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Abstract: Photoacoustic (PA) spectroscopy technology has proved to be effective in detection of SF6 

decomposition products. But in the real application environment, the stability of PA spectroscopy 

device is strongly affected by the ambient temperature. In this paper, we took CO as an example to 

analyze the impact mechanism of temperatures and the temperature correction formula of response 

factor of carbon monoxide (PA signal corresponding to unit concentration gas) was derived. The real 

temperature properties of SF6 and CO were studied using the non-resonant PA spectroscopy device 

designed by our team. The study indicates that the PA signals of SF6 and CO are inversely proportional 

to temperature, which coincides with the theoretical derivation. A temperature correction method 

was proposed based on theoretical derivation combined with experimental study and this method was 

tested and validated. The results show that the relative errors of calculation concentrations of CO 

acquired by the correction method compared to the actual concentrations are all within 10%, which 

meet the detection requirements for SF6 decomposition products of PA spectroscopy in Gas Insulated 

Switchgear. The correction method has provided an effective way for studying the temperature 

correction in PA detection for SF6 decomposition products in GIS. 

Keywords: PA Spectroscopy; Temperature correction; Response factor; Background PA signal 

1 Introduction 

SF6 enclosed Switchgear has small size and excellent technical performance, which make it an 

advanced high-voltage electrical distribution equipment in the early 1970s .Such devices are referred 

to as Gas-Insulator Switchgear, which is abbreviated to GIS, by international community. GIS is a 

combination of circuit breakers, bus bars, isolating switches, current transformers, voltage 

transformers and surge arresters casing etc. In GIS, SF6 is used as the insulated medium. Its insulation 

properties and arc blow-out performance are both much better than the air. 

In Gas Insulated Switchgear(GIS), under the action of Partial Discharge (PD) and superheat, the 

insulating medium SF6 will decompose and those decomposition components will react with trace O2 
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and H2O, and further generate SO2, SOF2, SO2F2, CO and CF4 etc [1,2]. Preliminary study indicates that 

under different PD insulating faults, the decomposition products of SF6 will be different in types, 

content, production rate and ratio. In the discharge and thermal decomposition process, under the 

action of moisture, the main decomposition products of SF6 are SO2, SOF2, HF and SO2F2. When the 

faults relate to solid insulating materials, CO, CF4 and CO2 are also produced. In that case, we can 

establish the relationship between SF6 decomposition and PD types and then determine the cause and 

the extent of the risk of PD.  

Photoacoustic (PA) spectroscopy detection system with high sensitivity and good stability is easy to 

implement instrumentation and could achieve on-line monitoring, which make it especially suitable 

for the on-line detection of SF6 decomposition products in GIS. At present, it has become a hot 

research field in trace gas detection and has great application prospects. Study shows that the stability 

and accuracy of PA detection system could be affected by many environmental factors, such as 

temperature, pressure, humidity and vibration [3-5]. The PA detection device for SF6 decomposition 

products in GIS is inevitably affected by these factors, among which ambient temperature is 

particularly evident. The non-resonant PA cavity designed by our team was fitted with a temperature 

sensor, which could monitor the real-time changes of temperature inside the cavity, in order that we 

could study the temperature properties of PA detection for SF6 decomposition products in GIS. In the 

detection of SF6 decomposition products, SF6 is the carrier gas, which could absorb infrared light and 

produce background PA signal, and the failure gases such as CO, SO2 and CF4 are the components to be 

analyzed. In this paper, we took CO as an example to analyze the impact mechanism of temperatures. 

Firstly, the impact mechanism of temperatures was analyzed theoretically and the temperature 

correction formula of response factor of carbon monoxide (PA signal corresponding to unit 

concentration gas) was derived. Then, lots of trials were made to study the real temperature 

properties of pure SF6 and CO using the non-resonant PA spectroscopy device designed by our team. A 

temperature correction method was proposed based on theoretical derivation combined with 

experimental study and the method was tested and validated and the results show that it has 

provided an effective way for studying the temperature correction method in PA detection for SF6 

decomposition products in GIS. 

