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Relatively large measurement uncertainty severely hindered wide application for laser-induced break-
down spectroscopy (LIBS), therefore it is of great importance to understand the mechanism of signal
uncertainty generation, including initiation and propagation. It has been found that the fluctuation of
plasma morphology was the main reason for signal uncertainty. However, it still remains unclear what
mechanism leads to laser-induced plasma morphology fluctuation. In the present work, we employed
three fast-imaging cameras to capture three successive plasma images from a same laser-induced Ti-
tanium alloy plasma, which enables us to understand more clearly of the plasma evolution process
especially for the early plasma evolution stage when plasma and surrounding gases interact drasti-
cally. Seen from the images, the plasma experienced an increasing morphological fluctuation as delay
time increased, transforming from a “stable plasma” before the delay time of 100 ns to a “fluctuating
plasma” after the delay time of 300 ns. Notably, the frontier part of plasma showed a significant down-
ward motion from the delay time of 150 ns to 200 ns and crashed with the lower part of the plasma,
making the plasma flatter and later even splitting the plasma into two parts, which was considered as
a critical process for the transformation of “stable plasma” to “unstable plasma”. By calculating the
correlation coefficient of plasma image pairs at successive delay times, it was found that the higher
the similarity between two plasma at early stage, the more similar at later stage; this implied that the
tiny plasma fluctuation earlier than the critical delay time (150–200 ns) was amplified, causing a large
plasma fluctuation at the later stage as well as LIBS measurement uncertainty. The initiation of slight
fluctuation was linked with Rayleigh–Taylor Instability (RTI) due to the drastic material interpene-
tration at the plasma-ambient gas interface at earlier stage (before 50 ns). That is, the uncertainty
generation of LIBS was proposed as: plasma morphology fluctuation was inevitably trigged by RTI at
the early stage and the tiny fluctuation was amplified by the back pressed downward process of plasma
frontier material, leading to severe morphology fluctuation as well as LIBS signal uncertainty.

Keywords LIBS, laser-induced breakdown spectroscopy, signal uncertainty, Rayleigh–Taylor insta-
bility

1 Introduction

Laser-induced breakdown spectroscopy (LIBS), as a rapid
analytical method for elemental analysis, has been widely
applied in various industrial applications [1–4]. Compared
with conventional atomic emission spectroscopy (AES)
methods such as ICP-AES, LIBS has its distinct advan-

∗This article can also be found at http://journal.hep.com.
cn/fop/EN/10.1007/s11467-020-1006-0.

tages of online/in-situ and minimal sample preparation
etc., earning LIBS technique with “future superstar” in
the analytical field [5]. However, the biggest drawback of
LIBS is its relatively low measurement repeatability [2, 6–
8]. Without solving the low measurement repeatability
problem, the complete commercialization of the LIBS
technique as a robust quantitative analysis method will be
unattainable. The key to solve the problem is to under-
stand the mechanism of the signal uncertainty generation
and propagation.

Extensive efforts have been made in the LIBS com-
munity to find methods to reduce the LIBS signal fluc-
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tuations using both experimental methods and theoreti-
cal simulations or calculations. Processes or factors such
as the uncontrollable laser-matter interactions [1, 9], the
plasma shielding effects [10, 11] the temporal and spatial
evolution of a non-uniform plasma and the rough sam-
ple surface [12], will all bring uncertainties to the actual
spectral signals received by the detectors. Experimen-
tal methods such as cavity confinement [13–15], magnetic
confinement [16, 17], and long-short dual pulse configu-
ration [18] have been applied to successfully enhance the
LIBS signal stability. Therefore, it was more and more
clear that the relative low measurement repeatability of
LIBS due to its large shot-to-shot signal fluctuation orig-
inated from laser-induced plasma morphology fluctuation
due to the complex physical processes during the laser-
induced plasma generation and evolution [14, 15, 19–23].
However, there is still very little work understanding the
mechanism leading to large plasma morphology fluctua-
tions as well as measurement uncertainty.

