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Mass injection has found new applications in magnetic fusion including edge-localized-mode control.
Better understanding of injected-mass-plasma interactions requires spatially and temporally resolved
diagnostics that can characterize the dynamics of the mass interactions with plasmas. Fast imaging can
be used to characterize the ionization dynamics such as the propagation of the ionization front, which
moves at the thermal sound or higher speed, and mixing of the neutral atoms with the ambient plasma.
Multi-wavelength spectral imaging is promising since different parts of the plasma give different
spectral signatures. Here we describe a dual-spectral imaging technique based on a monochromatic
camera sensor and filters with two passing optical wavelengths. The method is shown to improve image
contrast, and it compares favorably with alternatives such as color cameras and methods using a filter
wheel. Further improvements through relative filter area ratios and plenoptic imaging are possible.
The initial results from EAST and plenoptic imaging are also included. Published by AIP Publishing.
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I. INTRODUCTION

Transients such as edge-localized modes (ELMs) and
disruptions are prominent issues for H-mode operations in
ITER1 and fusion tokamak reactors. Unmitigated ELM bursts
in ITER and fusion power plant will dump energy exceed-
ing the material limits and significantly shorten the lifetime
of the plasma facing components (PFCs), divertor, and also
produce a source of impurities in the plasma. The intensity
of ELMs must therefore be controlled to tolerable levels in
reactor-class fusion devices. Solutions to tame the major tran-
sients have to minimize damages to the reactor hardware and
reduce the downtime in-between the events, if they cannot be
avoided. ELM controls, including both ELM suppression and
ELM pacing, have been motivated by multiple purposes as
discussed below, in addition to minimizing the divertor and
first wall erosion associated with the largest ELMs or Type I
ELMs.

The details of ELM physics are quite complex. Well diag-
nosed experiments remain an essential part of ELM physics
studies as well as technology development for ELM controls.
Experimentally, several types of ELMs are known based on
observations. The goals of ELM control are as follows:2–4

(a) To trigger ELMs without compromising the H-mode con-
finement or reducing the pedestal height; (b) to trigger ELMs
to prevent impurity accumulation in the plasma core (ELM-
free operation may face the impurity accumulation problem);

Note: Paper published as part of the Proceedings of the 22nd Topical Confer-
ence on High-Temperature Plasma Diagnostics, San Diego, California, April
2018.
a)Author to whom correspondence should be addressed: zwang@lanl.gov.

(c) to control the ELM amplitude to prevent excessive PFC
and divertor erosion or impurity generation near the edge; and
(d) to trigger or suppress ELMs with a precise timing. The
natural ITER-like ELMs are expected to have a frequency of
a few Hz. (e) To control the footprint of the ELM wetting in
the divertor region. (f) ELM triggering needs to be compati-
ble with steady-state operations. EAST has recently achieved
H-mode operation longer than 100 s and is uniquely suited
for ELM technology development and understanding of ELM
physics for long pulse plasmas.

Fast imaging is a powerful non-invasive technique to study
the ELM triggering process using a pellet and other mass
injection techniques. High spatial and temporal resolution of
ELM-triggering or suppression processes can provide good
experimental constraints for predictive modeling. Meanwhile,
spectroscopic imaging is usually limited to a single spectral
line per camera. The filter-wheel method is not quite effective
in real time since mechanical rotation complicates the imaging
process, and the temporal evolution of ELMs, in the order of
microseconds to tens of microseconds, can be much faster than
mechanical rotation. Here we describe a dual-spectral method
using a single camera for multi-spectral imaging, as an alter-
native to color-camera and filter-wheel approaches.5 The idea
extends an earlier one for correlated velocimetry using a pair
of matched filters.6

The paper is organized as follows. We first discuss the
pellet ablation physics and some recent EAST fast camera
imaging results, which motivate the improvement of con-
trast in real-time pellet imaging. We then describe the con-
trast improvement through using a dual-filter or “filter pair”
method and the filters selected for lithium pellets. The initial
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successful laboratory tests and first data from EAST then
follow, including the design studies for plenoptic imaging.

II. DESIGN CONSIDERATIONS

Lithium granules have been successfully used in EAST for
ELM controls. A few movie frames from imaging a lithium
pellet ablation in an EAST plasma are shown in Fig. 1. While
in the first three frames [(a)–(c)], two distinct regions, one with
a bright spherical core and another with an elongated shape,
are clearly identifiable, the distinction is lost in the other three
frames shown.

