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Abstract
Efficient storage and producing CO2-neutral fuels are the major challenges in reducing carbon
emissions worldwide. A means of solving both is thought to be conversion of CO2 to chemical fuels.
The first step in this process is the dissociation of the CO2 molecule, has been described to reach high
efficiencies through vibrational ladder climbing of the asymmetric stretch mode in a non-equilibrium
plasma. [1] The temperature of this mode can be obtained through Raman spectroscopy, an
accurate model is required to provide the exact temperature. A heater has been designed for
experiments up to 570K and a CO2-diluted hydrogen-air co-flow flame was used to obtain vibrational
spectra for temperatures up to 1870K. Six strategies of simulations have been compared. Using
cross-sections provided by Lemus et al. [2] combined with rotational broadening simulated the most
accurate the vibrational spectrum of CO2. This method can be further extended to non-equilibrium
plasmas, as all rotational and vibrational temperatures can be fitted independently. Also, a nonintrusive way of measuring the vibrational temperature in a pure CO2 environment, through
integration of both the Stokes and anti-Stokes Raman signal, was tested and found applicable.
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Introduction
Global warming is one of the major challenges mankind faces today. The main driving factor of
global warming is carbon dioxide emission. In the transition towards renewable energy resources
many problems are still to be solved. Electricity produced by photovoltaics and wind are for example
subject to weather conditions and availability of daylight. Supply and demand not always match.
Storage of electric energy from renewable sources in an efficient way is required to balance supply
and demand on a continuous basis.
Moreover, only 20% of the global energy demand is currently in the form of electricity [1], while the
majority is consumed as chemical fuels. Replacement of the existing infrastructures for storage and
distribution of energy would highly impact society.
The option to convert electricity into chemical fuels in an efficient way and on a large scale is seen as
a break through solution for the energy transition. Energy produced by renewable energy sources
would be stored and distributed as chemical fuels making use of existing and common used energy
distribution and transportation networks. CO2 can be converted into carbon-based fuels like CH4, to
be stored and transported in commonly available infrastructures. The total energy cycle is CO2neutral, as there is no net CO2 exiting the cycle.
The first step in this process is the conversion of CO2 into CO. A means of making this reaction
happen efficiently is through non-equilibrium plasma chemistry. Plasma is a gaseous state of matter
in which molecules are partially or fully ionized. The energy of a plasma is stored in translational,
excitation of electrons and, in the case of a molecular plasma, vibrational and rotational energy.
In an equilibrium plasma, temperatures are equal. In contrast, a non-equilibrium plasma has
different temperatures for each of the modes, which can be used to intensify chemical processes
and reach higher efficiencies. [1] In figure 1, three ways of plasma dissociation of CO2 are shown. On
the left, ideal plasma dissociation through vibrational ladder climbing is shown. No excess heat is
released, resulting in no energy loss. The stepwise excitation of the vibrational mode results in the
absence of overshoot of energy. In the middle, dissociation through thermal excitation is shown,
resulting in high excess heat. The right picture shows the involvement of a mix of both, with a partial
excitation through ladder climbing. The result of all three processes is CO. However, vibrational
ladder climbing is clearly the most favourable because of its high efficiency.
Because of the large energy spacing between vibrational levels of the asymmetric stretch, the
relaxation time to translations is relatively long, as collisions with an excess energy ΔE>>kBT have
very small probabilities. Relaxation within the asymmetric stretch are therefore very fast. [12] This
makes this vibrational mode highly suitable for vibrational ladder climbing, without tumbling down
and losing its energy to translations. This is why the asymmetric stretch mode is of particular interest
for achieving CO2 dissociation.

Figure 1: Potential energy diagrams, with respect to the length one O-CO bond. Illustrated in (a), (b) and (c) are three ways
of CO2 dissociation. In (a), the ideal efficient dissociation is reached through stepwise vibrational excitation. (b), however,
shows the dissociative excitation, which releases a large excess of energy through heat. Finally, in (c), a mix of both (a) and
(b) is shown, excitation through vibrationally activated excitation, which is highly efficient as well. [2]

In order to successfully perform and further optimize the plasma dissociation of CO2, we must first
understand the CO2 spectrum in order to find the temperatures of the internal modes, as only then
non-equilibrium conditions can be measured instead of expected.
The Raman signal between 1000-1550cm-1 shows the excitation of several modes, including the
asymmetric stretch. The measurement of all vibrational temperatures within this range is non-trivial
as the transition within the asymmetric stretch does not appear in this part of the spectrum. Usually,
it is measured and fitted using FTIR. [11] However, because this is an integrated and not a spatially
resolved measurement, colder edges of the setup dilute the signal.
This report describes a means of modelling the spectrum of CO2 and obtain the temperature of
internal energy modes for both equilibrium and non-equilibrium plasmas.
Such a model must first be benchmarked on a thermal gas or plasma. In a thermal equilibrium, the
translational temperature can be determined by diluting the CO2 with another molecule, like N2, and
determining the temperature through that spectrum. This report also describes how the vibrational
temperature of a CO2 gas or plasma can be determined in the same setup and requiring only little
computing power.

