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Abstract

Double pulsed-laser-ablation is a promising method to prepare nanoparticle
composites. The backward movement of the plume after the collision with
counter-propagating shock wave has been observed in experiments. In the
present study, collision dynamics of the oppositely injected Si and Ge jets into
a He background gas was numerically calculated as a simulation for double
pulsed-laser-ablation. The experimentally observed backward movement was
reproduced. The effect of distance between two jet exits on the distance of back-
ward movement of the jet, B, after the collision with the counter-propagating
shock front was calculated to discuss the collision dynamics and to optimize
the target distance for the experiment. We found that B does not decrease
monotonically with increasing distance between two jet exits, but has a
maximum value at a certain distance. This behavior is discussed by calculat-
ing the expansion dynamics of an individual jet. Shock wave grows with time
at the initial stage of the jet expansion and then attenuates; the density just
behind the shock front for individual jet has a maximum value at a certain
time and position. B has a maximum value when the densities just behind
the shock fronts for the individual jets have maximum values. This result is
important for designing the appropriate distance between the two jet exits,
Le., the distance between the targets of double pulsed-laser-ablation.

Keywords

Collision of Supersonic Jets, Shock Wave, Computational Fluid Dynamics,
Laser Ablation

1. Introduction

Pulsed laser ablation (PLA) in a background gas is a method to prepare nano-
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particles [1] [2]. Irradiation of the strong pulsed laser on the solid surface in-
duces the ejection of vapor called a plume. Shock wave is formed during the ex-
pansion of the plume and it plays an essential role in plume expansion dynamics
[3] [4]. Nanoparticles are formed during plume cooling [5]. Recently, PLA with
two lasers and two targets was proposed to prepare nanoparticle composites.
This method is called double pulsed-laser-ablation (DPLA). In the case of DPLA,
not only the effect of the shock wave propagating just in front of the plume but
also the counter-propagating shock wave is important for plume expansion dy-
namics. For example, the backward movement of the plume after the collision
with the counter-propagating shock front is experimentally observed in DPLA
(61 [71.

The effects of the counter-propagating shock wave on the plume can be simu-
lated by replacing the plume with the unsteady supersonic jet. The change in the
plume expansion direction [8] and the backward movement of the plume [7] af-
ter the collision of the two shock waves have been discussed by this method. The
advantages of the calculation are that quantitative analysis is possible and initial
conditions can be set freely. However, quantitative discussion was not enough
and initial conditions were not changed in the previous reports. The effect of
distance between two targets is important for DPLA since plume expansion dy-
namics depends on the distance from the target surface. The results of the calcu-
lations are also important to estimate the optimal distance between targets. In
the present paper, distance of backward movement of the jets after the collision
with the counter-propagating shock waves is calculated by varying the distance
between two jet exits, and the effect of collision on the backward movement is

quantitatively discussed.

2. Computational Method
2.1. Governing Equations and Numerical Procedure

The expansion dynamics of the oppositely injected Si and Ge jets into a He back-
ground gas was numerically simulated. Axisymmetric two-dimensional compres-
sible Euler equation and conservation equations of mass and total energy were
used as the governing equations. The equations are written as:

U oF G

+—+H=0. (1)
ot ox or

where £ x and r are time, coordinate in the symmetrical axis and that in the
radial axis, respectively. The symbols of U, F, G and H are conservative quantity
vector, physical flux vector in x coordinate, that in r coordinate and source term,
respectively. They consist of density, p, velocity in the x coordinate, #, that in the
rcoordinate, v; pressure, p and total energy per unit volume, e. The densities of
Si, Ge and He species are distinguished by the subscripts s, g and h, respectively,
in the conservation equations of mass. Relationships between those vectors and
quantities are expressed as Equation (2). Since all gas species are assumed to be

