Absolute CO number densities measured using TALIF in a
non-thermal plasma environment
Citation for published version (APA):
Damen, M. A., Hage, D. A. C. M., van de Steeg, A. W., Martini, L. M., & Engeln, R. A. H. (2019). Absolute CO
number densities measured using TALIF in a non-thermal plasma environment. Plasma Sources Science and
Technology, 28(11), [115006]. https://doi.org/10.1088/1361-6595/ab496e

Document license:
TAVERNE
DOI:
10.1088/1361-6595/ab496e
Document status and date:
Published: 07/11/2019
Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)
Please check the document version of this publication:
• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.
• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.
If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 27. Sep. 2021

Plasma Sources Science and Technology

PAPER

Absolute CO number densities measured using TALIF in a non-thermal
plasma environment
To cite this article: M A Damen et al 2019 Plasma Sources Sci. Technol. 28 115006

View the article online for updates and enhancements.

This content was downloaded from IP address 131.155.144.47 on 08/01/2020 at 07:39

Plasma Sources Science and Technology
Plasma Sources Sci. Technol. 28 (2019) 115006 (7pp)

https://doi.org/10.1088/1361-6595/ab496e

Absolute CO number densities measured
using TALIF in a non-thermal plasma
environment
M A Damen , D A C M Hage, A W van de Steeg1 , L M Martini
R Engeln

and

Department of Applied Physics, Eindhoven University of Technology, 5600MB Eindhoven,
The Netherlands
E-mail: r.engeln@tue.nl
Received 23 May 2019, revised 20 August 2019
Accepted for publication 30 September 2019
Published 7 November 2019
Abstract

We report ﬁrst measurements of time-resolved absolute CO number densities and rotational
temperatures in a non-thermal CO2 plasma environment using TALIF with a nanosecond pulsed
laser. Two-photon excitation spectra from the B1S+(v′ = 0)← X1S+(v″ = 0) Q-branch are
recorded and ﬁtted to extract rotational temperatures. Absolute number densities are determined
from the frequency-integrated excitation spectrum. The plasma under investigation is a pulsed
glow discharge operated at a frequency of 60Hz with an plasma-on time of 5ms per plasma
cycle, 50mA plasma current and a pressure of 6.67mbar. CO number densities range from
(2.6  0.6) ´ 10 22 m−3 to (1.2  0.3) ´ 10 22 m−3, while rotational temperatures range from
370±40K to 700±70K at the beginning and end of the plasma-on phase, respectively. Our
results show fair agreement with literature data.
Keywords: carbon dioxide plasma, glow discharge, two-photon absorption laser-induced
ﬂuorescence, carbon monoxide, absolute number densities, rotational temperatures
1. Introduction

To the authors knowledge, no TALIF studies on CO in a
(non-thermal) plasma environment have yet been reported.
While Raman scattering can measure both the rotational
temperature and CO number density spatially and temporally
resolved [11–13], CO sensitivity is low in a CO2 environment
using Raman scattering due to crosstalk from CO2 [13].
Similarly, absorption techniques using tunable infrared lasers
or fourier-transform infrared spectroscopy provide line-ofsight instead of spatially resolved measurements and typically
do not allow nanosecond time resolutions. TALIF on CO
provides both the high spatial and temporal resolution, while
also being species selective (in both excitation and detection),
making the technique well suited for rotational temperature
and CO number density measurements in a CO2-rich
environment.
Many of the studies on TALIF applied to CO report on
two-photon absorption using the B1S+(v′ = 0)←X1S+(v″ = 0)
Q-branch [7, 14, 15], with ﬂuorescence being detected from the
B1S+(v′=0)  A1P(v″) transition (450–700 nm). Alternatively,
some investigations use the C1S+(v′ = 0)←X1S+(v″ = 0)

