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ABSTRACT

A hyperspectral camera (HSC-type Specim IQ) has been applied at the linear plasma device PSI-2 under steady-state conditions. The camera
has the capacity of hyperspectral imaging (HSI) with the dimension of a data array 512 x 512 x 204 (x, y, A) covering the spectral span from 400
to 1000 nm with moderate average spectral resolution (FWHM ~7 nm). After radiometric calibration and background/continuum emission
subtraction, two main applications of the camera, (i) plasma diagnostics in helium (He) plasmas and (ii) plasma-material interaction studies
with tungsten (W) targets in neon (Ne) plasmas, have been carried out. The measurements were complemented by a movable Langmuir
double probe system (LP) measuring electron temperature (Te) and electron density (n.) in radial direction r and a fiber-coupled cross-
dispersion spectrometer with high spectral resolution (Spectrelle) recording neutral He, W, and Ne emission lines over the full plasma column.
(i) Two-dimensional (2D) imaging of T. and n. radial profiles in axial direction z of the He plasma column were for the first time obtained by
the regression analysis of T. and n. (from LP) and six He I line ratios (from HSC). The spatially resolved plasma parameters covered in these
studies range between Te ~ 0.8-13.4 eV and ne ~ 0.2 x 10"*-3.9 x 10'®* m™ and permit a reconstruction of the plasma conditions in PSI-2
in 2D without LP perturbation. (ii) W sputtering was studied in situ in Ne plasmas exposing W target samples (negatively biased at 100 V)
under perpendicular Ne plasma impact. Simultaneously, the 2D distributions of W (W I line at 429.5 nm) in front of the target and the 2D
Ne plasma distribution (Ne I line at 703.2 nm) were recorded with complete spectral separation as confirmed by the Spectrelle spectrometer.
This permits the simultaneous measurement of the neutral W penetration and its angular distribution induced in the sputtering process and
of the impinging plasma distribution. The HSI technique offers, despite a few technical drawbacks, such as the moderate spectral resolution
and poor time resolution, a new possibility to distinguish multiple emission lines from plasma and impurities and complements the portfolio
of existing Optical Emission Spectroscopy techniques, providing a good compromise regarding spectral, spatial, and temporal resolution.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155722
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I. INTRODUCTION

Optical Emission Spectroscopy (OES) is an established and
powerful diagnostic technique for low temperature plasma charac-
terization as present in the edge and divertor of fusion plasmas.
OES is thereby a passive, non-perturbative technique with direct
access to the plasma species as well as impurities that originate,
e.g., from plasma-wall interaction processes. The two most common

OES methods are (i) spectrometers coupled with optical fibers to
achieve the plasma emission spectrum at one specific location and
(ii) CCD cameras equipped with narrow bandpass filters to get two-
dimensional (2D) profiles of one specific plasma emission line. How-
ever, both methods have limitations in achieving spatial and spectral
information simultaneously. Relatively, the hyperspectral imaging
technique, which uses an imaging spectrometer with scanner, can
simultaneously record 2D images of hundreds of narrow wavelength
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spans. Compared with the two methods mentioned above, it can
acquire at once spectra of more spatial locations and 2D images
of more wavelength spans without any usage of fibers and narrow-
band interference filters. The price to pay for this compromise is
the lower spectral resolution in comparison with the state-of-the art
spectrometers and the lower spatial and temporal resolution than the
state-of-the art interference filtered CCD or CMOS cameras. Thus,
the technique offers a new possibility to distinguish multiple emis-
sion lines from plasma, which also complements the portfolio of
existing OES techniques, providing a good compromise regarding
spectral, spatial, and temporal resolution at a moderate cost.

In this paper, a transportable hyperspectral camera (HSC) is
characterized for application in steady-state plasma-material inter-
action experiments performed on the PSI-2 linear plasma device
with tungsten (W) as the target material. First, the technical features
and plasma conditions are introduced. In the following, two major
applications are shown, including the measurement and imaging of
T. and n. radial profiles as well as the application of the system in
plasma-material interaction (PMI) studies aiming the W sputter-
ing process characterization as the benchmark for PMI modeling.
These applications can be improved to more advanced measure-
ment, which also show the potentiality to transfer to fusion devices,
such as tokamak and stellarator.

