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Executive Summary 

This research project has explored the physics of pre-ionization controlled laser induced plasmas 
in air. The pre-ionization plasma approach is based on the synergistic effect of combining 
multiple laser pulses where the first pulse provides pre-ionization (not full breakdown) thereby 
promoting controlled absorption and plasma formation in the presence of the second pulse. We 
have generally used ultraviolet (UV) pulses for preionization, owing to stronger multiphoton 
ionization (MPI), and near-infrared (NIR) pulses for energy addition. The expanded window of 
conditions (size, temperature, active species etc.) achievable with the pre-ionization plasmas 
makes them potentially attractive for multiple Air Force applications including providing new 
sources for ignition of propulsion devices, for atmospheric waveguides, and for novel 
diagnostics. We have followed a combined experimental and modeling approach to investigate 
the basic laser-induced plasma formation mechanisms, including detailed characterization of 
plasma properties and species, as well as studies of ignition and combustion of air-fuel mixtures 
with the pre-ionization laser plasmas. Experimental measurements have included Rayleigh and 
Thomson scattering to determine gas temperature and electron density, optical emission 
spectroscopy and chemiluminescence, Schlieren imaging, as well as combustion studies in a 
fixed volume chamber (heat release from pressure rise). These measurements have been used to 
support the development and validation of a two-dimensional axisymmetric numeric model of 
the laser plasma system including a novel optical-solver (for beam-steering) based on the plasma 
chemistry. Some main results from the research include findings related to: the reduction in 
breakdown threshold due to pre-ionization, the origin of vorticity and lobe generation due to 
plasma-induced gas dynamics and their impact on ignition, the possibility of efficient pre-
ionization via resonance-enhanced MPI (REMPI) of oxygen, the potential to ignite leaner 
mixtures (in stationary, atmospheric-pressure air), and a database of ignition characteristics of 
fuel-air mixtures including hydrogen-air. Emerging directions from the research include the 
needs to further examine plasma-induced optical beam steering effects, possible non-equilibrium 
effects, and formation and properties of pre-ionization laser plasmas in moving gases and multi-
phase flows.   
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Dual-pulse laser ignition model
Rajib Mahamud,1,a) Albina A. Tropina,1 Mikhail N. Shneider,2 and Richard B. Miles1
1Aerospace Engineering Texas A&M University, College Station, Texas 77843, USA
2Mechanical and Aerospace Engineering, Princeton University, Princeton, New Jersey 08544, USA

(Received 7 June 2018; accepted 12 September 2018; published online 4 October 2018)

A two-dimensional mathematical model of dual-pulse laser ignition that self-consistently integrates
Navier-Stokes, translational and vibrational energy, and neutral and charged species equations has
been presented. The results showed that the ignition kernel dynamics depends on the shape and initial
energy distribution in the energy spot created by the first ultraviolet laser pulse. The results also suggest
that the ignition delay time and the flame kernel development depend on the laser intensity, vibrational-
nonequilibrium, and initial electron number density. For the high initial degree of ionization, we have
obtained ignition of the lean methane–air mixture with the equivalence ratio of 0.6. Vibrational-
nonequilibrium taken into account by the Landau-Teller model leads to the slower ignition kernel
growth and the significant increase in the ignition delay time. For the case modeled, a change in the
overlap of the second laser with the focal point of the first laser pulse leads to the early split up of the
kernel and the flame extinguishment. Published by AIP Publishing. https://doi.org/10.1063/1.5043295

I. INTRODUCTION

Laser ignition presents many potential benefits over the
conventional spark ignition system such as the decrease in the
lean limit, absence of electrodes, and ability to locate the igni-
tion kernel in any point inside the combustion chamber.1–4

The main physical mechanisms of laser ignition were dis-
cussed by Ronney.1 A recent comprehensive review of laser
ignition systems in aerospace applications was performed by
O’Briant et al.3 The authors showed that an appropriate choice
of the laser wavelength and repetition rate can result in a higher
temperature, greater probability of the free radical formation,
and subsequently greater ignition probability, especially for
leaner mixtures. A review by Tropina et al.4 summarized
the main ignition concepts at high pressure conditions rele-
vant to internal combustion engines. Dual pulse laser ignition
can significantly enhance the capabilities of single pulse laser
ignition. We present here a comprehensive 2D model that
self-consistently integrates Navier-Stokes, energy, and species
equations to understand the role of chemistry versus hydro-
dynamics for dual-pulse laser ignition and flame propagation
enhancement.

According to Ronney,1 the physical mechanisms of laser
ignition include thermal ionization, photochemical dissocia-
tion of fuel molecules, non-resonant and resonant breakdown
by multi-photon, and avalanche ionization. In the case of the
thermal initiation, a laser discharge is used to heat a mixture
or to excite vibrational and rotational degrees of freedom of
molecules leading to subsequent heating. In the case of the
non-resonant or resonant breakdown ignition, the focused laser
beam causes the electrical breakdown of the gas similar to a
thermal spark but with different breakdown mechanisms such
as a multiphoton, tunnel, and avalanche ionization. Multipho-
ton and tunnel ionization were first described by Keldysh,5

a)Author to whom correspondence should be addressed: mahamud@tamu.edu

who identified two limiting regimes, depending on the value

of the Keldysh parameter γ = ωL
√

2mIi
eEL

, where ωL is the
oscillation frequency of the electric field, I i is the ionization
potential, e is the electric charge, EL is the electric field ampli-
tude, and m is the mass of the electron. At γ � 1, when
the field oscillation frequency is much less than the elec-
tron period of motion, breakdown is in the tunneling limit.
At γ � 1, when the field oscillation frequency is much higher
than the electron period, breakdown is in the multiphoton ion-
ization limit. Laser driven avalanche ionization depends on the
electron-neutral collision frequency. The laser passes into the
plasma, and the free electrons oscillate in the electric field of
the laser. If there are no collisions, no energy is transferred,
but with collisions, the oscillation phase of the electrons and
the directions of their motion are changed, and if the laser
intensity is high, the electrons can gain enough energy from
the laser to ionize the neutral species. The avalanche ioniza-
tion process leads to significant local heating and can ignite
combustible gas mixtures. Laser breakdown mechanisms in
different media are extensively studied in optics related to
the development of high-sensitivity laser-induced breakdown
spectroscopy (LIBS),6 showing that high pressure conditions
and presence of small particles reduce the laser breakdown
threshold.7

The fluid dynamics phenomenon associated with the laser
induced breakdown has been numerically investigated by
Steiner et al.,8 Jiang et al.,9 and Ghosh and Mahesh.10 It
was shown that the strong pressure gradient after the laser
breakdown produces a strong blast wave and the core of the
plasma rolls up in time and forms a toroidal vortex region.
The multiscale-multiphysics process comprises particle-wave
interaction, chemical reaction, and fluid dynamics effect with
time scales ranging from nanoseconds (plasma formation and
decay) to microseconds (fluid dynamics).10

A main disadvantage of laser ignition is connected with
the fact that a blast wave is likely to follow the optical

1070-6631/2018/30(10)/106104/11/$30.00 30, 106104-1 Published by AIP Publishing.
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breakdown and a significant amount of energy (around 90%)
is consumed by the propagation wave.11,12 It was also demon-
strated that ignition near the lean limit is more difficult due
to the high rate of the flame stretch, a phenomenon that is
aggravated at low pressures.13 Dual-pulse laser ignition has
been recently proposed as an efficient alternative to single laser
pulse ignition.10 Decoupling of the initial ionization (without
breakdown) from the subsequent energy deposition and heat-
ing using a dual-pulse laser technique allows tailoring the laser
plasma parameters such as electron temperature, electron num-
ber density, and a size of the initial ignition kernel. For laser
pulses with durations shorter than the avalanche buildup time,
such as femtosecond and picosecond laser driven ionization,
multiphoton ionization and tunnel ionization are the dominant
mechanisms, which help generate well-controlled patterns of
ionization. These patterns may be used to localize other energy
addition processes for distributed ignition by the second laser
pulse or by coupling of microwave energy.14

As the strength and the speed of the shock wave depend on
the consumed energy, two successive laser pulses with a time
interval between them reduce the energy loss by the propagat-
ing shock wave compared with a single pulse with the same
total incident energy. Although a number of studies have been
performed for single laser pulse ignition, the research stud-
ies of dual-pulse laser breakdown and ignition are relatively
new. Matsuda et al.15 performed experimental studies of dual-
pulse laser induced breakdown in quiescent air and indicated
that properties of plasmas induced by two successive laser
pulses were independent of one another at the repetition fre-
quency of less than 200 Hz. Based on the measurements of
the laser energy absorption and flow field, Wermer et al.16 rec-
ommended a pulse interval in the range of 250 ns–15 µs for
efficient ignition. They have observed the lower energy losses
on the shock wave propagation compared with the case of sin-
gle pulse ignition. Bak et al.17 studied dual-pulse laser induced
breakdown in low-speed premixed ethane-air mixtures, and
they found that the pulse interval for achieving the laser
breakdown was longer than that for the quiescent air. Nakaya
et al.18 experimentally studied the flame kernel behavior for
the case of dual-pulse laser–spark ignition in the lean methane-
air mixture, using a combination of two laser breakdowns. It
was shown that for the same discharge energy, dual-pulse laser
spark ignition generates a stronger flame kernel compared with
the single laser spark.

Dumitrache et al.19 proposed an alternative approach for
dual-pulse laser ignition using a combination of the ultraviolet
and infrared laser pulses. A first ultraviolet pulse of 266 nm
creates a preliminary ionization region through avalanche and
multiphoton ionization, and the second near-infrared (NIR)
laser pulse of 1024 nm heats the mixture. Their results indi-
cate that such a technique leads to the reduction in the lean
limit and to the increase in combustion efficiency. Moreover,
the energy required for successful ignition was found to be
lower (E = 60 mJ) compared to single laser pulse ignition
(E = 75 mJ).16 Tropina et al.20 studied chemical pathways for
dual-pulse laser ignition in the frame of the three-temperature
plasma model and 1D approach, taking into account plasma
and combustion chemistry. The critical initial concentration of
electrons required for successful ignition by dual-pulse laser

and the role of photodissociation of fuel molecules as a way
to influence the ignition probability have been emphasized.
Dumitrache and Yalin21 investigated the role of hydrodynam-
ics induced by a dual-pulse laser plasma in nitrogen and have
shown that the kernel dynamics and the lobe formation depend
on overlapping of focal points.

II. NUMERICAL MODEL
A. Formulation of the problem

We consider dual-pulse laser ignition in a quiescent
methane-air mixture. Dynamics of the first ultra-violet pulse
was not modelled but was taken into account by select-
ing appropriate initial conditions, as in Ref. 20, which were
based on the experimental data of dual-laser pulse ignition by
10 ns 266 nm and 1064 nm pulses.19 A significant fraction
of the laser energy at those conditions is transferred into the
vibrational degrees of freedom.22 Because of the very fast
vibrational-translational (VT) relaxation of oxygen, the vibra-
tional energy is mainly stored in nitrogen molecules. At the
same time, the energy transfer rate between electrons and
vibrationally excited molecules is very high (around several
ns20). Therefore, we assumed that the electron temperature was
constant and its spatio-temporal evolution was not included in
the model.

The mathematical model of dual-pulse laser ignition can
be written as follows:

∂ρ

∂t
+ ∇ · (ρv̄) = 0, (1)

∂(ρv̄)
∂t

+ ∇ · (ρv̄v̄) = −∇p + ∇ · _τ , (2)

∂(ρh)
∂t

+
∂

∂xi
(ρv̄h) +

∂(ρK)
∂t

+
∂

∂xi
(ρv̄K)

=
dp
dt

+ ∇ · (τ · v̄) + Q̇ + βQ̇j + Q̇VT , (3)

∂(ρYk)
∂t

+ ∇ ·
[
ρ(v̄ + v′k)Yk

]
= ω̇k , (4)

∂nj

∂t
+ ∇ · Γ̄j =

∑
j

Ri + Rav + Rmpi = f (T , Te), (5)

∂(Ev)
∂t

+
∂

∂xi
(Evv̄)−

∂

∂xi
(DN2

∂

∂xi
Ev)= (1− β)Q̇j − Q̇VT , (6)

p = ρRuT
N∑

k=1

(
Yk

Mk

)
, Γ̄j = (−1) j−1µj njĒ−Dj∇nj+nj v̄, (7)

τij = µ

(
∂vj

∂xi
+
∂vi

∂xj
−

2
3
∂vk

∂xk
δij

)
, (8)

h =
∑

k
Yk




hk,o(Tref ) +
∫ T

Tref

Cp(T )dT



, (9)

Q̇J =
e2neIL(νm + νc)

ε0cme(ω2
L + (νm + νc)2)

, Q̇VT = ~wΠV +
Ev − E0

v

τVT
,

(10)
where ρ is the density, p is the pressure, τij is the viscous stress
tensor, µ is the dynamic viscosity, h is the mixture enthalpy,
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Yk , Mk are the mass fraction and molecular weight of the
k-species, Ru is the universal gas constant, and Cp is the specific
heat of the mixture at constant pressure.

In the equations for the mixture enthalpy (3) and vibra-
tional energy Eν, Q̇ is the reaction heat, Q̇j is the joule heating
term, QVT is the vibrational-translational energy exchange
term, T ref is the standard temperature, and K is the kinetic
energy.

In the equations for mass fractions of neutral gas species
(5), v′k is the diffusion velocity and ωk is the chemical source
term, which includes a k-species production and consumption
rate in 325 reactions of the GRI-3.0 mechanism23 and the low
temperature oxidation mechanism of methane.20 Additional
plasma reactions included in the model are presented in Table I.
The gas phase species are assumed to follow the ideal gas law.
The standard molar specific heat and the standard-state values
of the molar enthalpy Hk,0 at constant pressure for k species
have been given as functions of the temperature according to
NASA polynomials. We use the Sutherland formula for the
mixture viscosity dependence on temperature.

The model includes Eq. (5) for electron and positive ions
(O+

2), where µj and Dj are the mobility and diffusion coeffi-
cients of positive ions ( j = 1) and electrons ( j = 2). The source
term in Eq. (5) includes the ionization rate by the avalanche
ionization Rav as well as the ionization rate by the multiphoton
ionization, Rmpi, calculated as in Ref. 20. In the joule heating
term Q̇j [Eq. (10)], ne and me are the electron number den-
sity and mass, IL is the laser beam intensity, e is the electron
charge, ε0 is the vacuum permittivity, and νm, νc are the trans-
port frequencies of elastic (electron-neutrals) and Coulomb
electron-ion collisions defined as functions of the electron
temperature. The absorbed laser energy goes to heating and
vibrational excitation depending on the parameter β, reflecting
the part of the laser energy, which deposits in the translational
degrees of freedom. The value of the parameter β was cho-
sen according to the data of the electromagnetic field energy
transferred to the different degrees of freedom and its depen-
dence on the electron energy.24 At the electron temperature
(Te = 1 eV), most of the energy goes to the vibrational excita-
tion of nitrogen molecules and parameter β = 0.3 and 1 were
taken as the baseline condition. We also considered the case
of β = 1 and β = 0.8, when the laser energy mainly goes to gas
heating, which corresponds to the laser spark case.

Equations (3) and (6) also contain a term QVT which
includes vibrational-translational (VT) relaxation in the
Landau-Teller form, describing VT relaxation from the low
vibrational levels with the vibrational-relaxation time τVT

and an additional term responsible for the VT relaxation
from the higher vibrational levels and the anharmonicity
effects.22

TABLE I. The set of additional reactions.33

Reaction k0 (c� 1) n Ea

1 e + O2 → 2e + O+
2 Reference 22 0 0

2 e + O+
2 → O + O 0.599 × 10−4

�1.0 0
3 O+

2 + O2 + e→ O2 + O2 0.346 × 10−5
�0.5 0

4 O+
2 + N2 + e→ O2 + N2 0.312 × 10−22

�1.5 0

FIG. 1. Schematic diagram of the computational domain for dual-pulse laser
ignition.

The schematic of the problem geometry and boundary
conditions is presented in Fig. 1. In the far-field region, we
assumed zero normal gradient for all variables, except static
pressure, which equals to atmospheric pressure. The electron
temperature was equal to Te = 1 eV. Initial vibrational and gas

FIG. 2. Comparison of pressure and velocity distribution with the analytical27

and numerical solutions (LOGOS code28) for the one-dimensional Riemann
problem: (a) pressure vs distance after 1 ms and (b) velocity vs distance after
1 ms.
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TABLE II. Precision tests.

Allowable error, Grid resolution Time step Number of Allowable number Reliability,
Smax (%) (µm) size (µs) time steps Serr of time steps Rs = nmax/n

0.01 15 × 15 × 1 0.01 20 000 5.4× 10� 11 3.4× 1012 1.7× 1008

0.01 15 × 15 × 1 0.1 2 000 5.4× 10� 11 3.4× 1012 1.7× 1009

0.01 100 × 100 × 1 0.01 20 000 5.4× 10� 08 3.9× 1007 1.9× 1003

0.01 100 × 100 × 1 0.1 2 000 5.4× 10� 08 3.9× 1007 1.9× 1004

temperatures were equal to T = 500 ◦K. Initial conditions for
electrons and positive ions have a form

ne = ne(0) exp*
,
−

x2

x2
ch

−
y2

y2
ch

+
-
, n+

O2
= n+

O2
(0) exp*

,
−

x2

x2
ch

−
y2

y2
ch

+
-
,

(11)
where ne(0), nO+

2
(0) are the initial concentrations of elec-

trons and oxygen ions on the axis of the plasma channel and
xch = 100 µm and ych = 500 µm are the sizes of the initial
ionization region created by the UV pulse. Initial concentra-
tions of electrons on the axis after the UV pulse ne(0) have
been varied and initial concentrations of ions are assumed to
be inversely proportional to their ionization potential.

III. MODEL DEVELOPMENT

The system of Eqs. (1)–(6) was solved using a custom
made solver on the basis of (Open FOAM) C++ libraries.26

We use the finite volume method and the PISO (Pressure
Implicit Splitting of Operators) algorithm, which includes one
predictor and two corrector steps to find the velocity and
pressure field. For time discretization, a second order back-
ward Euler scheme was chosen. A second order unbounded
scheme that limits toward the upwind scheme in the regions
with strong gradients was the main scheme for the advection
terms. A second order central difference scheme was used for
diffusion terms and mass fluxes. The model includes a Strang
splitting algorithm for chemistry terms and a bi-conjugate gra-
dient method. A variable time step was adjusted dynamically
to limit the maximum convective Courant-Friedrichs-Lewy
(CFL) number to 0.5. The model implements a quadrilateral
mesh.

The time range of the ignition problem is below the range
of flow instabilities; therefore, the turbulence effects were not
considered in this study. The flow dynamics was verified com-
paring the simulation results with the analytical and numerical

FIG. 3. Test results on the mesh size dependence. Pressure (a), temperature (b), and velocity (c) distribution along the axial direction at t = 9 µs.
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FIG. 4. Effect of the initial temperature on the ignition delay time.

solutions of the one-dimensional Riemann problem. The shock
capturing capability of the method is based on the Kurganov-
Tadmor scheme. We checked the evolution of the discontinuity
in the initial conditions using the same approach as in Refs.
27 and 28. The pressure distribution and velocity distribution
after 1 ms are presented in Fig. 2 and showed a good agree-
ment with the analytical and numerical solutions. Thus, we

concluded that the current model is capable of predicting sharp
pressure gradients, which can appear in the ignition problem
solution.

Additional testing of the model was based on the stochas-
tic error evaluation as was discussed in detail by Smirnov
et al.27 The total error was described by the summation of
relative errors in each direction, and assuming that a maxi-
mum allowable error Smax ≈ 0.01% for our simulation, the
maximum allowable number of time steps nmax was evaluated
as in Ref. 27. Table II shows the results of the error estima-
tion and a significantly low accumulation of the error in our
simulation.

IV. RESULTS AND DISCUSSION

For the first step, we considered the ignition of a methane-
air mixture by a single laser pulse. We assumed thermal equi-
librium after the laser energy deposition and treated it as an
initial condition of the problem, modeled by an energy source
at the center of a domain that is 5 cm × 5 cm in size (Fig. 1).
The energy source is described by a Gaussian function and
has an elliptical shape with a peak temperature and pressure
of 6000 K and 5 atm, respectively. To choose an appropriate
mesh size for the formulated model, calculations have been
run for different meshes. A mesh size of ∼95 µm was found to

FIG. 5. Experimental30 and numerical schlieren images at different time (case 1 and 2) and the third lobe (case 3) for 1.5 mm gap size/initial kernel length: (a)
experimental results,30 (b) numerical schlieren of dual pulse laser dynamics in air,21 (c) our schlieren images for dual pulse laser ignition in the stoichiometric
methane-air mixture. Reproduced with permission from Kono et al., “Mechanism of flame kernel formation produced by short duration sparks,” Symp. Combust.
22(1), 1643–1649 (1989). Copyright 1989 Elsevier.
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provide a grid independent solution [Figs. 3(a)–3(c)] to capture
the shock wave, whereas to capture the electron dynamics, the
minimum required value of mesh size was of ∼5 µm to keep
the Courant number below 1.

For the validation purposes, we compared the calculated
ignition delay time (Fig. 4) for the stoichiometric methane-
air mixture with the similar experimental results from the
work of Zhang et al.29 The ignition criterion was based on
the maximum of OH concentration. We found a close agree-
ment between our model and the experimental data observed
except a discrepancy at a low temperature region model for
the estimation of longer ignition delay time which can be
attributed to the boundary effects in the 2D. The model also
prescribes well the strong pressure and temperature gradi-
ents (Tshock/Tamb = 1000; Pshock/Pamb = 22) generated by
the source term as well as the experimental tear drop shape
temperature lobe and velocity contours observed in Ref. 10.

For dual-pulse laser ignition, a stoichiometric methane-
air mixture with the initial electron number density of
1 × 1018 m−3, the electron temperature Te = 1 eV, and a near-
infrared laser (NIR) pulse of 20 ns duration and of 20 mJ laser
energy, β = 1 and β = 0.3 (30% of the energy goes to joule heat-
ing) have been chosen as base case 1 and base case 2. Figure 5
shows a comparison between our synthetic schlieren results

for base case 1 (c), numerically calculated synthetic schlieren
results in air21 (b), and the experimental results30 (a) for laser
spark ignition in the stoichiometric propane-air mixture. It is
seen that at the initial stage (around 25 µs) the kernel dynam-
ics in the fuel-air mixture and in air is similar. Our results also
showed a hot-toroidal kernel formation, which matched well
with the experimental observation.

We have found that the kernel dynamics depends on the
shape and the initial energy deposition created by the first
ultraviolet laser pulse. For simplification, we considered the
dual-pulse laser energy deposition in air (Fig. 6) to evaluate
the effect of the initial energy spot. We observed a toroidal
shape kernel structure after 60 µs for both convex and con-
cave energy spots with the uniform initial energy distribution
[Figs. 6(a) and 6(b)]. For the convex shape energy spot with a
Gaussian distribution in the X-direction, a double horn-shaped
temperature lobe [Fig. 6(c)] is formed, caused by the vortic-
ity generation in the vertical direction. For the convex shape
energy spot with a Gaussian distribution in both XY directions
[Fig. 6(d)], we observed a completely different kernel, con-
nected with the additional significant horizontal recirculation.
The secondary horizontal recirculation tends to suppress the
temperature kernel growth and shortens the kernel increment
rate. Oriented on the experimental observations of the flame

FIG. 6. Temperature and velocity distribution after 60 µs: the initial energy spot is (a) convex and uniform, (b) concave and uniform, (c) convex with Gaussian
distribution in the X-direction, (d) convex with Gaussian distribution in both X and Y directions. The size of the pixel image is 2 cm × 2 cm.



106104-7 Mahamud et al. Phys. Fluids 30, 106104 (2018)

FIG. 7. Electron number density axial profiles: base case 1.

kernel dynamics, the convex initial shape profile after the first
laser pulse was chosen as a base case and all the calculations
of ignition and flame propagation in the fuel-air mixture were
run with the same initial shape profile.

At the same time, temporal dynamics of electrons is
mainly controlled by the second NIR laser pulse. It is con-
firmed by the electron number density axial profiles presented

in Fig. 7. We observed a sharp decrease by two orders of
magnitude for the electron number density at the first 10 ns.
Despite that, a second laser pulse of 20 mJ energy helps sustain
a relatively high electron number density to achieve ignition for
both stoichiometric and lean (Φ = 0.7) methane-air mixtures.
The spatio-temporal flame kernel dynamics for base cases 1
and 2 is presented in Figs. 8–11. We observed different stages
of the kernel formation as follows:

ˆ After 20 ns of energy deposition, the ignition kernel still
has the same elliptical shape which became millimeter
in size (Fig. 8). This shape is directly related to heating
caused by the shock wave propagation.

ˆ The initial kernel expands in all directions up to 20 µs
when a reverse flow started to form in the top of the
kernel. As a result, a toroidal structure of the hot kernel
is formed which has a maximum temperature of 3000 K
(Fig. 8).

ˆ The reverse flow shrinks the kernel in the vertical direc-
tion [Figs. 9(a) and 9(b)] and increases the curvature of
the torus structures. As kernel expands in the horizontal
direction, the recirculation [Fig. 9(c)] becomes larger
and separates the kernel along the horizontal direction.

FIG. 8. Spatial contours of the temper-
ature: base case 1. The size in the pixel
is (1 × 1) cm2.

FIG. 9. Velocity vector (with respect to the temperature contour) and streamline profiles for base case 1 with respect to the temperature contour shown in Fig. 8.
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FIG. 10. Spatial contours of different species after 60 µs: base case 1.

The recirculation velocity is the maximum around the
heated kernel structure that can be attributed to the
formation of the toroidal vortex region.

For base case 1, we observed ignition and the flame propaga-
tion started at 20 µs, which is confirmed by the CH and OH
profiles presented in Fig. 10. For base case 1, the OH profiles
presented in Fig. 11 also follow the same spatio-temporal pat-
tern. A relatively early ignition event and the ignition delay
time depend on the initial electron number density created by
the first UV pulse and on the parameter β reflecting the heat-
ing part of the NIR laser pulse energy. Our baseline condition
has an electron number density of 1018 (1/m3), but ignition
was also obtained when the initial electron number density
was 10–100 times lower. However, the ignition delay time

increases significantly for those conditions as well as for the
non-equilibrium case. Table III shows the ignition time delay
as a function of the initial electron number density assum-
ing that 80% of the laser energy goes to heating, β = 0.8.
The present results agree with previous experimental and cal-
culation results, showing that we need a certain minimum
electron/ion concentration from the first UV pulse to be able
to get ignition.

Figure 12 shows the spatio-temporal profiles of the flame
kernel for three different equivalence ratios (only for igni-
tion cases) for base case 2 with vibrational non-equilibrium.
It is seen for both lean and rich mixtures that OH concen-
tration is smaller than for the stoichiometric case and the
spatio-temporal kernel dynamics is slightly different com-
pared to base case 1 (Fig. 11) due to the effect of vibrational

FIG. 11. Spatial-temporal contours of the OH formation: base case 1 (β = 1). The size in the pixel is (1 × 1) cm2.
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TABLE III. Ignition time delay, τ, as a function of the initial electron number
density.

ne0 Tmax after 2 µs τ (µs)

1 × 1018 3000 130
5 × 1017 3000 160
1 × 1017 2000 240
1 × 1016 500 . . .

non-equilibrium. Our analysis suggests that the observed
difference in the ignition kernel dynamics is associated with
the vibrational-translational relaxation and diffusion processes
included in the vibrational energy conservation equation.

Figure 13 shows the variation of the flame kernel structure
due to the change in the laser intensity or due to the change
of the focal point of the second pulse. We considered 100%
and 5% of the initial laser energy contributed to joule heat-
ing. As a result, after the same period of time at the 5% of
the laser energy going to joule heating, a significantly lower
temperature and a smaller kernel radius are observed. Due to
the absence of the strong recirculation caused by the sharp
temperature gradient, the kernel shape also changes. To take
into account changes in the focal points by two laser pulses,
we consider the case when the peak on the initial Gaussian
profile of the electron number density moves 100 µm in the
vertical direction. Because maximum joule heating is directly
related to the maximum electron number density, when there

FIG. 12. Spatial-temporal contours of the OH formation: base case 2 (β = 0.3). The size in the pixel is (1 × 1) cm2.
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FIG. 13. Spatial contours of the temperature after 30 µs:
(a) base case 1, β = 1; (b) β = 0.05; (c) base case 1,
β = 1 but the maximum electron number density is with
the 100 µm offset in the vertical direction.

is an offset to the center, we observed an asymmetric kernel
formation with the smaller increment of the kernel tempera-
ture and kernel radius. In addition, the kernel expands more in
the vertical direction and splits out in the earlier time, leading
to the flame extinguishment later on. The last result showed
some discrepancy with the experimental data observed. The
explanation of that discrepancy could be connected with the
influence of additional chemical reactions, electron tempera-
ture change, and turbulence effects, which are not included in
the model.34,35

V. CONCLUSIONS

Ignition kernel dynamics for a case of dual-pulse laser
ignition was studied using a 2D numerical model including
vibrational non-equilibrium. The model was validated with
the available experimental and calculation data. The analy-
sis of the spatio-temporal dynamics of temperature and OH
profiles has shown that the physical mechanism controlling
dual-pulse laser ignition is similar to the case of laser spark
ignition. Even though the main ignition mechanism is ther-
mal, the energy deposition by a first ultraviolet laser pulse
gives the option to control the kernel growth, shape, and igni-
tion delay time. The results suggest that the kernel dynamics
and ignition delay time are also affected by the laser intensity,
vibrational-translational relaxation, electron number density
after the UV pulse, and change of the laser focal point. The
last factor was found to have a negative effect on the flame
propagation and, for the case modeled, the flame extinguished
after the early split up of the ignition kernel. For the high ini-
tial degree of ionization, we have obtained ignition of the lean
methane–air mixture with the equivalence ratio of 0.6 which
offers favorable conditions for dual-pulse laser ignition. The
kernel growth and dynamics are slower for the nonequilbium
case, which leads to the significant increase in the ignition
delay time. We suggested that the ignition delay time can be
modulated by the change in the UV laser pulse intensity (in
our case by the change in the initial electron number density),
time delay between pulses and the near-infrared laser pulse

intensity (in our case by the change in the electron temperature
and parameter β).25,31,32
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We presented a mathematical model of dual-pulse laser ignition in a turbulent flow taking into account 

detailed combustion chemistry and non-equilibrium plasma dynamics in a frame of a three-temperature 

plasma model. To account for turbulence we use four semi-empirical models: k  model,  RNG k  model  

and k   SST model. Preliminary results showed a possibility of reliable laser ignition in a turbulent flow 

using a dual-pulse approach.  We have found that to get a better ignition probability in a turbulent flow we 

need to increase the initial number density of electrons seeded by the first ultra-violet pulse.  

 

I. Nomenclature 

IL                  =     laser beam intensity 

K            =     kinetic energy  

Tref               =      reference temperature 

P            =      pressure 

ij          =      viscous stress tensor 

h             =     mixture enthalpy  

Yk                  =     mixture enthalpy 

kM          =     molecular weight 

uR          =     universal gas constant 

Cp                 =    specific heat 

Q           =     heat of reaction 

jQ          =     joule heating 

VTQ         =     vibrational-translational (V-T) energy 

exchange term 

me           =     electron mass 

ne            =     electron number density 

𝜔𝑘          =     chemical source term 

𝜀0           =     the vacuum permittivity 

Rav           =     avalanche ionization term 

Rav        =     ionization rate by the multiphoton ionization 

VT          =     VT-relaxation time   

'

kv                 =    diffusion velocity 

Tv            =     turbulent viscosity 

m    = transport frequency of elastic collisions 

 

k         =  turbulent kinetic energy  

         = dissipation rate 

        = specific dissipation rate 

L         =  reference length scale 

I          =  laser intensity  

eff      = effective viscosity  

Π𝑣        = VT relaxation term from the higher 

vibrational levels 

E𝑣         =  non-equilibrium vibrational energy per 

molecule     

𝐸𝑣
0        = thermal equilibrium vibrational energy per 

molecule  

ℏ𝑤        =0.29 eV,  the vibrational quanta of nitrogen 

T𝑣         = vibrational temperature    

c  =  transport frequency of Coulomb collisions 
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II. Introduction  
Laser ignition has attracted considerable attention recently connected with its unique possibilities to locate 

ignition at any point inside the combustion chamber, the absence of electrodes and an increase of the ignition 

probability especially of lean mixtures [1-3]. At the same time one of the main disadvantages of laser ignition is the 

formation of the strong shock wave and losses of energy associated with high temperature spark related phenomena. 

A novel concept of ignition by the dual-pulse laser method [4-7] helps to avoid such losses. A main idea is to divide 

the ignition process by the laser plasma in two stages. The first step is to create a preliminary ionization region using 

the ultra-violet (UV) or high intensity, short time duration laser pulse with a small amount of energy below breakdown 

by multiphoton and avalanche ionization mechanisms [8]. The second step is subsequent energy addition through 

joule heating using a much higher energy near infrared (NIR) laser pulse. The duration of the second pulse varies 

between 10 and 20 ns with a total consumed energy of 20-40 mJ, which is enough to achieve ignition and to avoid 

energy losses connected with the strong blast wave formation [4,5]. The combination of two subsequent laser sparks 

[9] is an alternative approach for dual-pulse laser ignition. Experiments exploring the concept of dual-pulse laser 

ignition by UV and NIR laser pulses were conducted in the absence of a gas flow, so the question of dual-pulse laser 

ignition in a turbulent flow is still open. In our previous work [10] we presented and validated a mathematical model 

of dual-pulse laser ignition in a quiescent methane-air mixture, showing the influence of vibrational non-equilibrium 

and non-uniformity of the initial electron density distribution on the ignition kernel development.  

 As has been discussed in the literature, under equilibrium conditions the kernel size for a spark ignition is a 

strong function of time, and an ignition kernel forms a very stable structure [11]. At the early time of ignition and 

flame propagation, the kernel structure practically is not influenced by the turbulent fluctuations except in the case of 

very strong turbulence, which can lead to flame extinction. Jarzy et. al [12] have suggested that the generation of a 

uniform, small scale turbulence flow field near the ignition point can improve the reliability of ignition.  For non-

equilibrium plasma assisted ignition, this phenomenon can be slightly altered, as the energy deposition dynamics is 

different [10]. This paper presents a first attempt to explore the concept of dual-pulse laser ignition in a turbulent flow 

using numerical modeling.  

 
III. Mathematical model 

 
We considered a planar channel turbulent flow of premixed methane-air with inflow Reynolds numbers 

Re=2000-5000. The turbulent flow and subsequent ignition are described by the two-dimensional Reynolds-averaged 

Navier-Stokes equations. Ignition and combustion reaction schemes are taken from [7,10]. Appropriate initial 

conditions for electrons and ions at t=0 reflect dynamics of the first laser pulse. To model turbulence the model 

additionally includes equations of the standard semi-empirical models of turbulence. We use several turbulence 

models including the standard  k  model; the Renormalization k   model and  SST k   model. Initial conditions 

for the flow simulation are based on the solution for the non-reacting mixture turbulent flow in a two-dimensional 

channel geometry.  

We investigate ignition of the multi-component methane-air mixture at the turbulent Prandtl number Prt=0.9 

and Lewis numbers Le=1 for all species assuming that turbulent diffusion coefficients are the same for all components. 

The mathematical model of the problem in a frame of the three-temperature plasma model is as follows 
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(12) 

 
𝐸𝑣 = 𝑥𝑁2∙𝑁ℏ𝑤/(𝑒𝑥𝑝 (

ℏ𝑤

𝑘𝐵𝑇𝑣

) − 1); 
(13) 

 𝐸𝑣
0 = 𝑥𝑁2∙𝑁ℏ𝑤/(𝑒𝑥𝑝 (

ℏ𝑤

𝑘𝐵𝑇
) − 1). (14) 

 

 

The chemical source term, which includes a k-species production and consumption rate in 325 reactions of 

the GRI-3.0 mechanism and the low temperature oxidation mechanism of methane is the same as in our earlier work 

[10]. The source term in Eq. (5) for electrons and positive ions includes the ionization rate by avalanche ionization 

Rav as well as the ionization rate by multiphoton ionization Rmpi and additional plasma reactions as in [7]. The gas 

phase species are assumed to follow the ideal gas law. The absorbed laser energy goes to heating and vibrational 

excitation according to the data of the electromagnetic field energy transferred to the different degrees of freedom and 

its dependence on the electron energy [13]. Vibrational-translational relaxation term (12) includes vibrational-

translational (VT) relaxation in the Landau-Teller form, describing VT relaxation from the low vibrational levels with 

the vibrational-relaxation time VT   and an additional term Π𝑣 responsible for the VT relaxation from the higher 

vibrational levels and the anharmonicity effects as in [14]. Dynamics of the first ultra-violet pulse was not modelled 

as in [10] but was taken into account by selecting initial conditions for the electron and positive ions number density 

in the initial ionization region of the convex shape (Fig.1).  

 A stress tensor in Eq. (2) includes laminar and turbulent parts, where the turbulent viscosity was evaluated 

based on the choice of the turbulent model. At this stage of the model development turbulence effects on the chemical 

reactions rates were neglected and the model includes laminar reaction rates. Thus, we assumed that the reaction rates 

of plasma and combustion reactions do not depend on the local turbulence intensity, which is valid for relatively fast 

chemical reactions.  Figure 1 presents the schematic of the problem geometry and boundary conditions.  

 

 

IV. Numerical model 

 
The system of non-stationary RANS equations is solved using a custom made solver based on Open FOAM C++ 

libraries [15]. We use a finite volume method and the PISO (Pressure Implicit Splitting of Operators) algorithm, which 

includes one predictor and two corrector steps to find the velocity and pressure fields. For time integration, a second 

order backward Euler scheme is chosen. A second order unbounded scheme that limits towards upwind scheme in the 
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regions with strong gradients is a primary scheme for the advection terms. A second order central difference scheme 

is used for diffusion terms and mass fluxes. The model includes a Strang splitting algorithm for chemistry terms and 

bi-conjugate gradient method. A variable time step is adjusted dynamically to limit the maximum convective CFL 

number to 0.5.  A code developed in [10] for dual-pulse laser ignition in a quiescent methane-air mixture has been  

verified by comparison the simulation results with the analytical and numerical solutions and experimental data to 

check the grid independence, the shock capturing capability and the low accumulation of the error in our simulations. 

