
Abstract 

KIDD III, FORREST GRADY. Development of a Novel Temperature Measurement Scheme 

Through the Two-Photon Excitation of Krypton at North Carolina State University. (Under 

the direction of Dr. Venkateswaran Narayanaswamy.)  

 

Accurate temperature measurements facilitate the study of many processes. In combustion, 

temperature measurements allow for the assessment of energy release. The temperature 

dependence of chemical kinetics controlling fuel oxidation and pollutant formation can also 

be measured.  In gas dynamics, temperature measurements are needed to understand the 

interaction between turbulence and chemical kinetics in compressible flow fields. Many non-

intrusive methods have been developed for the investigation of temperature with high levels 

of success. A commonly used method is the laser-induced fluorescence (LIF) of a tracer in the 

flow. This method is capable of temperature, density, and species concentration 

measurements through the electronic excitation of a species. However, LIF suffers from 

errors introduced through quenching and differential absorption of the transitions used to 

calculate the temperature. Other issues can occur when the species being excited reacts with 

the flow, whether chemically or thermally in the case of condensation. Therefore a 

fluorescence method that circumvents these issues would be of benefit to the aerospace-

engineering community. I have developed a novel ratiometric temperature measurement 

technique using the two-photon excitation of krypton. A laser equipped with a seeder was 

frequency-doubled to 532nm and then mixed with a frequency-tripled laser at 355nm to 

produce the excitation wavelength. The ratio of the fluorescence of the seeded and unseeded 

settings was calculated, and a linear trend was shown to result with increasing temperature. 



As this method is a ratiometric technique based on the overlap integral of the two settings, it 

removes several issues. The first is that quenching does not affect the measurements. The 

method uses the same transition between settings removing the effects of differential 

absorption. The tracer krypton is inert and does not condense at temperatures as low as 25K. 

It also is non-toxic, allowing use in a wider range of facilities.  
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Introduction 

Accurate temperature measurements are beneficial to the study of many processes. 

Temperature measurements facilitate the study of heat release and chemical kinetics 

controlling fuel oxidation and pollutant formation in combustion applications. (Laurendeau, 

1988). Temperature measurement allows for the interaction between chemical kinetics and 

turbulence to be understood. It enables the measurement and calculation of other important 

flow field properties such as species concentrations and collisional quenching rates (Barlow 

et al., 1989). Many methods of non-intrusive measurement have been developed with high 

levels of success in select applications (Eckbreth, 1981). 

Physical probes 

Physical probes are one of the most common forms of temperature measurement and are 

used to evaluate new temperature schemes. They are inexpensive, simple to implement, and, 

in many cases, the most accurate form of temperature measurement. However, probes have 

several limitations. Physical probes require insertion into the flow for measurement. The 

probe’s presence in the flow can act as a perturbance. This perturbance may cause the flow 

or flame being measured to behave in ways it would not without the probe (Heitor et al., 

1992). In combustion applications, the probe must be shielded, and this shielding reduces 

spatial and temporal sensitivity. Most probes are not feasible in conditions with extreme 

temperatures, where the integrity of the probe may be compromised even with shielding 
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(Cattolica, 1981). This susceptibility makes chemically reacting or corrosive environments 

unsuitable for physical probes as well (Crosley, 1981).  

Laser probing 

Lasers, however, are non-intrusive and do not perturb the flow. They are unaffected by 

chemically reactive or high-temperature environments if properly devised. This utility allows 

for a wide range of available applications (Eckbreth, 1981). Also, accuracy of temperature 

measurements in many techniques is close to that of physical probes (Lawitzki et al., 1990). 

The development of high-repetition-rate lasers allows for temporally resolved measurements 

to assess high-speed chemical processes and heat transfers accurately (Andersen et al., 

1988). This access is not possible with many physical probes, which require equilibrium 

conditions to yield meaningful measurements (Heitor et al., 1992). Further, many laser-based 

methods can be expanded from point measurements to linear or planar measurements with 

spatial resolutions of a few microns in some instances (Alden et al., 1984). However, laser-

based methods are not without their drawbacks. Optical access to the test section for both 

the laser and collection optics is necessary. This requirement makes lasers difficult to use in 

experiments with complex geometries. Laser beams are also affected by fluorescence 

quenching and absorption, which reduce the measurable signal and require corrections for 

accurate analysis (Eckbreth, 1988). Different laser schemes have been created to circumvent 

these issues with partial success (Laurendeau, 1988). A brief description of different laser-

based temperature measurements schemes and their merits are presented below.  
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Different laser techniques 

Rayleigh scattering 

Rayleigh scattering is caused by the elastic scattering of light from small molecules. Because 

the process is elastic, the scattered photon is not shifted from the incident laser wavelength.  

Which allows for simplistic setups as it can be performed with a single laser. Further the 

measurement of backscattering can allow for both the collection optics and laser to use the 

same access point (Zhao et al., 1993). Rayleigh scattering is not species-specific and can 

therefore only be used for temperature or total density calculations in isobaric situations. 

This method has high signal levels scaling linearly with the gas density (Young, 1982). 

However, it suffers from interference by background scattering and from Mie scattering off 

of larger molecules. This scattering makes it unsuitable for many combustion applications as 

soot particles or H2O vapor can cause large amounts of noise (Eckbreth, 1988). Errors from 

background radiation and Mie scattering can be avoided in many cases with careful filtering 

of the test gas. In instances where physical filtering is not possible, digital corrections are 

sometimes used to cut out spurious noise (Otugen et al., 1988). This correction is made 

simpler by the large difference in magnitude between Mie and Rayleigh scattering. Rayleigh 

scattering has successfully measured temperatures ranging from 300K—3000K with an 

accuracy/precision of 1.0% (Laurendeau, 1988). Experiments using Rayleigh scattering have 

been performed in laminar (Barlow et al., 1994) and turbulent (Dibble et al., 1981) flames 
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with shot-to-shot uncertainties of 2.5% in the laminar case. In turbulent flames, the accuracy 

of measurements is hampered by the changing composition throughout the flame. This 

fluctuation makes corrections to fluorescence based on gas composition necessary. However, 

with correction, Rayleigh-scattering measurements may agree with thermocouple 

measurements within 1.0% versus 5.0-7.0% without (Namer et al., 1985). Rayleigh scattering 

is a useful method of achieving accurate temperature and density measurements. However, 

care must be taken during interpretation to account for composition changes and background 

fluorescence to achieve accurate results. 

Raman scattering 

Raman scattering is similar to Rayleigh scattering in that it arises from the collision between 

laser light and molecules. Unlike Rayleigh, however, Raman scattering is non-elastic. Due to 

the non-elastic interaction between the molecule and the photon, the photon may either be 

shifted down in frequency, which is termed Stokes, or up in frequency, which is termed anti 

Stokes (Eckbreth, 1988).  



