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A B S T R A C T   

Structural changes of the transparent materials induced by a Femtosecond laser play an important role in the 
field of femtosecond laser micromachining. In this paper, a concentric ring structure with a period of 2 μm has 
been observed on the front surface when a single femtosecond pulse was focused at 15 μm below the fused silica 
surface with an input pulse energy of 2 mJ. A linear correlation between the size of the concentric ring structure 
and the input pulse energy has been revealed. A model based on the nonlinear Schrödinger equation has been 
used to calculate the radial light intensity distribution on the fused silica surface. The calculated light intensity 
distribution and the experimental results are well mapped to each other, which can be expected to provide a new 
perspective for the exploration of the formation mechanism of the laser-induced concentric ring structure.   

1. Introduction 

In recent years, femtosecond laser micromachining has become an 
emerging technology in the field of material processing by means of 
focusing the beam on the surface or inside of the material [1]. When the 
ultrafast laser is focused on the sample surface or near the surface, the 
laser energy will be deposited around the focal area and be absorbed by 
the surface material in an ultra-short time, which induces the material to 
be ablated. As a result, the material peels off from the surface, forming a 
series of regularly arranged groove structures, the so-called laser--
induced periodic surface structures (LIPSS) [2–5]. For many materials, it 
has been demonstrated that the morphological characteristics of LIPSS, 
such as the period and the depth of the groove, can be well manipulated 
by the irradiation fluence, the temporal shaping, the polarization state, 
the pulse number, and the incidence angle of the laser pulse [6–10]. The 
reported good controllability of the structural characteristics, coupled 
with the simple processing steps, enable LIPSS to have a large number of 
technical applications, such as structural color, antibacterial surfaces, 
chemical analytics, etc. [2,11]. As a widely used optical element mate-
rial, the structure damage of silica glass has been widely studied under 
the condition of ultrafast laser irradiation [12–14]. Interestingly, 
different from the parallel arrangement of the groove structure shown by 
the typical LIPSS feature, a concentric ring structure on the fused silica 
surface was induced by the ultrafast laser. Heins AM et.al studied the 

concentric ring structure induced by a fs laser pulse on the surface of 
glass, and proved that the appearance of the rings is related to the 
ambient medium [15,16]. At the same time, the formation of periodic 
annular surface structure on the fused silica surface induced by multiple 
fs laser pulses was reported by Liu Y et.al [17]. Zhang X et.al reported 
that a concentric ring structure is formed on the front surface when the 
laser pulse is focused on the rear surface of the fused silica [18]. The 
formation of the concentric ring structure on the fused silica surface 
adds new characteristics to the LIPSS. However, the exact relationship 
between these new characteristics and the input pulse energy is rarely 
discussed. 

In order to understand the formation mechanism of the laser-induced 
concentric ring structure, it is important to consider the nature of the 
interaction between ultrafast lasers and materials. For the description of 
femtosecond laser irradiation in fused silica, the model based on the 
nonlinear Schrödinger equation and the free-electron density rate 
equation is widely used [19–24], which mainly describes the effects of 
beam diffraction, multiphoton absorption, plasma defocusing and Kerr 
self-focusing. In addition, some theoretical models based on interference 
or diffraction have also been proposed to explain the formation of the 
structure [17,25,26]. These controversial discussions suggest that more 
experimental and theoretical studies are required to further reveal the 
formation mechanism of the laser-induced concentric ring structure. 

In this paper, a concentric ring structure with a period of 2 μm has 
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been obtained on a silica surface when a single femtosecond pulse was 
focused at 15 μm below the fused silica surface. A linear relationship 
between the size of the concentric ring structure and the input pulse 
energy has been demonstrated by varying the input pulse energy. 
Furthermore, a model based on the nonlinear Schrödinger equation was 
used to calculate the radial light intensity distribution. Results show that 
the radial intensity presents a concentric ring-shaped distribution which 
is consistent with the concentric ring structure observed in the 
experiment. 