A validation of the ignition and the three-temperature plasma models has been carried out by the comparison of the 

calculated ignition delay time, ignition kernel dynamics, and numerical shlieren images with the available 

experimental data. To model dual-pulse laser ignition in a turbulent flow we include semi-empirical turbulent models. 

 
Figure. 1: Schematic of the problem geometry. 

 

 

V. Results and Discussions 

 
To validate a turbulent part of the model we performed calculations for a standard backward step facing 

geometry. The mean stream wise velocity profiles in the inlet, recirculation region and attached flow region are 

compared with the available experimental data [16] and the results are shown in Fig. 2. All the RANS models match 

well with the experimental data. The k   model was found to be better than other models in the downstream region.  

Simulation results of dual-pulse laser ignition for a case of the k   turbulence model are presented in Fig.3-

6. We considered a near-infrared laser (NIR) pulse of 20 ns duration and of 20 mJ laser energy. Figure 3 shows the 

ignition kernel structure and the selected species contours at t=5 ms at the inflow Reynolds number 𝑅𝑒 = 2 ∙ 104 and 

the initial electron number density 𝑛𝑒
0 = 1017 𝑚−3. It is seen, that at such an inflow velocity and preliminary 

ionization conditions the flow penetrates into the initial plasma spot and creates a recirculation region behind the 

kernel. The ignition kernel grows with time that proves a successful ignition event but compared with ignition in a 

quiescent methane-air mixture we do not observe a separation of the kernel (Fig.4). 

  
Figure. 2: The velocity profiles at different cross-sections for different turbulence models, 𝑅𝑒 = 3 ∙ 104. 
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 To understand the dynamics of the ignition kernel in a turbulent flow Figure 4 presents a time resolved 

structure of the kernel during the early time of ignition. As can be observed, when the temperature of the core is high 

enough the flow tends to pass over the kernel followed by a recirculation region behind the kernel. At a later time, the 

kernel is swept away by the flow and if a flow velocity is high enough and the initial electron number density is below 

𝑛𝑒
0 = 1017 𝑚−3 ignition is not observed. Thus to get a better ignition probability in a turbulent flow we need to 

increase a number  density of electrons seeded by the first UV pulse.  

 

 

  

  

  

  
Figure 3: The ignition kernel structure and selected species contours after 5 ms at 𝑅𝑒 = 2 ∙ 104, the k   

turbulence model. 
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Figure 5(a) shows the centerline gas temperature profile (x=0) for three different flow regimes at time 

t=10 ns so during the NIR laser pulse energy deposition. The gas temperature in the core of the channel at this early 

time does not change significantly between the case of the turbulent flow( RNG-k-epsilon model) and the case of 

the laser energy deposition in a quiescent methane-air mixture. Because the Reynolds number was the same 𝑅𝑒 =
5 ∙ 103for both laminar and turbulent flow, results for the laminar flow are inconsistent with the flow physics. The 

spatial distribution of the electron number density at time t=20 ns is showed in Figure 5(b) with the flow velocity 

field under such conditions. The flow tends to pass over the plasma kernel due to the strong shock wave generation.      

If the initial number density of electrons formed by the first ultra-violet pulse becomes higher, the 

dynamics of the plasma kernel interaction with the flow is changed. Stronger shockwave and joule heating created 

by the second near-infrared laser pulse leads to more stable kernel structure at the early time of ignition, when the 

incoming flow does not penetrate inside the kernel ( Fig.6.b). The kernel diameter increases with time, indicating 

a successful ignition event. In addition, the kernel diameter increases with the initial electron number density 

(Figure 7). 

We also considered an interaction of the dual-pulse laser pulse with incoming turbulent flow.  Figure 8 

shows the formed flow field nearby the ignition kernel with the initial number density of electrons 𝑛𝑒
0 = 1017 𝑚−3  

and 𝑅𝑒 = 8 ∙ 104.  The flow pattern is quite similar; however, the RNG- k   model predicts slightly higher 

velocity at the wake of the kernel compared to the k-omega SST model.  

Analyzing the influence of the Reynolds number on ignition kernel dynamics, we can summarize that for 

the low Reynolds numbers, the kernel structure formed by dual-laser pulse is very stable and similar to that in a 

quiescent methane-air mixture. At high Reynolds numbers, the flow swept away the ignition kernel and the 

structure and shape of the kernel is changed compared with the case of ignition in a quiescent mixture (Fig.9,10). 

Oriented on the OH profiles estimated ignition delay time for the problem was around 120 𝜇𝑠. 

 

 
Figure 4: The ignition kernel shape: a) turbulent flow, 𝑅𝑒 = 6.5 ∙ 104 ; 

 b) quiescent methane-air mixture. 

 

 
Figure 5: (a) The gas temperature profile at x=0 after 10 ns of the NIR laser pulse energy deposition; 

(b) The electron number density and the velocity vectors. 
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Figure 6: Gas temperature distribution for the different initial electron number density, 𝑅𝑒 = 104:  

a) 𝑛𝑒
0 = 1016 𝑚−3; b) 𝑛𝑒

0 = 5 ∙ 1017 𝑚−3. 

 

 
 

Figure 7: Dependence of the ignition kernel size on the initial electron number density (t=10 𝜇𝑠).  
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Figure 8: Spatio-temporal velocity contours at 𝑅𝑒 = 8 ∙ 104 predicted by two models of turbulence. 

Successful ignition event, the initial electron number density is  𝑛𝑒
0 = 1 ∙ 1017 𝑚−3.. 

a) RNG- k  model; b) SST k   model.   
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Figure 9. The ignition kernel after 300 µs, the 𝑘 − 𝜔 SST model. 

 
 
 
 

 
Figure 10. Plasma and ignition kernel dynamics for dual-pulse laser ignition  

 in a turbulent flow, 𝑅𝑒 = 5 ∙ 103 .  

 

VI. Conclusions 

 

 
We have presented a mathematical model of dual-pulse laser ignition in a turbulent flow taking into account 

detailed chemistry, electrons and ions dynamics in a frame of the three-temperature plasma model. The results showed 

a possibility of successful ignition in a turbulent flow using a dual-pulse laser technique.  For the low Reynolds 

numbers and moderate initial electron number density, created by the first ionizing pulse, the kernel structures are 
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very stable and similar to those in a quiescent methane-air mixture. At high Reynolds numbers, the flow swept away 

the kernel, leading to the change of the shape and structure of the kernel. For the case of high turbulence intensity, a 

further development of the model is needed to understand the interactions between turbulence, ignition and plasma 

chemistry at the early time of ignition.   

.     
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Abstract 

This contribution characterizes the properties of dual-pulse nanosecond laser plasmas 
and examines their ability to ignite fuel-air mixtures. The dual-pulse plasma is generated 
using a UV pre-ionization pulse (λ=266 nm) of energy EUV=20 mJ, followed by an NIR pulse 
(λ=1064 nm) of energy ENIR=40 mJ delivered 15 ns after the first pulse. Rayleigh and 
Thomson scattering diagnostics are performed for dual-pulse plasmas in air (T0=298 K, P0=1 
bar) to measure electron density and gas temperature over a timescale of 200 ns to 200 µs 
after initial plasma formation. We report a dual-pulse electron density of ne=4.0-5.9x1017 cm-

3 at time of 200 ns after the initial pulse, and a gas temperature of 1360 K at time of 10 µs, 
using Thomson and Rayleigh scattering techniques respectively. Temporal profiles of 
electron density exhibit similar trends for both the NIR and dual-pulse plasmas, while 
temperature profiles indicate much more rapid gas cooling for the dual-pulse plasma. Dual-
pulse laser ignition was studied in non-flowing propane-air and methane-air mixtures (P0=1 
bar and T0=323 K) yielding a lean limit of ɸ=0.6 for both fuels, though propane ignition 
exhibited slightly higher efficiency. 

 

I. Introduction 

aser plasmas are of growing interest for ignition in a host of combustion applications including the aerospace 
field. As spark plugs and other igniter technologies reach their performance limit, emerging emphasis is 
placed on developing new ignition techniques, one of which is laser ignition. Laser ignition techniques have 

the advantage of not requiring mounts or electrodes, thus avoiding associated heat sink and flame quenching effects, 
as well as increased flexibility in positioning the ignition source.1-4  Other advantages include precision timing 
control and potential combustion enhancement. As new fuel types, including bio-fuels, are developed for aerospace 
applications, there is a need for development of accompanying ignition techniques. Laser ignition has shown 
promise in rocket applications including deep space nuclear propulsion and ignition of non-hypergolic fuels in 
orbital maneuvering thrusters.5,6,7 Ramjet and scramjet engines may benefit from spark location flexibility, rapid 
relight, and potentially spatially (volumetric) arrays of ignition points which contributes to increased control over 
intermediate reactions, leading to more stable and complete ignition.5,6,7 Terrestrial applications include 
turbomachinery and reciprocating engines, where laser ignition techniques can offer reduced maintenance 
requirements, and have been shown to extend the lean limit, increase flame speeds8, and reduce pollutant emissions.9 
In certain scenarios, high frequency laser induced plasmas have been shown to increase flame stability and assist in 
flame propagation.10,11 However, the high energy requirements necessary for gas breakdown have proved a 
significant obstacle in making laser ignition industrially attractive.9 Previous studies have found that less than 8% of 
breakdown energy contributes to ignition, while the rest of the plasma energy is lost through shockwave propagation 
and radiative processes.12  
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We are examining multi-pulse plasmas, based on two nanosecond laser pulses operating at different 
wavelengths, as a means to expand ignition windows and tailor properties such as gas temperature, electron number 
density, and plasma size and hydrodynamics.9,13-14 By decoupling the two processes responsible for plasma 
formation, multiphoton ionization (MPI) and electron avalanche ionization (EAI), the dual-pulse technique makes 
plasma properties controllable and requires less input energy than well-established laser spark ignition.13,14 
Mahamud et al. recently developed a model illustrating that properties such as kernel growth and ignition delay are 
made controllable through adjustment of laser intensity and focusing distance.15 Past research has shown that UV 
laser ionization is dominated by MPI processes, while NIR breakdown is dominated by EAI processes.13 
Accordingly, our method uses a UV laser pulse (λ=266 nm in the present work) for pre-ionization, and a secondary 
NIR laser pulse (λ=1064 nm in the present work) for energy addition to seed electrons. Other research has examined 
the effect of time-spacing between pulses for multi-pulse and repetitive-pulse schemes and combinations of laser 
and microwave pulses. 11,16,17-19 Dual-pulse plasmas have been shown to cause less flame stretching and successful 
suppression of an undesirable third lobe, commonly observed with other laser ignition techniques.9 These properties 
result in better ignition characteristics, particularly with regards to increased efficiencies and extension of the lean 
limit.5,9 In high speed flows, dual-pulse plasmas (created with other wavelength/timing schemes) also have increased 
ignition probabilities compared to single pulse plasmas of equivalent energy.18  

This contribution presents experimental results regarding gas temperature and electron density of laser plasms 
formed from the dual-pulse pre-ionization method. Additionally, ignition experiments were performed in propane-
air and methane-air mixtures to demonstrate the ability of such a technique to ignite combustible mixtures, 
particularly around the lean limit. Section II of the paper details the experimental setup for plasma formation, 
Rayleigh and Thomson scattering diagnostics, and ignition and combustion in fuel-air mixtures. Section III presents 
the resulting electron densities and temperatures of the dual-pulse and NIR plasmas, as well as ignition efficiencies 
in propane-air and methane-air mixtures. Section IV draws conclusions and presents ideas for future work. 

 
II. Experimental Setup 

The dual-pulse laser plasmas are formed from two beams. The first pre-ionization pulse (λ=266 nm) is due to 
the fourth-harmonic output of an Nd:YAG (Continuum Powerlite 8010) and generally has energy of 20 mJ and 
pulse-duration of 7 ns. The second pulse (λ=1064 nm) is delivered 15 ns later and is due to the fundamental output 
of a second Nd:YAG (New Wave Gemini) with energy 40 mJ and pulse-duration of 10 ns. The optical setup is 
shown in Fig. 1. For single-pulse experiments, in the NIR, the same 1064 nm source (New Wave Gemini) is used, 
generally with energy of 95 mJ. For the dual-pulse case, the separate beams are spatially overlapped and combined 
with a beam splitter (ThorLabs HBSY134). The two beams are focused to a common location, with separate lenses 
both having focal length of 300 mm). Rough beam overlap is achieved with irises and pinholes, while final precise 
alignment is achieved by minimizing the laser energies required to spark. Initial alignment is done in open-air, after 
which the combustion chamber is added and minor adjustments are made. 

 
Figure 1: The optical setup for the dual-pulse plasma with Rayleigh/Thomson scattering diagnostic. 
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An additional Nd:YAG laser source (Spectra Physics Quanta Ray) operating at 532 nm is used for diagnostics 
by (combined) Rayleigh and Thomson scattering. The diagnostic probe beam is introduced into the combustion 
chamber using dielectric steering mirrors and focused with a plano-convex lens (f=250 mm). The diagnostic beam is 
orthogonal in direction to the plasma formation beams and weakly focused in the laser plasma region, possessing a 
beam waist diameter of approximately 190 µm (narrower than the laser plasmas that it is used to probe). The 
scattering signal is collected along a direction orthogonal to both the plasma formation and diagnostic beam axes 
with a collection lens (f=75 mm). It is then imaged through a 532 nm bandpass filter (ThorLabs FL532-10) onto an 
ICCD camera (pco DICAM pro). Baffles positioned inside the chamber reduce the amount of background light 
collected by the camera (i.e. reduce the elastic scattered laser light from the chamber windows and spurious 
reflections etc.). The camera imaging is executed using 2 x 2 binning, resulting in an image resolution of 512 x 640 
pixels, with a spatial resolution corresponding to 11 µm/pixel. 774 images are collected for each condition (three 
sets of 258 images) and photodiodes are utilized to monitor the timing of each laser as well as the camera. A similar 
setup is used for plasma characterization studies and ignition studies, but in the latter case the chamber arms for 
delivery of the diagnostic beam are removed. For combustion heat-release analysis, pressure data is collected using a 
dynamic pressure transducer (PCB Piezotronics 113B24) and oscilloscope (Rigol DS1204B).  

 
III. Results and Discussion 

 
A. Energy Dependence of UV Plasma Luminosity 

The goal of this investigation is to identify the ionization mechanism for the UV pre-ionization pulse employed 
in the dual-pulse scheme. Given the non-resonant UV excitation, it is expected that ionization should be primarily 
via MPI. The dependence of electron generation, for which we use optical emission as a proxy signal, on the laser 
pulse energy can be an indicator for the type of ionization present. Specifically, for non-resonant MPI, given the 
266 nm wavelength and the ionization energy of air (mainly consisting of nitrogen), one expects a cubic dependence 
of electron density on laser fluence (3 photons are required for ionization).20,21 The dependence of optical emission 
(obtained 200 ns after the UV pulse for shutter duration 25 ns, without spectral filtering) on the UV laser pulse 
energy is shown in Fig. 2. The emission data is well fit with a third order polynomial which supports that ionization 
is predominantly by MPI (not, e.g. 2+1 resonant enhanced MPI or a high fraction of electron generation by EAI). 
However, it is recognized that optical emission is not a perfect proxy for electron generation, and future efforts will 
include similar measurements (versus laser energy) with Thomson scattering.22 

 
Figure 2: Optical emission intensity of the UV plasma as a function of the laser energy. Images were taken at a delay of 

200 ns after plasma formation (first pulse). A cubic fit has been applied to the data to verify the ionization method. 
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B. Plasma Electron Density 

We have performed 2-D scattering measurements of the laser plasmas to examine plasma density and gas 
temperature. The scatter signal is due to a combination of Rayleigh and Thomson scattering (and much weaker 
Raman scattering).  At early times the scattering signal is primarily due to Thomson scattering, and can be used for 
electron density determination, while at later times the signal is primarily Rayleigh, allowing for determinations of 
gas temperature.23 The transition between the two regimes can be difficult to determine and in the present case is set 
as the time when the central Thomson peak (clearly visible at early times) diminishes to be no longer discernible.  
The scattering measurements were performed for both dual-pulse and NIR induced plasmas. The dual-pulse plasma 
was based on EUV=20 mJ and ENIR=40 mJ (ETotal=60 mJ), while the NIR (only) plasma had ENIR=95 mJ. The 
scattering profiles are plotted in Fig. 3 where the vertical axis shows the scatter and the horizontal axis is the spatial 
position transverse to the plasma formation axis.  The inset shows the orientation of the probe beam relative to the 
laser plasma axis – the dark region in the middle is due to low density and high temperature.  The scattering signal, 
I, is normalized by a baseline signal, I0.  The method to infer electron density, at the center position, is based on 
lower and upper bounds of the Thomson peak and has been described in our past work.13 Taking the 1 µs delay 
profile (left of Fig. 3) as an example, one sees that far away from the center of the plasma, the signal remains 
unchanged (I/I0=1), because the plasma induced shockwave has not reached this point. Working inwards, we 
observe a large increase in signal due to scattering from increased particle density on the leading edge of the 
shockwave. The reduction in intensity in the central portion is attributed to rarefaction on the trailing edge of the 
shockwave and the elevated temperature (reduced density) of the plasma kernel, while an upward pointing peak due 
to Thomson (electrons) is also present.13,23   

 

 
Figure 3: Rayleigh scattering signal along the transverse axis of the plasma for a NIR (left) and dual-pulse (right) laser 

plasma. The signal has been normalized by the intensity of the scattering beam. The rise of central portion of the signal is 
due to Thomson scattering. Images in the bottom right detail the raw ICCD images at a delay of 2.5 µs. The plasma 

formation lasers enter from the top of the image.  

 
For the 0.5 µs delay case (left of Fig. 3), the lower and upper bounds of the Thomson scatter are shown, from 

which the electron density can be estimated.13 Electron density decay for both plasmas can be seen in Fig. 4, where 
the uncertainty bars span between the bounding values. We find similar electron density profiles for the dual-pulse 
and NIR cases, with a peak value of ne~5.0x1017 cm-3 measured for the dual-pulse at delay of 200 ns after plasma 
formation. 
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Figure 4: Electron density decay for the NIR and dual-pulse plasmas as a function of time.  

 
C. Plasma Gas Temperature 

Rayleigh scattering measurements for temperature can begin to be applied at the time when the Thomson 
scattering signal becomes negligible. We (somewhat crudely) estimate this to be the time at which the central region 
of the scattering signal begins to rise (due to cooling) rather than continues to fall (due to electron decay).20 The 
corresponding time is approximately 5 µs for the dual-pulse condition and 10 µs for the NIR plasma, in reasonable 
agreement with literature.13 The corresponding (Rayleigh dominated) profiles are shown in Fig. 5. At the extended 
delay times (left of Fig. 5 for NIR), some interesting hydrodynamic fluid behaviors become apparent. The peaks and 
dips are thought to be due to kernel vorticity extracting hot fluid from the central region and circulation of this fluid 
through two adjacent lobes.9,24   

 

 
Figure 5: The normalized scattering signal at later delays for both NIR (left) and dual-pulse (right) plasmas.   

 
The basic method to determine temperature from the Rayleigh (dominated) scattering profiles is to use a ratio 

approach where (at each spatial position) the intensity for a given condition of interest, I, is normalized by the 
Rayleigh signal, Io, from known reference conditions (in this case T0=298 K, P0=1 bar).  Then, assuming the ideal 
gas law and uniform pressure between the two cases, the unknown temperature can be readily found from the ratio 
I/Io. Further details on the method, including background subtraction, can be found in our past work.13 

The above approach does not account for variations of species composition (e.g. due to dissociation of nitrogen) 
with temperature, nor the variation of the contributing cross-sections with temperature.  We have also implemented 
corrections on the inferred temperature to account for these effects.25  We use the NASA CEA code to determine the 
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Figure 7: Recorded pressure traces at varying equivalence ratios for methane (left) and propane (right). The dual-pulse 

scheme uses EUV=20 mJ and ENIR=40 mJ. The standard deviation of the multiple traces for each condition is plotted as the 
shaded region. Initial conditions were P0=1 bar and T0=323 K. 

The heat release of the ignition event can be calculated through integration of the pressure history and addition 
of estimated heat loss to the wall, calculated through estimation of the slope after the ignition event has occurred. 
Fuel energies are calculated using the lower heating value (LHV) and mass as calculated from the partial pressure. 
Ignition efficiency is then the ratio of the heat release to the internal energy of the fuel. Resulting efficiencies are 
shown in Fig. 8.  

 
Figure 8: Combustion efficiency for ignition of propane-air and methane-air mixtures by dual-pulse laser ignition. Each 
data point is the average of at least five traces, where the error bars represent one standard deviation in each direction.  

Both fuels exhibit similar trends, though slightly higher efficiency was experienced for propane ignition. We 
report a lean limit value of ɸ=0.6 for propane where all of the tests resulted in ignition, consistent with similar dual-
pulse ignition in literature.13 Methane was determined to have similar flammability limits. 

 

IV. Conclusions and Future Work 

The temporal profiles of electron density versus time are similar for both the dual-pulse and NIR cases, with 
peak dual-pulse plasma density of ne~5x1017 cm-3 measured 200 ns after plasma formation. The dual-pulse plasma 
cools very rapidly, reaching a temperature of ~1350 K by 10 µs and ~600K by 20 µs, while the NIR plasma cools 
more slowly. There is some uncertainty to these measurements, due to laser timing and temperature dependent 
cross-sections, which will be further examined in future work. Ignition experimentation has suggested that methane 
and propane have similar flammability limits, though propane exhibits slightly higher ignition efficiencies. We 
report a lean limit value of ɸ=0.6 for both mixtures, consistent with previous findings at similar conditions.13 Future 
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work will examine resonant ionization as a means to further increase the efficiency of the pre-ionization pulse, e.g. 
via an oxygen scheme at 287.6 nm.27 The use of REMPI may promote more effective pre-ionization yielding further 
combustion benefits and/or allow use of lower energy pre-ionization pulses.20  
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Abstract 

This investigation examines ignition characteristics of various fuel-air mixtures using both 

single and dual-pulse laser plasmas building off our previous work. A single pulse laser plasma 

(λ=1064 nm) of energy ESP=60 mJ is used to ignite methane-air and hydrogen-air mixtures 

(T0=298 K, P0=1 bar) of equivalence ratios in the range of ϕ=0.1–1.0. A non-resonant dual-

pulse plasma is formed using a preionization beam in the UV (λ=266 nm) and an energy 

addition pulse operating in the NIR (λ=1064 nm), with energies of EUV=20 mJ and ENIR=40 

mJ, respectively. The dual-pulse plasma is used to ignite methane-air and hydrogen-air 

mixtures of equivalence ratios in the same range. We report lean limits of ϕ=0.53 and ϕ=0.12 

for single pulse ignition of methane-air and hydrogen-air mixtures respectively, and lean 

limits of ϕ=0.50 and ϕ=0.11 for dual-pulse ignition of methane-air and hydrogen-air mixtures, 

respectively. OH* chemiluminescence shows that single and dual-pulse toroid shapes in 

methane-air mixtures are consistent with single pulse and dual-pulse toroids formed in 

propane-air mixtures, but that hydrogen-air mixtures tend to suppress third lobe development 

over a larger range of equivalence ratios. An investigation of dual-pulse beam axial offset 

effects demonstrates that downstream focusing of the energy addition pulse relative to the 

preionization pulse more effectively suppresses third lobe formation than upstream focusing. 

We also note that upstream focusing of the energy addition pulse near stoichiometric 

conditions can result in a fourth lobe centered around the preionization channel, and that for 

small axial offsets (Δz≤0.5 mm), variability exists in the direction of flame propagation. In 

terms of ignition, we show that for axial offsets above 2 mm no significant benefits (in terms 

of lean limit extension) are observed. Finally, the main finding of this study is that ignition 

probability using the dual-pulse non-resonant method is a strong function of axial offset and 

that downstream focusing of the energy addition pulse is preferable to upstream focusing.  

  

I. Introduction 

 

rogress towards more complex combustion applications has demanded more advanced and versatile ignition 

techniques. One attempt to address some of the concerns associated with well-established techniques such as 

spark plugs and igniters is laser plasma ignition. Advantages of laser ignition include flexibility of spark 

location and timing, reduced NOx formation, leaner engine operation, increased combustion efficiency, and greater 
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system longevity at elevated pressures.1-5 Additionally, the non-intrusive nature of laser plasmas results in more 

unperturbed kernel evolution, as proximate mounting hardware is not required. This is an advantage when compared 

with spark plug or igniter electrodes which typically act as heat sinks quenching the flame. However, large input 

energies and complications with beam delivery have impeded field implementation.6-8  

Our approach to address these challenges uses a dual-pulse laser plasma where a UV beam preionizes a gas 

mixture and a secondary NIR beam increases the energy and ionization state of the gas. The use of this technique 

decouples the processes responsible for ionization, predominantly multiphoton ionization (MPI) and electron 

avalanche ionization (EAI) through inverse bremsstrahlung absorption, and allows for tailoring of plasma properties 

through adjustments to beam energies and delay time.9-12 Recent work has shown that dual-pulse laser plasmas not 

only reduce energy requirements but also enhance ignition characteristics such as combustion efficiency, particularly 

around the lean limit.6 An investigation into further energy reduction used a resonant scheme targeting molecular 

oxygen for preionization. Results showed that similar electron densities to single pulse plasmas and non-resonant dual-

pulse plasmas could be produced with 67% of the energy, most of which was concentrated in the energy addition 

beam.13 Ignition experimentation with the resonant dual-pulse plasma demonstrated extension of the lean limit for 

methane-air mixtures, though toroid shapes as observed using OH* chemiluminescence suggested that this was likely 

a result of increased laser energy deposition in the plasma. This investigation serves to fill in the voids in existing 

literature with regards to ignition experimentation of various fuels using single and dual-pulse laser ignition. 

Specifically, this investigation employs a single pulse plasma (λSP=1064 nm) for ignition of methane-air and hydrogen-

air mixtures, and a non-resonant dual-pulse plasma (λUV=266 nm, λNIR=1064 nm) for ignition of methane-air and 

hydrogen-air mixtures. In the analysis, these experimental results are combined with past results to give a 

comprehensive picture of the ignition abilities of single pulse and dual-pulse plasmas in propane-air, methane-air, and 

hydrogen-air mixtures.6,13 

The rest of the document is outlined as follows: Section II details the procedure and setup for ignition testing, 

Section III presents the results with regards to ignition efficiencies and lean limits of the fuels of interests using the 

plasmas of interest, and Section IV makes final remarks regarding comparisons to existing literature and future 

experimentation. 

 

II. Experimental Setup 

We use the fourth-harmonic (λ=266 nm) of an Nd:YAG (Continuum Powerlite 8010) for preionization and the 

fundamental output (λ=1064 nm) from a second Nd: YAG (New Wave Gemini) for energy addition. The two together, 

separated temporally by 15 ns using a pulse delay generator (Berkeley Nucleonics 555), form the dual-pulse plasma. 

The preionization beam is attenuated to an energy of EUV=20 mJ and has a pulse duration of approximately 7 ns. The 

energy addition pulse has an energy of ENIR=40 mJ and has a pulse duration of 10 ns. These energies were selected to 

match the conditions of dual-pulse plasmas used for ignition of propane-air mixtures in the past.6 The optical layout 

for dual-pulse plasma formation is shown in Fig. 1. The beams are spatially overlapped using a beam splitter 

(ThorLabs HBSY134) and focused to a common waist using two lenses of focal length f = 300 mm. The lens for the 

energy addition pulse is placed on a translation stage as to be able to optimize and adjust the axial offset of the two 

beams. The beams are focused to the approximate center of a custom chamber of volume V = 195 cm3 in which 

ignition experimentation is performed. The same 1064 nm laser used for energy addition is also used for single pulse 

plasma formation, where the duration is the same but the energy is raised to ESP=60 mJ. A dynamic pressure transducer 

(PCB Piezotronics 113B24) mounted on the side of the chamber is used with an oscilloscope (Rigol DS1204B), to 

record pressure histories of ignition, while simultaneous OH* chemiluminescence imaging is performed using an 

ICCD (pco DICAM pro) and an optical bandpass filter (Andover 310FS10-50) of wavelength λ~310 nm. 
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Figure 1: The optical setup for plasma ignition. Single pulse ignition uses the same setup without the 266 nm laser. 

 

 

III. Results 

 

A. Ignition Testing 

Combustion of methane-air and hydrogen-air mixtures was performed using both single and dual-pulse plasmas to 

supplement past ignition testing of these plasmas in other fuels.6 We examined equivalence ratios from the 

stoichiometric case down to the lean limit, with increasing resolution towards the lean limit. Dual-pulse methane 

combustion focused on lean limit determination in the region of 0.47<ϕ<0.55 to supplement existing literature 

published by our group in the near stoichiometric region.14 The pressure traces presented in Fig. 2 show single and 

dual-pulse ignition in the first and second column, and methane-air and hydrogen-air mixtures in the first and second 

rows respectively. Time of zero corresponds to the time of laser energy deposition, and the central line of each pressure 

trace represents the average of at least n=10 individual measurements, while the shaded region represents one standard 

deviation in either direction of the igniting cases. As expected, we see decreasing peak pressure and increasing ignition 

delay and variability with increasing equivalence ratio. Note that the dual-pulse trace at ϕ=0.8 is provided from 

previous experimentation.14 
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Figure 2: Combustion pressure histories for single and dual-pulse ignition of methane-air and hydrogen-air mixtures. 

Each trace is the result of averaging successful ignition events of at least ten trials,  

 

We define successful ignition as any increase in pressure (as monitored by the dynamic pressure transducer) 

accompanied by simultaneous flame propagation as monitored through OH* chemiluminescence. This definition 

includes weak and partial combustion events. We define the lean limit as the leanest test case where probability of 

ignition met or exceeded 50%. Using the pressure traces shown above, we can extract a heat release rate from each 

ignition event as described in our past work.12 By comparing to the heating values of the respective fuels, we can 

calculate the combustion efficiency for each ignition event. The resulting efficiencies are shown in Fig. 3 for the single 

and dual-pulse cases and are compared with existing information for propane from literature.6,14 The vertical error bars 

are representative of the standard deviation in efficiency for each equivalence ratio, while horizontal error bars indicate 

the measurement uncertainty associated with the pressure gauge used to monitor partial pressures. Note that the 

uncertainty in equivalence ratio varies for each fuel type. The average efficiency value is calculated from the igniting 

cases, and excludes unsuccessful ignition events. All cases ignited 100% of the time, unless otherwise marked (shown 

as fractions of successful ignition events around the lean limit).  
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Figure 3: Ignition efficiency for propane (red), methane (blue), and hydrogen (black) fuel-air mixtures using single pulse 

(left) and dual-pulse (right) plasmas. Note that for the same combined energy, use of the dual-pulse plasma results in a 

horizontal shift of each curve to the left, extending the lean limit, and increasing ignition efficiency for the lean fuel-air 

mixtures. 

 

As seen in past experimentation, we observe higher efficiency for lean mixtures, as well as extended lean limits 

for hydrogen-air when compared with methane-air and propane-air mixtures.13 Near stoichiometric conditions, we see 

elevated efficiencies for propane. Based on our definition of the lean limit, we report single pulse NIR lean limits of 

ϕ=0.12 for hydrogen, ϕ=0.53 for methane, and literature reports a lean limit of ϕ=0.70 for propane.6 For the dual-pulse 

plasma, we report lean limits of ϕ=0.11 for hydrogen, ϕ=0.50 for methane, and previous experimentation reports a 

lean limit of ϕ=0.60 for propane.14 We find that the dual-pulse plasma results in extension of the lean limit for each 

fuel type relative to single-pulse (with the same total incident energy). We note the most significant difference for 

propane, though the resolution (Δϕ=0.1) in equivalence ratio from previous experimentation could be improved.6 We 

also note that the lean limits for the dual-pulse plasma closely match those of the resonant dual-pulse plasma.13 In 

terms of efficiency, we report generally higher efficiency ignition for the dual-pulse plasma in both methane-air and 

hydrogen-air mixtures when compared with single pulse NIR ignition, though the result is seen for nearly all 

equivalence ratios in the methane-air case while only for the particularly lean cases for hydrogen-air mixtures. 

  

B. OH* Chemiluminescence 

In tandem with ignition experimentation, we imaged the flame front and kernel growth using an intensified 

charged camera and a λ~310 nm filter corresponding to the emission from the intermediate OH* radical, known to be 

a species correlated with regions of heat release.15-17 This method allows for temporal imaging of the plasma kernel 

evolution when ignition is repeated and the timing for the gate of the camera is altered. This method works very well 

when the kernel shape is consistent shot to shot, as is the case near stoichiometric conditions, but becomes difficult 

near the lean limit, where localized variations in fuel concentrations result in differently shaped flame fronts and flame 

speeds. For this reason, we tend to look at the kernel shapes near the lean limit independently rather than as a sequence. 

Fig. 4 shows flame kernel development of the single pulse NIR plasma in methane, revealing similar kinds of kernel 

shapes that are well documented in literature for other fuel-air mixtures.18-23 Though this structure is actually an 

asymmetric torus, it is typically described as a series of lobes because of the shape it takes on when viewed in two 

dimensions. The toroid is formed by plasma induced hydrodynamics and acts as a driving mechanism through which 

surrounding gas is entrained and forced through its center.2,24 The asymmetric torus can be identified in the following 

images as two vertical side lobes (corresponding to the cross-section image of the torus) and the expelled jet passing 

through the center of the torus can be identified as the third lobe propagating towards the laser.6 In this investigation, 

we see third lobe formation for single pulse methane-air ignition for all equivalence ratios, and separation of the third 

lobe for mixtures of equivalence ratios of ϕ≤0.70. We also see that near the lean limit, the flame front propagates for 

hundreds of microseconds, before dissipating or quenching on a several millisecond timescale. Though partial ignition 

does occur, the flame does not propagate to fill the chamber for some of these leaner mixtures as it does for mixtures 

of higher equivalence ratios. This result is expected and is similar to single pulse NIR ignition in other fuels.6 For the 

flame kernels in Fig. 4, the gain for collection was constant, though the images use selective contrast to highlight the 
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kernel shapes. Time delays were selected to match (as close as possible) the conditions previously published by our 

group on ignition of propane-air mixtures.6 

 

   

Figure 4: Flame propagation for the single pulse NIR plasma in methane-air mixtures at a variety of equivalence ratios. 

Indicated times are relative to laser energy deposition inside the chamber. Images have physical dimensions of 28 mm x 

22 mm in the horizontal and vertical directions, respectively. Note the tendency of the third lobe to form and separate for 

the leaner cases. 

 

Figure 5 details similar flame kernel evolution for single pulse NIR plasmas in hydrogen-air mixtures. Single 

pulse NIR combustion of hydrogen-air mixtures exhibits distinctly different kernels as compared to methane-air 

mixtures. Primarily, the timescale for complete combustion was much shorter. The hydrogen-air flame takes around 

1 ms to fill the entire frame, while the methane-air flame takes longer than 2.5 ms. More rapid combustion can be 

expected based on higher predicted flame speeds associated with hydrogen.25 This can also be seen in the pressure 

histories of Fig. 2. In terms of kernel shape, the main difference compared to methane is that near stoichiometric 

conditions we observe highly different flame speeds in the radial and longitudinal (beam propagation) directions. The 

images show that the kernel expands rapidly over the radial axis when compared with the longitudinal axis. The flame 

speed of the third lobe is significantly smaller than that of the adjacent toroid, and the result is an ovular shaped kernel 

and a third lobe that never fully develops. However, we hypothesize that it is possible that the third lobe attempts to 

form in this near stoichiometric scenario, but is accompanied by large rates of flame strain, resulting in quenching and 

rapid extinction of this third lobe. As the equivalence ratio decreases, we begin to see the third lobe become more 

pronounced, which may be due to more uniform flame speeds and reduced strain rate. By ϕ=0.65, we see the third 

lobe on occasion, at ϕ=0.4 we see it every time, and around ϕ=0.20 we see separation begin to occur. Below ϕ=0.20, 

we see separation of the third lobe, though there is still enough energy in the independent lobes to sustain combustion 

in localized regions. This is seen in the bottom right image where a section of the kernel has expanded above the frame 

and is overlaid with kernels still in the frame (ϕ=0.13, t=25 ms).  

 

Laser  

Laser  

Laser  
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Figure 5: Flame propagation for the single pulse NIR plasma in hydrogen-air mixtures at a variety of equivalence ratios. 

Indicated times are relative to laser energy deposition inside the chamber. Images have physical dimensions of 28 mm x 

22 mm in the horizontal and vertical directions, respectively. Note the ovular shape of the kernel as well as the 

segmentation that takes place for leaner mixtures, resulting in localized ignition events. 

 

Using the same techniques presented above for the single pulse NIR plasma and kernel, we analyze the dual-pulse 

plasma for ignition in both methane-air and hydrogen-air mixtures. We see that in both fuel-air mixtures, for all 

equivalence ratios, the dual-pulse plasma kernel exhibits the characteristic shape of a preionization channel and a 

larger energy addition kernel over the range of tens of microseconds.12 Fig. 6 shows methane-air ignition. For 

equivalence ratios in the range ϕ=1.0-0.70 the energy deposition profile suppresses the development of the third lobe.6 

For the stoichiometric case, the direction of plasma propagation (or the direction in which the third lobe would form 

if it did) is unpredictable. As mentioned earlier, each image represents a separate ignition event, so that each image 

should be evaluated individually rather than as a sequence. In eleven combustion events, we report that five of these 

kernels propagated towards the laser beam, while four propagated away (two were indeterminable). We attribute this 

to the axial overlap of the two beams, and believe that variability in propagation direction is indicative of good overlap 

(Δz=0), which leads to suppression of the third lobe. This is studied more rigorously in the offset investigation in 

Section C. Below ϕ=0.7, despite successful overlap, the third lobe is formed, but it takes a long time to develop (tens 

of ms), which may explain why this result was not reported on in the past for propane-air mixtures.6 Around ϕ=0.55, 

we observe third lobe detachment, kernel segmenting and extinction, and localized kernels which then propagate 

towards a complete ignition event.  
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Figure 6: Flame propagation for the dual-pulse plasma in methane-air mixtures at a variety of equivalence ratios. 

