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An edge fast-ion D-alpha (FIDA) system consisting of lines of sight optimised for edge measurements and a newly

designed prototype spectrometer has been installed at ASDEX Upgrade. The system allows for measurements of

the full deuterium Balmer alpha spectrum with either good radial coverage or exposure times below 200 µs. It uses

a bar, placed in front of the EM-CCD camera, to partially block the intense unshifted D-alpha light which permits

simultaneous measurements of the FIDA and unshifted D-alpha emission. Thus not only active FIDA radiation, present

during neutral beam injection (NBI) can be studied, but also detailed investigations of passive FIDA light are possible,

since the unshifted D-alpha emission contains information on the density of background neutrals. First measurements

show significant levels of active and passive FIDA radiation in discharges with large edge fast-ion populations from

off-axis NBI heating. In addition, a particularly strong response of the passive emission to edge localised modes is

observed, well explained by modifications of the edge-neutral density as well as the fast-ion density.

I. INTRODUCTION

Good confinement of fast ions is important for fusion de-

vices to ensure efficient plasma heating and current drive. In

particular, good confinement of fast-ions in the outer region of

the plasma is important since this region has the largest vol-

ume and thus, contains a significant amount of fast particles

that could, if lost not only degrade plasma performance but

also damage first wall components in case of localised losses1.

However, fast-ion diagnostics in fusion experiments are typ-

ically optimised for the plasma core. Such diagnostics in-

clude fast-ion loss detectors (FILD), collective Thomson scat-

tering, neutron emission spectroscopy, neutral particle analy-

sers and a fast-ion D-alpha spectroscopy (FIDA)2. Except for

FILD these diagnostics are optimised for core fast-ion mea-

surements and have limited sensitivity to the confined fast-ion

content in the edge region. However, FIDA spectroscopy has

the potential to be extended to the edge region without exten-

sive effort.

FIDA can be characterised as charge exchange recombina-

tion spectroscopy (CXRS) applied to investigate the distribu-

tion function of confined fast ions. The technique relies on

measuring the Doppler shifted Balmer alpha emission from

charge exchange (CX) reactions between fast hydrogenic ions

and donor neutrals3, with systems installed on multiple fu-

sion devices4–10. The large Doppler shift of the radiation of

neutralised energetic particles separates their emission from

other Balmer-alpha contributions such as the beam and halo

emission and makes the measurement of the typically weak

fast-ion emission possible. The measured spectral shape con-

tains information on the fast-ion distribution in pitch and en-

ergy and the intensity provides information on the density of

fast ions and neutrals. Here pitch is defined as the velocity

component of the fast ions parallel to the magnetic field over
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the speed of the fast ions, and it is defined positive in the co-

current direction. A quantitative interpretation of the mea-

sured spectra requires forward modelling11 or tomographic

reconstructions12.

Localised active FIDA measurements can be obtained

through the use of an NBI beam to provide a source of donor

neutrals. Additionally line integrated passive FIDA due to CX

of fast ions with background neutrals is present, especially

along the edge where the density of background neutrals is

highest.

On the DIII-D tokamak edge measurements have been re-

ported by Zeeland et al.13 while passive FIDA has been used

as a tool to investigate both the fast-ion and edge neutral den-

sities on MAST7,14, DIII-D15 and NSTX16. Significant pas-

sive FIDA during off-axis heating on ASDEX Upgrade has

been reported by Geiger et al.4 however on core lines of sight

(LOS).

Here, the installation of an edge-FIDA system at ASDEX

Upgrade is discussed. First the lines of sight geometry will

be described, followed by a detailed introduction to the spec-

trometer design. The calibration procedures will be discussed

and finally first measurements during experiments with edge

localised modes (ELM) are presented.

II. LINES OF SIGHT

The availability of in-vessel optics from an existing edge

CXRS system17,18 (see figure 1) has opened the possibility

to extend existing FIDA measurements to the plasma edge.

