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ement of laser-induced
breakdown spectroscopy by increasing sample
temperature combined with spatial confinement

Jin Guo,a Tingfeng Wang,a Junfeng Shao,a Anmin Chen *bc and Mingxing Jin*bc

To enhance spectral intensity in laser-induced breakdown spectroscopy, increasing the sample

temperature and spatial confinement were used simultaneously to improve optical emission of plasmas

induced from silicon target using a Nd:YAG laser pulse in air. The sample was uniformly heated to

temperatures ranging from a low temperature (25 �C) to a high temperature (250 �C) with laser energy

of 60 mJ, and a cylindrical cavity with a diameter of 6 mm and a depth of 6 mm was used to confine the

plasma. The results illustrated that as the sample temperature increased, the spectral intensity of plasma

without spatial confinement appeared to saturate at a sample temperature of 150 �C. When the

cylindrical cavity was present, the spectral intensity increased monotonically along with the sample

temperature. The enhancement effect of combining spatial confinement and increasing the sample

temperature was stronger than that of spatial confinement or increasing the sample temperature alone.

The experimental results indicated that the optical emission intensity can be further improved by

combining the two enhancement effects.
1. Introduction

Aer the invention of the laser in 1960, the rst useful laser-
induced plasma (LIP) was demonstrated by a ruby laser on
a surface.1 More and more attention of researchers has been
paid to LIP.2–5 Over the past few decades, LIP has developed
rapidly as an analytical technique, including laser-induced
breakdown spectroscopy (LIBS) and laser-induced plasma
spectroscopy.6 LIBS can use distinct characteristic spectral lines
emitted from LIP to determine the elements within a sample.
LIBS can be used to analyze any matter, regardless of its phys-
ical state: rocks, glasses, metals, sand, teeth, bones, weapons,
powders, hazards, liquids, plants, biological material, poly-
mers, etc. LIBS can be performed at atmospheric pressure, in
a vacuum, at the depths of the ocean, or in space exploration.7

In these applications of LIBS, it is critical to enhance the
plasma and thus to increase the plasma emission intensity
and the signal-to-noise ratio.8 There have been a number of
different techniques proposed for doing so, such as spark
discharge-assisted LIBS,9–11 spatially conned LIBS,12–14 magnetic
eld-enhanced LIBS,15,16 LIBS with preheated sample,17–20 ame-
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enhanced LIBS,21,22 resonance-enhanced LIBS,23,24 nanoparticle-
enhanced LIBS,25,26 and double-pulse LIBS.27–29

In addition, to further improve the LIBS performance, the
combination of two techniques mentioned above is used to
enhance the emission intensity in LIP. Hou et al. investigated
the combination of cylindrical connement and spark
discharge for signal improvement in LIBS.30 These two methods
were combined together not only to improve the pulse-to-pulse
signal repeatability but also to simultaneously and signicantly
enhance the signal as well as signal-to-noise ratio. Guo et al.
studied the enhancement of optical emission in LIBS,31 both
a pair of permanent magnets and an aluminum hemispherical
cavity (diameter: 11.1 mm) being used simultaneously to
magnetically and spatially conne plasmas produced by a KrF
excimer laser in air from pure metal and alloyed samples. High
enhancement factors of about 22 and 24 in the emission
intensity of Co and Cr lines were acquired using the combined
connement, while enhancement factors of only about 11 and
12 were obtained just with a cavity. They also studied enhanced
optical emission in LIBS by combining spatial connement and
dual-pulse irradiation.32 A signicant enhancement factor of
168.6 for the emission intensity of Cr lines was obtained using
the combined spatial connement and DP-LIBS, as compared
with an enhancement factor of 106.1 with DP-LIBS only. Hao
et al. investigated the improvement of the detection sensitivity
of vanadium (V) and manganese (Mn) elements in steel using
LIBS.33 A ring magnet was employed to spatially and magneti-
cally conne plasmas produced from steel samples using an
Nd:YAG laser. The results showed that the optical emission and
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Experimental setup of spatially confined laser-induced silicon
plasmas with different sample temperatures (DM, dichroic mirror; PD,
photodiode).
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signal-to-noise ratios for both V(I) 437.92 nm and Mn(I)
403.08 nm lines were enhanced by the ring-magnet conne-
ment. Hussain et al. investigated the combined effects of double
pulses and magnetic eld on emission enhancement of LIBS
from aluminum plasma.34 Enhancement factors of about 11
and 5 were obtained in DP-LIBS with and without magnetic
eld, respectively. The effect of inter-pulse delay time on the
intensity enhancement shows a maximum enhancement
factor of about 70 and 40 in DP-LIBS with and without
magnetic eld for atomic line (Al 308.2 nm). Su et al. discussed
the optical emission character of dual-pulse laser plasma with
cylindrical cavity connement.35 Two collinear pulse laser
beams and a cylindrical cavity are combined together to
generate and conne the laser plasma and are used to evaluate
the performance of the conned collinear dual-pulse LIBS.
The optical emission characters of the conned plasmas, as
well as the temperature and electron number density of the
plasma were carefully investigated. Khalil developed the
double-pulse laser ablation technique to generate gold (Au)
plasma and produce high current with application of an
electric potential in an argon ambient gas environment.36 The
results indicated that the velocity distribution function and
current signals depend on the applied discharge voltage, laser
intensity, laser wavelength and ambient argon gas pressure. A
seven-fold increase in the current signal was achieved by
increasing the applied discharge voltage and ion velocity
under application of a double-pulse laser eld.

