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Light propagation in the micro-size capillary injected by 
high temperature liquid∗ 
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The high temperature liquid is injected into the micro-size capillary and its light propagation behavior is investigated. 

We focus on two different liquid pumping methods. The first method can pump the high temperature liquid tin into the 

micro-size capillary by using a high pressure difference system.  After pumping, a single mode fiber (SMF) connected 

with the optical carrier based microwave interferometry (OCMI) system is used to measure different liquid tin levels in 

the micro-size capillary. The second method can pump the room temperature engine oil into the capillary by using a sy-

ringe pump. This method can avoid the air bubbles when the liquids are pumped into the capillary. 
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Optical fiber-based devices[1-5] are widely used in optical 

communications and sensing applications. The diameters 

of some optical capillary tubes are close to those of opti-

cal fibers, so it is easy to fuse an optical capillary tube 

with the optical fiber together, to form an optical fiber & 

capillary-based sensor by using a fusion splicer[6,7]. This 

kind of sensor can pump liquids into it, which has a great 

potential in embedded sensor and optical coherence to-

mography applications[8,9]. However, the inner diameter 

(ID) of the capillary tube is around micrometers, and the 

capillary force and the wettability will prevent the liq-

uids[10], especially for the high temperature metal liquids 

pumped into the hollow core of the capillary tube. 

Myung Sup Yoon et al[11] installed an asymmetric elec-

trode array on the top and bottom walls of the micro-

channel, and the electro-osmotic micro-channel flow 

driven by arrays of  alternating current (AC) asymmetric 

electrodes was carried out to generate the pumping mode 

of the  liquid flow. This method could pump the liquids 

into the micro-channel and control the liquid flow. How-

ever it’s hard to pump the high temperature liquids into 

the capillary, which may destroy the electrodes. Junya 

Ogawa et al[12] proposed a new mechanical micro-

pumping device for microfludic system, which used a 

vibration channel wall. However, if the capillary tube is 

too long, there may be air bubbles in the micro-channel.   

In this paper, we focus on two different methods to pump 

high temperature metal liquids and avoid air bubbles in 

the optical fiber and capillary-based sensor, respectively. 

Furthermore, an optical carrier based microwave inter-

ferometry (OCMI) system is used to measure the optical 

signals in this sensor. 

In this method, the optical fiber & capillary-based sen-

sor consists of three parts: the reservoir, capillary tube, 

and a single mode fiber (SMF). The reservoir was fused 

together with the tube through a fusion splicer. The other 

end of the tube was fused with the SMF. A 70-µm ID 

empty core is used as the tube where the liquid tin level 

could be measured, and a 150-μm outer diameter (OD) 

cladding capillary is used as the reservoir for holding the 

liquid tin.  

In order to pump the high temperature liquid tin into 

the optical fiber and capillary-based sensor, a pressure 

difference pump mechanism is utilized. The pump 

mechanism utilizes a stainless steel gas chamber that was 

assembled in the lab as shown in Fig.1. A 1” steel cap 

was screwed onto a 1” steel tube with about 10 cm in 

length. A reducer was then attached to the 1” tube to 

connect with a 3/8” steel tube, which in turn was con-

nected to a  1/4” steel tube for about 22 cm. At the top of 

the 1/4” steel tube, two 3-way air way connectors were 

attached: One was attached directly to the 1/4” steel tube 

where a rubber stopper was placed and plugged with a 

small cap, while the other was connected to the first 3-

way connector on the side. The second 3-way connector 

was attached to two valves: One was connected to an Ar 

gas tank with a pressure meter, while the other acted as a 

pressure release. The steel chamber was put inside an 

oven. At the bottom of the chamber, a small crucible was 

placed to hold a tin block. A hole was drilled at the cen-
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ter of the tin block to let the sensor pass through.   

 

 
(a)                                                    (b) 

Fig.1 (a) Stainless steel gas chamber; (b) The entire 

setup 

 

The 20-μm ID capillary tube was fused with the 75-

μm ID reservoir both ends of which are left open-ended. 

Using a needle, the structure was gently inserted through 

the rubber stopper and into the steel chamber until it 

went through the hole in the tin block and barely touched 

the bottom of the crucible. The needle was pulled out of 

the rubber stopper and stringed off the sensor. The 

system was then tightly shut and the oven was closed. 

The oven was turned on up to 310 °C for 5 min for the 

tin melting. After the tin melted, the argon was gradually 

pumped into the chamber up to 1.034×106 Pa for 40 min 

to 60 min. The oven was turned off and the capillary was 

pulled out and sealed at the reservoir end. The structure 

was taken to the microscope for analysis. 

