field side (LFS) for technical 

simplicity, but several studies have shown that there are poloidal impurity asymmetries between 

the LFS and the high field side (HFS) [2, 3, 4]. At the HFS of a tokamak, the gas puff based 

CXRS (GP-CXRS) is the most common alternative to the neutral beam injection (NBI) based 

CXRS. Instead of injecting high energy neutrals, the GP-CXRS injects thermal neutrals and 

provides a localization at the edge of the plasma [5]. Other advantages of the GP-CXRS are the 

low cost and maintenance needed. 

2. The high field side charge exchange recombination spectroscopy system 

Earlier studies have shown differences in plasma profiles when comparing HFS and LFS 

measurements [2, 3, 4]. In order to study these differences in further detail, the HFS CXRS 

system of ASDEX Upgrade has been upgraded. The main goals of the upgrade are to provide a 

detailed characterization of the neutrals with improved resolution and a better background 

characterization. The upgraded system is formed by a new fast valve, a new poloidal optical 

head and a toroidal optical head. A scheme of the diagnostic set up is shown in figure 1(a). In 

the following, the different parts of the diagnostic are presented. 
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2.1 Fast in-vessel valve 

The fast in-vessel piezoelectric valve based on the design presented in [6] locally injects 

thermal gas in the plasma in order to produce charge exchange reactions. The valve is located 

inside a box that is used as a gas reservoir (gas box). The gas box is placed in the HFS of 

ASDEX Upgrade, behind the first wall. 

2.1.1 Design 

 The new valve is based on a piezoelectric actuator which amplifies the voltage controlled 

piezo movement by a spring. Figures 1(b) and 1(c) show a picture of the piezo element and a 

CAD drawing of the gas box. Due to the actuator geometry, the horizontal movement of the 

piezo is transformed into a vertical displacement. The piezo used is a PX500 [7] and it has a 

total stroke of 500 μm and a voltage range of -20 V to 130 V. The valve is normally closed, in 

which a voltage increase leads to an elevation of the sealing plate so that gas can flow through 

the capillary into the plasma. Figure 2 shows pictures of the valve in open and closed position. 

During real experiments, the opening and closing of the valve is controlled by voltage pulses, 

the shortest pulse length allowed being 10 ms. The opening and closing time of the valve is 2 

ms approximately. 

 
 

Figure 1. Overview of the HFS CXRS system (magenta line corresponds to the separatrix) (a), picture of 

the piezoelectric actuator (b) and sketch of the main parts of the gas box (c). 

 

 

Figure 2. Valve opened (left) and closed (right). 

2.1.2 Flowrate calibration 

The neutrals flowrate can be set by adjusting the pressure inside the gas box. In order to 

know accurately the relation between the pressure in the gas box and the real flowrate, several 

calibrations have been performed for different gases in a test vacuum chamber. The calibration 

procedure is summarized in the following: 
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1. A certain pressure 𝑝gas box is set inside the gas box. 

2. The valve is opened for a certain time Δ𝑡. 

3. The pressure increase Δ𝑝baratron is measured in the vacuum chamber by a 

baratron. 

4. The ideal gas law is used for calculating the real flowrate: 

�̇�gas box =
Δ𝑝baratron𝑉

Δ𝑡 𝑘B𝑇
 

with 𝑉 and 𝑇 being the volume and the temperature of the vacuum chamber respectively, and 

𝑘B the Boltzmann constant. This procedure is repeated for different values of 𝑝gas box and 

different gases. The calibration curves are shown in figure 3. For deuterium, the calibration was 

obtained only up to 300 mbar because of limitations in the pumping system of the vacuum 

chamber. This limitation comes from the flowrate of deuterium that the pumps of the vacuum 

chamber can absorb.  For higher pressures, a linear extrapolation is performed. Measurements of 

the deuterium flowrate in the vessel of ASDEX Upgrade show good agreement with the 

extrapolation in the calibration. In this case, a manometer was used to measure the increment of 

pressure due to the opening of the valve. Knowing the volume of the vessel, the flowrate can be 

estimated.  For helium, an oscillating behaviour is observed at pressures higher than 4200 mbar 

while for nitrogen and argon, a plateau is observed at around 1500 mbar. These deviations from 

the linear dependence are still being investigated. 

 

Figure 3. Calibration curves for different gases. 

2.2 Diagnostic optics 

The light emitted after the CX reactions between the injected neutrals and the impurities of 

the plasma is collected by the optical heads. The HFS CXRS diagnostic has two optical heads: 

one poloidally oriented and another one toroidally oriented. During this work, the poloidal 

optical head has been upgraded increasing the number of lines of sight (LOS) from 8 to 16, 

covering around 7 cm of the plasma edge. This upgrade has increased the resolution of the 

poloidal optical head to 5-19 mm depending on the line of sight. The toroidal optical head is 

covering the same range with a resolution of 10 mm. Both optical heads are connected to a 

spectrometer by optical fibres with a diameter of 400 µm. The f number of the lenses are 3.6 for 

the poloidal head and 3.7 for the toroidal head, while the focal length are 40 mm and 100 mm 

respectively. The optical heads were aligned to the injection point of the gas box using a 3D 

measurement device [8]. For this alignment, the optical fibres were backwards illuminated so 

that the geometry of the LOS was visible inside the torus. Figure 4 shows a top view of the 

poloidal optical head showing the possible movement for the alignment, α being the maximum 

angle that can be set. The mirror that transfers the light to the optical fibres can also be moved to 
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improve the alignment. Two contributions have been considered for the calculation of the 

resolution: the LOS spot size at the injection point and the radial width of the gas cloud crossed 

by the LOS. After the alignment, an intensity calibration was performed using a standardized 

light source with a known spectral radiance. This calibration includes the in-vessel optics and 

the spectrometer. The spectrometer used for calibrating and operating the system has 24 

channels, an exposure time of 2.2 ms, a grating of 2400 lines/mm and a wavelength resolution 

of 0.02 nm. A wavelength calibration is performed after each discharge by means of a neon 

lamp. 

