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Laser-induced plasma formation and subsequent relaxation in solid dielectrics is the precursor to structural modifica-
tions that are accompanied by a permanent alteration of material properties. The decay of the electron-hole plasma
through distinct relaxation channels determines the properties of the resulting modification. Based on an experimen-
tal arrangement combining a time-resolved transmission measurement with a cross-phase modulation measurement,
we isolate the plasma formation and relaxation dynamics in the bulk of amorphous fused silica excited by femtosec-
ond short-wavelength infrared (A =2100 nm) laser pulses. Whereas the relaxation time of the generated electron-hole
plasma was so far assumed to be constant, our findings indicate an intensity-dependent relaxation time. We attribute
this intensity dependence to vibrational detrapping of self-trapped excitons.

The formation of an electron-hole plasma in solid di-
electrics under the influence of intense femtosecond laser
pulses holds the key to a wide range of subsequent processes
that are relevant to both fundamental physics and industrial
applications. The availability of reliable femtosecond laser
sources satisfying industrial standards has led to the establish-
ment of these systems in the field of precise bulk microma-
chining and laser ablation!. Moreover, as the main limiting
factor for stability and output power of high-power laser sys-
tems, ultrashort pulse laser-induced damage in optical compo-
nents has been proven to be based on electronic processes3
and is strongly connected to the surpassing of a critical plasma
density*. The electron-hole plasma is mainly generated by
two competing ionization mechanisms. Whereas free carriers
are generated by laser-induced strong-field ionization (SFI),
already excited conduction band electrons can excite further
electrons from the valence band by electron-impact ionization
(IMP). These two excitation channels are the main mecha-
nisms of energy coupling into the material. The subsequent
relaxation of the quasi-free carriers determines the reorgani-
zation of the material and therefore the resulting modification
of the target. Three different mechanisms are usually associ-
ated with the decay of the conduction band electron density
[see Fig.[1(a)]. While direct radiative recombination gener-
ally occurs on a ms timescale, defect formation and eletron-
phonon coupling occur on timescales of ~ 100fs>. The in-
fluence of heat is often considered as too slow to influence
ultrafast trapping phenomena since heat dissipation occurs on
a microsecond timescale. In strongly coupled dielectrics the
ultrafast formation of defects such as non-bridging oxygen-
hole centers and E’ centers is preceded by self-trapping of
quasi-free carriers®. The self-trapping is associated with the
matrix polarizability and the ability of the carrier to exercise
an influence on the molecular dipole. This interaction can be
visualized as a deformation potential induced by the carrier
itself in opposition to existing traps or distortions’.
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To investigate the dynamics of the ultrafast relaxation pro-
cesses, time-resolved studies of excitation and relaxation
dynamics have been carried out extensively in the past
decades®18. The formation of self-trapped excitons (STEs)
has been identified as a major source for the ultrafast deple-
tion of the conduction band electron density in several mate-
rials including fused silica®?.

As summarized in Tab. [l a wide range of values between

TABLE I. Overview of experimentally determined relaxation times
(Tre1) in fused silica from pump-probe measurements.

Reference  |Exc. wavelength| 7T

Audebert et al.2 620 nm 150 fs
Martin et al.? 395 nm 150fs

Li et al? 800 nm 60 fs
Mero et al 10 800 nm 220fs
Sun et al ! 800 nm 170 fs
Grojo et al 12 800 nm 179 fs

Pan et al. 10 800 nm 50fs

50 and 220 fs has been reported for the relaxation time of the
electron-hole plasma in amorphous fused silica. While most
of these experiments have been performed in the near-infrared
(NIR)L®-12.16.17 apd yltraviolet (UV)? spectral domains, only
very few experimental data exist for the interaction of short-
wavelength infrared (SWIR) and mid-infrared (mid-IR) laser
pulses with solid dielectrics'820. Since ultrashort pulsed long
wavelength sources become more routinely available and are
especially promising for high-order harmonic generation in
solids?!22 and precise micromachining of solid targets'?, we
present in this letter time-resolved studies on plasma forma-
tion and relaxation dynamics in amorphous fused silica driven
by 2.1 um SWIR laser pulses. The experimental results imply
an intensity-dependent relaxation time in the bulk of fused sil-
ica that we assign to vibrational detrapping of weakly bound
carriers. Our interpretation is supported by numerical simula-
tions of the energy coupled from the laser field into the mate-
rial and of the relative contribution of SFI and IMP.

