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Abstract 

Kinetic Spectroscopy of Transient Species 

Using Color Center Lasers 

Linda Ann Rnssell 

A versatile and sensitive method of kinetic spectroscopy for the 

near infrared region has been developed. The system uses a computer 

controlled color center to investigate the high resolution infrared 

absorption spectra of radicals created by ArF excimer laser flash 

photolysis. 

A number of experimental schemes were investigated to determine the 

optimum operating conditions, and several techniques for sensitivity 

enhancement were applied in an effort to improve the sensitivity of the 

system. Varying degrees of success resulted from these investigations. 

The Br atom was the principle radical studied in our kinetic 

spectroscopy system. Relative absorptions as loir as 0.8% were observed. 

The best spectra of this radical were obtained using a collinear 

arrangement of the excimer and infrared beams. This arrangement is most 

desirable when considering the wide range of absorption coefficients of 

precursors in the ultraviolet region is considered. Other radicals 

studied include the NH^ and OH radicals. 
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CHAPTER 1 

Introduction 

The study of free radicals is an important and dynamic area of 

physical chemistry* Many chemical reactions in the gas phase* notably 

photochemical and combustion reactions* are thought to proceed through a 

series of steps involving short-lived free radical intermediates* A 

number of free atoms and the radicals CH* CH+, C^, and OH have been 

identified in comet tails and in interstellar clouds by their emission 

1 2 spectra. * Radicals are also present in the earth's atmosphere where 

they participate in the formation of pollutants (such as smog) by 

photochemical reactions. Combustion reactions are believed to proceed 

through mechanisms involving free radicals. These examples illustrate 

the prevalence of radicals and the importance of the study of free 

radicals. 

As a simple illustration of a radical propagated reaction* consider 

the formation of HBr by photolysis of Br^ in the presence of Hj. The 

3 
proposed mechanism for this reaction involves Br and H free atoms: 

Br^ + If) —> 2Br 

Br + H2 HBr + H ^ 

H + Br2 HBr + Br ► 

H + HBr —} Hj + Br 

Br + Br -» Br2 

initiation 

chain 

propagating 

terminating 

1 
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This thesis will be concerned with the spectroscopic study of 

radicals in the gas phase. In general* radicals may be observed and 

identified using either emission or absorption spectroscopy. Flames* 

atomic flames* electric discharges* and fluorescence are methods used to 

produce emission spectra of free radicals. Absorption spectra of free 

radicals may be observed in flames, high temperature gases* electric 

discharges* and photolysis and flash photolysis of appropriate parent 

compounds. 

Absorption spectroscopy of radicals has advantages over emission 

spectroscopy. In particular* it can be used to study radicals which 

cannot be observed in emission because of predissociation or 

photodissociation. The concentration of the radical can be measured as 

a function of time* and structural properties of radicals can be 

determined from their absorption spectra. 

Despite its advantages, absorption spectroscopy of free radicals is 

usually more difficult to perform than emission spectroscopy. The 

absorption spectrum of a simple free radical is discrete and has sharp 

lines; therefore* high resolution is desirable. The radical must be 

produced in high concentration if its spectrum is to be discerned 

against the background, and the spectrum of the radical must be recorded 

on a time scale which is shorter than the lifetime of the radical. 

In many cases, radicals react on nearly every collision, meaning 

that radicals often have very short lifetimes. This results in low 

steady state concentrations of the radicals, and sensitive detection 
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methods are needed to study free radicals. Efficient and easy methods 

of producing high concentrations of free radicals are required so that 

they may he studied and characterized. 

A general means of preparing high concentrations of radicals for 

direct observation is the method of flash photolysis* This method is 

widely applicable and with appropriate choices of precursors, most hinds 

of radicals can be produced. Flash photolysis was introduced in 1949 by 

4 
Norrish and Porter and was used by Porter and co-workers in the 

development of kinetic absorption spectroscopy.^'^ The classical 

kinetic spectroscopy setup is shown in Figure 1. Flash lamps are used 

to produce and monitor the radicals. In the kinetic spectroscopy 

technique, a precursor is irradiated with a flash of visible or 

ultraviolet light of high energy and short duration. The absorption 

spectrum of the radical produced is observed after a time delay by 

flashing a second lamp which provides the continuous background against 

which the absorption spectrum of the radical is recorded. Light pulses 

from the flash lamps are generated by the discharge of a capacitor 

through a tube filled with a rare gas. The capacitance must be small 

for rapid discharges of the flash lamp. 

The ideal source for use in producing radicals by flash photolysis 

(or monitoring the radicals) is one that combines the highest intensity 

and the shortest pulse duration. The output and intensity of the lamp 

should be reproducible from flash to flash and the lamp should have a 

rapid decay profile. The duration of the flash limits the time 



Figure 1 

Classical kinetic spectroscopy arrangement using a double flash 

spectrographic recording system. 
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resolution of the kinetic spectroscopy system. Initially, the time 

4 5 resolution was on the order of a few milliseconds. * This was quickly 

improved to a few microseconds and remained unchanged until the 

development of pulsed lasers. Pulsed lasers provide sources for 

photolysis that are monochromatic and spatially coherent and have 

reduced the time resolution to the nanosecond and picosecond time range. 

The kinetic absorption spectrum of a radical generated by flash 

photolysis may be investigated over a range of wavelengths at a single 

time delay or at a single wavelength over a range of time delays. For 

spectroscopy, wavelength information is of most interest while time 

dependence is of most interest for kinetic studies. In the classical 

kinetic spectroscopy system, the absorption spectrum is recorded for a 

range of wavelengths using a broadband source for the spectrographic 

flash with detection by means of a photographic plate. By varying the 

time delay between the photolysis and spectrographic flashes, it is 

quite easy to collect data at a single wavelength for a range of time 

delays. A scanning spectrometer could be used in place of the 

photographic plate; however, attempts at utilizing a spectrometer for 

wavelength scans in kinetic spectroscopy have not been entirely 

successful. Using flash lamps, it is difficult to repeat the experiment 

by rapidly moving the wavelength between flashes. Mechanical means of 

changing wavelength are slow, making it difficult to rapidly scan the 

range of wavelengths in a time that is short compared to the reaction 

times in order to obtain the entire spectrum in a single flash. 
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The method of classical kinetic spectroscopy is quite versatile. 

