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Abstract
Double-pulsed laser ablation with two targets and lasers in a background gas is a method to form nanoparticle complex. 
Effects of pulse delay between two lasers on plume expansion dynamics are discussed. The germanium and silicon targets 
were set parallel to each other and irradiated by two YAG lasers. The germanium target was irradiated followed by irradia-
tion of the silicon target with delay time, td. We found that the expansion distance of delayed silicon plume is enhanced for 
2 µs ≤ td ≤ 50 µs, compared to that when only the silicon target is irradiated. For td = 200 µs, the expansion distance of delayed 
silicon plume is similar to that when only the silicon target is irradiated. We discuss the expansion dynamics of the delayed 
silicon plume based on the effect of the density distribution induced by the primary germanium plume. Our results indicate 
that the effect of primary germanium plume remains up to about td = 50 µs, and it disappears by td = 200 µs.
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1  Introduction

It is well-known that the pulsed laser ablation (PLA) in 
a background gas is one of the dry processes to prepare 
nanoparticles. The predominant feature of PLA is non-
equilibrium temporal and spatial evolutions of the plume. 
Gas-phase plume changes to nanoparticles by collisional 
processes during the expansion in a background gas [1, 2]. 
The morphology of nanoparticle aggregates deposited on the 
substrate varies with PLA condition due to the temporal and 
spatial distribution of nanoparticles in the plume [3, 4]. The 
double-pulsed laser ablation (D-PLA) is a method to provide 
a new growth field of nanoparticles induced by the collision 

of two plumes [5–10]. The interaction of two laser-induced 
plumes is also important for laser-induced breakdown spec-
troscopy (LIBS). The enhancement of plume intensity by 
the interaction of two plumes is reported [11–14], and this 
technique is used to increase the detection limit of LIBS. 
Not only in the field of pulsed laser ablation [15–18], but 
the collision of expanding plasma is also important in many 
research fields. There are extensive reports from viewpoints 
of laboratory simulations of astrophysical plasmas, design of 
inertial confinement fusion Hohlraums, and so on [19–22]. 
We previously observed the backward motion of the plume 
due to the collision with the counter shock wave when two 
targets are irradiated simultaneously [6]. Many of the pre-
vious researches are discussed on the collision during the 
simultaneous plume expansion. Collision of the plume with 
delay will modify the growth and aggregation processes of 
nanoparticles. The effects of pulse delay applied to the sec-
ond laser pulse on the expansion dynamics of the delayed 
plume are discussed in the present paper.

2 � Experiment

A block diagram of our D-PLA system is shown in Fig. 1. 
Silicon and germanium targets were set parallel to each 
other and irradiated by two YAG lasers. The excitation 
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wavelengths of two Nd:YAG lasers for silicon and germa-
nium targets were 355 nm and 266 nm, respectively. There 
is no specific reason for the difference in wavelength. The 
intensity ratio of two laser powers was set so that the sizes 
of germanium and silicon plumes are comparable. The laser 
fluence was roughly estimated by ablated area of the target 
for a laser pulse, and estimated values for silicon and ger-
manium targets were about 5 and 8 J/cm2, respectively. The 
distance between the targets was 9 mm. Helium gas was 
introduced in a chamber as a background gas, and the gas 
pressure was kept at 500 Pa. Plume expansion dynamics 
were monitored through plasma emission intensity of the 
plume measured by a gated ICCD camera equipped with a 
monochrometer. The plume emission intensity was meas-
ured along the line between laser focusing points on the 
silicon and germanium targets. Monochromatized silicon 
or germanium emission lines were selected to observe the 
emission intensity of each species. We define the plume edge 
as the position where the plume intensity is a half value 
of the maximum intensity. This plume edge corresponds to 
the contact front between the plume and background gas. 
An example of plume emission image and plume emission 
intensity, when only the silicon target is irradiated, is shown 
in Fig. 2. In the present paper, the germanium target was 
irradiated followed by irradiation of the silicon target with 
delay time, td. We name PLA with a target and a laser as 

single PLA (S-PLA) and that with two targets and two lasers 
as double-PLA (D-PLA) in the present paper. 

