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We report the first space-time observation of the ultrafast excitation and relaxation of an electron
gas pumped into the conduction band of a wide band-gap insulator by an intense subpicosecond laser
pulse. The experiment is based on a new phase-sensitive technique which allows a resolution of 120 fs
in time and 5 ;m in space. In crystalline and amorphous SiO,, no evidence of gas expansion has been
observed and a mean trapping time of 150 fs for the photogenerated carriers is measured.

PACS numbers: 78.47.+p, 72.20.Ht

When an ultrashort and intense laser field propagates
inside a dielectric medium, it induces a strong polariza-
tion field and, if the intensity is high enough, it produces
a high density of electrons and holes. This space-time de-
pendent problem is extremely intricate because it involves
a number of nonlinear effects such as multiphoton ex-
citation, free carrier absorption, photoemission, electron-
phonon interaction, exciton generation, and carrier-carrier
interaction, all these basic processes occurring in the pres-
ence of a high intensity laser field. Moreover, these quasi-
free charges and the likely presence of ultrafast created
defects, as well as self-induced effects such as self-phase
modulation or self-focusing, can dramatically affect opti-
cal wave propagation [1,2]. Understanding the fundamen-
tal aspects of laser-dielectric interaction requires detailed
knowledge of the energy balance between the laser field,
the electrons, and the lattice. Indeed, this is the corner-
stone of crucial problems such as the creation of intrinsic
defects such as self-trapped excitations [3,4], E’ centers
in Si0, [5,6], or laser heating of free electrons which can
lead to optical breakdown [7-9]. Recently, pump-probe
experiments with subpicosecond resolution have been car-
ried out to observe the onset of absorption bands attributed
to laser-induced intrinsic defects [6,10,11]. This type of
experiment can give valuable information about the dy-
namics of the relaxation process. It is, however, focused
on the analysis of a particular defect and the resulting in-
formation is restricted to the imaginary part of the index
which is proportional to the absorption cross section at a
given frequency, while the real part of the index is hid-
den. Moreover, to our knowledge, the very first parts of
the relaxation process, concerning the photogenerated car-
riers in the conduction band, remain unexplored in wide
band-gap insulators.

In this Letter, we apply a new and very sensitive
technique [12,13] allowing us to measure the induced
polarization and the excitation density during and after a
pump pulse with a temporal and spatial resolution of 120 fs
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and 5 ;um, respectively. The principle of this experiment is
based on interferences in the frequency domain. The target
is probed with two collinear femtosecond pulses separated
by a fixed time delay Az (At = 1 ps in this experiment).
These two pulses are then analyzed in a spectrometer.
The power spectrum of this sequence of twin pulses is a
fringe system whose period is inversely proportional to the
pulse separation Ar. It can be written /(w) = 2lp(w)[1 +
cos(wAt)], where Iy(w) is the envelope of a single pulse.
If a high intensity pump pulse is focused on the sample
at some time between the two probe pulses, the second
probe pulse will experience a disturbed dielectric constant.
This will induce a phase shift (A®) between the two probe
pulses and eventually a partial absorption of the second
probe pulse. In this case, the spectrum is given by

Hw) = I)(w)[1 + T + 2T cos(wAt + AD)],

where T is the ratio of light transmitted after the pump
pulse. The phase shift thus induced can be measured as a
function of time by changing the delay between the pump
pulse and the probe pulses; the absorption of the probe
pulse is obtained simultaneously by measuring the fringe
contrast directly on the interference pattern. The experi-
mental setup is given in Fig. 1. For this experiment, we
use as a pump a colliding-pulse mode-locked (CPM) dye
laser emitting 70 fs pulses at 620 nm. Those pulses are
amplified in 5 rhodamine 6G dye cells to energies up to
3 mJ. Probe pulses are produced with part of this beam by
continuum generation in a water cell. Frequencies around
560 nm are selected and amplified in three dye cells. Probe
pulse duration is 60 fs. The temporal resolution is the sum
of two terms: The first is given by the cross correlation
of the probe and pump pulses (90 fs in our case), and the
second arises from the fact that the two refracted beams
propagate with an angle 6. This second term is equal to
nod (1 — cosf)/(csinf), where no is the refractive index,
¢ the diameter of the pump beam, and c the speed of light.
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FIG. 1. Principle of the experiment. M: mirror; BS: beam
splitter; S: sample; SL: slit, SP: spectrometer; 1,3: probe
pulses; 2: pump pulse; L: imaging lens, L,: focusing lens.
The black area represents the interaction region imaged on the
slit SL by L. The corresponding light rays are symbolized by
the dashed lines.

