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Abstract—We present the measurements and analysis of laserinduced breakdown processes in dry air at a wavelength of 193 nm
by focusing 180-mJ 10-MW high-power 193-nm UV ArF laser radiation onto a 30-μm-radius spot size. We examine pressures ranging from 40 torr to 5 atm, for laser power densities of 1 TW/cm2 ,
well above the threshold power flux for air ionization. The breakdown threshold electric field is measured and compared with
classical and quantum theoretical ionization models at this short
wavelength. A universal scaling analysis of these results allows one
to predict aspects of high-power microwave breakdown based on
measured laser breakdown observations. Comparison of 193-nm
laser-induced effective field intensities for air breakdown data
calculated based on the collisional cascade and multiphoton breakdown theories is used successfully to determine the collisional
microwave scaled portion with good agreement regarding both
pressure dependence and breakdown threshold electric fields.
Using a laser shadowgraphy diagnostic technique, the plasma and
shock-wave dynamics are analyzed. Blast shock-wave expansion
of the plasma and laser-heated neutral gas is observed with average velocities of 47 km/s, and the temporal shock-wave velocity
variation is used to determine electron temperature evolution just
behind the shock wave.
Index Terms—Air plasma, breakdown scaling, excimer laser,
laser-induced plasma, shadowgraphy.

I. I NTRODUCTION

T

HERE IS a great deal of research and industrial interest
in laser-induced plasmas, and the range of applications
involving plasmas produced by lasers spans a large domain
within science and technology. Laser-produced plasmas are
widely used in laser ablation, micromachining, laser fusion,
and laser-initiated switching applications [1]–[4]. The laserinduced gas breakdown experiments using infrared and optical wavelength lasers have been summarized by Raizer [3].
Due to continued development of lasers with high powers
and shorter wavelengths, there has been steady interest in the
laser-induced breakdown plasmas. This paper examines the
ionization process at shorter wavelengths than have been examined previously where quantum multiphoton processes play
a significant role.

Manuscript received November 12, 2007. First published October 31, 2008;
current version published November 14, 2008. This work was supported in part
by Air Force Office of Scientific Research (AFOSR) Grant FA9550-06-1-0172
and in part by DURIP Equipment Grant FA9550-06-1-0285.
M. Thiyagarajan is with General Electric—Global Research Center,
Niskayuna, NY 12309 USA (e-mail: tmageshin@gmail.com).
J. E. Scharer is with the University of Wisconsin—Madison, Madison, WI
53706 USA (e-mail: scharer@engr.wisc.edu).
Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.
Digital Object Identifier 10.1109/TPS.2008.2004259