By appropriate selection of the spectrographic flash lamp, the spectra 

of many radicals have been recorded in the visible, near-ultraviolet, 

and vacuum ultraviolet regions using this system. It is highly 

desirable to extend kinetic spectroscopy to the infrared region. Almost 

every molecule exhibits a spectrum in the infrared, and absorptions iu 

this region are characteristic of the functional group(s) present within 

the molecule. Structural information about the molecule is obtained by 

resolving the rotational structure of the spectrum. 

In extending kinetic spectroscopy fo the infrared, two obstacles 

must be overcome: (1) lack of a suitable spectroscopic source and (2) 

lack of a suitable detection method. The spectrographic flash lamp may 

be considered a source of blackbody radiation. The wavelengths used in 

infrared spectroscopy are far below the blackbody maximum. Thus, the 

intensity of the infrared radiation is quite low requiring wide slits 

and the resulting spectrum exhibits low resolution. 

Detection of the infrared spectrum is also a problem. In classical 

kinetic spectroscopy, photographic plates are used to record the 

spectrum of the radical. Photographic recording is impossible at 

wavelenghts greater than 1000 nm. An array of detectors could be used 

with a broadband source, but most infrared detectors (such as PbS 

detectors) are not suitable because of their slow response times and 

poor sensitivity. Semiconductor detectors with fast response times and 

high sensitivity (such as InSb and ZnGe detectors) have been developed 



but are too expensive to use in an array. Combining a rapid-scan 

spectrometer with these semiconductor detectors would make it possible 

to collect kinetic absorption spectra in the infrared region. 

Rapid-scan infrared spectrometers were developed in 1965 by Herr 

7 8 
and Pimentel and by Hand and co-workers in an effort to overcome this 

problem. The infrared spectra are recorded by rapidly scanning a range 

of frequencies following the photolysis pulse. The scans speeds of 

these instruments is extremely fast (ranging from 100 cm”1/10 psec to 

2500 cm~X/10 |tsec) and their spectral resolution is low (from 1 cm-1 to 

30 cm~X).^*^0 These instruments have been used to observe both emission 

7 9 11 
and absorption spectra of transient species and free radicals. * * 

In recent years, infrared laser sources have been developed and 

used in the extension of kinetic spectroscopy in the infrared. The 

experiment may be setup in two ways. The infrared laser can be used in 

a setup similar to the classical setup of Norrish and Porter. This is 

12 
the approach used by Sorokin and co-workers. Stimulated Raman 

scattering of a broadband dye generates an infrared continuum. This 

infrared radiation exiting from the sample cell is converted to visible 

radiation by frequency mixing, and the resulting spectrum of the radical 

is recorded using an array of detectors sensitive to visible radiation 

(such as an OMA or photographic plate). 

An alternative approach to kinetic spectroscopy in the infrared is 

to use a monochromatic infrared laser, repeating the photolysis flash at 

each wavelength as the laser scans over a range of wavelengths. An 
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excimer laser is used as the photolysis source and a high resolution 

laser is used to record the absorption spectrum of the radical. There 

are several groups using this approach. Laguna and Baughman have used a 

diode laser to record the time-resolved absorption spectrum of the 

methyl radical generated by KrF excimer laser flash photolysis of methyl 

13 
iodide. More recently. Moore and co-workers have studied the CH 

strech of singlet methylene in the infrared using frequency difference 

14 generation between a cw dye laser and an ion laser. 

This dissertation will discuss such an extension of kinetic 

absorption spectroscopy being developed for the near infrared region. A 

computer controlled color center laser is used in this development to 

observe the high resolution infrared spectra of radicals produced by ArF 

excimer laser flash photolysis. The scan speed of the color center 

laser spectrometer is set so that photolysis pulses from the excimer 

laser coincide with each step made by the spectrometer. 

In Chapter 2» the general considerations involved in the 

development of the kinetic absorption spectroscopy experiment are 

discussed. Expermental results will be presented and discussed in 

Chapter 3. Several experimental schemes were investigated in an effort 

to determine optimum operating conditions. 

The radicals used in this investigation were selected for their 

chemical interest, well-understood photolysis reaction mechanisms, and 

high infrared absorption coefficients. The radical initially studied 

with each experimental scheme was the Br atom, produced by ArF laser 
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flash, photolysis of HBr,'l^a Other radicals studied include NH^ 

(produced by ArF laser flash photolysis of and OH (produced by 

the reaction of H^O with 0(*D) produced by ArF laser flash photolysis of 

N2O).
15C 



CHAPTER 2 

Kinetic Spectroscopy 

11.1 Introduction 

The general considerations involved in the development of kinetic 

spectroscopy mill be discussed in this chapter. Our development of 

kinetic absorption spectroscopy for the near infrared region combines a 

pulsed ArF ezcimer laser to prepare radicals by flash photolysis and an 

infrared color center laser to probe their absorption spectra. With 

this system, it is possible to scan the computer controlled color center 

laser over a range of frequencies and record the high resolution 

absorption spectra of radicals in the infrared region. This has been 

accomplished by adding a LeCroy transient digitizer to the color center 

laser system, thereby expanding the capability of the system to include 

time resolved scans and scans which are taken simultaneously over 

frequency and time. 

11.2 CGL Spectrometer 

This investigation was performed using a recently developed 

computer controlled color center laser (Figure 2).*^ The basis for this 

system is a commercially available Burleigh FCL-20 color center laser 

pumped by red light from a Spectra Physics 171 krypton ion laser 

11 
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Figure 2 

Computer controlled color center laser system. The FSR of the 

air-spaced étalon is 22,11 GHz and the FSR of the laser cavity is ~ 295 

MHz. The laser head, grating arm box and diagnostics box are kept under 

vacuum to prevent absorption of the infrared beam by atmospheric uater. 

All optics are CaF^, 
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(1.0 watts all red lines). The FCL-20 uses F^(II) color centers in 

17 
Li-doped KC1 and RhCl and Fg(II) color centers in Na-doped KC1. The 

tuning range of the color center laser extends from 2.3 to 3.3 |un. The 

KCl:Li crystal was used for investigations between 2.4 and 2.9 pm and 

the RbCl:Li crystal for the region between 2.6 and 3.3 pm. 

