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ABSTRACT The phase information obtained in photoacoustic experiments can be used
to separate the signals originating from chemical species with overlapping absorption
spectra. This approach was applied to quantify parts per million CO levels in propylene
using quartz-enhanced photoacoustic spectroscopy and a quantum cascade laser as an
excitation source. The experimental data were used to evaluate V–T relaxation rates
of CO and N2O in propylene.
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Ultrasensitive chemical analysis of com-
pounds in the gas phase based on mo-
lecular absorption in the mid-IR region
is a well-established approach. A num-
ber of techniques have been developed
to measure absorption coefficients as
low as α = 10−9 cm−1 or less, allowing
in some cases quantification of chem-
ical species at pptv concentration lev-
els. However, absorption-based spectro-
scopic methods have certain limitations.
The availability of isolated absorption
lines without significant background is
an essential condition for high chemical
selectivity and sensitivity of absorption
spectroscopy. This requirement can usu-
ally be satisfied for simple molecules (�
5 atoms) but not for more complex or-
ganic compounds where a high density
of vibrational states and line broaden-
ing often result in structured continuum
absorption over a wide spectral region.
In such cases, the detection of impuri-
ties for which the absorption lines are
imbedded in the continuum of the major
constituent is problematical. Then the
knowledge of optical absorption is not
sufficient, and additional parameters are
necessary to ensure chemically selective
concentration measurements.
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A similar problem occurs in micro-
scopy of biological objects, where opti-
cal density alone can not reveal details of
chemical composition. One of the tech-
niques used to obtain more informative
images is fluorescence lifetime imaging
microscopy (FLIM) [1]. The fluores-
cence lifetime can be derived either from
the decay curve following the excitation
pulse, or from the fluorescence intensity
phase shift with respect to harmonically
modulated excitation. In a conceptually
similar manner, the relaxation rate of
optically excited molecular vibrations
can be used to enhance chemical selec-
tivity of IR measurements. As was first
pointed out by G. Gorelik in 1946 [2],
the phase shift of the photoacoustic re-
sponse (usually called “optoacoustic”,
or “optic acoustic” in earlier publica-
tions) to the modulated excitation can
be used as a means to measure the V–
T relaxation rate. In the case of a two-
level molecular system the photoacous-
tic phase lag θ is determined by:

tan θ = ωτ (Ctr/C0) (1)

where ω is the modulation frequency
of the vibrational energy input, τ is

the V–T relaxation time, Ctr is the
translational-rotational heat capacity at
constant volume, and C0 is the total
heat capacity at constant volume [3].
This was first experimentally confirmed
in [4] and generalized to energy transfer
processes in multilevel and multispecies
systems in several subsequent studies,
such as [5–7]. However, to the best of
our knowledge photoacoustic phase in-
formation has not been used previously
to distinguish between different gaseous
components in a multi-component mix-
ture. In most previous works when
photoacoustic spectroscopy (PAS) was
applied to gas sensing, the modulation
frequency of the applied optical excita-
tion was chosen so that ω � 1/τ in order
to obtain the highest sensitivity and the
relaxation rate information was lost.

The principle of photoacoustic phase-
selective detection (PPSD) is illustrated
in Fig. 1. Photoacoustic signals of the
two species are represented by their
complex amplitudes Rk exp(iϕk), k =
1, 2. Projections of these vectors to the
axes X and Y are the experimentally ob-
served quadrature components when the
lock-in amplifier phase is referenced to
the laser driver modulation input. The
phase angles ϕk depend on the relax-
ation phase lags θk as determined by (1)
and on the instrument lag ψ resulting
from phase shifts in the electronics, the
optical source and the acoustic trans-
ducer. All the delays result in clockwise
rotation of the vectors (negative angles),
but in Fig. 1 ψ > π resulting in seem-
ingly positive ϕk. This corresponds to
our actual experimental conditions. If
the reference frame XY is rotated so that
the new X ′ axis is orthogonal to vector
R1, then the corresponding quadrature
component will contain only the R2 pro-
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FIGURE 1 Photoacoustic signals Rk exp(iϕk),
shown in the complex plane. k = 1, 2 represents
the numbering of the chemical species. The chain
line shows the phase of photoacoustic signal
which would be observed if the V–T relaxation is
instantaneous

jection, allowing interference-free de-
tection of species 2.