The optics define 22 toroidal lines of sight that cross a 60 kV,

2.5 MW heating beam (Q3) in the steep plasma gradient re-

gion. The lines of sight are tangential to the flux surfaces and

thereby offer high spatial resolution. The radial resolution of

FIDA measurements has been calculated using the FIDASIM

Monte Carlo code11,19, which includes that neutralised fast

ions might travel a considerable distance before emitting their

characteristic D-alpha radiation. In FIDASIM, kinetic pro-

files and a TRANSP20- predicted fast-ion distribution func-
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FIG. 1: Poloidal and top down view of the edge CXRS lines

of sight used to expand the existing ASDEX Upgrade FIDA

system.

tion have been considered from a representative experiment,

discussed in section VI. An exponential decay of the fast-ion

density with a radial decay length of 2 cm is assumed outside

the separatrix. Figure 2 shows the positions in the poloidal

plane where simulated fast ions have become neutralised, be-

fore travelling into the view of a given line of sight and con-

tributing to the radiation collected. Here, the simulation data

for the innermost and outermost LOS are given. The com-

bined NBI beam and halo neutral density is indicated by black

contour lines and the separatrix is provided in red. As can be

seen, the region from where information on fast-ions is ob-

tained is localised along the LOS with an extent of about 3 cm

in the radial direction. Figure 3 shows the positions binned

to the normalised poloidal flux coordinate, ρ , and fitted with

a Gaussian function. The average FWHM of the emission is

0.03 in terms of the normalised poloidal flux or 1.5 cm when

mapped in radius.
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FIG. 2: Poloidal view of active FIDA emission observed by

two edge LOS calculated by FIDASIM.

The fast-ion velocity-space sensitivity of the edge-FIDA
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FIG. 3: Active FIDA location calculated by FIDASIM

mapped and binned with respect to the normalised poloidal

flux coordinate. A Gaussian fit is used to describe the radial

width.

system is illustrated in figure 4 in terms of weight functions.

The weight functions have been calculated by FIDASIM and

display the possible locations in velocity space of the fast

ions which can emit detectable light for a given line of sight

and wavelength range. As can be seen, the toroidal LOS are

largely sensitive to co- or counter-rotating fast ions, for wave-

lengths with Doppler shifts well separated from the un-shifted

Balmer alpha radiation of D at 656.1 nm.

III. NEW EDGE FIDA SPECTROMETER DESIGN

A new and dedicated spectrometer has been developed for

edge-FIDA measurements being able to observe red and blue

shifted radiation simultaneously. In addition, the primary de-

sign criteria of the spectrometer was to be able to measure and

resolve the spectral shape and intensity of the FIDA and the

unshifted D-alpha emission.

Measuring the unshifted D-alpha emission is important as it

provides valuable information on the background neutral den-

sity along a LOS. In particular when studying passive FIDA

light this becomes essential. However, simultaneously mea-

suring both, the FIDA and unshifted D-alpha contributions is

challenging since their intensities can differ by several orders

of magnitude (see section VI). Thus, a spectrometer with high

dynamic range is required.

Moreover, high temporal (< 1kHz) and moderate spectral

resolution (<0.2 nm) are required. While high temporal reso-

lution is necessary to be able to resolve edge instabilities, the

spectral resolution is necessary to identify possible impurity

line emissions in the spectrum and to exclude them from the

analysis.

The new prototype spectrometer follows a high photon

throughput Czerny-Turner like design using lenses instead

of mirrors. A gold coated plane holographic grating with

1760 lines/mm mounted on a rotational stage (Newport
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FIG. 4: FIDA weight functions (in colour) calculated by

FIDASIM for an edge toroidal LOS. The wavelength range is

well separated from the beam emission. The grey contours

illustrate a fast-ion distribution as calculated by TRANSP for

an off axis NBI heated discharge discussed in section VI.

RVS80CC21) is used to allow fine adjustments or modifica-

tions of the central wavelength. Moreover, two Sigma EX

f/2.8 objective lenses with focal lengths of 300 mm are used.

