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Abstract
Femtosecond laser-induced optical and structural changes inside transparent materials are
crucial to ultrafast laser micromachining. In this work, on-axis beam collapse has been
predicted by theoretical simulations and further demonstrated by the experimental results where
a femtosecond pulse was loosely focused into a fused silica with the energy far above the
self-focusing threshold. A detailed discussion of the energy thresholds and the starting locations
on the optical axis of beam collapse for different beam waist radiuses is given. In addition, the
spatial distribution of the refractive index has been determined using a spectroscopic
ellipsometer and a roughly uniform decrease of 0.1 has been observed in the laser-modified
region. Further, the relationship between the spatial distribution of the refractive index and the
pulse energy density has been discussed quantitatively. The observed modulation of the beam
collapse and the refractive index distribution can be expected to be a useful tool for femtosecond
laser micromachining.

Keywords: beam collapse, femtosecond laser–material interaction,
refractive index modulation
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1. Introduction

In recent years, femtosecond laser micromachining has
become an emerging technology in the field of material pro-
cessing by means of focusing the beam on the surface or
inside (transparent dielectrics) of the material [1]. Due to its
micron-level focus volume, ultra-short laser–material interac-
tion time, and the micron-scale modification induced in the
structural and optical properties of the materials, the internal
processing of transparent materials using femtosecond lasers
has beenwidely used for optical waveguide fabrication, optical
grating processing, optical memory devices and metamaterial
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processing [2, 3]. A series of nonlinear absorption processes
such asmultiphoton ionization absorption, dispersion and self-
focusing occur when a femtosecond pulse with high intens-
ity is focused inside the transparent material [4]. Specifically,
the multiphoton ionization firstly excites the bound electron
transition from the valence band electrons to the conduction
band, which generates a large amount of plasma in the focal
region. Subsequently, the plasma accumulates much energy
and expands to the surrounding lattice, which is accompanied
by heat and pressure transfers. As a result, permanent structure
modification and refractive index changes are induced in the
focal region [5].

Comprehensive studies on the structure modification
induced by femtosecond lasers have been reported [6], which
can be generally classified into two categories according to
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different features of structural alteration. For the first type,
the femtosecond laser pulse with energy lower than the self-
focusing threshold is tightly focused inside the fused silica,
leading to a cavity with diameter of ∼1 µm surrounded by a
compressed shell, which is usually explained by the micro-
explosion theory [6–10]. The focusing condition to form such
a tiny cavity is extremely difficult because any imperfect
focusing would increase the focus volume. For the second
type, usually filamentation takes place inside the fused silica
when the input pulse energy is higher than the self-focusing
threshold [11–13], and in some cases, an array of periodic
dots can be generated by a single pulse [14] or multiple
pulses [15, 16]. The refractive index of the material often
changes followed by the structural modification. Therefore,
studies on local refractive index modulations inside the trans-
parent dielectrics have attracted much attention during recent
years [17–21]. Pioneering work was conducted by Glezer
et al, who used a laser pulse to produce a submicron-diameter
structure with high contrast in a refractive index for poten-
tial use in 3D optical memory fabrication [17]. Tadamasa
et al fabricated a Bragg grating inside fused silica using a
femtosecond laser and determined the laser-induced spatial
distribution of a refractive index using the measured diffrac-
tion efficiencies [18]. In addition, a series of dynamic optical
measurement methods have been proposed to qualitatively
detect refractive indices changes [5, 22–28]. The success-
ful trial of optical constant distribution measurements in a
volume grating [29] indicates thatMueller matrix ellipsometry
could be an effective way to measure internal optical property
changes.

