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Abstract

We studied the single-shot damage in magnesium fluoride irradiated by 800 nm femtosecond (fs) laser. The dependence of damage thresholds
on the laser pulse durations from 60 to 750 fs was measured. The pump—probe measurements were carried out to investigate the time-resolved
electronic excitation processes. A coupled dynamic model was applied to study the microprocesses in the interaction between fs laser and
magnesium fluoride. The results indicate that both multiphoton ionization and avalanche ionization play important roles in the femtosecond

laser-induced damage in MgF».
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Femtosecond laser-induced damage in transparent di-
electrics has been studied extensively [1-5], and it is a complex
ultrafast dynamic process including electron excitation and re-
laxation processes. The pump—probe technique is an effective
tool in investigating the ultrafast dynamic process. It has al-
ready been used in measuring the ultrafast processes of semi-
conductors, transparent bulk materials, and nanostructure mate-
rials irradiated by nanosecond and femtosecond lasers [6—10].
By measuring time-resolved reflectivity, transmissivity and the
luminescence spectrum, the ultrafast nonlinear optical response
of materials, such as the excitation and the relaxation processes
of electron and crystal lattice can be investigated. However, as
far as we know, in previous experiments, the durations of the
pump and probe pulses were usually equal, and only the re-
laxation processes were studied intensively [9,10]. The time-
resolved excitation processes could not be investigated in detail.
Therefore, significant controversies about the electronic exci-
tation processes remain, and the relative role between multi-
photon ionization and avalanche ionization in the generation
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of conduction band electrons (CBE) is far from fully under-
stood [11,12]. In addition, wide-band-gap MgF, crystals are po-
tential materials as windows, lenses and fiber guides [13]. How-
ever, there are only a few reports on the damage of MgF, [14].
In this paper, we investigated the time-resolved reflectivity
in MgF, crystal by means of a developed pump—probe system,
in which the pump pulse was stretched to 750 fs, while the
duration of probe pulse was only 60 fs. We also applied
a coupled dynamic model to study the single-shot damage
mechanisms of MgF; crystal irradiated by 800 nm fs laser.

2. Experimental setup

The experiments were conducted with a chirp pulse
amplified Ti: sapphire laser system. Its standard output
was 60 fs, 0.6 mJ at a wavelength of 800 nm. In the
damage threshold experiment, we changed the pulse energy
continuously by a half wave plate and a polarizer, and the
pulse duration by a compression grating. The linearly polarized
Gaussian laser beam was vertically focused on the front surface
of the sample using a 150 mm-focal-length lens. We monitored
the sample surface with a microscope objective (NA = 0.1) and
a charge-coupled device (CCD). For a given pulse duration, the
pulse energy was decreased until the damage spot could not be
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Fig. 1. Schematic setup for pump—probe experiment. D: dichroic mirror, G.P.: Glan prism, D.L.: delay line, M: 400 nm high-reflection mirror, L: lens, ADCS:

automatic data acquisition system, PS: prism.

observed through the CCD. After irradiation, the spot area and
the morphology were measured with a higher-resolution optical
microscope (NA = 0.65) and a scanning electronic microscope
(SEM), respectively. Based on the relation between the spot
areas and the laser fluences, we could calculate the damage
threshold for every pulse duration.

The pump—probe experimental setup has been described in
detail elsewhere [15], and only a brief description is given here
(Fig. 1). The 800 nm laser pulse propagated through a BBO
crystal and underwent frequency doubling. It was then split into
an 800 nm pump pulse and a 400 nm probe pulse. The pulse
duration of pump laser was stretched to 750 fs by means of
ZF6 glass, and then it passed through a delay line. The pump
and the probe laser pulses were focused by two lenses, and
then were collinear and confocal on the front surface of the
sample at an incident angle of 10°. The time zero point was
determined by measuring the sum-frequency signal of the pump
and the probe pulses. The reflected 400 nm s-polarized probe
signal passed through a prism, and then was recorded by an
energy meter (nJ energy resolution). The energy of the probe
pulse was only a few hundred nanojoule (nJ), well below its
single-shot damage threshold. In both the damage threshold and
the pump—probe experiments, the sample was set on a three-
dimensional translation stage to insure each new area on the
sample was irradiated by only one laser pulse.

