
COL 10(Suppl.), S21414(2012) CHINESE OPTICS LETTERS December 30, 2012

Theoretical investigation of ignition with lasers
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A fundamental theoretical investigation of laser ignition is reported. Ignition is happened in an explosion
bomb which equipped with visualization windows and all aspects of the phenomenon such as plasmas,
shock waves, ignition kernels, and propagating flames are observed by high-speed schlieren photography.
The study covers different phases of laser ignition with theoretical interpretations in chronological order,
consisting of electrical breakdown and energy transfer from laser to plasma, shock-wave generation and
propagation, gasdynamic effects and generation of the third lobe, chemical induction and ignition and
turbulent flame initiation.
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Laser ignition has become an active research topic in re-
cent years. Compared with conventional spark ignition,
laser ignition displays a number of advantages. It is ac-
complished without electrodes. The rate of energy, which
transfered from the beam, can be extremely high and
localized, laser wavelengths can be tuned to particular
molecular energy levels, and the location for breakdown
can be selected. Furthermore, the subsequent speed of
flame propagation can be enhanced after laser ignition.

Laser ignition of reactive mixtures can be divided into
four categories[1] as follows.

a) Laser thermal ignition
Thermal ignition uses a laser beam to increase the ki-

netic energy of the target molecules in either transla-
tional, rotational, or vibrational form. As a result, the
molecular bonds are broken and chemical reactions oc-
cur. The ignition delay time is typically long.

b) Laser-induced photochemical ignition
In this ignition mechanism, laser photons dissociate the

target molecules into highly reactive radical species. If
the production rates of these radicals are greater than
their recombination rates, they will initiate the usual
chemical chain-branching reactions leading to ignition
and full-scale combustion.

c) Laser-induced resonant breakdown
From the physical standpoint, this process involves the

non-resonant multiphoton photodissociation of some of
the molecules in the gas mixture, and the resonant pho-
toionization of one or more atoms generated by the pho-
todissociation process. The sequence of these two pro-
cesses leads to the formation of seed electrons, which
can then readily absorb more energy by the inverse
bremsstrahlung effect leading to the formation of plas-
mas leading to ignition.

d) The laser-induced spark ignition
Laser-induced ignition depends upon electrical break-

down. Initially, multi-photon ionization of few gas
molecules which releases electrons that readily absorb
more photons via the inverse bremsstrahlung process to
increase their kinetic energy. Electrons liberated by this
means collide with other molecules and ionize them, lead-
ing to an electron avalanche, and breakdown the gas.
Then with high temperature and pressure the highly re-

active chemical intermediates produce spark. If the spark
is intense enough, then the resultant ignition kernel is
sufficiently strong to permit transition into full scale
combustion.

In this letter, we state the laser-induced spark igni-
tion and discuss the different phases of laser ignition in
chronological order including electrical breakdown and
energy transfer from laser to plasma, shock-wave genera-
tion and propagation, gasdynamic effects and generation
of the third lobe, chemical induction and ignition and
turbulent flame initiation found by Bradley et al.[2].

It is certain that laser-induced ignition depends upon
electrical breakdown which is similar to that of an elec-
tric spark discharge. However, laser-induced sparks are
smaller, larger temperature, and density gradients, and
more transient in nature[1]. Initially, in laser-induced ig-
nition a gas molecule or atom simultaneously absorbs a
number of photons. The gas molecule is ionized when
the absorbed energy is higher than its ionization poten-
tia. Multiphoton ionization generates electrons that are
accelerated to energies high enough to create further ion-
ization. The next process of electron requires the ex-
istence of initial electrons when the laser irradiance is
high enough. The generation of the initial electrons is
also influenced by the presence of impurities, such as
aerosol particles or low ionization-potential organic va-
pors. The electrons then absorb more photons via the
inverse bremsstrahlung process. If the electrons gain
sufficient energy, they ionize other gas molecules on im-
pact, leading to an electron cascade and breakdown of
the gas.

