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Optical emissions from the major and trace elements embodied in a transparent gel prepared from
cooking oil were detected after the gel was spread in a thin film on a metallic substrate. Such
emissions are due to the indirect breakdown of the coating layer. The generated plasma, a mixture
of substances from the substrate, the layer, and the ambient gas, was characterized using emission
spectroscopy. The characteristics of the plasma formed on the metal with and without the coating
layer were investigated. The results showed that Al emission induced from the aluminum substrates
coated with oil films extends away from the target surface to ablate the oil film. This finally formed
a bifurcating circulation of aluminum vapor against a spherical confinement wall in the front of the
plume, which differed from the evolution of the plasma induced from the uncoated aluminum target.
The strongest emissions of elements from the oil films can be observed at 2 mm above the target
after a detection delay of 1.0 us. A high temperature zone has been observed in the plasma after the
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delay of 1.0 ps for the plasma induced from the coated metal. This higher temperature determined
in the plasma allows the consideration of the sensitive detection of trace elements in liquids, gels,

biological samples, or thin films.

Keywords indirect laser-induced plasma, thin layer, aluminum substrate, higher temperature

PACS numbers 42.62. Fi, 52.25.Kn, 52.25.0s, 52.70.Kz, 52.90.+z

1 Introduction

Elementary analysis of viscous liquids such as oils or gels
using laser-induced breakdown spectroscopy can provide
important information in the assessment of the perfor-
mance and quality of a sample. For example, trace el-
ements in cooking oil can be used to decide whether a
particular cooking oil is eligible for use in cooking [1];
changes in the basic elements in a lubricating oil can be
used to assess the performance of that oil [2]; and the
thickness of a thin film can be determined by the de-
tection of the elements in thin film [3]. Although several
conventional methods, such as ICP-MS, ICP-OES and
AAS, can provide sensitive and precise results, detection
using these methods is mainly completed in laboratories
and not appropriate for field measurements. Therefore, it
is desirable to introduce a real-time rapid analysis tech-
nique to detect the elements in gel samples.

Laser induced breakdown spectroscopy (LIBS) tech-

nology is a rapid, online, sensitive and multi-element
analysis method that has received more and more at-
tention in recent decades [4-7]. It has been extensively
used for a wide range of scientific and industrial appli-
cations with varying degrees of success [8-12]. However,
due to some inherent drawbacks such as splashing, ab-
sorption, and fast quenching of plasmas in the liquid
samples [5], the LIBS signal produced in gel samples
shows more noise and less stability compared with solid
samples, which results in lower detection sensitivity and
shorter lifetime of plasma.

A number of investigations that improve the LIBS sig-
nals of liquid samples in the form of static surfaces [13,
14], jets [15, 16], liquids on different substrates [17-21]
and aerosols [22] have been reported. Moreover, for gel
samples, such as lubricating oils, several methods used
for liquid samples have achieved many good results, such
as jets [23], static surfaces [13, 23|, and paper substrates
[24]. Amongst these approaches, using a paper substrate
was the preferred method for obtaining the optimal LIBS
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signal because of its ability to prevent splashing, which
means that the plasma-collecting lens can be located
closer to the ablation point. Recently a new substrate,
made of a metallic alloy, was used successfully to detect
manganese in liquid samples [25]. It showed that 10-uL
microdroplets of manganese solution were placed on an
aluminum substrate and given 15 min to dry, on the sur-
face of which a hot and dense plasma was produced which
engulfed the droplet and enhanced the LIBS signal.

The objective of this work is to investigate whether it
is possible to use a metallic aluminum alloy substrate for
LIBS analysis of gel samples. It will explain the enhance-
ment of LIBS signals through the evolution of plasma
induced from the aluminum substrate. In this work, a
cooking oil sample will be smeared and distributed evenly
on the surface of the aluminum alloy to form one thin
layer of oil film. The plasma is induced from the alu-
minum substrate both with and without the thin oil
film in an argon ambient gas at a pressure of one atmo-
sphere. The plasma characteristics are investigated by
time- and space-resolved spectroscopy and the evolution
of the plasma will be observed using a plasma imaging
technique.