The spectrometer opening angle (φ ) is 25◦as illustrated in fig-

ure 5. The figure illustrates the working principle of the de-

sign whereby light from a bundle of 400 µm fibres, stacked

vertically, enters the spectrometer through a slit. The light

reaching the first lens is collimated and directed onto the grat-

ing. The grating disperses the light according to wavelength in

the horizontal plane. The light reaching the second objective

lens is focused onto a (Princeton Instruments ProEM22) cam-

era with an electron multiplying charge-coupled device (EM-

CCD) chip. The light sensitive area of the EM-CCD chip is

1024×1024 pixels with a pixel size of 13 µm. The spectral

width of the spectrometer measuring at 656 nm is approxi-

mately 17 nm with an average dispersion of 0.017 nm/pixel.

The high quantum efficiency of the EM-CCD chip is ideal

for low light acquisition with a dynamic range of 16 bits. To

reduce thermal noise (dark charge), the chip is cooled to -55
◦C with a built in Peltier cooler. On chip multiplication (gain

of 20 typically selected) of the photo generated charge further

reduces the readout noise. This however reduces the effec-

tive dynamic range, which requires that the bright, unshifted

D-alpha light be strongly dimmed. Therefore a 2 mm wide

3D printed blocking-bar is positioned in front of the CCD

chip, as shown in figure 6. The purpose of the bar is to dim

but not completely block the incident light within a narrow

Top View
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camera lens

fibre bundle

φ
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light blocked by bar

FIG. 5: Edge FIDA spectrometer conceptual design.

wavelength range. The bar is placed directly in contact with

the protective glass of the camera, 8 mm in front of the chip.

The triangular cross-section of the bar provides a well defined

blocking plane at the back of the bar. The bar affects the spec-

trum in a 6 nm wide range as can be seen from the effective

transmission curve in figure 7. The blocking width can be in-

creased by moving the bar further from the chip, however this

also increases the transmission of the affected region. The

spectral shape of the measured spectra can be recovered by

applying the inverse of the transmission curve when apply-

ing the intensity calibration. The use of blocking wires using

an intermediate image is commonly applied in FIDA spec-

troscopy systems5,23,24, however the approach used here has

the advantage that a second correcting lens is not necessary,

which allows for better light throughput and better imaging

quality.

3D printed 
bar

Camera

Lens

FIG. 6: (Left) CAD drawing of the 3D printed bar designed

to obstruct light within a narrow wavelength band. (Right)

The bar is positioned directly in front of the CCD chip.

IV. CAMERA READOUT MODES

Two different readout options of the camera are used here.

First, the frame-transfer mode, typically applied by the suite

of CXRS systems25 at ASDEX Upgrade allows for contin-

uous imaging. The EM-CCD chip has an additional region

of 1024×1037 pixels that are covered and not illuminated, as

illustrated in figure 8. After an exposure the photo-electrons

(charge) are shifted row by row to this masked region, at a rate

of 0.7 µs per row. Once all of the charges have been shifted
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FIG. 7: Measured transmission curve due to the blocking bar.

The transmission in the central part is strongly reduced by

the 2 mm thick bar, placed in front of the CCD chip.

to this area the following exposure starts. During this time the

charge in the masked region is read out by the serial registers

and converted to digital signals at a rate of 20 MHz. To reduce

the read out time regions of interest (ROI) covering each im-

aged fibre are defined serving as the spectrometer channels.

During read out the charge of each channel is binned in the

vertical direction allowing for faster operation. The binning

of charge also increases the signal to noise ratio (SNR). The

size of the camera chip can accommodate up to 21 fibres with

the lowest readout time and thus exposure time of 3.1 ms. The

readout time is reduced to 2.5 ms when 10 fibres are used.

Second, the spectra-kinetics mode can be used, which al-

lows for significantly faster exposure times (down to the µs

range) at the cost of having only a single channel available ad-

jacent to the non-illuminated part of the chip. Spectra-kinetics

takes advantage of the fast transfer and binning of charge to

the covered part of the chip. After an exposure the charge col-

lected in the ROI is binned and shifted to this region where it

is stored in one of the 1037 rows. Thus, 1037 exposures can be

performed continuously without the slow readout of the data.