Two-photon absorption laser-induced ﬂuorescence (TALIF)
is a spectroscopic technique that allows species-selective
ground-state number densities to be determined with a high
space and time resolution for species that require high energy
photons for electronic excitation. Absorption of two photons
can be used to make these high-lying electronic energy levels
accessible without the need for experimentally challenging
VUV excitation wavelengths. TALIF is hence typically
applied to atomic species like hydrogen [1, 2], nitrogen [2–4]
or oxygen [2, 5, 6]. However, two-photon excitation is also
required for some molecular species like CO, which has
relatively high-lying electronic states [7, 8]. Some TALIF
measurements have already been performed on CO in combustion studies because of its low CO detection limit [9, 10].
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Q-branch for excitation, since this eliminates potential singlephoton absorption crosstalk from C2 at 230nm without a signiﬁcant impact on ﬂuorescence yield [7, 10, 16]. Excitation to the
B1S+ state however has the advantage of having well documented quenching rates and level constants of the B1S+ state, in
contrast to the C1S+ electronic level. Hence, excitation to the
B1S+ state is employed in this study.
The aim of this paper is to measure time-resolved absolute number densities of CO in a CO2 glow discharge. These
glow discharges are well studied, both historically for their
application in CO2 lasers [17–19] and more recently to study
CO2 vibrational kinetics [13, 20, 21] for the synthesis of solar
fuels [22–24]. Due to its uniformity in the positive column,
CO number densities have been measured with both absorption spectroscopy [20, 25] and rotational Raman spectroscopy
[13]. This allows comparison of measured temporally
resolved CO number densities using TALIF with previously
reported number densities. Furthermore, a glow discharge can
be operated in a favourable pressure window of a few millibars, avoiding radiative trapping at lower pressures [14] while
minimizing non-radiative losses from the electronically exited
state at higher pressures.

2. Experimental methods

Figure 1. A schematic representation of the TALIF setup in (a),

where the tunable excitation wavelength was generated by a
combination of a Nd:YAG laser, a tunable dye laser and a frequency
doubling crystal. The laser beam was focussed into a Pyrex reactor,
where the ﬂuorescence was collected at a 90° angle and focussed
into a glass ﬁber. The ﬁber was connected to a photomultiplier tube
and a oscilloscope to record the ﬂuorescence signal. The pulse delay
generator was used to generate two plasma cycles for each laser
pulse, as shown in (b). The laser pulse was shifted by a time td with
respect to the start of the plasma cycle.

2.1. Excitation and detection system

The experimental setup is shown schematically in ﬁgure 1(a).
A frequency tripled nanosecond pulsed Nd:YAG laser
(Spectra Physics Quanta Ray PRO 290-30) was used to pump
a dye laser (Sirah PrecisionScan, Coumarin 460 dye) and
create vertically polarized light with a tunable wavelength
around 460nm. The dye laser output was frequency doubled
using a SHG BBO crystal to generate a tunable wavelength
around 230nm with a spectral width of about 0.18cm−1 and
an energy of 10μJ per pulse.
The laser beam was focussed into the center of the
plasma reactor (both longitudinally and radially) using a
combination of a negative ( f=−200 mm) and positive lens
( f=100 mm). Fluorescence at the laser focus was collected
by a lens ( f=35 mm), spatially ﬁltered by an iris and focused
into a glass ﬁber with a diameter of 200 μm by a second
lens ( f=30 mm). Light from the ﬁber passed through a
bandpass ﬁlter (Thorlabs FB520-10, FWHM 10 nm) centered at
520nm, thus only detecting the B1S+(v′ = 0) A1P(v″ = 2)
transition to minimize detection of plasma emission. Fluorescence from this band was detected using a photomultiplier
tube (Hamamatsu R12829) and recorded by an oscilloscope
(Keysight DSOX3034T).