2 Experimental setup

The experimental setup used is presented in Fig. 1.
The fundamental output of a Q-switched Nd:YAG laser
(Quantel Brilliant) with a 10-ns laser pulse duration, op-
erated at 10 Hz was delivered to the surface of a certi-
fied aluminum alloy (Al 89.5%, Si 8.39%, Fe 0.999%, and
some trace elements). The laser pulse energy was fixed at
85 mJ. The laser beam was reflected by a high reflection
mirror (M1) and passed through an ensemble consisting
of a half-wave plate (HWP) and a Glan prism (GP). Such
an ensemble allows for fine adjustments in the laser en-
ergy so that a constant laser energy could be delivered
to the surface of the target. A mechanical beam shutter
(BSH) controlled the delivery of the laser pulse, and a
beam splitter sent 4% of a pulse to a photodiode (PD).
A synchronization signal was thus generated and used to
trigger two detection systems simultaneously. The laser
pulse was focused on the surface of a metallic aluminum
alloy by a lens of 50 mm focal length (L1). In order to
avoid a direct breakdown in the ambient gas, the fo-
cus point of the beams was set under the surface with a
shift of about 1 mm. The aluminum alloy was mounted
on a motorized micrometric stage with X-Y-Z displace-
ment ability in order to provide a fresh surface for each
burst of laser shot. The distance between the focus lens
(L1) and the target surface was kept constant during the
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measurements by a monitoring system that consisted of
a laser pointer with the beam delivered obliquely onto
the target surface and a video camera installed above
the mirror (M2). A pair of tubes was placed above the
target in order to deliver a stream of argon gas with a
fixed flow of 8 L/min, which ensured that the plasma
would expand into pure argon, ambient at a pressure of
1 atm. The emission plasma was detected simultaneously
using 2 two-lens systems in a 4-f configuration (L2, L3
and L4, L5 in Fig. 1). The combination of the two lenses
L2 and L3 with focal lengths of 7.5 cm and 5 cm, respec-
tively, was used in order to form a reduced image of the
induced plasma. An optical fiber of 50-um core diameter
was positioned in the image plane in order to capture a
part of the emission from the plasma with spatial res-
olution. In this paper, axial profiles will be presented,
which were obtained by translating the fiber systemati-
cally along the incident axis of the laser (z axis) at the
middle transversal position of the image of the plasma.
Such a detection system allowed a spatial resolution of
75 pm for local detection of the plasma emission. The
output of the fiber was connected to the entrance of
an Echelle spectrometer, which was in turn connected
to an intensified charge-coupled device (ICCD) camera
(Mechelle 5000 and iStar DH734-18F-05 made by An-
dor Technology, England). The combination of the two
lenses L4 and L5 with focal lengths of 6 cm and 20 cm,
respectively, were used to form a magnified image of the
plasma induced. The image was directly recorded by an-
other ICCD camera (iStar DH334T-18F-03 made by An-
dor Technology, England) placed at the image plane. A
narrowband filter (F in Fig. 1) was inserted between the
two lenses of the 4-f system in order to take an image of
the plasma with the emission in the bandwidth selected
by the filter. Each spectrum and image was recorded for
20 shots accumulating in 20 shots of the target all taken
at different positions.

The plasma emissions were measured with spatial res-
olution by translating the fiber along the incident axis
of the laser (z axis) at the middle transversal position
of the image of the plasma. The temporal evolution of
the plasma was investigated by measuring space-resolved
emissions in three different detection windows (500-900
ns, 1000-1500 ns, and 2000-3000 ns) after the arrival of
a laser pulse on the surface of the sample. Henceforth,
we will use the notation D500, D1000, and D2000 to, re-
spectively, denote the three detection windows. In order
to directly compare the emission intensities measured at
different detection time delays, the signal was divided
by the gate width. This leads to a representative value
of the signal for the delay interval concerned, indepen-
dent of the chosen gate width. In the earliest stage of the

Jun-Shan Xiu, et al., Front. Phys. 10, 104204 (2015)



RESEARCH ARTICLE

Ml HWP GP BSH BS

CCD

PD

PC

Echelle
spectrometer i
z

Laser

Coating layer

PC

X~y stages

Fig. 1 Experimental setup for plasma diagnostics using two different collection configurations. M1 & M2: Mirrors, L1-L5:
Lenses, HWP: Half wave plate, GP: Glan prism, BSH: Beam shutter, BS: Beam splitter, F: Filter, PC: Personal computer,

PD: Photodiode, ICCD: ICCD camera.

plasma, the strong continuum prevents the observation
of line emissions from different species in the plasma. The
intensities measured in our experiments were integrated
along the line-of-sight (y axis). By assuming a cylindrical
symmetry of the plasma, the Able inversion was applied
to obtain the plasma emissivity as a function of its ra-
dius. Considering the magnification of ~ 0.67 of the im-
age system, the measurements were performed at phys-
ical distances of z= 0.8 and 1.6 mm, respectively, close
to the target surface around the middle of the plasma.