Theoretical background
Energy distribution and quantization
According to Boltzmann statistics, the chance of finding a certain system, which can be a particle, a
mode etc., in a certain energy state is equal to

where
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is the partition function, E is the energy of the system, kB is the Boltzmann constant, T is the
temperature in K. p is the chance of finding the system in a state with energy E. g is the degeneracy
factor of each energy level, for CO2 modes either 1 or 2. In quantum mechanics this is a sum, as
energy levels are then quantized and transitions require or release energy.
The energy required for a transition between two levels is equal to the energy gap between states
and vice versa. The energy and wavelength of a photon emitted or absorbed at transition are related
through
𝐸𝐸1 − 𝐸𝐸2 = ℎ𝑐𝑐𝑐𝑐 .

(3)

Here, E1 and E2 are the initial and final states of the particle, h is the Planck constant, c is the speed
of light in vacuum and v is the wavenumber in cm-1. When the probability function (1) is applied to
(3), one can see that for different temperatures, different intensities of the lines within the spectra
can be obtained, the line positions remain unchanged. This is the case because only states which
have been excited by thermal excitation can be occupied and can undergo transitions to and from
these states.

Raman scattering
Upon shining a beam of light through a gas, liquid or transparent solid, it is scattered because of
interactions with the substance it went through. This scattered light is omnidirectional and can thus
be observed from the side. Two scattering processes are shown in figure 2. An internal mode of the
molecule is excited to a virtual state, then falls back into a stable state. The scattering which results
in a photon with the same wavelength as the incident beam is called Rayleigh scattering. It is also
possible that the scattered photon gains energy from or loses energy to the molecule, resulting in a
spectral shift. This effect is called the Raman effect and is widely used for spectroscopy research on
molecules and their internal structure.

Figure 2: The process of Rayleigh and Raman scattering illustrated in a Jablonski diagram. [6]

In the case of Raman scattering, the energy of the scattered photon differs from that of the incident
photon. If the energy of the scattered photon is lower than that of the incident photon, the process
is called Stokes Raman scattering. If however the scattered photon has a higher energy than the
incident photon, it is called anti-Stokes Raman scattering. The shift in energy corresponds with the
energy associated with the transition of internal molecular energy levels. It is therefore possible
extract data about population of states within the system from the obtained spectrum. Raman
scattering is an inelastic process, because the energy changes in the scattering process. All three
scattering processes are illustrated in figure 2. For this research, both Stokes and anti-Stokes Raman
scattering are used.

Energy levels
In order to model the spectrum of a molecule, there are two major factors which have to be taken
into account. First of all, the population of the internal energy states must be modelled. Then the
interaction probability, described by the cross section, must be applied. These two combined give
the observed spectrum.
In general, the energy of a poly-atomic molecule is stored in classes of freedom. The first is the
transversal mode, this is the movement in x-, y- and z-direction. The second is in the vibrational
mode, the energy stored in the vibrations of the bonds between the atoms. The third is the
rotational mode, the energy associated with rotational movement of the molecule. The energy
distribution in these modes follows a Boltzmann distribution and can thus be described by a
temperature. For thermal equilibrium, all modes have the same temperature, however, for nonequilibrium plasmas, this is not the case.

Rotational energy levels
Due to their linear shape, molecules like N2 and CO2 can be approximated by a rigid rotator. Thus,
their moment of inertia, I, can classically be described by
𝑚𝑚 𝑚𝑚

𝐼𝐼 = 𝑚𝑚 1+𝑚𝑚2 𝑟𝑟 2

(4)
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with m1 and m2 the masses at the ends of the rotor and r2 their distance to the centre of the
molecule. Furthermore, we introduce
𝐹𝐹(𝐽𝐽) =

𝐸𝐸
ℎ𝑐𝑐

=

+ 1) = 𝐵𝐵𝐵𝐵(𝐽𝐽 + 1)

with F(J), the rotational term in cm-1, and B, is called the rotational constant. More specifically:
𝐵𝐵 =

The shift in wavenumbers is then given by

ℎ
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𝑣𝑣 = 𝐹𝐹(𝐽𝐽′ ) − 𝐹𝐹(𝐽𝐽′′ ) = 𝐵𝐵𝐽𝐽′ (𝐽𝐽′ + 1) − 𝐵𝐵𝐵𝐵′′(𝐽𝐽′′ + 1),

(6)

(7)

where J’ and J’’ are the rotational quantum numbers of the initial and final state, respectively.
For CO2 molecules, the selection rule for Raman rotation,
Δ𝐽𝐽 = 0, ±2

must be applied. For these symmetric molecules, the Raman shift in wavenumbers, vJ->J+2, is then
given by

(8)
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𝑣𝑣𝐽𝐽→𝐽𝐽+2 = (4𝐵𝐵 − 6𝐷𝐷) �𝐽𝐽 + � − 8𝐷𝐷 �𝐽𝐽 + � .

(9)

Here, B >>D [7], by which can be derived that the distance between rotational lines is nearly
equidistant. For higher rotational levels, however, the second term does contribute to broadening
intervals between rotational lines.

