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Abstract— This paper proposes and experimentally validates a 
distributed temperature alarm system based on carbon dioxide 
(CO2)-filled 18 m side air-holes fiber (SAHF), interrogated 
through a conventional (incoherent) optical time-domain 
reflectometer (OTDR). Customizable alarm threshold 
temperatures can be designed and set by adjusting the pressure of 
the CO2 filling the air-hole region, which in turn determines a 
threshold temperature under which CO2 liquefies. The observed 
slopes of the backscattered Rayleigh intensity trace as a function 
of the position along the fiber serve as indicators of the CO2 states, 
allowing the identification of both gaseous and liquid phases 
through variations in the optical attenuation. Utilizing a 
comparative analysis of curve slopes, the proposed method enables 
the distributed identification and localization for both cold and hot 
spots along the fiber. The spatial resolution and the required loss 
accuracy are subject to the classical tradeoff inherent to OTDR 
interrogation. In this study, two interrogation wavelengths 
(namely, 1310 nm and 1550 nm) are exploited. Results point out 
that the selection of the operating wavelength gives rise to optical 
attenuation factors with distinct contrasts along the OTDR traces, 
allowing the optimization of the system to meet specific 
measurement objectives. In particular, the use of an optical source 
at 1550 nm demonstrates superior measurement accuracy within 
short fiber lengths, revealing a higher loss contrast between gas 
and liquid phases. Conversely, a 1310 nm light source is deemed 
more suitable for long-distance monitoring due to the lower optical 
loss in cold spots (CO2 in liquid phase), providing relevant 
measurements over extended cooled fiber sections. Based on our 
experimental results using a spatial resolution of 30 cm, the 
maximum detection length is limited to 36.0 m or 16.0 m at 
1310 nm or 1550 nm, respectively, which take place when all CO2 
liquefies inside the fiber. 
 

Index Terms— Distributed sensing, fiber optics, optical fiber 
sensors, optical time-domain reflectometry, temperature sensors.  

 

I. INTRODUCTION 
N various monitoring scenarios and applications, there exist 
a need to identify specific locations where the temperature 

exceeds or falls below a predefined critical threshold value. 
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This could involve natural environment monitoring (e.g. icing 
of land and lakes, or spring landslides caused by ice melting), 
public utilities monitoring (e.g. overheating along power 
cables, or ice formation along roads) and hazard monitoring 
(e.g. detecting leaks in heating pipelines or liquefied natural 
gas), among other situations. In many cases, the use of a fully 
distributed temperature sensor, such as a fiber-optic Raman, 
Brillouin, or Rayleigh distributed sensors [1] may be 
overqualified, too complex and too expensive for this purpose. 
Therefore, the use of simpler and cost-effective solutions would 
be preferable. 

In this context, this paper proposes a comprehensive 
distributed temperature alarm system based on a gas-filled side 
air-holes fiber (SAHF), which is interrogated by a simple and 
cost-effective conventional (incoherent) optical time-domain 
reflectometer (OTDR). The method relies on the substantial 
alteration in optical loss caused by a gas undergoing a phase 
transition from vapor to liquid at a specific temperature [2]. 
Through this approach, the proposed system binarily identifies 
and localizes sections along the fiber where the temperature 
surpasses or falls below a predefined threshold value, as 
previously sketched in a rudimentary non-distributed 
configuration [3]. To achieve this objective, the small 
evanescent field present in the SAHF proves adequate for 
detecting alterations in the optical loss when the gas in the air 
holes undergoes liquefaction [4]. This is performed by 
introducing carbon dioxide (CO2) into the air holes at a specific 
pressure, which must be carefully selected to facilitate the gas 
liquefaction below the designated temperature threshold. The 
pressure conditions are selected to secure the vapor-to-liquid 
phase transition at a targeted temperature threshold. 
Experimental results validate the capability of the method to 
provide distributed monitoring of the gas phase transitions 
along the fiber, thereby enabling the implementation of a 
distributed temperature alarm system. 
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II. PRINCIPLE 
The principle of the proposed method is based on the changes 

in the optical field distribution and optical loss experienced by 
the light propagating in a SAHF under different gas phase 
states. In this work, the holes of the fiber shown in Fig. 1 are 
filled with carbon dioxide, undergoing a transition from a 
gaseous to a liquid phase when the ambient temperature falls 
below a specified critical threshold. This threshold temperature 
highly depends on the gas pressure inside the fiber. 
Consequently, in order to devise an alarm system responding to 
a specific critical temperature, it is relevant to meticulously 
determine the appropriate pressure required to inject the gas 
inside the fiber.  

