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Abstract
The light–energy coupling during femtosecond laser processing of glass is mediated by non-linear ionization mechanisms 
through the formation of an electron plasma. Its transient optical properties provide information about the density, temperature 
and scattering rate of the excited electrons. In turn, these properties strongly condition the features and size of the permanent 
optical modification near the focal volume that are desirable to fabricate photonic devices, such as optical waveguides inside 
transparent materials. Here, we report on the spectral response of a fs-laser-induced electron plasma inside fused silica by 
measuring its transient transmission using a broadband probe. We model the interaction of the probe beam with the plasma 
by combining Drude–Sommerfeld model with Gaussian optics. In this manner, we take into account both the laser–plasma 
interaction and the influence of the chromatic aberration inherent to a broadband-based system. We find good agreement 
between experiments at several processing energies and simulations and provide an estimate of the dielectric function of 
the excited material.

1 Introduction

Ultrafast laser ablation and micromachining of transparent 
materials with ultrashort laser pulses has drawn the attention 
of an ever-increasing number of research groups over the last 
decades [1–6]. Direct laser writing is the cornerstone of laser 
processing in bulk dielectrics, for instance, to inscribe opti-
cal waveguides as demonstrated for the first time by Hirao 
and Miura more than 20 years ago [7–9]. This technique is 
based on the inscription of 3D structures inside transparent 
materials by locally modifying the refractive index using a 
train of tightly focused fs-laser pulses while translating the 
sample, which offers an unprecedented spatial resolution 
and has been demonstrated in several crystalline and amor-
phous dielectrics, i.e., diamond [10], sapphire [11], quartz 
[11], fused silica [11–17], borosilicate glass [18], phospho-
tellurite glass [19, 20] and zinc phosphate glasses [21, 22].

The interaction mechanisms of fs-laser pulses with 
dielectrics have been intensely investigated to understand 
and control the energy deposition mechanisms that, in turn, 
lead to the desired permanent modification. The laser–mat-
ter interaction is mainly mediated by non-linear absorption. 
During the first hundreds of femtoseconds, a dense and hot 
free electron plasma is excited by means of multiphoton 
ionization and avalanche ionization [23, 24]. On the pico-
second time scale, the free electrons thermalize with the 
lattice, inducing a local temperature increase that may lead 
to a phase change and subsequently to optical changes [25, 
26]. Experimental studies based on time-resolved techniques 
are particularly relevant to elucidate the precise nature of 
these physical mechanisms. Most of these works are based 
on time-resolved microscopy arrangements that image the 
transient optical properties of the laser-excited region, i.e., 
phase contrast microscopy [26, 27], time-resolved transmis-
sion (shadowgraphy) [28–32] and microscopy in reflection 
mode [33, 34]. These provide valuable information about the 
free electron plasma properties, i.e., rise time, density and 
scattering time of the electrons, and of the transient refrac-
tive index of the irradiated region over several time scales. It 
also yields access to both temporal and spatial features of the 
process, although limited to a monochromatic probe beam 
with a relatively narrow spectral bandwidth, typically below 
�� < 10 nm, that does not provide spectral information.
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We recently reported on the transient transmission spec-
troscopy of glass during fs-laser writing using a single 
processing energy [31]. However, we could not accurately 
explain the precise spectral response of the laser-induced 
plasma by simply applying the Drude formula nor relate it 
to the final modification. In this letter, we present the tem-
porally and spectrally resolved transmission of a fs-laser-
induced plasma inside fused silica, which is produced using 
several processing energies that ultimately lead to either 
waveguides or tracks of damaged material. We combine 
Gaussian beam optics with the Drude model to compute the 
frequency-resolved transmission. In particular, we introduce 
an effective transmission T(�, �) function equal to the scalar 
product of the electron gas response function and the chro-
matic aberration inherent to our broadband-based system. 
We emphasize the implications of using a super-continuum 
probe on the features of the transient transmission to accu-
rately reproduce the experimental results. Finally, we show 
the processing energy dependence of the electron plasma 
properties retrieved using the model and experiments and 
link those to the imprinted final modification.

