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ABSTRACT

A new Doppler coherence imaging spectroscopy interferometer has been developed on the HL-2A tokamak for the scrape-off-layer impurity
flow measurement. Its spatial resolution is estimated to be up to ~0.8 mm in the horizontal direction and ~9 mm in the vertical direction,
with a field of view of ~34°. Its typical temporal resolution is about 1 ms. This salient feature allows for time-resolved 2D measurements in
short-time phenomena on HL-2A, such as edge localized modes. Group delay and interference fringe pattern were calibrated with a dedicated
calibration system. The robustness of group delay calibration and the feasibility of the extrapolation model for fringe pattern calibration are
demonstrated. In this paper, we report the details of the optical instruments, calibration, and the initial experimental results of this Doppler

coherence imaging spectroscopy interferometer.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0005609

I. INTRODUCTION

Impurity issue is a significant concern for burning-plasma
devices, particularly because excessive impurity will limit the fusion
reaction rate via dilution. The resulting radiative cooling can cause
plasma disruption,’ which is also one of the top risks for fusion
reactors, such as International Thermonuclear Experimental Reac-
tor (ITER). Impurity content in the plasma scrape-off layer (SOL)
has serious effects on the erosion and deposition of plasma-facing
materials.” The radial profile of impurity flows in the SOL changes
with poloidal location due to the mechanism of classical drifts and
asymmetry in radial diffusion.” These flows in the SOL play impor-
tant roles in the asymmetric distribution of power on the inner and
outer divertors." ° Besides, SOL flows impose the boundary con-
ditions on the confined plasma and are closely related to pedestal
instabilities and the resulting edge turbulence transport. Thus, a
two-dimensional measurement of impurity flows is important to

study impurity transport behaviors” and the related physical prob-
lems. For example, what is the role of these flows in the sensitiv-
ity of L-H power threshold to X-point location?”* How does the
flow pattern change during the edge localized mode (ELM) crash
events?” What is their relation to the ELM mitigation by reso-
nant magnetic perturbation (RMP) fields?'!" Doppler Coherence
Imaging Spectroscopy (CIS)'”'"" provides a useful diagnostic tech-
nique to measure the time-resolved impurity flows in the plasma
boundary.

Static modulated polarization interferometer for coherence
imaging of plasma parameters was firstly developed as a fusion diag-
nostic by Howard.'>'” The spectral information is encoded on the
spatial heterodyne carriers of the interference image. The physi-
cal parameters of emitting species can be obtained from the rela-
tionship between fringe visibility and velocity distribution function
of emission. The major advantages of this interferometer (spec-
trometer) over the conventional grating-based spectrometer are
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the high throughput and the ability of 2D measurements. The
applications of the coherence imaging technique in the magnetic
confinement plasmas include (a) Doppler CIS (Doppler shift and
broadening) for intensity, flow velocity, and temperature measure-
ments; (b) polarization CIS (Zeeman and motional Stark effects) for
magnetic field pitch angle and current density measurements;'® (c)
Stark CIS (Stark broadening) for density measurements;’ and (d)
relative line intensity for isotope abundance measurements.'”

CIS techniques have been applied on various magnetic con-
finement devices, including linear device,* dipole device,"” stel-
larators,” *” and tokamaks.” >’ Doppler CIS measurements on
the MAST tokamak show that counter-streaming flows of impu-
rities” due to gas puffing increase the pressure on field lines.
These results are reproduced by EMC3-EIRENE simulations.”’ The
CIS diagnostic on the RT-1 device visualized the effect of the
ion cyclotron resonance frequency heating on dipole plasma."’
The ion temperature and flow were enhanced globally, partic-
ularly along the magnetic field lines near the levitation mag-
net."” Stokes-Doppler coherence imaging has been designed as
a routine diagnostic for ITER boundary tomography.”’ Doppler
coherence imaging technique may be able to be applied to other radi-
ating inhomogeneous media, such as flames, auroras, and plasma
thruster.