An oil sample was prepared with a ratio of 1:1 be-
tween cooking oil and surfactant dissolving a saturated
concentration of NaCl. A 5 mL oil sample was smeared
and distributed evenly on the surface of the aluminum
alloy to form one thin layer of oil film with a thickness
~ 15 um, see the coating layer shown in Fig. 1. The pre-
pared sample was left for 5 min prior to laser ablation
in order for the oil layer to be stabilized on the target
surface. After analysis, the target surface was cleaned
(using distillated water and ethanol) and re-polished for
use with a new liquid sample.

3 Results and discussion

3.1 Emission spectrum of a plasma induced on alu-
minum with a thin film of oil

Figure 2 shows a typical emission spectrum for a plasma
induced on a metallic aluminum alloy covered by a thin
layer of oil film. This spectrum is obtained using a time
detection window of 1 us and a delay time of 1 us. The
emission lines of different elements from the oil film (Na,
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Ca, H, C, and Cl), aluminum target (Al, Fe and Si), and
ambient gas (Ar) are observed. This indicates that one
laser pulse is focused on the surface of the aluminum al-
loy, ablating to produce a high-temperature plasma, and
the covered oil film and ambient gas will be ablated in-
directly. We note that the strongest emission line from
the chlorine (at 837.6 nm) appears much weaker when
compared to the other lines in the spectrum. For this
reason, we present separately the chlorine line in the in-
set of Fig. 2 using an amplified scale. Emissions from the
specific elements of the oil layer indicates its breakdown
and vaporization and furthermore a high temperature in
the plume. The emission from Cl especially provides fur-
ther proof of such a high temperature through the high
up-level energy of 10.4 eV of the corresponding transi-
tion [26]. For the directed detection of the oil film, the
temperature is very low and the emission signal is weak
as the plasma was induced in a gel sample. Therefore,
this is considered to be an effective approach to sensi-
tively detect chlorine in oil, which is very important for
the discrimination between hogwash and edible oils [1].
The choice of the representative lines for different
species in the plasma was guided by the consideration
of a negligible self-absorption for these lines. An elemen-
tary precaution is to avoid using, if possible, the ground
state as the level of the chosen transition. The selected
lines should allow a complete representation of the dis-
tributions of elements evaporated from different parts of
a sample such as the target, the gel layer, and the am-
bient gas. In our experiment, according to the criteria
for line selection, the Al T (309.3 nm) evaporated from
the aluminum target and the Ar I (696.5 nm) and Ar IT
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Fig. 2 Typical emission spectrum of the mixture plasmas of the
substances from the metallic substrate and the oil film with the
indications of the main observed elements. The insert shows the
detailed spectra for the CI element.

(480.6 nm) evaporated from the ambient gas were de-
termined, which were the same as the selection used in
Ref. [27]. The Na I (588.9 nm) and Cl I (837.6 nm) were
evaporated from the oil film.