The frame rate is determined by the combined vertical shift

(tshi f t ) and programmed exposure (texp) time. The shift time is

determined by the size of the ROI which for 120 rows would

be 84 µs. Here, we use an exposure time of 200 µs, translat-

ing into a time-window of about ((texp + tshi f t)×1037 ≈) 300

ms, since the lowest useful exposure time is dictated by the

achievable SNR. The low photon integrated flux during the

fast acquisitions increases the significance of readout noise. It

should be noted that this noise source can be greatly reduced

by reading out not with 20 MHz but with only 10 MHz, at the

cost of a longer dead-time between bursts but with no effect on

time resolution within a burst. Furthermore it is important that

only the defined ROI is illuminated during the measurement,

since the charge collected in the pixels below the ROI can-

not be removed between exposures. Fibres imaged to regions

not covered by the ROI are therefore unplugged and covered

when the system is operated in the spectra-kinetics mode.
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FIG. 8: Diagram displaying the difference in configuration

between the standard multi-channel "frame transfer" mode

and the single channel "spectra-kinetics" mode.

V. CALIBRATION

FIDA spectroscopy relies on absolutely calibrated spec-

tra for a quantitative interpretation. The intensity calibra-

tion of the spectrometer is performed measuring the light pro-

duced by an integrating sphere (Labsphere, Model Unisource

120026). The sphere produces a spectrum with a well known

radiance. From the calibration the bar shadow is charac-

terised and the conversion factors from digital counts to pho-

ton counts, [ph / (s sr m2 nm)] is determined.

Correcting for camera effects such as the bias, smear and

gain by electron multiplication is necessary before the cali-

bration can be applied to the raw spectra. Several dark frames

measured immediately after each discharge are used to cor-

rect for the EM-CCD charge bias. A non-illuminated channel

is used to estimate the smearing in the multi-channel config-

uration. For spectra-kinetics a separate smear channel is not

possible instead the effective exposure time is calculated con-

sidering the additional time pixels remain exposed to light as

they are shifted. This additional exposure is equal to half the

width of the ROI multiplied by the shift time. The multipli-

cation of charge by use of the on chip EM register has been

characterised. The gain is linear to about 1%. To correct for

the remaining part, detailed calibration is applied.

An absolute calibration of the spectrometer allows for a di-

rect comparison with other spectrometers installed at ASDEX

Upgrade. Figure 9 shows the calibration conversion factors

of the new edge FIDA spectrometer compared to those of a

core (COR) CXRS spectrometer25. Here the applied gain fac-

tors have been adjusted for and the difference in slit width

between the two spectrometers taken into account. The COR

spectrometer is an optimised f/2.8 spectrometer, using a simi-

lar but smaller ProEM 512×512 pixel EM-CCD camera. The

new prototype spectrometer shows good photon throughput

characteristics compared to the COR system at 650 nm, espe-

cially for the central channels.
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FIG. 9: Comparison of the spectrometer calibrations for the

new edge FIDA spectrometer and the ’COR’ CXRS

spectrometer installed at ASDEX Upgrade.

Some uncertainty in the calculated spectral intensity can

arise from transmission degradation of the optics due to coat-

ing of the in vessel objective lenses, or damage to the opti-

cal transmission fibres. In addition, uncertainty arises when

switching fibres between the edge FIDA and CXRS system

since the applied FC-connectors might not reproduce condi-

tions by 100% when disconnected and connected again.

These sources of uncertainty are difficult to quantify. One

routinely applied method is to compare experimental spectra

to forward modelling of the neutral beam emission as sug-

gested by Heidbrink et al.27. The expected emission of this

contribution can be calculated using FIDASIM. Good agree-

ment of the beam emission can be obtained for multiple chan-

nels simultaneously providing an indication of channels with

unreliable fibre connections.