The experimental setup [see Fig. [llb)] is based on a com-
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FIG. 1. (a) The three relaxation mechanisms for an electron-hole
plasma created by intense laser irradiation of a solid dielectric. (b)
Experimental setup for the cross-polarized, close-to-collinear pump-
probe investigations. L1 - L4: Lenses, BD: Beam dump, DM: Di-
electric mirror (HR 800 nm), BS: Beam splitter, PD: Photodiode.
NIR Spectrometer: Near-infrared spectrometer.

mercial Ti:sapphire laser system (Spectra Physics Spitfire Pro)
delivering linearly polarized laser pulses of ~40fs full width
half maximum (FWHM) duration at 1kHz repetition rate
around a central wavelength of 794nm. A fraction of the
pulses (=1.1mJ) is used to pump a commercial optical para-
metric amplifier (Light Conversion TOPAS C) producing an
idler at a central wavelength of 2100 nm with up to 50 uJ en-
ergy per pulse and a FWHM duration of ~140fs. The idler
is employed as an excitation pulse in the experiment while a
small fraction of the remaining NIR laser pulse is utilized as
a weak probe pulse. Both pulses are temporally and spatially
overlapped inside a fused silica sample of 500 um thickness
(UV grade fused silica Corning7980) using a cross-polarized,
close-to-collinear (Ctexc-pr <5°) pump probe geometry. The
SWIR pump laser pulse is focused using a gold-coated off-
axis parabolic mirror (OAP) with a focal length of 50 mm,
inducing a focal spot size of 33 um (radius at Iy/e?, mea-
sured with a knife edge technique in air) while the weak NIR
probe laser pulse is focused by a silver coated focusing mir-
ror (focal length: 300 mm) through a central hole in the OAP,
down to a spot size of 75um. After recollimation the weak
probe laser pulse is spectrally separated and split into two
equally intense parts. One part is directed towards a photodi-
ode (Ophir PD-10) in order to characterize the transmission of
the time-delayed probe laser pulse following the modification
of the target by the pump laser, while the second part is spec-
trally analyzed using a NIR-spectrometer (Avantes Avaspec-
LS20148).

The fused silica sample is mounted on a computer-controlled
x-y translation stage enabling scanning of the target during
irradiation in order to provide a fresh spot for every laser

shot. A motorized linear translation stage inserted into the
beam path of the probe laser pulse allows the acquisition
of transmission data and probe spectra as a function of the
pump-probe delay 7. Figure 2la) displays the detected time-
resolved probe spectrum at an incident SWIR intensity of
11 TWem 2. Cross-phase modulation (XPM) between the
strong SWIR pump laser pulse and the weak NIR probe laser
pulse results in strong distortions of the probe spectrum dur-
ing pump-probe overlap, and is used to calibrate the zero of
the time delay between the pump and the probe in the ex-
periment. From the time-frequency map shown in Fig. 2{(a)
we extract the evolution of the central probe wavelength by
calculating the center of gravity of the spectrum at each de-
lay. The resulting variation of the central probe wavelength
as a function of the pump-probe delay is shown in Fig. 2Ib).
A strong redshift at negative delays is followed by an equally
large blueshift at positive pump-probe delays. During its prop-
agation through the pump-affected region in the fused silica
sample the probe pulse reads out refractive index variations
induced by the strong excitation pulse. As a result the central
probe wavelength varies according to

Aw(t) = aA{;P;T) = _%M

®Ipr0be(tu T) (1)

where L defines the interaction length, A the initial central
probe wavelength and n denotes the refractive index of the
sample, which is related to the pump laser intensity Zpump(?)
via the optical Kerr-effect. Iorobe (7, T) is the probe laser inten-
sity. As before, T denotes the pump-probe delay and ® the
linear convolution operator. Thus, the integrated variation of
the central probe wavelength reveals the delay dependence of
the phase shift A (7) induced by the intense SWIR laser pulse
[see Fig. 2(b)]. Since XPM is linear in the intensity of the
long wavelength driver, the delay dependence of A¢(7) is de-
termined by A (7) o< Ipump(f) @ Iprobe (£, T). Hence, the XPM-
signal as a direct signature of the quasi-instantaneous optical
Kerr-effect allows the reconstruction of the temporal envelope
of the pump laser pulse assuming a well-characterized NIR
probe laser pulse. Furthermore, this measurement provides an
internal clock in the experiment enabling a measurement of
the absolute timing of the simultaneously acquired transmis-
sion data with respect to the pump-probe overlap.

