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CHAPTER 1 

INTRODUCTION 

Elements and Definitions 

The principal goals of these measurements was to determine the efficiency of a 

physicochemical energy transfer process, as well as the refinement of the measurement and 

analysis. Energy may be stored within molecular vibration and surface phonon modes 

exchanged between them. Energy in these modes may drive subsequent chemical work. For 

reasons to be mentioned later, it may be important to inhibit this transfer under certain 

circumstances, and increase it in others. Within the model explored below, all nitrogen 

molecules that are members of a vibrational state are considered as individual species. Energy 

is transferred with some probability, referred to as gamma or Y, at each encounter between 

a gas molecule and the surface. A single vibrational quantum of energy exchange is assumed 

at each encounter. As exchange interactions proceed, both on the surface (heterogeneous) 

and in the gas (homogeneous), state members are interchanged (i.e. populations exchanged). 

Because a small amount of heat is released with each event a microcalorimeter could 

have been used. Heat is not tagged by the levels of its source, however. So a state-specific 

optical probe to register the population in a v-state combined with a means to pump an initial 

distribution of vibrational states were employed. 
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Vibrationally excited molecules play various roles in gas kinetics and plasma 

chemistry. Of the seven diatomic, homonuclear molecules occurring at normal temperatures, 

nitrogen holds interest due to its importance in combustion, biology, microelectronics, high 

speed and high altitude aircraft and spacecraft reentry. Vibrational energy in the ground 

electronic state of nitrogen is important in the short-lived pink afterglow production where 

Penning ionization and the rapid e-V exchange leads to considerable heat loss and N,(B72,,’) 

pumping.’ Vibrational energy is important in promoting plasma chemistry where it is an 

available energy source for molecular dissociation. Here radicals or atoms are delivered 

where needed as in plasma-enhanced chemical vapor deposition (PECVD).” Published 

research into the catalytic chemistry of active nitrogen in low pressure post-discharge gas 

revealed the presence of a large concentration of excited ground state nitrogen N,(X’E,", v) 

accompanying N(‘S,,.) atoms.?> Accurate calorimetric measurements of atom recombination 

require correction for the vibrational energy deposition. Accurate theoretical models of 

vibrational distribution require specific state-selective measurements, which have been 

developed.” In this work, the terms deactivation and relaxation are considered as equivalent. 

Although many authors do not indicate a preference, a modest distinction can be made 

between relaxation in the bulk gas and deactivating a molecule on the surface or the processes 

during collisions that lead to each respectively. Deactivation is considered to be more specific 

and will be used to describe the loss of vibration quanta from nitrogen molecules. 

Vibrational energy transfer of N,(X',”, v) to solid surfaces is addressed in this work. 

Population distributions and loss rates in the presence of a surface were studied. These 

results extend the knowledge about diatomic molecular wall loss rates to higher v-states than 
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is currently available. This information can influence the design of gas lasers and improve our 

understanding of all reactive gaseous environments, such as in combustors, in plasma 

processing chambers for microelectronics and on high temperature exterior surfaces of high 

speed aircraft. In this work, vibrationally excited nitrogen was exposed to tubular reactor 

surfaces of common construction materials. This list includes neat Pyrex, Pyrex exposed to 

active nitrogen, type 3003 aluminum, types 304 and AMS 312 stainless steel, AMS 4943D 

titanium, 99.99% pure gold and Teflon. The tubular reactor elements had an internal 

diameter of about 1.5 cm and were cut into specimens about 12 cm long. 

From a continuum macroscopic point of view, the length of time a volume of gas 

remains in contact with the reactor surface is the “residence” time. A microscopic point of 

view will be invoked in the study of sorption. The length of time molecules remain sorbed 

to the surface is the “lifetime.” 

A flowing afterglow was generated in a water-cooled, dc electric discharge which 

subsequently reacted with the reactor surface for precisely-stepped residence times. The glow 

discharge provided a low translational temperature and a high vibrational excitation with 

insignificant atom and charged species densities. Nonequilibrium distributions were 

characterized by rotational temperatures of ~350 K and initial vibrational “temperatures” of 

~2000 K. The vibration-wali deactivation rates were measured for the v = 1 to either the v 

= 4 or 5 vibrational “hot” bands by probing the axial flow with a small-volume optical probe 

using coherent anti-Stokes Raman spectroscopy (CARS). Spectra obtained after a fixed cool- 

down through a “source” tube had isolated vibrational bands with significant rotational line 
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intensities limited to approximately J = 21. For translation temperatures below 400 K, 

rotation would peak at J = 7 and thus maximum signal was consistently found at J = 8. 