The probability and threshold energy of breakdown
have been studied by many authors. The electrical break-
down is enhanced at high pressure by the increased col-
lision frequencies. This explains the associated decrease
in breakdown energy in Fig. 1[2]. They think the greater
sensitivity of the probability of breakdown to pressure
at low pressure might be due to shot-to-shot variation
in the output laser beam, associated with changes in the
modal structure of the laser. They also found variation
of breakdown threshold energy with pressure in different
mixtures shown in Fig. 2. No significant differences were
observed in the breakdown threshold between lean and
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Fig. 1. Variation of probability of breakdown in air with laser
energy prior to focal point at different pressures. Temperature
of 300 K and quiescent mixture.

Fig. 2. Variation of breakdown threshold energy with pressure
in clean air, lean, and rich isooctane-air mixtures. Quiescent
mixture.

rich mixtures and the small difference is as likely to be
due to shot-to-shot variations in laser energy as to equiv-
alence ratio.

As with spark ignition, there is an initial rapid creation
of a volume of high temperature plasma[3]. Behind this
wave the hot plasma firsty contracts, as a consequence
of the high rate of radiative energy loss. This decreases
and eventually the kernel spreads radially by conduction.
As the ionizing electron avalanche rapidly develops, the
natural frequency of the plasma increases. If it becomes
equal to that of the laser, the laser beam is unable to
penetrate the plasma. This plasma frequency is given
by[4]

ωp =

(

nee
2

πme

)1/2

. (1)

It follows that, for energy transfer, the plasma fre-
quency must be less than the laser frequency:

ωp < c/λ, (2)

where ne is the number densities of the electron, c is the
speed of light (2.998×1010 cm·s−1), and λ is the laser
wavelength (cm). In their experiment, the maximum
plasma heating may occur at an electron number den-
sity of about ne = nc/10, where nc is the critical electron
number density, but several workers have taken this lim-
iting value of ne = nc/4[5]. Another aspect of the gen-
eration of an energetic plasma is that the small volume

of plasma absorbing the laser energy propagates up the
laser beam as a wave, away from the original focus[6,7].

After breakdown, the spark expands asymmetrically
which has been explained by three different view points
including the breakdown wave theory, the radiation the-
ory, and the detonation wave theory[1]. In the breakdown
wave theory, it is assumed that a plasma kernel is created
along the axis of the laser beam after breakdown. The
kernel front facing the laser beam absorbs most of the
laser energy that results in the strong ionization in the
front of the kernel. The region of ionization expands away
from the focus towards the lens. This mechanism deter-
mines the expansion of a spark kernel based on the rate
at which the electron cascade is developed. From the ra-
diative propagated wave theory, when a plasma kernel is
formed by a laser beam it is heated to about 105–106K.
It emits radiation and most of the radiation energy is
in the far ultraviolet and has an absorption length of
several millimeters. Thus, the hot plasma is transpar-
ent for thermal radiation and the radiation comes from
the whole volume. To the surrounding cold gas layer,
the absorption length is only a fraction of a millimeter,
and although it is transparent to the laser beam, it ab-
sorbs the radiation from the hot plasma and is heated
and ionized and becomes strongly absorbing to the laser
light. The layer then is further heated to very high tem-
perature and becomes a new layer of plasma in front of
the initially formed plasma. As a result, the boundary
of the plasma moves towards the laser. According to
the detonation theory, cold layer is created by the shock
wave after breakdown. When the spark forms it is heated
rapidly to very high temperature, pressure, and expands.
It generates a shock wave moving supersonically into the
cold gas in all direction when this process is fast enough.
The shock wave heats and ionizes the gas in its path.
In the direction towards the lens, the newly ionized gas
absorbs the laser beam and enhances the propagation of
the shock.

