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The threshold of a laser-induced breakdown of air is determined experimentally and theoretically. We find that
the ionization of air has two steps: the first step is a multi-photon ionization process, which provides enough
“seed electrons” to initiate the next step, and the second one is predominated by cascade ionization, which con-
tinues to produce free electrons geometrically until the critical free-electron density for breakdown is reached. So
a two-step model based on the Morgan ionization model is established to describe the breakdown process. It is
found that the time node dividing the two steps is about 9.8 ns in atmospheric air, and the threshold derived from
the two-step model proposed here is more consistent with the experimental results than traditional ionization

model.
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An air breakdown and plasma formation will occur when a
powerful laser pulse is focused on a very small region in air.
The mechanisms of a laser-induced air breakdown have
been investigated by many researchers in theory and exper-
imentally since 1963 It is greatly significant to study the
mechanisms and thresholds for many fields, such as laser-
induced lightning, laser ultra-wide-band radar, x ray laser
production, laser-induced nuclear fusion, laser propulsion,
and laser stealth. The laser-induced air plasma can gener-
ate intense terahertz waves that can serve as broadband
terahertz sources?. In addition, the breakdown of ambient
air must be considered carefully with laser-induced break-
down spectroscopy, which is a widely applicable analysis
technology for determining compositions that are applied
in atmospheric conditions®?. Some researchers analyzed
the laser-induced breakdown threshold of high-pressure
water droplets to determine the number density of an
aerosol in diesel engines; previously, there was no direct
method to measure this®. Morgan investigated the ultra-
violet, visible, and near-infrared laser-induced breakdowns
and the process of plasma formation in gases?. He dis-
cussed the important roles of several ionization processes,
such as multi-photon ionization (MI) and cascade
collisional ionization in gas breakdowns, and proposed a
model to describe the rate of change of the electron
concentration caused by the combination of MI and cas-
cade ionization (CI) processes. Gamal and Harith consid-
ered the MI and CI processes simultaneously under the
influence of lasers with different wavelengths (0.693,
1.06, and 0.53 pm) and pulse durations (18, 7, and
25 ps). They calculated the threshold using the
Runge-Kutta fourth-order method to solve the equation
given by Ireland and Grey Morgan?. The calculated
threshold is associated with avalanche breakdowns rather
than MI.
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Some researchers also studied the laser-induced
breakdown process in air experimentally, and calculated
the threshold based on the theories of MI and CIZ2 X, It
is stated that the two processes play different roles with
different kinds of gas, pressure, wavelength, and laser in-
tensity. The MI will occur when the pulse intensity
exceeds 10" W/cm?, and plays a more important part
with the decrease of the wavelength®. The CI is the
dominant mechanism when the pulse width exceeds
1 ps%, but the cascade process can be initiated only if
enough initial free electrons are produced. These initial
electrons also called “seed electrons”; these first gain en-
ergy from laser pulses through inverse bremsstrahlung
ionizing the neutrals by collisions. The generated elec-
trons continue to absorb energy from the laser field
and lead to the number of electrons increasing exponen-
tially by electron-neutral collisions. However, there are
not enough free electrons in the air to cause cascade
breakdown under atmospheric pressure, so the “seed
electrons” need to be generated by MI®2). So far, most
previous theoretical calculations have been performed
based on the simultaneous effects of the MI and CI
just by solving the equation of the non-linear ionization
of gas. Nevertheless, some researchers divided the
breakdown process into two equilong steps®2Y. This kind
of division is rough because the durations of the two
steps may not be equal. Therefore, in order to gain in-
sight into the whole process, the time node between
the MI and CI steps needs to be determined accurately.
In this work, we suggest that the breakdown occurs in
two steps:

(1) The MI process produces the free electrons until the
critical “seed electron” density n,, is reached;

(2) Then, the “seed electrons” initiate the CI process,
which generates free electrons much faster than MI
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and rapidly becomes the dominant mechanism for
ionization. This cascade-dominant step will continue
until the breakdown criterion is satisfied.

Based on this two-step model, the threshold of the
breakdown is determined and discussed in comparison
with experimental and traditional models.

The experimental setup was schematically shown in our
previous Letter22, A Q-switched Nd-YAG laser produ-
ces a near-infrared Gaussian laser pulse with a wavelength
of 1064 nm and a pulse duration of 10 ns. The laser energy
varies between 0 to 1 J/pulse and can be measured by a
digital power meter (OPHIR DGX-30A). The laser beam
is focused in air through a quartz lens with a focal length of
6.5 cm. The laser-induced air plasma forms in a closed
chamber, which is used to keep a stable and adjustable
ambient pressure in it and avoid the air flowing in the
lab and thus disturbing the formation of the plasma.
The plasma can be observed clearly through a circular
window on the chamber.