 

 

5 

 

 

Figure 1: Raman Scattering Processes 

 

 

 

This shift in frequency is species-specific and therefore gives information about the gas being 

probed. This information allows for temperature and composition measurements of 

individual species, which is beneficial especially when paired with other techniques which 

require this information (Barlow et al., 1989). A weakness of Raman scattering is the low 

signal especially when compared to Rayleigh scattering (Robben, 1976). This low signal makes 

it necessary to properly filter the signal to remove Mie scattering and background 

fluorescence (Aeschliman et al., 1975). Successful Raman temperature measurements have 

been performed from 300K to over 2500K with accuracy/precision of 2.0% (Laurendeau, 

1988). Experiments have been performed in laminar (Alessandretti, 1980) and turbulent 
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flames (Barlow, 1989) with 5.0% error being observed using a ratiometric method in the 

laminar case. If a scanning technique is used more accurate measurements can be obtained 

with roughly 3.0% error. Raman scattering is a viable option for temperature and composition 

measurements in many applications. As the efficiency of collection optics and filters 

increases, so will the range of conditions in which Raman scattering is an effective method.  

Coherent Anti-Stokes Raman Scattering (CARS) 

CARS uses the nonlinear reaction between a pump laser and a Stokes-shifted laser to create 

a third coherent beam of a different wavelength. The complete process seen in Figure 1, 

including both Stokes and anti-Stokes Raman scattering, is equivalent to the CARS process. 

This process is a function of both destructive and constructive interference. Analysis of this 

process gives information about the density and temperature of the species (Taran, 1976). 

The intensity of the beam is a function of density with the spectral distribution of the beam 

being a function of temperature. It has many times stronger signal than Raman scattering and 

produces a coherent beam, which is able to be fully collected (Druet et al., 1981). However, 

it does require optical access for the Stokes and pump beams and signal beam, which can be 

inconvenient for some experiments. CARS is also insensitive to species with concentrations 

below 0.1% as the signal of the beam is proportional to species density (Eckbreth, 1988). The 

viability of CARS as a diagnostic tool in combustion reactions has been repeatedly validated 

with errors of one percent from thermocouple measurements being seen in laminar flame 

experiments (Moya et al., 1975) and gas discharges (Druet et al., 1981). CARS has also been 
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shown to be a viable tool for measurements in supersonic test facilities (Gustafson et al., 

1982, Jarett et al., 1992) allowing for investigation of reacting flows.  

Laser-Induced Fluorescence (LIF) 

Laser-induced fluorescence is the fluorescence induced by the electronic excitation of a gas 

species through the use of a tuned laser. As the excited electron returns to the ground state, 

it emits a photon. The excitation is species-specific and sensitive to minor species 

(concentrations <0.1%) (Eckbreth, 1988).  It even has the ability to measure species or 

pollutants in the ppm range (Crosley, 1981). Fluorescence can be of a gas naturally present in 

the flow or of a seeded gas. Depending on the measurement scheme, temperature, density, 

and concentration measurements can be extracted (Bechtel, 1979). Signal levels are high, and 

fluorescence is measured at a spectrally shifted wavelength to avoid laser scattering. 

However, as with other laser-based methods, LIF requires optical access for both the laser 

and collection optics. Further, signal decreases with increased pressure, making some 

experiments less accessible without the use of high-power or rapid-rate lasers (Andersen et 

al., 1988). LIF measurements have been performed in experiments with temperatures 

ranging from 150K-3000K with accuracy/precision of 1.0% (Laurendeau, 1988). 

Measurements have been made in laminar (Cattolica, 1981) and turbulent flames with 

uncertainties of roughly 5.0% in the laminar case using a scanning method.  Comparisons 

between CARS and LIF (Larendeau, 1988) and Raman and LIF (Bechtel, 1979) have been made 

and show agreement between measured temperatures, as well as comparable accuracies.  
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Theory 

The method developed in this paper derives the temperature from the temperature 

dependence of the spectral line width of the fluorescence spectrum at two laser settings. The 

same transition is probed at both settings and the ratio is used, removing errors caused by 

quenching and differential absorption. The spectral line width is also an accurate 

measurement of the actual gas temperature (Eckbreth, 1988). Fluorescence is the emission 

of radiation given off by an electron as it moves from an excited electronic state to its ground 

state.  If the electron moves to its original quantum state, it gives off a photon matching the 

incident laser wavelength. This process is termed resonant emission. This emission is typically 

filtered by the imaging system to reduce other interferences at the laser wavelength such as 

Mie scattering. If an electron moves from an excited state to a different rotational or 

vibrational state than its initial ground, it will cause the emission of a spectrally shifted 

photon. A spectrally shifted photon can also be emitted if the electron reaches the same 

ground state from a different excited state. This photon can be used for analysis of the excited 

species.  However, not all electrons fluoresce. The electron could also be hit by a second 

photon while still excited promoting it to an even higher state. In some cases this excitation 

could be to an ionized state causing the spectrum of the molecule to change drastically. This 

process is termed photoionization. A second possibility is that the excitation by the laser may 

cause the molecule being probed to dissociate before emission of a photon. This process is 
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termed pre-dissociation. Inelastic collisions between molecules can also re-distribute the 

energy between rotational, vibrational and electronic levels. This process on the electronic 

scale is termed quenching and can move electrons from the excited state to ground state 

without fluorescence. The basic fluorescence equation for the two-photon fluorescence of 

species f is given by (Eckbreth, 1988). 

�� = ������	 

 + ��, ���												1� 

where �� is the fluorescence signal, � is the local species density, � is the local temperature, 

�� is the local mole fraction, �� is the excitation intensity, � is the overlap integral, and �  is 

the constant that accounts for the detector collection angle and efficiency. The overlap 

integral is defined as (Partridge et al., 1995) 

� = ���������	
� 													2� 

with ��� being the laser lineshape and ��� being the absorption lineshape normalized 

such that their individual integrals are unity. If all other factors are held constant between 

the two laser settings, the ratio R can be defined as follows where subscript s and us mark 

the seeded and unseeded laser settings, respectively. 

