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Abstract: Recently great interest has been aroused by the development of photonic crystal fibers (PCFs). Hollow-core 

photonic crystal fibers (HC-PCFs) can guide light inside the hollow core by photonic bandgap or inhibited-coupling 

mechanisms. HC-PCFs exhibit low propagation losses at 1.064 µm and the 1.51-1.60 µm range. The HC-PCFs are now 

implemented as an important tool of laser beam delivery in place of traditional single mode optical fibers. One of the problems 

arising from high-power injection in the optical fiber is the probability of triggering the fiber fuse effect. This effect is related 

to a heat conduction process in optical fibers. The unsteady-state thermal conduction process in several HC-PCFs (revolver 

fibers) for high-power transmission was studied theoretically by the explicit finite-difference method using the thermochemical 

SiOx production model. For heat conduction analysis, the complicated inner structure of revolver fiber was simplified using the 

model composed of silica-ring and air-hole layers. The calculated velocities of fiber fuse propagation in two types of 

polymer-coated revolver fibers were in fair agreement with the experimental values. If the polymer coating of the revolver fiber 

is removed, the Fresnel reflection at the outer surface of the support tube occurs and the back-reflected light wave is incident 

upon the silica capillaries and the hollow core. To clarify the in-phase condition, we estimated phase changes of optical routes 

in the uncoated revolver fiber. It was found that the reflected waves from the outer surfaces of the silica capillary and support 

tube are in phase at the core-capillary boundary, and they are mutually enhanced as a consequence of the constructive 

interference. As a result, the power in the hollow core and the silica capillary was improved for the uncoated revolver fiber 

compared with the polymer-coated one. The calculated velocity of fiber fuse propagation in the uncoated revolver fiber was in 

fair agreement with the experimental value. 
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1. Introduction 

Recently great interest has been aroused by the 

development of photonic crystal fibers (PCFs) [1-16]. In PCFs, 

a microstructured or photonic crystal material forms the fiber 

cladding. The core in which the light propagates is formed by 

omitting one or more periods of the photonic crystal (leaving 

an air core) or by filling in one or more air holes (forming a 

solid core). The former is called a hollow-core PCF (HC-PCF) 

and the latter is called a holey fiber (HF) or a microstructured 

optical fiber (MOF). 

Hollow-core photonic crystal fibers (HC-PCFs) can guide 

light inside the hollow core by photonic bandgap (PBG) [8] or 

inhibited-coupling (IC) mechanisms [15]. Furthermore, the 

relationship between the negative curvature and the confinement 

loss in the HC-PCF family has been experimentally and 

theoretically investigated by several research institutes [17-29]. 

Pryamikov et al. fabricated a novel hollow-core PCF with a 

negative curvature of the core boundary and a cladding 

consisting of one row of capillaries [17]. This fiber is often 

called a negative curvature fiber [18-23], an antiresonant fiber 

[24-27], or a revolver fiber [28, 29]. 

Recently, Sakr et al. reported the fabrication of the nested 

antiresonant nodeless hollow-core fiber (NANF) with a 

record low loss of 0.51 dB/km at 1.064 µm [30] and Jasion et 

al. reported the minimum loss of 0.28 dB/km between 1.51 

and 1.60 µm in the NANF [31]. 

The HC-PCFs can provide a large light-gas interaction overlap 

inside hollow-core [5, 11] and wide transmission bands [10], 

exhibiting the potential for improving gas detection performance 
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[32] and realizing a high-performance gas fiber laser [33-40]. 

On the other hand, the use of high-power lasers in the 

industry has been rapidly advanced by incorporating 

flexible-fiber-based beam delivery. The laser beams cannot be 

transported through traditional step-index fibers as their peak 

intensity lies above the damage threshold of silica and would 

therefore destroy the fiber itself. The HC-PCFs are now 

implemented as a tool of laser beam delivery in place of 

traditional optical fibers [41-47]. 

One of the problems arising from these high-power levels 

injected in the optical fiber is the probability of detonating the 

fiber fuse effect. This phenomenon was discovered by British 

researchers in 1987-1988 [48, 49] in conventional 

single-mode optical fibers. The fiber fuse effect in revolver 

fibers [50, 51] has been reported. 