the ideal gases, quantities of p, u, v; p, e and specific heat ratio, ), obey Equation
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(3).
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The numerical calculations were performed by ANSYS Fluent 14.0.0 code us-
ing the finite volume method. The density-based solver was used to simulate the
supersonic flow. The governing equations were spatially discretized by the expli-
cit method. A fourth-order Runge-Kutta scheme was used for the explicit time
integration. The second-order upwind scheme and Roe’s Flux-Difference Split-
ting scheme were used to discretize the convective term and numerical flux, re-
spectively. A Courant-Friedrichs-Lewy condition was set at 0.1 to stabilize the
calculation. Grid dependency was evaluated [8] based on the three grid sizes
D/30, D/20 and D/10 mm, where D = 1 mm. Since the jet expansion velocities
for these conditions were almost the same, a grid size of D/10 mm was adopted

to save the calculation time. The aspect ratio of the grid was set at 1.

2.2. Boundary and Initial Conditions

The numerical calculation area and boundary conditions are shown in Figure 1.
The distance from the Si jet exit along the vertical direction, that along the hori-

zontal direction, the jet exit diameter and the distance between two jet exits were
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Figure 1. Arrangement of Si and Ge jet exits and walls and boundary conditions used for
the numerical calculation.
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denoted to x, r; D and L, respectively. Pressure inlets were applied to the posi-
tions of x/ D= 0 and L/ D as the jet exits for Si and Ge, respectively. Si and Ge jets
were simultaneously injected into a He background gas at 3000 Pa and 300 K as
shown by solid-white arrows in Figure 1. Slip wall conditions were applied to
the lower and upper walls. Axisymmetric and open conditions were applied to
the positions of #/D = 0 and 6.5, respectively, along the x/ D direction. The initial
conditions for Si and Ge jets are shown in Table 1. Injections of both jets were cut
off after 27 ns. These conditions were tuned to satisfy the initial expansion speed of
the laser-induced plume in the experiment. The expansions of jets are evaluated by
x/D. The effect of the collision between jet and the counter-propagating shock
wave is evaluated as a function of Z/D. The value of L/ D was varied from 7 to
18, which corresponds to varying the distance between two targets from 7 to
18 mm for DPLA when the jet exit diameter, D = 1 mm. Hereafter, the obtained

non-dimensional values are changed to length by using D=1 mm.

3. Results
3.1. Typical Flow Field

The temporal evolution of the jets and shock waves for Z = 9 mm are shown in
Figure 2. Time ¢is the elapsed time after the jet injection. White lines and colors

in the left images of Figures 2(a)-(e) show contour lines of density and contour

Table 1. Initial conditions for Si and Ge jets.

Jet Gauge total Initial gauge Specific heat Gas constant Total
e

pressure (Pa) pressure (Pa) ratio (-) (J/(kg'K))  temperature (K)
Si 1.82 x 107 9.12 x 10° 1.61 523 3.20 x 10°
Ge 1.95 x 107 9.12 x 10° 1.65 339 8.20 x 10°

Interaction
region

Distance, x (mm)

(c)t=513ns

Mass fraction of Si and Ge
0 02 04 06 0.8 1.0

s’
Density (kg/m?)
5 10 15X103

0
- ' =

Distance, x (mm)

(d)£=1090 ns (e) 1= 1840 ns

Figure 2. Evolution of jets and shock waves for L = 9 mm. White lines and colors in the left half show
contour lines of density and contour plots of mass fraction of Si and Ge, respectively. The right half show
contour plots of density.
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plots of mass fraction of Si and Ge, respectively. The right images of Figures
2(a)-(e) show contour plots of density. Shock waves are formed in front of the
jets at the initial stage of the expansion, as shown by the white lines in Figure
2(a). In the later stage, shock waves collide in the central region, and shock
fronts propagate toward the jets, as shown in Figure 2(b) and Figure 2(c). A
high-density interaction region is formed behind the shock fronts due to the col-
lision of the shock waves, as shown in the right images of Figure 2(b) and Fig-
ure 2(c). In this interaction region, flows toward the jets are induced just behind
the shock fronts due to the pressure difference across the shock fronts. The jet
fronts collide with the counter-propagating shock fronts at around #= 500 ns as
shown in Figure 2(c). After the collision with the counter-propagating shock
fronts, the backward movements of the jet fronts are found, as shown in Figures
2(c)-(e). Finally, the backward movements end as described in the following

subsection.