2. Experiment and theory 

2.1. Experiment 

In this work, 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. It can be adjusted in integer multiples from 1 Hz to 1 
kHz and in this work the repetition was set as 10 Hz. Meanwhile, a 
mechanical shutter (SH1/M, THORLABS) with open time of 0.1 s was 
used to ensure the single pulse shot. The central wavelength is 800 nm. 
The maximum energy of the single pulse was 7 mJ. The diameter of the 
output laser beam is 16 mm. A plano-convex lens (LA1951-B, THOR-
LABS) with focal length f = 25.4 mm has been used to focus the beam. 
The diameter of the ionized air plasma is measured to be about 80 μm 
when the femtosecond laser was focused in the air by this lens [27]. The 
focal plane is set as 15 μm below the sample front surface. It can be 
estimated that the spot size of the laser irradiated on the silica surface 
was approximate 100 μm. The size of the fused silica sample is 10 × 10 
× 6 mm3, the impurity content is 5 ppm and all the surfaces have been 
polished with a nominal roughness of 5 nm to ensure good transmittance 
and uniformity. The sample was mounted on a three-axis translation 
stage to ensure that each shot can be focused on a fresh position of the 
sample by moving the stage, as shown in Fig. 1. All the experiments were 
carried out in the ultra-clean room. The experimental variables, such as 
the incident angle of the laser, the position of the focal point, and the 
input pulse energy were strictly controlled to guarantee the processing 
quality and processing consistency. Moreover, the ablation experiments 
were repeated twice under the same conditions to ensure the repro-
ducibility of the results. The detailed observation of the ablation area 
was performed by an optical microscope, a SEM (Quanta 200, FEI Ltd.) 

and an AFM (SPM9700, Shimadzu). 

2.2. Theory 

The propagation of the focused femtosecond laser in the transparent 
material is complicated, made up of a series of linear and nonlinear ef-
fects, such as beam diffraction, group velocity dispersion, multiphoton 
absorption, free-carrier absorption and plasma defocusing, as well as 
Kerr self-focusing. In this work, a model based on the nonlinear 
Schrödinger equation and the free-electron density rate equation was 
used to study the light intensity distribution. The nonlinear Schrödinger 
equation can be expressed as  

where z is the propagation distance, r is the radius in the calculation. k 
and ω0 are the wave number and the frequency of the incident wave, 
respectively. n0 is the linear refractive index and n2 is the nonlinear 
refraction index, and c represents the light speed in vacuum. k" is the 
coefficient of the group velocity dispersion, and ξ represents the 
retarded time variable. For the plasma absorption process, σ is the cross- 
section area for inverse bremsstrahlung. The free electron density term ρ 
in Eq. (1) can be described by the rate equation, which has the following 
expression, 
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where Eg is the gap energy, and K is the number of photons for multi-
photon ionization. β(K) is the corresponding absorption coefficient. E on 
the left-hand side of Eq. (1) is a linearly polarized Gaussian beam with 
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where r0 is the radius of the beam on the silica surface, with a pulse 
duration of τ0 = 35 fs. f in the last term of Eq. (3) represents the cur-
vature of the wave at the location with a distance d from the geometric 
focus. Pin is the input pulse power. 

A split-step Fourier method has been used to solve the above- 
mentioned model. As a result, the spatial distribution of light intensity 
can be calculated. 

3. Results and discussion 

In order to understand the structural characteristics of the fused 
silica ablated by the femtosecond laser, different energies of the input 
pulse have been focused into the fused silica 15 μm below the surface to 
ablate the glass. The results and the corresponding discussion are shown 
below. 

Fig. 2 shows the SEM image of the formed ablation area induced by a 
single femtosecond pulse. The input pulse energy Ein = 2 mJ, which was 
measured by a power meter. It can be seen that a perfect concentric ring 
structure was formed with a diameter of about 155 μm. 