In this paper, we investigated the generation of a fiber fuse 

and its propagation in revolver fibers by the explicit 

finite-difference method using the thermochemical SiOx 

production model [52]. 

2. Fiber Fuse Effect in Revolver Fibers 

The occurrence of a fiber fuse in a revolver fiber was first 

reported in 2018 by Kolyadin et al. [50]. 

 
Figure 1. Two types of revolver fiber. 

They fabricated the two types of revolver fibers (RF1 and 

RF2) shown in Figure 1. Both fibers have a relatively simple 

air-silica cladding structure, which consists of one layer of 

capillaries. In RF1, these capillaries touch each other, whereas 

they are located at a certain distance in RF2. 

In Figure 1, the hollow core radius rc, the inner diameter of 

the support tube Dhole, and the capillary thickness tc of 

RF1/RF2 are 42/20 µm, 93/36 µm, and 3.1/0.8 µm, 

respectively. The support tube diameter (2rf) of RF1/RF2 is 

125/100 µm. 

2.1. Laser Source for Fiber Fuse Experiments 

The fiber fuse experiments were carried out using a pulse 

laser operated at a wavelength (λ0) of 1.064 µm. The laser 

radiation consisted of nanosecond trains of picosecond pulses 

(NTPPs) and had the duration of 130 ns. 

The fiber fuse initiation was observed in RF1 and RF2 at 

the average powers of about 4 W (RF1) and about 2 W (RF2), 

and the fiber fuse propagated at a velocity of about 1 m/s. 

The threshold power corresponded to the average intensity 

of 2.4 × 10
9
 W/cm

2
 (RF1) and 5.2 × 10

9
 W/cm

2
 (RF2) over 

the duration of the NTPP. 

These values were one order of magnitude smaller than the 

breakdown threshold intensity IB (8.2 × 10
10

 W/cm
2
 [53]) for 

air, which was estimated for the 10 ns pulsed laser operated 

at λ0 = 1.064 µm. 

For a revolver fiber, it is known that the extinction ratio of 

the power in the center of the hollow core to that in the silica 

capillary is more than 20 dB [25]. This means that the 

theoretical optical power overlap ratio between the core and 

the cladding, η, becomes less than 1%. 

If η of 0.5% is assumed for the revolver fiber, the 

intensities Is near the silica capillaries in RF1 and RF2 can be 

estimated to be 12 MW/cm
2
 (RF1) and 26 MW/cm

2
 (RF2) 

over the duration of the NTPP. 

These values are of the same magnitude as the threshold 

intensity Ith (about 1-10 MW/cm
2
) observed in the fiber fuse 

experiments using a CW laser operated at λ0 = 1.064 µm [54]. 

2.2. Fiber Fuse Initiation in Revolver Fiber 

In the fiber fuse experiments, a planar absorbing metal 

(absorbent) surface was brought parallel to the fiber end face 

[50]. In what follows, we used copper as the absorbing metal. 

When the laser beam was focused on the absorbent, the 

temperature of the laser-illuminated spot on the absorbent 

rose. 

The optical absorption coefficient α is related to the 

extinction coefficient k and λ0 by [55] 

α = 4π	�/λ0                  (1) 

A value of k = 6.22 for copper at λ0 = 0.96 µm has been 

reported [56]. Using Eq. (1) and this k value, we estimated 
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the absorption coefficient of copper to be α = 7.35 × 10
7
 m

-1
 

at λ0 = 1.064 µm. This value is about three orders of 

magnitude larger than the α values (10
4
 m

-1
 order) required 

for fiber fuse generation. 

The part of the silica capillaries in contact with the heated 

absorbent is also heated by thermal conduction and radiation 

from the absorbent, as described in [57]. Then, this part starts 

to absorb the laser beam because of its absorption 

enhancement due to the temperature rise. 

The heated part of the capillaries also heats the surrounding 

area, which also starts to absorb the laser beam. As this process 

is repeated, the heated spot will move backward (toward the 

light source), as observed by Kolyadin et al. [50]. 

In the following section, we describe the unsteady-state 

thermal conduction process in a revolver fiber theoretically 

by the explicit finite-difference method on the basis of the 

thermochemical SiOx production model [52]. 

