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Electron dynamics in fused silica after strong field laser excitation detected by spectroscopic
imaging pump-probe ellipsometry
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Laser ablation of dielectrics by ultrashort pulsed laser radiation is induced by nonlinear photoexcitation,
such as multiphoton and tunneling processes, and the subsequent impact excitation, due to electron-electron
collisions. Previous theoretical and experimental studies demonstrate that these two phenomena strongly depend
on the transient optical properties of the dielectric and the electron-electron collision times. To estimate these
transient optical properties and the collision time, the excited electrons are usually considered as a nearly
free-electron gas, being described by the Drude theory. All previous experimental studies support using the
Drude theory by time-resolved measurements of the transient reflectance during and after irradiation. However,
a comprehensive characterization of the transient complex refractive index, and, thus, a more complex view of
the optical properties upon irradiation above the ablation threshold fluence was still missing. Therefore, this
paper presents the time-, spectral-, and fluence-resolved complex refractive index of fused silica during the
interaction with ultrashort pulsed laser radiation (800 nm, 40 fs, and 4.4 J/cm2) measured by spectroscopic
imaging pump-probe ellipsometry. Comparing the state-of-the-art Drude model to the experimental data reveals
that, although the Drude model replicates the transient reflectance of the material, it deviates significantly from
the transient refractive index in the considered temporal range up to 200 fs after irradiation. Thus, the Drude
model cannot correctly describe the transient optical properties, which leads to the assumption that the electrons
cannot be considered as a nearly free-electron gas at this time. Alternatively, a Lorentz model, considering the
excited electrons as bound, can replicate the measured data much better, which indicates that the electrons might
be excited into localized states.
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I. INTRODUCTION

Nonlinear photoexcitation of atoms and molecules due to
ultrashort pulsed laser irradiation at high intensities enables
the generation of microstructures inside dielectric bulk materi-
als. Therefore, numerous new structuring procedures emerged
over the past few decades, such as the scribing of microfluid
channels for “lab-on-a-chip” devices [1–3], the generation of
biologic degradable stents or osteosynthesis components [4],
the so-called stealth dicing method [5,6], cutting the flap for
laser eye surgery [7], and the highly precise microstructuring
of organic materials being utilized in photovoltaics [8,9]. Con-
trary to linear photoexcitation, nonlinear processes enable to
excite electrons from the valence-band (VB) into the conduc-
tion band of a material, even though the band-gap energy of
the material exceeds the photon energy of the incident laser
radiation. In literature, multiphoton and tunnel excitations are
assumed to represent the driving mechanisms for nonlinear
excitation, both becoming probable at intensities of a few
TW/cm2 [10–12]. These processes are referred to as nonlin-
ear because the kinetic energy of the excited electrons is not
directly proportional to the photon energy, and the number of
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excited electrons is not directly proportional to the intensity
of the laser radiation.

Electrons excited by nonlinear photoexcitation can gain
even more energy by transient intraband transitions due to
contemporaneous acceleration by the oscillating electric laser
field and collisions with third partners, which is often re-
ferred to as free carrier absorption or inverse bremsstrahlung
[13–22]. When the energy difference to the lower edge of
the conduction band of such an additionally excited electron
exceeds the band-gap energy, electron-electron collisions be-
come probable which can excite another electron into the
conduction band by impact excitation [12,14]. This leads to
a rapidly increasing electron density in the conduction band
because electron-electron collisions become more probable
the more excited electrons exist, resulting in an excitation
avalanche.

When the absorbed energy density and with it the in-
duced number of electrons in the conduction band of a
dielectric exceed critical values, the material gets ablated.
The threshold for this irreversible damage is often referred
to as laser-induced damage threshold [23–28] whereby the
induced electron density reaches orders of magnitude of
1027–1028 m−3 [22,29–31], resulting in a strongly increasing
transient reflectance and absorbance of the dielectric upon
irradiation [14,19,24,32–47]. Irradiating the material at the
damage threshold is also accompanied by the onset of mea-
surable plasma emissions [17,23], which is why the transient
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optical properties of excited dielectrics are referred to as those
of a plasma and are usually described by the Drude theory in
the literature [13–17,32–40,48–56].