The spherical core corresponds to the neutral-atom dom-
inated region near the pellet. The elongated region is occu-
pied mostly by the low-temperature plasmas that contain
singly, doubly, and up to fully ionized lithium and low-
temperature electrons. The elongation is due to the confor-
mity of the plasmas to the magnetic flux tubes. The loss
of distinction between the regions is because the emission
from the plasma eventually became brighter than from the
neutrals. The camera used an array of monochromatic sen-
sors that do not distinguish different visible wavelengths.
On the other hand, it is highly desirable to observe both
regions in order to develop predictive models for lithium pel-
let ablation and better controls of ELMs. The open questions
include how does the ELMs behavior change with the pellet
size and timing? How much mass is needed for ELM
suppression?

A. Ablation temporal and spatial scales

We may consider the lithium pellet ablation process in
plasma using the model described previously.4,12 The ablation
rate of the atoms dNp/dt due to the plasma heat flux q1 is given
by

dNp

dt
=

fsApq1
H0

, (1)

where Ap = 4⇡r2
p

is the surface area for a pellet sphere with a
radius rp and H0 is the amount of energy required for each

FIG. 1. An example of EAST lithium pellet ablation movie sequence starting
from (a) to (f). Only in [(a)–(c)] we may separate the “neutral cloud” from the
low-temperature “plasma cloud”. More details are given in the text.

atom ablation. The value of H0 is 1.4-1.6 eV for lithium. The
empirical factor 0 < f s < 1 accounts for the heat shielding.

The layered structure surrounding a spherical pellet
includes a spherical neutral cloud layer next to the pellet
surface, which is then surrounded by plasmas of increased
degrees of ionization and temperature. Various previous mod-
els have estimated that the neutral cloud sphere has a radius
in the range of rn = 2-10 rp. For a pellet of 0.5 mm, the
neutral cloud size is 1–5 mm. The lateral dimension of the
low-temperature lithium plasma is comparable to the lithium
ionization mean free path, ⇤i = Cs/ne h�i3ei, for the lithium
atom sound speed Cs, electron density ne, and ionization rate
h�i3ei. The ionization rate for the Li0 ! Li+ process was
fitted by a nonlinear formula 4.28 ⇥ 10�6

Te/(T1.73
e

+ 300)
+ 6⇥ 10�8 cm3/s based on the ADAS data.13 For the peak ion-
ization rate of 2.5 ⇥ 10�7 cm3/s (Te ⇠ 30 eV) and Cs = 2 km/s
(corresponding to the temperature of 1615 K), ⇤i = 0.8 mm
for ne = 1013 cm�3. Therefore, the elongated plasma fila-
ment is about the same size as the neutral cloud diameter
2rn + ⇤i ⇠ 2rn. The filamentary structure is hypothesized to
be the ionization front moving around the plasma torus with
the ion sound speed ⇠10Cs or about 20 km/s.

The relevant time scales are the neutral cloud growth time
rn/Cs = 0.5–2.5 µs, the time for the plasma filament to fill up
the camera field of view, 10 µs, and the plasma filament circu-
lation time around the torus 2⇡R0/10Cs = 580 µs for the EAST
tokamak major radius R0 = 1.85 m. They can be compared with
the ELM growth time in the order of 100 µs.

B. Contrast and resolution

Image contrast (C) can be used to characterize how well
different regions of an image may be distinguished from one
another. Following the definition by Rose,7,8 the image contrast
C of region A to region B is given by

C =
|IA � IB |

IB

, (2)

where IA and IB are the image intensities of the two regions
A and B, respectively. The contrast between the neutral region
and the plasma surrounding in Fig. 1 is 1.4, 1.4, 0.4, 0, 0, and
0 for image frames A to F, respectively.

The dual-filter concept is to isolate the emission from
different regions so that dark-noise-limited or optimal con-
trast can be achieved, i.e., IB � I0 with I0 being equivalent
to the dark field intensity of the camera that can not be fur-
ther reduced. Due to the statistical nature of the photons and
electrical noise, none of the intensities IA, IB, and I0 is a
fixed quantity. Each of them can have an average value of
ĪA, ĪB, and Ī0, respectively, and a corresponding standard
deviation parameter �A, �B, and �0. In the Gaussian noise
spectrum, �0 is the Gaussian width. In the Poisson fluctuation
spectra, �A and �B corresponds to

p
IA and

p
IB. When the

number of photons per pixel is large, a Poisson fluctuation dis-
tribution can be approximated by a corresponding Gaussian
distribution.

The spatial and temporal resolutions are also source
emission-intensity and exposure-time dependent in high-speed
imaging. The diffraction limited spatial resolution (�xd) is
given by
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FIG. 2. The optics for the dual-filter implementation.

