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Spatial confinement is found effective in improving the sensitivity of laser-induced breakdown
spectroscopy (LIBS). This work reports on the physics of shock wave spatial confinement via atomistic 
modeling. Reflection-induced atomic collision/friction near the wall reduces the shock wave velocity close 
to zero and remarkably increases the local temperature (∼ 218 K) and pressure. As a result, the reflected 
ambient gas expands quickly toward the plume and compresses it. The temperature of the plume goes 
up significantly in the compression process: from 89 to 132 K. The lifetime of the plume is also boosted 
dramatically, from 480 ps to ∼ 1800 ps.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a technique de-
veloped for element analysis with a laser serving as the excitation 
source. The wavelength of the electromagnetic irradiation from the 
excited plasma at high temperatures is analyzed selectively for the 
presence of analytes and the intensity is proportional to their con-
tent concentration in the sample [1–4]. In the past decades, LIBS 
has been developed into a mature technology and is widely used 
in multi-component analysis of element composition [5,6], cultural 
heritage in-situ investigation [7,8], steel manufacturing industry 
[2,9], environmental monitoring [10] etc.

All of the analyses are carried out based on the frequencies 
of the emitting light from the elements when it is excited to a 
sufficiently high temperature. Several factors, such as the plasma 
excitation temperature, the light collection window and the line 
strength of the viewed transition affect the sensitivity and accuracy 
of LIBS. A lot of works have been devoted to improving this tech-
nique. All the experimental components in LIBS can be made to be 
miniature and portable. And a large number of works are carried 
out to make this technique reliable and rugged in the standoff and 
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in-situ analysis [11–14]. Dual pulse LIBS was proposed as a way to 
overcome the shortcoming of poor sensitivity of the conventional 
single pulse LIBS by increasing the efficiency of the production of 
analyte atoms in the excited state [15–18]. At the same time, the 
combinations of lasers of different wavelengths, pulse sequence 
and pulse width were investigated for the optimal performance in 
LIBS [19–21]. Long nanosecond pulses were discovered to be more 
favorable for the LIBS application due to the relatively slow heating 
of the plasma, causing a larger and less-dense plume and therefore 
fairly intense and less broadened emission lines [22,23].

Recently, spatial confinement has captured a lot of attention 
from researchers. It was found effective in increasing the plasma 
shock wave pressure [24]. Plasma temperature increase and en-
hanced emission intensity were also observed [25–28]. Different 
spatial confinement shapes have been studied in Lu’s group, which 
include a pair of parallel walls [25], a pipe [26], and a hemi-
spherical cavity [27]. A temperature rise as high as 3600 K was 
reported by their group in the Mn element analysis excited by the 
KrF excimer laser with the sample trapped in a hemispherical cap. 
The compression of the plasma by the reflected shock wave was 
found to account for the increase of the plasma temperature. Con-
sequently, it leads to great sensitivity improvement of LIBS.

In spite of the interesting spatial confinement phenomenon and 
the significant temperature and intensity enhancement, little work 
has been done to unveil the underlying physical mechanism in 
the sensitivity enhancement. Molecular dynamic (MD) simulation 
is employed in this work and a potential wall boundary condition
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Fig. 1. (a) Atomic configuration of the model for the case with spatial confinement. The entire simulation box measures 32.5 × 2.7 × 1000 nm3 (x × y × z). The target 
measures 32.5 × 2.7 × 108.3 nm3 (x × y × z). The gap between the bottom of the target and the bottom of the simulation box is 271 nm. Laser energy propagates in the 
negative z direction. For the confinement case, the upper and lower boundaries along the z direction are in wall/LJ93 potential. The other four boundaries are periodic. For 
the free-space case, the simulation box size is 32.5 × 2.7 × 3627 nm3. The target size and location remains the same as the spatial confinement case. But the six boundaries 
are in periodic boundary condition. (b) Laser profile. The FWHM of the pulse is 11.5 ps, and the peak is located at 9 ps. Laser fluence in this work is 5 J/m2.
is adopted to simulate the wall confinement. A comparison of 
the confinement case (with potential walls) and free-space case 
(without potential walls) is made, in an attempt to uncover the 
energy conversion process and the enhancement physics.

