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A highly-sensitive automatic transient laser-induced breakdown spectroscopy (LIBS) system is designed and inte-

grated. It successfully avoids the delay time selecting problem in the conventional LIBS system, and realizes the LIBS

data acquisition with high spatiotemporal resolution automatically. Multiple transient spectra can be obtained in each

measurement, which will provide more information for spectral research. The water—vapour and liquid—water Raman

scattering spectra are captured by this system, and the comparison of experimental water—vapour Raman scattering

spectrum with theoretical data verifies the reliability of the LIBS system. Based on this system, the air laser induced

air breakdown spectra are captured and analysed. The system is also useful for the research on water—vapour Raman

Lidar remote sensing.
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1. Introduction

Laser induced breakdown spectroscopy (LIBS) is
an excellent laser-based atomic emission spectroscopy
employing an energetic laser pulse as the excitation
and ionization source. LIBS has advantages over other
analysis methods, since it provides real-time quasi
non-intrusive determination of the elemental compo-
sitions and quantities of the substance in a quick and
user-friendly way.

The laser induced breakdown spectrum can be ob-
served in gaseous, liquid, and solid samples,[!! which
permits the real time multi-element analysis. The ap-
plication of LIBS has progressed tremendously in the
last decade. It could be employed in a rarefied atmo-
sphere for analysing elements on silicate minerals.?

] a rapid analyti-

With minimal sample preparation,
cal response to the concentration of metal pollutants
in soils was provided. The non-contact property ex-
tends the application of LIBS to atmospheric explo-

ration such as the monitoring of aerosols in ambient
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air.[¥ This makes LIBS easily connected with Raman
scattering for atmospheric condition analysis.!>6/ The
excitation of Raman scattering requires high energy,
and so does the LIBS system. For the high laser emit-
ted energy in a LIBS system, researchers used it to
record Raman scattering spectrum. Sharma et al.l”]
performed mineral analysis through Raman scattering
and LIBS, and they adjusted the laser power electron-
ically and changed photon flux density at the sample
by varying the spot diameter for Raman measurement
and combined LIBS and Raman measurements.

The LIBS technique can also be used to research
the phase shift of the interference fringes produced in
water,® perform the tap water analysis of elements’
dissolved cations,®! investigate plasma recombination
emissions and spectral blueshift,'? execute elemental
analysis, and so on.['' =14 The dual beam arrangement
has also been designed and employed.[15:16]

Although the LIBS technique has widespread ap-

plications in the elemental analysis, there is still an
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adjustment problem which needs to be taken into con-
sideration. The LIBS emission is mainly composed
of two parts.[!”l One part is highly inhomogeneous
and specific line distribution at a certain wavelength
which gives the interested information. The other is
the continuum emission for all the spectral domains
which rapidly decays in typical LIBS plasmas to be-
come negligible after a few hundreds of nanoseconds.
LIBS systems are used to detect trace elements in a
mixture, which always has a weaker signal. In a tra-
ditional LIBS system ICCD is used as a spectral col-
lecting component because it is more sensitive to cap-
turing weak lines. However, the drawback of ICCD
is lacking in spatiotemporal resolution. One can only
collect a single transient spectrum in each measure-
ment. In order to avoid the specific lines of trace ele-
ments, submerged by continuum emission, and obtain
a higher signal-to-noise ratio, a delay time after the
laser firing is needed for the ICCD acquisition sys-
tem. The appropriate delay time evaluated between
the emission of continuum radiation and characteris-
tic radiation is important. The ICCD acquisition will
be executed after the selected delay time to avoid the
influence of continuum emission. In our new highly-
sensitive automatic transient LIBS system, we prop-
erly solve the delay-time selecting problem by using
a photomultiplier tube (PMT) and transient recorder
to replace ICCD. The PMT, with a high sensitivity,
could amplify the weak photons of the plasma spec-
tral intensity. The transient recorder has an excel-
lent spatiotemporal resolution, and it could obtain the
spectral intensity changes with time and wavelength
at the same time. This PMT and transient recorder
acquisition system promises a more detailed and com-
prehensive understanding of spectrum and overcomes
the delay-time selecting shortcoming in the traditional
ICCD system. Multiple transient spectra can be col-
lected in each measurement. Individual spectral line
features can be easily distinguished from the con-
tinuous spectrum by choosing an appropriate higher
signal-to-noise ratio (SNR) moment. In application,
researchers can easily select the required spectrum at
any time after the laser firing. The automatic design is
convenient for researchers to capture and analyse the
spectra. This is an important technological innovation
in our system.