3.2. Effect of Distance between Two Jet Exits on the Backward
Movement of the Jet Front

The effects of the collision depend on the distance between two jets, ie., the dis-
tance between two jet exits. We evaluated the distance of backward movement of
the jet front as a degree of the effects of the collision. We analyzed the expansion
dynamics of jets along the line connecting the center of two jet exits. In the
present paper, we mainly discuss the expansion dynamics of the Si jet and the
counter-propagating shock front, since the behavior of the Ge jet is basically the
same. Figure 3 shows the temporal evolution of the jet fronts and the shock
fronts for Z = 9 mm. The blue solid and dashed lines indicate the positions of Si
and Ge jet fronts, respectively, and the red lines indicate the positions of shock
fronts. Si and Ge jets are injected from x = 0 and 9 mm, respectively. The shock

fronts collide at about #= 400 ns. Subsequently, the interaction region, shown in

— Si jet front
----- Ge jet front
—— Shock front

=
=

Distance, x (mm)

0 1000 2000
Time, ¢ (ns)

Figure 3. The temporal evolution of the jet fronts and the shock fronts for L= 9 mm. The
blue solid and dashed lines indicate positions of Si and Ge jet fronts, respectively, and the
red lines indicate positions of the shock fronts.
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Figure 2(b) and Figure 2(c), is formed behind the shock fronts. Si jet front and
counter-propagating shock front collide at about #= 500 ns and x= 4.1 mm. Af-
ter that, the Si jet front moves backward, and the shock front propagates inside
the Si jet toward the lower wall (x = 0 mm). The shock front reflects at the lower
wall and it collides with the Si jet front again at about #= 2000 ns and x = 2.3
mm. After that, the Si jet front begins to move forward again. Here we evaluate
the distance of backward movement, B, which is defined as the distance be-
tween positions where the Si jet front collides with the counter-propagating
shock front and where it collides with the reflected shock front, as shown in
Figure 3. It corresponds to the distance between the positions of the start and
end of the backward movement.

The distance of backward movement, B, is shown in Figure 4 as a function of
L which is the distance between two jet exits. If the effect of collision decreases
with increasing Z, B, will decrease monotonically with Z. The result of the calcu-

lation indicates that B has a maximum value at Z = 10.7 mm.

4. Discussion

We calculate the density induced just behind the shock front to reveal the origin
of the behavior shown in Figure 4. Hereafter, the conditions in which single (Si
or Ge) jet and double (Si and Ge) jets are injected are called single-jet and
double-jet condition, respectively. The density distribution for the single-jet
condition for Si at £= 560 ns is shown in Figure 5. Si jet is injected from the jet
exit placed at x= 0 mm and it expands along the direction shown by the red ar-
row. The shock front is defined as the position where the density exceeds
one-tenth of the density difference between the peak (14.2 x 10~ kg/m*) and the
initial value (4.81 x 107 kg/m?), as shown by the blue dashed line in Figure 5.
Furthermore, we denote the distance between the jet exit and the shock front at ¢

as Ssi( 9 for Si for single-jet condition, as shown by the blue arrow in Figure 5.
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Figure 4. Distance of backward movement, Bi, as a function of distance between two jet

