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Abstract
An experimental study has been carried out on the dynamical process taking
place in the plasma generated by a TEA CO2 laser (400 mJ, 100 ns) on a
zinc target when surrounded by helium gas of pressure ranging from 2 Torr
to 1 atm. Plasma characteristics were examined in detail on the emission
lines of Zn I 481.0 nm and He I 587.6 nm by means of an unique
time-resolved spatial distribution technique in addition to an ordinary
time-resolved emission measurement technique. The results reveal, for the
first time, persistent shock wave characteristics in all cases throughout the
entire pressure range considered. Further analysis of the data has clarified
the distinct characteristics of laser plasmas generated in different ranges of
gas pressure. It is concluded that three types of shock wave plasma can be
identified; namely, a target shock wave plasma in the pressure range from
2 Torr to around 50 Torr; a coupling shock wave plasma in the pressure
range from around 50 Torr to 200 Torr and a gas breakdown shock wave
plasma in the pressure range from around 200 Torr to 1 atm. These distinct
characteristics are found to be ascribable to the different extents of the gas
breakdown process taking place at the different gas pressures. These results,
obtained for a TEA CO2 laser, will provide a useful basis for the analyses of
plasmas induced by other lasers.

1. Introduction

Laser atomic emission spectrochemical analysis (LAESA)
was first performed by Brech and Cross in 1962 [1]. This
LAESA method has a number of advantages as an analytical
method compared to other spectrochemical techniques.
Foremost among these is the capability of conducting rapid
microanalysis without the need of pretreatment. Furthermore
this method is not limited to metal samples, but is applicable
to non-metal samples as well. In spite of these remarkable

4 Author to whom correspondence should be addressed at c/o PT Lima
Sempurna Makmur, 51G-51H, Tomang Raya, Jakarta Barat 11440, Indonesia.

advantages it suffers from some handicaps such as the presence
of a strong background emission, which reduces the analytical
sensitivity, and a large plasma self-absorption effect, which
brings about a nonlinear calibration curve and renders it
undesirable for quantitative analysis. Therefore, this method
was mainly used for qualitative or semi-quantitative analysis
at its early stage of development.

Nowadays the LAESA method is undergoing a strong
revival, thanks partly to continued improvements in the quality
of pulsed lasers, regarding their power stability as well as
beam quality, and partly due to improvements in optical
detection methods, made possible by the development of an
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optical multichannel analyser (OMA) system. In general,
the characteristics of a laser plasma depends on a number of
factors, including the wavelength, pulse energy, pulse duration
and the power density of the laser [2–5]. The characteristics
further depend on the kind of surrounding gas employed
and its pressure [6–11]. In order to improve the analytical
performance of LAESA, much research has been carried out
for an appropriate condition to produce a laser plasma with
favourable characteristics for spectrochemical analysis.

In our continuing study [12–23], we have proved that a
plasma with suitable characteristics can be generated when a
short pulse laser is focused onto a solid target at a reduced
gas pressure of around 1 Torr. Most remarkable among those
characteristics are the low spectral background, which allows
highly sensitive analysis, and the linear relationship between
the intensity and the content of the associated element in the
sample, which makes it suitable for quantitative analysis. The
plasma generally consists of two distinct regions associated
separately with the primary plasma and the secondary plasma.
The primary plasma occupies a small volume just above the
sample surface and gives off a continuous spectrum for a short
time just after laser bombardment. The secondary plasma
expands with time around the primary plasma with a nearly
hemispherical shape, emitting sharp atomic lines of the target
elements. In view of the role of a shock wave in the plasma
generation, we have referred to this method as the laser induced
shock wave plasma spectroscopy (LISPS).

Another LAESA technique that has been developed,
by Radziemski and others, is laser induced breakdown
spectroscopy (LIBS) [24–31]. This technique has been widely
used for spectrochemical analysis. In this method a pulsed
laser with a high peak power and short pulse duration, such
as Nd–YAG laser, is focused onto the sample surface at
atmospheric pressure. In order to remove the interfering
background from the high-intensity continuous emission due to
the high-density plasma, a gated optical multichannel analyser
is incorporated into the detection system. In this case, the
high-density plasma is supposed to give rise to the so-called
shielding effect, resulting in the formation of a small and very
hot plasma gas just above the target surface. As a result, a
strong thermal interaction between the hot plasma gas and the
target will be induced, and selective vaporization becomes a
serious problem leading to the degradation of the analytical
performance of this method.

It is therefore important to understand this problem in
relation to the interaction mentioned above. For that purpose,
the dynamical process of plasma generation at high pressures
should be studied in more detail. Unfortunately hardly any
research work has been addressed to this process. This may be
due to the difficulty in dealing with an interaction taking place
between the target and the plasma in a very limited region just
above the sample surface, a process of a highly transient nature
lasting only nano-seconds to microseconds.