For CO2, the semi-empirical relationship between the 
pressure (𝑃𝑃) and temperature (𝑇𝑇) along the coexistence curve in 
the phase diagram can be written as [5]: 

 ln � 𝑃𝑃
𝑝𝑝𝑐𝑐
� = 𝑇𝑇𝑐𝑐

𝑇𝑇
∙ �∑ 𝑎𝑎𝑖𝑖 �1 − 𝑇𝑇

𝑇𝑇𝑐𝑐
�
𝑡𝑡𝑖𝑖4

𝑖𝑖=1 �.  (1) 

with 𝑝𝑝𝑐𝑐 and 𝑇𝑇𝑐𝑐  denoting the critical point of CO2, marking the 
pressure and temperature at which the distinction between 
liquid and gas can no longer be made: 𝑝𝑝𝑐𝑐 =7.3773 MPa for 
𝑇𝑇𝑐𝑐=304.1282 K. The coefficients 𝑡𝑡𝑖𝑖  and 𝑎𝑎i (with 𝑖𝑖 = 1, 2, 3, 4) 
are empirical coefficients determined through fitting to vapor 
pressure measurements: 𝑡𝑡1 =1.0, 𝑡𝑡2 =1.5, 𝑡𝑡3 =2.0, 𝑡𝑡4 =4.0, 
𝑎𝑎1 =-7.0602087, 𝑎𝑎2 =1.9391218, 𝑎𝑎3 =-1.6463597, 
𝑎𝑎4 =-3.2995634 [5]. In this case, the vapor-to-liquid phase 
transition can be predicted based on (1). 

Fig. 2 shows the pressure of the CO2 inside the air-holes of 
the fiber required to trigger the vapor-to-liquid phase transition 
as a function of the temperature in ambient conditions. This 
figure serves as a guide for determining the required pressure 
of the CO2 inside the air-holes of the fiber to attain a target 
temperature threshold. The behavior shows that high phase-
transition temperatures (i.e. for alerts at high temperatures) can 
be achieved by very high gas pressures (e.g. for the transition 
to occur at a room temperature of 20ºC, a pressure of 57.3 bar 
is needed); while the reduction of the critical temperatures 
implies the use of lower pressures (still higher than atmospheric 
pressure) to fill the CO2 inside the SAHF. For instance, defining 
a target threshold temperature of 2.3ºC to trigger the alarm of 
the proposed sensor, a pressure of 37 bar is required for the CO2 
introduced into the air-holes of the fiber. 

During the transition from vapor to liquid phase, the optical 
properties within the air-holes change according to the state of 
the medium. Fig. 3 shows the transversal distribution of the 
optical field within the side holes of the fiber, simulated using 
COMSOL (using a cladding refractive index=1.44, and a core 
refractive index=1.455), when the SAHF is filled with gaseous 
and liquefied CO2. The fiber structure contouring for the 
simulation is obtained from the SEM picture (Fig. 1) of the 
SAHF cross section. Subsequently, the optical field is 
calculated separately, with different refractive indices for 
gaseous and liquefied CO2.  

It must be noted that, the refractive index 𝑛𝑛 for liquefied CO2 
is not readily available in the literature and can be estimated 
according to the Clausius-Mossotti relation [6]: 

 
𝑛𝑛2−1
𝑛𝑛2+2

= 𝑁𝑁𝐴𝐴𝜌𝜌𝜌𝜌
3𝑀𝑀

. (2) 
where 𝑁𝑁𝐴𝐴 refers to the Avogadro’s constant; 𝜌𝜌 is the density of 
CO2 which is 1.77 kg/m3 at 26.85°C under 1 bar for gaseous 
CO2 and 1117 kg/m3 at -40°C under 10 bar for liquefied CO2 

[7]; 𝑀𝑀 = 44 × 10−3 𝑘𝑘𝑘𝑘/𝑚𝑚𝑚𝑚𝑚𝑚  is the molar mass of CO2; 𝛼𝛼 
represents the polarizability of CO2 molecules, which remains 
constant regardless of the state – gas or liquid. When applying 
the equation to describe gaseous CO2, the sole unknown value 

  
   

Fig. 1. SEM picture of the side air-holes fiber (SAHF) cross-section. 
 

