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Study of the pellet ablation cloud using the
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The pellet ablation mechanism is an interesting subject for plasma fuelling in fusion
plasmas. In GAMMA 10/PDX, pellet injection experiments for higher density plasma
production are planned to conduct detached plasma experiments in the higher density
plasma condition. We measured the pellet ablation cloud by using the two-directional
simultaneous photography system in GAMMA 10/PDX. The tomography reconstruction
technique was used for considering the pellet trajectory in the plasma and pellet ablation.
The three-dimensional pellet trajectory and pellet ablation images in the plasma were
clearly obtained for the first time, to the best of our knowledge.
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1. Introduction

Pellet fuelling is a useful method for particle fuelling in the core region of fusion
plasmas (Combs et al. 1985; Kawamori et al. 2000; Sakamoto et al. 2004; Kubota et al.
2007; Baldzuhn et al. 2019; Baylor et al. 2021; Yoshikawa et al. 2022). The study of the
mechanisms of ablation cloud formation around a pellet interacting with the background
plasma is an important subject. Temporally and spatially resolved imaging observations
are useful for studying pellet ablation in plasma. In many fusion devices, radiation intensity
profiles from ablation clouds have been observed using high-speed camera systems and
Heo line emission measuring array systems. We prepared a two-directional simultaneous
photography (TDSP) system consisting of a two-to-one optical fibre and a high-speed
camera system, and constructed an analysis method using the tomography technique for
pellet ablation study.

We successfully simulated the detached plasma formation by injecting additional neutral
gas into the D-module (Nakashima et al. 2015; Yoshikawa et al. 2021). The density of the
core plasma was lower than that of the SOL plasma of normal fusion devices. To study the
mechanisms of detached plasma formation in the higher plasma density region, we plan
to perform pellet injection into the central cell plasma to increase the core plasma density.
Pellet ablation studies are also important for understanding the pellet fuelling mechanisms.
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The pellet ablation cloud and pellet trajectory in the plasma must be directly observed to
study pellet ablation mechanisms.

In this study, we present a TDSP system and its application to pellet ablation
measurements in the tandem mirror GAMMA 10/PDX. Moreover, we present, for the first
time to the best of our knowledge, a reconstructed three-dimensional (3-D) image of the
pellet ablation cloud using the algebraic reconstruction technique (ART) for tomography.

2. Experimental apparatus
2.1. GAMMA 10/PDX

GAMMA 10/PDX is the largest tandem mirror device consisting of the main confining
region of the central cell, two axisymmetric minimum-B anchor cells, and two plug
and barrier cells. In the west-end region, the divertor simulation experimental module
(D-module) was set for divertor simulation experiments with the use of the end-loss
plasma from the core plasma. The x-axis and y-axis are defined perpendicular to the
magnetic field in the vertical and horizontal directions, respectively, and the z-axis is
parallel to the magnetic field. The mid-plane is z=0 m. The plasma is produced and
maintained with the application of ion cyclotron resonance frequency (ICRF) wave heating
after the initial plasma injection by the plasma gun. The electron density radial profile
is measured by using a multichannel microwave interferometer system set at z=0m
(Yoshikawa er al. 2018). Typical electron densities and temperatures are approximately
2 x 102cm™2 and 25 eV in the central cell, and 1 x 10" cm™ and 25 eV in the end cell
without additional gas injection into D-module, respectively.

2.2. Two-directional simultaneous photography system

Figure 1 shows a schematic of the TDSP system (Islam et al. 2016; Yoshikawa et al. 2022)
and sub-millimetre hydrogen pellet injection system (Kawamori et al. 2000; Kubota et al.
2007; Yoshikawa et al. 2022) installed in the central cell. The TDSP system consists of
wide-angle lenses, dual branch optical fibre bundles, a TV lens and a high-speed camera
(MEMRECAM GX-1, NAC Inc.). The x-direction (vertical) and y-direction (horizontal)
images were observed through the horizontal side port at z=0m and on the upper side port
at z=—0.10 m, respectively. The frame rate, imaging size and bit depth of the high-speed
camera were 20 000 fps, 320 x 240 pixels and 8 bits, respectively. Images in the vertical
and horizontal directions were obtained in the same frame of the camera system. The pixel
resolution was 6.5 x 107> m pixel ..

