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The problem of small solid particle size and material detection is important for industrial and environmental applications. Previous
investigations have shown the possibility of using the laser breakdown method to address the first issue; the sensitivity of this method
is a thousand times higher than that of conventional methods. However, for small particle sizes, the damage threshold of the solid
target in this case is very close to the breakdown point of pure gas. After breakdown, there is a small volume of dense hot plasma that
emits radiation. We analyzed this radiation especially at the late stage using an analytical model and simulation code, and found that
the emission intensity varied depending on the laser type and plasma parameters including initial particle size.
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1. Introduction

Laser-induced breakdown (LIB) of gas has been the subject of a
number of studies for plasma generation. It has been observed in
many studies that the threshold for generating shielding plasma in
the presence of a solid is significantly lower than the threshold for
clean gases (see for example [1,2]). First, the dependence of
aerosol breakdown on its size was predicted [1] and then
developed [3,4]. The particle breakdown threshold value is greatly
influenced by particle material, particle diameter, laser wavelength,
intensity and pulse duration.

The problem of small solid particle (SSP) size detection is
important for industrial and environmental applications. Previous
investigations have shown the possibility of using the laser
breakdown method for such detection. The sensitivity of this
method is a thousand times higher than that of conventional
methods such as ICP and MIT [5]. However, for a particle size of
less than 0.1 pm, the damage threshold of the solid target in this
case is very close to the breakdown point of pure gas. After
breakdown, there is a small volume of dense hot plasma that emits
radiation in lines and continuum. This study set out to determine
the threshold intensity required to generate dense plasma when
interacting with SSP suspended in gas and its emission. We
analyzed this radiation using an analytical model and simulation
code as well, and found that the emission intensity varied
depending on the laser type and plasma parameters including
initial particle size.

2. Computer code and numerical simulations

The developed simulation code includes the following physical
processes: propagation of a heat wave inside matter,
hydrodynamics of gas atmosphere and plasma by two-temperature
approximation, thermo heating, absorption of laser radiation,
thermal radiation emission, and absorption by gas and plasma.

At first stage of the simulation we supposed that absorbed laser
energy uniform distributed in vapour volume at initial time t = 0.
At t > 0 we consider that heated vapor matter expands in the
surrounding gas together with thermal radiation of this matter. The
task is solved using a two-temperature one-fluid hydrodynamic
approximation. We consider that gas matter consists of two
subsystems: the subsystem of heavy particles (molecules, atoms
and ions), and the electron-oscillator subsystem which consists of
thermal energy of electrons, molecular energy of oscillation and
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dissociation, and energy of electron excitation and ionization of
atoms and ions. We suppose that at any moment each subsystem is
in equilibrium determined by it own temperature (7. for electrons
and T; for other particles) and gas density p. The energy of heavy
particles is the energy of movement and rotation of components
according to Ti. The systems change by energy through collisions
of electrons with heavy particles and between movement and
rotation channels. We also take into account electron thermo-
conductivity and energy transformation by radiation emission and
absorption of the electron oscillation subsystem. In this case our
gas is in thermodynamic equilibrium at T, and p. This permits us
to use table data for equilibrium thermodynamic and optical
properties of the gas [12]. We solve the problem by using the
following set of equations: "
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' where, t is time, m is Lagrange mass coordinate, m < 0 is gas, m >
0 is initial matter, r is radius, p is density, u is velocity, U, is
energy of electron oscillated subsystem per gas mass unit, T, is
electron oscillated temperature, U and T is thermal energy and
temperature of heavy gas particle subsystem, p and p, is pressure,
F. and F; are energy flows of electron conductivity and thermal
radiation, k. is coefficient of electron conductivity, Q. is energy
change velocity between subsystem at elastic collisions of gas
particles, Q, is energy change velocity between subsystems at
oscillation relaxation, n, is concentration of free electrons, n; is
concentration of j-sort particles, v,; is elastic collision frequency of
electrons with i-sort particles, M; and m, is mass of i-sort particles
and mass of electron, g, is number of rotation rate per m-sort
molecule, n, is concentration of oscillators at energy of oscillation
quanta €, T, is time of oscillation relaxation, and k is Boltzmann
constant. Non-equilibrium thermal radiation is given by:
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where, ds is length element along ray, I* (s,,5,t) is radiation
intensity for photons with energy € in positive (+) and negative (-)
directions of axis m, ¢ is angle between ray and radius 1, p = cos@
> 0, L(T,) is equilibrium radiation intensity, and K(Te.p) is
spectrum absorption coefficient. We calculated K (T.,p) taking
into account the radiation processes of photo-ionization, classical
and line absorption. Wave functions of ground and excited states
were calculated by the Hartree-Fok method. We used a semi-
empirical method to calculate the photo-ionization cross-section of
excited states. The radiation transition cross-section was obtained
with the help of calculated wave functions (see Fig. 1).
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Fig. 1. Spectrum absorption coefficient
Flow F, and flow density q, of thermal radiation represented by spectral intensity I," are given by:
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Equations describe gas movement and transfer of
radiation before and after the shock wave front.

