
  

  

Abstract— The light interference methane sensor has many 

advantages except inconvenient reading and no communication 

with monitoring system. To improve it, many systems have been 

reported, but which are too big in size to use in practice. In this 

paper, we analyzed the reason for the big size and proposed two 

optical configurations to reduce the system size. Based on the 

one-to-one relationship between the output of the photosensitive 

element and the methane volume fraction, we redesigned two 

types of chambers taking up most room of the optical 

configuration. The one with the rectangular cross section was 

only for measuring the low methane volume fraction, and the 

other one with the trapezoid cross section for both low and high 

methane volume fraction. The feasibility of the design method is 

verified by the simulation. We showed the manufactured optical 

configuration compared to the original, and the new designed 

optical configuration is less than half size of the original. The 

experiments showed that the maximum measuring error of the 

calibrated sensor with the designed optical configuration was 

±0.01%. 

I. INTRODUCTION 

The light interference methane sensor was wildly used in 
coal mine due to its advantages of wide detection range, good 
stability, high accuracy and long service life. However, its 
shortcomings are obvious, such as inconvenient reading and 
no communication with monitoring systems, which cause it 
being replaced by catalytic combustion methane sensors. To 
overcome these shortcomings but retain its advantages, many 
studies have been done. References [1]-[4] designed 
instruments using Linear Charge Coupled Device (CCD) to 
collect the interference pattern and acquiring the displacement 
indicating the methane volume fraction with digital imaging 
processing technology. Reference [5] chose silicon 
photovoltaic cells and logic devices to convert the light 
interference signal to electric signal. Totally, every instrument 
mentioned above consisted of two parts: the transducer 
(electrical part) and the optical configuration. However, most 
attention has been attracted on the transducer and little work 
has been carried out on the optical configuration. In addition, 
the optical configuration takes up more than 70% of the 
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overall volume of the instrument. As a result, these 
instruments are not compact and of big size, which restricts 
their practical uses. In this paper, we will analyze the reasons 
for the big size and propose a method to reduce the size of the 
optical configuration. 

II. PRINCIPLE OF LIGHT INTERFERENCE METHANE SENSOR 

The light interference methane sensor is based on the 
principle of the folded Jamin interferometer which is 
relatively simple, insensitive to the rotation and translation of 
its two optical elements [6]-[9]. Fig. 1 shows the schematic 
diagram of the optical configuration. An incoming light beam 
L1 is incident on the Jamin plate J1 with an incident angle of 
45°, and gives rise to two parallel interference beams of equal 
intensity [6]. One beam L2 is reflected from the front surface 
of Jamin plate J1 and then is directed through the reference 
chamber. The other beam L3 transmits the front surface and is 
reflected from the totally reflective rear surface of J1. Then L3 
called the probe beam passes through the sample chamber, 
which the sample gas enters by diffusion. Light beams L2 and 
L3 are directed towards a retro-reflecting prism. Upon 
reflection off the prim, light beam L4 is directed through the 
sample chamber and L5 through the reference chamber. After 
that, both beams traverse the prims used to set zero. Finally, 
the two beams are recombined together by J1 and generate the 
interferogram which could be subsequently seen through the 
eyepiece. 

We assume the length of the chamber is L , the refractive 

index of reference gas is 
rn , and the refractive index of 

sample gas is 
sn . 

The intensity distribution of the interferogram is given by 

 0

2
2 1 cosrI I

π
λ

 ⋅ ∆  = +  
  

.                     (1) 

Where λ  is the wavelength of the incident beam; 
rI  

represent the intensity of the interferogram and 
0I  the 

intensity of the light beams generating the interferogram; 

( )=2
s r

n n L∆ −  is the optical path difference between the two 

beams which generate the interferogram. 

The refractive index of a gas mixture is represented via the 
mixing rules of Lorentz-Lorenz [10]. 
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Figure 1.  Schematic diagram of the optical configuration. 

Where n  represents the refractive index of the mixture; 

in  are refractive indices of pure components; 
iϕ  are the 

volume fractions of components. 

As discussed above, a change of the methane volume 
fraction in the ambient air that enters the sample chamber, 

causes 
sn  to vary, which then makes the interferogram move. 