high voltage and grounded electrodes are spaced 16cm apart
and are placed opposite to gas inlet and outlet, respectively.
The high voltage electrode was connected via a 50kΩ
resistor to a high-voltage power ampliﬁer (Trek 10/40A-HS)
operating in constant current mode at 50mA. A pulse delay
generator (Stanford Research Systems DG535) was used to
provide the triggers (both lamps and Q-switch) at the operating frequency of the laser (30 Hz). The same pulse delay
generator was used to generate two plasma cycles with a 5ms
on-time and a 11.67ms off-time each (60 Hz) upon each laser
shot, as illustrated in ﬁgure 1(b). The respective plasma ontime was chosen in accordance with experiments performed
by Klarenaar et al [20], while the repetition rate of the plasma
was chosen as twice the laser repetition rate.
A pure CO2 gas ﬂow (Linde 4.5 Instrument, 99.995%
purity) of 7.4sccm was supplied using a mass ﬂow controller
(Bronkhorst F-201CV). This leads to a plasma residence time
of a few seconds, where the molecules experience about 100
plasma cycles on average before exiting the active region of
the discharge. The pressure was kept constant at 6.67mbar by
automatically adjusting the effective pumping speed of a dry
Roots pump (Pfeiffer ACP 15) through control of an automatic valve (Pfeiffer EVR 116) using a feedback controller
(Pfeiffer RVC 300) and a pressure gauge (Pfeiffer CMR 263).

2.2. Plasma setup

The plasma reactor that was used in this study is shown
schematically in ﬁgure 1(a) and is made of Pyrex. It consists
of a 18.5cm long cylinder with a 2cm internal diameter,
extending at both ends 2.5cm into a Pyrex KF40 adapter,
resulting in a total internal reactor length of 23.7cm. The
2
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that the ground state is not signiﬁcantly depleted (analogues
to the linear regime in single-photon absorption) [28].
It has been shown by Di Teodoro et al that the quenching
frequency Q for the B1S+ state does not depend on the
rotational level J [14], and therefore the spectral proﬁle of If is
fully determined by the two-photon rate coefﬁcient sˆ (2).
Calculation of this two-photon rate coefﬁcient follows the
method reported by Di Rosa et al [15], where the O and S
branches are omitted. The absence of these branches was
veriﬁed experimentally and is supported by calculations of
two-photon Hönl–London factors [29] (see appendix). The
calculations show Q-branch transition strengths to be over
two orders of magnitude larger than those of the O and S
branches for all J ¹ 0 for a typical ratio of linearly and circularly polarized light SllQ SccQ of 200 [30].

Conditions were very similar to work performed by
Klarenaar et al, including pressure, gas ﬂow and plasma
current and thus similar reduced electric ﬁelds of about 60Td
are expected [20].
2.3. Experimental procedure

Custom software was used to perform a stepwise scan of the
excitation frequency and to subsequently record the ﬂuorescence averaged over 128 laser shots. The ﬂuorescence was
corrected for any background illumination, integrated over
time and then combined into an excitation spectrum. An
excitation spectrum in pure CO at room temperature was
recorded for intensity, laser linewidth and wavelength calibration. The plasma cycle was subsequently started, allowing
approximately 5min for stabilization of the plasma before
measuring an excitation spectrum at a given time delay td with
respect to the start of the plasma cycle. Laser energy measurements were performed using a power meter for both the
reference measurement and time-series in the plasma to allow
correction for changes in laser energy over time.

3.2. Collisional quenching

While direct measurement of the quenching parameter from
the effective lifetime is preferred, this is not possible since the
nanosecond laser pulse duration is longer than expected
effective lifetimes. Additionally, radiation trapping of
B1S+  X1S+ radiation can cause the effective lifetime to
exceed the natural lifetime [14], signiﬁcantly complicating the
extraction of the quenching frequency from the effective
lifetime. The quenching frequency Q is hence calculated from
known quenching rate coefﬁcients and an estimate for the
plasma conversion. This plasma conversion factor α is
deﬁned as

