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Abstract. In this paper, we present measurements of the ex- For instance Jones et al. [2] have investigated phonon
cited carrier density in various wide-band-gap oxid8&%, emission at laser intensities below breakdown and have
MgO and Al,Og) irradiated by short laser pulsegQfsto  shown the importance of electron—phonon collisions, which
1.3 p9 at intensities below and above breakdown thresholdcan heat the lattice close to the melting temperature. These
This is achieved with the help of time-resolved interferome-measurements also emphasise the role of multiphoton exci-
try in the frequency domain, which was successfully used téation, showing that this process dominates over avalanche
study the dynamics of photoexcited carriers in insulators. Th@nization at least up to intensities close to breakdown. They
results obtained under different experimental conditions, disalso experimentally demonstrated the process of electron
tance from the surface, pump intensities and duration, durinigeating by laser [7], which was later directly observed by
or after the pump pulse, are discussed and compared to tineeasuring the kinetic energy of photoelectrons [8].

models recently developed to explain optical breakdown. In this context, pump—probe techniques with high tempo-
ral resolution are promising in investigations of the funda-
PACS: 79.20.Ds; 78.47.+p mental mechanisms occurring during or just after the pump

pulse. To our knowledge, only one published result used such
techniques to measure the change of reflectivity at the surface
) . of laser-irradiated dielectric materials [9].

Although widely explored over the last thirty years [1-3],the | this paper we present the measurements of excitation
problem Of Optical breakdOWn S“” I’emains an aCtiVe ﬁeld.densities in various Wide_band_gap OXid&QZ, Mgo and

This is mainly due to the spreading of laser sources delivera|,0s;) excited by laser pulses of variable durati®® fs to

ing subpicosecond pulses with high intensities. This not only 3 pg at intensities below and above breakdown threshold.
increases the technological need to produce optical materiafhe time-resolved interference method is presented in the

capable of sustaining high peak power, but also opens nepext section, the main results are given and commented on in
experimental possibilities and new fundamental questions. the following section.