The measured time-resolved transmission of the probe laser
pulse through the region affected by the pump is presented in
Fig.2lc). A double-peaked structure is observed with a first
peak appearing close to the pump-probe overlap followed by
a second peak delayed by ~100fs. After the second peak
the absorption slowly decays towards its initial value. We at-
tribute the first peak to a second order nonlinear interaction of
the pump and probe laser pulses that leads to a reversible de-
pletion of the probe laser pulse and that was recently described
as two-beam coupling!®. As shown in Ref.?® an ionized re-
gion of dense plasma in a bulk solid exhibits a nonzero } @) in
contrast to the isotropic case of the pristine fused silica sam-
ple. We assign the second peak to absorption in the generated
electron-hole plasma. In order to isolate the plasma response
that is naturally screened by the reversible two-beam coupling
effects'3, we apply a Gaussian fit to the leading edge of the
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FIG. 2. (a) + (b) Experimental results obtained at a pump laser
intensity of 11 TWcem™2. (a) Time-frequency map of the probe
spectrum as a function of the delay between pump and probe laser
pulse, revealing a delay-dependent shift of the probe spectrum due
to cross-phase modulation (XPM). (b) Extracted dynamics of the
central probe wavelength together with the phase shift induced by
the SWIR pump laser pulse in the fused silica target. (c) + (d) Ex-
perimental absorption measurements obtained using the photodiode,
recorded for the same incident pump laser intensity. (c) Total loss
of transmission as a function of the delay between the pump and the
probe laser pulse. (d) Isolated plasma dynamics with an exponential
fit to the decay of the absorption profile.

first peak and subtract it from the total absorption curve. After
doings so, we obtain the isolated plasma absorption as shown
in Fig. D(d). This curve reveals relaxation dynamics that are
approximated by a single exponential decay time as suggested
by e. g.212 leading to the determination of a relaxation time
of Ty =110fs. In order to further analyze the relaxation dy-
namics of the generated electron-hole plasma, we performed
the time-resolved XPM and transmission measurements as a
function of the SWIR excitation intensity. Results obtained
for the maximum value of the plasma absorption and the fitted
relaxation time are summarized in Fig.[3la) + (b). Due to the
highly nonlinear excitation process the maximum value of the
absorption associated with the formation of the electron-hole
plasma monotonously increases as a function of excitation in-
tensity in a nonlinear fashion [see Fig.[Bl(a)]. Surprisingly, the
fitted relaxation time displays a similar behavior. While only
intensity-independent relaxation times have been observed in
SiO5 up to now?, we detect an extremely fast relaxation with a
characteristic time of ~ 50 fs at intensities far below the dam-
age threshold. Once the intensity of the SWIR excitation pulse
approaches the threshold for irreversible modification of the
fused silica target [see colored areas in Fig.[3(a) + (b)] the re-
laxation time increases. Still, further increase of the excitation
intensity to values clearly above the damage threshold leads to
the observation of even longer decay times.

We attribute this observation to a detrapping mechanism initi-
ated by the energy stored in the free carrier bath. This mech-
anism becomes more important when the laser energy is cou-
pled into the material by a laser field of longer wavelength.
Generally, a trapped carrier can be detrapped if sufficient en-
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FIG. 3. (a) + (b) Experimental determination of the maximum ab-
sorption strength and the relaxation times obtained from the pump
intensity scans. (a) Maximum value of the retrieved plasma absorp-
tion as a function of the excitation strength. (b) Intensity dependence
of the relaxation times obtained by applying exponential fits to the
decay of the isolated plasma absorption profiles. (c) Numerical sim-
ulation according to Eq.Rlof the energy coupled into the free carrier
bath as a function of the laser intensity for a central wavelength of
2100 and 800 nm. (d) Numerical results for the relative contribution
of IMP with respect to SFI obtained by solving Eq.[3l The pulse du-
ration in (c) and (d) corresponds to 20 optical cycles of the driving
field.

