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We observe and characterize two nonlinear light-amplification regimes with unique spectral properties and

fluence dependencies in laser-excited fused silica using ultrafast pump-probe imaging spectroscopy. The two
underlying mechanisms are switchable within 150 fs via the time delay between an intense near-infrared
femtosecond pump and an ultraviolet femtosecond probe pulse. While the earlier amplification regime is linked
to the effect of laser amplification in excited dielectrics, and thus to the presence of conduction-band electrons,
the latter can be directly related to the ultrafast formation of extremely long-lived self-trapped excitons. It is
shown that, locally, the amplification can reach one order of magnitude. We discuss the temporal and spectral
characteristics of the amplification as well as its dependencies on pump and probe fluences and form a complete

picture within a tentative model.

DOLI: 10.1103/PhysRevResearch.2.023341

I. INTRODUCTION

The coherent amplification of light in doped glasses or
semiconductors is well known. However, in recent years,
a variety of previously unknown light-amplification mech-
anisms in high-bandgap materials have been revealed, of
which amplification by nearly free electrons in gases [1] and
by laser-induced Kerr instabilities in dielectrics [2] are only
two of many thrilling examples. Although based on different
mechanisms, the amplification is linear in both cases. In
contrast, laser amplification in excited dielectrics (LADIE) is
a recent discovery, in which an ultrashort 400-nm femtosec-
ond laser pulse is nonlinearly amplified inside an optically
excited dielectric sample via multiphoton stimulated emission
[3]. As the origin of LADIE is dependent on the presence
of conduction-band (CB) electrons and valence-band (VB)
holes, its lifetime is restricted by the time scale of carrier
recombination [3]. This was evidenced in the case of excited
fused silica, where the ultrafast formation of self-trapped
excitons (STEs) diminished the conditions for the LADIE
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effect on the ultrashort time scale of 100 to 200 fs [3-5]. In
this work, we report the surprising observation of a second,
temporally separated nonlinear amplification process, which
is directly linked to the presence of the long-lived STE states
and thus termed light amplification with self-trapped exciton
resonances (LASTER). We present a detailed characterization
of the amplification of an ultrashort 400-nm pulse in both
regimes, LADIE and LASTER, and relate the results to a pro-
posed mechanism. The measurements include the investiga-
tion of the dependencies on the laser-pulse fluence, as well as
the temporal and spectral characteristics of the amplifications,
in order to highlight similarities and differences between the
regimes, with emphasis on the newly discovered STE-based
amplification.

Optical excitation of dielectric materials, such as sapphire,
fused silica, and water, can induce a variety of effects in ma-
terials. Transient effects from white-light and high-harmonics
generation [6] to permanent refractive index changes [7-9] or
even material ablation [10-12] are prominent examples. In
recent years, in situ investigations utilizing ultrafast pump-
probe and spectral-interferometry techniques were used to
shine light on the interaction of femtosecond laser pulses
with high-bandgap dielectrics [3,10,13—15]. Understanding
the fundamental processes is of great importance also because
femtosecond laser pulses have become a tool of choice for
high-precision material processing on the micro- and nanome-
ter scale in solid and liquid dielectrics [16—19]. In this work,
we focus on the transient optical changes in a thin fused-silica

Published by the American Physical Society


https://orcid.org/0000-0002-3097-0230
https://orcid.org/0000-0003-4955-770X
https://orcid.org/0000-0001-5272-3540
https://orcid.org/0000-0001-6300-0161
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.023341&domain=pdf&date_stamp=2020-06-15
https://doi.org/10.1103/PhysRevResearch.2.023341
https://creativecommons.org/licenses/by/4.0/

THOMAS WINKLER et al.

PHYSICAL REVIEW RESEARCH 2, 023341 (2020)

Bandpass filter

Fused silica \E/vindow 400mmilens

Detection:
Spectrometer + CCD

CCD Local transmission

Spectrum (r,A)