We have previously developed a new technique [17, 22]
of time-resolved spatial distribution emission measurement.
Using this technique we have clarified the mechanism
responsible for the formation of a laser plasma at low pressures
of the surrounding gas. It is expected that this new technique
can also be successfully applied to the study of the dynamical
process of the laser plasma produced at high pressures. In this

paper, we report the result of a comprehensive study on the
generation of the laser plasma using high-power, pulsed TEA
CO2 laser bombardment in a surrounding gas at pressures
ranging from 1 Torr to 1 atm. As we have reported in a
previous paper [6], a target shock wave plasma was produced
when a high-power TEA CO2 laser was focused onto a metal
sample at a reduced gas pressure of around 1 Torr. Also, it is
well known that a pure gas plasma due to the gas breakdown
process is produced when the TEA CO2 laser is focused onto
a metal sample surface at 1 atm, in which case all of the laser
pulse energy is absorbed in the gas plasma [32, 33]. It is then
expected that, in some mid-range pressures between 1 Torr and
1 atm, both gas plasma and a target plasma are generated. In
such a case, some interaction inevitably takes place between
the gas plasma and the target plasma, which might enhance
the ablation of atoms from the target. Therefore, all possible
processes which may occur between the formation of a pure
target plasma and a pure gas plasma can be studied using TEA
CO2 laser bombardment at various gas pressures. According to
the experimental results presented here, we are led to conclude
that a shock wave always plays an important role in the process
over the entire pressure range, and the generated laser plasma
can be accordingly classified into a target shock wave plasma,
coupling shock wave plasma or gas breakdown shock wave
plasma, corresponding to different surrounding gas pressures.

2. Experimental set-up and procedure

The diagram of the experimental arrangement is shown in
figure 1. In this experiment, a 10.6 µm TEA CO2 laser
(SQ-2000, 3 J, 100 ns, Shibuya Kogyo, Co) was operated
either at a 5 Hz repetition rate or shot by shot, depending
on the experiment. The laser output energy was varied using
different apertures. An energy of 400 mJ was extracted for
the experiment using helium as a surrounding gas, and 600 mJ
was extracted for the case of air. The laser beam was focused
by a Ge lens (f = 100 mm) through a ZnSe window onto the
sample surface.

The sample was placed in a vacuum-tight metal chamber
(12.5 cm × 10 cm × 10 cm), which could be evacuated
with a vacuum pump and filled with the desired gas at the
predetermined pressure. The chamber pressure was measured
precisely by a digital manometer (Nishiyama Seisakusho, DM-
760). The gas flow through the chamber was regulated by a
needle valve in the gas line and another valve in the pumping
line. The sample, together with the whole chamber and Ge
lens, could be moved in two directions with the use of a
step motor for movement in the laser beam direction and a
micrometer for movement perpendicular to the laser beam
direction. In this experiment, a zinc plate (Rare metallic CO,
Ltd, 99,99% pure and 0.4 mm thick) was used as the target.

Emission of light from the laser-induced plasma was
observed at a right angle to the laser beam direction through
a monochromator (Nikon P-250, with a grating of 1200
grooves mm−1 blazed at 500 nm and with a focal length
250 mm). The output signal from a photomultiplier (PMT)
(Hamamatsu, R-1104) was fed into a 100 GHz sampling
oscilloscope (Iwatsu, SAS-6018) through a wide-band pre-
amplifier (NF Electronic Instruments, Model BX-31) and then
transferred into a digital storage oscilloscope (HP-54616B) for
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Figure 1. Schematic diagram of the experimental set-up.

data display before being saved in a personal computer. The
sampling oscilloscope was triggered by a fraction of the TEA
CO2 laser beam detected by a photon-drag detector. In some of
the experiments the output signal from the PMT was directly
sent to the digital storage oscilloscope.

Plasma emission was detected by means of spatially-
integrated method as well as spatially-resolved method. In the
first case the whole plasma image was received by the colli-
mating mirror of the monochromator without the aid of the lens
in figure 1 in order to integrate the plasma emission spatially
[30]. In this experiment the slit width and slit height of the
monochromator were set to 100 µm and 15 mm, respectively.
Prior to data collection the validity of the above method was
examined by measuring the spatial distribution of the intensity
emitted by a small plasma produced in air at 1 atm. The results
obtained for various chamber positions clearly confirmed that
nearly the same intensity was detected, regardless of variation
of the plasma position, over a range of 20 mm.

From the spatially-integrated emission measurement, we
obtained the total emission intensity, the time profile of the
emission intensity and the time-resolved spectrum. In order to
measure the total emission intensity (temporally and spatially
integrated), a 500 k� resistor was attached to the output of the
PMT. In this case the output signal from the PMT was directly
fed to the digital storage oscilloscope while the laser was
operated shot by shot. The time profile of emission as well as
the time-resolved spectrum was observed by attaching a 500 �

resistor instead of 500 k� resistor to the PMT. In both cases,
the output signals from the PMT were sent to the sampling
oscilloscope. For the time-resolved emission spectrum
measurement the time axis of the sampling oscilloscope was
set at a desired time and the wavelength scan was carried out
by the monochromator. For this experiment the sample was
rotated at 1 rpm by means of a step motor to maintain the
shape and emission intensity of the plasma. The starting point
of wavelength scan was synchronized with the trigger signal of

the digital storage oscilloscope by means of an optical switch.
The laser was operated at a 5 Hz repetition rate in this case.