The total estimated resolution is thus 120 fs. The samples
are 100 pm thick high-purity [impurity concentration be-
low 1 ppm (parts per 10%)] amorphous (a-SiO,) and crys-
talline (a-SiO,) silicon dioxide. The «-SiO, is cut per-
pendicularly to the optical axis. The pump beam is nearly
at normal incidence, while the probe pulse incidence angle
is 45°. Pump intensity is selected by changing the aper-
ture at the entrance of the focusing lens. It ranges from
10'2 W/cm? to a few 10'> W/cm?2. At such high intensi-
ties, damage may occur at the surface. To avoid this and
cumulative effects, we move the sample between two laser
shots. The area of the sample under study is imaged with
a magnifying lens on a slit at the entrance of the spectrom-
eter. The interference pattern is visualized at the output of
the spectrometer on a CCD camera interfaced with a micro-
computer. The horizontal axis of the two-dimensional im-
age represents the frequency, while the vertical axis (par-
allel to the slit, i.e., perpendicular to the plane of Fig. 1)
represents the radial (vertical) dimension. In order to ob-
tain a reference for the phase shift, the magnifying power
is selected so that the focal spot of the pump beam (25 pm
FWHM) fills approximately 70% of the vertical axis. By a
Fourier-transform treatment of the spectrum displayed by
each horizontal line, we obtain the radial variation of the
phase shift and of the absorption. The result for a-SiO,
is presented for various time delays in Fig. 2 (phase shift).
We observe a very rapid evolution of the phase shift as a
function of the time delay between the pump pulse and the
second probe pulse. It is positive for time delays close to
zero, becomes suddenly negative, and finally goes back to
a value close to zero. Concerning the space dependence,
we observe that the positive phase shift occurs in a broader
region, the half-width of the signal being larger than in the
case of negative phase shift.

We interpret the above result as follows: The phase
shift is proportional to the variation of the real part of the
sample index (An); it is given by A® = 27 AnL/A, where
L is the effective length over which the index is modified
(diameter of the pump beam seen at a 45° incidence,
35 pm) and A is the wavelength of the probe beam. The
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FIG. 2. Phase shift as a function of time and space. The first
five curves have been divided by 1.5. The pump intensity is
2.7 X 10" W/cm?

positive phase shift is due to an induced phase modulation
and occurs as far as the pump pulse and the second probe
pulse overlap in time. In this case, An = n,I, where n,
is the nonlinear refractive index and I the intensity of
the pump pulse. Note that the temporal resolution can
be directly deduced from Fig. 2, and we checked that the
measured value coincides with the estimated value within
experimental errors. On the other hand, a free electron
population, produced by multiphoton absorption, induces
a negative phase shift which becomes visible even before
the pump pulse has ended.

A simple-man model allows us to write the phase shift
between the two probe pulses as [14]

Ad(r,z,1) =

L f w2(r,z,1)
27— | nad(r,z,t) + n(z) - no|. (1)
A w?

In the above expression, ng is the usual linear refractive
index, I the pump intensity, and w,, the plasma frequency.
As is well known, the square of this plasma frequency
is proportional to the excitation density. These quasi-
free electrons have been promoted in the conduction band
by a five-photon-absorption process necessary to cross
the band gap of such materials, which is approximately
9 eV—large in silicon dioxide. This excitation density
has been modeled by using a simple rate equation for a
three-level system,

dn(r,z,1t)

n(r,z,1)
dt ’

= na’P(r,z,1) —

@

Tp

n; is the initial valence electron density which is 2.2 X
1022 cm™ in silicon dioxide. o and 7, represent, respec-
tively, the five-photon-absorption cross section and elec-
trons mean trapping time. We will go back to this point
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later. We stress that these two quantities are introduced
in an ad hoc way. Our aim is to show that one of the
main physical points in the observation in Fig. 2 results
from the competition between the nonlinear induced po-
larization (phase modulation induced by the pump beam)
and the free electron density. The dependence of the in-
tensity on the z coordinate (through the sample) is dis-
regarded because no self-focusing or filamentation has
been observed for a 100 pm thick sample. We disregard
pump and probe absorption since it cannot affect the phase
shift, but only the contrast. For ny and n,, we used, re-
spectively, 1.6 X 1076 and 3 X 107! cm?/W which are
standard values for both quartz and fused silica at this
probe wavelength [2]. The result of this model is given
in Fig. 3. Note that the spatial width of the phase shift
reflects the nonlinearity order of the process. After the
pump pulse, this width decreases because the dominant
process is no longer the induced phase modulation (/ de-
pendence) but results from the free electron density (/°
dependence) as Eqgs. (1) and (2) show.