Indicated times are relative to laser energy deposition inside the chamber. Images have physical dimensions of 28 mm x 

22 mm in the horizontal and vertical directions, respectively. Note the non-existence of the third lobe for the 

stoichiometric case. Additionally note the timescale over which the third lobe is seen for the intermediate equivalence 

ratios and the localized combustion that occurs near the lean limit. 

 

Much like the single pulse NIR plasma, kernel shapes for dual-pulse ignition of hydrogen-air mixtures were much 

different compared to those formed in methane air mixtures, likely due to fuel reactivity. Again, for all equivalence 

ratios, the dual-pulse plasma kernel exhibits a distinct preionization channel and energy addition kernel over the first 

few microseconds. For equivalence ratios in the range ϕ=1.0-0.5, the dual-pulse plasma kernel propagates with this 

characteristic cross shape all the way through the ignition process. Though this occurs for all equivalence ratios in this 

range, it is most visible for the ϕ=0.9 case. Below ϕ=0.5, the third lobe is formed, as a net central fluid flow is 

developed in the center of the toroid, forcing the third lobe in the direction of laser incidence. Around ϕ=0.2, we see 

segmenting and separation in the kernels, and near the limit we see localized pockets of ignition similar to those seen 

for single pulse ignition.  
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Figure 7: Flame propagation for the dual-pulse plasma in hydrogen-air mixtures at a variety of equivalence ratios. 

Indicated times are relative to laser energy deposition inside the chamber. Images have physical dimensions of 28 mm x 

22 mm in the horizontal and vertical directions, respectively. Note the unique cross shaped kernel for the stoichiometric 

case. 

 

C. Investigation of Axial Offset in Dual-Pulse Ignition 

Previous work in our group has demonstrated that dual-pulse plasma kernel dynamics in propane-air mixtures are 

a strong function of the energy deposition profile, i.e. the focusing conditions and axial overlap of the two pulses.6 

The previous section demonstrated that third lobe formation can be inhibited near stoichiometric conditions for both 

methane-air and hydrogen-air mixtures. In order to better characterize this effect and the impacts of deviation from 

perfect overlap, a test space consisting of a series of axial offsets (Δz = -5.0, -2.0, -0.5, 0.0, +0.5, +2.0, +5.0 mm) and 

equivalence ratios (ϕ=0.50, 0.60, 0.80, 1.00) was developed. Example axial offsets are shown in Fig. 8 where a 

negative axial offset corresponds to the energy addition pulse (NIR) focusing upstream of the preionization pulse (UV) 

and vice versa. In practice, this is done by fixing the location of the UV beam, while moving the focus of the NIR 

beam via a translation stage on which the lens is mounted.9  

 

 

Figure 8: Example axial offsets where the red trace represents the focusing of the energy addition (NIR) beam, and the 

blue trace represents the focusing conditions of the preionization (UV) beam. The zero offset case is slightly shifted for 

visualization. 
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For each combination of axial offset and equivalence ratio, at least three combustion events were attempted, 

though for the zero offset case at least ten combustion events were averaged as described in Section A. The absolute 

limit to ignition was also determined as the minimum equivalence ratio for which at least one of the ignition attempts 

resulted in combustion of the fuel mixture. Experiments were performed in methane-air mixtures. Fig. 9 shows the 

effects of offset variability on kernel shapes, where each image is taken at a time of t=1 ms after laser energy deposition 

using an exposure value of Δt=500 µs. In these images, the laser beam enters from the left. Neither beam has sufficient 

energy to generate full breakdown (and ignition) independently, and therefore each flame kernel can be considered a 

dual-pulse flame kernel. Note that the lean scenario (shown in the top row of Fig. 9) varied with the offset in order to 

be able to obtain a successful ignition event. Within Δz = ±0.5 mm, this lean scenario corresponded to an equivalence 

ratio of ϕ=0.50, but outside this offset, the lean scenario corresponded to ϕ=0.525. 

 

 

Figure 9: Flame kernel shapes from the dual-pulse plasma in methane-air mixtures at a variety of equivalence ratios and 

offset conditions. Each image is taken at a time of t=1 ms using an exposure of Δt=500 µs. Images have physical 

dimensions of 28 mm x 22 mm in the horizontal and vertical directions, respectively. 

 

The cases for which the energy addition pulse is focused upstream of the preionization pulse tend to exhibit higher 

longitudinal flame speeds for the third lobe, resulting in much more common third lobe detachment than equal axial 

offsets that focus downstream of the preionization pulse. We hypothesize to this be to be due to the free electron 

densities along the longitudinal axis, and the corresponding MPI/EAI electron production proportions for each beam.12 

For the upstream case (negative axial offsets), the energy addition beam has not passed through an electron dense 

region when it reaches its focal point. Though some of the pulse energy gets absorbed by free electrons downstream 

of the focal point, the proportion of energy that reaches these free electrons is smaller, and the plasma tends to develop 

as if it were a single pulse plasma, where the energy addition pulse becomes responsible for both MPI and EAI. An 

interesting phenomenon is observed for the negative axial offset at the stoichiometric condition, where a “fourth lobe” 

is developed near the location of preionization focus. This suggests that in these conditions, sufficient energy 

deposition occurs downstream of the focal point in the preionization channel to develop another lobe. Much like the 

third lobe, this lobe is susceptible to separation from the main toroid, as is seen in the extreme offset case of Δz=-5.0 

mm.  

The cases where the energy addition pulse is downstream of the preionization pulse tend to have less flame 

stretching of the third lobe, and separation occurs less frequently. We hypothesize this to be due to better inverse 

bremsstrahlung absorption of the energy addition pulse, which in this case has to completely pass through the 

preionization channel before it reaches its focal point. This results in better absorption of the energy addition pulse, as 

it is responsible for a much smaller proportion of MPI and contributes mainly to EAI, developing kernel shapes that 

better suppress the third lobe. We also see in Fig. 9 that the overlap precision is difficult to discern by simply looking 
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at kernel shapes. As mentioned before, for the zero offset case, we see that the flame growth is unpredictable, 

sometimes occurring upstream and sometimes occurring downstream (seen in the first row of Fig. 6 and described in 

Section B). We see that within the range of Δz≤0.5 mm, this trend continues. Somewhere between 0.5 mm and 2 mm, 

this variability breaks down and the three lobe structure grows towards the laser for every ignition test.  

In conjunction with imaging, pressure histories were collected so that efficiencies could be calculated. For each 

condition, three combustion events were attempted, and successful events were averaged. The resulting ignition 

efficiencies as a function of offset and equivalence ratio are shown in Fig. 10 (left). The zero offset case has increased 

ignition efficiency for nearly all equivalence ratios, though no observable trend exists for the other offsets at 

equivalence ratios far from the lean limit. Near the lean limit, the closer the axial offset to the zero offset case, the 

further the absolute ignition limit was extended. For the zero offset case, the absolute ignition limit was ϕ=0.48. For 

an axial offset of Δz=0.5 mm in either direction, the absolute ignition limit was found to be ϕ=0.50. Once the axial 

offset reached Δz=2.0 mm, the absolute ignition limit was ϕ=0.53. This matches the lean limit of single pulse ignition. 

Therefore, we conclude that in order to benefit from dual-pulse ignition lean limit extension, the axial offset between 

waists must be less than 2 mm, though the range of acceptable offsets is likely much smaller and further investigation 

is warranted. 

 

     

Figure 10: Combustion efficiency (left) and ignition probability (right) for a variety of axial offsets and equivalence ratios. 

Each point represents the average of at least three ignition attempts. Note the decreasing efficiency with increasing offset 

distance. Also note how increasing axial offset results in decreasing probability of ignition and how the -0.5 mm case has 

higher probability of ignition that the +0.5 mm case, attributed to better suppression of the third lobe seen in the OH* 

chemiluminescence images. 

 

It is also informative to look at the probabilities of ignition as a function of offset. The measured probabilities of 

ignition are shown in Fig. 10 (right). The limited resolution step size in equivalence ratio inhibits our ability to draw 

thorough conclusions though we do note some important trends. We see that the probability of ignition increases with 

better overlap precision. Additionally, we notice an increase in probability for the downstream focusing condition 

when compared with the upstream condition at Δz=0.5 mm. We attribute this to the better suppression of third lobe as 

commented upon in the OH* chemiluminescence section of the offset investigation. Recall that this third lobe is known 

to transport heat and intermediate species away from the kernel, so suppression of it results in more stable combustion, 

therefore increasing the probability of ignition. 

 
IV. Conclusions 

We have demonstrated combustion characteristics of single pulse NIR and dual-pulse plasmas for both methane-

air and hydrogen-air mixtures. We report higher efficiencies (particularly in methane-air mixtures) and slightly 

extended lean limits for dual-pulse plasmas when compared with single pulse plasmas. The lean limits for single pulse 

NIR plasmas are determined to be ϕ=0.12 for hydrogen and ϕ=0.53 for methane. Corresponding values for the dual-

pulse plasma are ϕ=0.11 for hydrogen and ϕ=0.50 for methane, which matches the values reported for resonant dual-

pulse plasma in previous work.13 OH* chemiluminescence for single pulse NIR plasmas in methane-air mixtures 
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showed similar three lobe structures to those well established for propane-air mixtures, while hydrogen-air mixtures 

tended to have much more rapid radial growth when compared with longitudinal growth of the third lobe. For the 

dual-pulse plasma, the preionization channel was clearly seen, and had sufficient energy to dictate kernel shape for 

near stoichiometric conditions in hydrogen-air mixtures. Suppression of the third lobe occured in both mixtures near 

stoichiometric conditions, but the third lobe could be observed at extended delays for the leaner cases. Hydrogen-air 

mixtures ignited much more rapidly for both plasmas when compared with methane-air mixtures. An investigation 

into the axial offset between waists for the dual-pulse plasmas showed that it is preferable to focus the energy addition 

beam further downstream from the preionization pulse rather than upstream, if perfect overlap (Δz=0.0 mm) cannot 

be achieved. For downstream focusing, third lobe suppression is stronger and ignition probability is increased. For 

upstream focusing, the energy addition pulse acts more like a single pulse plasma, responsible for both MPI and EAI 

and forming a three lobe structure more frequently. At near stoichiometric conditions, upstream focusing can result in 

a four lobe structure with the fourth lobe centered near the preionization channel. This fourth lobe typically detaches 

from the main toroid much like the third lobe. We find that zero axial offset (Δz=0.0 mm) results in the most efficient 

and most probable ignition with the lowest lean limit. The benefit of lean limit extension completely ceases by an 

offset of 2 mm, while kernel flame propagation directions are highly variable in the region of ±0.5 mm. 
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Summary 

 

We present a three temperature plasma model of dual-pulse laser ignition of the hydrogen-air mixture. The 

results suggested that the calculated ignition delay time strictly depends on the model dimension, showing the highest 

values for the zero-dimensional model.  Kinetic scheme, which includes the avalanche and multiphoton ionization 

showed a good agreement with the measured ignition delay time. Analysis of energy exchange and ignition 

mechanisms confirmed mostly thermal effect of the near infrared laser pulse, showing dependence not only on the 

maximum laser intensity but also on the laser intensity profile. 

 

Nomenclature 

IL                  =     laser beam intensity 

𝐸𝐽𝑜𝑢𝑙𝑒      =     Joule heating 

Ii            =    ionization potential 

P            =      pressure 

ij          =      viscous stress tensor 

h             =     mixture enthalpy  

Yk                  =     k-species mass fraction 

kM          =     molecular weight 

uR          =     universal gas constant 

Cp                 =    specific heat 

Q           =     heat of reaction 

jQ          =     joule heating 

VTQ         =     vibrational-translational (V-T) energy 

exchange term 

m           =     electron mass 

ne            =     electron number density 

𝜔𝑘          =     chemical source term 

𝜀0           =     the vacuum permittivity 

Rav           =     avalanche ionization term 

𝜔𝑀𝑃𝐼     =   multiphoton ionization probability 

VT          =     VT-relaxation time  

𝛾             =   Keldysh parameter 
'

kv                 =    diffusion velocity 

m    = transport frequency of elastic collisions 

electrons with neutrals  

c  =  transport frequency of Coulomb collisions 

electrons  with ions 

 

E𝑣         =  non-equilibrium vibrational energy per 

molecule     

𝐸𝑣
0        = thermal equilibrium vibrational energy per 

molecule  

ℏ𝑤        =0.29 eV,  the vibrational quanta of nitrogen 

T𝑣         = vibrational temperature    

𝜔𝐿      =    laser angular frequency 

𝜉     =    fraction of the absorbed energy going to 

ionization 

EL     =   laser electric field  
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Introduction 

 

 Advanced ignition systems attract lots of attention nowadays due to increased engine performance requirements, 

which is of high demand for internal combustion engines [1]. Furthermore, to get a reliable and stable ignition at 

supersonic flow conditions, when auto-ignition does not occur, new ignition concepts are also needed.  It is a well-

known fact that a fuel residence time in a supersonic combustor is less than the ignition delay time for the case of 

thermal ignition, thus advanced more-efficient and less pollutant ignition concepts are intensively developed and 

researched [2].  Laser ignition has many potential benefits over the conventional spark ignition, it can be achieved 

without electrodes, with very high flexibility of the ignition location within the combustion chamber, and in fuel-air 

mixture compositions below the flammability limit. Ignition mechanisms [3] strictly depend on the laser wavelength, 

repetition rate, the amount of energy deposited and laser focusing. At laser wavelengths below 𝜆 < 250 𝑛𝑚  ignition 

can occur through photochemical mechanism without a significant gas ionization, when a chain initiation stage is 

replaced by the phodissociation of molecules, mainly molecular oxygen by a single photon-excitation.  Other ignition 

mechanisms include thermal ionization, non-resonant and resonant laser spark ignition. Laser thermal ignition starts 

after optical breakdown, which occurs at laser intensities of 100 ÷ 300 GW/Cm2 and leads to the formation of laser 

equilibrium plasma with electron temperatures up to 100,000 K. Optical breakdown can be achieved through electron 

avalanche ionization, non-resonant and resonant multi-photon ionization, depending on the Keldysh parameter 

L

iL

eE

mI2
  [4]. The Keldysh parameter represents a ratio of the field oscillation frequency to the electron period 

of motion and depending on 𝛾  optical breakdown can occur in the so-called tunneling limit ( at 𝛾 ≪ 1) , or in the 

multiphoton ionization limit (at 𝛾 ≫ 1). Gas heating, which eventually causes ignition, occurs through the laser 

radiation coupling to the fuel-air mixture, due to elastic electron-molecule and Coulomb collisions, dissociation, 

recombination, attachment and detachment processes as well as heating in the processes of vibrational-translational, 

electron-vibrational and electron-translational energy exchange. Laser breakdown mechanisms in different media are 

extensively studied in optics, leading to the development of high-sensitivity laser–induced breakdown spectroscopy 

LIBS [5].  One issue that inhibits the application of laser ignition is the minimum ignition energy, which is greater 

than the minimum ignition energy for conventional sparks [6,7]. The greater values of the minimum ignition energy 

for a single laser pulse ignition are connected with the additional energy required for the laser optical breakdown to 

create initial seed electrons at the beam focus. Besides a significant amount of the deposited energy in that case is 

consumed by a propagating blast wave. A new concept of the laser energy deposition on the basis of the combination 

of ultra-violet (UV) and near infrared laser (NIR) pulses has been proposed in [8] that allows avoiding optical 

breakdown, minimizes energy requirements and decreases the minimum ignition energy, by tailoring both the energy 

deposition and heating. The main idea of the dual-laser pulse technique is that a first low energy shaped beam creates 

initial seeded electrons through multi-photon or tunneling mechanisms without full optical breakdown, then, a second 

laser pulse with a controllable delay with respect to the first pulse provides enough additional photon energy for an 

avalanche process, gas heating and successful ignition. This enables the triggering of optical breakdown and 

controllability of the energy deposition in space. The dual-pulse laser scheme of the combination of the ultraviolet 

266 nm and near infrared 1064 nm laser pulses demonstrated an increase of combustion efficiency, flame speed 

enhancement and successful ignition of the lean fuel-air mixture below the flammability limit [9]. Furthermore, energy 

consumption and energy losses associated with the shockwave propagation are significantly lower for two successive 

laser pulses with a time interval compared with a single pulse with the same total incident energy. One and two-

dimensional mathematical model of dual-pulse laser ignition using a three-temperature plasma approach [10] was 

developed in [11,12] to understand a role of plasma driven gas dynamics, chemical kinetics and laser physics in 

controllable ignition and combustion of methane-air mixtures. Computational studies [11,12] showed that using dual-

pulse laser technique allows tailoring an electron temperature, electron number density, size and shape of the formed 

plasma kernel, which is favorable not only for ignition purposes but also for the supersonic flow control [13]. A main 

fuel in scramjet engines is hydrogen, so here we present a further development of the dual-pulse laser plasma model 

for the case of hydrogen-air ignition.  

 

Problem formulation 

 

Initial step in dual-pulse laser ignition is connected with the preliminary ionization by the ultraviolet laser 

pulse. Photon energy of the 266 nm laser pulse is 4.66 eV, for the 1064 nm pulse is 1.165 eV. Neither pulse has 

sufficient photon energy to create excited electronic states or ionize mixture components, thus a main ionization 



 

channel is a multi-photon ionization. In the ultraviolet range due to the higher photon energy probability of non-

resonant or resonant enhanced (REMPI) multi-photon ionization probability is much higher compared with the MPI 

in the infrared wavelengths. As was mentioned in [14] there still exist discrepancies between numerical predictions 

and experimental data on the MPI photoionization rates. Available numerical calculation results suggested that 

multiphonon ionization rates for hydrogen have strong angular dependence [15].  Considering the lack of other 

theoretical calculations and also lack of the experimental data due to the limitations of the laser interferometry 

sensitivity the reliability of the MPI cross-sections is still questionable. Here we evaluated the MPI probability for 

nitrogen, oxygen and hydrogen on the basis of the Keldych theory in the limit when the laser frequency is much greater 

that the electron frequency thus  𝜔𝑀𝑃𝐼 = 𝐴𝜔𝐿𝑚
3/2 (

𝑒2𝐸𝐿
2

8𝑚𝜔𝐿
2𝐼𝑖

)
𝑚

. For the near infrared laser pulse main ionization 

mechanism is an avalanche ionization. Approximate expression for the avalanche ionization rate was taken as in the 

paper [16], assuming that it is determined by the ratio of the Joule heating power to the ionization potential of the 

corresponding mixture component, so  

 

(
𝜕𝑛𝑒

𝜕𝑡
)
𝑎𝑣𝑎𝑙𝑎𝑛𝑐ℎ𝑒

=
𝜕𝑛

𝑂2
+

𝜕𝑡
+

𝜕𝑛
𝑁2

+

𝜕𝑡
+

𝜕𝑛
𝐻2

+

𝜕𝑡
≈ 𝜉𝐸𝐽𝑜𝑢𝑙𝑒 (

𝑌𝑁2

𝐼𝑁2

+
𝑌𝑂2

𝐼𝑂2

+
𝑌𝐻2

𝐼𝐻2

), 

 

where ionization potentials 𝐼𝑁2
= 15.6 𝑒𝑉, 𝐼𝑂2

= 12.2 𝑒𝑉, 𝐼𝐻2
= 15.4 𝑒𝑉 and the Joule heating power  𝐸𝐽𝑜𝑢𝑙𝑒 =

𝑒2𝑛𝑒(𝜈𝑚+𝜈𝑐)𝐼𝐿

𝑚𝜀0𝑐(𝜔𝐿
2+(𝜈𝑚+𝜈𝑐)2)

.  

   
We run calculations for 0D, 1D and 2D problems of hydrogen-air ignition using three different kinetic schemes. 

The kinetic scheme 1 includes multiphoton ionization of molecular hydrogen and additional ion 𝐻2
+ and recombination 

reactions associated with this ion. The kinetic scheme 2 additionally includes a possible photodissociation of molecular 

hydrogen, oriented on the data about a strong field dissociation of hydrogen in a linearly polarized laser field with an 

intensity of 1014 W/m2. That effect was taken into account by initial conditions reflecting the percentage of the fuel 

dissociated (1%). The kinetic scheme 3 includes electronically excited states of molecular and atomic oxygen 

O2(a 1Δg) and O (1D) with main reactions from [17,18].  

A mathematical model includes continuity (1) and momentum (2) equations and equations for the translational 

temperature of the gas written in terms of enthalpy h (3), equations for the electron temperature 𝑇𝑒   (4) and vibrational 

energy  𝐸𝑉  (5) combined with the balance equations( not shown here)  for positive ions 𝑂2
+, 𝑁2

+, 𝑂+ , 𝑁+, 𝑂4
+, 𝑁𝑂+ , 𝐻2

+, 

negative ions  𝑂2
−, 𝑂−  , electrons and neutrals 𝑂2 , 𝑁2 , 𝑂, 𝑁, 𝑁𝑂,𝑂3 ,𝐻,𝐻2 , 𝑂𝐻, 𝐻2𝑂,𝐻𝑂2, 𝐻2𝑂2.  Main reactions for 

the air plasma are from the paper [10], the hydrogen combustion scheme was taken from [19],  the charge exchange 

and recombination reaction rates for 𝐻2
+ were of the same order as for main air ions. 

 

 𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑣𝑖) = 0                                                                            (1) 

 

 𝜕(𝜌𝑣𝑖)

𝜕𝑡
+ ∇ ∙ (𝜌𝑣𝑖𝑣𝑖) = −∇𝑝 + ∇ ∙ 𝜏̂                                                                            (2) 

 𝜕(𝜌ℎ)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝜌𝑣𝑖ℎ) +
𝜕(𝜌𝐾)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝜌𝑣𝑖𝐾) =
𝑑𝑝

𝑑𝑡
+ 𝛻 ∙ (𝜏̀ ∙ 𝑣̄) + 

+
3

2
𝛿𝑒(𝜈𝑚 + 𝜈𝑐)𝑘𝐵(𝑇𝑒 − 𝑇) +

𝐸𝜈(𝑇𝜈) − 𝐸0(𝑇)

𝜏𝑉𝑇

+ 𝑄𝑐ℎ 

(3) 

 𝜕

𝜕𝑡
(
3

2
𝑛𝑒𝑘𝐵𝑇𝑒) +

𝜕

𝜕𝑥𝑖

(
5

2
Г𝑒
⃗⃗⃗⃗ 𝑘𝐵𝑇𝑒) = ∇ (𝜆𝑒

𝜕𝑇𝑒

𝜕𝑥𝑖

) + 𝑄𝐽 − 

+
3

2
𝛿𝑒(𝜈𝑚 + 𝜈𝑐)𝑘𝐵(𝑇𝑒 − 𝑇) −

3

2
𝑛𝑒𝑘𝐵(𝑇𝑒 − 𝑇𝜈)𝜈𝑒𝜈(𝑇𝑒) − 𝑄𝑒  

(4) 

 𝜕𝐸𝜈

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝑣𝑖𝐸𝜈) = ∇(𝐷𝜈

𝜕𝐸𝜈

𝜕𝑥𝑖

) −
𝐸𝜈(𝑇𝑉) − 𝐸0(𝑇)

𝜏𝑉𝑇

+
3

2
𝑛𝑒𝑘𝐵(𝑇𝑒 − 𝑇𝜈)𝜈𝑒𝜈(𝑇𝑒) 

            (5) 



 

 
𝜏𝑖𝑗 = 2𝜇𝑣𝑖𝑗 −

2

3
𝜇𝑣𝑗𝑗𝛿𝑖𝑗 

(6) 

                                                                                                                                                                                                                       

Equations (5,6)  include the energy exchange rate of the vibrational excitation due to collisions between 

molecules and electrons. The electron-vibration excitation frequency  𝜈𝑒𝑣  is a function of the electron temperature and 

was taken from [10]. The electron energy balance additionally includes the energy transfer rate between electronic 

and translational temperatures in the form  
3

2
𝛿𝑒(𝜈𝑚 + 𝜈𝑐)𝑘𝐵(𝑇𝑒 − 𝑇), which is proportional to the elastic collision 

frequency  𝜈𝑚 and Coulomb collision frequency 𝜈𝑐, taken from [10].  The electron heat conductivity equals to  𝜆𝑒 =
5

2
𝑘𝐵𝑛𝑒𝐷𝑒 . Additional term in eq.(4) 𝑄𝑒  presents the electron energy loss on the ionization, excitation, attachment and 

detachment processes.  

Initial conditions for the problem were as follows. The initial electron temperature is 1eT  eV, the vibrational 

and gas temperatures are equal to T=400 K in the plasma channel of the radius r=50 m and T=300 K outside of the 

channel. The laser intensity on the axis 𝐼𝐿 was  varied 𝐼𝐿 = 2 ∙ 1013 ÷ 40 ∙ 1013 W/m2. Initial concentration of 

electrons on the axis after the UV pulse 𝑛𝑒(0) was varied and initial concentrations of ions were inversely proportional 

to their ionization potential. We briefly discussed details of the computational scheme, verification and validation 

procedures for 1D and 2D problems in our previous papers [11,12].  

On the early stage of dual-pulse laser ignition formed laser plasma is in a non-equilibrium state, because a 

significant part of the laser energy at the electron temperatures around 1eV is spent on the vibrational excitation and 

mainly stored in nitrogen molecules. We used the energy exchange term between translational and vibrational 

temperatures in the Landau-Teller form. It is worth noting that hydrogen addition significantly influences the 

vibrational excitation of nitrogen (𝜈 = 1). This influence is demonstrated by the energy loss dependence on the 

reduced electric field in air and hydrogen-air mixture at atmospheric pressure and T=400 K, presented in Fig.1. 

Decrease of the vibrational-translational time 𝜏𝑉𝑇  of the vibrationally excited nitrogen in the presence of molecular 

hydrogen was also mentioned in [20]. Millikan and White [21] expression for the vibrational-translational relaxation 

time gives an estimation of 𝜏𝑉𝑇  as a function of pressure and temperature in a form 𝑝𝜏𝑉𝑇 = 𝑒𝑥𝑝[𝐴(𝑇−1/3 − 𝐵) −

18.42], which presents a compilation of the available experimental data and the Landau-Teller harmonic oscillator 

model and 𝑝𝜏𝑉𝑇 is in atm∙s. In our model we used recommended corrected values of coefficients A=80.87 and 

B=0.01753 from [20] for the hydrogen-air mixture to explain much faster VT relaxation rates in hydrogen-air mixtures 

compared with pure air.   

 

 
Fig.1. Energy losses in the process of the vibrational excitation of nitrogen (𝜈 = 1) depending on the reduced 

electric field: 1) stoichiometric H2-air mixture, 2) pure air. 

 

Results and discussion 

 



 

We verified the base kinetic scheme for neutral components [19] using 0D calculations of the auto-ignition 

delay times of the stoichiometric hydrogen-air mixture at different temperatures. Results presented in Fig.2 showed a 

good agreement between calculation results and experimental measurements, confirming our choice of the base kinetic 

model. 

 
Fig.2. Ignition delay time dependence on temperature (0D problem). Experimental data are from [17]. 

 

 

 The initial seeded electron number density after the ultra-violet pulse was varied from 𝑛𝑒0 = 1012 cm-3 ÷

1017 cm-3. The initial ionization region was of the ellipsoidal shape with the maximum elongations in x and y directions 

of 𝑙𝑥 = 500 𝜇𝑚, 𝑙𝑦 = 100 𝜇𝑚 . Fig. 3 shows temporal dynamics of the formed ignition kernel at 𝑛𝑒0 = 1017 cm-3. 

These results suggested that the first ultraviolet pulse creates a significant concentration of electrons through 

multiphoton ionization and following avalanche ionization. 

 
Fig.3. Temporal dynamics of the ignition kernel: a) t=1.7e-5 s; b) t=9.5e-5 s ; c) t=3.9e-4 s; d) t=5.9e-3 s. 

 



 

The spatial-temporal ignition kernel dynamics is similar to dynamics observed in experiments and in our 

previous simulations for the methane-air mixture ignition with the formation of the reverse flow and toroidal structure 

of the hot kernel.  We also evaluated ignition delay time using three models. In the simulations a main criterion of 

ignition was the largest temperature changing rate dT/dt. For the base case of dual-pulse laser ignition of the 

stoichiometric hydrogen-air plasma calculated ignition delay times showed a strong dependence on the dimension of 

the problem. Fig.4 presents a comparison between calculated and measured ignition delay time. We extracted 

experimental ignition delay time from the pressure traces [22] for dual pulse ignition in the hydrogen-air mixture (Φ =

1), assuming that a sudden rise in pressure characterizes an onset of ignition. Calculation results for the 0D case were 

run at the initial temperature T=900 K. In the one-dimensional calculations we used three kinetic schemes, the two-

dimensional problem was run with the kinetic scheme 1. For dual-pulse laser ignition a calculated ignition delay time 

for a kinetic scheme 3 with  O2(a 1Δg) and O (1D) was lower compared with calculation results for schemes 2,3, which 

do not include electronically excited states. This effect is well known and connected with the fact that any addition of 

radicals helps to chain breaking on the initial stage of ignition and promotes ignition at low temperatures, leading to 

the considerable decrease of the ignition delay time, as was discussed in details in [17,18]. Kinetic schemes 2,3 showed 

a better agreement with the experimental ignition delay time. We suggested that a main reason for that is a relatively 

low photon energy of the second pulse.  A main possible channel of the formation of the electronically excited O (1D) 

by the 266 nm laser pulse can be connected with the photo-dissociation of ozone, but concentration of ozone generated 

by the discharge plasma is too low. Furthermore, the photon energy of 1064 nm laser pulse is also lower that the 

energy needed to photo-dissociate molecular oxygen, a process which occurs at the laser wavelengths 𝜆 < 193 𝑛𝑚.   

Thus, the main role of the infrared pulse was to heat a mixture to the auto-ignition temperature, as minimum.  

Heating process strictly depends not only on the laser intensity, seeded initial electron number density but 

also on the laser intensity shaping with time. Balance of the electron energy on the plasma channel axis during the 

near infrared laser pulse energy deposition for the case of the stoichiometric hydrogen-air mixture ignition at 𝑛𝑒0 =

1012 cm-3 , 𝐼𝐿 = 2 ∙ 1014𝑊/𝑚2  is presented in Fig.5.  For clarity energy losses on vibrational excitation were scaled 

as 𝑄𝐸𝑉
′ = 0.6𝑄𝐸𝑉. It is seen, that 99% of the absorbed laser power is transferred into vibrational degrees of freedom 

and a small fraction of the electron energy left for ionization and gas heating through electronic-translational energy 

exchange. The electron-vibrational energy exchange (last term in the Eq. 5) is proportional to the electron number 

density and an increase of the initial concentration of electrons leads to the increase of the energy transferred to 



 

vibrational excitation of nitrogen if the electron temperature slightly differs from 1 eV. As a result we observed a 

negligible heating and no ignition at the relatively high initial electron number density up to 𝑛𝑒0 = 1017 cm-3. A 

situation cardinally changes if the shape of the heating pulse changes. Fig.6 shows two modeling profiles for the laser 

intensity, I1 and I2 with the different slope versus time with the same maximum laser intensity. For the profile I1 we 

observed a negligible heating after the NIR pulse if the initial seeded electron number density was below 𝑛𝑒0 =

1017 cm-3.  For the profile I2 the electron energy balance showed a significant increase of the energy spent on the 

ionization (Fig,5). As a result even at the initial electron number density 𝑛𝑒0 = 1012 cm-3 and still having a significant 

portion of the energy spent on the vibrational excitation after the 20 ns infrared pulse a mixture was heated to 2000 K, 

which was sufficient for subsequent ignition.  

 

Fig.4. Ignition delay time dependence on the problem dimension. 

 

Fig.5. Fraction of the electron energy transferred to vibrational excitation, ionization and gas heating. 



 

 

Fig.6. Modeling profiles of the laser intensity. 

 

 

Conclusions 

 

Three temperature plasma model was used to analyze ignition of the hydrogen-air mixture by the dual-pulse 

laser. The results showed that the calculated ignition delay time depends on the numerical model dimension. The 

measured ignition delay time for the case of the dual-pulse laser ignition of the stoichiometric hydrogen-air mixture 

was in a good agreement with simulation results for the kinetic scheme, which includes avalanche and multiphoton 

ionization of oxygen, nitrogen and hydrogen. Analysis of the exchange mechanisms between translation, vibrational 

and electronic energies confirmed mostly thermal effect of the infrared laser pulse. The results also suggested, that 

gas heating during the laser pulse energy deposition depends on the laser intensity profile. 
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Dynamics of dual-pulse laser energy deposition 
in a supersonic flow 

 

Rajib Mahamud, Daniel W. Hartman, and Albina A. Tropina  

Texas A&M University, Aerospace Department, College Station, TX 77840 

 

Abstract 

Dynamics of plasma generated by the dual-pulse laser in a supersonic flow was studied numerically. The mathematical 

model includes species, momentum, electronic, vibrational and translational energy equations for the multicomponent 

ionized air. The model examines temporal dynamics of the formed air plasma and how it affects the drag, pressure 

signature and vorticity generation in a supersonic flow around a wedge. We observed that nonequilibrium plasmas is 

more effective in the drag reduction compared with the simultaneous thermal energy addition. The maximum drag 

reduction of around 50% and the maximum drag coefficient reduction of 30% was attained through the dual-pulse 

laser energy deposition. Variation of the plasma spot orientation did not significantly influence the drag reduction. 

We suggested that the surface pressure changes were not controlled by the vorticity generation but occurred due to 

the density changes and the formation of the low–density plasma spot.  

Keywords: supersonic flow control, laser, energy deposition, numerical modeling 
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1. Introduction 

The energy deposition to high speed flows can lead to a drag reduction via the decrease of surface pressure 

and the modification of shock wave. The deposition of energy could be realized by different techniques using plasma 

of spark, laser, microwave, nanosecond pulsed discharges and their combination. Experimental studies for blunt bodies 

in a supersonic flow [1-3] showed a significant drag reduction (up to 80%) depending on the discharge energy and 

geometry of the blunt body.  

A new concept of the laser energy deposition on the basis of the combination of ultra-violet (UV) and near 

infrared laser (NIR) pulses has been proposed in [4-8] that allows avoiding optical breakdown and minimizes energy 

requirements by tailoring both the energy deposition and heating. The main idea is that a first shaped beam creates 

initial seeded electrons; then, a second laser pulse with a controllable delay with respect to the first pulse provides 

enough energy for an avalanche process to occur. This restricts the triggering of optical breakdown and enables the 

controllability of the energy deposition in space. The initial gas ionization without significant optical breakdown is 

achieved by the first UV laser pulse and the second near-infrared (NIR) pulse serves as a source for controllable energy 

deposition into the pre-ionized gas. As was shown in [8] for a case of dual-pulse laser ignition depending on the spatial 

electron number density profile of the first ionizing pulse, the shape of the overall laser energy deposition spot could 

be different. Furthermore, plasma created by the dual- pulse laser at the initial stage is non-thermal with low power 

requirements compared with a single laser pulse and could be beneficial for the supersonic flow control. 

The basic effect of the laser energy deposition is thermal, connecting with localized flow heating by the 

discharge plasma. In the heated low-density region, a supersonic flow shock wave is weakened due to the local Mach 

number decrease, which leads to the drag reduction. The review of Knight [9] provided the analysis of thermal effects 

of the energy deposition on supersonic flow, presenting simulation results for different forms of steady and unsteady 

Gaussian energy sources and experimental observations of the pulsed energy deposition by the high frequency laser 

and microwave discharges. Both computational and experimental studies confirmed a possibility of the flow control 

and drag reduction by discharge plasma. 

 In the experimental and computational study [10] authors considered a single and double laser pulse energy 

deposition and showed that an additional mechanism leading to the shock wave weakening and drag reduction is 

connected with the Richtmyer-Meshkov instability and appearance of small-scale vortex structures. They also showed 

that the shape of the energy deposition region played a significant role in the resulting flow structure.  

Numerical models [11-12] studied the generation of the Richmyer-Meshkov and shear layer instabilities and 

the vortex drag reduction mechanism in details. Authors concluded that a ratio of the specific heat capacities of the 

gas medium and the energy source significantly influenced the triple-shock configuration and the stagnation pressure. 

The energy deposition was modelled as the heated rarefied layer with the same velocity and pressure as in the incoming 

flow. In  a recent study [13] authors evaluated energetic efficiency of the single laser pulse energy deposition in the 

quiescent air and upstream of the hemisphere cylinder at M=2.  Authors used the full thermochemistry model for the 

ionized air and simulated the laser energy deposition as a heat source located upstream of the hemisphere tip. Authors 

concluded that a main effect of the high-repetition laser energy deposition is connected with the pressure decrease and 

generation of vortices. 

It should be noted that the generation of such vortices [13] driven by the Richtmyer-Meshkov instability is  

one of the mechanisms of the pressure decrease. Vortices originate at the boundary of the laser energy deposition 

region and at the interaction zone between the low-density region and a bow shock. In both cases, a vortex strength 

could be manipulated by the change of the density gradient and local non-uniformity created by the formed plasma 

plume. Authors of the paper [14], considering a plasma sheet actuator interaction with a shock wave, concluded that 

the effect of the non-uniform energy deposition cannot be neglected and can lead to the generation of large –scale 

coherent vortices and transition to turbulence. A parametrical study [15] suggested that the vortex energy strength is 

proportional to the radius of the low –density region generated by the laser discharge. For optical discharges, the 

intense laser pulse propagating over large distances creates the low density and high temperature filament upstream 

of the blunt body.  The recent experimental study showed that the plasma filament created by the ultrashort laser pulse 
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forms a low-density region that interacts with the bow shock [16].  A number of recent numerical studies also 

confirmed the formation of vorticity on the interaction of low density region and bow shock, that results a modulation 

of drag coefficient and flow separation in the high speed flows [17-21]. However, dynamics of the formed laser plasma 

was not modeled in those studies. 