In view of the above discussion, the combination of two
techniques can further improve the spectral intensity of LIBS.
However, no direct study has been performed to date on the
combined effect of laser-induced preheating of the sample
with cavity connement.14,19 For spatial connement, the
mechanism of spectral enhancement is based on the
compression of the plasma plume with the shock wave re-
ected by the wall of the spatial connement cavity.13,32,33,35,37

The particle number density in the plasma plume increases,
and the corresponding probability of collision between parti-
cles within the plasma increases. This results in an increase in
optical emission of plasma. For the preheated sample, the
sample temperature can change the coupling between laser
and plasma, the density and pressure of ambient gas, and the
characteristic parameters (integral intensity, plume area) of
the plasma plume.17,18,20,38 When the two techniques are
combined together, the reected shock wave in spatial
connement will compress the plasma plume of the laser-
induced preheated sample. The corresponding results will be
expected to be more interesting.

In this paper, our aim was to further improve the
enhancement effects by increasing the sample temperature
and the spatial connement. These two methods were
combined together to generate and conne laser plasma. The
effects of combining spatial connement and increasing the
sample temperature were investigated comparing with spatial
connement or increasing the sample temperature alone. The
experimental results indicated that the optical emission
intensity was further improved by combining the two
enhancement effects.
This journal is © The Royal Society of Chemistry 2018
2. Experimental setup

The experimental setup of laser-induced Si plasma used for
investigating the effects of the combination of spatial conne-
ment and increasing the sample temperature on LIBS is pre-
sented in Fig. 1. A Q-switch Nd:YAG laser system (Continuum,
Surelite III) was used to excite the target to produce the plasma.
The repetition rate was 10 Hz with a wavelength of 1064 nm. The
full width at half maximum of the pulse was 10 ns. A plano-
convex lens with 10 cm focal length of 25 mm in diameter was
used to focus the nanosecond laser pulse onto the silicon
(Sih100i) surface. The focal point of the focusing lens was 5 mm
under the target surface to avoid air breakdown. The silicon
target was attached on the surface of a heating element by using
thermal grease compound. A thermocouple and an electric
heating resistor were the main components of the heating
element. The thermocouple was used to monitor the tempera-
ture and the electric heating resistor was used to heat the
sample. In the process of heating, when the temperature
reached the desired value, the thermocouple monitored the
temperature and sent feedback to the heating resistor, which
stopped heating. If the temperature dropped, the heating
resistor continued to raise the temperature. In addition,
a cylindrical cavity with a diameter of 6 mm and a depth of
6 mm was placed tightly on the surface of the silicon target
surface. The silicon plasma was produced inside the cylindrical
cavity, and was located at the center of cylindrical cavity. To
avoid over-ablation, the silicon target and the heating element
were mounted on a computer-controlled three-dimensional
stage (Thorlabs China, PT3/Z8M) to provide a fresh target.
The emission light from the laser-excited silicon plasma was
collected by the planoconvex focusing lens. A dichroic mirror
(DM) and another planoconvex lens (BK7, 75 cm focal length,
50 mm diameter) were used to focus the collected light into
a ber. This optical ber was coupled to a spectrometer (SP
500I, 1200 grooves per mm, Princeton Instruments, Acton). The
spectrum dispersed by the spectrometer was detected by using
an ICCD (intensied charge-coupled device, Princeton Instru-
ments, PIMAX4, 1024 � 1024 pixels). The delay time between
J. Anal. At. Spectrom., 2018, 33, 2116–2123 | 2117
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the ICCD and laser pulse was synchronized by using a photo-
diode. The signal of the photodiode came from scattered light at
the output window of the laser system. And, the signal of the
photodiode was considered as the zero reference time point of
the whole experimental system. The obtained spectra were
averaged over 20 laser pulses. The experiment was performed in
air.
Fig. 3 (a) Time-resolved spectroscopy of Si(I) line at 390.55 nm with
(square) and without (circle) the cylindrical cavity. (b) Comparison of
spectral lines with (square) and without (circle) the cylindrical cavity at
7 ms delay time. Gate width is 0.5 ms. Laser energy is 60 mJ.
3. Results and discussion