Previously, we have investigated the origins of the sig-
nal uncertainties from the perspective of plasma parame-
ter fluctuation, and confirmed that the fluctuation of total
number density was the pivotal factor affecting the LIBS
spectral signal uncertainty [19]. Considering that major-
ity of the spectral emissions collected by the optics system
comes from a small core area of the plasma [24], and the
fluctuation of the total number density is closely related
to the fluctuation of the plasma morphology, or the fluc-

tuation of the spatial distributions of the plasma image
intensities [13], it would be very necessary to understand
the key process during the plasma evolution that brings
the plasma morphological fluctuation. By understanding
this key process bringing the plasma morphological fluc-
tuations, we should be able to find more practical and
effective methods to control the process and therefore re-
duce the LIBS signal fluctuations.

In this paper, employing the continuous fast photog-
raphy setup, we mainly focus on the temporal plasma
morphological evolution and fluctuations. In addition,
to clearly analyze the morphology evolution of a laser-
induced plasma, we employed three CMOS cameras con-
trolled by one digital delay generator for capturing the
plasma images from the same field-of-view. Special atten-
tion was paid to the critical delay times when the plasma
experienced a major morphological transition. The pur-
pose of this study was to find the mechanisms that bring
the LIBS signal fluctuation based on the plasma mor-
phology stability analysis, to find more effective ways to
control the plasma to increase the LIBS measurement re-
peatability.

2 Experimental details

A schematic diagram of the setup is shown in Fig. 1. An
Nd:YAG laser (Q-smart 100, Quantel, France), operated

Fig. 1 Experimental setup used in this study. Three sCMOS cameras were employed to capture continuous plasma images
from one plasma. An Echelle spectrometer was used to take temporally-resolved spectra of the laser-induced plasma.
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in the fundamental wavelength of 1064 nm, was used in
this experiment as the laser source. The laser energy was
set to be 100 mJ per pulse, with a pulse width of 4 ns
and a repetition rate of 1 Hz. The laser beam was focused
onto the sample by a fused silica lens (Lens1) with a fo-
cal length of 150 mm to generate laser-induced plasma.
The focal point was adjusted to be 2 mm below the sam-
ple surface, making the spot size around 300 µm. The
plasma emission was firstly collimated by an f = 100 mm
fused silica lens (Lens 2), successively passed and reflected
by two beam splitters, (Beamsplitter 1 and Beamsplitter
2), generating three collimated emission beams, then the
three collimated emission beams were focused by three
identical f = 75 mm fused silica lenses (Lens 3, Lens 4,
Lens 5) on the imaging focal planes of three gated sC-
MOS cameras (iStar sCMOS, Andor, UK) for simultane-
ous plasma image acquisition. The relative delay times
between the laser output and the three cameras were con-
trolled by a digital delay generator (DG645, Stanford Re-
search System, USA). With this configuration, the three
cameras would be able to observe the same fast-evolving
laser-induced plasma from the same field-of-view simulta-

neously, and by changing the relative gate delays of each
camera, three consecutive images can be obtained from
one plasma and the inter-image delays can be changed dis-
cretionarily. Getting consecutive plasma evolution images
from one plasma is important in our current study, as our
goal is to investigate the possible critical moment bringing
the signal fluctuation of the plasma. Thus, plasma images
before, at and after the possible critical moment from the
same plasma can be taken simultaneously and are highly
correlated. In this work, the gate delays of three cameras
were changed between 10 ns to a few µs, with each gate
width adjusted correspondingly according to the relative
image pixel intensity. Various neutral density optical fil-
ters were implemented before the incident windows of the
cameras to avoid over-exposure. Besides, an Echelle spec-
trometer coupled with a fast-gated ICCD (Aryelle But-
terfly, LTB, Germany) was also implemented to collect
temporally-resolved spectra of laser-induced plasma.