3 � Results

The time evolution of the plume edges for S-PLA of ger-
manium and silicon targets is shown by circles in Fig. 3a, b, 
respectively. Silicon and germanium targets are at positions 
of 0 and 9 mm, and the plumes expand toward 9 and 0 mm, 
respectively. It is well-known that the position of the shock 
front as a function of time, R(t), is described as follows for 
point blast expansion:

Here ξ0 is a constant, E0 is the initial energy of the plume, 
and ρa is the density of gas ahead of shock wave [23]. Since 
E0 corresponds to incident laser energy in our experimen-
tal setup and is constant value, the value of ξ0(E0/ρa)1/5 in 
Eq. (1) is determined by ρa. The value of ρa is the density 
of the background helium gas for S-PLA. The experimental 
results were fitted to the following equation:

 
The broken lines in Fig. 3 are the best-fitted lines up to 

0.5 μs, and the best-fit values of n are about 0.40 and 0.43 
for silicon and germanium targets, respectively. These val-
ues are close to the value of 2/5 in Eq. (1). This indicates 
that expansion dynamics is well-described by the point blast 
model and fitted lines correspond to the expansion distance 
of the shock front. The shock front gradually separates from 
the plume edge [24] after 0.5 μs.
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Fig. 1   Block diagram of the experimental setup for D-PLA
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Fig. 2   An example of plume image and emission intensity distribu-
tion measured by ICCD camera. Plume emission was analyzed along 
the rectangle in the figure. Plume edge is defined as the position 
where the plume intensity is a half value of the maximum intensity
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Fig. 3   Results of S-PLA when a germanium and b silicon targets 
are irradiated. Positions of plume edge (circles) and estimated shock 
front (broken lines) are shown as a function of time. Germanium and 
silicon targets are set at 9 and 0 mm, respectively. An inset in a is a 
schematic view of the final density distribution after the shock wave 
weakened and changed to the sound wave. Here, ρ0 is the density of 
background gas. The origin of the distance in the inset is not the same 
as that of the main figure of a but the center of the point blast expan-
sion
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The results of D-PLA for td = 5 and 200 µs are shown 
in Fig. 4a, b, respectively. Crosses show the plume edge 
of D-PLA, and the circles are the same as those in Fig. 3b. 
The times in these figures are the times after the irradiation 
of silicon target. The emission of the primary germanium 
plume attenuates and is hardly observed for these delay 
times. For td = 200 µs, the expansion of silicon plume is quite 
similar to that of S-PLA as shown in Fig. 4b. For td = 5 µs, 
we can observe an enhancement of the plume expansion 
distance compared with that of S-PLA after about 0.3 µs, 
as shown in Fig. 4a. A similar enhancement is observed 
for 2 µs ≤ td ≤ 50 µs (not shown in the figures) and is not 
observed for td ≥ 200 µs, while the plume expansion dis-
tance is almost the same with that of S-PLA up to about 
0.3 µs regardless of the value of td. We consider the origin of 
enhancement of plume expansion distance by using results 
for td = 5 μs in the next section because the large enhance-
ment is observed at around this time delay.

4 � Discussion

The result of Fig. 3a indicates that the shock front induced 
by primary germanium plume passes through the space 
between targets before the irradiation of silicon target when 
td ≥ 2.5 μs. This means that delayed silicon plume expands 
not in the original helium background gas for td = 5 μs. 
Therefore, the enhancement of plume expansion distance 
in Fig. 4a should be due to the primary germanium plume. 
Since the plume expansion for td = 200 μs is similar to that 
of S-PLA, the effect of germanium plume disappears by this 
time region.