Global transmission

FIG. 1. Sketch of the femtosecond imaging pump-probe setup.
We utilize single, 800-nm (29-fs-FWHM) pump pulses for the exci-
tation, whereas time-delayed single 400-nm (45-fs-FWHM) pulses
are used to probe the material changes of the 100-yum-thin fused
silica window. Pump and probe beams are combined using a dichroic
mirror (DM), while a 2x apochromatic infinity-corrected micro-
scope objective (MO) is used to focus both pulses together onto the
sample. A 20x apochromatic infinity-corrected MO is used to collect
the probe pulse and a 400-mm-focal-length lens images the surface
of the sample onto a monochromatic CCD camera and an imaging
spectrometer. The use of a pellicle beam splitter (PBS) avoids the
creation of ghost images. The remaining pump light is removed by
two bandpass filters. The CCD camera allows us to extract the local
and global (spatially integrated) signal; the spectrometer is used to
obtain the spatially resolved spectrum [S(r, A)] of the probe pulse.
With measured 1/¢®> beam waists of 12 and 28 um for the pump
and probe beam, their Rayleigh ranges exceed the sample thickness
by at least five times (0.56 and 6.16 mm)—allowing homogeneous
illumination of the sample. The full experimental setup is described
in the methods section.

sample following excitation by a short, 29-fs-FWHM, 800-nm
pump pulse, measured with a femtosecond imaging setup as
sketched in Fig. 1.

II. TEMPORAL DYNAMICS

We initially discuss the transmission of the ultrashort 400-
nm probe pulse as a function of the delay time after the
800-nm pump pulse. CCD images of the transmitted probe
pulse at five delay times (marked on the delay-time axis)
are shown in Fig. 2(a). As expected, prior to excitation with
the pump pulse [Fig. 2(a), i], the probe pulse shows a Gaussian
fluence distribution. The transmitted fluence distribution dras-
tically changes when the pump and probe pulses overlap in
time [Fig. 2(a), ii]. Now the probe pulse undergoes a strong
spatial redistribution towards much larger radii [Fig. 2(b)]
combined with an increasing global transmission [black cir-
cles in Fig. 2(c)], where the spatially resolved transmission
in Fig. 2(b) is obtained from a radial cut through the CCD
data. The data for the center of the pulse are reproduced
in Fig. 2(c) as local transmission (green squares), while
“global” transmission refers to the spatially integrated signal.
The changes observed at zero time delay are based on the
optical Kerr effect (OKE) [20], which causes a transient
intensity-dependent refractive-index change induced by the
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FIG. 2. Temporal dynamics of laser-excited fused silica, probed
with a 400-nm probe pulse, using a pump-pulse peak fluence of 2
Jem™2 and a probe-pulse peak fluence of 33 mJ cm™2. (a) CCD
images of the probe pulse after passing the fused silica sample at a
pump-probe delay time of (i) 200 fs, (ii) O fs, (iii) 200 fs, (iv) 375 fs,
and (v) 1200fs. CCD images show a magnified 58.5 x 58.5 um
region of the sample and are put in perspective for visualization
purposes. (b) Radially resolved local transmission of the probe pulse
as a function of the pump-probe delay time. (c) Local transmis-
sion extracted from the center of the probe pulse (green squares)
and global transmission (black circles). The Gaussian functions
in (c) represent the temporal profiles of the pump (red line) and
probe (blue-shaded areas) pulses, shown at delay times iii and iv.
(d) Phase-shift measurement obtained from the center of the probe
pulse in a separate spectral-interference measurement performed
under identical pump conditions.

pump pulse, resulting in cross-phase modulation and other
coupling mechanisms between the two pulses [2,21]. As soon
as the pump and probe pulses are clearly separated in time
(after around 100 fs), we observe a strong local amplification
up to a factor of 2.5 in the center of the probe pulse (from
0 to 10 um in radii) and absorption at larger radii (10 to
15 um). The global transmission reaches a value of 1.15,
and at the same time, under identical excitation conditions,
the highly negative phase shift of —4 rad can be measured
[Fig. 2(d)], indicating the presence of a high electron density
in the conduction band [3,10,13,22]. An increasing delay
leads to a reduction of the transmission with a minimum at
around 350 fs, where absorption is observed in the center of
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FIG. 3. Sketch of the proposed amplification mechanisms. (a) Sketch of the multiphoton and impact excitation of valence-band electrons
into the conduction band by the intense 800-nm pump pulse followed by intraband thermalization. (b) Sketch of the influence of excitation
strength. Left: Free-carrier absorption of the probe pulse by conduction-band electrons. Middle: Bandgap renormalization allows two-photon
absorption. Right: At higher excitation strengths, an energetically localized population inversion allows two-photon stimulated emission.
(c) The ultrafast formation of self-trapped excitons causes a drastic reduction of the conduction-band electron density leading to the fading of
the LADIE effect (left), followed by the formation of an energetically localized population inversion (right) between the self-trapped excitons
and the top of the valence band, giving rise to a second nonlinear stimulated emission process—LASTER.