Although signals from the v = 6 band were observed, useful measurements above the 

v = 5 band were virtually impossible under our conditions. In essence this means those 

populations were too small to have an impact on the experiment as a whole. Numerous 

experiments were made on some surfaces to determine repeatability. At the same time, a slow 

change in the surface due to the afterglow was observed for every surface. 

Fractional populations were extracted from measurements made on the axis of the gas 

flow. Deactivation parameters derived directly from this data are the observed deactivation 

rates k,, and the “apparent” deactivation coefficients y,,. The rates include diffusion, 

homogeneous and heterogeneous interactions. Because of this they may be thought of as the 

total rates. Deactivation coefficients determined from the observed rates are denoted 

apparent if the homogeneous interactions are not taken into account. The effects of diffusion 

are handled by a separate calculation which refers gamma to the surface. A Master Equation 

Model calculation which accounts for homogeneous effects gives the MEM rate Kwan) from 

which is calculated the MEM gamma y,. For all experiments, the observed parameters are 

reported for each measured v level. For selected experiments, the MEM gamma is reported.” 

The importance cannot be overstated of the bulk-gas vibrational distribution 

dependence on homogeneous and heterogeneous rates and radial diffusion. Deactivated 

molecules must diffuse to the probe volume before the effect can be seen. Moreover, the 

observed effect of deactivation due to the surface is significantly modified by the fast 

vibration-vibration (V-V) exchange processes via diffusion. The latter processes soften the    
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effect of wall deactivation by redistributing the populations up the vibrational energy level 

ladder. This process is strong when there are significant populations in the low-lying 

vibrational levels such as produced by a gaseous discharge. For the low lying v-levels studied 

here (<5), the vibration-translation (V-T) exchange rates are insignificant. In order to extract 

the MEM wall deactivation rates k,,,.. from k,,, a Master Equation Model of N, was fitted 

to the data for four specimens with the k,,. as fitting parameters. This model includes V-V 

and V-T energy exchange processes as well as wall exchange interactions. It uses the 

Schwartz-Slawsky-Herzfeld (SSH) law of scaling relaxation rates and the development of the 

model closely follows that of Bailey’ and Capitelli.? From this procedure, MEM values of 

kan) and y, were determined. As described in a later section, this fitting effort was greatly 

complicated by the fact that the model computed populations out to v = 47 while data was 

available only up to v= 4 or 5. This required an extrapolation procedure to constrain the 

fitting of the populations above v = 4 or 5. It was found that some of the data sets could not 

be adequately constrained to permit unambiguous fittings. Nevertheless, it is suggested that 

the six successful fittings provide information that can be used to provide reasonable 

corrections of the y,, for all the specimens to viable estimates of the MEM y,. 

 



  

  

CHAPTER 2 

EXPERIMENTAL DETAILS 

An experimental apparatus was used similar to that of Black et al’, Ricard? and Arnold 

et al.'° Black et al experimented with vibrationally-excited molecules generated with a thermal 

source and carried by the afterglow to a 100-cm-long tubular reactor for most experiments. 

Because of their long flow tube length, they had to correct for Poiseuille flow. Moreover, 

they could only achieve sufficient excitation to observe the v = 0 > 1 CARS transition using 

spontaneous anti-Stokes Raman scattering. Arnold et al used a fixed 32-cm-long reactor of 

3cm diameter with microwave-excited hydrogen. This study employed a CARS optical probe 

for quantitative determination of the apparent rates. There was no discussion of corrections 

for flow, homogeneous or diffusion effects and only a determination of the apparent value Y,, 

was given. Hydrogen supports few vibrational levels, especially at lower temperatures, and 

thus only v = 1 was observed. Ricard described the apparatus used to nitride materials at the 

LPGP facility in Orsay Cedex, France. One unit generated the post-discharge species for 

treating work pieces using a dc electric discharge. Diagnostics typically were NO titration 

with emission spectroscopy in the after-glow region. The work piece was heated by external 

means to a suitable temperature, 600 K for iron, for effective diffusion of nitrogen into the 
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a phase of the surface. The control of active species production and their temperature were 

key issues. 