The measurement principles of Doppler CIS'*** are based on
the Fourier transform spectroscopy and the Doppler shifts of visi-
ble ion emission spectral lines. Considering that the monochromatic
light passes through a two-beam interferometer with a time delay
7 between these two beams, an interferogram with the sinusoidal
fringe can be observed,

$(r) = 21 + & cos(fo + 90)). (1)

Here, I, is the intensity of the light source. {p denotes the con-
trast envelope of fringe. ¢o = 2mvo 7o represents the phase introduced
from un-shifted time delay 7o. vy is the optical frequency of the light
in the plasma rest frame,

ép = K(TO)¢0(*VD : %) ()

¢p represents the phase caused by the Doppler frequency shift
due to line-of-sight plasma flow, where (7o) represents the delay
dispersion of the birefringent crystal of the interferometer.'” The
orientation of a positive vp is directed from the plasma to detector.
lis a unit vector in the direction from the detector to plasma. Thus,
the plasma flow velocity can be obtained via the Doppler phase of
the fringe,

__o
k(T0) g0
The remainder of this paper is organized as follows. We intro-
duce the Doppler CIS diagnostic system on the HL-2A tokamak,
including the optical system in Sec. II and the calibration system in
Sec. I11. In Sec. 11, the details of optical path and optical instruments
are presented. In Sec. I1], the calibration instruments and calibration
results are displayed. Section I'V reports the Doppler CIS experimen-
tal measurements in an ELMy H-mode discharge. Section V gives
the summary and discussion.

3)

Vp-l=
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Il. THE OPTICAL SYSTEM OF DOPPLER CIS FOR HL-2A

HL-2A tokamak is a medium-size magnetic confinement
device, with a major radius of 1.65 m and a minor radius of 0.4 m.” It
operates with B; < 2.7 T. The viewing window of Doppler CIS on HL-
2A is made of quartz, and its diameter is ~105 mm. The center of the
port is located at ~200 mm above the midplane of the low field side.
A stainless-steel shutter is installed in front of the window. This is
to prevent the window from coating during glow discharge cleaning
and siliconization of the vacuum vessel. The detector is a high-speed
camera, which must be at least 3 m away from the magnetic field
coils to be free from the electromagnetic interference. Thus, an opti-
cal system was designed for Doppler CIS diagnostic on the HL-2A
tokamak, as shown in Fig. 1. The simulated light path is represented
by the colored line beams.

A mirror (120 x 100 mm?, reflectivity > 95%) near the viewing
port is used to reflect the light emitted from plasma. All the lenses
in the optical system are the standard commercial lenses.”” Lens 1 is
Sigma 70 mm-200 mm F2.8 DG OS HSM F-Mount zoom lens. Its
focal length is 70 mm-200 mm. Its F number is 2.8. Lens 2 and Lens
3 are two Sigma 500 mm F4 DG OS HSM F-Mount prime lenses.
The focal length is 500 mm. The F number is 4. Lens 4 and Lens 5
are two Sigma 150 mm F2.8 EX DG OS HSM F-Mount prime lenses.
The focal length is 150 mm. The F number is 2.8. Lens 1 views the

viewing port
mirror
Lens 1
e Lens 2
€
Q
o
1
Lens 3
<= Lens 4
Interferometer 4 Lens 5
4
Camera

FIG. 1. A schematic of the Doppler CIS optical system on the HL-2A tokamak.
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plasma through the mirror and forms a demagnified plasma image.
The light is then collimated by placing this image at the detector
plane of Lens 2 with its focus set to infinity. Lens 3 views the col-
limated light and forms the image again. Lens 2 and Lens 3 are used
to relay the optical path. The light is again collimated by placing the
image at the detector plane of Lens 4 with its focus set to infinity. The
CIS interferometer lies in the collimated light region between Lens 4
and Lens 5. Lens 5 views the light passing through the interferometer
and forms an interferogram image on the sensor of the camera.

This static polarization interferometer is the key part of CIS
diagnostic. Compared with the traditional Michelson interferom-
eter, it is more stable and has a higher time resolution. The
traditional Michelson interferometer is based on temporal multi-
plexing techniques. It generally scans the phase delay by installing
a movable mirror on one arm of the interferometer to change
the path length of the arm.” These systems are highly sensitive
to mirror vibrations. They have been widely applied in space-
based astronomical and remote sensing applications, where vari-
ations of the source spectrum are slow, and long scanning times
(1 s-10 s) are, therefore, acceptable. The static polarization interfer-
ometer is based on spatial multiplexing techniques. The phase delay
is varied in space (along one detector dimension). This allows the
entire interferogram to be recorded simultaneously with high time
resolution (~ms).

