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resolved measurements of absolute CO2 mole fraction in a 
laminar jet are also presented.
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1  LIF Introduction

Laser-induced fluorescence (LIF) is an established tech-
nique for spatially resolved imaging of gas temperature, 
pressure, velocity, and gaseous species along a laser beam 
[1–5] or in a laser sheet [6–11]. However, to date the vast 
majority of LIF and planar-LIF (PLIF) work has been con-
ducted at ultraviolet (UV) and visible (Vis) wavelengths 
due to the large Einstein A coefficients of electronic tran-
sitions and availability of high-power UV and Vis lasers. 
Tunable continuous-wave (CW) and pulsed lasers have 
also been used in the UV and Vis to scan across electronic 
absorption transitions and record absorption lineshapes via 
LIF; a few notable examples are [1, 2, 4, 10], and a review 
of diode laser-induced fluorescence can be found in [5].

Despite the relatively small Einstein A coefficients of 
rovibrational transitions in the infrared, IR-PLIF is an 
attractive technique due to its potential to image a pleth-
ora of molecular species that are not easily accessible in 
the UV or Vis (e.g., CO, CO2, H2O). To date, IR-LIF and 
IR-PLIF have received limited use and attention in the lit-
erature. Kirby and Hanson were the first to demonstrate IR-
PLIF, focusing initially on CO [12], CO2 [13], and saturated 
PLIF of CO2 [14], and they were able to achieve impres-
sive results with detection limits near 1000 ppm for CO and 
CO2. Rothamer and Hanson [15] later used a similar opti-
cal setup to image temperature and pressure in an underex-
panded jet using IR-PLIF. In addition, Alwahabi et al. [16] 

Abstract The design and demonstration of a new infra-
red laser-induced fluorescence (IR-LIF) technique that ena-
bles spatially resolved measurements of CO2, temperature, 
and pressure, with potential for velocity, are presented. A 
continuous-wave, wavelength-tunable, quantum-cascade 
laser (QCL) near 4.3µm with up to 120 mW was used to 
directly excite the asymmetric-stretch fundamental-vibra-
tion band of CO2 for approximately 200 to 105 times more 
absorbance compared with previous IR-LIF techniques. 
This enabled LIF detection limits (signal-to-noise ratio of 
1) of 20 and 70 ppm of CO2 in Ar and N2, respectively, at 
1 bar and 296 K in static-cell experiments. Simplified and 
detailed kinetic models for simulating the LIF signal as a 
function of gas properties are presented and enable quan-
titative, calibration-free, IR-LIF measurements of CO2 
mole fraction within 1–8 % of known values at 0.5–1 bar. 
By scanning the laser across two absorption transitions and 
performing a multi-line Voigt fit to the LIF signal, meas-
urements of temperature, pressure, and χCO2

 within 2 % 
of known values were obtained. LIF measurements of gas 
pressure at a repetition rate up to 200 Hz (in argon) are also 
presented. Planar-LIF (PLIF) was used to image steady and 
unsteady CO2–Ar jets at 330 frames per second with a spa-
tial signal-to-noise ratio (SNR) up to 25, corresponding to 
a detection limit (SNR = 1) of 200 ppm with a projected 
pixel size of 40µm. The gas pressure was measured within 
3± 2 % of the known value (1 bar) at 5 Hz by scanning 
the QCL across the P(42) absorption transition and least-
squares fitting a Voigt profile to the PLIF signal. Spatially 
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used scanned-wavelength excitation near 2.0µm to image 
CO2 lineshapes using IR-LIF, and Zetterberg et al. [17] used 
IR-PLIF of CO2 with excitation at 2.7µm to study cata-
lytic oxidation of CO in a harsh environment. These prior 
works have all relied on the use of high-power, pulsed lasers 
to excite the fundamental-vibration bands of these species 
via laser absorption of overtone and combination bands. Li 
et al. [18] used low-power CW tunable diode lasers near 
1.4µm for IR-LIF of H2O; however, the extremely small 
fluorescence signals (order of 10–100 pW) restricted the 
sensor to pressures below 53 mbar and required beam chop-
ping and a lock-in amplifier to achieve sufficient signal-to-
noise ratio at a measurement rate of 0.02 Hz.

To the best of our knowledge, the work presented here 
represents the first: (1) use of fundamental-vibration-band 
absorption in IR-LIF and IR-PLIF and (2) demonstration 
of CW IR-PLIF. A CW, wavelength-tunable, external-cav-
ity quantum-cascade laser (EC-QCL) was used to directly 
excite the asymmetric-stretch (ν3) fundamental-vibration 
band of CO2 for 200 [17] to 105 [14] times more absorb-
ance than previous CO2-based IR-PLIF techniques. These 
attributes enabled scanned-wavelength IR-LIF signals with 
≈50 times larger SNR (SNR ≈ 250 here with 0.5 % CO2 
at 1 bar in a non-optimized setup) despite ≈107 times less 
laser power compared with previous scanned-wavelength 
IR-LIF of CO2 [16]. This technique, with potential for spa-
tially resolved measurements of CO2, temperature, pres-
sure, and velocity in gaseous flows, is demonstrated here 
with (1) simultaneous LIF point measurements of tempera-
ture, pressure, and CO2 mole fraction in a static cell with ≈
0.5 % CO2 in Ar or N2 and (2) images of CO2 mole fraction 
and pressure in CO2–Ar jets. PLIF images were acquired 
at 330 FPS (limited by the camera frame rate) with an 
exposure time of 100µs (equivalent to 10 kFPS), which 
represents a 30× gain in IR-PLIF bandwidth. PLIF meas-
urements are demonstrated with a spatial SNR of 25, and 
pressure measurements accurate within 3 % of known val-
ues (1 bar) were acquired by scanning the QCL across the 
P(42) absorption transition at 5 Hz. These improvements in 
SNR and bandwidth coincide with a dramatically simpli-
fied experimental setup primarily consisting of a turnkey 
laser, commercially available lenses, and an IR detector or 
camera (see Fig. 5). Simplified and detailed kinetic models 

for simulating the LIF signal as a function of gas properties 
are presented and enable quantitative, calibration-free, IR-
LIF measurements of CO2 mole fraction within 1–8 % of 
known values at 0.5–1 bar.