Laser-induced breakdown can be defined as the generation of
an ionized gas or plasma during or by the end of the pulse. The
experimental criterion that is generally used is the observation
of a glow or flash in the focal region for 10%–50% of the laser
firings. As described by Raizer [3], the photon-initiated electron
cascading plasma process begins when a pulsed laser beam
is focused down to a small spatial domain, which produces a
very sudden temperature rise in the medium at that point. If
the electric field of the laser radiation near the focus becomes
greater than that of the binding electrons to their nuclei, it will
trigger breakdown of the air molecules and produce ionization
of the gas. This breakdown causes a cascade effect because the
increasing plasma density becomes very absorbent to the laser
so that more of the energy is absorbed. At first, primary and
secondary electrons are created through the rising phase of the
laser pulse by several mechanisms, namely, free electrons in the
air at room temperatures, multiphoton ionization (MPI) [5]–[7],
and the inverse bremsstrahlung absorption or cascade ionization
process, which corresponds to an ionizing collisional cascade
(CC) evolution [4], [8].
These two ionization mechanisms differ fundamentally and
are described by different theories that are required to interpret
these new experiments at 193 nm where the laser photon energy
is εγ = 6.4 eV. For the MPI process, a neutral atom absorbs
enough laser photons within a quantum lifetime of the excited
state [6] [τ = h/εγ = 6.56 × 10−16 s (at 193 nm)] to raise it
from the ground state to the ionization level or above. If enough
atoms are ionized, it may also produce an observable spark [6].
For a cascade ionization process, a few initial electrons in the
breakdown region are required, which could be created by a
process such as MPI of the gas species or the presence of dust
or the creation of electrons at the ambient gas temperature.
These electrons then gain energy by absorbing laser energy and
undergoing elastic collisions with neutral atoms. After accumulating an energy slightly higher than the ionization potential of
the gas, the electron may ionize an atom by inelastic collisions
producing two electrons of low energy; these are then available
for the process to be repeated [8].
Pioneering experiments on measuring optical breakdown
thresholds for air using a high-power optical ruby laser were
carried out by Meyerand and Haught in 1963 [2], [4]. More
recent experiments were conducted at infrared and visible
wavelengths of the high-power lasers available: 385 μm(D2 O),
10.6 μm(CO2 ), 3.8 μm(DF), 2.7 μm(HF), 1.06 μm(Nd:Yag),
and 0.69 μm(Rb) [3]. Emphasis in more recent years has been
on short-wavelength excimer lasers such as 0.25 μm(XeF) and
0.25 μm(KrF) [1]. However, to our knowledge, no research
has been carried out to date on the breakdown threshold and
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plasma formation measurements for air using an ultraviolet excimer laser radiation at 193 nm (ArF) that can have substantial
multiphoton processes contributing to the ionization.
The photon energies (εγ = 1.24/λ, where λ is the vacuum
wavelength in micrometers) of the infrared and visible laser
radiation experiments used until now (385−0.69 μm) [3] are
well below the ionization energy of air (15.6 eV), and thus,
it requires 10–300 photons to be absorbed within a quantum
lifetime of the excited state on the order of < 10−14 s, which
is highly improbable to occur [6], [8]. Therefore, in the earlier
air breakdown experiments [3] using infrared and visible lasers,
the ionization mechanism is primarily due to cascade ionization
with negligible or no MPI. However, in the ultraviolet regime,
particularly for our experimental case of ArF excimer ultraviolet laser radiation at 193 nm (6.4 eV), wavelength requires only
three photons to be absorbed within a short quantum excitation
lifetime [6] (within a time τ ≈ h/εγ = 6.5 × 10−16 s) in order
to ionize the air molecules. Therefore, MPI processes should
play a significant role in our air breakdown experiments along
with the competing cascade ionization processes. In general, the
cascade theory best describes the breakdown at high pressures
(> 100 torr) and long laser pulse lengths (> 10 ns) [8]. On
the other hand, the MPI theory alone should best describe the
breakdown at lower pressures, in the millitorr regime where the
electrons are more collision less, and for short pulse lengths
(< 1 ns) [6] where the cascade process cannot develop. Our
experiments are in the mixed region where both processes must
be considered.
In this paper, we report measurements and analysis of
air breakdown processes by focusing our 193-nm 180-mJ
10-MW high-power UV laser radiation onto a 30-μm-radius
spot size (r = f α/2, where f = 2 cm is the focal length
and α = 3 mrad is our laser beam divergence) that produces
laser power densities up to ≥ 1012 W/cm2 , well above the
CC threshold power flux for air ionization at this wavelength
that is 1010 W/cm2 [9]. The breakdown threshold is measured
and compared utilizing classical [10] and quantum theoretical
ionization models [5], [6].
In addition, our investigation of the breakdown threshold
field intensities for air using ArF 193-nm laser radiation is
extended to correlate the corresponding [10], [11] threshold
field requirements by using high-power microwave radiation by
means of “universal plot” [10], [11]. A universal scaling analysis of these results allows one to predict aspects of high-power
microwave air breakdown based on measured laser breakdown
observations. The high-power microwave breakdown threshold
has been investigated experimentally [12]–[14] and computationally [15], [16].
The characteristics of the laser-induced plasma are diagnosed
using optical diagnostics. The laser energy absorbed by the
plasma and the laser energy transmitted through the plasma
are measured using a calibrated laser energy detector, and
the results are described. We have also applied the plasma
shadowgraphy technique [17] using a fast-gating imaging technique for visualizing the laser-induced gas-dynamic processes
of the laser-induced plasma. Shadowgraphy measurements in
and near the focus can shed light on typical postbreakdown
effects. Using this technique, one can measure the velocity of
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plasma expansion and the laser-heated neutral density shock
wave immediately after the breakdown. The temperature behind
the expanding plasma and the shock wave is measured by determination of the expansion velocities, using Zeldovich’s [18]
tabulated flow quantities, primarily the temperature just behind
a shock-wave front in air with standard conditions ahead of the
wave (p0 = 1 atm and T0 = 293 ◦ K). This theory is based on
the Hugoniot curve’s [18, p. 209] neutral density ratio at the
front of the shock wave relative to that just behind the shock
front, specific heat with the effect of dissociation and ionization
included in processes behind the shock wave. The experimental
system and diagnostics are presented in Section II, experimental
results are discussed in Section III, and a summary is presented
in Section IV.
II. E XPERIMENT
A. Excimer-Laser-Induced Plasma System
The schematic diagram of the experimental setup is shown in
Fig. 1. In this experiment, a pulsed 193-nm excimer laser (Lumonics, Pulsemaster PM-842, Argon Fluoride, λ = 193 nm,
6.4 eV per photon) that runs with a gas mixture containing
5% F2 in Ar was operated shot by shot. The laser output
is a rectangular beam of 2.8 × 1.2-cm cross section with
homogeneous (±5%) beam intensity. The full-width at halfmaximum (FWHM) of the laser pulse is 20 ± 2 ns, with a 2-ns
rise/fall time and a maximum available laser output energy of
200 mJ. A typical working output of up to 180 ±5 mJ is used
in the experiment.
The rectangular cross section of the laser beam was reduced
to 1 cm × 1 cm using a set of 193-nm coated cylindrical
Suprasil planoconvex and cylindrical planoconcave (f = 10 cm
and d = 5 cm) UV fused silica lenses to more closely match the
1-cm-diameter objective focus input lens. In this experiment,
all UV optical components are specially coated, with 98%
transparency at 193 nm. The laser energy passing through
the cylindrical lenses is measured using laser energy meters
(Scientech, AC 50 UV Calorimeter and Astral, AD30 Laser
Energy Meter).
The laser beam enters the plasma chamber through a 193-nm
transmission coated 3-cm-diameter Suprasil UV quartz window. The laser beam was focused by using a high-power
handling (100-MW/cm2 ) objective lens mounted inside the
plasma chamber. The objective lens (OFR, LMU-10X-193) has
an effective focal length of 20 mm, with a 10-mm entrance
aperture and a 0.25 NA. Due to its short focal length, the
objective lens is mounted inside the plasma chamber using
an adjustable length holder, so that the laser-induced plasma
will be positioned on the cylindrical chamber axis. The space
between the entrance UV window and the objective lens is
maintained at the same pressure as that of the chamber pressure
in order to avoid differential pressures acting on the objective
lens. Great care was taken to position the objective lens together
with the plasma chamber precisely in the line of sight with the
UV laser beam for the air breakdown experiments.
Following the 1-cm × 1-cm reduced-size laser beam from the
planoconcave lens, the objective focus lens uses only the center
1-cm-diameter circular portion, and the excess portion around
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Fig. 1. Schematic of the experimental and diagnostic setup of 193-nm laser-induced plasma. A—Attenuator. BS—Beam Splitter. EM—Energy Meter.
Obj—Objective Lens. M—Mirror. F—Filter. ND—Neutral Density Filter.