The dimension of the single crystal MgF, is 10 x 10 x
1 mm. The slab surface is (111). Both large sides are optically
polished, and the roughness is less than 10 nm.

3. Theory

On the basis of the avalanche model, CBE are generated by
photoionization and impact ionization. The evolution equation
of CBE density n.(¢) can be written as follows [16]

on,(t)
dt

=(RPI(1)+RH(I)'ne)<1 —n;\[(;)), )]

where Rpr and R are the photoionization rate and the impact
ionization rate, respectively. I (¢) is the incident laser intensity.
The factor 1 — X,—% is introduced for the consideration of the
exhaustion of valence band electrons (VBE). We considered
that only one VBE in a molecule was excited to the conduction
band, and hence the initial number of VBE (Ny) is equal to that
of molecules in the material [17]. The initial number of VBE
(No) is 6.5 x 1022 cm 3.

Photoionization includes both multiphoton ionization (MPI)
and tunneling ionization, which can be calculated by Kelsysh
theory [18,19]. We calculated the photoionization rate Rpy of
the MgF, crystal as a function of laser intensity / at the
wavelength of 800 nm, and found that when the laser intensity
was less than 200 TW/cm?, CBE were produced by the MPI
process.

The impact ionization R;; was calculated using the flux-
doubling model [20,21]. It is expressed as

. _l/ng o @
=2 wE

where Eg is CBE kinetic energy, which is almost always in the
range of 0 < Ex < E, [20]. W(EK) is the absorption rate of
laser energy at Ex. We calculated the rate of CBE absorption of
laser energy by using standard perturbation theory [22], which
includes one-photon and two-photon absorption rates.

The incident laser pulse is a Gaussian pulse with intensity
I(2) as [23]

2
t
I1(t) = Imax(t) exp [(—4ln 2) (;) :| , 3)
where Inax and t are the peak intensity and the pulse duration,
respectively.

With increasing CBE density, the plasma has effects on
the dielectric function &¢* and laser intensity distribution in
the sample, which in turn affects the production of CBE. The
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Fig. 2. Calculated evolution of: (a) laser intensity //[y; (b) CBE density n,,
refractive index n, and extinction coefficient k in the first, eighth, and twenty-
first layer, and reflectivity R of MgF,. The subscripts 1, 8 and 21 denote the
first, eighth and twenty-first layer, respectively.

dependence of £* on n,(t) can be expressed as [24]

N —
e (hw) = 1 + [e(hw) — 112"
No
2
nee 1
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where &y, m., ¢ and w are the vacuum dielectric constant,
free electron mass, electronic charge and laser frequency,
respectively. e(fiw) is the dielectric constant of the unexcited
material, which is 1.90 at a wavelength of 800 nm and 2.16 —
0.006 at a wavelength of 400 nm. mf, = (m} " +m} )~
represents the optical effective mass of the carriers (m} and m,
are the effective masses of electrons and holes, respectively),
which was chosen as the free electron mass m, (=1) [16,24].
The Drude damping time t p of MgF; was taken as 1 fs [24].
In order to calculate the spatial distribution of laser intensity,
we treated the bulk sample as a stack of thin layers [16]. The
thickness of each layer is (0.01,0.02, 0.03, 0.05, 0.07, 0.09,
0.12,0.15,0.17,0.2, 0.25, 0.3, 0.3, 0.3, 0.55, 0.55, 0.55, 0.55,
0.55,0.55, 0.55,0.55, 0.6, 1.28) x 1 /4n, where n is the refrac-
tive index at a wavelength A of 800 nm. First, we adopted the
thin-film optics theory [25] to calculate the distribution of laser
intensity, and then solved Eq. (1) numerically to study n, evolu-
tion, and further calculated £* by Eq. (4). Hereafter, we recalcu-
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Fig. 3. Damage morphology of MgF; irradiated by 800 nm laser, (a) F =
6.0J/cm?, T = 100 fs; (b) F = 10.2J/cm?, T = 60 fs.

lated the laser intensity distribution. This recycle was repeated
with a time step of 2 fs.