Conversely, by measuring the relative displacement of the 
interferogram, we can obtain the refractive index of the 
sample gas and then work out the methane volume fraction. 

In order to increase the sensitivity and accuracy of the 
instrument, the relative path lengths for the two arms of the 

interferometer are adjusted. When the variation of 
sn  is 

constant, the optical path difference ∆ is determined by the 
chamber length L . And the longer the chamber length L  is, 
the longer optical path difference ∆  we have. In other words, 
the longer chamber length L  guarantees the adequate 
displacement of the interferogram needed by the higher 
sensitivity and accuracy. For this reason, the chamber 
occupies most room of the optical configuration, and is the 
culprit for the big size. Normally, the chamber length of light 
interference methane sensor AQG-1 manufactured by RAE 
Coal Mine Safety Instrument (Fushun) Co., Ltd. with the 
measuring range 0 to 10% is 120 mm. Therefore, the length of 
practical chambers is always too long to reduce the size of the 
instrument designed in [1]-[5]. 

III. IMPROVEMENT OF OPTICAL CONFIGURATION 

A.  Chamber with the Rectangular Cross Section 

As shown in Fig. 1, most of space is occupied by the 
chambers. So the method we propose to improve the optical 
configuration is to reduce the chamber length. Fig. 2 depicts 
the structure of the improved optical configuration. And there 
are three main differences from the original optical 
configuration: (1) it has two chambers instead of the original 
three; (2) the chamber length gets shorter; (3) The eyepiece 
and its accompanying prims are replaced by the light sensor. 

Using photosensitive elements as light sensor, we can 
detect the intensity distribution of the interferogram (shown in 
Fig. 3). The intensity varies sinusoidally with the optical path 
difference increasing. The ordinary way measuring the 
methane volume fraction is to measure the displacement of the 

peak point d or the crest point a. However, the method we 
propose measuring the methane volume fraction is to measure 
the variation of voltage outputted by the photosensitive 
element. Because of its periodicity, one voltage may correlate 
with several different values of optical path difference. 
Therefore, we only adopt one-half sine wave (the bold curve 
�ad  shown in Fig. 3) as the valid measure range, thus 

guaranteeing the one-to-one relationship between the output 
voltage and the optical path difference, that is, the one-to-one 
relationship between the output voltage and the methane 
volume fraction. 

The peak voltage is represented by 
max

V , and the crest 

voltage 
min

V . To obtain a curve with good linearity, we divide 

the curve �ad  into three parts:�ab , �bc  and �cd . The voltages of 

point b and point c are given by: 

 
Figure 2.  Schematic diagram of the optical configuration with the 

rectangular cross section chamber. 

 

Figure 3.  Output voltage as a function of optical path difference. 
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 maxmin2

3 3
Z b

VV
V V= = + , (3) 

 maxmin
2

3 3
S c

VV
V V= = + . (4) 

It is apparent that the curve �bc  shows good linearity. 

Assuming the full scale of the designed sensor is %c . Then 

we associate �bc  with the measuring range of 0 to %c .  

Some symbols are defined as follows. 
4CHn is the refractive 

index of methane, and 
AIR

n  the refractive index of air. 
c

n is 

the refractive index of the binary mixture which consists of 
methane and air. And %c  is the methane volume fraction in 

the above mixture.  Substituting these symbols into (2), we 
obtain (5) as follows 

 ( )4

4

22 2

2 2 2

11 1
% 1 %

2 2 2

CHc AIR

c CH AIR

nn n
c c

n n n

−− −
= ⋅ + − ⋅

+ + +
. (5) 

Since 1
c

n ≈ , 
4

1
CH

n ≈ , 1
AIR

n ≈ , equation (5) can be 

simplified. 

 ( )
4

%c CH AIR AIRn c n n n= ⋅ − +  (6) 

When the above mixture is sampled by the designed sensor, 
the refractive index of the sample is 

c
n , and the 

corresponding optical path difference is 

 ( )( )
4

% CH AIR AIR rc n n n n L∆ = ⋅ − + − ⋅ . (7) 

As the methane volume fraction varies from %c  to '%c , 

the variation of the optical path difference is  

 ( ) ( )
4

' '% % CH AIRc c n n Lδ = ∆ − ∆ = − ⋅ − ⋅ . (8) 

As a result, the displacement of the interferogram is 

 
( ) ( )

4
'% % CH AIRc c n n L

s
δ
λ λ

− ⋅ − ⋅
= = . (9) 

Where λ  is the incident light wavelength.  