2  Experimental

Figure 1a shows an example of fs-laser inscribed lines inside 
fused silica using direct laser writing [16]. The images 
illustrate the lateral view and the cross-section of a track of 
damage (top) and a waveguide (below). Figure 1b shows a 
diagram of the pump and probe experimental setup, which is 
described in greater detail elsewhere [31]. We used the setup 
to investigate the transient transmission during laser process-
ing for energies that lead to the permanent tracks shown in 
Fig. 1a. The sample consists of polished ( ≈ �/10) standard 
grade fused silica (7980 Corning). For the experiments, we 
use a fs-laser amplifier (Spectra-Physics, Spitfire LCX) that 
generates pulses at 800 nm with a pulse duration of �t = 200 
fs at full-width half-maximum that was characterized using 

an autocorrelator (SSA Spectra-Physics). A laser pulse is 
split into pump and probe using a polarizing beam splitter. 
The pump passes through an energy control system and is 
then tightly focused inside the glass sample (depth ≈ 1 mm) 
using a microscope objective (Olympus Plan ELWD 20× , 
NA = 0.40, infinity corrected). The probe pulse runs over a 
motorized delay line (Aerotech, maximum delay of 1 ns) and 
passes through a sapphire plate (500 μ m) to produce white 
light via super-continuum (SC) generation, thus resulting 
in a broadband SC probe. Afterwards, the probe is steered 
towards a microscope objective (Nikon CFI Plan 50× , NA 
= 0.55, ELWD, infinity corrected) that focuses it such that 
pump (z-axis) and probe (x-axis) are spatially overlapped 
at 90◦ . Note that this objective is designed to correct for 
lateral and axial chromatic aberrations. The transmitted SC 
probe light is collected by a lens, filtered (notch filter at 808 
nm) and sent to the spectrometers (Ocean Optics and Hama-
matsu) or to the imaging system (Sony XC77 camera). The 
inset shows micrographs of the z–y plane to better illustrate 
the geometry of the system. They show the pump-induced 
plasma emission and the attenuated SC probe. Note that we 
account for the plasma emission at each excitation energy by 
measuring a spectrum while blocking the probe [31]. This 
curve is then subtracted to the spectra measured with both 
pump and probe beams present.

3  Results

Using the experimental setup, we measure the temporally 
and spectrally resolved transmission of the fs-laser-excited 
glass, acquired within a spectral range that spans from 500 
to 1100 nm. Figure 2a reproduces the transmission curves at 
several time delays using the pump laser energy of 4 μ J used 
in our previous work [31]. The raw spectra are normalized 
calculating the ratio of the SC probe signal acquired with 
and without the pump beam after subtracting the plasma 
emission. The curve collected at 0 fs presents a slight 

Fig. 1  a Microscopy images of 
a track of damaged material and 
a waveguide machined inside 
fused silica. b Experimental 
setup for transient spectra acqui-
sition through a fs-laser-excited 
volume inside fused silica. The 
inset shows micrographs of the 
pump and the probe in the z–y 
plane and a cross-section of the 
pump along the y-axis
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transmission decrease that indicates the onset of the pump-
induced plasma generation. We observe that the transient 
transmission gradually decreases for longer delays, i.e., 700 
fs and 1300 fs. During the first 2 ps, we track the trans-
mission at several wavelengths, all leading to the same rise 
time �p ≈ 700 fs. However, the minimum transmission is 
achieved earlier for shorter wavelengths, which indicates a 
time-mismatch effect as shown elsewhere [31]. This is due 
to the group velocity dispersion of the objective lens that 
induces a frequency-dependent time delay, i.e., a chirped 
probe. Moreover, the fact that the �p is longer than the pulse 
duration can be attributed to the combined effect of mul-
tiphoton ionization (MPI) and avalanche ionization (AI). In 
this way, seed electrons, which are excited via MPI, gain 
energy through inverse bremsstrahlung and further ionize 
more electrons via AI. This mechanism has been reported 
before in several dielectrics upon fs-laser excitation [33, 35, 
36].

The shape of the spectrum achieved at 2.7 ps lasts up to 1 
ns time delay. We attribute the step form to a pump-induced 
electron plasma that is transparent up to 725 nm and whose 
transmission steadily decreases to a value of 0.3 at 850 nm. 
Figure 2b shows the transmission of the excited material 
for three different pump energies, i.e., 0.7 μ J (green), 1.3 
μ J (red) and 4.0 μ J (blue). The curves present a lower trans-
mission minima from 875 nm onwards as the pump energy 

decreases. We attribute the lower transmission to the higher 
electron density and larger plasma size achieved when using 
a higher pump energy. In contrast, the spectra display that 
the cutoff wavelength for the pump energy at 4.0 μ J is around 
750 nm, which is slightly larger for the curves collected 
using lower processing energies. Note here that 0.7 μ J is 
the only processing energy that leads to good-quality wave-
guides as shown in Fig. 1a. We will later use these curves to 
extract information of the plasma properties using the model 
explained below.

