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1  Introduction

Ethylene (C2H4) detection is useful in many fields such as 
combustion chemistry [1, 2], atmospheric chemistry [1], 
medical diagnostics [3], and biology [1, 4]. In the field of 
combustion chemistry, C2H4 is an important intermediate 
product formed during hydrocarbon oxidation; thus, the 
mechanism of hydrocarbon combustion has been inves-
tigated using the concentration profiles of C2H4 in hydro-
carbon oxidation [5]. The typical concentration of C2H4 
in combustion emission is 1–50 parts per million (ppm); 
thus, systems for the detection of C2H4 require ppm-level 
sensitivity [6]. In atmospheric chemistry, C2H4 is emitted 
from automobiles and industries, and is a main pollutant 
that promotes the formation of tropospheric ozone in urban 
areas [7]. The average concentration of C2H4 in air is less 
than 20 parts per billion (ppb); thus detection systems for 
such applications require ppb-level sensitivity [8]. In medi-
cal research, the concentration of C2H4 in breath is meas-
ured for renal failure screening [3]. In the field of biology, 
C2H4 is recognized to have a strong influence on the growth 
and ripening of fruits; thus, it is necessary to control the 
C2H4 concentration level during fruit transportation [4], 
which requires a system for continuous measurement of the 
C2H4 concentration.

Laser absorption spectroscopy is an effective technique 
for the detection of trace gases because of its high-sensi-
tivity, fast time resolution, and low cost. Some techniques 
such as cavity ring down spectroscopy (CRDS), photoa-
coustic spectroscopy (PAS), and direct absorption spec-
troscopy coupled with a multi-pass cell were applied to the 
detection of C2H4 [8–20]. In the near-infrared region, C2H4 
was detected using CRDS, where a detection limit at the 
ppb-level was achieved [8, 9]. In the mid-infrared region, 
high-sensitivity measurements of C2H4 using a carbon 
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dioxide gas laser were performed [5, 10–17]. Murtz et al. 
[10] developed a C2H4 sensor using cavity leak-out spec-
troscopy to achieve a detection limit of 1 ppb. C2H4 detec-
tion using PAS was also performed and a detection limit 
of 16 ppb was achieved [11]. A C2H4 sensor based on PAS 
was applied to various studies such as breath analysis [12], 
flood research [13], investigation of atmospheric C2H4 
sources [14], and ripening of fruits [15]. Quartz-enhanced 
PAS with a carbon dioxide gas laser was also applied to the 
detection of C2H4, where a detection limit of 50 ppb was 
achieved [16]. Recently, a C2H4 detection technique using a 
carbon dioxide gas laser was also employed for combustion 
diagnostics by monitoring C2H4 during hydrocarbon oxida-
tion [5, 17].

Although the carbon dioxide gas laser has been exten-
sively used for C2H4 detection, recently, compact and sta-
ble quantum cascade lasers (QCL) with a wavelength range 
of 4–13 μm were developed and applied to C2H4 detection 
[18–20]. A pulsed QCL at 10.5 μm coupled with a 100 m 
optical path-length astigmatic Herriott cell was utilized 
for C2H4 detection, where a detection limit of 30 ppb was 
achieved [18]. A direct absorption spectrometer with a 
pulsed QCL at 10.26 μm and 66 m optical path-length Her-
riott cell was also developed and applied to measurement 
of C2H4 and carbon dioxide in automobile exhaust [19]. A 
150  m optical path-length astigmatic Herriott cell with a 
pulsed QCL at 10.3 μm was also used for C2H4 and ammo-
nia detection [20].

C2H4 shows the strongest absorption peak near 10.5 μm 
and another strong absorption peak is present in the 3.3 μm 
region, which is assigned to the ν11 fundamental band; 
C2H4 was detected using quartz-enhanced PAS with a dis-
tributed feedback laser at 3.32 μm [21]. Recently, a distrib-
uted feedback interband cascade laser (DFB-ICL) with a 
wavelength range of 3–4 μm was developed and applied to 
trace-gas detection, especially hydrocarbons [22, 23]. The 
3 μm region is important for high-sensitivity measurements 
of hydrocarbons in combustion emission because there are 
many hydrocarbon absorption bands in the 3  μm region 
[24]. However, only a few studies have focused on detec-
tion of hydrocarbon at trace levels using the DFB-ICL in 
the 3 μm region.