Il. EXPERIMENTAL SETUP

Experimental data were collected at the PSI-2 linear plasma
device.! Pure helium (He) and neon (Ne) plasma at different condi-
tions [electron temperature (Te) ~ 0.8-13.4 eV and electron density
(ne) ~ 0.2 x 10"-3.9 x 10" m™>] were generated with or without
a specific target at the downstream side of the plasma column with
a typical diameter of about 70 mm in a hollow profile. T. and n. of
plasma were measured by a movable Langmuir double probe (LP),
which is located ~365 mm away from the camera in the axial direc-
tion z. Additionally, the high-resolution spectrum of plasma with a
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wide wavelength span is simultaneously obtained at the same posi-
tion of LP. It is based on the measurement of a cross-dispersion
spectrometer (Spectrelle) with an almost constant resolving power
of more than R = A/A\ > 20 000 over the full covered spectral range
of 364-715 nm.” However, radial profiles of the plasma are usually
considered to be unchanged in such distance. The maximum value
of Te and n. as well as jon flux is usually located at 2-2.5 cm from the
plasma center in the radial direction, so samples are usually located
atr=2.5cm.

The target can be biased for the purpose of PMI experiments
with focus on physical sputtering up to —100 V, and the plasma space
potential was measured to be ~—20 V. The surface temperatures at
the target material were measured using a thermocouple, pressed
on the backside of the target with samples of the dimension of
1 x1cm?.

The HSC was installed in front of port 3.1 [about 60 cm between
the camera lens (focal length: 21 mm) and plasma center], as shown
in Fig. 1. The region of interest (ROI) of the camera is ~170 mm in
axial direction z. Figure 2(a) shows the typical field of view (FoV)
of the HSC in PSI-2. In this paper, the cylindrical coordinate was
used, which is z for the axial direction and r for the radial direction
(r =0,z = 0 was fixed to the center of the target surface).

Ill. HSC AND DATA ANALYSIS

The most common commercial HSCs are of push-broom line
scanning type, which mainly consist of a front lens, an imaging spec-
trograph, and a detector. As the light traverses through the objective
lenses, it is constrained by an entrance slit (42 ym x 11.7 mm for
Specim IQ), which serves as a spatial filter. The slit functions to limit
the width of the light, allowing only a narrow portion of the object or
scene to pass through. Subsequently, the light goes through the col-
limating optics, and the dispersing element (typically a diffraction
grating) on the sensor (CMOS, CCD, sCMOS, etc.)’ ~ disperses the
light into different wavelengths, forming the “spectral” axis. By com-
bining the spatial information obtained from the slit, both spatial
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FIG. 1. (a) PSI-2 layout as well as HSC, LP, and Spectrelle setup (top view). (b) The spatial range of HSC, the LP scanning range, and the radial chord of the Spectrelle

(end-on view).
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NellineatA=703.2 nm

W | line at A = 429.5 nm

FIG. 2. An example measured by the HSC: a W target sputtered by a Ne plasma
under perpendicular impact in PSI-2: (a) false color image of average intensity;
(b) true color image transferred by hyperspectral data; and false color image at
camera spectral bands of (c) at 429.08 nm for W | and (d) 702.58 nm for Ne I.

and spectral data of a single line (x, A) are recorded. Through spatial
scanning by an internal or external scanner, the HSC is capable of
generating a data cube (x, y, N).

A. Technical features

The HSC Specim IQ uses a CMOS sensor (type: push broom,
dynamic range: 12-bits, size: 207 x 91 x 74 mm?) in the spectral
range of 400-1000 nm, and it was applied to the linear plasma device
PSI-2 from a side view port of d = 600 mm. The main techni-
cal specifications of Specim IQ are listed in Table I. The HSC can
image the plasma in 2D—here r and z direction—with an array of
512 x 512 pixels® at 204 different wavelength spans (an interval cen-
tral wavelength of 2.88-3.09 nm and mean FWHM ~ 7 nm). An
example of the He plasma emission spectrum is presented in Fig. 3,
which shows that the spectral resolution is sufficient to resolve major
emission lines in low ionizing PSI-2 plasma at a moderate magnetic
field of 0.08 T. Two He I lines at 501.6 and 504.8 nm will be treated
as one line for further analyses as they cannot be resolved with the
spectral resolution of 7 nm of the present system (FWHM, full width
at half maximum). The exposure time is 1-500 ms/full spectrum of
one line (512 pixels), and it requires 30-286 s for recording one full
2D image (512 lines). The spatial resolution can be calculated by the
following formula:

R, =2Dtan(6/2)/n, (1)
where R (mm/pixel) is the spatial resolution, D (mm) is the distance

between the object and camera, 0 is the angle of field of view, and n
is the spatial sampling, which is 512 for Specim IQ. Finally, R of
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TABLE I. Main technical specification of Specim IQ.