To accurately describe the system, we need to consider 
the total transmission of the SC probe beam through the 
plasma, T(�, �) , which is the scalar product of the transmis-
sion coefficient T(�, �) and the intensity distribution of the 
probe M(�, �),

The geometry on which we base our model consists of an 
electron plasma layer, parallel to the z–y plane, and a SC 
probe that passes through it along the x-axis (see Fig.1). 
The Fresnel–Kirchhoff integral can be used to calculate the 
electric field of the focused pump beam at the z–y plane 
from where one can retrieve a cross-section that yields a 
Gaussian curve [16]. Thus, it is reasonable to assume that 
the electron density will follow a Gaussian distribution. Note 
here that a cylindrical geometry could also be considered, 

(1)T(�, �) = M(�, �)T(�, �),

Fig. 2  a Experimental transient 
transmission of the elec-
tron plasma as a function of 
wavelength at several time 
delays. The laser pump energy 
employed during the experiment 
was Epump = 4 μ J. b Transient 
transmission of the electron 
plasma at 118 ps using three 
pump pulses of energy 0.7 μ J 
(green), 1.3 μ J (red) and 4.0 μ J 
(blue)
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thus using the Abel transformation. The profile extracted 
from the image of the laser-excited region shown in Fig. 1b 
further supports this assumption. We then approximate the 
electron plasma density distribution along the y-axis, �e(�) , 
using a Gaussian distribution with a maximum electron 
density of �max(y = 0) that we use as a fit parameter. The 
maximum plasma thickness is calculated to be dx = 0.7 μ m 
using the pump wavelength and the numerical aperture of 
the objective (NA = 0.4). We use Drude formula to compute 
the spectrally and spatially dependent dielectric function,

where � is the frequency of the probe, ng(�) is the refrac-
tive index of fused silica, �p is the plasma frequency and � 
is the scattering time that accounts both for �e−e and �e−p . 
The refractive index of fused silica is calculated using the 
Sellmeier formula. The plasma frequency is calculated 
as �p(�)

2 = �e(�)e
2∕m�o , where m and e are the reduced 

mass and the charge of the electron. The transmission of 
the plasma is calculated as T(�, �) = (1 − R(�, �))2e−�(�,�)dx , 
where � = 2Im(nex)�∕c and R is the reflectivity coefficient 
calculated using the Fresnel formula, which is squared due to 
the presence of two glass–plasma interfaces. Note here that 
in contrast to our previous model [31], we now consider a 
heterogeneous plasma by including the spatial distribution 
of the electron density.

It is crucial to also account for the frequency-dependent 
SC probe intensity distribution along the y-axis by introduc-
ing the following transmission function,

where the beam waist of the probe is a function of the laser 
wavelength 2wo = 2�∕�NA , with NA = 0.55. Details of the 
non-paraxial approximation in the context of laser materials 
processing can be found elsewhere [37]. We greatly attenu-
ated the probe beam before being focused to minimize the 
non-linear response while still obtaining a good signal-to-
noise ratio during detection. Thus, we only consider lin-
ear optics and discard a significant influence of non-linear 
effects associated with the probe beam propagation. We 
make sure there are no significant losses nor distortion of 
the beam by both measuring the input and output signal and 
imaging the probe’s shape on a camera, see inset in Fig. 1b. 
Figure 3a shows the calculated beam waist of the probe as a 
function of the wavelength. The inset illustrates overlapped 
circles that picture the spatial probing mismatch for different 
wavelengths. In this way, a probe beam with a longer wave-
length probes a bigger region of the laser-excited plasma, 
which presents a lower density especially near the edges 

(2)�ex(�, �) = ng(�)
2 −

�p(�)
2

�2 + i�∕�
,

(3)M(�, �) ∝
1

wo(�)
2
e
−

2(y−yo)
2

wo(�)
2 ,

of the plasma distribution 𝜌e(� > 0.5 μm). A shorter probe 
wavelength is more tightly focused and probes mostly the 
center of the plasma distribution, where the local density is 
higher due to the influence of the laser peak power. We do 
not account for light scattering within the total extinction 
of the probe. This term depends on the precise shape and 
dielectric function of the illuminated laser-induced plasma 
and would certainly not be negligible when using higher 
laser pump energies as shown in reference [36].