However, the transition of the material from the solid
state to the plasma state is hard to describe theoretically
and not completely understood yet [17,57]. Since previous
experimental studies only applied pump-probe reflectometry
to investigate the transient reflectance of dielectrics upon irra-
diation [14,19,24,33,34,36,37,40,43,50,54], no spectroscopic
studies of the transient complex refractive index during irradi-
ation at fluences near or above the damage threshold fluence
exist to validate the assumed Drude-like behavior in a wide
parameter range. In order to verify unambiguously whether
the transient optical properties of fused silica (FS) are describ-
able by the Drude theory during the transition from the solid
state into the plasma state, this paper applies spectroscopic
imaging pump-probe ellipsometry to investigate the transient
complex refractive index of fused silica upon irradiation above
the threshold fluence in a temporal range up to 200 fs after the
excitation.

In the following, the optical properties of fused silica
at rest and the transient optical properties (refractive index,
extinction coefficient, and reflectance) of fused silica upon ir-
radiation above the threshold fluence are presented. Then, two
different dielectric function models are approximated to the
measured data. The first model, namely, the state-of-the-art
Drude model, considers the excited electrons as a nearly free-
electron plasma [13–17,32–40,48–56]. The second model,
referred to as Lorentz model, assumes that the excited elec-
trons occupy localized bound states. This represents a new
approach based on the assumption that the electrons are not
nearly free directly after excitation. Instead, the excited elec-
trons are still bound due to a strong interaction with the
surrounding disordered ions of the amorphous fused silica
[17,58], whereas the transition into a nearly free-electron
plasma occurs afterwards [59]. An exact knowledge about
the behavior of the excited electrons is necessary to estimate
the linear excitation probability within the conduction band
and, therefore, strongly affects the impact excitation rate in
theoretical simulations [10,26].

II. MATERIAL AND METHODS

A. Optical properties of fused silica at rest

The investigated fused silica is UV grade fused silica (UV
FS) provided by EKSMA Optics, UAB. The UV FS conforms
the requirements for Shott glass SUPRASIL and is usually
used for optical components. The amorphous dielectric fused
silica (structural formula SiO2) is an oxide of silicon with
a tetrahedral structure with one silicon atom being bound to
four oxygen atoms. Its molar mass and density are Mm = 60.1
g/mol and ρrest = 2.2 g/cm3, leading to a SiO2 compound
density of na = 22.04 × 1027 m−3. At room temperature,
the valence-band of ideal fused silica is completely occupied,
whereas the conduction band is empty with an electron density
of ne = 0. Thus, fused silica is transparent in the visible spec-
tral range due to a band-gap energy of Egap ≈ 9 eV [14,48,63].
In this paper, the complex refractive index ñ = n − ik of fused
silica at rest is modeled by a single Lorentz oscillator [64]

representing the optical properties of the valence-band elec-
trons by

ñ2(ω) = ε∞ + εL,VB = ε∞ + e2

ε0me

(naN0 − ne )

ω2
0 − ω2 + i�0ω

, (1)

with the offset ε∞, the vacuum permittivity ε0, the elec-
tron rest mass me, the number of valence-band electrons per
molecule N0, the electron density in the conduction-band ne =
0, the resonance frequency ω0, the radiation frequency ω,
as well as the damping constant �0. In order to derive the
electron density naN0, the resonance frequency ω0, and the
damping constant �0, the Lorentz model is approximated to
the complex refractive index ñ measured by a commercial and
a self-constructed pump-probe ellipsometer, as well as to the
refractive index n given in the literature (Fig. 1). See the Sup-
plemental Material S.I for the explanation of the principle of
ellipsometry and the corresponding data evaluation [62]. The
resulting approximated parameters of the Lorentz model are
ε∞ = 1.49, naN0 = 44 × 1027 m−3, h̄ω0 = 10 eV, and h̄�0 =
0.9 eV. By considering the SiO2 compound density of na =
22.04 × 1027 m−3, the number of the participating electrons
per SiO2 compound is determined to N0 = 1.996 ≈ 2. These
are the starting parameters for the modeling of the transient
dielectric function with the Lorentz term εL,VB approaching
zero with increasing electron density ne in the conduction
band. Although h̄�0 is larger than zero with this approxima-
tion, the resulting extinction coefficient is k < 0.005 in the
visible spectral range and, thus, negligible.