3. Fiber Fuse Calculation in Revolver 

Fibers 

We used the simplified model shown in Figure 2 for 

heat conduction analysis of the revolver fiber. This model 

is similar to the multi-layered model proposed by Wang 

and Ding [23]. However, our model simplified the 

structure of revolver fiber, compared with their 

multi-layered model. 

The hollow core was assumed to be a cylindrical rod of 

diameter 2rc and it was surrounded by a suitably designed 

cladding of high (silica ring) and low (air hole) refractive 

indices. 

 
Figure 2. Heat conduction model for revolver fiber RF1. 

The hollow core and air hole layer were assumed to be 

filled with air at the same temperature as the surrounding air 

(Ta). We used the following values of λ (W m
-1

 K
-1

), ρ (kg 

m
-3

), and Cp (J kg
-1

 K
-1

) of air in the heat conduction 

calculation [58]. 

λ = 0.105 

ρ = 0.183 

Cp = 1,306 

3.1. Fiber Fuse Propagation in RF1 

In an actual revolver fiber RF1, eight capillaries of silica 

glass exist in the air-silica cladding, and the air-filling 

fraction ηs of the cladding structure is about 68%. If the 

width hs of the silica ring is set to 11 µm (∼Dhole/8), ηs 

becomes about 66%. This ηs is slightly smaller than that 

(68%) of an actual RF1. 

Using the model described above, we investigated the 

appearance of the fiber fuse effect in a revolver fiber by the 

explicit finite-difference method. 

We assumed that the revolver fiber is in an atmosphere of 

temperature T = Ta and part of the silica ring of length ∆ L (= 

40 µm) is heated to a temperature of T
0

c (> Ta), as shown in 

Figure 3. 

In the calculation, we set the time interval δt to 10 ns, the step 

size along the r axis δr to rf/20, and the step size along the z axis 

δz to 20 µm and assumed that T
0
c = 3,000 K and Ta = 298 K. 

 
Figure 3. Hot zone in silica ring of revolver fiber. 

 
Figure 4. Temperature field in RF1 after 1 ms when I = 18 MW/cm2 at λ0 = 

1.064 µm. 
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Figure 5. Temperature field in RF1 after 8 ms when I = 18 MW/cm2 at λ0 = 

1.064 µm. 

 
Figure 6. Temperature fields of core center of RF1 after 1 ms and 8 ms when I 

= 18 MW/cm2 and λ0 = 1.064 µm. 

We estimated the temperature field T (r, z) of the revolver 

fiber RF1 at t = 1 ms and 8 ms after the incidence of laser 

light with I = 18 MW/cm
2
 (= 1.5Is) and λ0 = 1.064 µm. 

The calculated temperature fields are shown in Figures 4 

and 5. As shown in Figure 4, the temperature of the silica-ring 

center near the end of the hot zone (z = -0.96 mm) increases 

abruptly to about 7.1 × 10
4
 K after 1 ms. The heated part of the 

silica ring heats air molecules in the hollow core, in which the 

temperature also starts to increase. This rapid rise in the 

temperature initiates the fiber fuse propagation, as shown in 

Figure 5. After 8 ms, the high-temperature front in the 

silica-ring center reaches a z value of -7.84 mm. The average 

propagation velocity Vf was estimated to be 0.98 m/s using 

these data. This value is close to the Vf (1.0 m/s) observed by 

Kolyadin et al. [50] and is also the same value as that (∼1 m/s) 

of the SMF28 optical fiber [54]. 

The temperature fields of the core center along the z 

direction were calculated at t = 1 ms and 8 ms after the 

incidence of laser light with I = 18 MW/cm
2
 and λ0 = 1.064 

µm. The calculated results are shown in Figure 6. The heat 

generated in the silica-ring layer is transferred to the 

neighboring core layers of the RF1. At a time of 1 ms after 

laser light incidence, a peak temperature (Tp) of 2.0 × 10
4
 K 

or above occurs in the center of the hollow-core layer. The Tp 

value is maintained after 8 ms, as shown in Figure 6. The 

propagation velocity of the heated air is the same as that 

(0.98 m/s) of fiber fuse propagation. 

3.2. Fiber Fuse Propagation in Polymer-Coated RF2 

Next, we investigated the unsteady-state thermal 

conduction process in the revolver fiber RF2 theoretically by 

the explicit finite-difference method. We used the simplified 

model shown in Figure 2 for heat conduction analysis of the 

revolver fiber RF2. 