Vibrational energy levels
The potential curve of the bonds in a molecule can be approximated by an anharmonic oscillator. For
a diatomic molecule with only a single vibrational mode, this is done similarly to the rotational
energy levels, namely by differ The potential energy function of the classic anharmonic oscillator is
inserted in the Schrödinger equation, which results in an energy, in term values, given by
1
2

1 2
2

1 3
2

𝐺𝐺(𝑣𝑣) = 𝜔𝜔𝑒𝑒 �𝑣𝑣 + � − 𝜔𝜔𝑒𝑒 𝑥𝑥𝑒𝑒 �𝑣𝑣 + � + 𝜔𝜔𝑒𝑒 𝑦𝑦𝑒𝑒 �𝑣𝑣 + � + ⋯.

(10)

Here v is the vibrational quantum number, which is by definition a positive integer, ωe, xe and ye are
vibrational constants of the bond, with ωe >> ωexe >> ωeye . This formula also shows that the energy
spacing between vibrational levels decreases with increasing v due to the anharmonicity of the
potential.
For a molecule with a single bond, these energy states are relatively simple to solve. For a more
complicated molecule like CO2, complications arise as it has three modes of vibration. The first of the
modes, noted with v1, is the symmetric stretch mode. The v2 mode is the bending mode. This
particular mode is double degenerate, as it can bend both horizontally and vertically. The third
mode, v3 is the asymmetric stretch mode, which is associated with dissociation of the molecule. [1]
These three modes are shown in figure 3. The notation for the vibrational state of CO2 is (v1 v2l v3)r,
where r is only used in case of a fermi resonant state and l is used for indicating the number of
possible configurations of v2.

Figure 3: The vibrational modes of CO2, the blue arrows indicate the second possible direction of the v2 mode. [8]

The bending mode of CO2 is, apart from its ground state, double degenerate. This is because the
bends in the horizontal and vertical plane behave independently. The vibrational states of the CO2
molecule could be naively considered as (v1 v2H v2V v3)r, with v2 split up in its vertical and horizontal
component. Since v2H and v2V are quantum mechanically indistinguishable, this can be regarded a
‘rotation’ of the C atom around the molecular axis. The states are therefore described by two new
quantum numbers: v2 and l. The quantum number l, with l=v2, v2-2…-v2, then determines the
direction of rotation around the molecular axis, which is either clockwise or counter clockwise. As

this direction of rotation cannot be distinguished in the spectrum, the states with l≠0 are double
degenerate. The l=0 state is special as it is the only single degenerate bending state, as there is then
no rotation.
Two vibrational modes in CO2 interact through an interaction called Fermi resonance if the vibrations
have the same symmetry and the energies are similar. The symmetry of two states is the same if l
and v3 are the same. For CO2 this happens to be the case for
𝑣𝑣1 ≈ 2𝑣𝑣2 .

(11)

This results in frequency shifts and mixing of wavefunctions. [9] This also means that we cannot
speak of (100) and (0200) states anymore as these are Fermi resonant. The perturbed states can be
written as a linear combination of the unperturbed energy states, e.g.:
𝜓𝜓�100 0�1 = 𝛼𝛼11 𝜓𝜓100 0 + 𝛼𝛼12 𝜓𝜓020 0

and

𝜓𝜓�100 0�2 = 𝛼𝛼21 𝜓𝜓100 0 + 𝛼𝛼22 𝜓𝜓020 0,

(12)

where 𝛼𝛼11 , 𝛼𝛼12 , 𝛼𝛼and 𝛼𝛼22 are normalization constants, 𝜓𝜓(100)1 and 𝜓𝜓(100)2 are the wavefunctions
of the perturbed states (1000)1 and (1000)2, respectively. This also means that in literature, we will
only find states with l=v2, as the other values are Fermi resonant and therefore indicated by the
highest v1 value applicable. For example:
(400 0)1 :

𝛼𝛼11 (400 0) + 𝛼𝛼12 (320 0) + 𝛼𝛼13 (240 0) + 𝛼𝛼14 (160 0) + 𝛼𝛼15 (080 0)

(400 0)2 :

𝛼𝛼21 (400 0) + 𝛼𝛼22 (320 0) + 𝛼𝛼23 (240 0) + 𝛼𝛼24 (160 0) + 𝛼𝛼25 (080 0)

(400 0)5 :

𝛼𝛼51 (400 0) + 𝛼𝛼52 (320 0) + 𝛼𝛼53 (240 0) + 𝛼𝛼54 (160 0) + 𝛼𝛼55 (080 0)

…

where all normalization constants are noted with 𝛼𝛼𝑟𝑟𝑟𝑟 where m=1,2,..,r-1,r is a running index
number. One can also see that r=1,2…v1, v1+1.
The energy shift due to this resonance is given by

𝑉𝑉 2

with

ΔΕ (2) = 𝐸𝐸 0 −𝐸𝐸0

(13)

� �𝜓𝜓1 >,
𝑉𝑉 = < 𝜓𝜓2 �𝐻𝐻

(14)
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1

and E0 is the representation of the unperturbed energy of each wavefunction. This results in, for the
(100)2 state, the perturbed mode found at 1285cm-1 rather than 1334cm-1. [10] As this applies to all
other resonances, we find that the vibrational spectrum of CO2 has two bands in the spectrum
around 1300cm-1.