Since the refractive index changes and structure modifica-
tions are usually correlated with the pulse energy distribution
[30], investigating the spatial and temporal energy distribution
inside the transparent materials is an essential path to predict-
ing material alteration. A physical model based on the non-
linear Schrödinger equation coupling with the free electron
density rate equation [13, 31–34] is widely used for the the-
oretical study of the propagation mechanism of femtosecond
lasers focused inside the transparent medium, in which nonlin-
ear processes, such as multiphoton ionization, plasma absorp-
tion and the self-focusing effect, are taken into consideration.
Both theoretical and experimental examinations of the inter-
actions between femtosecond lasers and transparent mediums
have been made [30, 35–38], which have demonstrated that
nonlinear effects play critical roles in pulse energy distribution
and structure modification. Some interesting phenomena dur-
ing the nonlinear pulse propagation have been reported, such
as temporal splitting [39–41] and spatial intensity profile nar-
rowing [42].

In this paper, the on-axis beam collapse phenomenon has
been predicted via theoretical calculations based on the nonlin-
ear Schrödinger equation, when the loading femtosecond laser
with pulse energy from microjoules to millijoules is loosely
focused inside the fused silica. The phenomenon of beam col-
lapse in space is further demonstrated by the results achieved
in a series of designed experiments. We have also demon-
strated that the energy threshold and the starting location of the

collapse are strongly dependent on the beam waist radius. The
spatial distribution of the refractive index in the focus volume
inside the fused silica has beenmeasured using a spectroscopic
ellipsometer, which presents a roughly uniform decrease of 0.1
in the focus volume. Further, the measured spatial distribution
of the refractive index and the structural changes reported by
SEM are well consistent with the theoretically predicted pulse
energy density distributions.

2. Theory and experiment

2.1. Theory

In order to determine themechanism of energy distribution and
structure modification under laser irradiation, we performed a
theoretical study on the propagation of a femtosecond laser
that is loosely focused inside fused silica, based on the non-
linear Schrödinger equation and the free-electron density rate
equation. In fact, the propagation of the focused ultrashort
laser in transparent media is quite complicated, and a series of
linear and nonlinear processes need to be solved, such as beam
diffraction, group velocity dispersion, free-carrier absorption
and plasma defocusing, multiphoton absorption, and Kerr self-
focusing. The degree ofmaterial modification is related to both
the deposited laser energy and the excited electrons inside the
material. Based on the nonlinear Schrödinger equation, the
evolution of the electric field with respect to the propagation
distance can be expressed as [31–34]
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where z is the propagation distance and r is the radius in the
calculation. k = n0k0 (k0 = ω0/c) and ω0 are the wave number
and the frequency of the incident wave, respectively. n0 = 1.46
is the linear refractive index at the wavelength of 800 nm and
n2 = 2.5 × 10−16 cm2 W−1 is the nonlinear refraction index
for fused silica, and c represents the light speed in vacuum.
k′′ ≡ ∂2k/∂ω2|ω0 = 361 fs2 cm−1 [31–33] is the coefficient
of the group velocity dispersion, and ξ stands for the retarded
time variable, which is expressed as

ξ = t− z/vg, (2)

where vg is the group velocity. For the plasma absorption
process, σ = (k0e2ω0τ c)/n02ω0

2ε0m0(1 + ω0
2τ c

2) is the
cross-section area for inverse bremsstrahlung which follows
the Drude formalism, e is the electron charge, ε0 is the
dielectric constant, and m0 = 0.5me is the effective electron
mass (me is the free electron mass) [42, 43]. The value of
electronic scattering time τ c lays in the femtosecond range
[32, 33, 35, 42, 44]. An appropriate approximation of τ c is
critical to estimate the absorption cross-section area, and we
selected τ c = 23.3 fs [32]. The electron density term ρ in
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equation (1) can be described by the rate equation that mainly
considers the avalanche ionization and multiphoton ionization
for the generation of free carriers, and the free-electron decays
due to the recombination effect. The rate equation can be
described as