exits, L.
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Figure 6(a) and Figure 6(b) are the temporal evolution of the density distri-
butions in single-jet conditions for Si and Ge, respectively. Si and Ge jets are in-
jected from jet exits placed at x = 0 and 10 mm, respectively. The propagation
direction of the shock wave is shown by the red arrow in the figure. Similarly to
the Si(?), the distance between the Ge jet exit and the shock front at #is denoted
as Sce(H). When two shock fronts collide at #for double-jet condition, the value of
L corresponds to Ssi(#) + Sce(?). As shown in Figure 6(a) and Figure 6(b), densi-
ties just behind the shock fronts increase with propagation until = # (560 ns),
and the densities have maximum values at ¢ = ¢,. The evolution distances Ss(#)
and Sce(#) are both about 5 mm. This corresponds to L ~ 10 mm for the
double-jet condition. These results indicate that B, has a maximum value when
the densities just behind the shock fronts for individual jets have maximum val-
ues. The density decreases with propagation after = &. The time regimes until ¢

= ¢t and after £ = & correspond to the growth and attenuation regimes of the

Shock_ front
-3
16 x 10 J I |
e 12 —
oNn
)
> 5 m
g 4 -
0 | 1 | L -
0 2 4 6 8 10

Distance, x (mm)

Figure 5. Density distribution for the single-jet condition for Si at £ = 560 ns. The blue
dashed line indicates the position of the shock front. Distance between Si jet exit and
shock front, Ssi(9), is denoted by the blue arrow.

16x10° F T T T T T

Density (kg/m3)

Distance, x (mm) Distance, x (mm)

Figure 6. Time evolution of density distributions in single-jet conditions for (a) Si and (b) Ge. Time &, &, &, &, &, &, t, s and &
are 250, 320, 430, 560, 730, 970, 1300, 1800 and 2400 ns, respectively.
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shock wave, respectively. Hence, the origin of the increase of the distance of
backward movement, B, until Z = 10.7 mm is the head-on collision of the shock
waves within their growth regime.

We discuss the effect of the collision of the shock waves within their growth
regime on the distance of backward movement, B, by focusing on the flow in
the interaction region. When two shock waves collide, the higher the density just
behind the shock front, the higher the pressure in the interaction region. As a
result, high-speed flow is induced just behind the shock front. The high-density
and high-speed flow just behind the shock front formed during the growth of the
shock wave are considered to lead the large B at around L = 10 mm. A more
detailed analysis of the spatial distribution of density and velocity in the interac-
tion region is necessary to understand the effect of the interaction region quan-

titatively.

5. Conclusion

Double pulsed-laser-ablation has been proposed as a method to prepare nano-
particle composites. The collision dynamics of two plumes is important to con-
trol the structure of composites. We numerically calculated the expansion dy-
namics of the oppositely injected Si and Ge jets into a He background gas as a
simulation of double pulsed-laser-ablation. The experimentally observed back-
ward movement of the jet after the collision with the counter-propagating shock
front was reproduced. We quantitatively evaluated the effect of collision by de-
fining the distance of backward movement, B.. The value of B, does not mono-
tonically decrease with the distance between two jet exits, but has a peak at L =
10.7 mm in our calculation condition. We calculated the expansion feature of Si
and Ge jets individually to discuss the origin of the peak. Shock wave grows with
time at the initial stage of the jet expansion, and then attenuates. The density just
behind the shock front for individual jet has a peak when the propagation dis-
tance of the shock front is about 5 mm and the time after the jet injection is 560
ns. They correspond to L ~10 mm for the collision of two shock waves. At this
distance, a high-density interaction region is formed in the central region, and
the value of B has a maximum for the double-jet condition. In the interaction
region, the value of B is considered to be large due to the high density and high
velocity. A more detailed analysis of the spatial distribution of density and veloc-
ity in the interaction region is necessary to understand the effect of the interac-
tion region quantitatively. We found that the collision time and position of the
two jets are important for the effects of counter-propagating shock waves on the
plume expansion. They can be tuned by varying the distance between the exits of
the two jets. The results of the calculation are helpful to determine the distance

between the targets of double pulsed-laser-ablation.
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