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Abstract: To clarify the formation mechanism of periodic nanometer-size cavity structure of a borosilicate glass sample, the 

free electron density around the exit surface was investigated when it exposed to intense femtosecond laser radiation. The 

electron density near the edge of the crack on the surface was estimated to be 10
20

-10
22

 cm
-3

. From this result, the temperature of 

the irradiated heating area near the edge of the crack was estimated to reach at least about 6,000 K, which was sufficient for the 

initiation and propagation of the fiber fuse. In this way, periodic nanosized cavities could be formed by fiber fuse propagation 

starting near the edge of the crack on the exit surface. Next, fiber fuse propagation in the modified zone formed by 

continuous-wave laser irradiation in a silica glass sample was investigated theoretically by the explicit finite-difference method 

using the thermochemical SiOx production model. In the calculation, we assumed the glass to be in an atmosphere and that part 

(40 µm in length) of the modified zone was heated to a temperature of 2,923 K. The calculated velocities of fiber fuse 

propagation in the modified zone were in fair agreement with the experimental values observed at 0.514 and 1.064 µm. 
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1. Introduction 

Ultrashort laser pulses can be used to rapidly and precisely 

deposit energy in transparent materials. 3D integrated 

photonics [1] and Ultrashort-laser-inscribed 3D optical data 

strage [2] are proposed. Femtosecond (fs) laser inscription 

technique has been applied to independent core attenuation 

control in multicore fibers [3] and reduction of differential 

mode gain in a two-mode erbium-doped fiber [4]. 

The ultrashort laser pulses are absorbed by electrons, and 

the optical excitation ends before the lattice is perturbed. It 

takes picoseconds for the electrons to transfer their excess 

energy to the lattice, and nanoseconds for micrometer-scale 

atomic displacement to occur [5]. Energy from the ultrashort 

laser pulse is coupled into the material through a combination 

of multiphoton absorption and avalanche ionization [6-14]. 

When an fs laser pulse is focused inside the bulk of a 

transparent material as shown in Figure 1 (a), the intensity in 

the focused region can become high enough to cause 

absorption through nonlinear processes, leading to optical 

breakdown in the material. The ultrafast energy deposition 

creates high temperature and pressures inside the focused 

region and the material is ejected from the center and forced 

into the surrounding volume, leading to the formation of a 

structure consisting of a cavity (or at least of less dense 

material) with a submicrometer diameter surrounding by 

densified material [1]. By using an fs laser with a high 

repetition rate, it is possible to write waveguides, where laser 

damage spots are continuously formed in the glass [15-17]. 

 

Figure 1. Focusing and filamentation in transparent material. 
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In contrast, the formation of a self-guided filament over a 

long distance (at least 1 mm) upon irradiation with a focused 

fs laser beam inside the fused silica was reported by several 

research institutes [18-23] (see Figure 1 (b)). A filament 

results from the dynamic competition between the 

self-focusing and defocusing of electron plasma at powers 

around the critical value of self-focusing [21, 23]. 

One of the problems arising from high power injection in 

the silica glass is the probability of detonating the fiber fuse 

effect. This phenomenon was discovered by British 

researchers in 1987-1988 in conventional single-mode optical 

fibers [24-28]. Recently, the occurrence of fiber fuse in bulk 

glasses [18, 19, 29-33] has been reported. 

In this article, we describe the fiber fuse phenomenon 

observed in bulk glasses. 

 

Figure 2. Schematic illustration for the formation process of the periodic cavities [18]. 

2. Electron Density in Bulk Glass 

Irradiated by Ultrashort Laser Pulses 

Recently, Kanehira et al. observed the occurrence of 

periodic cavities in a self-guided filament [18, 19]. A 

regeneratively amplified 0.8 µm Ti: sapphire laser that emits 

120 fs, 1 kHz, mode-locked pulses was used in their 

experiments. Launching a focused fs laser beam into a 

conventional borosilicate glass sample induces a change in the 

refractive index at the focal point, as shown in Figure 2 (a), 

and then a self-guided filament path propagates toward the 

bottom surface of the glass sample, as shown in Figure 2 (b). 