Characterization and calibration of the laser is provided by 

diagnostic instrumentation consisting of a reference power detector* a 

reference cell containing the calibration gas (usually water vapor)* 

a temperature compensated marker cavity (FSR ~ 500 MHz)* a coarse 

spectrum analyzer (FSR ** 17 GHz)* and a fine spectrum analyzer 

(FSR * 1.0 GHz). The spectrum analyzers are used to monitor the 

stability of the single-mode scan. Signals from the reference cell* 

marker cavity* and data channel(s) are acquired simultaneously and 

stored by the computer* providing a means of calibrating the observed 

spectra. 

The laser system is interfaced to a DEC LSI-11/V23 minicomputer 

using various CAMAC modules and a Kinetic Systems 3219 Crate Controller. 

Computer controlled scanning is accomplished by adjusting the grating 

angle* the air-spaced étalon, and the cavity length. The grating angle 

is changed by using a stepping motor to turn a screw sine bar drive. 

Separate Burleigh RC-42 ramp generators, controlled by voltages from the 

computer* drive the air-spaced étalon and the PZT mounted cavity folding 

mirror 
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The color center laser spectrometer is capable of two types of 

scans: low resolution scans (adjusting only the grating angle and the 

étalon) and high resolution scans (adjusting the cavity length along 

with the grating angle and the étalon). Low resolution scans (or 'hiode 

hopping" scans) are used for rough wavelength calibration and to obtain 

survey spectra. High resolution scans are used for final wavelength 

18 
calibration and to acquire data and diagnostic signals. 

The grating angle, the étalon, and the cavity length must be 

adjusted simultaneously in order to scan the laser single-mode. Cross- 

reference tables which correlate grating motor position and étalon and 

cavity voltage with frequency are used to track these elements. The 

tables determine the accuracy of the scan. Reproducibility of the scan 

is determined by laser stability. 

As mentioned above, in order to collect the time resolved data 

needed for this study, the system was expanded to include a LeCroy 

2256AS Vaveform Digitizer. With the addition of the digitizer, it is 

possible to perform two additional types of scans with the color center 

laser spectrometer: scans over time at a fixed frequency (TD scans) and 

scans over frequency while acquiring data through the digitizer (see 

Appendix A). To scan over time, the color center laser is set to the 

desired frequency after careful calibration and pulses from the excimer 

laser are used to trigger the digitizer. The digitizer samples the 

input signal as often as every 50 nsec, digitizes the signal, and stores 

up to 1024 points. The digitizer is designed to operate in a 
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pretrigger/post trigger node. The length of the TD scan depends on the 

number of points taken and the sampling period of the digitizer* 

Typically* TD scans of 1000 points were taken with 128 pretrigger 

samples and a sampling period of SO or 100 nsec. An example of the TD 

scan is shown in Figure 3* This type of scan is useful in detecting the 

presence of an absorption signal* determining which points should be 

taken as data after the trigger pulse* and observing the kinetic 

behavior of the radicals. 

It is also possible to scan the color center laser in its high 

resolution mode over a range of frequencies and acquire data through the 

digitizer. One data channel is assigned to a digitizer point before the 

trigger pulse and three or four data channels are assigned to points at 

various delay times after the trigger pulse. Thus, in scanning* only a 

few points are saved and stored. The delay times are usually determined 

by examining TD scans* The scan speed of the color center laser 

spectrometer is set so that each step made by the spectrometer coincides 

with an excimer pulse. Vith this system* it is possible to scan the 

color center laser over a frequency range and observe the growth (or 

disappearance) of an absorption signal with time. An example of this 

type of scan is shown in Figure 4. Noise in the spectrum is dominated 

by laser amplitude fluctuations which are time correlated; therefore* 

subtracting the point prior to the trigger pulse from the points 

obtained afterwards improves signa1-to-noise ratio (see Appendix B). 
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Figure 3 

A 1000 point TD scan of the F 2 4-3 bromine atom transition at 3685.225 

cm"1. The arrows indicate points at which data channels should be set 

during a high resolution scan. The downward spike at point 128 is 

caused by radio frequency interference generated when the spark gap is 

fired. 
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Figure 4 

A 0.1 cm high resolution scan oyer the F 2 4-2 and F 2 4-3 bromine 

absorptions at 3(85 cm-1. The top line is taken before the trigger 

pulse and line 2 is data collected 3.2 psec after the trigger pulse. 

Line 3 is produced by subtracting the point prior to the trigger pulse 

from the point taken after the trigger pulse (line 3 = line 2 - line 1). 

The bottom trace is the 505.6 MHz marker used to monitor the stability 

of the single mode scan 
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II.3 Experimental Arrangements 

A Lumonics TE-261-2 excimer laser was used for preparation of the 

radicals by flash photolysis, and the computer controlled color center 

laser system was used to record the absorption spectra of the radicals. 

An Infrared Associates liquid nitrogen cooled InSb detector with 4 mm* 

active area and rise time of ~ 1 psec was used with a Judson Infrared 

70/40 preamp to detect the infrared signals. Later in the study» the 

Judson preamp was replaced with an Infrared Associates PPA-15-IS preamp. 

The excimer laser, equipped with MgF^ optics, was operated on the ArF 

line at 193 nm by discharging a condensor at high voltage (~ 40 kV) 

using spark gap triggering in a gaseous mixture of 0.4% F^, 20% Ar, and 

balance of fie flowing through the laser. The pulse duration of the 

excimer laser was 10 nsec and the repetition rate of the excimer laser 

ranged from 1 to 3 Hz. The average power of the excimer pulse is 

estimated to be ~ 100 mJ. The excimer laser was enclosed in a Faraday 

cage to reduce high frequency spurious signals produced by the firing of 

the spark gap. Extensive shielding was used on the InSb detector, the 

preamp and its power supply, and the BNC cables leading to the computer 

system in an effort to reduce radio frequency interference. 