2 The principles of PA spectroscopy and the detection device 

Gas molecules sealed in PA cell are excited to high energy levels after absorbing the modulated 

irradiation energy, and then de-excited in a non-radiative way and generate heats which could in turn 

result in periodic pressure fluctuation. With highly sensitive microphones, the pressure fluctuation can 

be detected and converted into PA electric signal [6-8]. According to the quantitative relationship 

between the PA signal and the gas concentration, we could get the gas volume fraction by detecting 

the PA signal. 

The PA voltage signal converted from microphone can be expressed as: 

σ⋅⋅⋅⋅= NCPSU cellsmin
                     (1) 

Where Smin is the microphone sensitivity (mV / Pa), Ps is the source power (W), Ccell is the PA cell 

constant (Pa · cm / W), which generally relates to PA cell size and the physical constants of carrier gas, 

etc. N is the total number of molecule per unit volume (mol/cm
3
), σ is the absorption cross-section of 
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the gas (cm
2
/molec). 

As is seen in Eq. (1), when the other parameters remain unchanged, there is a good linear 

relationship between the PA signal and the gas concentration, so by calibrating the relationship 

equation between the PA signals and the concentrations of the measured gas, the concentrations can 

be calculated. 

Our non-resonant PA detection device is shown in Fig. 1.The non-resonant PA cavity designed by 

our team was fitted with a temperature sensor, which could monitor the real-time changes of 

temperature inside the cavity, in order that we could study the temperature properties of PA detection 

for SF6 decomposition products. The profile schematic of our non-resonant cell fitted with 

temperature sensor is shown in Fig. 2. The LM335 temperature sensor operates from -40℃ to 100℃ 

and the measurement accuracy of it is 1℃. 

 

Figure 1 Photo of non-resonant PA detection device 

The detector device consists of a light source (IR 19), a chopper (chop frequency, 30Hz), filters, PA 

cell, a microphone, a control module which controls the rotation of the chopper plate and disc filter, 

and data acquisition and processing modules. The light passed through the filter after chopping into 

the PA cell, then a data acquisition module collected PA signal and sent it into the data processing 

module for processing, and finally through further analysis the type and concentration of the gas were 

obtained. Schematic diagram of non-resonant PA detection device is shown in Fig. 3. The equivalent 

radius and length of cylindrical PA cell are 9 mm and 50mm respectively. The microphone that we have 

used is the G.R.A.S. Microphone Type 40AE and the sensitivity of it is 50 mV/Pa. 
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Figure 2 The profile schematic of our non-resonant cell with temperature sensor 

 

Figure 3 Schematic diagram of non-resonant PA detection device. MFC is the abbreviation of Mass Flow Controller. 

3 Theoretical analysis of the temperature’s impact on PA signals 

The influence of temperatures on PA cell constant and molecular cross-section could reflect how 

ambient temperatures affect PA signals. In the detection of SF6 decomposition products, SF6 is the 

carrier gas and the failure gases such as CO, SO2 and CF4 are the components to be analyzed. In this 

paper, we took CO as an example to analyze the impact mechanism of temperatures and the 

temperature correction formula of response factor of carbon monoxide (PA signal corresponding to 

unit concentration gas) was derived. 

3.1  Impact of Temperature on PA Cell constant 

For non-resonant cell, the cell constant expression can be expressed as Eq. (2): 
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)]/(1[

)1(
2

T

cell
ia

i
C

ωτωπ
γ
+

−
=                         (2) 

Where 2 / (2.048 )T vC R Kτ ≈ , /p vC Cγ = , Cv, Cp, γ and K are heat capacity at constant volume, heat 

capacity at constant pressure, adiabatic index and thermal conductivity of carrier gas respectively. The 

cell constant, which is related to the cell’s structure as well as the physical constants of carrier gas and 

irrelated to target components, could represent the conversion ability of PA cell, which could convert 

the optical energy into acoustic energy. In the detection of SF6 decomposition products, SF6 is the 

carrier gas. Cv, Cp, γ and K corresponding to SF6 are all temperature dependent. By referring to 

Matheson Gas Data Sheet [9], the relationships between these parameters and temperatures can be 

derived and furthermore the PA cell constants at different temperatures can be obtained. The results 

are shown in Tab.1 and Fig. 4. 