In order to clarify the dynamical process of the
laser-induced plasma, the time-resolved spatial distribution
measurement technique was used in this experiment. This
technique, was developed previously by our group [6, 17, 18]
and is comparable to, or even better than, the performance of
streak camera and yet much less expensive to install. For this
experiment, the plasma was imaged at a ratio of 1:1 on the plane
of the entrance slit of the monochromator with the use a quartz
lens (f = 150 mm). The slit width and the slit height of the
monochromator were set to 100 µm and 2 mm, respectively.
Thus, the observation area was restricted to the shaded area
depicted in figure 1. The time axis of the sampling oscilloscope
was also set at the desired time and the mounting stage for
the chamber and the focussing lens were moved at a speed of
28 mm min−1 in the laser beam direction. The trigger signal of
the digital storage oscilloscope was synchronized with the start
of the stage movement by means of an optical switch, as was
done in the case of the time-resolved spectrum measurement.
For repeated irradiation the sample was rotated at 1 rpm and
the laser was operated at 5 Hz.

3. Experimental results

3.1. Plasma features

The most readily recognized characteristics of the laser-
induced plasma are its shape, size and its colour, which are
observable by the naked eye. The series of photographs given
in figures 2(a)–2(f) show the plasmas generated from a pure
zinc sample irradiated by a TEA CO2 laser at gas pressures of
10 Torr, 50 Torr, 100 Torr, 300 Torr and at 1 atm of helium
as well as air, respectively. These photographs were taken
with three shots of laser irradiation. It is seen that the plasma
size decreases with increasing helium pressure; the plasma
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Figure 2. Photographs of a plasma generated by focussing a 400 mJ TEA CO2 laser pulse on a zinc plate at various pressures: (a) 10 Torr
He, (b) 50 Torr He, (c) 100 Torr He, (d) 300 Torr He, (e) 1 atm He and (f) 1 atm air.

diameter is about 20 mm at 10 Torr and reduces to about 4 mm
at 1 atm. The plasma has a near hemispherical shape for
gas pressures up to 300 Torr. At 1 atm the plasma displays
a cone-like shape. In the pressure range of helium, from
10 Torr to 100 Torr, one sees a magenta plasma coming from
the Zn emission. It should be noted that the presence of a
primary plasma and secondary plasma was also visible for gas
pressures of up to 100 Torr in helium, although it does not
show up in the photograph due to over exposure. At 300 Torr
and 1 atm the plasma colour turned whitish and become very
dense. In the case where air was used as the surrounding gas,
the magenta colour of the secondary plasma disappeared and
became whitish even at 10 Torr. At 1 atm, the plasma already
displayed a cone-like shape, distorted with lumps.

3.2. The temporally- and spatially-integrated emission
intensity

In order to further elucidate the characteristics of the laser-
induced plasma, the detection of the temporally- and spatially-
integrated emission intensities were performed. Figures 3
and 4 shows how the temporally- and spatially-integrated
intensities of the Zn and He atomic emissions depend on the
surrounding gas pressure in helium and air, respectively. Each
data point was obtained from ten shots of laser irradiation at a
fixed position. The three initial shots were used for surface
cleaning while the last seven shots were used to yield the
averaged data. When air was used as the surrounding gas, the
slit width is reduced to 70 µm in order to avoid interference
from the nitrogen atomic emission.

761



A M Marpaung et al

�

���

����

����

����

����

����

����

����

� ��� ��� ��� ��� ��� ��� ��� 	��


�����������

�
�
��

��
�
�
��
�
��

�

��
�
��
�
�

������	������

������	������

��������	�����

Figure 3. Pressure dependence of the time- and spatially-integrated laser-induced plasma emission induced by TEA CO2 laser pulse
bombardment on a pure zinc target in a helium surrounding gas.

Figure 4. Pressure dependence of the time- and spatially-integrated laser-induced plasma emission induced by TEA CO2 laser pulse
bombardment on a pure zinc target in air.

It is seen in figure 3 that all spectral lines exhibit three
distinct regions of variation with respect to pressure, The Zn I

481.0 nm emission intensity undergoes a steep increase from
2 Torr to 20 Torr, but then decreases with any further increase
of pressure. This emission intensity could not be detected at
helium pressure of between 400 Torr and 760 Torr. In contrast,
the He I 587.6 nm emission intensity remained almost constant
in the pressure range from 5 Torr to 20 Torr, followed by a rapid
increase up to 300 Torr, and maintaining the trend at lower rate
between 300 Torr and 760 Torr. In the mean time, the ion
emission of helium at 468.6 nm appeared with a considerably
weaker intensity at 20 Torr, and increased gradually up to
200 Torr, decreasing slowly thereafter.

When helium was replaced by air, the Zn I 481.0 nm
emission line occurs at much lower intensity, which is
magnified five fold in figure 4. The pressure dependences of
the emission intensities are also remarkably different from the
result shown in figure 3 for the target and gas atoms. The Zn
emission intensity declines very sharply from pressure of 1 Torr
to 10 Torr and it stays more or less constant up to 760 Torr. On
the other hand, the intensity of the N II 399.5 nm line increases
rapidly from 1 Torr to 50 Torr, leveling off to a plateau from
50 Torr to 100 Torr before continuing for another sharp climb

up to about 300 Torr. This increasing trend eventually slows
down between 300 Torr and 760 Torr.