However, the energy is no longer being supplied to the
plasma when the laser pulse is ended. Under this cir-
cumstance the above mechanisms would be invalid. The
plasma still expands until it gets equilibrium with the
surrounding cold gas. In this case the approximate the-
ory of spherical blast wave given by Taylor[8] can be
used to predict the wave location, velocity, tempera-
ture, and pressure. The classical blast wave theory of
Taylor[9] assumes an instantaneous transfer of energy into
an infinitesimally small volume. A spherical shock wave
is created and propagates outwards. The wave forces
most of the gas within the shock front into a thin shell
just inside that front. The shock pressure, velocity and
temperature decrease with the front expands. The the-
ory of Ref. [9] expresses the relationships between the
shock wave radius rs and the time t from the start of in-
stantaneous energy deposition of the shock wave energy,
E, as

rs = s(γ)t2/5(E/ρ0)
1/5, (3)

vs =
drs

dt
= s(γ)

2

5
t−3/5(E/ρ0)

1/5, (4)

where s(γ) is a constant of order unity that is a function
of γ, the ratio of specific heats, while ρ0 is the density
ahead of the shock wave.
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The development of a propagating flame may take sev-
eral hundred µs and during this time the hot kernel also
spreads further under thermal conduction. In the case of
an electric spark, Bradley et al.[10] found the details of
spreading by both shock-wave convection and conduction
which are shown by the computations. In practice, it is
possible to optimize the power–time profile for ignition.
Taylor[11] suggested that good spreading of the kernel,
first by the shock-wave, and then by conduction, can be
obtained with a total spark duration of about 200 µs,
combined with a higher power input during the first few
microseconds.

As the spark front expands toward the laser, two con-
trarotating toroidal rings are generated in the vicinity
of the laser beam axis leading to the development of
the third lobe in a later time[1]. Bradley et al.[2] found
that the shock-wave originates closer to the leading than
to the trailing edge of the plasma ellipsoid is explained
by the greater rate of energy absorption from the beam
at the leading edge and its spatial exponential decay
within the ellipsoid. Similarly, the center of the spher-
ical rarefaction wave is always upstream of that of the
hot kernel. The rarefaction wave produces a pressure
gradient directed towards the center[10]. As in a Taylor
instability[11], gas of lower density is accelerated more
by this pressure gradient than is gas of higher density.
As the rarefaction wave propagates outward the hot gas
at the right is more persistently accelerated inwards, to
generate two contra-rotating toroidal rings there. The
aerodynamics of these changes is complex. Many authors
have studied how the toroidal motion is generated by the
computer and reviews of past work are available. Kono et

al.[12] deemed that the inward flow was due to the “over
expansion” of the shock-wave. The full line contours
are computed isotherms that define the location of the
hot gas forced into this location by the rarefaction wave.
Most of the toroidal motion and the stagnation lines lie
outside the region of the hot gas. Kravchik et al.[13,14]

also provided similar computational demonstrations of
how rarefaction waves generate toroids. Thiele et al.[15]

provided that the geometry of the electrodes played an
important part in determining that of the toroidal rings.
In the near future, the numerical simulations have shown
how the asymmetric deposition of laser energy and the
pressure field generate a vortex and form the front lobe
by Morsy et al.[16].

Figure 3(a) shows the elative position of shock and rar-
efaction waves and initiating plasma kernel and Fig. 3(b)
shows kernel just after action of rarefaction wave. Ac-
cording to Fig. 3, the two toroidal rings are not symmet-
rical. The left is composed of lower density, high-velocity
gas that dissipates its energy more rapidly and that the
ellipsoidal geometry the duration of vorticity generation
is shorter for the toroid at the left. It will decay more
rapidly than that at the right. Later, the center line
velocity toward the laser, generated by this toroidal ring,
gives rise to a third lobe. However, the generation of
the third lobe has not been fully explained. Spiglanin
et al.[17] suggested that it might be due to the initial flow
field created by the propagation of a radiation transport
wave up the laser beam, arising from the high rate of
energy transfer at the leading edge of the plasma and
attributes the third lobe to gas velocities induced in the

Fig. 3. (a) Relative position of shock and rarefaction waves
and initiating plasma kernel, time is 15 µs; Closeness of shad-
ing on (a) is indicative of possible temperature distribution;
(b) Kernels just after action of rarefaction wave.