This system used the argon gas to prevent the 

unwanted oxidation the tin might undergo. If tin is 

converted to tin oxide or tin dioxide, the melting 

temperature would exceed that of silica, thus it would be 

unusable as a sensing material. On one end, argon gas 

was pumped from a tank through a series of plastic tubes 

which were connected to a flow meter and a drierite. The 

gas then flowed into a syringe and needle that directly 

fed into the capillary tube. On the other end, another 

series of plastic tubes were connected to the in-house 

vacuum system and a flow meter, which in turn fed into 

the capillary tube. Both needles and the sensor itself 

were locked in place with a rubber stopper which was 

used to close the entire system. The system was first 

vacuumed in order to create negative pressure inside the 

sensor and the chamber was heated by the oven. After 

the tin block has melted and the sensor end has been 

submerged inside the liquid tin, argon was slowly added 

into the system to pump the liquid tin into the reservoir.  

The reservoir was connected to a 20-μm ID empty 

core and 150-μm OD cladding silica tube, where the 

liquid tin levels reading took place. Because tin has a 

stronger cohesive force than adhesive force against 

glass[13,14], the meniscus has a convex shape due to the 

cohesive forces drawing the liquid tin into a drop. In this 

way, the liquid tin will not bind to the wall of the capillary 

and can freely move according to the temperature it 

experiences. The average expansion coefficient[15] was 

proved to be γ=113×10-6/oC between 300 °C and 1 600 °C. 

In 1966, Doge[16] measured the actual volumetric expansion 

coefficients at 240 °C and 1 200 °C are γ=105×10-6/oC and 

γ=96×10-6/oC, respectively. Due to this large difference in 

volumetric expansion coefficients, the temperature range 

for the sensor is between 500 °C and 1 000 °C for 

accurate measurement of temperature. The ratio between 

the lengths of the reservoir and the tube is expressed as 
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where IDtube and IDreservoir  are the inner diameters of the 

tube and the reservoir, respectively, ∆T is the 

temperature range and γ is the average of the volumetric 

expansion coefficients at  240 °C and 1 200 °C.  

A 20-cm-long 20-μm ID capillary and 15.3-cm-long 

70-μm ID capillary were used for the tube and the 

reservoir, respectively. This ratio of the reservoir length 

to tube length is 1/1.3. The experimental length ratio is 

different from that in Eq.(1), because the temperature 

range used is between 300 °C and 500 °C.  

After the sensor was filled with liquid tin and sealed, 

the open end of the SMF was connected to the OCMI 

system shown in Fig.2. The light passed through the 

SMF into the tube where the light will reflect off the 

liquid tin level. The reflected light will be sent back to 

the OCMI where the reflected wavelength of the light 

will be compared with the base wavelength of 1 550 nm. 

Then, we can obtain the time delay between the reflected 

and base wavelengths. Since the liquid tin level in the 

tube changes with temperature due to the thermal 

expansion coefficient of liquid tin, there will be a unique 

time delay associated with each temperature reading. In 

this way, we can accurately calibrate the time delay of 

OCMI and the sensor to the standard temperature reading. 

 

 
ASE: amplified spontaneous emissions or light source; PC: polarization 

controller; EOM: electro-optical modulator; PD: photodetector; VNA: 

vector network analyzer; RF Amp: radio frequency amplifier 

Fig.2 The OCMI system 

 

The second sensor used the 75-µm ID empty core and 

150-μm OD cladding capillary as a reservoir connected 

to a 10-μm ID hollow core and 150-μm OD cladding 

silica tube. The majority of the sensor was filled with 
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engine oil, only leaving an air bubble length around 

300 µm, one end of which would always be the fusion 

point between the tube and the SMF. This seems to be 

less effective than the first model, because the internal 

pressure will cause a nonlinear relationship between the 

changes in temperature and bubble length. However, this 

method we propose can ensure that the areas filled with 

either air or engine oil have a uniform distribution of the 

solution. Furthermore, if a solid or a viscous liquid is 

used as the sensing material in the first method, the 

possibility of uneven or nonlinear expansion due to 

impurities will be introduced during pumping.  

During fabrication, a 10-mm-long 75-µm ID reservoir 

was fused with a 30-mm-long 10-µm ID tube. A syringe 

pump was epoxied to the reservoir end and pumped 

engine oil in the sensor at a rate of 5 µL/min. The engine 

oil was pumped until it was close to 300 µm, then the 10-

µm ID tube was fused with an SMF. More oil was 

pumped to make the air bubble be 300 µm in length. The 

SMF was connected to the OCMI in order to detect 

reflection at both ends of the bubble.  

In order to amplify the reflected signal, two different 

types of fusion modes were performed at the fusion point 

between the 10-µm ID tube and the SMF. They are flat 

and cone shape fusion modes respectively as shown in 

Fig.3. For the flat fusion, a 10-µm ID tube and an SMF 

were fused by a short electrical splice of about 5 s. For 

the cone-shape fusion, a 10-µm ID tube was embedded 

in an SMF and concaved towards the air bubble.  