In an actual revolver fiber RF2, eight capillaries of silica 

glass exist in the air-silica cladding, and the air-filling 

fraction ηs of the cladding structure is about 79%. If the 

width hs of the silica ring is set to 5 µm (∼Dhole/7), ηs 

becomes about 44%. This ηs is smaller than that (79%) of an 

actual RF2. 

We assumed that the revolver fiber RF2 is in an 

atmosphere of temperature T = Ta, and part of the silica ring 

of length ∆L (= 40 µm) is heated to a temperature of T
0

c (> 

Ta), as shown in Figure 3. 

 
Figure 7. Temperature fields of core center of RF2 after 1 ms and 8 ms when I 

= 24 MW/cm2 and λ0 = 1.064 µm. 

 
Figure 8. Temperature field near high-temperature front of RF2 after 1 ms 

when I = 24 MW/cm2 and λ0 = 1.064 µm. 

In the calculation, we set the time interval δt to 5 ns, the 

step size along the r axis δr to rf/20, and the step size along 

the z axis δz to 20 µm, and assumed that T
0

c = 3,000 K and Ta 

= 298 K. 

We estimated the temperature fields of the core center of 

the revolver fiber RF2 along the z direction at t = 1 ms and 8 

ms after the incidence of laser light with I = 24 MW/cm
2
 (= 

0.93Is) and λ0 = 1.064 µm. The calculated results are shown 

in Figure 7. As shown in Figure 7, the core center 

temperature near the end of the hot zone (z = -0.86 mm) 

increases abruptly to about 5.2 × 10
4
 K after 1 ms. This rapid 

rise in the temperature initiates the fiber fuse propagation. 

After 8 ms, the high-temperature front in the core center 

reaches a z value of -7.14 mm. The average propagation 
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velocity Vf was estimated to be 0.90 m/s using these data. 

This value is close to the Vf (0.91 m/s) observed by Kolyadin 

et al. [50]. In RF2, the Tp value (5.2 × 10
4
 K) is maintained 

after 8 ms, as shown in Figure 7. 

The temperature field near the high-temperature front after 

the incidence of laser light with I = 24 MW/cm
2
 was 

calculated along the r direction at t = 1 ms. The calculated 

result is shown in Figure 8. As shown in the figure, the 

temperatures in the hollow core are higher than 3 × 10
4
 K, 

and the temperatures in the silica-ring layer decrease with 

increasing r and reach ∼Ta at the end of the silica-ring layer. 

The temperature distribution shown in Figure 8 is similar 

to the intensity distribution of optical-discharge plasma 

radiation in RF2 (Figure 5(b) in [50]) observed by Kolyadin 

et al. 

 

Figure 9. Schematic of light localization in core of polymer-coated RF2 (a) and uncoated RF2 (b). 

 
Figure 10. Optical routes in core of polymer-coated or uncoated RF2. 

3.3. Fiber Fuse Propagation in Uncoated RF2 

If RF2 was completely covered with a polymer coating, 

the measured Vf was 0.91 m/s [50]. However, if the polymer 

coating was partially removed and the silica support tube 

directly bordered air, the measured Vf became 2.84 m/s, 

which was three times larger than that of the polymer-coated 

RF2 [51]. 

RF2 consists of a hollow core and an air-silica cladding, 

which contains one layer of silica capillaries (see Figure 1). In 

this fiber, the transverse components of a light wave along the 

radial direction propagate from the core to the silica capillary, 

and are then sent back to the core after being reflected at the 

core-capillary boundary and the inner and outer surfaces of the 

silica capillaries, as shown in Figure 9(a), 

If the polymer coating of the RF2 is removed, the Fresnel 

reflection at the outer surface of the support tube occurs and 

the back-reflected light wave is incident upon the silica 

capillaries and the hollow core, as shown in Figure 9(b). 

If all or several of the reflected waves stated above are in 

phase at the core-capillary boundary, then they are mutually 

enhanced as a consequence of constructive interference. To 

clarify the in-phase condition, we estimated four phase 

changes Φ0-Φ3 of optical routes shown in Figure 10. Among 

them, Φ3 is solely related to the uncoated RF2. 

