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ABSTRACT 
 
This thesis includes two main parts: (I) The CH3[methyl radical] detection in 
methane/air flames and (II) the rotational temperature measurement of 
O2[molecular oxygen] in a variety of environments by using coherent microwave 
Rayleigh scattering from resonance enhanced multiphoton ionization (Radar 
REMPI). 

In first the part, from Chapter I to Chapter III, the methyl radical detection 
and quantitative measurements have been conducted in hydrocarbon flame with 
one-dimensional and two-dimensional spatial-resolved concentration distribution.  
Due to the proximity of the argon resonance state (4+1 REMPI by 332.5 nm) with 
the CH3 state (2+1 REMPI by 333.6 nm), in situ calibration with argon was 
performed to quantify the absolute concentration of CH3.  The numerical 
simulations performed using the detailed kinetic mechanism of GRI-3.0 were also 
provided in the comparison between experimental results and numerical 
calculations.  The details of experimental results and discussions have been 
reported in Chapter I, II, and III. 

In the second part, the O2 rotational temperature has been measured 
using Radar REMPI.  The Rydberg state C3

Π[C3Pi] has been selected as the 
intermediate state of O2 in the 2+1 REMPI process, the rotational-resolved 
spectra from two-photon C3

Π←←X
3
Σ[X3Sigma] transition have been obtained in 

a variety of conditions from room temperature (294K) to flame temperature (1658 
K).  The temperature extraction based on the Boltzmann plots has been used in 
Chapter IV~VI.  In Chapter VII, measurements of rotational temperatures of 
molecular oxygen have been demonstrated based on the empirical analyses of 
the O2 spectra without the requirement of highly resolved rotational features 
using (1) linewidth fitting, (2) linear fitting, and (3) area fitting methods.  In the last 
chapter, the O2 REMPI spectral model has been built up to accomplish the 
simulation calculations.  The temperature information has been determined 
based on the comparison between experimental results and REMPI spectral 
simulations.  The O2 REMPI spectral model has been first reported in the 
community as a demonstration for the rotational temperature measurement of 
molecular oxygen with a wide temperature measuring range. 
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INTRODUCTION 
 
Combustion is commonly known as the rapid oxidation generating heat, or both 
light and heat.  It is essential for existence and evolution of human beings in this 
planet including the heat and electricity usage in people’s daily life, transportation 
system, industrial processes and waste disposal.  Also combustion gives rise to 
the downside issues on the environment pollution, global warming effect and et 
al.  As one of the most complicated phenomena of the world, combustion has 
been extensively studied by scientist and engineers with strong practical 
motivations and intellectual stimulations in that it integrates thermochemistry, 
molecular transport of mass and heat, chemical kinetics and fluid mechanics.  
The rapid oxidation of combustion emphasizes the intrinsic importance of 
chemical reactions to combustion process transforming energy stored in 
chemical bonds to heat formation, i.e. a given chemical reaction is the change in 
energy or heat constant associated with the reaction at some specific 
temperature.  Hence the gaseous species and temperature associated to the 
chemical reactions are playing the key roles in the chemical thermodynamics. It 
is desirable to be able to conveniently determine the flame temperature and 
concentration of chemical species of any fuel with oxidizer at any equivalence 
ratio[1, 2]. 

With the introduction and rapid development on laser system with its 
increasing availability, power energy and higher reliability, laser spectroscopy is 
now playing an expanding role in the diagnostic probing of combustion 
processes.  In general, such methods are important for the combustion 
researcher because they offer the strong capability for remote, non-intrusive, 
spatially and temporally precise measurements of temperature and concentration 
profiles for a variety of species in many flames of practical interest.  Laser 
techniques offer a number of advantages over the physical probing methods 
which have been traditionally employed to investigate and characterize 
combustion phenomena. 

Obviously, the combustion processes and fundamental flame behaviors 
can be easily perturbed and altered thermally or catalytically due to the intrusion 
of the physical probes which can act as the flame holder locally changing the 
flame structure.  Meanwhile the physical probing methods are also generally 
limited in both the spatial resolution and the temporal response which actually 
are not in situ measurements and need to be “corrected.”  A thermocouple, for 
example, measures its own temperature not the gas temperature.  The radiation, 
convention and conduction corrections have to be made depending on the 
special environment of the measurement.  Gas sampling probes generally 
measure chemical composition far removed from the sampling location.  Great 
care must be taken during the design and experiments to avoid chemical 
reactions at the sampling orifice and downstream to the detection equipment.  On 
the other side, laser optical techniques are remote and non-intrusive without 
disturbing the flame structure and combustion processes.  Such techniques are 
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performed in situ measurements at local position with high spatial and temporal 
resolution.  The temperature and species concentrations are directly measured 
without the requirement for elaborate and often uncertain “corrections.” 

Almost all the laser diagnostic techniques can be categorized into four 
regions including (1) elastic scattering processes (i.e., Rayleigh and Mie), (2) 
inelastic scattering processes (i.e., Spontaneous Raman scattering and Laser-
induced fluorescence), (3) absorption processes and (4) nonlinear optical 
processes (i.e., Coherent anti-Stokes Raman scattering and degenerate four-
wave mixing).  In the recent decades, the Coherent anti-Stokes Raman 
scattering (CARS) spectroscopy, as a single-shot, single-spot tool, has been 
widely used for measuring the temperature and concentration of major species in 
reaction flows [2], counter-flow flames[3-5], practical conditions such as coal 
furnaces[2, 6-9] , propulsion systems [10-12] and internal combustion engines 
[13-16].  On the other hand, the Laser-induced fluorescence (LIF) and Planar 
Laser-induced fluorescence (PLIF) are playing their roles in the detection of 
selective species (i.e., OH, CO), temperature measurements, and flow imaging 
and visualization measurements.  The rest of the laser diagnostics will not be 
introduced here, in fact, all the most widely used techniques have strengths and 
weaknesses. 

The temperature measurements using N2 CARS in practical combustors 
have the advantage that N2 is present almost everywhere at high concentrations 
[17].  Compared to the N2 CARS temperature measurement, a lesser extent 
applications of the technique has been used for the simultaneous measurement 
of major species including O2-N2 [18, 19], CO2-N2 [17, 20, 21], H2-N2 [22], CH4-N2 
[23], O2-H2-N2 [24], CO2-O2-N2 [25].  Obviously such technique with great 
advantages must have strong supports from well-calibrated spectroscopic 
models and complicated experimental setups with more than one laser system.  
While applying the N2 CARS to the temperature and concentration 
measurements in practical testing environments is always challenging, three 
laser beams pump, Stokes and probe must have excellent alignment with great 
effects.  Meanwhile the following issues must also be considered and well 
solved: (1) interference from high luminous environments, (2) steering of the 
laser beams due to the temperature and density gradients, and (3) absorption 
and scattering of the CARS signal by gas species and high pressures.  
Obviously, CARS shows the strong capability in the temperature and 
concentration measurements as a single-shot laser diagnostic tool.  However, 
compared to the concentration measurement of stable major species, such 
technique has a lesser extent on the direct measurement of intermediate species 
which play the important roles in the combustion chemistry especially at the initial 
stage of reaction involving chain-branching and propagation processes. 

Laser-induced fluorescence is another spectroscopic diagnostic tool which 
has been widely used in the minor species detection and temperature 
measurements.  Commonly, the target species with large cross section are 
excited by a laser from ground state, the fluorescence photons then emit through 
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de-excite process after a few nanoseconds to microseconds.  As the 
fluorescence signal is usually isotropic, the two-dimensional/three-dimensional 
imaging technique can be performed by PLIF.  Combined with particle image 
velocimetry (PIV), this allows for the simultaneous measurement of a fluid 
velocity field and species concentration.  However, as a sensitive diagnostic tool, 
LIF/PLIF suffers from collisional quenching at the high pressures found in flames, 
and is often masked by background or other species (i.e., hydrocarbons) in high 
luminous flame systems.  The temperature measurements typically required two 
laser sources.  Such technique is highly dependent on the selected species with 
large cross section such as OH and CO.  LIF and PLIF techniques are limited on 
the detection of species with weak and no fluorescence effect (i.e., methyl 
radical, CH3). 

Resonance-enhanced multiphoton ionization (REMPI) technique has been 
widely used in the detection of atoms and small molecules.  Typically, the 
nonlinear optical process with the resonance enhanced effect is approached by a 
resonant single or multiple photon absorption to an electrically excited 
intermediate state.  The weakly ionized plasma with electron and ion pairs is 
afterwards generated by the absorption of another single or multi photon. The 
REMPI process provides spectroscopic information with detailed structures of 
atoms or molecules.  For example rotational structure of molecular oxygen is 
easily detected by such technique.  Since 1980s the conventional REMPI 
technique has been widely used in the species detection in a variety of 
environments including CH3 [26-28], H[29-31], NO[32-34], PO[35], O[31, 36], the 
Rydberg states of 1,3-Trans-Butadiene[37, 38], CH[39, 40], CO[41, 42], C2O[41], 
HCO[43, 44], C[40], and O2[40].  It has been successfully proved to detect small 
intermediate species in flame environments with good spatial resolution [27-31, 
36, 40, 41] and quantitative results[34].  Generally, a tunable laser is focused by 
a focal lens and the target species are ionized at the focal region.  The physical 
probing techniques have been developed starting with the nickel wires to the 
platinum ionization probe and later widely usage of the time-of-flight mass 
spectrometer (TOF-MS).  Obviously, conventional REMPI has to use physical 
probing methods to detect species in the experiments which the disadvantages 
have been already explained.  The combustion processes are easily disturbed 
and the flame structures are markedly changed with the intrusive physical 
probes.  Hence, the coherent microwave Rayleigh scattering from resonance 
enhanced multiphoton ionization has been developed in recent years [45]. 

Coherent microwave Rayleigh scattering (Radar) from resonance-
enhanced multiphoton ionization (REMPI) has recently been demonstrated to 
have the capability to achieve high spatial and temporal resolution 
measurements, which allow highly sensitive, nonintrusive, and spatially resolved 
diagnostics, and accurate determinations of concentration profiles without the 
use of physical probes or electrodes. Radar REMPI has been applied to the 
optical detection of argon [45], xenon , nitric oxide [46], carbon monoxide [47], 
oxygen atom [48], methyl radicals (CH3) [49], singlet oxygen O2(a

1∆g) [50], and 
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1,4-diazobicyclooctane (DABCO) [51] in the gas cell, open air, weakly ionized 
plasma, and atmospheric pressure flames. 

In this thesis, the detection of methyl radicals in flames and the rotational 
temperature measurements in a variety of environments have been studied from 
chapter I to chapter VIII.  The whole thesis is mainly including such two parts.  In 
the first three chapters, the methyl radical detection has been introduced in 
details, and in the rest chapters (from chapter IV to chapter VIII) the temperature 
measurements associated with the rotational structures of molecular oxygen 
have been conducted in a variety of environments including pure O2, air-like gas, 
ambient air, microdischarges and flames.  Several strategies have been 
introduced to extract the rotational temperature information from the 
spectroscopic data based on the thermal distribution and Boltzmann effect. 

In the chapter I, the methyl radicals (CH3) in methane/air flame was 
successfully detected by using coherent microwave Rayleigh scattering from 
resonance enhanced multiphoton ionization.  A tunable dye laser was used to 
selectively induce the (2+1) REMPI ionization process of methyl radicals in a 
near adibatic and premixed laminar methane/air flame that was generated by a 
typical Hencken burner.  The REMPI spectrum of the CH3 radical was obtained 
and a one-dimensional (1D) spatial distribution of the radicals limited by focused 
laser beam geometry was determined.  To the author’s knowledge, these 
experiments represent the first directly-measured spatial-resolved CH3 in a flame 
at atmospheric pressure.   

In the chapter II, the quantitative measurements of methyl radicals were 
demonstrated in methane/air flame at atmospheric pressure.  Due to the 
proximity of the argon resonance state 2s22p54f [7/2, J=4] (4+1 REMPI process 

at 332.5 nm) with the CH3 state of 0

02

2 03 Ap   (2+1 REMPI process at 333.6 nm), in 

situ calibration with argon was performed to quantify the absolute concentration 
of methyl radicals.  The REMPI cross sections of CH3 and argon were calculated 
based on time-dependent quantum perturbation theory.  The measured CH3 
concentration in CH4/air flames was in good agreement with numerical 
simulations performed using detailed chemical kinetics. 

Based on the experience and accomplishment in chapter I and II, the two 
dimensional quantitative measurements of methyl radicals in methane/air flame 
was conducted and the 2D spatial results were reported in the chapter III.  Since 
unique flamelets were generated by the Hencken burner, Radar REMPI was 
performed to investigate such structure of the flamelet that was close to the 
burner surface.  The line-integral effect was taken account during the comparison 
between experimental results and numerical calculations based on the detailed 
chemical kinetics with a moderate uncertainty. 

In these three chapters, Radar REMPI shows its capability in the 
measurement of the intermediate species – methyl radical (CH3).  The 1D and 2D 
distribution of methyl radicals in the Hencken flame have been obtained with 
high-spatial resolution.  With the help of argon, the simultaneous calibration can 
be conducted directly in the flame and the concentration of CH3 was obtained as 
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a demonstration for the quantitative measurement of intermediate species in 
flame environment by using Radar REMPI.  The second part of this thesis mainly 
introduced the demonstration of rotational temperature measurements of 
molecules in a variety of environments from chapter IV to VIII. 

In the chapter IV, the non-intrusive local rotational temperature 
measurements of molecular oxygen have been reported.  Radar REMPI 
technique was used to obtained the spectra of molecular oxygen 
(C3П(v’=2)←←X3Σ(v’’=0)) in air and pure oxygen at different temperatures with 
subsequent analysis of the rotational state distribution.  Rotational temperatures 
have been determined from the Boltzmann plots of a single S transition branch in 
a variety of experiments.  The overall measurements have an accuracy of ~60 oC 
in the pure oxygen and ~50 oC in the room air, with experiments conducted up to 
500 oC.  After the first demonstration of rotational temperature measurement in 
pure oxygen and air, the flame temperature measurements by Radar REMPI 
have also been conducted in the combustion environment. The details are given 
in the chapter V.  Rotationally resolved 2+1 REMPI spectra of the molecular 
oxygen C3Π(v’=2)←←X3Σ(v’’=0) transition at different temperatures were 
obtained experimentally by radar REMPI. The rotational temperatures have been 
determined from the resulting Boltzmann plots.  The measurements in general 
had an accuracy of ±60 K in the hydrogen/air flames at different equivalence 
ratios.  Discussions about the decreased accuracy for the temperature 
measurement at elevated temperatures have been presented in this chapter.  In 
the chapter VI, the non-intrusive spatially resolved rotational temperature 
measurements in an atmospheric air microdischarge have been presented.  The 
open air DC microdischarge source operated in a stable “normal-glow” mode and 
pin-to-pin electrodes spaced 1.3 mm apart.  Coherent microwave Rayleigh 
scattering was used to collect the two-photon rotational spectra of O2 at 
C3Π(v’=2)←←X3Σ(v’’=0) transitions. The Boltzmann plots from analyses of the O2 
rotational lines determined local rotational temperatures at various axial locations 
between the electrodes.  The molecular oxygen rotational temperature varied 
from 1150 K to 1350 K within the discharge area. The measurements had an 
accuracy of around ±50 K. 

In the laser three chapters, the Boltzmann plots have been applied in the 
temperature measurements in a variety of environments including pure oxygen, 
ambient air, H2/air flame and microdischarges.  The two-photon transition 
branches have been selectively chosen and used in the Boltzmann plots.  In fact, 
experience and great effect have been required on such procedure to select right 
branches to extract the temperature information from the rotational structure of 
O2 spectrum.  Hence, in the chapter VII, measurements of rotational 
temperatures of molecular oxygen have been demonstrated based on the 
empirical analyses of the O2 spectra without the requirement of highly resolved 
rotational features.  Three methods, including (1) linewidth fitting, (2) linear fitting, 
and (3) area fitting have been investigated for temperature measurements within 
pure oxygen, ambient air, and H2/air and CH4/air flame environments.  The first 



6 
 

two methods were applied in a moderately low temperature environment with 
measurement uncertainties less than 11% and 26%, respectively.  The area 
fitting method covered a wider temperature range, from room temperature (~ 300 
K) to flame temperature (~1700 K), with minimal dependence on the fine 
structures of the O2 spectra.  Less elaborate than Boltzmann plot analyses of 
ultrafine rotational lines from congested upper rotational energy levels in 
O2(C

3Π(v′=2)), these empirical analyses are predictably sensitive to the thermal 
distribution of molecular oxygen, and have been successfully demonstrated as 
simple and quick methods for remote gas-phase temperature measurement. 

The Boltzmann plot analyses and the empirical analyses of the O2 spectra 
have been introduced and applied in the O2 rotational temperature 
measurements in the chapter IV to VII.  One of them has critical requirements on 
the experience for the transition branch selection and the other one is based on 
the overall shape of the O2 spectra with empirical analyses.  In the last chapter, 
The O2 REMPI spectral model has been built up to simulate the experimental 
data which is dependent on the temperature.  The model has been calibrated at 
an ideal temperature condition (~5 K) and then accomplished the temperature 
measurements with the overall error percentage less than ± 10%.  The O2 
REMPI spectral model has been first reported in the community as a 
demonstration for the rotational temperature measurement with a wide 
temperature testing range.  Further fine tunes of the model will be accomplished 
based on more experimental data in both low temperature (<300 K) and high 
temperature ranges (>1300 K). 
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CHAPTER I 
DIRECT MEASUREMENT OF METHYL RADICALS IN A 

METHANE/AIR FLAME AT ATMOSPHERIC PRESSURE BY 
RADAR REMPI 
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Abstract 

 
We report the direct measurements of methyl radicals (CH3) in methane/air 
flames at atmospheric pressure by using coherent microwave Rayleigh scattering 
(Radar) from Resonance Enhanced Multi-Photon Ionization (REMPI), also known 
as the Radar REMPI technique.  A tunable dye laser was used to selectively 

induce the (2+1) REMPI ionization of methyl radicals (CH3, 
0

02

2 03 Ap   band) in a 

near adiabatic and premixed laminar methane/air flame, generated by a Hencken 
burner.  In situ measurements of the REMPI electrons were made by non-
intrusively using a microwave homodyne transceiver detection system.  The 
REMPI spectrum of the CH3 radical was obtained and a spatial distribution of the 
radicals limited by focused laser beam geometry, approximately 20 µm normal to 
the flame front and 2.4 mm parallel to the flame, was determined.  The measured 
CH3 was in good agreement with numerical simulations performed using the 
detailed kinetic mechanism of GRI-3.0.  To the authors’ knowledge, these 
experiments represent the first directly-measured spatially-resolved CH3 in a 
flame at atmospheric pressure. 
 

Introduction 

 
Radical species are key reaction components in combustion, but the spatially-
resolved quantitative measurements of many radicals are still unsatisfactory, 
especially at elevated pressure.  One of the most prevailing radicals and chain 
carriers in hydrocarbon flames, the methyl radicals (CH3) is involved in ignition 
and flame propagation reactions (via hydrogen abstraction by H atoms and 

mailto:zzhang24@utk.edu
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hydroxyl radicals (OH)) [1].  However, detection of CH3 is a significant challenge.  
The methyl radical is characterized by a strong predissociation of its 
electronically excited states, preventing fluorescence detection.  For this reason, 
direct measurements of CH3 have mostly been conducted using absorption-
based methods [2-4], conventional REMPI [5,6] and degenerate four wave 
mixing (DFWM) [7,8].  Absorption-based methods, either direct absorption of CH3 
or cavity ring-down spectroscopy, have the limitation of path integration, leading 
to limited spatial resolution.  Conventional REMPI has a low signal-to-noise ratio 
for measurement of the CH3 distribution in flames at atmospheric pressure [9] but 
a physical probe or electrodes required for the collection of electrons or ions may 
introduce irrelevant disturbances in the reacting flows.  DFWM utilizes third order 
optics effects, which may have a low signal to noise ratio for applications at low 
pressures.  Indirect measurements have been conducted by photolysis of CH3 
into the methylidyne radical (CH) and its subsequent laser induced fluorescence 
[10-12], which inherently complicates the detection scheme and requires care for 
the interpretation of the experimental data. 

Coherent microwave Rayleigh scattering (Radar) from Resonance 
Enhanced Multi-Photon Ionization (REMPI) has been demonstrated recently to 
have the capability to achieve high spatial and temporal resolution 
measurements, which allow for sensitive nonintrusive diagnostics and accurate 
determinations of concentration profiles without the use of physical probes and 
electrodes.  It has been applied for the optical detection of species such as argon 
[13], xenon, nitric oxide [14], carbon monoxide [15] and atomic oxygen [16] both 
within enclosed cells and open air.  For the first time, we have demonstrated 
Radar REMPI to in situ, non-intrusively and directly measure the methyl radical in 
methane/air flames at atmospheric pressure.  To the authors’ knowledge, this 
represents the first directly-measured spatially-resolved CH3 measurement in 
flames at atmospheric pressure.  

Compared to other techniques, the Radar REMPI technique is easy to set-
up, robust to perturbations, and possible from standoff detection.  It uses only 
one tunable laser, such as a commercial dye laser or OPO laser, as the 
excitation source.  It requires a simple lens to focus the beam and can be 
spatially scanned easily.  Minimal optical alignment is required for the 
measurement and necessitates only one optical access port.  It has a higher 
spatial resolution compared to line integrated absorption measurements.  In 
contrast to conventional CARS or DFWM, the signal to noise ratio may even be 
better at lower pressure due to the slow recombination and/or attachment 
processes in the REMPI plasma.  Furthermore, it does not require a dark 
environment to perform the measurements.  It may also be used as a standoff 
approach, due to the limited radiation background in the microwave range [15]. 

In this paper, the REMPI spectrum of the methyl radical (
0

02

2 03 Ap   band) 

was obtained in flames at atmospheric pressure.  The spatial distribution of the 
radical with a resolution of approximately 20 µm was measured through the 
flame.  Good agreement has been achieved between the experimental 
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measurements and numerical simulations using detailed combustion kinetics.  
The method has demonstrated excellent spatial resolution for measurements in 
flames at atmospheric pressure.  It has also shown great promise for the key 
radical measurements at lower or higher pressures, which may significantly 
improve our understanding of combustion processes at practical engine or 
combustor conditions. 
 