Table 1 The values of Cp, Cv, γ, K and Ccell at different temperatures 

Temperature(K) Cp(J/(mol·k)) Cv(J/(mol·K)) γ K(W/(m·K)) Ccell(Pa·cm/W) 

273.15 90.635 82.335 1.1008 0.01200 1317.6 

278.15 91.729 83.429 1.0995 0.01236 1302.1 

283.15 92.823 84.523 1.0982 0.01270 1286.7 

288.15 93.917 85.617 1.0969 0.01302 1271.2 

293.15 95.011 86.711 1.0957 0.01335 1255.7 

298.15 96.105 87.805 1.0945 0.01367 1240.2 

303.15 97.199 88.899 1.0934 0.01400 1224.8 

308.15 98.293 89.993 1.0922 0.01433 1209.3 

313.15 99.387 91.087 1.0911 0.01466 1193.8 

318.15 100.481 92.181 1.0900 0.01498 1178.3 

323.15 101.575 93.275 1.0890 0.01531 1162.9 
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Figure 4 Schematic of variation of PA cell constants with temperature 

As can be seen from Fig. 4, the PA cell constant is inversely proportional to temperature and the 

relational expression of temperature and PA cell constant can be obtained using linear regression 

fitting method: 

2163*095.3 +−= TCcell                      (3) 

Thus the cell constant has negative temperature characteristic, which can be seen from the 

analysis above. 

3.2 Impact of Temperatures on Absorption Cross-section 

Absorption cross-section of one single line at any temperature and pressure can be calculated by 

line integrals. According to the theory of quantum mechanics and spectroscopy, the absorption 

cross-section can be represented as product of the intensity of the absorption, linear function, and the 

number of particles per unit volume [10]. The formula is shown in Eq. (4). 

( )
T

PNgS
296

)( ⋅⋅⋅⋅= ννσ                      (4) 

Where σ (ν) is the cross-section of one single absorption line at a wave number of ν, S is the molecular 

absorption line intensity, N is the number of particles per unit volume and g (ν) is the normalized 

linear function. 

In the non-standard state, the molecular absorption line intensity S can be expressed as Eq. (5). 
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Where, S (P0, T0) is a strong line intensity of standard conditions, Q (T0) is the total partition function 

under standard conditions, both of which refer to standard HITRAN 2004 database. P and T are the 

pressure and temperature of non-standard state. 

Since the absorption bands of monocomponent consist of thousands of absorption lines and some 

of these lines may overlap, the absorption cross-section at the wave number of ν can be expressed as 

Eq. (6). 

( ) ( ) ( )∑∑
==

∑ ⋅⋅⋅⋅==
n

i

ii

n

i

i
T

PNgTPS
11

296
),( ννσνσ                 (6) 

As is seen in Eq. (5) and Eq. (6), the single absorption cross-section of the gas is a function of 

temperature and pressure. Here we just talk about the impact of temperatures on the gas absorptions. 

In the PA detection of SF6 decomposition product, the central wavelength of CO was selected at 4.7µm 

and in that case, the range of 4.56µm~4.84µm wavelength was selected to study the influence of 

temperatures on absorption cross-section of CO. 

The absorption cross-section of single CO molecule at different temperatures of 276K and 316K 

can be calculated using Line-By-Line method combining the HITRAN2004 database (a pressure of 

0.1MPa), as is shown in Fig.5. Similarly, the relationship between total absorption cross-section of CO 

within the range of 4.56μm ~ 4.84μm wavelength and temperature can be obtained and shown in 

Fig.6. 

Figure 5 Schematic of absorption cross-sections of single CO molecule at different temperatures 
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Figure 6 Schematic of variation of total absorption cross-sections of CO (4.56μm~4.84μm) with temperatures 

As is shown in Fig.6, the absorption cross-section of CO within the range of 4.56μm ~ 4.84μm 

wavelength is inversely proportional to temperature and a linear equation can be obtained using a 

linear regression fitting: 

21 177.824 10 1.106 10Tσ − −= − × ⋅ + ×                (7) 

As can be seen from Eq. (1), Eq. (3) and Eq. (7), the PA signal of CO within range of 4.56μm ~ 

4.84μm has a negative temperature characteristic. 