�xd = 1.22
f �

D
, (3)

which in our case is about 14 µm (f = 0.5 m, D ⇠ 2 cm) and
therefore smaller than the camera sensor pixel (�xp = 20 µm).
In other words, the diffraction limit poses a maximum aperture
size D for any chosen f. The spatial resolution at the object
location is therefore determined by

�xo =
np�xp

M , (4)

with M being the magnification of the optics and np � 2 is
an integer; i.e., we require that the minimum resolved length
at the object location to be at least 2 pixels wide at the imag-
ing position. The amount of light per pixel received is given
by

Ip =Tio(x, y)A�t, (5)

where 0 < T < 1 is the optical collection efficiency, A= �x2
o

is the source area that contributes to the amount of light col-
lected by the pixel, or “pixel intensity,” �t is the integration
time, and i(x, y) is the source intensity per unit area and unit
time. Here we have assumed that (a) the light emitting region
is localized and therefore the integration along the line-of-
sight is neglected for simplicity, and (b) the average intensity
io(x, y) is used for the time-integration window �t. The formula
needs to be modified in high-speed imaging due to photon
statistics.

Therefore, the light-limited spatial and temporal resolu-
tion for an individual pixel intensity Ip is given by

Ipp
Ip + I0

� k, (6)

where k is typically chosen to be in the range of 3-5. For
fixed exposure time �t, Eq. (6) determines the spatial res-
olution at the object location. For fixed spatial resolution,
Eq. (6) determines the temporal resolution or the minimum

FIG. 3. A dual-filter is mounted onto the tube-extender for a Nikon mount.
Two semi-circles of filters each with a diameter of 30 mm are glued together
to form a full filter.

FIG. 4. The filter is inserted in-between a Nikon lens and the camera sensor,
when in use.

TABLE I. A list of dual filter pairs made for lithium pellets. The wave-
lengths listed are the center of the passing spectral bands with a bandwidth
of 10 nm.

Left wavelength (nm) Right wavelength (nm)

Pair A 610.3 ± 5 548.5 ± 5
Pair B 548.5 ± 5 460.3 ± 5

exposure time needed. Either way, improving the contrast can
also improve the resolution.

C. Optics and filter pairs

The optics setup is shown in Fig. 2. This setup is based on
commercial optics (Nikon lenses) and Vision Research fast
camera, both of which use a Nikon-mount. We design the
dual filter based on the Nikon mount, as shown in Fig. 3. The
installation is shown in Fig. 4.

Several dual filter pairs have been made and two of them
are listed in Table I. The filters are for experiments using
lithium pellets and powder or lithium conditioning discharges.
Similar design can be implemented for other materials made
of boron or other impurities.

III. RESULTS

A. Contrast studies using a laboratory plasma

The dual-filter design can be validated using different light
sources such as a laser, LEDs, or a laboratory plasma. Here we
used a laboratory RF magnetron plasma. The plasma was gen-
erated using 30 SCCM of argon flow into a vacuum chamber
evacuated to 5.0⇥ 10�6 Torr base pressure and then maintained
at a pressure of 10 mTorr. The RF frequency was at 13.56 MHz,
and the power was fixed at 50 W. The argon gas flow was
from the top of the chamber with the pressure being controlled
by a throttle valve limiting the flow into the turbo-molecular
pump.

The images from three different dual-filter surrogates are
shown in the left of Fig. 5. Each of the surrogate consisted
of a circular opening with a partially blocked area. The con-
trast improvement is shown more quantitatively through the
line-out intensity comparison in the right column of Fig. 5.
Vignetting needs to be considered for further analysis of the
result; nevertheless, it gives us the basis to proceed with the
dual-filter design.

B. EAST experiment

EAST is a premier magnetic fusion platform for plasma-
material interaction, ELM control, and others.9 Prior to the
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FIG. 5. Three circular inserts (see Fig. 4) with different blocked fractions
were used to demonstrate the dual-filter concept through imaging a cm-size
sputtering magnetic plasma source. Left column top to bottom, the fraction
of an empty ring that is covered by a black tape increases from 0% to 50%
and 75%. Right column, the line-out intensities from the images on the left
column (dashed lines).

lithium injection measurements, two recent examples using
the dual-filter pair are shown in Fig. 6 for lithium-coated wall
discharges.

The good contrast between the left (Li I 460.3 ± 5 nm)
and the right (Li II 548.5 ± 5 nm) is marked by the line sepa-
ration near the middle (tilted toward right). A Vision Research
Phantom 7.1 camera was used. The exposure time and sam-
ple rate were set at 41 ms and 24 frames/s, respectively. The
H-mode plasma (EAST discharge #77758) for Fig. 6(a) has
a plasma current Ip = 0.5 MA, upper single null (USN) con-
figuration, and a line-averaged density ne = 3.5 ⇥ 1019 m�3.
Auxiliary heating power included 1.0 MW lower hybrid wave
(LHW) heating at 4.6 GHz, 0.5 MW LHW at 2.45 GHz,
1.6 MW neutral beam power, and 0.5 MW electron cyclotron
resonance heating. The plasma (EAST discharge #77730)
for Fig. 6(b) has a plasma current Ip of 0.4 MA, similar ne

with 2.0 MW LHW heating at 4.6 GHz, 1 MW LHW at
2.45 GHz, and 0.5 MW electron cyclotron resonance heating
(ECRH).