A standard titanium alloy sample (TC4-4, 88.2% Ti,
4.46% V, 6.48% Fe) was used in this study. The sample
was placed on a manually x–y axis movable platform. Af-
ter each laser shot, the sample was moved to a fresh spot

Fig. 2 The temporal evolution of Ti II 332.945 nm (a) net intensity, (b) SNR, (c) RSD, and (d) relative contribution on
total RSD from the fluctuation of plasma parameters, namely, plasma temperature T , electron density ne, and total number
density of the measured element ns. The error bars in the figures represent the standard deviation of the calculated data from
5 repeated times of the experiment.
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to avoid repetitive striking on the same spot. Three suc-
cessive gate delays with appropriate gate widths for three
cameras were employed to acquire three plasma images in
the time range of 10 ns to a few µs. Under each delay
setting, 20 laser shots were fired, generating 60 plasma
images in total (20 images from each camera). Plasma
images as well as raw data matrix were processed in Mat-
lab software for further calculation and analysis.

Temporal-resolved spectra was taken to show the tem-
poral evolution of line intensity, signal-to-noise ratio
(SNR) and relative standard deviation (RSD). The de-
lay times of the spectra acquisition were set in the range
of 0.1 to 4 µs and the gate width was fixed as 100 ns. Ti
ion (Ti II) spectra from the laser-induced Ti alloy plasma
were dominant in the investigated time windows. Thus,
a typical Ti II line centered at 332.9454 nm was used for
the spectral analysis.

3 Results and discussion

3.1 Temporal evolution of plasma stability

We started the analysis from the temporal evolution of
spectra intensity, SNR and RSD and the morphologi-
cal observation of the laser-induced Ti alloy plasma at
different delay times, as shown in Figs. 2(a)–(c). Ti II
332.9454 nm line net intensity and SNR increases as de-
lay time increases within 1 µs and gradually decreases af-
ter 1 µs. The spectral intensity fluctuation, expressed by
the shot-to-shot RSD, had the trend of decreasing RSD
within 1 �s and subsequently increasing after 1 µs. From
the spectroscopic point of view, an optimized time window
for spectra acquisition lies around the delay time of 1 µs.
We also calculated the relative contribution of fluctuations
of three plasma parameters, namely, plasma temperature
T, electron density ne and total number density of species
ns, on the spectral signal RSD of Ti II 332.9454 nm line.
The result was presented in Fig. 2(d). The methodology of
the calculation was described in reference [19]. Seen from
Fig. 2(d), also, the fluctuation of line intensity was mainly
contributed by temperature fluctuation at early stage (be-
fore 500 ns) and by total number density fluctuations at
later stage (after 500 ns); and the earlier the delay time,
the less the fluctuation of total number density contribu-
tion to total RSD seen from Fig. 2(d). Looking deeper into
the results, it was found that earlier in 300 ns, the fluc-
tuation of total number density, which was mostly due to
plasma morphology variation, started to contribute more
and more to total RSD. That means, something happened
before 300 ns to make the plasma morphology unrepeat-
able.

To further study the early-stage plasma emission fluc-
tuation, we mainly focused on the plasma morphological
fluctuation by analyzing the temporally-resolved images.
Figure 3 presented the temporal evolution of the plasma

Fig. 3 Temporal evolution of laser-induced Ti alloy plasma
morphology fluctuations.

from 100 ns to 1500 ns. At each delay time, 20 plasma
images were obtained from 20 laser shots for plasma re-
peatability analysis. An immediate conclusion drawn by
examining the temporal evolution of plasma morphology
is that plasma generally experienced a deteriorating fluc-
tuation as delay time increases. From Fig. 3, the 20 plas-
mas from 100 ns were almost identical to each other, while
after a few hundreds of nanoseconds they showed a signif-
icant discrepancy from each other. Another interesting
phenomenon from Fig. 3 is that the plasma started with
a near hemispheric shape (~100 ns) while the upper part
of the plasma immediately dashed down to the surface of
the sample in the next 100 to 200 ns. The plasma was in
a compressed shape for about 600 ns and ultimately split
into two halves (~1000 ns and above). The first three rows
in Fig. 3 revealed that the most significant morphological
change took place and sensible plasma morphological fluc-
tuation started to appear somewhere between 100 ns and
300 ns.