 
Fig. 2. CO2 vapor-to-liquid phase transition diagram, from -30ºC to 30ºC.  
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Fig. 3. Simulation results of the normalized evanescent field distribution for 
gaseous (left hole) and liquid CO2 (right hole) in a synoptic view for best 
comparison. To compare the ratio of the field merged into the side air-holes, 
the calculated field is normalized with the maximum field in the core. 
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is the polarizability 𝛼𝛼, which can be derived from the known 
refractive index and density ( 𝑛𝑛  =1.0004 under 1 bar [7]). 
Regarding the low compressibility of liquids, we assume that 
the density of liquefied CO2 is independent of pressure. 
Utilizing the obtained value of 𝛼𝛼 from the prior step and the 
constant density for liquefied CO2, resolving (2) allows us to 
estimate the refractive index for liquefied CO2 as 𝑛𝑛=1.2677.  

During the liquefication of the CO2, the phase transition 
occurs over a temperature change of less than 1°C or a pressure 
difference of less than 1 bar, nominally at constant temperature 
and pressure. In this prospect, all the effects in the fiber due to 
thermal and pressure expansions are totally negligible. Indeed, 
the thermal effects are orders of magnitude smaller than the 
massive change of the CO2 refractive index (∆𝑛𝑛 = 0.2673) 
when passing from gas to liquid. 

Actually, and being a bit counterintuitively, our simulations 
show that the difference between the 1 𝑒𝑒⁄  penetration depths of 
the evanescent fields in the gaseous (0.10 𝜇𝜇𝑚𝑚) or liquefied CO2 
(0.13 𝜇𝜇𝑚𝑚) scenarios is not that large, since the decay of the 
electrical field follows a similar distribution in both cases. The 
essential difference is due to the step transition of the 
permittivity between silica and holes, which scales the 
amplitude of the electric field at the interface between silica and 
holes. The key parameter here describing penetration is the 
fraction of electric flux in the side air-holes region, defined as 
the surface integral of the electric field in the holes. According 
to the COMSOL simulation, for the gaseous CO2 scenario, the 
optical power (obtained as proportional to the simulated electric 
flux squared) in the two side holes is 0.00098% of the total 
power, while the effective refractive index is 1.4550. For the 
liquefied CO2 scenario, the optical power in the two side holes 
is 0.0037% of the total power, while the effective refractive 
index is 1.4551.  

In the scenario of liquefied CO2, the penetration of the optical 
field into the side-holes area is approximately 4 times larger 
compared to that observed with gaseous CO2. However, these 
numbers show that only ~0.001% of the total power is present 
in the holes, highlighting the fact that the differential absorption 
between gas and liquid is more relevant than the difference in 
penetration. 

Similar to its gaseous state, liquid CO2 exhibits an absorption 
band centered at 1572 nm, but much broader and widely 
covering the conventional wavelengths of 1550 nm and 
1310 nm. This absorption band indeed extends well beyond the 
absorption band of gaseous CO2 [8], which shows reduced 
absorption at those wavelengths. Consequently, the transition 
from gaseous CO2 to liquid CO2 results in a higher presence of 
light propagating through a medium characterized by increased 
optical absorption, leading to significantly higher optical 
attenuation. As a result, when the temperature at specific 
positions along the SAHF falls below the predetermined 
threshold, gaseous CO2 locally liquefies causing fiber sections 
with higher losses, which can be identified using a conventional 
OTDR instrument. 

III. EXPERIMENTAL DEMONSTRATION 
To demonstrate the feasibility of the proposal, the 

experimental implementation is rooted on a very basic classical 
scheme based on optical time-domain reflectometry.  

A. Experimental Setup 
Fig. 4 shows the experimental setup used to validate the 

proposed method, in which an incoherent OTDR instrument is 
employed for interrogation. An 18 m-long SAHF serves as a 
medium to confine the CO2 in the side air-holes, while guiding 
incoherent light in the core region. One end of the SAHF is 
spliced to a standard single-mode fiber in order to establish a 
fine connection with the OTDR device. The effective dynamic 
range of the OTDR trace is 15 dB, which is given by the 
instrumental dynamic range, and reduced by the coupling loss 
between SMF and SAHF. Simultaneously, the other end of the 
SAHF is connected to a gas supply via a gas tube equipped with 
a precision manometer. This configuration allows for 
monitoring the injection of gaseous CO2 at different pressures 
while neglecting potential transient pressure gradients along the 
system. Both fiber ends are kept gastight; however, in a 
practical sensor application, the far end of the SAHF connected 
to the gas tube must also be sealed after filling the fiber at the 
target pressure. For instance, this can be performed by splicing 
the end with a standard solid core fiber or collapsing the fiber 
holes at the free end, so that the fiber is turned into a hermetic 
silica rod. The system is pre-vacuumed to eliminate the 
influence of air, ensuring that the residual air is left below 
10 mbar. This has certainly a negligible impact when 
considering a working CO2 pressure during the measurement 
three orders of magnitude higher.  