Feature Value
Wavelength range (nm) 400-1000
F/number F/1.7
Spectral resolution (FWHM, nm) 7
Sensor CMOS
Spatial sampling (pixels) 512
Spectral bands 204
Dynamic range (bit) 12
Working distance (mm) 150-00
Focal length (mm) 21
Full field of view (deg) 31x31

~0.6 mm/pixel was acquired at a distance of ~0.6 m from the PSI-2
plasma with a typical FoV of 33 x 33 cm? in this setup.

B. Data acquisition and processing

The Specim IQ records four different data cubes (three-
dimensional data array, x, y, A) of digital number (DN), which are
raw data, dark frame, white reference, and processed reflectance
data. The raw data (Iraw, DN band™!) and dark frame (4,4, DN
bandfl) data cubes are used for our further analysis, while the
reflectance data cube is used for other usage. It is noted that the
dark frame is the baseline signal due to the camera electronics, which
changes with the temperature of the sensor and integration time.
Ijark are simultaneously recorded during the data acquisition, and it
should be subtracted during data processing. First, the raw intensity
counts Iouns (DN s band_l) are achieved as follows:

Teount = (Imw - Idark)/tinh (2)

where tine (s) is integration time. Then, spectral sensitivity [S,
(W s DN™! m™2 sr™' nm™")™'] of Specim IQ and transmissivity
(7) of the viewing window are calibrated with an integration sphere
standard light source (Labsphere, USS-600). The resulting calibrated

3 T T T T T T T
He plasma_case 4 £ - 140
— Position: radius = 2 cm ©
) &

€ 2 4120
c @ %)
= * €
2t 4100 3
£ -
i < c
£ 0 3
4 o
S g 808

€ =
= E £ 2
g 5 £ e 1% ®
3
g 1+ b £ E E ) < B
s £ Sw© 5 = ]
£ £ S 383 8 g Ja &
o o o’ v - ~ )
L 5 I3 9 z 2
n s 257 j 120
2 L \
2 L tasaa 0

0 [Bbeze n
400 450 500 550 600 650 700 750

Wavelength (nm)

FIG. 3. Comparison of He plasma emission spectrum measured by Specim 1Q
(red) and Spectrelle (blue) at r = 2 cm (case 4 in Table Ill).
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FIG. 4. An example to remove the background of thermal radiance in the spectrum
taken by hyperspectral. The spectrum is taken 5 mm in front of a W target in He
plasma, which is —100 V biased with ~900 °C surface temperature.

intensity (Ioq, W m~2 sr ! nm™!) can be calculated by the following
equation:

Ical = Icaunt/(s . T)~ (3)

It should be noted that I aw, Ijgrks Icounts and I, are the matrices
with the dimension of 512 x 512 x 204 (x, y, A), which refer to the
spatial (x, y) and spectral (\) information, respectively.

C. Background/continuum emission subtraction

The background emission, which results from stray light
(impurities radiation, molecular spectrum, bremsstrahlung, etc.)
and thermal radiation from the hot surface at the target, should
also be subtracted before the detailed analysis of hyperspectral imag-
ing data. The background signal (Ipc) is subtracted from calibrated
intensity (I.,), and the averaged total intensity (I;) at a specific
wavelength A with typical full width at half maximum (FWHM, 7 nm
for Specim IQ) can be obtained as

jtot(x) = Ical(x) - IBG(}\)' (4)

Since the whole spectrum is obtained at once, I can be eas-
ily estimated by the neighboring wavelength bands of the intended
emission line.® An example to remove the background signal of ther-
mal radiation is presented in Fig. 4. The measurement is taken in
He plasma, which is located ~2.5 mm in front of a heated W target
with a temperature of ~900 °C. Thermal radiation from the target is
reflected by the inner wall of the chamber and in this case superposed
with the He and W emission lines to be analyzed.

IV. APPLICATION

As the HSC acquires a data cube, multiple functions can be
obtained. For example, the HSC can get similar results as CCD,
color, and filtered cameras with the same FoV, as depicted in Fig. 2.
As the spectra with acceptable spectral resolution are recorded at the
same time, thermal backgrounds and changes in, e.g., emissivity can
be taken into account in the further spectral analysis possible.

ARTICLE pubs.aip.org/aip/rsi

A. Measurement and imaging of Te and ne profiles

As studied before in fusion plasma application, He I line ratios,
especially 667.8/728.1 and 728.1/706.5 nm, are sensitive to and usu-
ally used to measure n. and T. of divertor and scrape-off layer plas-
mas, respectively.” By comparison of measured line intensity ratios
with those obtained by a collisional-radiative model (CRM), the
profiles of T, and n. can be evaluated until He is ionized in a toka-
mak plasma.® However, due to the limitation of spectral resolution,
the direct use of CRM needs more data processing and calibration.
According to Ref. 9, a simple statistical approach, comparable to
machine learning methodology, was adopted, which acquire Te and
ne profiles via calibration of multiple He line ratios with LP measure-
ments at the linear plasma device for a dataset of different plasmas.’
Note that line-integrated vertical profiles of intensity can be directly
treated as radial profiles without Abel inversion in such a approach.’