If dissociation and ionization processes do not finish
in the heated layer before the shock wave, these
processes can be in the front at heavy particle
collisions between each other. We approximately
describe these processes according to reactions with
the participation of molecules and atoms of O and N
in air as follows: reaction does not begin if
temperature T is less than (2/3)E,, where Ejy is
threshold energy of k-sort reaction; the reaction
begins “immediately” if 7=(2/3)E,, and in this process
the energy of the electron oscillation subsystem
increases by a value equal to the energy spent by the
heavy particle subsystem for dissociation and
ionization. The following initial conditions are used:
we give density p. and radius of initially heated vapor
volume r, ; at 0< r< r, we have u=0, p=p,, and
T=T.=T,, where T is initial temperature according to
the energy absorbed; at r>r, we have unperturbed gas

at density p=p,o, temperature 7=T.=T,, and velocity
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u=0. We use the following boundary conditions: at r

=0, we have u =0 and I,” =1I."; at r = o, we have

P=pao, T=Te=Tq, u=0, and I s+ =1 & (T a0 )‘

Additionally we include the processes of vaporization
of SSP and absorption of laser radiation. The
vaporization wave is given by:
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where, Q, is vaporization energy, p, is vapor pressure,
qw is intensity at vaporization wave, u. is velocity of
vaporization wave, p. is solid density, Uw , pw, Tw , Pw,
Hy, are parameters after vaporization wave, D, is mass
flow density my is vapor mass, 1y is the coordinate of
wave, 1., is SSP radius, and un<0.
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These equations at a vaporization wave are the
boundary (at m=my) for the set of gas dynamic
equations, and describe self-consistent propagation of
the vaporization wave and gas. For Juge conditions, u,
+ uw= cw, where cw is sound velocity behind the
vaporization wave.

The transport of laser radiation outside and inside the
focal volume is given by:
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where, r is radius, FL+ and qL+ is flow and
intensity of laser radiation in the negative (-) and
positive (+) direction of axis r, k;(p, T,) is absorption
coefficient, p is density, and T, is electron
temperature. At the critical point (h w,=g, ©, is
electron plasma frequency, g is laser quanta energy)

+ - . . .
q; =cy-q; ,wherecp is reflection coefficient.

Boundary condition: F;~ = r- qurat r =+, qre (1)
is laser intensity in focus without absorption, t is time.
The numerical solution follows the method of [7,8].

3. Breakdown of SSP in gas atmosphere

In the paper [9] we considered the main processes of
SSP LIB. The first step of laser pulse interaction with
SSP is particle heating and evaporation by laser
radiation. For a small spherical particle with radius »
we obtained the laser intensity required to heat and
vaporize this particle. The breakdown threshold laser
intensity is given by [9]:
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for C SSP in air and t,= 10ns:
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where, p = 10'® W/em?’, 1, is laser pulse duration, J, is
ionization potential, v, is collision frequency and p >
1.

As our particle is located in gas, we cannot exceed the
breakdown threshold of pure gas. We checked this
formula by our and other experimental data. The
experiment was done using PSL particles located in
air, but simulation of the values was calculated using
carbon particles and we obtained coexistence between
experimental and theoretical results [9].

)
Iy ~ 210“’(%’-)2

4. Particle plasma absorption
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In the analytical model of laser pulse interaction with
a small sphere of dense plasma, we use the following
assumptions.

The initial plasma temperature is taken from the
evaporation model [6] where T = const(r) inside
plasma particle (PP) because the time of electron
thermal wave propagation is small compared to other
characteristic time scales; the Debye radius is small
compared to other characteristic lengths; initial
density is determined from the vapor of our model,
and the density inside PP is homogeneous during laser
heating and expansion.

During laser breakdown (and after if the duration of
the laser pulse is longer than the breakdown time), the
electron concentration in the particle vapor rises
rapidly and at some point in time the plasma
frequency can reach and even exceed the laser
frequency at some distance from the particle center (at
Ope = O, He = 1); at 1, /n, = 3 there is a resonant point
and the absorption coefficient increases greatly at v/®
< 1. The maximum absorption coefficient is given by
3 kr I(vlm).