the edges of the beam is eliminated. By eliminating the edges
of the laser beam, edge effects that could affect the focus of
the uniform laser beam are minimized. Utilizing this technique,
21% of the laser output beam’s energy is measured to be lost. In
addition, it is found that the laser beam experiences a 6% loss as
it passes through the coated UV optics, including the cylindrical
planoconvex/concave lenses, a Suprasil UV quartz window,
and the objective focal lens. These results are obtained using
a laser energy meter (Scientech, AC 50 UV Calorimeter and
Astral, AD30 Laser Energy Meter). The laser energy available
immediately after the objective lens corresponding to a 180 ±
5-mJ laser output was measured by the Scientech energy meter
to be 135 ± 5 mJ, corresponding to the measured incident
laser energy on the focal spot, in agreement with the analytical
estimate.
The plasma chamber was made from stainless steel and was
designed to hold pressures from 10 mtorr to 6 atm (4560 torr).
Optical view ports on both sides of the cell are made of 3-cmdiameter by 5-mm-thick sapphire windows to withstand pressures up to 6 atm. The view ports enabled observation of the
interior at right angles to the cell axis which is coincident with
the direction of the laser beam, as well as for diagnosing the
plasma. The chamber was evacuated with a dry scroll pump
(Varian, SH-110) down to 10 mtorr and flushed several times
before finally filling with dry air (< 10-ppm water) to the
desired pressure. The chamber pressure was measured precisely
by two pressure gauges, namely, a MicroPirani vacuum gauge
with a pressure controller–readout (MKS Instruments, 910-11
and PDR 900-11) to measure pressure ranges from 10 mtorr to
1500 torr and a high-pressure digital pressure gauge (GE, Druck
DPI 104) capable of measuring pressure ranges from 760 torr
to 10 atm. The gas flow through the chamber was regulated by
a needle valve in the gas line and another valve in the pumping
line. For one set of experiments on determining the effects of
removing microdust particles of diameters ≥ 0.1 μm on the
breakdown threshold of dry air, we have inserted a filter capsule
in the incoming gas line and cleaned residual dust on window

and lens surfaces by means of an aerosol jet. The filter houses
a dual-pleated polytetrafluoroethylene (PTFE) filtering element
with ≤ 0.1−μm pore size.
B. Theoretical Breakdown Threshold Estimation
The breakdown threshold based on the quantum MPI
processes is derived by Nelson [5], [19]. In MPI, a neutral atom
absorbs enough laser photons in a short time to raise it from the
ground state to the ionization level or above. If enough atoms
are ionized, it may produce a visible spark [8]. The interaction
threshold I0 is written in terms of flux density as
I0 = hv1 cN0