∂ρ

∂t
=

1
n20

σ

Eg
ρ|E|2 + β(m)

mℏω
|E|2m− ρ

τr
, (3)

where Eg = 9.0 eV is the gap energy for the fused silica,
and m = 6 is the number of photons for multiphoton ion-
ization at 800 nm. The corresponding absorption coefficient
is β(m) = mℏω0σmρat [31], where ℏ represents the redu-
cible Planck constant, σm is the multiphoton ionization rate
and σ6 = 9.8 × 10−70 cm12 W−6 when m = 6 for fused
silica [32]. ρat = 2.1 × 1022 cm−3 denotes the background
atom density [31]. The calculated result of the coefficient is
β(m) = 3.0 × 10−65 cm9 W−5. τ r = 150 fs is the character-
istic time for free electron recombination [45, 46]. E on the
left-hand side of equation (1) is a linearly polarized Gaussian
beam with cylindrical symmetry which can be described by a
complex electric field envelope, shown as

E(r, ξ,0) =
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τ 2
0

− ikr2
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)
, (4)

where r0 is the radius of the beam on the silica surface, with
a pulse duration of τ 0 = 35 fs. f in the last term of equation
(4) represents the curvature of the wave at the location with a
distance d from the geometric focus, which can be described
as f = d + zr2/d [15]. zr is the Rayleigh length. Pin is the
input pulse power, which is set above the critical power of self-
focusing. The critical power of self-focusing can be given as
[31]

Pcr =
λ2
0

2πn0n2
, (5)

where λ0 is the central wavelength of the incident pulse. Then,
it can be determined that Pcr = 2.8 MW in this work.

It should be noted that we did not consider the effect of
spherical aberration. Although the spherical aberration effect
is quite serious when a high NA focusing lens is introduced,
it is negligible here because the focal length of the lens is as
large as millimeters [16].

The spatial and temporal evolution of the electric field
intensity distribution inside the fused silica can be acquired
by solving the above model. A split-step Fourier method has
been used to solve this model. Equation (1) can be expressed
as

∂E
∂z

=
(
L̂+ N̂

)
E, (6)

where L̂ and N̂ represent the linear operation and nonlinear
operation, respectively. The former includes the transverse dif-
fraction and the group velocity dispersion, while the latter con-
sists of the free carrier absorption and the plasma defocusing,
the multiphoton absorption, and the Kerr self-focusing. The

Figure 1. The flow chart of the split-step method used to solve the
nonlinear Schrödinger equation. The nonlinear operation and the
linear operation are calculated sequentially within a single step.

detailed process used to solve the problem is shown in figure 1.
The calculation of the nonlinear operation N̂ was performed
firstly, which includes solving the equation (3) via a fourth-
order Runge–Kutta method. Correspondingly, the nonlinear
operation N̂ and the electric field envelope EN (r, t, z) with only
the nonlinear effect was calculated in order. Further, the linear
operation L̂ was calculated in the frequency domain. Specific-
ally, the system of linear equations was obtained by the Crank–
Nicolson difference method and was solved via the chasing
method. As a result, the electric field envelope E (r, t, z+△z)
for the next step in the propagation direction was obtained. In
this work, the step size △z is set as 8 µm in the propagation
direction. The electric field distribution of an interesting seg-
ment can be obtained by iterating the above steps. It should be
noted that this split-step method assumed that the linear pro-
cess and the nonlinear process would not interfere with each
other.

2.2. Experiment

A Ti:sapphire ultrafast laser system (Solstice Ace, Spectra
Physics Ltd) was used to deliver 35 fs pulses with a nominal
repetition of 1 kHz and it can be adjusted to integer multiples
from 1 Hz to 1 kHz. The central wavelength is 800 nm. The
maximum energy of the single pulse was about 7 mJ. A plano-
convex lens (LA1951-B, THORLABS) with a focal length of
25.4 mm and a back focal length of 17.6 mm has been adopted
to focus the beam into a 10 mm× 10 mm× 6 mm fused silica
with all surfaces polished. The sample was mounted onto a
three-axis translation stage to ensure that each shot could be
focused on a fresh position of the sample by moving the stage,
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Figure 2. The schematic diagram of sample processing and refractive index measurement. (a) The sample was mounted onto a three-axis
translation stage with the laser beam focused inside the sample perpendicularly. (b) The sample surface was processed by a lapping machine
firstly and then milled by a focused ion beam (FIB) system to obtain the inside cross-section of the modified area. (c) The refractive index
was measured by a spectroscopic ellipsometer.

as shown in figure 2(a). The pulse is focused at the location
5 mm beneath the top surface of the sample.