the probe pulse [Fig. 2(a), iv]. At the same time, the phase shift
measurement [Fig. 2(d)] shows a transition from a negative to
a positive value, which is the characteristic optical signature of
the ultrafast creation of long-lived STEs [5,10,23,24]. When
the pump-probe delay time is increased to larger values,
absorption vanishes and is replaced by amplification, leading
to a local transmission coefficient close to 3 [Fig. 2(c); green
squares] and a global transmission of 1.05 to 1.075 (black
circles). The maximum local transmission is reached within
800 fs and stays constant over more than 1ns, which is the
limit given by our experimental setup. Compared to the first
amplification regime at 100 to 300 fs, the local transmission is
higher but more confined (0 to 5 um). However, we observe
that the global transmission is lower. This can be understood
by the high amplification region being confined to smaller
radii, hence affecting a smaller area of the probe pulse such
that the overall change is lower. In this study, we focus on
the two regimes of amplification that are present after the
excitation by the pump pulse [time steps iii and v in Fig. 2(a)].
Therefore, first, we discuss the possible mechanisms that lead
to the appearance of the two amplification regimes. Next, we
discuss experimental results that demonstrate the differences
and similarities between the amplification regimes and how
the results corroborate the proposed model.

III. PROPOSED MECHANISM

The sample is a low-defect-density, amorphous, 100-pum-
thin and polished UV-grade fused silica window with a
bandgap energy of more than 9 eV. The intense 800-nm,
29-fs pump pulse will initially excite electrons from the
valence band to the conduction band via strong-field (e.g.,
multiphoton) excitation, involving at least six photons [11,25].
Due to ponderomotive energy shifts [11,25], the bandgap
energy will increase dynamically with the intensity, leading
to even higher-order multiphoton-ionization/excitation (MPI)
processes. Once electrons are present in the CB, they can

gain energy via free-carrier absorption (FCA), as indicated in
Fig. 3(a). As the CB electrons reach sufficiently high energies,
they can collisionally excite another electron from the VB.
Subsequently, the process starts again, eventually leading to
an avalanchelike multiplication of the carrier density. After
the pump pulse passes the sample, the initially steplike energy
distribution of electrons and holes [see the sketch in Fig. 3(a)]
will be redistributed via intraband thermalization towards a
quasi-Fermi distribution by intraband scattering processes on
the short time scale of less than 100 fs [3,26]. At this time,
the delayed probe pulse exhibits FCA by the CB electrons,
as sketched on the left in Fig. 3(b). While this (linear) in-
traband FCA is always present as long as free carriers exist,
a nonlinear interaction [e.g., a two-photon absorption (TPA)
from VB to CB] of the probe pulse is highly dependent on its
intensity. In the unexcited state of fused silica, at least three
probe-pulse photons are required to overcome the bandgap
energy of 9 eV. Consequently, without pumping the sample
(with the 800-nm pulse), we do not observe a measurable
change in the probe-pulse transmission when the fused silica
sample is inserted into the beam path, besides interfacial
reflection. This shows that the probe pulse does not have
sufficient intensity to drive a measurable three-photon absorp-
tion. However, as soon as the sample is excited by the pump
pulse, many-body interactions of the carriers will lead to a
carrier-density-dependent bandgap renormalization [27-29].
This renormalization can reach large values in semiconductors
[30-32] and high-bandgap dielectrics, as shown theoretically
for diamond [28]. If the bandgap renormalization (and probe-
pulse intensity) is sufficiently strong, nonlinear TPA of the
probe pulse as sketched in Fig. 3(b) (middle) becomes pos-
sible. As the carrier density increases (i.e., at higher pump
fluences), the effects of bandgap renormalization are stronger
[28], and at the same time, the density of carriers close to
the band edges (due to the quasi-Fermi distribution) increases
significantly, leading to a decrease in TPA due to ground-state
bleaching/Pauli blocking. Moreover, the increase in carrier
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density at the edges of the bandgap will eventually lead to
a situation in which more electrons are located at the bottom
of the CB than at the top of the VB. To be specific, an ener-
getically localized population inversion is created at or close
to the transition energy of the two-photon process (approx
6 eV). The immediate consequence is that the TPA turns
into degenerate two-photon stimulated emission, meaning that
two incident photons (of the same wavelength) lead to the
emission of two additional ones, causing amplification of the
probe pulse. As noted earlier, the observation of the nonlinear
amplification process that is correlated with the presence of
conduction-band electrons has been previously observed in
a 100-pum-thin sapphire window and labeled LADIE [3].
In this study, we also modeled the LADIE process using
a multiple-rate equation model [33,34] for the excitation,
followed by intraband thermalization and one-dimensional-
propagation calculations, obtaining excellent qualitative and
semiquantitative agreement between the modeling and the
experimental results [3]. We showed that an excitation of only
0.5% of the VB electrons (i.e., a density of ~10*' cm~?) is
sufficient to reach the threshold for an energetically local-
ized population inversion. As the amplification conditions are
strongly linked to a certain carrier density, the amplification
only takes place in a thin layer of the material, close to
the surface. This is caused by the strong absorption of the
pump pulse due to MPI and FCA, leading to an intensity,
and thus a carrier density, that drastically decreases within the
first hundreds of nanometers [3]. Therefore, the probe pulse
encounters nonlinear amplification, as well as nonlinear and
free-carrier absorption in different regions on its way through
the sample, limiting the overall amount of amplification.
With similar bandgap energies and material properties [10],
the modeling results obtained on sapphire can be directly
applied to the fused silica shortly after the excitation. This
assumption is supported by the observation of similar spectral
properties of the amplification and nearly identical probe- and
pump-pulse fluence dependencies, as discussed in the next
sections.