“over-expanded” region.
Bradley et al.[2] found that in the early stages of kernel

development the chain reactions necessary to sustain the
expansion have not developed and the stretch rate of the
reaction front is very high, since the kernel radius is very
small. During this critical induction period, the propa-
gation speed of the kernel decreases with the Karlovitz
stretch factor. They also provide that at the lowest en-
ergy of 5.287 mJ there is insufficient chain branching
during the induction period for a flame to develop and
the kernel is quenched and then the energy increases to
5.419 mJ, which is sufficient for the induction reactions
to initiate a propagating flame. Any further increase in
energy increases the reaction rate toward the end of the
induction period.

According to the blast wave model, it heats the sur-
rounding gas when the blast wave expands. The require-
ment of ignition is that the wave can heat and maintain
the gas temperature that exceeds the threshold ignition
temperature, Tig, for a period longer than the induction
time. Compared with the traditional electric spark ig-
nition, this ignition mechanism is somewhat different[1].
The magnitude of the spark energy is small and the blast
wave decays rapidly and the heated gas temperature can-
not be sustained at its critical temperature longer than
its chemical induction time. The ignition is purely and
a thermal process and the subsequent combustion mech-
anisms are diffusion controlled, depending on the trans-
port properties of the mixture as in normal flame propa-
gation. The disturbance of the flow field by the decaying
blast is so negligibly small that the flame kernel expands
in an almost quiescent gas. In contrast with spark ig-
nition, the laser-induced blast wave ignition is more dy-
namic. The blast expands after ignition with a coupled
shock-chemical reaction front. In this case, the prop-
agation of the blast front controls the combustion and
simultaneously the blast front depends on the energy re-
leased by the chemical reactions. The flame detaches the
blast front and continues to propagate outward as the
blast decays. Shock-induced turbulence, after-shock re-
compression, the generation of the third lob during the
spark expansion phase involves the rapid generation of
an increased surface area at the plasma boundary and
the associated high rate of stretch that can extinguish or
prevent its the development of a propagating flame.
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Akindele et al.[18] maintained that the initial stages of
the development of the hot gas kernel in turbulent mix-
tures are similar to those in laminar mixtures for at least
100 µs after the onset of the spark. Abdel-Gayed et al.[19]

described turbulent flame initiation. Initially, the small-
est turbulent eddies are larger than the small plasma ker-
nel. The kernel is not exposed to the full spectrum of tur-
bulence and the main effect of turbulence is to convect
the flame kernel bodily, without wrinkling its surface.
The higher frequencies of turbulence increasingly wrin-
kle its surface and hence its rate of propagation into the
unburned gas as the kernel grows.

Initially, the laminar Karlovitz number, Kl, is domi-
nant; later the turbulent Karlovitz number, K, is domi-
nant. The latter is based on the mean strain rate, u′/λ,
where u′ is the rms turbulent velocity, δl is Laminar flame
thickness, ul is unstretched laminar burning velocity and
λ is the Taylor microscale:

K =
u′

λ

δl

ul
. (5)

One relationship of λ to the integral length scale, L,
for isotropic turbulence gives[20]

K = 0.157(u′/ul)
2R−0.5

L , (6)

where RL is the turbulent Reynolds number based on L.
Sufficiently high values of KL and of K can quench a
flame[21].

In conclusion, although there are lots of similarities
between laser-induced ignition and conventional igni-
tion systems, laser-induced ignition has many potential
benefits over the latter including the control over ignition
location, ignition timing, ignition energy and its deposi-
tion rate can be easily carried out. Laser ignition offers
the opportunity for sudden release of specific radicals
and the onset of specific reactions which, in turn, may
provide better means for controlling pollutant formation,
ignition and flame stabilization especially for supper-lean
combustion applications. And above all, laser ignition
is capable of providing center ignition and/or multi-
ple ignition sites that can be programmed to ignite a
combustible mixture either sequentially or simultane-
ously thereby facilitating leaner operations[1]. Of course,
various phenomena of laser-induced ignition have not
been fully explained such as the generation of the third
lobe and plenty of technical difficulties have not been
overcame. But the potential and advantages make the
laser-induced ignition more attractive in many practical
applications and further studies leading to the develop-

ment of laser-induced ignition systems are necessary.
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