This paper explores a concept of the dual-pulse laser energy deposition in the supersonic flow, considering a 

laminar flow past a wedge at M=2 in the frame of the three-temperature plasma model, taking into account temporal 

dynamics of electrons and ions and vibrational non-equilibrium [7,8]. We examined an influence of the initial 

ionization level and non-uniformity of the formed laser plasma on the pressure distribution, vorticity generation and 

drag reduction. 

 

2. Problem formulation  
 

Geometry of the problem and boundary conditions are presented in Figure1. The simulations were based on the 

Navier-Stokes equations for a compressible ideal gas with free stream conditions    

𝑀∞ = 2, 𝑇∞ = 300 𝐾, 𝑃∞ = 101325 𝑃𝑎, 𝜌∞ = 1 
𝑘𝑔

𝑚3
, 𝑅𝑒∞ = 4 ∙ 105, 𝑌𝑁2

= 0.765, 𝑌𝑂2
= 0.235 

 On the first stage of calculations, we obtained the convergent solution for the steady laminar supersonic flow 

past the wedge in the channel. Results of those calculations are initial conditions for the dual-pulse laser energy 

deposition model.  Dynamics of the first ultra-violet pulse was not modelled but was taken into account by appropriate 

initial conditions considering a multi-photon ionization as a dominant ionization process and assuming a Gaussian 

shape profile for charged species so 

 

   𝑛𝑂2
+ = 𝑛𝑂2

+(0)exp (−
(𝑥2+𝑦2)

𝑟𝑓
2 ), 𝑛𝑁2

+ = 𝑛𝑁2
+(0)exp (−

(𝑥2+𝑦2)

𝑟𝑓
2 ), 𝑛𝑒 = 𝑛𝑒(0)exp (−

(𝑥2+𝑦2)

𝑟𝑓
2 ),    

 where 𝑛𝑂2
+(0), 𝑛𝑁2

+(0), 𝑛𝑒(0)   are the initial number densities of positive ions and electrons on the axis of the 

plasma channel.  We also modelled experimentally observed left or right offset cases, when a maximum of the initial 

electron number density moved to the left or right from the center. The initial electron number density 𝑛𝑒(0)   was 

varied in limits 1016~1018 [−
(𝑥2+𝑦2)

𝑟𝑓
2 ] cm-3 and initial number densities of positive ions were inversely proportional 

to their ionization potential. The value of initial electron number density depends on laser intensity, pulse width, 

wavelength and photoionization rates. For example, a laser pulse with an intensity of 4 × 1013   W/cm2  and a pulse 

width of 100 fs would result in an initial number density of 1×1017 [−
(𝑥2+𝑦2)

𝑟𝑓
2 ]   cm-3 [6]. The initial ionization region 

was of the ellipsoidal shape with the maximum elongations in x and y directions of 𝑙𝑥 = 500 𝜇𝑚, 𝑙𝑦 = 100 𝜇𝑚  and 

a channel diameter was d=12 cm. An initial electron temperature was 𝑇𝑒 = 1 𝑒𝑉 and vibrational and gas temperatures 

were equal to T= 300 𝐾.  Based on this initial number density we assume that the NIR pulse energy absorbed by the 

gas varies in limits 𝐸𝐿 = 25 ~250 𝑚𝐽. .  

A mathematical model includes continuity (1) and momentum (2) equations and equations for the translational 

temperature of the gas written in terms of enthalpy h (3), equations for the electron temperature 𝑇𝑒   (4) and vibrational 

energy  𝐸𝑉  (5) combined with balance equations (not shown here) for positive ions 𝑂2
+, 𝑁2

+, 𝑂+ , 𝑁+, 𝑂4
+, 𝑁𝑂+ , 

negative ions  𝑂2
−, 𝑂−  , electrons and neutrals 𝑂2 , 𝑁2 , 𝑂, 𝑁, 𝑁𝑂,𝑂3  . A description of the plasma model is described 

in reference [7]. Main reactions for the air plasma can be found in reference [6].  

 

 𝜕𝜌

𝜕𝑡
+ ∇ ∙ (𝜌𝑣𝑖) = 0                                                                            (1) 

 𝜕(𝜌𝑣𝑖)

𝜕𝑡
+ ∇ ∙ (𝜌𝑣𝑖𝑣𝑖) = −∇𝑝 + ∇ ∙ 𝜏̂                                                                      (2) 
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 𝜕(𝜌ℎ)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝜌𝑣𝑖ℎ) +
𝜕(𝜌𝐾)

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝜌𝑣𝑖𝐾) =
𝑑𝑝

𝑑𝑡
+ 𝛻 ∙ (𝜏̀ ∙ 𝑣̄) + 

+
3

2
𝛿𝑒(𝜈𝑚 + 𝜈𝑐)𝑘𝐵(𝑇𝑒 − 𝑇) +

𝐸𝜈(𝑇𝜈) − 𝐸0(𝑇)

𝜏𝑉𝑇

 

(3) 

 𝜕

𝜕𝑡
(
3

2
𝑛𝑒𝑘𝐵𝑇𝑒) +

𝜕

𝜕𝑥𝑖

(
5

2
Г𝑒
⃗⃗⃗⃗ 𝑘𝐵𝑇𝑒) = ∇ (𝜆𝑒

𝜕𝑇𝑒

𝜕𝑥𝑖

) + 𝑄𝐽 − 

+
3

2
𝛿𝑒(𝜈𝑚 + 𝜈𝑐)𝑘𝐵(𝑇𝑒 − 𝑇) −

3

2
𝑛𝑒𝑘𝐵(𝑇𝑒 − 𝑇𝜈)𝜈𝑒𝜈(𝑇𝑒) − 𝑄𝑒  

(4) 

 𝜕𝐸𝜈

𝜕𝑡
+

𝜕

𝜕𝑥𝑖

(𝑣𝑖𝐸𝜈) = ∇(𝐷𝜈

𝜕𝐸𝜈

𝜕𝑥𝑖

) −
𝐸𝜈(𝑇𝑉) − 𝐸0(𝑇)

𝜏𝑉𝑇

+
3

2
𝑛𝑒𝑘𝐵(𝑇𝑒 − 𝑇𝜈)𝜈𝑒𝜈(𝑇𝑒) 

(5) 

 
𝜏𝑖𝑗 = 2𝜇𝑣𝑖𝑗 −

2

3
𝜇𝑣𝑗𝑗𝛿𝑖𝑗 

(6) 

                                                                                                                                                                                                                                  

We used the energy exchange term between translational and vibrational temperatures in the Landau-Teller 

form with the vibrational relaxation time 𝜏𝑉𝑇 [22]. Equations (5,6) also include the energy exchange rate of the 

vibrational excitation due to collisions between molecules and electrons. The electron-vibration excitation frequency 

 𝜈𝑒𝑣  is a function of the electron temperature and was taken from [23]. The electron energy balance additionally 

includes the energy transfer rate between electronic and translational temperatures in the form  
3

2
𝛿𝑒(𝜈𝑚 + 𝜈𝑐)𝑘𝐵(𝑇𝑒 −

𝑇), which is proportional to the elastic collision frequency  𝜈𝑚 and Coulomb collision frequency 𝜈𝑐, taken from [23].  

The joule heating term has a form 𝑄𝐽 =
𝑒2𝑛𝑒𝐼𝐿(𝜈𝑚+𝜈𝑐)

𝜀0𝑐𝑚𝑒[𝑤𝐿
2+(𝜈𝑚+𝜈𝑐)

2]
, where the laser intensity equals to  𝐼𝐿 = 𝐸𝐿𝑆𝑓   and the 

laser frequency is 𝜔𝐿 =
2𝜋𝑐

𝜆
.   The electron heat conductivity equals to  𝜆𝑒 =

5

2
𝑘𝐵𝑛𝑒𝐷𝑒 . Additional term in eq.(4) 𝑄𝑒  

presents losses of the electron energy on the ionization, excitation, attachment and detachment processes. 

 

Figure1. A schematic of the computational domain. 

The system of equations was solved using a custom made solver based on OpenFOAM C++ libraries [24]. 

We utilize a finite volume method and a PIMPLE algorithm to couple the continuity and momentum equations, which 

is a combination of SIMPLE and PISO algorithms. The PIMPLE algorithm provides stability at high Courant numbers 

(CFL>>1) and therefore, the time step can be increased drastically. The GAMMA differencing scheme was used for 

the discretization of the spatial terms and capture shock in supersonic flow conditions. We used the first-order implicit 

Euler scheme for the discretization of the temporal term and a second-order unbounded scheme for the advection 

terms, which limits the upwind scheme in the regions with strong gradients. A second-order central difference scheme 
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was chosen for diffusion terms and mass fluxes.  To limit the maximum convective CFL number to CFL =1 we 

suggested an adjustable time step. The model implements unstructured quadrilateral mesh.   

The efficiency of the laser energy deposition can be estimated by the ratio of work done and the energy 

deposited into the medium. The energy deposition 𝑄𝑝𝑙𝑎𝑠𝑚𝑎depends on the initial electron number density created by 

the first ionizing pulse, on the laser intensity and on the duration of the second pulse.  We introduced aerodynamic 

efficiency, as a ratio of the energy saved due to the drag reduction  𝑊𝐷,𝑟𝑒𝑑  to the total energy 𝑄𝑝𝑙𝑎𝑠𝑚𝑎deposited by the 

discharge.   Thus, 

ŋ𝑎𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 =
𝑊𝐷,𝑟𝑒𝑑

𝑄𝑝𝑙𝑎𝑠𝑚𝑎
,                                                                      (7) 

where  𝑊𝐷,𝑟𝑒𝑑 = ∫ (𝐹𝑑,𝑏𝑎𝑠𝑒 − 𝐹𝑑,𝑝𝑙𝑎𝑠𝑚𝑎)
𝑡2

𝜏=𝑡1
𝑈 𝑑𝜏,  𝐹𝑑,𝑏𝑎𝑠𝑒 , 𝐹𝑑,𝑝𝑙𝑎𝑠𝑚𝑎 are the drag force for the base case (no plasma) 

and the drag force for the case with the dual pulse laser energy deposition. In addition, the power effectiveness of the 

laser energy deposition can be defined as follows  

ŋ𝑝𝑜𝑤𝑒𝑟 =
(𝐹𝐷,𝑟𝑒𝑑𝑢𝑐𝑒𝑑]

𝑚𝑎𝑥
.𝑈

𝑄𝑝𝑙𝑎𝑠𝑚𝑎/𝑡
 ,                                                                 (8) 

where  tD is the time of drag force changes due to the  laser energy deposition.  

Table 1 shows main baselines conditions for the problem considered. 

Table 1: Baseline conditions for dual-pulse laser energy deposition 

Variables  

u (m/s) 500 ~ 800 

Ma 1.5-3 

ne,0,max (1/cm3) 1016~1018 

τ(ns) 20  

α 8o 

𝑇∞ (𝐾) 300 

𝑇𝑒,0 (𝐾) 12000 

𝑇𝑣,0 (𝐾) 600 

𝑃∞(𝑃𝑎) 101325 

𝑅𝑒∞ 105 ~ 106 

Cd 0.51, 0.46, 0.41,0.36 
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Figure 2. A comparison of numerical results with experiment [25] for the axial pressure distribution of 

flow over a wedge for a high speed flow. 

3. Results and Discussion 
 

For the validation of the model, we took the experimental data from [25], where the authors studied a flow field 

and surface pressure distribution for the laminar supersonic flow around wedges at Mach number M=2.25 having 

different incidences 𝛼 with respect to the freestream. The calculated and measured surface pressure distributions are 

shown in Figure 2 for the wedge with 𝛼 = 8°.  In Figure 2, the pressure was normalized with the free-stream pressure 

and was plotted at a distance from the leading edge, where the location x=0 corresponds to the shock wave position. 

The Reynolds number of the problem, Re=2.4 × 106 , was based on the measured boundary layer thickness of 2.2 

mm. It is seen that calculations and experimental results not only exhibit common trends in the pressure distribution 

but also showed a good quantitative agreement. Details of the validation and verification procedure of the three-

temperature plasma model for the dual-pulse laser energy deposition were discussed in our previous work [8].  
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Figure 3. A blast wave radius as a function of time for the laser energy deposition in the quiescent air. 

 

We additionally validated the shock capturing capability of the model by the comparison between the 

experimental and numerical blast wave radius. A blast wave is formed after the energy deposition by the rapid 

expansions of the high pressure and temperature area and propagates into the ambient air. We determined the position 

of the blast wave by locating the maximum pressure along the radial distance from the center of the energy deposition 

area. For that case, the initial electron number density 𝑛𝑒(0) = 1017 𝑐𝑚−3  and energy deposited by the second pulse 

was E= 250 mJ. Figure 3 shows temporal profiles of the electron number density and measured and calculated blast 

wave radius.  The experimental blast wave radius [26], based on Rayleigh scattering, measured the radial location of 

the spherical blast wave in quiescent air. Though, the experimental conditions simulates laser induced optical 

breakdown in air, a reasonable agreement between experimental and model data was observed. Therefore, it can be 

deduced that the plasma life time or breakdown conditions have a minimal effect on the blast wave that has formed 

initially and propagated away from the core. The energy deposition in the experiment was performed with a focused 

Nd; YAG laser that has a pulse width of 10 nanoseconds generating two pulses at a maximum rate of 200 mj energy 

per seconds. A higher energy deposition in the experiment indicate significant energy losses in the air. Oriented on 

the electron number density, the plasma life time for this particular case was around 5~20 𝜇𝑠.  

  To model the laser energy deposition in the air flow, first, we simulated a steady supersonic flow around the 

wedge with 𝛼 = 8° (Figure1) at atmospheric pressure conditions and Reynolds number  𝑅𝑒𝐷 = 2 × 105,  where the 

characteristic length scale was the diameter of the channel. Figure 4 shows the velocity, temperature and pressure 

distribution in the calculation domain, which clearly indicated the supersonic flow structure.   

 

 

 

Figure 4. Steady supersonic flow past a wedge at M=2.  

To negate the effect of any transient flow conditions, the dual pulse laser energy was deposited in the converged 

solution of the steady supersonic flow. The initiation of plasma kernel formation in a high speed flow requires a 

significantly higher energy than that of a quiescent condition [27].   It was assumed that an initial ionization region of 

the ellipsoidal convex shape was created ahead of the wedge at x=0.2m, located symmetrically on the wedge axis. A 

duration of the second laser pulse was 100 ns and the laser discharge energy absorbed by air was 𝐸𝐿 =100 mJ and 
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𝐸𝐿 =150 mJ. The initial electron number density on the axis was varied in limits 𝑛𝑒0(0) = 1016~1018  cm-3.  In these 

conditions a role of the second laser pulse was to support and extend plasma life without transition to breakdown. 

Figure 5 depicts temperature distribution and velocity vectors for two initial electron number densities at specified 

times for the energy absorbed 𝐸𝐿 =100 mJ.  It is seen from Figure 5 that temporal dynamics of the dual-pulse laser 

energy deposition depends on the initial ionization level created by the first ionizing pulse. Changes in the initial 

electron number density lead to the changes in the strength of the formed blast wave, level of gas heating , magnitude 

of vorticity, non-uniform temperature distribution and also change of low density core, which streaming over the 

wedge and interacts with the shock wave. 

  Thus, depending on the initial electron number density we observed two modes of the temperature distribution 

in the plasma kernel. A relatively undisturbed mode for the case of 𝑛𝑒0(0) = 1017  cm-3  is seen in Figure 5 (pictures 

on the left hand side), when the thermal spot generated by the dual-pulse laser is moving and elongated with the flow, 

but still remains of the toroidal shape for some time until it reaches the wedge, forming a low density region and 

starting to interact with the bow shock. The second highly disturbed mode, presented in Figure5 (pictures on the right 

hand side) for the case of the higher initial electron number density  𝑛𝑒0(0) = 1018  cm-3 shows the larger elliptical 

kernel and a significant deformation of the initial toroidal kernel by the supersonic flow.  

We did not observe a significant influence of the blast wave formed by the dual-pulse laser energy deposition on 

the bow shock, compared with the cases of the single laser pulse or combined laser-microwave energy deposition. For 

the low initial electron number density 𝑛𝑒0(0) = 1016  cm-3 generated blast wave is relatively weak and the Mach 

number is significantly less than the Mach number of the freestream flow. A main effect of the dual-laser pulse energy 

deposition on the flow in our case is connected with the interaction of the low-density region with the bow shock. 

Structure of the formed low-density region for both cases is strictly non-uniform and a size of the region along the x-

axis increases practically linear with the initial electron number density 𝑛𝑒0(0). It also leads to the different vorticity 

generated for two cases considered. 

 

 

 

 

Figure 5. Temperature distribution and velocity vectors:  

left - 𝑛𝑒0(0) = 1017  cm-3 , right - 𝑛𝑒0(0) = 1018  cm-3.   

1018 
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Main source of the vorticity generation was a baroclinicity effect, which increased with the initial electron number 

density. Because of the strong temperature non-uniformity in the heated plasma spot, which depends on the initial 

ionization level, on the initial electron number density profile as well as on the energy exchange between electrons 

and neutrals, a density and pressure gradient are not collinear. That leads to the production of vorticity in the area 

where 
1

𝜌2 ∇𝑝 × ∇𝜌 ≠ 0, and eventually induces a velocity field that increases the baroclinic torque due to  the Rayleigh-

Taylor instability. Considering the boundary of the heated plasma spot as a density stratified interface with the density 

ratio 𝛼 < 1, when the shock passes into a region with a lower sound speed, it could be noted that, an angle between 

the bow shock and the boundary of the heated plasma region also changes depending on the initial conditions, leading 

to the appearance of the Richtmyer-Meshkov instability [12].  Results presented in Figure 6 show, that for a case of 

the higher initial ionization level the interaction of the low-density region with a bow shock lasts the longer time and 

leads to the higher levels of the vorticity generated. Note, that plasma itself generates vorticity in the process of the 

plasma channel expansion. Formed vortices travel along the wedge surface, when the thermal spot started to interact 

with the bow shock (at t= 𝑡 = 0.36 𝜇𝑠 in Figure7). This mechanism of the surface pressure decrease combined with 

the formation of the low density region itself leads to the local Mach number decrease and local attenuation of the 

bow shock.  Let’s consider a laser energy deposition oriented on the some angle to .the wedge axis, for example, at 

the angle 𝛼 = 41.8°, which corresponds to the oblique shock angle for our wedge. In that case, we can suppress a 

formation of the vorticity due to the baroclinicity effect, because ∇𝑝 × ∇𝜌 ≈ 0 and a main source of the drag reduction 

and surface pressure change is a change in density. We did not observe significant  modifications in the drag force 

with the change in the plasma spot orientation which confirms our conclusion.  

 
Figure 6. Vorticity generation by the dual-pulse laser energy deposition for the initial electron number 

density: 𝑛𝑒,𝐼 = 1017 𝑐𝑚−3
. 

 
Figure 7. Normalized surface pressure profiles along the upper wedge wall at 𝑛𝑒,0 = 1017 𝑐𝑚−3. 

0.44 µs 1.44 µs 4.44 µs 9.44 µs
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Temporal behavior of the maximum pressure and maximum temperature in the area close to the wedge leading edge 

also changes depending on the initial degree of ionization.  Figure  8 a) shows that for the higher initial electron number 

density with the same energy addition by the second pulse 𝐸𝐿 =100 mJ, the reduction of pressure takes place for an extended 

time, which is closely related to the  maximum temperature increase due to the dual-pulse laser energy deposition as shown 

in Fig 8(b).  Furthermore, for any specific energy deposition, due to the surface pressure decrease we observed the drag 

force decrease (Figure 9 a), which reaches its maximum at the initial electron number density 𝑛𝑒,0 = 5 × 1016 𝑐𝑚−3 .  We 

also consider a case of the simultaneous energy addition in the same location with the same absorbed energy of the laser 

discharge 𝐸𝐿 =100 mJ assuming that we have a thermal equilibrium and all the deposited laser energy goes to gas heating 

(Eq.3).  It is worthy to note, that a drag reduction was observed for both equilibrium and non-equilibrium plasma cases 

(Figure9a) but for the latter case it was higher and lasted for a longer time. A magnitude of the drag force decrease changes 

with the Reynolds number as shown in Figure 9 (b), where curves presented have the same initial electron number density 

𝑛𝑒,0 = 5 × 1016 𝑐𝑚−3 and the same amount of energy 𝐸𝐿 =100 mJ provided by the second laser pulse. 

 

 
 

Figure 8. Temporal behavior of  (a) the maximum pressure and (b) the maximum temperature (on the wedge axis 

nearby the wedge tip) for the different initial ionization level (𝑛𝑒,𝐼 = 1017 𝑐𝑚−3, 𝑛𝑒,𝐼𝐼 = 1016 𝑐𝑚−3 . 
 

 

 

  

(a)                                                                                           (b)  

Figure 9. Temporal behavior of the drag force:  

a) at the different initial ionization levels (𝑛𝑒,𝐼 = 1017 𝑐𝑚−3, 𝑛𝑒,𝐼𝐼 = 1016 𝑐𝑚−3); 

0

1

2

3

4

5

6

7

0 0.25 0.5 0.75 1 1.25

P
/P

o

t (ms)

Ma = 2.3

Ne,I

Ne,II

Dual-pulse

Laser

(a)

0

0.5

1

1.5

2

2.5

3

0 0.25 0.5 0.75 1 1.25

T
/T

o

t (ms)

Ne,I

Ne,II

Dual-pulse

Laser

(b)

0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2

0 0.25 0.5 0.75 1 1.25

F
D
/F

D
,0

t (ms)

Ne,I

Ne,II

dual-pulse Laser/
thermal energy

0

0.2

0.4

0.6

0.8

1

1.2

0 0.25 0.5 0.75 1 1.25

F
D
/F

D
,0

t (ms)

ReD1

ReD2

ReD3

Page 10 of 16AUTHOR SUBMITTED MANUSCRIPT - JPhysD-122592.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



 

 

b) for the different inflow Reynolds number (ReD1= 4.8×1006, ReD2= 6×1006, and ReD3= 7×1006) 

 

  

 
 

(a) (b) 
Figure 10. (a) Temporal behavior of the drag force (b) Maximum drag reduction and aerodynamic efficiency of 
the dual-pulse laser energy deposition depending on the offset of the second pulse with respect to the first one. 

 

       We also observed that by changing the location of the maximum electron number density of the initial profile 

yields varying in the drag decrease (Figure10). Because varying parameters can affect the performance of the laser 

system, we also analyzed how the aerodynamic laser efficiency defined by Eq.7 changes depending on the initial 

profile of the electron number density. As seen in Figure10a, each of the three methods exhibit roughly the same 

maximum drag reduction. The aerodynamic laser efficiency changes between each of these methods as the effective 

plasma interaction time is variable. The highest aerodynamic laser efficiency comes when the maximum of the initial 

electron number density is in the center of the energy deposition area (Figure10b). Furthermore, we see an adverse 

effect on the reduction in drag as the critical value moves toward the oblique shock. We gain marginal increases in 

the reduced drag with critical values further from the oblique shock away from a centrally distributed configuration 

despite losing aerodynamic laser efficiency. This linear shift in the critical value creates a time delay between the 

impact of the bulk energy deposit and the shear layer. The varying geometry also causes local changes in the 

concentration of pressure waves in the boundary layer directly impacting drag. Integrating the power curve by a 

linearly scaled distribution of drag yields this result for the same power requirement. Figure 11 shows how the 

aerodynamic efficiency and the maximum drag force increases with the inflow Reynolds number for the same amount 

of energy deposition.  
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Figure 11. Aerodynamic efficiency of the energy deposition and the maximum drag reduction with respect to 

Reynolds number. 

It is worth noting that the introduced aerodynamic laser efficiency parameter can be used to compare the effects 

of different supersonic flow control systems. A large reduction over a short time can have the same aerodynamic laser 

efficiency as a small reduction over a large period.  The effect of initial electron number density on the drag reduction 

and the drag coefficient is presented in Figure 12.  Higher degree of initial ionization increases the area of low density 

region and its interaction with the wedge. This significantly improves the drag reduction capability of the dual-pulse 

laser system. With the increment of initial electron number density, however, and consequently enhancement of the 

maximum drag reduction, a significant improvement of drag coefficient performance was observed. 

 

  

Figure 12. Maximum drag reduction and aerodynamic efficiency of the dual-pulse laser energy deposition 
depending on the initial electron number density profile.   

 

4. Conclusions 
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A mathematical model was presented for the dual-pulse laser energy deposition in the supersonic flow. The developed 

model takes into account the temporal dynamics of the formed laser plasma in the frame of the three-temperature 

model. Results of the simulations showed that the pressure drop over the wedge and a baroclinic production of the 

vorticity depend on the initial ionization level created by the first laser pulse. Simulation results also suggested that 

nonequilibrium plasma was more favorable compared with the thermal plasma in the drag force reduction in a 

supersonic flow, assuming the same laser energy was absorbed by the gas. Effects of different laser direction on the 

surface pressure were studied by changing the plasma kernel orientation. The surface pressure did not change 

significantly with the change of the initial kernel orientation (0 ~ 90 degrees). Thus the main effect of plasma on the 

supersonic flow in our conditions can be attributed to a low-density core formation. 
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Nomenclature 

c = Speed of light,m/s 

De = Electron diffusion coefficient, m2/s 

𝐷𝜈 = Vibrational diffusion coefficient, m2/s 

E0 = Thermal equilibrium vibrational energy, J  

𝐸𝐿 = Energy absorbed by the gas from the laser, J 

EV = Nonequilibrium vibrational energy, J 

h = Enthalpy, J 

IL = Laser intensity, W/m2 

KB = Boltzmann constant, J/K 

𝑙𝑥 = Laser Deposition size in the x direction 

𝑙𝑦 = Laser Deposition size in the y direction 

𝑀𝑎 = Local Mach Number 

𝑀∞ = Free Stream Mach Number  

me = mass of electron, kg 

𝑛𝑌 = Number density of any species Y 

ne = Electron number density 

P  =  Pressure, N/m2 

𝑃∞ = Free Stream Pressure, N/m2  

Qe = Electron energy losses on the ionization, electronic  and vibrational excitation, J/s 

QJ = Joule heating term, J/s 

𝑅𝑒∞ = Free Stream Reynolds Number  

Page 15 of 16 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-122592.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



 

 

𝑟𝑓 = Focal radius, m 

𝑆𝑓 = Focal area, m2 

t = time, s 

𝑇∞ = Free Stream Gas Temperature, K 

T = Temperature, K 

v= velocity, m/s 

Y= Mass fraction for a species 

Tv = Vibrational temperature, K 

Te =  Electron temperature, K  

 

Symbols 

α = Wedge angle 

𝛿𝑒 = Reduced Mass Ratio   

ρ = Density, kg/m3  

𝜌∞ = Free Stream Density, kg/m3 

𝜆  = Laser wavelength, mm  

𝜆𝑒 = Electron Heat Conductivity, W/m/K 

νev = Electron − vibration excitation frequency, 1/s 

𝜈𝑚 = Elastic Collision Frequency, 1/s 

𝜈𝑐 = Coulomb Collision Frequency, 1/s 

τVT =  Vibrational relaxation time, s 

𝜔𝐿 = Laser frequency, 1/s 

 

Subscripts 

∞ =Free Stream Quantity 

0 = Total/Thermal Property 

c = Coulomb Property 

D = drag 

e = Electronic State Property  

𝑓 = Focal Parameter  

L = Related to the Laser 

𝑚 =Pertaining to Elastic or Momentum  

T = Translational/Time related 

v = Vibrational Mode Property 

x = Spatially related to the x direction 

y = Spatially related to the y direction 

Y = Denotes any species, Y may be replaced with the molecular formula (e.g. 𝑂2) 
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Gas dynamics and vorticity generation in
laser-induced breakdown of air
CIPRIAN DUMITRACHE1 AND AZER P. YALIN2,*

1Laboratoire EM2C, CNRS, CentraleSupélec, Université Paris-Saclay, 91190 Gif-sur-Yvette, France
2Center for Laser Sensing and Diagnostics, Colorado State University, Fort Collins, CO 80523, USA
*azer.yalin@colostate.edu

Abstract: Research has shown that the ignition characteristics of laser-induced plasmas in
fuel-air mixtures are influenced by the gas dynamics effects induced during the gas breakdown
stage. Here, we present the numerical modeling of the fluid mechanics induced by breakdown
(plasma formation) from a nanosecond near-infrared (NIR) laser pulse in air. The simulations
focus on the post-discharge kernel dynamics with the goal of developing a better understanding
of how vorticity is generated during the kernel cooling phase. Initial conditions (ICs) of kernel
shape, temperature, and pressure (corresponding to the end of the laser pulse) are found from
experimental Rayleigh scattering data. It is shown that this method for determining ICs is
preferred versus the use of the Taylor-Sedov blast wave theory as it provides a more accurate
description of the starting field. Past experimental observations have revealed that the gas
dynamics of nanosecond laser sparks typically lead to the formation of an asymmetric torus
with a frontal lobe propagating towards the laser source. We show that the development of the
asymmetric torus is governed by strong vorticity generated through baroclinic torque arising
from the blast wave that forms at the kernel boundary. Initially, the blast takes the shape of the
teardrop kernel but then evolves into a spherical front during the first ∼10 µs because the blast
wave strength varies along its circumference. This spatial variation leads to a misalignment
between the pressure and density gradients and generation of vorticity by baroclinic torque.
Ultimately, the observed flow-field is dictated by how the energy was initially deposited around
the beam waist during breakdown. As such, one can tailor the aerodynamics induced during the
cooling and recombination phase by controlling the energy deposition profile.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Laser induced breakdown has been studied for a wide range of combustion applications including
as an ignition source for reciprocating engines [1–3], gas turbines [4–6] and rocket engines [7,8],
and as a means to provide flame stabilization in high speed diffusion jet flames [9–12]. For widely
used nanosecond pulses, a typical breakdown event is governed by two processes. An initial pool
of free electrons is formed by multi-photon ionization (MPI) whereby a gas molecule becomes
ionized through the absorption of multiple-photons within the molecule’s excitation lifetime.
This is followed by the plasma growth stage via electron avalanche ionization (EAI). During EAI,
the free electrons generated by MPI are accelerated in the presence of the laser’s electric field
(i.e., inverse bremsstrahlung absorption) and generate further gas ionization through collisions
with the nearby gas molecules. During this period, the plasma rapidly reaches high temperatures
(∼30,000K) and high pressures (several tens of bar) [13,14]. The initial plasma kernel has a
characteristic teardrop shape with the axial length governed by the focusing conditions and beam
energy. The plasma kernel grows with high velocity (∼0.1-1 km/s) during the first microsecond
after the pulse [13]. An interesting feature of the kernel’s subsequent development is the presence
of vorticity within the plasma even when the breakdown was generated in an initially quiescent
gas. Vorticity in the fluid leads to the collapse of the teardrop kernel along its optical axis and,
ultimately, to the formation of an asymmetric torus with a lobe feature pointing in the direction

#385430 https://doi.org/10.1364/OE.385430
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of the laser, at several tens of microseconds later. When experimentally viewed by (planar) 2-D
imaging methods, the flow structure appears as a “three-lobe” pattern due to the persisting torus
and frontal lobe (also referred to as “third lobe”) [15–17]. Shown in Fig.. 1 is an example of a
kernel investigated as part of this work which has collapsed into an asymmetric torus at 100 µs
after the laser pulse.

Fig. 1. Temperature contours showing an asymmetric torus obtained 100 µs after a laser
spark. The image shows the three-lobe structure that is typically encountered in laser ignition
by nanosecond NIR pulses.

The gas dynamics involved in the breakdown process, in particular the vorticity generation
mechanism leading to the creation of the three-lobe structure, have not been sufficiently explained
in the literature. The formation mechanism of the third lobe was first discussed by Bradley et
al. [13] who posited that the third lobe forms due to the interaction between the rarefaction
waves (which constitute the tail end of the blast wave) and the hot gas kernel present at the beam
focus. The inward flow induced by the passing rarefaction during first ∼5-10 µs is key to the
mechanism proposed by Bradley. Similar to a Taylor instability, the gas of lower density (hotter)
is accelerated more by this outward pressure gradient than the neighboring layer of gas that has
higher density (colder). The resulting torque generates a pair of counter-rotating vortices–one at
the upstream (laser incident) side and one at the downstream side of the kernel. This (nearly
adjacent) vortex pair causes the hot gas kernel left after breakdown to collapse into a torus. The
imbalance of vortex strength between the pair also generates the third (frontal) lobe. However,
no actual measurements or computational fluid dynamics (CFD) simulations were performed
to confirm this mechanism. Moreover, detailed analysis of the kernel topology has suggested
that vorticity might be present at even earlier times, before the blast wave has separated from the
kernel. In another study, Dors et al. [18] conducted a CFD analysis of a breakdown kernel from
a 10 ns Nd:YAG laser (1064 nm) pulse with Epulse=25 mJ. Their study assumed that the plasma
is in equilibrium and the initial kernel profile was determined from experimental observations.
Interestingly, while their results predict the formation of an asymmetric toroid, the direction of
propagation of the third lobe was towards the cooler side of the post-breakdown kernel which
is contrary to what has been experimentally reported [19,20]. This suggests that obtaining the
correct direction of fluid rotation induced by vorticity is very sensitive to the initial conditions.
It is important to note the significant role of vorticity for practical applications including the

viability of flame ignition. Endo et al. [21] indicated that the plasma-driven fluid dynamics
dictates the flame kernel topology. Furthermore, they suggest that flame vorticity entrains the
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surrounding combustible mixture which leads to an increase of the effective kernel energy in
the early stages of flame development. A comparative experimental study between single- and
dual-pulse laser breakdown ignition by the present authors showed that the plasma-induced
vorticity is responsible for the flame kernel extinction at the lean limit [22]. Moreover, it was
shown that by controlling how the energy is deposited in the gas along the optical axis, one
can control the direction of fluid rotation including changing the direction of the third lobe (i.e.
making it appear towards or away from the incoming beam) or even completely suppressing
it. Therefore, understanding the mechanisms through which vorticity is generated in a laser
spark (and tailoring it) can have a wide range of benefits such as reducing flame stretching in
highly turbulent combustion devices (e.g. aero-turbines), flame stabilization in ramjet or scramjet
propulsion systems, increase in combustion efficiency for stationary natural gas engines, and
optimization of plasma aerodynamic flow control devices.
In this paper we use computational fluid dynamics to investigate the gas dynamic effects

induced by a nanosecond laser spark in atmospheric air. Initial conditions (after the end of the
incident pulse) are found from experimental studies. The temporal evolution of the flow field and
the corresponding kernel dynamics are modeled under the 2-D axis-symmetric assumption. A
vorticity equation analysis shows that vorticity is generated mainly by baroclinic torque due to
misalignment between the pressure and density gradients within the kernel. Pressure contours
show that the strength of the blast wave varies along its circumference during the first ∼10 µs
after the laser pulse, which results in a misalignment of the pressure gradient with respect to the
density gradient (which follows the temperature gradient). We find that, ultimately, the initial
shape of the breakdown kernel dictates the subsequent gas dynamics. The teardrop kernel gives
rise to two zones of significant recirculation at the front (facing the laser source) and the back
(away from the laser source) of the kernel that have different strengths. These two vortices govern
the collapse of the laser kernel into the three-lobe structure observed experimentally. These
findings provide new insight into the vorticity generation, and its implications to the flow field,
relative to the current literature.

2. Mathematical model

The fluid mechanics generated by the laser breakdown process were numerically modeled using a
Riemann solver developed in-house based on the Navier-Stokes equations. At this stage, the model
neglects the effects of plasma kinetics and focuses exclusively on the fluid dynamics induced by
the hot gas kernel in a non-reactive air gas mixture (assumed to be 79% N2 and 21% O2). As
such, the simulations presented here begin after the laser pulse has ended with initial conditions
determined from experiments (see below). Future work will include kinetics, including attempting
to model the ionization (laser on) phase, but it is important to note that several past studies
have found that the observed gas dynamics effects are dominated by the interaction between the
blast wave and the hot gas kernel after the pulse (i.e. not depending on kinetics) [13,15,23,24].
Moreover, post-discharge heating by vibrational-translational (V-T) relaxation reactions or by
quenching of metastable states take place on a longer timescale (hundred of microseconds)
compared to the timescale of blast-wave detachment and kernel collapse (∼0.5-10 µs). The blast
itself is created by the ultra-fast heating mechanism of electron avalanche ionization which takes
place during the laser pulse. This mechanism is taken into account in the current simulations
through initial conditions based on the plasma properties measured using Rayleigh/Thomson
scattering at the end of the pulse. Hence, neglecting the plasma chemistry should still allow
modeling and insight into how the flow field develops provided that correct profile of pressure
and temperature at the end of the pulse are used in computations.

The governing equations written in cylindrical coordinates with axial symmetry (zero azimuthal
velocity) are presented below in conservative form:

Ut + F(U)ar + G(U)az = F(U)dr + G(U)dz + S(U) (1)
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where:

U =
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(2)

In Eq.. (2), U is the vector of conservative variables, F(U)a and G(U)a describe the advection
flux (in the r and z direction respectively), F(U)d, G(U)d represent the diffusion flux, and S(U)
is the source term that is the result of the coordinate system transformation from Cartesian to
cylindrical. ρ is the gas density, p is pressure, u and v are the radial (r-) and axial (z-) components
of velocity, E is the total energy (the sum of kinetic and internal energy), τi,j are the shear stress
component, and qi represents the ith component of the conductive heat flux. In this coordinate
system the incident laser is oriented along the z-axis.