2.3. Pellet injection system

The pellets were injected from the down side port at z = —0.10 m through the Teflon guide
tube of 6 m from the pellet injector. The pellet injector was a pipe-gun type pneumatic
pellet injector used to produce sub-millimetre pellets. The diameter and length of the
pellets were controlled by adjusting the barrel size and feed gas flow rate. We used a
pellet of approximately 0.7 mm in diameter and 1.8 mm in length. In the pellet diagnostic
stage, two light gate systems existed for pellet velocity measurement: a microwave cavity
for pellet mass measurement and a shadowgraph system for pellet form measurement. The
injected fuelling pellet speed was varied from 200 to 600 m s~!.

3. Tomography method for pellet ablation cloud

We used the ART for the tomography of the TDSP data of the pellet ablation cloud.
ART is an iterative reconstruction technique (Guan & Gordon 1996; Zhang et al. 2014). It
reconstructs an image from a series of angular projections, meaning that the projection
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FIGURE 1. Schematic of the TDSP system, sub-millimetre hydrogen pellet injection system
and multichannel microwave interferometer system in the central cell.

of image intensities along a line extends radially in the direction of a specified angle
(similar to a sinogram). One advantage of the ART is that a calculation program can
be constructed relatively easily with a short calculation time. For two-dimensional (2-D)
iterative methods, the reconstruction problem can be formulated as a linear algebraic
problem:

WF =P, (3.1

where F represents unknown image vector (N x 1) of N =n x n pixels, P represents
projection vector (M x 1) of M rays and W represents system matrix (M x N) whose
element w; denotes the weight coefficient representing the contribution of the jth pixel to
the ith ray integral. The ART is an iterative procedure for solving (3.1). The reconstructed
image elements of the jth pixel, f;, are as follows:

N

pi— X;J?(k)wij
J:

a 2

2 v

j=1

f]‘.(k+1) =];(k) 42 Wi, k=0,1,2,3,..., (3.2)

where p; represents the projection intensity of the ith ray, i represents k (mod M)+ 1,
k denotes the number of iterations and A denotes the relaxation parameter. In the ART
method, only one sample value p; of the projection data is used for each iteration of
the image update. ART can be considered an iterative solver of a system of linear
equations, where a small choice of A results in a long iteration time but can improve the
signal-to-noise ratio of the output.

https://doi.org/10.1017/50022377824000394 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377824000394

4 M. Yoshikawa and others

(a) (b)
0.035 ‘ ‘ ‘ ‘ 0.02
0.03
0.025 0.015
0.02
@ & 0.01
=0.015] =
0.01 0.005 |
0.005
0 i ! i L 0 I i i
0 1 2 3 4 5 0 50 100 150 200
A k
FIGURE 2. MSE against (a) A and (b) iteration number £.
()

FIGURE 3. (a) Original image and (b) reconstructed image using the ART method.

3.1. Checking the ART method

We validated the ART method by computing image reconstructions of images that
simulated pellet ablation cloud images. Figures 2(a) and 2(b) show the mean squared
error (MSE) against A with iteration k=100 and iteration number k£ with 1=2.0,
respectively. Figures 3(a) and 3(b) show the original image of the Gaussian profile and
image reconstruction using the ART method with 4 =2.0 and iteration n =30. The MSE
of the reconstructed image relative to that of the original image was <0.1 %.

3.2. 3-D image reconstruction

We calculated the 2-D reconstruction images of the pellet ablation cloud in the x—y
planes at each z. This implied that they were pellet ablation cloud-sliced images along
the z-direction. We then obtained the pellet ablation cloud in a 3-D form by presenting the
same surface images. The 3-D images reconstructed from the two-directional images are
shown in figure 4. The Gaussian profiles of the two-directional images showed a spherical
shape in the surface intensity at 50 % of the maximum intensity of the image.

4. Pellet injection experiments

The hydrogen plasma was produced and heated by the ion cyclotron range of the
frequency wave from =51 to 440 ms and additional hydrogen gas puffing for the
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FIGURE 4. Reconstructed 3-D image.
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FIGURE 5. Time evolutions of diamagnetism and line density.

radiator gas in the D-module from =50 to 450 ms with a pressure of 750 mbar for
the detached plasma experiment. The sub-millimetre pellet was injected into the central
cell plasma at approximately =200 ms. The time evolutions of the diamagnetism and
line density in the central cell are shown in figure 5, indicating the pellet injection time.
Evidently, the electron line density drastically increased and diamagnetism decreased with
pellet injection. Figure 6 shows the time-dependent radial profile of the electron density
measured using a multichannel microwave interferometer system.