Experimental set-up 

 
In order to provide a platform for the detection of CH3 using the Radar REMPI 
technique, a near adiabatic flat flame at atmospheric pressure with optical access 
of the detailed structure of the flame would be ideal.  An example of such a type 
of flame is a freely-propagating premixed flame.  The structure of a freely-
propagating rich methane/air flame at atmospheric pressure is shown in Figure 1.  
The temperature and CH3 number density across the flame front was computed 
using the PREMIX code from the CHEMKIN package [17] and the chemical 
kinetic mechanism of GRI-3.0 [18].  While significant number densities (on the 
order of 1016 molecules/cm3) of CH3 can be produced, it is present across a 
thickness of only 0.5 mm in the flame.  Furthermore, in experiments, this type of 
flame is typically close to the burner surface with significant heat loss, such as 
with a porous plug flat flame burner [19], complicating the use of detailed optical 
measurements.  Alternatively, a Hencken burner with a 1 inch by 1 inch square 
exit geometry (Technologies for Research, Model: RT1x1) was used to generate 
a laminar and near adiabatic methane/air flame with sufficient optical access.  
This burner has been widely used as a test bed for laser diagnostic techniques 
[20-26].  The Hencken burner produces a unique, nearly adiabatic flame that is 
lifted from the burner surface since the fuel and oxidizer streams are separated 
until the exit of the burner.  The fuel tubes have an inner diameter (ID) of 
approximately 0.54 mm and an outer diameter (OD) of approximately 0.83 mm.  
The oxidizer honeycomb is a hexagonal pattern with cell size of approximately 
0.90 mm.  For current experiments, the air flow rate was fixed at 11 slpm 
(Standard Liters Per Minute) and the methane flow rate was fixed at 1.35 slpm, 
which produced a flame with an equivalence ratio of 1.22. 

The experimental setup of the Radar REMPI measurements of CH3 is 
shown in Figure 2.  A frequency double Nd: YAG laser (Continuum Surelite SI-
10) was used to pump a tunable dye laser (Continuum ND6000, DCM, [2-[2-[4-
(dimethylamino)phenyl]ethenyl]-6-methyl-4H-pyran-4-ylidene]-propanedinitrile, 
C19H17N3O as the dye).. The output of the dye laser was frequency doubled by 
an automatic frequency doubling and tracking system (Continuum UVT).  The 
output wavelengths were tunable from 332 to 335 nm, with output power ranging 
from 6 to 8 mJ/pulse.  The laser output was then focused by a lens with a focal 
length of 50 cm to generate the REMPI plasma in the methane/air flame of a 
Hencken burner in open air.  A lens with a long focal length (50 cm) was used to 
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avoid gas breakdown or avalanche ionization in the flame.  From Gaussian beam 
geometry, the focal region was about 20 µm in diameter and 2.4 ± 0.4 mm in 
length.  The length of the interrogation region arose from the microwave signal 
scattering along the laser beam upstream and downstream of the focus.  The 
length and uncertainty was related to the laser intensity and corresponding 
microwave scattering signal.  At 2.8 mm, the laser intensity falls to about 33% 
and the REMPI efficiency and microwave scattering drop to about 11%, 
compared to the center of the laser focus.  The beam steering mirrors and 
focusing lens were placed on a translational stage to move the laser focus 
through the flame front. 

A microwave homodyne transceiver detection system was used to detect 
the REMPI plasma.  A 10 dBm tunable microwave source (HP 8350B sweep 
oscillator, set at ~10 GHz) was first split into two channels.  One channel was 
used to illuminate the ionization point through a microwave horn (WR75, 15dB 
gain).  Microwave scattering from the plasma was collected by the same 
microwave horn.  The received microwave passed through a microwave 
circulator and was amplified 30 dB by one preamplifier at approximately 10 GHz.  
After the frequency was down converted in the mixer, two other amplifiers with 
bandwidth of 2.5 kHz to 1.0 GHz amplified the signal by another factor of 60 dB.  
It should be noted that the filter after the mixer can effectively block the scattering 
background from the environment.  Therefore Radar REMPI measurements 
inside an enclosure will not suffer from surface scattering interference.  From the 
geometry of dipole radiation, the polarization of the microwave was chosen to be 
along the propagation direction of the laser to maximize the scattering signal. 
 

Results and discussion 

 
The time-accurate microwave scattering signal was monitored by an 
oscilloscope.  Shown in Figure 3, the lifetime (at 1/e of the peak) of the REMPI 
electrons in the flame was about 84 ns, which shows promise for the radical 
measurements at lower and higher pressures.  Since the lifetime of REMPI 
electrons becomes longer at lower pressures, the signal to noise ratio will be 
significantly improved.  The microwave signal was also input to an automatic 
gated integrator data acquisition system (gate width = 10 ns), which recorded the 
REMPI spectrum of the methyl radicals as the laser was tuned.  In order to 
eliminate the perturbations caused by microwave interferences or laser pulse-to-
pulse fluctuations, the microwave background and laser pulses were sampled 
and averaged over 20 times.  Subtraction of the microwave background and 
scaling of the laser pulses were undertaken for the final spectrum. 

Figure 4 shows a typical REMPI spectrum of CH3 in a methane/air flame 
at atmospheric pressure.  The spectrum obtained in the flame was in agreement 
with previously published spectra [27–29].  The measurement was conducted at 
1.45 mm above the burner surface, which corresponded to about the maximum 
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concentration of CH3 in the flame.  Only transition from the ground state of CH3 to 

the state of 
0

02

2 03 Ap   was obtained in the flame by Radar REMPI.  No clear 

vibrational structure of the transitions was observed.  The wings off the peak at 
333.6 nm have different values for the measurement conducted at different 
locations of the flame, which indicated different rotational temperatures of the 
CH3 radicals in the flame. 

The one-dimensional reaction zone structure in Figure 1 is not applicable 
to the flames produced by the Hencken burner because the separated fuel and 
air streams tend to establish small diffusion flamelets.  Therefore, two-
dimensional simulations were performed using UNICORN (UNsteady Ignition and 
COmbustion with ReactioNs) [30] with the detailed chemical kinetics of GRI-3.0 
for a single flamelet at atmospheric pressure.  Figure 5 shows the calculated two-
dimensional spatial distribution of CH3 across two flamelets.  UNICORN is a time-
dependent, axisymmetric mathematical model that is used to investigate two-
dimensional steady and unsteady reacting flows.  It has been tested with 
experiments designed to predict ignition, extinction, stability limits, and the 
dynamic and steady-state characteristics of diffusion and premixed flames 
burning various fuels.  Here UNICORN used a detailed chemical kinetics model, 
GRI-3.0, for methane/air flames at atmospheric pressure.  The Hencken burner 
using methane/air at an equivalence ratio of 1.22 at atmospheric pressure 
produces a flame front with many flamelets (one flamelet for each fuel tube).  
This is clearly evident in Figure 5 with two flamelets shown.  The Radar REMPI 
measurement was 20 µm normal to the flame front and 2.4 mm ±0.4 mm in 
length parallel to the top of the burner.  Therefore the Radar REMPI 
measurement crossed through two flamelets (depicted by the black box in Figure 
5).  Depending upon where the 2.4 mm interrogation area was located across the 
flamelets, there could be different shaped profiles.  Figure 6(a) shows the 
variation when moving the interrogation area across the two flamelets with each 
simulation number accounting for a successive translation of 0.25 mm.  
Simulations 2 – 5 were translated 0.25, 0.5, 0.75 and 1.0 mm from the case of 
the 2.4 mm length centered over the edge of the flamelets, respectively.  The 
translation produced a significant difference on the upstream side of the CH3 
profile (closer to the burner surface) because of the bell shaped CH3 distribution.  
Furthermore, all of the profiles from the simulations were moved in the 
streamwise direction (closer to the burner) to match the experimental profile.  
This movement was not unreasonable since past simulations have also predicted 
higher flame liftoff heights than experiments [21].  Nevertheless, the flame shape 
and therefore CH3 profile should remain predominately independent of the 
changes in flame liftoff height in the current experiment and provide a good 
means of comparison.  Since the REMPI interrogation area covered more than 
one flamelet, an average of the CH3 concentration with 2.4 ± 0.4 mm along the 
flame front was sampled from the calculation results and is shown in Figure 6(b).  
There is good agreement between the measured and calculated normalized CH3 
profiles, including the total width and asymmetric structure of the profile.  The 
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relatively low signal to noise ratio from the measurements is most likely due to 
short time gate, laser fluctuations, and flame instability. 
 

Conclusion 

 
In summary, for the first time, Radar REMPI was demonstrated to in situ, non-
intrusively and directly measure the methyl radicals in methane/air flames at 

atmospheric pressure.  The REMPI spectrum of the methyl radical (
0

02

2 03 Ap   

band) was obtained in the flame.  Good agreement has been achieved between 
the experimental measurements and calculations for the spatial distribution of 
methyl radicals in methane/air flames. 
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Appendix 

 
 
 

 

Figure 1.  Plot of the temperature and CH3 profile from a simulated laminar, 
adiabatic, one-dimensional, freely-propagating methane/air flame at an 
equivalence ratio of 1.22 at atmospheric pressure 

 
 
 

 

Figure 2. Schematics and pictures of the experimental setup of Radar 
REMPI for methyl radical measurements.  M1 and M2 are highly reflective 
mirrors for the UV laser beam. 

 
 
 
 
 



22 
 

0.0 5.0x10
-8

1.0x10
-7

1.5x10
-7

0.0

0.2

0.4

0.6

0.8

1.0

A
rb

it
ra

ry
 U

n
it
s

Time (seconds)

 Laser pulse

 Microwave signal

84 ns at 1/e

 

Figure 3. Microwave signal from REMPI of CH3 in the flame at atmospheric 
pressure.  The laser beam was set at 333.7 nm and the power was 
approximately 6 mJ/pulse.  The measurement was conducted at 1.45 mm 
above the burner surface, which corresponded to the maximum 
concentration of CH3.  The lifetime of the REMPI electrons in the flame was 
about 84 ns, which shows promise for measurements at lower or higher 
pressures. 
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Figure 4. REMPI spectrum of methyl radical (CH3) in a methane/air flame at 
atmospheric pressure.  The measurement was conducted at 1.45 mm above 
the burner surface, which corresponded to the maximum concentration of 
the CH3. 
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Figure 5. Two-dimensional spatial distribution of methyl radicals (CH3) 
across two flamelets given by UNICORN using GRI-3.0 in a methane/air 
flame produced by the Hencken burner at atmospheric pressure. 
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Figure 6. Spatial distribution of methyl radicals (CH3) in a methane/air flame 
produced by the Hencken burner at atmospheric pressure.  (a) comparison 
of experimental and calculated CH3 concentration profiles with each 
simulation number corresponding to different locations of the 2.4 mm 
averaging across the two flamelets, (b) comparison of experimental and 
calculated CH3 concentration profiles with the uncertainty of ±0.4 mm for 
the laser focal length. 
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CHAPTER II 
QUANTITATIVE RADAR REMPI MEASUREMENTS OF METHYL 

RADICALS IN FLAMES AT ATMOSPHERIC PRESSURE 
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Abstract 

 
Spatially resolved quantitative measurements of methyl radicals (CH3) in CH4/air 
flames at atmospheric pressure have been achieved using coherent microwave 
Rayleigh scattering from Resonance Enhanced Multi-Photon Ionization, Radar 
REMPI.  Relative direct measurements of the methyl radicals were conducted by 

Radar REMPI via the two-photon resonance of the 
0

02

2 03 Ap   state and subsequent 

one-photon ionization.  Due to the proximity of the argon resonance state of 

2s22p54f [7/2, J = 4] (4+1 REMPI by 332.5 nm) with the CH3 state of 
0

02

2 03 Ap   

(2+1 REMPI by 333.6 nm), in situ calibration with argon was performed to 
quantify the absolute concentration of CH3.  The REMPI cross sections of CH3 
and argon were calculated based on time-dependent quantum perturbation 
theory.  The measured CH3 concentration in CH4/air flames was in good 
agreement with numerical simulations performed using detailed chemical 
kinetics.  The Radar REMPI method has shown great flexibility for spatial 
scanning, large signal-to-noise ratio for measurements at atmospheric pressures, 
and significant potential to be straightforwardly generalized for the quantitative 
measurements of other radicals and intermediate species in practical and 
relevant combustion environments. 
 

Introduction 

 
The methyl radical (CH3) is one of the most important species in combustion [1], 
atmospheric chemistry [2], chemical vapor deposition [3], and ultrafast kinetics [4, 
5].  In combustion, ignition and flame propagation reactions [via hydrogen 

mailto:zzhang24@utk.edu
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abstraction by H atoms and hydroxyl radicals (OH)] is controlled by the CH3 
radical [1].  The formation of polycyclic aromatic hydrocarbons (PAH) and soot is 
also highly dependent on this radical [6].  However, quantitative measurements 
of CH3 are very challenging, especially at elevated pressures.  The methyl radical 
is characterized by a strong predissociation of its electronically excited states, 
preventing fluorescence detection.  For this reason, direct measurements of CH3 
have mostly been conducted using absorption-based methods [3, 7-9], 
conventional REMPI [10-12] and degenerate four wave mixing (DFWM) [13, 14].  
Absorption-based methods, either direct absorption of CH3or cavity ring-down 
spectroscopy, have the limitation of path integration, leading to limited spatial 
resolution.  Conventional REMPI has a low signal-to-noise ratio for measurement 
of the CH3 distribution in flames at atmospheric pressure [15].  Additionally, a 
physical probe or electrodes required for the collection of electrons or ions may 
introduce some disturbances in the reacting flows.  DFWM utilizes third order 
nonlinear optics effects, which can have low signal-to-noise ratios for applications 
at low pressures.  Indirect measurements have been conducted by photolysis of 
CH3 into the methylidyne radical (CH) and its subsequent laser-induced 
fluorescence [16–19], which inherently complicates the detection scheme and 
requires care for the interpretation of the experimental data. 

Relative direct measurements of CH3 were conducted in our previous 
study [20].  A tunable dye laser was used to selectively induce the (2+1) REMPI 

ionization of methyl radicals (CH3, 
0

02

2 03 Ap   band) in a near adiabatic and 

premixed laminar CH4/air flame at atmospheric pressure.  In situ measurements 
of the REMPI electrons were made by non-intrusively using a microwave 
homodyne transceiver detection system.  The REMPI spectrum of the CH3 
radical was obtained and a spatial distribution of the radicals with a resolution of 
approximately 20 µm was determined across the flame front.  There was good 
agreement between the normalized measured and calculated CH3 profiles, 
including the total width and asymmetric structure. 

The focus of the present investigation was to performing situ calibration to 
quantitatively measure the absolute concentration of CH3 in a flame.  The 
calibration was achieved through a multi-part process that included: (1) time-
dependent quantum perturbation theory calculations of the REMPI cross sections 
of CH3 and argon, (2) quantitative measurements of CH3 in CH4/air flames at 
atmospheric pressure, and (3) comparisons with the calculated CH3 profiles 
using the detailed kinetic mechanism of GRI-3.0. 
 

Experimental setup 

 
The experimental setup was described in our previous publications [20, 21] and 
therefore a brief summary is only provided here.  The excitation wavelength for 
the Radar REMPI measurement was created using a frequency doubled Nd: 
YAG laser (Continuum Surelite SI-10) that was used to pump a tunable dye laser 
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(Continuum ND6000, DCM, C19H17N3O as the dye) is shown in Figure 7.  The 
output of the dye laser was frequency doubled by an automatic frequency 
doubling and tracking system (Continuum UVT).  The output wavelengths were 
automatically tunable from 332 to 335 nm, with output power ranging from 6 to 8 
mJ/pulse.  The laser output was then focused with a 50 cm focal length lens to 
generate the REMPI plasma in the flame of a Hencken burner.  The Hencken 
burner with 1 in. by 1 in. square exit geometry (Technologies for Research, 
Modal: RT1x1) was employed to generate a near-adiabatic, flat flame.  Each fuel 
stream, flowing through a tube, is individually surrounded by six oxidizing gas 
stream tubes.  Therefore, a combustible mixture exists only above the burner 
surface.  The fuel tubes have an inner diameter (ID) of approximately 0.54 mm 
and an outer diameter (OD) of approximately 0.90 mm.  The combined fuel and 
air flow rate must be high enough to keep the flame slightly lifted from the burner 
surface in order to reduce heat loss to the burner.  The relatively long focal length 
lens (50 cm) was used to avoid gas breakdown or avalanche ionization in the 
flames and also allowed for the focal point to be close to the burner surface.  
From ideal Gaussian beam geometry, the focal region was roughly 20 µm in 
diameter and 2.4±0.4 mm in length.  The length of the interrogation region arose 
from the microwave signal scattering along the laser beam upstream and 
downstream of the focus.  The focal region length and uncertainty was related to 
the laser intensity and corresponding microwave scattering signal.  At a 2.8 mm 
length, the laser intensity falls to about 33 % and the REMPI efficiency and 
microwave scattering drop to approximately 11 %, compared to the center of the 
laser focus.  The beam steering mirrors and focusing lens were placed on a 
translational stage to move the laser focus to different heights above the burner 
and therefore through the flame front. 

A microwave homodyne transceiver detection system was used to detect 
the REMPI plasma.  A 10-mW tunable microwave source (HP 8350B sweep 
oscillator set at ~10 GHz) was first split into two channels.  One channel was 
used to illuminate the ionization point through a microwave horn (WR75, 15 dB 
gain), while the microwave scattering from the plasma was collected by the same 
microwave horn.  The received microwave passed through a microwave 
circulator and was amplified 30 dB by one preamplifier at approximately 10 GHz.  
After the frequency was down converted in the mixer, two other amplifiers with 
bandwidths of 2.5 kHz-1.0 GHz amplified the signal by another factor of 60 dB.  
From the geometry of dipole radiation, the polarization of the microwave was 
chosen to be along the propagation direction of the laser to maximize the 
scattering signal.   
 

Estimation of REMPI cross sections of argon and CH3 

 
The principle technique for the quantitative calibration of CH3 concentration in the 
flame with argon is shown in Figure 8.  In this approach, due to the proximity of 
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argon resonance state 2s22p54f [7/2, J = 4] (4+1 REMPI by 332.5 nm) with the 

state 
0

02

2 03 Ap   of CH3 (2+1 REMPI by 333.6 nm), Radar REMPI measurements of 

freely flowing argon and methyl radicals in the flame were performed with the 
same configurations.  Since the laser beam properties can be assumed constant 
within such a short wavelength range, there was no need to modify the optical 
setup, burner positions, microwave horn positions, or microwave frequency.  
Since the freely flowing argon number density could be determined accurately, 
the number density of methyl radicals could be inferred from the relation. 
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where N is the number density, S is the observed signal, σ is the REMPI cross 
section and I is the laser intensity.  The corresponding quantities for CH3 or 
argon are represented in brackets. 

The key components for the quantitative calibration of Radar REMPI 
signals were the identification of the absolute baselines and determination of 
REMPI cross sections for the radical species (CH3) and inert gas (argon).  
Baselines for the microwave measurement were established by not alternating 
the experimental setup to vary the microwave reflections.  For CH3 
measurement, the resonance state 2s22p54f [7/2, J = 4] of argon was in close 

proximity to the resonance state 
0

02

2 03 Ap   of CH3, as shown in Figure 8.  The 

absolute collection efficiency could thus be established.  Since there were no 
well-established values for the cross sections in the references, the cross 
sections of argon and CH3 were calculated based on time-dependent quantum 
perturbation theory. 
 

Argon 

 
Argon is resonantly populated to the 2s22p54f [7/2, J = 4] by four photons at 
332.5 nm and ionized by one more photon from the resonance state.  The four-
photon absorption cross section of argon has been calculated following the 
references [22–24].  The four-photon absorption process for argon can be 
described as: 
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where g and f denote the ground (3p61S) and the intermediate state (2s22p54f 

[7/2, J = 4]) of the argon atom, respectively, fg is the frequency difference 

between the two state of f|  and g| ,   is the fine-structure constant 

(1/137.036), LtrItrF /),(),(   is the total photon flux measured in the number 

of photons per cm2 per second, where the laser intensity has a Gaussian profile 

( )/exp()(),( 22

0 brrtItrI  , with br  the radius of laser focus), G(ωL) is lineshape 
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function where a Voigt function for convoluting the laser Gaussian profile and 
natural broadening was used, ωL is the angular frequency of the exciting incident 
laser,  || r  are the dipole transition matrix elements connecting the ground state, 

virtual states and final state g| , 1| , 2| , 3|  and f| .  The general four-photon 

excitation cross section σ(4) is defined as: 
4

)4(

)4( FW   (3) 

To calculate the dipole transition matrix elements, the relation between the 
Einstein coefficients and the matrix elements was used [24, 25]. 
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where J and J’ are total angular momentum of the initial and final states, JM  and 

JM   are z components of the total angular momentum, A is the Einstein coefficient 

of the final state, E  is the energy gap between two states in units of Rydbergs, 
σ is the transition wavelength in cm-1 and a0 is the Bohr radius, 5.2918 x 10-11 m. 
The four-photon transition can be conceptually decomposed to four one-photon 

transitions.  Therefore, the four-photon selection rules will be L  = 0, ±4, J  = 

0, ±1, ±1, ±1 and ±1 without 00  JJ  for the single photon transition.  Since 

the ground state is at p|  and final state is at f|  there are a few dominant 

routes for the four-photon transitions: fdpsp 43443  , fdpsp 43453  , 

fdpdp 43433  , fdfdp 43433  , and fgfdp 45433  .  From the 

principle of multi-photon transition, the transition probability is inversely 
proportional to the energy gap between virtual states and photon energy.  Based 
on the above calculation and current experimental conditions, the four-photon 

transition rate was calculated to be approximately 1331006.1   cm8s4 for the laser 
linewidth of 0.01 at 332.5 nm. 
The one-photon ionization from the excited bound state of an atom can be 
approximated as [24], 
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where Z is the net charge on the ion, 
IU  is the ionization potential for the atom in 

the excited state, R is the Rydberg constant and L  is the photon energy.  The 

formula is exact for hydrogenic atoms and within the uncertainties of 
experimental measurements for excited inert gas atoms [26, 27]. 
 

Methyl radical (CH3) 

 
Similar to argon, the two-photon absorption cross section of CH3 was estimated 
based on time-dependent quantum perturbation theory.  The two-photon 
absorption coefficient was found by multiplying the dipole moments weighted by 
quantum defects.  The two-photon absorption process for CH3 is described as: 
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where FC is the Franck-Condon factor for the excited state, which was taken as 
0.91 [28]. 

Instead of using Einstein coefficients to calculate the dipole moments as 
was done for argon, the absorption coefficients or oscillator strengths were used 
to calculate the first-order dipole moments of various transitions for CH3.  The 
dipole moments of CH3 were calculated from the oscillator strengths and 
absorption coefficients from [29]. 
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where me and e are the electron mass and charge, respectively,  is Plank 

constant 2/h ,  baQ   is the angular factors resulting from the angular 

integration [29], and the radial transition moment integral is defined as: 

 )(||)( rRrrRR baab  (8) 

For CH3, the absorption coefficient and oscillator strength were found in 
references [30, 31].  The transitions from the virtual state to the excited state 

were from Ref. [29].  The predissociation fraction of the excited state 
0

02

2 03 Ap   

was set as 54% [32].  The parameters used in the calculations are summarized 
in Table 1. 

In summary, the two-photon absorption cross section for CH3 was found to 
be 3.1x10-47 cm4s2 for the laser linewidth of 0.01 nm at 333.6 nm, which is of the 
same order as the estimation of 1.9x10-47cm4s2 in Ref. [32].  The difference could 
be due to the difference of laser linewidths.  The one-photon ionization cross 
section of the excited state of CH3 was calculated using Eq. (5).  Therefore, the 
corresponding CH3 concentration was found to be approximately 5.7x1015/cm3 in 
Figure 8. 