This can be further clarified by checking the correlation
coefficient, which was applied to quantify the similarity
between two images at the same delay time, at different
delay times. The correlation coefficient was defined to
describe the similarity of two plasma morphological im-
ages. For two arbitrary plasma images from the same
delay time, the correlation coefficient was calculated as
follows: i) choose a rectangular area where the major part
of the plasma occupies in the plasma intensity matrix as
the matrix for correlation coefficient analysis. The size
of the area is chosen empirically which includes all the
pixels of which the intensity is higher than 1/e of the
maximum intensity, and contains as fewer background in-
tensity pixels as possible. It is important to note that
the size of the matrix from all plasma images of all delay
times shall remain consistent for significative comparison.
ii) Regarding the two chosen plasma intensity matrix A
and B, each of with has m rows and n columns, for the two
column vectors from the corresponding column positions
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of the two matrixes, calculate the correlation coefficient
of the two vectors. The final correlation coefficient Corr
is the average value of the correlation coefficients from
the n column vector pairs, described in Eq. (1), where
aj = (a1j , a2j , . . . , amj)

T and bj = (b1j , b2j , . . . , bmj)
T are

the two column vectors from matrix A and B at column j.
corr (aj , bj) is the correlation coefficient of the two vectors
aj and bj ,

Corr =
1

n

n∑
j=1

corr (aj , bj) . (1)

The temporal evolution of the plasma morphology fluc-
tuation can be seen from the plasma pair correlation coef-
ficients at different times, as shown in Fig. 4. The circle in
the Fig. 4 clearly showed an abrupt drop of the correlation
coefficient between the delay time of 150 ns and 200 ns, in-
dicating the drastic plasma morphological transition. In
this time period, the plasma experienced a transition from
relatively “stable” to “unstable”.

During this time frame, previous studies [25, 26] sug-
gested internal shockwaves were bouncing back and forth
inside laser-induced plasma within a few hundreds of
nanoseconds from the plasma initiation, creating a more
homogeneous plasma from the process of internal shock-
wave sweeping the plasma particles after a few bouncing
periods. We can see that from the plasma morphological
evolution, the evidence of internal shockwave effect was
not so clear. Thinking of the high plasma temperature, the
excitation temperature would be somehow above 20 000 K
at this time, and the sonic speed in the plasma would be
roughly estimated to be as high as 2.50 km/s according
to the formula of ion speed of sound c =

√
γZkTe/mi,

where γ is the adiabatic index, Z is the charge state, k

Fig. 4 Average correlation coefficients of plasma image pairs
at early stage of plasma evolution. The error bars in the figures
represent the standard deviation of the calculated data from 5
repeated times of the experiment.

is the Boltzmann constant, Te is the plasma temperature
and mi is the ion mass. The movement speed of the upper
part of the plasma around this time can also be estimated
to be in the range of 2 to 5 km/s by measuring the posi-
tions of plasma frontiers at different delay times from the
images, which was in the same magnitude of very early
stage plasma and shockwave expansion speed as well as
to sonic speed inside the plasma. That is, the mobility of
the elements inside the plasma to carry the force/energy to
balance the external shockwave is high enough, and there
is not necessary to form internal shockwave to transfer
the back-pressed energy from external shockwave. In ad-
dition, the evolution of morphology most possibly implied
a mass transfer of plasma materials instead of only trans-
ferring energy through internal shockwave from delay time
of 150 ns to 200 ns. In another word, during this critical
time period (delay time 150–200 ns), there would exists
the phenomenon that the frontier of the plasma dash-
down back to the center of the plasma. Also, previous
studies have indicated that the propagation of external
shockwave and the interaction of expanding plasma and
external shockwave were linked to the non-uniform spatial
distribution of spectral intensity, as well as shot-to-shot
signal fluctuations [27–30]. The dash-down process should
be resulted from the generation of external shockwave at
this moment and once such a high-speed material crashed
with the lower part, very tiny fluctuation existed before
the crashing would greatly affect the plasma morphology
afterwards.