� = � ���������	�� ����������	� 									3� 

Further, the laser lineshape and absorption lineshape can be modeled as Gaussian functions  

1!√2# $%
�&�'	() *					4� 
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where  

! = ,�2-2ln2�				5� 

with ,� being the full width at half maximum (FWHM) of the Gaussian function. The laser 

FWHM is a property of the laser used and does not change with temperature. However, the 

absorption FWHM is affected by various broadening processes. Natural broadening is due to 

the finite lifetime of the laser and is typically negligible. Doppler broadening is due to the 

collision of molecules, which increases with temperature as seen in the equation: 

,�1 = 2��223�ln2�45	 						6� 
where �� is the center wavenumber of the transition, M is the mass of the molecule being 

probe,. c is the speed of light, k is Boltzmann’s constant, and T is the temperature. Pressure 

also has an effect on the FWHM through collisional broadening. The collisional broadening 

can be modeled as (Thorne et al., 1999) 

,�7 = 0.5:;	� ⊽=	 										 7� 
where :;	  is the impact parameter, �	is the species density, and ⊽=		 is the average relative 

velocity for species i and follows  

⊽=	= 283�#@ 						8�	
The impact parameter is given by  



 

 

11 

 

:;	 = A2#,�B⊽=	 C.	 				9� 
where ,�B	is the change in van der Waals collision constant between ground and excited 

states. Thus the collisional broadening ,�7  can be seen to be proportional to 

,�B�.E@&�.F�&�.G . From this equation in a constant-pressure situation with the same 

transition, the ratio of the overlap integral is a function of temperature and the FWHM of the 

laser, � = H,��, ,��� , ��. 
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Experimental setup 

Laser and Optics 

The pump laser for this experiment is a Continuum Surelite 3 Nd:YAG Q switched laser. The 

laser produces 10ns wide pulses of roughly 115mJ of energy at 1064nm. The beam is then 

sent through a doubling crystal to create a 532nm beam. The 532nm beam at roughly 

45mJ/pulse is pumped into a Jaguar dye laser using Fluorescein 548 dye and outputs 544nm 

at 9mJ/pulse. The original 1064nm beam is also pumped through a tripling crystal producing 

a 355nm beam. The residual 1064nm, 532nm and 355nm beams are then separated using 

the Continuum Surelite SSP 532nm and 355nm dichroic extensions. The 355nm at 15mJ/pulse 

is inputted into an optical loop, and a photodiode connected to a 200MHz Tectronix 

TDS2024B oscilloscope is used to match the temporal profile of the lasers. The 355nm beam 

is then passed through a Galilean telescope in order to reduce the size of the beam to roughly 

0.5cm for wave mixing. The 544nm beam exiting the Jaguar dye laser also passes through a 

Galilean telescope, expanding it to 1cm. A DMLP505 Dichroic from ThorLabs is used to overlap 

the beams spatially. The lasers are then wave-mixed into the Autotracker 3, a standalone 

servo system for wave mixing of pulsed lasers. This system produces the 214nm at 1mJ/pulse 

needed for excitation of Krypton. The 214nm is separated from the residual mixed 

wavelengths using a pellin broca prism. A 150mm focal-length fused silica convex lens focuses 
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the beam into a pressurized test cell filled with the test gas and Krypton. The complete setup 

can be seen in Figure 2. 

 

 

 

 

Figure 2: Optical and laser setup for production of 214nm laser 

 

 

 

Fluorescence Imaging 

Fluorescence was measured using a Princeton Instruments PI-MAX 4 ICCD camera. The PI-

MAX camera was fitted with a Vivitar Series 1 Macro Telephoto lens with a focal length of 

105mm. The laser was set at a 10ns gate width centered on the laser pulse, removing much 

of the ambient light. Laser scattering was filtered with a ThorLabs FB760-10 filter. This filter 

had 57% transmission at 760. The camera produces a 512 x 512 pixel image. Shot-for-shot 



 

 

14 

 

energy corrections were made possible by reflection of a portion of the 214 beam before the 

test cell using a 1” fused silica lens. This reflected portion of the beam was absorbed by a 

glass slide, causing it to fluoresce. This fluorescence is recorded at 60fps by a JAI CM-040 GE 

CCD camera fitted with a Nikon Nikkor 50mm fl lens and Bower Digital ND4 52mm filter.  It 

could be used to create a calibration for energy by measuring the beam energy passing 

through the lens and correcting for attenuation. This fluorescence could then be correlated 

to the fluorescence seen by the JAI CCD camera.  

Timing and processing 

The Continuum Surelite 3 pump laser acted as the trigger for a Stanford Research Systems, 

Inc. DG535 signal generator. The Surelite fired at a repetition rate of 10Hz. This pulse then 

triggered the signal generator, which sent a second pulse to the PI-MAX camera to cause the 

gate to open. Alignment of the camera gate and laser pulse was made possible through use 

of a photodiode connected to the Tectronix oscilloscope. The PI-MAX camera sent a pulse to 

the oscilloscope as the gate opened, which allowed the pulse seen by the photo diode to be 

aligned with the camera gate. Data was then recorded by Lightfield software from Princeton 

Instruments and saved as a video file to the hard drive. In order to match the energy and 

fluorescence time series, a block was placed in front of the 214nm beam and then removed 

once both cameras had started recording. This block gave a starting point for both image sets 

and allowed for shot-to-shot corrections. Two types of experiments were done. The first had 

the laser set to a constant wavelength and the second spectrally scanned over the Kr 
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transition used. For the constant wavelength tests, roughly 250 images were recorded for 

both seeded and unseeded settings. For scans, a scan rate of 0.0005nm/sec was used with 

seeded laser operation to provide maximum spectral resolution. For the unseeded setting, 

the line width is much broader and a scan rate of 0.001nm/s was used. Preprocessing of 

recorded images was performed in ImageJ, which removed the background fluorescence 

from images and got basic fluorescence data. The data was then passed to a MATLAB function 

that matched the fluorescence data to the simultaneous energy measurements. The 

excitation-energy-normalized fluorescence was then calculated for each shot. Any shots with 

a signal over standard deviation (signal ratio) of less than 15 were removed from the data set. 

This process can be seen in Figure 3, where the program set the values to zero. The sharp 

cutoffs in the running average show areas where the signal ratio went below the cutoff. As a 

large signal ratio in the normalized fluorescence measurement can signify poor matching of 

energy and fluorescence, normalized fluorescence data below that cutoff is not used.  
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Figure 3: Signal to Noise Test of Matched Normalized Fluorescence Data 

 

 

 

The data was then pruned further of any points 1.5 standard deviations away from the mean. 

This pruning continued until the amount of images remained constant. Figure 4 shows this 

process. It can be seen that after pruning the data down with a cutoff of 1.75 standard 

deviations the data is already much smoother with the larger fluctuations having been 

removed. 
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a) b)  

Figure 4: Pruning of Normalized Fluorescence Data (A) No Pruning B) 1.75 Standard Deviation 

Cutoff) 

 

 

 

When multiple runs at a single temperature were performed, the normalized fluorescence 

value was weighted by the amount of images making up the value and then averaged with 

the other runs.  

Vacuum Cell and Heating 

The test cell is created from a MDC six-way cross flange fitted with copper gaskets and can 

be seen in Figure 4. It has two fused silica windows for laser access and fluorescence imaging. 