Once the core of the filament line is raised to a sufficiently 

high temperature, it becomes highly absorbent as described in 

[34-36]. 

When the self-guided filament reaches the edge of the 

glass sample, optical breakdown (or microexplosion) occurs 

around the bottom surface to create a nanosized void (cavity), 

as shown in Figure 2 (c). When the next fs laser pulse 

propagates from the focal point, it is trapped in the heated 

region around the cavity formed beforehand, resulting in the 

production of a new high temperature region and the 

formation of the next cavity. The region that absorbs the laser 

light thus moves to a new point along the filament path, and 

the process is repeated many times, as shown in Figure 2 (d). 

In this manner, the fiber fuse is generated and propagates in 

the glass sample. The fuse propagates along the self-guided 

filament path toward the laser source, becoming larger close 

to the focal point, as shown in Figure 2 (e). 

The cavity size (l) and period (Λ) was 0.6 µm and 1.6 µm, 

respectively, when the pulse energy was 10 µJ for 1 s. These 

values increased to be 1.0 µm and 3.2 µm, respectively, when 

the pulse energy increased from 10 µJ to 40 µJ for 1 s. From 

these data, it is clear that the l / Λ value of the cavity decreased 

from 0.375 to 0.3125 with increasing the pulse energy. 

In order to initiate the fiber fuse, a high temperature of 

2,900 K and above is needed [36] at the nanosized void in the 

bottom surface. Here we consider the response of the 

borosilicate glass material in [18, 19] to the laser excitation 

around the bottom surface. The peak power of the laser pulse 

is about 83 kW when the pulse energy was 10 µJ for 1 s. When 

this large power was concentrated on a small area around the 

bottom surface, the laser pulse created a hot, high-density 

electron plasma [5]. The plasma transfers its excess energy to 

the lattice and heats it before the energy escapes by diffusion 

on a time scale of < 10 ps. 

Stuart et al. derived the following simple rate equation for 

the evolution of the free electron density Ne in a dielectric 

medium exposed to intense laser radiation [8, 9, 11]: 

���
��
	= 	�	�		
�	�
 +	�� 	��	
�        (1) 

where I(t) is the intensity of the laser pulse, α is the avalanche 

coefficient, and αk is the k-photon absorption cross section 

with the smallest k satisfying kℏω ≥ Eg (Eg is the band-gap 

energy of the material). 

For the borosilicate glass material, values of Eg ∼ 4 eV, α = 

(1.2 ± 0.4) cm
2
/J, and α3 = 7 × 10

17±0.5
 cm

-3
 ps

-1
 (cm

2
/TW)

3
 at a 
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wavelength (λ0) of 0.78 µm were reported by Lenzner et al. 

[11]. If we assume that the diameter of the irradiated area is 2 

µm, the peak intensity of the 120 fs pulse becomes 2.65 

TW/cm
2
 when the pulse energy is 10 µJ for 1 s. 

Figure 3 shows the evolution of electron density for this pulse. 

Because multiphoton ionization is strongly intensity dependent, 

electrons are mainly produced near the peak of the pulse and Ne 

reaches about 1.2 × 10
18

 cm
-3

 after the passage of the pulse. Ne 

of 10
18

 cm
-3

 order was observed at a temperature of about 5,000 

K in silica glass [37]. Therefore, the temperature of the 

irradiated heating area will reach about 5,000 K and above, 

which was sufficient for the initiation and propagation of the 

fiber fuse [26]. 

Why does a nanosized void occur at the surface of the glass 

sample? It has been observed that surfaces generally have a 

lower threshold for damage than the bulk material [38-42]. 

When a light pulse enters a glass sample at near-normal 

incidence, as shown in Figure 4, the electric field strength Ebulk of 

the light pulse transmitted through the sample is given by [41] 

����� =	 �2/	� + 1��	��           (2) 

where n (= 1.5) is the refractive index of the glass sample and 

E0 is the electric field strength of the incident light pulse. 