In Fig. 4 we present the phase shift for various times
after the excitation pulse for a-quartz and silica and
for a pump intensity of 2.7 X 10'* W/cm?. We could
not observe any measurable difference between the two
materials. Note that a decrease in the phase shift implies
a decrease in the free electron density. More specifically,
electrons must be trapped at levels deeper than the photon
energy; otherwise they would be seen as free by the laser
field. The trapping of the gas is extremely fast and its
time dependence can be fitted by an exponential law,
with a time decay of 150 fs. As a consequence, the
gas has “disappeared” before expanding in a measurable
proportion. Moreover, we find that this mean time
does not depend on the pump intensities we consider.
The observed phase shift of 1.2 rad corresponds to an
excitation density of 3 X 10" cm™. The traps must
therefore have an intrinsic character since this density is
at least 2 orders of magnitude higher than the density of
extrinsic defects in our samples.
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FIG. 3. Phase shift as a function of time and space as
calculated from Egs. (1) and (2).
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FIG. 4. Phase shift as a function of time for «-SiO, and a-
SiO,. Solid line: exponential fit, with a time decay of 150 fs.
The data points represent the space-integrated phase shift (area
of the curves in Fig. 2). They are normalized to the peak phase
shift.

The kinetic of formation of the E’ centers was measured
recently [6]. In this experiment, the authors used a
4 eV excitation pulse generated by frequency doubling
a portion of a CPM laser. The excitation was done
by a two-photon-absorption process. Their probe pulse
in the UV (5.6 eV) was produced by doubling the blue
portion of a continuum generated with a part of the CPM
laser. These authors found a strong absorption band at
5.6 eV, with a rise time of 250 fs, which was attributed
to the E’ center. This transient defect, laying in the
band gap at an energy level deeper than 2.2 €V, can
explain the “annihilation” of the initial electronic density.
The time discrepancy between their result (250 fs) and
ours (150 fs) could be due, as mentioned by the authors
themselves, to a temporal broadening of their UV probe
pulse.

In Fig. 5, we present the time-dependent absorption of
the probe pulse. As in Fig. 4, the function is well fitted by
an exponential time decay, similar for both materials and
independent from the intensities we consider. However,
note that the absorption kinetic is slightly slower: 200 fs
instead of 150 fs. At short time delay, when the excitation
density is in the order of 3 X 10" cm™, the probe absorp-
tion is very high (25%). We attribute this absorption to
free carriers. This is supported by a Monte Carlo simula-
tion, based on an approach similar to [15], in which we in-
cluded electron-phonon collisions (optical and acoustical)
and electron-photon-photon collisions [16,17]. Electrons
are injected with a mean excess energy of 1 eV above the
bottom of the conduction band. The result is given in
the inset of Fig. 5. Although no traps have been included
in the simulation, we found that free carrier absorption
is strongly dependent on the energy relaxation due to
electron-phonon collisions, which means that the observed
decay time in Fig. 5 is the result of two processes, namely,
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FIG. 5. Probe-free carrier absorption as a function of time for
a-Si0, and a-SiO,. Solid line: exponential fit with a time
decay of 200 fs. Inset: Monte Carlo simulation of probe free
carrier absorption. Solid line: exponential fit with a time decay
of 210 fs.

the energy relaxation of the electron gas and the trapping
of the free electrons. A more accurate model for the trap-
ping process will be needed to identify precisely the con-
tribution of each mechanism. Furthermore, it seems that
a residual absorption in the order of 4% remains for a
long time decay (1 ps), although the absorption data are
more sensitive to shot-to-shot fluctuations. It has been
suggested [18] that in the strong electron-phonon coupling
regime, low kinetic energy electrons can be trapped in lev-
els very close to the bottom of the conduction band and
then form the so-called small polarons. This model ex-
plains quite well the carrier trapping-detrapping process.
One of its main consequences, which can be seen eas-
ily in photoemission experiments, is to build up a macro-
scopic charge appearing or disappearing as a function of
the sample temperature [19]. It shows that these trapped
levels, sensitive to sample temperature, are located a few
hundred meV below the conduction band. They can make
a significant contribution to the probe absorption without
inducing a significant variation in the phase shift.

In conclusion, we present the first experimental obser-
vation of the primary excitation and relaxation processes
in the conduction band of a wide band-gap insulator, dur-
ing and just after the pump pulse, with a temporal resolu-
tion of 120 fs. This experimental method is very powerful
and promising. Indeed, it can be applied to any transpar-
ent medium. Space-time dependent nonlinear polariza-
tion due to the action of an intense laser field and to the

presence of photogenerated quasi-free electrons has been
observed in two wide band-gap insulators, namely, amor-
phous and crystalline silicon dioxide. We show that the
mean lifetime of the electron gas in the conduction band
is in the order of 150 fs in both materials. No evidence
of gas expansion has been observed even for pump inten-
sities as high as 60 TW/cm?. Most electrons are trapped
into deep levels and form the well-known E’ centers.
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