3.2 Emission intensity profiles of the elements from the
target and from the thin film

3.2.1  Auxial profiles

To define the evolution of a plasma induced from an alu-
minum substrate coated with oil film, the plasma emis-
sions of different species are analyzed using time- and
space-resolved laser-induced breakdown spectroscopy. In
this work, we compare the plasma from the aluminum
substrate coated with oil film with that from an uncoated
aluminum substrate. Figure 3 shows the axial profiles of
normalized emission intensities of different species in the
plasma from two different samples with the delay times
of 0.5, 1.0 and 2.0 ps. Spectra are detailed for A1T (309.3
nm) from the aluminum target (Fig. 3(a)), Ar I (696.5
nm) from the ambient gas (Fig. 3(b)), Ar II (480.6 nm)
from the ambient gas (Fig. 3(c)), and Na I (588.9 nm)
and Cl T (837.6 nm) from the oil film (Fig. 3(d)). In
Fig. 3, the axial position represents the distance in the
plasma with respective to the aluminum target surface.
The origin of the axis corresponds to the surface. Signifi-
cant differences can be observed for Al emission from the
two different substrates in Fig. 3(a). It can be seen that
Al emission from the coated aluminum substrate has a
larger shift away from the target surface than that of
the uncoated aluminum substrate. It is also weaker near
the target surface (scarcely any signals) when comparing
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the uncoated aluminum substrate with the same normal-
ized procedure. With increasing delay time, the strongest
Al emission extends away from the target surface, while
for the Al plasma emission from the coated aluminum
substrate the extension is larger, especially between the
delays of 0.5 us and 1.0 us. This indicates that hot Al
plasma emission from coated aluminum substrates ab-
lates the thin layer of oil film so that it is farther away
from the target surface and has a larger emission zone.
In Fig. 3(b), the profiles of Ar emission exhibit a simi-
lar trend for two different substrates and the strongest
emissions for the Ar are in the periphery of the plasma.
However, the Ar emissions from the coated aluminum
substrate are weaker with delays of 1.0 us and 2.0 ps
using the same normalized procedure than those of the
uncoated aluminum substrate. This suggests that hot
Al plasma emission ablates simultaneously the oil film
and the Ar ambient gas, causing the Ar emissions to be
weaker. Figure 3(c) shows that at a short delay of 0.5
us, Art emission from the coated sample shifts toward
the target surface with respect to that from the uncoated
sample. Moreover, the relative position of the emission
zone of Artfrom the coated sample has an obvious shift
toward the target surface with respect to that of Ar, as
shown in Figs. 3(b) and (c). The observed arrangement
of the axial profiles of the elemental emissions from the
Art and Ar in the ambient gas suggests a significant
temperature gradient that goes from the middle of the
plasma to its periphery. Figure 4(d) shows Na and Cl
emissions from the plasma of the coated aluminum sub-
strate. We note that at a delay of 0.5 us, the Cl emission
is disturbed by a strong background emission so it is
impossible to have a representative spatial profile of its
emission. At longer delays of 1.0 us and 2.0 ps, it can
be seen that the strongest Na and Cl emissions have the
same position as an Ar emission away from the target
surface, at about 2.0 mm for the delay of 1.0 us. This
indicates an upward displacement of the high tempera-
ture zone in the plume. Such displacement can be verified
from the appearance of a zone of emission of chlorine in
the front of the plume. The high excitation energy of the
chlorine line (10.4 eV) provides proof of high tempera-
ture in this zone.

For the uncoated Al substrate, the Al plasma emission
extends near the target surface, while for the coated Al
substrate, hot Al plasma emission extends away from the
target surface and ablates the thin oil film and ambient
gas indirectly. The Na and CI in the oil film are excited
in the periphery of the plasma. To obtain an optimal CI
signal, the delay time should be set to be after 1.0 us and
the detection window will be 2 us.

Jun-Shan Xiu, et al., Front. Phys. 10, 104204 (2015)
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Fig. 3 Axial distribution of the elements in the plasma from aluminum substrate with and without thin layer oil film in
different delay times. Different species in the plasma are (a) neutral aluminum evaporated from the aluminum substrate,
(b) neutral and (c) ionic argon contributed by the ambient gas, and (d) neutral sodium and neutral chlorine ablated from
the oil film. The detection windows of three delays are 400 ns, 500 ns and 1000 ns, respectively.

3.2.2  Radial profiles

In order to obtain more detailed information on the evo-
lution of the plasma induced from the coated aluminum
target, transversal profiles have been performed at two
different axial distances of 0.8 and 1.5 mm, which cor-
respond to the real distances of 1.2 and 2.25 mm from
the plasma. The Abel inversion descried in Ref. [28] has
been implemented to accede to the radial distributions of
the plasma. Such distributions provide us with a descrip-
tion of the radial expansion of the plasma and allow us
to confirm the representativity of line-of-sight integrated
axial measurements for the plasma core. In our exper-
iments, in order to check the symmetry of the plasma,
transversal scans have been performed for both sides of
the plasma with respect to its symmetrical axis. Once
the symmetry is verified (allowing for the experimental
noise), we average the two parts of the signal to obtain
a mean radial distribution. Finally, for the presentation
of the results with a more realistic representation of the
plasma, we plot the other half of the distribution using
symmetry. These notices have been verified in our previ-
ous work [29].