Figure 3b shows the calculated transmission spectra at 
different energies with (solid lines) and without (dashed 
line, using a pump energy of 4 μ J) considering the SC 
probe beam size. The size-corrected curves are in agree-
ment with the targeted experimental spectra presented in 

(a) (b)

(c) (d)

(e)

Fig. 3  a Probe beam size as a function of wavelength; the colored 
circles in the bottom-right corner illustrate the unequal probed area. 
b Transient transmission simulated using Drude–Sommerfeld model, 
with (solid lines) and without (black dashed line, using 4 μ J) taking 
the probe beam size effects into account. The line color illustrates dif-
ferent pump energies as detailed in the legend. c Maximum electron 
density (left) and scattering time (right) used to compute the spec-
tral curves in b. d Computed dielectric function of the laser-induced 
electron plasma using a pump energy of 3.2 μ J. e Transmission of the 
electron plasma at 1100 nm as a function of the NA of the micro-
scope objective that focuses the SC probe beam
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Fig. 2b. The computation using M(�, �) features a par-
tially transparent plasma for wavelengths larger than 900 
nm. In contrast, we find an opaque plasma (dashed line) 
when considering an unrealistic perfect probe–plasma 
spatial overlap, i.e. T(�) = T(�).

From the fit, we obtain the electron density and the 
scattering time as a function of the processing energy as 
shown in Fig. 3c, whose convolution provides the energy 
balance in the solid. Our estimate of the density is slightly 
larger than our previously reported value for a 4 μ J excita-
tion energy [31]. This is mainly due to the use of a more 
realistic electron density spatial distribution and plasma 
thickness. The reported scattering times range from 10 
to 27 fs and are slightly larger than other values reported 
in the literature that range from 1 to 23.3 fs [3, 38, 39]. 
We attribute this to the fact that our experiments offer 
a more restrictive target curve to fit, since we employ a 
broadband probe. In contrast, other works estimate the 
scattering rate and density of electrons combining meas-
urements of the transient optical properties with Drude 
model using a monochromatic probe [28–30, 38, 40, 41], 
which leads to several acceptable combinations of � and �.

We find that the processing energy of 0.7 μ J, which 
leads to the fabrication of waveguides, generates a rela-
tively lower density ( � = 3.2 × 1021 cm−3 ) and a longer 
scattering time ( � = 27 fs), when compared to the results 
using higher energies. We also observe that higher 
processing energies naturally lead to a higher electron 
density, since the physical mechanisms that govern the 
excitation of free electrons scale both non-linearly and 
linearly with the laser intensity, via multiphoton and 
avalanche ionization, respectively. On the other hand, a 
shorter scattering time when using larger energy is indica-
tive of a hotter electron plasma, according to Balling and 
Schou [24]. On the ps time scale, a hotter plasma with a 
high carrier density leads to a higher local temperature 
increase of the irradiated volume. Ultimately, this can 
produce the experimentally observed damage inside fused 
silica.

Figure 3d illustrates the simulated spectral depend-
ence of the complex dielectric function of the electron 
plasma ( � = 3.7 × 1021 cm−3 and � = 12 fs). Logically, 
the real part of the dielectric function becomes negative, 
around ≈ 850 nm, where we find the transition between 
a transparent and an opaque electron plasma as observed 
experimentally and predicted by the Drude theory [42]. 
Additionally, we show in Fig. 3e the effect of the NA of 
the objective on the transmission of the plasma at 1100 
nm. To minimize the effects of the chromatic aberration, 
we simply propose to use a microscope objective with 
a larger NA to focus the probe to a tighter spot. How-
ever, to perform this solution experimentally, one also 
needs to take into consideration the working distance of 

the objective as a limiting factor to probe laser-induced 
plasmas inside bulk dielectrics.

4  Conclusions

In conclusion, we have studied the temporally and spec-
trally resolved transmission of a fs-laser-induced electron 
plasma inside fused silica using several processing ener-
gies. We introduce a transmission function as the convolu-
tion of the material response and the spatial distribution of 
the probe considering the effect of chromatic aberration. 
We find a rise time of 700 fs and fit a maximum electron 
density of 3.2 × 1021 cm−3 and a scattering time of 27 fs 
when using a processing energy that results in good-qual-
ity optical waveguides. Higher pump energies drive the 
formation of an electron plasma that qualitatively illustrate 
a similar step-like transmission and quantitatively present 
shorter scattering times and denser plasmas, which lead to 
the inscription of tracks of damaged material.
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