B. Spectroscopic imaging pump-probe ellipsometry

An amplified Ti:sapphire laser system (Astrella, Coherent,
Inc., λ = 800 nm, τH = 35 fs, and M2 = 1.2) provides ul-
trashort pulsed laser radiation, which is divided into pump
and probe radiation by a beam splitter [65]. The wavelength
of the probe radiation is changed in the range of 450 nm
� λ � 900 nm using an optical parametric amplifier (TOPAS
Prime, Light Conversion, Inc.). The pump radiation is fo-
cused onto the sample surface by a thin focusing lens ( f =
150 mm) resulting in an applied peak fluence of H0 = 4.4
J/cm2 on the material surface. During the interaction of the
pump radiation with the fused silica surface, the transient
complex refractive index of the excited material is determined
by pump-probe ellipsometry within the temporal range of
−200 fs � (t − t0) � 200 fs. At the temporal reference t0, the
maximum of the temporal intensity distribution of the pump
radiation interacts with the material surface. The temporal
step width is set to �t = 40 fs. The ellipsometer is based
on the rotating compensator method and is combined with
an imaging setup consisting of a microscope objective (20×,
NA = 0.4), a tube lens ( f = 200 mm), and a CCD camera (GE
1024 1024 BI UV3, greateyes GmbH, 1024 × 1024 pixel,
pixel size 13 × 13 μm2). Because the focused pump radi-
ation has a defined Gaussian fluence distribution H (x, y) =
H0 exp(−2 x2+y2

w2
0

) at the sample surface, the spatially resolved
measurement enables to assign a local fluence H (x, y) to each
measured coordinate. See the Supplemental Material [62] for
a detailed explanation of the experimental setup. The radiation
source as well as the spectral and temporal properties of the
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FIG. 1. Comparison of the refractive index n of fused silica given in the literature [60,61] (black), measured by a commercial ellipsometer
(orange dots, nanofilm_ep4, Accurion GmbH), measured by the pump-probe ellipsometer [62] (blue dots), and approximated by a single
Lorentz oscillator [red solid line, Eq. (1) with ε∞ = 1.49, naN0 = 44 × 1027 m−3, h̄ω0 = 10 eV, and h̄�0 = 0.9 eV] in a broad spectral range
(left) and within the measurable range of the self-constructed and the commercial ellipsometer (right).

pump and probe radiation are discussed in Sec. S.II of the
Supplemental Material [62]. The optical beam paths of pump
and probe radiation, the evaluation of the measured data, and
the determination of the temporal reference t0 are explained
in Supplemental Material S.III [62]. The ablation threshold of
fused silica and the beam dimension w0 of the applied pump
radiation are determined in S.IV in the Supplemental Material
[62].

III. RESULTS AND DISCUSSION

A. Transient optical properties

In order to investigate the electron excitation dynamics
in fused silica upon irradiation with ultrashort pulsed laser
radiation, spectroscopic imaging pump-probe ellipsometry is
applied [65]. This method enables the comprehensive determi-
nation of the complex refractive index ñ = n − ik, consisting
of the refractive index n and the extinction coefficient k, as
a function of the probe wavelength λ, the temporal delay
t between pump and probe radiation, and the local fluence
H (x) of the pump radiation. The applied pump radiation
features a wavelength of λpump = 800 nm, a pulse duration
of τH,pump = 40 fs, and a peak fluence of H0 = 4.4 J/cm2,
which equals almost the twofold ablation threshold fluence
Hthr = (2.3 ± 0.7) J/cm2 of fused silica (see Supplemental
Material S.IV [62]). The probe radiation has a pulse duration
of τH,probe = 60 fs, an angle of incidence θ0 = 60◦, and its
wavelength is varied in the spectral range of 450 nm � λ �
900 nm by an optical parametric amplifier (TOPAS Prime,
Light Conversion, Inc.). The temporal delay between pump
and probe radiation is varied in the range of −200 fs �
(t − t0) � 200 fs with a step width of �t = 40 fs. To present
the measured data in a clear and compact manner, the fluence
and time-dependent refractive index n(H (y = 0, x), t, λ) and
extinction coefficient k(H (y = 0, x), t, λ) are visualized as
two-dimensional maps (Fig. 2). Additionally, the transient re-
flectance R(H (y = 0, x), t, λ) is calculated from the measured
n and k by Fresnel’s equations for a perpendicular angle of in-
cidence [64] (Fig. 2 right). The whole measured data set of the