Regions 1 and 2 in Fig. 6(a) correspond to Li I 460.3
± 5 nm of Pair B in Table I. Region 3 corresponds to Li
II. The bright region 2 indicates a possible intense plasma-
wall interaction. The wall is coated with lithium. The thin
strip at the bottom (region 4) indicates possible magnetiza-
tion of the Li II with the emission aligned with local mag-
netic field line directions. A small piece of the black paper
was added to the Li I side in Fig. 6(b), blocking the plasma

FIG. 6. Two examples of EAST plasma imaging using a dual-filter pair (Pair
B in Table I). In both (a) and (b), the left side with respect to the dashed lines
corresponds to the Li I neutral line filter centered at 460.3 ± 5 nm, and the
right side corresponds to the Li+ ion line filter centered at 548.5 ± 5 nm. More
details are given in the text.

FIG. 7. (Left) Experimental setup to use the dual-filters for lithium pellet
imaging in EAST. The ablation camera is modified with a dual-filter. (Right)
A first image of lithium pellet inside a plasma using the dual-filter camera and
a lithium granule injector (LGI).

emissions, as shown in region 5. Region 7 corresponds to
region 3, and region 8 is similar to region 4. These results
show that the dual filter design successfully separate differ-
ent emission features, a necessary condition for lithium pellet
imaging.

The use of a dual-filter for pellet imaging is illustrated in
Fig. 7, where the filter was recently installed in the ablation
camera and the first images obtained with the pellet exper-
iment (EAST H-mode discharge #80852). In contrast with
image frames in Fig. 1, the separation of the pellet region
from ambient plasma cloud is demonstrated. Two unique fea-
tures of the image are the removal of ablation cloud on one
side of the pellet, and the shape of pellet core is clearly visible,
which deviates from a sphere and indicates the effects due to
the magnetic field.

C. Plenoptic imaging

Using a similar configuration to the setup, as shown in
Fig. 2, we replace the dual-filter plane by a micro-lens array
to form a light-field or plenoptic camera.10,11

We compare two Thorlab microlenslet arrays (MLA300-
14AR-M and MLA150-7AR-M) for the initial designs. The
key parameters are as follows: MLA300-14AR-M has a focal
length f m = 18.6 mm and a lenslet pitch Dm = 0.3 mm.
MLA150-7AR-M has f m = 6.7 mm and Dm = 0.15 mm. One
of the known advantages of plenoptic imaging is refocusing

FIG. 8. Lenslet array to the camera sensor distance is chosen by form-
ing a sharp image. (a) and (b) are images from the MLA150-7AR-M and
MLA300-14AR-M microlenslet arrays, respectively. The spot sizes for (a)
are smaller because of the smaller Dm, which is chosen for plenoptic
demonstration.
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FIG. 9. (a) and (b), images of a 1951 USAF resolution test plate using
the plenoptic setup. (a) is when a sharp image is formed, (b) is when
the target is moved about 2.5 cm from the position in (a). (c) and
(d) are corresponding images to (a) and (b) when the lenslet array is
removed.

through computation or maximizing the aperture size with-
out sacrificing the depth of field. It is important to posi-
tion the camera sensor accurately at the focal plane of the
microlenslets, i.e., the position accuracy needs to be within
�xp · f m/Dm for the pixel resolution �xp. For MLA300-14AR-
M and �xp = 20 µm, the position accuracy is estimated
to be 1.24 mm. For MLA150-7AR-M, the position accu-
racy is 0.89 mm for the same resolution. Sharp images
are formed by scanning the relative distance between
the lenslet array and the camera sensor plane, as shown
in Fig. 8.

After the lenslet to the sensor distance is found, we add
a normal lens (Nikon Nikkor 85 mm) in front of the lenslet
(MLA150-7AR-M) and use a 1951 USAF resolution test plate
for imaging. Several examples are included in Fig. 9 with and
w/o the lenslet array. When the lenslet array is used, the normal
image pattern is modulated by a periodic grid pattern generated
by the lenslet array, as shown in Figs. 9(a) and 9(b). Further
analysis of the data from the plenoptic camera prototype is
underway.

In summary, we have designed and built several dual-
filter sets to improve imaging contrast for lithium pel-
let experiments. A prototype plenoptic imaging system is
also described and built. The first images of lithium pel-
lets using the dual-filter enhanced camera have been suc-
cessfully obtained. Similar concepts can also be applied
to spectrally resolve high-speed imaging for other impu-
rities in fusion plasmas and elsewhere. Further improve-
ments through area-ratio optimization and plenoptic imaging
are possible. The LANL work is supported in part by the US
DoE/Fusion Energy Sciences Long Pulse Tokamak program.
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