3.3. The time-resolved spectrum

In order to reveal the evolutionary process of plasma generation
under different conditions, time-resolved emission spectra
were taken at various pressures. The results are shown in
figures 5–7 for helium pressures of 10 Torr, 100 Torr and
300 Torr, respectively.

As shown in figure 5(a), the strong continuous emission
attributed to the primary plasma is observed at 50 ns after the
initiation of laser bombardment. At 0.3 µs, both the neutral
and ionic Zn emissions begin to grow with time while the
background emission intensity remains low. In figure 5(b), on
the other hand, the helium emission already occurs with high
intensity from the beginning of laser irradiation. The emission
decreases rapidly at first, but then reverses its trend and begins
to grow at 0.3 µs after the initiation of laser bombardment,
before slowly decreasing again.

At the intermediate helium pressure of 100 Torr, figure 6(a)
once again shows the first appearance of the Zn emission in-
tensity at 0.3 µs, which grows with time. Meanwhile the He II
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Figure 5. Time-resolved, spatially-integrated spectrum of the laser-induced plasma emission induced by TEA CO2 laser pulse
bombardment on a zinc target at 10 Torr of helium taken at two wavelength regions: (a) 460–495 nm for Zn atomic emission and
(b) 580–610 nm for He atomic emission.

468.6 nm emission was already detected almost immediately,
from the initial stage of laser bombardment and exhibiting a
very high intensity and broad spectrum. On the other hand,
the time evolution of the spatially-integrated He I 587.6 nm
emission intensity as presented in figure 6(b) does not feature
strongly at the initial stage of laser bombardment, but it under-
goes a strong rise at between 0.3 µs and 0.7 µs. Figure 7 fur-
ther shows a dramatic change as the pressure was increased to
300 Torr. At such a pressure the Zn emission disappears com-
pletely, while the He II 468.6 nm emission line remained clearly
detectable from the initial stage of laser bombardment, display-
ing rapid growth of its intensity and narrowing of its, initially
up to 1.1 µs, broad spectrum. It is noteworthy that the spec-
trum observed at this pressure (300 Torr) is generally broader
than its corresponding spectra detected at 10 Torr and 100 Torr.

3.4. The time-resolved spatial distribution of emission

The measurement of the time-resolved spatial distribution
yields the essential information for the understanding of the
plasma dynamics. From this measurement one sees the
variations of spatial intensity profiles of the atomic emissions
as functions of distance from the target as well as their
evolutions with time. The resultant data for the Zn I 481.0 nm
and He I 587.5 nm emissions are presented in figures 8–10

for plasmas generated at 10 Torr, 100 Torr and 300 Torr,
respectively. It is seen from figure 8(a) that the front position
(rise point) of the Zn I 481.0 nm emission moves farther
away from the target with time. Meanwhile, the strong
emission that was initially confined around the target surface
also broadened over time. These data clearly show that the
plasma keeps expanding with time even after cessation of the
laser bombardment. As shown in figure 8(b), the He I 587.6 nm
emission line also displays similar behaviour. Furthermore, it
is important to note that the positions of rise points of the
He I 587.6 nm and Zn I 481.0 nm emission lines coincide each
time over the entire period of the evolution observed in this
experiment.

At 100 Torr, as shown in figure 9(a), the Zn I 481.0 nm
emission could be detected to some extent from shortly after
laser bombardment. At 1.1 µs after laser bombardment the Zn I

481.0 nm emission suddenly increase with a different profile
from that observed at the earlier time. The observed profile at
4.1 µs with its clearly visible rise point supports the picture of
an expanding plasma due to the generation of a strong shock
wave. As shown in figure 9(b), the He I 587.6 nm emission
intensity also displays a similar growth behaviour. It should
be noted, however, that the rise point of the He I 587.6 nm
emission at 1.1 µs is located well ahead of the rise point of the
Zn I 481.0 nm emission. At the still higher pressure of 300 Torr,
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Figure 6. Time-resolved, spatially-integrated spectrum of the laser-induced plasma emission induced by TEA CO2 laser pulse
bombardment on a zinc target at 100 Torr of helium taken at two wavelength regions: (a) 460–495 nm for Zn atomic and He ionic emissions
and (b) 580–610 nm for He atomic emission.

the qualitatively similar characteristic movement of the He I

587.6 nm emission front remains clearly visible in figure 10.
In order to complete the elucidation of the plasma

dynamics, one also needs to know how the front of the plasma
moves with time. This key information on the propagation
length of the plasma as a function of time is shown by the graphs
depicted in figures 11–13 for gas pressure of 10 Torr, 100 Torr
and 300 Torr, respectively. The data points in these figures
correspond to the rise points indicated on the time-resolved
spatial distribution curves given in figure 8–10, respectively.