The system of conservation laws is complemented with two additional relations that describe
the thermodynamic state of the system:

p = ρRgT

E = ρ
(
h −

p
ρ
+

u2 + v2

2

)
(3)

where the first relation in Eq.. (3) is the ideal gas law (Rg is the specific gas constant), and the
second is the caloric equation of state (h is the specific enthalpy).
The caloric perfect gas assumption does not fully apply in the case of the high-temperature

laser plasma; however, the numerical model assumes a thermally perfect gas which involves
solving an implicit nonlinear equation in temperature in each computational cell and at each time
step. The following relation for temperature is derived from Eq. (3):

T =
−E + ρ

(
u2+v2
2

)
+ ρh(T)

ρRg
(4)

In Eq.. (4) the enthalpy, h(T), is computed using the Shomate interpolation polynomials for
molecular nitrogen and oxygen according to the NIST database [25]. Viscosity is modeled using
Sutherland’s law, assuming a Newtonian fluid with temperature-dependent viscosity, and the
conductive fluxes are calculated with temperature-dependent thermal conductivities [26].
The conservation equations given in Eq.. (1) are numerically integrated using a dimensional

splitting approach. The advection terms are solved using Roe’s flux differencing scheme with
slope limiters [27] and the diffusion terms are solved using a second order centered difference
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scheme [28]. Finally, the resulting ODEs are integrated with an explicit 4th order Runge-Kutta
IV method.
The governing equations are solved on a structured Cartesian grid using a control volume

discretization approach. A piece-wise distribution of initial data over the computational cells
is employed where the value at the center of a cell represents the average of each variable over
the cell. An optimum cell resolution is required in order to resolve the phenomenon of interest
while minimizing the computational requirements. Experimental results indicate that kernel
evolution takes place over two timescales suggesting that two different cell sizes can be used in
the simulation. In the first 20 µs the kernel grows significantly; the temperature drops by more
than half of its initial value and vorticity is generated via baroclinic torque (see Section 3.4 for a
detailed description). Over this time interval, an optimum cell size of 15 microns was determined
through a grid sensitivity analysis. At times greater than 20 µs, the cell size is doubled to 30
microns in order to save computational time since the gradients of pressure and temperature are
much weaker and the toroidal structure has already formed. Additionally, the axial-symmetric
nature of the kernel under investigation allows for modeling only half of the kernel which further
reduce the computational cost. The code uses non-reflective boundary conditions at the edge
of the domain. This allows the blast wave to leave the computational domain with minimal
disturbances [29,30].

3. Results and discussion

3.1. Determination of initial conditions

Since the current simulations do not model the optical breakdown process, the choice of the
initial conditions (corresponding to the end of the laser pulse) becomes critical. These initial
conditions are found from experimental studies based on breakdown from a focused Nd:YAG
beam (1064 nm) with representative parameters of 10 ns pulse duration, 70 mJ energy and
waist of 170 µm. The initial kernel shape is based on broadband optical emission images taken
immediately after the pulse has ended [31]. The pressure and temperature of the kernel at the
end of the discharge are determined from 1-D Rayleigh/Thomson scattering measurements [32].
A typical scattering image is show in the left of Fig. 1 [32–34]. The right of Fig. 2 shows the
resulting 1-D gas density profiles (normalized by ambient density, ρ0) along the Rayleigh probe
beam for different times after the end of the breakdown pulse. At all times, far from the plasma
(where the gas is undisturbed) the density remains unchanged, i.e. ρ/ρ0=1. Moving inwards
(from either side) toward the center of the domain there is a sharp increase in density due to the
shock wave at the front of the blast that accompanies the breakdown process. At regions inside
the blast, the density steadily drops due to progressively higher temperatures. (At early times, an
increase in signal is observed right at the center of the kernel due to the presence of Thomson
scattering from the free electrons; this signal contribution does not correspond to the true gas
density and is excluded from determination of initial conditions.)
These density profiles (right of Fig. 2) contain information on the shock wave location, blast

wave strength and kernel size, at various times after the breakdown, and are thus well suited
for determination of initial conditions for the simulation. The method used to determine the
initial conditions (corresponding to the end of the breakdown pulsed) is as follows. We assume a
teardrop shape (major axis along the laser propagation direction) for the starting kernel from our
past imaging measurements [31]. We then iteratively run the CFD model for various values of
peak temperature and kernel size and compare the resulting density profiles to their experimental
counterparts (right of Fig. 1), seeking the best agreement. The pressure profile is linked to the
temperature profile using the ideal gas equation of state under the assumption that the gas density
should remain unchanged during the laser energy deposition phase. This hypothesis is valid as
long as the laser pulse duration is much shorter than the acoustic-time scale (where the latter
is given by the radial length of kernel, divided by the speed of sound). The simulated density
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Fig. 2. Left: Experimental 1-D Rayleigh scattering performed on a laser spark kernel at
t= 1 µs. Right: Resulting normalized density profiles along the Rayleigh scattering beam at
different times after the breakdown pulse. Experimental data is shown with broken lines and
the simulation with solid lines.

profiles are shown with solid lines in the right of Fig. 2. In terms of selecting the needed initial
conditions (for end of laser pulse) we set a criterion that both the location and the amplitude
of the peak of the blast wave should agree, between simulated and Rayleigh profiles, to better
than 5%. If one considers how much the (initial condition) pressure and temperature fields can
vary, while still satisfying the 5% agreement criterion, one finds that the peak temperature varies
be less than ∼3% (i.e. ∼500K maximum change in peak temperature of ∼15,000K). Such a
small temperature change will not change the hydrodynamic effects presented here. The initial
temperature and pressure profiles are shown in Fig. 3.

Fig. 3. Initial kernel profile used for the CFD simulations corresponding to end of the
breakdown pulse. Pressure (left) and Temperature (right).

An important contribution of this study is the method, outlined above, of using Rayleigh
scattering profiles to infer the pressure and temperature of the breakdown plasma at the end of the
laser pulse. Previous work in the field has typically used Taylor-Sedov blast wave theory which
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relies on matching the experimentally observed blast wave radii (usually from schlieren) with
those predicted from the theory. However, we find that that this method grossly over-estimates
the kernel’s thermodynamic state at the end of the pulse. Taylor’s blast wave analysis assumes
a perfectly spherical shock wave front. However, this is not true for a typical laser spark that
more closely resembles a cylinder than a sphere. In this case, the blast wave speed varies
strongly with location along the circumference thus confounding analysis based on a simpler
spherical wave. Additionally, Taylor-Sedov analysis assumes an instantaneous explosion from an
infinitesimally small volume. This means that, while the Taylor-Sedov theory can be used to
determine the energy released based on measurements of the shock wave radii once it becomes
spherical, one cannot simply extrapolate temperature and pressure immediately after the end of
the nanosecond pulse. Our analysis shows that the size of the initial kernel plays a key role in
determining the correct temperature and pressure immediately after the pulse. To illustrate this
point, Fig. 4 shows simulated cases for two different starting kernel configurations that result
in similar blast wave radius and strength variations over time. We see that when considering
both size and temperature, one can get nearly degenerate blast wave evolution for different
parameter combinations, indicating that the size also plays a significant role in determining
the correct thermodynamic state at the end of the laser pulse. If this size effect is ignored
the kernel temperature is grossly over-estimated, with previous literature using Taylor-Sedov
analysis reporting temperatures in excess of 100,000K and pressures between 5,000-10,000 bar
[13,35,36].

Fig. 4. Computed 1-D Rayleigh scattering profiles for two different initial laser spark
profiles: smaller, hotter kernel (left) and larger, colder kernel (right).

3.2. Kernel dynamics

A comparison between experimental and synthetic schlieren images showing the kernel develop-
ment after the breakdown pulse is presented in Fig. 5. The synthetic images were obtained by
plotting the contours of the vertical density gradient (which would correspond to a horizontal knife
edge orientation in experiments). The images show that the kernel maintains its initial teardrop
shape for the first ∼5 µs after the pulse. However, its volume has increased by approximately
a factor of 4 during this initial stage. This is followed by compression of the kernel along
the optical propagation axis between ∼5-30 µs. At 30 µs after the pulse, the kernel presents
two strong indentations at the leading and trailing edge. As will be shown in detail in the
following section, this is caused by two significant recirculation regions that entrains the cold
surrounding air from either side and push this air towards the center of the kernel. At 50 µs, the
three-lobe structure (i.e., the two side lobes and the frontal lobe) is already formed. In 3-D, this
structure resembles an asymmetric torus in which the plane of stagnation at the center is broken
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because the re-circulation at the back of the kernel is stronger. In the final stages of the kernel
development, the frontal lobe continues to grow towards the laser source as more surrounding
fluid is pushed through the middle of the torus. The kernel maintains this shape for several
hundred of microseconds until it is completely dissipated by Rayleigh-Taylor instabilities formed
inside the flow. The actual lifetime of the three-lobe structure depends on the energy absorbed
inside the gas and the focusing conditions, but it is typically between 0.1-1ms.

Fig. 5. Experimental (top) and synthetic (bottom) schlieren images showing the evolution
of the kernel and the formation of the asymmetric torus (Elaser=70 mJ). Both sets of images
use the same scale.

A comparison between the evolution of maximum kernel temperature obtained experimentally
by Rayleigh scattering and CFD is shown in in Fig. 6. Interestingly, the temperature decay
presents three successive regions: (a) a region of sharp temperature decrease associated with
fast kernel expansion at times <∼1 µs, (b) a region where the rate of temperature decrease slows
between ∼1-15 µs, and (c) a region governed by toroidal dynamics in which gradual kernel
cooling is observed between 15-200 µs after the pulse. The relatively uniform temperature
in region (b) is a new finding and is due to heat diffusion from the kernel being balanced by
heating of the kernel center caused by the axial compression that was previously described.
Temperature measurements at earlier times are not shown as Thomson scattering and pressure
changes precludes temperature determination by the current Rayleigh scattering method. The
comparison shows that the CFD simulation captures the temperature evolution during the toroidal
development stage.

3.3. Blast wave propagation

Previous work on laser breakdown has outlined the importance of blast wave dynamics in the
generation of vorticity. Blast waves are observed in many types of ultrafast heat releases from
point sources. A typical blast wave front consists of a leading shock wave that compresses and
heats the gas ahead of it and a trailing rarefaction wave which acts to reduce the gas density
behind the wave returning it to its initial (unperturbed) state. During the interaction between
the heated gas and the rarefaction, a zone of pressure gradient reversal is observed when the
pressure behind the blast becomes smaller than the ambient pressure. In bomb detonations, this
is typically referred as a “blast wind” which tends to suck destroyed items back towards the
epicenter of the explosion.
Figures 7 and 8 show the computed pressure fields for times before and after blast wave

detachment respectively. Since the laser energy is deposited inside the gas on a much shorter
timescale (nanoseconds) compared to the hydrodynamic scale of the laser plasma (order
microseconds based on speed of sound and characteristic spark dimension), a pressure buildup
inside of the plasma kernel accompanies the rise in temperature during the energy addition process.
In the early stages of the kernel development, acoustic waves coalesce at the edge of the kernel
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Fig. 6. Evolution of maximum kernel temperature evolution during the cooling phase.
Experimental points (squares) have vertical error bars of ∼± 20K.

thereby forming a strong blast wave. This process is accompanied by a fast decrease in pressure
at the center of the kernel during the first few hundred nanoseconds. Interestingly, an increase in
pressure at the center of the kernel is observed at ∼300 ns after the pulse, corresponding to the
formation of a secondary pressure front (see below). Despite being weaker in amplitude, this
front propagates faster than that of the main blast since the density of the fluid around it is much
lower than that of the far-field; this secondary pressure front then catches up (and merges) with
the main blast wave at around ∼1.5 µs after the pulse. The resulting blast initially takes the shape
of the post-laser breakdown teardrop kernel (Fig. 3). However, as the time evolves the blast wave
front becomes progressively more spherical. This phenomenon is described in more detail below
and has a significant impact on vorticity generation.

Fig. 7. Pressure contours showing the early kernel evolution (prior to blast wave detachment).
A secondary pressure front is observed during this development phase.

Once the blast wave detaches from the kernel (at time ∼1 µs), the pressure at the epicenter
gradually decreases. At 1 µs after the pulse, the rarefaction wave that closely follows behind the
shock front begins to decrease the pressure inside the gas kernel until it becomes smaller than the
ambient pressure. The outward pointing pressure gradient observed in the 2.5 µs and 5 µs frames
at the center of the kernel gives rise to a fluid flow directed towards the center of the kernel. This
inward flow initiates the observed kernel collapse into the asymmetric torus shown in Fig. 6.
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Fig. 8. Pressure contours showing the evolution of the blast wave after kernel detachment
and until it becomes spherical. The red arrows shown at 2.5 µs and 5 µs indicate the direction
of the pressure gradient inside of kernel. This is responsible for the observed kernel collapse
(pressure at the epicenter becomes smaller than the ambient pressure).

Finally, the pressure at the center of the kernel recovers to atmospheric in ∼10-15 µs after the
pulse and the blast wave becomes fully detached and perfectly spherical.
A more detailed analysis of the secondary pressure wave observed between 0.3-1.5 µs is

warranted as this feature has not been previously observed to our knowledge. The wave velocity
is subsonic (e.g. ∼600 m/s corresponding to M= 0.3 at 0.3 µs after the pulse) meaning the wave
is not a secondary blast. Being subsonic, this secondary front does not appreciably compress
the fluid which is why it is not visible in either schlieren or Rayleigh scattering measurements.
The source of this secondary front is revealed in Fig. 9. Inspecting the velocity profiles at 0.4
µs after the pulse reveals that significant recirculation takes place inside of the kernel. Since
the pressure at the epicenter is still above atmospheric there is a net acceleration towards the
outside. However, the strong source of vorticity near the kernel boundary tends to recirculate
the fluid back to the kernel center leading to a temporary increase in gas pressure. This is a
significant finding because previous research attribute the presence of vorticity within the kernel
to (only) the interaction between the rarefaction and the remaining hot gas kernel behind the
blast [13], yet the present results suggest that vorticity is generated within the kernel even during
the (earlier) blast wave formation process. This result has been checked for grid resolutions as
small as 1 µm and it does not appear to be a numerical artefact. A comprehensive discussion of
vorticity generation is given in the next section.

3.4. Mechanism of vorticity generation

Figure 10 provides vorticity contours for various time delays during the kernel development.
Positive vorticity means that the fluid is rotating counter-clockwise in the plane of the figure (color
coded red in the images below) while negative vorticity indicates clockwise rotation (shown in
blue). As previously noted, vorticity is generated during the first few hundred of nanoseconds
after the laser pulse, well before the leading blast wave has detached itself from the main kernel.
The two counter rotating vortices push the fluid radially inwards, thus causing the formation of
the secondary pressure front observed between ∼0.3-1.5 µs. This source of vorticity persists until
the outward pressure gradient is established inside the kernel (due to formation of the rarefaction
wave at the kernel boundary). As the kernel collapses, the two vortices change their direction
of rotation and entrain the surrounding cold fluid and push it along the optical axis towards the
center of the kernel (between ∼2 and 100 µs). This causes the kernel to compress faster over the
optical axis than radially (compare the images for 4 and 7 µs). At 7 µs, one notices indentations
at the top and bottom of the kernel which grow as time progresses. The vortices gradually move
towards the center of the kernel during the collapse, until they collide with each other a few tens
of microseconds after the pulse (note that the rotations of the vortices are opposite in the images
for 7 µs versus 100 µs in Fig. 10), and ultimately pass one another. When the vortices collide, the
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Fig. 9. Left: Pressure contours showing the secondary pressure front propagating inside of
the hot kernel (see also Fig. 7). Right: Velocity field imposed on velocity contours showing
the presence of vorticity at early times during the kernel development (t= 0.4 µs is shown
here). The region used for the right panel is shown with the red rectangle in the left panel,
i.e. the right plot is made for half of the kernel.

stronger vortex (originally at the bottom) is able to displace the weaker vortex (originally at the
top) radially outwards and continue its upward motion. Finally, the stronger vortex, positioned at
the top, continues to entrain surrounding fluid from the bottom which is expelled at the top giving
rise to the frontal lobe which propagates towards the laser source. The kernel boundary (shown
with dashed black lines in Fig. 10 and Fig. 11) was determined using an edge finding algorithm
that tracks the location of maximum temperature gradient along the perimeter of the kernel.

Fig. 10. Vorticity contours for various time delays during the kernel development into an
asymmetric torus. The arrows indicate the direction of rotation. The kernel boundary is
sketched using dotted lines for each time delay.

To better understand the mechanism(s) through which vorticity is generated, each of the terms
in the vorticity equation are evaluated individually in CFD post-processing:

D ®ω
Dt
= ( ®ω · ®∇)®u − ®ω(®∇ · ®u) + ν ®∇2 ®ω +

1
ρ2
[®∇ρ × ®∇p] (5)

The first term on the right-hand side describes enhancement of vorticity by stretching and tilting
due to the presence of velocity gradients. This is the mechanism through which turbulent eddies
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Fig. 11. Rate of vorticity generation by baroclinic torque (top) and kernel contraction
(middle) compared to the total rate of vorticity generation (bottom). The shape of the actual
spark kernel is shown with dotted line contour. The images show how vorticity is generated
during the kernel collapse phase (t= 0.1-10 µs).

transfer energy to smaller scales in turbulent flows. The second term describes the effects of flow
compressibility on the vorticity generation. This term enhances vorticity through the flow-field
as the flow undergoes expansion or contraction. The third term describes the effects of viscous
diffusion on vorticity generation. Finally, the last term describes vorticity generation by baroclinic
torque, i.e. misalignment between density and pressure gradients. Evaluating each term shows
that baroclinic torque is the main mechanism through which vorticity is generated with some
contribution also from the compressibility (contraction) term. Figure 11 shows 2-D contours
of the rate of vorticity from the dominant terms as well as the total rate. The images show that
vorticity is generated predominantly by baroclinic torque and that the expansion term only acts
as a source of enhancement/dissipation of vorticity that has already been generated in the fluid.
Most of vorticity is generated during the first ∼5 µs after the laser pulse with the baroclinic torque
accounting for ∼90% of the total vorticity generated at this stage. At ∼10 µs after the pulse, the
blast wave becomes fully detached and perfectly spherical thus removing the main source of
baroclinicity. As time progresses, the contribution of the expansion term to the total vorticity
generation increases. The kernel compression (which was initially induced by baroclinic torque)
now gradually becomes the main contributor to vorticity enhancement. However, the rate of
vorticity generation has dropped by two orders of magnitude: from ∼1012 1/s2 at 4 µs down to
∼1010 1/s2 at 10 µs.
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A comparison between the pressure contours presented in the previous section and Fig. 11
shows that the generation of baroclinic torque is related to the blast wave dynamics. Baroclinic
torque is generated in two stages. Before the shock wave detaches from the kernel surface,
baroclinic torque induces vorticity which leads to the generation of the secondary pressure front
discussed earlier. Then, after the formation of the rarefaction wave at the tail of the blast, the
direction of baroclinic torque is reversed. As show in Fig. 11, baroclinic torque is the main
contributor to the axial collapse of the kernel during this stage. After ∼10 µs the effect of
baroclinic torque becomes negligible (note that the rate of vorticity generation drops by two
orders of magnitude between 1-10 µs). This time delay also corresponds to the complete blast
wave separation from the kernel.

A physical explanation of the mechanism that generates baroclinic torque is provided with the
aid of Fig. 12. As the shock wave is formed at the boundary of the kernel during the early stages
of kernel development, it has a non-uniform pressure around its circumference. The pressure
contours in the top of Fig. 12 show that the blast is stronger on the sides of the kernel where the
front is more planar compared to the top and bottom where the front is more spherical. This
is to be expected because the energy is dissipated more quickly in a spherical shock versus a
planar one due to stretching of the wavefront during the associated increase in perimeter. A
consequence of the non-uniform pressure field is that the pressure gradient at the “corner” of
the kernel is slightly tilted towards the higher pressure part (side region) of the shock front. In

Fig. 12. Temperature and pressure contours showing the misalignment between the density
and pressure contours at 1 µs (top) and 5 µs (bottom). The images show that, once the
pressure gradient is reversed inside the kernel, baroclinic torque changes the direction of
fluid rotation.



Research Article Vol. 28, No. 4 / 17 February 2020 / Optics Express 5848

contrast, the gradient of density simply follows the temperature gradient (which points directly
towards the epicenter of the blast) but it is inverted since higher temperature leads to lower density
in a region of constant pressure. The broken line in the central panel of Fig. 12 indicates the
orientation of the density gradient (as determined from the left panel). The two gradients and the
ensuing vorticity direction are shown together schematically in the right panel of Fig. 12. This
misalignment between the density and pressure gradients at the corners of the kernel leads to the
generation of vorticity by baroclinic torque. At t∼1.5-2 µs after breakdown, the detachment of
the blast wave from kernel establishes an inward pointing pressure gradient which is caused by
the inward flow induced by the rarefaction wave. This leads to a decrease, and ultimately to a
direction reversal, of the vorticity generated by baroclinic torque. The bottom part of the blast
wave has an even tighter radius of curvature than the top leading to similar behavior but with
larger gradient misalignment, thus making the vortex at the bottom stronger than the one at the
top. As discussed previously, this will ultimately dictate the direction of propagation of the third
lobe, i.e., towards the direction of the plasma forming laser for the present case where the energy
deposition leads to a stronger vortex on the downstream (bottom) side. Many of these ideas can
be conceptually understood by considering the blast wave dynamics of a kernel initially shaped as
a long thin cylinder: In this case the blast comprises two spherical fronts from the top and bottom
of the cylinder and a planar front from the sides; the planar side front will propagates faster
eventually catching up to the spherical fronts and ultimately become spherical (with baroclinic
torque again generated at the “corners” until the wave is fully spherical). In this scenario, a
perfectly symmetric torus will be obtained (with no third lobe observed) since the vortex pair will
have equal strength. Such kernel dynamics are sometimes encountered in nanosecond pin-to-pin
discharges when the energy is distributed homogenously inside the electrode gap [23,37,38].
Moreover, while the present focus is on NIR laser sparks, the mechanism described here can also
be used to explain the hydrodynamics observed in visible and ultra-violet laser induced plasma.

4. Conclusions and future work

A numerical study of the gas dynamics induced by a laser spark was presented in this manuscript.
It was found that the blast wave dynamics play a key role in the development of the experimentally
observed asymmetric torus (three-lobe structure). Initially, the kernel takes the shape of a
teardrop with the hotter region facing towards the laser propagation direction. This will ultimately
influence how vorticity is being generated inside the kernel during its subsequent evolution. The
strength of the ensuing blast wave, which initially takes the shape of the kernel, varies along its
circumference during the early stages of kernel development. This leads to misalignment between
the density and pressure gradient and generates vorticity by baroclinic torque. An analysis of the
vorticity equation shows that baroclinic torque is the main mechanism that governs the collapse
of the initial teardrop kernel into an asymmetric torus. Baroclinic torque is formed in two stages:
first, before the shock wave detaches from the boundary of the kernel, baroclinic torque generates
vorticity that brings fluid radially inwards and leads to the formation of a secondary pressure front
within the kernel; second, several microseconds after the pulse, the rarefaction wave generates a
pressure gradient reversal inside the kernel. This changes the direction of rotation induced by
the baroclinic torque and leads to the axial collapse of the kernel. Past explanations of vorticity
generation in the laser induced plasmas, in particular from Bradley [13], considered vorticity
formation due to the (later) interaction of the rarefaction wave and kernel but not the possibility
of (earlier) vorticity formation before detachment of the shock wave.
Ultimately, what dictates the direction in which the third lobe propagates is which of the two

counter-rotating vortices is stronger. This depends primarily on the initial kernel topology. If
the kernel is hotter at the front (which is the typical configuration for the optical breakdown
process in which EAI is the dominant ionization mechanism), then the vortex at the bottom will
be stronger (due to larger misalignment between the pressure and the density gradients from the
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tighter radius) causing entrained gas to expel a lobe towards the front side (laser incident side).
From a practical point of view, the following finding is important: if one desires to control the
kernel dynamics in applications such as ignition, flame stabilization or aerodynamic flow control,
one needs to control how the energy is deposited around the beam waist. This is consistent with
our past work using dual-pulse laser plasma showing that the lobe can present at the front or back
sides of the kernel, or not at all, depending on energy deposition [22].
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Resonant dual‑pulse laser ignition 
technique based on oxygen REMPI 
pre‑ionization
Ciprian Dumitrache1, Carter Butte2 & Azer Yalin2*

This contribution investigates a novel laser ignition method based on a dual-pulse resonant pre-
ionization scheme. The first laser pulse efficiently creates initial gas ionization (seed electrons) through 
a 2 + 1 resonantly-enhanced multiphoton ionization (REMPI) scheme targeting molecular oxygen 
(λ ~ 287.6 nm). This pulse is followed by a second non-resonant near-infrared pulse (λ = 1064 nm) for 
energy addition into the gas via inverse bremsstrahlung absorption. The sequence of two pulses 
creates a laser induced plasma that exhibits high peak electron number density and temperature 
(ne ~ 8 × 1017 cm-3 at t = 100 ns and T ~ 8000 K at t = 10 μs, respectively). These plasma parameters are 
similar to those attained for typical single-pulse near-infrared laser plasmas but with the advantage 
of substantially lower pulse energy (by factor of ~ 2.5) in the dual-pulse REMPI case. A combustion 
study focusing on ignition of propane/air mixtures shows that the dual-pulse REMPI method leads 
to an extension of the lean flammability limit, and an increase in combustion efficiency near the lean 
limit, as compared to laser ignition with a single NIR pulse. The measurement results and observed gas 
dynamics are discussed in the context of their impact on combustion applications.

The ever-increasing push for energetically efficient and environmentally friendly energy conversion systems, in 
particular combustion technologies, has driven the interest in laser ignition (LI) as an alternative to conventional 
ignition systems. LI systems are potentially attractive in this regard, for example, when applied to industrial 
reciprocating natural gas engines, LI has shown reduction in NOx emissions and extension of the lean limit1–3. The 
technology is of interest to a variety of combustion applications including reciprocating engines, aero-turbines, 
and rocket engines4–10. System level features of LI, as contrasted to conventional igniter technology, include: the 
lack of electrodes (which tend to act as heat sinks) within the combustion chamber, the ability to achieve fine 
control over ignition timing, flexibility in locating the ignition source (based on focusing optics), and potentially 
systems with favorable cost, packaging and reliability parameters.

Recent approaches towards LI have examined dual (or multiple) pulse laser plasmas based on pre-ionization, 
i.e. where a first laser pulse primarily ionizes the gas (to produce seed electrons) and then subsequent pulse(s) 
primarily heat and add energy to the plasma gas kernel via inverse Bremsstrahlung (IB)11,12. In general, short 
wavelength is better suited for the preionization (owing to more efficient multi-photon ionization) while longer 
wavelength radiation is better suited for energy addition (owing to more efficient IB). The preionization approach 
relies on synergistic effects between the two pulses, in particular the increased absorption of the second pulse 
caused by the preionization. This is distinct from multi-pulse approaches (usually at a single-wavelength) where 
the individual pulses each independently cause breakdown13,14 Experimentally, Yalin et al. showed that preioniza-
tion due to an ultraviolet (UV) 266 nm beam in air reduces the breakdown requirement of an overlapped near-
infrared (NIR) energy addition beam at 1064 nm12. When applied to combustion, Dumitrache et al. showed that 
the dual-pulse preionization scheme allowed ignition of leaner propane-air mixtures as compared to single-pulse 
ignition with the same pulse energy15. Subsequent modeling work has further elucidated aspects of the pre-
ionization laser plasmas. A computational fluid dynamics (CFD) analysis has shown the role of plasma-driven 
gas dynamics to enhance the early kernel growth, in particular an ability to tailor the resulting laser plasma (by 
adjusting the axial offset of the two laser pulses) to either suppress or admit the typical 3rd lobe feature which 
in turn is linked to the ability to ignite lean mixtures16. Kinetic modeling has examined nonequilibrium and 
electron dynamics in the dual-pulse preionization laser plasmas17.

Specifying required plasma parameters for ignition in practical applications is challenging owing to the dif-
ferent possible fuel mixtures and flowfields (e.g. ignition of reciprocating engines versus aero-turbines versus 
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scramjets). The ignition kernel volume, in particular, is expected to be of great importance in combustion devices 
(e.g. some fuel-injected engines) that exhibit poor mixing of the fuel-and-air18 since the larger volume is statisti-
cally more likely to overlap ignitable (well-mixed) regions. Our past work has shown larger kernel volumes (more 
elongated along the optical axis) when preionization is employed19. In general, high temperature will benefit 
ignition owing to promoting chain initiation reactions (rates exponential with temperature)20, and higher electron 
density and temperature can increase the production of radicals and metastables from electron impact reactions21. 
However, the situation is also complicated by the associated gas dynamics, in particular fluid entrainment and 
vortex formation/ejection, which has also been shown to play an important role in early kernel growth22. An 
example of translating to applications is provided by past studies in a rapid compression machine where we 
showed successful ignition of methane–air mixtures over a range of equivalence ratios with NIR plasmas3. While 
the present work makes the first examination of the dual-pulse REMPI approach in quiescent, room temperature 
mixtures, future work should include detailed parametric studies tailored to specific applications.

In the present contribution, we investigate the use of a resonant preionization step, specifically the use of 
oxygen resonant enhanced multiphoton ionization (REMPI) at ~ 287 nm, in place of the 266 nm excitation. As 
will be shown herein, the resonant scheme allows more efficient electron generation (with the preionization) 
for much lower total pulse energy (e.g., we obtain ne = 1.3–3.7 × 1017 cm−3 using a 3 mJ REMPI pulse compared 
to ne = 2.5–6.1 × 1016 cm−3 using a non-resonant (1064 nm) 20 mJ pulse with the same beam waists). When the 
REMPI and NIR pulses are combined, the resonant dual-pulse scheme provides similar gas temperatures and 
ignition characteristics as compared to the 266/1064 nm scheme but with overall lower energy requirements 
(EREMPI+NIR = 40 mJ vs. EUV+NIR = 60 mJ). In general, the use of UV wavelengths (harmonic generation) is less 
energetically efficient on the laser source side. This aspect (along with size, cost, chance of optical damage) should 
be evaluated at the system level while keeping in mind that in many combustion applications the power of the 
ignition source is negligible compared with the thermal power of the flame23.

Figure 1 shows a simplified energy level diagram for molecular oxygen including the 2 + 1 REMPI transition 
of interest. In the 2 + 1 notation, the 2 corresponds to the 2-photon excitation step from the oxygen ground state 
(X3Σ−

g (ν″ = 0,J″)) to the intermediate state (C3Πg(ν′ = 2,J′)) which, when excited by a single additional photon 
(+ 1) is finally excited to an ionized level of molecular oxygen (O2

+ X2Π). At high laser intensities, any molecule 
reaching the intermediate state will also be subsequently ionized such that, as investigated herein, the overall ioni-
zation rate scales as the square of the laser intensity (i.e. step-wise ionization is limited by the 2-photon step)24. 
In terms of laser plasma formation, this REMPI transition has been investigated by Adams et al. for breakdown 
and guiding of discharges25 and for thermometry based on microwave scattering from the laser plasma26,27 . At 
high laser intensities effects of anomalous laser absorption can also become important28,29.

The remainder of the paper focuses on our investigation of laser plasma formation and ignition using REMPI 
pre-ionization. We first examine the electron generation (preionization) as a function of laser wavelength in the 
vicinity of the REMPI transition and confirm resonant 2 + 1 excitation. Next, through the use of Rayleigh and 
Thomson scattering diagnostics, we consider the temporal profiles of gas temperature and electron density for 
the dual-pulse preionization plasmas (287 nm followed by 1064 nm pulses). We find that peak temperature and 
electron density is quite comparable to the corresponding values for single-pulse excitation, but with consider-
ably lower (total) pulse energy in the dual-pulse REMPI case. In terms of ignition, the dual-pulse REMPI case 
extends the lean limit for propane-air ignition when compared to a single laser pulse (and again with lower pulse 
energy). The final investigation examines the gas dynamics and vorticity generation in the laser induced plasma 

Figure 1.   Simplified energy level diagram of molecular oxygen showing the targeted 2 + 1 REMPI scheme 
(green arrows).
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revealing the important role of the 3rd lobe in the flame growth. Conclusions and outlook for future research 
are also presented.

Results and discussion
Preionization of air by resonant enhanced multiphoton ionization of oxygen.  The first set of 
experiments was to confirm the role of the oxygen REMPI in the preionization step based on our experimen-
tal scheme using focused nanosecond lasers in air (see “Methods” section for full setup). To this end, we have 
studied both the wavelength- and energy- dependence of the laser preionization step. We employ laser Thomson 
scattering (with an additional probe laser—see “Methods” section) as a diagnostic for plasma density30. Briefly, 
laser Thomson scattering yields a scattering spectrum due to elastic scattering of photons by electrons which, 
in the incoherent (non-collective) regime (α << 1), yields a Gaussian spectrum with amplitude proportional to 
electron density (and probe laser power) and width proportional to the electron temperature. However, for all 
the scattering measurements reported here a wavelength integrated scattering signal was used. Figure 2 shows 
the resulting Thomson scattering signal (indicative of electron generation) as a function of the wavelength of 
the preionization laser. For these data, the Thomson scattering signals were recorded immediately after the end 
of pre-ionization pulse (~ 1 ns after the pulse, when the signal strength was maximum). Also shown in Fig. 2 is 
a simulated REMPI spectrum for the same transition based on the model described by Wu et al.27 Note that the 
spectrum here refers to the dependence of the full (wavelength-integrated) Thomson signal as a function of the 
wavelength of the REMPI laser (not the spectrum of Thomson scattered light). The modeled spectrum requires 
detailed knowledge of the two-photon line strengths and includes Voigt convolution of laser linewidth with the 
thermal and natural line-broadening. The spectrum is due to the rotational structure of the vibronic transition 
from the molecular oxygen ground state to the intermediate state, i.e. C3Πg(ν′ = 2,J′) ←← X3Σ−

g (ν″ = 0,J″), as 
this is the rate-limiting step of the 2 + 1 step-wise ionization. The reasonable agreement between model and 
experiment, including the fact that we observe no Thomson signal when detuned from the transition, confirm 
that ionization is via REMPI, as opposed to via (non-resonant) multi-photon ionization (MPI) and/or EAI. The 
discrepancies that are present are likely due to a combination of: (1) laser pulse energy (and beam quality) varia-
tions over the broad scanning interval and (2) the need to further tune the detailed line strengths and linewidths 
in the model. The REMPI assumption was further examined by measuring the dependence of the Thomson 
scatter signal on the energy of the pre-ionization pulse (at fixed wavelength of ~ 287.62 nm). These experiments 
showed that the Thomson scatter intensity varied with the square of the intensity of the pre-ionization beam (i.e. 
ne ~ I2) which further confirms plasma excitation via the 2 + 1 REMPI31. This result can be contrasted with simi-
lar studies (based on optical emission as a proxy for ionization) where, for 266 nm ionization, we found a cubic 
dependence (i.e. ne ~ I3) indicative of oxygen MPI (based on EI,O2 = 13.6 eV and Ephoton,266 nm = 4.66 eV)19. In sum-
mary, these tests confirm the role of the oxygen REMPI pre-ionization in the first step of our dual-pulse scheme. 
For all subsequent experiments, the wavelength of the REMPI beam was set to ~ 287.62 nm at the approximate 
peak of the spectrum.

Electron density of dual‑pulse REMPI plasmas.  1-D Rayleigh and Thomson scattering measurements 
were performed to determine the plasma temperature and electron number density profiles. Figure 3 shows the 
resulting electron density during the post-discharge phase (0.1–1 μs after the pulses) for three cases: O2 REMPI 
pulse on its own (λ = 287.6 nm, E = 3 mJ), single NIR pulse (λ = 1064 nm, E = 95 mJ), and the dual-pulse REMPI 
(λ = 287.62 nm, E = 3 mJ and λ = 1064 nm, E = 37 mJ). The measurements were conducted in a pressure cell filled 
with zero-grade air at p0 = 1 bar and T0 = 298 K. Even with the relatively low REMPI pulse energy a significant 
degree of ionization is still achieved. For example, we find electron number density of ne = (1.9 ± 0.8) × 1017 cm−3 
at 100 ns after the pulse). In contrast, the non-resonant near-infrared (NIR) pulse does not achieve measur-
able ionization (breakdown) at such low energies. Indeed, for single-pulse NIR, a pulse energy of 95 mJ was 
adopted for testing as it was the lowest energy for which consistent (visible) breakdown was achieved. However, 
once formed, the NIR plasma is found to be almost an order of magnitude denser as compared to the (lower 
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Figure 2.   Thomson scattering signal from oxygen (T = 300 K, P = 1.0 atm) as function of pre-ionization laser 
wavelength. Blue symbols and lines are from experiment while the grey line is simulation (see text).
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pulse energy) REMPI case, for example ne = (8.3 ± 1.3) × 1017  cm-3 at 110  ns after the pulse. These results are 
largely explained by the different mechanism involved in non-resonant breakdown at 1064 nm where most of 
the free-electrons are generated by electron avalanche ionization (as opposed to MPI or REMPI) which also 
results in a stronger threshold behavior19. For the dual-pulse REMPI case, the resulting plasma is similarly dense 
as compared to the single-pulse NIR pulse but using approximately 2.5 times less total pulse energy, i.e. 40 mJ 
(= 3 mJ + 37 mJ) total for dual-pulse REMPI versus 95 mJ for single-pulse NIR. The fast decay in electron den-
sity is explained by two main factors: kinetics (rapid recombination and attachment) and gas-dynamics (both 
experiments and simulations showed that the hot kernel expands very quickly during the first microsecond after 
plasma formation thus leading to a decrease in density22). In all cases presented in Fig. 3, the vertical error bars 
are due to the uncertainty in discriminating between the Thomson and Rayleigh scattering contributions at early 
times.

Temperature of single‑ and dual‑pulse REMPI plasma.  Gas temperature measurements are per-
formed from Rayleigh scattering signals using the same experimental setup as was used for electron density 
(including the same pulse energies). The Rayleigh signals can only be accurately analyzed (with no Thomson 
interference) at sufficiently late times after the plasma forming laser pulses11,19,32. Figure 4 presents gas tem-
perature measurements begininng 10 μs after the excitation. For the earlier delays, temperature is inferred using 
numerical simulations of the hot plasma kernel (see “Methods” section for details). The CFD-predicted tempera-

Figure 3.   Temporal profiles of electron number density after breakdown for three different laser-generated 
plasmas: O2 REMPI: E287 nm = 3 mJ (red), single-pulse NIR: E1064 nm = 95 mJ (black) and dual-pulse REMPI: 
E287+1064 nm = 40 mJ (blue).