This deduction was further supported by the plasma
images taken at delay time after 1000 ns where plasma
splitting was seen and internal shockwave seems to be
very hard to generating the splitting. In addition, we no-
ticed that only from plasma image, it cannot be absolutely
right to make such a conclusion since the image emission
will also depend on the plasma temperature in addition to
plasma material distribution, and there needs more spa-
tial resolved spectral information to further confirm this
assumption. Later in this work, it was further deducted
that the bounced-back mass transfer could be the funda-
mental reason leading to large signal fluctuation for LIBS
measurement.

3.2 Plasmas image evolution near the “critical time”

As mentioned above, it was implied that the dash-down
process of the plasma frontier material somewhere be-
tween 100–300 ns may be the main reason splitting the
plasma and bringing the morphological fluctuation. To
have a clearer and deeper understanding of the criti-
cal process generating the plasma morphology fluctua-
tion, special attention was paid to the plasma morphology
around this period. Especially, to find the linkage of the
plasma morphology, three cameras were set to catch the
plasma image from a same plasma going through this pe-
riod.
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Fig. 5 Plasma morphological evolution around the “criti-
cal times”: (a–e) shows five different time setting regimes for
three cameras for consecutive image acquisition.

In Fig. 5(a) and Fig. 5(b), the delay times of the first two
cameras were fixed as 120 ns and 200 ns while the delay
times of the third camera were set as 300 ns and 450 ns,
respectively. In Figs. 5(c)–(e), the delay times of the first
two cameras were fixed as 120 ns and 170 ns, while the
delay times of the third camera were changed from 250 ns
to 800 ns. From Figs. 5(a)–(e), the critical moment of
plasma transforming from the “stable” to “unstable” sta-
tus should be somewhere around 170 ns, consistent with
the results from Fig. 4 where the correlation coefficient
dropped drastically between 150 ns and 200 ns. Around
this critical time, as mentioned above, the back-pressed
frontier part of plasma crashed with the lower part of the
plasma and started to flatter and even split the plasma.
This dash-down and crash process is critical to the emer-
gence of the plasma fluctuation at later stage.

A natural idea would be comparing the correlation coef-
ficients of plasma pairs from three consecutive delay times.
Since the three consecutive images were taken from a same
plasma in Fig. 5, we are able to look deeper into the mor-
phology evolution by calculating the correlation coefficient
among these images. It was very interesting to see how
“smaller fluctuation” at early stage of the plasma evolu-
tion evolves to much “larger fluctuation” at later stage of
the plasma. In Fig. 5, the delay times of three cameras
were set as 120 ns, 200 ns, and 450 ns, respectively. The
correlation coefficients of the plasma images from each de-
lay time were calculated pairwise, then the plasma pairs
with the largest correlation coefficient were singled out, as
the “most identical plasma pairs”. Figure 6 also showed
the correlation coefficients of all the plasma pairs which
contained at least one of the singled out the “most identi-
cal plasma pair”. At a delay time of 120 ns, all the inves-
tigated plasma pairs were almost identical with the corre-
lation coefficients close to 0.99, and the fluctuation of the
correlation coefficients was small between different plasma
pairs, confirming the plasma images were quite identical

Fig. 6 Comparison of correlation coefficients from different
plasma pairs at three different delay times. The dash lines and
the circles at different delay times indicate smaller fluctuations
before critical time will be amplified to larger fluctuations dur-
ing the critical time.