The rest of this paper is organized as follows.
In Section 2, we describe this highly-sensitive auto-
matic transient LIBS system. By comparing the ex-
perimental Raman spectrum of water vapor with that

obtained from theoretical calculation, the system was
tested. Applying this new system, the laser induced
air breakdown spectrum was captured and analyzed.
The measurement cases and discussion are presented
in Section 3, while Section 4 gives the conclusion.

2. LIBS system set-up

The schematic plot of the highly-sensitive auto-
matic transient LIBS system set-up is shown in Fig. 1.
A laser beam emitted by Nd:YAG laser source is
focused by a quartz lens with a short focal length
of 100 mm to generate the laser-induced breakdown
emission spectrum at the focal spot.

An optical fiber, together with a collimating lens
located near the focal spot in the direction perpendic-
ular to the laser beam, is used to collect the plasma
light. The light propagating through the fiber is then
focused on the entrance slit of the monochromator via
a relay lens. Traditionally, researchers also used a
spectrograph as the spectrum capturing tool, which is
insensitive to weak signals and lacking in spatiotempo-
ral resolution, and it is necessary to gate the detector.
In order to optimize the performance of the LIBS sys-
tem, we use the combination of a monochromator, a
PMT and a transient recorder to replace the tradi-
tional gated spectrograph. The monochromator has a
wide spectral range with interchangeable grating, high
throughput, low stray light, and changeable slit width
which leads to a selectable spectral resolution. The
PMT has high-sensitivity, which is located at the exit
slit of the monochromator, amplifies the weak pho-
tons of the plasma spectral intensity and finally the
output signal is captured using the transient recorder
in tandem with a computer.

The central wavelength of the monochromator
can be changed by the rotatable grating through the
gear and computer controlled stepper motor. In this
system, wavelength scanning can be automated using
the control software; each step of the stepper motor
changes the central wavelength by 0.0625 nm. The
transient recording data acquisition system is opti-
mized for fast repetitive photomultiplier signals in a
voltage range of 0-500 mV. The signal is recorded si-
multaneously by a 12-bit, 40-MHz analog to digital
converter and a selected threshold photon counting
detection electronics. The combination of analog and
photon counting detection can provide a very large
dynamic range. Compared with a traditional spectro-
graph which can only give the intensity information
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about the spectrum, the transient recorder has an ex-
cellent spatiotemporal resolution. So, users can also
take LIBS measurements at a distance with appro-
This feature has

great advantage especially for a remote sensing mea-

priate front—end optical assembly.

surement scenario. After each data averaging cycle
of the transient recorder, the computer can change
the central wavelength of the monochromator in the
desired wavelength interval via the stepper motor con-
troller, and then repeat the next data acquisition cy-
cle. In this way, the spectral acquisition of the plasma
emission can be repeated automatically for a designed
spectral range with excellent accuracy.

This LIBS system is first tested by measuring the
liquid-water and water—vapour Raman scattering sig-
nals. As is well known, water plays an important role
in the hydrological and material cycles of the earth’s
atmosphere. By absorbing and emitting radiation in
the infrared region, it participates in the radiation bal-
ance of the earth. As one of the most effective green-
house gases, water vapour can form cloud particles
through condensation on aerosols, and evaporate from
them to moisten the air. The conversion and transport
between liquid water and water vapour has also re-

optic
fiber

. PMT
transient

ceived much attention in the past decade. The detec-
tion of water—vapour and liquid—water signals in the
atmosphere has become a subject of intense research
and laser has become one of the leading technologies
used in the atmospheric remote sensing.!'8~23] The
Raman spectra of liquid water and water vapour can
be simulated by quantum theory.242°!

In the experiment, the centre of a tube of dis-
tilled water was located at the focal spot in Fig. 1.
The laser source is a short pulse Q-switched Nd:YAG
laser operated in third harmonic with 196.8-us time
delay. The laser pulse emitted at 355 nm with a repe-
tition rate of 50 Hz. The full width at half-maximum
of the pulse is about 5 ns. The maximum energy pro-
vided by the laser was 160 mJ per pulse, and a laser
energy of 50 mJ per pulse was selected for the experi-
ment. The duration of the Q-switch trigger pulse was
20 us, which was long enough for the ns-laser pulse.
The total data acquisition duration was 25 pus with
10 ps ahead of the Q-switch trigger pulse, which en-
sured that all information about the spectrum could
be captured. Figure 2 shows the temporal parameters
for the experiment.

] recorder l

mono-
-I- chromator

= i

stepper
motor

Fig. 1. Schematic plot of the LIBS system consisting of a short-pulse laser, a quartz lens for laser focusing, an optical

fiber for light signal collection, a monochromator for selecting the wavelength of light, a stepper motor for changing the

measured wavelength, a PMT for photon signal detection and amplification, a transient recorder for data acquisition

and processing, and a computer for system automation.