When this transmitted light pulse exits the sample, the electric 

field strength Eexit at the exit surface is given by [41] 

�
��� =	 �2�/	� + 1��	����� =	 �4�/	� + 1���	��  (3) 

 

Figure 3. Calculated evolution of free electron densityNe for a 120 fs pulse 

(red curve) of peak intensity of 2.65 TW/cm2 in a borosilicate glass sample. 

 

Figure 4. Schematic illustration of laser pulse transmission in a glass sample. 

Thus, the nominal breakdown intensity of the light pulse at 

the exit surface is lower by a factor of 4n
2
 / (n +1)

2
 (= 1.44) 

than that of the bulk. This factor is called the light intensity 

enhancement factor (LIEF) [43]. 

The ideas concerning the importance of the electric field 

strength at the surface of a dielectric material were extended 

by Bloembergen to investigate the role of submicroscopic 

cracks and pores in surface damage [44, 45]. 

If the crack shown in Figure 4 is mathematically 

represented by a disk-shaped ellipsoidal void (or conical 

crack), with the lines of forces in the bulk normal to the disk, 

the electric field will be concentrated near the edge, increasing 

the electric field strength by a factor of n
2
. That is, the electric 

field strength Ec near the edge of the crack is given by [45] 

� =	��	����� 	               (4) 

Consequently, the breakdown intensity of the light pulse at 

this location on the exit surface is lower by an LIEF of n
4
 (= 

5.06) than that of the bulk. Furthermore, Génin et al. 

numerically calculated LIEF values owing to conical surface 

cracks [43]. They found that the LIEF value can locally reach 

two orders of magnitude that for conical cracks of ideal shape 

and theoretical LIEF values for the conical cracks range from 

5 to 102 [43]. 

 

Figure 5. Calculated evolution of free electron densities for a 120 fs pulse of 

peak intensity of 2.65 TW/cm2 in the bulk, at the exit surface, and near the 

edge of the crack of a borosilicate glass sample. 

Figure 5 shows the evolution of electron densities for a 120 

fs pulse of peak intensity of 2.65 TW/cm
2
 in the bulk, at the 

exit surface, and near the edge of the crack forming on the exit 

surface. The LIEF values of 5.06 and 10 were assumed for the 

crack. Nth (≅ 2 × 10
21

 cm
-3

 [6, 21]) is the plasma critical density. 

The Ne value at the exit surface reaches about 3.9 × 10
18

 cm
-3

 

after the passage of the pulse, which is about three times that 

in the bulk. On the other hand, Ne near the edge of the crack 
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reaches about 3.7 × 10
20

 cm
-3

 in the case of LIEF = 5.06. This 

value is about 300 times larger than that in the bulk and is one 

order of magnitude below the plasma critical density Nth. Ne of 

10
20

 cm
-3

 order was observed at a temperature of about 

6,000-7,000 K in the silica glass [37]. Therefore, the 

temperature of the irradiated heating area near the edge of the 

crack will reach at least about 6,000 K. 

If a value of LIEF = 10 is assumed for the cracks on the exit 

surface, Ne near the edge of the crack reaches about 1 × 10
22

 

cm
-3

 as shown in Figure 5. As this value is larger than the Nth 

(≅ 2 × 10
21

 cm
-3

), laser light is strongly absorbed, leading to 

rapid heating of the electron plasma. As a result, laser-induced 

breakdown (or a microexplosion) occurs near the edge of the 

crack on the bottom (exit) surface and a dense plasma is 

formed in the bulk around the bottom surface, which results in 

the nanosized cavity as shown in Figure 2 (c). 

The irradiated heating area near the bottom surface is 

considered to be thermodynamically unstable owing to the 

large increment (≥ 5,000 K) of the local temperature. As 

described in [46], thermodynamic instability results in a 

decrease in the l / Λ value of the cavity. From the experimental 

results with respect to the l / Λ values described above, it can 

be considered that the cavity formation process in the 

self-guided filament is thermodynamically unstable and the 

instability of the process increases with increasing the pulse 

energy of a focused fs laser beam. 