2. Methodologies of simulation

The argon crystal is in the simple face-centered cubic struc-
ture and the atom–atom interactions can be easily described by 
the Lennard–Jones (12–6) potential. A lot of works in our group 
[29–31] have proven the simplicity of modeling and computation 
as well as the validity of exploring the physical mechanisms in 
laser–material interaction. Given the advantage of argon in large-
scale and long-time computation without losing the generality of 
conclusion, it is chosen as the material for investigation in this 
work. The LJ potential well depth ε is 1.653 × 10−21 J and equi-
librium separation parameter σ is 3.406 Å. And the cut-off dis-
tance is set to 2.5σ . A large domain size and a long laser pulse 
require more time for computation. To achieve an efficient com-
putation, a picosecond laser pulse and a nanometer size domain 
are adopted. For the convenience of comparison, simulations of 
the cases with potential walls and without potential walls are 
conducted. The main difference lies in the boundary condition set-
tings. The spatial confinement is accomplished by the wall bound-
ary condition while the free space condition is achieved by the pe-
riodic boundary condition. Fig. 1 shows the model size of the case
with potential walls in this work. The whole simulation box mea-
sures 32.5 × 2.7 × 1000 nm3 (x × y × z) and the case with free 
space has a box size of 32.5 × 2.7 × 3627 nm3 (x × y × z). The tar-
get size is 32.5 × 2.7 × 108.3 nm3 for both cases. The gap between 
the bottom of the target and the bottom of the simulation box is 
271 nm. The total atom number is 264 660 for the confinement 
case and 337 500 for the free-space case.

The case with potential walls is employed to investigate the 
spatial confinement effect. A wall potential (wall/LJ93) is imple-
mented in the upper and lower boundaries along the z direction. 
The other four boundaries are periodic. The strength factor ε for 
wall–atom interaction is 1.653 × 10−21 J and the size factor σ is 
3.615 Å in this work. 8.515 Å is chosen as the cutoff distance for 
the wall boundary. 5 fs is chosen as the time step for the sim-
ulation. For the free-space case, periodic boundary conditions are 
applied in all six boundaries. More details concerning the setup of 
the models can be seen in our previous work [30,31].

The LAMMPS package [32] is employed in this work. The whole 
simulation system is thermostated as a canonical (NVT) ensemble 
at the temperature T = 50 K for 1 ns. Afterward, the system is 
run as a microcanonical (NVE) ensemble for 500 ps to remove the 
disturbance in the temperature adjustment. Thermal equilibrium is 
reached after the NVE computation and the ambient pressure is 
0.23 MPa in equilibrium for both cases.

The laser irradiation happens right after NVE. The full width at 
half maximum (FWHM) of the incident laser beam intensity distri-
bution is 11.5 ps and the peak is at 9 ps as shown in Fig. 1(b). The 
laser fluence is 5 J/m2 and the pulse duration is 40 ps.

To avoid the downward movement resulting from the laser 
shock wave and the expected disturbance of the reflected stress 
wave, a special treatment is applied to the bottom (of size �z =
1 nm) of the target to absorb the stress wave resulting from the 
laser irradiation. An external force is added to a specified bottom 
layer which is approximately 10 Ǻ thick. The force is used to elim-
inate the stress-induced momentum. The theory and the details of 
implementation can be seen in our previous work [30,31,33] and 
the work by Zhigilei [34].

The laser energy propagates in the negative z direction. The 
laser energy is absorbed by the target volumetrically and the ab-
sorption obeys the Beer–Lambert law. To accomplish this, the tar-
get is divided into bins with a thickness of �z = 1 nm. The energy 
decays exponentially every time step when it passes a layer. The 
energy absorption is related to the absorption depth (it is 5 nm 
in this work) and the local material density. The velocity of each 
atom is rescaled at every time step and the rescaling factor is ap-
plied to the three directions in the same manner. In this way, the 
absorbed energy is converted to thermal energy of the atoms. De-
tails of laser energy absorption and velocity rescaling can be seen 
in our previous work [30,31].

