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ARTICLE INFO ABSTRACT
Keywords: The unique design of hollow-core photonic crystal fibers (HC-PCFs) has attracted a lot of re-
Hollow-core photonic crystal fiber searchers’ attention. Their hollow-core structure with low transmission loss allow strong light-gas

Gas dynamics

v interaction inside the fiber, making HC-PCF a strong candidate as portable gas cells for sensing or
acuum

spectroscopic purposes. Gas-filled HC-PCFs also have applications in the study of Raman scat-
tering (SRS) transient regime and waveguides research. Considering the design of the cell, it is
important to understand the gas flow dynamic, for example, estimate the evacuation or gas filling
time for a certain length of fiber. In this paper, the gas dynamics theory and the comparison
between single- and double-end pumping in special HC-PCFs is investigated. For two different
types of HC-PCFs, our experimental data verified the trend for pressure decrease during the
evacuation process was consistent with the theoretical prediction. After adding a correction
factor, which represents the hollow-core structure of the fiber, to the existing model, the simu-
lation results matched well with the experimental observation.

1. Introduction

Since the advent of hollow-core photonic crystal fibers (HC-PCF) [1,2], they have been attracting a lot of attention due to many
interesting properties [3-6]. Their unique design of hollow-core structure with low transmission loss allows strong light-gas interaction
inside the fiber. The interaction between light and gas can be further enhanced by increasing the fiber length. Based on these ad-
vantages, it has been proposed that hollow-core PCF (HC-PCF) can be used to fabricate HC-PCF gas cell [7-25], which has a wide range
of applications in the fields of spectral absorption [7,8], optical fiber sensing [9-13], and laser frequency stabilization [14-16].
Important light-matter interactions in HC-PCFs also include the excitation and effective generation of optical rogue waves [29] and the
importance of transient regime in gas-filled HC-PCFs [26-29]. Monfared et al. investigated different propagation regimes of stimulated
Raman scattering (SRS) in gas-filled HC-PCFs [27]. Nazarkin et al. suggested the possibilities that gas-filled HC-PCFs offer a broad
spectrum for controlling nonlinear interactions based on SRS in the gas phase [28]. Among various types of HC-PCFs, microstructured
fiber (MSF) and suspended-core fiber (SCF) have many important applications. For example, MSF is useful to serve as a gas inlet for
fiber-based gas pressure sensors [30]. SCF is widely used in the manufacture of gas sensors. A fast-response mid-infrared gas sensor
[31] and a high-resolution fiber-optic ultrasonic sensor based on a suspended-core fiber [32] were reported.

HC-PCF-based gas cells generally have two categories depending on the gas pressure sealed inside the fiber: high-pressure and low-
pressure gas cells. At present, many researches prefer low-pressure cell because it can largely reduce the spectral broadening for the
absorption line width due to high gas pressure and thus achieve a high spectral resolution [14]. Meanwhile, one has to use long fiber
length to compensate the reduced absorption strength. Problem arises when using long HC-PCFs. For example, the gas inflation process
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can be days long for meters of HC-PCF. Due to the small size of hollow-cores in HC-PCF, it is important to understand the gas pressure
along the fiber at different filling time. For gas sensing applications, the reaction time between the light and gas determines the
measurement time of the sensor. The study of the reaction time also requires analysis of the aerodynamic process in the gas sensing
chamber.

In the past, Hoo et al. used to observe the change in absorption strength for the acetylene absorption spectroscopy to monitor the
gas filling process in hollow-core photonic crystals [6]. However, they were not able to determine the pressure in the fiber core for a
certain place along the fiber at a specific time. Based on the optical fiber dynamics theory, Henningsen et al. simulated the time--
dependent changes of pressure in the HC-PCF under free molecular flow and hydrodynamic flow [6]. Nevertheless, a drawback in their
model is that the HC-PCF with complicated hollow microstructure was simplified to be a capillary tube. On this basis, Wang et al.
investigated the pressure characteristics inside the HC-PCF during the evacuation process, specifically, when the system is in two
different states: the free molecular flow state and the hydrodynamic flow state. They also calculated the normalized pressure as a
function of time for the central position, as well as both ends of the HC-PCF, under single-end pumping and double-end pumping [14].
Parmar et al. established a theoretical model of methane gas diffusion in the hollow cores, and compared the relationship between the
gas diffusion time and the fiber length under different pressures [17]. Recently, the gas flow dynamics in a relatively long
HC-PCF-based gas sensor was numerically and experimentally investigated [18]. The gas diffusion time and response time are related
to the geometric factor determined by the microstructure of that particular HC-PCF. However, none of these articles discuss how
different microstructures affect the evacuation and gas-filling performance.

In this paper, we established relevant theoretical models based on Ref. [6], and analyzed different types of HC-PCFs based on the
microtube theory [6]. Specifically, we estimated the time for evacuation and inflating dry nitrogen gas for two types of HC-PCFs: MSF
and SCF, providing theoretical guidance of fabricating HC-PCF gas cells for spectroscopic and fiber sensing applications.