A schematic of the CIS interferometer is shown in Fig. 2(a).
It is composed of four plates with a diameter of ~2 in. They are
a polarizer, a wave plate (delay plate), a Savart plate, and an ana-
lyzer, respectively. The polarizer and analyzer are Newport 20LP-
VIS polarizers. The extinction ratio is 25000:1. The delay plate and
Savart plate are manufactured by CLaser Photonics. They are made
from the alpha barium borate (BaB,O4, a-BBO) birefringent crys-
tal with anti-reflection coating. The Savart plate is composed of two
equal-thickness (“t”) plates cemented together, each with their optic
axes at 45° to the surface normal and rotated through 90° with
respect to each other, as shown in Fig. 2(b). The designed manu-
facturing thickness of the delay plate is 4.6 mm and 4.0 mm for the
Savart plate, with the tolerance of +0.3 mm.

The collimated light beam becomes polarized after passing
through the polarizer. Then, it is resolved into two components in
the wave plate. They are an ordinary (O) component polarized par-
allelly to the wave plate’s optic axis and an extraordinary (E) compo-
nent polarized perpendicularly. A fixed phase delay ¢q is introduced
by the wave plate due to the different refractive indexes between the
O and E components. Then, the Savart plate is used to split the O and
E components spatially.”” The vertical spatial distance of the O and
E components is “d,” as shown in Fig. 2(b). The Savart plate imposes
an additional phase delay ¢s, which depends on the incident angle
of light. The light beams are converged by Lens 5. They eventually
interfere at the image plane. The angle-dependent delay sweeping
leads to the interferogram.

The light intensity can be extracted from the interferogram by
filtering out the carrier fringe frequency in the Fourier domain. The
instantaneous phase can, then, be extracted from the fringe pattern
by a demodulation technique based on the discrete Fourier trans-
form.”® The fringe pattern is sensitive to ambient temperature due
to the thermal expansion effect. It is also sensitive to the alignment
of birefringent plates. Therefore, all plates are fastened tightly and
enclosed in an Andover 101FRDCO00-CTRL temperature controller.

ARTICLE scitation.orgljournal/rsi

(a) Temperature

Controller

Detector

<

...........

v

N &

JHARpN

FIG. 2. (a) A schematic of the CIS polarization interferometer and (b) the
construction and operation of the Savart plate.

The regulation range is 30 °C-60 °C, and the regulation accuracy is
+0.2°C. Besides, Lens 4, Lens 5, the interferometer, and camera are
all installed on a long straight rail. The custom optical tables have
been firmly fixed on the concrete floors in the lab or next to tokamak.
Hence, this rail can be fixed on these tables to shield low-frequency
mechanical vibrations.

A custom bandpass filter in front of Lens 5 is used to iso-
late the target spectral line. Since the divertor of the HL-2A toka-
mak is covered with a carbon fiber composite material, CIII triplet
lines emitted from impurity ions C** are very strong. There are no
conspicuous contaminations from other spectral lines in the neigh-
borhood. These are beneficial for the Doppler CIS measurement.
Therefore, the CIII triplet is used as the target line. The wavelengths
of CIII triplet lines are 464.742 nm, 465.025 nm, and 465.147 nm,
respectively. The normalized relative intensity I,/ >, I of each line
is 0.556, 0.333, and 0.111, according to the calculations based on
the NIST atomic spectra database.”” Thus, the calculated intensity
weighted average wavelength Y, I,A,/ Y, I, of the CIII triplet is
464.88 nm. To verify the result, a visible spectrometer on the HL-
2A tokamak™ was used to measure the CIII triplet spectrum. This
spectrometer viewed the plasma radially with its sight lines straight
toward the center solenoid on the midplane. Multiple measurements
were made under different discharge conditions. Variations between
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the measurements are small. One measurement of the CIII triplet ~ high transmission, slight phase distortions between the image core
spectrum is shown by the green line in Fig. 3(b). The measured and the edge, weak neighboring lines’ contamination, and negligible
intensity weighted average wavelength is about 464.88 nm. The mea- vignetting. This calculation is based on Ref. 36 where more details

sured and the calculated average wavelengths are found to be in good can be found. In Fig. 3(b), the green line shows the measured CIII
agreement, which indicates that the multiple structure of CIII lines triplet spectra on the HL-2A tokamak. The red dotted line indicates

can be considered constant. the CIII average wavelength. The blue line shows the transmission