In situ temperature measurements are taken using an Omega K-type thermocouple extended 

into the center of the flange but offset from the laser. The cell is heated using an electrical 

heating wrap attached to a variable-output Variac 135V autotransformer. Temperatures for 

experiments ranged from 20°C-400°C. Pressure measurements were taken using an Omega 
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DPG 1000B digital pressure gauge with an uncertainty of 1.9 torr attached to the cell. The cell 

had two input lines for gases one for krypton and the other for the test gas (nitrogen or 

carbon dioxide). The gas lines were fitted with high-pressure control valves to allow for 

measured input. A Franklin Electric 0.5 horsepower Savant vacuum pump was attached to 

the cell and was capable of holding vacuum at 1 torr.  

 

 

 

 

Figure 5: Diagram of Vacuum Cell Assembly 
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Characterization of Laser Assembly 

Pump Laser Characterization 

Energy measurements at different kVolt for 355 and 532.  

A single laser was used to produce both 532nm and 355nm beams from the doubling and 

tripling of the 1064nm source respectively.  The energies of both beams when undergoing 

optimal conversion are shown below with a Q-switch setting of 235μs. 

 

 

 

Table 1: Pump Laser Output with Changing Input Voltage  

 

kV 355 Unseeded (mJ) 355 Seeded (mJ) 532 Unseeded (mJ) 532 Seeded (mJ) 

1.15 0.537 0.700 4.32 2.424 

1.20 2.88 2.00 18.9 11.16 

1.25 10.56 6.75 48.6 31.0 

1.30 20.72 12.8 82.8 59.4 

1.35 34.8 33.4 121.6 97.4 

1.40 47.4 49.0 156.0 130.4 

1.45 66.7 52.5 186.8 162.4 

1.52 85.6 66.5   

 

 

 

As the portion of the beam being converted to either 532nm or 355nm reduces the available 

energy for the other, it was necessary to determine the exact energies of both 532nm and 

355nm when the laser was tuned for optimal conversion of the opposite wavelength with a 

Q-switch setting of 235μs. 
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Table 2: Pump Laser Output with Changing Input Voltage (Conversion Maximized for 

Opposite Wavelengths) 

 

kV 355 Unseeded (mJ) 355 Seeded (mJ) 532 Unseeded (mJ) 532 Seeded (mJ) 

1.15 6 6.5 15 7 

1.20 8 7 17.5 12 

1.25 10 8.5 40 30 

1.30 14 11 65 52.5 

1.35 18.5 14 90 80 

1.40 20.5 16.2 105 97.5 

1.45 21.2 19 105 115 

1.52 23.5 19.5 95 125 

 

 

 

As the energy of the 355nm beam is reduced by a factor of two over the 532nm beam it was 

determined that for the experiments the laser would be tuned for optimal 355nm conversion. 

Energy measurements at different Q-switch settings for 355 and 532 
 

The energy output of the laser can also be altered through the use of the Q-switch, which 

determines the amount of time the gain medium is allowed to amplify the input signal. This 

amplification can allow for finer adjustments of the laser energy. Voltage of laser was set at 

1.52kV with the tripler installed but conversion maximized for the wavelength being assessed. 
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Table 3: Pump Laser Output with Varying Q-switch 

 

Q-switch 

(μs) 

355 Unseeded (mJ) 355 Seeded (mJ) 532 Unseeded (mJ) 532 Seeded (mJ) 

215 115 95.0 260 247.5 

220 116 97.5 262.5 252.5 

225 117.5 100 265 255 

230 119 99.0 260 255 

235 120 102.5 260 252.5 

240 117.5 100 260 247.5 

245 116 97.5 257.5 245 

250 115 95.0 255 240 

255 112.5 92.5 252.5 232.5 

 

 

 

The beam shape is not altered through a change in Q-switch. When the output energy is 

decreased through a change in input voltage, the size of the output beam shrinks. This 

shrinkage can cause damage to optics used in the array as well as misalign them. This 

characteristic, as well as the finer adjustments possible through Q-switch, made it the 

preferred method of energy adjustment.  

Troubleshooting 

Sudden Loss of Laser Energy 

While using a pulsed laser fitted with a wavelength multiplying crystal, a sudden drop in laser 

energy may be experienced. This drop can happen for several reasons; the most common is 

due to heating of the multiplier crystal. Heating of the multiplier crystal will cause it to expand 

and change shape, misaligning it. To determine if this expansion has happened, place a card 
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in front of the pump beam. If the beam profile has visibly changed this change is most likely 

due to the multiplier crystal. With the card still in the path of the beam, rotate the controls 

for the multiplier crystal/s until the beam is brightest. Replace the card with an energy meter 

and adjust the controls till the beam energy is maximized. As the position of the crystal is 

altered, it will begin to heat in a different fashion, and slight adjustments will be necessary to 

achieve maximum output energy. To avoid unnecessary complications this adjustment should 

not be undertaken until the laser has been firing for at least 20 minutes. This delay is due to 

the fact that a misalignment seen when the laser is first turned on may be due to the crystal 

having cooled and will fix itself as the crystal heats. 

Unexpected Laser shutoff 

When the laser is used as a trigger for another device such as a signal generator or camera, 

an error may occur where the laser will suddenly stop firing. In these instances the “Laser On” 

may still be lit but a beam will not be seen coming out of the pump laser or be heard. To fix 

this problem, first turn off the connected device and unplug it from the laser. Second, shutter 

the laser, stop the firing, and turn the key to standby. After this step is accomplished, turn 

the key to the on position and start the laser firing. Let it continue firing for at least 20 minutes 

before attaching the outside devices. Also make sure that the devices are off when they are 

attached. 
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E06 error 

The E06 error can mean one of two things. If the laser is attached to an interlock system then 

it probably means the circuit has been broken and it is not firing as a matter of safety. 

However, when the laser is not attached to an interlock system this error can still occur. If the 

laser is turned off while attached to an outside device such as a signal generator or camera 

and the outside device is still on this error can also happen. To avoid this error make sure to 

turn off all outside devices and unplug them before turning off the laser. If the error has 

occurred take a paperclip or piece of wire and input one end into the pin #1 of the RS-232 

port. Take the other end and place it into the pin #9 of the RS-232 port. Turn the laser 

completely off including the AC power switch. Turn the laser back on. The error should 

disappear. However, before removing the wire from the RS-232 port the laser must have the 

internal interlock system disabled. To disable this system, change the Q-switch to 999 and 

continue to hold the up button till an audible click results. At this point the wire can be 

removed from the RS-232 port and the kVolt and Q-switch settings set back to normal. 