The threshold of air breakdown at a given pressure is
measured in the following manner. First, the chamber is
filled with air up to the desired pressure. Then, the laser
is fired and its power is increased until the gas breakdown
is observed. The breakdown is easily determined because it
is associated with a cracking noise and the appearance of a
bright flash in the focal region. The breakdown becomes a
sporadic event when the threshold is just reached. The
threshold for breakdown is taken to be the intensity that
produces visible flashes of 30-50 of the laser shots21529,
We repeat the experiment 10 times under the same con-
ditions and then average the results.

The phenomenon of the laser-induced breakdown of
air is a complex simultaneous effect of several physical
processes such as MI and CI, recombination of ions and
electrons, and the diffusion of electrons. The latter two
are considered to be the dominant electron-consuming
mechanisms that reduce free electrons at the rate of
108 /sZ. In our experiment, the laser pulse duration is only
10 ns, so the consumption of the electrons is negligible dur-
ing such a short time.

The production of the free electrons is dominated by two
main mechanisms: MI and CI. The former refers to the proc-
ess in which the neutrals absorb more than one laser photon
simultaneously and valence electrons transit directly from
the bound state to the free state. The latter refers to the
process in which the free electrons ionize the neutral gas
by frequently colliding with them, and this process produ-
ces more free electrons. The “new” electrons repeat the
process above and the avalanche effect takes place.

The equation describing the rate of the electron density
growth due to both the effects of MI and CI established by
Ireland and Grey Morgan™ is as follows:

dn, q (vn\? NA

where N is the neutral atoms’ density in gas, ¢ is the
constant of a particular gas (typically of the order of

10! em~ts7t V=2), () is the power density of the laser,
w is the angular frequency of the laser radiation, A is the
absorption coefficient of the MI, and k is the number of the
laser photons the MI needs. The first term of Eq. (1)
stands for the CI process, while the latter one indicates
the MI process. Traditionally, the integral of Eq. (1) over
the laser pulse duration is considered as the final electron
density 7, fna- When n, g, is beyond a critical value of

Netn, the breakdown takes place®X. This way, we can
evaluate the breakdown threshold Iy,.

However, the relative roles of the two ionization mech-
anisms are different under different conditions. Whether
both of them would take place under the present experi-
mental conditions is uncertain. Generally, the ionization
probability of the MI and CI depends on the relationship
between the electron quiver energy ¢, and the ionization
potential J. If e,5. > J, the probability of MI (@) will be
larger than that of the CI process (@cy), and vice versal2.
The electron quiver energy can be written as .. =
e E/4 mw® with E? = 21 /neyc, where E and o indicate
the electric field and the angular frequency of the incident
laser, respectively. In addition, e and m refer to the
electron charge and mass, respectively. In the expression
of E, I indicates the power density of the incident laser,
n is the refraction index, ¢ is the permittivity, and c refers
to the speed of light in a vacuum?. In the present
case, I=102—10"8 W/ecm?, o= 1.78 x 105 571 so
£, = 1072 — 107! eV, which is lower than the ionization
potentials Jy = 14.53 eV (nitrogen) and Jo = 13.62 eV
(oxygen). Thus, probability of the MI process occurring
is much smaller than that of CI process.

The ionization rates for the two processes can be written
as n.wcy (CI process) and Nwyy (MI process), where n,
and N refer to the densities of free electrons and neutral
atoms in air, respectively?. There is a small amount of
free electrons in air before the laser treatment. They are
derived from the ionizations of the materials with low ion-
ization potentials in air that are induced by cosmic rays
and ultraviolet rays from the sun. The density of these free
electrons is n,iy; ~ 10° cm 3229, The number den81ty of
neutral atoms in air is N ~ 3.56 x 10'6 Pcm—>, where P
is the air pressure (in Torr). Thus, n.y,; < N while
@cp > oy The relationship between two ionization rates
Neini@cr and Ny cannot be determined here.

Actually, the MI process becomes significant when
I > 10" W/cm?. Nevertheless, the CI only occurs with
enough “seed electrons.” Whether the free electrons in
gas are sufficient to serve as the “seed electrons” depends
on the focal spot Volume of the laser beam V  and the free
electron density n,2. If n, V3! < 1, there is barely one
electron in the focal volume of the laser pulse and CI is
not able to take place due to the absence of “seed elec-
trons.” Thus, it is only if n, V7! > 1 same as n, > V!
that the CI process would be initiated 22,