The calculation results are presented in Fig. 2. Fig. 2(a)
shows the ultrafast evolution of the distribution of laser
intensity 1/Iy, which indicates that the laser intensity
distribution is very different from its initial case when the delay
time is larger than 445 fs. I and Ij represent the laser intensity
in the material and in the air, respectively. Fig. 2(b) shows the
evolution of CBE density 7., refractive index n, and extinction
coefficient k in the first, eighth, and twenty-first layer, and the
reflectivity R of MgF,. In our calculation, the parameters of the
laser pulse are set as 100 fs pulse width, 800 nm wavelength,
and 1.8 J/cm? laser fluence with Gaussian distribution. n,
increases to the order of 10%° cm™3 when the delay time closes
to 15 fs, which induces a decrease of n and an increase of k.
Therefore, the reflectivity R of the sample begins to decrease.
When the delay time closes to 35 fs, n, increases to the order
of 102! ¢cm™3 and R decreases to a minimum. Then, with
the quick increase of n., R also rises quickly. Our theoretical
results indicate that the excitation of CBE changes n, k and R,
and further changes the distribution of the laser intensity. The
changed distribution of laser intensity inversely influence the
production of CBE.

4. Results and discussion
4.1. Ablation morphology

Fig. 3(a) and (b) show the typical SEM pictures irradiated
by femtosecond laser pulse. We can see the clear edge with
no evident indication of melting. Shallow ablation is observed
at a diameter of less than 20 wm under smaller laser intensity
(Fig. 3(a)). When the laser intensity increases, a small hole in
the center (diameter 1-2 um) appears (Fig. 3(b)). Therefore,
machining higher quality and smaller holes can be realized in
MgF, by means of femtosecond laser.
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Fig. 4. Measured and calculated damage thresholds as a function of pulse
durations. The solid triangles in (a) show the experimental results. The solid
line in (a) and the squares in (b) indicate the avalanche and the photoionization
alone fitting results, respectively.

4.2. Ablation threshold

We measured the damage spot areas with an optical
microscope. According to the linear relationship between the
ablated area and the laser energy, we obtained the dependence
of damage threshold on the laser pulse duration [14,26].
The triangles in Fig. 4 show the experimental results. With
decreasing the pulse duration from 750 to 60 fs, the damage
thresholds vary from 4.5 to 1.6 J /cm?.

The solid line in Fig. 4(a) shows the calculated laser-induced
damage threshold in magnesium fluoride. Here we think the
sample is damaged when the CBE density increases to a critical
density N of 3.817 x 102! cm™3, which is determined by
the free-electron density of plasma resonance absorption [24,
27,28]. In the photoionization simulating (Fig. 4(b)), the impact
ionization rate in Eq. (1) was taken as zero. From the fitting
results, we can conclude that the avalanche theory well explains
the experimental results, while the photoionization simulation
deviates greatly. The results indicate that CBE in MgF,
crystal are produced by both multiphoton ionization and impact
ionization.

4.3. Time-resolved reflectivity

Fig. 5(a) and (b) show the experimental results for time-
resolved reflectivity under the excitation of different pump
fluences. The reflectivity and the time zero point were measured
six times. Fig. 5(b) is the magnification of the excitation
process. The wavelength of pump pulse was 800 nm with
750 fs pulse duration. The probe pulse had a wavelength of
400 nm with 60 fs pulse duration. The increase of reflectivity
during the pump laser irradiation is attributed to high-density
plasma [24]. When the pump pulse intensity is 5.8 J/cm?, the
reflectivity of the probe beam starts to increase as the delay
time + = 200 fs, and goes up rapidly at the latter half of
the pump pulse. With increasing pump intensity to 7.7 J/cm?,
the start point advances to about 0 fs, but the reflectivity still
increases rapidly at the latter half of the pump pulse. Our
experimental results do not support the proposal that MPI plays
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Fig. 5. (a) Time-resolved reflectivity of 400 nm probe pulse under the
irradiation of 800 nm pump pulse with pulse fluences of 5.8 and 7.7 J/cmz.
(b) Magnification of the excitation process. The Gaussian solid lines in (a) and
(b) show the pump pulses. The red and the green lines in (b) are our calculation
results. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