The initial measurements use a light source at 1550 nm, 
achieving the finest spatial resolution of approximately 30 cm 
in silica by using 3 ns incoherent light pulses. The built-in 
photoreceiver of the OTDR interrogator captures the Rayleigh 
backscattered signal along the fiber, with an equivalent spatial 
sampling of 5 cm. To enhance the visualization of the measured 
OTDR traces, a smoothing low-pass filter is applied over a 
spatial window of 6 neighboring points in order to benefit from 
the oversampling spanning the spatial resolution. 

To change the temperature of distinct fiber sections with high 
precision, sections of the SAHF are immersed into a water bath, 
ensuring a thermal accuracy of about 1℃ while changing the 
temperature over a wide range. 

 
Fig. 4. Experimental validation setup. An OTDR instrument is used to 
interrogate a CO2-filled SAHF. The OTDR is connected through a standard 
single-mode fiber spliced to the SAHF. The far end of the SAHF is connected 
to a tube filled with CO2 at specific gas pressures. A water bath is employed 
to control the temperature of some sections of the optical fiber under test. 

This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JLT.2024.3403189

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

4 

B. Impact of Pressure Changes 
The initial measurements are conducted to assess the optical 

loss of the SAHF under different internal pressures of the 
gaseous CO2. The test is performed using a broadband light 
source centered at 1550 nm, while maintaining the entire fiber 
at room temperature. Fig. 5 shows the OTDR traces obtained 
for different CO2 pressures, ranging from 0 bar to 40 bar, over 
which CO2 keeps in a gaseous state at room temperature. 
Results show that all OTDR traces are the same under the 
different pressures, confirming no significant induced loss and 
no impact of the CO2 pressure. This validates the combined 
effect of negligible gas molecular absorption and of a minor 
fraction of the evanescent field present in the air holes, while 
filled with gaseous CO2. This also emphasizes the robust 
structure of the air holes, ensuring undistorted waveguiding 
conditions along the propagation path even under an internal 
pressure of 40 bar.  

To evaluate the impact of CO2 liquefication in the side air 
holes, a section of the fiber (position from 8 m to 10 m) is 
cooled down to 1°C while other sections are maintained at room 
temperature (about 20°C). Referring to the CO2 phase diagram 
in Fig. 2, the phase transition from gaseous CO2 to liquid CO2 
at a temperature 1°C takes place at a CO2 pressure of about 
35.8 bar, while the required temperature for liquefication is 
57.3 bar at the room temperature of 20°C.  

Measurements are performed while varying the pressure of 
the CO2 filled in the side air-hole from 1 bar to 40 bar. 
According to Fig. 2, CO2 keeps gaseous throughout the 
experiment in the fiber sections at room temperature since the 
pressure does not exceed 57.3 bar. However, in the fiber section 
cooled at 1°C, CO2 undergoes a phase transition from gas to 
liquid as the pressure increases, when crossing the phase 
transition curve. Fig. 6 shows the OTDR traces obtained under 
the different tested pressures. To secure reliable results, each 
measurement is obtained after stabilizing the pressure for about 
half an hour. Results point out that when the pressure increases 
from 36 bar to 37 bar, the CO2 undergoes a phase transition, 
leading to an additional optical loss between 8 m and 10 m. This 
can be observed by the steeper slope of the OTDR traces in the 
cooled fiber section, which is attributed to the formation of 

liquid CO2, and not to any pressure change during the phase 
transition, as validated previously in Fig. 5. 

According to the theoretical prediction in Fig. 2, the phase 
transition pressure at 1°C occurs at 35.8 bar; however, the 
measurements indicate a critical pressure between 36 bar and 
37 bar. This slight discrepancy may arise from the 
inhomogeneities in the experimental setup, considering that the 
CO2 gas pressure is measured from the pressure meter on the 
gas tube connected to the opened end of the SAHF. On the other 
hand, the temperature is measured inside the water bath, where 
the temperature may not be perfectly uniform. 

C. Impact of Temperature Changes  
As discussed in Section II, the phase transition point is 

subject to both temperature and pressure changes. In this 
section, the impact of temperature changes is analyzed while 
keeping a constant CO2 pressure. Similar to pressure changes, 
any temperature variation will impact the phase transition, 
resulting in similar high loss signal in the cooled section of the 
OTDR traces.  