In the experiment, the repetition of the laser system was set
as 10 Hz, a mechanical shutter (SH1/M, THORLABS) with an
open time of 0.1 s was used to ensure that only a single pulse
shot was used in one test. Furthermore, since the damaged area
is far from the top surface of the fused silica, the glass was pro-
cessed from the bottom surface to obtain the cross-section of
the damaged area more efficiently. Two steps are necessary to
observe the cross-section. At first, we lapped the sample sur-
face to expose the damaged area using a lapping machine (EM
TXP, Leica), and then used a focused ion beam (FIB) (Helios
Nanolab G3 CX, FEI Ltd) system to further mill the surface
to the specified position we were interested in, as shown in
figure 2(b). The SEM embedded in the FIB system was used
to take the cross-section images. Figure 2(c) shows the refract-
ive index measurement of the laser-modified area by using a
spectroscopic ellipsometer (SE-IM, Wuhan Eoptics Techno-
logy Co., Wuhan, China) with a diameter of the detecting spot
as small as 30 µm. The sample stage (THORLABS, XYR1/M)
of the ellipsometer can be moved by the multi-axis adjustment
screw with a position resolution of 10 µm. In total, 165 evenly
distributed points have been measured on the cross-section to
ensure the reliability of the discussion of the spatial distribu-
tion of the refractive index.

Considering that the FIB milling may increase the refract-
ive index of quartz due to the implantation of Ga+ with large
ion energy [47], we compared the refractive index of the pro-
cessed fused silica and the unprocessed one. The results show
that the average increase of the refractive index due to FIB pro-
cessing was about 0.191 at the wavelength of 800 nm, which
was further used to correct the refractive index mapping in our
result analysis section.

3. Results and discussions

3.1. Beam collapse in space

Quite strong nonlinear evolution has been observed with a
multipeak structure along the propagation axis when a femto-
second laser pulse is tightly focused inside fused silica, as

shown in figures 3(a)–(c). The beamwaistw0 = 2 µm. The res-
ults of the multipeak structure that appeared on the optical axis
confirmed the self-focusing and defocusing processes from the
theory, and are consistent with the previous works [14, 16].
Interestingly, when a loosely focused condition is applied, we
show the beam collapse in space using a series of theoretical
simulations with different input pulse energies. Specifically,
the dependence of the radial intensity distribution on the input
pulse energy is studied from a set of designed simulations as
well. Figures 3(d)–(h) show the stationary radial intensity dis-
tribution at the focus position. The beam waist w0 = 50 µm.
The input pulse energy employed in the calculationwas chosen
to be from 10 µJ to 6 mJ. Obviously, the spatial distribution of
intensity has a strong dependence on the input pulse energy.
When the pulse energy is no more than 24 µJ, the Gaussian
morphology distribution of intensity in the radial direction can
be kept, which indicates that the changes of both structural and
optical properties inside the fused silica are mainly concen-
trated on the optical axis and the caused damages gradually
attenuate along the radial direction. When the pulse energy
further increases to above 24 µJ, the central region of the
laser beam begins to collapse, as shown in figures 3(f)–(h).
Meanwhile, the on-axis (r = 0) intensity decreases sharply
once the intensity reaches about 1 × 1013 W cm−2, and
the pulse energy is redistributed off the optical axis as a
ring. Notably, the diameter of the collapsing region increases
with increasing pulse energy, which means that the area with
intensity beyond the critical intensity is larger for the higher
energy pulse.

