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A B S T R A C T   

PCTF (pear-shaped conjoined-tube fiber) is presented as a new ultraviolet (UV) guiding fiber with 
low loss. Results indicate that two PCTFs have better properties than that of previous studies in 
the UV band. The total loss of two PCTFs is less than 1 dB/km, and its bandwidth exceeds 150 nm 
between 0.2 and 0.4 μm. Furthermore, PCTF’s single-mode performance is very promising, as 
evidenced by the higher-order mode extinction ratio (HOMER) over 103. The fabrication toler-
ance is discussed in this paper and results show that the tolerance is good enough to fabricate by 
normal fiber drawing process. This fiber is promising in applications for nonlinear optics, ultrafast 
optics, high power laser, and quantum optics.   

1. Introduction 

Hollow-core fibers (HCFs) with low loss are widely used in nonlinear optics, ultrafast optics, high power laser, and quantum optics 
[1–5]. In the past two decades, HCFs using various structure have been extensively studied due to their low loss properties and their 
ability to transmit in the terahertz, infrared, visible, and ultraviolet (UV) bands [6–9]. In a HCF, light is constrained in the air, so that 
material color centers are ignored, resulting in lower losses [10–12]. With the development of fiber drawing technology, micro-
structures have been adopted to improve the performance of optical fibers. Various structures are employed in HCFs to reduce loss. The 
main HCF structures are the photonic bandgap fiber (PBGF), the Kagome, the hollow-core anti-resonant fiber (ARF), the hollow-core 
nested anti-resonant nodeless fiber (NANF), and the conjoined-tube fiber (CTF) [6,13–16]. Recent studies have shown that NANF and 
CTF are most promising candidates to achieve ultra-low loss with large bandwidths in the terahertz, infrared, and visible wavelength 
ranges [16–24]. In 2018, a CTF with a minimal loss of 2 dB/km at 1512 nm was demonstrated by Shou-fei et al. [16]. Meanwhile, a 
NANF with an effective loss of 0.05 dB/m at 1 THz was reported by Hasanuzzaman et al. [22]. In 2020, a NANF with a minimum loss of 
0.28 dB/km from 1510 to 1600 nm was reported by Jasion et al. In the same year, a NANF with an optical attenuation of 2.8 dB/km at 
650 nm and 680 nm was reported by Sakr et al. [24]. In 2021, a NANF with a low loss of 0.22 dB/km at 1625 nm was reported by Sakr 
et al. [20]. In 2022, a NANF with double nested rings, namely DNANF, with a loss of 0.174 dB/km in the O-band was reported by Jasion 
et al. [21]. It is expected that the loss limit for conventional standard single-mode fibers (SSMFs) will soon be broken as this per-
formance metric continues to decrease rapidly. 
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In UV band, Février et al. first demonstrated the potential of HCF for UV transmission by measuring attenuation of 2 dB/m at 355 
nm in 2009 [9]. Then, Yu et al. reported a ARF with attenuation of 0.08 dB/m and 0.26 dB/m at 218 nm and 355 nm, respectively in 
2017 [25]. In most recent work on UV HCFs, Osório et al. reported a method to reduce the inner surface roughness of HCFs by 
improving the preparation process [26]. Their method can achieve a reduction in the root-mean-square of surface roughness from 0.40 
nm to 0.15 nm, reducing the loss figure as low as 9.7 dB/km at 369 nm [26]. Chafer et al. reported two types of Raman laser sources 
that emit in the near-UV and mid-UV range using a heliostatic elastic gas-filled suppression-coupled HCF with low transmission loss 
(minimum 5 dB/km at 480 nm) [27]. And, Florian Leroi et al. reported a record of delivering high-energy signals in UV with a HCF. In 
their work, a 2 order of magnitude increase in fiber power handing in the UV range is achieved [28]. These works fully prove the 
potential of HCFs in UV band. In spite of this, in comparison to the excellent performance of HCF at other wavelength ranges, the 
potential of HCF in UV band has not yet been fully exploited. In this paper, two pear-shaped conjoined-tube fibers (PCTFs) in the UV 
band are proposed. The losses of the fibers, including surface scattering loss (SSL), the random micro-bend loss (RML) and confinement 
loss (CL) are analyzed. The total loss (CL + SSL + RML) of the two PCTFs is less than 1 dB/km at 300 nm, and its bandwidth exceeds 
150 nm between 0.2 and 0.4 μm. In addition, the higher-order mode extinction ratio (HOMER) of PCTF-M has exceeded 103. There is 
evidence to suggest that the PCTF-M exhibits excellent single-mode characteristics. The proposed two fibers’ tolerance is good enough 
to fabricate by normal fiber drawing process. 

