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ABSTRACT A study of the experimental results on the plasma
emissions of water and ethanol vapor samples, induced by
Nd:YAG laser in ambient helium and nitrogen gases at atmo-
spheric pressure, is presented here. The result reveals distinct
geometrical and spectral characteristics of the plasma emissions
generated in the helium gas when compared to those observed
from nitrogen gas plasma. Most remarkable is the narrow line
width and low continuum background exhibited by emission
lines of the analyte atoms from helium plasma, including the
hydrogen emission line which is known to suffer from notori-
ous broadening effects in conventional laser induced breakdown
spectroscopy (LIBS). It is further shown on the basis of the
measured spatial distributions and time profiles of the emission
intensities, that the excellent spectral quality is attained by tak-
ing advantage of the meta-stable excited state of helium atoms
for the delayed excitation of the hydrogen and other analyte
atoms, this allows the detection of those atomic emissions to be
performed under more favorable conditions. The result of this
study has thus demonstrated the feasibility of achieving high-
quality spectrochemical analysis, including hydrogen analysis
with laser-induced helium gas breakdown spectroscopy.
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1 Introduction

Over the last 40 years, laser-induced plasma spec-
troscopic methods have gained popularity for spectrochemi-
cal analysis over a wide range of application [1]. Researchers
are attracted to this particular application by the simplicity of
equipment for generating a laser-induced plasma, the simple
process for sample preparation as well as the possibility of
performing local microanalysis. In its more recent develop-
ment, the continuing improvement of laser light source and
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opto–electronic detection systems have further enhanced the
spectroscopic resolution and accuracy in addition to allowing
for real-time acquisition of experimental data.

The most widely adopted method to date, thanks partly to
its technical development and partly to its successful promo-
tion, is the one employing atmospheric-pressure surrounding
gas as first proposed by Radziemski et al. [2, 3], which is
now commonly referred to as laser-induced breakdown spec-
troscopy (LIBS). In this method, the high temperature and
high density plasma produced gives rise to discrete atomic
emission lines along with continuum emission background
which is usually removed by means of a gated OMA (opti-
cal multichannel analyzer). The use of LIBS in rapid quan-
titative analysis has been demonstrated in various fields of
applications, such as soil analysis, metallurgy and mining,
art conservation, ceramic analysis, organic materials analy-
sis, and the inspection of pharmaceutical products [4]. Despite
its established reputation, it has so far, been less than suc-
cessful for hydrogen analysis due to various broadening and
intensity suppressing effects. As a consequence, it can not be
expected to resolve the emission line of hydrogen from that
of deuterium, which has important applications in fuel cell re-
search [5]. This shortcoming, while constituting only a minor
limitation in its otherwise wide-ranging applications, is never-
theless a handicap which the method can best benefit from by
its removal.

It was shown in a recent experiment on hydrogen analy-
sis in a zircaloy tube used in a light water nuclear power
plant [5], that lowering the ambient gas pressure held the hope
for overcoming the problem. However, the requirement of low
ambient gas pressure has imposed a rather stringent condition
for in situ analysis. For instance, the zircaloy tubes studied in
the previous experiments are commonly submerged in water
even during the shut down period of the reactor for the purpose
of protecting workers from exposure to neutron radiation.
Therefore an in-situ hydrogen analysis must be performed at
a surrounding gas pressure slightly higher than atmospheric
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pressure. In order to overcome this problem, helium gas was
employed instead of air as the ambient medium in experi-
ments performed recently [6–8]. It was shown that helium
atoms excited by the Nd:YAG laser to their meta-stable ex-
cited states served as the energy source for the excitation of the
hydrogen atoms, subsequently vaporized from the solid mate-
rial by using another Nd:YAG laser. When properly synchro-
nized, the resulting hydrogen emission line of H I 656.2 nm
showed a dramatic enhancement of emission intensity and
spectral quality over what was obtained by conventional LIBS
technique.

While this result signifies the potential development of
a new and useful alternative complimentary to the conven-
tional LIBS technique, its practical implementation does re-
quire further verification by extending its application to other
types of samples as well as a more detailed elucidation of the
roles of the helium meta-stable excited state in the plasma
emission process. In this experiment gas phase samples such
as water and ethanol were used as a variation to the solid
samples investigated previously, but also for the purpose of
avoiding the adoption of a separate ablation process which
may unnecessarily complicate our current study. In addition
to the usual spectroscopic detection of the plasma emission,
its spatial intensity distributions and time evolutions were also
measured to provide additional information on the factors ef-
fecting the emission characteristics.