The electron density reached 7 x 102 cm™ at = 200.9 ms and the plasma density peak
moved from approximately y = —2 cm at = 200.5 ms to the positive side (approximately
y=25cm) at t =201.2 ms.

Figure 7 shows the pellet ablation cloud images observed by the TDSP system from
t=(a) 200.75 ms to (/) 201.30 ms in intervals of 0.05 ms. As shown in figure 7, the
vertical (left side) and horizontal (right side) wide-angle images were obtained in the
same frames. The magnetic field directions and x-, y- and z-axes are shown in figure 7(a).
As shown in the left-side images in figure 7, the pellet ablation clouds moved to the upper
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FIGURE 6. Time dependent radial profile of the electron density.
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FIGURE 7. Pellet ablation cloud images measured by the TDSP from 7 = (a) 200.75 ms to
(/) 201.30 ms.
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side frame-by-frame. As shown in the images on the right side, the pellet ablation clouds
moved slightly from the centre of the plasma to the upper side. This result was comparable
to that obtained using the multichannel interferometer system.

Figure 8 presents the 3-D reconstructed images of the pellet ablation cloud surfaces of
60 % and 55 % of maximum intensity of the images at  =200.80 ms in panel () to 201.25
ms in panel (k), and except at £ =201.00 ms in panel (f), respectively. At t=200.75 ms
in panel (a) and 201.30 ms in panel (/), the ablation emission intensities were extremely
small to show a surface intensity at 31 % and 24 %, respectively. The ablation cloud images
of the surfaces used a higher intensity region in the reconstruction. This was because the
image reconstructed using the ART method contained errors in the low-intensity region,
such as diamond-shaped errors. This effect was eliminated from the low-intensity region.
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FIGURE 8. 3-D reconstructed images of pellet ablation clouds from ¢ = (a) 200.75 ms to
(1) 201.25 ms.
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FIGURE 9. Electron density radial profile before pellet injection.

5. Discussion

The form of the pellet ablation cloud had the largest spherical shape at approximately
x=—38 cm and the smallest oval shape at approximately x =0 cm. On the upper side of
the plasma, the pellet ablation cloud size was large at approximately x = +8 cm; this was
the same as that on the lower side. The larger pellet ablation cloud size at approximately
x=—8 and +8 cm was due to the radial profile of the hollow plasma density. Figure 9
shows the electron density radial profile before the pellet injection. The electron density
radial profile was hollow. Pellet ablation strongly depends on the plasma density.

The pellet completely penetrated the plasma. Figures 10(a) and 10(b) show the pellet
ablation cloud motion obtained from the centroids of the 3-D reconstructed images in the
x—y and x—z planes. The error bars show the radius of the pellet ablation cloud surfaces.
Pellet ablation clouds moved from approximately x = —13 c¢m to 12 cm, approximately
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FIGURE 10. Pellet ablation cloud motion obtained from the centroids of the 3-D reconstructed
images. Error bars show the radius of pellet ablation cloud surfaces.

y=0cm to +6 cm and approximately z=13 cm to —10 cm. The pellet ablation cloud z
position at  =200.95 ms deviated from the other positions. The reason for this is unclear;
however, the deviation was in the reconstructed resolution of approximately 1 cm. The
pellet crossing speed in the plasma was approximately 6 x 10> m s~!. The pellets moved
diagonally across the plasma. The motion of the pellet ablation cloud was almost the same
as the peak motion of the electron density (red line in figure 6). The electron density
was strongly affected by the pellet ablation cloud motion. The electron density peak at
t =200.9 ms had a large amount of fuelling source from the pellet injection, as observed
in the large pellet ablation cloud image in figure 8(c). We successfully obtained pellet
ablation clouds in 3-D images and determined their behaviour in plasma for the first time.

6. Conclusion

We observed the pellet ablation cloud and its trajectory in the plasma using the TDSP
system in a GAMMA 10/PDX pellet injection experiment and successfully obtained 3-D
images and determined their 3-D behaviour for the first time. The pellet ablation cloud
motion and image surface size were strongly correlated with the electron density peak
position and electron density increase.
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