2. Structure and simulation 

In Fig. 1(a) and (b), the cross sections of the two structures can be seen. In a pear-shaped conjoined tube structure, a short pear- 
shaped tube is embedded within a long pear-shaped tube. The two types of hollow-core pear-shaped conjoined-tube fiber (PCTF-M and 
PCTF-B) are classified according to the conjoined method (in Fig. 1(c)). The cross-section of the short pear-shaped tube of PCTF-M 
consists of two circular arcs of curvature R1 and R2 and two glass film of thickness t, the length of the short pear-shaped tube is d. 
The long pear-shaped tube of PCTF-M consists of two circular arcs of the same curvature R3 and two glass film of thickness t. The length 
of the long pear-shaped tube is L. The connection between the long pear-shaped tube and the short pear-shaped tube is at the point 
where the length of the long pear-shaped tube = (z + d-R1), forming the middle pear-shaped conjoined tube (see Fig. 1(c)). The 
connection of PCTF-B is similar to PCTF-M, the difference is that the length L of the long pear-shaped tube of PCTF-B is shorter, and the 
short pear-shaped tube is connected to the bottom of the long pear-shaped tube. The structural parameters are listed in Table 1. The 
refractive index of glass is 1.45, and the air is 1. 

In this study, COMSOL multiphysics based on the finite element method (FEM) is employed for numerical simulation. In order to 
obtain accurate simulation results, the maximum mesh sizes are selected as λ/4 for silica material region and adaptive mesh for air 
zone in the tubes (to maintain accuracy while reducing memory consumption), respectively [29,30]. A perfectly matched layer (PML) 
is placed outside the jacket layer to enclose the simulation area, to obtain the imaginary part of the mode eigenvalue to calculate the CL 
of fiber[29]. The thickness of the jacket layer and PML are set as 5 μm and 10 μm, respectively. The calculation formula of CL is 
expressed as follows [29,31,32]: 

CL= 40π × Im(neff) / [ln(10)× λ] (1)  

where, Im(neff) is the imaginary part of the effective refractive index, λ is the free space wavelength. 

Fig. 1. The cross sections of two structures. (a) A middle hollow-core pear-shaped conjoined-tube fiber (PCTF-M). (b) A backward hollow-core pear- 
shaped conjoined-tube fiber (PCTF-B). (c) Composition of the backward pear-shaped conjoined tube and the middle pear-shaped conjoined tube (R1, 
R2 and R3 are specially marked). 
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3. Results and discussion 

3.1. Comparison of fiber structure in power density 

There is an effective way to reduce CL. It is the structure of the cladding tube. Our fibers include PCTF-M and PCTF-B, which feature 
a pear-shaped conjoined tube structure that reduces CL effectively. Diagrams of the power density of four HCFs with the same core 
radius are shown in Fig. 2. The power density at the boundary (partly from − 45◦ to 45◦) shows clearly that the fiber’s ability to 
constrain light. We compared the PCTF-M and PCTF-B with two HCFs, which were proposed by Ref. [15] and Ref. [33]. For data 
consistency, the core radius Rcore, the capillary thickness t, and the tube gap g of the two PCTFs are kept the same in the comparison. 
The cross sections of HCFs are showed in Fig. 2(b), (c), 2(d) and 2(e) (red marks indicate calculated boundaries). According to Fig. 2(a), 
the two PCTFs have lower power density than NANF and ARF from − 45◦ to 45◦. And PCTF-B has the lowest power density. Thus, we 
conclude that the two pear-shaped conjoined-tube structures can effectively reduce the CL. 