3. Fiber Fuse Effect in Bulk Glass 

3.1. Modified Zone Formed by CW Laser Irradiation 

Hidai et al. observed the occurrence of periodic cavities in 

bulk glass by irradiation of a continuous-wave (CW) laser 

beam [29-32]. A schematic illustration of their experimental 

setup is shown in Figure 6. Thin copper foil, serving as an 

absorbent, was placed on the borosilicate glass. 

Another glass plate and a weight were placed on the metal 

foil to ensure good contact between the glass sample and the 

absorbent (metal foil). A CW laser beam (Ar ion laser) 

operating at λ0 = 0.514 µm was focused on the metal foil. The 

spot diameter of the laser beam in air was approximately 53 

µm. When the refractive index of glass was considered, the 

estimated diameter of the focal spot in the glass was ∼36 µm 

[31]. After the start of laser irradiation, bright emission was 

observed at the interface of the glass sample and the absorbent, 

and then the emission moved toward the light source. The 

modified zone was formed after passage of the emission 

through the glass sample. The width (or diameter) of the 

modified zone in silica glass was about 60 µm [29]. After the 

laser exposure, a periodic structure of cavities was observed at 

the center of the modified zone near the upper surface (in 

contact with the absorbent) of the glass sample. The cavity 

size (l) and period (Λ) in silica glass were 15 µm and 52 µm, 

respectively, when the laser power (P0) was 11 W (see Figure 

3 in [31]). The l / Λ value was 0.288 near the upper surface and 

increased to be about 0.5 around the middle (∼3 mm from the 

upper surface), and became 1 at the tip (∼5.5 mm from the 

upper surface) of the glass sample. At the tip, a long filament 

was observed. No cavities and/or filaments were found in 

other parts of the glass sample. 

 

Figure 6. Schematic illustration of experimental setup used by Hidai et al. [30]. 

The mechanism causing the periodic cavities was explained 

as follows. When the laser beam was focused on the absorbent, 

the temperature of the laser-illuminated spot on the absorbent 

increased. The optical absorption coefficient α is related to the 

extinction coefficient k and λ0 by [47] 

α = 4π#	/λ0               (5) 

 

Figure 7. Refractive-index profile of the silica glass sample. 

A value of k = 2.42 for copper at λ0 = 0.50 µm has been 

reported [48]. Using Eq. (5) and this k value, the absorption 

coefficient of copper is estimated to be α = 5.92 × 10
7
 m

-1
 at λ0 

= 0.514 µm. This value is about three orders of magnitude 

larger than the α value (10
4
 m

-1
 order) required for fiber fuse 

generation. 

The part of the glass sample in contact with the heated 

absorbent was also heated by thermal conduction and 

radiation from the absorbent, as described in [49]. Then this 

part started to absorb the laser beam because of its enhanced 

absorption owing to the temperature rise. The heated part of 

the sample also heated the surrounding area, which also 

started to absorb the laser beam. By repeating this process, the 

heated spot moved backward (toward the light source) until it 

reached the point where the fluence was insufficient to heat 

the glass because of defocusing. The modified zone was 

formed by heating and quenching. 

The modification speed, which corresponds to the fiber fuse 

propagation velocity Vf, was about 200 mm/s when the input 
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laser power (P0) was 10 W and increased with increasing P0 

[32]. The laser fluence at the focus, which corresponds to the 

threshold power density Ith, was about 1 MW/cm
2
 [31]. This 

value is the same magnitude of the Ith value observed in the 

fiber fuse experiments [50]. Therefore, it is considered that the 

migration of the bright spot observed by Hidai et al. [29-32] 

occurs by the same mechanism as that of the fiber fuse 

phenomenon. 

3.2. Fiber Fuse Calculation in Silica Glass at 0.514 µm 

We investigated the generation of a fiber fuse and its 

propagation in the modified zone by the explicit 

finite-difference method. 

The refractive-index profile of the silica glass sample, in 

which the modified zone is formed, is shown in Figure 7. In 

this figure, rc is the radius of the modified zone, and n1 and n0 

are the refractive indices of the modified zone and the silica 

glass, respectively. The relative refractive-index difference ∆1 

between n1 and n0 is defined as 

∆%=
&'(

)*	'+
),

�'(
) 	~	�% − ���/�%         (6) 

In the calculation, we assumed n1 = 1.46187, n0 = 1.46181, 

and ∆1 = 0.004% at λ0 = 0.514 µm. These refractive indices 

were estimated using the Sellmeier equation described in [51]. 