2  Fundamentals of IR laser‑induced fluorescence

2.1  Theory

The fundamentals of IR-LIF are presented here to define 
the units, conventions, and physical processes that are 
used in the kinetic models presented in Sect. 4.2. Figure 1 
shows a simplified energy diagram highlighting the domi-
nant processes and vibrational states (labeled by the vibra-
tional quantum numbers v1v2v3) relevant to IR-LIF of CO2 
at 4.3µm.

The fluorescence signal, ignoring fluorescence trapping, 
at optical frequency ν in units of W is given by Eq. (1):

where all quantities are for the volume of gas being 
imaged and the fractional change in power across the 
imaged volume is negligible. If laser pumping does 
not significantly perturb the population in the absorb-
ing state and the imaged volume is optically thin, the 
Fraction Absorbed is given by the spectral absorbance, 
α(ν) = S(T)× P × χAbs ×Φ(ν)× Limaged where ν (cm−1

)  
is the optical frequency, S(T) (cm−2 atm−1) is the line-
strength of the absorption transition at temperature T, P 
(atm) is the pressure of the gas, χAbs is the absorbing spe-
cies mole fraction, Φ (cm) is the lineshape function of the 
absorption transition, and Limaged (cm) is the length of 
the gas volume being imaged. A Voigt profile was used 
to model the lineshape of all spectra. The Voigt profile 
depends on the Doppler and collisional full width at half 
maximum given by �νD = νo7.1623× 10−7

√
T/M and 

�νc = 2P
∑

k γkχk , respectively. M (g mol−1) is the molec-
ular weight of the absorbing species and γk (cm−1atm−1)  
is the collisional-broadening coefficient of perturber k. 
If the absorbing state is perturbed by laser pumping, the 
Fraction Absorbed can be calculated using Eq. (2):

(1)
SF(ν) = Incident power× fraction absorbed

× fraction emitted× fraction collected

Fig. 1  Simplified energy-level 
diagram for IR-LIF of CO2 at 
4.3µm. All states and energy-
transfer processes used in the 
simplified kinetic model are 
shown here
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where FAbsState is the fraction of absorbing molecules in 
the absorbing state and kAbs (s−1) is the rate coefficient for 
absorption given by Eq. (3).

Here, B12 is the Einstein B coefficient for the absorption 
transition related to the Einstein B coefficient for stimu-
lated emission (B21) by Eq. (4), I(ν) (W cm−2) is the radia-
tion intensity of the laser at ν, and c (cm s−1) is the speed of 
light.

where g1 and g2 are the degeneracy of the lower and upper 
states, respectively. Here, the degeneracy of each state is 
that of the rotational state (i.e., 2J + 1). B21 can be calcu-
lated from the Einstein A coefficient of the rovibrational 
transition, A21 (s−1) (taken from HITRAN 2012 database 
here [19]).

Here, h (J s) is Planck’s constant. The rate coefficient for 
stimulated emission out of the upper state is given by Eq. 
(6).

The fraction emitted is the fluorescence quantum yield, 
FQY, given by Eq. (7).

where FCO2,XY1 and FCO2,XY2 are the fraction of CO2 
molecules in the fluorescing vibrational states that were 
monitored (i.e., states with v3 = 1 or 2 here), respec-
tively, FCO2,000

 is the fraction of CO2 molecules in the 
absorbing vibrational state, FJ ′′ is the Boltzmann frac-
tion in the absorbing rotational state, and A001→000 
and A002→001 are the Einstein A coefficients for the 
ν3 = 1 → 0 and ν3 = 2 → 1 emission bands, respec-
tively. A001→000 ≈ 420 s−1 [19] and the A coefficients 
for emission from higher levels are approximated to 
scale linearly with quantum number. The values of FQY 
reported here are approximately 50× larger than those 
reported in Chapter 3 of [20] due to the lower tempera-
tures (300 K instead of 1000 K) and mixtures (CO2 in 
Ar compared with CO2 + H2O in N2) of interest here. 
In the interest of simplicity, it can be shown that the 

(2)Fraction absorbed =
FAbsStatekAbs

#incident photons/s

(3)kAbs = B12I(ν)φ(v)/c
2

(4)B12 =
g2

g1
B21

(5)B21 = A21
c3

8πh(νc)3

(6)kEmiss =
g2

g1
kAbs

(7)

FQY =

∑
X,Y (FCO2,XY1A001→000 + FCO2,XY2A002→001)

FCO2,000FJ ′′(T)kAbs

FQY for CO2 dilute in Ar ignoring collisional excita-
tion and assuming weak-excitation and steady state is 
approximately:

where nAr is the number density of argon, kVT,001→030/110 
is the sum of rate constants for intermodal VT transfer 
to the energy levels corresponding to 030 and 110 for 
CO2–Ar collisions which was modeled as equal to that 
of CO2–N2 collisions. For experiments in argon at 1 bar 
and 296 K, Eq. 8 is accurate to within ≈20 % of that cal-
culated using Eq. 7 and the detailed kinetic model pre-
sented in Sect. 4.2. The reader should also note that the 
FQY can vary with optical power, fluence, and pump-
ing method (CW vs. pulsed) if changing these variables 
alters state populations and the energy-transfer processes 
responsible for quenching. Therefore, caution should be 
taken when using these values with strategies different 
than reported here.

The fraction collected is given by Eq. (9):

where Ω (sr) is the solid angle of collection and η is the 
collection efficiency which is dictated by the fractional 
transmission of the collection optics and radiative trapping. 
More information regarding the influence of fluorescence 
trapping can be found in Sect. 7.3.

2.2  Calculation of gas properties

By scanning the laser across absorption transitions slowly 
compared to the characteristic time required for the fluo-
rescing states to reach steady state (τSS) and decay back to 
thermal equilibrium (τDecay), the LIF signal will trace the 
absorption lineshape (see Sect. 6.2). As a result, gas prop-
erties can be calculated from scanned-wavelength LIF sig-
nals in a manner that is analogous to scanned-wavelength 
direct-absorption techniques.

