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Introduction

Laser-induced fluorescence (LIF) is a laser based technique generally applied to
probe the relative populations of individual quantum states of species within
isothermal or reacting flows. The principle of LIF is rather simple. It requires
a tunable laser which has access to the wavelengths required to excite the
target species. When the spectral envelope of the laser overlaps with one of
the many absorption lines of the species, the molecules or atoms will go into
excitation sates and subsequently emit fluorescence. Recording the fluorescence
intensity as a function of wavelength, so called ”excitation spectrum”, reflects
the relative populations of different states, which are temperature dependent
as given by a Boltzmann distribution. If we assume the probed species has a
relatively constant concentration, the LIF signal can be assumed, to a good
approximation, a function of temperature only.

The Boltzmann plot method is widely used to extract temperature informa-
tion from LIF excitation spectra. The following is a description of the principle
of the Boltzmann plot method, directly quoting Ohno et al. [2006]:

Let us consider two energy levels, E; (lower level) and E; (upper level),
of two different line intensities with respective atomic densities of N; and N;.
Under the thermal equilibrium condition, the relation between N; and N; can
be established using the Boltzmann distribution:
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where g; and g; are the statistical weights of the respective states, kp is the
Boltzmann constant, and T is the temperature in K. If the total population
density is Ny, the Boltzmann relation applicable to the population distribution
over a certain state is given by

Nj gj Ej — Ei
- . I —_ 2
N, ~ Z(T) eXp[ kg T | @)

where Z(T') is the sum of the weighted Boltzmann function of all the discrete
energy levels, which is called the partition function:
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Now, when the excited species is de-excited from the upper energy level E;
to lower energy level E;, the emission coefficient of the spectral line can be
expressed by:

h'CO
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where Aj; is the wavelength of the emitted fluorescence, h is the Planck’s con-
stant, co is the light speed in vacuum, and Aj; is the transition probability
(the probability of a particle in excited state j spontaneously emits light in a
random direction and is de-excited to state i per second). Putting Eq.4 in Eq.2
and rearranging them gives

Eji’Aji h'CO'NO |: Ej :|
= cexp [ — .
Aji'gj 47TZ(T) k‘BT

(5)

Taking the logarithm in both sides of Eq.5 gives

i Nji _ By
lnAji o g T +C, (6)
where C' is a constant. Now, plotting Eq.6 with F; in the x-axis and In(ej; -
Nji/(Aji - gj)) in the y-axis will result in a straight line, and the tempera-
ture can be determined from the slope. A Boltzmann plot is straightforward
and insightful as any deviations from the linear slope can be easily spotted.
However, the deviations are usually the results of uncertainties arise from the
determination of fluorescence intensities.

In case where the required accuracy of temperature measurements is higher
than the Boltzmann plot method can offer, temperature determination can be
achieved through fitting the LIF excitation spectrum. Rensberger et al. [1989]
compare the experimental spectrum to a synthesised spectrum and varying the
fit parameters (temperature and Gaussian linewidth) to minimise the sum of
the squares of the residuals. Bessler et al. Bessler et al. [2003] created LIFSim,
a software tool that allows to simulate absorption and LIF spectra (excitation
and emission) for NO and Os, to fit experimental spectra. Thermo NO-
LIF was developed using MATLAB R2019a App Designer. The purpose of
the software is similar to that of LIFSim, to synthesise NO-LIF excitation
spectra and determine temperature through a direct fitting algorithm and the
Boltzmann plot method. The following sections describes each function in
details and an user guide.



Tab: File conversion

Thermo NO-LIF processes LIF excitation spectra in wavenumber (cm™1).
The file conversion function allows user to convert their experimental spectra
into a format suitable for Thermo NO-LIF. The input LIF excitation spec-
trum files can be in either wavelength (nm) or wavenumber (cm~!). User is
to select the column numbers of wavelength/wavenumber, LIF signal and
laser fluctuation in their files. The last one is optional, it is requested to
reduce the jitter in the LIF signal caused by shot-to-shot variations in the
laser energy. The process also allows users to shift the entire spectrum ac-
cordingly, to better match the theoretical line positions. Users can specify the
prefix and suffix for the output files. The file conversion can process files in
batch through multi-select.

Figure 1 presents a screenshot of the file conversion tab in Thermo NO-
LIF. To convert the file, users are advised to follow the procedures:

1. Select “File conversion” tab.
2. Press “Input file(s)” and select the file(s) needed to convert.
3. Select the spectral unit used in the input file(s).

4. Specify the column numbers correspond to the wavelength/wavenumber,
LIF signal and laser energy (optional; enter 0 if no such information).