It should be noted that the cross sections for both argon and CH3 
resonance enhanced absorption and ionization were calculated from time-
dependent quantum perturbation theory.  The uncertainty of REMPI cross section 
is hard to quantify.  It is estimated to be around 50 %.  The accuracy was based 
on the methodology limitations of incomplete summation of intermediate states 
and the indetermination of directions of dipole moments in the calculations.  The 
experimental determination of cross sections of absolute multiphoton absorption 
and ionization is highly desired as in references [33–36].  Regardless, any 
measurements of CH3 can still be accurately calibrated by inert argon such that 
the relative measurements in other flames can be compared to the well-
established CH4/air flame measurement and model. 
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Quantitative determination of CH3 concentration in the flames 

 
Calibration of the microwave detection system was conducted for freely flowing 
argon and molecular oxygen in room air.  Argon was flowed through the Hencken 
burner at two standard liters per minute (slpm).  Argon was resonantly populated 

to ]4,2/7[422 52 Jfps  by four photons at 332.5 nm and ionized by one more 

photon from the resonance state.  Molecular oxygen in room air was also 
detected by Radar REMPI via 2 photon resonance of C←X and 1 photon 
ionization near 286.5 nm [21] as a second validation and confirmation for the 
calibration.  Figure 9(a) shows the normalized spatial distribution profiles of argon 
and molecular oxygen.  Great repeatability for measurements of both argon and 
molecular oxygen was achieved.  A numerical fitting of the experimental data 

yielded 5189.107865.002727.0 xy   with %3.992 R .  Since argon and molecular 

oxygen were evenly distributed above the burner surface, the curves could be 
considered as the instrument function for the microwave system and were used 
to calibrate all other measurements on the burner.  Any undesired microwave 
reflection and interference from the metallic burner and/or equipment in the 
laboratory were thus eliminated.  The monotonic increase in the Radar REMPI 
signal was due to blocking of the microwave scattering by the burner surface.  
Above a certain height, the microwave signal becomes periodic according to the 
microwave wavelength, which was approximately 3 cm and therefore beyond the 
interrogation region for the current experiments.  Figure 9(b) shows two separate 
uncalibrated spatially resolved measurements of methyl radicals in the CH4 : air 
(1.15:10.2 slpm) flame at atmospheric pressure. 

The Radar REMPI measurements shown in Figure 10(b) were performed 
on a Hencken burner that is comprised of a matrix of fuel tubes set within a 
honeycomb where the oxidizer is flowing.  The design allows for a separation 
between the fuel and oxidizer until exiting the burner in order to produce a flame 
that does not flashback and is near adiabatic.  Under the conditions used in the 
current experiments, the result is a flame that is composed of many small 
flamelets, each centered on a fuel tube. In order to validate the quantitative 
measurements of CH3, two-dimensional simulations were performed using 
UNsteady Ignition and COmbustion with ReactioNs (UNICORN) [37–41] with the 
detailed chemical kinetics of GRI-3.0.  Figure 10 shows the results of the 
simulations for two flamelets at atmospheric pressure with the calibrated 
quantitative experimental result, as well as a chemiluminescence image of the 
CH4 : air (1.15:10.2 slpm) flame.  UNICORN is a time-dependent, axisymmetric 
mathematical model that is used to investigate two-dimensional steady and 
unsteady reacting flows. It has been validated with experiments designed to 
predict ignition, extinction, stability limits, and the dynamic and steady-state 
characteristics of diffusion and premixed flames burning various fuels. Here, 
UNICORN used a detailed chemical kinetics model, GRI-3.0, for the CH4/air 
flames at atmospheric pressure with the geometry of the Hencken burner. While 
Figure 10(a) shows a chemiluminescence image of a side view of the entire 
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flame with multiple flamelets, Figure 10(b) shows the computational results of the 
two-dimensional distribution of CH3 across two flamelets given by UNICORN.  
The calibrated quantitative experimental results, Figure 10(c), were obtained by 
two steps.  Dividing Figure 9(b) by Figure 9(a) gives a calibrated relative profile of 
CH3 in the flame.  Due to the monotonic increase of the instrument function, the 
noise near the burner surface was significantly amplified by the division 
compared to the consistent noise level in Figure 9(b).  Calibration of the relative 
concentration of CH3 to argon was then conducted to give a quantitative value, 
i.e. Figure 10(c).  The Radar REMPI measurement had a spatial resolution of 
approximately 20µm normal to the flame front and 2.4±0.4 mm in length parallel 
to the top of the burner.  Therefore, the Radar REMPI measurement crossed 
through two flamelets (depicted by the red box in Figure 10(a) and white box in 
b).  Depending upon where the 2.4 mm interrogation area was located across the 
flamelets, there could be different shaped profiles and peak CH3 number 
densities.  To mitigate any discrepancies with regard to the interrogation area, a 
parametric study was performed by averaging different 2.4 mm areas, plotting 
the average CH3 profiles, and then comparing to the experimental results.  This 
procedure was successfully applied in our previous study when comparing the 
normalized CH3 profiles [20].  Additionally, all of the profiles from the simulations 
were moved in the stream wise direction (closer to the burner) to match the 
experimental profile.  This movement was not unreasonable since past 
simulations have also predicted higher flame liftoff heights than experiments [42].  
The agreement between the experiment and simulations was very good by 
capturing both the width and height of the CH3 profile through the flame.  Similar 
measurements were performed for other equivalence ratio CH4/air Hencken 
flames, as well with H2 dilution.  An example of the comparison between 
experiments and simulations for a H2 diluted CH4/air flame (0.22:1.1:11 slpm) is 
shown in Figure 11.  Again, the agreement is good within the experimental 
uncertainties, and the Radar REMPI measurement captured the slightly smaller 
peak CH3 number density, narrower width, and higher liftoff height compared to 
the result shown in Figure 10(c) without H2 dilution. 
 

Conclusions 

 
Spatially resolved and quantitative measurements of methyl radicals in CH4/air 
flames at atmospheric pressure were performed for the first time using the Radar 
REMPI technique. The proximity of resonances of argon and CH3 allowed for the 
CH3 profiles to be calibrated based on theoretical estimations of the cross 
sections of both argon and CH3. The quantitative determination of CH3 was 
compared with numerical simulations using detailed kinetics and good agreement 
was achieved. Since the Radar REMPI method utilizes microwaves to detect 
electrons generated by the laser in situ, sensitively and non-intrusively, it has 
great potential to be straightforwardly generalized for quantitative measurements 



34 
 

of other radicals and intermediate species in practical and relevant combustion 
environments with elevated temperatures and pressures. 
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Appendix 

 
 
 

 

Figure 7. Experimental setup for the CH3 measurements in the Hencken 
burner by Radar REMPI.  SM step motor, Mx mixer, Sl splitter, Cl circulator, 
Pa Preamplifier, M1 and M2 are mirrors 

 
 
 

 

Figure 8. REMPI spectra of free flowing argon (Ar) through the burner and 
methyl radical [20] in a CH4/air flame at atmospheric pressure.  The 
measurement was conducted at the same location above the burner 
surface and the corresponding CH3 concentration was approximately 
5.7x1015/cm3. 
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(a)                                                        (b) 

Figure 9. Original microwave signals obtained by scanning the laser focus 
above the burner surface at various conditions. 

 
 
 

 

Figure 10. Quantitative spatial distribution of methyl radicals (CH3) in a 
CH4/air (1.15:10.2slpm) flame produced by the Hencken burner at 
atmospheric pressure.  (a) Chemiluminescence image, (b) UNICORN result 
and (c) comparison of experimental and computational results.  The red 
box in (a) indicates the position of the measurement. The burner surface is 
marked with a white line and the wrinkles in the flame are shown.  The 
computational CH3 profile by UNICORN has been moved downstream of 2.0 
mm to match the experimental results 
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Figure 11. Quantitative comparison of methyl radicals (CH3) in a H2 diluted 
CH4/air flame (0.22:1.1:11 slpm).  The computational CH3 profile by 
UNICORN has been moved downstream of 2.0 mm to match the 
experimental results. 
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Table 1. Parameters used in the calculation of the cross section of CH3. 

Parameters used in the calculation of the cross section of CH3 

Transition between the ground state and intermediate states (IS) 

IS : 1

23 As   XAs 1
23  

IS : Ed 23  XEd 23  

IS : 1

23 Ad   XAd 1
23  

Transition between the intermediate states (IS) and the excited state of 0

02

2 03 Ap   

IS : 1

23 As   1

222 33 AsAp  , wavelength = 728 nm, 3/1Q , 5102 f  

IS : Ed 23  EdAp  222 33 , wavelength = 1,520 nm, 4.0Q , 03.0f  

IS : 1

23 Ad   1

222 33 AdAp  , wavelength = 1,461 nm, 15/4Q , 021.0f  
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CHAPTER III 
TWO DIMENSIONAL QUANTITATIVE MEASUREMENTS OF 

METHYL RADICALS IN METHANE/AIR FLAME 
 



42 
 

This article, “Two Dimensional Quantitative Measurements of Methyl 
Radicals in Methane/Air Flame”, was received on 9 September 2014; revised  on 
20 October 2014, accepted on 19 November 2014; published on 7 January 2015. 
 
Author affiliations: 
Yue Wu and Zhili Zhang* 
Mechanical, Aerospace and Biomedical Engineering, University of Tennessee of 
Tennessee, Knoxville TN 37996, USA 
*Corresponding author: zzhang24@utk.edu 
 
Applied Optics, Vol. 54, Issue 2, pp. 157-162 (2015) 
DOI: 10.1364/AO.54.000157 
 

Abstract 

 
Two-dimensional (2D) quantitative measurements of methyl (CH3) radicals in a 
methane/air Hencken flame at atmospheric pressure are performed using 
coherent microwave Rayleigh scattering (Radar) from Resonance Enhanced 
Multi-Photon Ionization (REMPI) technique.  The 2D scanning and subsequent 
quantification are employed for Radar REMPI.  The 2D quantitative results were 
used to verify the numerical calculations.  The line-integral effect was involved in 
the calculation due to the real experimental configuration.  A 25% difference 
existed between the experimental results and numerical calculation while the 
overall concentration distributions between experiment and modeling of single 
flamelet have fairly good agreement with each other. © 2014 Optical Society of 
America 

OCIS codes:    (170.0110) Imaging systems; (170.3010) Image 
reconstruction techniques; (170.3660) Light propagation in tissues. 

http://dx.doi.org/10.1364/AO.54.000157 
 

Introduction 

 
Multi-dimensional, in-situ quantitative diagnostics of combustion radicals and 
intermediate species are in demand because of the intricacy of the flow and 
chemistry coupling in many practical combustion environments.  Many factors 
affect the overall reaction pathways in the combustion environment.  The sharp 
temperature gradient across the flame front, numerous radical species, and even 
more chemical reactions are a few of these factors.  Multi-dimensional in-situ 
characterization can automatically take those factors into account.  Quantitative 
measurements can provide not only calibration data for modelers to fine-tune 
combustion kinetic mechanisms but also insight into local reactions that may be 

mailto:zzhang24@utk.edu
http://dx.doi.org/10.1364/AO.54.000157
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used to identify and track key rate-controlling reaction pathways in the 
combustion environment. 

In combustion, ignition and flame propagation reactions [via hydrogen 
abstraction by H atoms and hydroxyl radicals (OH)] are controlled by the CH3 
radical [1].  However, only a few direct measurements of CH3 in flames have 
been reported because the strong predissociation of the electronically excited 
states of CH3 prevents fluorescence detection [2].  Most direct measurements of 
CH3 have been performed using absorption-based methods [3-6], conventional 
resonance-enhanced multi-photon ionization (REMPI) [7-10], and degenerate 
four-wave mixing (DFWM) [11, 12]; these methods are limited either in spatial 
resolution or in low signal-to-noise ratios for applications at low pressures.  Multi-
dimensional diagnostic measurements including those of CH3 are even rarer. 

In the present work, two-dimensional (2D) quantitative measurements of 
CH3 in a well-calibrated Hencken CH4/air flame were performed utilizing an in-
situ laser diagnostic technique: coherent microwave Rayleigh scattering from 
Resonance Enhanced Multi-Photon Ionization (REMPI) for CH3.  The absolute 
and quantitative concentration of CH3 radicals was measured using Radar 
REMPI.  This technique has recently been demonstrated to have the capability to 
provide high-spatial- and -temporal-resolution measurements and accurate 
determinations of concentration profiles without the use of physical probes or 
electrodes.  The quantitative measurement of CH3 radicals was first performed in 
flames at atmospheric pressure [2]; the flame-temperature distribution of 
molecular oxygen in a near-adiabatic flat flame was also measured recently [13].  
Moreover, Radar REMPI has also been applied to the optical detection of argon 
[14], nitric oxide [15], carbon monoxide [16], the oxygen atom [17], and 1,4-
diazobicyclooctane (DABCO) [18] in gas cells, open air, flames, and weakly 
ionized plasma.  Because of the high-spatial resolution of Radar REMPI, two-
dimensional quantitative measurements of CH3 may be helpful to evaluate the 
combustion model and analyze the processes of generation and consumption of 
CH3 in atmospheric flames. 
 

Experimental setup 

 
The experimental setup used for conducting 2D CH3 radical measurements, 
shown in Figure 12, is similar to that used for one dimensional (1D) CH3 radical 
detection in our previous work [19].  Briefly, a Hencken burner was used to 
produce a unique and near-adiabatic flame that is lifted from the burner surface 
because the fuel and oxidizer streams are separated until they reach the burner 
exit.  The fuel tubes have an inner diameter (ID) of ~0.54 mm and an outer 
diameter (OD) of ~0.83 mm.  The oxidizer honeycomb is a hexagonal pattern 
with the cell size of ~0.9 mm.  For the current experiment, the air flow rate was 
10.20 slpm (standard liters per minute), and the CH4 flow rate was set at 1.15 
slpm, which produced a flame with an equivalence ratio of 1.07.  A frequency-
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double Nd: YAG laser (Continuum Surelite I-10) was used to pump a tunable dye 
laser (Continuum ND 6000).  The output of the dye laser was frequency doubled 
by an automatic frequency-doubling-and-tracking system (Continuum UVT-1).  
The output wavelengths were automatically tuned from 332 to 335 nm, with the 
output power ranging from 6 to 8 mJ/pulse.  The laser output was then focused 
with a 500-mm-focal-length lens to generate the REMPI plasma in the Hencken 

flame.  For the Gaussian beam geometry, the beam waist 0  of the focal point 

was ~18 μm, and the Rayleigh range RZ  was ~2.9 mm.  The length of the 

interrogation region was determined by the microwave signal scattering along the 
laser beam upstream and downstream of the focus.  The focal-region length and 
the uncertainty were related to the laser intensity and the corresponding 
microwave scattering signal.  At a 2.9 mm from the beam waist, the laser 
intensity decreased to 50%, and the REMPI efficiency and the microwave 
scattering decreased to 25%, as compared to those at the center of the laser 
focus.  Two linear translation stages were employed to perform 2D CH3 radical 
measurements.  The partial assembly, including one beam-steering mirror (M2) 
and one 500-mm-focal-length lens, was mounted on the vertical translation stage 
that was controlled by the stepper motor 1 (SM1).  In the horizontal translation 
stage, the second stepper motor (SM2) was connected with the Hencken burner 
through a rigid coupling that was mounted on four roller bearings. 

A microwave-homodyne-transceiver detection system (MDS) was 
designed to detect REMPI plasma.  A 10-dBm tunable microwave source (HP 
8350B sweep oscillator, set at ~10 GHz) was first split into two channels, one of 
which was used to illuminate the ionization point through a microwave horn 
(WR75, 15dB gain).  Microwave scattering from the plasma was collected by the 
same microwave horn.  The received microwave passed through a microwave 
circulator and was amplified 30 dB by one preamplifier at ~10 GHz.  After the 
frequency was down-converted with the original source of the second channel in 
the mixer, two other amplifiers with a bandwidth of 2.5 kHz – 1.0 GHz amplified 
the signal by an additional factor of 60 dB.  From the geometry of the dipole 
radiation, the polarization of the microwave was chosen to be along the 
propagation direction of the laser for maximizing the scattering signal.  The 
microwave scattering was monitored by an oscilloscope and recorded with an 
automatic data-acquisition system. 
 

Results and Discussion 

 
The experiments were conducted in a flat and slightly fuel-rich flame produced by 
a Hencken burner at atmospheric pressure.  The flow rate of CH4 and air were 
1.15 slpm and 10.20 slpm, respectively.  In order to obtain the CH3 radical spatial 
distribution and analyze CH3 generation and consumption in the flame front, the 
2D quantitative measurements of CH3 were conducted at atmospheric pressure 
using the well-calibrated Hencken burner.  Figure 13 displays a 
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chemiluminescence image of the CH4/air flame produced by the Hencken burner 
that comprised a matrix of fuel tubes set within a honeycomb where the oxidizer 
was flowing.  The flame was lifted above the burner surface, and the near-
adiabatic feature of the flame was thus preserved.  Because of the unique 
configuration of the burner, the matrix of flamelets was generated within the 
diffusion flame.  The two-dimensional profiles of both fluid and chemistry 
components were well developed in each single flamelet.  Therefore, it is 
necessary and desirable to conduct 2D measurements within such a unique 
flame. 
 

1D and 2D Quantitative Measurements 

 
The 2D measurements of CH3 in the CH4/air flame at atmospheric pressure were 
performed with the aid of two vertical/horizontal translation stages.  The vertical 
scan was controlled by SM1 of the vertical translation stage with a scanning 
speed of 0.005 mm/sec.  After each vertical scan accomplished, the lateral 
movement of the Hencken burner was activated at regular intervals of 0.1 mm 
that were controlled by SM2 of the horizontal translation stage.  Three sets of 21-
vertical scan were made in the 2D CH3 measurement (-1.0 mm - 1.0 mm).  The 
original CH3 concentration data of one individual experimental scanning set is 
shown in Figure 14 with a relatively low resolution in the x-axis direction.  To 
increase the resolution and obtain a better 2D CH3 image, the piecewise cubic 
Hermite interpolation (“pchip” in MATLAB) was applied to process the original 
data with the assumption of the symmetry of the 2D CH3 distribution.  The 
processed 2D CH3 concentration distribution compared with the original 
averaged data set is shown in Figure 15. 

To quantify the 2D CH3 concentration distribution, the 1D calibration 
experiment was followed, and the beam position was set at both ±0.2 mm from 
the flamelet center because of the optimum signal-to-noise ratios (SNR) at these 
two positions with the highest CH3 concentration.  The results of uncalibrated 
spatially resolved measurements of CH3 in the CH4/air (1.15:10.20 slpm) flame at 
atmospheric pressure are shown in Figure 16 as well as an instrument function 
for the calibration of the microwave detection system.  Spatially resolved 
measurements of CH3 were obtained by Radar REMPI via the two-photon 

resonance of the 
0

02

2 03 Ap   state (2+1 REMPI by 333.6 nm).  To provide a means 

of correcting for undesired microwave reflection and blockage of the signal by the 
surface of the metallic burner, the instrument function was obtained by flowing 
argon and molecular oxygen into room air through the Hencken burner.  Since 
the concentration of the argon and oxygen gases can be assumed to be constant 
within 3 mm of the burner surface, the microwave-signal variation must arise 
from the microwave detection system.  These variations defined the instrument 
function.  Details concerning the calibration of the microwave detection system 
can be found in our previous paper [19].  The instrument function here yielded 
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5189.107865.002727.0 xy   ( 50  x  mm, R2 = 99.3%) for the microwave system, 

which was used to calibrate all of the other measurements on the Hencken 
burner. 

The 1D quantitative CH3 concentration in the Hencken flame at 
atmospheric pressure is shown in Figure 17.  Two steps were taken: 1) 
conversion from relative to quantitative concentration based on in-situ argon and 
2) oxygen calibration and deconvolution by the microwave instrument function.  
First, in-situ calibration was performed with argon to quantify the absolute 
concentration of CH3 because of the proximity of the argon resonance state of 

fps 422 52  [7/2, J=4] (4+1 REMPI by 332.5 nm) and the CH3 state of 
0

02

2 03 Ap   (2+1 

REMPI by 333.6 nm).  The REMPI cross sections of CH3 and argon were 
calculated based on the time-dependent quantum-perturbation theory.[19]  Since 
the argon and oxygen concentrations were known, the relative CH3 concentration 
was made quantitative based on the relative signal strengths of CH3 and 
argon/oxygen.  Second, the deconvolution by the instrument function was 
conducted to eliminate the possible systematic error from the microwave 
detection system.  The corrected 1D CH3 concentration in CH4/air flames was in 
good agreement with numerical simulations that were performed using detailed 
chemical kinetics.  The accuracy of the CH3 measurement is about ±25% due to 
the uncertainty of the cross section calculation based on the time-dependent 
quantum-perturbation theory. [19] 
 

Comparison of 2D CH3 Numerical Calculations and Experimental 
Measurements 

 
With the calibration conducted in the 1D CH3 experiments with argon, the 2D CH3 
concentration distributions with quantitative results were accordingly obtained.  
To verify the CH3 spatial distribution with quantitative concentration, the 2D CH3 
numerical calculations were performed using the UNICORN (UNsteady Ignition 
and COmbustion with ReactioNs) [20] with the detailed chemical kinetics of GRI 
3.0 for a single flamelet at atmospheric pressure.  The simulation results shown 
in Figure 18 are the 2D CH3 concentration distribution at the center of single 
flamelet.  The experimental results and the simulation calculation could not be 
directly compared until the line-integral effect was considered in the simulation 
calculation because of the use of the long-focal-length lens and the line-integral 
effect within the REMPI plasma that existed in the experiments.  Specifically, the 
incident light with diameter of ~6 mm was focused through the 500-mm-focal-
length lens.  Therefore, the beam waist was ~18 μm at the focal point, and the 
Rayleigh range was 2.9 mm, inferred from Eq. (1).  The radius )(Z  of the 

focused beam was determined by the axial distance z from the beam waist 
shown in Eq. (2).  Therefore, the laser intensity was well described by the 
Rayleigh distribution [Eq. (3)]. 
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Along the axis of the laser beam, the laser-intensity distribution is shown 
in Figure 19.  The CH3 radical was theoretically ionized by three subsequent 
photons at the focal point (2+1 REMPI by 333.6 nm).  In fact, the real REMPI 
efficiency distribution shown in Figure 19 was the result of the flux integration of 

3I  along the axis of the incident laser beam.  The Full Width at Half Maximum 
(FWHM) of the REMPI efficiency distribution is 3.8 mm, while the distance 
between the two flamelets is 2.3 mm.  Hence, the line-integral effect must be 
involved in the numerical calculations that simulate the real situations occurring 
in the experiments.  The 3D concentration-distribution profiles of CH3 shown in 
Figure 20 were employed to be weight averaged by the REMPI efficiency 
distribution, and the final simulation results with the line-integral effect are shown 
in Figure 21 and compared to the quantitative experimental results of CH3 in the 
CH4/air flame at atmospheric pressure.  The overall shapes of the 2D CH3 
concentration distribution are well agreed with each other with respect to the 
height and width of the “bell-shape” concentration distribution.  The generation 
and occurrence of CH3 located at ~0.4 mm above the burner surface is 
consistent between the numerical calculation and experimental results.  
However, there exists a concentration difference at the bottom part of the 2D 
“bell-shape” distribution between calculation and experimental results mainly due 
to the comprehensive results of the low CH3 concentration and the line-integral 
effect in the experiments.  (II) The maximum concentration of CH3 is located at 
~1.0 mm above the burner surface in the experimental results while that is ~0.8 
mm in the numerical calculations.  Overall, the experimental results are about 
25% higher than the numerical calculations. 