3. Theory
3.1. Spectral profile of fluorescence

The spectral proﬁle of the measured two-photon excitation
spectrum depends on the rotational temperature, with rotational lines of CO typically being convoluted due to pressure
and Doppler broadening. The limited linewidth of a nanosecond laser system however allows rotational temperatures
to be extracted from the ﬂuorescence emission rate If using a
ﬁtting procedure for the full excitation spectrum. At our
experimental conditions, Doppler broadening is typically one
order of magnitude larger than pressure broadening and
similar to the laser broadening. Hence a further improvement
on the resolvability of the rotational lines can be achieved by
measuring Doppler-free excitation spectra, although this is
experimentally challenging [5, 26].
For a given electronic transition j  k , this emission
rate Ir is proportional to the product of the Stern–Volmer
factor describing ﬂuorescence yield, the photon ﬂux density
I˜ in m−2 s−1, two-photon rate coefﬁcient sˆ (2) in m4 s1 and the
CO number density N0 in m−3 [15, 27]:
If µ

Ajk
sˆ (2) (I˜ )2 N0.
˜
Q + RI + åi ¹ jAji

a=

[CO]
,
[CO] + [CO2]

(2 )

where [CO] and [CO2] are the molecular number densities of
CO and CO2, respectively. It has been shown previously that
the global and local gas mixture are identical (i.e. good
mixing between the species is present in the reactor) [13, 20].
From the CO2 dissociation reaction 2CO2  2CO + O2 it is
assumed that for every two molecules of CO2, two molecules
of CO and a single molecule of O2 are formed. Although
atomic oxygen is also likely formed [31], its number density
is expected to be very low with respect to molecular oxygen
and thus its contribution to the quenching frequency is
neglected [32]. From this dissociation reaction, the molecular
fraction of CO2 ( fCO2 ) can be calculated
fCO2 =

(1 )

1-a
.
1+a 2

(3 )

Similarly, the molecular fractions for CO and O2 are
a 2
a
given by fCO = 1 + a 2 and fO2 = 1 + a 2 , respectively.
Given these molecular fraction equations, the total quenching
frequency Q is

Here Aji is the Einstein A coefﬁcient for spontaneous
emission, Q is the total collisional quenching frequency and R
is the single-photon ionization rate coefﬁcient. It was
experimentally veriﬁed that the ﬂuorescence scales with the
square of the laser power and hence it can be concluded that
the product of RI˜ is negligible compared to the quenching
frequency Q and the sum of the Einstein A coefﬁcients at our
pulse energies. A signiﬁcant ionization contribution would
result in a sub-quadratic scaling. Additionally, this conﬁrms

Q = (qCO2 fCO2 + qCO fCO + qO2 fO2 ) p

(4 )

with qCO2 , qCO and qO2 temperature-dependent quenching rate
coefﬁcients [33] and p the total pressure. Here, CO2 manifests
the highest collisional quenching rate with respect to O2 and
CO, with quenching rate coefﬁcients of 19.9, 14.1 and
6.0MHzmbar−1, respectively, at 296K.
3
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from detected plasma emission and/or stray light. The normalized spectral shape Φ as a function of the two-photon
excitation frequency Wc is given by
F (Wc ) = ^
s (2) (Wc ) /

ò0

¥

(2)

^
s (Wc ) dWc .

(5 )

Frequencies of rotational lines are calculated from the
electronic level spacing E and the rotational and centrifugal
constants B and D of the lower and upper electronic state,
respectively, [8] and an empirical relation for the pressure
shift [34]. Line proﬁles are represented using a Voigt proﬁle,
including contributions for Doppler broadening and an
empirical relation for pressure broadening [34]. Furthermore,
we assume a constant spectral laser proﬁle over the full
Q-branch, as well as J-independent Doppler and pressure
broadening. The rotational temperature Trot is assumed to be
equal to the gas temperature T [17] and the pressure is measured directly using a pressure gauge. The effective spectral
laser width is determined by ﬁtting a room-temperature
excitation spectrum with a high signal-to-noise ratio and is
subsequently ﬁxed for plasma measurements.
The computational algorithm is tested on data from literature by Di Rosa et al [15] at room-temperature (294 K) and
a pressure of 17kPa. The spectrum is ﬁtted using the above
algorithm, resulting in a temperature of 299K and a pressure
of 16.1kPa.
Number densities of CO in the X1S+(v=0) state can be
calculated by integrating the excitation spectrum over the
B1S+(v′ = 0) ¬ X1S+(v″ = 0) two-photon excitation frequency. Due to the normalization of F (Wc), the CO
X1S+(v=0) number density NCO,0 can be expressed as