5. Enter a value to adjust the experimental spectrum so that it matches
better with its theoretical counterpart.

6. Enter a prefix or/and a suffix to distinguish the input and output file(s).
7. Select a directory where the output file(s) would be saved.

8. Press “Execute” to begin the process. The button will change to “Done”
when the conversion is complete.
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Figure 1: Screenshot of the file conversion tab in Thermo NO-LIF.



Tab: Pre-processing

It is well documented that the experimental spectrum as it is obtained is not
linear in wavelength Rensberger et al. [1989], Bessler and Schulz [2004]. It
is evident when comparing the experimental spectrum with its synthesised
counterpart. The spectral positions of experimental LIF peaks do not align
with the known line positions. This misaligned is caused by the stepping motor
rotating a grating sine bar to drive the laser tuning system. Here, users can
adjust the spectral position of the experimental LIF peaks, so that they are as
close to the theoretical line positions as possible. Users are required to select
the peaks using a MATLAB function, peakseek.m by Peter O’Connor. The
function searches all the peaks within an array. Users are required to specify
the minimum peak separation (in data points) and a threshold for peak height.
Users can also delete peaks that are misidentified. However, users cannot add
peak manually.

Selected experimental LIF peaks are compared to peaks identified in a syn-
thesised spectrum, that has all the aspects as close to the experimental spec-
trum as possible. To generate the synthesised spectrum, users are required
to specify either the instrumental linewidth, temperature, pressure and
collisional coefficient or the Voigt linewidth, Lorentzian factor and
temperature. Once users have selected the same amount of experimental and
synthesised peaks, Thermo NO-LIF adjusts the experimental spectrum ac-
cording to the synthesised peaks.

Figures 2 and 3 show the before and after screenshot of aligning an exper-
imental spectrum against its synthesised counterpart. The procedure can be
broken down into several steps:

1. Select “Pre-processing” tab.
Press “Open file” and select the experimental spectrum for input.

Plot the experimental spectrum by pressing “Plot”.

Ll

Enter appropriate values for “Distance” and “Threshold”, which repre-
sents the minimum distance between two peaks and the minimum inten-
sity to be considered as peaks.

5. Press “Exp peak v/”.

6. Extra peaks can be deleted using “Exp peak selected” and “Delete exp
peak”.

7. Enter the best guess of spectral parameters. Select either “Tempera-
ture/Pressure” or “Linewidth/Lorentzian”.



10.
11.
12.

13.

14.

15.

Start and finish wavenumbers are pre-filled when users plot the experi-
mental spectrum. However, due to the uncertainty in the laser tuning
system, users might want to adjust the “Start” and “Finish” wavenumber
to match the experimental spectrum.

Plot the synthesised spectrum by pressing “Simulation plot”.
Users can hide or show the synthesised plot using the slide.
Enter appropriate values for “Distance” and “Threshold”.
Press “Sim peak A”.

Extra peaks can be deleted using “Sim peak selected” and “Delete sim
peak”.

Once user has the same amount of peaks in the experimental and syn-
thesised spectra, press “Align”.

Confirm the experimental spectrum matches the synthesised spectrum.
Press “Export aligned exp spect” to save the realigned experimental spec-
trum.
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Figure 2: Screenshot of the pre-processing tab in Thermo NO-LIF. Blue is
experimental spectrum; red is synthesised spectrum. Before the alignment.
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Figure 3: Screenshot of the pre-processing tab in Thermo NO-LIF. Blue is
experimental spectrum; red is synthesised spectrum. After the alignment.



Tab: Voigt fitting

This is the procedure where temperature information is derived from an ex-
perimental LIF spectrum. It automatically fits the experimental LIF spectrum
to an equation that describes the LIF intensity together with the convolution
of the instrumental lineshape and the absorption lineshape. However, because
the experimental LIF spectrum is introduced in normalised form, the equation
must be divided by a normalise term so that the fluorescence intensities of both
experimental and estimated LIF spectra are in the same order of magnitude.
To circumvent the issue, Thermo NO-LIF constructs a library of synthesised
LIF spectra, extracts the maximum intensity within the spectral range at each
temperature and fit the maximum intensity as a function of temperature to a
Fourier series with eight terms.

To construct the library of synthesised LIF spectra, Thermo NO-LIF fits
an experimental spectrum to a pesudo-Voigt lineshape function (linear combi-
nation of Guassian and Lorentzian function) without considering the spectro-
scopic parameters:

V(y,T)=-Gv,T) ® L(v,T), (7)

G(v,T) is the Gaussian function

Gw,T) = exp [—4 In2- (” . ”)T ®)

and L(v,T') is the Lorentzian function

1+4.(”;”ﬂ | )

Here, v is wavenumber in unit [em~!], # is the spectral position of the peak
intensity obtained from LIFBASE (Luque and Crosley [1999]), T is the full-
width at half maximum (FWHM).