Quantitative multi-dimensional measurements can provide not only 
calibration data for modelers to fine-tune combustion kinetic mechanism but also 
more insight into local reactions, which may be used to identify and track key 
radicals and the rate-controlling reaction pathways in the combustion 
environment.  One of the most important aspects of the chemical kinetics of 
methane combustion involves the production and removal of CH3 radicals, which 
are the first and second steps in the methane-oxidation path, respectively [1, 21].  
It is generally thought that at the first step, CH3 is produced by either 
unimolecular or bimolecular reactions of CH4 in the flame. The identification of 
the primary reaction pathways for CH3 consumption at the second step of flame 
reactions is important not only for ignition and flame propagation reactions of CH4 
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but also for Polycyclic Aromatic Hydrocarbons (PAH) and soot formations. [22]  
Two main competing mechanisms of CH3 consumption control the overall 
reaction pathways in the flame.  CH3 can be directly oxidized by the main 
oxidation reactants of molecular oxygen (O2), oxygen (O) atoms and OH, leading 
to methoxy radicals (CH3O), formaldehyde (CH2O), and formyl radicals (HCO).  
This reaction pathway of CH3 consumption is preferable since the subsequent 
chain reactions further oxidize the hydrocarbons.  The other main reaction 
pathway of CH3 consumption is the radical recombination reaction 
(CH3+CH3→C2 hydrocarbon) [23], followed by the hydrogen-abstraction 
sequence leading to ethyl (C2H5), ethane (C2H4), ethenyl (C2H3), and acetylene 
(C2H2).  The pathway has been confirmed as the dominant route for the 
production of C2 and higher level hydrocarbon species, leading to PAH and soot 
generation in the flame [24].  This is especially true since one of the 
dehydrogenation products, C2H2, plays a most important role of contributor as a 
soot precursor to the formation and growth of soot in CH4/air flames at fuel-rich 
conditions [25-27].  Hence, the 2D concentration distribution of CH3 at the initial 
stage of fuel-rich methane/air combustion may be used as a starting point for a 
rough estimate of the chain reactions.  Because of the unique configuration of the 
Hencken burner, each flamelet is surrounding by a large amount of oxidation 
reactants.  In such a diffusion-flame environment, the CH3

 radicals mainly exist at 
1.0-1.5 mm above the burner surface.  The temperature is ~1650-2025 K in this 
range, as calculated by ChemKIN with GRI 3.0. 

Two important features of this demonstration of multi-dimensional 
diagnostic methods for quantifying the 2D CH3 concentration in the flame at 
atmospheric pressure are:  1) measurements in the flame are the most relevant 
to the combustion chemistry; quantitative in-situ measurements at realistic flame 
conditions and known temperatures are desirable and 2) the 2D CH3 
concentration map may be used as an indicator for pathway identification and 
tracking of PAH and soot generation. 
 

Conclusion 

 
The two-dimensional in-situ quantitative measurements of CH3 in a CH4/air 
Hencken flame at atmospheric pressure have been demonstrated by Radar 
REMPI.  2D scanning and subsequent quantification were used for Radar 
REMPI.  The 2D numerical calculations were compared to the experimental 
results with the line-integral effect considered within the REMPI.  A 25% 
difference existed between the experimental results and numerical calculation 
with fairly good agreement of overall 2D concentration distribution.   
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Appendix 

 
 
 

 

Figure 12.  (Color online) The experimental setup for 2D CH3 measurements 
using Radar REMPI.  MDS is microwave detection system with the 
schematic diagram shown in the subplot; M1 and M2 are high-reflective 
mirrors; SM1 and SM2 are stepper motors. 

 
 
 

 

Figure 13.  (Color online) A chemiluminescence image of the Hencken-
burner flame with the equivalence ratio of 1.07 (CH4:air = 1.15:10.20) at 
atmospheric pressure.  Flamelets are generated and shown in the image. 
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Figure 14. (Color online) A single scanning result of the 2D CH3 
concentration distribution. 

 
 
 

 

Figure 15. (Color online) The processed 2D CH3 distribution with lateral-
interpolation operation compared to the original averaged results. 
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Figure 16.  (Color online) The relative spatial distribution of CH3 and the 
instrument function of the microwave detection system.  The instrument 
function was used for calibration of the microwave detection system. 
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Figure 17.  (Color online) The calibrated CH3 distribution in the Hencken-
burner flame. 
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Figure 18. (Color online) The simulation results of the 2D CH3 concentration 
distribution at the center of one flamelet.  Unit: molecules·cm-3. 
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Figure 19. (Color online) The laser-intensity distribution along the axis of 
propagating light (red line).  2+1 REMPI efficiency distribution (integration 
results of cubic laser intensity and its cross section) (black line). 
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Figure 20. (Color online) The simulated 3D CH3 concentration distribution 
within a single flamelet. 

 
 
 

 

Figure 21. (Color online) The numerical calculation of CH3 concentration 
distribution with line-integral effect (left) compared to experimental results 
(right).  Unit: molecules·cm-3. 
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CHAPTER IV 
O2 ROTATIONAL TEMPERATURE MEASUREMENTS BY 
COHERENT MICROWAVE SCATTERING FROM REMPI 
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Abstract 

 
This letter reports non-intrusive local rotational temperature measurements of 
molecular oxygen, based on coherent microwave scattering (Radar) from 
Resonance Enhanced Multi-Photon Ionization (REMPI) in air and in pure oxygen 
with subsequent analysis of the rotational state distribution.  Rotationally resolved 

2+1 REMPI spectra of molecular oxygen (    02 33  vXvC ) at different 

temperatures have been obtained by Radar REMPI.  Rotational temperatures 
have been determined from the Boltzmann plots of various experiments.  The 
overall measurements have an accuracy of ~60 oC in the pure oxygen and ~50 
oC in the room air, with experiments conducted up to 500 oC. 
 

Introduction 

 
Accurate optical measurements of temperature are often required in reacting 
flows, in which high temperatures or pressures, or highly reactive environments 
preclude the use of physical probes.  The possibility of measuring the vibrational 
and rotational temperatures of an individual species is also of interest for reacting 
environments, supersonic flows, surface interactions, and for tracking the 
evolution of species generated by photo induced fragmentation.  Due to its rather 
easily accessed electronic resonance and its importance in combustion and 
reacting environments, molecular oxygen is chosen here for the measurement of 
temperatures. 

Coherent microwave Rayleigh scattering (Radar) from Resonance 
Enhanced Multi-Photon Ionization (REMPI) has recently been demonstrated to 
have the capability to achieve high spatial and temporal resolution 
measurements, which allow sensitive nonintrusive diagnostics, and accurate 

mailto:zzhang24@utk.edu
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determinations of concentration profiles without the use of physical probes or 
electrodes.  It has been applied for the optical detection of argon [1], xenon [2], 
nitric oxide [3], carbon monoxide [4], and oxygen atom [5] etc. both within an 
enclosed cell and open air.  In this Letter, using a frequency tunable laser, 
rotationally resolved 2+1 REMPI spectra of O2 have been measured in air and in 
pure oxygen by Radar REMPI at different temperatures.  From the spectra and 
analysis of the rotational state distribution, the rotational temperatures of 
molecular oxygen have thus been determined. 

Although Radar REMPI is not a single shot measurement compared to the 
conventional Coherent Anti-stokes Raman Scattering (CARS) [6, 7] and Laser 
Induced Fluorescence (LIF) [8–10], it is very simple to set up and robust to 
perturbations.  Compared to conventional CARS, it only uses one simple tunable 
laser, such as a commercial dye laser or OPO laser, as the excitation source.  It 
only requires a simple lens to focus the beam and can be easily spatially 
scanned.  Minimum optical alignment is required for the measurement.  It only 
requires one optical access port.  Unlike CARS, the signal to noise may even be 
better at lower pressure, due to the slow recombination and/or attachment 
processes in the REMPI plasma.  Compared to LIF, a microwave homodyne 
transceiver system is much cheaper than an intensified CCD camera.  It is more 
robust to perturbation and background radiation due to the separation of 
generation and detection systems in two spectral regions.  It does not require 
dark environment to perform the measurements.  Quenching effect, which is one 
of key problems in LIF, are physically avoided since the ionization from the 
excited states can be quicker than the collisional processes.  It may even be 
used as a standoff approach, due to the limited radiation background in the 
microwave range [4]. 
 

Structure of molecular oxygen 

 
The REMPI structure of O2 can be summarized as the following.  The 

ground state, O2(X
3Σ), can be best described as Hund’s case (b), in which the 

projected component of orbital angular momentum on the molecular axis is 

0 , the projected component of the spin on the molecular axis,  , can take 
the values -1, 0, 1 and the projected total angular momentum on the molecular 

axis,  , is not defined [11].  The splitting due to   = -1, 0, and 1 leads to the 
hyperfine structure in the ground state, which has been denoted as F1, F2 and F3, 

respectively.  The excited state of O2 used in this study, )( 3

2 CO  can be best 

described as Hund’s case (a), in which 1  and   can take -1, 0, 1, which 

correspond to   taking the values 0, 1, 2, respectively.  The   values lead to 
the hyperfine structure in the C state, which has been denoted as S1, S2 and S3, 
respectively.  The 2-photon REMPI spectra obtained in the experiments are 
convolutions of the hyperfine structures of the molecular oxygen, thermal Doppler 
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and the laser broadening.  The two photon transition line strength 2

,gfS  between 

the excited state 3C , Hund’s case (a), and the ground state 3X , case (b), has 
been modeled by [12] 
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where […] is the Wigner 3-j symbol, J is the rotational quantum number, N is total 

angular momentum except the spin, 
)2(

k  is the polarization coefficient, and 

primed parameters denote the ground 3X  state while unprimed parameters 

denote the excited 3C  state.  For linearly polarized light, terms of both k=0 and 

2 contribute to the final line strength, 3/10)2( k , while for circularly polarized 

light, only 2k  contributes, giving 5)2( k . 

The microwave scattering signal from the REMPI produced plasma is 
proportional to the total number of electrons inside the plasma [13], which is 
proportional to the total number of transitions to the continuum through the 
resonant two photon transition followed by the single photon ionization.  The total 
number of transitions to the continuum is thus determined by the product of the 
number of molecules in the ground state and the rate of multiphoton ionization.  
An expression for the resulting microwave scattering signal can be written as [14] 

)/exp(,

2)2(

,0 TkEISISNNE BgifgfeMW   (2) 

where MWE  is the scattering microwave electric field, eN  is total electron number 

inside the plasma generated by REMPI, 0N  is the total number of oxygen 

molecules in the laser focal region, gE  is the energy of the ground state of 3X , 

Bk  is Boltzmann constant, T  is temperature, I  is the intensity of the laser beam, 

and ifS ,  is the ionization cross section from the excited state to the ionization 

continuum.  It should be noted that the rotational quantum number dependence 
of (2J+1) for the Boltzmann factor cancels in the Eq. (1), accounting for the 
rotational degeneracy of ground state J levels. 

The variation of the intensity of the rotational lines in an electronic 
manifold is determined by the thermal population distribution of the rotational 
levels.  The rotational temperature can be extracted from the analysis of the 
rotational structures revealed in the REMPI spectra.  The thermal distribution of 
the rotational levels is given by a statistically weighted (i.e. quantum 
degenerated) Boltzmann factor of (2J+1)exp(-Eg / kBT), where the rotational level 
with the maximum population shifts toward higher J values with increasing 

temperature.  If ifS ,  is assumed to be constant due to limited scanning range and 

the ground state population 0N  is constant during the scan time, then the 

Boltzmann plots can be formulated as 
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When a region of the spectrum including numerous rotational lines is 
measured, a statistical fit of the Boltzmann plot gives an accurate representation 
of the rotational populations and thus the rotational temperature, i.e., the slope of 
the Boltzmann plot as shown in the Eq.(2). 
 

Experimental results and discussions 

 
The experimental setup is shown in the Figure 22.  A frequency doubled 

Nd: YAG laser (Continuum Surelite SI-10) was used to pump a dye laser 
(Continuum ND6000, Rhodamine 6G as the dye).  The output of the dye laser 
was frequency doubled and scanned by an automatic frequency doubling and 
tracking system (Continuum UVT-1).  The scanning rate is set at 0.01 nm/s.  The 
laser output was then focused by a lens with a focal length of 10 cm to generate 
the REMPI plasma in the pure oxygen and air at room and elevated 
temperatures.  The gas cell was heated by a furnace, which was heated by a 
concrete block heater.  A K type thermocouple was placed near the cell inside 
the furnace to control the temperature with an accuracy of ~1 K.  Before entering 
the cell, the laser beam was split by a partially reflected mirror to monitor the 
laser power.  The light scattered by the cell window was collected by a photo 
diode to trigger the data acquisition system.  The positions of the spectra were 
calibrated according to tabulated nitrogen rotational lines. 

A microwave homodyne transceiver system was used to detect the 
REMPI plasma [15].  A 10 dBm tunable microwave source (HP 8350B sweep 
oscillator, set at ~10 GHz) was first split into two channels.  One was used to 
illuminate the ionization point through a microwave horn (WR75, 15 dB gain).  
Microwave scattering from the plasma was collected by the same microwave 
horn.  The received microwave passed through a microwave circulator and was 
amplified 30 dB by one preamplifier at ~10 GHz.  After the frequency was 
converted down in the mixer, two other amplifiers with bandwidth of 2.5 kHz to 
1.0 GHz amplified the signal by another factor of 60 dB.  From the geometry of 
dipole radiation, the polarization of the microwave was chosen to be along the 
propagation direction of the laser to maximize the scattering signal.  The time-
accurate microwave scattering signal was monitored by an oscilloscope, shown 
in the Figure 23 for various conditions.  The microwave signal was also input into 
an automatic data acquisition system, which recorded the rotational spectrum of 
oxygen as the laser was tuned. 

Figure 23 shows the typical microwave scattering temporal signals from 
REMPI in the pure oxygen at different temperatures and pressures.  Microwave 
scattering signals with similar temporal behavior have been obtained for the 
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measurements in air.  Since microwave scattering is a direct measurement of the 
total electrons in the microplasma, the generation of the electrons by REMPI 
corresponds to the rising of the signal.  The decay of the microwave signal is due 
to the loss of the electrons by three body attachment and recombinations.  The 
decay time for pure oxygen at 60 Torr in Figure 23(a) extends to about 100 ns, 
whereas for 600 Torr in Figure 23(b), the decay time is on the order of 10 ns and 
is comparable with the laser pulse duration.  The observed trend of decreasing 
decay time with increasing pressure and increase of the temperature is due to 
the three body attachment of electrons to molecular oxygen and agrees with the 
values in the Refs.[16,17].  The peak values averaged within 1 ns gates have 
been recorded to obtain the REMPI spectra, when the laser was scanned. 

Figure 24 shows the comparison of REMPI spectra of air and pure oxygen 
at atmospheric pressure and room temperature.  Bands indicating 2+2 and 3+1 
REMPI of molecular nitrogen are clearly presented in the air spectrum from 283–
286.8 nm [18, 19].  The prominent band representing 2+1 REMPI with the initial 
2-photon transition O2(    02 33  vXvC ) lies between 285 and 289 nm and has 

a slight overlap with the nitrogen REMPI bands between 283 and 286 nm. It is 
worth noting that in atmospheric air, the oxygen REMPI ionization with 
O2(    02 33  vXvC ) is much larger than any of the nitrogen REMPI bands, 

which can significantly enhance the signal to noise ratio of REMPI 
measurements in air.  Rotational lines from each branch have been identified 
through the comparison between the experimental and calculated results from 
the Eq.(1). 

Figure 25 shows the comparisons of the experimental spectra of pure 
oxygen at (a) 60 Torr and (b) atmospheric pressure air at different temperatures. 
The pressures of the oxygen and air do not affect the final rotational distribution 
of the spectra. The spectra have better Signal to Noise Ratio (SNR) at the lower 
pressures due to longer lifetime of the electrons, which provides stronger 
integrated signals of the microwave scattering. The REMPI bands of N2 are 
noticeable in Figure 25(b) from 283 to 286 nm but are significantly less obvious 
than the O2 band, chiefly because N2 has higher ionization potential than O2 and 
requires 4 photons (3+1 or 2+2) to ionize as opposed to three (2+1) [19].  It 
should be noted that the O2 rotational spectra have overlaps near the 
measurement region, especially for the two photon transition, in which all five 
branches of O, P, Q, R, and S are present.  A perfect match of the whole 
rotational spectrum will involve balance of different branches and introduce large 
uncertainties.  The rotational peaks of the S branch have even levels missing due 
to degeneracy and less influenced by other branches. 

For temperature derivations from the S branches of the REMPI rotational 
spectra, Boltzmann plots for various experiments in pure oxygen and in room air 
are given in Figure 26(a) and (b) respectively.  Based on Eq.(2), the x-axis of the 
Boltzmann plot is the energy of the rotational levels at the ground state, Eg from 
[11], and the y-axis is a log plot of the relative value of peaks in the experimental 

REMPI spectrum scaled by the rotational line strength, gfMW SE ,/ .  Linear fitted 
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lines are plotted for every measurement by using Microsoft Excel.  At room 
temperature, the slope of the Boltzmann line for pure oxygen gives a rotational 
temperature of 30 oC with an uncertainty of less than 1% and for room air yields 
a temperature of 25 oC, with an uncertainty of less than 1%.  At elevated 
temperatures, the Boltzmann plots give 280 oC for a furnace temperature of Tf = 
250 oC in pure oxygen and 223 oC for Tf = 200 oC in room air.  The uncertainties 
are less than 2%.  Similar measurements show 436 oC for Tf = 500 oC in pure 
oxygen and 450 oC for Tf = 500 oC in room air.  The uncertainties for the Tf = 500 
oC case are around 10%. 

The accuracy of the Boltzmann plot temperature determination decreases 
with increasing temperature, mainly due to the entanglement of many rotational 
lines in the regions of around 286 nm. The Boltzmann plots in the Figure 26 only 
show the major rotational lines of S branches from S5 to S25.  As the furnace 
temperature increases, the rotational level with the maximum population shifts 
toward higher J values, which lie around 286 nm and coincide with other 
branches within this region, yielding more uncertainty in these higher 
temperature derivations. 
 

Conclusions 

 
In conclusion, rotational temperature derivations of molecular oxygen by 

Radar REMPI have been demonstrated in the pure oxygen and room air.  
Rotationally resolved 2+1 REMPI spectra of molecular oxygen at different 
pressures and temperatures have been obtained.  Boltzmann plots of various 
experiments yield good agreements of the spectrally derived temperatures with 
direct measurements.   
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Appendix 

 
 
 

 

Figure 22. Experimental setup for coherent microwave scattering from the 
REMPI of molecular oxygen and room air at different temperatures.  M1 is a 
partially reflective mirror. 
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Figure 23. Typical normalized microwave scattering of the REMPI in the 
pure oxygen.  (a) at room temperature and 60 Torr, (b) at 250 oC, 500 oC and 
600 Torr.  Laser wavelength is fixed at 287.5 nm and power is ~3.0 
mJ/pulse. 
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Figure 24. Comparison of experimental REMPI spectra of air (blue) and 
pure oxygen (red) at room temperature.  (For interpretation of the 
references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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Figure 25. Comparisons of experimental REMPI spectra of the pure oxygen 
and air at different temperatures.  (a) pure oxygen, (b) room air. 
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Figure 26. Boltzmann plots for oxygen temperature determination by 
rotational lines of S5–S25.  (a) in pure oxygen and (b) in room air.  The 
temperatures in parentheses are the furnace temperature values. 
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CHAPTER V 
FLAME TEMPERATURE MEASUREMENTS BY RADAR 

RESONANCE-ENHANCED MULTIPHOTON IONIZATION OF 
MOLECULAR OXYGEN 
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Abstract 

 
Here we report nonintrusive local rotational temperature measurements of 
molecular oxygen, based on coherent microwave scattering (radar) from 
resonance-enhanced multiphoton ionization (REMPI) in room air and 
hydrogen/air flames.  Analyses of the rotational line strengths of the two-photon 

molecular oxygen )0()2( 33  vXvC  transition have been used to 

determine the hyperfine rotational state distribution of the ground )0(3  vX  

state.  Rotationally resolved 2+1 REMPI spectra of the molecular oxygen 

)0()2( 33  vXvC  transition at different temperatures were obtained 

experimentally by radar REMPI.  Rotational temperatures have been determined 
from the resulting Boltzmann plots.  The measurements in general had an 
accuracy of ±60 K in the hydrogen/air flames at various equivalence ratios.  
Discussions about the decreased accuracy for the temperature measurement at 
elevated temperatures have been presented.  © 2012 Optical Society of America 

OCIS codes: 280.2470, 120.6780, 300.6410, 300.6350. 
 

Introduction 

 
The temperature near and on the surface of a burner provides the key boundary 
conditions for computation and modeling; however, it is extremely difficult to 
characterize the temperature using pure optical methods due to reflections and 
scattering from the burner surface.  The possibility of measuring the vibrational 
and rotational temperatures of a species in air, such as oxygen [1] or nitrogen [2], 
near the burner surface is thus of importance for reacting environments, 

mailto:zzhang24@utk.edu
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supersonic flows, surface interactions, and tracking the evolution of species 
generated by photo-induced fragmentation. 

Coherent microwave Rayleigh scattering (radar) from resonance-
enhanced multiphoton ionization (REMPI) has recently been demonstrated to 
have the capability to achieve high spatial and temporal resolution 
measurements, which allow highly sensitive, nonintrusive, and spatially resolved 
diagnostics, and accurate determinations of concentration profiles without the 
use of physical probes or electrodes.  Radar REMPI has been applied to the 
optical detection of argon [3], xenon [4], nitric oxide [5], carbon monoxide [6], 
oxygen atom [7], methyl radicals (CH3) [8], and 1,4-diazobicyclooctane (DABCO) 
[9] in the gas cell, open air, weakly ionized plasma, and atmospheric pressure 
flames.  Compared to the laser-induced fluorescence (LIF) system, temperature 
distribution within a few millimeters above the burner surface could be easily 
monitored by radar REMPI without considering the optical collection issues and 
the limitation of perturbations within the flame.  Compared to conventional 
REMPI spectroscopy, radar REMPI is in situ and nonintrusive. 

