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Formaldehyde and methane spectroscopy measurements based on
Mid-IR quantum cascade laser system
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Abstract: The absorption spectra of H,CO were recorded at room temperature with a typical equivalent sensitivity
of 3.61 x 10 %cm~"Hz " by utilizing a QCL based gas detection set-up. Relative frequency calibration based on
F-P etalon and absolute frequency calibration based on CH, spectrum are calculated and shown in this paper. Fre-
quency tuning spectra are also measured and processed when changing the operation temperature from - 15 C to
20 C with increment of 5 C. As nonabsorbent gases, He, Ne, Kr, O, and CO, were used to determine the line
intensity of H,CO line centered at 1 253.143 92 cm "~

'. Buffering spectrum in N, and the corresponding statistical

residuals were given to show broadening characteristics and the difference between the observed absorption data and
the expected Voigt fit value with increasing the pressure of buffer gas.
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Introduction

Trace-gas analysis and chemical sensing using quan-
tum cascade lasers (QCLs) has attracted great attention
in recent years since most molecules have a unique ab-
sorption spectrum in the mid-infrared ( mid-IR) re-
gion'"?!. With many commercial options available, QCLs
are ideal candidates for mid-IR spectroscopy, because
their emission wavelength ranges from the mid-IR to the

far-IR with high power efficiency since the invention of
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the QCL decades ago"', an impressive progress has been
achieved from first low temperature pulsed emission to
continuous wave operation at room temperature. Formal-
dehyde (H,CO) is a carcinogenic pollutant emitted as an
intermediate product in the oxidation of most biogenic
and anthropogenic hydrocarbons. It is also known as a
primary emission product of incomplete hydrocarbon com-
bustion"*""). Thus, spectroscopy measurements on H,CO
play important roles both in industrial fields and human
safety and health >

There is no available H,CO data in the HITRAN
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spectroscopic database'*"®) at wavelength around 8 pum.

Therefore in order to get a reference line position, F-P
etalon based relative frequency calibration and absorp-
tions of both CH, and H,CO based absolute frequency
calibration were utilized and measured. Temperature tun-
ing spectrum, pressure broadening characteristics were
given to show more detailed spectroscopy of H,CO, also

intensity of line centered at 1253.14392 cm™' was
measured and determined based on a distribute feedback
quantum cascade laser (DFB-QCL) in this paper.

1 Pulsed DFB-QCL based experimental

Spectra shown in this paper were detected by a
pulsed 8 wm DFB-QCL based experimental set-up. The
QCL was chosen to emit in a single spectral (linearly po-
larized, I,) mode at around 8 pm which can be operated
from 40 C to + 40 °C, then the corresponding wave-
length range obtained was 1 248 em ™' to 1 257 em ™.
The laser was operated at 2% duty cycle in pulsed mode
with 190 ns pulse duration.

For the experimental set-up (shown in Fig. 1), the
laser light was collimated using an off-axis parabolic gold
mirror and then passed through a 90 cm long single-pass
glass cell filled with the sample gas for detection. The
single-pass cell is fitted with BaF, windows. Transmitted
light from the DFB-QCL was focused by an off-axis para-
bolic silver mirror ( 156 mm focal length), then to the
optical collimating system and gas cell, then onto a ther-
moelectrically cooled MCT detector ( VIGO PCI-3TE-10/
12) with fast preamplifier ( Neoplas Control ). This was
connected to a 2 Gs/s, 350 MHz bandwidth digitizing os-
cilloscope (LeCroy Wavesurfer 434 ) which recorded the
spectra obtained. All the experiments described in this
paper were carried out at the temperature of 296 K.
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Fig.1 Schematic diagram of experimental set-up for spectrosco-
py measurement
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2 Spectroscopy of formaldehyde meas-
urements

2.1 Relative frequency calibration based on F-P etalon
Before each experiment the frequency chirp was

N\
Golfd/Mirror/ Off-axis Paraboliy Mirror

characterized in order to allow the application of a fre-
quency scale to the measured spectra. The radiation was
passed through a germanium Fabry-Pérot etalon with a free
spectral range of 500 MHz. The longitudinal modes sup-
ported by an etalon of length d and refractive index n are
separated by the free spectral range shown in Eq. (1)

FSR=7——— . (D

A typical signal detected when a 190 ns long laser
pulse at a wavelength around 8 pm is passed through an
etalon is shown in Fig.2 (a). Since the pulse signal and
the laser is not always coupled ideally at the front of the
etalon signal, then range from the middle (see Fig. 2
(b)) would be better to use. Plotted on the same figure
is the signal detected from an identical pulse when an
empty cell was placed in the beam path.

