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Abstract

The evolution of a laser-induced plasma is characterized in terms of its temporally resolved spectral absorptivity, spectral
emissivity, and free electron density via Stark broadening during the first few hundreds of nanoseconds. Transmission measurements
using 532 and 1064 nm probe laser beams reveal near opacity of the laser-induced plasma at times corresponding with the tail
end of the plasma creating laser pulse. This temporal region is coincident with the maximum free electron density greater than
10 cm . At times approaching 500 ns following plasma initiation, the plasma absorptivity diminishes markedly, rendering the18 y3

plasma essentially transparent to incident radiation. The fundamental change from an absorbing(i.e. optically thick) plasma to a
non-absorbing plasma during this period is important with respect to the radiative transfer within and from the plasma. Overall,
these phenomena play important roles in the evolution of the laser-induced plasma and the technique of laser-induced breakdown
spectroscopy.
� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The analysis of aerosol particles has been addressed
recently using the technique of laser-induced breakdown
spectroscopy(LIBS) w1,2x. It is widely known that the
LIBS technique uses a highly energetic micro-plasma to
vaporize and dissociate matter within the laser-induced
plasma, including engulfed particles. However, less is
known, both theoretically and experimentally, with
regard to the interactions between the laser-induced
plasma and particles. In a recent study, research efforts
were focused to quantify these plasma–particle interac-
tions pursuant to quantitative LIBS-based analysisw3x.
It was found that individual silica particles up to 2mm
in diameter were completely vaporized in the laser-
induced plasma and yielded a linear response, while
larger particles revealed a less than linear response with
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respect to analyte atomic emission presumably due to
incomplete vaporization. While the plasma–particle
interaction is not well understood, it appears that the
transient nature of the plasma in the early stage of
plasma evolution plays an important role in the vapori-
zation processw3x. Hence, rate limitations may be more
important than simple plasma and particle heat capaci-
ties. Accordingly, as a first step toward understanding
the plasma–particle processes, it is important to char-
acterize laser-induced plasmas in the early stages of
evolution. To further advance this understanding, this
paper studies the plasma evolution via time-resolved
measurements of electron number density, plasma
absorptivity, and plasma continuum emission.
Laser-induced plasmas have been studied using para-

meters such as electron temperature, electron density,
emission intensity, etc. Parigger et al.w4x studied the
decay of plasmas produced in hydrogen by a Nd:YAG
laser (1064 nm) using the hydrogen Balmer series
emission lines. They found that in the first hundreds of
nanoseconds following laser breakdown, the free elec-
tron density was approximately 10 cm , and the18 y3

plasma temperature was approximately 80 000 K(cal-
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culated using Boltzmann plots), while at times comper-
able with the plasma-initating laser pulse electron
densities were on the order of 10 cm . In a more19 y3

recent study, Parigger et al.w5x further explored Stark-
broadened emission profiles in gaseous hydrogen plas-
mas, comparing both H and H measurements in thea b

context of recent treatments of ion dynamics as reported
by Oks w6x. For electron densities in excess of 1017

cm , corresponding to delay times less than 500 ns,y3

agreement between inferred electron density values from
H and H profiles was very good. However, at longera b

delay times some discrepancies were noted when using
the standard theoretical treatment per Griemw7,8x, while
good agreement between the H and H results wasa b

achieved with the updated treatment of Stark broadening
for electron densities approaching 10 cm . Borghese16 y3

et al. w9x measured a plasma kernel of approximately
0.02 mm as produced by a fundamental Nd:YAG laser3

in air during the stage of maximum emission(approx.
20 ns following plasma initiation). They calculated a
corresponding plasma temperature of approximately
35 000 K at this time using an experimental Planck
function, but also calculated higher plasma temperature
at earlier times(e.g. 10 K at approx. 10 ns). Using5

techniques such as shadowgraphy and interferometry,
Villagran-Muniz et al.w10x found that the plasma elec-
tron density was approximately 10 cm for a pulse18 y3

energy of 300 mJ, and additionally calculated tempera-
tures behind the shock wave(due to the optical break-
down) of approximately 10 K during the first tens of5

nanoseconds, when the shock wave is not detached from
the plasma. Work by Yalcin et al. investigated plasma
temperature and free electron density, including spatially
resolved measurements using Abel-inversion, for delay
times as early as 350 ns following plasma initiation
w11x. Using H line widths, they reported peak electrona

densities of 1.2=10 cm , and reported little variation18 y3

(approx. 10%) in this value across the plasma using
spatially resolved measurements.
All the available research shows that the plasma in

its early stage is a highly energetic system that is
characterized by rapid changes, and is not necessarily
in thermodynamic equilibrium. For LIBS-based aerosol
analysis, these changes need to be assessed in order to
identify parameters that could play important roles in
the interactions between the plasma and concomitant
particles, including free electron densities and plasma
absorptivity. In the following sections, the evolution of
the laser-induced plasma is assessed based on temporally
resolved spectral absorptivity and emissivity measure-
ments, along with evaluation of the free electron density
via Stark broadening.