Additionally, it tracks the temporal evolution of the REMPI plasma. 
Previously, we have demonstrated that radar REMPI of molecular oxygen can be 
used as a molecular probe for temperature measurement [1].  Local 
temperatures above the burner could be measured by radar REMPI regardless of 
the process of combustion.  While the general chemiluminescence methods are 
limited to the excited species within the flame, temperatures both in the flame 
front and beneath the flame can be monitored by probing the ground-state 
molecular oxygen, which is conveniently present in almost every air environment.  
We have achieved an accuracy of ±60 °C in the closed cell filled with pure 
oxygen and ±50 °C in the room air, with experiments conducted up to 500 °C. 

In this paper, the molecular oxygen REMPI spectral structure is discussed 
in detail.  By using a frequency tunable laser, rotationally resolved 2+1 REMPI 
spectra of O2 have been experimentally measured in hydrogen/air and 
methane/air flames in a calibrated Hencken burner.  From the spectra and 
analyses of the rotational state distributions, the rotational temperatures of 
molecular oxygen and flames have thus been determined. 
 

Molecular oxygen REMPI structure 

 
The REMPI structure of O2 can be summarized as the following.  The molecular 

oxygen ground state, )0(3  vX , can be best described as Hund’s case (b), in 

which the projected component of orbital angular momentum on the molecular 

axis is 0 , the projected component of the spin on the molecular axis   can 
take -1, 0, 1, and the projected total angular momentum on the molecular axis 

  is not defined [10].  The hyperfine splitting due to   leads to the rotational 
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term values 1G , 2G , and 3G  in the ground state.  The O2( )0(3  vX ) ground-

state term energy can be expressed as 

)1(2)32()32()1()1( 22222

1  JGLBLBJLBJJJDJJBG vvvvv , 
22

2 )1()1(  JJDJJBG vv , 

GJLBLBJLBJJJDJJBG vvvvv  2)12()12()1()1( 22222

3 , 

where the molecular constants for the ground-state )0(3  vX  are well known 

[11]. 

The excited O2( )2(3  vC ) state, used as an intermediate state in this 

study, can be best described as Hund’s case (a), which for 1 ,   can take -1, 

0, 1, and   can take 0, 1, 2, respectively.  The coupling of these angular 
momenta results in hyperfine splitting and leads to the respective rotational term 

values 1F , 2F  and 3F  in the C state.  For the excited-state )2(3  vC  of the 

molecular oxygen, the energy levels are thus calculated by 
22

11011 )1()1()0(  JJDJJBnF veff , 

22

22022 )1()1()1(  JJDJJBnF veff , 

22

33033 )1()1()2(  JJDJJBnF veff , 

where the derived constants of the excited-state )2(3  C  of molecular oxygen 

have been published by Sur et al.[12,13].  It should be noted that there is a much 

greater uncertainty in the molecular constants for the )2(3  vC , compared to 

those of the ground state.  The values we adopted are listed in XXXX, based on 
our previous experimental and computational study of the REMPI spectra of 
molecular oxygen. 

Both the ground and excited states contribute to the hyperfine structures 
in the REMPI spectra, which present a challenge in resolving the common two-
photon rotational branches of O, P, Q, R, and S.  The REMPI spectra include 
multiple lines for each branch due to the existence of hyperfine splitting of the 
ground (G1, G2 and G3) and the excited state (F1, F2 and F3).  Here we adopted 
the convention of adding subscripts of hyperfine structures to the rotational 
branch, where, for example, S13 represents the S branch which originates from 
G3 and transits to F1.  The linewidth of the laser in this experiment is wide enough 
such that the spectrum cannot be resolved for the ground-state hyperfine 

splitting.  The two-photon transition line strength, 2

,gfT , between the excited-state 

)2(3  vC  of Hund’s case (a) and the ground-state )0'(3  vX  of Hund’s case (b) 

has been modeled by Wu et al. and Mainos [1,11] and is expressed as 
2
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where […] is the Wigner 3-j symbol, J is the rotational quantum number, N is total 

angular momentum except the spin, )2(

k  is the polarization coefficient, primed 
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parameters are for the ground state of 3X  and unprimed parameters are for the 

excited state of 3C .  For linearly polarized light, terms of both k=0 and 2 

contribute to the final line strength, 3/10)2( k , while for circularly polarized light, 

only 2k  contributes and 5)2( k . 

The S21 branch was chosen for these analyses due to the distinctness in 
spectral position and intensity among the experimentally observable lines at 
relatively low temperature (<700K).  The calculated rotational line strengths of 
selected S21 branch transitions based on Eq. (1) are shown in Table 3, as an 
example.  Table 3 shows detailed information of the individual transitions, 
including transition wavelength, the J’ rotational level of the ground state, the G1 

term energy of that ground-state rotational level, and the corresponding 2

,gfT  

rotational line strength, which is used in the calculation of O2 rotational 
temperature in Section 3. 

At elevated temperature, the S branch lines become congested due to the 
overlap of multiple branches, including O and P branches, between 286 and 
287.5 nm.  A further shift in the population distribution toward higher rotational 
states due to increased temperature results in a different set of spectral peaks 
that is distinguishable between 285 and 286.5 nm, which is utilized for the 
elevated temperature extraction. The REMPI rotational lines used for 
temperature measurements greater than 700 K in the hydrogen/air flame are 
shown in Table 4.  Based on the known standard temperature of the flames in 
the Hencken burner, rotational lines with maximum sensitivity within that 
temperature range were chosen. 

The microwave scattering signal from the REMPI produced plasma is 
proportional to the total number of electrons inside the plasma [12], which is 
proportional to the total number of electron excitations to the continuum through 
the resonant two-photon transition followed by the single-photon ionization.  The 
total number of electron excitations to the continuum is thus determined by the 
product of the number of molecules in the ground state and the rate of 
multiphoton ionization.  An expression for the resulting microwave scattering 
signal for a given two-photon transition from state g to f can be written as 
















Tk

E
ITITNNE

B

g

ifgfeMW exp,

2)2(

,0 , (2) 

where MWE  is the scattering microwave electric field, eN  is total electron number 

inside the plasma generated by REMPI, 0N  is the total number of oxygen 

molecules in the laser focal region, gE  is the energy of the ground state of 3X , 

Bk  is Boltzmann constant, T  is temperature, I  is the intensity of the laser beam, 

and ifT ,  is the ionization cross section from the excited state to the ionization 

continuum.   
A rotational temperature can be extracted from the analysis of the ground 

state rotational energy distribution derived from the REMPI spectrum.  The 
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thermal distribution of the rotational levels is given by a statistically weighted (i.e. 
quantum degenerated) Boltzmann factor of J(J+1)exp(-Eg / kBT).  The rotational 
level with the maximum population shifts toward higher J values with increasing 
temperature.  This shift is reflected in the REMPI spectrum of the molecule.  The 
variation of the intensity of the rotational lines in an electronic manifold is given 

by the thermal population distribution of the rotational levels. If ifT ,  is assumed to 

be constant over the limited laser wavelength scanning range and the ground-
state population 0N  is constant during the scan time, the Boltzmann plots can be 

formulated as 

TkE

TI

E

Bg

gf

MW

1
log

)2(

,

3




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




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



. (3) 

When a region of the spectrum including numerous rotational lines is 
measured, a statistical fit of the Boltzmann plot gives an accurate measurement 
of the rotational populations and thus the rotational temperature, i.e., the slope of 
the Boltzmann plot as shown in the Eq. (3). 
 

Experimental setup 

 
The experimental setup is shown in the Figure 27.  A frequency-doubled Nd: 
YAG laser (Continuum Surelite SI-10) was used to pump a dye laser (Continuum 
ND6000, Rhodamine 6 G as the dye).  The output of the dye laser was frequency 
doubled by an automatic frequency-doubling and tracking system (Continuum 
UVT-1).  The laser output was then focused by a lens with a focal length of 10 
cm to generate the REMPI plasma in pure oxygen and air at room and elevated 
temperatures.  The gas cell is heated by a furnace, which consists of a concrete 
block heater with an accuracy of ±1 K.  Before entering the cell, the laser beam 
was split by a partially reflected mirror to monitor the laser power.  Laser light 
scattered by the cell was collected by a photodiode to trigger the data acquisition 
system.  The spectral wavelengths were calibrated according to well-known 
nitrogen rotational lines. 

A microwave homodyne system was used to detect the REMPI plasma 
[13].  A 10 dBm tunable microwave source (HP 8350B sweep oscillator, set at 

∼10 GHz) was first split into two channels.  One channel was used to illuminate 
the ionization point through a microwave horn (WR75, 15 dB gain).  Microwave 
scattering from the plasma was collected by the same microwave horn.  The 
received microwave passed through a microwave circulator and was amplified 30 

dB by one preamplifier at ~10 GHz.  After the frequency was converted down in 
the mixer, two other amplifiers with bandwidth of 2.5 kHz to 1.0 GHz amplified 
the signal by another factor of 60 dB.  From the geometry of dipole radiation, the 
polarization of the microwave was chosen to be along the propagation direction 
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of the laser to maximize the scattering signal.  The time-accurate microwave 
scattering signal was monitored by an oscilloscope.  The microwave signal was 
also input into an automatic data acquisition system, which recorded the 
rotational spectrum of oxygen as the laser wavelength was scanned. 

A Hencken burner with a 1 in. by 1 in. square exit geometry (Technologies 
for Research, Model: RT1×1) was used to generate a laminar and near adiabatic 
methane/air flame with sufficient optical access.  This burner has been widely 
used as a test bed for laser diagnostic techniques [14–20].  The Hencken burner 
produces a unique, nearly adiabatic flame that is lifted from the burner surface 
since the fuel and oxidizer streams are separated until the exit of the burner.  The 
fuel tubes have an inner diameter of approximately 0.54 mm and an outer 
diameter of approximately 0.83 mm.  The oxidizer honeycomb is a hexagonal 
pattern with cell size of approximately 0.90 mm.  The flame temperature in the 
Hencken burner is approximately at the adiabatic flame temperature [21].  This 
standard temperature is compared in the next section to our experimentally 
determined rotational temperature using radar REMPI of molecular oxygen. 
 

Results and Discussion 

 
Figure 28 shows the REMPI spectrum and Boltzmann plot for molecular oxygen 
in room air.  At room temperature, theS21 branches of molecular oxygen are 
distinct as shown in the figure. The Boltzmann plot based on S21(J’ = 3 − 25) 
shows the fitted temperature is 293 K, with an uncertainty of 2%.   

Figure 29 shows the REMPI spectra of molecular oxygen in the 
hydrogen/air flames.  The S21 branches are still distinct; however, the accuracy to 
determine the rotational temperature decreases, mainly due to the entanglement 
of many rotational lines in the region around 286 nm.  As the temperature 
increases, the rotational level with the maximum population shifts toward higher 
J’ values, which correspond to transitions around 286 nm.  The entanglement of 
multiple rotational lines besides the S branches around this spectral region yields 
more uncertainties in the measurements. 

The Boltzmann plots in Figure 30 show the temperature determination 
using only the most sensitive rotational lines, which are listed in Table 4 and 
include the branches of O and P in the range of 285–286.5 nm.  Fairly good 
agreements between our molecular oxygen radar REMPI rotational temperature 
measurements and the adiabatic flame temperature have been achieved in the 
flames.  As shown graphically in Figure 30, for equivalence ratios of 0.357 (H2:air 

= 2:14) and 0.536 (H2:air = 3:14) with respective adiabatic flame temperatures of 
1281 K and 1658 K, the experimental O2 rotational temperatures were found to 
be 1345 K and 1608 K, respectively.  Table 5 gives the details about temperature 
measurements in pure oxygen, room air, and H2/air flame. 
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Conclusions 

 
Nonintrusive local rotational temperature measurements of molecular oxygen, 
based on radar REMPI in pure oxygen, air, and the hydrogen/air flames were 
conducted with subsequent analysis of the rotational state distribution.  
Rotationally resolved 2+1 REMPI spectra of molecular oxygen 

( )0()2( 33  vXvC ) at different temperatures have been obtained by radar 

REMPI. Rotational temperatures have been determined from the Boltzmann plots 
of various experiments.  In the flame, a line-fitting procedure has been used to 
determine the temperature using select transition lines of multiple branches that 
overlap at elevated temperatures. The overall measurements have an accuracy 
of 60 K in the pure oxygen, 50 K in the room air for up to 773 K, and ±60 K in the 
hydrogen/air flame. 
 

Acknowledgments 

 
This work is being supported by the National Science Foundation (NSF) CBET-
1032523 and the Air Force Office of Scientific Research. 



76 
 

References 

 
1. Y. Wu, Z. Zhang, and S. F. Adams,“O2 rotational temperature 

measurements by coherent microwave scattering from REMPI,”Chem. 
Phys. Lett. 513, 191–194 (2011). 

2. S. Adams and J. Williamson, “Gas temperature measurement in 
atmospheric nitrogen discharge by laser REMPI-LIF technique,” presented 
at the 63rd Annual Gaseous Electronics Conference and 7th International 
Conference on Reactive Plasmas, Paris, France, 4–8 Oct. 2010. 

3. Z. Zhang, M. N. Shneider, and R. B. Miles, “Coherent microwave Rayleigh 
scattering from resonance-enhanced multiphoton ionization in argon,” Phys. 
Rev. Lett. 98, 265005 (2007). 

4. Z. Zhang, M. N. Shneider, and R. B. Miles, “Experiments of microwave 
scattering of (3+1), (2+1) and (1+1) resonance enhanced multi-photon 
ionization,” presented at the 38th AIAA Plasmadynamics and Laser 
Conference, Miami, Fla., 25–28 June 2007. 

5. R. B. Miles, Z. Zhang, S. H. Zaidi, and M. N. Shneider, “Microwave 
scattering from laser ionized molecules: A new approach to nonintrusive 
diagnostics,” AIAA J.45, 513–515 (2007). 

6. A. Dogariu and R. B. Miles, “Detecting localized trace species in air using 
radar resonance-enhanced multi-photon ionization,” Appl. Opt. 50, A68–A73 
(2011). 

7. A. Dogariu, J. B. Michael, M. O. Scully, and R. B. Miles, “High-gain 
backward lasing in air,” Science 331, 442–445 (2011). 

8. Y. Wu, A. Bottom, Z. Zhang, M. O. Timonthy, and R. K. Viswanath, “Direct 
measurement of methyl radicals in a methane/air flame at atmospheric 
pressure by radar REMPI,” Opt. Express 19, 23997–24004 (2011). 

9. F. Rudakov and Z. Zhang, “Standoff detection of large organic molecules 
using Rydberg fingerprint spectroscopy and microwave Rayleigh 
scattering,” Opt. Lett. 37, 145–147 (2012). 

10. G. Herzberg, Molecular Spectra and Molecular Structure: Spectra of 
Diatomic Molecules, 2nd ed. (Krieger, 1989), Chap. V, pp. 215–229. 

11. C. Mainos,“Multiphoton rotational line strength in diatomic molecules and for 
states with Hund’s case-(a) or case-(b) coupling,” Phys. Rev. A 33, 3983–
3992 (1986). 

12. Z. Zhang, “Coherent microwave scattering of laser-induced plasma,” in 
Mechanical and Aerospace Engineering (Princeton University, 2008), pp. 
36–46. 

13. Z. Zhang and M. N. Shneider, “Measurement of plasma decay processes in 
mixture of sodium and argon by coherent microwave scattering,” Phys. 
Plasmas 17, 033108 (2010). 

14. R. S. Barlow, R. W. Dibble, J.-Y. Chen, and R. P. Lucht, “Effect of 
Damkohler number on superequilibrium OH concentration in turbulent 



77 
 

nonpremixed jet flames,” Combust. Flame 82, 235–251 (1990). 
15. F. Takahashi, W. J. Schmoll, and V. R. Katta, “Attachment mechanisms of 

diffusion flames,” Symp. Int. Combust. 27, 675–684 (1998). 
16. J. Sakakibara and R. J. Adrian, “Whole field measurement of temperature in 

water using two-color laser induced fluorescence,” Exp. Fluids 26,7–15 
(1999). 

17. J. Guasto and K. Breuer,“Simultaneous, ensemble-averaged measurement 
of near-wall temperature and velocity in steady micro-flows using single 
quantum dot tracking,”Exp. Fluids 45, 157–166 (2008). 

18. X. Perpiñà1, X. Jordà1, M. Vellvehi1, and J. Altet, “Hot spot analysis in 
integrated circuit substrates by laser mirage effect,” Appl. Phys. Lett. 98, 
164104 (2011). 

19. W. D. Kulatilaka, R. P. Lucht, S. F. Hanna, and V. R. Katta, “Two-color, two-
photon laser-induced polarization spectroscopy (LIPS) measurements of 
atomic hydrogen in near-adiabatic, atmospheric pressure hydrogen/air 
flames,” Combust. Flame 137, 523–537 (2004). 

20. S. Roy, T. R. Meyer, M. S. Brown, V. N. Velur, R. P. Lucht, and J. R. Gord, 
“Triple-pump coherent anti-Stokes Raman scattering (CARS): temperature 
and multiple-species concentration measurements in reacting flows,” Opt. 
Commun. 224,131–137 (2003). 

21. R. D. Hancock, K. E. Bertagnolli, and R. P. Lucht, “Nitrogen and hydrogen 
CARS temperature measurements in a hydrogen/air flame using a near-
adiabatic flat-flame burner,” Combust. Flame 109, 323–331 (1997). 

 



78 
 

Appendix 

 
 
 

 

Figure 27. (Color online) Experimental setup for coherent microwave 
scattering from the REMPI of molecular oxygen, in flames. 
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Figure 28. (Color online) (a) REMPI spectrum of molecular oxygen in room 
air and (b) temperature determination by the Boltzmann plot. 
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Figure 29. (Color online) REMPI spectrum of room air (green) compared to 

H2∕air flame mixtures (blue2∶14and red3∶14) with temperature determination 
by Boltzmann plot fit. 
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Figure 30.  (Color online) Boltzmann plots, where T is the adiabatic flame 
temperature in the Hencken burner and in parentheses is the oxygen 
rotational temperature in the flames determine by the fit. 
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Table 2. Adopted Constants for )2(3  vC  of Molecular Oxygen 

cm-1 )0(1 F  )1(2 F  )2(3 F  

0n  69369(2) 69449(1) 69552(1) 

effB  1.61(5) 1.65(1) 1.69(1) 

vD  1.9(5)×10−5 1.6(2)×10−5 1.9(2)×10−5 

 
 
 

Table 3. Selected Rotational Lines of S21 for Low Temperature 
Measurements 

Wavelength (nm) J’ G1(cm-1) 
)2(

,gfT  

286.09 25 933.38 14.73 
286.24 23 793.08 13.73 
286.38 21 664.15 12.73 
286.52 19 546.62 11.72 
286.65 17 440.49 10.72 
286.78 15 345.79 9.72 
286.88 13 262.54 8.71 
286.99 11 190.74 7.70 
287.09 9 130.42 6.69 
287.18 7 81.57 5.66 
287.26 5 44.20 4.62 
287.34 3 18.33 3.50 

 
 
 

 

Table 4. Selected Rotational Lines for Elevated Temperature Measurements 

Branch Wavelength (nm) J’ 1G (cm-1) 
)2(

,gfT  

R32 285.36 41 2462.02 10.456 
P31 285.37 48 3216.95 18.976 
O12 286.05 39 2231.73 14.970 
Q32 286.20 37 2012.57 18.740 
P32 286.34 27 1085.03 9.630 
O12 286.35 35 1804.59 17.740 
Q31 286.45 26 931.19 13.754 
P32 286.58 39 2231.73 20.5 
P21 286.60 32 1420.03 20.247 
Q12 286.62 29 1248.00 12.371 
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Table 5.  Referenced and Measured Temperatures in Pure Oxygen, Room 
Air, andH2∕Air Flame 

 Real (K) 
Experimental 

(K) 
Error 

Percentage 
(%) 

Pure oxygen 
298 303 5 1.68 
523 553 30 5.74 
773 709 -64 -8.28 

Room air 
298 298 0 0.00 
473 496 23 4.86 
773 723 -50 -6.47 

H2/air flame 
1281 1345 64 5.00 

1658 1608 -50 -3.02 
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CHAPTER VI 
O2 ROTATIONAL TEMPERATURE MEASUREMENTS IN AN 

ATMOSPHERIC AIR MICRODISCHARGE BY RADAR 
RESONANCE-ENHANCED MULTIPHOTON IONIZATION 
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Abstract 

 
Nonintrusive spatially resolved rotational temperature measurements in an 
atmospheric air microdischarge are presented.  The measurements were based 
on coherent microwave Rayleigh scattering (Radar) from resonance-enhanced 
multiphoton ionization of molecular oxygen.  The open air DC microdischarge 
source operated in a stable “normal-glow” mode and pin-to-pin electrodes 
spaced 1.3 mm apart.  The second harmonic of a tunable dye laser beam was 
focused between the two electrodes and scanned between 286 and 288 nm.  
Coherent microwave Rayleigh scattering was used to collect the two-photon 
rotational spectra of O2 at )0()2( 33  vXvC  transitions.  The Boltzmann plots 

from analyses of the O2 rotational lines determined local rotational temperatures 
at various axial locations between the electrodes.  The molecular oxygen 
rotational temperature varied from ~1150 K to ~1350 K within the discharge area.  
The measurements had an accuracy of ~±50 K.  © 2013 AIP Publishing LLC. 
 

Introduction 

 
The advent of stable microdischarges dates back to the work of White in the 
1950s [1] and gained much attention in spatially confined cavities in the 1990s [2, 
3].  Numerous applications, including plasma ignition [4], vacuum ultraviolet 
(VUV) light sources [5], nanoparticle synthesis [6, 7], and biomedical research [8, 
9], have been investigated.  Microdischarge devices take advantage of the 
scaling of breakdown voltage with the product of pressure and gap distance (pd) 
as described by Paschen’s Law [10].  Typically, to maintain the stability of 

mailto:zzhang24@utk.edu
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“normal-glow” discharges at atmospheric pressure, the inter-electrode separation 
is confined to distances on the order of 1 mm or less [11].  This small spacing 
leads to the generation of a non-thermal or “cold” plasma.  A striking property of 
these non-equilibrium plasmas is that the electron temperature, Te, is often 
several orders of magnitude larger than the gas temperature, Tg [11, 12].  This 
excess electron energy can be channeled to drive specific optical or chemical 
processes at relatively low gas temperature, which opens microdischarges to the 
wide range of applications previously mentioned. 

Although tremendous progress has been made in the area of plasma 
diagnostics in microdischarges [12], many fundamental properties, such as 
temperature, are still not satisfactorily measured.  A non-thermal plasma is 
described, not by a single temperature, but by a set of temperatures including 
electron temperature (Te) relating to the kinetic energy distribution of the 
electrons, as well as several molecular temperatures, Ttrans, Tvib, and Trot relating 
to the translational, vibrational, and rotational energies of the molecules.  
Typically, the temperature set in a non-thermal plasma will have the 
characteristic of Te>>Tvib>>Ttrans=Trot, where Ttrans and Trot are commonly 
identified as the gas temperature, Tg.  The gas temperature in these non-thermal 
plasmas can range from near room temperature for monatomic gases such as 
argon to above 2000 K in molecular gases such as air [11, 13] and is highly 
dependent on discharge source parameters such as electrical current. 