Three arrangements of the excitation and probe beams were 

investigated in this study. In each beam arrangement, at least 2 passes 

through the sample cell (in some cases, 4 passes) were made by the probe 

beam. The excitation and probe beams must be well overlapped for any of 
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these arrangements to produce good results. The first arrangement 

investigated was an off-axis scheme of irradiation (Figure 5). The 

probe beam cuts diagonally across the excitation beam. Alignment of the 

two beams was not easy, but this arrangement yielded respectable 

signals. The second arrangement attempted was a conventional right- 

angle orientation (Figure 6). This arrangement experienced limited used 

due to problems with the sample cell. The third arrangement tested was 

a co11inear geometry (Figure 7). The sample cell was moved away from 

the excimer laser* and the excimer beam was steered into the cell. The 

excimer beam was reduced from its normal size (25 mm x 6 mm) to a beam 

of ~ £ the size by a telescope. The focused beam was directed iuto the 

sample cell by a 1" diameter ultraviolet mirror with maximum reflectance 

at 45°. The probe beam travels down the center of the excitation beam 

and the two beams are overlapped the entire length of the cell. This 

arrangement became the preferred orientation for this study. 

The design of the absorption cell is important. The cells were 

designed to accomodate multiple passes of the probe beam (using multiple 

passes increases the absorption signal). A different sample cell was 

used in each beam arrangement (Figure 8)* yielding varying 

sensitivities. The first cell was used in the off-axis arrangement 

(Figure 8a). The cell was 2" in diameter* 10" in length* and had two 

"arms" for the infrared beam to pass through. The front window of the 

cell was a CaF^-VUV window; the windows on the arms were made of CaF2« 

The overlapped path length was ~ 5" (single pass). From Figure 8a* it 
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Figure 5 

Off-axial arrangement of the excitation and probe beams, 

arrangement used 2 and 4 passes of the probe beam through 

passes are shown). 

This 

the cell (2 
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Figure 6 

Perpendicular (right-angle) arrangement of excitation and probe beams. 

This arrangement used 2 passes of the probe beam through the cell. 
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Figure 7 

Collinear arrangement of the excitation and probe beams. This 

arrangement used 4 passes of the probe beam through the cell. 
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Figure 8 

Sample cell used in this study. Cells 1 and 2 were made of Pyrex glass 

with CaF^ windows epoxned to the cell. Cell 3 was made entirely.of 

Infrasil. Cell 1 was used in the off-axis beam arrangement* Cell 2 in 

the off-axis and collinear beam arrangements* and Cell 3 in the 

perpendicular beam arrangement. 
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can be seen that the probe beam does not overlap the excitation beam as 

it enters the sample cell (the excitation beam is being absorbed before 

the probe beam overlaps it). This creates a volume of " dead space" at 

the front of the the cell - radicals are being produced but are not 

being detected by the probe beam. Calculations (discussed in Chapter 3) 

were made and the dead space was shown to have an adverse effect on the 

signal size. It was decided the cell was unsuitable for this study and 

Cell 1 was abandoned. The second cell was tested in both the off-axis 

(Figure 8b) and collinear beam arrangements (Figure 8c). The cell was 

2" in diameter. 10" in length, and the ends of the cell were CaF^ 

windows, with the front window being VÏÏV grade. The overlapped path 

length was ~ 13" (single pass) for the off-axis arrangement and 10" 

(single pass) for the collinear arrangement. This cell produced good 

results in both arrangements. The third cell was tested in the 

prependicular beam arrangement (Figure 8d). The cell was 1" in 

diameter. 4" in length, and was made entirely of Infrasil by NSG 

Precision Cells» Inc. The overlapped path length was ~ 1 " (single 

pass). This cell experienced limited use. as the infrared probe beam 

was not transmitted very well through the cell and the cell was etched 

by the excimer beam. 

All three sample cells experienced a common problem. After several 

minutes of photolysis» a black smudge appeared where the excimer beam 

entered the cell. This smudge was removed in Cells 1 and 3 by filling 

the cell with air and allowing the excimer beam to photolyse the smudge. 
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For Cell 2, this remedy seemed to make things morse. The origin of the 

smndge is not known but it has been attributed to the photolysis of 

organic vapors present in the sample handling line. 



CHAPTER 3 

Experimental Results 

111.1 Introduction 

As previously mentioned, a number of experimental schemes vere 

investigated to test the sensitivity and capabilities of our development 

of kinetic absorption spectroscopy in the near infrared. The 

observations made and the results obtained during the course of this 

study will be reported in this chapter. The observations of the Br atom 

transitions at 3685 cm-1 will be discussed along with the detection of 

the NH^ radical and the OH radical. In addition, calculations vere done 

to determine the sensitivity of kinetic spectroscopy in the infrared and 

will be discussed in this chapter. Relative absorptions for the system 

in general and for the Br atom in particular vere calculated and vill be 

discussed. 

111.2 Sensitivity Calculations 

The sensitivity of kinetic spectroscopy vas calculated and measured 

folloving initial observations of atomic bromine transitions at 

3685 cm-1. Calculations for the kinetic spectroscopy system in general 

are discussed in Section III.2.1 and for the Br atom in particular in 

Section III.2.2. 

33 
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III.2.1. Calculations for the kinetic spectroscopy system 

The equation used to estimate the sensitivity of kinetic 

spectroscopy in the near infrared was 

<1, 

where P is the detected infrared power* P# is the incident infrared 

power* eTB is the absorption cross section of the radical under study* 

n^, is the number of traversals made through the cell by the infrared 

beam* Up is the number of photons in the ezcimer beam (assuming that all 

photons are absorbed in the region being probed by the infrared beam and 

that one radical is produced for each photon absorbed)* and A^y is the 

area of the ezcimer beam. For the small absorptions in the infrared* 

the equation reduces to 

AP CTiRnTnP 
P 

with AP/P representing the amount of infrared absorption* 

In our ezperiments* n^, was 2 passes* np was « 10 * photons for a 

% 
100 mJ ezcimer pulse at 193 nm* and A^y was 1.5 cm • Values of for 

typical molecular systems ranges from 10“*7 to 10”** cm*. Using these 
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values In equation (2), we calculated that absorptions from 1.3% to 100% 

for the infrared beam would be found in our kinetic spectroscopy system, 

spectroscopy system. 

