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Table 3-1 Experimental conditions

Pressure in TG

L, (ecm) L, (cm) L, (cm) (kPa)
Case 1 63 83 50 10
Case 2 10 83 50
Case 3 60 83 35
Case 4 30 83 35
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Table 3-2 Case 1 |2 BT A HaTEEfi=

Without turb. With turb.
Case 1 Rise time Over pressure Rise time Over pressure
(us) (Pa) (us) (Pa)
Mean val. 1.7804 397.2 2.684 398
Max. 1.81 405 6.366 574
Min. 1.74 388 1.5917 201
St. deviation 0.0205 6.476 1.5983 122.8
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(1) Bart Lipkens and David T. Blackstock, “Model experiment to study sonic boom propagation through turbulence. Part I:General
results,” J. Acoust. Soc. Am., Vol. 103, No. 1, 1998, pp. 148-158.
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Al.l1 Experiment Setup

Experimental system is divided into two systems—plasma generation system and Schlieren visualization system. Fig. A 1-1 shows
schematic of the experimental setup for generating laser-plasma in quiescent air at atmospheric pressure and visualizing it. In plasma gen-
eration system, a laser pulse was directed along a convex lens to be focused into a small region to enhance gas breakdown, hence to induce

plasma. Table 1-1 shows the plasma generation experiment conditions for each laser. The effective laser pulse energy was measured with

an energy meter.

Table A 1-1 Conditions of plasma gener-
ation system

Laser type Nd:YAG Nd:YLF
Wave-length 1064 nm 1047 nm
FWHM 9 ns 15 ns
Pulse energy 140 mJ 25 mJ
Focal length 100 mm 15 mm

Generated plasma was visualized using Schlieren system and was recorded onto an intensified charge couple device high-speed camera,

HPV-1. In this study, to control the delay time between the laser pulse and the recording system, a digital delay/pulse generator was used.

Nd:YAG Laser
or
Nd:YLF Laser

<— Laser beam

Lens

Pinhole N
I

Xenon fash lamp Lens LeNs  plasma

Concave mirror
f ($300mm, £=2.0m)

Lens

! Fig. A 1-2 Schematic illustration of experiment
HPV-1 High-speed .
camera setup for generating Nd: YLF laser plasma at lower
ambient pressure

Fig. A 1-1 (a), (b) Schematic illustration of exper-
iment setup for generating Nd: YAG and Nd: YLF o pressure gaege
laser-plasma at atmospheric pressure

Fig. A 1-3 Schematic illustration of posi-
tioning focus lens inside the chamber
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A1l.2 Plasma Generation System
Al.2.1 Laser
(1) Nd: YAG laser
Table 1-2 shows general specification of Q-switched Nd: YAG laser (Quanta System ).

Table A 1-2 Specification of Nd:

YAG laser
‘ Model SYL 203
Medium Nd:YAG
‘:’ @ Wavelength 1064 nm
Energy 2 J/pulse
FWHM 9 ns

Fig.A 1-4 Nd: YAG laser

(2) Nd: YLF laser
Table 1-3 shows general specification of Nd: YLF laser (EdgeWave, Germany ).

Table A 1-3 Specification of Nd:

YLF laser
Model IS81-E
Medium Nd:YLF
Wavelength 1047 nm
Energy 25 mJ/pulse
FWHM 15 ns

Fig. A 1-5 Nd: YLF laser

A1.3 Schlieren Visualization System
Al1.3.1 Setup

@ Condenser Lens

@ Pinhole

@ Collimator Lens

®Concave mirror

(DXenon fash lamp /
i o
|

®Plasma

(1)

@Knife edge

®Lens
©@High-speed camera
Fig. A 1-6 Configuration of visualization system
Schlieren visualization system is used to visualize the gradual development of the generated laser-plasma over time. Basically, the sys-

tem includes (1) light source parallelization process, (2) parallel luminous flux focus process, and (3) recording process using high-

speed camera. A xenon flash lamp served as the light source, connected to inductor box to luminescence light longer enough for record-

ing purpose.
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A1.3.2 High-speed Camera
HPV-1 High-speed Camera

Through a Schlieren visualization system, a high-speed framing camera is being used to record the time evolution of the laser-induced
plasma. Images can sequentially be taken every 4 us for 100 images, so that 400 us of duration during plasma evolution is recordable.

Table 3-4 shows general specification of the camera.

Table A 1-4 Specification of HPV-1

Model HPV-1 (Shimazu Co.)
Resolution 312 X 260 pixels
Frame rate 4 us/frame
Record frames 100 images

Fig. A 1-7 HPV-1 High-speed camera
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A2 D L= =57 I X~ DEH)
A2.1 Nd: YAG laser-induced plasma behavior

The study of the Nd: YAG laser-induced plasma behavior in ambient air at atmospheric pressure and the mechanism of its instability will
cover the phases in order:
(i)  Blast wave generation and propagation.

(ii)  Jet and toroidal structure formation.