Many optical diagnostics techniques for temperature measurements in 
plasmas are not well suited for microdischarge due to limited spatial resolution or 
a need for additional gas seeding. The most widely published diagnostic works 
involve determining rotational temperature by optical emission spectroscopy 
(OES) of the N2 second positive system [14–16].  Unfortunately, the spatial and 
temporal resolutions achievable by these methods have stringent limitations.  
Additionally, OES is limited for certain species in the microplasma [17].  Another 
temperature measurement uses an analysis of broadening of the Hβ transition of 
atomic hydrogen including Doppler, Stark, and van der Waals broadening.  But it 
involves hydrogen seeding, which complicates the overall plasma composition 
[18].  Cavity Ringdown spectroscopy is a line-of-sight temperature measurement 
which has limited spatial resolution [17].  Overall, the diagnostic tools available 
for microdischarge analysis in atmospheric air are scarce and restricted, in some 
way, what can be accurately derived from the experimental process. 

Here, coherent microwave scattering (Radar) from Resonance-Enhanced 
Multiphoton Ionization (REMPI) boasts excellent spatial and temporal resolutions. 
Radar REMPI has previously been demonstrated for local rotational temperature 
measurements of molecular oxygen in static cell [19] and flame [20] 
environments.  In this work, Radar REMPI measurements of the local O2 
rotational temperature within an atmospheric air microdischarge are presented.  
These measurements are performed at eight axial locations between pin-to-pin 
electrodes; this allowed for an axial temperature distribution within the discharge 
region to be determined. 
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Molecular oxygen structure and REMPI scheme 

 
The 2+1 REMPI scheme used here in O2 with an intermediate 

)0()2( 33  vXvC  transition was described in detail in our previous publications 

[19, 20].  The molecular oxygen ground state, O2( )0(3  vX ), can be best 

described as Hund’s case (b), and the O2( )0(3  vX ) ground-state term energy 

can be expressed as 

)1(2)32()32()1()1( 22222

1  JGLBLBJLBJJJDJJBG vvvvv , 
22

2 )1()1(  JJDJJBG vv , 

GJLBLBJLBJJJDJJBG vvvvv  2)12()12()1()1( 22222

1 , 

where the molecular constants above for the ground-state )0(3  vX  are well 

known [21].  The molecular oxygen excited state O2( )2(3  vC ), used as an 

intermediate state in the experiments, can be best described as Hund’s case (a).  
The energy levels for the excited-state O2( )2(3  vC ) are thus expressed by 

22

11011 )1()1()0(  JJDJJBnF veff , 

22

22022 )1()1()1(  JJDJJBnF veff , 

22

33033 )1()1()2(  JJDJJBnF veff , 

where the derived constants of the excited-state )2(3  C  of molecular oxygen 

are listed in Table 6 based on our previous experimental and computational 
study of the REMPI spectra of molecular oxygen.  Both the ground and excited 
states contribute to the hyperfine structures in the REMPI spectra.  The two-

photon transition line strength, 2

,gfT , between the excited-state )2(3  vC  and the 

ground-state )0(3  vX  has been modeled and expressed as 
2
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where […] is the Wigner 3-j symbol, J is the rotational quantum number, N is total 

angular momentum except the spin, 
)2(

k  is the polarization coefficient, primed 

parameters are for the ground state of 3X  and unprimed parameters are for the 

excited state of 3C .  For linearly polarized light, terms of both k=0 and 2 

contribute to the final line strength, 3/10)2( k , while for circularly polarized light, 

only 2k  contributes and 5)2( k . 

In the previous O2 rotational temperature study [19], the S21 branch was 
chosen for the temperature analyses due to the distinctness in spectral position 
and intensity among the experimentally observable lines at relatively low 
temperature (<700 K).  At elevated temperature, the S branch lines become 
congested due to the overlap of multiple branches, including the other four 
common branches O, P, Q, and R [20].  Figure 31 shows a comparison of 
experimental spectra of molecular oxygen at low temperature in air (~300 K) and 
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at a moderately high temperature in an air microdischarge (~1200 K), 
respectively.  The population distribution in the discharge was shifted toward 
higher rotational states due to the increased temperature, which visibly enhanced 
several spectral peaks between 286.0 and 288.0 nm and enabled more branches 
besides S21 to be involved in the higher temperature analyses in this paper. 

The microwave scattering signal from the REMPI produced plasma is 
proportional to the total number of electrons inside the plasma, which is 
proportional to the total number of electron excitations to the continuum through 
the resonant two photon transition followed by the single photon ionization [22].  
The total number of electron excitations to the continuum is thus determined by 
the product of the number of molecules in the ground state and the rate of 
multiphoton ionization.  An expression for the resulting microwave scattering 
signal for a given two photon transition from state g to f can be written as 
















Tk

E
ITITNNE

B

g

ifgfeMW exp,

2)2(

,0   (2) 

where 
MWE  is the scattering microwave electric field, eN  is total electron number 

inside the plasma generated by REMPI, 0N  is the total number of oxygen 

molecules in the laser focal region, gE  is the energy of the ground state of 3X , 

Bk  is Boltzmann constant, T  is temperature, I  is the intensity of the laser 

beam, and ifT ,  is the ionization cross section from the excited state to the 

ionization continuum.   
A rotational temperature can be extracted from the analysis of the ground 

state rotational energy distribution derived from the REMPI spectrum.  The 
thermal distribution of the rotational levels is given by a statistically weighted (i.e. 
quantum degenerated) Boltzmann factor of J(J+1)exp(-Eg / kBT).  The rotational 
level with the maximum population shifts toward higher J values with increasing 
temperature.  This shift is reflected in the REMPI spectrum of the molecule.  The 
variation of the intensity of the rotational lines in an electronic manifold is given 

by the thermal population distribution of the rotational levels. If ifT ,  is assumed to 

be constant over the limited laser wavelength scanning range and the ground 

state population 0N  is constant during the scan time, the Boltzmann plots can be 

formulated as 

  1)2(

,

3 )(//log  TkETIE BggfMW . (3) 

When a region of the spectrum including numerous rotational lines is 
measured, a statistical fit of the Boltzmann plot gives an accurate measurement 
of the rotational populations and thus the rotational temperature, i.e., the slope of 
the Boltzmann plot as shown in the Eq. (3). 
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Experimental setup 

 
The experimental setup of O2 rotational temperature measurement in a DC air 
microdischarge is shown in Figure 32.  An Nd: YAG laser was used to pump a 
dye laser with Rhodamine 6G as the dye.  The output of the dye laser was 
frequency doubled by an automatic second harmonic generation and tracking 
system allowing tunable ultraviolet radiation between 286 and 288 nm.  The 
ultraviolet laser beam (6–8 mJ/pulse), from the tracking system, was first 
reflected by a pair of mirrors (M1 and M2) on a vertical transition stage, then 
focused by a lens (f = 25 mm) to generate the REMPI plasma within the 
atmospheric air microdischarge.  As a rough estimate of the beam diameters, the 
waist size of the focused light beam is 1.5 µm with a depth of focus of 13 µm at 
the focal spot for an ideal Gaussian beam.  A transition stage was employed in 
the experiment to vertically move the laser focal point precisely along the 
interelectrode axis using a stepper motor (SM1).  The first eight sequential 
pictures in Figure 33 approximately show the position of laser focal points by 
generating laser-induced breakdown between the two electrodes. 

A microwave homodyne system (MDS) was used to detect the REMPI 
plasma [23].  A 10 dBm tunable microwave source was first split into two 
channels.  One channel was used to illuminate the ionization point through a 
microwave horn.  Microwave scattering from the plasma was collected by the 
same microwave horn. The received microwave passed through a microwave 
circulator and was amplified 30 dB by one preamplifier at ~10 GHz.  After 
frequency was converted down in the mixer, two other amplifiers with bandwidth 
of 2.5 kHz to 1.0 GHz amplified the signal by another factor of 60 dB.  From the 
geometry of dipole radiation, the polarization of the microwave was chosen to be 
along the propagation direction of the laser to maximize the scattering signal.  
The time-accurate microwave scattering signal was monitored by an 
oscilloscope.  The microwave signal was also input into an automatic data 
acquisition system, which recorded the rotational spectrum of oxygen as the 
laser wavelength was scanned. 

A 5 kV maximum dc power supply was used in series with a 1 MΩ load 
resistor to energize the microdischarge.  The air microdischarge was generated 
by a pin-to-pin electrode configuration with an inter-electrode gap of 1.30 mm.  In 
the experiments, a 4.8 kV was applied by the dc power supplier, which provided 
the microdischarge with a reasonable electrical and spatial stability.  The majority 
of the high voltage dropped across the load resistor with the remaining 78 ± 2 V 
dropping across the electrode gap while microdischarge current fluctuated 
between 4.60 mA and 4.73 mA.  The microdischarge observed during the 
experiments is shown in the last two photographs in Figure 33.  The plasma 
operated in a “normal glow” mode for REMPI temperature measurements.  The 
discharge was reasonably stable and was not disturbed by the focused laser 
beam.  However, when the laser beam focal spot was positioned too close to the 
anode or cathode, the microwave detection system obtained strong oscillating 
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signals.  This was possibly caused by the high energy electrons and molecular 
ions from the REMPI process near anode and cathode, respectively.  Hence, the 
temperature distribution was measured at eight different axial positions between 
the electrodes, equally spaced at 0.10 mm intervals, but with an offset distance 
of 0.28 mm from the anode and cathode.  Images of air breakdown emission 
induced by the intense laser beam spot are shown in the first eight photographs 
of Figure 33, indicating the laser focal positions between the two electrodes with 
no discharge.  Compared to the finite radial width of the microdischarge (<0.4 
mm), the depth of focus of the laser beam (13 µm) was much smaller.  So while 
the microdischarge was operating, the laser focal spot was centered radially in 
the plasma and confined to a region without a significant radial variation in 
temperature.  With the microdischarge on, the focal region was pre-ionized by 
the plasma and the laser did not induce a more expansive breakdown, in the air, 
leaving the microwave scattering signal confined to the depth of focus region 
within the plasma.  The environment inside the plasma was quite harsh and 
different from our previous experimental situations (i.e., pure oxygen in cell and 
room air); however, detection of the microwave radiation scattered by REMPI 
electrons was not impeded by background radiation from the air microdischarge.  
In fact, the spectra of O2 were reasonably undisturbed by the microdischarge and 
fairly good and repeatable experimental data were obtained in this electrically 
and optically active environment (Figure 31). It is assumed that any heating of 
the air by the laser beam is negligible since the duty cycle of the laser pulse is 
small and relatively low average power compared to the microdischarge power.   
 

Results and Discussion 

 
Eight separate spectra of molecular oxygen were analyzed corresponding to the 
eight different axial positions probed in the microdischarge.  The spectrum shown 
in Figure 34 is for the uppermost scanning position along the microdischarge axis 
which was 0.28 mm away from the anode.  The red circle points in Figure 34 
were the peak values extracted from the analysis of the molecular oxygen ground 
state rotational energy distribution derived from the REMPI spectrum.  The 
transition assignments of these peak points are shown in Table 7. 

After all the peak points were assigned in the eight spectra with the branch 
information shown in Table 7, Boltzmann plots of the selected rotational lines 
were generated as shown in the following Figure 35.  In each Boltzmann plot, a 
linear curve fit was applied to the peak values of the selected rotational lines.  
The R-squared value and slope of the fitted line are shown in the left bottom 
corner of each figure.  The temperature at each scanning point was determined 
by the slope of the linear curve fit. 

The O2 rotational temperature distribution within the microdischarge was 
derived from the Boltzmann plots in Figure 35, which provided a determination of 
the O2 ground-state population distributions at the local positions in the 
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atmospheric microdischarge.  The axial temperature distribution of the 
microdischarge was obtained and is shown in Fig. 6.  Due to the characteristics 
of the Boltzmann plot and linear fit, the variation in rotational temperature was 
highly sensitive to small changes in the slope of the fitted line.  Hence this 
approach could precisely track temperature variation, however, the temperature 
uncertainties were relatively large (~±50 K in Figure 36) as a trade-off in 
accuracy.  The scanning resolution was 0.10 mm, as mentioned above.  This 
resolution was small enough to reveal the basic envelope of the temperature 
distribution for a normal glow discharge within 1.30 mm between two electrodes 
with a pin-to-pin configuration. 

Within our pin-to-pin electrode configuration, depending on the applied 
voltage and current through the gap, the microdischarge can operate in different 
modes, including a normal glow discharge or an arc discharge mode, where the 
gas temperature is dependent on the mode. Since the experiment here is 
operating in a relatively low-temperature standard glow discharge mode, the 
present temperature measurement is comparable to previous measurements by 
Laux et al [12] and Staacket al [16].  The spatial temperature variations roughly 
correspond to different regions of negative glow (NG), Faraday space (FS), and 
positive column (PC) within the normal glow discharge. 
 

Conclusions 

 
This work presents a new diagnostic tool for determining local rotational 
temperatures in atmospheric air microdischarges. Radar REMPI measurements 
were made at eight different axial locations in a stable “normal-glow” 
microdischarge between two pin electrodes. Local rotational temperatures were 
obtained from the 2þ1 REMPI spectra of molecular oxygen )0()2( 33  vXvC  

transition as determined by Radar REMPI.  The axial temperature distribution 
within the microdischarge with a 1.3 mm electrode spacing was determined. 
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Figure 31. Spectra of molecular oxygen in atmospheric air (300 K) and air 
microdischarge (1200 K). 

 
 
 

 

Figure 32. Experimental setup, the microdischarge was generated by two 
pin electrodes, microwave detection system (MDS) was used to collect the 
REMPI signal in the microdischarge. 

 
 



93 
 

 

Figure 33. The first eight sequential photographs show the different 
scanning positions between the two electrodes without the 
microdischarge; the ninth and tenth photographs show the microdischarge 
(glow discharge) with and without camera light, respectively. 
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Figure 34. Spectrum of molecular oxygen in an atmospheric 
microdischarge. 
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Figure 35(a)-(d). Boltzmann plots at different positions in the atmospheric 
microdischarges. 
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Figure 35. Continued 
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Figure 36.  The temperature distribution in the microdischarge was 
determined by eight points between anode and cathode at equal intervals 
of 0.10 mm. 
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Table 6. Adopted constants for )2(3  vC  of molecular oxygen 

cm-1 )0(1 F  )1(2 F  )2(3 F  

0n  69369(2) 69449(1) 69552(1) 

effB  1.61(5) 1.65(1) 1.69(1) 

vD  1.9(5)×10−5 1.6(2)×10−5 1.9(2)×10−5 

 
 
 

Table 7. Selected rotational lines for temperature measurements in the 
microdischarge. 

Branch J’ 
Wavelength 

(nm) 
1G (cm-1) 

)2(

,gfT  

R31 42 285.935 2459.69 11.129 
P32 43 286.282 2703.41 22.927 
R11 36 286.362 1802.31 9.630 
R12 39 286.615 2231.73 20.500 
R11 32 286.637 1420.02 8.631 
R11 26 287.027 931.19 7.132 
S31 8 287.031 79.55 3.269 
P32 5 287.512 44.20 3.200 
R11 14 287.690 260.46 4.138 
S21 7 287.958 81.57 3.706 
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CHAPTER VII 
O2 ROTATIONAL TEMPERATURE DETERMINATION BY 

EMPIRICAL ANALYSES OF )2(3  vC ← )0(3  vX TRANSITIONS 
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Abstract 

 

The spectra of molecular oxygen through )2(3  vC ← )0(3  vX  transitions 

have been obtained by coherent microwave Rayleigh scattering (Radar) from 
resonance enhanced multi-photon ionization (REMPI).  Measurements of 
rotational temperatures of molecular oxygen have been demonstrated based on 
the empirical analyses of the O2 spectra without the requirement of highly 
resolved rotational features.  Three methods, including (1) linewidth fitting, (2) 
linear fitting, and (3) area fitting have been investigated for temperature 
measurements within pure oxygen, ambient air, and H2/air and CH4/air flame 
environments.  The first two methods were applied in a moderately low 
temperature environment with measurement uncertainties less than 11% and 
26%, respectively.  The area fitting method covered a wider temperature range, 
from room temperature (~ 300 K) to flame temperature (~1700 K), with minimal 
dependence on the fine structures of the O2 spectra.  Less elaborate than 
Boltzmann plot analyses of ultrafine rotational lines from congested upper 

rotational energy levels in O2( )2(3  vC ), these empirical analyses are 

predictably sensitive to the thermal distribution of molecular oxygen, and have 
been successfully demonstrated as simple and quick methods for remote gas-
phase temperature measurement. 

OCIS codes:    (120.6780) Temperature; (070.4790) Spectrum analysis; 
(300.6410) Spectroscopy, multiphoton; (300.6350) Spectroscopy, ionization. 
 

Introduction 

 
In recent decades, temperature measurements have been widely studied in 
various gas-phase environments; such as stagnant gas, nonreactive gas flow, 

mailto:zzhang24@utk.edu
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glow discharges, combustion systems, etc.  As the second most common 
component of the Earth’s atmosphere, molecular oxygen plays a key role as the 
main oxidizer in chemical reactions to produce heat and energy.  Hence, O2 
rotational temperature extraction in various environments has been studied over 
the past 30 years, applying various optical techniques including Raman 
spectroscopy [1], emission spectroscopy [2, 3], laser-induced fluorescence (LIF) 
[4], coherent anti-Stokes Raman scattering (CARS) [5], and laser absorption 
spectroscopy (LAS) [6].  Although proven accurate, the quantitative LAS 
technique is limited in spatial resolution, and the collisional quenching effects 
must be carefully characterized in the LIF-based technique.  When comparing 
recent CARS work to the conventional optical emission and Raman 
spectroscopy, the signal intensity and signal noise ratio (SNR) of CARS have 
been dramatically improved.  At present, CARS is widely used in temperature 
measurements of laboratory flames [7] and advanced high-pressure combustor 
facilities [8], although both require precise optical alignment and sophisticated 
fitting models. 

Most techniques mentioned above obtain the temperature information 
from intricate fits to Boltzmann plots based on the thermal distribution of the O2 
population within tabulated vibrational and rotational levels.  These techniques 
have been applied in various environments such as O2, air, microdischarges, and 
atmospheric flames.  A 2+1 photon REMPI technique with an intermediate 

transition of )2(3  vC ← )0(3  vX  in molecular oxygen has been used in the 

past by applying a Boltzmann plot analysis to assign temperatures in oxygen-
containing environments [9-11].  As applied in this manner, this REMPI technique 
requires relatively high spectral resolution of the fine/hyper-fine structures of 
molecular oxygen.  Meanwhile, the selection of the appropriate rotational 
transition is critical for accuracy in this Boltzmann point-fitting method engaging 
with two photon absorption process.  It is even more difficult to achieve an 
accurate fit of the entire spectrum with a complex transition model.  In this paper, 
the rotational temperatures are extracted from molecular oxygen resonant 
enhanced multi-photon ionization (REMPI) spectra detected by coherent 
microwave Rayleigh scattering (Radar) and analyzed through relatively simple 
empirical fitting models.  A synthetic analysis of a low-resolution spectrum 
without detailed rotational structure is presented for quick and accurate 
temperature measurements in pure oxygen (O2), ambient air, and atmospheric 
flames, ranging from room temperature to ~1700 K. 

As a non-intrusive, in situ optical diagnostic tool, Radar REMPI has 
demonstrated its capability to successfully detect various gas-phase species 
including argon [12], xenon, CO [13], NO [14], O atom [15], CH3 [16], O2(a

1Δg) 
[17] and 1,4-diazobicyclooctane [18].  In this work, the molecular oxygen spectra 
were obtained with a single laser pulse by 2+1 REMPI with a two photon 
absorption transition from the O2(X

3Σ) ground state to the O2(C
3Π) intermediate 

state followed by a one photon ionization step.  As an alternative to temperature 
measurements using the Boltzmann distribution principle in our previous 
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publications [9-11], the empirical analyses of the low-resolution spectra are 
presented here.  Three methods based on low-resolution spectral analyses have 
been demonstrated to achieve quick temperature extractions within O2, ambient 
air, and CH4/air and H2/air flames with a relatively standard laser system (i.e. 
convenient Rhodamine 610 dye, single laser beam, and typical laser linewidth).  
The empirical equations generated for temperature measurements are provided, 
along with the associated error factors. 
 

Experimental Setup 

 
The main part of the experimental setup is shown in Figure 37.  A Nd: YAG laser 
(Continuum Surelite SL I-10, 10 Hz) with a second harmonic generator was 
utilized as the energy source to pump a dye laser (Continuum ND 6000 with 
Rhodamine 610 dye).  The output beam of the dye laser was then frequency 
doubled by a crystal auto-tracking system (Continuum UVT-1).  The energy of 
the ultraviolet laser beam was 6~8 mJ/pulse.  The incident beam was focused by 
a focal lens (f = 100 mm) into one of two regions, depending on the configuration: 
(1) at the center of a quartz cell mounting inside a furnace for the O2 and ambient 
air temperature experiments and (2) 100 mm above the Hencken burner surface 
for the flame temperature experiments.  With the furnace configuration, the O2 
and ambient air at 1 atm were heated up from room temperature (~21 oC) up to 
500 oC in the quartz cell.  The Hencken burner configuration was used to 
generate a near-adiabatic, flat flame with methane and hydrogen as the fuel, 
respectively, to provide combustion environments with higher temperature 
values.  Both of these two configurations offered an environment where the gas 
temperature was well known and calibrated from previous studies.  This provided 
an excellent standard test-bed for the Radar REMPI empirical analyses. 

At the laser focal point with intensive photon energy, the O2 plasma was 
generated by 2+1 REMPI through a resonant two photon absorption process with 
the C3Π←X3Σ electronic transition of O2 and the followed ionization with third 
photon of the same energy.  Since the size of the plasma  is much smaller than 
the microwave wavelength, the microwave scattering falls into the Rayleigh 
regime with the electric field amplitude of the plasma proportional to the number 
of electrons.  A 10-dBm tunable microwave source (HP 8350B sweep oscillator, 
set at ~10 GHz) was applied in the homodyne transceiver detection system 
(MDS) shown in Figure 38.  The microwave source was first split into two 
channels.  One of them was used to illuminate the ionization point through a 
microwave horn (WR75, 15-dB gain).  Microwave scattering from the plasma was 
collected by the same microwave horn.  The received microwave passed through 
a microwave circulator and was amplified 30 dB by one preamplifier at ~10 GHz.  
After the frequency was converted down in the mixer, two other amplifiers with 
bandwidth of 2.5 kHz to 1.0 GHz amplified the signal by another factor of 60 dB.  
From the geometry of dipole radiation, the polarization of the microwave was 
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chosen to be along the propagation direction of the laser beam to maximize the 
scattering signal. 
 