2. Experimental methods

A 1064-nm Q-switched Nd:YAG laser operating with
275-mJ pulse energy, 10-ns pulse width, and 5-Hz pulse

repetition rate was used as the plasma source for all
experiments. The expanded laser beam(12-mm in diam-
eter) was focused using a 75-mm focal length UV grade
plano-convex lens to create an approximately 20-mm
diameter focal spot for plasma formation. The plasma
emission was collected along the incident beam in a
backward direction and separated using a 50-mm diam-
eter elliptical pierced mirror. The collected light was
launched into an optical fiber bundle coupled to a
spectrometer(2400-groveymm grating, 0.12-nm optical
resolution), and recorded with an intensified charge-
coupled device array.
The plasma was formed in an atmospheric pressure

gas cell as described previouslyw12x. A gaseous stream
of 42 lpm of purified (HEPA filtered), dry air was
passed through the sample cell. For the electron density
measurements, an additional flow rate of high purity
methane was added to the airflow to enhance the
hydrogen emission line signal. The overall methaneyair
flow rate was maintained at 3% methane, below the
lower flammability limit (5%) of methane in air, to
prevent ignition by the laser-induced plasma. For the
transmission measurements described below, the gas cell
windows orthogonal to the plasma-forming laser beam
were removed, hence the plasma was formed in the
laboratory air. For electron density measurements, Stark
broadening of the H line was measured. For thesea

measurements, a calibrated blackbody source was used
to convert the recorded plasma emission to a relative
spectral irradiance scale across the measured spectral
bandwidth.
Plasma continuum emission measurements and elec-

tron density measurements were based on the spectral
analysis of an ensemble average of 100 spectra. For the
plasma absorptivity measurements, a probe Nd:YAG
laser beam was synchronized to the plasma-creating
laser by externally triggering both the flashlamp and Q-
switch. The temporal jitter between the plasma-initiating
laser pulse and the probe laser pulse was approximately
1 ns. The probe laser was operated using either the
frequency-doubled 532-nm line(approx. 6 ns fwhm
pulse width), or the fundamental 1064-nm line. The
pulse energy of the probe laser was maintained at 15
mJ for both the 532 and 1064-nm probe beams. How-
ever, the flashlamp pump energy was significantly
reduced for the 1064-nm probe beam, which resulted in
a broader temporal pulsewidth, namely;30 ns fwhm.
The probe laser beam was directed orthogonal to the

plasma-creating laser beam, and focused at the center
of the resulting plasma using a 250-mm focal length
lens. The probe laser beam alone had insufficient energy
(15 mJ) to create a plasma, which was verified by the
absence of breakdown with the probe laser alone, as
well as the absence of breakdown at long delay times
following the 1064-nm laser initiated plasma. The probe
laser was translated both horizontally and vertically until
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Fig. 1. Plasma transmission as a function of time following plasma
initiation using 532 and 1064 nm probe laser beams. The inset laser
pulse profile corresponds to the plasma initiating laser pulse at zero
delay time.

the minimum transmission was recorded at a delay time
of 20 ns with respect to the plasma-initiating 1064-nm
laser pulse. The spatial positioning ensured that the
probe laser beam was passed through the most optically
dense region of the plasma. It is noted that in a previous
study using a similar probe beam arrangement, the
plasma was found to expand to its characteristic volume
of 1.4 mm by 20 ns following plasma initiationw13x.3

The transmitted probe laser pulse energy was recorded
with a volume-integrating calorimeter(25-mm detector
area), using a 1-min average at a 5-Hz repetition rate.
The detector was placed approximately 0.5 m from the
plasma to eliminate any detection of direct plasma
emission, which was verified by the lack of signal in
the absence of the probe laser. The large detector area
functioned to mitigate any effects of beam steering on
the recorded transmission, although no probe beam
displacement was observed during the experiments.
The probe laser beam transmission was determined

as the ratio of the average laser pulse energy transmitted
through the plasma divided by the average laser pulse
energy recorded in the absence of the laser-induced
plasma(i.e. probe laser only). The latter value func-
tioned as the reference pulse energy, and was taken as
the average of the values recorded before and after each
plasma measurement. The average relative standard
deviation of the reference pulse energy was 1.6% for all
experiments; hence probe laser energy drift was not
significant. All transmission measurements were record-
ed a minimum of four times for each reported delay
time.