(1)

with N0 = 2(2π)3 × 137 × (1/λ)3 . Therefore, the breakdown
threshold can be defined as
IB(MPI) = SI0

(2)

where S is the MPI coefficient, which is the ratio of ionization
potential, Ui , of the gas (15.6 eV for air) [10], [11], [20] to
the photon energy, εγ , of the laser beam. With 6.4-eV photon
energy for the 193-nm laser radiation, it requires S = 3 photons
to be absorbed within the quantum excitation lifetime τ ≈
h/εγ = 6.5 × 10−16 s [6] in order to ionize the air molecules.
Thus, the intensity threshold value for 760-torr air at 193-nm
laser radiation is IB = 8.7 × 1011 W/cm2 . The corresponding
rms breakdown electric field is obtained from

(3)
EB(MPI) = 1.94 × 104 IB
and we obtain EB(MPI) = 18 × 106 V/cm, where IB is expressed in megawatts per square centimeter. Thus, our experiment can substantially examine the effects of MPI processes at
193 nm that are important for lower pressure air plasmas.
Kroll and Watson [6] have reviewed the theory of CC
ionization phenomena in air, based on the data obtained by
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MacDonald [10]. In the cascade ionization process, a few initial
free electrons are assumed to be present in the focal region,
and these electrons then gain energy by absorbing laser energy
upon elastic collisions with neutral atoms. After a cascade
that accumulates an energy slightly higher than the ionization
potential of the gas, the electron may ionize an atom by inelastic
collisions producing two electrons of low energy; these are then
subjected to the collisional process and are repeated. If enough
atoms are ionized within the laser pulse period, breakdown is
observed as a bright spark. Based on this theory, the threshold
power flux for breakdown is given by [6]
IB(CC) = 1.44 × 106 (p2 + 2.2 × 105 λ−2 ) W/cm2

(4)

where p is the pressure in atmospheric pressure units and λ is
the radiation wavelength in micrometers. Although this theory
is primarily based on observations at microwave frequencies,
and as well as pressures below atmospheric conditions, it has
also been scaled to longer 1.06-μm-wavelength Nd:YAG laser
frequencies and higher pressures [11]. The cascade ionization
theory predicts a breakdown flux intensity threshold value for
our 193-nm wavelength of IB(CC) = 8.5 × 1012 W/cm2 corresponding to EB(CC) = 56 × 106 V/cm, assuming that there are
no dust particles (r ∼ 1−2 μm) nor significant water vapor in
the air.

In a plasma, the refractive index is primarily a function
of the electron density, which is the main plasma parameter
determined by refractive-index measurements. Typical plasma
diagnostics based on refractive effects include interferometry,
Schlieren imaging, shadowgraphy, and Faraday rotation measurements [17]. While the first technique gives a direct measure
of the refractive index μ, the Schlieren and shadowgraphy
techniques probe the refractive-index gradient dμ/dx. In this
experiment, the shadowgraphy technique is applied for visualizing the laser-induced plasma and laser-heated gas dynamic
processes. In general, a shadowgraph is a measure of the
displacement of light rays as they pass through a medium. An
electromagnetic wave exerts a force on the charged constituents
of the medium through which it propagates. This force accelerates the charges which, in turn, modify the time-varying
electromagnetic field. A solution of an electromagnetic-wave
propagation in a plasma can be obtained by solving the wave
equation for a plane wave in the small amplitude approximation
[8]. The plasma refractive index then follows as
μ=

ωp2
1− 2
ω (1 ± ωe /ω) [1 − (ν/ω)]

negligible compared to ω, and therefore, (5) simplifies to


ωp2
ne
μelectrons = 1 − 2 = 1 −
ω
nc

(6)

where

C. Shadowgraphy Diagnostic



Fig. 2. Temporal evolution of total detector intensity from emission of laserinduced plasma in air.

1/2
(5)

where ω = 2πc/λ is the frequency of the electromagnetic
wave. In our case, λ = 532 nm, and there is no dc magnetic field (ωe = 0). The electron plasma frequency is ωp =
(ne e2 /ε0 me )1/2 , and v is the effective number of collisions per
second that an electron makes with neutrals.
In our case, where v/ω  1, the collision rate in atmospheric
(760 torr) air plasma is on the order of 1011 Hz [21] and

nc =

4π 2 c2 ε0 me
π
=
2
2
e λ
re λ2

(7)