Figure 4.   Gas temperature as a function of time after breakdown for three different types of laser-generated 
plasma: 2 + 1 O2 REMPI (red), NIR (black) and combined REMPI + NIR (blue). Gas temperature profiles 
predicted by CFD modeling are shown with lines.
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ture profiles are shown with solid lines in Fig. 4. The tempeature profile shows that the 2 + 1 O2 REMPI plasma 
is extremly cold (given the degree of ionization) with a maximum measured temperature of ~ 530  K at 1  μs 
after the discharge. This is to be expected in a rezonant ionization process where most of the laser energy goes 
directly into ionization, in this case forming O+

2
(X) and free electrons, as opposed to joule heating induced by 

IB. For the NIR breakdown case, we find considerably higher temperatures in excess of 8300 K at 10 μs after the 
pulse (~ 15,000 K predicted by CFD at t = 0, i.e. at the end of the excitation pulse). As with the electron density 
results reported above, the dual-pulse REMPI allows similar plasma parameters (temperature in this case) when 
compared to single-pulse (NIR) but with only ~ 40% of the total pulse energy. The temperatures plotted in Fig. 4 
correspond to the maximum temperature of the laser plasma at the given time. For the single-pulse experiments 
(REMPI only and NIR only) this was achieved by iteratively moving the Rayleigh probe beam at each time delay; 
however, owing to the potentially more complex flowfield, the dual REMPI + NIR case used a fixed measure-
ment location. For this reason, we present two curves for the REMPI dual-pulse case in Fig. 4: the maximum 
temperature at a fixed location across the kernel shown in dashed blue line (data which matches well with the 
experimental data) and the overall peak plasma temperature from CFD. The sudden increase in temperature 
between 30 and 40 μs (dashed blue line) is due to strong gas dynamics associated with the motion of a hot lobe 
towards the side of the incoming laser during gas cooling phase. This peak does not appear in the other three 
curves which track overall maximum temperature because the frontal lobe never becomes the hottest part of the 
kernel. Finally, each experimental point includes a vertical error bar of ± 20 K, mostly due to shot-noise, but the 
error bars do not show on the semi-logarithmic plot.

Ignition testing and combustion efficiency.  Laser ignition experiments were conducted in a pressure 
cell with mixtures of propane-air at initial conditions of T0 = 323  K and p0 = 1  bar. Combustion events were 
monitored based on the temporal evolution of pressure inside the cell. Pressure traces corresponding to ignition 
of C3H8/Air mixtures via the combined REMPI + NIR pulses are shown in Fig. 5-left below. The end-time of 
the plasma forming laser pulses defines t = 0 in the pressure traces. After a certain delay (which depends on the 
mixture’s equivalence ratio, ϕ), a pressure rise is observed in the mixtures that ignited successfully. The pressure 
rise is due to heat release by chemical reactions which raise the temperature of the fixed-volume cell. As leaner 
mixtures are tested, the peak pressure reduces. This is mainly a consequence of the reduction in mixture reactiv-
ity. However, for the ultra-lean cases (ϕ < 0.7), a decrease in combustion efficiency is also observed. This is shown 
in Fig. 5-right, where the combustion efficiency, i.e. the fraction of starting fuel energy that gets converted into 
heat, η, is plotted for each equivalence ratio.

We contrast the performance of the dual-pulse REMPI (λ = 287.62 nm, E = 3 mJ and λ = 1064 nm, E = 37 mJ) 
ignition scheme with past (baseline) measurements of combustion efficiencies for single-pulse NIR (λ = 1064 nm, 
E = 95 mJ) and non-resonant dual-pulse (λ = 266 nm, E = 20 mJ and λ = 1064 nm, E = 40 mJ)15 as also shown 
in Fig. 5-right. The experimental results indicate the dual-pulse REMPI technique can ignite leaner mixtures 
as compared to single-pulse NIR (ϕMin = 0.55 for the dual-pulse REMPI and ϕMin = 0.7 for single-pulse NIR, 
respectively), as well as achieving higher combustion efficiency for the leanest ignited mixtures. Additionally, 
the REMPI + NIR technique exhibits higher combustion efficiency towards the lean limit as compared to the 
non-resonant dual-pulse. Ignition using the REMPI pulse on its own (with no accompanying 1064 nm beam) 
was unsuccessful due to the low temperature generated by the resonant plasma (Fig. 4). The shaded bands around 
the pressure traces in Fig. 5-left correspond to ± 1 standard deviation after averaging multiple ignition events. 

Figure 5.   Left: Pressure traces due to dual-pulse REMPI ignition of propane–air mixtures. The different curves 
correspond to different equivalence ratios. Right: Combustion efficiency for 3 cases of laser ignition of propane–
air mixtures: dual-pulse REMPI (red), non-resonant dual-pulse (blue), and single-pulse NIR (black). Each point 
represents the average of at least three tests and the error bars are ± 1 standard deviation.



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:19916  | https://doi.org/10.1038/s41598-020-76968-5

www.nature.com/scientificreports/

In general, the pressure traces become more variable as the equivalence ratio is reduced. Finally, the vertical 
error bars in the combustion efficiency plot correspond to one standard deviation in calculated combustion 
efficiency based on each individual pressure trace. The horizontal error bars for equivalence ratio correspond to 
the uncertainty in the pressure gauge reading used for mixing the gases.

Gas dynamics of dual‑pulse REMPI plasmas.  The flame dynamics induced by the laser plasma kernels 
are investigated based on OH* chemiluminescence images. The image sequences shown in Fig. 6 are due to igni-
tion of C3H8/Air mixtures at stoichiometric ratio of ϕ = 1.0 (top) and a fuel-lean condition of ϕ = 0.7 (bottom) 
using the dual-pulse REMPI laser technique (λ  = 287.62 nm, E = 3 mJ and λ = 1064 nm, E = 37 mJ). At stoichio-
metric conditions, the flame dynamics exhibit similar behavior as has been observed in the post-discharge of 
NIR laser plasmas33–38. Specifically, one observes an asymmetric toroidal flame structure having two side lobes 
(due to slicing of the actual toroidal feature with the 2-D section) and a third (frontal) lobe that tends to propa-
gate towards the laser source.

Interestingly, lean mixtures appear to exhibit a rapid quenching of the third lobe within the first few hundred 
microseconds (note that already at 1 ms in Fig. 6 below, the frontal lobe is missing from the images). Nonethe-
less, vorticity generated inside the toroid continues to entrain combustible fluid through its hot center and back 
towards the laser source. This effect appears to cause multiple lobe re-ignition and separation events during the 
combustion event. The detachment and extinction of the 3rd lobe has been previously observed in single-pulse 
(NIR) laser breakdown15,39. However, the regeneration of the third lobe at later times has not, to our knowledge, 
been reported before. This might suggest that the dual-pulse REMPI breakdown generates stronger (more persis-
tent) vorticity resulting in the observed gas-dynamics in the lean mixtures case, as compared to other LI modes.

Summary
The current study presents a new laser ignition technique based on resonant pre-ionization of oxygen molecules 
at ~ 287.6 nm. For subsequent energy addition, we employ a dual-pulse sequence where the first 287.6 nm reso-
nant pulse is followed by a NIR 1064 nm pulse. The presence of resonant photoionization was confirmed via 
rotationally resolved spectra for the two-photon excitation of the C3�g

(

v′ = 2
)

← X3�−
g

(

v′′ = 0
)

 transition 
using laser Thomson scattering. The plasma was further characterized using Thomson and Rayleigh scattering 
to determine the electron number density and gas temperature evolution after the spark. The REMPI plasma was 
compared with the plasma due to a typical NIR single-pulse (1064 nm) and it was noted that a significant degree 
of ionization can be obtained using only a fraction of the laser energy. Gas heating induced by the REMPI plasma 
was noted to be minimal; however, when combined with a lower energy NIR pulse, one could get similar tem-
peratures to a NIR breakdown plasma by only using ~ 40% of the total laser energy. Finally, ignition testing with 
the dual-pulse REMPI technique showed the possibility of increased combustion efficiency at lean conditions as 
compared to other laser ignition schemes. Ignition testing also showed that the lean limit can be extended from 
ϕ = 0.7 (for single-pulse NIR breakdown) to ϕ = 0.55 using the dual-pulse REMPI technique.

Methods
Optical layout.  The experiments were conducted using the basic setup shown in Fig. 7. The REMPI pre-
ionization beam is due to the (λ ~ 287 nm) output (doubled-signal beam) from an optical parametric oscillator 
(OPO) laser system (Continuum Sunlite). The OPO is pumped by a seeded Nd:YAG laser (Continuum Powerlite 
8010). For dual-pulse schemes, the energy addition pulse was the fundamental output (λ = 1064 nm) from a sec-
ond Nd:YAG (New Wave Gemini PIV). The energy of this laser could be changed by a variable attenuator com-

Figure 6.   OH* chemiluminescence images showing the early flame kernel dynamics for stoichiometric: ϕ = 1.0 
(top) and lean: ϕ = 0.7 (bottom) mixtures due to laser ignition with the dual-pulse REMPI configuration.
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prised of a half-wave plate and polarizer pair. The two beams are spatially overlapped (with precision ~ 10 µm ) 
using a beam splitter and focused inside the combustion chamber using two f = 300 mm plano-convex lenses 
(one in each beam path). To vary the offset between the two beams in the axial direction (i.e. along the beam 
propagation direction), a translation stage was used to move the focusing lens of the 1064  nm beam. Fine-
tuning of the overlap of the two beams (REMPI and NIR) is achieved by minimizing the beam energies required 
for plasma formation in lab air. For the non-resonant UV + NIR dual-pulse measurements, the UV pulse was 
obtained from the same Continuum Powerlite 8010 by replacing the third harmonic crystal with a fourth har-
monic crystal (266 nm) and overriding the OPO path. For the Rayleigh/Thomson scattering experiments a third 
probe beam, due to the 532 nm output of another Nd:YAG laser (Spectra-Physics Quanta-Ray), was brought in 
orthogonally to the two plasma-formation (287 nm and 1064 nm) lasers using a set of dielectric mirrors and a 
plano-convex lens (f = 250 mm). A series of photodiodes and energy meters were used to monitor laser pulse 
durations and pulse energies of each beam leg (i.e. 287 (or 266) nm and 1064 nm) both before and after passage 
through the focal region and combustion chamber. The axial overlap and the beam diameters at the focus were 
measured using a beam profiler (Ophir SP503). The beam characteristics for each laser beam used are summa-
rized in Table 1. Beam intensities can be determined from pulse energy, duration, and beam diameter. For a full 
description of the laser beam parameters, the M2 beam quality factor is also provided in Table 1. Spatial- and 
temporal- intensity fluctuations within multi-mode beams can influence the efficiency of the multiphoton ioni-
zation process40.

Thomson/Rayleigh scattering measurements.  Diagnostic measurements of gas temperature and 
electron density of the laser plasmas were performed by Rayleigh and Thomson scattering. Details on these 
methods have been presented in our past publications19,41,42 and here we summarize the essential features. The 
probe beam is nominally aligned to pass through the center of the laser plasma to allow 1-D (line) measurement 
of (combined) Rayleigh and Thomson scattering from the laser plasma (see Fig. 8). Baffles are introduced into 
the chamber to reduce stray light scattering from the chamber windows. The plasma is imaged using a broad-
band collection lens (f = 75 mm) and a silver-coated steering mirror into an ICCD camera (pco DICAM pro) 
which observes the scattering volume orthogonally from above. A bandpass filter at 532 nm (Thorlabs FL532-

Figure 7.   Optical layout used for the laser ignition experiments. Dual-pulse REMPI experiments uses 
overlapped beams from the 287 nm and 1064 nm laser outputs. An additional 532 nm beam is for scattering 
diagnostics.

Table 1.   Laser parameters used in the experiments.

Laser type Wavelength (nm) Pulse duration (ns) Waist diameter (μm) M2 factor Energy (mJ)

REMPI 286–290 7 150 3.4 3

UV 266 7 150 1.9 20

NIR 1064 10 150 3.2 95

Thomson/Rayleigh scattering 532 12 170 2.1 5
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10) is used to suppress background light. For scattering measurements, 768 images are averaged at each point 
of interest (3 sets of 256 images averaged on the camera chip) using 2 × 2 binning, resulting in a detector array 
of 513 × 460 pixels.

Each scattering measurement is based on a ratio-normalization approach whereby scattering at a given meas-
urement condition (i.e., at some known delay relative to laser plasma formation) is divided by the scattering from 
a reference condition (i.e,. scattering from air at ambient temperature and pressure). The following relations are 
used to obtain the plasma electron number density and temperature at each pixel in the images:

where ne is the electron number density, n0 is the gas density corresponding to 1 bar, T represents the plasma 
temperature, T0 is the reference ambient temperature, I is the Rayleigh signal with plasma turned on, I0 is 
the intensity at reference conditions (no plasma), and IB, IP, and ID correspond to background counts, plasma 
luminosity counts, and dark counts, respectively. This approach automatically normalizes for variations in laser 
spatial intensity along the beam. Finally, the maximum electron number density (or temperature) is extracted 
from the images by averaging a 4 × 4 pixel matrix around the maximum along the direction of the probe beam.

Depending on the delay time, one can infer the gas temperature via Rayleigh scattering or electron density 
via Thomson scattering. Both measurements are based on previously published data for the Thomson, σT , and 
Rayleigh, σR , scattering cross-sections43 where the ratio approach serves to cancel out constants such as the light 
collection solid-angle and detector efficiency. The Thomson measurement uses an upper- and lower-bound to 
yield the corresponding bounds of the electron density estimate. These bounds are shown in Fig. 8 and also 
described in detail in our previous work19. Shot noise (caused by photon counting) is another contribution to the 
uncertainty. This type of error is more prevalent at the early times when plasma luminosity has to be subtracted 
from the images (see Eq. 1) but it is still below 10% of the total uncertainty. For Rayleigh scattering measurements 
shot noise is the major contributor to the error bars shown in Fig. 4. Another potential source of uncertainty is 
the change in Rayleigh cross-section. In this work, the plasma’s Rayleigh cross section dependence on tempera-
ture is taken into account under the assumption of thermal plasma kernel as explained in some of our previous 
works42–44. In this case, the plasma species concentration is determined using a chemical equilibrium code for a 
given temperature and the mixture’s Rayleigh scattering is thus determined. We have shown previously that, even 
if the temperature correction to the Rayleigh scattering cross-section is completely neglected, the error on tem-
perature is less than 5% at temperature below 8500 K44. Moreover, the error decreases as the plasma cools down.

In some cases, we also employ a computational fluid dynamics (CFD) model to analyze the temperature evolu-
tion of the laser plasmas. The CFD simulations are performed using a Riemann solver developed in-house based 
on the Navier–Stokes equations16,45,46. Previous work by the authors has demonstrated that the initial (end-of-the 
pulse) state of the NIR breakdown kernel can be obtained iteratively by fitting the experimental 1-D scattering 
profiles at early times as shown in Fig. 8. We remark that this CFD analysis is useful in determining the gas tem-
perature for t < 10 μs, when uncertainties in the Rayleigh cross-sections as well as the concomitant presence of 

(1)ne = n0
I0 − IB − IP + ID

I − IB

σR

σT

(2)T = T0

I0 − IB

I − IB

σR

σR0
(T)

Figure 8.   1-D profiles of combined Rayleigh/Thomson scatter signal along the direction perpendicular to the 
plasma formation laser beams. The scattering intensity has been normalized to a reference condition of Rayleigh 
scattering in air. The signal rise near the center at early times (small delays) is attributed to Thomson scattering 
from free electrons. The insert shows a raw ICCD image from the plasma (before background subtraction and 
normalization) at delay of 100 ns. Experimental profiles are shown with solid lines and CFD-generated best-fit 
profiles are shown with dashed lines.
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both Thomson and Rayleigh scattering renders the experimental measurement of temperature very challenging. 
To select the best initial (end-of-the pulse) conditions, we require that both the location and the amplitude of the 
blast wave peak should agree, between simulated and measured Rayleigh profiles, to better than 5%. An example 
of the best fit is shown in Fig. 8 below with dashed lines for the breakdown of the NIR pulse. The corresponding 
NIR plasma kernel (at its very earliest formation time) is an ellipsoid with major axis of 1.5 mm, and minor axis 
(in the radial direction) of 0.3 mm, yielding an overall volume of 0.5 mm3. By comparison a dual-pulse kernel 
takes an almost cylindrical shape with a height of 2 cm and a radius of 0.3 mm, yielding an overall volume of 
5.5 mm3. More details about the CFD model and the fitting procedure can be found in our previous work22.

In particular, CFD is introduced in Fig. 4 to correct the experimental temperature measurements for the 
REMPI dual pulse case. Due to the strong gas dynamics effects involved in the kernel’s post-discharge develop-
ment, the scattering probe beam has to be re-adjusted at each time delay in order to find the location of maximum 
temperature. Instead, here the beam was kept at a fixed location that corresponded to the highest Thomson signal 
at the early time delays (those reported in Fig. 3) and temperature was tracked over time at this fixed location 
throughout the experiment. In our numerical simulations we show that a good agreement with experiments 
can be obtained if the experimental configuration is replicated (i.e. fixing the interrogation region).This gives us 
confidence to report the overall kernel peak temperature using solid blue line as predicted by the CFD model. 
We find that a change of 500 K in terms of initial (post laser-pulse) plasma temperature profile in the model 
changes the fit of the experimental Rayleigh scattering radial profiles (shown in Fig. 8) by less than 5%. In terms 
of using the CFD output to correct for the change in hot-spot location (solid blue curve of Fig. 4), we find that 
the predicted temperature profiles (at plotted points of t ≥ 10 us) change by < 2% due to 500 K change of the initial 
(post laser-pulse) plasma temperature.

Ignition testing.  Combustion studies were performed in a chamber with central volume of ~ 0.195 L and 
two side arms of length ~ 20 cm with 2.54 cm diameter circular windows for optical access. Pressure traces were 
recorded using a piezoelectric transducer (PCB: 113B24) mounted flush on the inner wall of the chamber. At 
least ten pressure traces were collected for each equivalence ratio, and the results were averaged. The traces 
shown in Fig. 5-left are the average traces among those that ignited individually (with uncertainty band also due 
to igniting traces). The average combustion pressure traces due to all events at the given condition (whether or 
not ignited) were used to determine the lean limit and the combustion efficiency in each test case (Fig. 5-right). 
The rate of pressure rise is proportional to the rate of heat release. Thus, integrating the pressure curve over time 
gives the total heat release during the combustion event. The actual combustion efficiency is determined as the 
ratio of the apparent heat release and the total available chemical energy of the fuel: η = Q/

(

mfuel × LHV
)

 , 
where Q is the total heat release obtained by integration, mfuel is the mass of fuel added in the reaction chamber 
and LHV is the lower heating value of the fuel. This calculation also takes into account the heat losses to the wall 
as well as the changes in the mixture’s specific heat ratio throughout the combustion process. A detailed descrip-
tion of the procedure can be found in one of our earlier works47.

Additionally, chemiluminescence images of the OH* radical were acquired with the same ICCD camera 
used in the scattering experiments. The electronically excited hydroxyl radical is generated during the combus-
tion of hydrocarbon fuels through the chain branching reaction: CH + O2 = OH* + CO. The excited OH* emits 
light at ~ 310 nm as it relaxes to the ground state48. For CL imaging of this transition a 310 nm bandpass filter 
(Andover: 310FS10-50, FWHM: 10 nm) was placed in front of the ICCD.

The combustion experiments presented in this study were due to propane-air mixtures at initial pressure of 
1 bar. Equivalence ratios ranging from ϕ~0.6–1.0 were tested with mixtures prepared inside the chamber based 
on partial pressures recorded from a gage (Omega DGP409) mounted downstream of the chamber valve. The 
equivalence ratio is defined as the ratio of the actual fuel/air ratio to the stoichiometric fuel/air ratio (so that 
ϕ = 1 corresponds to a stoichiometric mixture and leaner mixtures have ϕ < 1). After filling the chamber, but 
prior to measurements, we waited at least 10 min to allow thorough mixing of the fuel and air components. The 
chamber was evacuated and pumped down after each experiment to eliminate any effects of residual gases on 
subsequent experiments.
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a b s t r a c t 

A numerical study of the gas dynamics induced by a dual-pulse laser pre-ionization plasma used in laser

ignition applications is presented herein. Past experimental observations have revealed important differ- 

ences in the gas dynamics of the dual-pulse plasma, generated by overlapping a pair of ultraviolet (UV)

and near-infrared (NIR) pulses, as compared to those of single-pulse (typically near-infrared) laser break- 

down that has been more commonly studied. The simulation results reported here show that the dual- 

pulse pre-ionization scheme can lead to various gas dynamic regimes depending on the axial offset of the

focal points of the two beams along the optical axis. If the UV and NIR pulses are perfectly overlapped

(no offset) the energy deposition is uniform along the optical axis, leading to the formation of a toroidal

structure in the post-discharge cooling phase. Alternatively, if the NIR energy addition pulse is focused

with a small axial offset, (i.e., upstream or downstream of the UV pre-ionization pulse by ~0.5 mm) then

an asymmetric torus forms that exhibits a third lobe which propagates away from the main kernel (to the

side where the NIR was focused). Finally, if the two beams are focused with a larger offset of ~2.5 mm

(weaker coupling), then another regime with a fourth lobe can arise. The four main flow regimes revealed

from the model are in agreement with OH 

∗ experimental chemiluminescence images. These flow regimes 

influence the development of the early flame kernels, therefore playing an important role in practical

laser ignition applications.

Published by Elsevier Ltd.
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. Introduction

Over the years, laser generated plasma has been investigated for

 variety of practical applications including providing a source of

gnition for reciprocating engines [1–3] and aerospace jet engines

 4, 5 ], a light source for laser induced breakdown spectroscopy

LIBS) [ 6, 7 ], and conduits for lightning protection and microwave

aveguides [8] . In a typical nanosecond laser breakdown event,

n initial pool of electrons is created through multi-photon ioniza-

ion (MPI) after which breakdown is achieved primarily by electron

valanche ionization (EAI). During EAI, the free electrons gain en-

rgy via (electron-neutral and electron-ion) inverse Bremsstrahlung

nd collide with other gas molecules thereby creating further ion-

zation in a cascade process [ 9, 10 ]. The resulting plasma reaches

igh temperatures (~10,0 0 0 - 50,0 0 0 K) and high pressures (~10–

00 bar) [ 11, 12 ]. Depending on the focusing optics, the initial

lasma kernel has an axial length of several millimeters (along the

eam optical axis) and grows with high velocity (~0.1–1 km/s) dur-

ng the first microsecond after the pulse. The hydrodynamic (gas
∗ Corresponding author.

E-mail address: azer.yalin@colostate.edu (A.P. Yalin).

i  

t  

t  

h  

ttps://doi.org/10.1016/j.ijheatmasstransfer.2020.120302

017-9310/Published by Elsevier Ltd.
ynamic) regime induced in the post-discharge/cooling phase typ-

cally takes the shape of an asymmetric torus with a frontal lobe

ropagating towards the laser [13–15] . Sometimes, in the literature,

his lobe is also referred to as a 3rd lobe (where the 1st and 2nd

re due to the counter-rotating vortices that make up the torus as

iewed in two-dimensional slices) [16–18] . 

Past research has shown that using such laser sparks as a

ource of ignition in engines can present distinct advantages when

ompared to conventional sparks (i.e. capacitive spark plugs) such

s: decreasing the lean limit, elevating flame speeds, providing

reedom to optimally position the ignition kernel inside the com-

ustion chamber, and eliminating spark plug erosion challenges

 19, 20 ]. By implementing laser ignition with fiber optic delivery

21] , it may be possible to locate the source remotely from the

ombustion location and/or to ignite multiple locations with a sin-

le source. However, there are also certain disadvantages associ-

ted with laser ignition due to the breakdown process being en-

rgetically inefficient [22] and potentially leading to an increase in

itrogen oxides (NO x ) formation [23] . The higher energy is primar-

ly due to the fact that a significant portion of the laser energy is

ransported away from the ignition zone by the strong blast wave

hat follows the breakdown process [24] . Note that even with these

igher ignition energies, the impact of the ignition system to the

https://doi.org/10.1016/j.ijheatmasstransfer.2020.120302
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2020.120302&domain=pdf
mailto:azer.yalin@colostate.edu
https://doi.org/10.1016/j.ijheatmasstransfer.2020.120302


2 C. Dumitrache and A.P. Yalin / International Journal of Heat and Mass Transfer 161 (2020) 120302 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

r  

b  

c  

c  

o  

p  

t  

t  

m  

d

 

a  

i  

r  

s  

d

U  

W

=

F

S

 

 

G  

t  

s  

m  

s  

i  

τ  

o  

i  

z  

s

 

E  

w  

a  

e  

a  

n  

[  

e  

t  

i

 

i  

t  

l  
overall power balance of the combustion is close to negligible, but

the energies are important from the point of view of the size and

cost of the laser source (as well as the prospects for fiber delivery

of such pulses). 

Recent experimental studies conducted by the authors’ group

have shown that a dual-pulse technique using an UV laser pulse

to achieve initial gas pre-ionization followed a few nanoseconds

later (~5–10 ns) by a NIR pulse for energy addition allows one

to tailor plasma properties such as gas temperature and electron

number densities [ 25, 26 ]. Fundamental to this approach is that the

first (UV) pulse only pre-ionizes the plasma without creating full

gas breakdown. The resulting pool of electrons then acts as a seed

to promote absorption of the second (NIR) pulse. The approach

has also been shown to extend the lean limit of propane-air mix-

tures as compared to classical (single-pulse) laser breakdown ig-

nition while also reducing the required (total) pulse energy. An

important finding from OH 

∗ chemiluminescence images was that

the early flame development is different for the dual-pulse versus

single-pulse (NIR), laser ignition [27] . In particular, differences in

the early plasma kernels and their lobe formation were shown to

play an important role in the subsequent flame growth and ability

to ignite lean mixtures. 

The present study fills a gap in the need to understand and

numerically model the gas dynamics associated with the dual-

pulse plasma kernels. Previous modeling work on the topic of dual-

pulse laser ignition has also been performed by Mahamud et al.

[28] with an emphasis on plasma kinetics impact on flame devel-

opment. They report that ignition delay and kernel development

depend strongly on laser intensity, plasma-generated radicals, and

initial electron number density. The current study emphasizes on

the accurate determination of the initial kernel profile and provide

more detail on the mechanisms of vorticity generation for each

overlap configuration. In particular, we perform a modeling study

to examine the possible gas dynamic regimes including the influ-

ence of the pulse overlap (axial offset). To this end, four different

overlap configurations were investigated: 1) UV and NIR focuses

are perfectly overlapped (leading to a 2-lobe symmetric torus); 2

and 3) UV and NIR pulses have a small axial offset of ~0.5 mm

in either direction (leading to an asymmetric torus with a 3rd lobe

that moves towards the side of the NIR focus; 4) UV and NIR pulses

have a weaker coupling due a larger offset of ~2.5 mm (leading to

an asymmetric torus that has an additional 4th lobe). The cases la-

beled as 2 and 3 are near mirrors of one another and so they are

handled as a single case in much of the discussion. 

The manuscript is structured as follows: Section II presents the

mathematical model and assumptions used in the CFD code while

in Section III modeling results for the dual-pulse hot kernels are

presented. Finally, Section IV completes this paper with conclu-

sions and plans for future work. 

2. Methods 

The gas dynamics induced by the hot gas kernel left after

the laser breakdown process were modelled numerically using a

Navier-Stokes solver developed in-house [29] . At this stage, the

model neglects the effects of chemical kinetics and focuses ex-

clusively on the fluid dynamics. While this represents a simplify-

ing approximation, it is important to note that several past studies

have indicated that the observed gas dynamics effects are predom-

inantly induced by the interaction between the blast wave and the

hot gas kernel left after breakdown (and therefore not depending

on the chemical kinetics) [ 13, 18, 30, 31 ]. Additionally, previous work

done by the authors has shown that the gas dynamic and the vor-

ticity generation mechanisms of an NIR laser kernel can be accu-

rately predicted with a very similar gas dynamic model [32] . This

is because post-discharge heating by vibrational-translational (V-T)
elaxation reactions or by quenching of metastable states tends to

e weak in laser plasmas and takes place on a longer timescale

ompared to the timescale of blast-wave detachment and kernel

ollapse. The blast itself is created by the Joule heating mechanism

f electron avalanche ionization which takes place during the laser

ulse. This mechanism enters the current simulations through the

emperature (and pressure) profiles corresponding to the end of

he laser pulse(s), which are adopted as initial conditions for the

odel (and determined based on experimental measurements as

iscussed herein). 

The governing equations for conservation of mass, momentum

nd energy are written in cylindrical coordinates assuming ax-

al symmetry (and zero azimuthal velocity). Additionally, a non-

eactive species transport equation is added to the model to de-

cribe the advection of hydroxyl radical generated during break-

own. 

 t + F ( U ) 
a 

r + G ( U ) 
a 

z = F ( U ) 
d 

r + G ( U ) 
d 

z + S ( U ) (1)

here: 

 

⎡ 

⎢ ⎢ ⎣ 

ρ
ρu 

ρv 
E 

ρY i 

⎤ 

⎥ ⎥ ⎦ 

; F ( U ) 
a = 

⎡ 

⎢ ⎢ ⎣ 

ρu 

ρu 

2 + p 
ρu v 

u ( E + p ) 
ρu Y i 

⎤ 

⎥ ⎥ ⎦ 

; G ( U ) 
a = 

⎡ 

⎢ ⎢ ⎣ 

ρv 
ρu v 

ρv 2 + p 
v ( E + p ) 

ρv Y i 

⎤ 

⎥ ⎥ ⎦ 

;

 ( U ) 
d = 

⎡ 

⎢ ⎢ ⎣ 

0 

τrr 

τrz 

u τrr + v τrz − q r 
0 

⎤ 

⎥ ⎥ ⎦ 

; G ( U ) 
d = 

⎡ 

⎢ ⎢ ⎣ 

0 

τrz 

τzz 

u τrz + v τzz − q z 
0 

⎤ 

⎥ ⎥ ⎦ 

;

 ( U ) = − 1 
r 

⎡ 

⎢ ⎢ ⎣ 

ρu 

ρu 

2 − τrr 

ρu v − τrz 

u ( E + p ) + u τrr − v τrz + q r 
ρu Y i 

⎤ 

⎥ ⎥ ⎦ 

(2)

In Eq. (2) , U is the vector of conservative variables, F(U) a and

(U) a describe the advection flux (in the r and z direction respec-

ively), F(U) d , G(U) d represent the diffusion flux, and S(U) is the

ource term that is the result of the coordinate system transfor-

ation from cartesian to cylindrical. ρ is the gas density, p is pres-

ure, u and v are the radial ( r- ) and axial ( z- ) components of veloc-

ty, E is the total energy (the sum of kinetic and internal energy),

ij are the shear stress component, q i represents the i th component

f the conductive heat flux, and Y i is the mass fraction of species

 . In this coordinate system the incident laser is oriented along the

- axis. The thermodynamic state of the system is additionally de-

cribed by two state equations: 

p = ρR g T (3)

 = ρ

(
h ( T ) − p 

ρ
+ 

u 

2 + v 2 

2 

)
(4)

here Eq. (3) is the ideal gas law ( R g is the specific gas constant),

nd Eq. (4) is the caloric equation of state. The transport prop-

rties are calculated in agreement with the thermally perfect gas

ssumption. A detailed description on how the relevant thermody-

amic properties are computed can be found in our previous work

 32, 33 ]. Numerical modeling showed that in fact viscous/diffusive

ffects have very little influence on the simulated flow fields with

he post-discharge development being dominated by compressibil-

ty effects. 

The conservation equations given in Eq. (1) are numerically

ntegrated using a dimensional splitting approach. The advection

erms are solved using Roe’s flux differencing scheme with slope

imiters [ 34, 35 ] and the diffusion terms are solved using a sec-
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Fig. 1. Schlieren image of a dual-pulse laser plasma in atmospheric air at 500 ns 

after the first pulse. Image shows the pre-ionization channel generated by the UV 

pulse and the spherical plasma growth induced by the addition of the NIR pulse. 

The NIR pulse was delivered after a 10 ns delay from the beginning of the UV pulse. 

The blue and red circles mark the focal spots of the (initial) UV and NIR pulses, 

respectively. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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nd order centered difference scheme [36] . To enforce the preser-

ation of mass fraction positivity, the technique proposed by Lar-

outurou for solving the convective term of the species transport

quation was used [37] . Finally, the resulting ODEs are integrated

ith an explicit 4th order Runge-Kutta IV method. The governing

quations are solved on a structured Cartesian grid using a con-

rol volume discretization approach. A piece-wise distribution of

nitial data over the computational cells is employed where the

alue at the center of a cell represents the average of each variable

ver the cell. The optimum cell resolution required to resolve the

henomena of interest was determine by conducting a grid sen-

itivity analysis over the first 10 μs of the simulation (where the

trongest gas dynamics effects are observed). The optimal cell size

as determined through a grid sensitivity study in which various

ell sizes (between 5 and 50 μm) were tested. It was found that

 cell size of 20 μm gave less than 5% difference in pressure and

ensity fields after 10 μs when compared to the smallest cell sized

omain. As such, all simulations were run using a 20 μm cell size.

he computational time is reduced by taking advantage of the axial

nd radial symmetry (where available) of the kernels under inves-

igation and by employing non-reflective boundary conditions at

he edge of the domain to allow the blast wave to leave the do-

ain with minimal disturbances [ 38, 39 ]. 

. Results & discussions 

.1. Specification of initial conditions 

The simulations focus on kernel evolution after the laser energy

eposition has ended (i.e., after initial heating and ionization from

he pair of laser pulses has taken place). We therefore use spatially

esolved temperature and pressure fields, corresponding to the end

f the laser pulses, as initial conditions (ICs) for the model. The

elocity is assumed to be zero at the end of the pulse under the

ssumption that during the short laser pulse (~10 ns) there is not

nough time for significant flow to establish itself within the ker-

el. The initial shape and dimensions of the hot kernel induced by

he dual-pulse are determined from schlieren and Rayleigh scat-

ering measurements from previous studies [ 25, 40, 41 ]. In general,

he schlieren informs the size and shape of the profiles while the

ayleigh data provides quantitative property values. 

In each (overlap) case, the IC profiles of temperature and pres-

ure are due to a combination of contributions from the UV and

IR beams. It is important to note that changes in the coupling be-

ween the two beams influences the shape and initial state (pres-

ure and temperature) at the end of the pulse as discussed below.

ig. 1 shows an example schlieren image for the case in which the

IR pulse is focused slightly upstream of the UV pulse (where up-

tream refers to the side from which the lasers are incident). The

mage shows that the overall plasma kernel contains two features:

n elongated channel formed by the UV pre-ionization beam and

 roughly elliptical plasma growth due to the addition of the NIR

ulse. The channel-like, less localized, UV contribution is because

he MPI rate at this wavelength is a much weaker function of in-

ensity (~I 3 ). 

These distinctly different shapes relate to the relative roles of

he breakdown for the different wavelengths [25] . If the NIR pulse

s used on its own, the MPI process is very ineffective in generating

eed electrons and exhibits a very strong dependence on the laser

ntensity of ~I 14 (as opposed to ~I 3 for the UV pulse). This means

hat the ionization process is effective only over a small region

round the focus where the photon flux is high enough to allow

onization. As a consequence, the NIR electron avalanche is very lo-

alized around the laser focal point (since I 14 falls off very quickly

way from this location), thereby giving rise to the observed point-

ike kernel shape. On the other hand, the higher energy photons of
he UV pulse enable the MPI process to develop along a longer sec-

ion of the focused beam leading to the formation of an elongated

lasma channel. If the NIR pulse is overlapped on the pre-existing

onization channel of the UV one notices a combined effect with

he electron avalanche of the NIR tending to develop over larger

istances. This leads to the formation of hotter an elongated ker-

el that combines the characteristics of both wavelengths such as

he one shown in Fig. 1 . 

To examine spatial offset effects, and compare against experi-

ents, three different dual-pulse beam-offsets are examined, with

oth laser beams parallel and incident in the same direction in all

ases. The three cases are: 1) the beam waists of the UV and NIR

ulses are perfectly overlapped (zero offset between focal points),

) the NIR pulse is focused 0.5 mm upstream from the focus of the

V pulse, and 3) the NIR pulse is focused 2.5 mm upstream from

he focus of the UV pulse (weaker coupling between the two laser-

enerated plasma). Note that the 0.5 mm simulation in fact covers

 cases, as it also describes the case of 0.5 mm with the UV up-

tream, simply by mirroring the output by 180 °. Note that the per-

ect overlap case is meant to correspond to experimental results

here the foci of the beams were exactly overlapped in the ax-

al direction; however, the experimental resolution of this param-

ter was ~+ / −0.1 mm. We found that this condition gave a very

ymmetric energy deposition (IC) profile that yielded a symmetric

orus in the post-discharge gas-dynamics. However, in practice the

ost symmetric energy addition profile may in fact correspond to

 small non-zero offset. 

In all cases investigated the initial temperature was determined

rom Rayleigh/Thomson scattering measurements [42] . The tem-

erature and pressure fields that are the ICs for case 1 (zero offset)

ase 2 (0.5 mm offset) are shown in Fig. 2 . The initial peak tem-

erature is estimated to be T max = 3.5 × 10 4 K based on the previ-

us measurements for the dual-pulse plasma. The pressure profile

ould not be measured experimentally but is linked to the tem-

erature profile using the ideal gas equation of state under the as-

umption that the gas density remains unchanged during the laser

nergy deposition phase. This hypothesis remains valid as long as

he laser pulse duration is much shorter than the acoustic-time

cale (where the latter is given by the radial length of the kernel

ivided by the speed of sound and is on the order of hundreds of

anoseconds). Using this assumption, the peak pressure is found as

 max = 2.2 × 10 7 Pa. Moreover, past experimental work has shown

hat the energy absorbed inside of the kernel remains nearly con-

tant as long as the offset of the two pulses is relatively small,
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Fig. 2. Initial temperature, pressure and OH mass fraction profiles of the dual-pulse kernels for the case of perfect overlap (zero offset) between the pulses (top) and for the 

0.5 mm offset case (bottom). 