3.2. Comparison of fiber structure in CL 

Firstly, we discuss how the structure of the cladding tube can decrease the CL (according to Eq. (1)). There are two methods that can 
be used to reduce CL. For the first one, a model of ideal HCF can be found in Ref. [18]. Silica and air have thicknesses of t and ℎ, 
respectively. The ability of the ideal HCF to confine light can be characterized by Rm, and the Rm equal to Rcore + m (t + ℎ). Using the 
theoretical formula of CL for the ideal HCF structure in Ref. [20] and Ref. [34], CL decreases rapidly as (1/Rcore)2m+3. In this way, 
increasing m (the number of glass resonance layers) would be able to enhance the localization of light and reduce Rcore or CL. And CL 
has an inverse correlation with Rcore. However, for realistic HCFs, CL~ (1/Rcore)2m+3 is no longer valid and CL becomes proportional to 
(1/Rcore) 4 for single-ring ARFs and (1/Rcore)8 for NANFs [18]. The second method is based on increasing Rm to keep the core away from 
the nested point, which is the main leakage channel of NANFs [20]. This method has been mostly ignored before and was proposed 
recently [20]. In this paper, the Rm expressed as, 

Rm =Rcore + L (2) 

Therefore, the loss could be reduced by increasing Rm, namely, increase L. For verification, we compared PCTF-B, PCTF-M, ARF 
and NANF. The core radius Rcore, the tube gap g and the capillary thickness t of these HCFs are fixed in Table 1. The cross sections and 
fundamental modes of the four HCFs are showed in Fig. 3(b)~(e). The PCTF-B and PCTF-M have lower CL than the other two HCFs in 
the range of 0.2~0.4 μm in Fig. 3(a). It is because the PCTF-B and PCTF-M have long pear-shaped tubes, which are much longer than 

Table 1 
The geometric parameters of the two PCTFs.  

parameters PCTF-M (μm) PCTF-B (μm) remarks 

Rcore 33 33 the core radius 
R1 10.88 8.88 the bottom radius 
R2 7.58 7.77 the top radius 
R3 10.88 10.88 the long tube radius 
t 0.19 0.19 the glass thickness 
g 13.48 13.48 the gap 
z 13.98 14.10 the forward distance 
d 29.53 29.22 the radial length 
L 54.4 43.52 the long tube length  

Fig. 2. (a) Power density distribution of ARF [33], NANF [15], PCTF-M and PCTF-B at the boundary. (b) The structure and the LP01 of ARF. (c) The 
structure and the LP01 of NANF. (d) The structure and the LP01 of PCTF-M. (e) The structure and the LP01 of PCTF-B. 
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the ARF and NANF’s glass tubes. Thus, the Rm of PCTF-B and PCTF-M is much greater than that one of ARF and NANF. Therefore, we 
can conclude that PCTFs have better low-loss potential. The comparison between PCTF-B and PCTF-M shows that the CL level of PCTF- 
M is smaller than that of PCTF-B in the range of 0.2~0.4 μm. Although PCTF-B has a smaller L than PCTF-M, it has a smaller CL than 
PCTF-M. It is caused by thick nodes forming at the intersection of the tubes of the middle pear-shaped conjoined tubes of PCTF-M (in 
Fig. 1(c)). Within the antiresonance window, these glass nodes cause additional resonance, which results in additional loss peaks and 
dips. Peaks and dips in the fiber can affect loss and dispersion characteristics and increase overall losses in the anti-resonant window 
[15]. By designing the fiber with the nodes as far away from the center as possible, the intensity of the loss level rise in the anti-resonant 
window can be reduced. For example, consider PCTF-B’s design in Fig. 1(b). Therefore, PCTF-B can achieve lower loss by reducing the 
number of glass nodes in the pear-shaped tube to reduce its excess length L. 

3.3. Fabrication tolerance 

The two PCTFs have the characteristics of low CL and large bandwidth, but tolerance in optical fiber manufacturing is also key to 
practical application. To achieve better performance in the UV band, the two PCTFs have a thinner silicon film than most current HCFs. 
As a result, these two PCTFs cannot be drawn in any unusual way. A preform scale can be used to fabricate this PCTF with a target film 
thickness by minimizing pressure sensitivity by carefully designing the preforms. Using the drawing method proposed by Jackson et al. 
UV PCTF will be thinner [35]. And for the effect of surface roughness in the drawing process, Ref. [26] is used to reduce the roughness 
of the inner surface of the fiber during the drawing process to minimize the effect of SSL on the fiber performance. Geometric de-
viations are inevitable in the manufacture of HCFs. Initially, we consider that the deformation of the pear-shaped conjoined tube 
during the drawing process. The length of the long pear-shaped tube L changes directly as a result of this deformation. For greater 
clarity, we calculated the CL in Fig. 4(a) for L/R1 at 1.0, 1.1, 1.9 and 2.7 in order to present a significant change in the long pear-shaped 
tube length L. The value of R1 in L/R1 has been fixed here in order to highlight the degree of deformation. In Fig. 4(a), the CL at L/R1 =