is the cutoff density and re = e2 /(4πε0 me c2 ) = 2.818 ×
10−15 m is the classical electron radius. In our shadowgraphy
experiments, as shown in Fig. 1, a green laser at λ = 532 nm
is used as a light source due to its coherence, brightness, and
narrow bandwidth. The cutoff density for 532 nm is 3.9 ×
1021 cm−3 , which is well above the densities encountered in
our laser-focused plasma experiments.
III. E XPERIMENTAL M EASUREMENTS ,
R ESULTS , AND D ISCUSSION
A. Breakdown Threshold Measurements
Breakdown threshold is defined as the lower laser intensity at
which a visible spark is obtained [11]. In this paper, the definition of breakdown threshold used is that flux which produces
air breakdown for 50% of the laser pulses. The occurrence
of breakdown was determined by observing a visible spark at
a right angle to the laser beam direction using a high-speed
(< 2-ns rise time) visible photodetector (Thorlabs, DET10A/M)
while gradually increasing the intensity for each laser pulse.
Fig. 2 shows the temporal decay of the total light emission
intensity from the laser-induced plasma, in which the time zero
(t = 0) is taken as the beginning of the laser pulse.
The measurements were made in dry air (< 10-ppm water)
at room temperature. The primary measurement is the incoming laser energy with the corresponding intensity at the focal
spot and is then calculated. In this paper, the focal length f
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that EB decreases for pressures ranging from 40 torr to 5 atm,
which is expected in our regime where the laser frequency ω is
vc ).
much higher than the electron collision frequency vc (ω
It indicates that for such high-frequency wave fields, there
are many oscillations of the electric field per collision. It is
therefore convenient to make use of the concept of effective
electric field for energy transfer. The effective electric field
appears in the form [10], [11]

Eeﬀ = EB

Fig. 3. Measured breakdown threshold electric field EB and effective electric
field Eeﬀ plotted as a function of pressure p in torr.

of the objective lens used is 2.0 cm, and the width wb of
the unfocused laser beam used is 1.0 cm, with a laser beam
divergence α of 3.0 mrad. Following standard optical focal
theory, the minimum focal volume is assumed to be cylindrical [11] with a corresponding radius of r = f α/2 = 30 μm
and an axial length (depth of focus) of l = 0.414(α/wb )f 2 =
120 μm. The characteristic diffusion length is obtained by
[10], [11], [22]
2
 2  2 
π
2.40
1
=
+
Λ
l0
r0

(8)

which yields a value of Λ = 12 μm. This value for plasma
diffusion length is close to the 2r0 /6−(μm) value used in
previous longer wavelength (10.6-μm) air breakdown laser
experiments [23]. Another aspect when comparing the pulsed
193-nm laser breakdown data to the steady-state continuouswave (CW) microwave breakdown case is that, although the
laser energy is pulsed (20 ns), there are many oscillations
(> 3 × 107 cycles) in the electric field within a single pulse.
The threshold breakdown in air using a focused laser radiation
is independent of pulse length and can be treated as if in steady
state if the number of cycles contained within the pulse is more
than 106 [11].
The breakdown threshold laser intensity at the focal minimum is determined by
1
IB =
π



WB
r02 τp


(9)

where WB is the minimum laser pulse energy at which the
breakdown is observed, r0 is the focal spot radius, and τp is the
FWHM of the laser pulse. From IB , the breakdown threshold
√
electric field EB is determined using EB = 1.94 × 104 IB .
In our experiment, we have measured the breakdown threshold
for air at pressures ranging from 40 to 3800 torr (5 atm). In
Fig. 3, the solid squares show the measured breakdown electric
field in air for various pressures. The EB value for dry air at
760 torr was measured to be 38 × 106 V/cm, and it is observed

vc2
2
vc + ω 2

1/2
.

(10)