Calculation of χi: If the FQY and collection effi-
ciency are known and fluorescence trapping is negligible 
or known, the mole fraction of the absorbing/fluoresc-
ing species can be calculated from the integrated area 
under the LIF signal, ALIF, or the LIF signal at a given 
wavelength by comparing measured signals to simulated 
signals.

Calculation of T: If the laser is scanned across two 
rovibrational absorption transitions within the same 
vibrational band such that the FQY for both transi-
tions are equal and their lower-state energies are differ-
ent, the two-color ratio of integrated areas under each 
LIF signal is equal to the ratio of absorption transition 

(8)FQYSS ≈
A001→000

(nArkVT,001→030/110 + kEmiss + A001→000)

(9)Fraction collected =
Ω

4π
η
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linestrengths that is a function of temperature only [i.e., 
ALIF,2/ALIF,1 = S2(T)/S1(T) = f (T)].

Calculation of P: The gas pressure can be calculated from 
the best-fit collisional width obtained from least-squares fit-
ting a lineshape model (e.g., Voigt profile) to the LIF signal 
as a function of laser wavelength (P = �νc/2γmix).

Calculation of V: The velocity of the gas can be inferred 
from the Doppler-shifted LIF signal that is imaged along a 
beam path or sheet with a component in the direction of the 
flow.

It should be noted that when using this approach the 
calculation of temperature, pressure, and velocity are 
independent of FQY and radiative trapping. By taking a 
two-color ratio of LIF signals, the dependence on FQY 
and radiative trapping drops out since they are identical 
for all rovibrational transitions within the same vibra-
tional band (provided that the rotational states maintain 
a Boltzmann distribution). In addition, the pressure and 
velocity measurements only rely on the spectral shape or 
shift of the LIF signal and, therefore, do not depend on 
the FQY or radiative trapping provided that the SNR is 
large enough.

3  Species and wavelength selection

The asymmetric-stretch fundamental-vibration band of 
CO2 was chosen for IR-LIF and IR-PLIF for four pri-
mary reasons. (1) It is an exceptionally strong absorp-
tion and emission band with an Einstein A coefficient of 
420 s−1, which is more than 10 times larger than of any 
H2O, CO, or other CO2 bands [18–20]. (2) It can now 
be accessed via relatively high-power, narrow-linewidth, 
wavelength-tunable lasers. (3) Highly sensitive cryogen-
ically cooled InSb detectors and cameras are available to 
detect its fluorescence at 4.3µm. (4) Spatially resolved 
measurements of CO2 are relevant to a broad range of 
applications including combustion systems and indus-
trial processing.

The P(36) and P(42) CO2 transitions were used to pro-
vide a more robust sensor package that utilizes a commer-
cially available band-pass filter to reject scattered laser 
light. Figure 2 shows the absorbance spectrum of CO2 and 
the transmission curve of the band-pass filter used. The fil-
ter attenuates light near the linecenter of these transitions 
by 97–99 % to provide background-free LIF measurements 
of CO2. However, if scattered laser light is not a concern, 
use of CO2 absorption transitions that are 3.3–6.6 times 
stronger could be used for even larger LIF signals and 
lower detection limits if the corresponding increased deg-
radation in laser power across the volume of interest is not 
problematic or can be accounted for.

4  Spectroscopic and kinetic models 
for quantitative IR‑LIF of CO2

4.1  Spectroscopic database and model

The P(36) and P(42) absorption transitions near 2317.2 and 
2311.1 cm−1, respectively, were used to excite the ν3 vibra-
tion band of CO2. The P(23) transition near 2317.1 cm−1 
was used in combination with the P(36) transition for LIF 
thermometry. The linestrengths of each transition were 
taken from the HITRAN 2012 database [19] and were 
found to be accurate to within 2 %, as expected [21]. A 
Voigt profile was used to model the lineshape of each tran-
sition, and measured collisional-broadening coefficients 
were used to accurately model the absorbance at linecenter 
as a function of pressure and composition. N2- and Ar-
broadening coefficients were measured at 0.4–1 bar using 
a common scanned-wavelength direct-absorption tech-
nique [22]. Table 1 presents the most relevant spectroscopic 
parameters.

4.2  Kinetic model and IR photophysics

Kinetic models were developed using the general method-
ology of Kirby [20] (with a number of modifications) who 
acknowledged more than 80 vibrational states and 14,000 
energy-transfer processes to predict the LIF signal from 
the ν3 band of CO2 as a function of gas properties and laser 
parameters. While both models presented here are con-
siderably less complex, they are hereafter referred to as 
“simplified” and “detailed” kinetic models. The simplified 
model (see Fig. 1) operates by calculating the fractional 
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population of CO2 molecules in seven vibrational levels 
according to the most significant radiative and collision-
induced energy-transfer processes, whereas the detailed 
model (see Fig. 3) acknowledges 23 different vibrational 
levels for improved accuracy. All rotational states are 
assumed to be unperturbed by laser pumping and, there-
fore, maintain a Boltzmann population according to the 
gas temperature. This assumption is accurate given that the 
rate constant for rotational-energy transfer (RET), given by 
Eq. 10, is 2–3 orders of magnitude faster than the fastest 
vibrational-energy-transfer (VET) processes and 6–7 orders 
of magnitude faster than the fastest radiative processes.

For simplicity, vibrational modes are assumed to be inde-
pendent and harmonic and the energy-transfer rates are 
treated as independent of the axial spin momentum of the 
vibrational levels. As a result, simplified notation is used to 
define the vibrational states of CO2 using only three quan-
tum numbers: v1, v2, and v3; for example, a state labeled 

(10)kRET = 2πc�νc

“120” indicates that v1 = 1, v2 = 2, v3 = 0. The rate con-
stants used in this work have been scaled appropriately to 
be consistent with this approach given the degeneracy of 
each vibrational mode; more information validating this 
simplified approach can be found in Appendix C of [20].

