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Abstract—The generation of the third harmonic of femtosecond laser radiation with a wavelength of 1.24 um
tightly focused into the bulk of fused silica was simulated numerically for the regime with light intensity of 3 x
10'3 W/cm?, which is extreme for solid bodies. The efficiency of third harmonic generation (THG) was found
to be restricted to 0.1% in the regime of plasma formation. This is determined by two competitive processes:
a decrease of THG efficiency due to an increase of wave detuning and an increase of THG efficiency due to
a growth of focusing asymmetry. In an isotropic medium, determination of the threshold of plasma formation
by use of the third harmonic signal is shown to be a more sensitive method as compared with the standard

scheme of nonlinear transmittance detection.
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INTRODUCTION

The process of third harmonic generation (THG)
of moderate laser radiation (/ < 10'> W/cm?) during
tight laser focusing into the bulk of a transparent con-
densed medium has been studied theoretically and
experimentally in a series of papers [1—10]. An
increase of laser radiation intensity over the threshold
of the optical breakdown for transparent dielectrics
(103 W/cm?) leads to the appearance of plasma in the
microbulk of the target [11—13]. The presence of
plasma leads to local variations of the refractive index
of the medium due to free plasma electrons. This leads
to a variation of wave detuning of the THG process, as
well as to a modification of the third-order nonlinear-
ity of the substance [12]. It is still not completely clear
which processes have the maximal effect on the pro-
cess of third harmonic generation in the regime of
plasma formation and how the spatial and temporal
profiles of the third harmonic signal vary.

The aim of this paper is to develop a numerical
model describing third harmonic generation during
tight focusing into the bulk of a transparent dielectric
in the regime of plasma formation. Our numerical study
is based on a series of experimental data [11, 12]. For
the object of study we chose a sample of fused silica
because this material has been studied most from the
experimental and theoretical viewpoints [14, 15] and
the most comprehensive database is available for it.
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1. THE CALCULATION OF PLASMA
CHANNEL PARAMETERS

Let us consider the process of tight focusing of a
high-intensity femtosecond laser pulse with a duration
of T = 140 fs and a wavelength of A = 1.24 um (radia-
tion of a Cr:forsterite laser) into the bulk of fused sil-
ica. If the intensity of the acting femtosecond laser
radiation in the focal plane inside the fused silica
exceeds 5 x 102 W/cm?, the processes of multiphoton
and tunnel ionization are induced in the region of
beam constriction. These processes lead to the gener-
ation of electrons in the conduction band with a con-
centration up to 5 x 10'” cm—3, and the electron com-
ponent of the plasma heats to an average energy of
~4 eV, which is followed by the development of an
electron avalanche [13]. After the pulse of the femto-
second laser radiation, the concentration of plasma
electrons begins to decrease. This is accompanied by
plasma recombination. In silica, the process of free
electron capture into traps with characteristic time of
7= 150-200 fs predominates [16, 17]. At the picosec-
ond scale, energy is transferred from the electron sub-
system to the ion core, which is followed by the forma-
tion of a micromodification.

To interpret the experimental data in [11, 12] and
for the calculation of intensity, concentration, and
electron temperature profiles in the region of plasma
formation in the bulk of fused silica, a numerical
model was developed. The model operates on the scale
of laser pulse duration and considers the multiphoton
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Fig. 1. Schematic spatial shape of focusing of a pulse with
a Gaussian intensity profile. The intensity is assumed to be
constant for all pulse energies.

and tunnel ionization in accordance with the Keldysh
model, heating of the electron component in the
field of the laser wave, shock ionization, and recombi-
nation [18]. It is necessary to note that in the context
of the model several effects are not taken into account
due to their small size, viz., self-modulation of radia-
tion and dispersion spreading of the laser pulse.

To simplify the calculation scheme, the model of
tight focusing of the laser beam with the Gaussian
intensity profile is used. The self-focusing and defo-
cusing of laser radiation due to the generation of free
electrons in the substance are not taken into account
because the experimentally measured dependence of
the beam diameter on the distance from the constric-
tion center of the radiation (N4 = 0.4, A = 1.24 pum,
E,,=0.1-5uJ, © = 140 fs) coincides with the focusing
of the Gaussian beam in intensity [13].