First of all, to study the combination of sample preheating effect
and spatial connement effect in LIBS, a comparison was per-
formed among the optical emission obtained at 25 �C, at 250 �C,
and at 250 �C with spatial connement. Fig. 2 shows the spec-
tral emission of Si(I) line at 390.55 nm from the 3s23p2(1S0) )
3s22p4s(1P1) transition for different sample temperatures (25 �C
and 250 �C) and with spatial connement. As seen from Fig. 2,
for the Si(I) line, plasma emission intensity at high temperature
(250 �C) was stronger than that at low temperature (25 �C).
When the spectral line was measured at the higher sample
temperature (250 �C) with spatial connement, the emission
intensity was much stronger. And, with the change of experi-
mental conditions (increasing sample temperature and spatial
connement), the emission intensity of the spectral line
increased, while the spectral baseline intensity remained
almost unchanged.
3.1 Spatial connement effect

The time-resolved optical emission spectra of the laser-induced
silicon plasmas in a spectral range from 390 nm to 391 nm were
measured to demonstrate the spectral emission enhancement
effect with and without the cylindrical conning cavity, as
shown in Fig. 3. The measured spectral line was Si(I) at
390.55 nm. As seen from Fig. 3(a), the emission intensity of the
Si(I) line in the absence of the cylindrical cavity decayed
monotonically with the increase of delay time. However, when
the silicon plasma was produced inside the cylindrical cavity,
the emission intensity of the Si(I) line was improved in the range
of the delay time from 5 ms to 12 ms. In order to better compare
the increase in the spectral line intensity, we selected a typical
Fig. 2 Comparison of Si(I) line at 390.55 nm under different experi-
mental conditions. Delay time is 5 ms. Gate width is 0.5 ms. Laser energy
is 60 mJ.

2118 | J. Anal. At. Spectrom., 2018, 33, 2116–2123
delay time (7 ms) from Fig. 3(a). As shown in Fig. 3(b), the
emission intensity of the Si(I) line was enhanced obviously in
the case of spatial connement, the enhanced factor being
approximately 2. Compared with the case in the absence of the
cylindrical cavity, there was almost no increase in the baseline
intensity of the spectrum with spatial connement. Meanwhile,
the signal-to-background ratio was also improved. In this
period, the plasma emitted sharp atomic spectral lines with
a low background (continuous spectrum) and highly favorable
characteristics for elemental analysis. When the target was
excited to produce the plasma in ambient gas, the plasma was
accompanied by a shock wave (shock wave can be observed by
using Schlieren, interferometry and shadowgraphy).39,40 The
velocity of the shock wave was greater than that of the plasma
plume. For spatially conned LIP, during the expansion of the
shock wave, the shock wave encountered the wall of the cylin-
drical cavity, and it could be reected, and propagated to the
plasma plume.39,41 The shock wave compressed the plasma
plume into a smaller size,37,40 and then the probability of colli-
sion between particles within the plasma increased, resulting in
an increase in optical emission intensity.
3.2 Sample temperature effect