Rovibrational energy levels
The actual observed spectrum is a combination of both the rotational and the vibrational states, this
is called the rovibrational spectrum. The line positions are then given by the combination of (7) and
(10):
𝑣𝑣 = �𝐺𝐺 ′ + 𝐹𝐹 ′ (𝐽𝐽)� − (𝐺𝐺 ′′ + 𝐹𝐹 ′′ (𝐽𝐽)).

(15)

However, because there are no J transitions within this spectrum, the dependency of the transitions
on J, vJ, is very weak. When combining constant J with (7) and a Boltzmann factor and the rotational
degeneracy, we find that nJ is the rotational level density:
𝑛𝑛𝐽𝐽 = (2𝐽𝐽 + 1)exp(−

ℎ𝑐𝑐𝐵𝐵′′ 𝐽𝐽(𝐽𝐽+1)
).
𝑘𝑘𝐵𝐵 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟

(16)

The result of (15) and (16) is shown in figure 4. For low v a low intensity is found, which corresponds
with the low degeneracy of those states. Then, the intensity increases due to increasing degeneracy
and finally it falls of exponentially for higher levels due their lower occupancy, as described by (16).

Figure 4: Indication of the distribution of rotational lines in a Q-branch band. The Raman shift is indicated with respect to
the vibrational line. [11]

Stokes and anti-Stokes intensities
A way of measuring temperature through spectroscopy, is by using the ratio between the Stokes and
anti-Stokes signal. The anti-Stokes spectrum is not often measured, as it contains the same
information as the Stokes signal but has a lower intensity. However, the ratio of the Stokes and antiStokes intensities is related to the temperature through
𝐼𝐼𝐴𝐴𝐴𝐴
𝐼𝐼𝑆𝑆

𝑣𝑣 +∆𝑣𝑣𝑖𝑖 (𝑇𝑇) 4
ℎ𝑐𝑐𝜔𝜔𝑖𝑖
� exp �−
�. [12]
𝑘𝑘𝐵𝐵 𝑇𝑇
0 −∆𝑣𝑣𝑖𝑖 (𝑇𝑇)

= �𝑣𝑣0

(17)

Here, IAS and IS are the intensities of the anti-Stokes and Stokes signal, respectively, v0 is the laser
wavelength in cm-1, h is Planck’s constant, T is the temperature in Kelvin, c is the light speed in
vacuum in cm/s, kB is Boltzmann’s constant and ωi is the wavenumber of the first transition. The
quartic term corrects for the difference in cross sections between both spectra, as the scattering
over the spectrum scales with v-4. The second term corresponds with the Boltzmann distribution for
different temperatures and specific energies.

Model methodology
A model for the CO2 rovibrational spectrum can be used for temperature measurement of CO2 with
two major advantages over using the Stokes and anti-Stokes intensities. The first is that it needs only
one measurement, as either Stokes or anti-Stokes signal provides enough information. The second is
that it can determine the temperature of each vibrational and rotational mode separately. This is
particularly beneficial for measurements in non-equilibrium plasmas, where these are not equal.
Before the model can be used to determine the occupation of different modes in non-equilibrium
plasma’s, it must first be designed and benchmarked.
Modelling the spectrum is done using three methodologies. The fully computational methods: by
Zilles and Carter [13] and Stephenson and Blint [14], these will be called NASA’s method and
Stephenson’s method in short. The third is using the values of the cross-sections provided by Lemus
et al. [2] The first steps are the same for both computational methods. The calculation of the crosssections does not apply to the method using Lemus, as then the cross-sections are provided. First,
the vibrational energy levels are derived by combining (10), the energy of an anharmonic oscillator,
and (13), the energy shift for Fermi resonant states, for all three vibrational states, which results in
𝐺𝐺 0 (𝑣𝑣1 , 𝑣𝑣2 , 𝑣𝑣3 ) = ∑3𝑘𝑘=1 𝜔𝜔𝑘𝑘 𝑣𝑣𝑘𝑘 + ∑3𝑘𝑘=1 ∑𝑘𝑘𝑗𝑗=1 𝑥𝑥𝑗𝑗𝑗𝑗 𝑣𝑣𝑗𝑗 𝑣𝑣𝑘𝑘 + 𝑔𝑔22 𝑙𝑙 2 ,

(18)

which considers both the anharmonic frequencies, ωk, and the Fermi resonance through first order
perturbation of the Hamiltonian. The cross sections are then calculated by
𝑑𝑑𝑑𝑑
𝑑𝑑Ω

with

= (2𝜋𝜋𝜔𝜔𝑅𝑅 )4 𝛾𝛾𝐽𝐽𝑖𝑖 |⟨𝑢𝑢𝑚𝑚 |𝛼𝛼|𝑢𝑢𝑖𝑖 ⟩|2

(19)

⟨𝑢𝑢𝑚𝑚 |𝛼𝛼|𝑢𝑢𝑖𝑖 ⟩ = 〈𝛼𝛼1 〉0 ∑𝑛𝑛−1
𝑘𝑘=1 𝑐𝑐𝑘𝑘𝑘𝑘 𝑐𝑐𝑘𝑘+1,𝑚𝑚 √𝑘𝑘

(20)

when following Stephenson’s method and

⟨𝑢𝑢𝑚𝑚 |𝛼𝛼|𝑢𝑢𝑖𝑖 ⟩ = 〈𝛼𝛼1 〉0 ∑𝑛𝑛−1
𝑘𝑘=1 𝑐𝑐𝑘𝑘𝑘𝑘 [𝑐𝑐𝑘𝑘+1,𝑚𝑚 √𝑘𝑘 + 𝑐𝑐𝑘𝑘𝑘𝑘

when following the NASA paper.