1.0 (red line) is at least two orders of magnitude higher than the CL at L/R1 = 2.7 (black line) in the range of 0.2~0.32 μm. In addition, 
the CL is decreasing in the range of 0.2~0.4 μm as the L/R1 ratio increases (the black arrow indicates a downward trend). The result ties 
well with the discussion in section 3.2. It indicates that the Rm increases with the length of the long pear-shaped conjoined tube L (as 
Eq. (2)). With an increase in Rm, HCF is likely to have a lower CL. Therefore, it can be concluded that the length of the long pear-shaped 
conjoined tube L is the most significant parameter in reducing CL. Secondly, we also consider that the impact of the positional error of 
the preform scale connection nodes on the CL performance of this fiber (PCTF-M). We analyze the impact of positional errors on the CL 
performance of the preform scale connection nodes. The CL is calculated in Fig. 4(b) for the four positions of the connection nodes (5 
μm, 9 μm, 13 μm and 17 μm) in the range of 0.2~0.4 μm. As can be seen in Fig. 4(b), the further away from the core the connection 
node is, the flatter CL will be (blue and red lines). As the connection node location approaches the core, the CL becomes less flat (e.g., 
black and green lines). In PCTF-M, location of the connected nodes affects CL. Further, we assume that imperfect pressure is also 
responsible for the deformation of the short pear-shaped tubes. A short pear-shaped tube collapsed into a circle is shown in Fig. 4(c)– 
(d) to demonstrate the impact of fabrication deformation on CL performance. 

It shows the effect of top radius versus bottom radius from two PCTFs on CL as shown in Fig. 4(c)~(d). It can be seen that if λ =
0.255 μm, R2/R1 = 0.71 ~ 0.91, which can still maintain the same level of low-loss characteristics in the case of large differences in top 
and bottom radius. As a result, the bottom radius R1 or top radius R2 is not a key parameter for reducing CL. It can be concluded from 
the above discussion that structural deviation is influenced by three factors. A longer pear-shaped conjoined tube length L can reduce 
the level of CL. Then, the distance between the connecting node and the core of the pear-shaped conjoined tube can be increased to 
obtain a flatter CL curve. Finally, the top and bottom curvatures of a short pear-shaped tube have little effect on CL, so this factor can be 
ignored. 

Fig. 3. (a) Diagrams of the CL of four HCFs. (b) The structure and LP01 of ARF[33]. (c) The structure and LP01 of NANF [15]. (d) The structure and 
LP01 of PCTF-M. (e) The structure and LP01 of PCTF-B. 
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3.4. The higher-order mode extinction ratio 

For HCF-based high power laser, the single-mode operation is one of the important requirements. This feature can be characterized 
by the loss ratio between the higher-order mode and the fundamental mode, also known as HOMER [18]. Fig. 5(b)–(c) showed the 
mode field distribution of LP01 mode and LP11 mode of PCTF-M. Fig. 5(a) showed the loss spectra of LP01 mode and LP11 mode, as well 
as the HOMER. We can see that in the range of 0.2~0.4 μm, the CL of LP11 mode as a whole was much larger than that of LP01 mode in 
the wavelength range of 0.34 μm. And the HOMER reached the maximum value of 103. So we can conclude that PCTF has excellent 
single-mode characteristics. 

3.5. The SSL and the RML 

In terms of overall losses, HCF is primarily affected by the CL, the RML and the SSL. In the previous section of the discussion, we 
have discussed the CL of PCTF. SSL and RML are discussed in this part. SSL is a loss caused by the surface roughness and the structure. It 
is inversely related to λ3 [36]. And the SSL can be estimated after calibration [25,30,36–38], 

SSL
(

dB
/

km
)
= ηF(λ/λ0)

− 3
(

μm− 1
)

(3) 

Fig. 4. (a) Diagram of CL of PCTF-B about the L/R1 is 1.0, 1.1, 1.9, and 2.7, respectively. (b) Diagram of CL of PCTF-M about the node position is 5 
μm, 9 μm, 13 μm, and 17 μm, respectively. (c) Diagram of CL of PCTF-M about the R2/R1 is 1/1.1, 1/1.2, 1/1.3, and 1/1.4, respectively. (d) Diagram 
of CL of PCTF-B about the R2/R1 is 1/1.1, 1/1.2, 1/1.3, and 1/1.4, respectively. 