Until now, most of the work has been devoted to the meas-
urement of the breakdown threshold as a function of wave-
length or pulse duration’} [3—6]. These studies have shown 1 Experimental principle and set-up
that the breakdown threshold deviates from a thermally driven
/2 law for pulse durations shorter than 502 ps indicat-  The experimental set-up has already been described in de-
ing different behaviour for short and ultrashort laser pulses. taj| [10]; we will briefly recall the principle of the meas-
Such breakdown threshold measurements are, of coursgrements. A high-intensity pump pulse creates initially free
particularly important for applications. They strongly dependelectron—hole pairs. The probe system consists of two iden-
however, on the criteria chosen to determine a threshold: sifiical pulses separated by a fixed time delay and colinearly
gle or multiple shots, microscopic or macroscopic damageyropagating, one (the reference pulse) crossing the sample
and they can be influenced by extrinsic parameters like sanfrefore and the second (probe pulse) after the pump pulse.
ple quality or surface preparation. Moreover, the fundamentafhe reference and probe pulses are sent into a spectrom-
mechanisms involved in 0pt|Cal damage are numerous, ma@‘ter, with the pump_probe interaction region in the sam-
ing the mode”ing of this processadif‘ficult task. Itis thereforep|e imaged at the entrance slit. The spectrometer acts as
highly desirable to get precise quantitative information org temporal stretcher. At the exit, the pulse duration is larger
basic phenomena. than the time delay that separates them and interferences
- are readily observed. The fringe separatitw] is inversely
* Corresponding author. (E-mail: quere@DRECAM.cea.fr) proportional to the time delayAt) that separates the two
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probe pulses. The resolution of the spectrometer thus gives If the overlap between the pump and probe beams is too
an upper limit for At. In our case, this time delay is set long, it leads to complete absorption of the probe pulse. We
to 10 ps The modification of the refractive indexn in-  therefore focus the pump beam tightly (FWHM (full width at
duces for the probe pulse a phase shifb which is pro- half maximum) in the rang8 to 15um) and the beams are
portional to the lengthL over which the pump and probe incident at45° on both sides of the normal to the sample. An
beams are overlapped. Sina@ depends on the pump laser important aspect of the measurements presented below is the
intensity, which has a Gaussian profile, the measured phapeecise knowledge of the region where the two beams over-
shift exhibits a corresponding dependerce(r) along the lap inthe sample. Since we image the interaction region at the
axis of the entrance slit. It can thus be writen®(r) =  entrance slit of the spectrometer, we can precisely control this
2w An(r)L /A, wherex is the probe wavelength. This phase parameter. In particular, we can align the beams and the imag-
shift induces a distortion of the fringe pattern, while ab-ing system such that they cross just at the surface. Taking into
sorption of the probe pulse reduces the fringes contrasaccountthe geometry of the experiment, this leads to an over-
Both quantities (phase shift and absorption) are obtained bigp of about half the diameter of the pump beam, starting from
a Fourier analysis of the interference pattern at the output dhe surface. We can also shift the image of the probe beam
the spectrometer. on the entrance slit laterally such that the part of the probe
The laser is aTi-Sa system with three amplification that we analyse has crossed the pump beam inside the sam-
stages: one regenerative and two multipass amplifiers, dele at a given depth. We will present below the results of such
livering 70 fs pulses with energies up tt00 mJ The output measurements for different depths.
beam is split in two parts, which are each sent into different The surface of the samples have been superpolished to
compressors. This allows us to use different pulse durdimitthe influence of surface roughness — to which we believe
tions for the probe and pump. We use the second harmon@ur measurements are not very sensitive anyway. The samples
(395nn) as a probe, and for the pump we use a part of thare500m to 1 mmthick. They are mounted on a automated
fundamental790 nm 1.57 €V photons). three-axis translation stage and moved after each laser shot to
The pump beam is spatially filtered, to get a soft Gauswork on a fresh area.
sian profile and limit the spatial fluctuation of the pump beam  After crossing the sample, the probe beam is split into two
at the focus. The quality of the pump beam profile and itgarts, one going to the spectrometer, the other to a video cam-
size can be measured in situ during the experiment with thera. We use this image of the sample’s surface to monitor any
help of the Kerr effect, which is observed when the probgermanent damage after each laser shot. The result of this
and pump cross the sample at the same time (Fig. 1a). Adheck (breakdown or no breakdown) is saved together with
explained in the next section, the measured phase shift the data file. Although breakdown threshold measurement is
this case is proportional to the pump intensity. Similarly, wenot our aim, this gives an indication of the damage with size
measure for each experiment the pulse duration (Fig. 1b). Fsmaller or comparable to the diameter of the pump beam. The
nally, in energy-dependent measurements, the pump energglues we find for this “breakdown threshold” are higher than
is measured at each laser shot with a calibrated photodiodgublished data [3—6] by a factor ranging from two to ten. This
All parameters necessary to determine the intensity are thuliscrepency can be explained by the fact that we are making
precisely known. For other measurements, laser shots whosegle shot measurements, and that, given the magnification
energy falls outside a given window (usually5%) are re- (x73), the size of damage that we can observe is of the order

jected to limit the pulse to pulse fluctuations. of 1 or2 um.
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Fig. 1a,b. Spatial &) and temporallf) profile of the pump beam, measured via the Kerr effedligO3 andSiO,, respectively. Curvé gives the correlation
function of pump and probe, from which we can deduce the probe-pulse dura8orfy, the pump-pulse duratior8Q fs in this case) being measured
independently with an autocorrelator
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2 Results and discussion
|
Let us first recall the physical origin of the refractive-index
change, and thus of the phase shift that we measure in 0 ~ 0 g9
experiment. A simple model describing the real part of the'g oY
refractive index gives [10] = ¢
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The first term is due to the nonlinear polarization inducec -3 %‘?“% .
in the sample by the pump pulse (optical Kerr effect) anc
is proportional to its intensity. This effect will last only as
long as the pump and probe pulses are together in the sam -4 ‘ 2 4 6
and it gives a positive phase shift since the nonlinear refrac 0 8
tive indexn, is positive at our probe wavelength. The seconc TIME (ps.)

term Is dl‘!e to “free." carriers and 'S. d?”\/ed fro_m a DrUdeFig.Z. Phase shift measured W03 as a function of time delay between

model. It is proportional to the excitation densilyf, and  the pump and the second probe pulses, betb®*\W /cm?, open circle}

always negativew is the probe laser frequency, ang the  and above 1.8 x 10 W/cn¥, full circles) breakdown threshold