2 Experimental procedure

The experimental setup used in this work is
quite similar to those employed in our previous studies [8].
A Q-switched Nd:YAG laser (Quanta Ray, LAB SERIES,
450 mJ, 8 ns) was operated at its fundamental wavelength of
1064 nm with a repetition rate of 10 Hz. The laser beam of
120 mJ fixed energy was focused into the chamber through
a quartz window by using a lens of 100 mm focal length
to generate a horizontal micro gas breakdown plasma. The
plasma produced in this set-up has a long and thin horizontal
shape exhibiting strong white emission at its center with an
outer shell of orange color.

The sample of vapor phase ethanol (70%) was prepared
by dropping about 0.1 ml ethanol into a small tissue paper
placed at the bottom of the chamber. The helium gas was
flowed through the chamber at a constant rate of 2 l/min. The
room temperature was fixed at 24 ◦C during the experiment.
The atoms dissociating from the vapors were excited by the
micro gas breakdown plasma and the resulting emissions were
detected by an optical multichannel analyzer (OMA system,
Princeton Instrument IRY-700) attached to a monochromator
with a focal length of 150 mm, and connected to an optical
fiber with its entrance end placed in front of the observation
window of the experiment chamber. The spectral resolution of
the OMA system is 0.4 nm at 500 nm.

The second part of this experiment was aimed at examin-
ing the effectiveness of the role of metastable excited states
of helium atom in producing the hydrogen emission from
ethanol vapor in surrounding helium gas of 1 atm. The result-
ing emissions were imaged by using a lens of 70 mm focal
length onto the entrance slit of the monochromator (SPEX,
M-750, focal length 750 mm, 1200 grooves/mm blazed at

500 nm with resolution of 0.009 nm). It should be noted that
only a limited part of the emission from the micro plasma
was sent into the entrance slit of the monochromator. The
slit width and slit height were set at 100 µm and 5 mm, re-
spectively. The electric signal output from the photomultiplier
(Hamamatsu R928) was sent to a fast pre-amplifier (Stanford
Research System, Model SRS-240) yielding a 25-fold volt-
age amplification. The amplified signal was then fed to the
boxcar integrator (Stanford Research System, model SRS-
250), which passed on its output to the digital storage scope
(Textronik model TDS 2010) for recording the time evolution
profiles of the hydrogen and helium emission.

3 Experimental result

Figure 1 shows the plasma photographs taken when
an Nd:YAG laser was focused to the (a) helium gas and (b) ni-
trogen gas at 1 atm pressure. It should be noted that the plas-
mas are quite different in their sizes and the emission colors.
The plasma cross sections are about 5 ×3 mm, and 5 ×1 mm
for the helium and nitrogen plasma, respectively Consider-
ing the long wavelength of the Nd:YAG fundamental used in

FIGURE 1 Plasma photographs taken for (a) helium gas and (b) nitrogen
gas at 1 atm pressure
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this experiment, and the resulting multiple photon process in-
volved in the photo-ionization of the gas atoms, the filament-
like emission profile observed from nitrogen gas plasma is to
be expected as it to resembles what is observed in ordinary
gas breakdown plasma. However, in the case of helium gas
plasma, the emission region of orange color associated with
the He I 587.5 nm emission is much broader and extends in
the transversal direction with respect to the laser beam. This
unusual feature is one of the major aspects considered in this
study and will be discussed in details later.

In Figs. 2–4 the emission spectra for carbon, hydrogen and
oxygen emission lines detected when the Nd:YAG laser was
focused to the helium gas containing ethanol as impurity gas
are presented. Each of these figures consists of spectra de-
tected at (a) 1 µs and (b) 10 µs. It should be noted that the
background is rather low in all these spectra and the emis-
sion continues for a relatively long time. In contrast, the same
atomic emission lines disappeared within 1 µs when nitrogen
gas was used in place of helium gas. A similar result was ob-
tained when water vapor was used as the impurity gas in place
of ethanol.