The scaling law for prediction of n. and T from He I line ratios
was examined. Six line ratios made of seven strong low level He I
lines from 400 to 800 nm (except the He I line at 587.6 and 402.6 nm)
in Fig. 3 were considered. The optical transitions of neutral He in the
HSC spectral range are listed in Table I1,'” and a power function is
assumed from each line ratios as follows:

T, or ne=a-r 5t 525 it 42, (5)
where a and ¢0, cl, c2, etc., are fitting parameters. r, (n = 1, 2,
3,...) are the intensity (I) ratios between two He lines,
ro = Iss7.8/1728.1, 11 = I706.5/1728.1, 12 = Is01.6/504.8/1728.1, T3 = la92.2/1728.1,
r4 = l4922/T4713, and 15 = I4922/1a47.1. The subscript of I is the wave-
length (nm) of the specific He I line. Then, these fitting parameters
can be obtained by multiple linear regression fit, T and n. are

TABLE |I. Optical transitions of He | in the HSC spectral range between 400 and
1000 nm.

Wavelength (nm) Species Transition
447.1 Triplet 4D - 2°p
471.3 Triplet 438 > 2°P
4922 Singlet 4'D-2'P
501.6 Singlet 3'p-2's
504.8 Singlet 4's > 2'p
587.6 Triplet 3°D - 2°P
667.8 Singlet 3'D-2'p
706.5 Triplet 3*s - 2°p
728.1 Singlet 3ls2'p

TABLE Ill. Range of probe-measured ne and Te in PSI-2 at different He plasma
conditions.

Rev. Sci. Instrum. 94, 083501 (2023); doi: 10.1063/5.0155722
© Author(s) 2023

Phe (mbar) Te (eV) ne (10 m™3)
Case 1 55x%x107° 2.5-9.1 0.9-3.1
Case 2 14x107° 1.0-6.5 0.5-3.9
Case 3 1.4 x107° 0.8-4.7 0.3-2.5
Case 4 e 3.9-13.4 0.2-0.8
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taken from the Langmuir probe, and r, are taken from the HSC.
There are three cases of plasma (cases 1-3) with different conditions
(154 data points) in Table III for the calculation of regression or, in
modern other words, Al training and one case (case 4) for compari-
son of LP measure and calculation of line ratios. In Fig. 5, fitted Te
and ne results are compared with probe-measured data, which show
the error generally within £20% (red line). The acceptable error
makes it possible to measure plasma parameters by HSC. Figure 6
shows the comparison of T. and n. radial profiles in He plasma of
cases 1-4, which are measured by LP (lines) and calculated by line
ratios (scatter), while Fig. 6(a) is for regression and Fig. 6(b) is for
comparison. Figure 7 shows the 2D distribution of calculated Te
and n. of He plasma based on camera measurement. The plasma
parameters are deduced by the spectrum of every specific pixel,
which are based on Eq. (5) with calibrated fitting parameters.
Although the linear plasma parameters are usually treated to be
symmetric in the radial direction and are unchanged along the axial
direction, the 2D images of T, and n. are still slightly asymmetric
and change in both directions. This shows the sensitivity of HSC,
which would be potentially suitable for the application of precision
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FIG. 5. Comparison of (a) T and (b) ne measured by LP and calculated using line

ratios [Eq. (5)]. The superscripts “probe” and “cal” indicate LP measurements and
line ratio calculations, respectively.
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by LP (lines) and calculated by line ratios (scatter). (a) Cases 1-3 are data for
regression and (b) case 4 is data for comparison.

measurement. What is more, it can be foreseen that it would be
interesting to apply in plasma with sputtered impurities, whose Te
and n. would be different near the target.

This is regarded as one of the most remarkable applications
of HSC for plasma diagnostics, i.e., to replace moderately perturb-
ing LP without interfering with plasma conditions. Apart from the
perturbation-free measurement, the provision of 2D profiles, in this
case z- and r-direction, is the most important capability and per-
mits direct comparison with modeling predictions. Moreover, the
HSC can be applied in any environment that can only be optically
assessed, such as, e.g., in hot cell conditions as foreseen in the future
in the PSI-2 twin JULE-PSI.'!