III.2.2 Calculations for the Br atom 

More careful and elaborate calculations were done to determine the 

amount of absorption expected from the Br atom in the various cells and 

geometries employed in this study. The Br atoms were produced by ArF 

laser flash photolysis of HBr (see Section III.3). Figure 9 is a 

2 2 
diagram of the possible transitons from the P3/2 state to the P^/2 

state of atomic bromine. The calculations were made for the F 2 4-3 

transition of atomic bromine (see Figure 10). This is the most intense 

of the atomic bromine transitions occurring at 3685 cm-1. The 

calculations are based upon the previously measured partitioning of Br 

atoms in the an^ the ^1/2 states,85% in the 3/2 state and 15% 

in the 1/2 state, and upon assumptions that the excimer beam cross- 

section is uniformly irradiated and that depletion of HBr is not a 

problem. A quantum yield of unity is also assumed, meaning that one 

radical (Br atom) is produced for each photon absorbed by the precursor 

(BBr molecule). 

Two basic geometries considered in these calculations (Figure 8). 

The infrared beam can travel along the path of the excimer beam (as in 

the off-axis or collinear beam arrangement), or across the path of the 
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Figure 9 

Diagram of the P, Q and R transitions of atomic bromine occurring at 

3685 cm 
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excimer beam (as in the perpendicular beam arrangement)* Some beam 

arrangements were studied using more than one sample cell* sucb as the 

off-axis arrangement where Cells 1 and 2 were used. Calculations will 

be discussed for each sample cell used in this study* 

The absorptions in the infrared are relatively weak and may be 

expressed as 

AP nTgIR x f • 
-p- ^ ^Lpw 5 (3) 

where <yTp is the absorption cross section of the radical (o
,
TR ** 2.28 x 

-it % % 

10 cm for the F 2 4-3 transition of the Br atom)* X is the 

wavelength of the excimer laser (X = 193 nm for the ArF excimer laser)* 

PQY is the power of the excimer laser (P^y = 100 mJ for the excimer 

laser used in this study)* and Pgy(l) is the excimer power at some depth 

1 into the cell. For the beam arrangements using Cell 2* P^y is equal 

T 
to Ppy and Pjjy(l) is the excimer power at the end of the cell since 

there is no dead space in this cell. Ppy(l) may be calculated using 

Ppyd) - Pjyexpt-ffjjyNpl) (4) 

where o^y is the absorption cross section of the precursor (c^y « 1.64 x 

10 cm for the HBr molecule at 193 nm )* Np is the number of 

precursors per unit volume* and 1 is the length of Cell 2* 
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IT 
In our experiments» 1 was 25 cm for Cell 2 and Np was ~ 10 HBr 

molecules/cm* at a pressure of 3 torr (the pressure used in the off-axis 

and collinear experiments). Substituting these values into equation 

(4)» we determined the power of the excimer beam at the end of the cell 

was 1.7 mJ, meaning that the excimer beam is almost totally attenuated 

by this pressure of HBr. Using this value in equation (3), the amount 

of absorption for the off-axis or collinear beam arrangements using 

Cell 2 is calculated to be 29.0% when n,y is 2 passes and 58.1% when n^. 

is 4 passes. 

Calculations were done to determine the amount of absorption to be 

expected from Cell 1 (with the dead space). The equations must be 

modified to account for the presence of this dead space. In equation 

0 
(3)» Pjjy now represents the power of the excimer beam at the end of the 

dead space» and Ppy(l) represents the power of the excimer beam where 

0 
the infrared beam first crosses it. P^y is calculated from 

PUV " PUVexp^”<rUVNP1d^ ^ 

T 
where P^y is the power of the excimer laser and 1^ is the length of the 

dead space. 

For the experiments involving Cell 1» 1^ was 10 cm and 1 was 20 cm. 

Using these values in equations (4) and (5)« we calculated Ppy to be 

19.4 mJ and P^y(l) to be 3.8 mJ. The amount of absorption calculated 

using these values in equation (3) is 4.6% for 2 passes of the infrared 
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beam through the Cell 1, a factor of 6.3 less than the absorption 

expected for Cell 2 in the under the same conditions. For this reason* 

Cell 1 vas abandoned and Cell 2 vas used in its place. 

Calculations vere also done for the amount of absorption to be 

expected from the perpendicular beam arrangement using the Infrasil cell 

(Cell 3). In this beam arrangement* the pover of the excimer beam is 

not changing as the infrared beam probes it. The amount of infrared 

absorption is calculated using 

" “T^IRV <6> 

vhere Ng is the number of radicals per unit volume and 1 is the path 

length of the overlapped excimer and infrared beams (1 « 2.5 cm). The 

infrared beam vas positioned ~ 0.5 cm from the front of Cell 3 and a 

pressure of 12 torr vas used in these experiments. Using these values 

in equation (4)* the pover of the excimer beam vas determined to be 

72.5 mj. With this excimer pover* Up vas calculated to be 7.1 x 10 

, s 
photons and Ng vas 3*0 x 10 Br atoms/cm . The set-up used tvo passes 

of the infrared beam through the cell. Using these values in equation 

(6)* the relative absorbance for the Br atom in perpendicular beam 

arrangement using Cell 3 vas estimated to be 34.2%. This value vas 

never realized* due to problems encountered in the use of Cell 3. 
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III.3 Br «tom 

The first radical studied in our system of kinetic absorption 

spectroscopy was the Br free atom. The Br atom vas easily produced 

photochemically by ArF laser flash photolysis of HBr (Matheson. 99*8%. 

used without further purification). EBr absorbs radiation from about 

160 nm to 250 nm. The primary process in the photochemical dissociation 

19 21 
of HBr in this region is the production of ground state Br atoms: # 

HBr + h) -» H + Br(2P3/2) (III-l) 

22 
The secondary processes are 

H + HBr H2 + Br (III-2) 

Br + Br + M Br2 + M (III-3) 

In the above scheme. M represents a chemically inert collisional partner 

(such as the wall of the cell). 