4.2.1  Radiative transfer

Both kinetic models account for energy transfer due to laser 
absorption, stimulated emission, and fluorescence. Laser 
absorption transfers CO2 molecules from the absorbing 
vibrational and rotational states to an excited ν3 state (e.g., 
001) and upper rotational state. Collisions quickly equili-
brate the rotational states of the vibrationally hot molecules 
to a Boltzmann distribution and stimulated emission trans-
fers CO2 molecules in the upper vibrational and rotational 
states back down to the absorbing state. Unlike stimulated 
emission, fluorescence can occur for CO2 molecules in any 
rotational state (that is IR active) in an excited ν3 state such 
that the fluorescence spectrum mirrors that of absorbance. 
The rate coefficients of absorption and stimulated emission 
are given by Eqs. (3) and (6). It should be noted that the 
ν2 vibrational mode also fluoresces, but it is not of interest 
here and does not significantly alter the fractional popula-
tion within the ν2 mode.

4.2.2  Collision‑induced vibrational‑energy transfer

Collisions can shuffle CO2 into different vibrational states 
via four primary mechanisms: (1) Intramodal vibration-
translation (VT) transfer occurs when a collision moves 
CO2 up or down in vibrational energy with the energy dif-
ference going to (or coming from) translational energy of 
the collision partner. Due to the large vibrational-energy-
level spacing, these processes are relatively slow at low 
temperatures, but any excess energy transferred to the col-
lision partner is quickly equilibrated within the molecular 
ensemble. (2) Intermodal VT transfer occurs when a colli-
sion shuffles CO2 into a different vibrational state (usually 
of comparable energy) with the energy difference being 

Table 1  Spectroscopic parameters for CO2 absorption transitions used

Uncertainty of measured collisional-broadening coefficients is <5 %
a Indicates transition from v1v2v3 of 010 to 011, all other transitions are for 000 to 001

HITRAN 2012 Current study

Line  νo S(296K) E
′′

γAir(296K) γN2
(296K) γAr(296K)

cm−1 cm−2atm−1 cm−1 cm−1atm−1 cm−1atm−1 cm−1atm−1

P(42) 2311.1 11.78 704.3 0.079 0.068 0.051

P(23)a 2317.1 2.67 882.9 0.097 – –

P(36) 2317.2 24.80 519.5 0.085 – 0.051

CO2(400) 

CO2(070) CO2(002) N2(2) 

N2(1) 

CO2(000) 

CO2(011) 

CO2(021) 

CO2(031) CO2(111) 

CO2(101) 

CO2(110) 

CO2(120) 

CO2(220) 

CO2(230) 

Fermi 
Resonance 

Absorption 
Stim. Emiss. 
Fluorescence 

Intramodal VV Transfer 
Intermolecular VV Transfer 
VT Transfer 

CO2(010) 

CO2(001) 

CO2(100) 

CO2(130 or 210) 

Fig. 3  Detailed energy-level diagram for IR-LIF of CO2 at 4.3µm. 
All states and energy-transfer processes used in the detailed kinetic 
model are shown here
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transferred to (or from) translational energy of the collision 
partner. These processes can be fast, even at low tempera-
tures, if the energy difference between the initial and final 
state is small. One important example of intermodal VT 
transfer for this work is CO2(001)+M ↔ CO2(110)+M. 
(3) Intramodal vibration-vibration (VV) transfer occurs 
when two CO2 molecules collide and exchange vibrational 
energy to move toward or maintain a Boltzmann distribution 
within that vibrational mode; these processes are extremely 
fast due to them being near resonant. (4) Intermolecular VV 
transfer can occur when CO2 collides with a different mol-
ecule with a similar vibrational-energy-level spacing (e.g., 
N2 or CO). These processes are also extremely fast when 
they are near resonant. One important example of inter-
molecular VV transfer is that between the ν3 mode of CO2 
and N2 [e.g., CO2(001)+ N2(0) ↔ CO2(000)+ N2(1)]. 
Table 2 presents some example rates for a condition of 
interest here, and Table 3 presents some of the most per-
tinent rate constants for VET used in the kinetic models. 
Unless noted otherwise, the rate constants listed in Table 3 

were taken from Appendix C of [20] which provides the 
original sources. The rate constant for VT equilibration of 
the ν2 mode in Ar listed in [23] was used here since it ena-
bled more accurate LIF simulations than that used in [20].

4.2.3  Additional approximations

A harmonic oscillator approximation was used to scale higher-
order rate constants linearly with vibrational quantum num-
ber with the exception of the VV equilibration of the ν2 mode 
that was modeled as described in [24]; for example, the reac-
tion CO2(002)+ CO2(000) → CO2(001)+ CO2(001) 
proceeds twice as fast as the reaction CO2(001)+ CO2(000)

→ CO2(000)+ CO2(001). Furthermore, rate constants for 
transfer within a given vibrational mode are modeled as inde-
pendent of the vibrational energy within the other modes; for 
example, CO2(001)+ CO2(000) → CO2(000)+ CO2(001) 
proceeds at the same rate as CO2(001)+ CO2(XY0)

→ CO2(000)+ CO2(XY1) for all X and Y. In addition, sev-
eral intermodal VT-transfer rate constants needed in the detailed 
model are not known and, therefore, were estimated by com-
parison with similar processes; for example, the intermodal VT 
transfer out of 011, 021 and 101, and 031 and 111 were mod-
eled as 8, 12, and 16 times faster than kVT,001→110, respec-
tively, for M = N2, and 3.4, 5.1, and 6.8 times faster for M=Ar, 
respectively. These scaling factors were chosen to provide the 
best agreement between simulated and measured LIF signals 
shown in Figs. 6 and 7, but do not significantly influence the 
simulated LIF signals at pressures >0.25 bar.