In this study, a high-sensitivity sensor for the detection 
of C2H4 in combustion exhaust in the 3.3 μm region, based 
on wavelength modulation spectroscopy (WMS) with a 
Herriott-type multi-pass cell and a DFB-ICL, is developed. 
To the best of our knowledge, there are no previous stud-
ies on C2H4 detection using wavelength modulation spec-
troscopy with DFB-ICL at 3.3 μm. The optical setup used 
in this experiment is almost the same as that used in Ref 
[22], where formaldehyde (HCHO) was detected, except 
the optical cell. As HCHO also has absorption lines in this 

wavelength region [22], an appropriate absorption line of 
C2H4 that does not suffer from interference from HCHO 
and main combustion emissions such as those of carbon 
dioxide and water is selected. C2H4 in power generator 
exhaust is also assayed using the developed system.

2 � Experiments

2.1 � MID‑IR laser absorption spectrometer for ethylene 
measurements

The experimental apparatus at Ibaraki University has previ-
ously been described in detail by Tanaka et al. [22], which 
is shown in Fig. 1. A 3.356 μm DFB-ICL (Nanoplus, Gerb-
runn, Germany) with a maximum output power of 1.2 mW 
was used as the light source. The injection current and the 
laser-chip temperature of the diode laser were maintained 
using a laser control unit (ILX LDC3724C, ILX Light-
wave, Bozeman, MT, USA). The beam was collimated with 
an anti-reflection coated aspheric lens (f  =  11  mm) and 
introduced into the Herriott-type multi-pass cell (CMP-30, 
Photonics Technologies, UK). The cell had a path-length 
of 29.9 m and a volume of 0.9 L. Before introduction into 
the cell, the beam was focused onto the center of the multi-
pass cell using a CaF2 lens with a focal length of 500 mm. 
The beam was passed through the multi-pass cell and was 
focused on an InSb photodiode detector (HAMAMATSU 
P4631-03, Hamamatsu, Japan).

C2H4 was detected using a second-harmonic (2f) WMS. 
The wavelength of the DFB-ICL was modulated sinu-
soidally at 12.2  kHz using the output of a digital lock-in 
amplifier (Stanford Research Systems, SR810, Sunnyvale, 
CA, USA). The laser was scanned at 1 Hz by changing the 
injection current, which was controlled by a triangle volt-
age wave supplied by a function generator (Wavestation 
2012, Teledyne Lecroy, Chestnut Ridge, NY, USA). The 
signal obtained from the photo-detector was received by a 
lock-in amplifier with a 10 ms time constant and 24 dB/oct 
digital filtering, which corresponded to an equivalent noise 
bandwidth of 7.8125  Hz. The modulation condition was 
adjusted to obtain the highest signal-to-noise ratio for the 
2f WMS of C2H4. The data were acquired using a laptop 
computer with a 16 bit NI-DAQ system (USB-6216 BNC, 
National Instruments, Texas, USA).

The multi-pass cell was evacuated using a rotary pump, 
and the pressure in the cell was monitored using a capaci-
tance manometer (Model 730, Setra, Boxborough, MA, 
USA). The pressure was kept at 3 ± 0.01 kPa. A PID con-
troller (E5CN-RQ2BT, Omron, Kyoto, Japan) was used 
to control the gas and cell temperature at 393  ±  0.01  K; 
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998  ppm C2H4 gas (Taiyo Nippon Sanso Corp., Japan) 
diluted with nitrogen, and nitrogen (Taiyo Nippon Sanso 
Corp, >99.999%) were used as the standard gases.

2.2 � Engine exhaust measurement system

A schematic of the sample exhaust system is shown in 
Fig.  2. A power generator with a gasoline engine was 
selected as an example of a combustion emission source. 
To sample the exhaust, a stainless tube was connected to 
the exhaust pipe of the power generator. The exhaust was 
introduced into the spectrometer for measuring ethylene 
at a constant flow rate of 2 standard L  min−1, which was 
controlled by a mass flow controller (Kofloc, 3660 series, 
Japan). The cell pressure and temperature were set to 3 kPa 
and 393  K, respectively. The temperature of the sample 
lines was set to 393  K to avoid water condensation. The 
operating conditions for the power generator were set to the 
conditions where the rated power output was obtained.