〈𝛼𝛼2 〉0
�(𝑛𝑛
〈𝛼𝛼1 〉0

− 𝑘𝑘)(𝑛𝑛 − 𝑘𝑘 + 𝑙𝑙)]

(21)

Here cki, ck+1,m, 〈𝛼𝛼1 〉0, 〈𝛼𝛼2 〉0 and 𝛾𝛾𝐽𝐽𝑖𝑖 are constants for the specific cross section, k=v-1, α is the
polarizability operator and um and ui are the final and initial states of the transition, respectively. The
final intensity can then be calculated with
𝐼𝐼 = ∑𝑚𝑚,𝑛𝑛

𝑑𝑑𝜎𝜎𝑚𝑚𝑚𝑚
𝐹𝐹(𝑣𝑣
𝑑𝑑Ω

− 𝑣𝑣𝑚𝑚𝑚𝑚 )𝑝𝑝(𝐸𝐸𝑚𝑚 )𝑁𝑁𝑖𝑖 𝐼𝐼0 . [15]

(22)

Here, F(v-vmn) is the function of the Raman line profile, m and n indicate the states of transition, I0 is
the intensity of the laser and N is the particle density in the integration volume, p(Em) is the
probability function, corresponding with (1). Within the model, the product N and I0 is fitted in one
parameter, as these vary between setups. This makes the model more applicable to different setups
and flame measurements, where the density of species varies between measurements.
Within the wavenumber shift corresponding with v1 transitions, the v3 spectrum can be found as
well. Transitions of v3 cannot directly be observed, but for each v3 level, shifted spectrum can be
found at lower intensity. These separate spectra are displayed in figure 4. In figure 5 their sum,
which is the actual observable spectrum, can be seen. By fitting the simulated spectra, we can also
find the population of higher v3 states.

Figure 5: Vibrational model output for v1,2 Raman spectra
with different v3 values.

Figure 6: Final spectrum, the summation of the v3 spectra
of figure 4.

The rotational dependence of the spectrum forms an asymmetric broadening for every vibrational
line as is shown in figure 4. For computational purposes, and because for most gratings, these lines
are indistinguishable, these are not individually calculated, but approximated by a lineshape function
as proposed by v. d. Bekerom [11]. First, the rotational density is expressed in terms of vJ:
𝑛𝑛𝐽𝐽 (𝑣𝑣) = (2𝐽𝐽 + 1)exp(−

ℎ𝑐𝑐𝐵𝐵′′
𝑣𝑣 )
𝑘𝑘𝐵𝐵 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 (𝐵𝐵′ −𝐵𝐵′′ ) 𝐽𝐽

.

(23)

Next, we consider the line density, wJ, to be estimated by:
𝑤𝑤𝐽𝐽 ≈

1

𝑑𝑑𝑑𝑑
( )
𝑑𝑑𝑑𝑑

=

1
(𝐵𝐵′ −𝐵𝐵′′ )(2𝐽𝐽+1)

.

(24)

The lineshape function is now given by the product of the rotational density (25) and the line density
(26). The rotational degeneracy then cancels out with the line density. After normalization, this
results in:

𝑓𝑓[𝑘𝑘] =
with

Δ𝑣𝑣

1−exp�−|𝑎𝑎|�

⎧
⎪

⎨
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Δ𝑣𝑣

exp �−
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�,
𝑎𝑎
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, 𝑖𝑖𝑖𝑖 𝑘𝑘 = 𝑚𝑚 − 𝑠𝑠

(27)

, 𝑜𝑜𝑜𝑜ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒

(28)
(29)

(30)

Here v is the wavenumber shift with respect to v0, which is the wavenumber of the vibrational line,
m is the index of the Raman shift in the band closest to v0, k is the running index number. The
lineshape function (31) has been corrected to allow for Gaussian broadening without resulting in
infinite values.

Finally, instead of applying broadening through a separate Gaussian curve for each peak, for
computational reasons, the whole spectrum is convoluted with one. However, this is a rough
approximation, as this is applied to the spectrum in wavenumbers. The actual broadening, however,
is mainly due to the instrument function, which is in wavelength. It would therefore be an
improvement, which gets more important with increasingly broad spectra, to apply the Gaussian to a
wavelength plot instead of the wavenumber plot.

Measurement setup
In order to benchmark the model, we need to obtain CO2 Raman spectra for different temperatures.
The gas must thus be heated to a known temperature, after which a Raman spectrum can be
obtained. Two heating setups could be used: using a heater which fits around an existing tube and a
CO2-diluted hydrogen-air flame.