The effective electric field represents the effectiveness of the
electric field in coupling its energy to the electron with the field
multiplied by the factor (vc2 /(vc2 + ω 2 ))1/2 . For our experimen1, and thus
tal conditions, ω/vc
v
c
.
(11)
Eeﬀ ≈ EB
ω
The electron collision frequency is determined by vc = β ×
109 p, where p is in torr. The parameter β depends on the gas
used, with a value of 5.33 for air data [10], [11], [20]. The
effective electric field Eeﬀ is shown in Fig. 3 (circles) as a
function of pressures ranging from 40 torr to 5 atm, and it is
observed to increase within the pressure range, which means
that the effectiveness of energy coupling through electron collisions is higher above atmospheric pressures when compared
to partial vacuum conditions. It has been observed that, at
1.06-μm laser wavelengths, for gas pressures above 50 torr
and pulse lengths in the 10−9 −s range, gas breakdown is best
described by the cascade ionization processes [8]. However, at
193-nm laser wavelength laser radiation with the higher photon
energy (6.4 eV), we find that MPI processes play a significant
role even for pressures higher than 50 torr.
Using this concept of effective electric field, the comparison
of 1.06-μm laser-induced breakdown data for air with scaled
calculations based on the CC theory was done effectively when
compared with microwave data and shows good agreement
[11]. The laser-induced breakdown data are effectively compared with the microwave data using a universal plot that has
Eeﬀ Λ as the ordinate plotted as a function of pΛ. The 2-D
universal plot represents all four laser breakdown parameters
including pressure, frequency, diffusion length, and electric
field.
In Fig. 4, the experimental values of Eeﬀ Λ obtained from
our measured dry-air (without any gas filter) breakdown data
are compared with typical microwave CW data for air shown
in solid line curve. The dashed curve shows the classical cascade breakdown theory (4) extended to 193-nm laser radiation
wavelength. According to this theoretical result, the breakdown
threshold for air at 193-nm-wavelength radiation converges
with the microwave breakdown data at above atmospheric
pressures and deviates significantly for very low pressures.
However, for low pressures, the medium becomes less collisional, and the MPI process will dominate over the collisional
breakdown process, although the MPI process is a weak function of pressure (p−1/3 ) [22]. In Fig. 4, the triangles show the
measured breakdown data for air from 40 torr to 5 atm. In order
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Fig. 4. Universal plot of (triangles) experimental 193-nm laser breakdown
threshold fields in dry air (without gas filter) compared with (solid line)
microwave theory. (Dotted line) Microwave theory extended to λ = 193 nm.
(Squares) MPI-corrected breakdown threshold data. (Circles) Data in squares
scaled by a factor of 1.95.

Fig. 5. Universal plot of (triangles) experimental 193-nm laser breakdown
threshold fields in dry air (with 0.1-μm filter) compared with (solid line) microwave theory. (Dotted line) Microwave theory extended to λ = 193 nm. (Circles) MPI-corrected measured breakdown threshold (triangles) data. (Squares)
Data in circles scaled by a factor of 1.51 to yield square values.

to compare it with the collisional microwave breakdown, the
193-nm laser-induced breakdown data, where MPI processes
play a role at lower pressures, a correction for the MPI process
as a function of pressure is necessary. From the measured
breakdown data, the portion of MPI effects as a function of
pressure p−1/3 is eliminated by correcting with a multiplicative
factor EB × [(EB(CC) (p) + EB(MPI) (p))/EB(CC) (p)], where
the terms are given by (3) and (4) as a function of pressure, and
the results are shown by squares in Fig. 4. The corrected CC
data shift to a much higher value at lower pressures where the
MPI process is significant compared to that in higher pressures
where collisional processes dominate. This means that a higher
electric field is required in order to obtain breakdown at lower
pressures without the influence of MPI processes. The breakdown threshold values were then multiplied by a scaling factor
of 1.95 in order to scale with the microwave breakdown plot
to examine the overall trend of the data as pressure is varied.
The scaled data are shown by circles in Fig. 4. Similar scaling
values were used in 1.06-μm laser breakdown experiment,
where quantum multiphoton effects were negligible, in order
to compare the scaled results with microwave breakdown data.
For laser-induced breakdown in air at λ = 1.06 μ [11], the
measured data were scaled by a factor of 2.24 in order to fit
the microwave breakdown data.
Our 1.95 scaling factor can also be due to the fact that larger
spatial wavelength averages of the microwave breakdown data
are on the order of several centimeters, whereas the localized
laser focus diameter is 60 μm. Another possibility for the factor
is the presence of microscopic dust particles on the order of
several micrometers in size, which has been shown to reduce
breakdown for short-wavelength lasers but does not influence
the longer wavelength microwave breakdown [23]. In order
to investigate the effect of dust on the breakdown threshold,
consequently, on the scaling factor, we have carried out a set

of similar breakdown threshold measurements with a 0.1-μm
dual-pleated PTFE filter inserted in the incoming gas pipeline.
In laboratory air, the average size of dust particles is about
1–2-μm diameter [23], and therefore, filtering dust particles
of 0.1 μm or larger diameter will rid our system of them if
present. We also sprayed the windows and objective lenses with
a laser cleaning aerosol jet to eliminate dust formation from the
laser flux on the optical surfaces. The result of the breakdown
threshold measurements as a function of pressure range from
90 torr to 5 atm is shown in Fig. 5.
With the filter present, the minimum pressure at which the
breakdown was observed at 135-mJ UV laser flux is 90 torr,
whereas without the filter, the minimum breakdown pressure
is 40 torr. As expected, the breakdown threshold for dry air as
a function of pressure increases somewhat at lower pressures
with the 0.1-μm filter. After correcting for the MPI process
from the measured breakdown threshold values (triangles) that
are then given by circles, we then multiply the result by a
scaling factor of 1.51 in order to fit the measured data with the
microwave breakdown curve, as shown in solid squares. It is
evident that the presence of dust particles does play a role in
the breakdown threshold values at lower pressures, as observed
in our case. The scaling factor can also be attributed to the wide
differences in frequencies between the microwave and laser
frequencies (∼ 5 × 105 Hz). The resulting UV laser pressure
scaling agrees well with the average microwave curve. In our
experiment, the overall pressure variation of the scaled data
is in good agreement with the classical microwave breakdown
results. It should also be noted that the microwave cascade
curve is an average and subject to a range variation about the
plotted values. The important aspect is that the pressure scaling
of laser and microwave cases is similar over a wide range of
pressures, as well as at lower pressures where a correction of
the MPI process is required.
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Fig. 6. Shadowgrams of the 193-nm laser-focused plasma in air, with laser input radiation of 135-mJ energy. Each image has a spatial extent of 1.3 cm. The
gating time for each image is 10 ns.