We assumed the glass to be in an atmosphere with 

temperature T = Ta. We also assumed that part of the modified 

zone\index{modified zone} of length ∆L is heated to a 

temperature of T
0

c (˃ Ta), as shown in Figure 8. In the heating 

zone (called the "hot zone") shown in Figure 8, the optical 

absorption coefficient α is larger than in other parts of the 

modified zone because of its high temperature T
0

c (> Ta). 

Thus, as light propagates along the positive direction (away 

from the light source) in this zone, a considerable amount of 

heat is produced by light absorption. 

The calculation by the finite-difference method followed 

the procedure described in the literature [34-36]. In the 

calculation, we set rc to 18 µm, the time interval δt to 1 ns, the 

step size along the r axis δr to 5 µm, and the step size along the 

z axis δz to 20 µm, and assumed that ∆L = 40 µm, T
0

c = 2,923 

K and Ta = 298 K. 

We estimated the temperature field T (r, z) near the 

modified zones at t = 1 ms and 11 ms after the incidence of 

laser light with P0 = 10 W and λ0 = 0.514 µm. The calculated 

temperature fields are shown in Figures 9 and 10. As shown 

in Figure 9, the core center temperature near the end of the 

hot zone (z = -0.16 mm) changes abruptly to a high value of 

about 19 × 10
4
 K after 1 ms. This rapid rise in the 

temperature initiates the fiber fuse propagation, as shown in 

Figure 10. After 11 ms, the high-temperature front in the 

core layer reaches a z value of -2.12 mm. The average 

propagation velocity Vf is estimated to be 196 mm/s using 

these data. This Vf is close to the value (∼200 mm/s) 

measured by Itoh et al. [32]. 

Furthermore, the P0 dependence of the Vf values for the 

modified zone was examined at λ0 = 0.514 µm. The calculated 

results are shown in Figure 11. The data reported by both Itoh 

et al. [32] are plotted in this figure. As shown in Figure 11, the 

Vf values estimated at λ0 = 0.514 µm agree well with the 

experimental values. 

 

Figure 8. Hot zone in silica glass sample. 

 

Figure 9. Temperature field near the modified zone after 1 ms when P0 = 10 W at λ0 = 0.514 µm. 
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Figure 10. Temperature field near the modified zone after 11 ms when P0 = 10 W at λ0 = 0.514 µm. 

 

Figure 11. Relationship between the velocity Vf and the input power P0 at λ0 = 

0.514 µm. The open circles are the calculated results. The closed circles are 

the data reported by Itoh et al. [32]. 

 

Figure 12. Schematic illustration of experimental setup used by Tokunaga et 

al. [33]. 

3.3. Modified Zone Formed by Pulsed and CW Laser 

Irradiation 

Recently, Tokunaga et al. proposed a novel method of 

triggering a fiber fuse inside a bulk glass sample without 

requiring the use of metal foil as an absorbent [33]. A 

schematic illustration of their experimental setup is shown in 

Figure 12. Two types of laser were used in their method. One 

was the second harmonic of a nanosecond (ns)-pulsed 

Nd:YAG laser with λ0 = 0.532 µm and pulse width of 3--5 ns. 

The repetition rate and the pulse energy of the pulsed laser 

were 10 Hz and 1.8 mJ, respectively. The other one was a CW 

Nd:YAG laser with λ0 = 1.064 µm and P0 = 50 W. In their 

method, optical breakdown by irradiation of ns laser pulses 

was utilized to initiate the fiber fuse. If we assume that the 

diameter of the irradiated area is about 4.2 µm, the peak 

intensity of the 5 ns pulse becomes 260 GW/cm
2
 when the ns 

pulse energy is 1.8 mJ for 1 s. This is close to the intrinsic 

damage limit for silica, which exceeds 100 GW/cm
2
 [52]. 