Fig. 5. (a) Diagram of CL of LP01 mode (green) and LP11 mode (red) from PCTF-M and the black line is HOMER. (b) The LP11 mode of PCTF-M (Ex). 
(c) The LP01 mode of PCTF-M (Ex). 
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F =

(
ε0

μ0

)1
2

∮

holeperimeters
|E|2ds

∫∫

cross− section
E × H∗dA

(4)  

where F is the power overlap between the fundamental mode and the silica boundary, and the calibration factor η is 300 when λ0 is 
1.55 μm [25,30,36–38]. Besides, the RML caused by the coupling between fundamental mode and LP11 mode can be calculated [30, 
32], 

RML= β2
0C(Δβ01)

(
〈0
⃒
⃒x2

⃒
⃒0〉 − |〈0|x|1〉|2

)
(5)  

where β0 is the fundamental mode propagation constant and Δβ01 is the difference of fundamental mode propagation constant and LP11 
mode group propagation constant. C (Δβ01) is the power spectral density at Δβ01, 〈0|x|0〉 and 〈0|x|1〉 are the spot radius of funda-
mental mode and LP11 mode respectively [30,32]. 

For wavelengths less than 1 μm, the SSL starts to dominate, limiting the achievable loss in the visible range of the spectrum to ~10 
dB/km [15]. However, the SSL can be effectively reduced by a better drawing process, which becomes urgent for the application of the 
HCF at short wavelengths [26]. To have a better understanding of the loss contributions of the SSL, we have done the theoretical 
analysis as shown in Fig. 6 (according to Eq. (3) and Eq. (4)). The SSL performances of the PCTF-M, the PCTF-B, the ARF and the NANF 
have been shown as the line with black, green, red and blue color respectively. And the SSL (black line) of the PCTF-M is almost equal 
to the one of the PCTF-B (green line). The SSL of the two PCTFs are lower in the short wavelength range (0.2~0.4 μm) than the ARF and 
the NANF. We also considered the effect of attenuation due to the RML, and we calculated the RML of PCTF-M and PCTF-B according to 
Eq. (5). Since the RML of PCTF-M and PCTF-B are close to each other, the gray dots in Fig. (6) represent the RML of the two fibers of 
PCTF. The results show that the RML is slightly higher than that of the SSL, and the RML has gradually become the primary cause of the 
attenuation in the short wavelength band (from 0.22 μm to 0.35 μm). Meanwhile, the losses (including the RML, the SSL and the CL) 
are lower than that of the NANF or the ARF, which resulted in the total loss of PCTF being lower than 1 dB/km in a wide wavelength 
range (from 0.2 μm to 0.4 μm). The essence of this phenomenon is the cross-section structure of the two PCTFs enables smaller mode 
overlap during fundamental mode transmission. 

3.6. Comparison of loss with the proposed UV HCFs 

In Table 2, we have compared the loss between our fibers and those from other typical reports. We are primarily comparing the five 
HCFs. It contains the core diameter, capillary thickness, and capillary diameter. It is noted that the HCFs reported in Ref. [26] and 
Ref. [27] have essentially the same parameters and that the fiber losses are close to each other. Secondly, after comparing the pa-
rameters of Ref. [39] and Ref. [25], the fibers obtained smaller losses when their capillary thicknesses were small under the condition 
of having close core diameters. There are large losses because the HCF has extra nodes as shown in Ref. [11]. Moreover, when 
comparing the HCFs of Ref. [11] and Ref. [26], we can conclude that larger core diameters reduce loss. In conclusion, low-loss fibers 
have a suitable core radius and a smaller capillary thickness. And our PCTFs simulate the lowest loss currently available in the UV 
band. 

4. Conclusion 

In this paper, we proposed two PCTFs (including PCTF-M and PCTF-B) with low transmission loss for UV waveguiding. The losses of 
the two PCTFs, including the SSL, the RML and the CL are discussed. The total loss of the two PCTFs is less than 1 dB/km at 300 nm, and 
its bandwidth exceeds 150 nm between 0.2 and 0.4 μm. In addition, the HOMER of PCTF-M has exceeded 103. There is evidence to 
suggest that the PCTF-M exhibits excellent single-mode characteristics. The proposed two fibers’ tolerance is good enough to fabricate 
by normal fiber drawing process. In order to maintain low loss characteristics, the length of the long pear-shaped tube L should increase 
as allowed if the radius of the core Rcore is fixed. According to the study results, the PCTF has potential applications in the areas of 
nonlinear optics, ultrafast optics, high power laser, and quantum optics. 
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