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Abstract We study experimentally the electronic excitation
mechanisms involved in the breakdown and ablation of wide
band gap dielectrics. A femtosecond pump–probe interfer-
ometry technique, with 100 fs temporal resolution, allows
measuring the modification of refractive index induced by
ultra-short intense laser pulses. To get more information
in the complex process of excitation and relaxation mech-
anisms involved during and after the interaction, we use
a sequence of two excitation pulses: a first short pulse at
400 nm excites a controlled density of carriers, and a sec-
ond one at 800 nm with variable pulse duration, from 50 fs
to 10 ps, reaches an excited solid. In Al2O3, we show that
the total density of carriers never exceeds the sum of the
densities excited by the two pulses sent independently. This
means that the second pulse deposits further energy in the
material by heating the previously excited carriers, and that
no electronic multiplication occurs. On the other hand, in
SiO2, it is possible, under specific conditions, to observe
an increase of carrier density due to impact ionization. All
these results demonstrate that the avalanche process, which
is often invoked in the laser breakdown literature, does not
play a dominant role in optical breakdown induced by short
pulses.

A. Mouskeftaras · S. Guizard (�) · N. Fedorov
Laboratoire des Solides Irradiés, CEA-IRAMIS, CNRS,
Ecole Polytechnique, 91128 Palaiseau, France
e-mail: stephane.guizard@cea.fr

S. Klimentov
General Physics Institute of the Russian Academy of Sciences,
Vavilova St 38, 11991 Moscow, Russia

1 Introduction

Despite a large number of published works during the last
fifteen years, the physical mechanism leading to the optical
breakdown of wide band gap materials by ultra-short laser
pulses still remains unclear.

This is probably because the majority of experiments
are concentrated on ablation threshold measurements [1–3].
However, this process is complex, involving a complicated
temporal evolution of the sample and the laser pulse, both
being linked by the change of optical constants of the solid
during the pulse. The latter is induced by the promotion of
a large density of carriers, electrons in the conduction band
and holes in the valence band. If one concentrates only on
this initial process of electronic excitation, the controversy
still exists, and the importance of different possible excita-
tion mechanisms is still under debate [3–9]. For transparent
dielectrics, the photon energy of femtosecond lasers is usu-
ally much below the band gap, and the dominant initial exci-
tation process must be nonlinear: multiphoton or tunnelling
ionisation.

Then the excited carriers can absorb a large number of
photons within the conduction band [5] and, if their energy
is high enough, collide with valence band electrons. The it-
eration of this process is the avalanche ionisation. In the
recent literature, one can find advocates of all these three
different mechanisms: multiphoton [6], avalanche [7, 8] or
tunnelling [3, 9]. Theoretical models have been based on ei-
ther simplified rate equations [10] or a kinetic approach of
Boltzmann’s equations [11, 12]. The purpose of the present
work is to present experimental measurements of the density
of carriers achieved in a dielectric just after interaction with
one or two laser pulses. More precisely, the aim of our time-
resolved pump–probe studies is to clearly identify the exci-
tation mechanism at work, by using two excitation (pump)
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Fig. 1 Diagram of the experimental set-up for pump–probe interfer-
ometry with one or two pump pulses: one of the pumps is the second
harmonic at 400 nm, with pulse duration 50 fs, and the other is the fun-
damental at 800 nm, with variable pulse duration. The two probe pulses
are generated in a Michelson interferometer and are tilted in space

pulses, and separating the different excitation steps: excita-
tion from the valence band to the conduction band, and fur-
ther excitation or heating of the carriers in the conduction
band.