The transitions of atomic bromine occur at 3685 cm * and have been 

detected in emission using Fourier transform spectroscopy and in 

absorption under high resolution using magnetic rotation spectroscopy 

and a color center laser spectrometer. * The line positions of the Br 

atom transitions are accurately known from these studies. Thus, because 

of the ease of formation and the accuracy of line positions» the Br atom 
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became tbe principal radical used to test this development of kinetic 

absorption spectroscopy, 

2 2 
Transitions from the ***** *° *^e Pi/2 ***** °* atomic 

bromine mere observed in this investigation. Figure 10 is a continuous 

single mode high resolution scan over these transitions. The spectrum 

of this transient absorber vas acquired by slowly scanning the color 

center laser spectrometer over a range of frequencies. TD scans (see 

Section II.2 or Appendix A) were also taken using various sampling 

periods with the color center laser spectrometer set on the frequency of 

the F 2 4-3 transition at 3685.225 cm-1. The TD scans were useful in 

detecting the presence of and in studying the kinetic behavior of atomic 

bromine. The amount of absorption for the various geometries and sample 

cells employed in this study was measured from TD scans. 

As mentioned above, the Br atom was the principal radical used to 

test our system of kinetic absorption spectroscopy and as such was 

studied in all the beam arrangements and sample cells used in this 

study. Experimental results will be discussed for each situation 

investigated in this study. A summary of the results will be presented 

in Chapter 4. 
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Figure 10 

A 0.6 cm-1 high, resolution scan of the transitions of atomic bromine 

occurring at 368S cm-1. P, Q and R type transitions were observed in 

this scan. The data was taken 4.2 psec after the trigger pulse using 

Cell 2 in the collinear beam arrangement. A point prior to the trigger 

pulse has been subtracted, n^ « 4 passes and PggT *= 3 torr for this 

scan 
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III.3.1 Results for the off-axis beam arrangement 

Two different sample cells were nsed with the off-axis arrangement 

of the infrared and excimer beams (see Section 11.3). Figure 11 is a 

high resolution scan over the F 2 4-2 and F 2 4—3 transitions of atomic 

bromine. The spectrum was collected using 2 passes of the infrared beam 

through Cell 1 (this cell has a "dead space" at the front of the cell). 

The amount of absorption expected from this cell in this beam 

arrangement was calculated to be 4.6% (see Section III.2.2). Actual 

measurements from TD scans ranged from 0.8% to 2.6%. These values, 

though less than the calculated values, demonstrate the ability of the 

system to detect fairly weak signals. 

From Figure 11, it is apparent the signal-to—noise ratio is not 

optimum (the ratio is ~ 6:1). In an effort to improve the signal, a new 

cell was designed without the "dead space" (Cell 2). This cell was used 

in the off-axis arrangement with the infrared beam making 2 and 4 

passes. Figure 12 is a high resolution scan (using 2 passes of the 

infrared beam through Cell 2) over the same bromine atom transitions 

shown in Figure 11. The signal-to-noise ratio has been improved to 

23:1. Calculations predict the amount of absorption expected from this 

arrangement (using Cell 2) to be 29.0%. The measurement of the amount 

of absorption from TD scans was 17.3%, in satisfactory agreement with 

the calculated values, especially considering that the UV pulse energy 

is not measured but merely estimated from the laser specifications. 
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Figure 11 

A 0.15 cm-1 high resolution scan over the F 2 4-2 and F 2 4-3 

transitions of the Br atom. The data vas collected 12 |isec after the 

trigger pulse using Cell 1 with the off-axis arrangement. A data point 

prior to the trigger pulse has been subtracted, n^ - 2 passes and Pg^r 

= 3 torr for this scan. 
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Figure 12 

A 0.17 cm_X high resolution scan over the F 2 4-2 and F 2 4—3 

transitions of atomic bromine. The spectrnm was collected 5 |isee after 

the trigger pulse using Cell 2 in an off-axis arrangement. A data point 

prior to the trigger pulse has been subtracted, n^. * 2 passes and Pggc 

= 3 torr for this scan. 
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ID scans were studied extensively in order to observe tbe kinetic 

behavior of the Br atoms. Figure 13 is a collection of TD scans taken 

with various sampling periods. These scans are all 1000 points long 

with 128 pretrigger samples. The sampling period between each point was 

varied from 50 nsec to 5 psec. From Fignre 13d, it is observed that the 

decay of the signal from the F 2 4-3 transition was relatively slow, 

falling to one-third of its initial vaine after ~ 5 msec. The lifetime 

of the bromine absorption is ~ 2 msec. This is consistent with the 

diffusion of Br atoms out of the infrared beam. 

A feature is common in the TD scans of Figure 13 immediately after 

the trigger pulse. The signal rises rapidly, seems to "overshoot" the 

actual level of absorption and then appears to settle down. The cause 

of this feature is not clearly understood. It has been speculated that 

the feature is due to a rapidly expanding zone of bromine atoms. The 

excimer beam has a rectangular shape (25 mm x 6 mm) while the cell is 

cylindrical with a diameter of 50.8 mm. The excimer beam does not 

photolyse all the HBr molecules present in the sample cell but rather 

photolyses a small zone of BBr molecules present in the excimer beam 

path. The pressure of the zone after photolysis is higher than the 

surrounding pressure and the zone expands. The ripple seen in the TD 

scans with longer sampling periods is reproducible and is believed to be 

due to shock waves, caused by the expansion of this zone, propagating 

through the sample cell and reflecting from the walls and far end of the 

cell 
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Figure 13 

ID scans of the F 2 4-3 transition of atomic bromine. All scans coyer 

1000 points with 128 pretrigger samples and were collected using Cell 2 

in the off-axis arrangement. Sampling periods were varied for each 

scan: (a) 50 nsec, (b) 500 nsec, (c) 2 psec and (d) 5 psec. n^ « 2 

passes for (b), (c) and (d); n^. = 4 passes for (a). pHRr «* 3 torr for 

these scans 
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111.3.2 Results for the perpendicular beam arrangement 

The bromine atom transitions were observed in the perpendicular 

beam arrangement using 2 passes of the infrared beam through Cell 3 

(made entirely of Infrasil by NSG Precision Cells, Inc.). As previously 

mentioned, this cell experienced limited use. The infrared beam was not 

transmitted very well through the Infrasil. and the cell appeared to be 

destroyed (etched) by the excimer beam. 

The HBr pressures used in these experiments should be relatively 

high so the excimer beam will be absorbed rapidly. Pressures of 12 torr 

were employed in TD scans (Figure 14a) and in high resolution scans 

(Figure 14b). The scans show the decreased size of the absorption 

signal. The signal-to-noise ratio of the scan in Figure 14b is ~ 6:1. 