Heater setup
The heater was built to fit around a quartz tube of 30mm diameter. Both the schematic and the
actual design of the heater can be seen in figure 7, figure 8 and figure 9. A heating wire (Kanthal A1,
diameter 0.203mm, resulting in 43.89𝛺𝛺/m) was firmly attached to a sock of Techflex Silicasleeve by
using small loops and then firmly wrapped around the tube. The whole is then attached to a power
source with 35V and 40A maximal output. A continuous maximal continuous current of 0.8A per wire
was taken, because above 1.5A of current per wire the wires to melted instantly and after a minute
on 1A the setup began to smoke due to high local temperatures. The Kanthal wire was cut into
lengths of 65cm, so each wire parallel would draw 1.3A of current for 33V and would fit within the
setup. By using this length, the power could be nearly fully regulated by changing the input voltage
and still fit to the quartz sleeve. 15 wires, in bundles of 5, were placed in parallel. This was the
maximal number of wires that fit on the sleeve’s surface without causing a short circuit, which would
cause the wires to melt. Insulation was provided by a fiberglass sock, max temperature 820K
The highest temperature obtained is 570+-10K, still rising with about 30K/min. The heater was then
switched off due to heavy smoke development, probably because of high local temperatures,
causing the electrical wire insulation, which was removed up to 1cm from the setup, or thermal
insulation to break down. At 570K, there was no smoke development. This is thus regarded to be the
maximum continuous operating temperature. The insulation of the electrical wire was not further
removed for safety reasons.

Figure 7: A schematic top view of the heater setup.

Figure 8: Prototype of the heater with separate wires. One
can see the wires zigzagging across the surface without
touching each other.

Figure 9: A schematic layout of the rolled out heater. The
wire bundles are indicated in black, the Silicasleeve in grey

This was all connected to a data acquisition system, NIcDAQ-9184 with NI9211 module, and two
thermocouples, type K, for temperature measurement and regulation through a feedback loop
programmed in NI LabView. Two thermocouples were used to make sure the system would switch
off and give a warning on the laptop in case of excessive internal temperature differences, which
could cause the tube to crack or even shatter.

Hydrogen-air flame setup
For the hydrogen-air flame, an already existing setup is used. This setup can be separated in two
groups of components: the burner setup and the laser setup. A photo of the full setup can be seen in
figure 10.
For the experiments a coflow burner is used, which was designed by Oliveira [16] and further
optimized for Raman spectroscopy by R. Doddema, as shown in figure 11. The gas of the coflow is
dry air with extra CO2, about 20%, the fuel gas is hydrogen. This type of flame is chosen, as it
produces mainly water and thus results in a relatively clean spectrum. The extra CO2is added to
enhance the CO2 signal, but not too much as then the flame will faint because of lack of oxygen. It is
ensured that the coflow is a laminar flow for optimal flame stability.

Figure 10: A photo of the flame setup. 1 is the beam dump, 2 is the burner vessel, 3 is the spectrograph and 4 is the laser.
Courtesy of R. Doddema.

Figure 11: Layout of the burner vessel and burner inside it. To create a uniform flow profile, the coflow is first lead through a
bed of aluminium beads and a perforated plate to create a uniform flow profile.

The optical setup consists of a Photonics industries DM20-527 Nd:YLF laser, with an output of 527nm
wavelength and a 3kHz repetition rate at an average power of 30W. Each pulse thus has a duration
of 170ns. This has enough power to achieve a significant Raman signal, but low enough to ensure no
ionisation is induced in the focussed beam.
After exiting the laser, the beam passes through a half wave plate, which makes it possible to rotate
the polarisation of the light. This makes for a swift switch in polarization, which is necessary for
switching between perpendicular-perpendicular and parallel-perpendicular Raman scattering
measurements. Apart from several directional mirrors, a lens with focal length of 1000mm was used
to focus the beam at the centre of the flame.

Figure 12: Schematic representation of the optical setup. Courtesy of C.J.M. Hessels.

Perpendicular to the path of the laser beam, aligned with one of the windows of the burner vessel, a
Princeton Instruments Acton SP-500i 0.5m spectrograph is placed to capture and disperse the
scattered radiation. Two 500nm blazed gratings with 1200 and 2400 groove per mm, respectively,
were used for the measurements. On the entrance, a notch filter with a FWHM of 26.6nm was used
to filter out the Rayleigh peak. The entrance slit was set to 100micrometers for the 1200g/mm
measurements and adjusted to 50micrometers for the 2400g/mm measurements. This was all
captured on a 1024x1024 CCD camera (Princeton Instruments PI-MAX 3, Filmless UniGen II
intensifier) with a gate width of 200ns. Because of the aperture, not the complete CCD is illuminated
with the signal, so only 1024x630 pixels of the CCD could be used.

Measurements
Before any measurements were taken, the flame was left burning for an hour. This made sure that it
was stable and could be regarded so for the day. Then, everything was aligned in such a way that the
flame was centered in the mirror mode of the CCD setup.
All measurements were taken with the polarization of the laser light perpendicular-perpendicular to
the scatter plane of the Raman signal. As the measurements were performed on a carbon-dioxidediluted hydrogen flame, the pure rotational Raman spectrum of hydrogen appeared in the signal as
well. This signal, however, along with other signals like laser-induced fluorescence of other species in
the flame, is not polarized. Therefore, background measurements were taken using a parallelperpendicular polarization of the laser. The vibrational Raman signal is absent at this polarization,
while the other aforementioned spectra are present. By subtracting this from the initial
measurements, only the vibrational Raman signal was left. Before any data processing took place, all
results were calibrated for known offsets of the setup, like quantum efficiency of the CCD.
As there was measured over the height of the flame, ten rows of pixels were integrated to obtain a
spectrum with a usable signal and acceptable temperature range. The flame is in thermal
equilibrium, so a measurement of the N2 vibrational spectrum was taken in order to determine the
temperature for the obtained spectra.