Figure 2. An example of calculated quenching frequencies in (a) and

Stern–Volmer factors in (b), as a function of the plasma conversion
parameter α at temperatures of 300 K and 1000K. The Stern–
Volmer factor increases with increasing plasma conversion as a
result of the lower quenching rate coefﬁcients of CO and O2 with
respect to CO2. Shaded regions represent the (systematic) uncertainties in the calculated values as a result of literature data
uncertainties.

Figure 2(a) shows calculated quenching frequencies as a
function of the plasma conversion factor α for two different
temperatures, while ﬁgure 2(b) shows the related Stern–
Volmer factors. Klarenaar et al [20] found a conversion of
a = 0.18 in a very similar plasma. Even when taking our
initial estimation for the plasma conversion ã in the range of
0 < ã < 0.36, the Stern–Volmer factor only varies by 12%
over this range at 300K and 9% at 1000K. A rough indication of the plasma conversion ã is thus sufﬁcient to estimate the B1S+ quenching frequencies, which in turn allows
CO number densities to be determined within reasonable
accuracy. This is generally true for systems with limited
changes in gas composition or similar quenching rate coefﬁcients for the reactants and products. The plasma conversion
α can subsequently be determined with a signiﬁcantly smaller
error margin than the initial plasma conversion estimation ã.

NCO,0 =

1
2
Q + tnat Pref G
Nref ,
1
2
Q ref + t nat P Gref

(6 )

where Nref is the known number density from the reference
measurement. Q and Qref are the quenching frequencies at
plasma and reference conditions, respectively. P and Pref
represent the measured laser power during the plasma and
reference measurements, while Γ and Γref are the ﬁtted
intensities for the plasma and reference measurements. The
number density of CO in the X1S+(v=0) state can be generalised to the total CO number density NCO if the vibrational
temperature and type of vibrational distribution are known.
It has been reported previously that CO vibrational
temperatures can exceed rotational temperatures substantially
in a glow discharge [20], resulting in a signiﬁcant population
of higher vibrational levels. Vibrational temperatures reach up
to 1400K at 0.7ms after the start of the pulse, resulting in up
to 11% of the CO molecules to be excited above the vibrational ground-state [20]. In contrast, just before starting the
plasma only 0.05% of the CO molecules is excited to higher
vibrational levels at an equilibrium temperature of T=400K
[20]. Total CO number densities are thus determined from the
X1S+(v=0) number densities and the calculated population
of excited vibrational levels by using the vibrational temperatures as measured by Klarenaar et al and assuming a
Treanor vibrational distribution [20].

4. Computational methods
To be able to analyze measured excitation spectra, a computational procedure has been developed to calculate and ﬁt
these excitation spectra to extract the rotational temperature
and spectral integral of the excitation spectrum. The ﬁtting
function decouples the excitation spectrum into a normalized
shape F (Wc) and its amplitude Γ and is thus given by
 (Wc) = GF (Wc) + G0 . Here G0 is introduced as an adjustable
ﬁtting parameter to account for the intensity offset resulting
4
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Figure 3. Measured excitation spectra and their corresponding least-

squares ﬁts at room temperature in (a) and during the cooldown
period of the plasma (t=7.5 ms) in (b).