In this work the concept of chem-
ical selectivity based on the difference
in V–T relaxation rate was applied
to detection of CO in propylene (also
called propene, C3H6). Propylene is
the monomer used in the production
of polypropylene and CO impurity in
the monomer feed poisons the catalyst.
The high density of rovibrational states
of C3H6 give rise to broadband struc-
tured absorption over the portion of the
mid-IR region in which the CO fun-
damental band lies hampering the de-
tection of CO by means of absorption
spectroscopy. Figure 2 shows a portion
of the IR propylene absorption spec-
trum available from the NIST Chem-
istry Webbook [8], with a 4 cm−1 reso-
lution at an unspecified pressure. The
shaded area indicates the CO absorp-
tion band. Our high-resolution measure-
ments confirm that the C3H6 absorption
interferes strongly with the detection of
CO in a multipass optical cell. C3H6

absorption ranges from 70% to 80% in
the 2173–2180 cm−1 spectral region at
20 Torr pressure and 100 m optical path-
length. Hence, an additional discrimi-
nating parameter is required for reliable
CO quantification in a C3H6 host gas.

The recently introduced quartz en-
hanced PAS (QEPAS) [9] was used in
our experiments. QEPAS is better suited
for PPSD than traditional PAS [10] for
two reasons. First, its operating fre-
quency of ∼ 32 760 Hz is much higher
than the ∼ 1000 Hz characteristic fre-
quency for traditional PAS. Second, the

FIGURE 2 Absorption of propylene (solid line)
and CO (shaded area). The vertical axis and scale
refers to propylene only

highest QEPAS sensitivity for absorp-
tion is achieved at a reduced pressures
P < 100 Torr. The relaxation time is
longer at reduced pressure than at at-
mospheric pressure because τ ∼ 1/P.
These two features make the condition
ω � 1/τ satisfied for a wider range of
molecular systems, resulting in an ob-
servable θ .

The QEPAS sensor was described
elsewhere in detail in Refernces [9, 11].
Briefly, a quartz tuning fork (TF) with
a resonance frequency f0 ∼ 32 760 Hz
is used as an acoustic transducer (i.e.
a microphone). In order to enhance the
photoacoustic pressure, an acoustic mi-
croresonator is added. The microres-
onator consists of two glass tubes, each
2.45 mm long with a 0.32 mm inner
diameter, aligned with the laser beam
perpendicular to the TF plane. The laser
wavelength is modulated at f0/2 fre-
quency with an amplitude sufficient to
cover the CO absorption line. The piezo-
electric current generated by the TF
is converted to voltage by means of
a transimpedance preamplifier and sub-
sequently rectified at f0 frequency in
a lock-in amplifier.

A liquid-nitrogen cooled cw quan-
tum cascade distributed feedback laser
(QC-DFB) was used as an excitation
source. This single-frequency laser
was current-tunable in the 2195.5–
2198.2 cm−1 range and emitted
∼ 10 mW at 2196.664 cm−1, which cor-
responds to the frequency of the R(14)
CO fundamental transition [12]. Wave-
length modulation was achieved by
adding a harmonic dither to the QC laser
current. The laser power delivered to the
TF was ∼ 6.5 mW.

A sample of propylene with
4.99 parts per 106 by volume (ppmv)

of CO as specified by the supplier
(Scott Specialty Gases, Inc.) was used
in these studies. The QEPAS spectrum
of the sample acquired at P = 50 Torr,
65 sccm flow and τ = 1 s lock-in ampli-
fier time constant is shown in Fig. 3a.
The signal is represented by two quadra-
ture components X and Y . The presence
of an isolated CO absorption line is not
evident on the C3H6 background. How-
ever, a rotation of the reference frame
to the angle α = 22.3◦ resulted in the
data representation as shown in Fig. 3b,
where the X ′ component is free from
the C3H6 input. The R(14) absorption
line of CO is now clearly distinct with
the estimated SNR = 50 (1σ). Since
α = ϕ1 − 90◦ (indices 1 and 2 will re-
fer to C3H6 and CO, respectively), ϕ1 =
112.3◦. Similar measurements and data
processing were carried out at differ-
ent pressures in the 30 Torr to 150 Torr
range, and it was found that a pressure of
50 Torr results in the highest CO signal
component orthogonal to C3H6.

The rotation angle was manually ad-
justed in this study. However, it is pos-
sible to incorporate this procedure into

FIGURE 3 a Experimentally acquired QEPAS
data of CO doped propylene; b same data set after
reference frame rotation. Horizontal scale 0 cor-
responds to center of CO R(14) absorption line
at 2196.664 cm1. The vertical scale represents the
lock-in amplifier output voltage
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quasi-continuous online measurements.
This would require periodic detuning of
the laser wavelength from the CO ab-
sorption peak to one of the sufficiently
distant C3H6 peaks and a subsequent ad-
justment of the lock-in amplifier phase
to zero out the X ′ component.