In the present case, where nitrogen has diffused through the gas to a surface having 

a catalytic capability, only a fraction y, of the excited molecules which collide with that 

surface result in the transfer of vibrational energy to surface vibrational modes." For 

continual contact with the surface, vibration populations decay exponentially with time. To 

discover the scale of this, a flowing system projected this continuous decay over the reactor 

axis setting forth a steady-state at each point. The residence time was stepped to increasing 

values thus the measurement would then be made at each step in steady-state. Typically, the 

pressure chosen for these measurements was between 10 to 20 Torr. This pressure was 

sufficient to provide adequate CARS signals and yet low enough to permit efficient 

production of vibrationally-excited nitrogen in the discharge. The sofal rate coefficients k,, 

were determined from the observed decay. For each vibration level the rate increases with 

quantum number v. From these coefficients, the apparent wall deactivation efficiencies y,, 

were calculated. 

The total rate coefficients are independent of the size of the probe volume as well as 

the radial location in the tubular specimen. They do depend, however, on the combined 

effects of collisions with the surface and the homogeneous collisions. For the conditions of 

these studies, the latter is dominated by V-V processes. For given values of MEM y,, the 

observed rate coefficients k,, depend on the temperature, pressure and tube radius. The y,, 

however, are characteristics of the surface that are determined by surface activity and 

temperature, the colliding molecule, and possibly pressure. By fitting the Master Equation 
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Figure 1. Electrical discharge tube and optical access chamber. 

Model to these population data, extraction of k,q,. free of homogeneous effects was 

attempted. However, because the coupled equations are stiff and the fitting process is highly 

dependent on the fact that the rate of change of population in one level is highly coupled to 

neighboring populations via the V-V processes, this effort gave mixed results. 

As shown in Fig (1), a flowing gas handling system carried nitrogen (Air Products 

ultra-pure carrier grade 99.999% pure) through a water-cooled dc electric discharge operating 

at about 20 Td with 40 cm of the positive column exposed to the flow. The Townsend (Td) 

_ is a measure of ionization probability, is referred to as E over N (electric field to number 

density) and is equivalent to 10'’ V cm’. If in a discharge the number of new ions produced 

per unit length dn is equal, by the proportionality constant , to the initial flux density and 

an elementary distance dx, then the number of electrons that reach the anode per unit area per 
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unit area per second is n = q exp(Cd) (q is the elementary charge, for d length between the 

electrodes). The proportionality constant & depends on the electric field E, the pressure p 

or alternatively the number density N and the electrode geometry. An electron can ionize if 

it has gained enough energy over the distance x to exceed an effective potential V’ and thus 

x = VYE. The probability that an electron travels greater than a critical length (free or all 

elastic collisions) is given by the equation (n, / n) = exp(-x/A), or = exp(V'/(EA)) for those 

critical and free paths x and A respectively. Multiplying this probability by the average 

number of free path lengths per unit length, 1/A = A p where A is the proportionality 

constant, gives the probable number of ionizing collisions per unit length. Here, 

O = 1/A exp(-AV/(E/p)) = 1/A exp(-B'/(E/N)) represents this relationship.’ Clearly, in this 

simplistic view, for the probability to be high for effective operation, the E/N value should be 

relatively high, at least near the operating point found here. 

The gas supply and exhaust system components were constructed of stainless steel. 

The discharge, water jacket and source tube was formed into a single Pyrex component A 

0.8 m section of flexible polyethylene tubing connecting the gas supply to the input of 

discharge tube helped prevent the plasma from striking up-stream and permitted smooth 

translation of the plasma tube. The afterglow flowed past a Wood's horn through a right- 

angle bend and into the source tube. The line-of-sight emissions from the plasma in the 

discharge tube were trapped in the Wood’s horn in order to prevent near-UV excitation of 

the gas. The source tube was inserted into and could reach the full length of the reactor. The 

source and reactor tubes were mounted in an optically-accessible main chamber. The 
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discharge and source tube was seasoned for 20 to 40 hours before running measurements any 

time it was repaired or replaced. Between experiments the exterior and occasionally the 

interior of the source tube was degreased with methylene chloride. All experiments were 

accomplished between 0.5 and 23 Torr (67 to 3066 Pa) with most measurements at 14 Torr. 

Tylan General FC-260 flow controllers regulated steady mass flow in the range of 0 to 2000 

sccm, calibrated to within 0.2%. Mass flow was controlled through one of the computer 

analog ports. 