Fig. 3. Initial temperature, pressure and OH mass fraction profiles for the large offset dual-pulse case presenting a weak overlap. The NIR pulse is focused 2.5mm upstream 

of the UV pulse. 
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i.e., < ~1 mm in our experiments [27] . As such, the same maxi-

mum pressure and temperature conditions were used for both test

cases. This experimental finding also justifies the use of the same

mirrored ICs for the two 0.5 mm offset cases, where the beams are

offset in either direction. To obtain a smooth variation between the

peak conditions and the far-field ( T = 300 K, p = 1.01 × 10 5 Pa)

a Gaussian blending filter was also employed in the generation of

the initial profiles presented in Fig. 2 and Fig. 3 . The essential dif-

ference in the initial profiles for the zero and small (0.5 mm) off-

set cases is that for the former case the NIR ellipsoid is centered

on the UV channel whereas for the latter case it is offset from the

center (by 0.5 mm). 

To facilitate comparison with experimental results (OH 

∗ chemi-

luminescence image), we also incorporate a non-reactive species

transport equation to describe the advection of hydroxyl radical

generated during breakdown. In the simulations, the OH was in-

troduced through the initial conditions having a profile similar to
hose used for initial temperature and pressure (shown in Fig. 2 - 3 )

ith a maximum mass fraction corresponding to 10 −5 at the cen-

er and the rest being air. In experiments, the OH will come from

he water vapor in the surrounding air. Therefore, it is appropriate

hat the OH profiles match the temperature profiles (since higher

emperature will lead to more water dissociation). This is further

upported by several past experimental studies [ 15, 43 ] that report

n OH-PLIF measurements in thermal plasma kernels similar to

urs. Note that the OH radical is not destroyed nor created in the

imulation. Instead, we are only interested in the advective trans-

ort of OH that takes place due to the plasma-driven gas dynam-

cs. This was shown to be a valid assumption by previous optical

mission measurements by Phuoc et al. [ 44, 45 ] that demonstrated

he existence of long-lived emission from OH in the post-discharge,

rior to ignition. 

In the case of a large offset between the two pulses the ini-

ial conditions are a bit less straightforward. Due to the weak
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Fig. 4. Pressure contours showing evolution of the shock wave for the perfectly overlapped case (top), small (0.5 mm) offset case (middle) and large (2.5 mm) offset case 

(bottom). These 3 cases correspond to the ICs of Fig. 2 top, Fig. 2 bottom, and Fig. 3 respectively. Note the different spatial and pressure scales. The laser beams are incident 

from the top. 
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oupling between the two plasma kernels, the initial (end-of-the

ulse) peak temperature and pressure of the NIR and UV contribu-

ions are chosen as if the two plasma were formed by each pulse

n their own. This yields slightly lower peak temperature/pressure

han in the previous two cases. Moreover, the geometry of the ini-

ial temperature/pressure profiles also changes. Since the NIR fo-

us is far from the epicenter of the homogenous source of seed

lectrons provided by the UV pre-ionization channel, the elliptical

IR contribution used previously is now replaced with the more

haracteristic teardrop shape of the NIR breakdown that has been

idely reported in the past [ 17, 46, 47 ]. This kernel topology appears

ecause the NIR plasma tends to grow asymmetrically towards the

aser source (where the avalanche ionization process can be more

asily sustained by the laser radiation due to its stronger depen-

ence on MPI than the UV). On the other hand, the UV pulse will

till yield the same thin pre-ionization channel seen previously.

owever, its temperature is lower due to the absence of Joule heat-

ng from the NIR pulse near the focus. In the large offset case

here the NIR pulse is focused 2.5 mm in front of the UV pulse,

 peak temperature of 20,0 0 0 K was used for the NIR contribution

nd the UV pre-ionization channel was set to 3500 K. These tem-

eratures were determined via Rayleigh scattering studies for each

f the pulses since the coupling between the pulses is weak. The

nitial profiles for this configuration are shown in Fig. 3 . 

.2. Shock wave propagation 

Since the laser energy is deposited inside the gas on a much

maller timescale (nanoseconds) than the hydrodynamic timescale
f the gas mixture (hundreds of nanoseconds), a strong pressure

uildup accompanies the rise in temperature during the energy ad-

ition process. In the early stages of kernel development, acoustic

aves tend to coalesce at the surface of the kernel thereby forming

 strong blast wave. After a few hundred nanoseconds, a blast wave

egins to detach from the kernel and starts propagating outward

issipating a significant portion of the kernel’s energy. As shown

n Fig. 4 , initially the blast takes the shape of the kernel perimeter.

owever, as time progresses, it becomes more spherical reaching

n almost perfectly spherical front within 15–30 μs after the end

f the laser pulse. This finding is true for all three cases simulated

nd shows that, independent of the initial shape of the plasma,

he non-uniform acceleration generated by the pressure gradients

ltimately leads to the development of a spherical shock. This phe-

omenon is discussed in more detail in Section III.D as it plays a

ajor role in vorticity generation. 

.3. Kernel dynamics and experimental validation 

Fig. 5 shows the temporal evolution of temperature profiles as

imulated for the dual-pulse kernels for the 3 studied offsets (0,

.5 and 2.5 mm). It is interesting to note that while the shock wave

evelopment was nearly identical for the overlapped and small off-

et cases, their kernel dynamics are distinctly different. In both

ases, during the first ~3–5 μs, the kernel expands very quickly

hile both temperature and pressure decay. The kernels approx-

mately double their initial size during this time period. After ~5

s, kernel collapse begins in all three cases and their evolution

akes different paths after this point. The kernel formed by the
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Fig. 5. Temperature contours showing the kernel evolution for the overlapped (top), small (0.5 mm) offset (middle), and large (2.5 mm) offset (bottom) cases. These 3 cases 

correspond to the ICs of Fig. 2 top, Fig. 2 bottom, and Fig. 3 respectively. Note the different spatial and temperature scales of the panels. The laser beams are incident from 

the top. 
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overlapped pulses ( Fig. 5 -top) starts to grow significantly in the

radial direction as it collapses along the optical axis due to vortic-

ity generated at the top and bottom of the kernel. At ~50 μs, this

leads to the formation of a torus having a flow stagnation point

at its epicenter. As time evolves, cold fluid from the surroundings

is transported along the optical axis (from both top and bottom of

Fig. 5 ) towards the center and the torus increases its radius as it

gradually cools down. On the other hand, for the small (0.5 mm)

offset case with NIR upstream of UV pulse ( Fig. 5 -middle), the ker-

nel collapse induces a net flow (from the downstream/UV side of

the kernel) along the optical axis towards the point where the

temperature was initially the highest (i.e. the upstream/NIR side).

This leads to rapid cooling of the kernel epicenter and formation

of the so-called third lobe widely reported in laser ignition litera-

ture (generally for NIR breakdown) [13–18] . As discussed, given the

symmetry of the problem and ICs, this small offset case also cor-

responds to that with the UV beam upstream of the NIR, in which

case the resulting flow field would be essentially the same (but

vertically mirrored relative to the one plotted) and with the lobe

propagating also towards the NIR side (now downstream). Finally,

in the case when the NIR pulse is focused 2.5 mm upstream of

the UV pulse ( Fig. 5 -bottom), the kernel collapse leads to the for-

mation of a four-lobe structure which is a combination of the gas

dynamics effects induced by the NIR breakdown (with the typical

three-lobe structure having a front lobe that propagates towards

the laser source) and a compressing fourth lobe that is the result

of the UV pre-ionizing channel slowly collapsing over the optical

axis. In the next section we discuss vorticity generation as a means

to explain the differing kernel topology regimes. 
The simulated kernels for the different offsets are consis-

ent with results of published dual-pulse experiments [48] . The

ual-pulse technique using UV pre-ionization has been previously

emonstrated for laser ignition of propane-air mixtures. The re-

ults indicated an extension of the lean flammability limit and an

verall reduction of the laser energy required for ignition [ 26, 49 ].

resented in Fig. 6 (top) are OH 

∗ chemiluminescence images show-

ng the early flame kernel development corresponding to the mod-

led cases, i.e. zero offset (to within experimental resolution of

+ /- 0.1 mm), small (0.5 mm) offset for both sub-cases of NIR up-

tream of UV and vice versa, and large (2.5 mm) offset with the

IR upstream. The focal spots of the incident UV and NIR beams

re shown with blue and red circles, respectively. The correspond-

ng simulated images are shown in the bottom of Fig. 6 . As time

rogresses, we simply observe the OH transport due to the gas

ynamics effects involved in the kernel cooling phase. In sum-

ary, we find good agreement between experiment and simula-

ion with a 2-lobe symmetric torus for the perfect overlap case,

ormation of an asymmetric torus with a 3rd lobe (that moves to-

ards the NIR side) in the small (0.5 mm) offset case, and forma-

ion of an asymmetric torus with an additional (4th) lobe (propa-

ating away from the third lobe) for the large (2.5 mm) offset case.

t is worth noting that in experiments we have observed inconsis-

ent (and infrequent) generation of a 4th lobe even at a 2 mm off-

et, though this case typically resulted in a 3-lobe configuration.

owever, a small fraction also exhibited a 4th lobe. This incon-

istency is thought to be caused by fluctuating hot-spots (due to

he multi-mode beam) along the UV pre-ionization channel which

ct to induce a small shift in the breakdown location of the NIR
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Fig. 6. Comparison between experiment (top) and simulated (bottom) OH 

∗ chemiluminescence images of a propane-air igniting kernel ( φ = 1.0) at time of 500 μs after the 

incident laser pulses. The blue and red circles show approximate positions of the focused UV and NIR beams respectively. Each image from the top frame has field of view: 

22 mm × 16 mm. Images on the bottom have a field of view of: 16 mm x 10 mm. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 

Fig. 7. (Left) Velocity field overlaid on top of temperature contours for the small (0.5 mm) offset kernel at delay of 0.5 μs after the initial pulses. (Right) Zoomed-in view 

showing the misalignment of the density (green) and pressure (red) gradients which lead to vorticity generation by baroclinic torque. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 
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ulse. The apparent differences between experiments and simula-

ion are partly due to the fact that the CFD contours are planar

2-D) sections while the experimental chemiluminescence images

re path integrated (and therefore may obscure some of the finer

eatures that are captured by the model). Moreover, the experi-

ental images capture the light emitted from the electronically

xcited hydroxyl radical generated by a chain branching reaction in

he flame (CH + O 2 → OH 

∗+ CO), whereas the CFD contours are rep-

esentative of the OH that was generated during the discharge it-

elf. In addition, the experimental kernels exhibit somewhat faster

obe growth (note the different spatial scales) which is attributed

o chemical heat release enhancement as these were igniting sto-

chiometric cases (yet the simulation does not include combustion

hemistry). It is important to note, at least for propane, that the

ain features of the kernel for igniting cases remain similar to

hose of non-igniting cases (see also Fig. 10 of [18] ) with the later

ame kernel following the “imprint” of the earlier plasma kernel

p  
due to its baroclinic torque). The comparisons of Fig. 6 thus pro-

ide validation of the main flow field features of the dual-pulse

lasma and flame kernels. 

.4. Vorticity generation 

The post-discharge plasma kernel topology is largely governed

y the vorticity generated during the blast wave formation and

eparation phase (i.e. during the first ~ 10 μs after the pulse). Sev-

ral previous studies have provided detailed analysis of the mech-

nisms through which vorticity is generated in related plasma ker-

els [ 29, 31–33, 50 ]. The general consensus is that vorticity is pri-

arily generated through the mechanism of baroclinic torque, i.e.

ue to misalignment of the density and pressure gradients, at the

dges of the kernel. Fig. 7 shows the velocity field (left) along with

ressure and density gradients (right) for a time of 5 μs after the

ulse for the small (0.5 mm) offset case. The gradients are shown
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Fig. 8. Schematic showing the mechanism of vorticity generation through baroclinic torque inside of an idealized plasma kernel generated by an UV and NIR pulse for cases 

of perfect overlap, small (0.5 mm) offset and large (2.5 mm) offset between the two pulses. The size of the straight and curled arrows represents the amplitude of velocity 

and vorticity, respectively. The laser beams are incident from the top. The red and blue dashed lines represent the leading shock and rarefaction waves respectively, and 

the black solid line contours represent the boundaries of the hot gas kernels themselves at early time delays (prior to kernel collapse, t < ~5 μs). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version of this article.) 
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for a zoomed-in region of the domain where vorticity is clearly

evident, and the vorticity formation is primarily due to the mis-

alignment of these gradient vectors. 

Vorticity generation is related to the blast wave dynamics as

shown schematically in Fig. 8 . A typical blast wave comprises of

a leading high-pressure shock wave front that compresses the sur-

rounding gas, followed by isentropic rarefaction waves which bring

the inner fluid back to equilibrium after the passage of the blast.

It is important to observe in Fig. 4 that the pressure is not con-

stant along the entire perimeter of the blast. For example, during

the first 5 μs, one observes in all cases that the blast is stronger

laterally where the front is more planar (really cylindrical) com-

pared to the top and bottom where the front is more spherical.

This is because the energy is dissipated more quickly in a spheri-

cal shock versus a cylindrical one due to greater stretching of the

wavefront in the former case. A consequence of the non-uniform

pressure field is that the pressure gradient at the “corner” of the

kernel is slightly tilted towards the higher-pressure side (lateral re-

gion) of the shock front. (By corner we mean the approximate loca-

tion where the spherical and cylindrical waves meet.) On the other

hand, Fig. 7 shows that the density gradient within the kernel is

aligned (anti-parallel) to the temperature gradient (which points

directly towards the epicenter of the blast) since the pressure vari-

ation is negligible within the kernel once the blast detaches from

the kernel surface. The result is a misalignment between the pres-

sure and density gradients which leads to generation of vorticity

at the corners of all three configurations investigated due to baro-

clinic torque. 

The positions and strengths of these vortical structures are dif-

ferent for the different cases studied and this has profound effects

on the ensuing gas dynamics. The strongest sources of vorticity

for the different cases are shown schematically in Fig. 8 using red

(except for the large offset/weakly coupled cases where we used

yellow to show the vorticity generated at the corners of the NIR

kernel). Green is used to show regions of weaker vorticity genera-

tion by baroclinic torque near to the kernel center. In the case of

the perfectly overlapped pulses ( � = 0 mm ), the vortices at the top

and bottom of the kernel slowly overcome the weaker sources of

vorticity at the center (green) and the kernel begins to collapse to

form the asymmetric torus observed in Fig. 5 -top. For the small

d  
 �z = −0 . 5 mm ) offset case, the vortex at the bottom of the ker-

el (red) is somewhat stronger than the one at the top (red), due

o the smaller radius of curvature at the bottom which causes a

arger offset between the density and pressure gradients at that lo-

ation. As a consequence, the bottom vortex overcomes the one on

op thereby forming an asymmetric torus which entrains surround-

ng fluid and pushes it towards the laser source as observed in

ig. 5 -middle. Lastly, for the large ( �z = −2 . 5 mm ) offset, we have

 combination of effects. The NIR teardrop kernel presents its own

op and bottom vortices (yellow) which lead to its collapse and to

he formation of an asymmetric torus with lobe formation to the

pstream side (this is similar to the case having a 0.5 mm offset

s well as the well-known collapse mechanism for the NIR pulse

n its own [18] ). What is left from the UV pre-ionization channel

lso slowly begins to collapse under the influence of the bottom

red) and central (green) vortices; however, the high-aspect ratio

f the UV preionization channel (large distance between these two

ortices), along with the low temperature of the channel, means

hat the collapse is too slow (fluid moves slower through higher

ensity/low temperature fluid) to lead to the formation of another

symmetric torus at the bottom of the kernel. Instead, a 4th lobe

only) is formed during this slow compression of the leftover gas.

ote that, based on Fig. 5 , the temperature of the 4th lobe changes

nly very slightly between 50 and 300 μs. By comparison, the

emperature of the two side lobes changes by a factor of ~3 in the

ame time interval. The extended period of elevated temperature

f the 4th lobe is due to the gas compression induced by the vor-

icity. For the sake of completeness, the configuration correspond-

ng to the NIR pulse being focused far downstream from the UV

ocus ( �z = 2 . 5 mm ) was also tested. Such a configuration is equiv-

lent to translating the NIR teardrop at the bottom of the UV chan-

el. In this case, the vorticity is still strongest at the bottom of the

eardrop leading to the formation of a third lobe moving upwards

nto the UV pre-ionization channel The resulting gas-dynamics are

imilar to those observed for the �z = −0 . 5 mm case. 

ummary & future work 

We have presented a numerical modeling study of the gas-

ynamics induced by dual-pulse laser pre-ionization plasmas. Four

ifferent kernel configurations were examined: 1) energy is de-
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osited approximately symmetrically along the optical axis (cor-

esponding to the case of overlapped focal spots); 2) and 3) En-

rgy deposition has a small offset (NIR focal spot is ~0.5 mm up-

tream/downstream of UV); and 4) Energy deposition has a large

ffset (NIR focal spot ~2.5 mm upstream of the UV. In Case 1), the

ormation of the third lobe was suppressed and the kernel devel-

ped into a symmetric toroid. Cases 2) and 3) lead to formation

f an asymmetric torus with a third lobe that propagates towards

he side of the initial NIR focus. Finally, Case 4) gives rise to an

symmetric torus with an additional 4th lobe that moves in the

pposite direction of the third lobe. All such configurations were

lso observed experimentally via OH 

∗ chemiluminescence images

ollected during the ignition of propane-air mixtures. These gas-

ynamic features are driven by vorticity and we have presented an

nalysis of vorticity generation for each case. The main mechanism

or vorticity generation is baroclinic torque which manifests differ-

ntly for the different cases. 

Importantly, the different gas dynamics arising from the vari-

us offset cases investigated may have significant implications for

ombustion. For example, our prior work has suggested that the

rd lobe separation for NIR sparks could be responsible for the

bserved flame kernel quenching at the lean limit, whereas suc-

essful ignition was achieved at the same conditions when a zero-

ffset dual-pulse laser ignition was used. The persistence of ele-

ated temperature in the various plasma kernels can also impact

gnition and we find that the temperature of the kernel decays

uch more quickly if there is an offset between the two pulses.

or example, at time 50 μs the maximum temperature is almost

wice as high for the dual-pulse overlapped kernel when com-

ared to the small offset case (~6500 K in the former case versus

3500 K in the latter case, see Fig. 5 ). The overlapped (higher tem-

erature) configuration may therefore better promote ignition at

ean conditions as it is more robust to quenching (cooling). On the

ther hand, the small offset configuration may benefit applications

n high-speed reacting flows if one judiciously arranges the two

ulses such that the plasma-driven vorticity increases the ignition

esidence time (e.g. making the 3rd lobe propagate in a counter-

ow direction). Finally, the four-lobe configuration resulting from

he large offset case may benefit applications where early flame

evelopment is critical (e.g. lean ignition in moving flows), since

he fourth lobe remains relatively hot for a longer time after the

ulse (e.g., the temperature of the fourth lobe at 300 μs is similar

o that of the two side lobes making the torus, i.e. T~1100 K). A re-

ctive 4th lobe could actively participate in the flame propagation

eading to an increase in the rate of heat release (resulting in an

levated flame speed). Future work will focus on the addition of

lasma and combustion chemistry in the mathematical model as

ell as examining cases where the kernels are formed in moving

ows. 
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Abstract 

This investigation examines ignition characteristics of various fuel-air mixtures using both 

single and dual-pulse laser plasmas building off our previous work. A single pulse laser plasma 

(λ=1064 nm) of energy ESP=60 mJ is used to ignite methane-air and hydrogen-air mixtures 

(T0=298 K, P0=1 bar) of equivalence ratios in the range of ϕ=0.1–1.0. A non-resonant dual-

pulse plasma is formed using a preionization beam in the UV (λ=266 nm) and an energy 

addition pulse operating in the NIR (λ=1064 nm), with energies of EUV=20 mJ and ENIR=40 

mJ, respectively. The dual-pulse plasma is used to ignite methane-air and hydrogen-air 

mixtures of equivalence ratios in the same range. We report lean limits of ϕ=0.53 and ϕ=0.12 

for single pulse ignition of methane-air and hydrogen-air mixtures respectively, and lean 

limits of ϕ=0.50 and ϕ=0.11 for dual-pulse ignition of methane-air and hydrogen-air mixtures, 

respectively. OH* chemiluminescence shows that single and dual-pulse toroid shapes in 

methane-air mixtures are consistent with single pulse and dual-pulse toroids formed in 

propane-air mixtures, but that hydrogen-air mixtures tend to suppress third lobe development 

over a larger range of equivalence ratios. An investigation of dual-pulse beam axial offset 

effects demonstrates that downstream focusing of the energy addition pulse relative to the 

preionization pulse more effectively suppresses third lobe formation than upstream focusing. 

We also note that upstream focusing of the energy addition pulse near stoichiometric 

conditions can result in a fourth lobe centered around the preionization channel, and that for 

small axial offsets (Δz≤0.5 mm), variability exists in the direction of flame propagation. In 

terms of ignition, we show that for axial offsets above 2 mm no significant benefits (in terms 

of lean limit extension) are observed. Finally, the main finding of this study is that ignition 

probability using the dual-pulse non-resonant method is a strong function of axial offset and 

that downstream focusing of the energy addition pulse is preferable to upstream focusing.  

  

I. Introduction 

 

rogress towards more complex combustion applications has demanded more advanced and versatile ignition 

techniques. One attempt to address some of the concerns associated with well-established techniques such as 

spark plugs and igniters is laser plasma ignition. Advantages of laser ignition include flexibility of spark 

location and timing, reduced NOx formation, leaner engine operation, increased combustion efficiency, and greater 
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system longevity at elevated pressures.1-5 Additionally, the non-intrusive nature of laser plasmas results in more 

unperturbed kernel evolution, as proximate mounting hardware is not required. This is an advantage when compared 

with spark plug or igniter electrodes which typically act as heat sinks quenching the flame. However, large input 

energies and complications with beam delivery have impeded field implementation.6-8  

Our approach to address these challenges uses a dual-pulse laser plasma where a UV beam preionizes a gas 

mixture and a secondary NIR beam increases the energy and ionization state of the gas. The use of this technique 

decouples the processes responsible for ionization, predominantly multiphoton ionization (MPI) and electron 

avalanche ionization (EAI) through inverse bremsstrahlung absorption, and allows for tailoring of plasma properties 

through adjustments to beam energies and delay time.9-12 Recent work has shown that dual-pulse laser plasmas not 

only reduce energy requirements but also enhance ignition characteristics such as combustion efficiency, particularly 

around the lean limit.6 An investigation into further energy reduction used a resonant scheme targeting molecular 

oxygen for preionization. Results showed that similar electron densities to single pulse plasmas and non-resonant dual-

pulse plasmas could be produced with 67% of the energy, most of which was concentrated in the energy addition 

beam.13 Ignition experimentation with the resonant dual-pulse plasma demonstrated extension of the lean limit for 

methane-air mixtures, though toroid shapes as observed using OH* chemiluminescence suggested that this was likely 

a result of increased laser energy deposition in the plasma. This investigation serves to fill in the voids in existing 

literature with regards to ignition experimentation of various fuels using single and dual-pulse laser ignition. 

Specifically, this investigation employs a single pulse plasma (λSP=1064 nm) for ignition of methane-air and hydrogen-

air mixtures, and a non-resonant dual-pulse plasma (λUV=266 nm, λNIR=1064 nm) for ignition of methane-air and 

hydrogen-air mixtures. In the analysis, these experimental results are combined with past results to give a 

comprehensive picture of the ignition abilities of single pulse and dual-pulse plasmas in propane-air, methane-air, and 

hydrogen-air mixtures.6,13 

The rest of the document is outlined as follows: Section II details the procedure and setup for ignition testing, 

Section III presents the results with regards to ignition efficiencies and lean limits of the fuels of interests using the 

plasmas of interest, and Section IV makes final remarks regarding comparisons to existing literature and future 

experimentation. 

 

II. Experimental Setup 

We use the fourth-harmonic (λ=266 nm) of an Nd:YAG (Continuum Powerlite 8010) for preionization and the 

fundamental output (λ=1064 nm) from a second Nd: YAG (New Wave Gemini) for energy addition. The two together, 

separated temporally by 15 ns using a pulse delay generator (Berkeley Nucleonics 555), form the dual-pulse plasma. 

The preionization beam is attenuated to an energy of EUV=20 mJ and has a pulse duration of approximately 7 ns. The 

energy addition pulse has an energy of ENIR=40 mJ and has a pulse duration of 10 ns. These energies were selected to 

match the conditions of dual-pulse plasmas used for ignition of propane-air mixtures in the past.6 The optical layout 

for dual-pulse plasma formation is shown in Fig. 1. The beams are spatially overlapped using a beam splitter 

(ThorLabs HBSY134) and focused to a common waist using two lenses of focal length f = 300 mm. The lens for the 

energy addition pulse is placed on a translation stage as to be able to optimize and adjust the axial offset of the two 

beams. The beams are focused to the approximate center of a custom chamber of volume V = 195 cm3 in which 

ignition experimentation is performed. The same 1064 nm laser used for energy addition is also used for single pulse 

plasma formation, where the duration is the same but the energy is raised to ESP=60 mJ. A dynamic pressure transducer 

(PCB Piezotronics 113B24) mounted on the side of the chamber is used with an oscilloscope (Rigol DS1204B), to 

record pressure histories of ignition, while simultaneous OH* chemiluminescence imaging is performed using an 

ICCD (pco DICAM pro) and an optical bandpass filter (Andover 310FS10-50) of wavelength λ~310 nm. 
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Figure 1: The optical setup for plasma ignition. Single pulse ignition uses the same setup without the 266 nm laser. 

 

 

III. Results 

 

A. Ignition Testing 

Combustion of methane-air and hydrogen-air mixtures was performed using both single and dual-pulse plasmas to 

supplement past ignition testing of these plasmas in other fuels.6 We examined equivalence ratios from the 

stoichiometric case down to the lean limit, with increasing resolution towards the lean limit. Dual-pulse methane 

combustion focused on lean limit determination in the region of 0.47<ϕ<0.55 to supplement existing literature 

published by our group in the near stoichiometric region.14 The pressure traces presented in Fig. 2 show single and 

dual-pulse ignition in the first and second column, and methane-air and hydrogen-air mixtures in the first and second 

rows respectively. Time of zero corresponds to the time of laser energy deposition, and the central line of each pressure 

trace represents the average of at least n=10 individual measurements, while the shaded region represents one standard 

deviation in either direction of the igniting cases. As expected, we see decreasing peak pressure and increasing ignition 

delay and variability with increasing equivalence ratio. Note that the dual-pulse trace at ϕ=0.8 is provided from 

previous experimentation.14 
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Figure 2: Combustion pressure histories for single and dual-pulse ignition of methane-air and hydrogen-air mixtures. 

Each trace is the result of averaging successful ignition events of at least ten trials,  

 

We define successful ignition as any increase in pressure (as monitored by the dynamic pressure transducer) 

accompanied by simultaneous flame propagation as monitored through OH* chemiluminescence. This definition 

includes weak and partial combustion events. We define the lean limit as the leanest test case where probability of 

ignition met or exceeded 50%. Using the pressure traces shown above, we can extract a heat release rate from each 

ignition event as described in our past work.12 By comparing to the heating values of the respective fuels, we can 

calculate the combustion efficiency for each ignition event. The resulting efficiencies are shown in Fig. 3 for the single 

and dual-pulse cases and are compared with existing information for propane from literature.6,14 The vertical error bars 

are representative of the standard deviation in efficiency for each equivalence ratio, while horizontal error bars indicate 

the measurement uncertainty associated with the pressure gauge used to monitor partial pressures. Note that the 

uncertainty in equivalence ratio varies for each fuel type. The average efficiency value is calculated from the igniting 

cases, and excludes unsuccessful ignition events. All cases ignited 100% of the time, unless otherwise marked (shown 

as fractions of successful ignition events around the lean limit).  
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Figure 3: Ignition efficiency for propane (red), methane (blue), and hydrogen (black) fuel-air mixtures using single pulse 

(left) and dual-pulse (right) plasmas. Note that for the same combined energy, use of the dual-pulse plasma results in a 

horizontal shift of each curve to the left, extending the lean limit, and increasing ignition efficiency for the lean fuel-air 

mixtures. 

 

As seen in past experimentation, we observe higher efficiency for lean mixtures, as well as extended lean limits 

for hydrogen-air when compared with methane-air and propane-air mixtures.13 Near stoichiometric conditions, we see 

elevated efficiencies for propane. Based on our definition of the lean limit, we report single pulse NIR lean limits of 

ϕ=0.12 for hydrogen, ϕ=0.53 for methane, and literature reports a lean limit of ϕ=0.70 for propane.6 For the dual-pulse 

plasma, we report lean limits of ϕ=0.11 for hydrogen, ϕ=0.50 for methane, and previous experimentation reports a 

lean limit of ϕ=0.60 for propane.14 We find that the dual-pulse plasma results in extension of the lean limit for each 

fuel type relative to single-pulse (with the same total incident energy). We note the most significant difference for 

propane, though the resolution (Δϕ=0.1) in equivalence ratio from previous experimentation could be improved.6 We 

also note that the lean limits for the dual-pulse plasma closely match those of the resonant dual-pulse plasma.13 In 

terms of efficiency, we report generally higher efficiency ignition for the dual-pulse plasma in both methane-air and 

hydrogen-air mixtures when compared with single pulse NIR ignition, though the result is seen for nearly all 

equivalence ratios in the methane-air case while only for the particularly lean cases for hydrogen-air mixtures. 

  

B. OH* Chemiluminescence 

In tandem with ignition experimentation, we imaged the flame front and kernel growth using an intensified 

charged camera and a λ~310 nm filter corresponding to the emission from the intermediate OH* radical, known to be 

a species correlated with regions of heat release.15-17 This method allows for temporal imaging of the plasma kernel 

evolution when ignition is repeated and the timing for the gate of the camera is altered. This method works very well 

when the kernel shape is consistent shot to shot, as is the case near stoichiometric conditions, but becomes difficult 

near the lean limit, where localized variations in fuel concentrations result in differently shaped flame fronts and flame 

speeds. For this reason, we tend to look at the kernel shapes near the lean limit independently rather than as a sequence. 

Fig. 4 shows flame kernel development of the single pulse NIR plasma in methane, revealing similar kinds of kernel 

shapes that are well documented in literature for other fuel-air mixtures.18-23 Though this structure is actually an 

asymmetric torus, it is typically described as a series of lobes because of the shape it takes on when viewed in two 

dimensions. The toroid is formed by plasma induced hydrodynamics and acts as a driving mechanism through which 

surrounding gas is entrained and forced through its center.2,24 The asymmetric torus can be identified in the following 

images as two vertical side lobes (corresponding to the cross-section image of the torus) and the expelled jet passing 

through the center of the torus can be identified as the third lobe propagating towards the laser.6 In this investigation, 

we see third lobe formation for single pulse methane-air ignition for all equivalence ratios, and separation of the third 

lobe for mixtures of equivalence ratios of ϕ≤0.70. We also see that near the lean limit, the flame front propagates for 

hundreds of microseconds, before dissipating or quenching on a several millisecond timescale. Though partial ignition 

does occur, the flame does not propagate to fill the chamber for some of these leaner mixtures as it does for mixtures 

of higher equivalence ratios. This result is expected and is similar to single pulse NIR ignition in other fuels.6 For the 

flame kernels in Fig. 4, the gain for collection was constant, though the images use selective contrast to highlight the 
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kernel shapes. Time delays were selected to match (as close as possible) the conditions previously published by our 

group on ignition of propane-air mixtures.6 

 

   

Figure 4: Flame propagation for the single pulse NIR plasma in methane-air mixtures at a variety of equivalence ratios. 

Indicated times are relative to laser energy deposition inside the chamber. Images have physical dimensions of 28 mm x 

22 mm in the horizontal and vertical directions, respectively. Note the tendency of the third lobe to form and separate for 

the leaner cases. 

 

Figure 5 details similar flame kernel evolution for single pulse NIR plasmas in hydrogen-air mixtures. Single 

pulse NIR combustion of hydrogen-air mixtures exhibits distinctly different kernels as compared to methane-air 

mixtures. Primarily, the timescale for complete combustion was much shorter. The hydrogen-air flame takes around 

1 ms to fill the entire frame, while the methane-air flame takes longer than 2.5 ms. More rapid combustion can be 

expected based on higher predicted flame speeds associated with hydrogen.25 This can also be seen in the pressure 

histories of Fig. 2. In terms of kernel shape, the main difference compared to methane is that near stoichiometric 

conditions we observe highly different flame speeds in the radial and longitudinal (beam propagation) directions. The 

images show that the kernel expands rapidly over the radial axis when compared with the longitudinal axis. The flame 

speed of the third lobe is significantly smaller than that of the adjacent toroid, and the result is an ovular shaped kernel 

and a third lobe that never fully develops. However, we hypothesize that it is possible that the third lobe attempts to 

form in this near stoichiometric scenario, but is accompanied by large rates of flame strain, resulting in quenching and 

rapid extinction of this third lobe. As the equivalence ratio decreases, we begin to see the third lobe become more 

pronounced, which may be due to more uniform flame speeds and reduced strain rate. By ϕ=0.65, we see the third 

lobe on occasion, at ϕ=0.4 we see it every time, and around ϕ=0.20 we see separation begin to occur. Below ϕ=0.20, 

we see separation of the third lobe, though there is still enough energy in the independent lobes to sustain combustion 

in localized regions. This is seen in the bottom right image where a section of the kernel has expanded above the frame 

and is overlaid with kernels still in the frame (ϕ=0.13, t=25 ms).  

 

Laser  

Laser  

Laser  



7 

 

 

Figure 5: Flame propagation for the single pulse NIR plasma in hydrogen-air mixtures at a variety of equivalence ratios. 

Indicated times are relative to laser energy deposition inside the chamber. Images have physical dimensions of 28 mm x 

22 mm in the horizontal and vertical directions, respectively. Note the ovular shape of the kernel as well as the 

segmentation that takes place for leaner mixtures, resulting in localized ignition events. 

 

Using the same techniques presented above for the single pulse NIR plasma and kernel, we analyze the dual-pulse 

plasma for ignition in both methane-air and hydrogen-air mixtures. We see that in both fuel-air mixtures, for all 

equivalence ratios, the dual-pulse plasma kernel exhibits the characteristic shape of a preionization channel and a 

larger energy addition kernel over the range of tens of microseconds.12 Fig. 6 shows methane-air ignition. For 

equivalence ratios in the range ϕ=1.0-0.70 the energy deposition profile suppresses the development of the third lobe.6 

For the stoichiometric case, the direction of plasma propagation (or the direction in which the third lobe would form 

if it did) is unpredictable. As mentioned earlier, each image represents a separate ignition event, so that each image 

should be evaluated individually rather than as a sequence. In eleven combustion events, we report that five of these 

kernels propagated towards the laser beam, while four propagated away (two were indeterminable). We attribute this 

to the axial overlap of the two beams, and believe that variability in propagation direction is indicative of good overlap 

(Δz=0), which leads to suppression of the third lobe. This is studied more rigorously in the offset investigation in 

Section C. Below ϕ=0.7, despite successful overlap, the third lobe is formed, but it takes a long time to develop (tens 

of ms), which may explain why this result was not reported on in the past for propane-air mixtures.6 Around ϕ=0.55, 

we observe third lobe detachment, kernel segmenting and extinction, and localized kernels which then propagate 

towards a complete ignition event.  
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Figure 6: Flame propagation for the dual-pulse plasma in methane-air mixtures at a variety of equivalence ratios. 

Indicated times are relative to laser energy deposition inside the chamber. Images have physical dimensions of 28 mm x 

22 mm in the horizontal and vertical directions, respectively. Note the non-existence of the third lobe for the 

stoichiometric case. Additionally note the timescale over which the third lobe is seen for the intermediate equivalence 

ratios and the localized combustion that occurs near the lean limit. 

 

Much like the single pulse NIR plasma, kernel shapes for dual-pulse ignition of hydrogen-air mixtures were much 

different compared to those formed in methane air mixtures, likely due to fuel reactivity. Again, for all equivalence 

ratios, the dual-pulse plasma kernel exhibits a distinct preionization channel and energy addition kernel over the first 

few microseconds. For equivalence ratios in the range ϕ=1.0-0.5, the dual-pulse plasma kernel propagates with this 

characteristic cross shape all the way through the ignition process. Though this occurs for all equivalence ratios in this 

range, it is most visible for the ϕ=0.9 case. Below ϕ=0.5, the third lobe is formed, as a net central fluid flow is 

developed in the center of the toroid, forcing the third lobe in the direction of laser incidence. Around ϕ=0.2, we see 

segmenting and separation in the kernels, and near the limit we see localized pockets of ignition similar to those seen 

for single pulse ignition.  
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Figure 7: Flame propagation for the dual-pulse plasma in hydrogen-air mixtures at a variety of equivalence ratios. 

Indicated times are relative to laser energy deposition inside the chamber. Images have physical dimensions of 28 mm x 

22 mm in the horizontal and vertical directions, respectively. Note the unique cross shaped kernel for the stoichiometric 

case. 