2. Theory

We aim to establish a model that can simulate the pressure change in a piece of HC-PCF fiber during the gas filling and evacuating
process, so that we can estimate the filling time and thus analysis the dynamics of gas flow in the HC-PCF at various positions along the
fiber. The theory mostly follows the model in Ref. [6] except that we introduce a correction factor Kg, considering the unique
microstructure for each HC-PCF.

The pressure gradient drives the homogeneous gas to flow in the fiber core. The specific flow characteristics are determined by the
value of Knudsen number:

Kn = 1/d, (€}

4 is defined as the average free path of the collision between molecules and d is the core diameter. Three different fluid regimes are
determined according to the value of Kn: free molecular flow, hydrodynamic flow and slip flow, as shown in Fig. 1.

In order to directly compare the evacuation status for different flow regimes, we introduce several dimensionless parameters:
dimensionless time, normalized position and pressure. The dimensionless time tgmeans the proportion of real-time to total time that is
required to approach a specific pressure. The normalized pressure (k = p/po) is defined as the ratio of the real-time pressure to the
initial pressure, while the normalized position is defined as the relative position compared to total fiber length. Fig. 2 depicts the
change of normalized pressure at different position in the fiber at different dimensionless time in the case of single-end pumping.

From Fig. 2, we can observe the general trend is that for single-end pumping (or filling), the pressure variation on one end is always
larger than the other end. Thus, we can believe that for two-ends pumping (or filling), the pressure at both ends of the fiber changes
faster than at the center. In addition, as the pumping time increases, the pressure in the cavity decreases nonlinearly and gradually
approaches vacuum state. During the filling process, the pressure in the cavity increases nonlinearly and slowly reaches equilibrium.

3. Experimental setup

The experimental system we used to test the HC-PCFs includes a dry nitrogen gas cylinder, a vacuum chamber with two fiber inlets,
a few valves and gas lines, as shown in Fig. 3. Two vacuum gauges with different measurement ranges are utilized to read the pressure
inside the chamber. They are purchased from Kurt J. Lesker (KJLC615TCK), and Reborn (ZJ-2Y) with measurement range of 1 mTorr
~ 2 Torr (0.13-263 Pa), and 100 Pa ~ 100 kPa, respectively. Both probes of the pressure gauges are installed close to the fiber end
inside the chamber. The pumping rate for the mechanical pump is 3 L/s, which allows the sealed chamber to be evacuated to a
background pressure at Pascal level. Gas flow can be controlled by the ball valves in the gas line. With the help of the speedy valve in
the evacuation line, the chamber can be filled with dry nitrogen at any desired pressure up to one atmosphere.

Depending on whether single-end or two-end pumping or filling is tested, either one or two ends of the HC-PCF are connected to the
chamber. A tight seal between the fiber and the steel chamber is realized by pressurizing a rubber ring around the fiber. An initial
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Fig. 1. Different flow regimes determined by the value of Knudsen number.
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Fig. 2. In the free molecular flow, the normalized pressure changes according to the normalized position during the (a) Pumping process, and (b)
Filling process at three different dimensionless times (tp).
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Fig. 3. The principle diagram of the experimental setup.
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Fig. 4. Cross section of two types of HC-PCFs. (a) Microstructure PCF with core diameter of 34.4 um, and length of 3.5 m, each individual tube has
diameter of 5.8 um; (b) Suspended-core fiber with core diameter of 70.65 um, and length of 5.2 m.
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vacuum leakage test shows that when both ends of HC-PCF are connected to the chamber, the background pressure can reach equi-
librium of a few Pascal or so (8.0 mtorr) after overnight evacuation. The outgas test afterward indicates that with the evacuation line
shut off, the pressure inside the sealed chamber increases at a rate of 0.12 mtorr/min (0.0158 Pa/min) for the first hour. This value
slowly reaches 0.28 mtorr/min (0.037 Pa/min) in the next 12 h. These results confirm that the chamber has low leakage and good
long-term stability, which is essential for the experiments.

Fig. 4 is the microscopic picture for cross section of the two different kinds of HC-PCF we tested in the experiment. In Fig. 4(a), the
dark circular area in the center represents the hollow air-cores, while other places are made of fused silica. The suspended-core fiber
shown in Fig. 4(b) has three large air-holes in the center with thin glass walls in between two adjacent holes.

4. Results and discussion
We first tested the evacuation process for the hollow-core microstructure PCF shown in Fig. 4(a). Specifically, we measured both

the single-end and double-end evacuation time, starting from an initial pressure of one atmosphere. Fig. 5 shows the simulation results
using the theory in Ref. [6], the venting pressure is a function of normalized pressure over time as shown in the equation below [3]:

8 exp{ — (2u + 1)°7%
Fren = Y Z p{ ( # 2) f} (2)
4 pu=0 (zﬂ + 1)

Here, t; is dimensionless time related to real time through the scale factor K, real time.