The positive column of the discharge pumped vibrational states to nonequilibrium. 

The vibrational temperature, T,, of the gas issuing from the source tube ranged from about 

1800 to 2800 K while the gas temperature, T,, was between about 315 to 380 K. A 

nonequilibrium temperature which favors a high v-state distribution in the electronic ground 

state like this, could have been accomplished with either a dc discharge or a cw microwave 

source.”> A dc discharge avoided the high concentrations of N(’S) atoms and N, B- and A- 

electronic state molecules of which a pulsed discharge is capable. The weak straw-colored 

Lewis-Rayleigh afterglow’'* phenomenon is caused by recombination of the residual atom 

concentration to form N,(B) and radiative transition from B to A electronic states. A 

spectroscopic study, the integrated spectrum in the reactor of this glow with residence time 

provided a rough estimate of N density’® of atom recombination on the wall and in the gas. 

The mole fraction of N,(B - A) species, and thus “4N(‘S) combining to form N,(B), were 

subsequently found to be about 0.0055 (~2x10"* cm® at 14 Torr). This was less than the 

theoretical density of v = 9 or 10. Thus, molecules not in the electronic ground state and 

atoms had only a negligible effect on the results reported in these studies. The transit time 
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of the gas in the source tube was no less than 20 ms. In this time, the pink afterglow 

terminated and all charged species had sufficient time to become neutralized well before they 

came in contact with the specimen surface. 

During the transit through the source tube, the gas cooled and attained a steady initial 

distribution at the entry to the reactor. The position of the source tube, which was sealed 

through an O-ring gland in the top of the main chamber, could be positioned to 0.1 mm, 

providing very accurate control of the residence time of the gas in the specimen tube. 

Brewster-angle windows, mounted on 15-cm-long tubular extensions to the main chamber, 

permitted focusing of the high peak-power CARS beams in the chamber without damaging 

the windows. There was a pair of side windows for emission spectroscopy as well. 

A 1-cm gap between bottom of the specimen and the top of a catch tube exposed the 

flow axis for probing, here the CARS signals were generated. The catch tube was connected 

to a vacuum pump through a set of three valves arranged to provide for on/off, coarse and 

fine control of the pumping rate in the main chamber. Pressure was manually regulated with 

butterfly (coarse) and needle (fine) valves located after the main chamber and monitored with 

a pair of Wallace and Tiernan gauges (0 to 20 and 0 to 200 Torr absolute). The control 

valves were about 150 cm past the reactor tube. Additional 6-mm-diameter vents in the floor 

of the main chamber constrained recirculation of the gas. Thermocouple and Convectron 

gauges were incorporated for base pressure and helium leak checking of the system, 

respectively. At about two meters upstream of the discharge tube, a mixing chamber with 

three inlet ports was used to mix nitrogen with argon or helium as needed. The system was 

returned to atmospheric pressure with pure nitrogen or argon.    
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Figure 2 Fourier Transform mass spectrum of sample gas with proportion of N+ 
generated in the FTMS chamber. '° 

Before each experiment or series of experiments with the same specimen, the 

specimen was degreased with methylene chloride in a sonic cleaner before insertion into the 

main chamber. The source and specimen surfaces were then cleaned with an argon discharge 

at 60 mA. The pressure was varied between 0.25 and 10 Torr during the latter step of the 
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Figure 3 Selected regions of FTMS in Fig.(2), H is the 
magnetic field intensity in the spectrometer instrument. '° 

procedure to promote out-gassing of any trapped gases. No oxygen or water could be 

detected in gas samples taken from the system and analyzed locally by Fourier transform 

mass spectrometry.’* An example FTM spectrum is shown in Fig.(2). In Fig.(3), selected 
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regions show a water line that is attributable to the residual water content of the FTMS 

instrument and the first ionized atom that is generated and measured in the FTMS process. 

The supply and exhaust systems were periodically baked out assisted by a either combination 

of heat tapes and a heat gun with flowing gas or pumping at the 1 um base pressure for six 

to eight hours. Base pressure was accomplished in an isolated secondary system including 

an Edwards mechanical pump fitted with a molecular sieve at the inlet port. The primary flow 

system was pumped by a Welch mechanical pump fitted with an oil mist filter and vented 

outside the lab. At no time were primary and secondary pumps operated together. The 

primary system was always operated with flowing gas. Mass flow was regulated to a fixed 

value for each experiment between 600 and 1200 sccm 40.2%. This provided an axial 

transport speed between about 6 and 11 m/s in the specimen tube. This gave from 12 to 30 

ms maximum residence time of the vibrationally active gas in the specimen tube and a 

minimum of 20 ms in the source tube. Because the specimen tube was short, plug flow was 

assumed, thereby requiring no correction for Poiseuille flow. 