The frequency scale is obtained by counting the eta-
lon fringes and plotting the corresponding frequency as a
function of time, as shown in Fig. 3 plotted by scatters.
Fitting polynomial to the plotted scatters, corresponding
relative frequency was obtained as

y =Intercept + B, + x' +B, + x> +B, - x° ,(2)
where y is the relative frequency in GHz, «x is time in s.
The parameters and values are listed in Table 1. By
knowing the relative frequency function, the correspond-
ing wavenumber can be calculated.
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Fig.2 (a) Signal selected for polynomial function fit, and
(b) signal selected from (a) for polynomial function fit is com-
pared with baseline
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2 Torr methane with purity of 99. 9% was intro-
duced into the 90 cm gas cell, and four obvious absorp-
tion lines were acquired in the detection range. The ap-
plication of this conversion in Eq. (2) along with the
Beer-Lambert relation allows the measured transmitted
intensity and measured or fit incident intensity to be con-
verted into a spectral absorbance trace, see example in
Fig.3(a) of CH, absorbance as a function of time, and
absorbance as a function of relative frequency in
Fig.4 (b). However, the spectra shown in Fig. 4 (b)
even in the frequency domain, lines marked by “a”,
“b”, “c” and “d” still cannot be used in the spectrum
analysis and calculation, as the line positions are not
those who accurately located, so absolute frequency still
need to be done. These additional “wiggles” are an indi-
cation that rapid passage processes are taking place. The
rapid passages effect was fist observed using an intra-
pulse spectrometer by Duxbury et al. "7’ | which was an
emission spike followed by a series of oscillations to the
side of the normal absorption profile as coherent radiation
is swept through a transition. However, these rapid pas-
sage effects are removed upon addition of a non-absorbing
buffer gas.

Table 1 Parameters from polynomial fit results
#1 sMAUEERABESH

Parameter Value Standard Error
Intercept -10.793 97 0.067 55
B, 2.362 58 x10° 1.328 53 x10°
B, -2.048 76 x 10 6.00103 x 1012
B, -6.746 3 x 107 1.976 06 x 10°
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Fig.3 FSR as a function of time and the polynomial function fit
for the etalon signal
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2.2 Absolute frequency calibration based on CH,
spectrum

Methane absorption spectrum was simulated based
on HITRAN 2008 database'®’ with parameters shown in
Table 2 and compared with the spectral lines in
Fig.4 (b). The etalon signal was used for relative fre-
quency determination.

The absolute frequency was fixed by the known line-
centre frequencies for the v4 band P (8) located in
1253.349 1 cm ™. Therefore the spectrum is put to an

absolute scale through measuring the known CH, spectrum
and assigning the peaks using the HITRAN database.
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Fig.4 Absorption spectrum of methane as a function of Time
(a), and Relative Frequency (b)
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Fig.5 Absorption spectrum of methane after absolute frequency
scale calibration
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Table 2 Corresponding parameters and values from HIT-
RAN simulation
F2 ET HITRAN HiEEGERBHEXSHRHE

Parameters Line a Line b Line ¢ Line d
Transition v4 P(8) v4 P(9) v4 P(8) v4 P(9)

Line center position(cm ~!) 1253.3491 1253.6615 1253.7891 1253.8511

Line Intensity(cm =1/
cm ~2molecule)

2.08x107201.55x10720 1.39 x10 "2 1.55 x10 =%
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The four absorption lines in Fig. 5 are in the same
order as in Fig. 4 (b), but the only difference is that
their line positions have been calibrated into their accu-
rate center frequency in the absolute frequency scale.
Till now the spectral data can be used to determine line
parameters such as pressure broadening coefficients and
pressure induced line center shift coefficients.

2.3 Laser frequency tuning characteristics based on
formaldehyde spectroscopy

Tuning the frequency of the laser across the absorp-
tion line is desirable for most of the spectroscopic measure-
ments. Characterization of tuning properties and measuring
the tuning rates is therefore important. In QC lasers there
are no effects such as carrier density dependent index of re-
fraction, therefore no direct current tuning is observed. The
only tuning mechanism is temperature tuning of the index of
refraction of the waveguide that changes the apparent opti-
cal length of the wavelength selection grating.

As there is no H,CO absorption spectral data at the
wavelength around 8 pm in HITRAN database, we need
to calibrate the absolute frequency scale by using other
well known gas. In the previous research work'™™, we
have presented PGOPHER simulation in this detection
region as well as using experimental method to calibrate
the H2CO frequency scale.