3. Results and discussion

3.1. Shock wave confinement and temperature enhancement: general 
pictures

Two cases: (1) E = 5 J/m2, τ = 5 nm, with spatial confinement 
and (2) E = 5 J/m2, τ = 5 nm with free space are explored and 
discussed. The shock wave and plume evolution against time for 
the case with periodic boundary conditions (free space) has been 
investigated before. Details can be seen in our previous work [30,
31].

Fig. 2 is a series of snapshots at different times of the case with 
confinement. The target ablates at first because the laser fluence is 
above the ablation threshold for argon. The explosive plume then 
moves upward and pushes the ambient gas (red in the figure) 
to move forward at a supersonic speed. At t = 80 ps, the shock 
wave is still in the beginning stage of formation. When it comes 
to t = 400 ps and t = 720 ps, the shock wave front and plume are 
split. Interestingly, the ablated atoms are not moving forward with 
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Fig. 2. Snapshots of the spatial confinement case. The reflection happens around t = 1000 ps as marked in the figure. Snapshots from t = 80 ps to t = 720 ps are the ones 
before the reflection and the ambient gas is compressed. Snapshot from t = 1540 ps to t = 3000 ps are after the reflection and the plume is compressed. Before the reflection, 
the shock wave depth is increasing with time while the plume density is decreasing. After the reflection, the plume is compressed and the plume density increases with 
time.
the same speed and the plume is separating from each other be-
cause of the velocity difference. The density of the plume front is 
higher than the bottom part since the relatively fast part of plume 
is constrained by the ambient gas. And this is similar to the shock 
wave. Considering that the whole simulation box is 1000 nm along 
the z direction and the top surface is a potential wall, reflection of 
the shock wave is expected to occur. Our simulation results show 
that the shock wave front is reflected at around t = 1000 ps after 
the laser irradiation.

The ambient gas is much denser near the potential wall at 
t = 1000 ps which is the same time that the reflection occurs as 
in Fig. 2. Interestingly, the ambient gas is not observed to be re-
flected immediately at a high speed. Instead, the plume continues 
to move forward by the comparison of the plots of t = 1000 ps
and t = 1540 ps. From the start of the ablation to the moment 
the shock wave reaches the upper potential wall, the front of the 
plume becomes less and less dense. While from t = 1540 ps to 
t = 3000 ps, the plume front is becoming denser and denser, which 
indicates the plume is under compression from the reflected shock 
wave. The plume reaches the longest depth at t = 1540 ps in Fig. 2. 
Along with the compression process, the plume depth is decreas-
ing and finally at t = 3000 ps, the plume and ambient gas have 
penetrated into each other and the interface of the plume and am-
bient gas is less distinguishable.

Fig. 3(a) is the temperature contour of the whole simulation 
system. At the beginning of the material ablation, the ejected 
plume is at high temperature (above 500 K). Because of the in-
teraction of the plume and the ambient gas, a high temperature 
shock wave is generated. At the same time, the velocity difference 
results in the separation of the ejected clusters. The upper part of 
the plume is at a slightly higher temperature. A closer look at the 
temperature distribution in the shock wave, as the inset in Fig. 3, 
reveals that the temperature at first increases to a high value and 
then drops down along the negative z direction. The physical front 
of the shock wave is not at the highest temperature. For the con-
venience of defining the shock wave front, we assume the layer 
at the highest temperature in the shock wave region is the shock 
wave front in this work. It is well documented that the shock wave 
fronts are usually characterized by discontinuities in density and 
pressure. In the past we have confirmed that in laser–material in-
teraction the highest temperature-defined shock wave front indeed 
is consistent with that defined by density and pressure discontinu-
ities. For a normal shockwave, temperature, pressure and density 
all experience discontinuities across the shockwave front. Caution 
should be exercised on using temperature to define the shock wave 
front when the shockwave front is not normal to the local propa-
gation front (oblique shock wave).