The long emission life-time and low background observed
from helium gas plasma suggests the possible role of helium

FIGURE 2 Emission spectra of C I 247.8 nm measured at a gating time of (a) 1 µs and (b) 10 µs. The gate width of the OMA system was set at 20 µs

FIGURE 3 Emission spectra of H I 656.2 nm measured at a gating time of (a) 1 µs and (b) 10 µs. The gate width of the OMA system was set at 20 µs

meta-stable excited state in the delayed excitation of the im-
purity atoms as proposed previously [6–8]. However, a more
detailed physical scenario of the process is needed for the
explanation of the comprehensive features, including the un-
usual shape of the helium gas plasma. Our proposed scenario
is as follows.

When the Nd:YAG laser is focused onto the helium gas,
helium ions and electrons are produced via multiple-photon
ionization processes leading to the strong gas breakdown
plasma of filament shape as observed in the case of nitrogen
gas plasma. These ions and electrons recombine soon after-
ward, yielding the helium atoms at their meta-stable excited
state with the excited energy of 19.77 eV. Meanwhile, the ex-
tremely high temperature produced at the plasma center by
the tightly focused laser light gives rise to a strong explosion,
generating a shock wave of cylindrical shape [5]. As a result,
the excited helium atoms will be pushed outward and spread
out along with the shock wave. In the process, some of the
helium atoms will be further excited from their meta-stable
excited state to a higher energy level (23.1 eV) by receiving
thermal energy from the surrounding gas which is already
heated up by the passage of the laser-induced shock wave.
This is demonstrated by the appearance of both He I 587.5 nm
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FIGURE 4 Emission spectra of O I 777.1 nm measured at a gating time of (a) 1 µs and (b) 10 µs. The gate width of the OMA system was set at 20 µs

and He I 667.8 nm emission lines. It also gives rise to signifi-
cantly broader cylindrical plasma emitting the orange color
from the spread-out helium atoms in their meta-stable excited
states. In the case of nitrogen plasma, no delayed emission is
observed since no meta-stable excited state is available in ni-
trogen atoms, which accounts for the narrow emission region
of nitrogen atoms which are excited in the limited region of the
primary plasma.

Now, while a good part of the water and ethanol molecules
in the vapor phase are dissociated in the small region of the fil-
ament shape primary plasma with the highest temperature, the
remaining molecules together with the dissociated atoms are
subsequently pushed out by the shock wave together with the
helium atoms. Some of these helium atoms, which remain in
their excited state, provide the excitation energy for the dis-
sociation of the molecules and excitation of the dissociated
atoms by means of a collisional energy transfer process, re-
sulting in the enduring emission mentioned earlier. Therefore,
the proximity among the atoms involved and hence the over-
lap between the spatial distribution of the helium atoms and
that of the impurity molecules during their concurrent move-
ments, is a key factor affecting the emission characteristics
observed in the laser-induced helium gas plasma.

This proposed view regarding the delayed excitation pro-
cess was examined by measuring the spatial distributions of
the plasma emission. For this purpose, the plasma was imaged
with the aid of a convex lens ( f = 70 mm), and detected by
the OMA system through an optical fiber. The entrance end
of the fiber was mounted on an x–y stage which allows the
fiber end to be positioned at various distances from the center
of the plasma image. Figure 5 shows the spatial distributions
of atomic emission intensities of H I 656.2 nm (excitation en-
ergy of 12.0 eV), He I 667.8 nm (excitation energy of 23.1 eV),
C I 247.8 nm (excitation energy of 7.7 eV) and O I 777.1 nm
(excitation energy of 10.7 eV) induced in helium gas plasma
containing ethanol vapor as the impurity gas. The various
data which were obtained by the OMA system in the time-
integrated mode are plotted as functions of the distance from
the center of the gas plasma. It should be noted that the entire
region of atomic emissions from the ethanol gas cover a rather
wide area with a diameter extending to around 5–6 mm from
the plasma center, overlapping more or less with the region

of helium gas emission. This observation clearly shows the
spatial proximity between the host and impurity atoms in the
plasma. In view of the atomic excitation energies listed above,
and the dissociation energy of the molecules (e.g. 10.1 eV for
H2O and 4.5 eV for H2), there is a possibility for the energy
transfer process to take place during the collisions between the
helium atoms and the molecules.