3 � Results and discussion

3.1 � Measurements of C2H4 spectrum in the 3.3 μm 
region

A direct absorption spectrum of 998  ppm C2H4 diluted 
with nitrogen (99.999%) was obtained using the 
experimental setup at a total pressure of 3  kPa in the 
2978.8–2982.1  cm−1 region, as shown in Fig.  3a. The 
simulated spectrum is shown in Fig. 3a which was calcu-
lated using the parameters in the HITRAN 2012 database 
[25] at 3 kPa and 393 K. The residuals of the absorbance 
between the experiments and simulations are also shown in 
Fig. 3b. The measured spectrum is in good agreement with 
the simulated one. At around 2981.3 cm−1, there are some 
residuals between the experiments and simulations. These 
residuals may be derived from the error of the peak posi-
tions obtained from the experiments. A 2f-WMS spectrum 
of 100 ppm C2H4 was also obtained at 3 kPa and 393 K, 
as shown in Fig.  3c. Although the positions of the WMS 

Fig. 1   Schematic diagram of the experimental setup for C2H4 sensor optics
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peaks were also in good agreement with the simulated 
spectrum shown in Fig. 3a, WMS peaks that did not appear 
in the direct absorption spectrum of C2H4 were observed, 
as labeled with asterisks in Fig. 3c. The positions of these 
peaks are in good agreement with those of water, the cross 
section of which was calculated using the parameters in the 
HITRAN 2012 database [25] at 3 kPa and 393 K (Fig. 3c). 
It is thought that atmospheric water was detected as the 
laser light passed through the air between the laser source 
and the cell. Based on the cross section of water at 100 kPa 
and 298  K (7.92  ×  10−22 cm2  mol−1 at 2980.388  cm−1), 
water concentration of 1% at experimental room (298  K, 
35% of relative humidity), and absorption length of 60 cm 
between the laser source and the cell, absorbance of water 
is estimated to be approximately 0.014, which is the same 
order as those of 100 ppm C2H4 derived from the absorb-
ance of 998 ppm C2H4, as shown in Fig. 3a.

An appropriate absorption peak had to be selected for 
the C2H4 analysis during combustion emission because 
many species are present in combustion emission. The 
main constituents of combustion emissions are carbon 
dioxide and water. Carbon dioxide does not possess any 
absorption peaks in this wavenumber region, whereas water 
has absorption peaks in this wavenumber region, as shown 
in Fig. 3c. In addition to water and C2H4, two other species 
in combustion emission absorb in the wavenumber region 
of interest; these are HCHO and methane (CH4). The simu-
lated spectra of the four species, C2H4, HCHO, CH4 and 
water, at 3 kPa and 393 K are shown in Fig. 4. In addition, 
the simulated spectrum of ethane (C2H6) at 3 kPa, 296 K is 
also shown in Fig. 4 [26]. As line parameters of C2H6 were 
obtained under the conditions where the temperature was 
less than 296 K, the C2H6 spectrum was simulated at 296 K 
instead of 393 K. C2H6 has strong absorption peaks in this 
wavenumber region. However, as the concentration of C2H6 

Fig. 3   a Experimental and simulated direct absorption spectrum of 
998 ppm C2H4 at 3  kPa at 393 K. Simulation was performed using 
spectroscopic parameters in the HITRAN 2012 database [25]; b 
residuals between the experimental spectrum and the simulated one; 
and c second-harmonic WMS signals for 100 ppm C2H4 at 3 kPa and 
393 K (red trace in the (c) which is referenced to the left axis) and 
simulated spectrum of water at 3 kPa and 393 K using spectroscopic 
parameters in the HITRAN 2012 database [25] (blue trace in the (c) 
which is referenced to the right axis). The absorption peaks labeled 
by asterisks in (c) correspond to water

Fig. 2   Schematic diagram of 
engine exhaust measurement 
system
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in combustion emission is typically one order less than 
that of C2H4 [27], C2H6 has little influence on the meas-
urements of C2H4, which will be discussed in the following 
Sect.  3.3. Hence, adequate absorption peaks for measure-
ments of C2H4 in combustion emission was selected with-
out considering the C2H6 absorption peaks.