4 Temperature Correction of PA signal 

We have derived the relational expressions of cell constant and absorption cross-section of CO 

with temperature respectively. Below, a temperature correction method will be proposed based on 

theoretical derivation combined with experimental study. 

4.1  The theory derivation of temperature correction of PA signal 

Considering the existence of background absorption [11-16], the concentration inversion formula 

can be expressed as Eq. (8). 

min s cell GU S P C N bσ= ⋅ ⋅ ⋅ ⋅ +                       (8) 

Where bG is the background PA signal under specific filter. 

     There is a good linear relationship between PA signals and the concentrations of measured 
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gases, if these parameters, such as: Smin, Ps, Ccell and σ, are not changed. 

U a N b= ⋅ +                                (9) 

Where slope a, which is defined as response factor, stands for the PA signal produced by unit 

measured gas in V/ (µL/L) and intercept b is the estimated value of background signal under specific 

filter bG in V. Response factor a and background PA signal b can be expressed as Eq. (10) and Eq. (11) 

respectively: 

σ⋅⋅⋅= cells CPSa min                       (10) 

6min s cell SFb S P C σ= ⋅ ⋅ ⋅                       (11) 

As can be seen from Eq. (9), Eq. (10) and Eq. (11), the temperature correction of PA signal can be 

converted into the correction of response factor a and background PA signal b. 

Firstly, we will derive the correction formula of response factor, theoretically. If the reference 

temperature is T0, the response factor a0 corresponding to reference temperature could be expressed 

as Eq. (12). 

)()( 00min0 TTCPSa cells σ⋅⋅⋅=                   (12) 

The response factor aT corresponding to measured temperature T can be expressed as Eq. (13). 

)()(min TTCPSa cellsT σ⋅⋅⋅=                    (13) 

Combining Eq. (3) and Eq. (7), we can obtain Eq. (14): 

4

0 0 0

4

3.095 2163 7.824 10 1.106

3.095 2163 7.824 10 1.106T

a T T

a T T

−

−

− ⋅ + − × ⋅ +
= ⋅
− ⋅ + − × ⋅ +

       (14) 

Where T0 and a0 are both known and in that case we can calculate the response factor aT under 

measured temperature T using Eq. (14). 

Schematics of relationship between concentrations and PA signals of CO corresponding to three 

different temperatures are shown in Fig. 7, which are drawn according to the response factors derived 

from Eq. (14). Here T0 is 30℃ and a0 is 0.001130V/ (µL/L). 
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Figure 7 Schematics of relationship between concentrations and PA signals of CO corresponding to three different temperatures 

As is shown in Fig. 7, the changes of PA signals caused by unit temperature vary with the 

concentrations. Although in practical application we cannot correct the PA signal directly without 

knowing the concentrations of measured gas, we can also correct the response factor according to Eq. 

(14) to decrease the errors caused by the changes of ambient temperatures. 

4.2  Temperature Correction of Background PA signals 

As was mentioned above, the temperature correction of PA signals could be converted into the 

correction of response factors and background PA signals, and furthermore the correction formula of 

response factor has been derived. So a further discussion on the temperature correction of 

background PA signal is expanded. 

In the detection of SF6 decomposition products, SF6 is the carrier gas, which has been mentioned 

before. As is shown in Fig. 8, SF6 has a plurality of absorption peaks in the requisite infrared wave 

range and inevitably interferes with other gases. So there will be background absorptions to a certain 

extent corresponding to different filters. The background PA signal corresponding to specific filter 

could be considered as a fixed value when the external environment conditions stay permanent 

[17-21], because SF6 is the major component of measured gas. 
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Figure 8 Schematic of measured infrared spectrum of SF6 and the absorption cross-sections of CO, both of which are normalized 

According to the theory of quantum mechanics and spectroscopy, the absorption cross-section of 

single SF6 molecule is also the function of temperature and it will vary with the temperatures inside 

the acoustic cavity, which could result in the changes of background PA signal corresponding to 

specific filter [22-24]. The accuracy of calculated concentrations could be affected by the variation of 

background PA signal caused by temperature, so the background PA signal under specific filter also 

needs to be corrected. 