Figures 4(a) and (b) show the transient radial energy dens-
ity at t = 20 fs and the stationary radial energy density dis-
tribution, respectively. The input pulse energy is 20 µJ and
the beam waist w0 = 40 µm. A quick look at the results
shows that the energy density radial distribution is similar
to the intensity distribution shown in figures 3(f)–(h). Com-
paring figures 4(a) and (b), it can be seen that the transi-
ent energy density is distributed in a relatively wider annular
region. As the pulse–matter interaction continues, the depos-
ited energy gradually accumulates into a narrower annular
area, as show in figure 4(b). The higher energy density with
fluence F > 0.8 J cm−2 is concentrated in the annular area.
Apparently, such an energy collapse phenomenon is closely
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Figure 3. The light intensity distribution along the direction of propagation with an input energy of (a) 1.2 and (b) 1.5 µJ. (c) The
normalized on-axis intensity of (a) and (b). The results were obtained under a tightly focused condition with beam waist w0 = 2 µm.
(d)–(h) The stationary radial intensity distribution at the focus position with an input pulse energy of 10 µJ, 24 µJ, 100 µJ, 1 mJ, and 6 mJ.
The results were obtained under a loosely focused condition with beam waist w0 = 50 µm.

Figure 4. The radial distribution of the (a) transient (t = 20 fs) and (b) stationary energy density. (c) The stationary axial energy density
distribution. The input pulse energy Ein = 20 µJ and the beam waist w0 = 40 µm.

related to the pulse energy and focusing conditions. Figure 4(c)
shows the stationary axial energy density distribution, it can
be observed that the collapse starts from a certain position
along the z axis. When the collapse phenomenon occurs, the
beam propagates in a ring shape from the collapse starting pos-
ition. Furthermore, the annular beam that propagates along the

optical axis is not uniform in size, but with a relatively small
divergence angle.

In order to further investigate the threshold for beam col-
lapse and the starting position (i.e. the distance from the incid-
ent surface) on the optical axis of the beam collapse, addi-
tional sets of simulations with different beamwaists have been
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Figure 5. (a) The dependence of the beam collapse threshold on the beam waist w0 inside the fused silica. (b) The starting location
(the distance from the incident surface) of the beam collapse on the optical axis varies with the input energy under different beam waists.

Figure 6. (a) The radial cross-section image of the shock-induced modification region with pulse energy of 6 mJ obtained by SEM.
(b)–(d) Enlargement of the selected areas in (a). A donut-like structure appeared and material in the modified region changed significantly.
The images were obtained by SEM. The cross-section was obtained by focused ion beam (FIB) technology.

carried out. The beam waists are selected as 20 µm, 30 µm,
40 µm and 50 µm and the input pulse energy varies from 2 µJ
to 36 µJ. The results are shown in figure 5. Figure 5(a) shows
the dependence of the beam collapse threshold on the beam
waist inside the fused silica, which is related to the NA of
the focusing lens. It can be seen that the threshold gradually
increases as the beam waist increases. Figure 5(b) shows that
the starting location of beam collapse on the optical axis varies
with the input pulse energy at different beam waists. The pos-
ition of ‘0’ represents the incident surface of the fused silica.
Obviously, within a certain range, the starting position gradu-
ally approaches the silica surface as the input pulse energy
increases. When the pulse energy reaches a certain value, such
as Ein = 5.8 µJ for w0 = 20 µm, the beam collapse phe-
nomenonwill start from the incident surface of the fused silica.
Further, it is conceivable that the size of the collapsed area will
decrease as the beam waist radius decreases.

It is worth mentioning that the self-focusing and defo-
cusing cycling process as reported in [11, 35] does not
appear once the beam collapse occurs. Due to the beam col-
lapse, the on-axis energy is less than the ionization threshold,
which means that the formed plasmas are not sufficient to
modify the refractive index of the fused silica. Therefore, the
plasma defocusing and refocusing phenomenon disappear at

the position where beam collapse occurs. The ionization pro-
cess only occurs in the off-axis regions and the structural and
optical properties of the unionized on-axis material will not be
modified.