In the case of the 10 Torr helium pressure, the coincidence
shown in figure 11 between the emission fronts of the emission
lines of Zn I at 481.0 nm and He I at 587.6 nm is practically
perfect. The graph also exhibits a perfectly linear relationship
with a constant slope of 0.36. In figure 12, which shows
similar graphs but at a 100 Torr helium pressure, the graphs
corresponding to the two emission fronts do not coincide
with each other. The He I 587.6 nm emission front initially
appears in front of the Zn I 481.0 nm emission front. At the
beginning, these two fronts move with almost the same speed
as represented by the straight lines with slopes of 0.25, up to
1.1 µs. However, the Zn emission front begins to accelerate
after this time and eventually catches up with the He I 587.6 nm
emission front at 4.1 µs. In the case of a 300 Torr helium
pressure, the data given in figure 13 fit a straight line with a

slope of 0.3 all the way up to 4.1 µs when the emission front
has covered a distance of 5 mm from the target.

3.5. The time profile of spatially-integrated emission

In order to further examine the dynamical features of the
plasma, a measurement was carried out on the spatially-
integrated total emission intensity of an atomic line as a
function of time. The results are presented in figure 14 for
the Zn I 481.0 nm emission line both for 10 Torr and 100 Torr
helium pressures. In the first case, curve a, the emission
intensity grows for a period of about 4 µs and then decays
slowly. In the second case, curve b, the Zn emission occurs
with a delay time of around 1 µs, and henceforth grows
very slowly but monotonically thereafter within the period of
observation.

4. Discussion

We have found, in this experiment, distinctly different
characteristics in the laser plasma generated in the three
different ranges of the surrounding gas pressures considered.
Three different types of plasma are accordingly identified, the
target shock wave plasma in the pressure range of 2–20 Torr,
the coupling shock wave plasma in the pressure range of
50–200 Torr and the gas breakdown shock wave plasma which
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Figure 7. Time-resolved, spatially-integrated spectrum of the laser-induced plasma emission induced by TEA CO2 laser pulse
bombardment on a zinc target at 300 Torr of helium taken at two wavelength regions: (a) 460–495 nm for Zn atomic and He ionic emission
and (b) 580–610 nm for He atomic emission.

becomes pronounced at 300 Torr and above. The target shock
wave plasma is induced by the direct interaction of laser light
with target and the surrounding gas acts only as a damping
material. We have called this plasma the ‘laser-induced shock
wave plasma’ and it has been thoroughly studied in a series of
our previous experiments [6, 12–23].

The coupling shock wave plasma takes place in the
pressure range in which gas breakdown takes place in
a limited region near the sample surface and whereby a
small high-density gas plasma is produced. This plasma
absorbs and accumulates part of the laser energy by the
inverse Bremsstrahlung process and subsequently induces
an explosion which generates a shock wave plasma in the
surrounding gas. Due to its close vicinity to the target surface,
this shock wave is expected to impinge strongly on the target
surface, knocking out atoms from the target surface with high
speed. The resulted gushing cluster of atoms produces another
shock wave plasma which expands with time in the surrounding
gas.

When the gas pressure increases to 300 Torr, massive gas
breakdown takes place, forming a high-density gas plasma.
This dense plasma effectively cuts off the laser light from
the target as a consequence of the inverse Bremsstrahlung
process. Despite the coupling or interaction taking place
between the target surface and the shock wave generated by
the gas breakdown process, the atoms do not gush out of

the target surface at high speed, as observed at lower gas
pressure, because the target surface is not effectively preheated
by the laser light. Consequently, instead of a target shock
wave plasma only a gas breakdown shock wave plasma occurs,
which expands with time in the surrounding gas.

The three models of the laser plasma generation
mechanism proposed above will be employed to interpret the
experimental results obtained in this work.

4.1. Target shock wave plasma

As shown in figure 8(a), the steep jump in the distribution
of the Zn I 481.0 nm emission intensity begins to develop
after 0.3 µs. The steep jump indicates the existence of a
contact surface with the shock wave. The same phenomenon
was also observed for the He I 587.6 nm emission line, as
shown in figure 8(b). The rise point in the time-resolved
spatial distribution of the Zn emission in the XeCl excimer
laser-induced secondary plasma has already been explained
as arising from shock wave generation in the surrounding gas
[17]. It is further demonstrated here that the rise point of
the He I 587.6 nm emission front moves together with the
Zn I 481.0 nm emission front as shown in figure 11. In
the previous experiment, the shock wave plasma model was
established on the basis of the time evolution of characteristics
of the target atomic emission lines only. The coincidence
between the emission front of the He I 587.6 nm and the Zn I

765



A M Marpaung et al

(a)

(b)

Figure 8. Time-resolved spatial distribution of the laser-induced plasma emission intensity induced by the TEA CO2 laser pulse
bombardment on a zinc target at 10 Torr of helium taken at two atomic lines: (a) Zn I 481.0 nm and (b) He I 587.6 nm.