Results and discussion
The spectra obtained contain the CO2 vibrational spectra, with O2 appearing for the temperatures
outside and near the boundaries of the flame due to diffusion. From +-1480cm-1, one can clearly see
this oxygen appear in the spectrum, as described earlier by Fernández et al. [17]. The wavenumber
shifts are given with respect to the wavelength of the laser. All shown spectra have been normalized
at the peak at 1380cm-1, as the intensity differs per measurement. This is due differences in
temperature, CO2 concentration through the flame and grating. With these normalized spectra, we
can more clearly compare the different spectra.

Obtained spectra
As can be seen in figure 13, the spectra taken with the 2400g/mm grating have more detail.
However, these measurements are limited in range, while the 1200g/mm ranges from +-950cm-1 to
1500cm-1. For modelling benchmark purposes, the 2400g/mm spectra are more suitable for details,
while the 1200g/mm spectra can be used for the more broad benchmarking. In figure 14, one can
see that for higher temperature, higher vibrational modes are more occupied. The peaks related to
these higher vibrational modes correspond to shifts from 1200cm-1 to 1250cm-1 and 1420cm-1 to
1500cm-1. This is also the case for figure 13.

Figure 13: The normalized spectra of a 1200g/mm and
2400g/mm grating. As can be seen, the 2400g/mm shows
more detail.

Figure 14: The spectra of 1200g/mm of different
temperatures, normalized for the peak at 1380cm-1

Modelled spectrum
There are three sets of cross-sections as proposed by Stephenson, NASA or Lemus, but only one can
be right. We want to identify which one. In addition, we want to know if the rotational broadening is
significant, or if it can be ignored.
For benchmarking purposes, the highest obtained temperature is used, as that gives the most
complex spectrum with the most excited modes. The overall fitting parameters determining the
overall height and Gaussian broadening of the peaks were the same for all simulated spectra. The
impact of the addition of the rotational broadening can also be seen, as each method has been
simulated with and without this extension. The fit was only applied up to 1500cm-1, as from around
1480cm-1, the intensity is mainly due to the vibrational spectrum of O2. Figure 17 shows the
simulation using Stephenson’s method, one can easily see that the higher states in the left band are
overestimated, but in the left band these are underestimated. As can be seen in figure 16, the

method of NASA an highly overestimated spectrum between 1200cm-1 and 1300cm-1. Using the
values of Lemus, we obtain a spectrum where, mainly, the ratio of the peaks at 1410cm-1 and
1440cm-1 is off. The addition of rotational spreading, however, results in an overall better fit for all
spectra.

Figure 15: The vibrational Stokes spectrum at 1870K using cross-sections from Stephenson’s paper, with and without
rotational broadening.

Figure 16: The vibrational Stokes spectrum at 1870K using cross-sections from the NASA paper, with and without rotational
broadening.

Figure 17: The vibrational Stokes spectrum at 1870K using cross-sections from Lemus’ paper, with and without rotational
broadening.

Because the fit using Lemus’ values with addition of the rotational broadening looks the most
promising, this one is repeated with more applicable Gaussian broadening and intensity factor which
gives figure 18. The left peaks are slightly shifted, but this is still the most accurate simulated
spectrum so far.

Figure 18: Optimized rovibrational Stokes spectrum using Lemus’ values for a 1200g/mm grating and 1870K temperature.

Temperature measurement through CO2 Stokes and anti-Stokes spectra
The measurements can be separated in two groups. The first is measured in the flame, where the
CO2, N2 and H2O are the main species and above the flame, where diffusion causes O2 to appear in
the spectrum. This is shown in figure 19. When more O2 is present, the calculated temperature
differs more and more from the obtained N2 temperature. If however, the spectrum is broadened to
cover the full O2 vibrational spectrum as well, this could provide an accurate result, as this Stokes
anti-Stokes method can be applied to all species. Two spectra of similar temperature are shown in
figure 20, one was measured below and one above the hottest point of the flame. These clearly
show the oxygen spectrum appearing. The overall lower intensity of the CO2 spectrum with oxygen is
due to the lower fraction of CO2 in the mixture, as the temperature is equal but oxygen is now
present as well.

Figure 19: The temperatures according to the N2
vibrational spectrum and CO2 Stokes anti-Stokes
calculations and accumulated oxygen intensity between
1480cm-1 and 1550cm-1 over the flame height.

Figure 20: The non-normalized Stokes spectra of CO2 of
similar N2 fitted temperature with and without O2. These
are measured outside, with oxygen, and inside the flame,
without oxygen. The peak in the blue spectrum on the left
Is likely due to shot noise, as it only appears in this
particular spectrum.