One of the possible origins of the enhancement of plume 
expansion distance is the effect of the reflected shock wave at 
the surface of the silicon target, as discussed in the double-
pulse pre-ablation configuration [11, 13]. The low-density 
region near the silicon target induced by the reflected shock 

wave will enhance plume intensity. However, it is difficult 
to explain the feature of the expansion, shown in Fig. 4a, by 
the effect of the reflected shock wave. It is considered that 
the effect of the reflected shock wave will decrease with time 
(distance from the silicon target). Nevertheless, enhance-
ment is not observed at less than 0.3 μs (up to 4 mm from the 
silicon target) and observed at a later stage. Since the Mach 
number of the shock front, M, when the shock wave reaches 
the surface of the counter target is M ~ 1.5 in our experimen-
tal condition and M ≥ 2.2 in Ref. [17], the effect of reflected 
shock wave may be weaker in our condition.

The other possible origin is the change in the density 
distribution after the shock front passes through the space 
between targets. The density distribution after the point blast 
explosion is reported in previous reports [23, 25, 26]. After 
the shock wave weakened and changed to the sound wave, 
the final density of the gas far from the explosion center is 
almost the same as the density of the background gas, and 
it decreases toward the center as schematically shown in 
the inset in Fig. 3a. If the effect of reflected shock wave is 
negligibly weak, a qualitatively similar density distribution 
is expected when td is not small. The delayed silicon plume 
travels from right to left in the density distribution shown 
in the inset in Fig. 3a. Note that the origin of the distance in 
the inset is the center of point blast expansion and not the 
same as that of the main figure. We consider the result of 
Fig. 3a based on the density distribution induced by germa-
nium plume.

The expansion dynamics of the shock front depends on 
the density ahead of the shock front, as shown in Eq. (1). 
The background helium gas ahead of the shock front uni-
formly distributes for S-PLA. On the other hand, the delayed 
silicon plume expands in the gas flow field having non-uni-
formly distributed density formed by the primary germa-
nium plume. Since both the plume expansions of S-PLA 
and D-PLA for td = 5 μs obey Eq. (1) up to 0.3 μs, expansion 
dynamics of D-PLA is equivalent to that of the S-PLA in 
this time region. The enhancement of plume expansion is 
observed after 0.3 μs. As well as the shock front, the expan-
sion dynamics of the plume edge depends on the density 
ahead of the plume edge. Since the position of silicon plume 
edge at 0.3 μs is about 4 mm, the experimental results shown 
in Fig. 4a can be explained by assuming that the gas density 
ahead of the shock front is similar to that of the original 
helium background gas up to about 4 mm and is lower to 
that above about 4 mm.

A similar enhancement is observed for 2 µs ≤ td ≤ 50 µs 
and not observed for td ≥ 200 µs. These results suggest 
that the effect of germanium plume disappears due to the 
replacement with the original helium gas by diffusion or 
formation of germanium nanoparticles for td ≥ 200 µs. The 
value of td = 200 µs is consistent with the previous reports 
that the formation of silicon nanoparticles in the background 
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Fig. 4   Results of D-PLA. Crosses show the position of silicon plume 
edge as a function of time after the irradiation of silicon target for a 
td = 5 µs and b 200 µs. Circles are the result of S-PLA, which is the 
same as in Fig. 3b
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gas starts on the order of a few hundred microseconds [2, 
27]. Our experimental results indicate that change in the gas 
condition ahead of the shock front is significant for D-PLA 
with pulse delay and suggest that moderate pulse delay will 
give a new growth field. If the origin of the similar expan-
sion dynamics between D-PLA for td = 200 µs and S-PLA is 
due to the formation of germanium nanoparticles, growth of 
silicon in a mixture field with germanium nanoparticle and 
silicon plume might be possible.

5 � Conclusions

The germanium target was irradiated followed by irradia-
tion of the silicon target at delay time, td. We found that the 
expansion distance of delayed silicon plume is enhanced 
for 2 µs ≤ td ≤ 50 µs compared to that when only the silicon 
target is irradiated, while this enhancement is not observed 
for td ≥ 200 µs. The origin of this enhancement is that the 
delayed silicon plume expands in the gas flow field after the 
shock wave induced by primary germanium plume passes 
through the space between targets. The effect of primary 
germanium plume on the delayed silicon plume disappears 
by td = 200 µs. The expansion dynamics of delayed silicon 
plume can be explained by taking into account the change 
in the density distribution caused by the primary germanium 
plume.
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