4.2.4  Rate equations

With the dominant rate constants known, first-order differ-
ential equations were evaluated numerically to calculate the 
fraction of CO2 molecules in each vibrational state in the 

Table 2  Example rates for various energy-transfer processes for 
pumping the P(42) CO2 line at 1 bar, 296 K, and with 1 % CO2 in N2 
and a 100-mW, 2-mm-diameter laser beam at the absorption transi-
tion linecenter

Rates (s−1)

A001→000 = 4.20× 102

nkVT,001→000 = 5.90× 102

kAbs = 1.20× 103

nkVT,001→110 = 1.04× 105

nN2
kVV,001→000 = 2.77× 107

nCO2
kVV,001→000 = 2.99× 107

kRET = 2.56× 1010

Table 3  Rate constants for the most significant VET processes

Rate constants for the reverse direction are given by k × exp(−E/kbT) where E is the energy difference between the two states (e.g., 
E = 667 cm−1 for reaction #3)

Reaction #  Reaction Rate constants, at 296 K, cm3molecule−1s−1

1 CO2(001)+M → CO2(000)+M = 2.37× 10−17

2 CO2(001)+M → CO2(011)+M = 8.06× 10−17

3 CO2(010)+M → CO2(000)+M = 3.24× 10−15

4 CO2(001)+M → CO2(110)+M = 4.17× 10−15

5 CO2(001)+M → CO2(030)+M = 4.17× 10−15

6 CO2(000)+ N2(1) → CO2(001)+ N2(0) = 1.12× 10−12

7 CO2(100)+M → CO2(020)+M = 3.84× 10−12

8 CO2(010)+ CO2(000) → CO2(000)+ CO2(010) = 5.70× 10−11

9 CO2(100)+ CO2(000) → CO2(000)+ CO2(100) = 1.20× 10−10

10 CO2(001)+ CO2(000) → CO2(000)+ CO2(001) = 1.20× 10−10
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presence of laser radiation. At t = 0, all populations are set 
equal to that corresponding to thermal equilibrium at the 
gas temperature. Laser pumping is initiated at t = �t. Eq. 
(11) provides an abbreviated equation describing the num-
ber density of CO2 molecules in the 001 state; however, 
only Eqs. (12) and (13) are actually evaluated (for every 
state) in the model to avoid numerical precision errors. 
Analogous equations are solved for N2 vibrational states 
when applicable.

(11)

dnCO2,001(t)

dt
= nCO2,000(t −�t)FJ ′′(T)kAbs

− nCO2,001(t −�t)FJ ′(T)kEmiss

− nCO2,001(t −�t)A001→000

− nCO2,001(t −�t)nMkVT,001→110

+ nCO2,110(t −�t)nMkVT,110→001 + · · ·

Here, nCO2
 is the total number density of CO2 (molecules 

cm−3), nM is the number density of any collision partner, 
M, for which the rate constant applies, �t is the time step 
of the simulation (5–10 ns here), and FJ ′′ and FJ ′ are the 
fraction of CO2 molecules in the lower and upper rotational 
states, respectively, which are a function of temperature 
only.

Figure 4 (left) shows the fractional population in the 
fluorescing CO2 vibrational states for a simulation con-
ducted using the detailed model at 0.13 bar with 0.43 % 
CO2 in N2 and 100 mW of laser power. At this pressure, 

(12)
dFCO2,001(t)

dt
=

1

nCO2

dnCO2,001(t −�t)

dt

(13)

FCO2,001(t) = FCO2,001(t −�t)+
dFCO2,001(t −�t)

dt
�t
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the population in each excited state rises to its steady-
state value in ≈4 ms. With the populations in the vibra-
tional states known, simulated LIF signal can be calcu-
lated using the relations presented in Sect. 2. Figure 4 
(right) shows the corresponding simulated LIF signal for 
this condition with the collection and detection parame-
ters given in Sect. 5.

5  Experimental setups for LIF and PLIF 
measurements

5.1  LIF setup

A simplified schematic of the experimental setup used 
for IR-LIF is shown in Fig. 5 (left). Absorption and LIF 
measurements were acquired simultaneously with ≈0.5 % 
CO2 in Ar or N2 at 0.007 to 1 bar in a static cell. The 
cell has a 1.4 cm path length and 4CaF2 windows each 
with a 3-deg wedge. An external-cavity quantum-cascade 
laser (Daylight Solutions) producing 100–120 mW and a 
linewidth <5 MHz near 4.3µm was used to excite tran-
sitions in the asymmetric-stretch fundamental-vibration 
band of CO2. The amount of laser power entering the 
static cell was measured using a broadband power meter 
(Ophir) and the Gaussian waist of the laser beam was 1.9 
mm. During scanned-wavelength experiments, the laser’s 
wavelength was tuned across a rovibrational transition by 
sinusoidally modulating the piezo motor at 10–100 Hz. 
Prior to all experiments, the static cell was evacuated to 
<0.013 mbar and the light intensity transmitted through 
the static cell was measured and later used to calculate 
the absorbance of the test gas in subsequent tests. A solid 
germanium etalon with a free spectral range of 0.0163 
cm−1 was used to characterize the wavelength tuning of 
the laser. More information regarding the use of this laser 
can be found in [21]. A thermoelectrically cooled mer-
cury-cadmium-telluride (MCT) detector (Vigo Systems) 
with a 10-MHz bandwidth was used to measure the laser 
light transmitted through the static cell.

LIF was imaged orthogonal to the laser beam using 
an anti-reflection-coated CaF2 doublet (25.4 mm diam-
eter and focal length) providing a solid angle of collec-
tion of 0.1 sr and a liquid-N2-cooled InSb detector (IR 
associates) with a 2-mm-diameter active area (providing 
a spatial resolution of 2 mm with the doublet used here) 
and an external amplifier of variable gain. The detector 
and amplifier produced 3.27× 105 V/W at 4.3µm with a 
gain of 1x according to the manufacturer’s specifications, 
and this was verified within experimental uncertainty of 
12 %. A band-pass filter (Spectrogon NB-4245-090 nm) 

was used to reject scattered laser light and pass 54.7% 
of the fluorescence from the ν3 = 1 → 0 band of CO2 
(according to the manufacturer’s transmission curve and 
simulations performed using the HITRAN 2012 data-
base). After accounting for reflection losses, the total 
collection efficiency (η) of the optical setup was 0.49. 
Fluorescence trapping losses inside the gas cell reduced 
the collected LIF signal by an additional 2–8 % and was 
accounted for in the analysis. The entire optical setup 
was purged with N2 to minimize laser absorption and flu-
orescence trapping outside the gas cell. All signals were 
acquired at a sampling rate of 200 kHz–1 MHz with DC 
coupling using a National Instruments data acquisition 
system (PXI-6115).