In our experiments, radial distributions of three ele-
ments evaporated from different parts of the sample are
observed. Al was evaporated from the target, Ar from

Jun-Shan Xiu, et al., Front. Phys. 10,104204 (2015)

the ambient gas and Na from the oil film. In Fig. 4, we
present the emissivities of Al I (line at 309.3 nm), Ar I
(line at 696.5 nm), and Na I (line at 588.9 nm) at z= 0.8
mm and 1.5 mm. For Al, the distributions with a maxi-
mum at the middle of the plasma are observed for D500
and D1000 at z= 0.8 mm and D500 at z= 1.5 mm, which
can be fitted by Gaussian functions as also observed by
Sakka et al. [30]. However, for the profiles at z = 0.8 mm,
the emissivity of Al showed a minimum in the middle
of the plasma at the delay of 2000 ns, as shown in Fig.
4(a). For the profiles at z= 1.5 mm, the emissivity of Al
shows similar patterns at the delays of 1000 and 2000
ns, as shown in Fig. 4(b). We obtain the result that the
emissivity of Al expanded generally at a short delay of
500 ns, while as the delay increases, it exhibits a central
distribution delimited at a peripheral zone where the
emissivity monotonically decreases. It is the case that
a part of the population seems to be transferred from
the region around the central axis of the plume to its
periphery regions within bifurcating flows. The closer
you get to the target surface, the earlier to represent the
situation, observed in Figs. 4(a) and (b). For Ar, the
emissivity profiles distribute evenly around the middle
of the plasma, while at the longer delay it shows a slight
minimum in the central distribution and the edge of the
distributions are less steep with the expansion into the

104204-5

wm
Qo
-
wm
>
=
=¥
T
)
&
2
e
=
)
=
=




172}
Q
.-
w
-
==
(=™
(T
o
)
2
=
=]
-
=

RESEARCH ARTICLE

(a) 1.2x107- = Al D500

= A1 D1000
9.0%10°+

"
=

6.0X 106 " . & NaD2000

& " 4™ AW

3.0X10°- 2N

Emissivity (counts)

oF

A
n
o -

LR

¥

. = il
o L o S SNy
B e - S0

|

0.0 : : : ; .
-1.5 -1.0 -05 0.0 05 1.0 1.5
Radial distance /mm

#
—=

i ¥

(b) 1.2x10°

« Al D500
_a + A1 D1000
1.0Xx10% ) + Al D2000
g WAL
r
2 8.0x10° 2k 4 Ar D2000
: RS
y \ a
Z 6.0x10% If A\ Na D2000
2 4.0x10% /i A
[g /B b, - . A i
2.0X105{ © AR £ o e A RN
.é_.,;g.:----""5"""'*:3\'_3-.
0.0 Lasst = : e
“15 -10 05 00 05 10 15

Radial distance /mm

Fig. 4 Radial profiles of the emissivities of Al, Ar and Na for the three different delays at (a) z=0.8 mm and (b) z=1.5 mm.

outside of the plasma in the emission zone of argon. Such
behavior is thus specific to the plasma induced with the
gel layer, which is different with our previous observa-
tions in Ref. [29], in which the expansion of the plasma is
induced by IR laser pulse on the surface of an aluminum
target in argon ambient gas. For Na, the emissivity pro-
files exhibit particularly high values in the central part
of the plasma, which confirms in the radial direction the
strong interaction between the Al vapor and the oil film
in the axial profiles. It also determines that the strongest
emissions evaporated from the oil film are observed in the
central axial profile. This explained why we are able, in
our experiments, to observe the emission profile of the
chlorine contained in the oil film, as shown in Fig. 3(d).