An accurate wavelength calibration is performed by mea-

suring and fitting a forward model to the emission lines from

a neon lamp, as are shown in figure 10. The wavelengths of

Ne emission lines are well known and available from the NIST

database28. The forward model fits a synthetic spectrum con-

structed of Gaussian functions to the Ne spectrum for each

channel. The free parameters of the grating equation29 ob-

tained from the fit are used to calculate the wavelength axis

per channel. The spectral width of emission lines determines

the spectral resolution of the spectrometer and is described as

an instrument function. The instrument function is modelled

here by a convolution between a box function and a Gaussian

curve which well recovers the spectral shape, in part deter-

mined by the wide spectrometer entrance slit (box) and by the

aberrations of the lenses and the grating (Gaussian). A com-

parison between the measured and fitted data is shown in the

enlarged box in figure 10. The average instrument width of

the spectrometer is 0.21 nm.

The slight decrease in the intensity observed to the left of

the emission lines in figure 10 appears to be a camera readout

error associated with the sharply increased intensity. Fortu-

nately this only affects a few pixels and is generally not ob-

served in the wavelength ranges of interest of spectra mea-

sured during experiments.

Neon-lamp spectrum650.65 nm

653.29 nm

659.90 nm

0.21

FIG. 10: Measured emission spectrum of a neon lamp used

for wavelength calibration. A single neon emission line

demonstrating the spectral resolution with the fitted

instrument function plotted with dashed lines.

VI. EDGE FIDA MEASUREMENTS

Initial edge FIDA measurements have been carried out with

the spectrometer connected to 10 toroidal LOS of the edge

CXRS system. For those multi-channel measurements every

second LOS of the edge CXRS lines is used. In this man-

ner edge ion temperature and velocity profiles can still be ob-

tained, which is important for the analysis. Spectra measured

during a low density H-mode discharge continuously heated

by two off axis NBI beams (Q6 and Q7 in figure 1), with 50

ms long NBI phases of the active NBI beam (Q3) are shown

in figure 11. The spectrum in red represents a passive spec-

trum (without NBI Q3), averaged over 4 sequential frames

(10 ms). From left to right, the passive spectrum contains the

BV and OV impurity lines followed by passive FIDA observ-

able from about 650 to 655 nm. The emission between about

655 and 658 nm originates from excited background neutrals

whose density decays exponentially towards the plasma core.

The emission exhibits intense and unshifted radiation from the

cold edge neutrals and a broader feature from neutrals inside

the last closed flux surface. The double peak observed for the

unshifted D-alpha emission line appears to be a remnant of

the bar shadow. To the right of these contributions are two CII

impurity lines.

In addition the active+passive spectrum during operation of

NBI Q3 is plotted in black, identifiable by the beam emission

peaks (BES). Finally, a synthetic spectrum from FIDASIM is

plotted against the measured spectra, with the sum of all con-

tributions indicated by a blue dashed curve. The calculated

emission indicates that the passive FIDA contribution (in ma-

genta) is comparable in magnitude to the active contribution

(in green).

The passive emission has been calculated with a neutral
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density profile modelled using the 1D neutral transport code

KN1D30. KN1D calculates the neutral density profile in slab

geometry given the plasma kinetic profiles and the neutral

pressure near the wall, which is treated as a free parameter.

The pressure measured by a manometer on the far outboard

side, drawn in red in figure 1, is used as a reference value.

The neutral density profile is scaled by multiplying the neutral

pressure value with a factor that best reproduces the measured

thermal CX contribution, as forward modelled by FIDASIM.

In this manner the neutral density is constrained against the

thermal CX emission and the passive FIDA contribution can

be evaluated unambiguously. It should therefore be noted that

the magenta curve represents both the passive FIDA and ther-

mal CX contributions.

The lack of red shifted FIDA emission in the spectrum can

be attributed to the predominantly co-passing fast-ion content

generated by the off axis beams as illustrated in figure 4.

C II

O V
B V

BES

FIG. 11: Active (black) and passive (red) edge spectra

measured during a discharge with 2.5 MW of off-axis NBI

heating. The active (green) and passive (magenta) FIDA

contributions calculated by FIDASIM is over plotted with the

sum of all contributions indicated by a blue dashed curve.

The magenta line also includes the thermal CX contribution.