Transforming (9), we obtain the calculate formula of the 
chamber length L . 
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 (10) 

It can be seen that different measuring ranges result in 
different length of chambers. And the chamber length decides 
the measuring range. Bringing the physical parameters into 
(10), we will work out the chamber length. Incident light 
wavelength λ =670 nm. The measuring range of the designed 

sensor is 0 to 4%. And 
4CHn =1.00041291, 

AIR
n =1.00027318. 

We choose s =1/8 to obtain good linearity and high sensitivity. 

Then the chamber length is figured out: L =15 mm. 

B. Chamber with the Trapezoid Cross Section 

In the same way used above, we can work out the length of 
chambers appropriate for different measuring ranges. 

TABLE I.  CHAMBER LENGTH CORRELATED WITH MEASURING RANGE 

Measuring range (%) Chamber length (mm) 

(0~4) 15.0 

(0~10) 6.0 

(0~40) 1.5 

(0~100) 0.6 

As shown in Table I, when the measuring range is 0 to 
100%, the chamber length is only 0.6 mm which is too short to 
manufacture and assemble. Moreover, the narrow chamber 
increases the difficulties to install gas inlets. Therefore, the 
method stated above applies especially to the sensor 
measuring the mixture with the low methane volume fraction.  

To expand the measuring range, we proposed a structure of 
chamber with the trapezoid cross section, which is not only 
suitable for detecting the mixture with the low methane 
volume fraction, but also appropriate for measuring the high 
volume fraction of methane. 

The structure of the improved optical configuration is 
shown in Fig. 4. There are only two differences with the 
structure shown in Fig. 2: (1) the cross sectional shape of the 
chambers is trapezoid; and (2) two light beams pass through 
the sample chamber and two through the reference chamber. 

What follows in the passage, we will give the method to 
calculate the dimension parameters of the chamber. 

The two beams L2 and L3 generated by Jamin plate J1 are 
separated by a distance w [6], with 

 
2

2

2 1

h
w

n
=

−
.                           (11) 

Where n  and h  are the refractive index and the thickness 

of the Jamin plate J1, respectively. 

The optical path difference between the two light beams 
that generate the interferogram is 

 
( ) ( )

( ) ( )
2 5 3 4

2 3 4 5=

s r s r

s r

n d n d n d n d

n d d n d d

∆ = + − +

⋅ − − −
.             (12) 

As the cross sectional shape is a regular trapezoid, we can 
obtain 

 
Figure 4.  Schemematic diagram of the optical configuration with the 

trapezoid cross section chamber 
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2
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w
d d d d

θ
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Where, θ  is the base angle of the trapezoid. 

Substituting (11) and (13) into (12), we obtain (14) as 
follows. 

 
( )

2

2 2

tan 2 1

s rh n n

nθ

−
∆ =

−
 (14) 

We can see from (14) that the optical path difference is 
singly related with the base angle θ , and is not related to the 

length of the parallel base sides. This characteristic brings an 
obvious advantage. In the premise that the base angle keeps 
constant, any appropriate length of the base sides can be 
designed to satisfy our requirements, such as, small volume , 
easy installation, convenient processing and so on. 

Using the same derivation processing as depicted by (6), 
(7), (8), and (9), the base angle is 

 
( ) ( )

4
2 '

arctan
CH AIRw n n c c

s
θ

λ

 − ⋅ −
 =
 
 

. (15) 

Bringing into (15) with the physical parameters, we can 
work out the base angles appropriated for different measuring 
ranges, shown in the Table II. 

From Table II, we can see that different measuring ranges 
are directly related to the different base angles. Once the base 
angle is determined, the best corresponding measuring range 
is confirmed. And, when the performance requirement of the 
measuring range is given, the proper base angle can be 
calculated by (15) or got from look-up Table II. In addition, it 
should be pointed out that the base angle is small when the 
measuring range is narrow. Because the small base angle 
makes most power of incident light be reflected, so the 
chamber with the trapezoid cross sectional shape is more 
specifically suited for measuring the high volume fraction of 
methane, despite can be used to measure the low methane 
volume fraction. 