B. Excimer Laser—Output, Incident, Transmitted, and
Absorbed Energy
As noted earlier, the 193-nm excimer laser has a maximum
output of 200 mJ and a 20 ± 2-ns FWHM with a 2-ns rise/fall
time. A stable working output energy of 180 ± 5 mJ is maintained throughout the experiment. While removing the edges of
the square laser beam, 21% of the laser energy is lost, and there
is a 6% loss of the laser output energy while passing through the
UV focusing optics. The losses are determined by placing the
individual UV optics in the laser beam path, and the transmitted
energy was measured using the Astral energy meter.
With the UV focusing optics in place, a laser energy of
135 ± 5 mJ was measured immediately after the objective lens
by placing the laser energy detector surface in contact with
the output edge of the objective lens where the laser intensity
is not sufficiently high to damage the detector. Therefore, a
laser energy of 135 ± 5 mJ was incident and focused onto the
30-μm-radius spot size. This transmitted energy level is used as
a reference level for all additional measurements.
A luminous plasma was observed for all 180-mJ laser pulses
at the focal spot, 20 mm from the edge of the objective lens. In
order to measure the transmitted energy through the plasma,
the 5-cm-diameter sensor energy meter was placed 20 mm
after the focal spot, where the transmitted laser energy can be
measured. Since the maximum plasma frequency divided by the
laser frequency near the focal spot is ωp /ω ∼ 0.01 at plasma
densities of ∼ 1018 /cm3 , we assume that very small fraction
of the incident laser flux is scattered at large angles by the
plasma, and the laser absorption is primarily due to CC and
MPI processes. An average transmitted energy of 80 ± 5 mJ
was measured, which is 60% of the incident energy. Therefore,
55 ± 5 mJ (40% of the incident energy) of the excimer laser
pulse energy was absorbed at 760 torr by the plasma at the
focal region. The energies absorbed by the plasma at different
pressures such as 500 torr, 3 atm, and 5 atm are measured to be
48, 64, and 76 mJ, respectively, which correspond to 35%, 47%,

and 56% of the incident energy, as expected with the increased
laser absorption efficiency with pressure.
C. Plasma Spatial and Temporal Evolution
In order to understand the dynamical process of the laserinduced plasma and the time-resolved spatial distribution of the
plasma and laser-heated neutral gas densities, we developed a
laser shadowgraphy diagnostic technique [17]. In the plasma
shadowgraphy technique, a synchronized CW probe laser beam
is sent through the test section where the plasma is located
and its image falls directly onto the ICCD with a 1 : 1 ratio on
the image plane. If the refractive index in the test section μ is
uniform, the screen will be essentially uniformly illuminated.
If, however, the gradient of μ varies in space, as one may expect
for high-density (1014 −1018 cm−3 ) plasmas, i.e., when there is
a significant second derivative of the refractive index, there will
be variations in the illumination at the imaging screen. Regions
where the second derivative of the refractive index is negative
will act like a converging lens.
A comprehensive series of 15 shadowgrams is shown in
Fig. 6, in which each image has a spatial extent of 1.3 cm ×
1.3 cm. These shadowgrams show the spatial and temporal
evolution of the laser-induced plasma obtained to measure
the plasma volume, shock-wave velocities, and hot core air
pressure. The observation was carried out in the horizontal
direction, perpendicular to the axis of UV laser beam that is
incident from the left. In Fig. 6, the laser beam propagates
in the breakdown section toward the right along the z-axis.
Positive z is measured from the focal spot toward the laser
direction. Shadowgrams were obtained in the time span of a
few nanoseconds to milliseconds. Time zero was defined as the
leading edge of the laser pulse. Based on the shadowgraphy
images, we observe that the plasma produced for separate laser
shots is highly reproducible with very less variations due to the
slight laser pulse energy fluctuations. A high bremsstrahlung
emission was observed by means of a fast photodiode right
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Fig. 7. Temporal evolution of the spatial characteristics (length, maximum
width, and volume) of the laser-focused plasma for 135-mJ laser energy.