In order to calibrate the sensor and
determine the angle ϕ2, pure CO was
added to the original gas sample so that
the resulting CO concentration became
much higher than 5 ppmv. The meas-
urements were performed as previously
at 50 Torr pressure. Figure 4 shows the
observed CO signal projection to X ′
(α = 23.3◦) at the R(14) line center as
a function of CO concentration derived
from dilution factor. The calibration co-
efficient calculated from the linear fit
of these data yielded a CO concentra-
tion of 7.0 ± 0.5 ppmv in the original
gas sample. The angle ϕ2 = 65.9±0.3◦
was found to be the same for all CO
concentrations, and ϕ1 = 111 ± 1◦ as
measured in the same experimental run.
Thus, θ2 > θ1 as shown in Fig. 1, and
according to (1) the thermalization of vi-
brational CO excitation in propylene is
slower than thermalization of the opti-
cally excited C3H6. Most probably the
first step of CO relaxation is the energy
transfer to a manifold of C3H6 rovibra-
tional states.

A knowledge of the instrumental lag
ψ is required to obtain complete phase
information. In our system the identified
sources of phase delays which are not
π/2 multiples are:

1. electronic delay between the sine
wave source (function generator)
and laser current modulation;

FIGURE 4 Peak intensity of the QEPAS signal
projection to X ′ (same reference frame rotation
as in Fig. 3b) as a function of CO concentration
in propylene. Vertical scale is the transimpedance
preamplifier output (preamplifier feedback resis-
tor is 10 MΩ Linear fit is forced through zero

2. phase lag between the laser current
modulation and wavelength modula-
tion;

3. phase shift between the thermal en-
ergy input and pressure in the acous-
tic microresonator

While the phase lags (1) and (2)
are constant and can be readily ac-
counted for, phase shift (3) is pressure-
dependent if the resonant frequency
of the microresonator is shifted from
f0. Such a shift is quite possible, be-
cause the microresonator geometry dif-
fers from the ideal half-wavelength-
long tube, and geometric tolerances are
limited by the used assembly technol-
ogy. Pressure variations change the mi-
croresonator Q-factor, which in turn
influences the phase shift. Our obser-
vations indirectly confirm the ψ depen-
dence on gas pressure. For example, the
relaxation time τ calculated for NH3 in
N2 based on the measured ϕ(P) (unpub-
lished data from [13]) assuming ψ(P) ≡
const, was found to be 1.5 ms Torr. Such
a slow relaxation would result in a 9
times signal drop when the gas pressure
is changed from 760 Torr to 30 Torr,
according to the factor 1√

1+tan2 θ
[3].

This is in contradiction with experimen-
tal observations (see Fig. 3 of [13]). In
addition, according to [14], V–T relax-
ation time of the lowest NH3 vibration
ν2 is only 85 µs Torr. Energy trans-
fer time from the vibrational state at
∼ 6500 cm−1 excited in [13] to transla-
tional motion should be about the same
because of fast collision-induced in-
tramolecular relaxation [15]. Therefore,
the observed ϕ(P) can not be explained
by phase lag related to NH3 relaxation.

The CO relaxation rate in propy-
lene can be evaluated if additional as-
sumptions are made. In [13] V–T re-
laxation of propylene is reported to be
faster than 6 ns at room temperature
and (presumably) atmospheric pres-
sure. If we assume it to be instanta-
neous (that is, τ � 1/ω) at 50 Torr, then
θ2 = ϕ1 −ϕ2 ≈ 45◦, and since the vibra-
tional heat capacity of CO at room tem-
perature is negligible, we obtain from
(1) τV–T (CO-C3H6) = tan(45◦) 50 Torr

2π 32 760 Hz ≈
240 µs Torr.

Similar phase measurements were
performed with N2O doping of propy-
lene by targeting the P(30) transition
of the ν3 mode at 2195.633 cm−1 [12].
Relaxation of N2O in propylene was

FIGURE 5 Tangent of the phase difference be-
tween N2O and propylene photoacoustic signals
as a function of the inverse pressure of the gas.
Linear fit is forced through zero

found to be much faster than CO, and
the phase difference is noticeable only
at P ∼ 10 Torr or less. The plot in Fig. 5
shows tan(ϕ1 −ϕ2) as a function of pres-
sure, index 2 now refers to N2O. If we
assume as before that θ2 = ϕ1 −ϕ2 and
Ctr/C0 ≈ 0.8 based on the data from [8],
the linear fit shown in Fig. 5 yields
τV–T (N2O-C3H6) ≈ 9 µs Torr. The as-
sumption of instant relaxation of C3H6
is less justified at lower pressures, which
makes the N2O relaxation time estimate
less reliable than the estimate for the CO
relaxation rate.

A measurement of V–T relaxation
rates was not the primary goal of this
work. Unambiguous QEPAS-based
phase measurements can be performed
if the acoustic microresonator is re-
moved from the sensor assembly,
thereby eliminating the ψ(P) depen-
dence. However, this would result in
∼ 10 times loss in detection sensitiv-
ity [11], which is not acceptable for trace
gas sensing applications.
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