Based on the simulated data except that of C2H6, the 
absorption peak of C2H4 that does not suffer from interfer-
ence from HCHO, CH4, and water is the absorption line at 
2979.581 cm−1 [2.42 × 10−21 cm2 mol−1 cm−1, ν11, PP5(5)], 
which was selected for further analyses. As the weak 
absorption line of HCHO next to the selected C2H4 absorp-
tion line may influence quantitative analysis of C2H4, error 
analysis was performed. The concentrations of HCHO 
and C2H4 are assumed to be 100 ppm. HCHO concentra-
tion is almost maximum concentration in typical combus-
tion emission such as automobile exhaust [28]. Absorbance 
of C2H4 was calculated with or without HCHO and peak 
absorbance of C2H4 without HCHO was compared to that 
with HCHO. The error in the C2H4 measurements derived 
from the interference from the weak HCHO absorption line 
is estimated to be 15% at a total pressure of 10 kPa and less 
than 3% at a total pressure of less than 3 kPa. Therefore, the 
maximum total pressure for analysis of C2H4 in combustion 
emission at 3.356 μm should be less than 3 kPa.

It has also been reported that various kinds of hydrocar-
bons are present in combustion emission [27–29] and the 
main species are small hydrocarbons such as C2H4, CH4, 
and HCHO, the concentrations of which are at least twice 
as high as those of other hydrocarbons [29]. Therefore, 
even though there is interference from the absorption lines 
of other hydrocarbons, it is considered that these peaks 
have little influence on the measurements of C2H4 in com-
bustion emission.

Based on the above discussion, the absorption line at 
2979.581 cm−1 (2.42 × 10−21 cm2 mol−1 cm−1, ν11, PP5(5)) 

was selected for measurements of C2H4 in combustion 
emission, and the optimal pressure for the measurement 
was determined to be 3 kPa.

3.2 � Limit of detection

The 2f WMS spectrum for 75  ppm C2H4 at 3  kPa and 
393 K is shown in Fig. 5. The signals were averaged over 
40 consecutive scans at 1 Hz. The modulation amplitude, 
νm/νC2H4, was optimized to 2.13 to obtain the best signal-
to-noise ratio for the 2f WMS signal. This modulation 
amplitude was consistent with the theoretical value of 2.2 
[30]. To evaluate the signal stability for the measurement 
system, continuous measurements of 75 ppm C2H4 at 3 kPa 
and 393 K were performed using 2f WMS over 13,000 s. 
The signal was obtained with 1  Hz resolution. The time 
series of the C2H4 signals and the associated Allan-Werle 
variance (σA

2) are plotted in Fig.  6 [31]. From the Allan-
Werle variance plot, an optimum integration time of 40  s 
with σA

2 = 2.21 × 10−8 was derived.
The limit of detection was obtained using the signal 

intensity and the noise level of the spectrum in Fig.  5. 
The WMS signal intensity was defined as the difference 
between the peak intensity and the baseline, as shown in 
Fig. 5. The signal-to-noise ratio of the WMS spectrum for 
75 ppm C2H4 shown in Fig. 5 was approximately 1530, and 
the limit of detection for achieving a signal-to-noise ratio of 
two was 96 ± 6 ppb. A calibration plot of the WMS signal 
is shown in Fig.  7. The signal intensity was proportional 
to the C2H4 concentrations. The slope and the noise level, 
which was determined from the average baseline deviation, 
were used to calculate the limit of detection for a signal-to-
noise ratio of two. The limit of detection was 96 ± 4 ppb, 
which is in good agreement with the limit of detection 
mentioned above.

Fig. 4   Simulated spectra of C2H4, HCHO, CH4, and water at 3 kPa 
and 393 K, and simulated spectrum of C2H6 at 3 kPa and 296 K

Fig. 5   Second-harmonic WMS signals for 75  ppm C2H4 at 
2979.581 cm−1 at 3 kPa and 393 K
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3.3 � C2H4 measurements in combustion emission