3. Results and discussion

The time-resolved plasma transmission measurements
are presented in Fig. 1 as a function of delay time
between the plasma initiating laser and the probe laser.
Data are presented for the 532 and 1064-nm probe
beams, along with the temporal profile of the plasma-
initiating laser pulse as a reference. Zero delay time
corresponds to the peak-to-peak temporal alignment of
the two lasers. The transmission profiles reveal the rapid
increase in plasma opacity, with the minimum transmis-
sion values of 9 and 16% recorded 30 and 40 ns
following the plasma initiating pulse for the 532-nm
and 1064-nm probe beams, respectively. It is noted that
the 1064-nm probe laser had a considerably wider pulse
width, as discussed above; hence the temporal resolution
of the 1064-nm data is less than the 532-nm data. These
observed time scales for the rapid increase in plasma
absorptivity correspond well with the full-width of the
plasma initiating laser pulse, which decays by 99% of
its maximum value in 30 ns from the peak intensity.
The Fig. 1 data are further analyzed below in the context
of electron number density; however, the transmission
data alone are evidence that initial plasma processes are

closely coupled temporally to the plasma initiating laser
pulse. The abrupt change in slope of the plasma trans-
mission profile at the tail end of the initiating laser
pulse may be interpreted as denoting the change from
net plasma energy input to net energy dissipation, the
latter for example via radiative transfer and electron
recombination(free-bound).
An additional interesting feature of the Fig. 1 data is

the return of the plasma transmission to nearly 100%
(e.g. 98% and 94% at 532 nm and 1064 nm, respective-
ly) by 500 ns following plasma initiation. This relatively
rapid return to an essentially transparent plasma is
significant in the context of radiative transfer and in
consideration of new LIBS configurations such as dual
pulse LIBS. If a second laser beam is to be coupled to
an existing laser-induced plasma, temporal delays
beyond the first 0.5ms will most likely result in
significantly different laser-plasma interactions than
those following the first laser pulse within a few hun-
dreds of nanoseconds. The transmission measurements
may also be considered in terms of the plasma expan-
sion. As reported in an eariler paperw13x, the plasma
expands to its characteriscic volume of;1 mm within3

approximatley 20 ns, corresponding to an initial plasma
propagation velocity on the order of 10 kmys.
Further insight into the plasma processes are revealed

by the time-resolved continuum emission measurements
presented in Fig. 2. The continuum emission data cor-
respond to the integrated sum of approximately 20 nm
bandwidths centered at either 270, 400 or 530 nm. The
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Fig. 2. Plasma continuum emission(20 nm bandwidth) for three spec-
tral regions centered at 270, 400 and 530 nm. All data have been
normalized to maximum emission intensity for each respective spec-
tral region.

data are all normalized to their respective maximum
temporal emission value. The continuum emission data
represent radiative transfer from the plasma, primarily
by recombination radiation(free-bound) and Brems-
strahlung emission(free-free). The temporal scale of
the continuum emission corresponds markedly with the
transmission data discussed above. The continuum emis-
sion of all three bands peak between 20 and 40 ns
following the peak of the plasma initiating laser pulse,
with the 270 nm continuum band peaking;10 ns
before the peak of the 400 and 530 nm bands. A fixed
detector gate of 20 ns was used for all measurements;
hence temporal resolution is limited to such a value. For
all three spectral bands, the continuum emission was
observed to decay by one order of magnitude during the
first 200 ns, which represents a decrease in effective
blackbody temperature of approximately 70% based on
emissive power per the Planck distribution. Although
thermodynamic equilibrium is necessary for the plasma
radiative transfer to approach the blackbody function,
such a 70% decrease in temperature is quite consistent
with reported temperature measurements(see above
references) over similar time scales.
To better characterize the laser-induced plasma over

the time scales discussed above, electron number density
measurements were also performed. Electron densities
were calculated based on the Stark broadening of the
H line (656.3 nm), which is well suited to electrona

density measurements between 10 and 10 cmw7x.17 19 y3

Following the work of Griem, the Stark line intensities
at full-width half-maximum(fwhm) are related to the
electron density throughw8x