Fig. 3(b) shows the temperature evolution of the shock wave 
front against time. In the beginning stage of shock wave forma-
tion, a sharp temperature rise occurs. Then the temperature of the 
shock wave is observed to drop continuously. The data for the case 
with spatial confinement and the case with free space agree well 
with each other before the shock wave reaches z = 1000 nm. How-
ever, right after the shock wave reaches the wall, the shock wave 
front temperature jumps from 277 K to 495 K as shown in Fig. 3(b) 
for the case with confinement. The high temperature remains at 
around 495 K for 330 ps from 1050 ps to 1380 ps when the plume 
continues to compress the shock wave. Then the temperature of 
the shock wave begins to decrease smoothly. There is no temper-
ature rise for the shock wave front of the free-space case after its 
formation and its temperature drops down smoothly.

When the plume continues to compress the shock wave after 
t = 1000 ps, the pressure of the upper ambient gas increases and 
the plume density in the lower part decreases. This also means 
the pressure difference between the plume and shock wave is be-
coming larger. Finally, this big pressure difference results in the 
backward movement of the ambient gas which pushes the plume 
down, as shown from t = 1540 ps to 3000 ps in Fig. 2. Congru-
ently, in Fig. 3(a), the plume temperature rise is observed after 
t = 1500 ps which is noticeable around t = 2700 ps. The plume 
temperature rise in the final stage is of great significance for the 
sensitivity improvement in LIBS since the temperature rise will 
elongate the radiation lifetime and increase the signal intensity.
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Fig. 3. (a) Spatiotemporal contour of temperature. There is a temperature jump of ambient gas right after the reflection at t = 1000 ps. The temperature rise of the plume is 
also observed when it is compressed by the ambient gas after t = 1500 ps. This temperature rise reaches a very substantial level at about 2700 ps as indicated in the figure. 
The inset shows that the temperature of the shock wave is not the highest in the physical shock wave front. Instead, the temperature of the shock wave will at first increase 
to a high value and then decreases smoothly along the negative z direction. (b) Shock wave front temperature comparison for the cases with spatial confinement and the 
case with free space. Before t = 1000 ps, the data of the cases with confinement and with free space agree with each other very well. After t = 1000 ps, the temperature of 
the free-space case drops down smoothly. However, for the case with wall-confinement, a temperature rise of about 218 K is observed.

Fig. 4. Number Density contour. (a) Total atom number density which includes both the target atom and the gas atom. The trajectories of the shock wave and the ejected clus-
ters are easily distinguishable. The plume and shock wave split from each other right after the ablation. The shock wave reflection happens at t = 1000 ps. The moving-back 
gas starts to compresses the plume at t = 1500 ps. (b) Ambient gas atom number density. A density jump is observed after the reflection at t = 1000 ps. (c) Target atom 
number density. The trajectories of the clusters are marked out. After the shock wave is reflected, a lot of clusters combine with each other under the compression of am-
bient gas. (d) Comparison of the shock wave front atom number density for the case with spatial confinement and free-space case. There is a sudden rise of atom number 
density right at the moment of reflection. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
3.2. Shock wave confinement and reflection: physics behind the 
temperature enhancement

In Fig. 3 we observed a clear temperature rise of the shock 
wave front after reflection, and a later-on temperature rise of the 
plume. In this section, we intend to study various aspects of the 
shock wave and plume, in anticipation to uncover the physics 
behind the temperature rise. First, we study the mass distribu-
tion: atom number density, to gain a fundamental understanding 
of shock wave confinement and the following compression of the 
plume by the reflected shock wave. Fig. 4(a)–(c) is the number 
density contour, which includes the total number density contour, 
the gas atom density and target atom density contour. The move-
ment of the ejected clusters and the shock wave is quite distinct 
as marked in Fig. 4(b) and (c).