2 Time-resolved interferometry: principle and
experimental set-up

The experiments have been made at the Saclay Laser–Matter
Interaction Center (SLIC: http://iramis.cea.fr/slic/index.php)
facility. The laser is a CPA amplified Ti–Sa system, deliver-
ing up to 70 mJ at 800 nm, with a repetition rate of 20 Hz.
The schematic drawing of the experimental set-up is dis-
played in Fig. 1. The beam is initially separated into two
beam lines each equipped with a compressor. We use one
beam line to generate the short pump and the probe pulses,
and the other beam line for the second pump with variable
duration. Then one of the short IR pulses is converted into
the second harmonic in a thin BBO crystal. In this way three
beams necessary for the double-pump experiment are ob-
tained: the short UV beam as the first pump, the short IR
beam used then as the probe and the IR beam with variable
pulse duration for the second pump. The last two pulses
could be independently delayed using micron-precision mo-
torised stages. We are focusing both pump beams on the
surface of the sample (crystalline cubes 5 × 5 × 5 mm3, or
wafers 10 × 10 × 0.5 mm3) to avoid propagation effects.
Spatial overlapping of those two beams is ensured by illu-
minating the surface with a green laser diode and imaging
with a CCD camera.

The probe system consists of two identical pulses that are
created in a Michelson interferometer after going through
the sample. It is essential hereby to recall that the pump

Fig. 2 Interferometry image observed at the exit of the monochroma-
tor. The central part of the probe beam, which has crossed a perturbed
(excited by the pump pulse) region of the sample, experiences a phase
shift clearly visible in the picture. Note also the modification of the
contrast, indicating that part of the second probe pulse has been ab-
sorbed

beam diameter is several (ten to four) times smaller than the
probe and reference beam diameter on the surface. Thus,
one pulse (reference) is translated in the plane of incidence,
so that the excited, central part of the probe beam over-
laps with the unexcited, peripheral part of the translated
reference beam. Finally, they will interfere at the exit of a
monochromator, which acts as a stretcher, ensuring overlap-
ping in time of the two pulses. This interference image is
shown in Fig. 2: the horizontal axis is the wavelength, and
the vertical axis is the vertical axis in real space, along the
entrance slit. The phase shift experienced by the central part
of the probe beam which crossed the excited part of the sam-
ple is clearly visible in this figure (in the centre).

The experiment consists in recording this interference
image for each pump–probe delay, and to perform a Fourier
analysis to extract the phase and amplitude of each horizon-
tal line. From this, we get the phase shift and absorption. To
avoid any cumulative effect, the sample is moved after each
shot.

The phase shift is proportional to the variation of the
real part of the refractive index �n of the solid: �φ =
2π�nL/λ, where L is the length over which the pump and
probe beams overlap, and λ is the probe wavelength.

We have developed a simple model, valid upon moder-
ate excitation, to calculate the change of dielectric function
induced by the presence of excited carriers, based on the
Drude model. The complete calculation is explained in a
previous paper [13], but for the sake of simplicity we can
assume that there are three contributions depending on the
material, and we can write �n as

�n = n2Ip + e2

2n0ε0

(
− NCB

m∗ω2
+ Ntr

m(ω2
tr − ω2)

)
. (1)

In this equation, the first term corresponds to the Kerr ef-
fect, n2 being the nonlinear refractive index and Ip the pump
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Fig. 3 Phase shift as a function of time measured in SiO2 (left) and
Al2O3 (right). The initial positive phase shift is due to the Kerr effect,
then free carriers induce a negative phase shift (plasma effect) and fi-

nally in the case of SiO2 electron–hole pairs are trapping deeply in the
band gap, leading to a positive phase shift. The intensities are kept well
below the threshold for both cases

beam intensity. The second term is always negative and it
stands for the free-carrier generation. It is proportional to
the excitation density in the medium NCB. The third term
illustrates the appearance of levels in the band gap due to
the formation of self-trapped excitons and it is proportional
to the density of these trapped carriers Ntr. Finally, e is the
elementary charge, n0 is the unperturbed refractive index of
the sample, ε0 is the vacuum permittivity, m∗ is the electron
or hole effective mass, ω is the probe pulsation and ωtr is
the energy difference between the fundamental and the first
excited state of the induced defect.