with slight difference. At a delay time of 200 ns, the fluc-
tuation of the correlation coefficients increased between
different plasma pairs, and further at delay time of 450 ns,
with the fluctuation of correlation coefficients became even
more drastic, which was consistent with previous conclu-
sion that the dash-down process and crashing process am-
plifying the fluctuation. Further analyzing the coefficient
pairs, it was found that the fluctuation of the correlation
coefficients from different delay times of a same plasma fol-
lowed the same pattern, merely with the amplitudes of the
fluctuation increased with delay time. From the plasma
morphological perspective, it meant that a small morpho-
logical fluctuation at early delay time, i.e., 120 ns, after
going through the “plasma dashing downward and crash-
ing” process, the fluctuation would amplify itself, causing
more severe fluctuation at later delay times, i.e., 200 ns
and 450 ns. Combining the results drawn from Fig. 5 and
Fig. 6, one could conclude that during the critical time
when the upper part of the plasma dashed downwards to
split the Ti plasma, the plasma experienced the transition
from “stable” to “unstable”, and the small plasma mor-
phological fluctuations before the critical time would am-
plify itself during this critical time, bringing more severe
plasma morphological fluctuations at later delay times.

3.3 Further discussion

Rayleigh–Taylor instability (RTI) has been extensively
discussed in the context of laser-induced plasma instabil-
ity and it was normally applied to explain phenomena like
ripple-shaped perturbation on the plasma front [31] and
plasma stratification [32] at low pressure. It was specu-
lated that the mechanism leading to the plasma instabil-
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ity would be to attribute to the growth of RTI. However,
since the necessary condition for RTI to occur in laser-
induced plasmas is that the density of plasma should be
higher than that of the ambient gas [31], to have signifi-
cant RTI in laser-induced plasma, either the ambient pres-
sure should remain significantly low, or atmosphere with
low density such as He should be used [33], or the de-
tection window should be restricted to very early stage
of the plasma when the plasma density is high enough.
That is, a big concern is that so far most works on RTI
in laser-induced plasmas were conducted under low ambi-
ent pressure, either theoretically or experimentally [31–37]
and it may not be the same case in ambient gas since of
the density difference would be not favorable for RTI. In
the present work, we attempted to extend the RTI dis-
cussion to our case at atmospheric pressure to find what
extent RTI will affect plasma morphology change.

At very early stage of plasma expansion when plasma
expands into ambient gas supersonically, due to the den-
sity differences between plasma and ambient gas, dras-
tic material interpenetration takes place at the plasma-
ambient gas interface, causing the RTI phenomenon. Al-
though in the situation of laser-induced plasma, it was
clearly in compressible fluid regime, according to the the-
oretical analysis of Kull et al. [38], the compressibility ef-
fects often only brings a small correction in the instabil-
ity growth rate of the RT instability. Therefore, in the
present work, we applied the RTI theory in the incom-
pressible regime to obtain the time when RTI grows vig-
orously as a rough estimate [38]. Besides, various studies
previously have successfully used the snow-plow model to
predict the growth of the Rayleigh–Taylor instability at
the plasma-gas interface with agreeable precision [31, 37],
furthering supporting our choice in estimating the RTI
strongest time.

In the RTI regime for incompressible fluids, the ampli-
tude of a sinusoidal perturbation grows exponentially as
exp (nt), where

n =
√
ak · At, (2)

At = ρb − ρp
ρb + ρp

. (3)

Here, a is the acceleration of the plasma front, k is the
wavenumber of the sinusoidal perturbation, and At, At-
wood number, describes the density dependence of RTI. ρb
and ρp are the density of the ambient gas and the plasma,
respectively. From the RTI theory, the interface becomes
unstable if the density of plasma is higher than that of
the ambient gas. As mentioned in literature [31, 32], the
growth of instability occurs in the maximum deceleration
region. To estimate the corresponding time, we solve the
momentum conservation equation

M0u0 =

(
M0 +

2

3
πR3ρb

)
u (4)

with the assumption of a homogeneous plasma and semi-
spherical expansion, where M0u0 is the initial momentum
of the plasma, R is the radius of the plasma, and u =
dR/dt is the velocity of the plasma front. The solution of
this equation yields

