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1. Introduction

Pellet penetration and particle deposition process study, inside the hot plasma is an absolute
interest to achieve the high fueling efficiency. Pellet trajectory deflection in presence of fast ions
has been observed in Large Helical Device(LHD), can affect the penetration[l]. In addition LHD
has three dimensional magnetic field structure which complicates the pellet plasma interaction
and mass deposition process. Therefore it is indispensable to measure the three dimensional
pellet ablation, in order to optimize the pellet fueling process and finding of the mechanism
behind this in LHD. In this article stereoscopic observation of pellet trajectory deflection in

presence of a tangential NBI heated plasma has been discussed.

2. Experimental setup

LHD has major radius, average minor radius and magnetic field strength, 3.9 m, 0.6 m and
2.9 T respectively. The magnetic confinement field is generated by I/m = 2/10 superconducting
coils, hence the magnetic field is varies between a vertically elongated and a horizontally helical

section throughout toroidal direction. LHD is equipped with a repetitive pellet injector, 2]

can
inject pellet at 11 Hz repetition rate with a speed of 150 - 550 m/s from the outboard horizontally
elongated mid-plane section. Limited port access restricts the number of observation points to
obtain three dimensional information about a system. Hence a two point stereoscopic[3] tech-
nique is applied to observe the three dimensional pellet motion.

In this technique, a three dimensional spatial
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point M = [X Y Z]” is imaged from two or more

different locations assuming pinhole camera model

epipolar plane

as shown in Fig. 1. The respective image point m =
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Figure 1: Stereoscopic imaging principle
where s is the arbitrary scale factor and P is the projection matrix of dimension 3x 4. This
projection matrix is estimated during camera calibration contains the optical and geometrical

characteristics of the system. Projection of the three dimensional point M to two image points

gives sfit = PM and s/’ = P’M. Combining this two expressions the the complete stereoscopic
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equation can be written as
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The brightest point in one image is assumed to be the the pellet position on that image and the
corresponding point on the other image is found by using the epipolar line concept. Therefore
knowing the projection matrix and the image coordinates, the spatial position of the pellet can
be evaluated.

The pellet injection location with observation points
and the direction of tangentially applied NBI beam are
shown in Fig. 2. A pair of stereo images from two dif-
ferent locations are taken by using the bifurcated imaging
fiber, focused on to the fast camera to maintain the simul-

taneity of the image. Each bifurcated fiber end has an ob-

jective lens of field of view 15°. The fast camera equipped 4540 3_o_ = 2'_0 b

with SR-CMOS sensor has spatial resolution ~ 90 K pix- o

els and temporal resolution of 50 us with 2 us exposure Figure 2: Pellet injection location
time. The error calculated from the stereo-reconstructed with observation points and the di-
model plane, used for calibration are of 5 mm, 6 mm and rection of tangentially applied CW

15 mm in X, Y, Z direction respectively. NBI [green] and CCW NBI [blue]

3. Results and Discussions

In this study two types of NBI discharges namely CW NBI of 3.7 MW and CCW NBI of 2.8
MW are taken into consideration. The Hy and the camera intensity signal for an ablating pellet
in both NBI conditions are shown in Fig. 3. A bump in Hy and camera signal can be observed
[Fig. 3(a)] outside Last closed Flux surface (LCFS) for the CW NBI discharge, however it is
absent in case of CCW NBI [Fig. 3 (b)]. This observation is due to the direct heating of the
pellet by the CW NBI, as it comes under the influence of NBI path before entering into the
plasma [Fig. 2] . A small pedestal in case of CCW NBI indicates the ablation of pellet outside
LCFS and is due to the finite plasma in stochastic region of LHD. Pellet trajectory deflection
in presence of tangentially applied CW NBI is shown in Fig. 4. The shaded area in the figure
indicates the viewing area of the stereo camera. Fig. 4(a) and 4(b) shows the deflection of pellet
trajectory along the toroidal plane and poloidal plane respectively. The change in pellet speed
along the injection direction (radial: V) and perpendicular to it (vertical: Vz) and (toroidal:
V) are shown in Fig. 4(c). A similar case for CCW NBI is shown in Fig. 5. Toroidal deflec-

tion and poloidal deflection of 20 cm and 10 cm respectively observed in case of CW NBI,
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however in case of CCW NBI the toroidal deflection is
comparable to former case but the poloidal deflection is
negligible. Toroidal deflection velocity (V) lies in the
range 400 m/s - 800 m/s for CW NBI and 200 m/s - 500
m/s in case of CCW NBI. Toroidal acceleration in case
of CW NBI is (0.7 -1.5)x 10°® ms™2 and (0.4 - 0.8)x 10°

ms’2

in other case. The deflection observed is proba-
bly due to the asymmetric ablation on both side of pel-
let by fast ions generated by tangential NBI and subse-
quently formation of rocket effect in the toroidal direc-
tion. Considering one-dimensional heat flux term in the
equation of motion along the toroidal direction, pellet ac-
celeration can be calculated in the range (0.15-1.5 )x 10°
ms~2,which is in close agreement with the observed ac-
celeration in both cases.

Pellet trajectory deflection from its injection direction

starts at a normalized minor radius p ~ 0.85 for CW NBI

and p ~ 0.75 for CCW NBI. This observation can be ex-

plained in terms of co-injection and counter-injection. As the toroidal magnetic field is in the
CW direction, the CW NBI is co-injection and CCW NBI is counter-injection. The drift orbit
of fast ions shifts outward for co-injection and inward for counter-injection[‘H. Hence the ob-
servation qualitatively agrees with the fast ion deposition profile in LHD. In case of CW NBI
injection, pellet speed slowing down along injection direction can be seen in Fig. 4(c) but there

is an acceleration of pellet at the last phase of motion [ Fig. 5(c)] for CCW NBI injected pellet.
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The reason behind this is still uncleared and to be investigated.
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Figure 4: Trajectory deflection along (a) toroidal plane (b) poloidal plane and (c) ablating pellet

1.2

speed in radial (V), vertical (Vz) and toroidal (V) and direction in presence of CW NBIL.
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Figure 5: Trajectory deflection along (a) toroidal plane (b) poloidal plane and (c) ablating pellet

speed in radial (Vg), vertical (Vz) and toroidal (V) direction in presence of CCW NBI.

Pellet penetration depth considering constant pellet
speed along the radial direction with Hy timing com-
pared with the stereoscopic observation in Fig. 6. It can be
followed from the figure that observed penetration depth
(p = 0.75) is much less than calculated (p ~ 0.63) value
in case of CW NBI and it is more ( p ~ 0.65) than cal-
culated value (p ~ 0.7) in case of CCW injection. This
result is obvious by considering the Vg within pellet life
time. Additionally in case of CW NBI pellet deflecting to
a squeezing plasma cross section where as the deflection
for CCW NBI is to a expanding cross section,which also

affects the achievable penetration depth.

4. Conclusion

Three dimensional motion of pellet ablatant analyzed
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Figure 6: Comparison of pellet pen-
etration depth for CW NBI and
CCW NBI. Dash-dot lines indicates
penetration depth considering con-

stant pellet speed

by applying stereoscopic diagnostic. Toroidal deflection of pellet trajectory with acceleration ~

10° ms~2 observed, with respect to tangential NBI direction. Pellet penetration depth compari-

son indicates advantage of CCW NBI injection over CW NBI. Reduction of injection speed in

case of CW NBI and increase in case of CCW NBI in radial direction is still unclear and to be

analyzed further.
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