The phase change is accumulated by the radial translation 

and an additional phase change ΦR due to the reflection [59]. 

ΦR depends on the relative magnitude in the refractive 

indices of layers situated at both sides of the interface. If a light 

wave travels from a low-index material to a high-index 

material, ΦR becomes 0. Therefore, Φ0 in Figure 10 leads to 0. 

On the contrary, ΦR becomes π when a light wave travels 

from a high-index material to a low-index material. 

To determine the phase change due to radial translation, 

we need the lateral propagation constants denoted by 

�� = 2π
��� − �����  / λ0 (i = a, c, s)      (2) 

where neff is the effective index of the least lossy mode of RF2 

and λ0 (= 1.064 µm) is the wavelength of the light wave. 

As neff of the fundamental mode is close to na (= 1.0) [60, 61] 

at λ0 = 1.064 µm, Eq. (2) becomes 

�� ≈ 2π���� − 1	/ λ0 (i = a, c, s)        (3) 

The refractive index n of pure silica can be calculated 

using the Sellmeier equation: 
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�� − 1 = ∑ �� 	���� λ
2

0 / (λ
2

0 – bi)         (4) 

where ci and bi are the parameters listed in Table 1 [62]. 

Table 1. Sellmeier parameters of pure silica [62]. 

Parameters Pure SiO2 

c1 0.6965325 

c2 0.4083099 

c3 0.8968766 

b1 0.004368309 

b2 0.01394999 

b3 97.93399 

The n value of pure silica at λ0 = 1.064 µm was calculated 

to be 1.44988 using Eq. (4). Therefore, in the calculation, we 

used nc = ns = 1.452 for the silica capillary and silica support 

tube at λ0 = 1.064 µm. We also used na = 1.0, tc = 0.8 µm, ta = 

6.4 µm, and ts = 32.0 µm. 

Let us consider the phase change Φ1-Φ3 shown in Figure 

10. To satisfy the in-phase condition responsible for Φ0, 

waves reflected from the outer and inner surfaces of the silica 

capillary and the inner surface of the support tube must 

satisfy the following relations (Bragg conditions): 

Φ1 - Φ0 = 2 kc tc + π = 2 π m1        (5) 

Φ2 - Φ0 = 2 (kc tc + ka ta) = 2 π m2      (6) 

Φ3 - Φ0 = 2 (kc tc + ka ta + kc tc + ks ts) + π = 2 π m3  (7) 

where m1, m2, and m3 are integers. 

By substituting Eq. (3) into Eqs. (5-7), the following 

equations are derived: 

nt1 ≡ 4 ���� − 1 tc = (2 m1 - 1) λ0        (8) 

nt2 ≡ 2 ���� − 1 tc = m2 λ0            (9) 

nt3 ≡ 4 (2 ���� − 1 tc + ���� − 1 ts) = (2 m3 -1) λ0  (10) 

We calculated nt1-nt3 and estimated m1-m3 using Eqs. 

(8-10). The calculated results are shown in Table 2. 

Table 2. Calculated parameters of phase conditions. 

Parameter Unit Value 

nt1 µm 3.369 

nt2 µm 1.684 

nt3 µm 141.491 

m1 - 2.08 

m2 - 1.58 

m3 - 66.99 

As shown in this table, m2 (= 1.58) is not an integer, but m1 

(= 2.08) and m3 (= 66.99) can be regarded as the integers 2 

and 67. 

This means that the reflected waves from the outer 

surfaces of the silica capillary and support tube are in phase 

at the core-capillary boundary, and they are mutually 

enhanced as a consequence of the constructive interference. 

As a result, the power in the hollow core and the silica 

capillary will be improved for the uncoated RF2 compared 

with the polymer-coated RF2. If the gain in power of 5 dB is 

assumed for the uncoated RF2, the intensity Is near the silica 

capillaries in the uncoated RF2 can be estimated to be 76 

MW/cm
2
 over the duration of the NTPP. 

 
Figure 11. Temperature fields of core center of uncoated RF2 after 1 ms and 4 

ms when I = 76 MW/cm2 and λ0 = 1.064 µm. 