3.3 Behavior of the plume expansion

To confirm the evolution of the plasma induced from the
coated aluminum substrate at different delay times, spec-
troscopic images are used to observe the process intu-
itively. In this work, Al emission in the plasma is imaged
using a narrowband filter (with a central wavelength of
400 nm and a bandwidth of 10 nm). Figure 5 shows spec-
troscopic images of the neutral aluminum vapor taken at
time delays of 0.5, 0.75, 1.0, 1.5, and 2.0 ps. Each image
in Fig. 5 represents a real dimension of 3 x 3 mm?. The
bottom line of the picture indicates the target surface. At
the short time delay of 0.5 us, the background emission
might be extremely strong, owing to which the image of
the plasma cannot represent completely the Al emission.
However, in this study the specific distribution of differ-
ent species in the plasma have not been investigated; Al
emission, including background emission, can still show
the position of Al plasma with regard to the target sur-
face and the evolution of the Al plasma as shown in Fig.
5.

At a short time delay of 0.5 us, we can see an aluminum
plume delimited in its axial propagation by a nearly
spherical surface in its front (Fig. 5(a)). As delay in-
creases, a part of the population seems to be transferred

104204-6

from the region around the central axis of the plume to

(@)

(b)

©

@

Fig. 5 Al emissivity images obtained from the aluminum sub-
strate with (a—e) in different delay times: (a) 0.5 ps, (b) 0.75 us,
(c) 1.0 us, (d) 1.5 us and (e) 2.0 us. The corresponding detection
windows are 50 ns, 50 ns, 100 ns, 100 ns and 200 ns, respectively.
The real dimension of each picture is 3 mm x 3 mm and the bottle
line of each image corresponds to the target surface.
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its periphery regions within bifurcating flows along the
internal wall of the spherical confinement surface (Fig.
5(b)). Such bifurcating flows finally transport most of
the population into the peripheral regions, leaving the re-
gion around the central axis depopulated (Fig. 5(c)). At
longer delays of 1.5 and 2.0 us, the Al emission becomes
weak and maintains only its strongest part in the periph-
ery of the plasma (Figs. 5(d) and (e)). During the bifur-
cating population transfer, the aluminum vapor is kept
in close contact with the confining layer, which would
allow its efficient heating by the aluminum vapor. Such
a mechanism corresponds well with the observation of
chlorine emission at delays longer than 1 ps in the front
of the plume (Fig. 3(d)).

3.4 Profiles of electron density and temperature

In order to study the physical properties of the plasma
and its evolution, the profiles of two important plasma
parameters, the electron density and the plasma temper-
ature, are measured in our experiment. Figure 6 shows
the profiles of the electron density and the temperature
measured in the plasma induced from the coated and
uncoated aluminum substrate at 3 delays of 0.5, 1.0 and
2.0 pus. These parameters are deduced by the standard
plasma diagnostics methods. The proper choice of el-
ements and associated emission lines has an effect on
the precision of the resulting plasma parameters. In this
work, the electron density is calculated by the Stark
broadening of the Ar I 696.5-nm line for the uncoated
aluminum substrate in the Ar ambient gas, and the H,
656.27 nm line for the coated aluminum substrate in the
Ar ambient gas. As for the Ar ambient gas, the Ar I
696.5 nm line has been verified to be a reliable refer-
ence line for calculations in our previous work [27]. The
H, line is used widely to calculate the electron density
when the H, line can be detected in the plasma, which
has a higher precision as it is well isolated, it is strongly

@ 16x10'%, N Y
| S

. o o-0.5 ps

i 18] ./ - . ——1.0 ps Al with film
E 1.2X10°°4. ....'.-l"-: ey 2.0 pus

@ " e =

5 8.0x107- T e |

g e S |

= - R

153 e :

2 4.0)(1017'. e e ¥ !

= o "“md‘_‘ e : ; ‘ ‘\5 e

0.0 [ o

00 05 10 15 20 25 30 35
Axial position /mm

affected by the linear Stark effect and does not exhibit
self-absorption [31, 32]. Experimentally, the H element
is contributed by the oil film and exhibits sufficient re-
producibility to be used for the calculation of the elec-
tron density. Multi-Saha—Boltzmann plots are used to
deduce the temperature. A detailed description of the
procedures used together with a list of the chosen lines
can be found in our previous publication [27]. The rela-
tive standard deviations of the electron density and the
temperature are calculated to be 20% for the Ar I line,
15% for the H,, line and 10%, respectively.