CARS is an effective probe of ground electronic state vibrational levels in homopolar 

diatomic molecules Lack of an absorption spectrum due to the absence of electric dipole 

transitions compels the use of a Raman probe. At low pressures, the nonlinear process 

produces little signal generation advantage over linear Raman spectroscopy; however, the 

nonlinear process generates a signal that is confined to a coherent beam which greatly 

simplifies the signal collection. On the other hand, two complications demand careful 

attention. The change in the third order, nonlinear susceptibility in the CARS process is 

proportional to the difference between the populations of the two quantum levels probed by 
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the laser beams. This requires an analysis step, discussed in the Analysis section, that 

extracts fractional populations from signal data containing population differences. Also, 

stimulated Raman scattering (SRS) simultaneously pumps population from the lower to the 

upper level, which introduces a laser-power-dependent systematic shift in the signal 

measurements. This “saturation” effect has been the subject of an investigation similar to 

studies reported here.'’ However, it was necessary to independently determine the correction 

for the intermediate peak laser power levels used in these studies.’* This correction requires 

a calibration step which is briefly described in the Analysis section. The result does not 

amount to a large correction. 

The pulsed lasers used in the CARS system consisted of an injection seeded, doubled 

Spectra-Physics DCR-3 Nd:YAG laser which pumped a Lumonics HyperDye 300 tunable dye 

laser. The YAG laser produced a 7 ns pulse and provided a CARS pump beam with a single 

longitudinal mode line width of 0.006 cm” (0.00017 nm, 180 MHZ). Half of the YAG output 

energy (~240 mJ/pulse) pumped the dye laser which produced a 5 ns pulse. Using 

sulforhodamine 640 dye, a multimode CARS probe beam with a line width of 0.1 cm"! (0.0037 

nm, 2 GHz) was usefully scanned over the range of 16600 to 16400 cm” (601 to 610 nm). 

A dilution of 22.33 mg dye per liter methanol provided a slowly varying power curve over 

this range. The dye would survive for over one month with 8 to 15 hours average daily use. 

To extend this when the experimental schedule demanded, a concentrated solution of 

dye/methanol would be added to the reservoir to recover the needed power level. 

A plan diagram of the optical system used in this work is shown in Fig.(4). The 

figure shows how the appropriate timing delay of the YAG beams was accomplished through 
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Figure 4. Optics table plan view. Shown are 
mirrors M, lenses L, prisms P, wave plates WP, 

beam splitters BS, polarizing beam splitters 
PBS, PIN diodes and major equipment. 
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a series of prisms. The YAG and dye 

laser beam energies were adjusted using 

half-wave plates in combination with 

polarizing prisms.!? The main pump 

“*y beam was subsequently split into two 

4 equal-energy, parallel beams about 2 cm 

apart with a beam-splitter mirror and 

aligned symmetrically on the focusing 

lens. The probe beam was increased in 

diameter through a beam expander in 

order to approximately match the dye 

beam waist to the waist sizes of the two 

pump beams in their common focal 

volume. The probe beam was aligned in 

a plane perpendicular to the plane of the 

pump beams so as to satisfy the 

BOXCARS phase matching condition.”” 

The focusing lens for the pump has a 500 

mm focal length. A similar but separate 

lens was used for the probe in order to 

permit fine adjustment of beam overlap 

while not disturbing the location of the 
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probe volume. The pump beams were elliptical in cross section at the control volume with 

major and minor axis dimensions at full width at half maximum (FWHM) of 300 um and 100 

jum, respectively. The waist diameter of the dye beam was 70 um FWHM. These dimensions 

were determined by knife-edge test and burn patterns. The length of the overlap or probe 

volume of the three beams was measured to be about 5 mm by translating a thin sheet-jet of 

argon through the volume while measuring the air CARS signal. This provided a curve with 

a minimum over the most effective wave mixing region. The available positioning range of 

the probe volume was +2 to 3 mm due to the length of the probe volume and the 15-mm tube 

diameter. This positioning was accomplished by translating the main chamber parallel to the 