Let us write a system of equations for a numerical
solution that includes the velocity equation for elec-
tron concentration and the equation of energy balance
in an elementary spatial cell in the bulk of fused silica:

dn (1) e(t)
o = Pi(I) + wy(Dn (1) - )

E - E Elon Elh5

out

where Py(I) is the volume ionization rate in the

Keldysh model [19]; w, (1) = 2(8"“@) 0! s
A o+ Vi
the shock ionization rate [20], where g, (/) is the elec-
tron oscillator energy in the field of the laser wave
depending on the intensity of this wave; A is the width
of the forbidden band of the dielectric, A = 9 eV for
fused silica; o is the oscillation frequency of the field
of the laser wave; v is the efficient frequency of colli-
sions (for fused silica, the frequency of electron—pho-
ton collisions is Ve, = 6 x 10'* Hz > v ; this is larger
than the frequency of electron—ion collisions SO Vi =
Vephn = 6 x 10 Hz [15, 21]), T = 150—200 fs is the time
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of electron capture into traps for fused silica [16, 17];
E,, is the laser radiation energy that passes through
the cell; E;, is the laser radiation energy that enters the
cell; Ej,, = Ny (Dho P(1) is the absorbed energy that is

spent for ionization of fused silica substance in the
A (1
cell; Nyy(f) = [_—;-’ifi(%—)} + 1 is photonity of the ioniza-

tion process [22]; A1) is the efficient width of the
forbidden band; E,, = (E,, — E,,)(1 — exp(—ddz)) is
the absorbed energy that is spent for heating of the
electron component of plasma formed in an elemen-
tary cell of the bulk of fused silica; dz is the linear size
of the cell in which the radiation energy falling into the

bulk of fused silica is absorbed; | = 2—;? is the extinc-

tion coefficient; and o is the imaginary part of the
refractive index of fused silica determined from the
Drude model [23]:

2
(O]

e(w) = gg— ——F—. (2)
O(®—iVey)

In the simulation the entire space was divided as

shown by the solid lines in Fig. 1; by uniform propaga-

tion length steps dz = L/N, time steps df = dzn(}) ;
c
and by nonuniform beam radius steps dr =

dary 11+ (Z) that depend on z, where dr, = 2.2r,/ N,

1y is the constriction radius, L, = 60 um is the length of
the laser beam constriction, N, is the number of steps

forr, N, = % is the number of time steps, and the

interaction length is L = 4L,. The calculations were
performed for N, = 480, N,= 60, and N, = 297.

For each step on z, one calculates the distribution
in the plane r and ¢ of all the considered parameters:
laser radiation intensity, the concentration of plasma
electrons, energy that is spent for ionization and heat-
ing of electrons, electron temperature, and the refrac-
tive indices of the medium. Integration over the entire
output plane z = L/2 yields the total energy of the laser
pulse passed through the bulk of fused silica. Corre-
spondingly, the difference between the input energy
(the point —L/2) and output energy (the point L/2)
yields the absorption of the medium.

Calculations were performed for the input energy
of the principal radiation of £, = 1 uJ with a wave-
length of 1.24 um and pulse duration of 140 fs.

As the focus is approached (with an increase of z),
the peak value of laser radiation intensity increases.
For the intensities /= 10'> W/cm?, the nonlinear pro-
cess of multiphoton and tunnel ionization becomes
efficient and the spatial profile of the intensity “flat-
tens” [22]. In addition, with an increase of energy of

2011
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Fig. 2. (a) Peak intensity of laser radiation / and (b) peak electron density 7, at the beam axis in the center of the constriction as

functions of laser radiation energy E;,,.

the incident laser radiation over ~1 uJ, the peak inten-
sity of laser radiation in the medium and peak concen-
tration of plasma electrons on the axis of the beam are

saturated (see Fig. 2, [, = 3.5 x 103 W/cm?, n" =2 x

10" cm~3), which agrees with the well-known restric-
tions on the intensity due to nonlinear character of
ionization [12—15].

After irradiation by high-intensity femtosecond
radiation from a Cr:forsterite laser, a distribution of
electron density and average temperature of electrons
appears in the microbulk of the fused silica (Fig. 3). In
a region with typical dimensions of 60 x 5 um, near the
constriction (z = 0), the concentration of electrons is
n,= 10" cm~ and their average energy is 7, =4 eV. In
addition, based on Fig. 3, one can estimate the trans-
verse and longitudinal dimensions of the micromodi-
fication that is formed consequently in the bulk of the
fused silica: /;, ~Ly = 60 um; /, ~5 um, which coincide
with the values measured experimentally [11].