Substituting Eqgs. 8 and 9 into Eq. 7 gives

L(y,T) =

+n

V,(v,T) = (1—7)-exp [4 -In2 - (;/Fﬁ)z

2]
v—1U
o ()]
This provides an approximation accurate to ~ 1%.
After constructing a library of synthesised spectra, Thermo NO-LIF iden-
tifies the maximum peak in the experimental spectrum which is used to trace
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the evolution of the theoretical fluorescence peak within the same spectral range
from 200 to 3000 K. This step is essential because, theoretically, the maximum
fluorescence peak within a certain range is not always the same transition at
every temperature. With this information, Thermo NO-LIF fit the exper-
imental spectrum again, considering the spectroscopic parameters normalised
by the temperature-dependent maximum fluorescence peak it just acquired.
The LIF intensity, I;, of the i*® transition can be characterised as follows:

Ai

IiOCNO'IL'Qu'Bi'fBi‘M—kM
i £ P q

(11)

where I}, is the incident laser intensity, Ny is the total number density, fp; is the
Boltzmann fraction of the initial level, B; is the Einstein absorption coefficient
obtained from LIFBASE (Luque and Crosley [1999]) and g, represents the
spectral overlap of the laser profile and the absorption line. The last term
is to describe the fluorescence quantum yield which depends on the Einstein
emission coefficient A; divided by the sum of A; over all vibrational states plus
predissociation rate k, and quenching rate k,. This equation is only valid if
the Iy, is maintained in the linear LIF regime.

A few modifications are required to simplify Eq 11. Firstly, Ny is omitted
in the following equations because the total number density of NO within the
measured volume is assumed to be constant throughout the measurement. Sec-
ondly, the fluorescence quantum yield of NO is neglected since it is independent
of the rotational number. Lastly, fg; can be expressed as a function of T

S /B (12)

Qm’b : Qrot : Qelec
where (2J; 4 1) is the degeneracy of the rotational state and J; is the rotational
quantum number of lower state of 3" transition. The energy of the rotational
state, F; is calculated following the equations and molecular constants given by
Gillette and Eyster [1939]. Quip, Qrot and Qe are the vibrational, rotational
and electronic partitions calculated numerically. As a result, Eq. (11) can be
reduced to

[Bi

SN C/L DR ) (13)
Qvib : Qrot : Qelec
Here, I}, can be normalised through dividing the LIF excitation spectrum using
the temporal energy profile of the incident laser.
By combining Eqgs. (13) and (10) with a constant background ¢, the syn-
thesised spectrum S(v) can be expressed as:

I; o< Iy, - g, - By

EUES R
Qvib . Qrot . Qelec

((1—77)'63:]7 [—4-1712-(”;1))2
144- (”;ﬁf]_l . (14)

S(w)=c+> B;-

_|_

77 .
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Here, B;, J;, E;, Quip, Qrot and Q¢jec are spectroscopic properties, which are
available in the literature for NO. As a result, the fitting parameters are T, 7,
I', 7 and c. It is necessary to fit o because, as aforementioned, the spectral
positions of experimental and simulated transitions do not match. Thermo
NO-LIF allows a tolerance of +0.2cm™~" for .

Both the experimental spectrum and Eq. (14) must be normalised to unity
to perform the fitting process. The conventional way to normalise a spectrum
is to divide the total spectrum with the maximum intensity. However, it is im-
possible to obtain the maximum intensity without constructing the whole spec-
trum. Hence, Eq. (14) is required to be divided with a temperature-dependent
normalisation term. One of the approaches is to construct a library of simu-
lated spectra that has the same spectral range as the examined experimental
spectrum. Then, it extracts the maximum theoretical fluorescence intensity,
corresponding to the experimental ones, as a function of temperature. The
non-linear function is fitted with a Fourier series.
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To use the Voigt fitting function is quite simple:

1.

A S

Select “Voigt fitting” tab.

Press “Open file” and select the pre-processed experimental spectrum for
input.

Plot the experimental spectrum by pressing “Plot”.
Input the fitting parameters, initial guesses and criteria.
Press “Voigt fitting” and wait....

The results are shown in this box with Temperature at the very bottom.
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Figure 4: Screenshot of the Voigt fitting tab in Thermo NO-LIF. Blue is

experimental spectrum; green is the best-fitted spectrum.