In order to verify the phenomenon in our simulation, a laser
pulse with an energy of 6 mJ was loosely focused into the
fused silica with a focal depth of 5mm. The cross-section SEM
image of the focal region shown in figure 6(a) exhibits a donut-
like structure, which includes an annular area and a central
circle. The axial length of the damaged area is several milli-
meters. Such a morphology is consistent with the simulation
results obtained in figure 3(h). The consistency of the morpho-
logy in the numerical and experimental results confirms the
existence of the beam collapse phenomenon. Accordingly, we
can infer that the formation of the ring structure started before
the focal position, the same as the starting position of the col-
lapse. The zoom-in figures of the selected areas in figure 6(a)
are shown as figures 6(b)–(d). It can be observed that the tex-
ture in the central area remains nearly the same as the outer-
most pristine silica. That is to say, the damaged area appeared
in the area where the energy density is higher than the damage
threshold. When the beam energy density decreases below the
damage threshold as the propagation distance increases, the
damage disappears. From further observation of the annular
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Figure 7. The mapping relationship between the measured refractive indices distribution and the calculated energy density distribution.
(a) SEM image of the modified region. (b) The spatial distribution of the refractive index at 800 nm in the modified region measured by a
spectroscopic ellipsometer and (c) the corresponding energy density distribution obtained by simulation. (d) The normal angle view of the
refractive index distribution. (e) The refractive index profiles along the dashed lines (red and black) that marked in (d). The result has
subtracted the influence of the FIB processing of the fused silica on the refractive index.

region, as shown in figure 6(d), it can be seen that the texture
in the annular area has been significantly changed compared
to the surrounding pristine regions. Specifically, there are two
remarkable morphological features: one is the porous struc-
ture accompanied by many nano-level voids, and the other is
the island-like structure with a size of 1–2 µm. Such special
structures have potential for applications in catalysts, compos-
ites, etc [48].

3.2. Distribution of the refractive index in the modified region

It is shown that the energy density distribution can be con-
trolled by tuning parameters such as pulse energy and beam
waist in the previous section. However, in order to achieve
the tunable refractive indices by varying these parameters, it
is still necessary to investigate the correlation between the
energy density distribution and refractive index distribution.
Further, the refractive indices of the modified area have been
measured using a spectroscopic ellipsometer with a detection
spot with a diameter of 30 µm to investigate the changes of
the optical properties induced by the femtosecond laser. Cor-
respondingly, the accurate mapping relationship between the
spatial distribution of the measured refractive index and the
distribution of the theoretically calculated energy density is
shown in figure 7. The energy density distribution shown in
figure 7(c) was calculated with a pulse energy of 6 mJ. Com-
paring figures 7(a)–(c), it can be observed that the spatial
distribution of the measured refractive index shows a donut-
like structure, which is consistent with the texture structure
observed by SEM and the simulated energy density distribu-
tion. Firstly, the annular (the region between two yellow dot-
ted lines in figure 7(b)) size of the distribution of the refract-
ive index is highly consistent with the size of the donut-like
structure observed by SEM. Secondly, the diameter of the