Sample temperature plays an important role in the laser-target
interaction in LIBS. Increasing the sample temperature is
another effective physical condition for the enhancement of
spectral intensity for LIBS. Fig. 4 illustrates the spectral emis-
sion of laser-induced Si plasmas at two sample temperatures
(25 �C and 250 �C). The corresponding spectral line is Si(I) at
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 (a) Time-resolved spectroscopy of Si(I) line at 390.55 nm at
sample temperatures of 25 �C (circle) and 250 �C (square). (b)
Comparison of spectral lines at sample temperatures of 25 �C (circle)
and 250 �C (square) for delay time of 7 ms. Gate width is 0.5 ms. Laser
energy is 60 mJ.

Fig. 5 Time-resolved spectroscopy of Si(I) line at 390.55 nm at 25 �C
sample temperature without spatial confinement (open square), at
250 �C sample temperature without spatial confinement (open circle),
at 25 �C sample temperature with spatial confinement (solid square),
and at 250 �C sample temperature with spatial confinement (solid
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390.55 nm. Fig. 4(a) presents the evolution of the peak intensity
of Si(I) at 390.55 nm with increasing delay time. The spectral
intensity decreased monotonically. Also, the spectral line
intensity was sensitive to the sample temperature; the spectral
intensity at a sample temperature of 25 �C was higher than that
at a sample temperature of 250 �C. Fig. 4(b) compares the
spectra at sample temperatures of 25 �C and 250 �C. It is noted
that increasing the sample temperature distinctly enhanced the
spectral intensity; this was an approximately 1.5-fold enhance-
ment when the sample temperature increased from 25 �C to
250 �C. This result shows that heating the sample can enhance
the spectral line intensity. The enhancement of the spectral line
by increasing the target temperature is based on two main
mechanisms. One is that more target material is excited from
the target surface by enhancing the laser-target interaction due
to reduced optical reectivity on the target surface.18,19,42 The
other is that the enhanced effect is attributed to the expansion
dynamics of the LIP plume; the hydrodynamic effect produced
by heating the air around the target surface improves the
plasma plume expansion.17,38,43 In particular, the size of the
plasma plume at a higher sample temperature is larger than
that at lower sample temperatures for the same laser energy. A
higher sample temperature facilitated plume expansion in air.
Increasing the sample temperature will lead to a signicant
change in the structure of the plasma plume. Moreover, the
spatial connement conditions have a signicant inuence on
the morphology of the plasma plume and the enhancement of
the emission intensity.37 The enhancement will be more
obvious when the generated shock wave compresses the larger
This journal is © The Royal Society of Chemistry 2018
size plasma plume. To better understand the combined inu-
ence of these twomethods, corresponding LIBS results in air are
discussed below.
3.3 Combination of two effects

Fig. 5 shows the temporal evolution of the emission intensity
from the Si(I) 390.55 nm peak as functions of the delay time at
25 �C sample temperature without spatial connement, at
250 �C sample temperature without spatial connement, at
25 �C sample temperature with spatial connement, and at
250 �C sample temperature with spatial connement. The Si(I)
line was signicantly enhanced when both the cylindrical cavity
and increased sample temperature were used. The emission
intensity enhancement was different with different delay times
from 3 ms to 11 ms. When the cylindrical cavity was used to
conne the plasma generated by different laser-induced sample
temperatures, two signicant enhancement peaks were
observed. For 25 �C sample temperature, the emission
enhancement occurred during the time periods from 5 to 11 ms,
while the emission enhancement occurred from 3.5 to 10 ms as
the sample was heated to 250 �C. The encounter time between
the reected shock wave and the generated plasma plume was
early for the case with higher sample temperature, and the
emission enhancement became more obvious. As mentioned
above, on the one hand, the increase in the sample temperature
can enhance the coupling between laser and target, producing
a stronger shock wave; on the other hand, increasing the sample
temperature improves the size of the plasma plume including
lateral and axial directions. For the spatial connement effect,
two main factors are the shock wave and plasma plume.
Therefore, when the sample was heated to a higher tempera-
ture, this led to a larger size plasma plume; meanwhile, the
stronger shock wave compressed the larger size plasma plume
resulting in the stronger optical emission. And, the expansion
circle). Gate width is 0.5 ms. Laser energy is 60 mJ.