Results and Discussions 

 

The empirical analyses of )2(3  vC ← )0(3  vX  transitions of molecular 

oxygen directly depend on the thermal distribution and the transition 
characteristics.  Previous publications [9-11] provide detailed theory and 

molecular constants for simulation of the )2(3  vC ← )0(3  vX  two-photon 

spectral band, which consists of multiple branches for the various allowed 

rotational level combinations (J) between the states.  As shown in Figure 39, 

the spectral band heads, which include the O branches (J = 2), are located at 

the low energy side (34600-34800 cm-1), while the S branches (J = +2) are well 
expanded at high energy side (>34800 cm-1).  In the band heads, the majority of 
the transitions are overlapped and tangled together with low temperature 
sensitivity due to the laser linewidth and signal convolution.  However, the S 
branches are much more sensitive to temperature changes with individual peaks 
well separated at higher energy level.  The remaining branches are mainly 
located in the center of the spectral band.  The result of the convolution of 
transitions over all the branches is the hill-shaped O2 2+1 REMPI spectrum, as 
shown in Figure 39.   

Based on the given structures of the )2(3  vC ← )0(3  vX  two-photon 

spectrum, empirical temperature measurements were conducted using three 
types of data analyses.  Synthetic analyses of experimentally obtained low-
resolution spectra have been conducted using the following methods; (1) 
linewidth fitting, (2) linear fitting and (3) area fitting.  The O2 REMPI spectrum 
(black line) shown in Figure 39 was obtained in an O2 environment at 773 K and 
1 atm.  To show the possibilities of using a low-resolution spectrum, the 
smoothed spectrum (red bold line) was a moving-average over 500 points of the 
original data collected by the auto acquisition system.  Both the linewidth fitting 
and linear fitting were applied to the smoothed low-resolution spectra with the 
error analysis depending on the spectral resolution.  The area fitting method was 
applied to the higher-resolution spectra which extended the temperature 
measurement range from room temperature (~300 K) to flame temperature 
(~1700 K).  In contrast with Boltzmann plot analyses of ultrafine rotational lines 

from congested rotational energy levels of )2(3  vC , the empirical methods do 

not require the resolution of the individual rotational lines and can thus provide 
temperature information by coarse scanning.  Neither do they need high 
precision determination of individual rotational levels as used in Boltzmann plots, 
which usually account for another source of error. 
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Linewidth Fitting Method 

 
The linewidth fitting method was applied in temperature measurements of O2 and 
ambient air at 1 atm.  The values of full width at half maximum (FWHM) were 
calculated for several spectral peaks within the smoothed O2 rotational spectra.  
The mean values of the experimental FWHM data are shown as the black hollow 
squares in Figure 40 with the horizontal error bar depending on the level of 
smoothing (100 - 1000 data points).  The black horizontal error bars indicate that 
the FWHM values are dependent on the spectral resolution, with large error at 
high temperature.  The empirical equations of the temperature measurement 
were then polynomial fitted with respect to the FWHM values of the experimental 
spectra of molecular oxygen in those two conditions. 

)(219975.1903079.0 2

2

KxxTO    (1) 

)(129110.1192586.0 2 KxxTAir    (2) 

From the curves of empirical equations (1) and (2) shown in Figure 40, 
there exists clear differences in temperature measurements between O2 and 
ambient air using the FWHM data.  The molecular nitrogen (78.09 %), argon 
(0.93 %) and water vapor (~1 %) must be considered as factors in the buffer gas 
collisional effect in ambient air.  After the empirical equations (1) and (2) were 
obtained from the experimental data, they were then used to extract 
temperatures from O2 spectra with various spectral resolutions (shown as the red 
hollow squares in Figure 40). 

The percent errors of the temperatures obtained using the empirical 
equations in O2 and ambient air are shown in Table 8.  For the O2 case, the 
overall percent error is ±11%, whereas in ambient air it is ±26% at elevated 
temperatures (≥473 K) and even higher at room temperature. 

When applying either equations (1) or (2) in the linewidth fitting method, 
the temperature measurement is relatively sensitive at low temperatures 
(≤~700K).  As the temperature reaches higher values, this method provides less 
sensitivity and lower accuracy since rotational lines are populated more evenly at 
higher temperatures than those at lower temperatures.  Thus, the linewidth fitting 
method can be adequately applied to low temperature measurements using low-
resolution spectra with no requirements on complex model fitting involving 
fine/hyper fine structures of molecular oxygen. 
 

Linear Fitting Method 

 
The linear fitting method was applied to the temperature measurement in O2 and 
ambient air as well.  In contrast to linewidth fitting, thousands of data points were 
used in the linear fitting to extract the temperature from O2 spectra.  The right 
side (34800 cm-1 – 35200 cm-1) of the spectrum shown in Figure 39, representing 
higher energy transitions, with S branches dominating the spectral shape, was 
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involved to extract the data slope information highly related to the O2 rotational 
temperature.  Within the normalized spectral profile, the data selection threshold 
was set at 30%-80% of the peak values with the spectra smoothed over 100 to 
1000 points.  The black hollow square and circle data shown in Figure 41 
indicate the mean values of the line slopes with their error bar dependent on the 
spectral resolution.  The unique empirical equation for both pure O2 and ambient 
air was expressed as 

)(10607.110893.210539.1 3527 KxxT    (3) 

Once constructed from the spectral slope information, this empirical 
equation was used to calculate temperatures for O2 and ambient air conditions.  
The accuracy of the empirical equation shown in Figure 41 is seen to be 
acceptable within the experimental uncertainties, which depend on the spectral 
resolution.  The red hollow square and circle data are the temperatures 
calculated for O2 and ambient air, respectively. 

The percent errors of the temperature values calculated from the empirical 
equation based on the linear fitting method is shown in Table 9, with less than 
±10% error for both O2 and ambient air conditions. 

With the inclusion of more spectral peaks at high energy level, the linear 
fitting reduces the degree of uncertainty, improves the accuracy with less error 
associated with smoothing effects and spectral resolution, and better represents 
of the complete thermal distribution of the oxygen population.  The effects of 
collisional broadening and overlapping of fine/hyper-fine structures do not 
significantly affect the linear fitting process.  The linear fitting method, like 
linewidth fitting, can be accomplished with a relatively standard laser system (i.e. 
with a typical laser linewidth) and the spectral resolution requirement is fairly 
modest. 
 

Area Fitting Method 

 
The area fitting was applied to measure the temperature, not only in O2 and 
ambient air at low temperature range, but also in H2/air and CH4/air flames with 
higher temperature values.  Due to the unique structure of the REMPI spectrum 
in molecular oxygen, the area fitting method has been demonstrated to be a 
viable technique for the remote temperature measurement over a wide 
temperature range and in dramatically different environments. 

O2 Radar REMPI spectra obtained in O2, ambient air and atmospheric 
flames are shown in Figure 42 with the data smoothed over 100 points.  As 

discussed earlier, the O branches of the )2(3  vC ← )0(3  vX  transition are 

crowded within the lower energy band head region of the spectrum and are less 
sensitive to temperature, while the S branches are expanded into the higher 
energy spectral region and exhibit strong temperature dependence.  Hence, the 
three strongest S branch peaks were chosen to be utilized in the area fitting 
method.  The spectra were first normalized by the peak value of O11 branch and 
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the total area of the three S branch peaks were measured and are shown in 
Figure 43.  A polynomial function was used to fit the area data and an empirical 
equation is expressed as: 

)(0.248241.1002155.0 2 KxxT    (4) 

The empirical Eqn. (4) can be applied to measurements ranging from 
room temperature up to flame temperatures, which is a vastly greater coverage 
compared to the linewidth and linear fitting methods.  Similar to the linear fitting 
method, this area method also reduces the effects of collisional broadening on 
the temperature calculation.  However, fine structures were used in the area 
fitting analyses which required sufficient spectral resolution in experimental data.  
Thus the area fitting method has a requirement for a moderately narrow laser 
linewidth and also a relatively fast laser wavelength scanning rate. 

In the previous work [9-11], the temperature measurements in pure O2, 
air-like gas, ambient air, microdischarges and flame environments have been 
accomplished by using Boltzmann principle.  The rotational branches must be 
carefully selected during the temperature calculation.  However, in this paper, the 
empirical analyses have been applied without the complicated modelling and 
critical rotational branches selection.  The ideal of such technique is quite similar 
to the single-shot rotational Raman thermometry which has been used in the 
temperature measurements in turbulent flames.[19]  The complicated 
experimental setups and sophisticated models are not required any more in the 
experiments. The temperature measurements could be easily accomplished 
based on the empirical analyses with a simple laser system, which reduces the 
requirements for the laser diagnostics on temperature measurements in real 
critical testing environments. 
 

Conclusion 

 
Rotational temperatures were derived from the empirical analyses of spectra of 
molecular oxygen obtained by 2+1 Radar REMPI in O2, ambient air and H2/air 
and CH4/air flames.  The O2 rotational temperatures were extracted by three 
demonstrated methods including (1) linewidth fitting, (2) linear fitting and (3) area 
fitting.  The first two methods (linewidth and linear fitting) resulted in relatively 
accurate temperature measurements from room temperature to ~770K using low-
resolution spectra with minimal requirements on laser linewidth, while the third 
method (area fitting) also provided accurate results in an expanded temperature 
range up to 1700K, but required greater resolution of the fine structure of the O2 
spectrum.  All of the methods were based on the generation of empirical 
equations that could then be simply applied to the synthetic analyses of further 
O2 spectral data from various environments. 
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Appendix 

 
 
 

 

Figure 37. (Color online)  The experimental setup for molecular oxygen 
temperature measurements within (1) O2 and ambient air in quartz cell, 
respectively; and (2) CH4/air and H2/air flames generated by the Hencken 
burner, respectively. 

 
 
 

 

Figure 38. (Color online) The schematic diagram of the microwave 
homodyne transceiver detection system. 
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Figure 39. (Color online) The O2 2+1 REMPI spectra obtained in O2 at 773 K 
and 1 atm.  The black line is the original experimental spectrum and the red 
line is smoothed by moving-averaging 500 points from the original data. 
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Figure 40. O2 rotational temperature determination by empirical equations 
for O2 and ambient air, respectively, with temperature range varying from 
294 K ~ 773 K. 
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Figure 41. (Color online) O2 rotational temperature empirical equation 
obtained for O2 and ambient air, respectively, using spectral slope linear 
fitting method.  The range of temperature is 294 K ~ 773 K. 
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Figure 42. (Color online)  Selected O2 rotational spectra used in the area 
fitting method. 
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Figure 43. The empirical equation obtained with a wider temperature range 
(~300 K to ~1700 K) from the area fitting method within O2, ambient air, 
H2/air and CH4/air flames. 
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Table 8. Percent errors of temperature calculated using the linewidth fitting 
method in O2 and ambient air 

Percent Error (%) 

 

O2 

 

ambient air 

T (K) max min T (K) Max min 

294 10.15 -8.14 294 20.94 -76.42 

523 6.32 -6.92 473 25.19 -25.78 

773 5.41 -4.05 673 6.25 -13.05 

      773 0.48 -2.16 

 
 
 

Table 9. Percent errors of temperature using linear fitting method in O2 and 
ambient air 

Percent Error (%) 

 

O2 

 

ambient air 

T (K) max min T (K) Max min 

294 2.2730 -6.7794 294 9.1612 1.2362 

523 9.9115 -2.5193 473 9.8760 -5.4540 

773 9.9217 -1.3962 673 4.8126 -7.4014 

      773 5.0891 -7.6884 
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CHAPTER VIII 
ROTATIONAL TEMPERATURE MEASUREMENTS IN O2 BY 

RADAR REMPI 
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Abstract 

 
The O2 rotational temperature has been measured using coherent microwave 
Rayleigh scattering from Resonance-Enhanced Multi-Photon Ionization (Radar 

REMPI).  Since the Rydberg state   gCs 33   has been selected as the 

intermediate state of O2 in the 2+1 REMPI process, the rotational-resolved 

spectra from two-photon )2()3( 3  vCs g ←← )0(3  vX g  transition have been 

obtained in several conditions including pure O2, air-like gas, ambient air and 
flame environments from room temperature (294K) to flame temperature (1658 
K).  The O2 REMPI spectral model has been built up to simulate the experimental 
data which is dependent on the temperature.  The model has been calibrated at 
an ideal temperature condition (~5 K) and then accomplished the temperature 
measurements with the overall error percentage less than ±10%.  The O2 REMPI 
spectral model has been first reported in the community as a demonstration for 
the rotational temperature measurement with a wide temperature testing range.  
Further fine tunes of the model will be accomplished based on more 
experimental data in both low temperature (<300 K) and high temperature ranges 
(>1300 K). 
 

Introduction 

 
We wish to report here the first temperature measurement (~300 K ~1700 K) 
based on the detailed rotational analysis and spectrum fitting of 

)2()3( 3  vCs g ←← )0(3  vX g  transition in pure O2, air-like gas, ambient air, 

and flame environments by using coherent microwave Rayleigh scattering 
(Radar) from Resonance-Enhanced Multi-Photon Ionization (REMPI).  As the 
second most common component of the Earth’s atmosphere, molecular oxygen 
plays the key roles in biology, chemistry, engineering and et al..  The electronic 
structure of O2 was comprehensively reviewed by Krupenie in 1972 [1], since 
then many interesting theoretical and experimental studies have been developed 
in order to further characterize the gerade Rydberg states [2-11].  After the first 
experimental observation of electronic states of oxygen in the 8.4-8.8 eV region 

mailto:zzhang24@utk.edu
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achieved by Cartwright et al [12], the gs 1)3(   and gs 3)3(   Rydberg states, as 

the lowest members of the gerade Rydberg series converging to the ground 

electronic state of the 

2O , have been carefully examined through the rotational 

analysis of two photon transition from  gX 3  and ga 1  to gs 3,1)3(   states using 

resonant REMPI spectroscopy, which is inaccessible in one-photon spectroscopy 
[2-4, 8, 11].  In particular, the qualitative and quantitative analysis and results of 

perturbations and Rydberg-valence interactions in gs 3,1)3(   states provided the 

spectroscopic study and fundamental basis for the rotational temperature 

measurement in O2 by using )2()3( 3  vCs g ←← )0(3  vX g  two-photon 

transition model. 
In order to apply the rotational analysis and Boltzmann effect to the 

temperature measurement in O2, the transition cross section and rotational-
resolved spectrum are the two key and essential factors.  In the previous work by 

Johnson et al. [8] the four lowest vibrational levels of gd 1  and gC 3

 were 

assigned in the composite spectrum of O2 
 gX 3  by 2+1 REMPI process at room 

temperature.  Due to the selection rule of ∆S, transitions from the  gX 3  to 

gs 3)3(   state are generally more intense than transitions to the gs 1)3(   state.  

However, when the initial states is the lowest excited state, ga 1  state, the 

pattern of weak and strong bands is reversed [8].  Though the cross section of O2 

ga 1  is one order magnitude higher than that of O2 
 gX 3 , the REMPI signal 

intensity of singlet oxygen is much lower, considering its low concentration and 
high reactive as the lowest electronically excited state of O2 in ambient air [13].  

Hence, gs 3)3(   states have been selected, as the intermediate state for the two 

photon absorption from O2 
 gX 3  state.  The first optical spectrum of the gs 3)3(   

state was reported by Sur [2].  Due to the interaction with the nearby valence 
state, only the v’=2 vibrational level shows rotationally resolved structure.  Other 
vibrational bands are all diffuse.  So in this paper, the temperature 
measurements were conducted based on the 2+1 REMPI process from 

)2()3( 3  vCs g ←← )0(3  vX g   transition. 

In the last four decades, several interesting diagnostic tools, including the 
electron impact excitation [12], low energy electron scattering spectroscopy [14], 
REMPI with time-of-flight mass spectrometer [4-6] and photoelectron 
spectroscopy (PES) [9], have been utilized in the studies of the electronically 
excited states and Rydberg states of O2.  In particular, the REMPI technique has 

been applied in the study of gs 3,1)3(  Rydberg states and their Rydberg-valence 

interactions.  The rotational analyses were explored either in jet-cooled gas beam 
(~5 K) [4, 5] or at room temperature [7] focusing on the study of Rydberg-valence 
interaction and spectroscopic constant analysis with lower rotational levels.  
There is no need to elaborate the importance of these fundamental studies on 
Rydberg states of O2 any further, in fact, such theoretical and experimental 
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analyses have not yet been developed in engineering and industry for practical 
application until recently years Radar REMPI was used in the temperature 
measurements in pure O2, ambient air, microwave discharge and hydrogen/air 
flame based on the Boltzmann effect [15-17].  As a non-intrusive diagnostic tool, 
Radar REMPI technique [18] has not only been applied in the fundamental 
plasma studies [19], but also been used in the practical region as an in situ 
detection tool with low requirements of optical access and easily experimental 
setup while processing highly-resolved spatial resolution [20, 21].  For instance, 
only one laser beam is engaged in the experiment which simplifies the 
experimental setup.  Meanwhile only one optical access is required while the 
concern for the optical output is unnecessary. Such unique feature is quite 
different from laser absorption spectroscopy (LAS) [22], laser induced 
fluorescence (LIF) [23], Coherent anti-Stokes Raman spectroscopy (CARS) [24], 
Raman thermometry [25] and other interesting laser diagnostic tools.  The 
microwave wave is working as the remote non-intrusive detection tool which can 
pass through many materials (i.e., the fiber glass using as the heat insulation 
component in such experiment). 

The challenges of building an O2 2+1 REMPI spectral model have been 
existed in the community for many decades and some critical considerations 
were mentioned by Johnson et al..  For instance, the main issues during 
simulation studies are including the accuracy of the two photon Honl-London 
formulas for the description of REPMI process, the high laser beam intensity and 
pulse duration [8].  Considering such challenges and difficulties, a demonstration 
of 2+1 REMPI spectral model has been built based on the time perturbation 

theory in this paper.  The diatomic constants of the ground state of O2 
 gX 3  and 

the intermediate Rydberg state gs 3)3(   states were obtained from the previous 

theoretical and experimental data.  The two-photon line strength of the 

)2()3( 3  vCs g ←← )0(3  vX g  transition has been calculated based on the 

coupling transition of Hund’s case-(a) and Hund’s case-(b) [26].  The details of 
the model have been introduced in this paper which can be found in previous 
works as well [15-17, 27].  The temperature measurements were performed in 
various conditions including pure oxygen, air-like gas (N2:O2=4:1), ambient air 
and flame environment from ~300 K to ~1700 K.  Such model has been 
confirmed by the previous experimental results done by Sur et al. in a supersonic 
beam with the rotational temperature at ~5 K [3].  This is the first demonstration 
for using rotational analysis and 2+1 REMPI spectral model fitting in the 
temperature measurements with a wide detection temperature window (~300 K 
to ~1700 K) at various environmental conditions by using Radar REMPI in two-

photon )2()3( 3  vCs g ←← )0(3  vX g  transition. 
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Experimental setup 

 
As mentioned in the introduction, the Radar REMPI has low requirements for the 
optical access.  The similarity of the experimental setups in previous works 
proved such technique easy-setup and robust features in different local testing 
environments [13, 16, 20, 21].  Here we just briefly introduced the experimental 
setup for temperature measurements in pure O2, air-like gas and ambient air.  
The setup for the temperature measurement in flame can be found similarly in 
the previous publication [17]. 

The key part of the experimental setup is shown in Figure 44.  A Nd: YAG 
laser (Continuum Surelite SL I-10, 10 Hz) with a second harmonic generator was 
utilized as the energy source (532 nm) to pump a dye laser (Continuum ND 6000 
with Rhodamine 6G as the dye).  The output beam (568 ~ 578 nm) was then 
frequency doubled by an auto-tracking system with the usage of a KDP crystal 
(Continuum UVT-1).  The energy of the ultraviolet laser beam (284 ~ 289 nm) 
was 6~8 mJ/pulse which was used in the excitation and ionization of ground state 
O2 through 2+1 REMPI process.  Only 15%~20% of UV photons have been 
absorbed during the process and over 80% energy passed through the local 
testing point.  The incident beam was simply focused by a focal lens (f = 300 
mm) at the center of a quartz cell with temperature controlling by a pair of 
cylindrical furnace.  The testing gas (pure O2, air-like gas or ambient air) was 
heated up from room temperature (294 K) up to 1273 K in the quartz cell.  The 
cylindrical furnaces offered a stable test environment with temperature fluctuation 
less than ±1.0 %.  The temperature in the CH4/air and H2/air flames were 
calculated by the Reaction software based on the GRI 3.0 mechanism. 

At the beam focal point, the O2 plasma was generated by 2+1 REMPI 
through a resonant two photon absorption process in the 

)2()3( 3  vCs g ←← )0(3  vX g  transition of O2 and the followed ionization with a 

third photon of the same energy (~4.3 eV).  Since the size of the plasma  is much 
smaller than the microwave wavelength, the microwave scattering falls into the 
Rayleigh regime with the electric field amplitude of the plasma proportional to the 
number of electrons [18].  The principle of Radar REMPI was shown in the 
subplot of Figure 44.  A 10-dBm tunable microwave source (HP 8350B sweep 
oscillator, set at ~10 GHz) was applied in the homodyne transceiver detection 
system (MDS).  The microwave source was first split into two channels.  One of 
them was used to illuminate the ionization point through a microwave horn 
(WR75, 15-dB gain).  Microwave scattering from the plasma was collected by the 
same microwave horn.  The received microwave passed through a microwave 
circulator and was amplified 30 dB by one preamplifier at ~10 GHz.  After the 
frequency was converted down in the mixer, two other amplifiers with bandwidth 
of 2.5 kHz to 1.0 GHz amplified the signal by another factor of 60 dB.  From the 
geometry of dipole radiation, the polarization of the microwave was chosen to be 
along the propagation direction of the laser beam to maximize the scattering 
signal. 



120 
 

O2 Structure and REMPI Scheme 

 
Ground state oxygen is a bi-radical showing the paramagnetic behavior of 
oxygen.  The two unpaired oxygens each have a spin state of 1/2 for total 
resultant spin S of 1, making ground state oxygen a triplet (2S+1) = 3.  It can be 
best described as Hund’s case (b), and the ground state energies of these three 

spin states of )),0(( 3

2 JvXO g
  for a specific N value are as follows [28]: 

2/1222

21 ])32(2[)32()1()()1(  NBBNBNNJGNJG vvv   
22

2 )1()1()(  NNDNNBNJG vv  
2/1222

23 ])12(2[)12()()1(  NBBNBNNJGNJG vvv   

The diatomic constants for these expressions are well known which are 
available in the database of National Institute of Standards and Technology 
(NIST). [29] 

Meanwhile, the g3  Rydberg state of O2 is a triple as well which is best 

described as Hund’s case (a) as the intermediate upper level.  It is found that the 

g3  Rydberg state is very diffuse and has rotationally resolved structure for the 

v’=2 level only.  The excited state energies of  )),2(( 3

2 JvCO g
  are fitted by least 

squares to the polynomials as follows: 

,)1()1( 22

11011  JJDJJBnF veff  

,)1()1( 22

22022  JJDJJBnF veff  

,)1()1( 22

33033  JJDJJBnF veff  

where the derived constants are listed in Table 10 based on the previous 
experimental and computational study of the REMPI spectra of O2. [11, 15-17] 

In the two-photon transition )2()3( 3  vCs g ←← )0(3  vX g , since the 3  

and 3  states approaches case (a) and case (b), respectively, the band structure 

is more complicated than other transitions (i.e. 2 ← 2 ).  Three sub-bands are 

expected as 0

3 ← 3 , 1

3 ← 3 , and 2

3 ← 3 .  In each sub-band there are 

nine branches, three for each triplet component of the lower state.  Thus there 
are in all 27 branches [30]. In addition, the O, P, Q, R, and S branches are 
expected according to the selection rule (∆J=0, ±1, ±2).  For instance, in an S 
branch (∆J=+2), a two-photon transition from ground state G1 to intermediate 
state F3 giving rise to S31. 