TABLE II.  BASE ANGLES CORRELATED WITH MEASURING RANGES 

Measuring range (%) Base angle (°) 

(0~4) 35 

(0~10) 60 

(0~40) 82 

(0~100) 87 

IV. SIMULATION AND EXPERIMENT 

In simulations, the software Zemax was used. The optical 
arrangement for the experiments is shown in Fig. 4. The light 

source was rectangle with the size of 6 mm (length) × 2 mm 
(width) and the power of 1 lumen. The Jamin plate J1 had a 
dimension of 27.5 mm (length) ×  10 mm (width) ×  7 mm 
(thickness). The chamber was of the trapezoid cross section, 
with that, height was 15 mm, and base sides were 21.5 mm and 
20 mm respectively. The base angles were about 87°, 
determined by the height and the base sides. The material of 
the Jamin plate J1 was the K9 glass. The reference chamber 
was substituted by a trapezoid prim with the same refractive 
index as air. And the sample chamber was successively 
substituted by trapezoid prims with the same refractive index 
as the mixtures with the methane volume fraction 0% and 
100%.  

The interferogram and the coherent illuminance are shown 
in Fig. 5. We can see From Fig. 5 that there is only one 
complete interference fringe in the field of view due to the 
limited width of the incident light beam. Because of multiple 
reflection and transmission on the front surface of the Jamin 
plate J1, the maximum coherent illuminance of the 
interferogram is less than 1/10 of the incident light, but it can 
still be detected precisely by the photosensitive element. The 
interference fringes move about 1/3 of the half sine 
wavelength as the methane volume fraction varies in the 
measuring range 0 to 100%, which is specified by our method 
and ensures the one-to-one relationship between the output 
voltage and the methane volume fraction. 

The photograph of the original and the new designed 
optical configuration of the light interference methane sensor 
with the measuring range 0 to 10%, is shown in Fig.6. It's 
obvious that the new designed optical configuration is less 
than half the original size. What’ more, there's still plenty of 
room left to place the photosensitive elements. 

 
Figure 5.   (a) Interferogram when the methane volume fraction is 0%; 

(b) Coherent illuminance of the interferogram when the methane 
volume fraction is 0%; (c) Interferogram when the methane volume 

fraction is 100%; (d) Coherent illuminance of the interferogram when 

the methane volume fraction is 100%. 
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To test the accuracy of the sensor with the new designed 
optical configuration, a photodiode was selected as 
photosensitive element. And, an analog-to-digital converter 
(ADC) was used to sample the voltage outputted by the 
photodiode circuit. A micro-controller unit (MCU) 
PIC16F877A received the digital signal transduced by ADC, 
and transformed the digital signal to the methane volume 
fraction. Afterward the methane volume fraction with the 
resolution 0.01% was displayed on 4-bit seven-segment LED 
tubes. The first two bits were used for the integral part of 
measure results and last two bits for the fractional part. 

We placed the completed and calibrated sensor in the gas 
mixtures with different methane volume fraction. Table III 
lists the test results. 

TABLE III.  TEST RESULTS IN DIFFERENT GAS MIXTURE 

Methane volume fraction (%) Measure result (%) 

0 0 

1.00 1.00 

2.00 2.01 

3.00 3.00 

4.00 4.00 

5.00 4.99 

6.00 5.99 

7.00 7.00 

8.00 8.00 

9.00 9.01 

10.00 10.01 

 

From Table III, we can see that the measure results match 
the real methane volume fraction and show good accuracy 

with the maximum error ±0.01% at test points. The error may 

be caused by many factors. Firstly, the original non-linear 
curve (the bold curve �bc  shown in Fig. 3) was considered to 

be linear. Secondly, the gas refractive index is a function of its 
pressure, temperature, relative humidity and carbon dioxide 
concentration by volume [11]-[15]. And any changes of the 
external environment factors may result in measuring errors. 
So the errors can be decreased and compensated with 
accurately measured values of pressure, temperature, and 
relative humidity.  