5. Results
Two-photon excitation spectra were taken at different times
during the plasma cycle by scanning the laser stepwise across
23cm−1, starting at an excitation frequency of 86 914cm−1,
including rotational levels 0 J 28. Two normalized
excitation spectra measured at room temperature and during
the cooldown phase of the plasma (t=7.5 ms) are shown in
ﬁgures 3(a) and (b), respectively. The corresponding leastsquares ﬁt for the measurement at t=7.5 ms results in a
rotational temperature of Trot=510±50 K.
Figure 3 shows a clear difference in the population over
the rotational states between the excitation spectrum measured at room temperature and during the plasma cycle. By
ﬁtting the full excitation spectrum, reliable rotational temperatures can be extracted from the overall shape of the
spectrum despite the noise. Furthermore, due to the increased
spacing between rotational levels, (partly) resolved lines are
visible at excitation frequencies above about 86 920cm−1,
corresponding to J > 10.
Recorded rotational temperatures during the full plasma
cycle are shown in ﬁgure 4(a). The start of the plasma-on
phase is deﬁned as the time origin and corresponds to a
rotational temperature of Trot=370±40 K. Measured
rotational temperatures rise quickly after starting the plasma,
with the rate of heating going down until the rotational
temperature reaches the maximum of Trot=700±70 K at
t=4.9 ms. When the plasma is turned off, rotational temperatures exponentially drop until reaching the minimum
temperature again just before another plasma-on phase starts.
The measured rotational temperature trends are in good
agreement with earlier data acquired by Klarenaar et al [20],
while absolute rotational temperatures are slightly lower. To

Figure 4. Measured rotational temperatures in (a), CO X1S+ number
densities in (b) and corresponding plasma conversion α in (c) at
different times during the plasma cycle and in the cooldown period.
A 1σ ﬁtting error is taken into account for the rotational temperature
uncertainty. Additionally, an estimated 10% uncertainty is included
to account for drift in laser power during an excitation scan and
a difference in state-to-state Einstein A-coefﬁcients from the
X1S+(v=0) state average. Number density error bars only include
statistical errors, while the systematic error is about 20%.

match the discharge frequency to our laser repetition rate
however, the plasma-off time was increased from 10 to
11.67ms, while the plasma-on time remained the same. As a
result, our duty cycle was about 10% lower, resulting in lower
overall rotational temperatures.
Figure 4(b) shows measured CO number densities, with
corresponding plasma conversion shown in ﬁgure 4(c) at
different times during the plasma cycle. The CO number
density is not affected signiﬁcantly by the initial estimation
for the plasma conversion, needed for the calculation of the
Stern–Volmer factor (as shown in ﬁgure 2(b)). Hence the
initial estimation for the plasma conversion is taken as
ã = 0.18  0.18, in agreement with the discussion in
section 3.2. Error bars include only the statistical errors to
allow easy comparison of trends during the plasma cycle. It
should be noted that an additional systematic error of 20% is
5
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present. Changes in number densities qualitatively follow the
inverse trend of the measured temperatures, suggesting an
isobaric expansion of the plasma volume from heating during
the plasma-on phase.
Measured CO number densities, as well as the plasma
conversion show similar trends to the FTIR study done by
Klarenaar et al in a very similar plasma reactor [13, 20]. Here
CO number densities were measured of about 1.9×1022 m−3
just before the plasma-on phase starts, while number densities
decreased to about 1.2×1022 m−3 at the end of this plasma-on
phase. Our number densities as well as the time-averaged
plasma conversion of 22%±4% are in fair agreement, especially when taking into account the 20% systematic error.

Appendix. Two-photon Hönl–London factors
The two-photon selection rules restrict the allowed transitions
to ΔJ=0, −2, +2, corresponding to the Q, O and S branches, respectively. For two-photon absorption by CO of linearly polarized light, the corresponding Hönl–London factors
are calculated by Bray et al [29]
SllO = C (2J + 1)

1 2
m bJ- 2, J ,
45 s

(A.1)