 

C. Investigation of Axial Offset in Dual-Pulse Ignition 

Previous work in our group has demonstrated that dual-pulse plasma kernel dynamics in propane-air mixtures are 

a strong function of the energy deposition profile, i.e. the focusing conditions and axial overlap of the two pulses.6 

The previous section demonstrated that third lobe formation can be inhibited near stoichiometric conditions for both 

methane-air and hydrogen-air mixtures. In order to better characterize this effect and the impacts of deviation from 

perfect overlap, a test space consisting of a series of axial offsets (Δz = -5.0, -2.0, -0.5, 0.0, +0.5, +2.0, +5.0 mm) and 

equivalence ratios (ϕ=0.50, 0.60, 0.80, 1.00) was developed. Example axial offsets are shown in Fig. 8 where a 

negative axial offset corresponds to the energy addition pulse (NIR) focusing upstream of the preionization pulse (UV) 

and vice versa. In practice, this is done by fixing the location of the UV beam, while moving the focus of the NIR 

beam via a translation stage on which the lens is mounted.9  

 

 

Figure 8: Example axial offsets where the red trace represents the focusing of the energy addition (NIR) beam, and the 

blue trace represents the focusing conditions of the preionization (UV) beam. The zero offset case is slightly shifted for 

visualization. 
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For each combination of axial offset and equivalence ratio, at least three combustion events were attempted, 

though for the zero offset case at least ten combustion events were averaged as described in Section A. The absolute 

limit to ignition was also determined as the minimum equivalence ratio for which at least one of the ignition attempts 

resulted in combustion of the fuel mixture. Experiments were performed in methane-air mixtures. Fig. 9 shows the 

effects of offset variability on kernel shapes, where each image is taken at a time of t=1 ms after laser energy deposition 

using an exposure value of Δt=500 µs. In these images, the laser beam enters from the left. Neither beam has sufficient 

energy to generate full breakdown (and ignition) independently, and therefore each flame kernel can be considered a 

dual-pulse flame kernel. Note that the lean scenario (shown in the top row of Fig. 9) varied with the offset in order to 

be able to obtain a successful ignition event. Within Δz = ±0.5 mm, this lean scenario corresponded to an equivalence 

ratio of ϕ=0.50, but outside this offset, the lean scenario corresponded to ϕ=0.525. 

 

 

Figure 9: Flame kernel shapes from the dual-pulse plasma in methane-air mixtures at a variety of equivalence ratios and 

offset conditions. Each image is taken at a time of t=1 ms using an exposure of Δt=500 µs. Images have physical 

dimensions of 28 mm x 22 mm in the horizontal and vertical directions, respectively. 

 

The cases for which the energy addition pulse is focused upstream of the preionization pulse tend to exhibit higher 

longitudinal flame speeds for the third lobe, resulting in much more common third lobe detachment than equal axial 

offsets that focus downstream of the preionization pulse. We hypothesize to this be to be due to the free electron 

densities along the longitudinal axis, and the corresponding MPI/EAI electron production proportions for each beam.12 

For the upstream case (negative axial offsets), the energy addition beam has not passed through an electron dense 

region when it reaches its focal point. Though some of the pulse energy gets absorbed by free electrons downstream 

of the focal point, the proportion of energy that reaches these free electrons is smaller, and the plasma tends to develop 

as if it were a single pulse plasma, where the energy addition pulse becomes responsible for both MPI and EAI. An 

interesting phenomenon is observed for the negative axial offset at the stoichiometric condition, where a “fourth lobe” 

is developed near the location of preionization focus. This suggests that in these conditions, sufficient energy 

deposition occurs downstream of the focal point in the preionization channel to develop another lobe. Much like the 

third lobe, this lobe is susceptible to separation from the main toroid, as is seen in the extreme offset case of Δz=-5.0 

mm.  

The cases where the energy addition pulse is downstream of the preionization pulse tend to have less flame 

stretching of the third lobe, and separation occurs less frequently. We hypothesize this to be due to better inverse 

bremsstrahlung absorption of the energy addition pulse, which in this case has to completely pass through the 

preionization channel before it reaches its focal point. This results in better absorption of the energy addition pulse, as 

it is responsible for a much smaller proportion of MPI and contributes mainly to EAI, developing kernel shapes that 

better suppress the third lobe. We also see in Fig. 9 that the overlap precision is difficult to discern by simply looking 
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at kernel shapes. As mentioned before, for the zero offset case, we see that the flame growth is unpredictable, 

sometimes occurring upstream and sometimes occurring downstream (seen in the first row of Fig. 6 and described in 

Section B). We see that within the range of Δz≤0.5 mm, this trend continues. Somewhere between 0.5 mm and 2 mm, 

this variability breaks down and the three lobe structure grows towards the laser for every ignition test.  

In conjunction with imaging, pressure histories were collected so that efficiencies could be calculated. For each 

condition, three combustion events were attempted, and successful events were averaged. The resulting ignition 

efficiencies as a function of offset and equivalence ratio are shown in Fig. 10 (left). The zero offset case has increased 

ignition efficiency for nearly all equivalence ratios, though no observable trend exists for the other offsets at 

equivalence ratios far from the lean limit. Near the lean limit, the closer the axial offset to the zero offset case, the 

further the absolute ignition limit was extended. For the zero offset case, the absolute ignition limit was ϕ=0.48. For 

an axial offset of Δz=0.5 mm in either direction, the absolute ignition limit was found to be ϕ=0.50. Once the axial 

offset reached Δz=2.0 mm, the absolute ignition limit was ϕ=0.53. This matches the lean limit of single pulse ignition. 

Therefore, we conclude that in order to benefit from dual-pulse ignition lean limit extension, the axial offset between 

waists must be less than 2 mm, though the range of acceptable offsets is likely much smaller and further investigation 

is warranted. 

 

     

Figure 10: Combustion efficiency (left) and ignition probability (right) for a variety of axial offsets and equivalence ratios. 

Each point represents the average of at least three ignition attempts. Note the decreasing efficiency with increasing offset 

distance. Also note how increasing axial offset results in decreasing probability of ignition and how the -0.5 mm case has 

higher probability of ignition that the +0.5 mm case, attributed to better suppression of the third lobe seen in the OH* 

chemiluminescence images. 

 

It is also informative to look at the probabilities of ignition as a function of offset. The measured probabilities of 

ignition are shown in Fig. 10 (right). The limited resolution step size in equivalence ratio inhibits our ability to draw 

thorough conclusions though we do note some important trends. We see that the probability of ignition increases with 

better overlap precision. Additionally, we notice an increase in probability for the downstream focusing condition 

when compared with the upstream condition at Δz=0.5 mm. We attribute this to the better suppression of third lobe as 

commented upon in the OH* chemiluminescence section of the offset investigation. Recall that this third lobe is known 

to transport heat and intermediate species away from the kernel, so suppression of it results in more stable combustion, 

therefore increasing the probability of ignition. 

 
IV. Conclusions 

We have demonstrated combustion characteristics of single pulse NIR and dual-pulse plasmas for both methane-

air and hydrogen-air mixtures. We report higher efficiencies (particularly in methane-air mixtures) and slightly 

extended lean limits for dual-pulse plasmas when compared with single pulse plasmas. The lean limits for single pulse 

NIR plasmas are determined to be ϕ=0.12 for hydrogen and ϕ=0.53 for methane. Corresponding values for the dual-

pulse plasma are ϕ=0.11 for hydrogen and ϕ=0.50 for methane, which matches the values reported for resonant dual-

pulse plasma in previous work.13 OH* chemiluminescence for single pulse NIR plasmas in methane-air mixtures 
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showed similar three lobe structures to those well established for propane-air mixtures, while hydrogen-air mixtures 

tended to have much more rapid radial growth when compared with longitudinal growth of the third lobe. For the 

dual-pulse plasma, the preionization channel was clearly seen, and had sufficient energy to dictate kernel shape for 

near stoichiometric conditions in hydrogen-air mixtures. Suppression of the third lobe occured in both mixtures near 

stoichiometric conditions, but the third lobe could be observed at extended delays for the leaner cases. Hydrogen-air 

mixtures ignited much more rapidly for both plasmas when compared with methane-air mixtures. An investigation 

into the axial offset between waists for the dual-pulse plasmas showed that it is preferable to focus the energy addition 

beam further downstream from the preionization pulse rather than upstream, if perfect overlap (Δz=0.0 mm) cannot 

be achieved. For downstream focusing, third lobe suppression is stronger and ignition probability is increased. For 

upstream focusing, the energy addition pulse acts more like a single pulse plasma, responsible for both MPI and EAI 

and forming a three lobe structure more frequently. At near stoichiometric conditions, upstream focusing can result in 

a four lobe structure with the fourth lobe centered near the preionization channel. This fourth lobe typically detaches 

from the main toroid much like the third lobe. We find that zero axial offset (Δz=0.0 mm) results in the most efficient 

and most probable ignition with the lowest lean limit. The benefit of lean limit extension completely ceases by an 

offset of 2 mm, while kernel flame propagation directions are highly variable in the region of ±0.5 mm. 
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Effects of the Laser Intensity Profile on 

Ignition of Hydrogen-Air Mixture 
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08544 

We consider ignition of the lean-hydrogen-air mixture using a combination of ultraviolet and 

near-infrared laser pulses. A two-dimensional three-temperature plasma model coupled with 

Navier-Stokes equations was used for the numerical simulations. The dependence of the 

ignition kernel dynamics on laser defocusing is reported. The results showed that an offset in 

peak of gas temperature and radical species caused by defocusing effect affects the hot ignition 

spot location. 

 

I. Introduction 

In recent years plasma technology is studied extensively because of its potential to enhance combustion, reduce 

emissions and provide efficient ignition strategies, all of which are crucial for increased engine performance 

requirements [1]. For supersonic combustion such as in scramjet engines, studies using different variants of plasma 

have showed that it can enhance ignition, flame stabilization, and fuel/air mixing via chemical, thermal, and plasma 

induced aerodynamic effects [2]. Numerical modeling of non-equilibrium plasma [3] has shown that detonation 

engines can also benefit from its use by shortening the deflagration to detonation transition time and length.  

Non-equilibrium plasma interacts with the fluid on different aspects, mainly chemical kinetics, transport properties, 

and thermal energy. So, laser induced plasma ignition systems can be used for wide range of ignition applications. 

Electrodes are absent in laser induced plasma ignition systems which eliminates the flame quenching effect and 

enhances the kernel growth [4]. Further advantages are, very high flexibility of the ignition location within the 

combustion chamber, and extension of flammability limits. But difficulties including high cost of a laser ignition 

system and accurate experimental measurement of important properties underline the importance of mathematical 

modeling and a deeper understanding of the coupling between plasma physics, combustion kinetics and 

hydrodynamics. Only with better understanding and control of the laser energy deposition, mature and more diverse 

applications of the technology is warranted. 

Laser ignition mechanisms [5] strictly depend on the laser wavelength, repetition rate, the amount of energy 

deposited and laser focusing. At laser wavelengths, 𝜆, below 250 𝑛𝑚, ignition can occur through photochemical 

mechanism without a significant gas ionization, when a chain initiation stage is replaced by the phodissociation of 

molecules, mainly molecular oxygen by a single photon-excitation. Other ignition mechanisms include thermal 

ionization, non-resonant, and resonant laser spark ignition. Laser breakdown mechanisms in different media are 

extensively studied in optics, leading to the development of high-sensitivity laser–induced breakdown spectroscopy 

(LIBS) [6].  One issue that inhibits the application of laser ignition is the minimum ignition energy, which is greater 
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than the minimum ignition energy for conventional sparks [7,8]. The greater values of the minimum ignition energy 

for a single laser pulse ignition relate to the additional energy required for the laser optical breakdown to create initial 

seed electrons at the beam focus. Also, a significant amount of the deposited energy in that case is consumed by a 

propagating blast wave. A new concept of the laser energy deposition which uses two laser pulses to decouple the 

process of the initial ionization and energy addition is advantageous in this aspect. As such, this method can be used 

to control the electron temperature, electron number-density, size of the ignition kernel and post hydrodynamic 

behavior of the energy deposition kernel [4,9,10].  

We consider here a dual-pulse laser energy addition using combination of the ultraviolet (UV) and near infrared 

(NIR) laser pulses. The first step is to create a preliminary ionization region using the ultra-violet laser pulse with a 

small amount of energy below breakdown by multiphoton and avalanche ionization mechanisms. The second step is 

a subsequent energy addition through joule heating using the near infrared laser pulse [11]. The dual-pulse laser 

scheme with combination of UV, 𝜆 =  266 nm, and NIR, 𝜆 =  1064 nm, laser pulses demonstrated an increase of 

combustion efficiency, flame speed enhancement and successful ignition of the lean fuel-air mixture below the 

flammability limits [12]. Furthermore, energy consumption and energy losses associated with the shockwave 

propagation are significantly lower for two successive laser pulses with a time interval compared with a single pulse 

with the same total incident energy. 

During dual pulse operation when plasma is already present in the focal area, the remainder of the laser pulse is 

partially reflected causing different spatial distribution of laser intensity profile compared with the Gaussian profile. 

Gradient of density and pressure plays an important role in post hydrodynamics of the plasma kernel which in turn is 

dictated by the spatio-temporal shape of the laser intensity profile of the pulses [13].  The effect of non-uniform energy 

deposition can lead to the generation of large–scale coherent vortices and transition to turbulence [14]. So, the spatio-

temporal modulation of the laser intensity is a major parameter in tailoring the dual-pulse laser concept to specific 

application needs. Recent developments in optical devices have substantially enhanced the capability to shape the 

laser pulses in both the temporal and spatial domains. But most of the numerical modeling for non-equilibrium plasma 

is done for the Gaussian beam in both spatial and temporal domain [15]. Goal of this work is to extend the study on 

effects of laser intensity shaping. One and two-dimensional mathematical model of dual-pulse laser ignition using a 

three-temperature plasma approach [10] was developed in [9,16] to understand a role of plasma driven gas dynamics, 

chemical kinetics and laser physics in controllable ignition and combustion of methane-air mixtures. Previous study 

of hydrogen-air ignition [17] with dual pulse concluded that with temporal shaping of the laser intensity, ignition of 

the mixture occurs at significantly low initial electron number density compared with the standard Gaussian profile. 

Current work further extends this study with inherent defocusing present in laser intensity profiles and mainly looks 

at corresponding effects on the ignition delay, flame kernel shape and hydrodynamics of the resulting flame kernel in 

hydrogen-air mixture. 

 

 

II. Results and discussion 

The multiscale and multi-physics process of the laser energy deposition comprises particle-wave interaction, 

chemical reactions, and fluid dynamics effect with time scales ranging from nanoseconds (plasma formation and 

decay) to microseconds (fluid dynamics). To include the non-equilibrium behavior of the formed laser plasma a three-

temperature (3T) plasma model was used. The mathematical model combines two-dimensional Navier-Stokes 

equations with the three-temperature plasma model, which includes additional equations for the translational gas 

temperature, electron temperature, vibrational energy of nitrogen molecules and balance equations for twelve species 

of the hydrogen-air mixture, H2, O2, N2, H, O, OH, HO2, H2O, H2O2, O2
+,  N2

+, e. The model was briefly discussed and 

validated in our previous papers [9,16] and it is not shown here. 

We consider the lean hydrogen-air mixture, Φ =  0.7, ignition by two laser pulses with pulse width of  10 ns and 

13 𝑛𝑠 for first and second pulse respectively. The temporal offset between the peak of the two pulses was also 10  ns. 

The maximum electron number density was 5 ∗ 1023m−3 while the maximum laser intensity was 3.5 ∗ 1014W/m2  

The pre-ionizing pulse had wavelength of  λ =  266 𝑛𝑚 and the theoretical beam waist of ω0 = 22.062 μ𝑚. 

Similarly, for the second pulse, λ =  1064 𝑛𝑚 and ω0 = 22.015 μ𝑚. The initial size of the ionization spot was Δx =
 6.65 mm and Δy =  1.60 mm in x and y respectively. A laser beam with initial Gaussian radial profile would produce 

a maximum plasma density at the axis causing the laser beam to defocus due to the minimum refractive index on the 

axis [18]. To account for plasma defocusing effect we have included an additional part for evaluation of temporal 

changes of the laser intensity.  Those temporal effects of laser-plasma interactions are captured by discretizing the 

laser pulses and using a beam propagation method to trace each pulse segment through the numerical domain (outside 
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3 

 

of the hydrogen-air ignition solver). During the dual pulse operation when plasma is already present in the focal area, 

the remainder of the laser pulse is partially reflected causing different spatial distribution of laser intensity profile as 

shown in Fig.1. Here defocusing effect is seen at 25 ns when the second pulse had just passed its peak intensity point 

in time. The case without defocusing was formulated with the same profiles of intensity as with defocusing but the 

profiles with elongated tails due to defocusing were replaced by the profiles before the tails appear and the magnitude 

was scaled to make both the cases have same peak values at the same time period of the pulse. This means that the 

electron number density profiles were also different between these cases. The electron mole fraction is shown in Fig.2 

for the case with and without defocusing. Clearly, with defocusing effect the electron number density profile has 

resulted into a formation of the tear drop shape. Finally, this result was coupled with the developed solver by feeding 

different profiles of intensity and electron number density during the pulse period. 

 
 

Fig 1: Defocusing effect as seen in the intensity profiles. 

 

 
 

Fig 2:  Electron mole fraction at the end of the second pulse. 

 

 

The intensity field and electron number density peaks do not match spatially with defocusing case. While not 

considering defocusing the peaks match and thus for the same magnitude of the initial electron number density and 

intensity profile, the joule heating term which has strong dependence on those two parameters, becomes high. This 

affects the electron and gas temperature balance.  

  The temporal behavior of the electron temperature has also changed depending on the fuel. Compared with the 

case of the methane-air mixture in the hydrogen-air mixture we observed the increase of the electron energy loss in 

the processes of the momentum transfer in electron-neutral collisions νm and in electron-ion Coulomb collisions νc. 

Fig.3 shows the collision frequency, νs = νm + νc, for the lean methane-air and hydrogen air-mixtures at the 

equivalence ratio Φ = 0.7. The rate of heating due to the energy exchange between electrons and heavy particles is  

QET =
3

2
δe(νm + νc)kB(Te − T) and it is proportional to νs. At other conditions being equal an increase of the 

frequency of the momentum transfer in electron-neutral collisions and in electron-ion Coulomb collisions results in 

the higher rate of heating in the hydrogen-air mixture, which leads to the faster local ignition at the point with the 

maximum electron number density.   
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Fig 3: Collision frequency as a function of the reduced electric field. 

 

 

Fig. 4 shows the energy deposition kernel for hydrogen gas with minor impurities as O2, N2  at 7.2e-5 s. When the 

energy deposition from of the second laser pulse is sufficiently offset from the first laser pulse, formation of the three-

lobed energy deposition kernel after the blast wave for air is reported in [19]. Taking into account the defocusing 

effect, although the energy deposition peak is offset, the offset was not sufficient for the third lobe formation. So, a 

two-toroid kernel, like in the case of the Gaussian shaped laser intensity without defocusing is seen for both cases.  

 

 
Fig 4:  Numerical Schlieren for the dual pulse energy deposition at 7.2e-5 s 
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Fig 5: Temporal Evolution of the Joule heating term during the pulse 

 

Fig.5 shows the progression of joule heating in the mixture which relates to the increase in electron energy. Due 

to defocusing, the energy deposition broadens in the direction perpendicular to the laser pulse propagation. While the 

joule heating is symmetrical for the case without defocusing it is contrastingly different for the case with defocusing. 

Asymmetrical joule heating results in the elongated tear drop temperature profile at the end of the pulse as shown in 

Fig.6. Despite the fact that we have the same symmetrical Gaussian profile for ions as an initial condition, the oxygen 

atoms distribution after the second laser pulse shown in Fig. 6 also changes with defocusing. These changes were 

attributed to the changes in the electron number density and electron temperature distributions (Fig.7) which are 

significantly different in the two cases. It is worth noting that the kinetic model did not include pathways for the  

O3, NO  formation, which could move the effects of defocusing further ahead in time.  

 

 
 

Fig 6: Temperature  (a) and oxygen atom profiles (b) at the end  of the second pulse. 
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Fig 7: The Electron Temperature distribution at the end of the pulse 

 

At the end of the pulse, defocusing causes offset between the peaks of the gas temperature and the O atoms 

concentration. Thus, the rate of decay of O atoms is not even in both the right and the left directions from the peak. It 

is seen in detail in Fig. 8, 9 which show axial profiles of radicals  O, OH , and temperature at different moments for 

cases with no defocusing effect and for the case with defocusing, respectively. The decay of O is maximum where the 

temperature is highest initially and this leads to chain branching thereby producing other radicals like OH, H .  But the 

case without defocusing (Fig.8) clearly shows that the peaks in O and temperature are coincident. Only when the gas 

temperature is sufficiently high, at the later time period, the concentration of O atoms increases again. Even at t =
1.64e − 6 s the offset between peaks of O and temperature still exist for the case with defocusing of the laser intensity 

Fig.9. As a result, the initial ignition spot is shifted compared to the two cases. This can be observed in Fig.10, where 

the temperature and H2O production are maximum at x = 5 mm for the case without defocusing and it is shifted left, 

closer to x = 4 mm when defocusing is considered. Here x is the axial coordinate along the center of the laser energy 

deposition such that x = 5 mm represents both radial and axial center of the plume. 

 

 

 

 
Fig 8: Temperature and mass fraction of species, no defocusing, I = 35e-9 s, II = 3.35e-7 s, III = 1.64e-6 s 
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Fig 9: Temperature and mass fraction of species, with defocusing, I = 35e-9 s, II = 3.35e-7 s, III = 1.64e-6 s 

 

 

 
Fig. 10: Comparison of temperature and H2O for case with defocusing (D) and without defocusing (ND) at 

1.64e-6 s.  

 

Depending on the propagating direction of the second laser pulse, the offset in peaks of O and temperature profiles 

can flip. This suggests that the dual-pulse laser ignition system could be favorable for controllable ignition because 

the consumption of excited species changes with the variation of intensity profiles.  

According to the simulation results the ignition delay time for the hydrogen-air mixture with Φ =  0.7 was  

65.7 μs.  Addition of oxygen atoms at different proportions to the hydrogen-air mixture has shown similar values of 

the ignition delay time [2]. The relatively short ignition delay time compared to cases without plasma was attributed 

to the high initial electron number density 5 ∗ 1023m−3 and laser peak intensity ~3.5 ∗ 1014W/m2 which results in 

the higher concentration of initial ionized species and high concentration of O atoms.  
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Fig 11: Comparison of Numerical Schlieren for case with (D) and without (ND) defocusing at 21.0e-5 s  

 

 

  Fig.11 shows the schlieren image for the hydrogen-air mixture with Φ =  0.7  at 210 μs. Although the ignition 

kernel shapes look similar in both cases effect of defocusing slightly changes the oval shaped perfectly symmetrical 

ignition kernel to the asymmetrical oval shaped kernel. Before the velocity normal to the direction of the laser pulse 

propagation was established, ignition from the central hot spot propagated towards both directions in the x-axis. Thus, 

the oval shaped profile was observed rather than the two-toroid shape seen in Fig. 4. This result is in a good agreement 

with the experimental measurements of the OH chemiluminescence from [19]  which showed similar shape of the 

ignition kernel in the lean hydrogen-air mixture with equivalence ratio Φ =  0.9.  

 

 

III. Conclusion 

We considered dual pulse laser ignition of the lean hydrogen-air mixture.  It was shown that the first pulse is 

beneficial for ionizing the mixture and generating excited species thus affecting the ignition kernel. Due to the 

variation of the intensity profiles, offset in peak of gas temperature and radical species occurs thereby affecting ignition 

due to both hydrodynamic and chemical kinetic effects. We suggested that a specific direction of the second laser 

pulse could be favored when there is a flow specified in one direction. This case warrants more study, for example,  

for the dual-pulse laser energy deposition for the initiation of detonation or for the deflagration to detonation transition 

because the velocity of the brunt gases is either larger than incoming or less the incoming reactants depending on the 

flame specification . 
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Abstract
The long-term hydrodynamics of laser generated plasma regions are dictated by the spatial
distribution of the deposited laser energy. Using an integrated chemical-optical solver to track
energy deposition from single and dual nanosecond laser pulses, we show that self-defocusing
results in a biased growth of the plasma region towards the focusing lens. This displacement of
energy deposition scales with the Rayleigh range and can be reduced by maximizing the beam
divergence.

Keywords: self-defocusing, dual-pulse, nanosecond laser breakdown

(Some figures may appear in colour only in the online journal)

1. Introduction

Carefully tailored atmospheric laser plasmas can be harnessed
for remote sensing [1], optical modulation [2], waveguiding
[3], and lean ignition [4, 5]. The ability to control plasma para-
meters in two-pulse laser plasmas has been demonstrated in
[6]. More recently, two-pulse laser plasmas have been used
to suppress the formation of ‘third lobe’ structures (left lobe
figure 1(a)) routinely observed following single pulse laser
breakdown [7]. These structures arise from asymmetric depos-
ition of laser energy about the beam waist [8, 9] which can
be corrected in two pulse systems (figure 1(b)) by manually
offsetting the beam waists of the first and second pulses [7].
Control of these large scale flow structures are critical for igni-
tion applications where third lobe formation prevents proper
ignition of lean fuel/air mixtures [7]. We use an integrated
chemical-optical solver to characterize the displacement of
peak energy deposition towards the focusing lens for a range of
different focal conditions in single and dual pulse systems. The
displacement of energy deposition by self-defocusing occurs

at electron densities well below breakdown and, in systems
with longer focal lengths, can prevent breakdown from occur-
ring. Similarly, depending on the focal length of the sys-
tem, self-defocusing will either perturb or dominate the Laser
Assisted Breakdown wave (LABW) mechanism detailed by
Raizer [10] and Phuoc [11].

2. Method

Axisymmetric laser beams are propagated through the numer-
ical domain using the beam propagating method (BPM) with
a Hankel transform as described in [12]. When perturbations
in the refractive index throughout the domain are small, the
scalar Helmholtz equation (1) can be solved to give the elec-
tric field E (full derivation given in [13] by Feit and Fleck):

∇2
⊥ E+

∂2 E
∂z2

+
ω2

c2
n2 E= 0, (1)
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Figure 1. OH∗ chemiluminescence images showing (a) the third
lobe (left lobe) resulting from single pulse laser breakdown and
(b) dual pulse suppression of the third lobe. Laser propagates from
left to right. Adapted with permission from Springer Nature
Customer Service Centre GmbH: Nature, Scientific Reports, [7] ©
(2017). CC BY 4.0.

here ω is the laser frequency, n is the refractive index and c is
the speed of light. Once the electric field has been determined,
the average laser intensity is calculated from:

IL =
cnε0
2

|E|2 (W ·m−2), (2)

where ε0 is the vacuum permittivity. The local refractive index
in equations (1) and (2) is updated each time-step from the
local gas composition:

n≈ 1+
1
2

2∑
i

niαi
ε0

− 1
2

ω2
p

ω2 + ν2
m
, (3)

where νm is the electron-neutral collision frequency, ni is the
number density of the ith species, αi is the static molecular
polarizability (αO2 = 1.5812× 10−30 4πε0 (F ·m2) andαN2 =
1.7403× 10−30 4πε0 (F ·m2)), and ωp is the local plasma fre-
quency:

ωp =

√
nee2

meε0
(s−1), (4)

where e andme are the charge and mass of an electron respect-
ively and ne is the electron density calculated using the plasma
chemistry model outlined in the following section.

For the intensities investigated, the contribution of Kerr
self-focusing to the refractive index were on the order of 10−10

and hence neglected.

2.1. Plasma chemistry

The electron density is calculated by discretizing (forward dif-
ference) [4, 6, 14]:

∂ne
∂t

= wmpini+ νaine− νdne− νrecne− νattne+Bg, (5)

which accounts for electron production via multiphoton (mpi)
and avalanche ionization (ai) as well as losses from diffusion
(d), recombination (rec) and attachment (att). Bg is a back-
ground production term which is set so the rate goes to zero

when the laser intensity is zero. The multiphoton ionization
rate is given by:

wmpini = wO2nO2 +wN2nN2 (m−3 · s−1), (6)

where wi the probability of ionizing a molecule of the ith spe-
cies. In SI units [8]

wi = Bωη
3
2

(
1
4ε0

exp(1)e2

meω2cn
IL
Ii(J)

)η

(s−1), (7)

where B ≈ 1, η is the number of photons of frequency ω which
must be simultaneously absorbed to generate free electrons,
and Ii is the ionization energy of the ith species. Here, the
gas is assumed to be a mixture of 80% nitrogen and 20%
oxygen which have ionization energies of 15.6 and 12.2 eV
respectively.

Avalanche ionization is modeled using:

νai ≈
JH
ne

ξ

(
0.2
IO2

+
0.8
IN2

)
(s−1), (8)

where ξ is taken to be 0.75 and Joule heating (JH) is [6]:

JH =
nee2νmIL

cmeε0 [ω2 + νm2]
(J · s−1 ·m−3). (9)

The electron-neutral collision frequency (νm) is given by νm =
γp(atm)

(
s−1
)
at constant temperature [14]. The coefficient γ

has been modified from 2.0× 1012 (s−1) used in [14] to 2.7×
1012 (s−1) to reflect data obtained from the plasma chemistry
solver in Shneider et al [6]. In these simulations the pressure
(in atm) is unity since fluid effects have been neglected. This is
justified as significant energy deposition only occurs when the
electron density nears the breakdown threshold (1021 (m−3)).
This naturally confines energy deposition to the latter parts
of the IR pulses ensuring the timescale for energy deposition
(10−9 (s)) remain negligible compared to the timescales of
fluid motion (10−7 (s)).

The recombination rate is obtained from the two reactions:

N+
2 + e→ N+Nand O+

2 + e→ O+O (10)

and give a combined recombination coefficient of:

νrec = k1nN+
2
+ k2nO+

2
(s−1), (11)

where k1 = 3.18× 10−14 (m3 · s−1) and k2 = 22.27×
10−14 (m3 · s−1) [6]. For these simulations the electron tem-
perature (Te) was set to 2 eV as was assumed in [14] and in
line with computational results in [6].

The diffusion rate is given by νd =
D
Λ2 (s−1) where Λ2 =

ω2
0

2.42 [8]. When the electron density is low, diffusion is driven
by free electrons. Once the plasma density increases positively
charged ions slow the diffusion rate and the process transitions
to ambipolar diffusion. This transition occurs when the Debye
length becomes smaller than the beam waist:

λD =

√
ε0kTe
nee2

(m), (12)

2
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Table 1. Single pulse laser simulation parameters.

f # = 50 f # = 100 f # = 200

RR (mm) 2.84± 0.25 12.4± 1.09 51.8± 4.56
EP (mJ) 49± 4 213± 19 889± 78

where k is the Boltzmann constant. The coefficient D has the
form D=µTe(eV). For free electron diffusion the electron
mobility µe = 45p(Torr)−1 (m2 ·V−1 · s−1

)
taken from [15]

is approximated from experimental data which gives a free
electron diffusion coefficient of 0.12(m2 · s−1). The ambi-
polar diffusion coefficient is calculated from the low field limit
of the ion mobility µa = 0.21p−1 (Torr)

(
m2 ·V−1 · s−1

)
in

[16] hence Da = 5.5× 10−4 (m2 · s−1
)
.

The attachment rate coefficient is [17]:

νatt = νaN2 + νaO2 (s
−1), (13)

where νaO2 = 2.47× 10−43 n2O2
(s−1) and νaN2 = 1.70×

10−43 nO2nN2 (s
−1).

2.2. Initial conditions

The initial refractive index is calculated assuming an elec-
tron concentration of ne = 1014

(
m−3

)
[4] in a gas with

p= 101 325 Pa and T0 = 293.15 K. The mesh has 4000 radial
nodes equispaced between 0 and 0.015 m and 601 nodes in the
z direction which extend from z=−f to z= f. Nodes along the
z axis are heavily concentrated about the focal position (z= 0).
The initial electric field of the laser pulse immediately follow-
ing the focusing lens is:

E(r,−f, t) =

[
2I0v
cnε0

exp

(
− (t− t0)

2

2σ2
t

)] 1
2

× exp

(
− r2

ω2
a
− i

kr2

2f

)(
ωa
ω0

)
, (14)

where ωa and ω0 are the beam widths at the lens and waist
respectively, σ2

t is the temporal pulse width, f refers to the
focal length, k is the wavevector and I0v is the peak pulse
intensity in time and space. This peak intensity is only real-
ized during propagation through a vacuum. In air, plas-
mas will defocus the beam which lowers the peak intens-
ity. The f-number of a system is defined as f# = f/2ωa
and is useful to characterize the beam divergence. Since the
beam is assumed to be collimated before the focusing lens
the f # is related to the beam divergence half angle (θ) by
θ= 1/2f #. Single pulse breakdown is simulated with a 1064
nm beam with an initial width of ωa= 4 (mm) and duration
(FWHM= 2

√
2ln2σt) of 13 ns. The pulses have a peak intens-

ity of I0v = 234 (GWcm−2) and focal parameters detailed in
table 1. The energy per pulse (Ep) changes with focal condi-
tions (table 1) so that the peak intensity in each simulation is
identical.

In the dual pulse simulations, a pre-ionizing UV
(266 nm) beam is applied with an intensity peak of I0v266 =

Table 2. Dual pulse laser parameters for simulations 1 (S#1) and 2
(S#2).

S#1 S#2

UV f # = 200 f # = 400
RR= 11.4± 1.9mm RR= 45.6± 7.4mm
Ep= 6.7± 1.1mJ Ep= 26.7± 4.3mJ

IR f # = 50 f # = 100
RR= 2.8± 0.5mm RR= 11.4± 1.9mm
Ep= 12.7± 2.1mJ Ep= 51.8± 8.4mJ

Figure 2. Sequence of axial intensity profiles normalized by the
peak intensity at each time-step. Profiles were generated by
simulations of a single pulse nanosecond laser with f # = 50.

39 (GW · cm−2) which occurs 10 ns before the 1064 nm pulse
(I0v1064 = 62 (GW · cm−2)) as shown by the normalized intens-
ity profiles in figure 5.

The UV beam has an initial width of ωa = 1 (mm) with a
FWHM of 10 ns. The IR pulse has ωa = 4 (mm) and a dur-
ation of 13 ns. In these simulations the beam waist and the
focal length of the two laser systems are matched to mimic
the experimental layout in [4]. This setup constrains the f #
of the UV pulse to be quadruple that of the IR pulse. Focal
characteristics of the two dual pulse simulations are detailed in
table 2.

3. Results

In all simulations, the production of electrons is initially sym-
metric about the focal position as shown by the normalized
axial intensity profiles in figure 2 (0–5 ns). As the electron
density increases, the defocusing becomes more pronounced
resulting in a steeper decay of the profiles on the non-laser side
(10–15 ns). Eventually, the beam is defocused before reaching
the focal position which results in a displacement of the intens-
ity peak toward the focusing lens (10–20 ns).

The changing intensity distribution is reflected in the local
production of electrons and eventually results in a displace-
ment of the location of peak energy deposition. The depos-
ited energy is calculated from Joule heating and excess photon
energy produced during multiphoton ionization. The evolu-
tion of the location of peak energy deposition for a 13 ns
laser pulse under three different focal conditions is shown
in figure 3. The displacements range over an order of mag-
nitude from a maximum of −2.2mm in the f # = 50 case to
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Figure 3. Location of the peak energy deposition (magnitude
denoted by marker-size) for a 13 ns 1064 nm pulse with three
different focusing conditions. Displacements are normalized by
their respective Rayleigh ranges (table 1) and the normalized pulse
intensity is shown for reference. The highlighted region indicates
uncertainty which is dominated by the sensitivity of ω0 (and thus
RR) to the radial mesh density (ω0 is fit from simulation data at
t= 0).

−48mm for f # = 200. The normalized displacement profiles,
however, are quite similar which suggests the displacement
scales with Rayleigh range. The Rayleigh range is the distance
along the axis where the laser intensity falls to half its peak
value and hence is intrinsically linked to the scale of the plasma
region. The identical temporal characteristics of the pulses in
the simulations contribute to the similarity of the normalized
displacement profiles.

As the f # of the system increases, the plasma region

lengthens (RR ≈
4λf 2#
π ), and laser radiation must propagate fur-

ther through the strong radial refractive index gradients gener-
ated by the plasma.With longer propagation distances, smaller
gradients of refractive index (lower axial electron densities)
are required to defocus the beam. The effect of this trade-off
can be observed in figure 4 where the maximum electron dens-
ity of the plasma region decreases dramatically as the f # of
the system increases. Hence, self-defocusing would prevent
breakdown in longer focal length systems.

For systems with a large f #, self-defocusing drives the
growth of the plasma towards the focal lens even though
local electron densities remain well below breakdown. This
is in contrast to the Laser supported Breakdown Wave
mechanism [10], where absorption of the laser light as it
propagates through the plasma region following breakdown is
used to explain the preferential growth of the plasma towards
the focal lens. In small f # systems, the plasma density is
high enough that significant absorption will occur. This means
that the defocusing and absorption mechanisms will occur in
tandem.

These studies indicate that plasmas generated by single
pulse lasers have an inherent asymmetry in their energy pro-
file. The severity of asymmetry required for third lobe forma-
tion, however, is currently unknown so it is possible that there

Figure 4. Evolution of peak electron density within the plasma
(regardless of position).

Figure 5. Location of peak energy deposition (magnitude denoted
by marker-size) during a two-pulse laser breakdown sequence for
two different focal configurations. Displacements are normalized by
their respective Rayleigh ranges. Normalized temporal intensity
profiles are shown for reference. The uncertainty, which is again
dominated by the sensitivity of ω0 to the radial mesh density, is
displayed in regions where energy deposition is at least 10% of the
maximum.

exists an f # threshold belowwhich the asymmetry of deposited
energy does not result in 3rd lobe generation.

The location of the peak energy deposition fromUV and IR
lasers in a dual pulse system, normalized by their respective
Rayleigh ranges, are illustrated in figure 5. The initial positive
displacement of peak energy deposition by the IR lasers are a
result of deflection by the plasma generated by the UV beam.
This phenomena is also observed in figure 2 where a second
peak arises as light from the beam wings is deflected by the
plasma to a new focus behind its original position. The lower f #
of the IR pulse means that despite its longer wavelength mak-
ing it more susceptible to refractive index changes (equation
(3)), the location where it deposits energy remains relatively
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constrained due to its smaller Rayleigh range (−0.62mm dis-
placement compared to −2.28mm of the UV pulse in S#1).

The independence of the location of peak energy deposited
by the UV pulse and the IR pulse through-out the simulation is
important. It demonstrates that symmetric energy deposition
about the beam waist can be obtained in a two pulse system
by independently controlling the initial position of the beam
waists.

4. Conclusion

As a laser generated plasma is formed it defocuses the beam
which is generating it. This results in the displacement of the
location of peak energy deposition towards the focusing lens.
We show that this displacement is related to the f # of the sys-
tem, with lower f # systems producing less displacement. This
displacement causes the asymmetric energy deposition which
can result in the formation of third lobe structures. While this
asymmetry occurs in all single pulse systems, it can be sup-
pressed in two pulse systems by offsetting the beam waists.
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