Both CH, and H,CO were introduced into the gas
cell, mixed spectra plotted with “ ” were obtained
as shown in Fig. 6, and the 98% purity of formaldehyde
along with 99 % purity of methane were also measured
separately, their spectra with “——” and “ - - -7
were plotted in the same figure. The absolute frequency
was fixed by the known line-cenire frequencies for the 14
band P (8), P(9) and P (8) lines located in
1253.349 1 em ™, 1253.6615 cm ™' and 1253.789 1 ¢cm ™
respectively.
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Fig.6 Both H,CO and CH, spectrum were measured in the

same gas cell, and their line positions were compared
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Line positions of H,CO absorption lines can be de-
termined even one line center frequency was calibrated.

Tuning the operation temperature of DFB-QCL from
—-15 C to +20 °C with increment of 5 C , the sweeping
spectra in each spectral range were obtained as shown in
Fig.7, plotted on the top of the figure is the qualitative
data from PNNL™ by using FTIR spectrometer. It is ob-
vious from Fig. 7 that the spectra obtained from the QCL
system has a higher resolution than that obtained from
FTIR scanned qualitative data in PNNL. The resolution
can be found out by substituting the results from Voigt
and linear fits to the spectrum of formaldehyde into the
sensitivity equation. The relative wide spectral range of
1250 ~1254.5 cm ™' was obtained and numbers of ab-
sorption lines were detected for intensive measurement or
as a reference for the person who work in this research
area and are interest in the H,CO detection.
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Fig.7 Temperature sweeping spectrum at operation temperatures
from -15 C to +20 °C with increment of 5 C
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Depictured in Fig. 8 is the 3D view of temperature
sweeping spectra from which we can have a direct im-
pression about H,CO absorbance as functions of both

wavenumber and temperature.
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Fig.8 3D-view absorption spectra of formaldehyde in tempera-
ture sweeping
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For temperature sweeping spectrum, calculation of
the tunable line center position as a function of operate
temperature had been done and the temperature tunable
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coefficient was obtained as —0.083 09 cm ' /K. Results
can be seen in Fig. 9.

12535 ¢ s Wavenumber tunable value

Linear Fit of Wavenumber
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Fig. 9  Tunable central emission frequency as a function of
sweeping temperature

B9 AT IR S IR B ) s S LA R

2.4 Line intensity measurements

The strength of a line can often be determined by a
direct method from the line center absorption. The Beer-
Lambert absorbance is expressed as Eq.3,

A - _ ln(IL) - _ ln(e—a(u)L)
a(vSL o(v)CL , (3)

where I and I, are the intensities of transition with and
without absorption of gas of interest, a(v) is the absorp-
tion coefficient, L is the optical path length, C is the
concentration, and g (v) is the absorption cross section.
The integral of the spectrum over a given frequency range
allows the integrated cross section to be obtained using

O = fA(v) dv/CL and then fA( v)dv will be given in

the form of “integrated area” which should not change
theoretically because of the fixed H,CO amount when the
spectral line is broadened by introducing buffer gas into
the cell. Using the Eq. 3 deduced above the integrated
cross sections were evaluated at each buffer gas pressure
both in single cell experimental system and White cell sys-
tem, plotted in Fig. 10, results observed with buffering
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Fig. 10 Plots of integrated cross section as a function of buffer
gas pressure for He, Ne, Ar, Kr, N,, O, and CO,
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by He, Ne, Kr, O, and CO, are shown in Table 3.

Table 3 Integrated cross sections of H,CO in He, Ne, Kr,
O, and CO, buffering experiments, which were
measured in 90 cm single cell at 296 K

*3 # 90 cm SErhpTilEA7 H,CO 5 He, Ne, Kr, 0,701

CO, HEER TR KL EE

Line Intensity
(em ~'/cm ~molecule)

Line B (1,1,1<2,0,2)

Line D (10,1,9+9,2,8)

OH,CO - He (6.97+0.13) x10~2  (2.41£0.12) x10 -2
TH)CO-Ne (6.98+0.18) x10"2  (2.37+0.14) x10 =2
OH,C0 - Ar (6.960.13) x10~2  (2.38£0.13) x10 -2
THyCO -Kr (6.99£0.14) x10™2  (2.39+0.11) x10 =2
TH,yCO -N, (6.98£0.13) x10™22  (2.40+0.13) x10 =2
O1,c0 -0, (7.02£0.16) x10~22  (2.41£0.15) x10 2
TH,CO -COy (6.91£0.17) x10~2  (2.35+0.12) x10 2

T avg (6.97£0.16) x10 72 (2.39+0.13) x10 !