R =

(
3M0

7πρb

) 1
3

, (5)

where R is the radius of the plasma with maximum decel-
eration. With M0 ≈ 10−6 g as estimated from a typical
laser-induced plasma ablated mass, ρb = 1.29 kg/m3, R is
estimated to be 0.47 mm. From early stage plasma im-
ages, plasma with this radius occurs in the range of 10 to
50 ns [15]. That is, at atmospheric pressure, RTI seems
to only occur at ultra-early stage of the plasma evolu-
tion. Of course, this is only an approximate estimation
with possible large errors, but it gives an overall indica-
tion that under atmospheric environment, RTI might only
occur at very early stage of the plasma evolution. The re-
sult was comparable with literature [36], in which Rifai
et al. theoretically evaluated the RTI occurrence time in
Ar atmosphere with 0.1 atm pressure and revealed that
RTI only existed before 3 ns. As density of air in 1 atm
is higher than that of Ar in 0.1 atm, we would estimate
that RTI should also only happen in the very beginning
of the plasma evolution. Actually, except for the very
early stage, laser-induced plasma at atmospheric pressure
usually has smaller density compared to the ambient at-
mosphere [39], which is contrary to the condition required
for RTI to keep existing. That is, the morphology insta-
bility we watched in our experiment after 150 ns cannot
be attributed to RTI.

Although RTI was regarded not to be the reason for
laser-induced plasma morphology fluctuation, it may still
play an important role in generation large morphology
fluctuations: RTI at the ultra-early stage of the plasma ex-
pansion could “bury a seed” of instability at the interface,
bringing the initial asymmetric perturbation which will
be amplified in the later stage. As described in previous
section, if the plasma was more similar in early stage (be-
fore 100 ns), the morphology would be also more similar in
later stage. That is, if there was no disturbance in ultra-
early plasma evolution, the plasma morphology would still
be repeatable even there is an amplification process after-
wards. According to the estimation above, RTI occurred
most drastically around 10–50 ns and was diminished due
to plasma density decrease below ambient gas very soon
after, but the disturbance it caused may have generated
asymmetric velocity and slightly variation in plasma mor-
phology. This is consistent with what we have observed
in our experiment, there was slight difference existed for
plasma morphology at delay time 100 ns, which may be
generated due to RTI. In addition, due to surface rough-
ness and imperfect laser-sample alignment, there would
also be slightly different in laser-sample interaction as well
as slight plasma morphology difference. Overall, there is
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Fig. 7 (a) A stream of plasma images at early stage of plasma evolution, showing the plasma material migration and collision
process. (b) The diagram of plasma plume and external shockwave evolution.

inevitably fluctuation seed existed in plasma evolution at
the very early stage due to RTI and surface roughness.

Combining all the discussion above, the mechanism of
LIBS uncertainty generation was proposed: due to RTI
and surface roughness, there inevitably existed morpho-
logical fluctuation when plasma was initiated and ex-
panded, and the small morphological fluctuation was am-
plified by the thereafter frontier material dash-down and
crash with lower part of the plasma, therefore generating
large LIBS measurement uncertainty. What remained to
be explained now is what mechanism lead to the dash-
down process. It was noticed that in earlier work, the
dash-down process may come from the pressure gradient
caused by the fast expansion of the plasma in the plasma
front [40, 41]. In the present work, we proposed the fol-
lowing more detailed mechanism by analyzing the mixing
and expansion process of plasma in ambient gas to better
address the dash-dawn movement of the frontier plasma
material and the time coincidence of shockwave generation
and dash-down process of the frontier plasma.