J. Anal. At. Spectrom., 2018, 33, 2116–2123 | 2119
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Fig. 7 Distribution of enhancement ratio along with delay time and
sample temperature. The ratio is calculated by dividing the results of
Fig. 6(b) by those of Fig. 6(a).
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velocities of shock wave and plasma plume were faster
compared with the case at the lower sample temperature so that
the traveling time between the shock wave and the plasma
plume was shorter. Subsequently, the combined effect of target
temperature and spatial connement on the emission line of
plasma produced from LIBS in the atmosphere is discussed in
detail.

Fig. 6 illustrates the evolutions of the Si(I) emission intensity
as functions of the time delay at different sample temperatures
without spatial connement and at different sample tempera-
tures with spatial connement. As seen in Fig. 6(a), from 25 �C
to 150 �C, increasing the sample temperature improved the
spectral line intensities for different delay times. In the range of
temperature from 150 �C to 250 �C, the spectral intensity was
almost equal for each temperature, and a saturation phenom-
enon appeared. However, it is observed that the emission
intensities were continuously enhanced when the cylindrical
cavity was used to conne the plasma plumes at different
sample temperatures; see Fig. 6(b). The inuence of the spatial
connement with different sample temperatures on the
enhancement of emission intensity was further analyzed, as
shown in Fig. 7. We performed statistical analysis on the
enhancement ratio calculated by dividing the results of Fig. 6(b)
by those of Fig. 6(a). From this gure, the encounter time
between shock wave and plasma plume shortened from 5 ms to
3.5 ms. This revealed that the velocity of the shock wave became
faster as the sample temperature increased. The maximum
enhancement ratio also increased from 1.5 to 1.9, suggesting
that the interaction of shock wave and plasma plume became
stronger.
Fig. 6 Time-resolved spectroscopy of Si(I) line at 390.55 nm at
different sample temperatures without spatial confinement (a) and at
different sample temperatures with spatial confinement (b). Gate width
is 0.5 ms. Laser energy is 60 mJ.

2120 | J. Anal. At. Spectrom., 2018, 33, 2116–2123
To better understand the inuence of the combination of
sample temperature and spatial connement, the correspond-
ing LIBS results in air are discussed below. Fig. 8 selected from
Fig. 6 shows the evolutions of the emission intensity as func-
tions of the sample temperature without spatial connement
and with spatial connement for different delay times (5 ms and
6 ms). In Fig. 8, at the beginning of increasing the sample
temperature, the spectral intensity visibly increased at two
different delay times for the case without spatial connement.
With an increase in the sample temperature, the spectral
Fig. 8 Evolution of intensity of Si(I) line at 390.55 nm with the target
temperaturewithout spatial confinement andwith spatial confinement
for 5 ms (a) and 6 ms (b) delay times. Gate width is 0.5 ms. Laser energy is
60 mJ.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 Comparison of relative standard deviation (RSD) of spectral
intensity without spatial confinement and with spatial confinement for
different sample temperatures at 6 ms delay time.

Fig. 10 (a) Distribution of enhancement ratio of higher sample
temperature and 25 �C sample temperature. (b) Distribution of
enhancement ratio of higher sample temperature with spatial
confinement and 25 �C sample temperature without spatial
confinement.
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intensity reached a maximum at a sample temperature of
150 �C, and the increasing trend of the spectrum was no longer
apparent. At sample temperatures below 150 �C, the slope of the
curve was more signicant compared to the trend of the whole
graph. As mentioned above, an increase in the sample
temperature is equivalent to an increase in absorbed laser
energy. The saturation at higher sample temperature is ex-
pected to be attributable to the shielding effect (usually,
researchers call it the plasma shielding effect),44–47 i.e., absorp-
tion and/or reection of the laser photons by the plasma itself.
When the target surface is irradiated by a laser beam, a high-
temperature and high-density plasma is generated on the
target surface. Next, the plasma plume rapidly expands, and the
plasma will continue to absorb the laser energy in the processes
of the expansion. Finally, the expanding plasma can prevent the
laser reaching the target surface, resulting in the shielding
effect. Haq et al. investigated the variation in emission inten-
sities of magnesium plasmas as a function of laser irradiance.48

The results showed an increasing trend with an increase of laser
energy, and thereaer, the signal intensities started saturating
due to the plasma shielding. Therefore, aer the sample was
heated to 150 �C, the plasma would suffer a strong plasma
shielding effect, which leads to a saturation in LIBS signals (see
Fig. 8).