The frequency of the stepper motor and the transient recorder were both set at 50 Hz. In order to synchro-

nize the laser trigger and the transient recorder a reference signal is generated by an external pulse generator

via the computer. The PMT high voltage was set at 750 V. The spectral resolution of the monochromator was

0.2 nm. The wavelength interval was 0.0625 nm, which means that the motor ran only one step between two

adjacent data acquisition. The data at different wavelengths were collected with two-second integration time

which is equivalent to 100 laser-shot exposures. Only analog detection was used, owing to the high intensity

of the signals in this particular experiment. The obtained laser excited Raman spectrum of water is shown in

Fig. 3.
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Fig. 2. Temporal parameters for the experiment where the upper panel shows the setting of the laser pulse and the

Q-switch trigger, and the laser pulse is delayed after the Q-switch has been triggered by about 180 ns. The lower panel

shows the transient recorder parameter with a selected acquisition width long enough for the measurement.

From previous research,[24=3% the signals given in
Fig. 3 represent the Raman scattering spectra of both
liquid water and water vapour. The focused high en-
ergy laser beam was responsible for both evaporating
the liquid water and generating the water vapour Ra-
man signal. In order to confirm the phenomena, the
optical fiber sub-assembly was moved away from the
focal point by a few centimeters along the laser direc-
tion and repeated measurements confirmed that the
measured spectrum exhibits the liquid water Raman
features only, and the strong water vapour Raman
spectral features as depicted in Fig. 3 disappeared.
Because the laser energy away from the focal spot did
not have enough energy density to evaporate the lig-
uid water, only the liquid water Raman spectrum was
observed in this area.

50
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Fig. 3. The Raman scattering spectra of liquid water and
water vapour obtained with 355-nm excitation laser. The
dotted line represents the liquid water spectrum fitted to
a polynomial function of the 3rd order.

In order to check our system further, we compared
the water-vapour Raman scattering signal plotted in

Fig. 3 with a theoretical calculated result. Because
the spectrum in Fig. 3 includes the Raman scattering
spectrum of liquid water and water vapour, there are
overlap regions between them. In order to get rid of
the influence of liquid water, we fitted the liquid wa-
ter Raman scattering signal to a polynomial function
of the 3rd order in the overlap region which is de-
noted with the dotted line, and subtracted it from the
overall spectrum. The result is shown as curve a in
Fig. 4. It represents a measured water vapour Raman
scattering spectrum in the experiment. In Fig. 4, the
vibration—rotation simulated Raman scattering spec-
trum of water vapour is illustrated as curve b. The
spectra in Fig. 4 have been normalized for compari-
son.

According to the Lambert law and under the con-
dition of a small signal, the Raman scattering spec-
tral intensity increases linearly with the relating cross
sections. Therefore, if we obtain the Raman scatter-
ing cross sections, the normalized Raman scattering
spectrum is also obtained. Using a rigorous treatment
of the relevant perturbations, the ro-vibrational Ra-
man cross sections of an asymmetric top molecule can
be obtained from Ref. [24]. The absolute differential
scattering cross section (9o /9§2) of the ro-vibrational
Raman transition (0K,K. — V'J' K]K!) of HyO is
written as

(50)

_ U)4

[MN]

(0K, Ke—V'J' K/ K!)

o—FEi/kpT

Z(T)

[MN]
(0K.K.—V'J' K/ K!)

(1)

= (UO
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where M and N are the polarizations of the inci-
dent and scattered photons respectively; wvg is the
wavenumber of the excited photons; v is the wavenum-
ber of the Raman shift; F; is the energy of the start-
ing level; kp is Boltzmann’s constant; Z(T') is the to-
tal partition function at the absolute temperature T
AMNT are the coefficients for common experimental
scattering geometries.

In the simulation the temperature was 375 K and
the incident wavelength was 355 nm, and the other pa-
rameters needed were obtained from Tables 6 and 7 in
Ref. [24]. The simulated Raman scattering spectrum
of water vapour was convoluted to the monochroma-
tor transmission factor which is a Gaussian function,
then normalized. The result is shown as curve b in
Fig. 4.

It can be concluded that the experimental result
(curve a) is in agreement with the simulated result
(curve b) of water vapour Raman scattering spectrum
to a good accuracy, thereby further verifying from
such experimental results that the present LIBS sys-
tem is reliable.

1.2

o
o0

Normalized intensity
e
=

107 109 110
Wavelength/nm

Fig. 4. The comparison between experimental (curve a)
and theoretical (curve b) water-vapour Raman scattering
spectral lines. Curve a represents the water—vapour Ra-
man line obtained by eliminating the influence of liquid
water in the experiment. Curve b refers to the theoretical
liquid—water Raman scattering.