If the delay time between pump and probe pulses is in-
creased above approx 250 fs, the majority of CB electrons
are captured into the long-lived self-trapped exciton states.
These states are located in the middle of the bandgap around
5.4 eV above the VB edge [23,24] and have characteristic
lifetimes of the order of several microseconds [35]. During
this process, the CB electron density is rapidly decreasing,
and the conditions for LADIE (i.e., population inversion and
bandgap renormalization) are abating, causing FCA once
again to become the prominent feature in the measurement,
as sketched in Fig. 3(c) (left) and identified in the experiment
by time step “iii” [Fig. 2(a), iv]. However, with increasing
delay time, the majority of CB electrons are trapped in STE
states, leading again to an energetically localized population
inversion, this time between the STE states and the top of the
VB; this allows a two-photon emission process that can be
stimulated by the intense probe pulse, leading to its amplifica-
tion [Fig. 3(c) (right); time step “v”’]. As mentioned above, this
amplification is named light amplification with self-trapped
exciton resonances. The relaxation of electrons from the CB
into the VB takes place on a much longer time scale and
is therefore neglected. In strong contrast to LADIE, where
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FIG. 4. Spectral properties of the probe pulse as a function of
the delay time. (a) Spectral transmission coefficient as a function
of the pump-probe delay time, obtained from the spatial center of
the probe pulse [which corresponds to the data in Fig. 2(c); green
squares]. (b) Logarithmic representation of the measured spectrum of
the probe pulse obtained at a time delay of —200fs (yellow curve),
200 fs (dotted black curve), and 1200 fs (dashed red curve) using a
pump-pulse peak fluence of 2 Jcm™2. The delay times at which the
spectra were taken are indicated by the corresponding vertical lines
in (a).

the probe pulse encounters very different processes along its
path through the material (amplification, nonlinear and linear
absorption), at late time delays, the probe pulse will only
propagate through parts of the material which either exhibit
amplification or are transparent.

In the following section, we present and discuss differ-
ences in the spectral and energetic properties of LADIE and
LASTER.