V. CONCLUSION 

The optical configurations with two structures of chambers 

were designed, with which the size of the light interference 

methane sensor was reduced considerably and the good 

accuracy was kept. One chamber structure with the 

rectangular cross section was designed only for the low 

methane volume fraction, and the other chamber structure 

with the trapezoid cross section was suitable for measuring 

both low and high methane volume fraction. The simulation 

showed that the interference fringes moved as the methane 

volume fraction varied. And in the measuring range, the 

output of the photosensitive element and the methane volume 

fraction had a one-to-one relationship. The practicality 

experiment showed that the calibrated sensor had a good 

accuracy and met actual requirements. With the reduced size 

and good accuracy, the light interference methane sensor will 

be used in many cases, such as rescue robots, intelligent 

supervision system in mine areas, the petrochemical industry, 

and so on. 

REFERENCES 

[1] Z. Jingke, “Study of Methane Apparatus of Interference Type Base on 
ARM and Linear CCD,” M.S. thesis, School of Electronic Information 

Engineering, Tianjin University, Tianjin, 2010. 

[2] Z. Peiyuan, “Study of Methane Measuring Apparatus of Interference 
Type Based on Linear Array CCD and FPGA,” M.S. thesis, School of 

Electronic Information Engineering, Tianjin University, Tianjin, 2008. 

[3] C. Jun-ying and L. Hui, “The Theory and the Improvement Design of 
CH4 Detection Instrument Based on Light Interference Technique,” 

Instrumentation Technology, no. 4, pp. 24-26, 2008. 

[4] W. Jiamu, “Design of Embedded Optic Interferometric Methane 
Monitoring Device,” M.S. thesis, Hefei University of Technology, 

Hefei, 2007. 

[5] G. Xin-he, W. Jian-xue, and L. Yu-xuan, “Study on the light 
interference methane sensor,” Journal of China Coal Society, vol. 25, 

Sup, pp. 165-168, Dec. 2000. 

[6] H. Moosmuller and W. P. Arnott, “Folded Jamin interferometer: A 
stable instrument for refractive-index measurements,” Optics Letters, 

vol. 21, pp. 438-440, Mar. 1996.  

[7] S. Dalla Torre, S. Levorato, G. Menon, J. Polak, L. Steiger, M. Sulc, et 
al., “A study of the RICH gas refractive index,” Nuclear Instruments & 

Methods in Physics Research Section a-Accelerators Spectrometers 

Detectors and Associated Equipment, vol. 639, pp. 271-273, May 2011. 
[8] R. K. Chakrabarty, “On the morphology and optics of carbonaceous 

aerosols,” Ph.D. Thesis, Chemical Physics, University of Nevada, Reno, 

2008. 
[9] A. J. Sedlacek, “Real-time detection of ambient aerosols using 

photothermal interferometry: Folded Jamin interferometer,” Review of 

Scientific Instruments, vol. 77, no.6, Jun. 2006 
[10] Y. Liu and P. H. Daum, “Relationship of refractive index to mass 

density and self-consistency of mixing rules for multicomponent 

 
Figure 6.  Photograph of the optical configuration (a) the original 

optical configuration; (b) the new designed optical configuration with 

the rectangular cross section chamber. 

408



  

mixtures like ambient aerosols,” Journal of Aerosol Science, vol. 39, no. 

11, pp. 974-986, Nov. 2008. 

[11] M. Ranusawud, P. Limsuwan, T. Somthong, and K. Vacharanukul, 
"Effects of the environment on refractive index of air in long gauge 

block interferometer," Precision Engineering, vol. 37, no. 3, pp. 

782-786, 2013. 
[12] U. Vonzahn and D. M. Hunten, "The jupiter helium interferometer 

experiment on the galileo entry probe," Space Science Reviews, vol. 60, 

no. 1-4, pp. 263-281, May 1992. 
[13] B. Edlen, "The refractive index of air," Metrologia, vol. 2, no. 2, pp. 

71-80, Apr. 1966. 

[14] K. P. Birch and M. J. Downs, "An updated Edlén equation for the 
refractive index of air," Metrologia, vol. 30, no.3, pp. 155-163, 1993. 

[15] K. P. Birch and M. J. Downs, "Correction to the updated Edlén 
equation for the refractive index of air," Metrologia, vol. 31, no.4, pp. 

315-316, 1994. 

409