When we measure the evolution of the change of the
phase shift—which again is proportional to the change of
refractive index—we observe different behaviours in SiO2

(Fig. 3, left) and Al2O3 (Fig. 3, right). In both cases, the
positive phase shift due to the Kerr effect is followed by an
abrupt change towards a negative value due to the promo-
tion of carriers in the conduction band (negative contribu-
tion, second term of Eq. (1)). Finally, the evolution of the
density of free carriers can be followed in time. Whereas it
is stable at this time scale of 2 ps in Al2O3, it can be seen
that the trapping of electron–hole pairs due to the formation
of self-trapped excitons is extremely fast in SiO2, leading to
a final positive phase shift. The self-trapping rate is 150 fs
and, after about 700 fs, all carriers have been trapped in the
band gap.

In a previous set of experiments, we have studied the
evolution of the carrier density, as a function of laser in-
tensity, below and above breakdown threshold, for different
pulse durations and in different materials. This is achieved
by measuring the negative phase shift observed in Fig. 3 at
a fixed time delay, as a function of the pump laser intensity.
For short pulses (60 fs), the phase-shift evolution measured

Fig. 4 Phase shift as a function of laser intensity measured in Al2O3.
The pump wavelength is 800 nm and the duration is 60 fs. The line is
indicating an I 6 dependence law. The arrow and empty circle indicate
the breakdown threshold

in Al2O3 is shown in Fig. 4, and our conclusions were the
following [14]:

– First, at low intensity, i.e. a few TW/cm2, the density
of carriers increases nonlinearly, following a multipho-
ton excitation rule: the phase shift measured by the in-
terferometry technique is proportional to IN , where I is
the laser intensity and N the minimal number of photons
needed to promote an electron from the valence band to
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the conduction band. This is the signature of a multipho-
ton excitation.

– Then, when we approach the breakdown threshold, this
highly nonlinear evolution saturates. We have shown that
this saturation can be explained if one takes into account
the evolution of the optical properties of the solid. Since
the critical density is reached during the pulse, the surface
of the sample becomes highly reflective, and a thin layer
of dense plasma behind the surface strongly absorbs the
remaining part of the pulse. These two effects combine to
prevent further penetration of the pump beam, and thus
the saturation of the signal. It should be noted that this
result has been confirmed later by another group which
has performed similar measurements on SiO2 and Al2O3,
and has arrived at the same conclusions [6].

Furthermore, using the data obtained from our interferom-
etry experiments, we could develop a simple model, which
describes both the propagation of the pump pulse and the
evolution of the solid. With this model we have been able to
simulate the evolution of the craters’ depth as a function of
the laser intensity, and obtain a good quantitative agreement
with the measured craters [15].

At that point we could think that the process of electronic
excitation is entirely understood. However, when we reach
the breakdown intensity, the excitation process may change
and this can be obscured for two reasons. First, this change
of excitation mechanism could occur only in a very thin
layer at the surface, which contributes to only a part of the
signal and cannot be detected. Second, such an effect may
also be hidden anyway by the saturation process, which is
unavoidable since the critical density is attained at the sur-
face. Thus, to complete our experimental data and get a more
detailed knowledge of the excitation and energy deposition
processes, we decided to carry out double-excitation mea-
surements.

3 Double-pump experiments: electron heating
mechanism

The idea of the double-pump experiment [16] is to try to ob-
serve the different stages of the electronic excitation: from
the valence band to the conduction band, and then inside
the conduction band. We already know from photoemission
measurements that the energy of electrons heated by a short
laser pulse can exceed the energy of incident photons by
more than one order of magnitude [17]. On the other hand,
the process of impact ionisation, which may give rise to
avalanche ionisation, should result in an increase of the ex-
citation density. Thus, the combination of two pump pulses
should allow the observation of the impact ionisation seeded
electrons, if any.