We consider absorption of laser intensity [t by a
small plasma sphere with volume ¥ from
hydrodynamic equations. We calculated this system
very roughly, supposing r = r, + ¢4t and sound velocity
¢, = (3ZTJmy) % and obtained the following
expression for temperature:
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where, v = max{Ve; , Ven}; Vei = \2r Z%e* n; /(rnel/ T 63/2),
and v, & \2r 7%* My f(me”zlam) are electron-ion and
electron-atom collision frequencies and » = n, /ng, v =
0.4 10* Z n, Te3’2,Plasma temperature has maximum
at n=3 because the absorption coefficient has
maximum at the same density. This will occur at the
moment when n, /n, = 3 (see Fig. 2):

f a0 (2”50)1/3_1
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Next we estimate the particle lifetime t,. We suppose
that t,, is the time taken for the PP density to decrease
to the gas density. If we take into account the
dependence of ¢ on T,, we obtain ty = 0.25(n/1,ir)
Plrofes)-

As an example, if ry = 107 cm?, 1y = 107 cm™, =
10" ecm™ and 7, = 10 eV, then we obtain t, = 1 ns. So
laser pulse T, should be close to this time for optimal
interaction, but a shorter pulse duration is preferable
because for large classical absorption of the laser
pulse by PP we should have absorption coefficient 4 =
10 (vei/@) (cs ty) = 1, and from this condition and our
parameters the optimal t,~ 0.1 ns.
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Fig. 2. Time dependence of temperature.

5. Plasma emission

As seen from the above, there are two possible
variants of SSP size detection by its PP radiation
after LIB.

In the first case at ro <A, 1, <10 ns, A =1 pm
and 7> 10" W/em? the entire focal volume of the
gas and particle breaks down and we must
consider radiation from this complex area. From
the large initial SSP density, its radiation will be
more than air radiation initially, but due to the
huge volume difference the Bremsstrahlung
radiation of air will increase very fast after the
radius of PP has doubled. In this case, we should
analyze the line emission of elements other than
those of air.

In the second case at ry <A, 1, < 10 ns, and I~
10" W/cm® we can take laser radiation with A <
0.5 mkm and air pressure of less than
atmospheric pressure because the damage
threshold of air increases at A and air pressure
decreases as well, thus helping to prevent the
breakdown of air instead of SSP. This case was
considered in [10]. We therefore focus on the
first case and will consider the late stage of the
process when emission from SSP plasma
exceeds air plasma emission.

To calculate the plasma emission of SSP and
gas, we used the code described in section 2.
Simulations have shown the following regarding
LIB SSP in gas:
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- Evaporation through laser irradiation starts from the
surface of SSP and the volume increases.

- The evaporated material is quickly ionized if laser
intensity exceeds the breakdown threshold.

- The PP absorbs E; while the laser pulse continues
and T rises; T then descends slowly after the pulse.

Absorption is decided first by absorption of the solid
and at that moment the gas is transparent. The PP size
is close to that of SSP, and has resonance. There is
sufficient growth in absorption if T, is high enough.

The surrounding particle gas is then jonized by
particle radiation and absorbs much laser light in the
regime of “light absorption wave”[1]. Some main
factors influence the emission produced by the
particle and ambient atmosphere [11], namely,
changes in the vaporized amount by plasma shielding,
changes in plasma temperature by the absorption of
laser radiation, and changes in the plasma expansion
during and after the laser pulse. The increase in the
emission intensities in the rarefied atmosphere is
related to the first factor. As to the second factor, the
plasma temperature is higher for denser conditions. In
addition to the higher excitation temperature, the
slower decay rate of the temperature is also important,
which is related to the third factor. Plasma
confinement by surrounding atmosphere prevents fast
expansion of plasma. Gas breakdown decreases the
amount of vaporized sample. The calculated
maximum in the line emission intensity when it
changes as a function of the ambient pressure, is
explained by these mechanisms. The differences in
emitted intensities in Ar (M) and air (@) can be
explained by the difference in its densities and thermal
conductivities (see Fig. 3).
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Fig. 3. Dependence of emitted line intensity on pressure of ambient gas.

Figure 4 shows the dependence of rate K,= E, / E, on initial
particle size 1y, where E,. is total energy emitted in the line spectral
range [4.7, 5.1 eV] and integrated in space at the moment t = 100

ns divided by laser absorbed energy E.. This dependence is
approximately linear and allows us to determine the particle size
from the plasma emission after LIB.
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6. Conclusion

We developed an analytical model and simulation code to
calculate laser pulse interaction with a small solid particle in a gas
atmosphere. The temporal dynamics of plasma parameters showed
a large rise of electron temperature and emitted light at the
moment of resonant conditions, even for small laser intensity. At
that moment, the surrounding particle gas was ionized by particle
plasma radiation and absorbed much laser light. Thereafter, the
total light emission from air exceeds the emission from the plasma
particle from the big gas radiated volume, but the line emission
from particle plasma permits detection of the target material at a
late stage of the process.

The increased dependence of SSP plasma line emission rate on
initial particle size permits this method to be used for measuring
particle size for particle diameters of less than 0.1 x m.
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E. /E, on initial particle volume
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