Figure 3(a) shows the filter performance over two parameters. profile of the filter.
They are center wavelength (CWL) and full width at half maximum A Phantom v2012 high-speed camera is used to image the
(FWHM) of the filter’s transmission profile. The performance in interferogram. The camera sensor is a CMOS (Complementary
the white region is acceptable for CIS measurements. It shows a Metal-Oxide-Semiconductor) sensor. The quantum efficiency in

(b) .. © B,
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R (m) FIG. 4. (a) The top view for the CIS field of view on the HL-

2A tokamak, (b) the focused tangent plane’s projection on
the poloidal cross section, and (c) a CIS raw image in an
H-mode discharge.
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the 450 nm-500 nm range is about 45%. The bit depth is 12 to allow
a high dynamic range. The sensor size is 35.8 x 22.4 mm?®. The sen-
sor pixel size is big (28 x 28 um?), so it has high light sensitivity. The
frame rate capability ranges from 100 Hz-22 500 Hz with the full res-
olution of 1280 x 800 pixel®. The temporal resolution can, therefore,
range from 0.05 ms to 10 ms.

The typical temporal resolution achieved with the optical sys-
tem above is about 1 ms with the full pixel resolution. This is much
higher than the time resolution of Doppler CIS systems viewing SOL
on other conventional tokamaks.”*””"" This feature allows for time-
resolved 2D measurements in short-time phenomena on the HL-2A
tokamak, such as ELMs.

Figure 4(a) shows the top view for the field of view of Doppler
CIS on the HL-2A tokamak. LFS denotes the low magnetic field
side, and HFS denotes the high magnetic field side. SOL denotes
the plasma scrape-off layer region outside the last closed flux surface
(LCFS). The viewing angle is around 34°. The CIS focusing distance
is ~1800 mm. The focused tangent plane is marked with the blue
curve in Fig. 4(a). This tangent plane is a curved surface normal to
the lines of sight. Although the CIS system collects the light along
the sight lines, the obtained images are dominated by light emitted
close to this surface. According to the setup of the CIS optical path,
we calculate that the field depth of the CIS system is ~100 mm. The
object within the field depth will all have a sharp image in the image
plane.

Figure 4(b) shows the projection of the tangent plane on the
poloidal cross section obtained by the equilibrium configuration
reconstruction from EFIT code.”’ The size of the projection area is
about 927 x 580 mm?®. The inboard vacuum chamber wall on the
HES is inside this area. The field depth of ~100 mm corresponds to
a sharply imaged object plane of ~902 x 564 mm? in front of this
focused plane and a sharply imaged object plane of ~954 x 597 mm?
behind this focused plane. As the image plane is 1280 x 800 pixel?,
the dimension of the object corresponding to one pixel of the image
is ~0.8 mm. The spatial resolution in the horizontal direction is,
then, estimated to be up to ~0.8 mm. The spatial resolution in the
vertical direction is determined by the scale of fringes, which is
~11 pixels/fringe. Hence, the spatial resolution in the vertical direc-
tion is estimated to be up to ~9 mm. Figure 4(c) shows a CIS raw
image in an H-mode discharge. Note that the left and right sides of
this image are opposite to Fig. 4(b). The inboard vacuum chamber
wall and neutral beam injection (NBI) port can be seen in the image.

Ill. THE CALIBRATION SYSTEM OF DOPPLER
CIS FOR HL-2A

As shown in Eq. (3), the flow velocity can be obtained from the
phase shift of the interference fringe pattern relative to the fringe
pattern produced by stationary emission. Equation (3) can be writ-
ten as Eq. (4). ¢(Lo) is the phase of the fringe pattern without the
Doppler shift. ¢,, is the phase of the fringe pattern with the Doppler
shift in the measurements. N(Ao) = #(7o)voto is the group delay
of the birefringent crystal in the interferometer at target line Ao.
Group delay is often used in interferometry as a first-order approx-
imation for instrument dispersion.’* Calibration of the un-shifted
fringe pattern, i.e., fringes generated from a motionless light source,
and calibration of the group delay at Ay are both vital to obtain the
flow velocity. With linear approximation,””"' the normalized phase

ARTICLE scitation.orgljournal/rsi

shift is proportional to the normalized wavelength shift. Equation (5)
follows directly from the definition of the group delay. N(Ao) can be
calibrated by fitting the A¢/2m vs (A9 — 1)/Mline,

¢ = ¢ — $(o) = 27N (A0) =2, @
Ap g =g() ¢ ho—A
2 21 =N(b) A )