energy density distribution ring (the region between the two
red dotted lines in figure 7(c) with F > 0.8 J cm−2) is equival-
ent to the central diameter of the refractive index distribution
ring, as well as the central diameter of the annular structure
obtained by SEM. It can be interpreted as the following inter-
action process. When the high energy laser pulse incidents to
the dielectric media, the highly nonlinear effects reshape the
pulse energy away from the optical axis. The energy is con-
centrated in the annular region and excites the electrons, which
results in high temperature and pressure. The temperature and
pressure then diffuse towards both the center and periphery
of the ring, causing the corresponding structural changes that
lead to the relatively larger annular area in the experimental
results. One more point can be read from figure 7 is that the
quantitative relationship between the material refractive index
change and energy density is revealed. When the deposited
energy density reaches 0.8 J cm−2, irreversible modification
and refractive index change are formed inside thematerial. The
accurate mapping relationship between the spatial distribution
of the refractive index induced by femtosecond pulse and the
pulse energy density distribution presented in the results can
be used for the exact prediction of the refractive index modi-
fication inside the fused silica. The refractive index contrast
formed in the annular region and the central region observed
might be a possible reference for some special optical wave-
guide machining [49], with fine tuning of the beam collapse
modulation parameters such as pulse energy, beam waist, etc.
The results in figure 7 clearly show the existence of a correl-
ation between the simulated energy density distribution and
the measured refractive index distribution on the focal plane.
Considering the applicability of controlling the energy dens-
ity distribution demonstrated earlier, the tunable refractive
index distribution can be expected by adjusting parameters
such as pulse energy and beam waist as well, although the
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Figure 8. The calculated temporal evolution of the excited electron
plasma density with a different beam waist radius at the focusing
position with r = 10 µm. The input pulse energy Ein = 6 mJ.

quantitative characterization of such a correlation still needs
further study.

Figure 7(d) shows the normal angle view of the refract-
ive index distribution. For further observation, the refractive
index profiles along the two dashed lines marked in figure 7(d)
are shown in figure 7(e). Compared to the pristine mater-
ial, an average decrease of about 0.1 of the refractive indices
can be observed in the annular region. The reduction of the
refractive index clearly indicates the material rarefaction in
the annular region, which is due to the material melting and
solidification induced by conspicuous heating and stress. Con-
sidering the conservation of matter, the existence of mater-
ial rarefaction in the annular region means that there must be
regions where materials are densified. The expansion and rar-
efaction of the material in the annular region makes the mater-
ial at the edge of the central circular area become dense. This
can be confirmed by the fact that the refractive index at the
edge of the central circle is higher than the pristine refract-
ive index n0, as depicted in figure 7(e). A certain level of
the excited electron plasma (1020 cm−3) should be achieved
to induce material expansion [50]. Figure 8 shows the tem-
poral evolution of the excited electron plasma density calcu-
lated by equation (3) with the beam waist radius from 15 µm
to 30 µm at the focusing plane (z = 100 µm) with r = 10 µm.
The input pulse energy Ein = 6 mJ. Rapid electron excitation
(∼80 fs) and a relatively slow decay process can be observed.
The peak free electron density gradually increases as the beam
waist radius decreases, which indicates that the distribution
of the free electron density is similar to the change of the
energy density; that is, regions with high energy density will
promote the formation of more excited electron plasma. In
addition, it can be seen from the figure 8 that for a relat-
ively long time, the electron density is higher than 1020 cm−3.
Namely, these electrons provide sufficient heat and pressure
to modify the material. Therefore, the evolution of the electron

density indirectly reflects the melting and quenching of mater-
ials, which leads to the rarefaction of the fused silica and the
formation of the texture structure with low density, as shown
in figure 7(a), and finally result in the decrease of the refractive
index.

4. Conclusions

In summary, a model based on the nonlinear Schrödinger
equation has been used to describe the nonlinear propagation
of a femtosecond laser pulse loosely focused inside the fused
silica. The beam collapse phenomenon has been predicted by
the simulation results. The dependence of the energy threshold
and the starting location of the beam collapse on the beam
waists was investigated, which can be used for the accurate
modulation of beam collapse. An experiment of a single pulse
with energy of 6 mJ focused inside the fused silica has been
carried out and the corresponding refractive index distribution
of the modified region was measured using a spectroscopic
ellipsometer. The results show that a donut-like structure has
been obtained and the refractive indices in the annular region
have an average decrease of about 0.1. A quantitative map-
ping relationship among the simulated spatial distribution of
the energy density and the experimental results of the modi-
fied structure, as well as the measured spatial distribution of
the refractive index, has been obtained. Such a mapping rela-
tionship between the simulation and the experiment is expec-
ted to be a useful tool for the modulation of the structure and
the refractive index inside the fused silica in the field of femto-
second laser micromachining.
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