2y3 2y3Dl s2a 2p 4y15 e n , (1)Ž .Ž . Ž .fwhm 1y2 e

wherea is the fractional half-width of the reduced1y2

Stark profile, e is the electron charge(4.8032=10y10

esu), and n is the free electron number density. Thee

present data were reduced using the values ofa as1y2

reported by Griemw8x, assuming a plasma temperature
of 30 000 K. The inversion of electron densities from
Stark widths is rather insensitive to temperature, as
related to the corresponding reduced line widths. To
assess sources of error due to temperature uncertainty
in the present data, the measured Stark line widths were
also inverted using temperatures of 20 000 and 40 000
K and the corresponding fractional half-widths. Accord-
ingly, the error bars reported with the measured free
electron densities represent the maximum error associ-
ated with the uncertainty of"10 000 K. The data were
also analyzed using the more recent Stark broadening
constants reported by Gigosos and Cardenosow14x.
Using the same temperature of 30 000 K, the calculated
electron densities were increased by 27% at the maxi-
mum value (2.6=10 cm ) and by 12% at the18 y3

minimum value (8.9=10 cm ), with an average17 y3

increase of 20% over all measurements. Such differences
are assumed within the expected absolute accuracy of
the reported electron density measurements based on the
data analysis as performed in the current study. Finally,
as noted above, recent theories have addressed the
indirect and direct coupling between electron and ion
broadenings and the impact on Stark broadeningw6x.
Over the range of the current Stark line widths, appli-
cation of this more generalized theory is expected to
change the electron densities by 10–20% based on
recent published comparisonsw5x.
The measured free electron number densities are

presented in Fig. 3 as a function of time following the
plasma initiating laser pulse. The hydrogen line widths
were not sufficiently resolved from the significant con-
tinuum emission for times-100 ns. From 100 to 500
ns following plasma initiation, the free electron number
density decreases from 2.6=10 cm to -1018 y3 18

cm . As observed by the error bars in Fig. 3, they3

uncertainty associated with the assumed plasma temper-
ature is greater in the region of more significant Stark
broadening, however, even at the greatest electron num-
ber density measured the corresponding relative error is
approximately 5%. The measured electron density of
1.2=10 cm at a delay of 350 ns is in exact18 y3

agreement with the value reported by Yalcin et al.w11x,
as discussed above. It is noted that Yalcin et al. used a
similar laser energy and optical set-up, and reported a
similar coupling of;2y3 of the incident laser energy
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Fig. 3. Free electron number density as a function of time following
plasma initiation, as measured using the Stark broadened H linea

width.

Fig. 4. Measured absorption coefficient for the 532 nm probe laser
beam as a function of the corresponding measured free electron den-
sity. Each data point corresponds to a specific delay time between 100
and 300 ns following plasma initiation.

into the plasma, which also agrees well with the value
measured with the current LIBS setupw15x. Overall, the
electron density profile reveals a near linear decay in
electron number density between 100 and 400 ns,
following by a more gradual decay over the last three
data points. This is somewhat in contrast to the non-
linear changes in plasma transmission and plasma con-
tinuum emission during a similar temporal region,
namely between 100 and 400 ns. However, it is noted
that the continuum emission is a highly non-linear
process(i.e. Planck distribution), while the transmission
data must be further reduced to make quantitative
comparisons.
The plasma transmissiont may be modeled using the

Beer–Lambert relationship, namely

tsexp sNL q sNL q«q sNL , (2)µ ∂Ž . Ž . Ž .1 2 n

where (sNL) represents the optical depth or turbidityi

of the ith species, withs the absorption cross-section,
N the absorbing species number density, andL the
absorption path length. For the present analysis, it is
assumed that free electrons are solely responsible for
attenuation of the probe laser beam, which results in the
following relation between the measured plasma trans-
mission and the absorption coefficient(defined asK sabs

sn , namelye)

K Lsln t . (3)Ž .abs

While the absorption cross-section is correctly the
sum of the absorption and scattering cross-sections,
scattering of the probe laser beam by plasma free
electrons, Thomson scattering, is neglected due to the

state of the plasma frequency in relation to the incident
frequencies of the probe laserw16x. Specifically, for the
first few hundred nanoseconds, the measured electron
density is nominally 2=10 cm , which yields a18 y3

plasma frequency of;10 Hz using the relation13 n sp
w17x. The plasma frequency is the reciprocal3 1y29=10 ne

of the Debye length and represents the resonance fre-
quency of the free electron oscillations about their
equilibrium positions. For the 532 and 1064 nm probe
lasers, the corresponding frequencies of 5=10 Hz and14