 

Figure 4. Drawings of the poloidal optical head showing the movement available for alignment. α is the 

maximun angle available for the alignment. 

3. First measurements 

The first measurements using the new diagnostic were obtained during an H-mode 

discharge with the following parameters: toroidal magnetic field of 2.5 T, plasma current of       

1 MA, ELM (Edge Localized Modes) frequency of 80 Hz, NBI power of 5 MW and ECRH 

(Electron Cyclotron Resonance Heating) power of 3.5 MW. The plasma was moved toward the 

HFS during one second in order to have more lines of sight inside the plasma, as the HFS CXRS 

system is measuring at the very edge of the plasma. The gas box was filled with deuterium at 

1.2 bar, that corresponds to a flowrate of 5.16 · 1020 part/s. The valve was opened during 16 

pulses of 20 ms when the plasma was close to the inner wall. The spectrometer was set to 

measure the N7+ line (n = 9 → 8) at 566.937 nm. Figure 5 shows examples of active (valve 

open) and passive (valve closed) frames and the resulting frame after the background 

subtraction. The measured spectra are represented with black colour while the fit to the different 

lines are represented in red and blue. The total fit (magenta line) is the sum of the red gaussian, 

the blue gaussian and a baseline fit, which is an offset adjusted to the residual background. Note 

that the N2+ line is mostly passive, as it has almost the same intensity in the active and the 

passive frames. The overlap of the two lines shows the importance of characterizing the 

background properly. The temperature and rotation velocity can be derived from the Doppler 

width and shift of the signal, respectively. 
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Figure 5. Active (a), passive (b) and background subtracted (c) spectra of the measured nitrogen lines. 

The background subtracted frame is the active frame minus the passive frame. Note the different scales. 

Δλ corresponds to the Doppler shift of the signal. 

The temperature, rotation and radiance profiles are shown in figure 6. In the temperature 

plot, measurements of the LFS systems are also included for comparison. For these plots, the 

radial profile alignment technique is performed, being 3 mm the shift applied in both LFS and 

HFS systems. These shifts are applied to align impurity temperature with electron temperature 

and with separatrix position. The temperature profiles in the LFS and HFS match well, in 

agreement with previous observations [9]. The poloidal and toroidal impurity rotation in the 

HFS present different shapes, according to [2, 3]. Note that time points affected by edge 

localized modes (ELMs) are removed from the analysis. Atomic physics effects might produce 

small deviations in the temperature and rotation measurements [10]. The calculation of the 

charge exchange cross-section effect for gas puff CXRS has been shown to be small with 

corrections of ≤ 15% [5]. In the case of the gyro-motion effect [11, 12], the corrections have 

been calculated for realistic values of the lifetime (0.5-2.0 ns) for the geometry of the HFS gas 

puff CXRS system. The corrections are ≤ 25% and are thus, not included in the standard 

analysis. 

 

Figure 6. First experimental profiles obtained with the upgraded HFS CXRS system. Grey points on the 

temperature plot correspond to LFS CXRS systems. The  dashed line corresponds to the separatrix. 

4. Gas puff modelling using FIDASIM 

Simulations of the gas puff neutral density distribution are key to determine the impurity 

density. During this work, FIDASIM [13, 14] code has been used to model the HFS gas puff. 

FIDASIM is a 3D code that models density and spectra of the NBI, halo and FIDA (fast ion Dα) 

neutrals. FIDA neutrals are neutralized fast ions. For studying gas puff neutrals, a new model 

has been implemented in the code. This model launches neutrals from the HFS with thermal 
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energy and a certain geometry distribution. The geometry distribution consists in a cone around 

the injection direction with an opening angle of 20°. This geometry was observed during a glow 

discharge in the vacuum chamber. In order to simplify the calculations, D atoms are considered 

instead of D2 molecules. This simplification has been done to test the model. A more realistic 

model should include molecular effects. After launching the neutrals, FIDASIM calculates the 

distribution of the first generation of neutrals and the distribution of halo neutrals. Halo neutrals 

are created when a gas puff neutral donates its electron to the thermal plasma (typically 

deuterium, instead of to an impurity). The halo produces a cloud of neutrals around the gas puff. 

FIDASIM gives also the distribution of neutrals in the different excited states. Note that neutrals 

in the first excited state (n=2) give the main contribution in the CXRS signal [5]. Figure 7 

shows a poloidal and a top view of the first generation of gas puff neutrals. These plots are 

obtained for the same shot as the experimental data shown in this paper. The black line shown 

in figure 7(a) and 7(b) corresponds to the separatrix. These simulations will make possible the 

calculation of the impurity density profile. 

 

Figure 7. Poloidal and top view of the distribution of first generation of gas puff neutrals obtained with 

FIDASIM. 

5. Conclusions 

The HFS edge CXRS diagnostic at ASDEX Upgrade has been upgraded with a new fast valve 

and a new poloidal optical head. The system has been successfully commissioned and now 

provides impurity temperature, rotation and radiance profiles with high accuracy (up to 5 mm). 

The temperature profile obtained with the upgraded system agrees with measurements from the 

LFS CXRS systems. A gas puff model has been included in the FIDASIM code to simulate the 

neutral distribution at the HFS. The high spatial and temporal resolution and the detailed 

characterization of the flowrate of the upgraded system are the key elements for studying 

poloidal impurity asymmetries in detail.  
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