ergy is coupled into the system. At the same time the car-
rier can suffer changes in the ability to be trapped due to vi-
brational effects on the deformation potential. As shown by
many studies, thermal detrapping occurs in various materials
(see e.g24% and references therein). Here, energy is cou-
pled from the electron-hole plasma to the lattice by electron-
phonon coupling leading to vibrations of the lattice. Once the
vibrational energy is sufficient, a STE can be converted back
into a quasi-free electron hole pair effectively prolonging the
measured relaxation time of the laser-induced plasma. The
energy stored in the electron-hole plasma can be estimated by

E i+ = p(I) XV X [Egap+ Up(I)] @)

with plasma density p (), volume V, bandgap energy Eg,p and
ponderomotive energy U,. The ponderomotive energy, i. e.
the cycle-averaged electron quiver energy is defined through
U, = e’E; /4nm*@*. Here, e is the elementary charge, Ey
is the amplitude of the laser electric field, m* denotes the re-
duced electron mass in the conduction band (m* = 0.635m,
for fused silica) and @ is the central laser frequency of the
driving field. Equation [2| can be evaluated by solving a sin-
gle rate equation for the temporal evolution of the conduction

band electron density given by2628
ap(t t
p():rSFI+FIMP—p()- (3)
ot Trel

Here, I'spr denotes the generation of quasi-free carriers by
strong-field ionization, I'nvp describes the variation of the
conduction band electron density induced by electron-impact
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ionization, while the relaxation of quasi-free carriers from the
conduction band is approximated by a single exponential de-
cay time T that, amongst other processes, takes STE forma-
tion into account. Numerical solutions of Eq. 2] as a func-
tion of the pump laser intensity are presented in Fig. [Blc) us-
ing the strong-field ionization rate provided by Keldysh?, a
modified Drude model for electron-impact ionization as pre-
sented in® and common material parameters for fused sil-
ica (E, =7.5eV, T, =2201fs). The calculations are carried
out for a NIR and a SWIR pump laser wavelength and a
pulse duration corresponding to 20 optical cycles. Clearly,
the energy coupled into the electron-hole plasma is much
larger in the 2100 nm case above a certain threshold intensity
[~15TWcem 2 in Fig.[Blc)]. Comparing this observation to
the simulation of the relative contribution of IMP to the total
generated conduction band electron density [see Fig.[3(d)] in-
dicates that this threshold intensity corresponds to the onset of
IMP playing a significant role in the formation of the electron-
hole plasma. Since no propagation effects are included in the
simulation the intensity values in the simulation are signifi-
cantly above the experimental values. Naturally, the nonlinear
effects like self-focusing lead to an increase in the laser pulse
intensity inside the material, and hence a decrease of the dam-
age threshold and an earlier onset of plasma formation3?.

The differences between the NIR and SWIR scenario found
in the simulations indicate that the signature of vibrational de-
trapping will be more pronounced in the case of a long wave-
length driving field due to the higher average kinetic energy
of the excited electrons. The fact that IMP plays a major role
in the formation of the observed electron-hole plasma is fur-
thermore supported by the delay of the maximum plasma den-
sity with respect to the overlap of the pump and probe pulse.
Hence, the observation of an intensity-dependent relaxation
time requires sufficient vibrational energy coupled into the lat-
tice to detrap trapped carriers while a significant contribution
of IMP to the total generated density of quasi-free carriers fur-
ther assists this vibrational detrapping mechanism.

In conclusion, time-resolved transmission and XPM measure-
ments have been performed on amorphous fused silica sam-
ples excited by femtosecond SWIR laser pulses, and a strong
dependence of the relaxation time of excited conduction band
electrons on the present electric field strength has been ob-
served. We attribute this dependence to strongly increased
energy coupling into the free carrier bath at the SWIR pump
wavelengths used in the experiment leading to vibrational
detrapping. This interpretation is in good agreement with
intensity-independent trapping times, that were previously re-
ported in the UV and in the VIS/NIR spectral domain, since
at these wavelengths the ponderomotive energy and the influ-
ence of IMP are not sufficient to induce vibrational detrap-
ping.

Our results extend the present literature on time-resolved stud-
ies of laser-matter interaction into the SWIR spectral domain
and provide a novel method to isolate the persistent plasma
response from transient, reversible effects based on the simul-
taneous detection of an XPM signal in bulk solids. Our find-
ings provide a step towards understanding the mechanisms un-
derlying laser micromachining with long wavelength driving

fields and constitute the first observation of the influence of
lattice vibrations on the trapping efficiency.
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