For this test, the pressure of CO2 filled in the side air-holes is 
kept constant at 37 bar. According to Fig. 2, at this pressure the 
phase transition temperature is about 2.3°C. In the experiment, 
a section of the fiber (position from 8 m to 10 m) is cooled to 

 
Fig. 6. Measurements of the SAHF backscattering signal at different pressures 
from 1 bar to 40 bar. The light blue shading indicates the optical fiber segment 
placed at a constant temperature of 1°C. An additional optical loss appears in 
the cold region when the CO2 pressure is increased up to 37 bar or higher. 
 

 
Fig. 7. Measurements of the SAHF backscattering signal at a constant pressure 
of 37 bar. A fiber section, marked by the light blue shading, is cooled from 
room temperature (20°C) down to 0°C. Induced losses are clearly observable 
for all temperatures below 3°C and remain steady below 1°C. 
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Fig. 5. Room temperature measurements of the SAHF backscattering signal at 
different CO2 pressures, while ensuring the gaseous state of CO2. No 
significant induced losses are evident in the measurements. 

0 5 10 15 20 25 30

Position [m]

-10

-5

0

5

10
R

el
at

iv
e 

po
w

er
 [d

B
]

0 bar

1 bar

10 bar

20 bar

40 bar

Far end of the SAHF

Near end of the SAHF

This article has been accepted for publication in IEEE/OSA Journal of Lightwave Technology. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/JLT.2024.3403189

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

5 

different temperatures from room temperature (20ºC) down to 
0°C, crossing the phase transition point. Similar to the pressure 
change process, under circumstances where the cooled section 
is above the critical temperature, CO2 keeps gaseous, leading to 
a relatively flat OTDR trace all along the fiber, as shown by the 
blue and red curves in Fig. 7. When the cooled section is 
precisely at the critical temperature (measured at 2°C, slightly 
mismatched with the theoretical 2.3°C), CO2 in the side air-
holes exists as a mixture of gaseous and liquid states, showing 
partially higher loss, as depicted by the yellow line in Fig. 7. As 
the temperature of the cooled section continues to decrease, 
CO2 completely liquefies, resulting in a consistent and 
stabilized high loss section, as shown by the violet and green 
curves in Fig. 7. 

D. Distributed Multi Cold-Spot Measurements 
Due to the spatially resolved information provided by the 

OTDR, the system also has potential for distributed sensing of 
multiple events, as the flow of gaseous CO2 along the SAHF 
provides every point with an equal opportunity for liquefaction. 
To validate the distributed multi-event sensing capabilities of 
the system, measurements of multiple cold spots are carried out. 
For this purpose, two distinct fiber sections (from 8 m to 10 m 
and from 14 m to 16 m) are simultaneously cooled down to 1℃, 
while the rest of the fiber is maintained at room temperature, 
under a constant gas pressure of 37 bar. This condition enables 
CO2 to liquefy in the cooled sections, while remaining in 
gaseous state within the fiber sections at room temperature. 
Fig. 8 shows the OTDR traces measured long the fiber. The 
additional loss coefficient induced by liquid CO2 is evaluated 
by comparing it with the reference signal obtained from a 
uniformly gaseous CO2 distribution (blue curve).  

The determination of loss coefficients is based on the 
estimation of the local slope on the OTDR trace, which is 
computed using sampled points along the fiber within three 
spatial resolutions. The process assumes that the loss values in 
both room temperature and cold sections follow normal 
distributions, with the same standard deviation (this is based on 

the assumption of similar noise distribution and no systematic 
errors) and distinct mean values. Fig. 9(a) shows the OTDR 
trace around the cold spots (blue line) measured at 1550 nm and 
the estimated local loss based on the local slope calculation (red 
line). Note that the two cold spots show to have different local 
losses, which may be attributed to the inhomogeneous 
liquefaction of CO2 inside the side air-holes due to a loss of 
uniformity in the gas pressure. This issue will be further 
discussed in the last section of the paper. To estimate the mean 
loss coefficients associated to the cold spots and room 
temperature, the probability distribution of the estimated losses 
is obtained, as shown in Fig. 9(b). This is carried out through a 
3-Gaussian curve fitting, which allows us to estimate the mean 
loss coefficients associated to the two cold spots, shown by the 
blue and green Gaussian curves in the figure, and to the room 
temperature, shown by the red curve. Results indicate estimated 
loss coefficients of 0.94 dB/m for the first cold spot, 0.44 dB/m 
for the second cold spot, and 0.04 dB/m for the room 
temperature. It is worth mentioning that due to the short cold 
section of 2 m and restricted spatial resolution of 30 cm, only a 
few independent sampled points are available in this case, 
preventing us from performing a full, solid statistical analysis. 
This can be however improved in a future work, for instance 
using sharper spatial resolutions. 