The C2H4 in combustion emission was measured using 
a WMS measurement system to illustrate the potential 
of the system. The combustion emission from a port-
able power generator was introduced into the cell after 
the engine was stabilized. The spectrum of the exhaust 
is shown in Fig. 8a. Reference spectra of 100 ppm C2H4, 

a mixture of 100 ppm C2H4 and 100 ppm HCHO, a mix-
ture of 100  ppm C2H4 and 100  ppm CH4, a mixture of 
100 ppm C2H4 and 1% water, and a mixture of 100 ppm 
C2H4 and 10 ppm C2H6 are also shown in Fig. 8b, which 
were obtained under the same conditions as those where 
the spectrum of the exhaust was obtained. The simu-
lated spectra of C2H4, HCHO, CH4, and water at 3  kPa 
and 393 K, and the simulated spectrum of C2H6 at 3 kPa 
and 296  K are shown in Fig.  8a. Signals at the wave-
number of the C2H4 absorption peak in the exhaust spec-
trum were observed, whose peak positions were in good 
agreement with those of reference spectrum of C2H4 and 
the simulated spectrum. The spectrum of the exhaust 
in Fig.  8a shows absorption peaks of certain species. 
Based on the reference spectra and the simulated spec-
trum, HCHO, CH4, and C2H6 had absorption peaks in the 
wavenumber region used for the present C2H4 measure-
ment. When the HCHO was included in the reference gas 
mixture, the C2H4 signal intensity at 2979.581 cm−1 was 
changed slightly compared to that without HCHO. The 
error derived from this difference was less than 3% that 
mentioned in above sections. The weak peak of HCHO 
(2979.599  cm−1) next to the selected C2H4 absorption 
peak (2979.581  cm−1) could not measure the reference 
spectrum. Although water had extremely small absorption 
peaks between 2979.0 and 2980.0 cm−1, whose order of 
integrated cross section is 10−27–10−29 cm2 mol−1 cm−1, 
water that had typical concentration in the combustion 
emission (5–15%) had no influence on the C2H4 meas-
urements in this wavenumber region. As C2H6 has the 
absorption peaks in this wavenumber region, the refer-
ence spectrum of mixture of 100 ppm C2H4 with 10 ppm 
C2H6 were obtained, whose concentration is typical in 
the combustion emission [27]. Although the signal inten-
sity of the selected C2H4 absorption peak was slightly 
changed, the error derived from the interference of C2H6 
was less than 3%. If the emission level of C2H6 is rel-
atively high against the C2H4, C2H6 concentration is 
required to be monitored to obtain the precise C2H4 con-
centration in the exhaust using this instrument. To com-
pare the concentrations obtained by gas chromatography-
flame ionization detector (GC-FID) to those obtained by 
the developed instrument, the concentrations of C2H6 and 
C2H4 in the exhaust emitted from the portable power gen-
eration system were measured using GC-FID, and found 
to be 2.3 and 23 ppm, respectively, which was the same 
tendency as those of typical combustion emission [27]. 
Hence, C2H6 had little influence on the measurements 
of C2H4 in the combustion emission. The obtained sig-
nal intensities were calibrated using the signals of C2H4 
standard gas, and the C2H4 concentration was estimated 
to be 28 ± 5 ppm, which is in agreement with the concen-
tration of C2H4 measured using GC-FID. These results 

Fig. 6   a Time profiles of the 75  ppm C2H4 signals at 3  kPa and 
393 K; b Allan-Werle variance plot. The blue dashed line indicates 
white noise

Fig. 7   Signal intensity of C2H4 as a function of concentration. A 
least squares fitting line is also shown in the graph
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demonstrate that the C2H4 measurement system based 
on WMS has powerful potential for the detection of trace 
gaseous C2H4 in combustion emission.

4 � Conclusion

A sensitive spectrometer was constructed for trace gas 
analysis of C2H4 in combustion emission using WMS cou-
pled with a Herriott-type multi-pass cell and a DFB-ICL at 
3.356  μm. To minimize spectral interference from major 
combustion products in the emission frequency range of 
the DFB-ICL, the C2H4 absorption line at 2979.581 cm−1 
(2.42  ×  10−21  cm2  mol−1  cm−1, ν11, PP5(5)) was selected 
for analysis of C2H4 in combustion emission and the opti-
mal maximum total pressure in the cell was determined 
to be less than 3  kPa. The estimated limit of detection 
was 96 ± 6 ppb at 393 K and 3 kPa, where the signal was 
averaged over 40 consecutive scans. Analysis of C2H4 in 
combustion emission was successfully performed with the 
developed system. These results indicate that this measure-
ment system is a potentially powerful tool for measurement 

of trace gaseous C2H4 in combustion emissions, such as in 
automobile exhaust.
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