When a Gaussian beam is focused by a quartz lens, the
focal volume can be expressed as Vp=nr f R @?(z)dz,

where w,(2) = wy(1 + Z_g) . The domain of the 1ntegrat10n
R
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runs through the entire focal depth 27 = = which dou-
bles the Rayleigh length Z;2. The o, reprebentb the
radius of the focal spot, which can be obtained by the

. . 2 .
Gaussian focus equation w, = %, where 1 is the wave-
P

length, f is the focal length of the quartz lens, and wp
is the radius of the original laser beam. In our experimen-
tal condition, wp = 0.25 cm and f = 0.65 cm, so the focal
volume can be obtained to be Vp=1.48 x 1077 cm ™.
Thus, 1.y, < Vi = 6.73 x 10° cm ™3, and the CI process
would be absent at first. In this case, the MI process takes
place first and provides the free electrons until the critical
condition n,~ V3! is fulfilled®2. Then, the CI process
takes place.

Thus, it is reasonable to make an assumption that the
laser-induced breakdown in atmospheric air takes place in
two steps:

(1) The MI step produces the sufficient number of initial
electrons for CI until the criterion n, is attained;
(2) Then, the CI-dominated step occurs.

In theory, the non-linear ionization equation group for
atmospheric air can be expressed as follows, since the air
is made up of nitrogen and oxygen with the ratio of
about 8:2:

dn(, NAN k NAO
C— 2R (1) x 0.8 4 2Tk (1) x 0.2, (2)
3/2 3/2 )
dt kN/2 ko/z

dn, 377q (Vimn, \?
a —neN[F( N ) ]I(t)XOS
377 'm0y \ 2
+n N[ q(”NOZ) }I(t) x0.2.  (3)

Equation (2) elucidates the process of MI, where
dn,/dt is the changing rate of free electrons in the focal
position. ky, and kg, are the minimum number of laser
photons for MI of Ny and O,, and A, and Ay, are the
transition probabilities of O, and N, respectively. The
latter one describes the process of CI. For atmospheric
air, ¢~4.29 x10%, V,o, =4.4x10° Ps~! Torr, and
VN, = 5.5 X 10° Ps~! Torrl,

The spatial pulse length can be represented as cz, where
c represents the light velocity and 7 represents the pulse
duration, and the size of the focal region can be repre-
sented as 2Zp. The parameter N, = b ;’—’ is used to
characterize the ratio of the pulse length to the focal region
(Rayleigh range). In our experiment, the value is much
larger than one, which implies that the laser pulse is much
larger than the focal region, so the laser intensity in the
focal area can be considered to be uniform®. Therefore,
the laser intensity is only the function of time in the focal
region. I(t) can be expressed as?

I(£) = Iyax exp [(—4 In 2)(;)2} (@)

where [, is the peak power intensity, 7 is the width of a
pulse, and t is the propagation time for a laser pulse in the

focal spot. The laser intensity peak arrives at the center of
the focal region at t = 0.

So the ionization equations can be represented in two
steps, as follows:

(1). MI step:
dne NAN k t 2
dr ks/zz IyiAx exp [(—4kN2 In 2) (;) } x 0.8
NA N
+ kS/(Q)Z Ii?&x exp |:(—4]€02 In 2) (;) i| x 0.2. (5)
0,

We assume that the first step begins as soon as the pulse
arrives at the focal region and the electron density reaches
up to n, = 6.73 x 105 cm™? at the time of #,, which is the
time node separating step 1 and step 2. After integration,
the formula above can be expressed as

NA 8 12 t\2
Me :W?fi?ix/(l exp[(4kN2 In 2)(1) } x 0.8d¢
NAo, & to £\ 2
+ k3/22 ]hﬁx/ exp [(—4k02 In 2) (;) j| x 0.2dt,
(6)

where ky, = 13 for nitrogen and ko, = 11 for oxygen when
the laser wavelength is 1064 nm. The threshold of the
laser-induced breakdown in air is in the order of 10'? to
10" W/ecm?, if we assume that the threshold is
approximately 1012 W /cm? and substitute it into Eq. (6).
It is found that the first term is 5 to 8 orders of magnitude
smaller than the second term, so it can be ignored. Thus,
the formula can be simplified into

NAo, ke lo t\2
Ny = kB—/SZII\KX/ eXp|:(—4k02 In 2)(;) ] x 0.2d¢t,
0, e
(7)

where n, = 6.73 x 107 cm 5.