In the PA detection of SF6 decomposition products, the central wavelength of CO is selected at 

4.7µm. But the spectrum lines of SF6 within 4.7µm wavelength range are not provided in HITRAN 

database. In that case, the relationship between temperatures and the background PA signals 

corresponding to CO filter can only be determined through experiments. 

4.3  Experimental analysis of Temperature correction of PA signal  

In order to study the influence of temperature on the PA detection of SF6 decomposition 

products, the non-resonant photoacoustic cavity designed by our team was fitted with a temperature 

sensor, which could monitor the real-time changes of temperature inside the cavity. As mentioned 

above, the relationship between temperatures and the background PA signals corresponding to CO 

filter cannot be derived from theory analysis and can only be determined through experiments [25-27]. 

The measurement was performed filling pure sulphur hexafluoride (with 99.98% purity) into the PA 

cell and the inflation process lasted two minutes, and then the experiment began, and then the PA 

signals and temperature signals corresponding to CO filter were acquired simultaneously. In order to 

improve the measurement precision, the gross errors of measuring results were removed using 

Grubbs criterion and the testing values of repeated measurements were averaged. The temperature of 

PA cell varied due to the continuously heating by the light source. The experiment process (the 

inflation and measurement process both included) was repeated 5 times and the background PA 
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signals under CO filter corresponding to different temperatures were obtained. The fitting result using 

quadratic polynomial method is shown in Fig. 9. 
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Figure 9 The fitting relationship between temperatures and the background PA signals under CO filter 

The background PA signal corresponding to temperature T could be derived from Eq. (15): 

0

0

( )

( )
T

y T
b b

y T
= ⋅                       (15) 

Where the background PA signal b0 and the reference temperature T0 are both known and y 

represents the fitting function of temperatures and background PA signals under CO filter. The 

background PA signal corresponding to any temperatures could be derived from Eq. (15). 

In order to study the temperature properties of CO through experiments, a 100µL/L mixture of 

carbon monoxide in SF6 was filled in the PA cell and the air inflation process lasted two minutes. 

Experimental procedure was the same as above. As was mentioned before, SF6 had infrared 

absorption spectrum lines corresponding to CO filter, thus the measured PA signals of 100µL/L carbon 

monoxide in SF6 under CO filter comprise the PA signals produced by CO and SF6. PA signals, which 

have deducted the background PA signals, are the actual PA signals caused by 100µL/L CO. Keep it in 

mind that the background PA signals should be corrected according to the corresponding 

temperatures [28]. The PA signals of 100µL/L CO corresponding to different temperatures, which are 

obtained according to the procedure above, are shown in Tab. 2. 

Table 2 PA signals of 100µL/L CO corresponding to different temperatures 
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T(℃) 28 29 30 31 

PA signal(V) 0.1212 0.1191 0.1144 0.1138 

As can be seen from Tab. 2, the PA signal of CO has a negative temperature characteristic, which 

is consistent with the theoretical analysis and also we can learn it from Fig. 7 that the relationship of 

temperatures and PA signals of carbon monoxide is related to the concentrations of measured carbon 

monoxide [29]. Thus, when the concentration of measured CO is unknown, we cannot do the 

temperature correction directly. Fortunately, the response factors can be corrected according to Eq. 

(14), which would decrease the errors caused by the changes of temperatures. 

As was mentioned above, both of the correction formulae of response factor and background PA 

signal were derived, thus on the basis of corrections of response factor and background PA signal, a 

temperature correction method was proposed based on theoretical derivation combined with 

experimental study [30,31]. The specific process is shown in Fig. 10: 

Figure 10 The flow chart of temperature correction of PA signal 

The reference temperature T0 as well as the response factor a0 and the background PA signal b0 

corresponding to T0 was stored in the program beforehand. When we calculate the concentrations of 

carbon monoxide, first of all, the response factor aT and background PA signal bT corresponding to 

measured temperature T should be obtained according to Eq. (14) and Eq. (15) and then the 

concentrations of CO can be calculated using Eq. (16) below. 