B. Application in PMI studies

The W sputtering study is also carried out as a proof-of-concept
experiment for a combined plasma diagnostic and PMI study in the
linear device. A negatively biased W target (-100 V) is exposed to
a Ne plasma, ensuring that W can be sputtered by Ne* ions with
known energy under controlled conditions. The red Ne plasma,
dominated by multiple Ne I lines in the red spectral region, and the
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(a) blue light from the sputtered W target, dominated by multiple W I
" lines in the blue spectral region, can be directly observed by the cam-
era, as seen in Fig. 2(b). After a more detailed analysis of the emission
18 spectrum, the signal of the sputtered W and Ne plasma background
can be separated. Figure 8 shows the camera band at 429.08 nm
(central wavelength, FWHM = 7 nm) dominated by the W I line sig-
nal at 429.5 nm for the W I transition5d° (65)6p7P2 - 5d°(°5)65’S3,
] which can be chosen to represent the distribution of sputtered W.
Thus, the HSC can clearly distinguish W impurities from Ne plasma
47 in full 2D as imaged in Figs. 2(c) and 2(d) at one measurement with-
out changing interferences filters. This provides a big advantage for

29 future benchmarking models, such as ERO2.0."?
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Z-axis (mm) V. SUMMARY

(b) 24 The HSC Specim IQ has been applicated at linear plasma device
" 22 PSI-2 for steady-state plasma diagnostics. Two major applications,
) plasma diagnostics in He plasmas and PMI studies between Ne and
18 W, have been demonstrated, providing the measurement and 2D
8z imaging of Te and n. radial profiles as well as the 2D images of the

16 sputtered W atom emission line, respectively.
14 The advantages of such HSC have been mentioned in previ-
. 2 ous studies.® (i) It is convenient to acquire both spectral and spatial
information at once, which means without the use of filters and
a7 ! optical fibers that need to be included in the analysis of data. (ii)
08 The background/continuum emission subtraction is convenient in
29 06 the HSC system compared to filtered cameras. Because HSC is capa-
04 ble of capturing a wide spectral range, eliminating the need for
multiple bandpass filters and dedicated calculations required fil-

0 2 3 4 5 6 8 9 10 11 12

tered cameras or filterscope detection in tokamaks.'” ¢ (iii) A good
Z-axis (mm) overview spectrum in a large wavelength range is obtained. How-
ever, drawbacks exist and need to be considered in the planning of
experiments: (i) Features of line-scanning may not be suitable for
non-stationary plasmas even when slow transient events in plasma
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FIG. 7. 2D distribution of calculated (a) Te and (b) ne of He plasma based on
camera measurement (case 1 in Table II, smoothed in the radial direction).

12} c {12
c
wn
10} S {10
Spectrelle —
= Specim 1Q 2 =
c c
Sost 08 §
o) £ o
— c —
Los6t @ 06 &
Fn E gl € Fy
k= £ 2
2 ; i Py 2
o 04t S 2lg 04 g
£ = =1 <
= 2| o
02} e z 0.2
0.0 1 i LAkt I J l| [ I. " ™ L. P P TN I; A bl 0.0
. 1 1 1 1 1 1 1 1 1

390 395 400 405 410 415 420 425 430 435 440

Wavelength (nm)

FIG. 8. Comparison of spectra obtained by Spectrelle (blue curve) and Specim IQ (red curve). The spectrum was captured ~5 mm from the W target in Ne plasma.
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can perturb the measurement. There are novel HSCs appearing uti-
lizing snapshot techniques, which permit 2D imaging for transient
phenomena, such as ELMs in tokamaks. (ii) The spectral resolution
of the present system is moderate (FWHM = 7 nm), and a reso-
lution in the order of 1-2 nm would be advisable for comparisons
with the state-of-the art imaging techniques with single cameras and
interference filters, such as in JET."”

However, combining high resolution spectrometers for spec-
tral data validation and careful selection of the emission line can
help to overcome these drawbacks and make the system also suit-
able for more challenging conditions as in the steady-state linear
plasmas device PSI-2. Thus, with the few limitations in the use of the
here presented Specim IQ in plasma and nuclear fusion research, the
technique is expected to be a good new option as a diagnostic tool in
steady-state plasma experiments.

Furthermore, 2D profiles of T. and n. will be evaluated from
the He I line intensity ratios and will be then used as an input
to the impurity transport simulation codes. In addition to plasma
observations, Specim IQ can be applied to the characterization
of plasma-exposed surfaces: the relationship between reflectance,
emissivity, surface morphology, etc.
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