Without going into details of the energy transfer mech-
anism, it is still useful to investigate the competitive pro-
cesses of energy transfer and spontaneous emission of the
excited helium atoms in connection with its meta-stable exited
state. For this purpose, an additional experiment was con-
ducted to measure the time-profiles of the He I 667.8 nm and
H I 656.2 nm emission intensities at different positions from
the center of the gas plasma. Figure 6 shows the time profile of
the helium emission intensity observed at 1 mm from the cen-
ter gas plasma. The profile features a strong non-monotonous
behavior consisting of a sharp growth and more gradual decay.
This seems to reflect the expected time-dependent dynamical
characteristics of spontaneous emission from the meta-stable

FIGURE 5 Spatial distributions of atomic emission intensities of H, He, C
and O as functions of the distance from the center of the helium gas plasma.
The data was obtained by time-integrated mode of the OMA system
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FIGURE 6 Time evolution profiles of the He I 667.8 nm emission intensi-
ties observed at 1 mm from the center of the helium gas plasma

excited state. However, when compared with the time pro-
file depicted by Fig. 2 in a previous report [8], the profile in
Fig. 6 clearly displays a less smooth decaying process, in-
dicating the need of some explanation within the proposed
scenario. We shall return to this point later. It was found (but
not shown) that further observations at larger distances from
the plasma center reveal a similar feature, marked however,
by a rapidly weakening intensity with increasing distance as
expected from the limited life time of the meta-stable state.
Analysis of the data presented in Fig. 6 and those obtained at
2 mm from the plasma center provides an estimate of the emis-
sion propagation speed with a maximum average of 1.2 Mach
which is much lower than the shock wave speed of about
10 Mach. This further implies that helium atom emission took
place far behind the shock wave.

Figure 7 shows the time profiles of H I 656.2 nm emission
intensity detected at 1 mm from the center of the same plasma.
It clearly shares similar qualitative features with that pre-
sented in Fig. 2 of [8], except that the present profile decays
much more rapidly. It is important to note that the hydrogen
emission peak did occur slightly earlier than that of the helium
emission shown in Fig. 6. The average emission propagation
speed estimated from the data obtained at 1 and 2 mm is about
2.35 Mach, which is considerably higher than that of the he-
lium emission. Since the excitation energy for the hydrogen
atom was supposed to come from the meta-stable excited state
of the helium atom, these two important features imply that
the non-radiative energy transfer and the associated hydrogen
excitation process took place earlier and closer to the shock
wave front than the helium emission from the meta-stable ex-
cited state, which became dominant when the non-radiative
energy transfer process was terminated. The rapidly decaying
hydrogen emission combined with the following rise of he-
lium emission simply signifies the rapid ending of the energy
transfer process due to limited amounts of hydrogen atoms
available in the gas, which was then taken over by the rela-
tively belated spontaneous emission process for the release
of the meta-stable excited energy. This explains the earlier
observation of the lower propagation speed of the helium
emission as the helium atoms were already left far behind the
shock front. This is also the origin of the “hump” observed

FIGURE 7 Time evolution profiles of the H I 656.2 nm emission intensities
observed at 1 mm from the center of the helium gas plasma

in Fig. 6 which indicates a visible rise of helium emission at
the termination of the non-radiative energy transfer process
or the “change-over” of dominant roles between the two en-
ergy releasing processes (non-radiative energy transfer and
spontaneous emission) of the helium atoms during that rela-
tively short transitional time. Furthermore, the rapid ending
of the energy transfer process in the present case must be
contrasted with the case reported in [8], where the hydrogen
atoms were far more abundant (instead of being an impurity
as in the present case), and the energy transfer process appar-
ently persisted for a much longer time, in concurrence with
the competing emission process of the helium atoms, through-
out the entire life time of their excited states. As a result, the
helium emission never attained a perceptible rise during the
process observed.

4 Conclusion

We have shown in this experiment, the distinctly
different spatial and temporal characteristics of plasma emis-
sion of vapor samples of water and ethanol in ambient helium
and nitrogen gases at atmospheric pressure. It was argued on
the basis of both sets of data that the different features were
ascribable to the presence or absence of meta-stable excited
helium atoms which were responsible for the delayed excita-
tion process of the impurity analyte atoms at the later stage of
plasma expansion. This experiment further showed the impor-
tance of proper timing for optimal detection. On the basis of
the measured spatial distribution and time profiles of the emis-
sion intensities, a qualitative explanation was suggested for
the observed distinct features related to the role of the meta-
stable excitation state of helium. Most importantly, the result
of this study demonstrates the feasibility of extending our pre-
vious result, and hence the practical implementation of laser
induced helium gas breakdown spectroscopy for high reso-
lution and low background spectrochemical analysis.
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