6. Conclusions
⎛1
⎞
1 2
SllQ = C (2J + 1) ⎜ m2I +
m bJ , J ⎟ ,
⎝9
⎠
45 s

We have demonstrated a method to determine time-resolved
rotational temperatures and absolute CO number densities in
a CO2 glow discharge using TALIF with a nanosecond
pulsed laser. This was done by analyzing two-photon
excitation spectra of CO using an appropriate ﬁtting
routine, where the full Q-branch excitation spectrum of the
B1S+(v′ = 0)← X1S+(v″ = 0) transition was used. The ﬁtting routine was checked against a previously published high
signal-to-noise ratio excitation spectrum at room temperature, where good agreement was found with our ﬁtting
routine.
It has been shown experimentally that measured rotational temperatures show fair agreement with previously
measured rotational temperatures. CO number densities and
plasma conversion were also determined from the excitation
spectrum measurements by compensating for quenching
based on a rough estimation of plasma conversion and excitation of higher vibrational levels. Our number densities show
good agreement with CO number densities measured in previous studies, thus showing applicability of TALIF on CO in
a plasma environment.
The presented method for rotational temperature measurements is applicable to any nanosecond pulsed laser system with sufﬁciently narrow linewidth and even allows
measuring arbitrary rotational distributions with only minor
changes. Absolute CO number density measurements can be
extended to any system where the local pressure and an
estimate of the gas composition can be guessed. Our method
will produce reliable results for CO number densities if
changes in quenching frequency are limited.

SllS = C (2J + 1)

1 2
m bJ + 2, J .
45 s

(A.2)

(A.3)

Here m2I and m2S are invariants of the two-photon polarizability tensor, C is a constant, to allow for normalization
(SllO + SllQ + SllS = 2J + 1) and bJ - 2, J , bJ , J and bJ + 2, J are
Placzek–Teller coefﬁcients given by Long et al [35]:
3 J (J - 1 )
,
2 (2J + 1)(2J - 1)

(A.4)

J (J + 1 )
,
(2J - 1)(2J + 3)

(A.5)

3 (J + 1)(J + 2)
.
2 (2J + 1)(2J + 3)

(A.6)

bJ- 2, J =
bJ , J =
bJ + 2, J =

Using the fact that the sum of these Placzek–Teller
coefﬁcients equals unity, the normalization factor C can easily
be determined as
C=

⎛1 2
1 2⎞⎟-1
⎜ m +
m
.
⎝9 I
45 s ⎠

(A.7)

Determining the relative values of the invariants of the
polarizability tensor m2I and m2s is often done through the
relative intensity of the Q-branch upon excitation by twophoton linearly and circularly polarized light, respectively.
According to Bray et al [29], the Hönl–London factor of the
Q-branch for two-photon absorption of circularly polarized
light SQ
cc is given by
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m bJ , J .
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By combining equations (A.2) and (A.8), we ﬁnd that the
ratio between the Hönl–London factors for linearly and circularly polarized light is given by
SllQ
SccQ
6

=

2
2⎛
5 mI ⎞
⎜⎜1 +
⎟⎟.
3⎝
bJ , J m2s ⎠

(A.9)
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Figure A1. Calculated normalized Hönl–London factors for the O, Q
and S branch, based on a Hönl–London factor ratio of linearly and
circularly polarized light SllQ SccQ of 200 [30], as a function of the
rotational level J. This plot excludes J = 0, since the calculation
of the ratio of the invariants of the polarizability tensor is not deﬁned
at J = 0. For this ratio, the Q-branch Hönl–London factor is
approximately 2 orders of magnitude larger than that of the O and
S branches.

It is experimentally found by Tjossem et al that the ratio
SllQ /SccQ is typically over 200 [30]. Using this experimental
result, the ratio between the invariants of the polarizability
tensor m2I and m2s can be determined and subsequently, the
Hönl–London factors for two-photon absorption of linearly
polarized light can be calculated for each J ¹ 0 . The
dependence of the Hönl–London factors in equations (A.1),
(A.2) and (A.3) is shown in ﬁgure A1. It shows that the Hönl–
London factor of the Q-branch is approximately 2 orders of
magnitude larger than the line strengths of the O and S
branches for any value of the rotational quantum number
J ¹ 0, which is also conﬁrmed experimentally by the absence
of the O and S branches [7, 30, 36].
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