electron—phonon collision rate. Finally, the last term repre-

sents the contribution of trapped carriers and must be taken R

into account in materials like alkali halides 8iO,, where 107

electron—hole pairs rapidly trap to form self-trapped exci-

tons. In this termwy, and f; are the effective frequencies

and oscillator strength simulating the absorption bands for th

localized electronic states. The sign of each of these terrr

depends on the position of the probe frequency with respei

to the maximum of the absorption spectrum: it will be posi- _ 10%

tive on the red side« < wy,), and negative on the blue side g

(> ). =2
We have performed two types of measurements: as a fun &

tion of time for a given laser intensity and as a function of ~

intensity for a given time delay, just at the end of the pumg E

pulse. At laser intensities above damage threshold, thereis1 z ‘

doubt that a high-density plasma is generated at the surfa E 10" |

of the sample. One may wonder if atoms, ions or electron |

may migrate over significant distances during the longes

pulses that we used in the experimerts3(9, thus modi-

fying the effective length over which we measure the phas

shift. To check this point, we have performed measuremeni

as a function of time at intensities below and above threst s

old. The results obtained iAl,Os; are reported in Fig. 2. 10 0 — 160

The pump-pulse duration in this case78fs and the Kerr 5

effect observed at a delay arouhe= 0 gives the pump— INTENSITY (TW/cm?)

probe cross-correlation function. Immediately after this, theFig. 3. Excitation density as a function of pump laser intensityigO. The

phase shift becomes negative and is due to free carrier<ertical line i_ndicate_s the b_reakdc_)\(vn threshold. 'I_Thsetshows the profile

The mean lifetime of photoexcited electrons160ps as  °f Phase ]?r;l'ﬁl.ford'.fff]rem ntensities: note the d'gerer&t Is.ca'els fftor thf low-

measured by the same method [11]. Except for the achiev A, iﬁ}iﬁy(“ ine, right scale)and high-intensity(dotted line, left scale)

free carriers density, no noticeable difference can be ob-

served between the data obtained at intensities below and

above threshold, indicating that the plasma expansion, or any The next result concermdgO. Figure 3 is displays the ex-

other ultrafast dramatic modification of the solid, does notitation density deduced from the phase shift measurements

perturb our measurements at such a time scale. With thes a function of intensity, while the absorption is plotted on

help of (1), we can derive the excitation density correspondFig. 4. The pump pulse duration8® fsin this case. At “low”

ing to the observed negative phase shift. If we assume thaitensity the photogenerated carriers density increases very

the density of carriers is homogeneous along the overlagharply, and this region can be fitted by a power I&wSince

ping length @ um in this case), we fin@ x 10*°cm™2 be-  the absorption of five pump photons df 55 eV) is enough

low and1.5 x 10?°°cm~2 above threshold, the intensities areto excite electrons across ties-eV band gap oMgO, this

10" W/cn? and 1.8 x 10" W/cn?, respectively, whereas slope of 5 is a strong indication of a multiphoton process of

the threshold intensity i%.3 x 10 W/cn?. order five. The increase in absorption in the same intensity
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Fig. 4. Absorption as a function of pump laser intensityMgO measured at the surfa¢epen circles)and 60 wm behind (full circles). The

insetshows the phase shift as a function of time, andatew indicates
) ) ) the delay between pump and probe for intensity measurements
range can also be fitted by a fifth-order multiphoton process.

Different hypothesis can be put forward to explain the change

of slope at higher intensities. It is most probably due to a satusequence of this ultrafast trapping is that the phase shift be-
ration effect. This can be deduced from the phase-shift profileomes positive irsi0O, after approximatelp00 fs as shown
measured in the two different regimes, displayed in the inin the inset of Fig. 5. We show on this figure the excitation
set of Fig. 3. The FWHM of the pump beam measured withdensity measured ps after the70 fs pump pulse (as indi-

the Kerr effect, is8 um. The profile obtained at low inten- cated by the arrow in inset) as a function of intensity, at the
sity is thinner, because the excitation process is nonlineasurface and0um behind. The excitation densities were de-
On the contrary the profile at high intensity is broader withduced from the phase shift by using the last term of (1), the
a top-hat shape, indicating the saturation effect. Again thiparameters for the STE’s absorption band being taken from
saturation may have different origins. It could be a saturationhe literature [16,17]. The measurement at the surface could
of the ionization process. But in this case we would expechot be performed at the highest intensities, the probe beam be-
an excitation density in the range of a few tinlg¥2cm—3,  ing either completely absorbed or reflected. The intensity of
contrary to what we observe. The most probable explanatiothe pump beam itself must be strongly reduced, due to the ab-
is that a dense plasma is generated in a thin layer inside tls®rption by STE'’s or the plasma at the surface, or reflected
solid during the leading edge of the pulse, and that the end ddy this plasma, as we found MgO. This also explains the
the pulse is reflected by this plasma. Indeed the critical densaturation observed in the excitation density that could be
ity for the pump wavelengtt800 nn) is 2 x 10°*cm™3. The  achieved deeper in the sample. This result clearly demon-
density measured at the change of slope is about ten timasrates the advantage of making measurements at a controlled
weaker. However, this result is an average over the overlap bdepth. They are, in particular, extremely important for the
tween the pump and probe and over the radius of the pump