the dominant role in femtosecond laser-induced damage in
dielectrics. The band gap of the MgF, crystal is 11.8 eV [5],
while the photonic energy of the 800 nm laser is 1.55 eV.
Therefore, a valence electron will absorb 7 photons when it
is excited into the conduction band via MPI. The MPI rate
Rypr o I7. If MPI plays the dominant role in CBE production,
the reflectivity should increase rapidly at the peak rather than
in the latter half of the pump pulse. The experimental results
in Fig. 5 can be well explained by the avalanche model [1,2]:
MPI provides the initial seed electrons, which triggers impact
ionization in the latter half of the pulse and causes the CBE
density to increase exponentially. Therefore, our experimental
results indicate that CBE in MgF; crystal are produced by both
MPI and impact ionization. The experimental results of time-
resolved reflectivity in other wide-band-gap materials, such as
MgO [29] and CaF; [30], also support the same point.
Because of the Gaussian distribution of laser intensity, the
reflectivity of probe pulse does not change synchronously. The
measured reflectivity by energy meter is a spatial average value.
Therefore, using the coupled Eqs. (1)-(4), we calculated the
evolution of reflectivity for a 400 nm-wavelength probe beam
by weighted averaging of the different irradiation fluences in
space (lo, %Io, %Io, %Io, %10), which are shown as the red and
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Table 1

The modeling parameters for MgF,

Parameters MgF,
Eg (eV) 11.8
Np (1022 cm™3) 6.5
mzpt 1.0
7p (fs) 1.0

the green solid lines in Fig. 5(b). The coupled theory well
explains the pump—probe experimental results, which supports
the idea that impact ionization plays an important role in CBE
production.

The modeling parameters are listed in Table 1. In these
parameters, the variation of mgp is the most sensitive to the
calculations, because it can affect the CBE production directly
through MPI, impact ionization and dielectric function. If it
increases to 2mi,, the photoionization rate and the impact
ionization rate decrease by ~92% and 3%-5%, respectively.
This will lead to a decrease of CBE density, consequently
inducing a change of reflectivity. CBE density in the first layer
decreases by two orders of magnitude, and by one order of
magnitude in other layers, which results in a ~90% decrease
in probe reflectivity. E, can affect MPI and impact ionization
rates. When E, varies from 11.8 to 12.8 eV, the photoionization
rate and the impact ionization rate decrease by ~55% and
1%—-3%, respectively, which causes the changes of probe
reflectivity at the minimum and the maximum, while it has no
evident effect on the slope of the rising part. The reflectivity at
the minimum decreases by ~35%, and increases by ~5% at the
maximum. The Drude damping time tp affects the magnitude
of the imaginary part of ¢*. When tp increases to 2 fs, the
calculated probe reflectivity at the minimum, the maximum,
and the rising part increase by about 93%, 17% and 12%,
respectively. Furthermore, the locating time of the minimum
advances by ~50 fs. The effect of Ny is determined by the

factor N(}\j()””, whose variation is insensitive to the calculation

results due to the small magnitude of NOT_O"E (<1). At low laser

intensity, this effect is very weak because N"N—_O'“ < 1.
5. Conclusions

We studied the single-shot damage mechanisms of MgF.
The damage thresholds increase from 1.6 to 4.5 J/cm? with
pulse durations ranging from 60 to 750 fs. The ultrafast electron
dynamics of the excitation process was investigated by our
developed pump—probe technique. The reflectivity increases
rapidly in the latter half of the pump pulse, rather than at its
peak. Considering the interaction between the laser pulse and
the dielectric, we established and solved a coupled dynamic
model. Using this model, we studied the ultrafast electron
excitation and damage mechanisms. The results indicate that

CBE in MgF, crystals are produced by both multiphoton
ionization and impact ionization.
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