The shock wave is generated as a result of the compression of 
the ambient gas by the ejected plume. The plume and the shock 
wave are observed to split from each other right after the ablation. 
Because of the velocity difference between them, the gap between 
the plume and the shock wave grows with time before reflection 
as shown in Fig. 4(a). Similar to the temperature distribution, the 
density is not highest at the interface between the shock wave and 
ambient gas. It increases to a high value and then drops quickly 
toward the ambient gas. The results show the shock wave front de-
fined using the highest temperature always has the highest density 
in the shock wave. Right after reflection, there is a number density 
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Fig. 5. (a) Pressure contour of the whole simulation system. A large compressive stress occurs in the solid at the beginning of laser ablation. With the split of the plume and 
shock wave, the pressure drops down smoothly. However, at approximately t = 1000 ps, another big pressure occurs in the shock wave due to the reflection and confinement. 
(b) Velocity contour. The ejected plume has a high velocity. The interaction of the ambient gas and the plume results in the dissipation of the velocity. The plume and the 
shock wave slow down smoothly before the reflection. The reflection by the potential wall results in a sudden drop of the velocity of the shock wave. Then the ambient gas 
accelerates to move towards the plume due to the big pressure difference. The ambient gas starts to compress the plume at around t = 1500 ps and the reflected-shock wave 
stops accelerating at that moment. At the same time, the plume starts to accelerate to move back toward the target surface due the compression by the reflected ambient 
gas.
jump due to the continuous compression of the shock wave. This 
is clearly marked in Fig. 4(b) (the red region close to the wall). 
After that, the atom number density of the shock wave decreases 
continuously.

As shown in Fig. 4(c), the ambient gas starts to suppress the 
plume at approximately t = 1500 ps, causing some of the clusters 
in the plume to re-combine. An increase of the number density 
of the plume is observed. Fig. 4(d) shows the comparison of the 
atom number density of the shock wave front for the case with 
confinement and free space. The potential wall results in an atom 
number density increase of almost 2 times in the shock wave front. 
At the end of the simulation, a small portion of the ambient gas 
penetrates into the plume. This can also be clearly seen in Fig. 2
at 3000 ps. The shock wave front atom number density is lower 
than that without spatial confinement from t = 1700 ps due to the 
continuous relaxation of the reflected-shock wave’s pressure.

Fig. 5(a) is the pressure contour of the system. The stress wave 
in the solid is very clear. For the detailed analysis and discussion 
of the stress wave in the solid, please refer to our previous work 
[31,35]. The ablated material in high speed leads to the sharp rise 
of the ambient gas pressure. Due to the interaction of the shock 
wave and the ambient gas, the pressure of the shock wave ex-
periences continuous decay before the reflection. However, it is 
always higher than the plume part and non-shock wave region in 
the ambient gas. Right after the reflection, a sudden pressure rise 
is observed around the time t = 1000 ps. Refer to Fig. 2, this is the 
moment when the shock wave reaches the potential wall and is 
reflected. Dunbar et al. discovered that the pressure of the shock 
wave front could increase as many as 11 times in their spatial 
confinement experiment [24]. Shortly after that, the shock wave 
pressure decreases as a result of its backward movement and the 
pressure drops just like the number density. During this backward 
motion, the pressure of the shock wave is larger than the pres-
sure in the plume region. This is the driving force of the backward 
movement of the shock wave. At the end of the simulation, the dif-
ference in the pressure is blurred and the ambient gas and plume 
mix with each other. In summary, it is clear that right after the re-
flection, the shock wave front’s pressure is increased dramatically, 
much higher than the plume’s pressure. This pressure difference 
causes the ambient gas to move back toward the target and the 
compression of the plume. To have a clearer understanding of this 
movement reversal process we plot the velocity contour shown in 
Fig. 5(b).

We clearly see a velocity rise after the ablation and the plume 
and shock wave move in at different velocities. This finally results 
in the separation of the plume and shock wave. The atom collision 
brings the velocity of the ambient gas adjacent to the wall area 
close to 0 when the shock wave arrives at the potential wall and 
is reflected back. A large part of the kinetic energy of the shock 
wave is converted to thermal energy due to the collision. There-
fore, a sudden temperature rise occurs. The pressure also increases 
abruptly at this moment as shown in Fig. 5(a). Then, the remain-
ing part of shock wave that is moving forward collides with the 
atoms in the high pressure region and the velocity is absorbed 
quickly. Consequently, the stagnant region marked in Fig. 5(b) in-
creases with time.