Seeder Error During External Triggering 

When the pump laser is being externally triggered, the seeder may begin to malfunction as 

the Q-switch is increased. Beyond a certain point the seeder will not recognize that the laser 

is pulsing and will cease to function properly. This issue however only appears while the laser 

is being externally triggered. To avoid it and allow for low energy seeding, use the laser as the 

trigger for your system. If the laser cannot be used as the trigger, operate the laser at 
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sufficient energies for the seeder to operate and attenuate the beam to the required energy. 

To switch the laser from external triggering to internal triggering, first turn the laser off. Look 

behind the laser’s power supply for a small switch close to where the power cord connects. 

Switch it from external to internal. Turn the laser back on. Press the “Select” button till the 

display shows EON. Press the up button till it shows EOF. The laser is now being internally 

triggered.  

System Reset with External Plugin 

Occasionally when an external device is plugged into the laser while it is still firing, a complete 

reset of the laser will result. After this reset, the laser will restart; however, the shot counter 

will be set to zero and all other settings will be at their defaults. Further, the laser upon firing 

may appear to sputter. Several shots will come faster than normal before the laser stalls only 

to start again. If this stalling happens, the laser frequency of flashlamp discharge has been 

reset. To fix this issue, press the “Select” button until the display shows SOF. Press the up 

button till the display shows SON. The laser is now ready for external operation through the 

RS-232 port. Plugin a RS232 cord to a computer nearby and open up Windows Terminal. The 

RS-232 communication parameters are 9600 BAUD, 8 BIT, NO PARITY, 1 STOP BIT (8N1). Once 

the laser is connected, input PD010 to set the laser frequency back to 10Hz. After this step 

has been accomplished, unplug the computer from the laser and change the setting on the 

laser from SON to SOF. The laser should resume normal operation after this step. 
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Dye Laser Alignment 

The dye laser is effective and necessary for many experiments, but it is incredibly difficult to 

align properly. In most cases the manual accompanying the dye laser is insufficient to get 

optimal performance out of the laser. This section will elaborate on the method used to align 

the dye laser. The specific model used in this experiment was the Continuum Jaguar. As such 

some of the names or numbering of components may be different in another dye laser. This 

method, however, should be able to be generalized to most dye-laser setups. 

 

 



 

 

26 

 

 
 

Figure 6: Line of Sight from Beam Splitter 1 to Mirror 1 

 

 

 

1) Shut pre-amplifier and amplifier beam stops. 

2) Align pump beam with dye laser. Make sure pump beam hits Mirror 1 without clipping 

Beam splitter 1. Continue to align beam until it is parallel to dye Laser floor.  
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Figure 7: Mirror 2 to Beam Splitter 2 

 

 

 

3) Align reflection off of mirror 1 onto center of mirror 2. Align beam from Mirror 2 onto 

center of mirror 3. Make sure that beam does not clip beam splitter 2. 
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Figure 8: Removal of Cylindrical Lenses  

 

 

 

4) Block the beam entering the dye laser. 

5) Remove cylindrical lenses L2 and L3. It takes some finesse to remove these and 

caution should be taken not to completely unscrew the coupling on the clamp holding 

them in place.  
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Figure 9: Removal of Dye Cell K1 

 

 

 

6) Remove the oscillator dye cell K1. Be careful when removing to keep the dye cell fairly 

level to avoid leakage. 
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Figure 10: Safe Removal of Dye Cell K1 

 

 

 

7) Once removed, put laser alignment tool Q1 in the space vacated by the dye cell. Make 

sure the tool is aligned such that the face of the tool is perpendicular to both the 

circular mirror on the output coupler and the circular opening to the expansion optics. 
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Figure 11: Alignment of Beamtool Q1 

 

 

 

8) Unblock the beam entering the dye laser. 

9) Align the beam from BS1 such that it is centered on the bottom line of Q1. Do the 

same for the beam from BS2 on the top line of Q1. The beams should be ovular in 

shape. If there are any discontinuities, they could be caused by clipping of either 
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cylindrical lens L1 or BS1. Align the beams such that this discontinuity disappears while 

maintaining position on the lines of Q1. 

 

 

 

 

Figure 12: Alignment of Laser on Q1 
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Figure 13: Ovular Laser Beams Aligned Correctly 

 

 

 

10) Insert cylindrical lenses L2 and L3 back into their holsters. The beams on Q1 should 

have changed from ovals to thin lines. Use the yellow and red screws on L2 and L3 to 

align the lines with those on Q1. The yellow screw moves the beam up and down. The 

red screw changes the angle of the beam hinging at its tail.  
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Figure 14: Installation of Cylindrical Lenses 



 

 

35 

 

 

Figure 15: Hinge of Cylindrical Lens 

 

 

 

11) Once the beams are properly aligned with Q1, remove Q1 and block the beam 

entering the dye laser. Input the dye cell K1 back into its holder. Make sure not to 

overly screw the attaching screw as it can cause damage and misalignment of the cell.  

12) Now it is necessary to align the dye cell. Unblock the beam into the dye laser. 

Previously Q1 was aligned such that its face was perpendicular to the circular lens on 

the aligning optics of the pre-amplifier and perpendicular to the circular opening of 
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the expanding optics. The dye cell must be aligned along this same plane. To 

accomplish this alignment, it is easiest to use the small space between the front 

window of the dye cell and the black holster as your guide. This guide is shown in the 

figure below. 

 

 

 

 

Figure 16: Guiding Section of Dye Cell K1  
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13) The screws on the dye cell act similarly to those on the cylindrical lens with one 

translating the cell and the other rotating. First translate the cell such that the guiding 

portion of the cell on the left is directly across from the center of the aligning optics 

of the pre amplifier. Now rotate the cell such that the guiding portion on the right is 

directly across from the circular opening to the expansion optics. Continue to iterate 

this process until the cell is properly aligned and both guiding portions are centered. 

 

 

 

 

Figure 17: Proper Alignment of K1 Dye Cell 
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14) The next steps are possibly the most difficult in the aligning process. It typically takes 

several iterations to align the pre-amplifier cell properly; however, after alignment it 

should not be necessary to realign it.  

15) After installation of K1, take a white card and place it behind the polarizing crystal in 

the pre-amplifier. While the laser is firing you should be able to see the shadow of the 

polarizing crystal on the card.  

 

 

 

 

Figure 18: Correctly Aligned Pre-Amplifier 
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16) If properly aligned, a bright dot will appear in the center of the crystal. A second dot 

may appear to the side of the crystal. This dot is expected. However, do not try to 

bring the two dots together as it will misalign the preamplifier.  Rotate the screws on 

the aligning optics such that the dot in the center of the polarizing crystal is brightest. 

Further, move the cylindrical lens L2 back and forth to make the spot the brightest. At 

this point the aligning optics and position of L2 should remain fixed. 