IV. DIFFERENCE BETWEEN
THE AMPLIFICATION REGIMES

A. Spectral properties of LADIE and LASTER

Let us now consider the spectral properties of the trans-
mitted 400-nm probe pulse: Fig. 4(a) shows the spectrally
resolved transmission as a function of the pump-probe de-
lay time, taken at the center of the probe pulse. This scan
corresponds to the measurement shown in Fig. 2(d), as the
data were recorded simultaneously. For reference, the initial
probe-pulse spectrum is shown as the vertical yellow curve
in the range of negative delay times in Fig. 4(a). When the
delay time approaches 0, we observe a strong increase in
spectral transmission over all parts of the probe spectrum
and beyond. This is caused by the cross-phase modulation
due to the pump-intensity-dependent optical Kerr effect. At
low pump fluences, this signal is used to determine the probe
pulse duration [3,22] to be approx 45 fs. In the LADIE regime
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(100- to 300-fs delay time), we observe that the spectrum is
not amplified homogeneously across all wavelengths. Instead,
in the range of 395 to 402 nm, an amplification factor of
nearly 10 is achieved, whereas longer wavelengths (407 to
415 nm) are strongly absorbed (7" < 0.3), showing that the
conditions for amplification are only fulfilled in a certain spec-
tral regime, whereas for other wavelengths FCA is dominant.
This becomes even more apparent by directly comparing the
absolute signal of the reference (yellow line) to the spectrum
taken at 200 fs (dotted black line) in Fig. 4(b). The specific
amplification and absorption profile leads to a strong shift in
the peak of the spectrum from 410 to 400 nm for the amplified
probe pulse. Overall, the measured spectral characteristics are
qualitatively identical to those of the LADIE effect observed
in sapphire [3]. In the case of LASTER (time delay >350 fs),
the spectral transmission coefficient [Fig. 4(a)] shows differ-
ent characteristics compared to the LADIE amplification: We
observe a slightly stronger amplification over the larger wave-
length range of 390 to 410 nm and no sign of absorption. For
wavelengths above 410 nm, the probe pulse is unaffected, as
the measured spectrum is identical to the reference [Fig. 4(b);
dashed red line]. This measurement shows that the spectrum
under LASTER conditions is broader not only due to the miss-
ing FCA, but also due to the broader amplification towards
longer wavelengths, which indicates “population inversion”
for a wider energy range compared to the band-edge inversion
of the LADIE effect. The minor interference pattern, visible
in all spectra, is caused by the spectral interference of the
probe pulse with its internally reflected copy and can be used
to measure the sample thickness [3].

B. Excitation-strength dependence

As discussed earlier, the conditions for LADIE and
LASTER are clearly linked to a certain level of excitation;
we thus discuss in the following the dependence on the pump-
pulse peak fluence. We varied the energy of the pump pulse
at two distinct delay times, 200 and 1200 fs [Fig. 2(a); time
steps iii and iv], respectively. The pump-fluence scans, shown
in Figs. 5(a)-5(c), are limited to fluence values below the
measured ablation threshold (2.5 J cm~?2). Please note that we
define “ablation” as the pump-pulse peak fluence at which
any permanent material change can be observed with our
pump-probe microscope after a single pulse.

In the case of a 200-fs time delay, corresponding to LADIE,
we observe that with increasing pump-pulse peak fluence
above 0.85 J cm~2, the local transmission of the probe pulse in
the center [Fig. 5(a) and green squares in Fig. 5(b)] decreases,
which can be explained by strong FCA [3,11]. However, for
pump fluences above 1.25 Jcm™2, we observe an increase
in transmission, reaching its maximum value at 2.25 J cm™2
before it decreases again, as shown in Fig. S1 in the Sup-
plemental Material [36]. This pump-fluence dependence is
nearly identical to the one measured in excited sapphire [3],
showing the similarities between the two materials under these
conditions and the generality of the LADIE mechanism. The
reason for the decreasing amplification/transmission at higher
pump fluences is the ever increasing FCA, combined with
the increasing reflection at the surface [3]. From the spatially
resolved data shown in Fig. 5(a), it can be seen that the
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FIG. 5. Excitation dependence of LADIE and LASTER. Spa-
tially resolved transmission as a function of the pump-pulse peak
fluence (a) in the presence of conduction-band electrons (LADIE)
at a 200-fs time delay and (b) in the presence of self-trapped
excitons (LASTER) at 1200 fs using a probe-pulse peak fluence of
33 mJ cm™2. Local and spectral transmission extracted from the
center of the excitation (at 0 «wm) under (b) LADIE and (c) LASTER
conditions. Please note that the spectral transmission is shown on a
logarithmic scale and that the probe-pulse peak fluences applied are
indicated in the graph.

absorption and amplification follow the spatial profile of the
pump pulse, causing the features seen in the center to appear
at larger radii as the local pump fluence increases. We also
observe a minor increase in local transmission at higher radii
surrounding the absorbing regime (at lower local fluences) in
Figs. 5(a) and 2(a). This observation is not made in the center
of the probe pulse and can be attributed to the scattering and
defocusing properties of the electron plasma, causing light to
be scattered from the center towards larger radii.