A dedicated calibration system has been designed and applied
in the laboratory, as shown in Fig. 5. The light source is a
New Focus Vantage tunable diode laser. The product number is
TLB-7102. The output power is greater than 5 mW. It features
mode-hop free wavelength tuning around CIII triplet lines. The
accuracy of wavelength adjustment is around 1 pm. It is feasible to
use it to simulate the CIII spectral line with or without the Doppler
shift. A Newport 10FC16PB.3 polarizing cube beam splitter is used
to split the laser beam into two beams. Their intensity ratio can
be adjusted by rotating the Newport 10RP02-10 quartz half-wave
plate. One beam is coupled to a high precision wavelength meter
(HighFinesse WS6-200) via a built-in fiber of the wavelength meter.
The wavelength measurement range of this wavelength meter is
330 nm-1180 nm. The accuracy of this wavelength meter is ~0.1 pm.
Another beam illuminates a Newport 819D-SF-6 modular integrat-
ing sphere and outputs a uniform circular light source. It gener-
ates a calibration interferogram at a certain wavelength via the CIS
interferometer.

Figure 6(a) shows the wrapped phase demodulated from the
interference fringe pattern at 464.88 nm, i.e., ¢(do). Figure 6(b)
shows the calibration result for group delay N(o). The range of
wavelengths used here is [461.6, 466.1] nm. The demodulated phase
shift A¢ for each wavelength shift is the average of phase shifts over
the central image of 50 x 50 pixel®. It is marked with the blue rectan-
gular point in Fig. 6(b). N(Xo) = 1394.5 is obtained via a polynomial
fit (green dashed line) of these points. The red rhombic points show
the theoretical results based on the Sellmeier equations.’” The the-
oretical group delay for an a-BBO wave plate with the thickness of
4.6 mm is 1439.4. The fitting result from the actual measurements
is different from the theoretical result. This demonstrates that the
actual thickness of the wave plate is not 4.6 mm due to the manufac-
turing tolerance. The thickness tolerance of +0.3 mm corresponds
to a group delay uncertainty of about £100, which will increase
the velocity measurement error. Since the demodulated phase is
wrapped into (-, 7], thus, |¢p| should be smaller than  to get rid of
phase jump. Substituting this into Eq. (4), the largest line-averaged
flow velocity that can be measured is |Vimax| ~ 108 km/s. This is
much larger than the flow velocity in the SOL region measured by
probes. Therefore, there will not be a phase jump problem for this
system.

The fringe pattern is sensitive to the change in the ambient
temperature of birefringent crystals.’"' Figure 7(a) shows the esti-
mation of the phase drift due to the ambient temperature drift. After
preheating the light source for 30 min, multiple measurements were
made. The temperature of the interferometer temperature controller
was set to be stable at 35.0 °C during the whole measurements. The
phase drift caused by the subtle temperature drift, which the temper-
ature controller cannot notify, was converted to the velocity drift via
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Eq. (4), by taking the first measurement as a reference. Figure 7(a)
shows that this velocity drift is within 0.2 km/s.

To avoid the systematic error in the inferred flow, the instru-
ment temperature must be stabilized, and the phase must be cal-
ibrated regularly. Unfortunately, it is not available to install the
above laser calibration system in the HL-2A hall for the moment. An
alternative calibration procedure for the fringe pattern is necessary.
Here, the calibration technique we rely on is similar to the previous
work.”*" Group delay is still calibrated in the lab, while the fringe
pattern is calibrated on the tokamak. Fringe pattern calibration is
obtained via an extrapolation model of the fringe pattern measured
at a nearby spectral line to the target line for a given interferometer,
camera, and lens focal length, as shown in Eq. (6).” Besides, as CIII
triplet lines are not monochromatic, a fixed phase offset (2.8086 rad)

No)
3
10} A¢/27=1394.5A0/1-0. 001 #(b)
2 Goodness of fit:
= R=0.999999
1< SSE:1.280e-5  #
S| s b
0 Li§ 7
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P o theory
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3 5 -~ polynomial fit
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FIG. 6. (a) The fringe pattern of the Clll line at 464.88 nm, i.e., ¢(1o) and (b)
calibration for N (A): the group delay of the birefringent crystal for the Clil line.
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Power

Meter

FIG. 5. (a) A schematic and (b) a photo
of the CIS calibration system in the lab.
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due to the triplet lines has been considered,

2

M omd+n| nd-n?