 

 

 

 

Figure 19: Aligning Optics 
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Figure 20: Translation of Cylindrical Lens 

 

 

 

17) If a spot is not seen in the center of the crystal, the pre-amplifier circuit needs to be 

aligned. This alignment is accomplished through alignment of a few distinct pieces. Do 

not move optics other than these. The items to be used are: the top screw of the 

aligning optics for the pre-amplifier circuit, the cylindrical lens L2, and dye cell K1. 
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18) First, the position of the dye cell K1 should be checked. With the laser on and at 

modest energies, check to make sure that the beam coming out of K1 goes directly 

into the hole on the expansion optics. If this beam is misaligned, adjustments will need 

to be made. Second, make sure the beam from K1 on the opposite side is centered on 

the circular lens. If it is, look at the card behind the polarizing crystal. At modest 

intensities a bright fan will appear originating outward from the crystal. This fan is due 

to the laser reflecting off of the walls inside the aligning optics. Adjust the position of 

the aligning optics such that the fan expands down and is centered on the crystal.  
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Figure 21: Lens for Alignment 
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Figure 22: Entrance to Beam Expansion Optics 

 

 

 

19) Once this step is completed, change the position of L2 again and see if the spot 

appears. If it does, follow the procedure for an aligned pre-amplifier circuit to 

maximize its brightness. If it does not, iteratively move the position of L2 back and 

forth and at each step change the position of the aligning optics top screw to its 

maximums. Continue this process until the spot appears. 
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20) At this point it is now necessary to align the beam seen on the pre-amplifier circuit 

with the top beam in the dye cell K1. First, take a white card and bend it around the 

dye cell. A bright line should be seen on the card and it is this line that is used to 

determine the height of the pre amplifier beam. Second, the beam should be centered 

on the guiding portion of the dye cell described earlier.  

 

 

 

 

Figure 23: Aligning Pre-Amplifier Beam with Oscillator Beam 
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21) To change the position of the beam, two screws can be found on the alignment crystal. 

The screws are used in tandem to move the beam. Turning the left screw clockwise 

and the right screw counterclockwise will beam to move up. Turning both screws in 

the opposite direction will cause the beam to move down. Turning them clockwise 

will cause the beam to go left and turning them counterclockwise will cause it to go 

right. Turning one at a time will cause the beam to move at a diagonal. Use these to 

align the beam as described above.  

 

 

 

 

Figure 24: Aligning Pre-Amplifier and Oscillator Beams 
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22) It is now necessary to take a white card and place it before lens L6. A beam should be 

seen on this card from the oscillator. If a second beam is seen, adjust the position of 

K1 such that the two beams come together. This adjustment can be done by rotating 

the cell, not by translating it. Once the beams are aligned take an energy meter and 

place it before L6. Move the position of L3 back and forth such that the energy from 

the oscillator is maximized. Lock its position once this output is obtained.  

 

 

 

 

Figure 25: Single Output Beam from Oscillator 
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23) Remove dye cell K2. After removing the dye cell use L6 and L7 to align the beam from 

the oscillator so that it is centered on the exit. Reinstall K2. 

24) Move K2 back and forth by loosening its mount to the dye laser. Align it such that the 

beam from the oscillator is centered on the guiding portion of the cell. Next rotate the 

cell such that the beam can pass through to the guiding portion of the cell on the other 

side. Iterate this process until this alignment is achieved.  

 

 

 

 

Figure 26: Alignment of K2 Dye Cell 
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25) Next align the beam from L5 such that it aligns with the oscillator beam. As with the 

alignment of the oscillator, a white card can be partially wrapped around the dye cell 

K2. The focus line from L5 should be seen on this card. This line should be aligned with 

the oscillator beam and not vice versa. Align this beam by changing the screws on L5. 

They act in the same fashion as those on L2 and L3 with the yellow screw moving the 

beam up and down and the red screw rotating it hinging on its tail.  

26) Once this beam is aligned take an energy meter and place it at the dye-laser output. 

Adjust the position of K2, L5 and Mirror 3 such that the energy is maximized. Once 

this step is accomplished, place the protective covers on the various sections of the 

dye laser and close it. The dye laser should now be correctly aligned.   

Dye Characterization 

Optimal dye concentration for 544nm output was determined by iteratively increasing the 

concentration of the dye from below the suggested concentration supplied by the 

manufacturer. Energies were measured immediately after the oscillator and amplifier for 

their respective tests. Pump laser input energy was 83mJ.  
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Table 4: Dye Laser Output with Changing Concentration 

 

Percent of Recommended 

Concentration 

Oscillator Output (mJ) Amplifier Output (mJ) 

10 0.51  

20 0.53  

30 0.52  

40 0.74  

50 1.015 14.34 

60 1.31 14.75 

70 1.37 15.00 

80 1.31 13.9 

90 1.1 13.7 

  

 

 

From these data, it was determined that 70% of the recommended concentration for both 

stages produced the optimal beam strength.  
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Procedure 

For temperature measurement experiments, the test cell was first evacuated down to 

vacuum and filled with 8 torr of Krypton, which would be 1.0% by volume at the test 

condition. An excitation scan over the Kr transition at 214nm was performed for both seeded 

and unseeded settings of the laser. The vacuum wavelength of maximum fluorescence was 

then extracted. Figure 27 shows an example of the fits obtained from the scans, which were 

used to determine the transition wavelength. 

 

 

 

 

Figure 27: Experimental Data with Gaussian Fit Used to Determine Vacuum Wavelength of 

Transition 
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This transition wavelength should remain constant but there is a slight drift in the dye-laser 

motor that causes changes from day to day. The test cell was then re-evacuated and filled 

with the test gas and Kr at the percent by volume mentioned previously at atmospheric 

pressure. Starting at room temperature (the facility does not have the capabilities for cooling) 

a range of temperature measurements were taken for each gas. At each temperature, the 

laser was set to the vacuum maximum for that laser setting. A constant wavelength excitation 

was recorded. This recording was then normalized by accompanying energy measurements 

to calculate a normalized fluorescence for each setting.  
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a) 

b) 

c) 

Figure 28: Example of CCD Calibration for Shot to Shot Energy Correction (a) Example 

Calibration Curve, b) Seeded Fluorescence Seen by CCD, C) Unseeded Fluorescence Seen by 

CCD) 

 

 

 

This calibration allowed for the fluorescence of seeded and unseeded settings to be directly 

compared and the ratio taken. An excitation scan across the transition was also taken for 

each setting at atmospheric pressure and the fluorescence at vacuum maximum extracted. 

This scan allowed for a check on the constant wavelength excitation.  