Fig. 5 Phase shift as a function of time with one pump at 800 nm
(circles) and two pump (400 nm and 800 nm 5 ps later, both 50 fs
duration, see text) pulses (full circles) measured in α-Al2O3. Fluences
are 0.68 J/cm2 for UV and 2.15 J/cm2 for IR

The principle of the double-pulse experiment is the fol-
lowing: we first excite a large density of carriers (1020 cm−3

[18]) with a short ultraviolet (400 nm) pulse. Following this
excitation, a fast relaxation (tenths of fs) of the electron en-
ergy takes place in the conduction band. At this stage, and
before any electron–hole recombination or trapping starts
taking effect, we send a second pulse, at the fundamental
wavelength (800 nm), to re-excite the solid. We expect the
latter to heat the carriers sufficiently in the conduction band
to seed the impact ionisation process if it would occur. The
delay between the two pump pulses is chosen in such a way
that the infrared pulse will ‘see’ a maximal excitation den-
sity and that there is no overlap in time between the two
pulses to avoid any crossed-excitation effect.

Finally, we measure the evolution of the carrier density
as a function of time, at all probe delays from before the
first pump pulse until after the second pump pulse. The in-
tensity of each pulse is kept below the damage threshold (at
least under 70 % of it), such that the breakdown occurs only
when the sequence of the two pulses is applied. The damage
threshold is being measured experimentally by monitoring
any phase change on the surface of the sample, on a screen
connected to a CCD camera.

We have chosen to investigate the two above-mentioned
materials, since we expect different behaviours owing to the
free carrier relaxation dynamics that differ strongly, having
a long (several hundreds of ps) lifetime in the conduction
band (Al2O3) and forming self-trapped excitons in a short
time scale (150 fs trapping rate) in SiO2.

3.1 Double-pulse experiments: Al2O3

In Fig. 5 is presented the measured phase shift with only
the second pulse (the fundamental) and both pulses. In this
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case both pulses are short, and the delay between them is
5 ps. The UV pulse energy is 2.6 µJ (11 µm waist, 0.48 mm
Rayleigh length) and the IR energy is 27 µJ (20 µm waist,
1.57 mm Rayleigh length). The probe’s waist is 190 µm
and its Rayleigh length is 41 mm. Both energies are well
below the single-shot damage threshold. Only when both
pump pulses are combined is the damage threshold reached.
The spatial overlapping length L is ∼41 µm. This is being
achieved by using a perpendicular configuration between the
pump and the probe pulses. In this case, the probe is being
reflected by the surface of the sample by internal reflection.

The measurement has been made first with the second
pulse alone (open circles in Fig. 5). One observes a small
positive phase shift at delay 5.5 ps, due to the Kerr effect.
The Kerr effect induces a nonlinear polarisation which gives
rise to a positive change of refractive index, and lasts only
while the pump and probe pulses overlap in time. Then the
phase shift becomes negative, due to the presence of free
electron–hole pairs in the solid. This negative signal evolves
slowly, following the decrease of the density of carriers. In
the second experiment (full triangles), we send a pulse at
400 nm before this IR pulse to generate an initial excitation
density. When the second pulse arrives, it will further excite
the solid, and in this case we do reach the breakdown thresh-
old. The signal due to excited carriers increases after this
second pulse, but the important result is that the total sig-
nal (phase shift of −0.67) is equal, within error bars, to the
sum of the two signals measured with independent pulses:
phase shift of −0.27 rad due to the first pulse, plus phase
shift of −0.42 rad due to the second pulse. In other words,
the density of carriers excited by the sequence of two pulses
is equal to the addition of the ones obtained with each pulse
separately. This seems to indicate that the process of elec-
tronic avalanche, which would have increased the density of
carriers, does not lead to a measurable effect in this case.