probe beams while measuring the CARS signal for the v = 1 to 2 transition. Beam alignment 

was checked before each experiment by peaking the CARS signal with the dye beam focusing 

lens. During chamber maintenance, beam crossing alignment was achieved by passing the 

three attenuated beams through a pin hole. The BOXCARS beam arrangement was chosen 

because it permitted precise location of the measurement volume. A scheme using 60° rotated 

polarization in each beam, available for suppressing the nonresonant background, was not 

used because the signal is reduced by one third.”1 Since the nonresonant background in these 

measurements was very weak, this signal reduction was deemed too great considering the 

diminutive size of the signals from the low pressure gas. All beams were horizontally 

polarized parallel with the optical table. 

PIN diode signals linearly tracked the incident beam fluence and systematic energy 

deviations in the laser pulses. These integrated signals tracked power changes in both lasers 

within a run (one residence time) as well as long-term drift within an experiment (all residence 
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times). They were calibrated between each run in the experiment by recording the power 

incident on the chamber (where all CARS signals from each observable vibration level are 

measured at one residence:time). While the diode signal counts were proportional to the 

incident pulse energy, average power measurements were more convenient to use because the 

average diode signal was uséd in normalizing the average CARS signal. These diodes were 

an important nexus between :saturation calibration and the deactivation experiments. The 

diode count-to-mW ratios for a given deactivation experiment and the associated saturation 

calibration experiment were used to convert the power in the deactivation measurements to 

the equivalent power used in the saturation measurements. The degree of saturation S was 

then calculated and returned’ to correct the raw CARS signal values. Saturation was 

introduced above on page 15. 

Saturation processes reduce the CARS signal by some degree and one obtains what 

are called saturated data. Population levels are smaller when derived from saturated data. 

A method to remove this systematic error that first comes to mind is an argon gas cell. The 

signal is weaker due to the lack.of resonances. The high pressure argon cell is a system that 

does not saturate and prodtices a signal proportional to the incident pulse energy. The 

concept is to operate one in patallel with the main experiment and correct that data with the 

pure data. Instead of using a high pressure argon gas cell in a parallel reference configuration, 

recognizing their poor alignment stability,” the average laser PIN diode signals were used. 

During any given deactivation or saturation run, the standard deviation in the mean of the 

output of the YAG laser over'200 pulses was well under 1%. Due to mode beating in the dye 

laser, there was no significant: correlation between the fluctuations in the dye laser output and 
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the YAG laser output. “Thhs, assumasg*hrartiert’ was no significant correlation between the 

susceptibility fluctuationseaedthe dyé fserfiuétuations, the normalization of the CARS signal 

was accomplished by dividing tHé/averdge GAR signal by the individual averages of the laser 

diode signals. Theagormatizationsanidosemtiation correction are detailed in the Analysis 

section. In addition, sigdal‘thangesliue tottie aye spectral power curve were removed in this 

normalization. In early tiialszthenspadtbabtiesponse of the receiver optics was corrected by 

calibrating the wavelengthgrespodse@itheetye laser PIN diode. It was found subsequently 

that the combined spectral regponse‘of:théirepeiver optics, spectrometer and photomultiplier 

tube (PMT) was flat ovethhe: opentting megsetend needed no correction. This flat detection 

of the CARS signal ioemalizedbbyettic tlageratiodes is seen in Fig.(D1), Appendix D. 

The receiver optics consisted primarily of a 500-mm-focal-length planoconvex lens, 

a right-angle prism for<spatialtisesaAaSnsigf signal and laser beams, two p-polarization 

dichroic mirrors, two p-ptatization‘dickaiefiters, and a 39-mm, best-form lens for imaging 

the CARS beam on thetentraate’ slit first 1-m Jarrell-Ash grating spectrometer. The 

spectrometer was used plimérily-asianadditibhel filter for rejection of any pump beam leakage 

light. An EMI 9816KB PhTignsforrpérGARS signal detection typically operating at 

2100 V. The rejectedbeared were ‘direeraidh t beam dumps except for about 4% reflected 

from the hypotenusé éf two ‘prisms tovgad ghe PIN diodes. 