The plasma materials from the outer sublayer subse-
quently exchange the momentum with the ambient gas
molecules after the elastic collision and collide with the
middle sublayer. The material collision within the thin
layer can be described as a “three-ball collision model”.
Before external shock wave was produced in plasma ex-
pansion (around 150 ns [15]), the laser-induced plasma ex-
panded with supersonic velocity and mixed with ambient
gases. At the beginning of plasma expansion, the mixing
process (collision between the plasma and ambient gas) is
non-elastic due to the high plasma temperature. As ex-
pansion and mixing process go on, there would be a thin
layer formed between the hot plasma frontier and ambi-
ent gas with very large temperature gradient, acting as
the boundary layer of the plasma. Due to the existence
of this thin layer, materials at two sides of the thin layer
collide in different manners. Outside of the thin layer, the
material is in low temperature, and the collision between

the thin layer and the ambient gas in the form of near elas-
tic collision; while inside the thin layer, the material is in
high temperature, and inner side plasma collides with the
thin layer inelastically. In this way, the energy was trans-
ferred from the high plasma to thin layer as well as the
surrounding gas molecules by heating the thin layer into
plasma and accelerating thin layer surrounding gas and
making the surrounding gas part of the thin layer. Around
150 ns, the energy and moment contained in the thin layer,
inner side thin layer material, and outside thin layer reach
a subtle moment, the interaction between the thin layer
and outside gas generates external shockwave due to elas-
tic collision; while the thin layer lack enough momentum
to catch up the shockwave but was pushed back to the
plasma to balance the force to drive the shockwave, and
the inelastic collision between thin layer and the inner side
material make both part move back. This is the under-
neath mechanism possibly explain the dash-down process.
After 200 ns, the back pressed part of plasma crashed with
the lower part of the plasma and subsequently flatter the
plasma, ultimately split the plasma, as observed in the
plasma morphological images. As said before, the crash
was in so high speed and any tiny velocity make the back-
pressed plasma material asymmetric would bring drastic
deviation from the symmetric case. Due to inevitable loss
of symmetrical back-pressed frontier material by RTI and
surface roughness, the fluctuation was amplified with this
dash-down and crash process, which leads to a large mor-
phological fluctuation at later stage of plasma evolution
and ultimately a large spectral signal uncertainty. This
is the mechanism of the generation of plasma fluctuation
and spectral signal uncertainty, which is also described in
Fig. 7. In addition, similar phenomena of plasma mor-
phological change were also observed from other samples,
such as Si wafer and aluminum alloy. Further study such
as the investigation of the temporal and spatial distribu-
tion of plasma species, temperature field, particle velocity
field within the plasma and at the plasma frontier, will be
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taken to consolidate the mechanisms of the signal uncer-
tainty generation proposed in this work.

4 Conclusion

The mechanism of signal uncertainty generation for LIBS
was investigated using temporally-resolved spectroscopic
and fast-imaging plasma morphology method. Using three
fast-imaging cameras to capture three consecutive images
from the same laser-induced titanium alloy plasma, it was
found that the plasma experienced an increasing morpho-
logical fluctuation as delay time increased, transforming
from a “stable plasma” before the delay time of 100 ns
to a “fluctuating plasma” after the delay time of 300 ns.
Notably, the frontier part of plasma showed a significant
downward motion from the delay time of 150 ns to 200 ns
and collided with the lower part of the plasma, making
the plasma flatter and even splitting the plasma into two
parts, which was considered as a critical transformation
of “stable plasma” to “unstable plasma”. By calculating
the correlation coefficient of plasma image pairs at succes-
sive delay times, it was found that the tiny plasma fluc-
tuation earlier than the critical delay time (150–200 ns)
was amplified, causing a large plasma fluctuation at later
stage. A possible mechanism generating plasma morphol-
ogy fluctuation as well as signal uncertainty was proposed:
Rayleigh–Taylor Instability (RTI) and surface roughness
inevitably initiated slight plasma morphology fluctuation
before 100 ns, and the generation of external shockwave
(around 150 ns) back-press the plasma frontier material
downwards and crash with the lower part (around 200 ns),
the dash-down and crash process amplifies the slight fluc-
tuations into large fluctuations as well as LIBS signal un-
certainty. Possible initiation of the slight fluctuation at
the early stage caused by RTI was also analyzed, and pos-
sible mechanism making the dash-down frontier plasma
material was proposed as well.
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