E. Impact of the Operating Wavelength 
When conducting measurements with a 1550 nm light 

source, significant optical losses become evident in liquid CO2 

 
Fig. 8. Measurements of the SAHF backscattering signal at a constant pressure 
of 37 bar, incorporating distinct multiple cooled sections in the system. Two 
fiber sections, identified by the light blue shadings, are cooled from room 
temperature (20ºC) to 1°C. The successive induced losses along the two 
sections validates the potential for distributed sensing of multiple events along 
the fiber. 
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Fig. 9. Estimation of loss coefficients when measuring multiple cooled 
sections with a 1550 nm laser source. (a) OTDR trace (blue line) and estimated 
local loss (red line) based on the slope of OTDR traces. (b) Probability 
distribution of the estimated losses, obtained by a 3-Gaussian curve fitting, 
which is used to estimate the mean loss coefficient for the two cold spots (blue 
and green curves) and room temperature (20ºC, red curve). 
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sections. While the measurements exhibit good contrast, they 
face the challenge of rapid optical signal attenuation caused by 
the excessive loss, limiting the fiber length that can be 
interrogated. To extend distributed measurements over longer 
distances, a feasible approach is to vary the wavelength of the 
light source to be spectrally positioned away from the CO2 
absorption band at 1572 nm, thus securing a lower optical loss. 
Additionally, shorter wavelengths result in a better mode 
confinement in the core and thus in a more limited extension of 
the evanescent field into the side air holes (reduced by 57.3% 
according to our simulation), reducing even more the optical 
losses in liquid CO2.  

To evaluate the impact of the interrogating wavelength, 
measurements are carried out at both 1310 nm and 1550 nm. 
Fig. 10 shows the OTDR traces measured in the two cases, 
indicating that the optical losses reduce considerably in the 
liquid CO2 regions, from 0.36 dB/m at 1550 nm down to 
0.16 dB/m at 1310 nm. These values have been calculated 
following the same approach previously described based on the 
estimation of the local losses along the OTDR trace and a 2-
peak Gaussian fitting, as depicted in Fig. 11 for both analyzed 
wavelengths. Note that this optical loss reduction represents a 
2.25-fold difference between the two wavelengths, highlighting 
the flexibility to adapt the loss coefficient to the operating 
conditions and application, with an inherent tradeoff between 
sensing fiber length and loss coefficient accuracy.  

The longest sensing distance that can be achieved by the 
proposed method can be estimated in the worst-case scenario, 

assuming that all the CO2 in the side-holes is liquefied. In such 
a case, the propagation loss is maximized, limiting the 
maximum detection length to 16.0 m or 36.0 m when operating 
at 1550 nm or 1310 nm, respectively. This estimation is 
obtained dividing the 15 dB effective dynamic range of the 
OTDR measurements by the 0.94 dB/m loss coefficient, which 
represents the highest loss coefficient estimated across all 
measurements in the cold fiber sections. However, it is worth 
noting that these estimated maximum lengths can potentially be 
extended in practical scenarios where CO2 liquefaction is 
incomplete or nonuniform along the fiber. In addition, it is 
possible to enhance the maximum detection length by 
extending (worsening) the spatial resolution or by increasing 
the response time through the use of extensive averaging, thus 
enabling a higher dynamic range of the OTDR traces. 
Alternatively, optimized fiber designs can be used to mitigate 
optical losses and extend the detection length. While in this first 
implementation the sensor is not yet capable of reaching 
kilometric distances, there is still space for improvement and 
optimization to extend the sensing distance. 