Data acquisitiomand dyeilitser tukinavwere computer controlled through a Keithley 

Data Acquisition Systetit? Moder570: ‘Fhe data acquisition and control (DCT) software was 

written in GW BASIG@-whichpncorporateéKyithley Soft500 BASIC libraries for controlling 

the Keithley 570. Thecfifial-DGT béregrantiversion, named SB9.BAS, consisted of three 
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separate programs: SB9, SB9KL1 and SB9KL2. This software had several features 

including the capability for manually controlling the dye laser and the flow controllers, 

automatically tuning the dye laser from a script file and carrying out the acquisition of a 

continuous spectrum or a skip spectrum from a script file. See Appendix C. 

Gated detection of the PMT and PIN diode signal pulses was used to minimize 

background signals and noise from ambient light and from radio frequency interference 

generated primarily in the YAG flash lamp power supply. The system trigger pulse was 

generated in the PIN diode that read a reflection from the dye laser, behind BS1 in Fig (4). 

This trigger pulse was sent to a LeCroy Model 821 discriminator to generate a NIM standard 

pulse which triggered a Hewlett-Packard (H-P) Model 3012B pulse generator. The output 

from this generator was attenuated and split into a clock start pulse and three -1.6-V gate 

pulses, each 70 ns long. The gate pulses provided the gating of the LeCroy Model 2249SG 

fast pulse analog-to-digital converter (ADC). The ADC digitized the integrated signal pulses 

from the PMT (i.e., the CARS signal) and from the YAG laser and dye laser PIN diodes. 

These pulses were appropriately delayed with coax delay cables such that they arrived at the 

ADC within the gate pulses. Each pulse was passed first through a 10-step Phillips Scientific 

Model 771 linear, wide-band, dc amplifier. The gain was set to maximize the utilization of 

the ADC’s 1000-count dynamic range consistent with the fluctuations of the pulse. The 

CARS signal was additionally attenuated using a motor-controlled neutral density filter wheel 

mounted in front of the PMT. This was necessary because of the more than 1000 to 1 range 

of the CARS signals. Both the amplifiers and the neutral density filters were calibrated to 

better than 0.1% accuracy. The YAG laser pulse noise level of 1% relative standard deviation 
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was the lowest of the three signals. The dye laser presented about 4% to 6% noise while the 

noise on the CARS signal was typically between 22 to 33% relative standard deviation. Each 

laser PIN diode had an adjustable optical attenuator that greatly alleviated spatial alignment 

requirements and removed channel spectra in the dye diode. The attenuators consisted of a 

pair of telescoping brass tubes with an opal glass window at the interior end of each tube. 

A fifth pulse from the first H-P pulse generator triggered a second H-P 3012B pulse 

generator which produced a 2.3 ms pulse for gating the Keithley 570. The computer reads 

the ADC after each laser pulse as many times as was programmed for that deactivation data 

point. After each data point, the program totaled the data and stored the value in a file. The 

wavelength was stepped and the process repeated. Later, the average signal values and 

uncertainties were then calculated. 

The water cooling of the nitrogen glow discharge kept the gas temperature at the 

specimen tube below 400 K. This discharge tube was connected to a manually-operated, high 

voltage dc power supply through a high-power 50 kQ ballast resistor. Typical voltages were 

about 8.8 kV at the power supply giving about 4.3 kV at the discharge terminals. The 

discharge current was set to 90 mA and monitored periodically throughout the experiment. 

Hollow Kovar electrodes were used in the discharge tube. 

 



  

CHAPTER 3 

THEORY 

CARS Probe Technique 

The CARS technique was originally developed for the combustion community. 

Combustion is often accompanied by fluorescence emissions, high luminous emissions due 

to soot formation, high temperatures, chemical reactivity, turbulence and sometimes high 

transport velocities. Physical probes can disturb the chemistry or the population distributions, 

they are not generally state selective and they may be unable to physically survive the 

environment. An optical probe can overcome many of these difficulties. CARS has the 

highly-desired property of producing a large, coherent optical signal beam on the short 

wavelength side (i.e., blue side) of the incident laser wavelength thereby removing the signal 

from the strong, potentially interfering fluorescence and incandescence emissions that are on 

the red side of the laser wavelength. These emissions are typically generated when a laser 

beam is incident on a complex combustion medium. This is in contrast to the spontaneous 

Raman or laser-induced fluorescence techniques wherein the signals are usually on the red 

side of the laser wavelength. These techniques also have the disadvantage of requiring signal 

detection over a significant solid angle which introduces spatial resolution restrictions and 

limitations of use on highly luminous media. CARS has the disadvantages of 1) requiring two 
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