beam, and it is very probable that this critical density may be

reached at the centre of the beam and at the surface of the

sample, where the intensity is maximum. Furthermore, thi: 04 ' !
change of slope occurs at the intensity where we noticed tr %
damage threshold. Since our measurement of breakdowni 5 ‘e 0.8
dicates a damage of the orderdPs of the size of the pump = o o o P o o o)
. o O o jan
beam, it is expected that a plasma reaching the critical densi £ © O 0% '\(ﬁﬁ &4 06 >
is formed at the surface. This criteria was indeed used by VoH 0.2 o O s o0 o, o ® &
der Linde and Schiiler [9] to define the breakdown thresholn»- o @y N los &
for 120 fspulses. m o oge =
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The case 08i0, deserves special attention. It has been show
that, as for to alkali halides, electron hole pairs form self- N ‘ o 0.2
trapped excitons (STE) [12,13]. This process is very fas 2 -1 0 1 2 3 4
and efficient, leading to the trapping of photoexcited carrier: TIME (ps.)

in @ mean time ofl50fs This kinetics has been measured Fig. 6. Phase shift measured BIiO, as a function of time delay between

both ina-Si0, (qu_artz) and ira"SiOZ (fused silica) by time-  the pump and the second probe pulse® atLo2W/cn? (full circles, left
resolved absorption [14] and interferometry [15]. The con-scale)and2.4 x 10 W/cn? (open circles, right scale)
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understanding and modelling of the propagation of high in-This result suggests that the breakdown threshold should not
tensity laser pulses. be defined as the achievement of a critical excitation density.
Another important effect which may dramatically influ- It emphasises the importance of electron heating, as under-
ence the propagation is illustrated in Fig. 6, where the phadaed by Jones and co-workers [2]. It would thus be interest-
shift is reported as a function of time for two different ing to perform measurements at longer pulse duration, where
intensities The full circles were obtained at low intensitythermal effects are supposed to play a dominant role.
(8 x 1012W/cmP), where essentially only the Kerr effect is The strong differences between a material were trapping
observed. This result gives the temporal profile of the pumjccurs,SiO,, and those in which electrons remain in the
pulse (FWHM 1.3 pg. Open circles are measurements atconduction band during a long time are noteworthy. By com-
a much higher intensity2(4 x 10'*W/cn¥?). The rise in  paring Figs. 2 and 6, we see that the change of refractive index
phase shift is also due to Kerr effect, then the sudden decreaisenegative in the case &l,03 and positive inSiO,. This
is due to free carriers generated since the beginning of th@eans that the carriers initially photoexcited will tend&do-
pump. These carriers are trapped very rapidly to form STEsusthe beam in the first case, andfteusit in the other case.
leading to the positive phase shift observed well before th&his aspect will therefore play an extremely important role in
end of the pulse. the propagation of pulses as soon as their duration exceeds
1 or 2 ps It has also been shown that a small fraction (about
104 of these self-trapped excitons form permanent defects
4 Conclusion which have a strong absorption &2 eV [14]. It is clear in
this context that single- and multiple-shot experiments do not
We have reported the first measurements of the excitatiomave the same meaning. Indeed wigi@, is irradiated at
density in wide-band-gap insulators during or just after pi-an intensity close to (but below) the threshold, the density of
cosecond and subpicosecond laser pulses at intensities beloarriers trapped in the band gap will increase continuously,
and above breakdown threshold. We believe these new eleading to a progressive modification of the optical proper-
perimental results will be extremely helpful to understand+ies of the solid. Indeed we readily observe in our experiment
ing either the propagation of laser pulses below breakdowthis coloration of the sample at intensities below breakdown
threshold or the importance of the fundamental mechanisnthreshold.
involved in the breakdown phenomena. Of course, a full un-
derstanding of these experimental data requires some moécknowledgementsichard Deblock and Josselin Philip are gratefully ac-
eling work. However, some general remarks regarding thedgowledged for their help in setting up the experiment.
two aspects can already be formulated.
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