For LASTER [Fig. 5(a) and green squares in Fig. 5(c)],
we observe an immediate increase in local transmission at
the center of the probe pulse after applying 0.85 Jcm™2
peak fluence without initial absorption. This common pump-
fluence threshold of transmission changes at both time delays
marks the generation of free carriers by MPI, which contribute
to absorption at early delay times and the later formation of
STEs. As expected, with higher peak fluences, the amplifi-
cation increases in the center and grows towards larger radii
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following the local pump fluence distribution. Noticeable is
the lower transmission around the amplification region. This
can be attributed to the focusing properties of the positive-
refractive index change by the STEs, causing light from higher
radii to be redistributed towards the center.

The observation of differences in the radial transmission
profile, reflecting its dependence on the local pump fluence,
compared to the transmission obtained from the center of
excitation shows the importance of performing these spatially
resolved measurements as a function of the applied pump-
pulse peak fluence. While the pump-fluence dependence is
often extracted from the radial profile of the pump pulse as,
e.g., in ultrafast reflectivity measurements [10], in transmis-
sion measurements propagation effects can alter the correct
dependence [13]. By extracting the pump fluence from the
center, these effects are mitigated or reduced, as the off-axis
rays are much more affected by these “transient lensing”
effects. While we thus do observe the influence of the refrac-
tive index changes by conduction-band electrons and STEs,
respectively, it is important to note that these are independent
of the amount of probe light [as shown in Figs. S2(a) and
S2(b) in the Supplemental Material [36]], unlike LASTER and
LADIE as we discuss in the following.

C. Probe-pulse fluence limits: Single- vs two-photon probing

Due to the nonlinear nature of the proposed amplification
processes (LADIE and LASTER), we expect that linear one-
photon effects dominate the transmission of the excited fused
silica when a very low probe-pulse fluence is used. For short
delay times, in the LADIE regime, this means that increasing
excitation results in decreasing transmission due to the FCA
[4,10,23], and at late time delays, in the LASTER regime,
constant transmission is expected over the given excitation
range [5,10,23]. Because we observed that the nonlinear am-
plification by the excited fused silica is not present at all wave-
lengths [compare Figs. 4(a) and 4(b)], we distinguish the local
transmission at the center of the beam and the corresponding
spectral transmission of the probe pulses at (398 £ 0.25) nm,
a wavelength close to the maximum amplification by LADIE
and LASTER. As the transmission is always given as the ratio
of the transmitted to the incident signal, linear, i.e., single-
photon, effects do not show a dependence of the transmission
on the incident probe strength, in contrast to a two-photon
signature. In Fig. 5(a), the pump-pulse fluence dependence
of the local transmission under LADIE conditions (200 fs) is
shown for a low (green diamonds) and a high (green squares)
probe-pulse fluence. In the case of a low probe fluence, we
observe a continuous decrease in both local and spectral
transmission (black downward-pointing triangles) with an
increase in the pump-pulse peak fluence above the excitation
threshold of 0.85 Jem™2, due to FCA and the absence of
nonlinear amplification. This observation is in full accordance
with a manifold of experimental and theoretical investigations
taking into account the dominant process of FCA via the
Drude model (see [11] and references therein). This strong
FCA also exists for higher probe fluences but is overcome
by the growing contribution of the nonlinear amplification
when increasing the probe fluence, as shown in Supplemen-
tal Fig. S3 and for excited sapphire in [3]. In comparison,

the spectral transmission at 398 nm for a high probe-pulse
fluence [Fig. 5(a); black upward-pointing triangles] shows
much stronger absorption in the pump-pulse fluence range
of 0.75 to 1 Jem™2, before the transmission increases up
to a value of nearly 10 for a high excitation strength. We
attribute this enhanced absorption to TPA, enabled by the
strong bandgap renormalization, as described in our proposed
model [Fig. 3(b), center] [3]. As expected, the initial absorp-
tion and following amplification are more pronounced for
just the 398-nm component than for the integrated spectrum,
i.e., the local transmission. Looking at the later delay time
for LASTER in Fig. 5(b), the excitation dependence for
local (green diamonds) and spectral (red downward-pointing
triangles) transmission using a low probe fluence stays near
unity for weak and strong excitation and is, thus, in accor-
dance with what is expected from the Drude-Lorentz model
[11,14], where STEs only contribute with a positive refractive
index change when an off-resonant probe wavelength such as
398 nm is used [10,11,23], measured as the positive phase
shift in Fig. 2(d). Nevertheless, a small increase in local
transmission can be observed for pump fluences above 1.25
Jem™2, which might be related to the redistribution of light
due to the focusing effect of the positive refractive index
change. When a high probe fluence is used, we observe a
very strong increase in spectral transmission [Fig. 5(b); red
upward-pointing triangles], with values reaching and slightly
exceeding one order of magnitude. Due to the missing FCA
at late time delays, the local transmission (green squares)
follows qualitatively the spectral transmission. To summarize,
the more probe light is incident on the fused silica sample
under LADIE or LASTER conditions, the higher the nonlinear
amplification. This is further demonstrated in Supplemental
Fig. S3 [36], which shows the local transmission as a function
of the pump fluence for different probe fluences.