(2). CI-dominated step:

When the density of initial electrons gets to n, =
6.73 x 105 cm™ by the MI step, CI occurs. In this step,
although MI continues, the production of free electrons
by MI can be negligible compared to the CI process.
So only the CI process, which dominates this step, is
considered. CI can be represented by a differential equa-
tion with separable variables when a new parameter such

as a = N(?’Z)Zq (U’"%)?) x 0.8 + N(EZZ‘] (v’}l\?z)Q) x 0.2 is
introduced. Then, Eq. (3) is transformed into:

T

ddte — nyalyiax exp[(—4 In 2)(3)2}. (®)

This step starts at the time of ¢;. After integration from
ty to +o0, the equation becomes:
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+o0 t 2
Nefinal = Ted eXp{aIMAX/ exp|:(—4 In 2) (‘) :|dt}-
to g

9)

The breakdown is defined as the fractional ionization
of gas atoms in the focal region®# or when the
density of the final electron density n, g, reaches n., =
10%6 cm 3223 The density of the particles in atmos-
pheric air is N = 2.68 x 10" cm™2. So we know that
the breakdown criterion of air is about n, = 6N =
2.68 x 10! cm™3. When both Eqgs. (7) and (9) are satis-
fied, the breakdown happens.

The threshold can be evaluated by working through a
set of differential equations composed of Egs. (7) and (9).
We first give a tentative value to ¢; and plug it into
Egs. (7) and (9), respectively. Then, the solutions of
the two equations for the several tentative values of ¢,
can be obtained. Taking the situation with 1 atm pressure
shown in Fig. 1 as an example, I;xx; is the solution for the
first differential equation and Iyjsx» is the solution for the
second one. When Iyax; = Iyaxe, the value of ¢ is
appropriate because the values of ¢, and Iyjax (where
Iyax = Ivaxi = Iavaxe) can satisfy the two equations
at the same time.

Now the results from the experiments and two-step
model will be compared and discussed. The breakdown
threshold values obtained from the experiment at an
atmospheric pressure are shown in Fig. 2. It is observed
that the experimental threshold of each time fluctuates
slightly, but is always near an average value of
1.29 x 10" W/cm?, so the threshold can be taken as
1.29 x 10" W/cm?. The fluctuation is attributed to ob-
servation errors and the fluctuation of the laser intensity,
but is within reasonable bounds.

The experimental thresholds for air breakdowns at dif-
ferent pressures are in Fig. 3. The theoretical results are
illustrated in Fig. 3 as well. For atmospheric pressure,
the threshold of laser-induced breakdown is about 6.45 x
10'2 W/cm? which is in good agreement with the result of
our experiment.

For comparison, the theoretical simulation done the
traditional way has been illustrated in Fig. 3 as well. The

N
()]
1

1.2 . .

0.91

Breakdown threshold/10” W/cm™

0 2 4 6 8 10
The sequence number of experiment

Fig. 2. Breakdown threshold obtained from experiments under
atmospheric conditions.

results of the simulation of the two-step process fit the ex-
perimental data better within the whole pressure range.
The results reveal the rationality of the present model.
The advantage of this two-step model is more remarkable
in low-pressure conditions. This is because when the pres-
sure is low, the CI process is weaker at the beginning due
to the insufficiency of the “seed electrons” in the rarefied
air. The two-step ionization is more reasonable. When the
pressure is very high (beyond 10° Torr), however, the ini-
tial density of the “seed electron” to initiate the CI process
is achieved naturally in high-density air, and the CI
process could start at the beginning of the laser pulse.
The two-step model changes to the traditional ionization
model. This is why the experimental results beyond
10° Torr deviate from our model and approach those of
the traditional one.

That the calculated threshold is a bit larger than the
measurement at a relatively high pressure may be attrib-
uted to penning ionization. Impurities with large ionic
potentials in air, which can be excited by the laser pulse,
collide with other air molecules and lead to a decrease of
the breakdown threshold.

According to the theory of the non-linear interaction
between nanosecond laser pulse and air, we divide the
laser-induced breakdown into two steps based on the
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Fig. 1. The evolution of the values of Iyzx; (triangles) and
Iyiaxe (squares) with tentative time node ;.
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Fig. 3. Dependence of breakdown threshold obtained on air pres-
sure. (a) Simulation results for two-step ionization model (solid
line). (b) Simulation results for traditional model (dotted line).
(c) Experimental results (triangles).
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Morgan model: the MI, and CI-dominated step. The for-
mer provides the initial electrons for the CI process until
the electron density reaches n = 6.73 x 105 cm™ under
the present experimental conditions. The latter is domi-
nated by the CI. The numerical calculation of the break-
down threshold agrees with the experimental value in a
large pressure range (up to 10° Torr), which shows the ra-
tionality of the two-step ionization model. Furthermore,
the time node dividing the two steps is obtained as
9.8 ns at atmospheric pressure. The model of the two-step
ionization proposed here is essential for understanding the
whole laser-induced air breakdown process.

This work was financially supported by the National
Natural Science Foundation of China under Grant
Nos. 11274204 and 11474187.
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