After reflection by the wall, the velocity of the shock wave in-
creases with time due to the fact that its pressure is higher than 
that in the plume, as illustrated in Fig. 5(a). This is due to the phe-
nomenon that the compressed shock wave front accumulates in 
the near-wall region, leading to a very high local pressure. Inter-
estingly, after the reflection, only the interface of the ambient gas 
and the plume possess a high velocity. The other parts are almost 
stagnant as marked in Fig. 5(b). The velocity of the upper ambient 
gas in the region z > 740 nm is around zero since t = 1900 ps. 
This means their kinetic energy is almost completely converted 
into thermal energy. Fig. 3(a) shows this stagnant region has a sta-
ble and high temperature. When the plume is under compression 
from the reflected shock wave, its velocity starts to decrease to 
zero. Then it moves toward the target surface. The highest velocity 
of the plume occurs at the end of the simulation. The pressure of 
the plume also increases because of the compression by the shock 
wave. Similar to the temperature rise at the moment of reflection 
of the shock wave, the shock wave’s collision with the plume and 
with the ambient gas contributes to the temperature increase of 
the plume.

3.3. Temperature and lifetime of plume

In LIBS, the critical factors determining the signal intensity and 
probing sensitivity are the temperature and lifetime of the plume. 
In this section, these two factors are studied in detail under the 
shock wave confinement. Fig. 6(a) is the comparison of the veloc-
ity of the shock wave front for the case with confinement and the 
case with free space. A sharp jump in the velocity of the shock 
wave front occurs when the shock wave forms. The reflection oc-
curs at around t = 1000 ps. Before t = 1000 ps, the two lines are 
almost the same. For the free-space case, the velocity decreases 
smoothly with time. However, in the spatial confinement case, the 
velocity drops from 311 m/s to 0 suddenly at t = 1000 ps due 
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Fig. 6. (a) Velocity comparison for the cases with and without confinement. Before the reflection (t = 1000 ps), the results of the two cases agree well with each other. The 
reflection results in a sudden drop of velocity (from 324 m/s to 0). The reflected-shock wave accelerates to move back towards the plume and then slows down. (b) Plume 
average temperature comparison. Only the plume above z ≤ 400 nm is counted in this work for temperature calculation. For the confinement case, the temperature drops 
down at first due to the interaction of the plume and the ambient gas. Part of the energy is transferred from the plume to the ambient gas. The plume is compressed by 
the ambient gas from t = 1500 ps. The plume temperature is observed to increase at this very moment. After t = 2500 ps, part of the plume is pushed to the region below 
z = 400 nm. The plume temperature decreases again. However, for the free-space case, the temperature decreases smoothly with time. Meanwhile, the time for the plume to 
stay above 100 K has been increased from 480 ps to 1800 ps because of the confinement.
to wall reflection. Then the shock wave front moves toward the 
plume with an increasing velocity. This is because the accumu-
lated shockwave front in the near-wall region induces a very high 
local pressure. This high pressure pushes the ambient gas to move 
toward the target surface region, where the local pressure is much 
lower. Around t = 1500 ps, the velocity begins to decrease and 
is approximately zero after t = 2000 ps. The decrease in velocity 
starting at 1500 ps results from the collision of the backward-
moving shock wave and the forward-moving plume. Starting from 
this moment, the backward-moving shock wave is in contact with 
the plume, and pushes them backward. Therefore, the shock wave 
front velocity begins to decrease. The kinetic energy of the ambi-
ent gas is converted to thermal energy. A large part of the energy 
is transferred to the plume through the compression and collision 
afterwards.