  



 

 

53 

 

Results and Discussion 

Before examination of experimental results, theoretical predictions for measurements and 

uncertainties will be developed. The line widths used in these calculations are 0.16 for seeded 

and 0.69 for unseeded. These are the line widths measured during experiment. 

Temperature Sensitivity 

The temperature sensitivity of the two laser line widths used in these experiments can be 

established by taking the ratio of the theoretical overlap integral developed previously. This 

ratio can be seen in Figure 29. As the temperature approaches 1500K, the sensitivity drops 

sharply. This drop is due to the competing effects of Doppler and Collisional broadening. As 

each has a temperature dependence but opposite effects, the overlap integral and therefore 

the signal will eventually level off. The magnitude of this drop and its position can be altered 

through choice of line width. 
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Figure 29: Temperature Sensitivity at Base Settings 

 

 

 

Temperature Resolution and Image Quality 

In this work, temperature resolution is defined as the uncertainty in temperature due only to 

shot noise. To simplify this study, the measured temperature will be modeled as a linear 

proportionality to the normalized signal ratio of the laser at two different line widths. 

�~��J��	 														10� 

Where the measured signal includes the effects of noise.  
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�� = �K + ��∗																11� 
Where SN is the shot noise and Sf

* is the actual fluorescence signal. The actual temperature T* 

can be seen to be the ratio of the actual fluorescence signal. The relative temperature 

uncertainty can then be solved for.  

,��∗ = � − �∗
�∗ = ��	∗ N�KJ + ��J∗ O��J∗ N�K	 + ��	∗ O − 1												12� 

Effect of Gain and Changing Energy on Measurements 

As shown previously, the temperature resolution is proportional to the SNR of the 

measurements. If the SNR can be increased the errors due to shot noise can be decreased. 

Two ways of accomplishing this increase are to change the energy of the laser or gain of the 

camera. It must be kept in mind that a change in properties should not affect the measured 

fluorescence ratio. This change would introduce an unwanted dependence on laser energy 

or camera properties. Figure 30 shows the effect of increasing laser energy on the spectrum. 
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Figure 30: Energy Effects at Gain of 50 

 

 

 

As the fluorescence is normalized by the maximum signal seen by the individual scans, it is 

possible to get an estimate on the SNR of the scans by examining the height of the fit 

Gaussian. As the SNR approaches infinity the fit Gaussian’s amplitude would approach one. 

Therefore from looking at these two graphs it can be seen that increasing the energy does 

increase the SNR. This increase is expected due to the fluorescence’s I2 dependence.  
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Figure 31: Energy Effects at 80 Gain 

 

 

 

Figure 31 shows the same test with laser energy performed at a gain of 80. The SNR is slightly 

higher with an increase in energy but not nearly as great a change as seen with the camera 

set at 50 gain. From this graph it is obvious that increasing energy does increase the SNR. 

However, this energy increase can cause errors due to saturation. 0.24mJ was chosen as it 

has been experimentally determined to be under the saturation limit. Therefore a change 

from the measured fluorescence ratio at 0.24mJ would signify an error due to saturation. 
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When the energy was increased to 0.31mJ the measured fluorescence ratio changed on the 

order of 7.0%. This change in ratio shows that changing energy is not the optimal way to 

increase SNR. The two gain settings are plot against one another for the lower energy setting 

in Figure 32. 

 

 

 

 

Figure 32: Effect of Changing Gain 
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This figure shows that as would be expected the SNR increases with increasing gain. Further, 

the change in measured fluorescence ratio between the gain settings is roughly 0.25%. This 

change in ratio is much smaller than the change seen from changing energy and is below the 

measurement uncertainties of the equipment. From this experiment it is determined that 

using a higher gain for measurements positively impacts the temperature resolution without 

introducing a dependence on camera properties. 

Temperature Uncertainty Sources 

Laser Jitter 

The dye laser output has an inherent jitter on the order of 2.5pm. This jitter causes a 

corresponding fluctuation in the fluorescence signal. The amount of variation in the 

fluorescence signal depends on the overlap integral. The normalized fluorescence signal at 

the jittered wavelength can be expressed as  

��P, Q�� = ��∗P, Q�� + ���P, Q���Q �Q										13� 

This equation shows that larger line widths would be less affected by jitter. Using this 

equation the temperature uncertainty can then be solved for. 

 	
,��∗ = � − �∗

�∗ = R��J∗ + ���J �QS ,QT ��	∗
R��	∗ + ���	 �QS ,QT ��J∗ − 1									14� 
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The uncertainty due to laser jitter can be seen in Figure 33. The wavelength of the seeded 

line width was shifted to account for maximum jitter. The unseeded line width was not 

changed because its broader profile is less affected by jitter.  

 

 

 

 

Figure 33: Error Due to Dye Laser Jitter 
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This error can be reduced by using larger laser line widths, however, that will also reduce the 

temperature sensitivity. To completely remove this error, an excitation scan can be 

performed, which will allow for direct measurement of the overlap integral instead of 

extrapolation from a single wavelength measurement. 

Collisional Broadening 

Collisional broadening depends partially on the reduced mass of the colliding partners as seen 

below. 

,�7 ∝ ,�B�.E@&�.F�&�.G														15� 
This dependence causes the local composition to have an effect on the ratio of fluorescence 

and therefore temperature. To show this dependence, the ratio of fluorescence for H2, CH4 

and CO2 are shown on Figure 30. H2 is chosen to show the lower limit due to its extremely 

small mass, and CO2 is chosen due to its high mass and presence in hydrocarbon flames with 

CH4 being between the two.  
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Figure 34: Variation of Temperature Sensitivity with Gas Composition 

 

 

 

The different gases do not have identical fluorescence ratios and this issue necessitates the 

calculation of gas composition’s effect on temperature uncertainty. The same linear relation 

for temperature will be used as shown previously where the signal at the offset composition 

is��P, Q�� = ��∗ + VWXVY �P. Using this equation, the temperature uncertainty due to changes 

in broadening can be shown. 
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,��∗ = � − �∗
�∗ = R��J∗ + ���J �PS �PT ��	∗

R��	∗ + ���	 �PS �PT ��J∗ − 1																16� 

Saturation 

Fluorescence saturation is when a large population in an excited state causes significant 

resonant de-excitation. This reduces the dependence of fluorescence on laser intensity. 