V. LASTER UNDER OPTIMIZED
AMPLIFICATION CONDITIONS

We have shown in the last section that the local amplifi-
cation is strongly affected if all parts of the spectrum are not
amplified. This is because the local transmission carries all
the spectral information. Therefore, we now discuss the am-
plification properties of an optimized measurement in which
a probe pulse with an optimized spectrum centered around
398 nm was used [see Supplemental Fig. S4(a) [36]]. In
Fig. 6(a), the local (green squares) and global (black circles)
transmissions are shown as a function of the pump-pulse peak
fluence using a probe-pulse peak fluence of 36 mJ cm ™2, taken
at a delay time of 1200 fs. This measurement shows that the
local transmission can reach a factor of 8, which is more than
two times higher than under the conditions corresponding
to Figs. 2(b) and 2(c). The global transmission rises under
these optimized conditions to nearly 1.15 before it drops at
higher pump-pulse fluences [compare Fig. 2(c)]. It is impor-
tant to note that also under these conditions, amplification
of the probe pulse has a strong influence on the spectrum.
In Fig. 6(b), the FWHM spectral width of the transmitted
probe pulse is shown. The width decreases by nearly a factor
of 2, from approximately 8.5 to 4.5 nm, providing a clear
signature of gain narrowing, which is a typical observation
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FIG. 6. Properties of the LASTER process under optimized am-
plification conditions. (a) Local (green squares) and global (black
circles) transmission as a function of the pump-pulse peak fluence,
taken at a delay time of 1200fs. (b) Full width at half-maximum
spectral width of the transmitted probe pulse as a function of the
pump-pulse peak fluence. Probe-pulse peak fluence in (a) and (b) is
34 mJ cm™2. (c) Local transmission as a function of the probe-pulse
peak fluence, using a pump-pulse peak fluence of 2.75 Jcm~2—as
indicated by the dashed vertical lines in (a) and (b).

in stimulated-emission processes. Please see Supplemental
Figs. S4(a) to S4(c) for the complete spectral information.

As we have now identified the pump-pulse fluence provid-
ing maximum local amplification, we can investigate how the
local transmission behaves as a function of the probe-pulse
peak fluence, i.e., how the amplification changes as a function
of the probe intensity. In Fig. 6(c), the local transmission
coefficient is shown as a function of the probe-pulse peak
fluence, ranging from less than 1 to more than 40 mJ cm~2,
using a pump-pulse peak fluence of 2.75 Jcm™2. While this
pump fluence is slightly above the ablation threshold of the
material, it is important to measure the probe-fluence depen-
dence when the amplification is strongest to be comparable to
our investigation of sapphire [3]. The measurement shows a
clear nonlinear behavior, as the transmission (i.e., amplifica-
tion factor) increases with increasing probe strength. We also
observe the onset of stagnation of the amplification factor at
large probe fluences, which might be caused by the saturation
of gain and/or (linear and nonlinear) reabsorption of the
strong probe pulse within the sample, similar to the manifold
of processes involved in the LADIE effect [3]. Therefore, only
more elaborate simulations of the probe-pulse propagation
through the excited fused silica and its various interaction can
give deeper insight into the interaction dynamics.