Ao n}—n?

Gextrap (%, 3, 40) ~ [ ]fb(x,y,)h) (6)

N n3 + n? o

The group delay calibration in the lab remains valid for
the measurements on HL-2A. Figure 7(b) shows the calibration
results for the group delay after three different installations. The
time between the first calibration and the third calibration is
7 days. N(Xo) = 1394.9 + 0.6 was obtained in the lab for the first
calibration. Here, 0.6 is given by the polynomial fitting error. N (1)
= 1394.2 + 0.6 was obtained after the interferometer was removed
from the rail and installed on the rail again. N(l) = 1394.5
+ 0.4 was obtained after the interferometer along with the rail
was moved to the tokamak for the optical test and installed
in the lab again. These results suggest that the group delay is
not sensitive to the installation error. The relative error of the
group delay is about 0.1%, which is very small. Therefore, cali-
bration for the group delay is robust for the CIS measurement
on HL-2A.

For the fringe pattern calibration, the phase error due to
extrapolation of the fringe pattern is given by the phase differ-
ence ¢extmp(x> Vs /\0) - ¢(x) Y A0) Here, ¢extmp(x> Vs Ao) was
calculated by extrapolating the fringe pattern at a nearby line
Mto the target line Ao, via Eq. (6). The fringe pattern at the
nearby line ¢(x, y, A1) was measured by using the tunable laser at
A1 =461.91 nm. The fringe pattern at the target line ¢(x, y, Ao) was
measured by using the tunable laser at Ap = 464.88 nm. The phase
error due to extrapolation of the fringe pattern is shown in Fig. 7(c).
The phase error of extrapolation over 2.97 nm wavelength is within
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FIG. 7. (a) Phase drift due to the ambient temperature drift, (b) calibration results
for the group delay after three different installations, (c) phase error due to extrap-
olation of the fringe pattern at a nearby line A4 = 461.91 nm to Ay = 464.88
nm.

~0.03 rad, which is corresponding to ~1.0 km/s. This result demon-
strates the feasibility of the extrapolation model within the velocity
error of ~1.0 km/s. Instead, a cadmium spectral lamp (at 467.81 nm)
on the HL-2A tokamak was used for the fringe pattern calibration
via extrapolation over 2.93 nm.

IV. DOPPLER CIS MEASUREMENTS IN AN ELMy
H-MODE DISCHARGE

The Doppler CIS diagnostic was put into operation in the latest
campaign (2018-2019) of the HL-2A tokamak. This system took raw
images of the interferogram of CIII lines emitted from the plasma
scrape-off layer of the high field side. Two-dimensional brightness
images and phase images were extracted from the raw images. Com-
bined with the calibration for the group delay and the fringe pattern
without the Doppler shift, images of the C** sight-line-averaged flow
velocity can be calculated by using Eq. (4). The typical frame rate is
1 kHz, which is limited by the light intensity.
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FIG. 8. An ELMy H-mode discharge on the HL-2A tokamak: (a) toroidal magnetic
field, (b) plasma current, (c) central chord-averaged electron density, (d) auxiliary
heating, (e) D, signal in the divertor, and (f) stored energy.

Figure 8 shows an ELMy H-mode discharge with a lower single-
null divertor configuration on the HL-2A tokamak. The discharge
parameters are B; ~ 1.27 T, I, ~ 160 kA, and #, ~ 2.0-2.6 x 10 m~.
The lower hybrid current drive (LHCD) power is ~500 kW, and the
NBI heating power is ~700 kW in the co-Ip direction. The plasma
stored energy is 25 kJ-35 kJ.

Figure 9 shows 2D measurements by Doppler CIS during the
time 1130 ms-1134 ms. This is corresponding to an ELM stage,
as marked by the green rectangle in Fig. 8 or Fig. 10. The frame
rate is 1 kHz, corresponding to the time resolution of 1 ms. Fig-
ures 9(al)-9(a5) show the 2D images of line-integrated emissivity,
Ip = [ e(r)dl, where e(r) is the local emissivity. Figures 9(b1)-9(b5)
show the evolution of 2D images of the line-averaged flow veloc-
ity, vp = [ e(r)3(r) - dl/I,, where ©(r) is the local flow. vp > 0 is
corresponding to the co-Ip direction. vp < 0 is corresponding to
the counter-Ip direction. These show that the carbon flow veloc-
ity is [-15, 15] km/s. The ELM crash started at a moment between
1130 ms and 1131 ms. From t = 1130 ms to t = 1131 ms, the CIII light
intensity increases sharply and the carbon ion flow velocity increases
in the co-Ip direction obviously, especially in the region above the
midplane. A complicated flow pattern is found when looking at the
whole cross section.
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FIG. 9. Results for ClIl emission and flow velocity measurements by Doppler CIS in an H-mode discharge on the HL-2A tokamak: (a1)-(a5) are the line-integrated emission

images and (b1)—(b5) are the line-averaged flow velocity images, at an ELM stage.