A2.1.1 Blast wave generation and propagation

Fig. A 2-1 shows an example of the visualized time evolution of a plasma and blast wave in the early stages of development. As the laser
pulse that is incident from the left side has terminated, the small focal region which is directly heated during the laser pulse irradiation
hereafter is referred as plasma and was observed in the first frame at 7 = 24 us and thereafter. At atmospheric pressure, the initial plasma
is almost ellipsoidal in shape with the major axis oriented along the laser beam. As can be observed, a blast wave begins to travel out from
the heated region after the plasma front and the blast front propagate together.

The blast wave surface expansion can be quantified in terms of horizontal and vertical radii of the ellipse. The horizontal radius r, cor-
responds to the one parallel to the laser beam axis or x-axis; the vertical radius r, corresponds to the one perpendicular to the axis. Fig. A 2-
2 shows the relationship between measured shock wave radius r, and r,, and its expansion velocities, horizontal velocity v, and vertical
velocity v,, and ¢, the time from the start of expansion in the early stages, from ¢ = 24 us up to r = 44 us. Initially, the blast is ellipsoidal in
shape due to the asymmetric plasma region. However, the blast wave becomes almost spherical by ¢ = 44 us. This is demonstrated both in
Fig. A 2-1 and Fig. A 2-2. The shock front tends to become spherical in shape with increasing distance from the origin independently of
any finite source shape.

Expansion velocities v, and v, in the figure are calculated from temporal variation of r, and r,, respectively. The velocity during the blast

wave expansion gradually decreases, hence the Shock Mach number decreases in intensity.

14 -I LB | LI ) l LI B I ) | T | L l_ 6m
[ L al
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[ Vi ]
cof | o
g 10 5 — 500 &
= i . ‘g
E g - - 450_
ol : 7] E
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] 4 al "1 350
52us 56us - A 7
B P'.I, -5
2 -I TENEE BN A RN AT I A AT A SN SR EN I A AR 300
20 25 30 35 40 45
time [ps]
coocd < Fig. A 2-2 Temporal variation of radii and expansion
Fig. A 2-1 Framing Schlieren images on variation radii of velocity of expanding shock wave

expanding shock wave at the early stage

A2.1.2 Jet and toroidal structure formations

Fig. A 2-3 shows typical Schlieren images express time evolution of the laser-induced flow. Time passed after Nd: YAG laser pulse irra-
diation is designated by ¢, and the first frame at 7 = 24 us the laser pulse has already terminated. The laser pulse is incident from left. As
have been mentioned before, the small focal region which is directly heated during the laser initiation hereafter will be referred to as a plas-
ma and was observed in the first frame at r = 24 us and onwards, and initially, the plasma is almost ellipsoidal in shape with the major axis

oriented along the laser beam. As time elapsed, plasma kernel keeps expanding vertically, but compresses horizontally towards its centre
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at early stages before propagating up the laser incidence axis towards the focal lens, as can be observed in Fig. 2-3 qualitatively and be

confirmed in Fig. 2-4 quantitatively.

108us

192us

216ps

Fig. A 2-3 Framing Schlieren images on laser-induced
plasma in quiescent air,

At t, us—us the plasma is almost spherical in shape. Atz = 60 us and onward, the structure of the laser-plasma in ambient air at atmos-
pheric pressure are characterized by the appearance of a toroidal stucture feature and its subsequent spreading. At about the same time, a
jetting emerges from the right part of the plasma and propagates towards the laser source, as been shown in Fig. 2-6. This jetting has been
observed in other works.

The shock wave caused by the rapid energy deposition quickly travels outwards into surrounding gas produces a pressure gradient direct-
ed away from the center. At the plasma center, an overexpanded region of lower pressure is formed, relative to the ambient gas, into which
two opposing gas flows penetrate-coming from the surrounding region along the axis of the laser pulse. These counterpropagating, col-
liding gas flows create a pair of symmetric voticity, which then act in harmony to move the hot gas remnants radially outwards and into a
toroidal shape. The vortex generation (toroidal shape propagating radially ) is clearly observed at. t = 72 us ~ t = 228 us The vortical
motions deform the ellipsoid of the plasma to its major axis is displaced vertically (Fig. A 2-5) and at the same time it is clearly observed
that the plasma jetting extruding toward laser source give rise to a front lobe.

The formation of the front lobe is caused by either the possibility of ionized gas facing the incoming laser beam to absorb more laser
energy, thus the boundary of highly heated plasma could propagate back toward the laser source, or to the propagation of a shock wave

generated from the initial expansion of plasma with an axial component toward the laser source, as have been explained above.
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Fig. A 2-4 Relationship between horizontal and vertical length of expand-
ing plasma and time

(1) cont.ra'ritatin toroida

=R

(2) Front lobe propagating,

towards the laser source

Fig. A 2-5 Major axis of ellipsoid displaces from (a) horizontal
axis to (b)vertical axis

0000 156

Fig. A 2-6 Two significant segments,
toroidal shape and front lobe, appear during
plasma deformation

A2.2 Similarity between Nd: YLF and Nd:YAG laser-induced plasma
Nd: YLF laser-induced plasma experiment has been conducted using the same experimental setup as the Nd: YAG laser-plasma exper-

iment. The conditions for both experiments are shown in Table A 2-1 below.