2.5 Characteristics of nitrogen buffering spectrum
Pressure broadening parameters of H,CO in 7 non-

absorbent gases have been discussed in the previous
work , and now we just show the buffering spectrum char-
acteristics in two situations which are fixed amount of
H,CO with different pressures of N, and fixed amount of

N, with different pressures of H,CO.
2.5.1 Different pressures of N, with fixed amount
of H,CO

3 Torr 98% formaldehyde and N, were both intro-
duced into the gas cell, then keep the amount of H,CO
fixed with increasing amount of N, from 90 Torr to 174

Torr, 253 Torr and 396 Torr. Spectrum from each situa-
tion was acquired separately and series of spectra were
depictured in Fig. 11. When the pressure of N, in-

creased, the H,CO absorption spectrum is broadened and
rapid passage effect also become more unobvious.

04 i ‘ ’ . T T T -
3 Toee H, CO in single cell
— 90 Torr Nz
ol e 174 Torr N, 1
e 253 Torr N,
s I = 396 Torr N,
202} |
=
Z
< 0.1
0.0 p

1253.04 1253.08 1253.12 1253.16 125320 125344

Wavenumber/cm™
Fig. 11 Fixed amount of H,CO with different pressures of N,
B 11 AR RS AR R R T R

Statistical residual describes the difference between
the observed absorption data and the expected Voigt fit
value and may be plotted as a function of frequency
which is shown in Fig. 12. As is evident from the figure,
the residual reduces with increasing buffer gas pressure
as the rapid passage decreases, so it shows the better
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Voigt fit results will be the higher pressure of buffer gas
will be used and the pressure broadening coefficients will
be more accurate.

1252.8 1253.0 1253.2 1253.4
0.04 F — 90 Torr N, buffer ]
0.02 | —
0.00 N N A :
-0.02 | :
-0.04 | . . . .
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;o -
s 0.00 F AN SN it T E
-:55
5 002} 1
2004 ‘ ‘ ‘ :
3 004 — 253 Torr N, buffer -
é 0.02 1
é 0.00 | N~ NS A 4
-0.02 | .
-0.04 | , ) ) .
0.04 + — 396 Torr N, buffer E
0.02 | 1
0.00 F T e
-0.02 | 1
-0.04 + . ‘ . 1
12528 1253.0 12532 12534

Wavenumber/cm™

Fig. 12 Residuals of Voigt fit to H,CO lineshape where 3 Torr
H,CO was buffered with 90, 174, 253 and 396 Torr of N, in the
90 cm single cell
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2.5.2 Fixed amount of N, with different pressures
of H,CO

Pressure broadening effects are normally measured
by fixing the amount of gas of interest and then introdu-
cing different pressures of buffer gas. In this work, fixing
of buffer gas amount and changing the amount of H,CO
was used to check the broadening effect. Different pres-
sures (2.6, 4 and 5 Torr) of H,CO were separately in-
troduced into the gas cell with a fixed amount of N,
(100 Torr).

Spectra were acquired and fit to a Voigt function,
and then the residuals of the absorbance are determined,
which can be seen in Fig. 13. The residuals increased as
the H,CO pressure increases. In both sets of experi-
ments, the residual decreases when the ratio of buffer gas
pressure to H,CO pressure increases as the significance
of the rapid passage effects declines.

3 Conclusions

The work represents the relative frequency calibra-
tion based on F-P etalon along with HITRAN database
simulation and absolute frequency calibration based on
CH, spectrum. Temperature tuning characteristics were
shown by 2D and 3D figures, and tuning parameter was
determined as —0.083 09 c¢cm~'/K when sweeping the

1252.8 1253.1 1253.4
004 — 5Torr H,COin 100 Torr N, 1
0.02 F .
000 b e AN\ TN

-0.02 ]

004 , . ]

£ 004 — 4Torr H,CO in 100 Torr N, .

2 0.02¢ .

g 0.00 | s AN e

= -0.02 | 1

2 004 ‘ . ]

& 004} — 2.6Torr H, COin 100 Torr N, ]
0.02 F 1
0.00 F A e

20.02 .
004 , . ]
1252.8 1253.1 1253.4

Wavenumber/cm”

Fig. 13 Residuals of different pressures of H,CO with a fixed
amount of N, : 2.6, 4 and 5 Torr H,CO buffered with 100 Torr
N, respectively
B 13 RFERE RS B E R N, AR RO 5
Voigt 5%

temperature from - 15 °C to +20 °C, then the corre-
sponding spectral range of 1250 ~1254.5 cm ™' was ob-
tained. Nitrogen buffering spectra with two different situ-
ations of fixed amount of H,CO with different pressures of

N, and fixed amount of N, with different pressures of
H,CO were shown and their Voigt fit statistics residuals
were discussed.
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