32
t= Wtf = Kty 3)

v is the average velocity (v) = 1/8kT/am. L, d and m are the fiber’s length, core diameter and molecular mass of the gas, respectively.
From Eq. (3), we can see that different molecular gas will affect the average velocity of the molecules and further influence the
pumping time.

We simulate the evacuation process for different lengths of microstructure PCFs according Eq. (2). The results are shown in Fig. 5
(a), while the influence of core diameter on evacuation time are illustrated in Fig. 5(b). There is a clear trend that the pressure in the
fiber decreases exponentially with time, and the required pumping time increases as the length of the fiber changes from 3 to 10 m and
the core diameter is reduced from 60 to 30 um.

Fig. 6 shows the measured pressure at various evacuation times for double-end and single-end pumping, represented by the open
circles and triangles, respectively. The blue dash and red dotted curve represent the corresponding fitting curve for the experimental
data. The experimental results verified that the measured pressure at the end of the fiber decreases exponentially as a function of
evacuation time in pumping cases, which agrees with the simulation in Fig. 2. We can see that the blue dashed line always stays below
that of the red dotted line, indicating that a higher pumping efficiency for double-end than single-end evacuation. In addition, Fig. 6
also represents the comparison between the experimental data and theoretical simulation described in Ref. [6]. In the simulation, we
consider the microstructure in HC-PCF as a hollow tube with the same size as the hollow-core area. However, the calculated result,
shown as the upper red solid curve in Fig. 6, has large discrepancy from our measurement data, indicated by the hollow symbols.
Therefore, we modified our model by treating the process as multiple small tubes being evacuated simultaneously. In Eq. (3), we used
the diameter of an individual tube as d, and multiplied by 36, which is the number of individual tubes. The modified simulation curve is
shown as the solid green line in Fig. 6, with some improvement compared to the red solid line.
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Fig. 5. Theoretical simulation pumping curves for the microstructure PCF in Fig. 4(a). Evacuation time for (a) different lengths, L1 = 10 m,
L2 =6 m, L3 = 3 m, and (b) different core diameters, d1 = 60 ym, d2 = 50 ym, d3 = 30 pm.
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Fig. 6. Single-end and double-end pumping process’s comparison with theoretical simulation results without correction factor for the micro-
structure PCF in Fig. 4(a). For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.

To solve the discrepancy issue between the calculation and the experimental fitting curve, we introduced a correction factor K of
0.01376 for the microstructure PCF in our model and modified Eq. (2):

2u+1Y71}
2u + 1)

F[mprove = Kq 'Fvent = Kq % Z; exp{ ( (4)
=

The value of K is calculated to be 0.01376 for the microstructure PCF. The corrected simulation curve is shown as the black solid
line in Fig. 7(a), which agrees better with the experimental double-end evacuation fitting curve.

Following the above method, we tested the variation of pressure in the suspended-core fiber (cross-section shown in Fig. 4(b)) for
single-end and double-end pumping process. The open circles and triangles are the experimental data for double- and single-end
evacuation, respectively, with the blue dash and the red dotted curve as the corresponding fitting curve. The trend of both curves
is consistent with the theoretical simulation. The evacuation efficiency for single-end pumping is slower than double-end pumping.
Using the aforementioned method, we get a correction factor K, which value is 0.01895 for the suspended-core fiber.The black solid
line represents the corrected simulation result.

We also studied the effect of initial pressure on the pumping rate for the two types of HC-PCF in Fig. 4. Fitting curves are shown in
Fig. 8. We can see that the fitting curves are consistent: the low pressure fitting curve stays slightly above the high pressure fitting
curves, however, with large uncertainty. This may because the pressure difference between the maximum and minimum pressure
under test are not large enough to exhibit clear difference in the evacuation time.

5. Conclusions

Compared with the traditional absorption cell, the HC-PCF gas cell has the advantages of long working distance, small additional
loss, and stability. It is widely used in the fields of spectral absorption, fiber sensor, laser frequency stabilization and etc. In this paper,
we performed simulation for the pressure changes for two different types of HC-PCFs during the evacuation and filling process. For
both fibers, our experimental results showed that the pressure in the cavity decreases exponentially with time, which agreed well with
the theoretical prediction. The evacuation time is related to the length of the fiber, the diameter as well as the initial pressure inside the
cavity. In order to solve the large discrepancy between the simulation and the experimental data, we added a correction factor to the
existing model. The corrected simulation results showed obvious improvement than before. The fact that our preliminary experimental
results are consistent with the corrected model provides some insights for understanding the gas dynamics inside hollow-core photonic
crystal fibers.
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Fig. 7. Comparison between single- and double-end pumping curves respectively for the microstructure PCF and suspended-core fiber in Fig. 4 with
theoretical simulation curve after adding correction factor. For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.
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Fig. 8. Experimental pumping curves under different initial pressure for (a) microstructure PCF and (b) suspended-core fiber.
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