spatially, temporally, and spectroscopically resolved refractive
index and extinction coefficient is reported in Supplemental
Material S.V [62].

B. Transient dielectric function models

As described in the Introduction, the excited electrons in
fused silica upon irradiation with ultrashort pulsed laser radi-
ation are usually considered as a nearly free-electron plasma
in the literature. The optical properties of such an electron
plasma are described by the Drude theory, and, thus, the
optical properties of the excited fused silica result then from
the excited electrons (Drude term εD) as well as from the
remaining bound electrons in the valence-band described by
εL,VB from Eq. (1) [64] both in dependence on the density of
excited electrons ne. The resulting transient dielectric function
is given by

ñ2
D(ω) = ε∞(ne ) + εL,VB(ne ) + εD(ne )

= ε∞(ne ) + e2

ε0me

(naN0 − ne )

ω2
0 − ω2 + i�0ω

− e2

ε0 me

ne

ω2 − iω/τc
. (2)

The parameters of the Lorentz term εL,VB are assumed to be
constant and are directly taken from the determined Lorentz
model of fused silica at rest (Sec. II A) with the electron
density in the valence-band naN0 = 44 × 1027 m−3, the res-
onance energy h̄ω0 = 10 eV, and the damping energy h̄�0 =
0.9 eV. With increasing density of the excited electrons ne,
the strength of the Lorentz term decreases, whereas the Drude
term becomes dominant. The excited electron density ne and
the collision time τc of these electrons represent fit parame-
ters, which are determined by approximating Eq. (2) to the
measured optical properties from Fig. 2. The transient offset
ε∞(ne ) is calculated according to the Clausius-Mossotti (CM)
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FIG. 2. Measured temporal evolution of the fluence-resolved refractive index n(t, H ), extinction coefficient k(t, H ), and reflectance R(t, H )
of fused silica at different probe wavelengths λ induced by single-pulsed pump irradiation at the peak fluence H0 = 4.4 J/cm2.

correction [56,66],

ε∞(ne ) = 1 + 3βCM(naN0 − ne )/(naN0)

3 − βCM(naN0 − ne )/(naN0)
. (3)

The Clausius-Mossotti parameter is determined to βCM =
0.421 by considering the initial condition ε∞(ne = 0) = 1.49
for fused silica at rest (Fig. 1). Although Eq. (2) represents
a Lorentz-Drude model, it is simply referred to as the Drude
model from now on.

Additionally to the state-of-the-art Drude model, a
Lorentz-Lorentz model is used as an alternative to model the
measured transient optical properties. The transient Lorentz-
Lorentz model considers the excited electrons as bound in
localized states similar to the valence-band electrons [58].
This new approach is based on the assumption that the excited
electrons are not describable as a nearly free-electron gas in
the temporal range up to 200 fs after excitation. Instead, the
excited electrons still feature a strong Coulomb interaction
with the surrounding disordered ions and the electron-phonon
scattering only vanishes at later times [17]. The Lorentz-
Lorentz model, thus, describes the valence-band electrons

(εL,VB) as well as the excited electrons (εL), each using a
Lorentz oscillator. The resulting transient dielectric function
is then given by [64]

ñ2
L(ω) = ε∞(ne ) + εL,VB(ne ) + εL(ne )

= ε∞(ne ) + e2

ε0me

(naN0 − ne )

ω2
0 − ω2 + i�0ω

+ e2

ε0me

ne

ω2
1 − ω2 + iω/τc

, (4)

with ε∞ from Eq. (3) and the same Lorentz parameters naN0,
ω0, and �0 for fused silica at rest as applied in the Drude
model. Analogous to the Drude model, the electron density ne,
and the collision time τc of the excited electrons represent fit
parameters. Additionally, the resonance frequency ω1 is also
used as a fit parameter. Again, this Lorentz-Lorentz model
is simply referred to as the Lorentz model in the further
discussion.