Although the calculations predicted a stronger absorption signal, this 

experimental arrangement was not used to study other radicals because of 

the significant decrease in the quality of the absorption signal due to 

problems with the sample cell. 

111.3.3 Results for the collinear beam arrangement 

Data was collected for the collinear arrangement using 4 passes of 

the infrared beam through Cell 2 with a focused excimer beam. Figure 15 

is a high resolution scan over the F 2 4-2 and F 2 4-3 transitions of 
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Figure 14 

Scans of the F 2 4-3 transition of atomic bromine, (a) A 1000 point TD 

scan taken at 3685.225 cm-1 using Cell 3 in the perpendicular beam 

arrangement, (b) A 0.07 cm-1 high resolution scan over the Br line. 

The spectrum vas collected 2.2 psec after the trigger pulse using Cell 3 

in the perpendicular beam arrangement. A point prior to the trigger 

pulse has been subtracted. nT « 2 passes and pflBr = 12 torr for these 

scans 
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Figure 15 

A 0.17 cm-1 high resolution scan over the F 2 4-2 and F 2 4-3 

transitions of atomic bromine. The data was collected 5 psec 

trigger pnlse using Cell 2 in the collinear beam arrangement, 

point prior to the trigger pulse has been subtracted, n^, = 4 

Pggr » 3 torr for this scan. 

after the 

A data 

passes and 
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atomic bromine. The signal-to-noise ratio is 53:1 and the relative 

absorption after the decay of the initial peak vas determined from TD 

scans to be 35.5%. This arrangement produced the best results for our 

investigation of the Br atom but there were problems associated with 

this arrangement. 

In previous TD scans» absorption signals vere present only when the 

color center laser vas precisely at the frequency of the transition 

under investigation. There vas no signal present in TD scans taken at 

frequencies avay from the transition frequency. This is not the case 

for the collinear beam arrangement. Figure 16 is a collection of TD 

scans taken for the F 2 <— 3 transition of atomic bromine using Cell 2 in 

the collinear beam arrangement. The frequency of the color center laser 

spectrometer vas shifted 0.007 cm * betveen each trace. TD scans vere 

also taken at frequencies avay from the transition frequency and the 

brackground absorption is still present. This background absorption 

appears to be present for a vide range in the infrared and is present 

only in this collinear beam arrangement using the focused excimer beam. 

It is thought that the absorption is due to a thermal lensing effect» 

but the cause of this background absorption remains a mystery. 

There is another feature common to the TD scans. Prior to the 

trigger point» the scan shovs a dovnvard feature. Originally» this 

feature vas attributed to radio frequency interference from the firing 

of the excimer laser. It has been determined that this feature is due 

to superradiant infrared emission from the excimer laser. 
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Figure 15 

TD scans taken for the F 2 4-3 transition of atomic bromine. These 

scans cover 1000 points (with 128 pretrigger samples) and were collected 

using Cell 2 in the collinear beam arrangement. The color center laser 

spectrometer vas moved 0.07 cm between each scan, n^, ■ 4 passes and 

PHBr = 3 torr for these scans. 
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III.4 NH2 radical 

The imidogen radicals observed in this study were produced by ArF 

laser flash photolysis of anhydrous NH^ (Matheson, 99.99%, used without 

further purification). The primary process in the photodissociation of 

25 
NHg between 170 nm and 220 nm produces ground state NH2 radicals: 

NH3 + h* -4 NHj + H (III-4) 

The reactions of NH2 and H with NH^ are slow; therefore, the NH2 

26 
radicals and H atoms disappear by combination reactions: 

NH2 + NB2 -» N2H4* 
(III-5) 

N2H4* + M N2H4 (III-6) 

H + NH2 + M NHJ (HI-7) 

H + H + M E2 
(III-8) 

26 
The reaction rate of (III-5) has been measured by Hanes and Bair and 

—1» i -1 —1 
has a value of 3.9 z 10 cm molec sec . In the above reactions, M 

represents a chemically inert collisional partner. 

The NH^ radical has been the subject of extensive high resolution 

spectroscopic analysis, but studies of its infrared spectrum are 

relatively limited. The «)2 cod vibrations of NH2 have been observed 

27 
in the low temperature matrix isolation spectrum of photolyzed NH^, 
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and the and ^3 fundamental bands have been observed in the gas phase 

28 
by difference frequency laser spectroscopy* The line positions listed 

by Amano et al. were used to investigate the NH^ radical. 

Two different beam arrangements were used to study the NH^ radical. 

Investigations of NH^ absorption lines were initially attempted in the 

off-axis beam arrangement using 4 passes of the infrared beam through 

Cell 2. Absorption by NH^ radicals was not detected in either TD scans 

or high resolution scans using this arrangement. Experiments were also 

conducted using 4 passes of the infrared beam through Cell 2 in the 

collinear beam arrangement. Figure 17 is a high resolution scan over 

—1 

the NH^ absorption at 3372.089 cm . The signal-to-noise ratio is quite 

low (~ 3:1). TD scans were attempted for this absorption and were not 

successful. The scan in Figure 17 demonstrates the ability of this 

system of kinetic absorption spectroscopy to detect weak signals, as 

well as stronger signals. 

Investigations were made to determine of the background transient 

absorption is present in this region. The TD scans shown in Figure 18 

were taken at 3363.5 cm~* (this frequency is not an NH^ absorption). 

The background absorption was present when the excimer beam travels 

through the cell but is absent when the excimer beam is blocked. The 

source of this background absorption has yet to be identified. 
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Figure 17 

_x —1' 
A 0.15 cm high resolution scan over the NH^ line at 3372.089 cm . 

Data mas collected 3.2 psec after the trigger pulse using Cell 2 in the 

collinear beam arrangement, n^ * 4 passes and p^j = 4 torr. 
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Figure 18 

TD scans taken at 3365.5 cm (not an NH^ absorption). Data was 

collected using Cell 2 in the collinear beam arrangement. Both scans 

cover 1000 points with 256 pretrigger samples. The background transient 

is present in (a) but not in (b) where the excimer beam in blocked, n^ 

4 passes and p. = 4 torr 
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III.5 OH radical 

The hydroxyl radical has been detected in many sources in the 

universe (for example* in the earth's upper atmosphere* in late-type 

stars and in sunspots) and has become the subject of numerous intensive 

investigations. The OH radical has been observed in both emission and 

absorption spectroscopy. Maillard and co-workers employed high 

resolution Fourier transform spectroscopy to record the OH vibration- 

rotation band emission spectrum in a oxyacetylene flame from 0.9 |im to 

- 20 29 
3.7 pm. The line positions listed by Mailliard et al. were used in 

our search for the absorption lines of the OH radical. 