After this first experiment our aim was to test a different
experimental condition and change the duration of the sec-
ond pulse. Indeed, avalanche ionisation is a sequential pro-
cess: excitation of carriers from the valence band into the
conduction band, followed by a cycle of excitation within
the conduction band and impact ionisation. Thus, it may take
some time for the avalanche process to develop, and this
has been shown in a theoretical paper [12]. Thus, our idea
was that it may be possible to observe avalanche if one in-
creases the duration of the second pump pulse. The result of
the measurement is shown in Fig. 6. We have measured the
complete decay kinetics with a short (50 fs, 7.3 µJ) pump
pulse at 400 nm alone, and also with the long pump pulse
(10 ps, 130 µJ) at 800 nm alone. With the second harmonic
we create a large excitation density, while no change of the
refractive index is measured with the long IR pulse. This is
because the peak intensity, which is equal to 1×1012 W/cm2

for this second excitation pulse, is too low to generate effi-
ciently any free electrons by a nonlinear process. However,

Fig. 6 Phase shift as a function of time with one pump at 400 nm (full
circles) and two pump (400 nm, 50 fs, and 800 nm 5 ps later, 10 ps
duration, see text) pulses (triangles) measured in α-Al2O3. Fluences
are 2 J/cm2 for UV and 10.34 J/cm2 for IR

when the two pulses are combined (with a 5 ps delay at in-
tensity peak) we observe, apart from reaching the damage
threshold, a change in the time evolution of the negative
phase shift. But, instead of an increase of the signal, as we
would have expected if an avalanche had occurred, we ob-
serve a decrease of the signal, or more precisely an acceler-
ation of the decrease of the signal. Since this negative phase
shift is proportional to the density of free carriers, this means
that the arrival of the second pump pulse induces an accel-
eration of the recombination process, or that a new positive
contribution to the change of refractive index appears.

If we suppose that the electron–hole recombination dy-
namics can be described by a bimolecular recombination
model, it should follow the following equation:

dN

dt
= −σvN2, (2)

where N is the electron or hole density, σ is the electron
hole capture cross section and v the velocity of carriers in
the solid. This gives the following evolution for the excited
carrier density:

N(t) = N0

1 + σvN0t
. (3)

In the framework of this model, a speeding up of the
recombination kinetics can be explained if either N0, the
initial density, or the product σv, which gives the electron–
hole recombination probability per unit time, is increased.
Our measurement shows that the initial density is un-
changed, since we do not see any increase of the phase shift
during the second pump pulse. This means that either the
electron–hole capture cross section or the carrier velocity is
increased. When the second pump pulse interacts with the
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solid, it will induce a heating of the free carriers by multi-
photon or sequential single-photon absorption. Thus, their
average kinetic energy will increase. We do not expect on
the contrary an increase of the cross section, which is usu-
ally maximum when the kinetic energy tends to zero. Thus,
we believe that the faster decay kinetics for the measured
phase shift is a signature of the carrier heating by the second
pulse.

Finally, what is the mechanism at work in this double-
pulse experiment? When we send the second pump pulse,
we reach the breakdown threshold. However, the total num-
ber of electrons does not change. On the contrary, we ob-
serve a faster decrease of the negative phase shift, which
indicates a faster electron–hole pair recombination. This ac-
celeration can be due to the increase of the average kinetic
energy of free carriers in the solid.

An alternative explanation for the change of phase shift
that follows the interaction with the second pulse could
be an increase of temperature, which indeed should con-
tribute positively to the change of the refractive index, since
the latter is known to increase when the temperature in-
creases [19].

In both hypotheses, we can conclude from this observa-
tion that the breakdown is due to the injection of further
energy in the solid, by single or multiphoton excitation of
the electrons (respectively holes) in the conduction band
(respectively valence band). Thus, no avalanche can be ob-
served in our measurement, but the damage of the solid is
occurring because a critical amount of energy is absorbed,
and this energy is transferred from the second pump pulse to
the carriers excited by the first pulse.