481.0 nm lines is confirmed for the first time in this paper,
and hence it constitutes further evidence for our shock wave
model in explaining the secondary plasma generation at low
pressures. It is well known that in ordinary mechanical shock
tube experiments [34], gas emission takes place just behind
the shock front when the shock wave moves at high speed.
Therefore the He emission is most likely excited by the shock
wave generated by the gushing Zn atoms from the target. It
should also be added that the slope of the curve in figure 11 is
equal to 0.3, which is close to the 0.4 expected from the blast
wave theory [35].

Other evidence supporting this target shock wave plasma
comes from the time-resolved spectrum of the Zn emission
given in figure 5, with its time profile displayed by curve
in figure 14. In order to understand the significance of this
evidence it is worthwhile to recall our shock wave plasma
model proposed previously [36]. According to this model,
right after the cessation of the primary plasma, atoms gush
out from the primary plasma at supersonic speeds. In the
mean time the surrounding gas serves as a damping material,
impeding the free expansion of the propelling atoms and which
plays the role, somewhat, like a piston and resulting in some

kind of a wall against which a compression takes place. This
compression in turn leads to the formation of a shock wave
in the surrounding gas. The most important point of the
shock wave model is that the energy required to produce the
secondary plasma is supplied in the form of kinetic energy
from the propelling atoms. By means of the compression
process, the kinetic energy of the propelling atoms is converted
into thermal energy in the plasma, by which the atoms in
the plasma are thermally excited. In this compression region
the related atomic emission grows with time. We call this
region the excitation region. However, this compression and its
related energy conversion process can only be sustained over a
limited time. Consequently, the excitation and the subsequent
emission process of the atoms are bound to subside after the
atomic emission reaches its peak value. This scenario explains
very well the experimental result given in figure 5(a) and the
related time profile depicted by curve (a) in figure 14 for a
surrounding gas pressure of 10 Torr. These figures clearly show
that the Zn I 481.0 nm emission intensity grows for a period of
4 µs after laser bombardment, and then decays slowly.

It is well known that the temperature behind a mechanical
shock wave is determined by the following Rankine–Hugoniot
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Figure 9. Time-resolved spatial distribution of the laser-induced
plasma emission intensity induced by TEA CO2 laser pulse
bombardment on a zinc target at 100 Torr of helium taken at two
atomic lines: (a) Zn I 481.0 nm and (b) He I 587.6 nm.

Figure 10. Time-resolved spatial distribution of the laser-induced
plasma emission intensity by TEA CO2 laser pulse bombardment on
a zinc target at 300 Torr of helium taken at the He I 587.6 nm line.

relation [37]

T = T0
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where T0 is the room temperature, γ is the ratio of the specific
heats and M is the Mach number. From the average speed of
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Figure 11. Relationship between the propagation length of the
emission front of Zn I 481.0 nm and He I 587.6 nm as a function of
time at 10 Torr of helium.
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Figure 12. Relationship between the propagation length of the
emission front of Zn I 481.0 nm and He I 587.6 nm as a function of
time at 100 Torr of helium.
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Figure 13. Relationship between the propagation length of the
emission front of He I 587.6 nm as a function of time at 300 Torr of
helium.

the emission front given in figures 8 or 11, where it is shown
to be equal to that of the shock wave front, we can calculate
the temperature behind the shock wave using the Rankine–
Hugoniot equation. The average temperature calculated for
the time interval 0.3–0.7 µs is about 17 000 K, which is
high enough to excite the He atom. However, the average
temperature calculated for the interval between 0.7 µs and
1.1 µs has already reduced to 3500 K. This temperature is
clearly too low to account for the occurrence of the He emission
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Figure 14. Time profile of spatially-integrated laser-induced plasma
emission induced by TEA CO2 laser pulse bombardment on a zinc
target taken at 481.0 nm of the Zn atomic line at various pressures of
helium: (a) 10 Torr and (b) 100 Torr.

observed in figure 8(b). This discrepancy however merely
points to the fact that a shock wave induced by laser irradiation
is somewhat different from that induced mechanically. In the
former case, the gushing target atoms working as a piston to
induce the shock wave still continue to move, localizing just
behind the shock wave with a large amount of residual heat, and
hence keeping the temperature high behind the shock wave.

Referring again to the shock wave plasma model, we note
that the surrounding gas plays an important role. In case the
surrounding gas pressure is too low, the compression and hence
the induced shock wave will also become correspondingly
weaker, leading to a lower total emission intensity. The
pressure dependency of total emission intensity of the Zn I

481.0 nm emission line over the pressure range of 2–20 Torr,
as shown in figure 3, is readily explained by this model.

Concerning the emission of the He I 587.6 nm spectral
line, which shows up at the very early stage at around 50 ns
after laser bombardment, apparently a different excitation
mechanism is operative. This mechanism does not seem to
be related to the gas breakdown process because even at high
pressures this helium emission is not predominant. It is more
reasonable to believe that this emission is the result of direct
excitation due to irradiation by the strong ultraviolet light
emitted from the primary plasma.

We recall, furthermore, that the hemispherical shape of
the plasma is also a typical feature predicted by the shock
wave plasma model. In this model the shock wave responsible
for the formation of the secondary plasma is induced by point
explosion and hence expands with time with a hemispherical
shape [35]. As shown in figure 2(a) for the case of a 10 Torr
helium pressure, the plasma clearly exhibits the expected
hemispherical shape.