The 2+1 REMPI process is schematically expressed in Figure 45.  The 

two-photon transition )2()3( 3  vCs g ←← )0(3  vX g  was accomplished by first 

two-photon absorption process with total energy ~8.6 eV.  The weakly-ionized 
plasma was then generated by a following photon with the same photon energy 
~4.3 eV.  The rotational-resolved hyperfine structures in such REMPI process 
have been expected according to the characteristics of both triplet ground state 
and Rydberg state.  The two-photon rotational line strength in diatomic oxygen 
for states with Hund’s case (a) and case (b) coupling were expressed as follow: 



121 
 

22

2,0

2)2(

)2(

, )12()12()12(
12

||









 











  





 



JkJNSJ
NJJ

k
T

k

k

gf


 

where […] is the Wigner 3-j symbol, J is the rotational quantum number, N is total 

angular momentum except the spin, 
)2(

k  is polarization coefficient, double-

primed parameters denote the ground state of  gX 3  and primed parameters 

denote the Rydberg state of gCs 3)3(  .  For linearly polarized light, terms of both 

k=0 and 2 contribute to the final line strength, 3/10)2( k , while for circularly 

polarized light, only k=2 contributes and 5)2( k . [26] 

The homodyne transceiver detection system was utilized to collect the 
signal.  The microwave scattering signal from the REMPI produced plasma is 
proportional to the total number of electrons inside the plasma, which is 
proportional to the total number of electron excitations to the continuum through 
the resonant two-photon transition followed by the single photon ionization.  The 
total number of electron excitations to the continuum is thus determined by the 
product of the number of molecules in the ground state and the rate of 
multiphoton ionization.  An expression for the resulting microwave scattering 

signal for a given two-photon transition from  gX 3  state to gCs 3)3(   state can be 

written as 

)/exp()1(

,

2)2(

,0 TkEITITNNE BgfigfeMW   

where EMW is the scattering microwave electric field, Ne is the total electron 
number inside the plasma generated by REMPI, N0 is the total number of oxygen 

molecules in the laser focal region, Eg is the energy of the ground state  gX 3 , kB 

is the Boltzmann constant, T is the temperature value, I is the intensity of the 

laser beam, and )1(

, fiT is the ionization cross section from the excited state to the 

ionization continuum. 
The rotational temperature of O2 can be inferred from the rotational 

analysis on the thermal distribution of the ground state  gX 3  according to the 

Radar RMEPI spectrum.  Such thermal distribution of the rotational levels is 
given by a statistically weighted (i.e., quantum degenerated) Boltzmann factor of 

)/exp()1( TkEJJ Bg .  In the O2 REMPI spectrum, the significant intensity 

increasing of the hyperfine structures at higher J   levels are occurring with 

increasing temperature which are the synactic effect between the thermal 
distribution of the molecules and the transition line strength of each rotational 

level.  If )1(

, fiT  is assumed to be constant over the limited laser wavelength 

scanning range and the ground state population N0 is constant during the scan 
time, the spectrum is only depended on the rotational temperature of O2.  Based 
on such principle, the Boltzmann plots were applied to extract the temperature 
information from the selected rotational lines and the rotational temperature could 
be calculated according to the slope of the Boltzmann plots in our previous works 
[15-17].  In this paper, the whole spectrum of O2 was involved in the temperature 
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measurements based on the O2 REMPI spectral model.  Compared to the 
previous work, there is no need to take great effect to select the specific 
rotational branches or single lines with high temperature sensitivities, instead, the 
whole set of rotational levels are considered in the model which has been 
developed to calculate the rotational temperature based on the REMPI spectrum 
which is the convolution result of all 27 transition branches. 
 

Experimental Results and Discussion 

 
In this paper, the O2 REMPI spectral model was first reported as a demonstration 
for the rotational temperature calculation based on the whole spectral fitting 
technique.  Some parts of the model have been carefully treated, some parts 
have been simplified which might be considered in the development of the model 
in the near future. 

(1) The constants of the energy in ground state and excited state were 
obtained from the database of NIST.  Small changes have been made based on 
the experimental results. 

(2) Both thermal and laser broadening have been considered in the model 
while the oxygen attachment, detachment, third body recombination, species 
collision and spectra line shifting effects were not involved in the model. 

(3) The life time of the Rydberg state was fitted by experimental results 
and the constants with large uncertainties could be found in previous publications 
which have no sufficiently theoretical support. 

(4) Sur et al. have given evidence for Rydberg-valence interactions in the 

gCs 3)3(   Rydberg state [3], however, this interaction is relatively weak and 

resulted only in selective broadening of the spectral linewidth [8].  Hence, the 
interaction effects between the Rydberg state and valence state have not been 
considered in the model. 

Although fairly large uncertainties exist in the theory with spectroscopic 
constants poorly supported by experiments, the O2 REMPI spectral model has 
been first carried out here as a proof-of-principle technique for the rotational 
temperature measurement based on rotational-resolved REMPI spectrum.  Such 
model was first verified and fine-tuned based on the previous experimental 
results done by Sur et al. as shown in Figure 46.[3]  The upper black data is the 
O2 spectrum obtained in a supersonic beam with O2 rotational temperature of 
~5K.  Since the rotational temperature is extremely low, all three components, F1, 
F2, and F3 can been clearly seen in the spectrum.  The lower red data is the 
simulation results using the O2 REMPI model.  The model well predicted the 
spectrum of O2 in the low temperature value although two hyperfine lines have 
been convoluted together in the simulation results.  The peak positions are not 
accurately matched due to the uncertainty of the upper and lower level energy 
distributions. 
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After the O2 REMPI model was confirmed by the experimental results at 
extremely low temperature (~5 K), the buffer gas pressure and collision effect 
were studied.  As the O2 spectra shown in Figure 47, which were obtained in four 
different conditions in a quartz cell at room temperature (294 K).  The 
experimental conditions are shown as follows: 

(1) 20 Torr pure O2 in the quartz cell at 294 K, 
(2) 100 Torr pure O2 in the quartz cell at 294 K, 
(3) 100 Torr air-like gas (N2:O2=4:1) in the quartz cell at 294 K, 
(4) 100 Torr ambient air in the quartz cell at 294 K. 
Since the O2 spectra in all these four conditions are well agreed with each 

other, some assumptions have been made: 
(1) The spectrum has little effect on the pressure and molecule collision 

with respect to the number density of O2, the electron-O2 attachment is very 
weak in these conditions. 

(2) Including N2, Ar, CO2 and other components in the air, these molecules 
have little effect on the O2 REMPI spectrum. 

(3) There exists resonant- and avalanche-ionization amplification effect at 
low pressure condition [31] and such effect becomes fewer at higher pressure 
conditions.  The phenomenon is observed in the N2 2+2 REMPI spectrum from 
284.5 to 285 nm which has few effect on the main O2 transition bands studied in 
this paper. 

The O2 temperature measurements were conducted in such four 
conditions with the temperature varying from the room temperature to 1273 K.  
The spectra obtained at higher temperature conditions were also well agreed 
with each other including 473K, 673K, 873K, 1073K and 1273K with increased 
pressure according to the ideal gas law in the closed quartz cell. 

The experimental results of the O2 rotational temperature measurements 
based on the O2 REMPI spectral model are shown in Figure 48 from subplot (a) 
to (h).  In each plot, the black line is the averaged spectral result from four 
spectra obtained in the different conditions mentioned above.  The red line is the 
O2 REMPI spectrum simulation result.  The experimental temperature and 
calculated rotational temperature of O2 are both labeled in the figure.  Eight 
different temperatures have been measured in the quartz cell and flame 
environments.  The temperature range is from 294K to 1273K in the quartz cell 
limited by the heating capability of the furnace.  Two flame conditions were 
demonstrated with higher temperature values i.e., 1610 K in CH4/air flame and 
1658 K in H2/air flame.  The comparison results between the experiments and 
simulations are shown in Table 11. 

As the results shown in Table 11, the error of rotational temperature 
measurement of O2 is less than ±10% with the temperature range of 294 K to 
1658 K.  Since the model was  confirmed by the experimental results obtained in 
the supersonic beam (~5 K), here we assume this O2 REMPI model could been 
used in different testing conditions from ambient air to flame environment with a 
wide temperature measurement range expanding from 5K to ~1700 K. 
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According to Figure 46 and Figure 48(a) ~ (h), the rotational branches are 
extended to higher energy levels due to the increase of the temperature.  Several 
branches show the strong temperature sensitivity feature especially in the 286 ~ 
286.5 nm region.  From 286 nm to higher energy level, the spectrum displays a 

decreasing in intensity with increasing value at a rate greater than that 
accounting for Boltzmann effect in the ground state.  At even higher energy level 
from 285 nm to 284 nm, the rotational structures were not displayed in the 
experimental results at higher temperature conditions because of the short life 

time of the excited O2 at the Rydberg state with high J   values. 
Clearly, the spectra obtained in the quartz cell have good agreement with 

simulation results as shown in Figure 48(a) to Figure 48(f).  However, in the real 
flame environment, the practical measurement conditions are much rougher than 
that in the quartz cell.  While being in the flame environment, the spectral 
intensities do not match well between the experimental results and the O2 
spectrum simulation especially at 287 ~ 288nm region.  In fact, as the rotational 
structures are well-expanded in the higher energy level, the model still has the 
capability to fit the experimental results and give acceptable simulation results 
that fairly well-agreed with the experimental results in flame environment (Figure 
48 (g) and Figure 48 (h)). 
 

Conclusion 

 

Based on the rotational analysis, the Rydberg state )2()3( 3  vCs g  has been 

selected as the intermediate state for the two-photon 

)2()3( 3  vCs g ←← )0(3  vX g  transition which give birth to the rotational-

resolved spectra through 2+1 REMPI process.  The temperature measurements 
have been conducted in different conditions including pure O2, air-like gas, 
ambient air and flame environments.  The O2 REMPI model has been built up to 
simulate the experimental spectra and extract the temperature information based 
on the whole spectral fitting process.  The model was calibrated by previous 
experimental data at a low temperature condition (~ 5K).  The model has been 
used in the rotational temperature measurements with a temperature range of 
~300K to ~1700 K.  The error percentage of the measurement is less than ±10% 
from pure O2, air-like gas, ambient air to complicated flame environments.  The 

O2 REMPI model for the two-photon )2()3( 3  vCs g ←← )0(3  vX g  transition is 

first reported here as a demonstration in the rotational temperature 
measurements in various environments.  The model will be fine-tuned with more 
data results in both low temperature (< 300 K) and high temperature (> 1300 K) 
regions. 
 



125 
 

Acknowledgements 

 
Funding for this research was provided by the AFOSR under Contract No. 
FA9550-14-1-0329 under Dr. Chiping Li. 
 



126 
 

References 

 
1. Krupenie, P. H., “The Spectrum of Molecular Oxygen.” Journal of Physical 

and Chemical Reference Data, Vol. 1, No. 2, 1972, pp. 423-534. 
2. Sur, A., Ramana, C. V., and Colson, S. D., “Optical-Spectra of the Lowest-

Pi-G Rydberg States in O-2.” Journal of Chemical Physics, Vol. 83, No. 2, 
1985, pp. 904-905. 

3. Sur, A., et al., “Rydberg-Valence Interactions in the Pi-G States of O-2.” 
Journal of Chemical Physics, Vol. 84, No. 1, 1986, pp. 69-72. 

4. Sur, A., Friedman, R. S., and Miller, P. J., “Rotational Dependence of the 
Rydberg Valence Interactions in the 1-Pi-G States of Molecular-Oxygen.” 
Journal of Chemical Physics, Vol. 94, No. 3, 1991, pp. 1704-1711. 

5. Sur, A., Nguyen, L., and Nikoi, N., “Franck-Condon Overlap Integrals 
between the 3s-Sigma 3-Pi-G Rydberg and the 1-3-Pi-G Valence States of 
O2.” Journal of Chemical Physics, Vol. 96, No. 9, 1992, pp. 6791-6795. 

6. Loo, R. O., et al., “Multiphoton Ionization of O-2chi-3-Sigma-G-,A1-Delta-G, 
and B 1-Sigma-G+ Via the 2-Photon Resonant Ns-Sigma-G, Nd-Sigma-G, 
and Nd-Pi-G Rydberg Levels.” Journal of Chemical Physics, Vol. 91, No. 9, 
1989, pp. 5185-5200. 

7. Ogorzalek-Loo, R. R., Ph.D. Thesis, Cornell University, 1989. 
8. Johnson, R. D., Long, G. R., and Hudgens, J. W., “2 Photon Resonance 

Enhanced Multiphoton Ionization Spectroscopy of Gas-Phase O2 Alpha-1-
Delta-G between 305-350 Nm.” Journal of Chemical Physics, Vol. 87, No. 4, 
1987, pp. 1977-1981. 

9. Morrill, J. S., et al., “Two-photon REMPI spectra from a(1)Delta(g) and 
b(1)Sigma(+)(g) to d(1)Pi(g) in O-2.” Journal of Molecular Spectroscopy, 
Vol. 219, No. 2, 2003, pp. 200-216. 

10. Morrill, J. S., et al., “The (X (2)Pi(g)) ns sigma(g) (1,3)Pi(g) Rydberg states 
of O-2: Spectra, structures, and interactions.” Journal of Chemical Physics, 
Vol. 111, No. 1, 1999, pp. 173-185. 

11. Lewis, B. R., et al., “Perturbations in the 3s sigma(g) (1,3)Pi(g) Rydberg 
states of O-2: Bound-bound interactions with the second (1)Pi(g) and 
(1)Delta(g) valence states.” Journal of Chemical Physics, Vol. 111, No. 1, 
1999, pp. 186-197. 

12. Cartwrig.Dc, et al., “Theoretical and Experimental (Electron-Impact) Studies 
of Low-Lying Rydberg States in O2.” Physical Review A, Vol. 8, No. 5, 
1973, pp. 2436-2448. 

13. Wu, Y., Zhang, Z. L., and Ombrello, T. M., “Spatially resolved measurement 
of singlet delta oxygen by radar resonance-enhanced multiphoton 
ionization.” Optics Letters, Vol. 38, No. 13, 2013, pp. 2286-2288. 

14. York, T. A. and Comer, J., “Electron Energy-Loss Studies of Molecular-
Oxygen in the Region 6.0-16.1 Ev Using a Multidetector Electron 
Spectrometer.” Journal of Physics B-Atomic Molecular and Optical Physics, 



127 
 

Vol. 16, No. 19, 1983, pp. 3627-3639. 
15. Wu, Y., Zhang, Z. L., and Adams, S. F., “O-2 rotational temperature 

measurements by coherent microwave scattering from REMPI.” Chemical 
Physics Letters, Vol. 513, No. 4-6, 2011, pp. 191-194. 

16. Sawyer, J., et al., “O-2 rotational temperature measurements in an 
atmospheric air microdischarge by radar resonance-enhanced multiphoton 
ionization.” Journal of Applied Physics, Vol. 113, No. 23, 2013. 

17. Wu, Y., et al., “Flame temperature measurements by radar resonance-
enhanced multiphoton ionization of molecular oxygen.” Applied Optics, Vol. 
51, No. 28, 2012, pp. 6864-6869. 

18. Zhang, Z. L., Shneider, M. N., and Miles, R. B., “Coherent microwave 
rayleigh scattering from resonance-enhanced multiphoton ionization in 
argon.” Physical Review Letters, Vol. 98, No. 26, 2007. 

19. Shneider, M. N., Zhang, Z., and Miles, R. B., “Plasma induced by resonance 
enhanced multiphoton ionization in inert gas.” Journal of Applied Physics, 
Vol. 102, No. 12, 2007. 

20. Wu, Y., et al., “Direct measurement of methyl radicals in a methane/air 
flame at atmospheric pressure by radar REMPI.” Optics Express, Vol. 19, 
No. 24, 2011, pp. 23997-24004. 

21. Wu, Y. and Zhang, Z., “Two-dimensional quantitative measurements of 
methyl radicals in methane/air flame.” Applied Optics, Vol. 54, No. 2, 2015, 
pp. 157-162. 

22. Sanders, S. T., et al., “Diode-laser absorption sensor for line-of-sight gas 
temperature distributions.” Applied Optics, Vol. 40, No. 24, 2001, pp. 4404-
4415. 

23. Thurber, M. C., Grisch, F., and Hanson, R. K., “Temperature imaging with 
single- and dual-wavelength acetone planar laser-induced fluorescence.” 
Optics Letters, Vol. 22, No. 4, 1997, pp. 251-253. 

24. Hancock, R. D., Bertagnolli, K. E., and Lucht, R. P., “Nitrogen and hydrogen 
CARS temperature measurements in a hydrogen/air flame using a near-
adiabatic flat-flame burner.” Combustion and Flame, Vol. 109, No. 3, 1997, 
pp. 323-331. 

25. Kojima, J. and Nguyen, Q. V., “Single-shot rotational Raman thermometry 
for turbulent flames using a low- resolution bandwidth technique.” 
Measurement Science & Technology, Vol. 19, No. 1, 2008. 

26. Mainos, C., “Multiphoton Rotational Line Strength in Diatomic-Molecules 
and for States with Hunds-Case-(a) or Hunds-Case-(B) Coupling.” Physical 
Review A, Vol. 33, No. 6, 1986, pp. 3983-3992. 

27. Adams, S. F., Williamson, J. M., and Fisher, D. M., “Rotational temperature 
analysis of N-2 by resonant enhanced multi-photon ionization with 
fluorescence detection.” Journal of Applied Physics, Vol. 110, No. 8, 2011. 

28. Brown, J. M. and Carrington, A., Rotational Spectroscopy of Diatomic 
Molecules, CAMBRIDGE UNIVERSITY PRESS, Cambridge, 2003, 752-
759. 



128 
 

29. Laher, R. R. and Gilmore, F. R., “Improved Fits for the Vibrational and 
Rotational-Constants of Many States of Nitrogen and Oxygen.” Journal of 
Physical and Chemical Reference Data, Vol. 20, No. 4, 1991, pp. 685-712. 

30. Herzberg, G., Molecular Spectra and Molecular Structure. Volume I: 
Spectra of Diatomic Molecules., 2nd ed., D. Van Nostrand, 1950, 264. 

31. Wu, Y., et al., “Resonant- and avalanche-ionization amplification of laser-
induced plasma in air.” Journal of Applied Physics, Vol. 116, No. 14, 2014. 

 



129 
 

Appendix 

 
 
 

 

Figure 44.  The experimental setup for temperature measurements of target 
gas species (i.e. pure O2, air-like gas and ambient air) in a quartz cell 
heating by a pair of cylindrical furnace. 
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Figure 45.  The potential energy of molecular oxygen for each state 

including (1) the ground state )( 3

2

 gXO , (2) the intermediate Rydberg state 

)( 3

2 gCO  , and (3) the )( 2

2 gXO   state above the ionization level (12.07 eV).  

The 2+1 REMPI process is schematically expressed in the plot. 
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Figure 46.  The rotational spectra of the )2()3( 3  vCs g ←← )0(3  vX g  the 

transition.  The upper spectrum was obtained in a supersonic beam with 
rotational temperature ~5K.  The lower spectrum was simulation results 
based on the O2 RMEPI model. 

 
 
 

 

Figure 47.  The O2 REMPI spectra at room temperature (294 K).  Four 
different conditions were explored in order to confirm that there is no effect 
on the pressure and other gas species. 
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Figure 48(a)-(h).  The spectral comparison between experimental results 
and simulation calculations. 
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(a) The O2 REMPI spectrum at 294 K with calculated temperature 321 K.   
(b) The O2 REMPI spectrum at 473 K with calculated temperature 481 K. 

 
(c) The O2 REMPI spectrum at 673 K with calculated temperature 684 K.   
(d) The O2 REMPI spectrum at 873 K with calculated temperature 879 K. 

Figure 48. Continued 
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(e) The O2 REMPI spectrum at 1073 K with calculated temperature 1058 K. 
(f) The O2 REMPI spectrum at 1273 K with calculated temperature 1231 K. 

 
(g) The O2 REMPI spectrum at 1610 K with calculated temperature 1615 K in a 
CH4/air flame environment.   
(h) The O2 REMPI spectrum at 1658 K with calculated temperature 1777 K in a 
CH4/air flame environment. 

Figure 48. Continued 
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Table 10.  Adopted constants for ))2(( 3

2  vCO g  

1cm  1F  2F  3F  

0n  69369 69449 69552 

effB  630.1  653.1  691.1  

vD  5109.1   5106.1   5109.1   

 
 
 

Table 11.  The comparison between experimental temperatures and O2 
REMPI model simulation results. 

Figure 48 Experiment Simulation Error (%) 

(a) 294 K 321 K 9.18 
(b) 473 K 481 K 1.69 
(c) 673 K 684 K 1.63 
(d) 873 K 879 K 0.69 
(e) 1073 K 1058 K -1.40 
(f) 1273 K 1231 K -3.30 
(g) 1610 K 1615 K 0.31 
(h) 1658 K 1677 K 7.18 
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CONCLUSION 
 
In this thesis, eight chapters are focusing on two main parts: (1) the methyl 
radical detection and (2) the O2 rotational temperature measurements.  Expect 
the last paper, the rest have been already published in different journals.  Hence, 
the detailed conclusions can be found in each chapter.  From the arrangement of 
these chapters, the readers could know the development and progresses that the 
author has done.  The CH3 were first successfully detected in CH4/air flame and 
then quantitative 1D and 2D experiments have been continuously studied as a 
demonstration to measure the concentration of CH3 in real flame environments.  
The second part is focusing on the temperature measurement based on 
rotational spectrum of molecular oxygen.  The Boltzmann plot method has been 
first used in the experiments to extract the temperature information from pure O2, 
ambient air, microdischarge and flames.  Then the empirical analysis has been 
demonstrated to calculate the temperature with low requirements on fine 
structures of O2 spectrum which is expected to be applied in industry area 
someday.  In the last chapter, the O2 REMPI spectrum model has been build and 
calibrated by previous reference.  This new model was used to simulate the O2 
spectrum in different temperature fitting the experimental results.  This model has 
been successfully used to fit the O2 spectrum and measure the rotational 
temperatures in a variety of environments.  More work need to be done to 
improve the model in the future in order to apply such O2 temperature 
measurement technique to scientific and industrial areas. 
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