For both models [Eqs. (2) and (4)], the transient electron
density in the valence-band (naN0 − ne ) must not become
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FIG. 3. Comparison of the measured refractive index n and extinction coefficient k, as well as the derived reflectance R for a normal angle
of incidence of fused silica at different times t for the local fluence H = 4.4 J/cm2 of the exciting pump radiation with the approximated Drude
[Eq. (2)] and Lorentz models [Eq. (4)] for the transient dielectric function.

negative for which reason the maximum inducible electron
density in the conduction band for both approaches is con-
strained to ne,max = naN0 = 44 × 1027 m−3. This maximum
electron density is similar to the maximum conduction-
band electron density determined in the literature, being in
the range of 22 × 1027 m−3 < ne,max < 100 × 1027 m−3

[14,34,36,53,63].
The Drude and the Lorentz models [Eqs. (2) and (4)] are

fitted to the measured n(H, t, λ) and k(H, t, λ), as well as
to the derived R(H, t, λ) from Fig. 2 for each fluence and
time step. In order to clearly compare the measured data with
the fitted graphs, n(λ), k(λ), and R(λ) are presented at the
local fluence H = 4.4 J/cm2 for different exemplary times t
first (Fig. 3). Before excitation at t = t0 − 140 fs, the optical
properties of fused silica do not significantly differ from the
values at rest. Therefore, both the Drude and the Lorentz
model reproduce n, k, and R very well since no electrons
occupy states in the conduction band with ne = 0. However,
for times t � t0, the Drude model strongly differs from the
measured n (Fig. 2 black solid lines), whereas k and R can be
reproduced quite well. Contrary, the Lorentz model replicates
all three transient optical properties in the considered temporal
range (Fig. 2 black dashed lines).

In Fig. 3 the measured and fitted data are compared only for
some exemplary times at one fluence in which the deviation
between the measured optical properties and the models is
only qualitatively ascertainable. To quantize this deviation,
the sum of the normalized squared residuals Dsq between the
measured and the fitted values is calculated at each time and
fluence by

Dsq(H, t ) = 1

Nλ

Nλ∑
j=1

(
Q( j, H, t )

max[|Q( j)|] − Q′( j, H, t )

max[|Q( j)|]
)2

, (5)

with the number of discrete probe wavelengths Nλ, the mea-
sured quantity Q, and the fitted quantity Q′, both being
representatives for the measured and fitted n, k, and R. The
comparison of Dsq for the Drude and the Lorentz model,
respectively, summarizes two main results (Fig. 4),

Firstly, the Lorentz as well as the Drude model reproduce
the measured k and R quite well. However, the Drude model
deviates much more from the measured n than the Lorentz
model in the whole time-fluence parameter field, and, thus,
the Drude model is not able to correctly describe the transient
dielectric function of the excited fused silica. Instead, the tran-
sient optical properties during excitation are only reasonably
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FIG. 4. Sum of the normalized squared residuals Dsq among n, k, and R measured by pump-probe ellipsometry and the approximated
values by the Drude (top row) and the Lorentz model (bottom row) as a function of time as well as the fluence of the exciting pump radiation.

described by the Lorentz model. This means that, contrary to
the state of the art, the excited electrons in amorphous fused
silica cannot be simply considered as a nearly free-electron

plasma during the investigated temporal range up to 200 fs
after irradiation. The electrons seem to be excited into bound-
like states, probably due to a strong interaction of the electrons

FIG. 5. Calculated spatially and temporally resolved electron density ne, collision time τc, and resonance frequency energy h̄ω1 of the
electrons in the conduction band of fused silica induced by pump radiation with H0 = 4.4 J/cm2 determined by the approximated Drude and
Lorentz models from Eqs. (2) and (4).