Tab: Boltzmann

The principle of the Boltzmann’s plot method is described in Chapter . A
simple walk-through is given below:

1.

10.
11.

12.

13.
14.

Select “File”, “Work directory” to specify where the experimental spectra
are stored.

. Select “File”, “Output directory” to specify where the results will be

saved. The default directory is C:/Users/Public/Documents.
Select “Boltzmann plot” tab.

Press “Open file” and select the pre-processed experimental spectrum for
input.

Plot the experimental spectrum by pressing “Plot”.
Select the peaks. This step is essential.
Press “Line identification”.

The transitions identified within the experimental spectrum are shown.
BEWARE: Thermo NO-LIF only identifies the lines which are visible
in the experimental spectrum.

ATTENTION: The degeneracy (2J41) only takes into account the sig-
nificant transition.

OR: Avoid doublet or triplet lines that have different degeneracies.

The lines are shown in this box. Users can select the line(s) and the
corresponding peak(s) will be highlighted in the main plot. The selection
also used to construct the Boltzmann’s plot.

Press “Boltzmann”.

OPTIONAL: The outlier helps user to identify any deviation from the
linear plot.

The Boltzmann’s plot is shown. The red dash-lines represent the +outlier
threshold.

The Temperature is shown here.

The table is editable. User can customise the name of each case. Press
“Export results” to export the results.

14



15

| sunsai podx3z |

Y ziiz | aimeladwsay 1 4

‘uonnjos mF—

0] pabsaauod Bunyy ssa30ng K Er

Z0-20112 23Sy DOSE 0005 005w un“uq QUSE 0DOE 00ST 0002

10-96Z86°6:pIDs-Y
LO+31L8GEE-2
FO-8BEEL 7w
J+xW=A [apow Jeaur]
06'25°60 0Z0Z-Inr-91

- (sLlies
(eghizy+(ehiy

(zg)id
62)1Z0+9z)eu+(62)10
(zelzro+{zelzo
(6ElzLd+6Eled

&

ZH AU

(s)iampno

(500 | poysaisamno| |~

&

uuewziog uoReduU=pl sun

éa.(ur

EmEEEme_.F

_ opun |

| | |

uedsBuipy
Japio flod

q w m y | | | Buusyy Aejon-fyzunes
“09vz- Z619°0 0L+88E66'7 00STLL ZF £0+88FZFZ  PO+30SEY T “oz)izy+0Zia v nI
168°62- $6.Z0 0L+86FZLF 00SBED T £0+80EL6F PO+BSLETT (1€)z1d+(i8)zd € =1
3£0°6Z- STV 0 0L+80LLEE  TO00ELY 0L £0+8Z0LET PO+BLIEYY (rElldz papages yeadida
+ 161 °GZ- 92580 0L+8089F'G  BOZI0L ¥ £0+8ELILE  PO+BVLIEYT (92)1z0+{92)10 | —
= = = = | sead dxa sj@ieq |
(L+r2irmul 4n z1 801+r2) | 21 d 1472 | gw3v | (1-wo) ;SqWNUBABAL | UOWISUBL BUMT | ON —
| adesdag |
_ uopenwIg _ 101d uuBWZYog — Bunu 1o, Buissadoid-aiy _ UoISIaAUDD 3(14 -
v E— ne ploysaiy
[ nui| 185 | | 8BS oy | F [ 1858y |
—_— -2 Rl
[V | [o | [orpiv | [ozewy | 10/d pioH
e A Ul A e X Ul yead
(,-wa) saquInusAB), u
ovvry 0ErPh 0zrvy olvry 00t 06EYY 08ERY 0LE0F 101d
0

1 ¥ ! .
B I tI ¢ i o
%ﬁ # L i El
! H t "B
| it w i i "0z
i § =3
5 M { 90 _
. | = 1 pauble”sdwexg
| ) & 20 peal ali4
“lET sdwe;
ss07 a3 _ { _ _ _ _ F ajy uado
() 1 asen G enjoads

Ji

19510 noay disH aid
3

Screenshot of the Boltzmann tab in Thermo NO-LIF.

Figure 5



Simulation

Thermo NO-LIF can generate a library of synthesised LIF excitation spectra
of NO A-X(0,0) band at any pressure and temperature. Or the user can specify
the FWHM and Lorentzian factor. Please follow the following step to construct
the library:

1. Select “Simulation” tab.
2. Select the desired spectral range.
3. Select the desired temperature range.

4. Select the desired temperature and pressure condition.
OR: Select the desired FWHM and Lorentzian factor.

5. Select the output folder and file name. Press “Generate”.

16
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Figure 6: Screenshot of the Simulation tab in Thermo NO-LIF.
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