We estimated the temperature fields of the core center of the 

uncoated RF2 along the z direction at t = 1 ms and 4 ms after 

the incidence of laser light with I = 76 MW/cm
2
 and λ0 = 

1.064 µm. The calculated results are shown in Figure 11. 

As shown in Figure 11, the core center temperature near 

the end of the hot zone (z = -2.06 mm) increases abruptly to 

about 5.5 × 10
4
 K after 1 ms. This rapid rise in the 

temperature initiates the fiber fuse propagation. After 4 ms, 

the high-temperature front in the core center reaches a z value 

of -8.38 mm. The average propagation velocity Vf was 

estimated to be 2.11 m/s using these data. This value is close 

to the Vf (2.84 m/s) observed by Bufetov et al. [51]. 

In the uncoated RF2, the Tp value (5.5 × 10
4
 K) is maintained 

after 4 ms, as shown in Figure 11. 

4. Cavity Formation in Revolver Fiber 

When a fiber fuse was generated in RF2, the damage was 

in the form of periodic (or nonperiodic) cavities remaining in 

the fiber, and the periodic cavity interval Λ of the damage 

was about 170 µm [50] or 180 µm [51]. The periodicity of 

the cavities was sometimes significantly disturbed [51]. 

This Λ is about one order larger than that (13-22 µm) [63, 

64] observed in conventional single-mode optical fibers 

(SMFs) with a CW laser source. 

When CW laser light is incident upon an SMF, heat 

generated continuously at the hot zone in the core layer 

owing to light absorption and the temperature of this part 

rises to 1 × 10
4
 K and above. Then the thermal wave 

increases in size and starts to propagate in the negative z 

direction toward the light source. In this process, the periodic 

cavities with (relatively) small Λ values are formed in the 

SMF. 

The relationship between the heat penetration time tp and 

temperature penetration thickness δ in a silica glass layer is 

given by [65]. 
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δ~3.6���                  (11) 

where k is the thermal diffusivity. k values of silica glass at 

500 K and 3,000 K are 4.40 × 10
-6

 m
2
/s and 8.32 × 10

-8
 m

2
/s, 

respectively. The relationship between tp and δ in a silica 

glass layer was investigated at 500 K and 3,000 K. 

 
Figure 12. Relationship between tp and δ in silica glass layer. 

The calculated results are shown in Figure 12. As shown in 

this figure, tp values increase with increasing δ and the tp 

values at 3,000 K are larger than those at 500 K. The tp value 

at δ = 60 µm is about 3.3 ms at 3,000 K. 

In the fiber fuse experiments of the RF2, a Nd:YAG laser 

with a repetition rate of 1,200 Hz was used as a pulse laser 

source. This means that the period of the NTPP is about 0.83 

ms. This period is shorter than the heat penetration time (3.3 

ms) through a 60-µm-thick glass layer. 

On the other hand, it is well known that the first cavity 

length of fiber fuse propagation is a large value of 160-180 

µm [64]. The duration of NTPPs is 130 ns [50, 51]. This 

duration is about one-tenth the time (18-30 µs) [64] for the 

formation of second (short) cavity from the first long cavity 

during fiber fuse propagation. 

When an NTPP is incident upon the RF2, heat generated at 

the silica capillary owing to light absorption is transmitted to 

the adjacent part of the capillary, and the temperature of the 

part rises to 3,000 K. Then the thermal wave increases in size 

and starts to propagate in the negative z direction toward the 

light source. In this way, the first long cavity is formed in the 

RF2. Then the heat in the capillaries is efficiently transferred 

in the air of the adjacent core and the long cavity is frozen 

after a quick shutdown of the laser source until the next 

NTPP arrives at RF2 after 0.83 ms. In this way, the formation 

of a long cavity with a large Λ (about 170 µm or 180 µm) is 

allowed to continue for each incidence of the NTPP upon the 

RF2. 

5. Conclusion 

The unsteady-state thermal conduction process in several 

hollow-core photonic crystal fibers (HC-PCFs) was studied 

theoretically by the explicit finite-difference method using the 

thermochemical SiOx production model. For heat conduction 

analysis, the complicated inner structure of HC-PCFs was 

simplified using the model composed of silica-ring and 

air-hole layers. The calculated velocities of fiber fuse 

propagation in several revolver fibers were in fair agreement 

with the experimental values. 
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