014307-6



ELECTRON DYNAMICS IN FUSED SILICA AFTER … PHYSICAL REVIEW B 106, 014307 (2022)

with the surrounding disordered ions. However, this result
does not exclude that the excited electrons will become nearly
free at later times t > 200 fs due to a transition into the plasma
state.

Second, the deviation Dsq of k and R approximated by
the Drude model is much lower than for n and quite similar
to the Lorentz model. This implies, that the approxima-
tion of the transient optical properties by a Drude model is
quite reasonable when only the transient reflectance or ab-
sorbance is measured as was the state of the art until now.
Since a lot of previous studies applied pump-probe reflec-
tometry instead of pump-probe ellipsometry to investigate
the nonlinear electron excitation in dielectrics, the Drude
model seemingly represented a good first-order approxima-
tion to describe the transient optical properties in these studies
[14,19,24,33,34,36,37,40,43,50,54].

Despite the differences in the resulting optical properties,
the determined fitting parameters ne(t, H (x)) and τc(t, H (x))
are quite similar for both models (Fig. 5). Before irradiation
at t � t0, the electron density is approximately ne = 0, and,
thus, the Lorentz term describing the optical properties of
fused silica at rest dominates in Eq. (2) as well as in Eq. (4).
At t > t0 and fluences H > 3 J/cm2, the electron density
reaches its constrained maximum of ne = 44 × 1027 m−3 for
both models. At t < t0 and fluences H < 2 J/cm2, the fitted
collision times τc are quite noisy because ne = 0 prevents an
unambiguously determination of τc. After t0 and at H > 2
J/cm2, the Drude as well as the Lorentz models yield collision
times in the range of 0.4 fs < τc < 0.8 fs, being comparable to
collision times in the range of 0.1 fs < τc < 2 fs given in the
literature [14,17,21,48]. The estimated resonance energy of
the conduction-band electrons described by the Lorentz model
is 2.5 eV < h̄ω1 < 4 eV. This represents a reasonable range
for h̄ω1 since impact excitation requires the successive linear
excitation of the electrons and transient transitions within the
conduction band, respectively [14,17,19,53].

IV. CONCLUSION

Fused silica has been irradiated by ultrashort single-pulsed
laser radiation (λpump = 800 nm, τH,pump = 40 fs, and H0 =

4.4 J/cm2) whereas the transient complex refractive index
ñ has been detected by spectroscopic imaging pump-probe
ellipsometry as a function of the wavelength of the probe
radiation (450 nm � λ � 900 nm), the fluence of the pump ra-
diation (0 � H � 4.4 J/cm2), and the temporal delay between
pump and probe radiation (−200 fs � (t − t0) � 200 fs).
The transient refractive index n(λ, H, t ), the extinction coef-
ficient k(λ, H, t ), as well as the reflectance R(λ, H, t ) were
derived from the measured ñ. Two different dielectric func-
tion models were approximated to the measured transient
optical properties. First, the state-of-the-art Drude model de-
scribes the excited electrons as nearly free. Second, the new
approach based on a Lorentz model considers the excited
electrons as bound. The applied Lorentz model replicates
the measured refractive index n, the extinction coefficient
k, and the reflectance R very well in the considered pa-
rameter range, whereas the Drude model only reproduces
the reflectance and the extinction coefficient and strongly
deviates from the measured transient refractive index. The de-
viation of the state-of-the-art Drude model from the measured
transient optical properties implies that the excited elec-
trons cannot be considered as a nearly free-electron plasma
in the considered temporal range. Contrary, the significant
lower deviation of the Lorentz model from the measured
data indicates that the electrons are excited into bound states.
These bound states might result from the interaction of the
electrons with the surrounding disordered ions of the amor-
phous fused silica. In consequence, the established models
for describing the dynamics of excited electrons, the tran-
sient optical properties, and the impact excitation rate based
on free carrier absorption have to be reconsidered for fused
silica.
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