Table A 2-1 Experiment conditions for Nd:YAG and

Nd:YLF laser
Laser type Nd:YAG Nd:YLF
Wave-length A 1064 nm 1047 nm
FWHM 9ns 15ns
Pulse energy E 140 mJ 25mJ
Focal length f 100 mm 15 mm
Ambient pressure P, 100 kPa 100 kPa

A2.2.1 Qualitative analysis
In both cases, the appearance of the waves and development of the vortex are qualitatively the same. There are three similarity of charac-
teristics demonstrated in both Nd:YAG and Nd:YLF laser-induced plasma at atmospheric ambient pressure. The significant similarities
are:
(1) Initial plasma is ellipsoidal in shape. Hence, initial blast wave is ellipsoid-shape but tends to develop to become nearly spherical
in shape as it expands outwards.
(2) The plasma deforms from initially ellipsoidal shape to its major axis is displaced vertically due to the counter-rotating vortical
motions of torus-like structures.
(3) Appearance of two distinct segments; the torus-like shape structure propagating radially and the front lobe propagating toward

the laser source.
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Nd:YAG laser-plasma Nd:YLF laser-plasma
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Fig. 4-7 Qualitative comparison between Nd: YAG and Nd:
YLF laser-induced plasma at atmospheric pressure

A2.2.2 Quantitative analysis

14 | | - 600
18 ¢ F ]
¥ 2| 1550
15 § S [ ]
/ o[- 3 500
21 R————y : a ]
s s |- Jaso £
s Y4 I ] =3
95?". [ 56: E400 >
6 --—é ® . ] "(%;
E i = [ e 1 e
X . g 4f . J3s0 2
T g | ] B
[ A Ll ! I d300 =
7 R — . 15 20 25 30 35 &
0 100 200 300 400 time [ 5]

Fig. A 2-9 Temporal variation of radii and

time [ps] expansion velocity of expanding shock wave

Fig. A 2-8 Relationship between horizontal and vertical length of expanding
plasma and time
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A2.3 Pressure effect on the plasma behavior

Fig. A 2-10 shows Schlieren images; results of experiment conducted under four conditions of ambient pressure; P, = 100kPa, 80kPa,
60kPa, and 40kPa. All the images are synchronized with each other.

As shown in the figure, at ¢ = 20 us, initial spherical shape of plasma is generated only at P, = 60KPa and P, = 40K Pa with diameter
d =3.72mm and, d = 3.48 mm respectively, while at P, = 100kPa and P, = 80kPa, the plasma is almost ellipsoidal shape with major axis
oriented along the laser source. The lower the ambient pressure, plasma decreases in initial size. When the initial pressure is reduced, the
energy absorbed by the plasma kernel will be less than that absorbed at the atmospheric pressure and the size of initial plasma is expected
to decrease.

Plasma that is induced under atmospheric pressure demonstrates two significant segments; a toroidal shape propagating radially and a
front lobe propagating toward the laser source (see Fig. 2-6). However, the lower the ambient pressure, the extrusion of the front lobe no
longer could be observed; for example, at # = 160 us, a motion of a lobe extruding toward the laser source (left) could be clearly observed
for P, = 100kPa and P, = 80kPa compared with for the lower pressure where completely no observation of lobe extrusion recorded for
P,=40kPa.

Small-scale pertubations appearing on the plasma interface are enhanced at high ambient pressure. However, the lower the ambient pres-
sure, the large-scale disturbances were enhanced. The right part of plasma at # = 400 us is an almost red-blood-cell-shape (from side view )
P, =40kPa for, whereas the perturbations grow up as the ambient pressures increase, and much small-scale perturbations were enhanced
for. P, = 100kPa Such small-scale large-scale flow patterns are also
reported in Sasoh et.al; they assumed the possible process to explain the relationship between ambient pressure and perturbation patterns
is Rayleigh-Taylor instability. In Rayleigh-Taylor instability, rate of the perturbation grows with e V&  where g, k, and A designate accel-
eration measured on the interface, dominant wave number of perturbation, and Atwood number, respectively. Since the ambient pressure
P, and k have a linear relation, increasing in k and hence P, will increase the perturbation rate. Table A 2-2 concludes the ambient pressure

effect on the plasma behavior.

Table A 2-2 Ambient pressure effect on plasma flow evolution

Ambient pressure 100 kPa 80 kPa 60 kPa 40 kPa
Plasma shape Ellipsoid Ellipsoid
(dy=312mm,  (d,=300mm, Sphere o Sphere )
d. =3.00 mm) d,=288mm) ~ \d=3T2mm d=3.48mm
Front lobe extrusion
(=20 us ~ 1 = 400 us) © © = x
Growth rate of »
perturbations decreasing with P,
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Fig. A 2-10 Framing Schlieren images, ambient air (a) P, = 100 kPa, d = 15 mm, (b) 80 kPa,
15 mm, (c¢) 60 kPa, 15 mm, (d) 40 kPa, 15 mm
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