5.2  PLIF setup

A simplified schematic of the experimental setup used for 
IR-PLIF is shown in Fig. 5 (right). In scanned-wavelength 
experiments, the wavelength of the laser was tuned ≈0.5 
cm−1 across the P(42) transition of CO2 near 2311.1 cm−1.  
Ar-coated BaF2 plano-concave and plano-convex lenses 
with a focal length of –40 and 200 mm, respectively, were 
used to expand the 1.9 mm laser beam to a full width at 
half maximum (FWHM) of 5 mm. A CaF2 cylindrical 
lens with a focal length of 18 cm was used to focus the 
expanded laser beam into a sheet with a thickness (FWHM) 
of 500µm. Of the original 120 mW of laser power, only 80 
mW reached the field of view due to reflections, and most 
significantly, absorption by ≈100 ppm of CO2 along the 
beam path.

An InSb camera (Telops FAST 650) was used to image 
the IR-PLIF of CO2 near 4.3µm without an optical filter 
(scattered laser light was not observed in the images). The 
camera’s full window (640× 512 pixels) was used in all 
images with a frame rate of 330 frames per second (FPS) 
and an exposure time of 100µs. The projected pixel size 
of all presented images is ≈40 µm and was calculated 
from images of static emitters of known size. Prior to each 
experiment, 100 dark images were recorded, averaged, 
and subtracted from each individual flow-field image. A 
MCT detector (Vigo Systems) was used to simultaneously 
monitor the path-integrated laser absorption through the 
jet.

Images were acquired in laminar and unsteady jets of 
0.5 % CO2 in Ar with and without Ar co-flow. The inner 
diameter of the core jet is 4.1 mm, and the co-flow jet has a 
diameter of 25.4 mm. Prior to entering the jet, independent 
streams of CO2 and Ar were regulated with flow meters and 
combined in a mixing manifold to achieve the desired mole 
fraction of CO2.



193Infrared planar laser-induced fluorescence with a CW quantum-cascade laser for spatially...

1 3

6  LIF results

6.1  Fixed‑wavelength IR‑LIF for kinetic model 
evaluation

Experiments were first conducted with the laser wavelength 
fixed on the absorption transition linecenter to evaluate 
the steady-state performance of the kinetic models used to 
simulate LIF signals. Figure 6 shows the measured steady-
state LIF signal with a detector gain of 1× (left) and the 
corresponding measured FQY (right) as functions of total 
gas pressure. With ≈120 mW of laser power, the LIF signal 
increases with increasing pressure until collisional broad-
ening and quenching take over near 0.1 bar. The measured 
FQY in argon decreases monotonically with increasing 

pressure and the simulated FQY agrees well with meas-
ured values, especially at pressures above 0.4 bar. Figure 7 
shows the measured and simulated LIF signals (left) and 
FQY (right) for experiments conducted in N2. Again the LIF 
signal increases with increasing pressure until collisional 
broadening and quenching take over, near 0.13 bar in N2. 
However, the FQY in N2 exhibits more complex behavior 
than for Ar. First, the FQY decreases with increasing pres-
sure up to ≈0.02 bar, then increases with increasing pressure 
up to 0.13 bar, and lastly decreases with increasing pres-
sure beyond 0.13 bar. The FQY simulated with the detailed 
model captures these trends, but with some error in mag-
nitude and location of inflection points. The measured and 
simulated LIF signals (using the detailed model) also agree 
well with each other, especially at pressure above 0.4 bar. 
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It is important to note that all quantities presented in 
Figs. 6 and 7 depend on the laser power, gas composition, 
and temperature. Increased laser power pushes the maxi-
mum LIF signal to greater pressures and increases the LIF 
signal. For χCO2

< 0.01 in Ar or N2 the FQY is nearly inde-
pendent of χCO2

, varying by only 0.2 %.
Comparing the results from the simplified and detailed 

kinetic models provides insight to the dominant processes 
that dictate the LIF signal. In general, the LIF signal cal-
culated using the simplified model overpredicts that of the 
detailed model. This is because the simplified model con-
strains all of the CO2 molecules to a smaller number of 
states, thereby leading to greater population in the fluoresc-
ing states and, therefore, greater LIF signal. In reality, the 
excess vibrational energy acquired from laser absorption 
flows to all vibrational states via collisions, thereby, reduc-
ing the population in the fluorescing states. As a result, in 
order for the simplified and detailed models to produce the 
same LIF signal, collisions must be (1) so rare or ineffec-
tive that they do not alter the population in the fluoresc-
ing states or (2) so pronounced that they prevent any one 
vibrational state from being significantly excited. These 
two conditions are hereafter referred to as the low-pressure 
and high-pressure limits. Figures 6 and 7 indicate that the 
low-pressure limit occurs around 25 mbar for CO2 in Ar, 
but at much lower pressures in N2 due to fast intermolecu-
lar VV transfer. Conversely, the high-pressure limit was 
nearly reached in N2 (occurs near 2.6 bar in N2), but not in 
Ar where the comparatively slow VT transfer is the primary 
mechanism for deactivating the CO2 ν3 band.

In all cases, the disagreements between measured and 
simulated LIF signals and FQY at lower pressures are 
most likely a result of acknowledging too few vibrational 
states in the kinetic models. At low pressures, many excited 

vibrational levels are significantly populated, and therefore, 
energy transfer between more states (than addressed here) 
must be acknowledged to accurately model the population 
within any given level. That said, more rate constants must 
also be known to accurately model the populations in the 
many excited states that exist at low pressures. Regardless, 
the exceptional agreement between measured and simu-
lated quantities (using the detailed model) above 0.4 bar 
suggests that the detailed model and most significant rate 
constants presented in Sect. 4.2.2 are accurate.

6.2  Scanned‑wavelength IR‑LIF

Scanned-wavelength experiments are presented to demon-
strate the ability of this technique to infer absorption spec-
tra from LIF data and, therefore, provide spatially resolved 
measurements of temperature, pressure, composition, and 
velocity analogous to scanned-wavelength direct-absorp-
tion techniques [3].