Fig. 6(b) is the average temperature of the plume. To calculate 
the temperature, we choose the target atoms above z = 400 nm, 
which moderately represent the plume in the physical process. The 
laser burst results in a sudden rise of the plume temperature. Af-
ter that, the energy of the plume is transferred to the ambient 
gas and the temperature drop is observed. At the same time the 
plume and shock wave front are separating with each other and 
the gap is increasing with time, which means the interaction be-
tween the plume and shock wave is weakening. As a result, the 
rate of the temperature drop is decreasing with time as shown 
in Fig. 6(b). Around t = 1500 ps, there is a sharp temperature rise 
from 89 K to 132 K for the spatial-confinement case. This occurs at 
the same moment when the reflected-shock wave begins to com-
press the plume. The compression of the plume is the reason for 
the temperature rise. In the experiment, a temperature rise of the 
plasma as high as 3600 K (hemispherical cavity) and 1000 K (cylin-
der confinement) has been reported in Lu’s group [26,27]. After 
t = 2500 ps, the plume temperature begins to decrease, because 
only the plume that is above z = 400 nm is considered in the 
temperature calculation and part of the plume is pushed back be-
low that region after t = 2500 ps. It is a little hard to define the 
life time of the plume that can be useful during LIBS in our case 
since we do not know exactly above what temperature the plume 
will emit useful radiation that could be detected. The boiling point 
of argon is 87.35 K. If we take a value of 100 K as the criterion 
above which the plume is assumed to be able to emit useful ra-
diation, some first-order life time analysis can be conducted here. 
As shown in Fig. 6(b), the time for the temperature above 100 K in 
the case with confinement is more than 1800 ps. In contrast, the 
time above 100 K in the free-space case is only 480 ps. The life-
Fig. 7. Comparison of the velocity distribution of atoms ranging from z = 975 nm to 
z = 985 nm at t = 1200 ps with Maxwellian velocity distribution. The solid line is 
the Maxwellian velocity distribution at T = 430 K which is the average temperature 
of the atoms in the selected region. The hollow dots are the velocity distribution of 
atoms in MD simulation.

time of the plume is significantly elongated by 1320 ps which is 
very beneficial for more sensitive detection in LIBS.

Although it is apparent that both the ambient gas and the 
plume experience a temperature rise, it is still possible that the 
average temperature in the contour maybe misleading. The aver-
age velocity of the ambient gas is around zero after the reflection. 
[Fig. 5(b)] There is a possibility that the reflected atoms and the 
forward-moving atoms have the same velocity but in opposite di-
rections. Under such a scenario, the average velocity is still zero, 
but a lot of the movement is macro-scale translational movement, 
and cannot be used for temperature calculation. To confirm that 
the temperature in our case is the real temperature, the velocity 
distribution comparison with the velocity in the thermal equilib-
rium state (Maxwellian distribution) is given as Fig. 7. The atoms 
ranging from z = 975 nm to z = 985 nm are chosen as the region 
for the analysis here. The average temperature in that region at 
t = 1200 ps is 430 K. The actual velocity data fits the Maxwell 
curve of velocity distribution in 430 K as in Fig. 7. This proves the 
validity of our temperature evaluations.

4. Conclusions

In this work, MD simulations were conducted to investigate 
the spatial confinement effect on shock wave and the resulting 
boost in plume temperature and lifetime. The temperature, pres-
sure and number density of the shock wave were observed to in-
crease dramatically immediately after the reflection from the wall. 
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The reflected shock wave and the forward-moving shock wave had 
a strong collision, and such an atomic collision/friction makes the 
velocity of the shock wave decreases to almost zero after reflec-
tion. This means a large part of the kinetic energy is converted to 
the thermal energy of the shock wave. A temperature rise as high 
as 218 K was observed for the shock wave front after the wall re-
flection. The big difference of the pressure between the plume and 
ambient gas after the reflection caused the ambient gas to move 
back towards the plume. Finally, the plume was compressed by the 
reflected shock wave. In the compression process, the ejected clus-
ters recombined with each other. The downward velocity of the 
plume increased dramatically. More importantly, the temperature 
of the plume is enhanced dramatically from 89 K to 132 K. Also 
this high temperature was maintained for quite a long time. This 
explains the sensitivity enhancement in the spatial confinement of 
LIBS. If we took 100 K as the criterion for plume radiation sens-
ing in our modeling, the lifetime of the plume was increased from 
480 ps (free space case) to more than 1800 ps. This could further 
improve the sensitivity of LIBS via spatial confinement.
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