Fig. 8. Expansion of (circles) the shock and (squares) velocity of the shock
front traveling against the incoming laser beam of 135 mJ.

after breakdown (t < 25 ns). For good shadowgram definition
at t = 10 ns, the bremsstrahlung emission captured at a slightly
earlier time (t = 7 ns) is subtracted. To achieve high-contrast
images for 50 ns < t < 100 μs, we have integrated 20 shots
of the plasma produced during the expansion stage. For t >
100 μs, single-shot images were recorded when the plasma
became turbulent.
At very early times (t ≤ 100 ns), the expansion of the heated
region occurs, as a result of which the plasma takes on an
asymmetrical shape along the z-axis with a clearly expressed
sharper tip in the positive z-direction toward the incident laser.
Here, time zero (t = 0) is considered to be the beginning of the
laser pulse. After a certain time delay, the plasma reaches an
electron density threshold such that the medium substantially
absorbs the high laser flux powers of > 1 TW/cm2 , and thus, it
expands out of the focal volume through a shock-wave mechanism [3]. At times up to 600 ns, the expanding plasma maintains
a spherical shape with a slight oblateness in the z-direction.
At ∼ 1 μs, the neutral density shock wave separates from the
hot core plasma due to gas heating with a more symmetrical
spherical shape and continues to expand as clearly observed
in the shadowgrams. Several wave propagation processes have
been proposed to explain the plasma expansion phenomenon
[3], [7]. It should be noted that each image is normalized by its
maximum intensity value to preserve the detail, as the plasma
and neutral density decay over time. The expanding shock
wave is observed for times up to 60 μs. Later, the shock wave
leaves the 1.3-cm × 1.3-cm field of view, followed by a sharp
deformation of the irradiated region. It shows that the neutral
density shock wave plays an important role for the stability
of the hot core plasma expansion by enclosing it as a pressure
barrier. The colder air around the focal point region penetrates
the hot core air in the focal region, primarily in the z-direction.
It causes the hot core air to expand and cool. The expansion
causes the deformation of the hot core air into a structure of a
vortex-type [17], [24] ring up to 2 ms; thereafter, the images
available lose clarity. Fig. 7 shows that the size of the laserinduced plasma experiences rapid growth for the first 1 μs, after
which, due to density decay processes and the penetration of

the cool air around the focal region into the hot core air, there
is a reduction in plasma volume at around 20 μs. As observed
in the shadowgrams, due to the irradiation and expansion gas
dynamics discussed earlier, the hot core air deforms into a
vortex torus shape and expands vertically, perpendicular to
the z-direction (length), at a higher rate than along the z-axis
(width), as shown in Fig. 7.
D. Electron Temperature Measurements
The shadowgraph images were used to measure the position
and expansion velocity of the plasma and gas shock front. The
position of the shock wave is measured from the focal point
of the focusing lens group. Fig. 8 shows the radial position of
the shock front, as well as the velocity of the plasma and gas
shock as a function of time traveling toward the focusing optics,
with an absorbed laser energy of 55 mJ at 760 torr. Based on
the measurements and a numerical derivative of the measured
position, the curve yields average velocities of 47 km/s, close
to the values observed in longer wavelength laser plasma experiments [17]. Zeldovich and Raizer [18] have tabulated the
flow quantities, primarily the temperature just behind a shockwave front in air with standard conditions ahead of the wave
(p0 = 1 atm and T0 = 293 K). Fig. 9 shows the temperature
decay based on the measured velocities of the plasma and gas
shock. We calculate the electron temperature behind the shock
front approaching the value of 25 eV at t = 10 ns, and the
temperature decays rapidly to 0.1 eV at 2 μs and continues to
drop to 0.03 eV at 30 μs. These temperatures are comparable
with those observed in longer wavelength (1.06-μm) laser focus
air plasma experiments [17], [24].
IV. S UMMARY
The measurements of laser-induced breakdown threshold
intensities for air using 193 nm and 180 mJ with a 20-ns
pulsewidth excimer laser radiation for pressures ranging from
40 torr to 5 atm, where multi-photon and CC processes are
significant, have been carried out. The measured breakdown
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47 km/s was measured from the expanding plasma and the
laser-heated neutral shock wave. Based on the measured velocities of the plasma and gas shock, we calculate the electron temperature behind the shock front approaching values of
25 eV at t = 10 ns, and the temperature decays rapidly to
0.1 eV at 2 μs and continues to drop to 0.03 eV at 30 μs.
This paper extends focused-laser dry-air breakdown experiments well into the UV regime where MPI effects substantially
contribute to breakdown and plasma formation.
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