By integrating the spectra in wavelength for each LOS, ra-

dial profiles can be studied. Figure 12 shows a profile for

the pure active signal (background subtraction has been ap-

plied) for wavelengths between 651 and 652.5 nm plotted in

blue. The difference in LOS geometry of the standard and

edge FIDA systems makes a direct comparison difficult as

they probe slightly different regions of velocity space. The

figure however illustrates the extended range acquired by the

new edge system. The mismatch of the forward modelled pro-

file with the measured profile outside the separatrix indicates

that the assumed exponential decay in fast-ion density under

estimates the true density.

λ: 651.0 to 652.5 nm

FIG. 12: Profile of active FIDA emission integrated over the

indicated wavelength range of the spectra measured by the

edge FIDA system. The solid line represents the profile

obtained from FIDASIM calculated spectra.

A. Fast edge FIDA measurements

Edge FIDA measurements with exposure times of 200 µs

have been performed at ASDEX Upgrade making use of the

spectra-kinetics readout mode. To increase the photon flux on

the EM-CCD chip for a sufficient SNR the three inner most

edge CXRS LOS are binned together. The tightly spaced LOS

means the radial width probed is still less than 2 cm for active

FIDA.

The presence of ELMs is observed to have a strong modu-

lating effect on the FIDA emission. ELMs are know to cause

fluctuations of FIDA emission31 and are therefore usually fil-

tered out when analysing spectra. Figure 13 shows time traces

of the passive FIDA emission, unshifted D-alpha emission and

a divertor shunt current, for a discharge with a quasi regular

ELM period of around 15 ms. The shunt current serves as

an ELM monitor where spikes in the current indicate ELM

crashes as marked by the vertical green lines. The passive

FIDA emission along the edge LOS strongly decreases during

an ELM crash, and recovers after several milliseconds to pre-

ELM levels prior to the onset of the following ELM. Simul-

taneously the unshifted D-alpha emission strongly increases,

inline with the experience of D-alpha emission as a proxy for

ELM crashes.

Figure 14 shows the full, conditionally averaged spectra of

the measurements presented in figure 13. The black spectrum

is the average of frames -3.2 to -3.0 ms relative to the ELM
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λ: 655.8 - 656.5 nm

λ: 651.0 - 652.5 nm

FIG. 13: Time trace of passive FIDA radiance (top),

unshifted D-alpha radiance (middle) and divertor shunt

current (bottom), during a time window of ELM crashes with

a quasi regular frequency.

crash (tELM= 0 s), while the red spectrum is the averaged spec-

trum of frames measured 1.3 to 1.5 ms after the ELM crash. A

clear reduction and flattening of the passive FIDA spectrum is

observed, accompanied by increased unshifted D-alpha emis-

sion. This indicates a strong impact of ELMs on the edge-

fast-ion distribution function along the LOS which will be the

topic of future publications. Here, we would like to empha-

sise that the new edge-FIDA capabilities reveal dynamics of

the full D-alpha spectrum not resolvable on the standard FIDA

diagnostic of ASDEX Upgrade.

VII. CONCLUSIONS AND OUTLOOK

A new FIDA spectrometer has been installed at ASDEX

Upgrade connected to viewing chords of the edge CXRS op-

tical system. This extends the radial coverage of FIDA mea-

surements at ASDEX Upgrade to beyond the separatrix. The

spectrometer is able to measure the full deuterium Balmer al-

pha spectrum through the use of a blocking bar to create a

narrow wedge filter. A choice between two readout modes

of the EM-CCD camera allows for either multi-channel mea-

surements with time resolution in the millisecond range, or

single channel burst measurements down to the hundreds of

microseconds. Multi-channel edge FIDA measurements have

been carried out demonstrating good SNR and significant pas-

sive FIDA emission for discharges with off-axis NBI heating.

Measurements with exposure times of 200 µs demonstrated

reasonable SNR. This opens the possibility to investigate the

effect of phenomena such as ELMs on the fast-ion distribu-

FIG. 14: Conditionally averaged pre- and post ELM spectra

measured by the new edge FIDA spectrometer using the

"spectra-kinetics" mode.

tion function. In addition future upgrades of the FIDA system

with additional fast spectrometers would allow the analysis of

profile-effects with 200 µs time resolution.
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