Visually this reduction in dependence would cause the excitation spectrum to appear broader 

than theory would predict, as seen in Figure 35. As the method derived is based on the 

overlap integral of the laser line profiles and therefore the excitation profile itself, saturation 

is a serious issue that must be addressed. Using the relation previously derived for the 

uncertainty in composition, the error due to saturation broadening of 5.0% is calculated. Only 

the smaller laser line width is considered, as it would be the first to saturate.  
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Figure 35: Effect of Energy on Excitation Spectrum 
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Figure 36: Error Caused By Broadening Due to Saturation 

 

 

 

This figure shows that a 5.0% broadening of the smaller line width due to saturation causes a 

maximum of 5.0% error in the temperature measurement. This relation between saturation 

broadening and temperature error is linear. In steady-state applications, this relation can 

allow for correction of temperature measurements by using an excitation scan of the probed 

transition. 
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Effect of Laser Line Width on Temperature Sensitivity 

As shown previously, the temperature sensitivity of this method approaches zero at elevated 

temperatures. However, the point at which the temperature sensitivity reaches zero and the 

sensitivity before that point can be altered by changing the laser line width used. The figure 

below shows the effect of altering the smaller of the two laser line widths used. 

 

 

 

 

Figure 37: Temperature Sensitivity Change with FWHM 
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From this figure, a change in the laser line width is shown to have negligible effect on 

temperature sensitivity, which would also remove small changes in laser line width from day 

to day as a source of random error in measurements. It would take a much larger broadening 

process such as saturation to change the ratio substantially. 

Effect of Transition Offset on Temperature Sensitivity 

As previously mentioned, the overlap integral and therefore the fluorescence ratio can also 

be altered through offset from the transition wavenumber. Figure 38 below shows the effect 

of a 0.03 cm-1 shift from the transition wavenumber. This shift was chosen because it is the 

step size most often used in the dye laser for this experiment. 
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Figure 38: Variation of Temperature Sensitivity Due to Transition Offset 

 

 

 

This figure shows that a change in the offset of the transition wavenumber causes a large 

change in temperature sensitivity. This effect is to be expected especially when compared 

with Figure 42, which shows the change in ratio at a set temperature with varied wavelength. 

From this experiment, it has been shown that there are reliable ways of increasing the 
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temperature sensitivity of this method depending upon the capabilities of the facility using 

it.  

Pressure Effects on Absorption Line Width 

As shown previously, correct measurement of the transition offset is important for accurate 

measurements. However, even with correct measurement of the vacuum wavelength the 

shift caused by collisional broadening can cause inaccuracies. This error would be 

compounded if the shift/broadening was different between gases. Figure 39 shows the 

collisional broadening of carbon dioxide and air.  
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Figure 39: Collisional Broadening of Gases 

 

 

 

The above figure shows a monotonic increasing trend with pressure that is consistent 

between both gases. Figure 40 shows the transition offset as a function of pressure. The offset 

is supposed to be a function of the collisional broadening where�ℎ[H\ = �]	.^. The theoretical 

and experimental shifts are shown together. 
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Figure 40: Transition Offset of Gases 

 

 

 

This figure shows that the transition offset is not affected by the gas composition and does 

follow the theoretical relation shown previously. 
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Temperature Measurements of Varied Gas Compositions in a Constant 

Pressure Cell 

 

Temperature measurements were taken in a constant pressure cell as proof of concept of the 

method developed so far. The gases investigated were air, nitrogen and carbon dioxide. 

 

 

 

 

Figure 41: Collisional Broadening 
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Figure 41 shows the collisional broadening of the laser for two different gases in a constant 

pressure temperature scan. The normalized fluorescence ratio was derived based on the 

assumption that collisional broadening was also dependent on temperature. This assumption 

can therefore be seen to be valid. Figure 42 below shows the linear increase in the 

fluorescence ratio with temperature. Carbon dioxide and air share similar slopes, but the 

carbon dioxide measurements are shifted to higher ratios because of its greater molecular 

weight.  

 

 

 

 

Figure 42: Normalized Fluorescence Ratio 
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The measured fluorescence ratio appears more sensitive than was previously shown based 

on signal estimates. A reason for this increased sensitivity is probably due to the shift due to 

the absorption spectrum profile. Figure 43 shows the shift of the experimental gases 

experienced going from vacuum to atmospheric conditions.  

 

 

 

 

Figure 43: Shift Due to Absorption Spectrum 
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As the wavelength measured is constant, a change in this shift would cause the measured 

fluorescence ratio to change as well. An increase in shift would decrease the ratio with a 

decrease in shift increasing it. This process can be seen in Figure 44. 

 

 

  

a) b) 

Figure 44: Ratio of Scans (a) Sample Excitation Scans, b) Ratio from Offset) 

 

 

 

As the shift is based on the absorption profile. It would be expected to act similarly to the 

collisional broadening of the laser. This assumption is shown to be true in Figure 45. 
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Figure 45: Shift with Different Gases 

 

 

 

The shift decreases with increasing temperature until it appears to level off at roughly 700K. 

This asymptote is caused by the reduction in collisional broadening with temperature. 

However, while the collisional broadening decreases with temperature the Doppler 

broadening increases. This broadening would most likely cause the shift to increase after the 

drop in pressure broadening becomes negligible. Figure 46 shows air temperature 

measurements performed over a larger range. The trend in ratio is shown to be linear up to 
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temperatures of 575K. The ratios measured are comparable to those seen previously. 

Differences are most likely due to errors in the extraction of the vacuum wavelength of 

transition. If a wavelength shifted from the transition wavelength is used it will affect both 

the slope and intercept of the trend. This effect is due to the reliance of the ratio on the 

overlap integral.  

 

 

 

 

Figure 46: Large Range Temperature Measurements Air 
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Also Figure 46 shows the ratio extracted from an excitation scan, which is close to what was 

measured from the average constant wavelength method. To get the values using a scan an 

excitation scan is performed and the fluorescence at the vacuum wavelength extracted. This 

ratio should match what is measured using a constant wavelength and is shown to be true. 

Variations between the two are possibly caused by the jitter of the dye laser, which would 

shift the values slightly. 
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Conclusion  

A novel temperature measurement technique has been developed, which is independent of 

gas composition. Due to its derivation it is unaffected by quenching and differential 

absorption. This method allows for temperature measurements to be made at a single 

wavelength through the use of a seeder. This simple setup makes it useful for smaller facilities 

that may not have the resources or ability to use multiple lasers or perform multiple runs. 

The sensitivity of the method can be altered through adjustment of laser properties allowing 

for finer measurements in a number of applications.   
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Suggestions 

This method was tested at temperatures above ambient. It would also be of benefit to install 

a method of cooling the vacuum cell to allow for measurements at low temperatures. The 

vacuum cell was limited in the temperatures it could obtain due to the limitations of the 

heating coils and insulation. Measurements in a flat-flame burner would allow for extension 

of this method into a more difficult environment and allow it to be tested at much higher 

temperatures.  Finally, the overlap integral is affected by pressure as well, and this method 

could possibly be used to measure pressure. Changing the vacuum cell to a pressure cell 

would allow for this possibility to be validated in a controlled environment and could use 

existing architecture.  
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