 

 

(a)                                                     (b) 

Fig.3 Two fusion types between the 10-µm ID tube 

and SMF:(a) Flat fusion; (b) Cone-shape fusion 

 

After different sensors were fabricated and tested for 

reflected signals, a gold metallic coating was applied on 

the sensor. The sensor was coated with gold in order to 

increase the reflectivity of the propagating light and to 

restrict the amount of light that was escaping through the 

cladding. The coating covered from the end of the fusion 

point on the MMF to a length beyond the end of the air 

bubble in the tube. The sensors were tested again to 

compared the reflected signals between the coated sensor 

and the uncoated one.  

When the optical fiber & capillary-based sensor was 

well sealed in the stainless steel chamber, the chamber 

was first vacuumed to produce negative pressure inside 

the sensor to prevent unwanted oxidation of the tin. Then 

the oven was turned on up to 310 °C for 5 min for the tin 

melting. After that, the argon was gradually pumped into 

the chamber up to 1.034×106 Pa for 40 min to 60 min. 

The oven was turned off and the capillary was pulled out 

and sealed at the reservoir end. The stainless steel gas 

chamber was able to successfully pump liquid tin into the 

sensor. However, there are two main issues with this 

setup. First, we could not observe the pump action in real 

time, so everything has to be in place and timed correctly. 

The second is that isolated pockets of argon bubbles 

were stuck between long tin sections inside the tubes. 

Images of the resulting sensor are shown in Fig.4. It is 

clearly shown that the high temperature liquid tin was 

successfully pumped into the 15.3-cm-long 75-μm ID 

capillary, then passed the fusion point of 20-μm and 75-

μm ID capillaries into the 20-μm ID capillary tube suc-

cessfully more than 13 cm in length. 

 

 

(a)                                                      (b) 

 

(c)                                                      (d) 

Fig.4 (a) 20-μm ID capillary filled with tin; (b) 75-μm ID 

capillary filled with air gap between tin segments; (c) 

The fusion point of 20-μm and 75-μm ID capillaries 

filled with tin; (d) 75-μm ID capillary fused with a sin-

gle mode fiber   

 

A 10-mm-long 75-µm ID reservoir was fused with a 

30-mm-long 10-µm ID tube. A syringe pump was 

epoxied to the reservoir end, and the engine oil was 

pumped into this sensor at a rate of 5 µL/min. We are 

able to pump the engine oil into both ends of the sensor 

and pass the fusion point between the 75-μm ID reservoir 

and the 10-μm ID tube, which is shown in Fig.5. It is 

clear that we have successfully avoided the air bubble to 

be pumped into the 10-μm ID tube during the engine oil 

pumping.  

After successfully pumping the engine oil into the sen-

sor, the open end of the SMF was connected to the 

OCMI system to detect the reflected signal from the fu-

sion point and the liquid level. Two different types of 

fusion modes (flat and cone-shape fusion modes) were 
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performed at the fusion point between the 10-µm ID cap-

illary tube and the SMF, mentioned in Fig.3. The optical 

light reflection results are shown in Fig.6.  

 

 

(a)                                  (b)                                (c) 

Fig.5 (a) 75-μm ID reservoir with oil; (b) Oil passing 

through the fusion point of 75-μm ID and 10-μm ID 

capillaries; (c) 10-μm ID capillary filled with engine oil 

 

   

(a)                                                     (b) 

 

(c)                                                     (d) 

Fig.6 (a) Cone shape fusion reflection; (b) Flat fusion 

reflection; Reflection of the liquid level in the hollow 

core and scattering in the wall of the capillary tube 

for (c) cone fusion and (d) flat fusion  

 

We can see from Fig.6(a) and (b) that the cone-shape 

fusion point has lower reflection, which means higher 

optical light transmission to the optical capillary tube. 

However, more optical light from the SMF will transmit 

into the wall of the capillary tube in cone-shape fusion 

mode than that in flat fusion mode. In this case, the opti-

cal light will greatly decrease when transmits in the hol-

low core of the capillary tube. Comparing Fig.6(c) and (d), 

we can see that the optical light transmitting in the hollow 

core of the capillary tube will decrease greatly for the cone-

shape fusion mode than that for the flat fusion mode.  

In this paper, we have successfully pumped the high 

temperature liquid tin and the engine oil into the optical 

fiber & capillary-based sensor by setting up an argon gas 

pressure difference system. We could pump the high 

temperature liquid tin into the capillary for more than 

30 cm in length. The small volume structure of this sen-

sor filled with liquid tin has great potential to make a 

high temperature optical thermometer. This thermometer 

may be embedded in the high temperature object to 

achieve real-time monitoring. We also introduced an 

SMF connected with the OCMI system to measure the 

different liquid levels in the micro-size capillary. We 

successfully fused the capillary tube and the fiber with 

flat shape and cone shape. We find that the intensity of 

the optical light transmitting in the cone shape structure 

of the optical fiber will decrease greatly than that in the 

flat shape one.  
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