However, when the cylindrical cavity was present, the spec-
tral intensity increased monotonically along with the sample
temperature in Fig. 8. Specically, in the range of sample
temperature from 150 �C to 250 �C, the spectral intensity
without spatial connement was almost constant, while the
spectral intensity with spatial connement increased continu-
ously. Along with the sample temperature, increasing the
temperature enhanced the coupling of laser and target. The
stronger coupling generated a stronger shock wave, leading to
a stronger compression on the plasma plume. At the sample
temperature of 150 �C, a stronger plasma shielding effect
occurred; although the absorbed laser energy of the target did
not increase, the plasma could absorb more laser energy due to
plasma shielding effect mentioned above. More laser energy
was transferred to the shock wave.49–51 The laser-supported
shock wave would compress the plasma plume more effec-
tively. The plasma plume was compressed even further than for
the case at lower sample temperatures. The plasma density was
drastically increased, which led to an increase in the collision
probability among particles within the plasma. This enhanced
collision in turn increased the number of excited atoms.13,14,37

Therefore, the spectral intensities of the plasmas with the
combination of spatial connement and increasing sample
temperature were further improved.

The relative standard deviation (RSD) is widely used in
analytical chemistry to express the precision and repeatability of
an assay. Researchers are oen concerned about the problem of
precision and repeatability. The repeatability in LIBS is very
important for wide commercialization.52 Fig. 9 shows the RSD at
a delay time of 6 ms. For different sample temperatures, the RSD
with spatial connement was always lower than that without
spatial connement, while the inuence of sample temperature
was not obvious. The effect of spatial connement on RSD
This journal is © The Royal Society of Chemistry 2018
mentioned by many researchers was an effective method to
improve the RSD.53,54

Fig. 10(a) shows the distribution of the enhancement ratio of
higher sample temperature and 25 �C sample temperature.
With an increase of the sample temperature, the enhancement
ratio in the delay time range from 4 ms to 8 ms presented
a maximum. The maximum ratio was approximately 1.5. For all
delay times, the ratio reached saturation as the sample was
heated to 150 �C. Fig. 10(b) shows the distribution of the
J. Anal. At. Spectrom., 2018, 33, 2116–2123 | 2121
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enhancement ratio of higher sample temperature with spatial
connement and 25 �C sample temperature without spatial
connement. For different delay times, the ratio increased
continuously along with the sample temperature. For a delay
time from 6 ms to 8 ms, the enhancement was stronger. The
maximum ratio was approximately 2.5 at a sample temperature
of 250 �C and delay time of 6.5 ms. As discussed above, when
using the preheated sample alone, the optical emission of
plasma would appear to saturate due to the plasma shielding
effect. In contrast, spatial connement using the cavity was not
affected by plasma shielding, and could further improve the
optical emission intensity. Therefore, spatial connement will
become more prominent and necessary for LIBS with a pre-
heated sample.

4. Conclusions

In summary, the optical emission in a laser-induced preheated
sample combined with spatial connement was investigated by
optical emission spectroscopy. A signicant enhancement in
the Si(I) 390.55 nm line from silicon plasma was observed. The
results illustrated that the spectral intensity increased with
sample temperature; at a sample temperature of 150 �C, the
spectral intensity was saturated. The increase in the spectral
intensity was attributed to the enhanced interaction between
laser and sample, and the saturation of spectral intensity at
higher sample temperature is based on the plasma shielding
effect. When a cylindrical cavity was used to conne the plasma
at higher sample temperature, the spectral intensity increased
monotonically. The enhanced interaction between laser and
sample generated a stronger shock wave. The stronger shock
wave on the compression of the plasma plume was more
effective, resulting in the higher optical emission. Also, the
spatial connement using the cavity was not affected by plasma
shielding. It is obvious that the combined enhancement effects
of increasing the sample temperature and spatial connement
are much stronger than those of spatial connement or
increasing the sample temperature alone. The results of this
study provide further emission enhancement in the spectral
line of LIBS.
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