VI. SUMMARY

In summary, we utilize femtosecond pump-probe spec-
troscopy to demonstrate the ability to switch between two
temporally separated nonlinear amplification regimes in op-
tically excited fused silica. One amplification regime is iden-
tified as the LADIE process, which is present at times of 100
to 300 fs after excitation. Clearly separated by an additional
pump-probe delay time of 100 fs, the LASTER process is cor-

related with the ultrafast formation of long-lived self-trapped
excitons. We present common features and differences be-
tween the two unique nonlinear amplification regimes. While
LADIE always competes with free-carrier and nonlinear ab-
sorption, the LASTER process does less so, which leads to
more efficient amplification. These characteristics, together
with the very long (nano- to microseconds) lifetime of pop-
ulation inversion over a multi-eV gap, could make LASTER
a suitable candidate for realization of deep-UV or two-photon
laser devices. As another possible application for both LADIE
and LASTER, we imagine new types of highly nonlinear
microscopy and multiphoton spectroscopy, especially in sub-
micrometer to nanoscale localized spatial regions, as we have
already demonstrated that LADIE conditions can be spatially
localized in subwavelength regions by pumping with temporal
Airy pulses [3,17]. In addition, the impact of the LASTER ef-
fect on high-repetition-rate laser material processing of fused
silica and other oxide glasses, with an emphasis on optical
data storage [37,38] such as Microsoft’s Project Silica [39],
must be investigated in future studies.
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APPENDIX: EXPERIMENTAL SETUP

All measurements were performed using a common-path,
ultrafast-imaging (reference) pump-probe setup, which is de-
scribed in detail in [3] and the associated Supplemental Mate-
rial [36]. Only a short description of the fundamental aspects
of the pump-probe-imaging setup is thus provided.

In short, single 800-nm pulses with a duration of 29fs
(FHWM) provided by an amplified Ti:sapphire laser system
(Femtolasers Femtopower Pro) are split into a pump and a
probe arm with a 50/50 beam splitter. The probe path is
delayed with respect to the pump path using a high-precision
motorized delay stage before the beam is frequency-doubled.
Afterwards, the pulse is precompressed in a prism compressor
stage before being focused onto a 100-um-thin UV-grade
and polished fused silica sample using an achromatic long-
working-distance microscope objective (Mitutoyo M Plan
APO 2x). The temporal compression by the prism compres-
sor is optimized in the interaction/sample area using a SiC
photodiode that exhibits two-photon absorption at 400 nm and
is therefore sensitive to the peak intensity of the pulse, i.e., its
compression. Subsequently, the probe pulse is imaged onto
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the entrance slit of an imaging spectrometer by a combination
of a 20x infinite-corrected, achromatic microscope objective
(Mitutoyo) and a 400-mm lens, giving a total magnification of
40x. The radially resolved spectrum from the spectrometer is
detected by a cooled CCD array with a resolution of 128 pixel
spatially and 1024 pixel spectrally (Princeton Instruments 320
spectrometer with a cooled Roper CCD array). A fraction
of the probe beam is sent onto a monochromatic 1.4-Mpixel
CCD camera (Lumenera LU135M) using a pellicle beam
splitter to avoid ghost images from internal reflections. This
CCD camera is used to resolve local and global transmission
changes. Please note that at all times during the experiments,
the imaged probe pulse was well centered on the camera and
never exceeded an illuminated pixel area of more than 25% to
40%. Optionally, a second pellicle beam splitter could be used
to send a fraction of the beam onto a calibrated UV photodi-
ode, measuring the transmitted probe-pulse energy. However,
we found that these data can also be obtained by analyzing the
data from the CCD camera. The incident energy of each probe
pulse is measured in front of the microscope objective using a
UV photodiode that receives a fraction of the probe pulse from
areflecting neutral density filter. This photodiode is calibrated

against the energy recorded via a commercial power meter
placed in the interaction area. A homebuilt “sample and hold”
electronic enables the measurement of single pulses.

The pump-pulse path initially passes an LCD-based tem-
poral pulse shaper [40] to precompress the pulses. Then
the pump beam is recombined with the probe path us-
ing a dichroic beam splitter and focused onto the sam-
ple. Afterwards, the pump beam is blocked by two 400 +
25 nm OD4 interference bandpass filters. The energy of each
pump pulse is measured by a fraction of the pump beam
that is sent onto a calibrated photodiode (see above). The
pulse duration of the pump pulse was measured by using
second-order shaper-based autocorrelation [17] in the inter-
action area and determined to be 29-fs FWHM. The 45-fs
FWHM probe-pulse duration was obtained from a low-pump-
energy cross-correlation measurement, utilizing the intensity-
dependent optical Kerr effect inside the fused silica sample
[13,22].

All experiments shown were performed in single-shot op-
eration and between each subsequent shot the sample was
moved to a new position by a high-precision motorized x-y
stage (PI-miCos) to ensure an undamaged area of fused silica.
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