F.  Distributed Multi Hot-Spot Measurements 
Considering that liquefication or evaporation can occur 

whenever the CO2 temperature goes below or above the critical 
threshold temperature, the proposed method can also be 
exploited to measure hot spots. To verify this, the CO2 pressure 
is set at 42 bar and the entire fiber is cooled down to 1ºC in the 
water bath. After stabilization, four short sections of the fiber 

 

 
Fig. 11. Estimation of the optical loss coefficients based on a 2-peak Gaussian 
fitting of the probability distribution when using (a) a 1550 nm, and (b) a 
1310 nm laser source. The red and blue curves indicate the fitting of the 
Gaussian distributions of loss coefficients at room temperature (20ºC) and cold 
fiber section. 
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Fig. 10. OTDR traces measured with the entire fiber at room temperature (blue 
lines) and with a short fiber section (between 10.5 m and 12 m) placed at 1ºC 
(red lines), when using a laser source operating at (a) 1550 nm and (b) 
1310 nm. The loss coefficient at 1550 nm in the cold fiber section is 2.25 times 
higher than that observed at 1310 nm. 
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are moved out of water to increase their temperature up to room 
temperature. These four distinct fiber sections, designated as 
hot spots, remain separated by three cold sections at 1°C with 
varying lengths. Fig. 12 illustrates the distributed Rayleigh 
backscattered signal along the fiber, obtained at the two 
analyzed wavelengths. The light red shading area in the figure 
indicates the hot-spot sections, while the white areas correspond 
to the room temperature sections. As expected, the high loss 
coefficient obtained along the fiber at 1ºC is highly reduced in 
the hot fiber sections as a result of the CO2 evaporation. Similar 
to the previous analysis, the use of an optical source at 1550 nm 
leads to a higher measurement contrast compared to the use of 
a source at 1310 nm, at the cost of reducing the maximum fiber 
length that can be interrogated.   

To discern between cold and hot fiber sections, a threshold 
value can be established in the loss coefficient distribution 
using a statistical approach based on a confidence level of 50%. 
This ensures an equal likelihood, or 50% chance, for any given 
fiber section to be identified as cold or hot. Following this 
statistical approach and based on the probability distribution of 
the estimated loss coefficients, thresholds values of 0.21 dB/m 
and 0.099 dB/m are found for measurements with 1550 nm and 
1310 nm, respectively. Fig. 13 shows the blind identification of 
hot fiber sections based on the OTDR measurements depicted 
in Fig. 12 for both operating wavelengths. Hot spots are 
depicted by light red shaded areas with dashed-line contours, 
showing a good matching with the actual hot sections in Fig. 12, 
especially for the case of using 1550 nm. However, a poorer 
identification is obtained when using 1310 nm, which could be 
improved as mentioned before, for instance, by compromising 
other OTDR parameters, such as the measurement time (to 
allow an enhanced dynamic range at the cost of a longer trace 
averaging process). It must be noted that, the threshold choice 
not only impacts the classification accuracy but also affects the 
uncertainty in localizing the hot and cold fiber sections, given 
our spatial resolution of 30 cm. Indeed, the determination of 
transitions is influenced by various factors, like the method to 
estimate the local slope of the OTDR trace, which may require 
a further investigation considering the observed statistical 

variability. The carefully selection of the threshold value from 
the loss coefficient distribution is crucial to accurately classify 
regions as cold or hot spots, highlighting the critical importance 
of this aspect. The ability to measure hot spots proves valuable 
for monitoring potential issues such as hot water pipeline leaks 
or overheating along electrical power lines.  

IV.  CONCLUSIONS AND PROSPECTIVE DISCUSSIONS  
In conclusion, through the comparison of measurements 

conducted on a simple side air-holes fiber, we verified the 
feasibility of employing a CO2-filled SAHF as a distributed 
temperature alarm system triggered by its vapor-to-liquid 
transition at a preset threshold temperature. The system can be 
effectively and simply interrogated using a standard OTDR 
instrument by analyzing the distributed profile of the optical 
losses along the fiber. Customization of the alarm temperature 
is achievable by filling CO2 at a specific pressure in the air-hole 
region of the fiber. However, it is important to note that, for a 
given experimental setup, the spatial resolution of the 
measurements is highly dependent on the required accuracy in 
loss measurements, as ruled by the classical tradeoff affecting 
the OTDR measurement parameters. 

 The robustness of the system is verified by examining the 
impact of different CO2 pressures on the fiber at room 
temperature, revealing negligible induced losses. This 
establishes a foundation for further exploration into the 
dynamic response of the fiber when filled with CO2 and 
exposed to temperature variations. 