Figure 15(a) illustrates the generation of the target shock
wave and its expansion in thex–y plane, which is perpendicular
to the target plane. The front of the Zn atom cluster is
represented by the thick dark curve, and the shock front is
denoted by the broken curve. The shock wave starts to develop
at around 0.3 µs after the initiation of the laser bombardment,
during which almost all the laser energy reaches the target
directly.

4.2. Coupling shock wave plasma

It is observed in figure 3 that the Zn I 481.0 nm emission in-
tensity decreases steeply from 20 Torr to 50 Torr. In contrast,
the He I 587.6 nm emission intensity increases rapidly in the
same pressure range. This fact indicates the effect of the gas
breakdown process during which the laser energy is partly ab-
sorbed to excite the gas atoms. Meanwhile, the laser energy
arriving at the target is further reduced because of the shield-
ing effect created by the breakdown plasma. Above 50 Torr,
the decline of the Zn I 481.0 nm emission intensity appears to
slow down significantly, indicating the occurrence of another
phenomenon. This is corroborated by comparing the data pre-
sented in figures 8(a) and 9(a). As seen in figure 9(a) for the
case of a 100 Torr helium pressure, while the Zn atom emission
intensity expands with time in a similar manner observed for
the case of a 10 Torr surrounding gas (figure 8(a)), Zn emission
becomes perceptibly more active at the sample surface around
1 µs, indicating the availability of an additional energy supply
to the target for the excitation process. This energy cannot
have come from the laser pulse since the laser bombardment
has already stopped by then. It is more likely that this energy
is provided by the shock wave induced by the gas breakdown
plasma formed earlier in front of the target. This can be under-
stood on the basis of the time-resolved spectrum in the range of
460–495 nm presented in figure 6(a). It is seen that the helium
ion emission (He II 468.6 nm) begins to occur from the initial
stage of breakdown plasma generation, with the Zn emission
showing up later. This helium ionic emission also features a
strong and broad spectrum profile typical of ionic emission
induced by gas breakdown processes. It is envisioned that a
small high-density helium plasma is initially generated near the
target surface due to a localized gas breakdown process. Fur-
ther accumulation of laser energy by this small dense plasma
leads to an explosion, giving rise to a shock wave plasma ex-
panding with time as demonstrated by the time-resolved spatial
distribution of He I 587.6 nm emission shown in figure 9(b).

Since the shock wave is generated from the localized
gas breakdown right in front of the target, it is reasonably to
suppose that it will attack the target surface and stimulates the
gushing of Zn atoms from the surface. Since the target surface
has already been bombarded by the laser pulse and preheated
to a high temperature, the Zn atoms would be easily released
at high speed by the impact of the shock wave. As shown in
figure 12, there are two separate emission fronts, one is induced
by the gas breakdown shock wave and the other by the target
plasma. Evidently, the helium emission front precedes the Zn
emission front, at least at the early stage. This observation
conforms completely with our model, which presumes the
occurrence of gas breakdown before the formation of target
plasma. At a later stage the Zn emission front accelerates
and eventually catches up with the helium emission front at
4.1 µs. A closer look at the figure further confirmed that a
coupled plasma is indeed formed at around 1 µs and expands.
The coupling effect involving energy transfer is deduced from
the steady growth of the Zn emission which would otherwise
become weaker with plasma expansion without the coupling
effect. Another piece of experimental evidence supporting the
occurrence of the energy transfer process is the time profile
of emission depicted by figure 14(b). It is clear from this
figure that the Zn I 481.0 nm emission begins to show up at
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Figure 15. Time evolutions of the propagation of shock wave and plasma emission fronts in helium surrounding gas pressures of (a) 10 Torr,
(b) 100 Torr and (c) 300 Torr.

about 1 µs after the cessation of laser bombardment, which is
considerably later than that observed in the case of the 10 Torr
gas pressure as indicated by figure 14(a).

When air is used as the surrounding gas, the Zn I 481.0 nm
emission intensity undergoes a dramatic fall of 15 fold as the
air pressure increases from 1 Torr to 5 Torr. This feature is in
marked contrast to that observed when helium was employed
as the surrounding gas. This can be attributed to the greater
shielding effect of a breakdown air plasma. As a consequence
the laser energy is completely blocked off from the sample
surface.

The scenario discussed above, of the coupling plasma
generation and evolution, is visualized in figure 15(b). The
shock wave induced by gas breakdown has already started at
0.1 µs, while the Zn emission front is localized far behind
the shock wave. At around 1 µs, another shock wave is
produced by the newly gushing Zn atoms which were induced
by the coupling effect. This shock wave eventually catches
up with the previous shock wave at about 4 µs after laser
bombardment.