At the time after the ELM crash (t = 1134 ms), the C** flow
velocities in most areas above/below the midplane is negative. This
is consistent with the projection of ion VB drift velocities on the
CIS line of sight. Regarding the driving mechanism of ion flows in
the SOL, the flow velocities are also affected by the Vp drift, E x B
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FIG. 10. (a) The time trace of the D, signal in the divertor and CllI light intensity
and (b) the time trace of the C%* flow velocity in the ELMy H-mode discharge (shot
no. 34542).

drift, and the momentum transport.”® We cannot draw clear conclu-
sions without measurements of plasma pressure, electric field, and
momentum flux in the SOL. Besides, the asymmetry of the intensity
and flow on the upper side and the lower side during an ELM crash
may have some underlying correlations with the magnetic separatrix
topology for the lower single-null divertor configuration. However,
this needs further exploration, which is beyond the main scope of
this article.

Figure 10(a) shows the time trace of the CIII light intensity in
the area marked by the black rectangle in Fig. 9(al), over a series
of ELMs. It exhibits a similar trend with the Dysignal in the divertor.
Figure 10(b) shows the time trace of the C* flow velocity in the same
area. The rapid velocity variation of ~10 km/s in the co-Ip direc-
tion coincides with ELM crashes. The error bar (1 km/s-2 km/s),
here, is estimated from the error introduced by phase calculation
and group delay calibration. From Eq. (4), vp = c¢p/27N, where
¢p = ¢m — ¢(ho). Thus, the standard deviation of Doppler veloc-
ity S, = |vD|\/(s;m + 820185 + S5 /N2 Sy ~ [0.002, 0.02] is
the error introduced by image noise of the measured interferogram.
Se(1y) ~ 0.03 is the error introduced by the phase calibration of the

fringe pattern. Sy ~ 1.0 is the error introduced by the group delay
calibration.

V. SUMMARY AND DISCUSSION

A new Doppler coherence imaging spectroscopy interferome-
ter for the 2D measurement of carbon ion line-of-sight flow in the
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SOL has been developed on the HL-2A tokamak. A custom opti-
cal system and a dedicated calibration system have been applied
for this interferometer. The spatial resolution is up to ~0.8 mm
in the horizontal direction and ~9 mm in the vertical direction,
over a 34° field of view. The robustness of group delay calibra-
tion and the feasibility of the extrapolation model for the fringe
pattern calibration are demonstrated. The typical time resolution
of the HL-2A Doppler CIS system is about 1 ms, which is higher
than the time resolution of Doppler CIS systems viewing SOL
on other conventional tokamaks. This feature allows for time-
resolved 2D measurements in short-time phenomena on HL-2A.
To show its high time-resolved measurement capability, the initial
experimental results of this CIS interferometer during ELMs are
reported.

Tomographic inversion of the CIS measurements to obtain
the local emissivity and flow velocity is postponed to future work.
Note that the correction of optical aberrations is very important for
the tomographic inversion. The aberration introduced by the CIS
lenses™ is estimated to be no more than 1 pixel at the edge of flow
velocity images. The aberration could also be affected by the posi-
tion and orientation of the whole instrument with respect to the
tokamak. The optical aberration correction is postponed to future
work.

The wall reflection issue on the CIS measurement is not con-
sidered in this paper. The asymmetry of the carbon flow and
intensity on the upper side and the lower side during an ELM
crash need further investigation. Besides, to avoid the need for
spectral lamps and phase extrapolation modeling, the installa-
tion of the calibration system on the HL-2A for regularly auto-
matic phase calibration is also scheduled. In the longer term, it
is planned that CIS diagnostics are to be applied to the HL-
2M tokamak,”* which is a new tokamak scheduled to oper-
ate since 2020, to explore high-performance plasma operation
regimes.
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