6.2.1  IR‑LIF measurements of temperature, pressure 
and χCO2

Figure 8 shows the measured absorbance and LIF signals 
while sinusoidally modulating the wavelength of the EC-
QCL at 10 Hz (left) and peak-normalized signals with the 
best-fit Voigt profile (right). The LIF signal is corrected for 
the laser intensity modulation and wavelength-dependent 
absorption along the line of sight that occurs prior to the 
volume of gas being imaged. The LIF signal traces the 
absorbance profile and the best-fit Voigt profile applied to 
the LIF signal recovers the known collisional width and, 
therefore, gas pressure within 2 % of the known value. The 
best-fit integrated area (2.9× 10−3 V per cm−1

) agrees 
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within 6 % of that calculated using the detailed kinetic 
model and, therefore, recovers the known χCO2

 within 6 %. 
Measurements of χCO2

 and pressure were repeated at pres-
sures up to 1 bar in argon and recovered known values 
within 1–8 % where the accuracy steadily improved with 
increasing pressure.

Figure 9 shows the measured LIF signal and best-fit 
Voigt profiles for a single scan at 20 Hz across two CO2 
absorption transitions in the ν3 band. The temperature, pres-
sure, and χCO2

 calculated using the best-fit integrated areas 
and collisional width (of the P(36) transition) agree within 

2 % of known values. It should be noted that when using 
two transitions in different excited vibrational states (011 
and 001 here), the pressure must be sufficient to equilibrate 
the fluorescing ν3 states (>0.4 bar here) in order for the 
FQY to be equal for both transitions. This requirement can 
be avoided by using two different rovibrational transitions 
with the same upper vibrational state as is recommended 
in Sect. 2.2. Furthermore, isolated transitions with a larger 
difference in lower-state energy should be used for a more 
sensitive and robust IR-LIF thermometer.

6.2.2  Influence of scan rate and τ

If the laser is scanned across the absorption transition fast 
compared with τSS or τDecay, then the LIF signal will not 
trace the absorbance spectrum (see Fig. 10). Figure 10 
(left) shows measured absorbance and LIF signals in Ar at 
66 mbar for two consecutive scans. The LIF signal exhib-
its an abrupt rise when the laser becomes resonant with the 
absorption transition and then decays once the laser moves 
off the absorption transition. In Ar the energy transfer is 
relatively fast and the results shown in Fig. 10 indicate that 
τDecay ≈ 0.33ms even at only 66 mbar. However, in N2 τSS 
and τDecay are much longer since the vibrational mode of N2 
can store and release a large amount of energy (from and 
to CO2) analogous to a large capacitor when VT relaxation 
of N2 is slow (e.g., at low temperatures and/or in absence 
of H2O as is the case here). Figure 10 (right) shows that 
at 0.124 bar, τDecay ≈ 12 ms, and thus, ≈36 ms must pass 
before the LIF signal has decayed to 5 % of its peak signal. 
To further demonstrate the accuracy of the detailed kinetic 
model, Fig. 10 also shows the simulated LIF signal as func-
tion of time calculated with a time-varying absorbance. 
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While differences do exist, the simulated signal tracks the 
measured LIF signal well indicating that the dominant rate 
constants and states are modeled accurately in the detailed 
kinetic model presented in Sect. 4.2.2. Conversely, if the 
quenching rates and FQY cannot be calculated a priori 
(e.g., due to unknown gas composition or temperature), 
fast wavelength scanning could be employed to measure 
the local decay (i.e., quenching) rate out of the fluoresc-
ing state for calibration of the kinetic models presented in  
Sect. 4.2.

Increasing the gas pressure decreases τDecay (via 
increased collision frequency) and, therefore, enables faster 
measurements of absorbance spectra via LIF. Figure 11 
shows peak-normalized absorbance and LIF signals for one 
complete modulation period with the laser scanning across 
the P(42) transition at 200 Hz. The LIF signal traces the 
absorption spectrum enabling measurements of pressure 
and χCO2

 at 200 Hz via scanned-wavelength LIF. It should 
be noted that some distortion in LIF signals was observed 
at faster scan rates, indicating that 200 Hz is close to the 
maximum repetition rate possible at 1 bar with 0.5 % CO2 
in Ar at 296 K. Increasing the gas pressure, temperature, 
or χCO2

 could enable faster measurement rates, but likely 
at the cost of reduced LIF signals via increased quenching.

7  PLIF results

7.1   Fixed‑wavelength PLIF

Fixed-wavelength experiments with the laser centered on 
the P(42) transition’s linecenter were conducted to image 
unsteady CO2–Ar jets. Figure 12 (top) shows three con-
secutive images of a free jet with a Reynolds number, 

ReD = ρUD/µ, of 2760 where ρ, U, and µ are the gas den-
sity, velocity, and viscosity, respectively, and D is the inner 
diameter of the core jet. The images highlight the unsteady 
structure of the jet, which is consistent with its ReD, and the 
utility of this technique to image flow structure. A hexago-
nal cylinder was then placed in the center of the jet to cause 
the flow to bifurcate and create further structure. Figure 12 
(bottom) shows three consecutive images of an obstructed 
jet with ReD = 1960. The images indicate that each arm of 
the jet exhibits different degrees of unsteadiness. Several 
10× 10 pixel regions in the core of the free jet were used to 
calculate the spatial SNR (given by the mean signal divided 
by its standard deviation). The spatial SNR varied from 
22–25 for the images with approximately 0.5 % CO2 in Ar, 
80 mW of laser power, and a 100µs exposure time.

All images shown were corrected for the degrada-
tion of laser power across the jet (due to absorption) 
as follows. (1) The raw LIF signal across a row of pix-
els, SF(x), was converted to an approximate line-of-
sight (LOS) distribution of CO2 mole fraction, χCO2

(x),  
by scaling the peak-normalized (for a given row) SF(x) 
by the known value of χCO2

 in the jet core. (2) The 
fraction of optical power (or irradiance) reaching a 
given point, xi, was then calculated using Beer’s Law: 
I(xi)/Io = exp[−

∫ xi
0 S(T)PχCO2

(x)φ(ν)dx]. (3) The cor-
rected LIF signal at xi was then calculated by multiply-
ing the raw LIF signal at xi by Io/I(xi). Steps 1–3 were 
repeated, with χCO2

(x) now calculated in Step 1 using the 
corrected LIF signal, until χCO2

(x) went unchanged with 
subsequent iterations; typically only two iterations were 
needed here. The near-Gaussian power distribution of the 
laser sheet (in the y-direction) was not corrected for.