For pulses longer than a few tens of picoseconds, the 

generally accepted picture of bulk damage to defect-free 

dielectrics involves the heating of conduction band electrons by 

the incident radiation and transfer of this energy to the lattice. 

Damage (or breakdown) occurs through conventional heat 

deposition (heating of the lattice) resulting in the melting and 

boiling of the dielectric material [7, 9]. The breakdown region, 

which is the focal point of the pulsed laser, started to absorb the 

CW laser light, causing the temperature increase in the vicinity. 

The high temperatures generated at the focal point caused 

the fiber fuse phenomenon. The bright spot propagated along 

the modified zone toward the laser source until it reached the 

glass surface. In addition, a long hole was drilled on the light 

source side of the glass. 

The migration speed of the bright spot, which corresponds 

to the Vf, and the power density I were estimated to be 430 

mm/s and 2.2 MW/cm
2
, respectively, when the input CW laser 

power (P0) was 50 W at λ0 = 1.064 µm. These Vf and I values 

are similar to those (480 mm/s and 3.1 MW/cm
2
) of an 

SMF-28 fiber observed in fiber fuse experiments [50]. 

Therefore, it can be concluded that the migration of the bright 

spot observed by Tokunaga et al. [33] occurs by the same 

mechanism as that of the fiber fuse phenomenon. 

3.4. Fiber Fuse Calculation in Silica Glass at 1.064 µm 

We investigated the generation of a fiber fuse and its 

propagation in the modified zone by the explicit 
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finite-difference method. In the calculation, we assumed n1 = 

1.45010, n0 = 1.44988, and ∆1 = 0.015% at λ0 = 1.064 µm. 

We assumed the silica glass to be in an atmosphere with 

temperature T = Ta. We also assumed that part of the modified 

zone of length △L is heated to a temperature of T
0

c (> Ta), as 

shown in Figure 13. 

In the calculation, we set rc to 27 µm, the time interval δt 

to 1 ns, the step size along the r axis δr to 5 µm, and the step 

size along the z axis δz to 20 µm, and assumed that △L = 40 

µm, T
0

c = 2,923 K and Ta = 298 K. We estimated the 

temperature field T (r, z) near the modified zones at t = 1 ms 

and 11 ms after the incidence of laser light with P0 = 50 W 

and λ0 = 1.064 µm. 

The calculated temperature fields are shown in Figures 14 and 

15. As shown in Figure 14, the core center temperature near the 

end of the hot zone (z = -0.40 mm) changes abruptly to a high 

value of about 4.0 × 10
4
 K after 1 ms. This rapid rise in the 

temperature initiates the fiber fuse propagation, as shown in Figure 

15. After 11 ms, the high-temperature front in the core layer 

reaches a z value of -4.56 mm. The average propagation velocity Vf 

is estimated to be 416 mm/s using these data. This Vf is close to the 

value (∼430 mm/s) measured by Tokunaga et al. [33]. 

4. Conclusion 

The formation mechanism of periodic nanometer-size 

cavity structure of a borosilicate glass sample was clarified by 

estimating the free electron density around the exit surface 

when the glass was exposed to intense femtosecond laser 

radiation. The electron density near the edge of the crack on 

the surface was estimated to be 10
20

-10
22

 cm
-3

. 

 

Figure 13. Hot zone in the silica glass sample without metal absorbent. 

 

Figure 14. Temperature field near the modified zone after 1 ms when P0 = 50 W at λ0 = 1.064 µm. 

 

Figure 15. Temperature field near the modified zone after 11 ms when P0 = 50 W at λ0 = 1.064 µm. 
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From this result, it was found that periodic nanosized 

cavities could be formed by fiber fuse propagation starting 

near the edge of the crack on the exit surface. Next, the 

unsteady-state thermal conduction process in a modified zone 

formed by continuous-wave laser irradiation in a silica glass 

sample was studied theoretically by the explicit 

finite-difference method using the thermochemical SiOx 

production model. The calculated velocities of fiber fuse 

propagation in the modified zone were in fair agreement with 

the experimental values. 
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