Furthermore, the influence of input pulse energy on the character-
istics of the ablation area was studied. Fig. 3 shows the optical images of 
the ablation area with input pulse energy of 1 mJ, 2 mJ, 3 mJ, 4 mJ, 5 mJ 
and 5.8 mJ. The ablation experiments under the same conditions were Fig. 1. The schematic diagram of sample ablation.  
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repeated twice to show the processing consistency. It can be seen from 
the results that the concentric structure can be obtained for pulses with 
different energy. Through further observation of the structure, it can be 
found that discrete point structure appears based on the ring structure. 
In the results of Ein = 5 mJ and Ein = 5.8 mJ, there is a circle of powdery 
substance around the ring structure. For this phenomenon, we give the 
following explanation. Due to the focusing of the femtosecond laser, the 
fused silica surface will accumulate extremely high temperatures in an 
ultrashort time, and the accumulated temperature will increase as the 
input pulse energy increases. In the situation of high input pulse energy, 
the ultrahigh temperature will melt part of the ring material after the 
ring structure is formed. Subsequently, the molten material will re- 
solidify due to the drop in temperature and will finally accumulate 
around the ring structure. 

In addition, it can be found from Fig. 3 that the size of the ablated 

area is dependent on the input pulse energy. Fig. 4 shows the pulse 
energy dependence of the diameter of the ablation area. The black balls 
in the figure are the measured results and the solid line is the result of the 
linear fitting with R2 = 0.975. Results show that the diameter of the 
ablation area changes linearly with the input pulse energy. The existence 
of such linear relationship indicates that under the premise of fixing 
other parameters, a concentric ring structure with specific size can be 
obtained by controlling the input pulse energy. In addition, it is 
conceivable that the size of the concentric ring structure is related to the 
spot size irradiated on the fused silica surface, which requires further 
study. 

In order to further depict the characteristics of the concentric ring 
structure, an AFM was used to observe the ablation area. Fig. 5 shows 
the AFM image of the concentric ring structure with an area of 30 μm ×
30 μm under the condition of Ein = 1 mJ. It can be found that the groove 

Fig. 2. SEM image of the formed concentric ring structure. The input pulse 
energy Ein = 2 mJ. The diameter of the ablation area is about 155 μm. 

Fig. 3. The optical images of the ablation area with input pulse energy of (a) 1 mJ, (b) 2 mJ, (c) 3 mJ, (d) 4 mJ, (e) 5 mJ, (f) 5.8 mJ. The ablation experiments under 
the same conditions were repeated twice to show the processing consistency. 

Fig. 4. The pulse energy dependence of the diameter of the ablation area. Black 
balls are the measured results and the solid line is the result of the linear fitting 
with R2 = 0.975. 
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depth of the concentric ring structure is around 300 nm, and the depth of 
the groove does not change with the change of the radius. From this 
result, we might as well guess that the groove depth of the laser-induced 
concentric ring structure in our experiment is uniformly distributed, 
which can be proved by the subsequent numerical results. 

In order to quantitatively study the periodic distribution of the 
concentric ring structure, the periodic changes of the groove along the 
radial direction were observed. Fig. 6 shows the height changes of the 
concentric ring structure along the solid line marked in Fig. 5, where the 
black balls show the measured results and the solid line is the result of 
cosine fitting. The period of the ring structure can be read directly from 
the fitting result, Tm = 2 μm. All the above experimental results show 
that a perfect concentric ring structure can be obtained by focusing a 
single femtosecond pulse at 15 μm below the surface of the fused silica. It 
is worth noting that the period of the concentric ring structure does not 
change with the radius but stabilizes at 2 μm. The micro-level periodicity 
and uniform distribution of the concentric ring structure make it 
applicable for fabricating structural color surfaces. Compared with the 
parallel gratings, structural color surfaces fabricated by using the 
concentric ring structures can eliminate anisotropy [28]. 