4.3. Gas breakdown shock wave plasma

As shown in figure 3, the Zn I 481.0 nm emission intensity
becomes very weak at 300 Torr and virtually disappears at
400 Torr. This Zn emission could not have come from the
direct laser-induced target plasma. A complete gas breakdown
is supposed to take place at this pressure, and according to our
model no appreciable Zn emission is expected as confirmed
by the time-resolved spectrum presented in figure 7(a). This
figure nevertheless displays a strong helium ionic emission
(He II 468.6 nm) in the spectrum. It is assumed that by being
in contact with the hot plasma, the target surface is melted and
atoms are evaporated from the surface to be excited in the hot
plasma.

It is well known that most of the energy of the laser light is
stored in the gas breakdown plasma when a TEA CO2 laser is
focused on a metal surface at high pressures such as 1 atm. This
plasma is also known to expand with time. However, little has
been done on the dynamical process of the plasma expansion
itself. It is believed that at the initial stage of gas breakdown,
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the plasma is localized in a small region, as in the case of a
100 Torr gas pressure, because the helium emission (ionic as
well as neutral) exhibits a broad spectrum at around 0.3 µs
that is indicative of the high density and high temperature of
the plasma [8, 11, 38]. According to our model, the plasma
expands with time as it accumulates energy from the laser and
eventually induces a shock wave in the surrounding gas. We
also assume that the helium gas is excited by the shock wave
as it propagates along. This assumption is clearly supported
by the time-resolved spatial distribution for the He I 587.6 nm
emission at 300 Torr shown in figure 10. One readily observes
the steep jumps of He I 587.6 nm emission intensity from
the beginning, indicating the occurrence of a shock wave.
Figure 13 further shows that this emission front moves with
time until 4.1 µs after the laser bombardment. Other evidence
in support of the shock wave model is that the slope of the log–
log plot between the arrival time and the propagation length of
the emission front is given by 0.3, which is rather close to the
value 0.4 obtained for the blast wave [35]. As has already been
discussed in our work on the shock wave plasmas induced by a
YAG laser at lower pressures [36], one way to distinguish the
shock wave emission process from the others is to look at the
growth curve of the total emission intensity of the plasma. If
the period of growth is much longer than the duration of the
laser pulse then an energy conversion process must be involved,
such as that discussed in the shock excitation stage. In the
case considered here, the emission of the He I 587.6 nm line
increases with time for as long as a few microseconds after the
laser bombardment at 300 Torr. This is certainly much longer
than the duration of the laser pulse. The hemispherical shape
of the plasma observed at 300 Torr, as shown in figure 2(d), also
supports our breakdown shock wave plasma model. We note,
however, that for a helium pressure of 1 atm the plasma, as seen
in figure 2(e), is no longer hemispherical, rather it becomes
cone like in shape. This is probably due to the fact that the
breakdown process takes place farther away from the target
surface and creates multiple explosion sources. The cone-like
plasma shape and the indication of multiple explosions are
more clearly observed at 1 atm of air as shown in figure 2(f).

Figure 15(c) presents the evolutionary scenario of the
shock wave induced by a gas breakdown process together with
the spatial distribution of the associated He emission. It is
shown that the shock wave has already developed at 0.1 µs
after laser irradiation. The speed of the He emission front
calculated from figure 10 is Mach 7.5 for the time interval
between 0.3 µs and 0.7 µs, implying a temperature of about
3400 K behind the shock wave. Again, this temperature is
apparently too low to induce the excitation of He. A similar
puzzle was also encountered in the case of the Zn emission in
target plasma. We have argued that this puzzle can be resolved
by realizing that the atomic cluster of He left behind the shock
wave retains a large amount of its residual heat, which keeps the
temperature behind the shock wave higher than that calculated
by means of the Rankine–Hugoniot equation on the basis of
the speed of the shock wave front.

5. Conclusions

Systematic experimental results have been obtained on the
characteristics of the target emission and gas emission induced

by TEA CO2 laser bombardment on a Zn target at various
surrounding gas pressures. Our analysis of the results
has led to the conclusion that the plasmas generated in
this experiment can be classified into three different types
depending on the surrounding gas pressure; namely the target
shock wave plasma, the coupling shock wave plasma and the
gas breakdown shock wave plasma. It is further stressed that in
all the laser plasmas produced in the pressure range of 1 Torr to
1 atm, the shock wave process always plays an important role
in the excitation of target atoms and gas molecules. In these
cases, a primary energy source is invariably initially formed in
a localized small plasma, either as a primary target plasma or
a hot and dense gas plasma in which the laser energy is stored.
This is then followed by an explosion, propelling the target
atoms or gas molecules or both at ultra-high speed and giving
rise to a strong compression of the surrounding gas. This fast
adiabatic compression is believed to be responsible for the
formation of the shock wave and the concurrent excitation of
atoms. In a nutshell, the formation of shock waves is the basic
mechanism for energy conversion, thereby the kinetic energy
is transformed into thermal energy available for the excitation
process of the neutral atoms. Finally, it should be stressed here
that the results obtained in this paper using a TEA CO2 laser
will be useful as guidance for analysing other laser plasmas
induced by other lasers, such as the pulse YAG laser. One can
imagine, for example, that a coupling process between a gas
breakdown plasma and a target plasma may well take place to
some extent when YAG laser irradiation is employed in some
pressure range, and this process should be examined as it will
affect the system’s analytical performance.
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