 
Fig. 12. Measurements of the SAHF backscattering signal at constant pressure 
of 37 bar in presence of distinct multiple hot spots (at room temperature), when 
the rest of the fiber is kept at 1ºC. Measurements are obtained at both 1550 nm 
(blue) and 1310 nm (red). The four fiber hot spots are indicated by the light 
red shading, by simply placing fiber segments out of the cold bath, so kept at 
a room temperature of 20ºC. 
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Fig. 13. Measured OTDR traces (blue lines) and estimated local loss 
coefficients (red lines) for (a) 1550 nm and (b) 1310 nm. The gray dotted lines 
show the blindly identified loss coefficient thresholds according to a 50% 
confidence level. Based on the proposed statistical approach, the light red 
shaded areas represent the fiber sections identified as hot spots. 
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The experiments conducted on the CO2-filled fiber sections 
cooled below the threshold temperature under a constant 
pressure verified the influence of CO2 phase transitions on the 
optical loss. The consistently low loss observed when the fiber 
temperature is above the critical temperature, and the 
subsequent rise in loss when the CO2 transitions into a liquid 
state, provide clear evidence of the system’s sensitivity to the 
physical state of the gas. The consistent reproducibility of the 
results, when varying either temperature or pressure, gives a 
high confidence in the high reliability of the system. 

The adaptability of the system is demonstrated by varying the 
wavelength of the light source. For more accurate 
measurements, an optical source at 1550 nm is preferable 
because it shows a higher loss contrast between gas and liquid. 
However, for long-distance monitoring, a light source at 
1310 nm is a better choice as it can provide relevant 
measurements over extended cooled fiber sections, owing to its 
lower loss per unit length as a result of the reduced optical 
absorption at this wavelength.  

Relying on the same methodology, the scheme is also 
capable of measuring hot spots by reversing the approach used 
in the cooling experiments. By analyzing the slope of the OTDR 
trace, representing the local loss coefficient of the fiber, the 
boundary between gaseous and liquefied CO2 states can be 
identified. This promising functionality extends the system's 
applications beyond cold spot measurements, such as 
monitoring frozen roads, to include hot spot measurements, like 
detecting potential damages to electrical lines. 

However, it must be noted that the experimental attenuation 
coefficients are not completely consistent with the prediction: 
for instance, a different linear attenuation is observed in two 
distinct cold spots, though they are at the same temperature, as 
shown in Figs. 8 and 9. This behavior is likely attributed to an 
incomplete liquefaction of the CO2 in certain cooled sections, 
logically leading to a lower attenuation, as illustrated in Fig. 7 
when the temperature of the fiber section is in the close vicinity 
of the transition temperature. The difference in the response of 
two cold spots placed under similar environmental conditions 
can be explained by examining the gas dynamics within the 
fiber holes: in a hermetically sealed volume, the number of gas 
molecules is fixed and constant. If CO2 is in a gaseous state 
along the entire fiber, the gas density and pressure remain 
uniform, resulting in an even response of the fiber to the 
presence of a cold spot at any position. 

However, the liquid phase shows a significantly higher 
molecular density, resulting in a depletion of the molecule 
density in surrounding fiber sections where CO2 remains in a 
gaseous state. Consequently, the gas pressure decreases around 
the cold spot, causing a shift in the threshold temperature to a 
higher level. The distance from the cold spot over which the 
effect of gas depletion is significant depends on the hole cross-
section and time, scaling in a matter of seconds to span over 
1 meter in the SAHF under test [9]. 

To circumvent this issue, several solutions can be foreseen. 
All of these solutions involve diluting the liquefying gas into a 
buffer gas that remains in a gaseous state across the entire 
operating temperature and pressure range (e.g. nitrogen over a 

very extended range around ambient temperature). The ideal 
case would be that the mixture turns into a cloud-like state when 
the diluted gas reaches its vapor saturation state and creates 
suspended droplets in the buffer gas. This would lead to a 
significantly enhanced light scattering, which would be best 
leveraged in hollow core fibers. 

Unfortunately, cloud forming is subject to strict 
environmental conditions and results from the adiabatic cooling 
of a large mixed gas volume [10], like in the atmosphere when 
an air mass expands and cools down by natural convective up-
motion, and then turns into a cloud from a given altitude when 
the diluted water vapor reaches saturation. These adiabatic 
conditions can never be realized in a fiber holey structure, since 
thermal exchange through the silica walls is overwhelmingly 
dominant regarding the microscopic size of the fiber structure. 

The most probable situation is that the diluted gas 
condensates on the silica walls, creating a thin liquid film 
without significantly depleting the overall gas density away 
from the cooled section. Even though the observed change in 
attenuation would not be as strong as in the demonstrative case 
shown in this paper, there is enough room for optimization by 
shifting the interrogation wavelength closer to the center of the 
gas absorption band and in the design of the fiber 
microstructure. This shows that this novel class of fiber sensors, 
with considerable application potential, remains an attractive 
topic of research with plenty of room for smart designs and 
innovative solutions. 
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