7.2   Scanned‑wavelength PLIF

Scanned-wavelength experiments were conducted in a lam-
inar CO2–Ar jet with ReD = 690 in Ar co-flow. The QCL 
was scanned across the P(42) transition and the PLIF sig-
nal was imaged at 330 fps. Figure 13 (top) shows the PLIF 
image of the jet at an instant in time with the laser near the 
transition linecenter, and Fig. 13 (bottom) shows the aver-
age PLIF signal in a 2× 2 pixel window as a function of 
time. The PLIF signal traces the corresponding absorption 
lineshape and a best-fit Voigt profile (applied to the PLIF 
signal as a function of laser wavelength) yields a collisional 
width of 0.049 cm−1 atm−1, which corresponds to a pres-
sure of 0.98 bar (i.e., 3 % error).

Figure 14 shows the imaged mole fraction of 
CO2 across the jet in a 5-row-average plane located 
7.9± 0.1mm downstream of the jet exit. The measured 
line-of-sight absorption was used to calibrate the imaged 
distribution to absolute χCO2

. In the absence of non-uni-
form trapping, highly precise quantitative measurements 
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of relative concentration in CO2–Ar jets in Ar co-flow are 
enabled due to the absorption lineshape and FQY (i.e., 
quenching) being nearly independent of CO2 mole frac-
tion for the range of interest here; for example, the FQY 
and φ(νo) vary by 0.15 and 0.3 %, respectively, for χCO2

 

between 0 and 1 % in Ar according to the model presented 
in Sect. 4.2. For CO2–Ar jets ejecting into only N2, the 
maximum uncertainty in FQY and φ(νo) would be 15 and 
25 %, respectively, due to differences in N2-broadening 
and collisional quenching.
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7.3  Influence of fluorescence trapping

In IR-LIF, the fluorescence spectrum is resonant (or near 
resonant) with the absorbance spectrum of the absorb-
ing/fluorescing species. As a result, the fluorescence sig-
nal is absorbed in route to the camera/detector according 
to Beer’s Law and the gas conditions along the imaging 
path. For the results presented here, a reasonable estimate 
for the fluorescence-trapping-induced uncertainty in the 
imaged distribution of χCO2

 is 11 % of the local value. 
This uncertainty corresponds to the percent decrease in 
LIF signal (which is assumed to be completely resonant 
with the absorbance spectrum) across the radius of the jet 
with a constant 0.5 % CO2. Some rays (originating from 
points located near the perimeter of the jet) traverse a 
shorter distance and will be attenuated less, and other rays 
may traverse a slightly longer distance and be attenuated 
more.

Figure 15 illustrates the quasi-exponential dependence of 
the transmitted ν3 = 1 → 0 LIF signal on the path length of 
the trapping volume and the strong dependence on χCO2

 and 
temperature, the latter of which results primarily from partition-
function effects. The dependence on the trapping path length 
and χCO2

 can be used to assess the scalability of our technique 
(and CO2 ν3 PLIF of others [13, 15, 17]) since the FQY and line 
broadening exhibit a comparatively weak dependence on χCO2

 
[20]. In the event that larger systems or larger amounts of χCO2

 
are of interest, weaker absorption transitions in the ν3 band can 
be pumped (if the degradation of laser power due to absorption 
is problematic) and the increase in fluorescence trapping losses 

may be tolerable due to the quasi-exponential dependence on 
trapping path length and χCO2

.

7.4  Comparison with past work

To provide greater insight and intuition regarding this CW 
IR-PLIF technique, this section will briefly compare the 
results reported here with those of Kirby and Hanson [13, 
20] who used high-power pulsed excitation of CO2 at 2µm 
to image PLIF of CO2 from the ν3 band. Assuming equal 
gas conditions, FQY, fluorescence trapping losses, and col-
lection efficiency (including camera response), the ratio of 
fluorescence signals between the current study (CS) and 
that of Kirby and Hanson (KH) is:

where τInt is the integration time of the camera and Vsheet 
is the volume of the laser sheet. For the 5× larger integra-
tion times used here and assuming a 20 mJ, 6 ns pulse with 
1000× less absorbance and an 8× larger laser sheet for 
Kirby and Hanson [13], SF,CS

SF,KH
≈ 7. Assuming shot-noise-

limited images, SNRCS ≈ 3× SNRKH which is close 
(given the many approximations embedded in Eq. 14) to 
the ≈5× gain in detection limit we report here. That said, 
pumping weaker absorption bands with higher powers 
does have several advantages including reduced degra-
dation of laser power across the PLIF volume, ability to 

(14)
SF,CS

SF,KH
≈

[Photons in per τInt per Vsheet × S(T)]CS

[Photons in per pulse per Vsheet × S(T)]KH
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use shorter exposure times, and reduced need to purge the 
beam path.

8  Conclusions

Scanned-wavelength IR-LIF and IR-PLIF techniques for 
spatially resolved imaging of temperature, pressure, and CO2 
mole fraction have been presented and demonstrated. These 
methods use a quantum-cascade laser with up to 120 mW of 
power to directly excite the ν3 fundamental-vibration band 
of CO2 for 200 to 105 times more absorbance than past IR-
LIF and IR-PLIF work done with CO2. LIF measurements 
of temperature, pressure, and CO2 mole fraction within 
2 % of known values were obtained by scanning the laser 
across two CO2 absorption transitions and least-squares fit-
ting a Voigt profile to the two transitions. Two-dimensional 
measurements of CO2 and pressure were also demonstrated 
in CO2–argon jets using IR-PLIF. In addition, simplified 
and detailed kinetic models were presented to enable quan-
titative, calibration-free measurements of CO2 via LIF. As a 
result, this technique shows potential for studying a variety 
of applications with non-uniform composition (assuming 
differences in species-specific broadening and quenching are 
minor as is the case here) and pressure fields, with possible 
extension to imaging temperature and velocity.
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