In spite of the relative simplicity of our model, it
yields adequate results both from the viewpoint of the
estimation of laser radiation parameters and from the
viewpoint of estimation of the parameters of the
formed plasma [11—13, 15, 24]. This makes it possible
to use the model for calculations of THG efficiency in
the regime of plasma formation.

2. AMODEL OF THIRD HARMONIC
GENERATION DURING TIGHT FOCUSING
IN THE REGIME OF PLASMA FORMATION

Based on the theory of harmonic generation in
focused beams [4], the efficiency of nonsynchronous
(Ak #0) generation of the third harmonic (THG) dur-
ing focusing into the center of an isotropic medium is
calculated as
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H(Ak, b, L) = j exp(iAkl)dl,

L

b

where F'is the laser radiation energy; d,, is the constric-

tion diameter, b ~ 1/NA is the confocal parameter,

Ak = ks, — 3k, is the wave detuning, L is the length of

the nonlinear medium, and y® is the nonlinear sus-

ceptibility of the third order of the medium. It should

be noted that we consider the process of nonsynchro-

nous third harmonic generation, so Ak # 0. For non-
perturbed fused silica, Ak = 3400 cm™! [11, 12].

The existing model does not consider the effect of
plasma on the THG process in focused beams. During
focusing into an isotropic nonperturbed medium,

(1-2il/b)’

1 ] 1 ]
-0.8 04 0 0.4 z/L,

Fig. 3. Spatial distribution of the peak value of electron
concentration n?ax (r, 2). The thick line bounds the region

of high electron concentration from n, = 10" em™3.
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Fig. 4. Peak efficiency of third harmonic generation during
tight focusing into the bulk of a piece of fused silica as a
function of the distance with respect to the focal plane for
different energies of the principal radiation £, = 0.2—3.2 pJ.
Calculation was performed along the axis of laser radiation
propagation in the maximum of laser radiation intensity at
the entrance into the medium. The laser pulse moves in the
direction (—o0, 0).

THG efficiency is zero due to the symmetry of the
THG process. This leads to destructive interference of
the third harmonic signals generated before and after
the focal plane of the lens [4]. By virtue of an increase
of electron density #,, laser plasma leads to a variation
of the refractive index of the medium n(L) = ny(A) —
n,/2n.(A) (ny(A) is the static part of the refractive
n’m
Ae’
plasma), which, in turn, has an effect on the value of
phase detuning Ak = Ak, + (8/9)nn, /A n.(A,) and
leads to a breakdown of symmetry in the THG process
[12]. The increase of wave detuning due to plasma for-
mation leads to a restriction in the efficiency of third
harmonic signal generation. In addition, THG effi-
ciency is affected by attenuation of laser wave energy
due to ionization and heating of plasma electrons.

The parameters of the formed plasma (electron
density and laser radiation intensity) were calculated
using the model described above. In each dz, dr, and dt
layer, the square of the value under the integral in for-
mula (2) was calculated. At the next layer (z + dz), the
value of this integral consists of the sum of its value
at the previous step and its value at the current step
(z + dz). The value of laser wave energy E standing in
formula (2) takes the absorption of laser pulse energy
due to plasma formation into account. The value of
wave detuning is determined by the value of electron
density at the current step of the mesh.

Let us consider the main results of the study of

THG process in the regime of plasma formation. The
oscillations of THG efficiency observed in Fig. 4 are

e

index and n.(A) = is the critical density of
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Fig. 5. Temporal profile of the third harmonic signal for
different values of the energy of the principal radiation
E;,=0.2-2.2 uJ (r =0, z = 0 in the center by the radius
and in the center of the constriction).

connected with energy pumping from the principal
wave to the third harmonic wave and back. This pump-
ing occurs at the coherence length of L ., = 2n/Ak =
20 um (for Ak = 3400 cm™!, n = 1.5 is the refractive
index of fused silica) [11]. At the interaction length to
z/Ly = —1, with an increase of laser radiation energy,
the profile of the third harmonic signal is modified
insignificantly due to the absence of plasma in this
region. Plasma with a high electron density (10'° cm™3)
is localized in the region corresponding to the con-
striction at laser pulse energies up to 0.3 nJ. With a fur-
ther increase in energy, the plasma region shifts in the
direction of the focusing lens (from zero to negative
values of 7). The THG maximum also shifts in the
direction of the focusing lens which is verified by the
“penetration” of the plasma channel with an increase
of energy [13, 15].