3. Experiment and discussion

Using this new LIBS system, a laser induced air
breakdown experiment was performed and the air
LIBS spectrum was obtained. The wavelength inter-
val was set at 0.25 nm, which means that the motor
moved four steps between two adjacent data acquisi-
tions. In the experiment only analog detection was
used, owing to the intense air LIBS signals. For each
spectral measurement the experimental data were ob-
tained by an accumulation of 150 shots to reduce noise
resulting from random shot to shot fluctuation of the

laser and other experimental noises. Other experimen-
tal parameters were the same as those for the laser
induced water—vapour Raman experiment described
previously.

Figure 5 illustrates the evolution of the LIBS
emission at different wavelengths as a function of time
after the Q-switch triggering of the laser. The refer-
ence starting time is at the moment when the Q-switch
trigger is started. In this figure, the specific lines can
be clearly distinguished from the continuum and the
spectral line radiation decays can be seen as they dis-
appeared towards the top of the time-resolved spectro-
graph. Starting at around 0.3 us after the Q-switch
has been started, the individual spectral lines shown
as straight lines are clearly visible in the time-resolved
spectrograph.

02
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o
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0.3
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Fig. 5. A computer generated picture of the time-resolved
laser induced air breakdown spectrum. After the contin-
uum radiation decayed, the specific emission lines are ev-
ident. The maximum intensity of the emission line oc-
curs at about 0.275 us after the Q-switch trigger has been
started. The bright laser pulse intensity line at 355 nm is
only visible in this picture for a short duration of a few ns.

In general, the preferred approach in LIBS is to
maximize the intensity of the light signal generated
for the spectral lines of interest. This can be achieved
by adjusting the laser energy used in the LIBS mea-
surement against the time delay after laser emission to
obtain an optimized emission signal transient record.
In Fig. 5, the signal intensity changes with time at
various wavelengths are evident. For a particular ap-
plication, the appropriate data at different times can
be chosen for analysis.

The spectra emitted from plasma at different
times are shown in Fig. 6. It is obvious that all the
intensities at different wavelengths decay with time.
The strong continuum component which appears at
earlier times tends to disappear mostly after 0.3 us.
From then, the specific lines which give the informa-
tion about atomic and molecular de-excitation become
more evident. Taking the spectral line at 500.5 nm
for example, the signal intensity at this wavelength
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changes very slowly with time while the signal inten-
sities at other nearby wavelengths decay quickly.
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Fig. 6. Emission spectra from the air breakdown plasma at
four specific times (0.275, 0.3, 0.325, and 0.4 ps). The four
spectra at all wavelengths decay with time and the emission

spectral lines decay more evidently at a later time.

The variations of the signal intensity as a function
of time for certain lines are shown in Fig. 7, where one
can note that these specific lines strongly decrease in
intensity. All these lines have a similar decay rate

because they are all emitted by nitrogen molecules.
Figure 8 gives a single spectrum at 0.45 us. The dis-
crimination and the analysis of the spectrum are given
by the identification software Plasus SpecLine with a

spectral resolution of 0.2 nm.
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0 567.5 nm 1
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Time/ps
Fig. 7. Variations of the normalized signal intensity

with time for lines at different wavelengths (399.75 nm,
444.75 nm, 463.75 nm, and 567.5 nm). The black line is
the fitted curve for all the measured data.
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Fig. 8. Single spectrum of laser induced air breakdown at 0.45 us. The spectral resolution is 0.2 nm.

4. Conclusion

The LIBS technique is a powerful analytical tool,
it is sensitive to sample elemental composition, and
many trace elements can be detected from their in-
dividual spectral line features. The plasma spectrum
generated shows unique character and quantity of each
substance. In our work, a novel highly-sensitive auto-
matic transient LIBS system is based on the combi-
nation of a high power pulse laser, a highly sensitive
PMT, a motor driven monochromator, and a com-
puterized transient recorder. This system successfully
solves the delay-time selecting problem. It can be used
for both LIBS and Raman analysis of different mate-

rials. Water Raman scattering measurement is exe-

cuted to verify the reliability of our system. The ob-
tained experimental data accord well with theoretical
water—vapour Raman scattering data. A laser induced
air breakdown spectrum is obtained, and experimental
results and relevant analyses are given. This system
shows a good performance and will be used in other
subsequent remote sensing experiments. The use of
the current transient recording method together with
flash Xenon lamp technology to the DOAS sensing of
urban NO,,131:32 can allow the monitoring of spatial
variation in a range resolution of 30 m—50 m for a
width of 0.1 ms—0.17 ms.

Other problems that may be taken into further

consideration in LIBS design are interference, self-
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absorption, matrix effect, and spectral overlap. Fur-

ther work will extend to solving these problems, and

the applications of LIBS and Raman scattering in at-

mospheric remote sensing will also be explored.
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