As the only the vibrational spectrum of the symmetric stretch is measured, the only temperature
given when formula (19) is applied is the symmetric stretch vibrational temperature. However, as
the flame is in thermal equilibrium, this is equal to the gas temperature. In figure 19, the result of
this calculation is plotted. The exact formula used is
𝑇𝑇 = ℎ𝑐𝑐𝜔𝜔1 /𝑘𝑘𝐵𝐵 𝑙𝑙𝑙𝑙 �
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where C is a newly introduced factor, which is used for zeroth order calibration.
For integration of the Stokes signal, the following formula is applied:
𝑣𝑣=𝑣𝑣

𝐼𝐼 Δ𝑣𝑣
𝐼𝐼𝑡𝑡𝑡𝑡𝑡𝑡 = ∑𝑣𝑣=𝑣𝑣𝑚𝑚𝑚𝑚𝑚𝑚
𝑚𝑚𝑚𝑚𝑚𝑚 𝑣𝑣

(33)

where vmin, vmax are the minimal and maximal values of overlap between shifts of the Stokes and
anti-Stokes spectrum, respectively, in wavenumbers. These need to be applied, as the wavenumbers
of the Stokes and anti-Stokes signal do not overlap from measurements, the Stokes signal gives a
broader spectrum in cm-1 than the anti-Stokes signal. Then, because of the same broadening, Δv
differs about 10% within a spectrum, as the interval ranges from 0.76-0.84cm-1 and 0,61-0,56cm-1
per interval and for Stokes and anti-Stokes spectra, respectively. The data used for these calculations
are cannot be normalized. The exact calculation with matlab code can be found in A.1.

Conclusion
In this report, the rovibrational spectrum of CO2 has been measured and modelled. For this purpose,
a heater was designed and a carbon-dioxide-diluted hydrogen flame was used. Six methods of
modelling have been discussed, by Stephenson [14], NASA [13] and Lemus [2] with and without the
addition of rotational broadening. The addition of rotational broadening to the model using crosssections provided by Lemus provided the best simulated spectrum.
For measuring the vibrational temperature in a Raman setup, Stokes and anti-Stokes vibrational
temperature can be used, as long as there is no oxygen present. This can be extended to higher
temperatures for further improvement of the model. However, if the measured spectrum is
broadened further and the full vibrational spectrum of oxygen is included as well, this may result in
an even more accurate result.
By using the Stokes anti-Stokes temperature measurement for higher temperatures, the model can
be benchmarked up to thermal dissociation of CO2 within an equilibrium plasma. This goes beyond
existing measurements of the CO2 vibrational spectrum with an indicated temperature.
Finally, the model can be extended to non-equilibrium plasmas where
𝑇𝑇𝑔𝑔 < 𝑇𝑇𝑟𝑟𝑟𝑟𝑟𝑟 < 𝑇𝑇12 < 𝑇𝑇3 < 𝑇𝑇𝑒𝑒 ,

(34)

as the model can fit T12 , T3 and Trot individually, given that it is further optimized for accuracy. This
gives a means of determining whether and to what extent non-equilibrium conditions are present.
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Appendix
A.1 numerical integration of Stokes and anti-Stokes signal.
This Matlab code is a means of calculating the temperature through the Stokes and anti-Stokes
spectra. It can be applied to several spectra, but is optimized for inputs of 63 spectra with 1024 data
points.
for i = 1:1024
if i<1024
dnuS(i) = WN_1200S(i+1) - WN_1200S(i);
dnuAS(i) = WN_1200AS(i+1) - WN_1200AS(i);
else

dnuS(i) = 0;
dnuAS(i) = 0;

end
end
for k=1:63 % calculate the individual temperature for all 63 measurements
%fill stokes datacells
stokesdata = [WN_1200S; CO2_1200Snorm(k,1:1024)];
%first column with
wavenumbers
stokesdnu = [dnuS; CO2_1200S(k,1:1024); nu4s];
%fill anti-stokes datacells
astokesdata = [abs(WN_1200AS)-5; CO2_1200AS(k,1:1024)];
%first column with
wavenumbers
astokesdnu = [dnuAS; CO2_1200AS(k,1:1024); nu4as(1:1024)];
%adapt to boundaries through deletion, minwvn and maxwvn are input values
stokesDelete = ((minwvn > stokesdata(1,:)) | (stokesdata(1,:) > maxwvn));
stokesdata(:, stokesDelete) = [];
stokesdnu(:, stokesDelete) = [];
astokesDelete = ((minwvn > astokesdata(1,:)) | (astokesdata(1,:) > maxwvn));
astokesdata(:, astokesDelete) = [];
astokesdnu(:, astokesDelete) = [];
%fill cells with corresponding arrays
stokescell{k,1} = (stokesdata);
astokescell{k,1} = (astokesdata);
%integrate by pointwise calculation, then final summation
stokesintegral = stokesdnu(1,:) .* stokesdnu(2,:) ./ stokesdnu(3,:);
astokesintegral = astokesdnu(1,:) .* astokesdnu(2,:) ./ astokesdnu(3,:);
stokessum(k,1) = sum(stokesintegral);
astokessum(k,1) = sum(astokesintegral);
ratio(k) = astokessum(k,1)/stokessum(k,1);
%final temperature, h is Planck’s constant, c is the lightspeed in cm/s and C0
is the zeroth order calibration
tempCO2(k) = -h*c*omega/(kb*log(ratio(k)))-C0;
end