Figure 5 presents the temporal profiles of the third
harmonic signals for different energies of laser radia-
tion. On can see that if the laser radiation energy does
not exceed the threshold of plasma formation (see
Fig. 8 below), the temporal profile of the pulse is not
distorted. With an increase of laser pulse energy, the
temporal THG profile becomes asymmetric, begins to
shift to its leading edge, and acquires an irregular
structure. Note that the temporal profile of the third
harmonic signal contains a train of 3—4 pulses with a
duration of ~10 fs when the laser radiation energy
is4.2 .

As follows from the calculations (Fig. 6), the elec-
tron density reaches the values n, = 3 x 10" ¢cm™3,
which, in turn, correspond to an increase of wave
detuning to Ak = 6500 cm~' and significantly restrict
the growth of the efficiency of the transform.

Figure 7 shows that the maximum of the third har-
monic signal does not fall on the maximum of laser
radiation intensity but is at the back edge of the pulse
because THG during tight focusing depends on the
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Fig. 6. Wave detuning Ak and electron density #, as func-
tions of the distance z with respect to the focal plane of the
lens for different energies of laser radiation £;, = 0.1—-1.3 pJ
in the center of the pulse by the radius and time.

balance of two processes: a decrease of THG effi-
ciency due to an increase of wave detuning and an
increase of THG efficiency due to an increase of
asymmetry [12].

Having considered the characteristic features of
THG during tight focusing, let us compare the sensi-
tivity of the method for determining the threshold of
plasma formation by absorption of the laser pulse or by
THG efficiency (Fig. 8).

First of all, it should be noted that THG efficiency,
beginning from the laser pulse energy of ~2 uJ, attains
saturation; this completely coincides with the experi-
mental results of different scientific groups [11, 12]
and is explained by the restriction of laser radiation
intensity in the plasma channel [15].

It follows from Fig. 8 that with an increase of laser
energy from 0.2 to 0.6 pJ, the transmittance of laser
radiation falls by 5%. At the same time, the efficiency
of the third harmonic increases by an order of magni-
tude, which indicates the higher sensitivity of the
THG-based technique as compared to the standard
scheme for absorption detection. It is important to
note that for laser pulse energies less than 0.3 pJ, the
absorption of laser pulse energy is difficult detect but the
third harmonic undergoes strong variations (Fig. 8b).

Let us estimate the possibility of experimental
detection of the third harmonic signal when the laser
radiation energy is over 50 nJ. The energy of a single
photon at a wavelength of 413 nm is about 3 eV (5 x
10-' J). Therefore, the third harmonic signal must
contain more than 10° quanta, which is already suffi-
cient to detect a signal in a single pulse by the use of a
photomultiplier operating in the current mode.
According to theoretical estimates, the reliable detec-
tion level of the threshold of plasma formation in fused
silica is 0.3 pJ in the case when nonlinear transmit-
tance is used and 200 nJ in the case where the signal of
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Fig. 7. Temporal profiles of (/) wave detuning; (2) laser
radiation intensity; (3) the signal of the third harmonic at
laser radiation energy £;,, = 1 uJ in the center by the radius
and by the constriction (r =0, z = 0).

the third harmonic is measured. The peak value of the
free electron concentration at a laser radiation energy
of 200 nJ is 107 cm~3, which exceeds the average con-

N3w» %

W 008
10.06

10.04

~10.02

Yy, 1
0.617, ' 10°¢
0512 s ,
2 2 10"
0411 Ll 10-8
03L '8 |
) : I lLU I I I 1079
0 0.2 0.4 0.6 0.8 E,, nJ

Fig. 8. (a) Transmittance T'= E,/E;, of a sample of fused
silica and THG efficiency n3, as functions of laser radia-
tion energy; (b) magnified fragment.
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centration of impurities in fused silica by an order of
magnitude.

CONCLUSIONS

The efficiency of third harmonic generation in the
regime of plasma formation is determined by two
competitive processes: a decrease of THG efficiency
due to an increase of wave detuning and an increase of
THG efficiency due to an increase of asymmetry in
the focusing process. In an isotropic medium, the
technique of determining the threshold of plasma for-
mation by the signal of the third harmonic is more sen-
sitive as compared to the standard scheme of detection
of nonlinear transmittance of laser radiation. This per-
mits one to perform diagnostics at the stage of plasma
initiation for small laser pulse energies (200 nJ).
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