( ) /T TN U b a= −                       (16) 

Where U is the measured PA signal of carbon monoxide in V, N is the volume concentration in µL/L 

and aT and bT are the response factor and background PA signal corresponding to temperature T. 

    The contrasts of the calculated and actual concentrations before and after temperature 

correction procedures are shown in Tab. 3. The result detected by Gas Chromatography was regarded 

as the actual value of the concentration. 

Table 3 The contrast of the calculated and the actual concentrations before and after temperature correction 
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Actual 

concentration 

(µL/L) 

Temperature 

(℃) 

Calculation 

concentration 

(µL/L) 

Relative 

errors (%) 

Correction 

concentrations 

(µL/L) 

Relative 

errors 

(%) 

80 32 19.79 75.27 80.72 0.90 

80 32 18.79 76.52 79.70 0.37 

150 31 141.36 5.76 159.88 6.59 

150 31 117.07 21.96 135.08 9.95 

300 32 254.63 15.12 321.25 7.08 

300 32 242.22 19.26 308.53 2.84 

300 32 238.30 20.57 304.52 1.51 

Where the result detected by Gas Chromatography was regarded as the actual concentration 

and the calculation concentration indicated the concentrations before temperature correction. 

Reference temperature is 30℃ 

As is shown in Tab. 3, the relative errors of concentrations have mainly decreased after 

temperature correction and all of the relative errors are all less than 10%. The results indicate that this 

temperature correction method is effective and it can be generalized to other components to be 

analyzed in the PA detection of SF6 decomposition products, such as SO2 and CF4. 

5 Conclusion 

The impact mechanism of temperatures was analyzed and the temperature correction formula of 

response factor of carbon monoxide was derived. The real temperature properties of SF6 and CO were 

studied using the non-resonant photoacoustic spectroscopy device filled with temperature sensor 

designed by our team. The study shows that the PA signals of SF6 and CO are inversely proportional to 

temperature, which coincides with the theoretical derivation. A temperature correction method was 

proposed based on theoretical derivation combined with experimental study and it was tested and 

validated. The results show that the relative errors of concentrations of CO acquired by the correction 

method compared to the actual concentration are all less than 10%, which have met the detection 

requirements for SF6 decomposition products of PA spectroscopy in GIS. This temperature correction 

method may provide an effective way for studying the temperature properties in the PA detection of 

SF6 decomposition products in GIS. 

As were mentioned above, the temperature corrections of the PA signal are on the basis of two 

aspects: one is the corrections of response factor and the other is the corrections of the background 

PA signal. In the next step, we will install a temperature control device to keep the temperature of the 

PA cavity invariant and make further efforts to verify the relationship between response factors and 

temperatures. 
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Photoacoustic (PA) spectroscopy technology has proved to be effective in detection of SF6 

decomposition products. But in the real application environment, the stability of PA spectroscopy 

device is strongly affected by the ambient temperature. In this paper, we took CO as an example to 

analyze the impact mechanism of temperature and the temperature correction formula of response 

factor of carbon monoxide (PA signal corresponding to unit concentration gas) was derived. The real 

temperature properties of SF6 and CO were studied using the non-resonant PA spectroscopy device 

designed by our team. The study indicates that the PA signals of SF6 and CO are inversely proportional 

to temperature, which coincides with the theoretical derivation. A temperature correction method 

was proposed based on theoretical derivation combined with experimental study and this method was 

tested and validated. The results show that the relative errors of calculation concentrations of CO 

acquired by the correction method compared to the actual concentrations are all within 10%, which 

meet the detection requirements for SF6 decomposition products of PA spectroscopy in Gas Insulated 

Switchgear. The correction method has provided an effective way for studying the temperature 

correction in PA detection for SF6 decomposition products in GIS. 
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