In order to study the formation mechanism of the concentric ring 
structure, the radial light intensity distribution was calculated based on 
the nonlinear Schrödinger equation and the free electron density rate 
equation. Fig. 7 shows the radial distribution of the light intensity at z =
15 μm obtained by the theoretical calculation. The input pulse energy 
Ein = 1 mJ. A distinctive feature that can be seen from the radial in-
tensity distribution is that the radial light intensity presents a concentric 
ring distribution, which is similar to the structure obtained by the 
experiment shown in Fig. 2. 

In addition, the radial intensity at r = 2 μm is much higher than the 
central area and peripheral area. This special light intensity distribution 
can be attributed to the unique propagation mechanism of the high 
energy femtosecond laser pulse inside the transparent material. When 
the femtosecond pulse is focused inside the transparent material, self- 
focusing and plasma defocusing effects will dominate the subsequent 
propagation of the pulse. As a result, the light intensity in the central 
area is lower than in the surrounding areas. 

The period of the concentric ring distribution of the light intensity in 
the calculation result is important. Fig. 8 shows the radial intensity 
distribution along the dotted line marked on Fig. 7. It can be seen that 
the light intensity presents periodic oscillations along the radial 

Fig. 5. The AFM image of the concentric ring structure induced by a pulse with 
energy of 1 mJ. 

Fig. 6. The height changes of the ring structure along the solid line marked in 
Fig. 5, where the black balls show the measured results and the solid line is the 
result of cosine fitting. The period of the ring structure can be obtained, Tm =

2 μm. 

Fig. 7. The radial distribution of the light intensity at z = 15 μm obtained by 
theoretical calculation using the described model. The input pulse energy Ein =

1 mJ. The distribution of the intensity shows a ring structure. 

Fig. 8. The calculated result of the intensity along the radial direction. The 
period of the ring structure can be obtained with Tc = 2 μm. 
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direction. The period is Tc = 2 μm, which is consistent with the results 
obtained by the experiment, as shown in Fig. 6. In addition, it can be 
found that the peak value of the light intensity remains at about 5 ×
1012 W/cm2 along the radial direction, which suggests that the groove 
depth of the concentric ring structure should be kept uniform, as 
described in the previous paragraph. The good mapping relationship 
between the calculated radial light intensity distribution and the 
experimentally obtained structure morphology also shows that the 
depth of the grooves can be controlled by changing the input pulse 
energy. 

The concentric ring structure obtained by the experimental results is 
in good agreement with the radial light intensity distribution obtained 
by the theoretical calculations. The formation mechanism of the 
concentric ring structure may be found from the theoretical model. The 
femtosecond pulse carries a large amount of energy and interacts with 
the fused silica. The fused silica absorbs the photon energy in the form of 
multiphoton absorption, forming thermal plasma, which gathers on the 
glass surface in an ultrashort time. The existence of plasma forms a 
different refractive index interface between the air and the glass. The 
subsequent part of the pulse is reflected when entering the plasma 
interface, and these reflected lights interfere with each other, resulting 
in a ring-shaped distribution of the light intensity. This kind of light 
intensity distribution led to the formation of the concentric ring struc-
ture on the glass surface. 

4. Conclusion 

In summary, the concentric ring structure was obtained by a single 
focused femtosecond pulse on the fused silica surface with pulse energy 
ranging from 1 mJ to 5.8 mJ. The period of these ring structures was 
measured to be 2 μm. The dependence of the diameter of the ablation 
area on the input pulse energy has been demonstrated, showing a linear 
relationship. In addition, a model based on the nonlinear Schrödinger 
equation and the free electron density rate equation has been used to 
calculate the light intensity distribution along the radial direction. The 
theoretical results are in good agreement with the experimental results. 
The consistency between the theoretical and experimental results allows 
us to read the distribution of light intensity from the structural features. 
The results can be expected to provide a new perspective for the 
exploration of the mechanism of laser-induced concentric ring structure 
formation. Furthermore, the concentric ring structures have a good 
prospect for the fabrication of isotropic structural color surfaces. 
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