3.2 Double-pulse experiments: SiO2

In this second part, we continue our investigation on quartz.
In Fig. 7 is plotted the phase shift for the two pump beams
alone and for the combination of those two beams in a train
of pulses. The delay between the two pulses is 200 fs. The
second-harmonic pulse (13.5 µm waist, 1.4 mm Rayleigh
length) arrives first at a fluence of 1.17 J/cm2 (50 fs pulse du-
ration) without damaging the sample. Later, the fundamen-
tal pulse (56.6 µm waist, 12.6 mm Rayleigh length) reaches
the surface of the sample at a fluence of 1.66 J/cm2 (300 fs
pulse duration); this intensity corresponds to 17 % of the IR
single-shot threshold intensity. The overlapping length L, in
this configuration (quasi-co-linear, see Fig. 1), is 164 µm.

First, one can observe a positive phase shift, which cor-
responds to the Kerr effect, followed by a negative signal,
a signature of free-carrier generation and finally a positive
phase shift that is attributed to the formation of self-trapped
excitons. Now, although the fundamental pulse (reversed
triangles) is not exciting any carriers on its own, we can
clearly see a rise in the absolute value of the negative phase

Fig. 7 Phase shift as a function of time with one pump at 400 nm
(squares), one pump at 800 nm (reversed triangles) and two pump
(400 nm, 50 fs, and 800 nm 200 fs later, 300 fs duration, see text)
pulses (full circles) measured in SiO2. Fluences are 1.17 J/cm2 for UV
and 1.66 J/cm2 for IR

shift (∼50 % rise) when both beams are present (full circles
curve) and while being above the damage threshold for the
sequence of the two pulses.

This suggests that the 800-nm beam is ‘heating’ the free
carriers previously excited by the second harmonic. Then
the hot carriers which have reached a high enough energy
are able to induce impact ionisation, thus increasing the fi-
nal density. One can also observe the rise in the final pos-
itive phase shift—proportional to the excitation density—
that confirms the multiplication of the electrons suggested
above. Furthermore, two parameters have been investigated
in depth: fundamental pulse duration and delay between
pump pulses. This has revealed that impact ionisation is
more efficient for the set of parameters listed above. In par-
ticular, the pulse of 300 fs duration corresponds to the ‘free’
electron lifetime in the conduction band and the delay be-
tween the pulses is fixed so that the second pulses will ‘see’
a maximum excitation density.

4 Conclusion and perspective

We believe that our experimental investigation of the exci-
tation density reached in single- and double-pulse excitation
brings new and valuable information about the electronic ex-
citation processes occurring during the breakdown of dielec-
tric materials induced by short laser pulses. The first pulse
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excites free carriers, and the second pulse will give further
energy to these pre-excited carriers, thus overcoming the
damage threshold. Damaging is taking place when a criti-
cal amount of energy has been deposited in the solid, induc-
ing fusion/sublimation of the solid, and the damage thresh-
old does not correspond to any critical excitation density. In
materials with long free electron lifetime, there is no reason
why the sequence of events would be different in the case of
damaging by a single laser pulse: the roles of the first and
second pulses will be played by the leading edge and the tail
of the pulse, respectively. Comparison is more subtle in the
case of materials where trapping occurs. Modelling and sim-
ulating this interaction will give access to parameters such as
the absorption cross sections for electrons in the conduction
band, thus being able to simulate the interaction in the case
of one short pulse and accessing the efficiency of different
ionization channels.

In conclusion, the principal excitation mechanism is re-
vealed to be the multiphoton absorption, but the level of
dominance of the latter is dependent on the nature of the
material. Further experimental investigation should include
longer probe temporal delays to follow up the final state after
recombination and/or trapping of the electrons. In that case,
adjusting longer delays between the two pump pulses can
be an interesting parameter to explore in order to reveal the
material’s behaviour, interacting with a sequence of pulses,
at later times.
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