In Fig. 6, the axial extension of the electron density
and the temperature for the uncoated aluminum sub-
strate exhibits a similar trend to those in the results ob-
served in our previous work although some experimental
conditions have been changed, such as laser energy [27,
29]. The profiles of the electron density and the temper-
ature show a plateau of slow variation in the middle of
the distribution. They decrease near the target surface
and in the periphery of the plasma due to the thermal
conduction in the interfaces with the target and with the
cold ambient gas, as shown in Fig. 6. However, for the
plasma induced from the coated aluminum substrate, ob-
vious differences in the electron density and temperature
can be seen in Fig. 6. In Fig. 6(a), the axial profiles of the
electron density for the coated aluminum substrate are
narrower than that for the uncoated aluminum substrate,
especially at a delay time of 0.5 us, while the electron
density and temperature are much higher at this delay.
This means that the presence of the thin gel layer on
the surface of the target does not reduce the density and
temperature of the generated plasma. From the profiles
of the electron density and temperature, we can see that
at 0.5 ps, the plasma is still confined close to the target.
This indicates that up to this time delay, the propagation
of the plasma is efficiently slowed down due to the pres-
ence of the gel layer on the surface of the target. Such a
constraint disappears between delays of 0.5 and 1.0 us.

(b) 1.8x10%1 - 0.5 ps
e 1.0us Al
y 2.0 us
1.6 104_ sy d T =-0.5 us
e PP, - >~ 1.0 ps Al with film
B | '-.-.-.-I-I'I. - ."J’\i\_. O 20 H,S
[ - EEE . -]
2 oot 0 .
g 14X104 1 ';\“'\' o . ‘ [ ]
5} gUneet® "f_'_“o" -t gnyy ),
= ‘lf o T A A A A & "'_l'
1.2)(104"'. ‘-"-:‘ﬁ‘““‘ o em s aa ;\9
1.0x10*
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Axial position /mm

Fig. 6 Axial distribution of (a) the electron density and (b) the temperature of the plasma from the aluminum substrate

with and without oil film in different delay times.
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Fig. 7 The optimal emission zone of elements from the gel layer.

Moreover, for the electron density profile in Fig. 6(a),
we note an accumulation of electrons around a height of
0.75 mm. Such an accumulation is consistent with the
confinement of the aluminum plume at short delays due
to the initial presence of the oil film on the surface of the
target.

With the increasing delay, the electron density is al-
most in the same level as that for uncoated aluminum
substrates, as shown in Fig. 6(a), although the temper-
ature is still much higher, especially in the periphery of
the plasma (about 2 mm away from the target surface).
As shown in Fig. 6(b) the temperature is up 15 000 K
in delay time 1.0 pus which is usually higher than that
obtained in the plasma of solid and liquid samples under
the same experimental conditions. This observation con-
firms the high temperature conditions necessary for the
observation of a zone of emission from chlorine for a time
delay larger than 1.0 pus around the front of the plasma,
as shown in Fig. 3(d). These findings explain why we can
observe the strongest emissions of elements from the oil
film along the central axial profile in the periphery of the
plasma. Figure 7 shows the optimal emission zone of el-
ements from the gel layer. We remark that the strongest
emissions of elements from the gel layer can be observed
at 2 mm above the target after a detection delay of 1.0

us.

4 Conclusion

In conclusion, the characteristics of the plasma induced
from aluminum substrates with and without a coating
of a thin layer oil film have been investigated. The Al
emission induced by the uncoated aluminum substrates
always extends near the target surface with increas-
ing time delay, while the Al emission induced from the
coated aluminum substrates extends away from the tar-
get surface to ablate the oil film and finally form a bifur-
cating circulation of aluminum vapor against a spherical
confinement wall in front of the plume. Because of the
confinement of the oil film, the plasma temperature
remains high enough in the zone of 2 mm above the
surface to excite the chlorine. Therefore, the strongest
emissions of elements from the gel layer can be observed

104204-8

at 2 mm above the target after a detection delay of 1.0
us. The high temperature reached in the plasma con-
sisting of a mixture of substances from the target, the
gel layer, and the ambient gas allows us to consider the
application of the demonstrated ablation mechanism to
the analysis of gel-like liquids or soft materials. It has
also demonstrated the fact that it is feasible for indirect
laser induced breakdown spectroscopy to detect trace
elements sensitively through forming a transparent thin
gel layer on the surface of a metallic aluminum substrate.
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