2=10 Hz, respectively, are sufficiently close to the14

plasma frequency such that significant absorption is
expected, thereby dominating any scattering effects. Eq.
(3) enables conversion of the Fig. 1 transmission data
to a more quantitative measure of the plasma properties,
namely the plasma optical depth or turbidity. The
reduced plasma turbidity data and the measured electron
density data both represent the temporal evolution of
the plasma, hence it is interesting to examine the
correlation between these two parameters. To this end,
the measured plasma turbidity and electron density data
were paired at each similar temporal delay over the
range from 100 to 300 ns following plasma initiation.
The result is presented in Fig. 4, which reveals a linear
relationship between the 532-nm probe laser turbidity
and the free electron density(Rs0.998).
An interesting result of the Fig. 4 data is that based

on the assumption of free electron absorption and the
additional approximation of constant optical path over
this 200 ns time period, the slope of linear fit yields the
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Fig. 5. Predicted electron density values as a function of time follow-
ing plasma initiation. The data are based on the calculated free-free
absorption cross-section of 9.5=10 cm and the measured 532-nmy18 2

transmission data.

free-free(inverse Bremsstrahlung) absorption cross-sec-
tion. In a complementary recent study, the two-laser
approach was used to profile the overall plasma shape
under similar experimental conditionsw13x. It was
reported that by approximately 20 ns following plasma
initiation, the plasma had expanded to its characteristic
size, with a linear dimension of 1.1 mm along the path
of the orthogonal probe laser beam. Using this path
length, the calculated free-free absorption cross-section
is 9.5=10 cm for 532 nm radiation. This valuey18 2

compares very well with a calculated effective absorp-
tion cross section of approximately 3=10 cm aty17 2

500 nm based on the sum of free-bound and free-free
cross sections per H ionw7x. The absorption coeffi-y

cientsK corresponding to the Fig. 4 data range fromabs

2 to 12 cm . These values agree very well withy1

theoretical calculations reported for 532 nm radiation in
a fully ionized hydrogen plasmaw18x.
Another interesting result of the measured absorption

cross-section is that it enables calculation of electron
densities from transmission data at time scales below
100 ns, the lower limit realized in the present study for
direct Stark broadening measurements. The extrapolated
electron density measurements are presented in Fig. 5
down to 15 ns following plasma initiation. The free
electron density profile peaks at 30 ns(corresponding
to the minimum in 532-nm transmission) at a value of
3.6=10 cm and reveals a value of approximately18 y3

2=10 cm at 15 ns delay. It is noted that the delay18 y3

of 30 ns corresponds to the 99% decay point of the
incident laser pulse, hence essentially the full-width.

Accordingly, based on the extrapolation of the measured
transmission, the electron density profile peaks at the
tail end of the incident laser pulse. Overall, the change
in electron number density during the first few hundred
nanoseconds of plasma evolution is not that great, hence
an aerosol particle engulfed by the plasma is subjected
to a relatively consistent frequency of electron-particle
collisions. This suggests that the plasma temperature
(i.e. electron energy;temperature) could be more
important than absolute free electron density for plasma-
particle interactions, namely particle dissociation and
vaporization.
While temporal regions limited to the first few hun-

dred nanoseconds of plasma evolution are characterized
by significant electron densities, plasma frequencies, and
plasma absorptivity, as described above, the longer delay
times (500 to 1000 ns) reveal a plasma frequency
n ;10 Hz. Such a relatively low plasma frequency is12
p

consistent with the corresponding near transparency of
the plasma to the probe laser wavelengths(i.e. n ),incident

as expected for the condition ofn <n .p incident

In summary, the laser-induced plasma investigated in
the current study(typical of conditions used for LIBS-
based gas and aerosol analysis) is characterized by
significant transient changes in electron density and
plasma absorptivity during the first few hundred nano-
seconds. The fundamental change from an absorbing
(i.e. optically thick) plasma to a non-absorbing plasma
during this period is important with respect to the
radiative transfer within and from the plasma, and is,
therefore expected to play a role in the interactions
between the laser-induced plasma and incorporated par-
ticles. Hence a better understanding of such processes
provides a starting point for the more complex plasma-
particle interactions, as well as furthering the develop-
ment of plasma modeling capabilities, and advancing
LIBS as an analytical technique.
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