In this study* the OH radical was produced by the reaction of H^O 

with 0(*D) atoms formed by ArF laser flash photolysis of NjO (Matheson* 

99.0%* used without further purification). There are several competing 

reactions involved in this preparation of the OH radical. The primary 

process in the photolysis of N^O in the region from 185 nm to 230 nm is 

30 
believed to produce electronically excited oxygen atoms: 

N20 + W -» N2 + 0(
1D) (III-9) 

This is the only important primary process in this wavelength region. 

The 0(*D) atoms formed by this reaction are extremely reactive. 

31 
Secondary processes involve competitive reactions: 
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O^D) + N20 -> N2 + 02 (III-10) 

0(*D) + N20 -» 2NO (III-ll) 

31 
The reaction rates of (III-10) and (III-ll) are nearly equal and are 

on the order of ÎO** 1 mole-1 sec-1.*^ 

Vater vapor was introduced into the reaction system, and the 0(*D) 

32 33 
atoms will react with these H20 molecules: * 

0(*D) + H20 OH + OH* (III-12) 

10 
This is a very fast reaction with a rate constant of 1,8 I 0.8 z 10 

_i —i 34 
1 mole sec . Engelman determined that this reaction involves the 

conversion of electronic energy of the reactant to vibrational energy of 

33 
the product. It is thought that the newly formed OH bond receives 

most of the available vibrational energy while the "old” OH bond remains 

vibrationally cold. Hydroxyl radicals vibrationally excited up to v - 2 

33 
have been observed as products of this reaction. 

Figure 19 is a diagram of the apparatus used for the preparation of 

the OH radicals observed in this study. The N20 pressure, water bath 

temperature and the flow rate were systematically varied to determine 

optimum operating conditions. Typical experimental conditions were a 

total pressure of 30 torr and water bath temperature of 7 °C. N2o does 

not absorb strongly at 193 nm (a « 26.3 1 mole-1 cm-* for N20 at 193 
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Figure 19 

Diagram of the appratus used for the production and observation of OH 

radicals. Uj * 4 passes and “ 30 torr for this experiment. 
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nm), so higher pressures were required for these experiments. The OH 

lines are broadened by the use of such high pressures. Figure 20 is a 

representative high resolution scan over the y If 0 R(3) OH transition 

at 3708.(95 cm-1. The line is rather broad (~ 500 MHz) and is no longer 

Doppler limited in width. The signal-to-noise ratio is low (~ 3:1). TD 

scans for this OH line are shown in Figure 21. These scans are all 1000 

points long with 128 pretrigger samples. The sampling period was varied 

from 50 nsec to 2 psec. A reproducible ripple pattern is present in the 

TD scans. As in the case for the Br atom, this ripple pattern has been 

attributed to shock waves produced by a rapidly expanding zone of OH 

radicals. 

Attempts were made to observe other OH absorption lines. Figure 22 

is a collection of TD scans on the y 2<-l R(7) OH transition at 

3(55.4527 cm"*1. Sampling periods were varied as before. The ripple 

pattern is present even for this line and is attributed, once again, to 

shock waves propogating through the sample cell. High resolution scans 

over this line produced no detectable absorption signals. Attempts were 

made to collect TD scans on several NO absorption lines (3809.7117 cm *, 

3708.5052 cm 1 and 3707.(183 cm" ), but these attempts yielded no 

conclusive data 
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Figure 20 

A 0.13 cm high resolution scan over the v 14-0 R(3) line of the OH 

radical. The data iras collected 9 nsec after the trigger pulse using 

Cell 2 in the off-axis beam arrangement. A data point prior to the 

trigger pulse has been subtracted. Uj *= 4 passes. ^ = 9 #C and 

2 

Ptotai ® torr for this scan. 
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Figure 21 

TD scans on the OH line at 3708.695 cm*-1. All scans cover 1000 points 

and were collected using Cell 2 in the off-axis beam arrangement. 

Sampling periods were varied for each scan: (a) 50 nsec, (b) 200 nsec* 

(c) 500 nsec and (d) 2 psec. nT ■ 4 passes. TH Q « 7 #C and Ptotaj “ 30 
2 

torr for these scans. 
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Figure 22 

ID scans on the OH line at 3655.453 cm-1. All scans coyer 1000 points 

and were collected nsing Cell 2 in the off-axis beam arrangement* 

Sampling periods were varied for each scan: (a) 100 nsec* (b) 200 nsec* 

(c) 500 nsec and (d) 1 psec* n^, * 4 passes* Q « 9 *C and Ptotaj “ 30 

torr for these scans 
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CHAPTER 4 

Conclusion 

The experimental resnlts presented in Chapter 3 show that flash 

photolysis is a viable method of producing free radicals for kinetic 

spectroscopy in the near infrared region and that a spectrometer can be 

combined with a pulsed excimer laser to collect high resolution infrared 

absorption spectra of radicals generated by flash photolysis. A brief 

summary of these results will be presented in this chapter. From 

spectra presented in Chapter 3» it can be seen that there are several 

problems associated with this development of kinetic spectroscopy. The 

signal-to-noise ratio needs to be improved, and the shock waves must be 

removed before the kinetic behavior of free radicals can be studied 

using this system. Sensitivity enhancement techniques will be discussed 

in this chapter along with possible ways to remove the shock waves. 

IV.1 Summary of experimental results 

The feasibility of kinetic spectroscopy in the infrared has been 

demonstrated by the results presented in Chapter 3. The system for 

kinetic spectroscopy developed during the course of this study is 

versatile and sensitive. Ve were able to record the infrared absorption 

spectra of several radicals, and relative absorptions as low as 0.8% 

were measured. Of the beam arrangements and sample cells investigated, 

78 
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the co11inear beam arrangement nsing Cell 2 produced the best results. 

This arrangement is most desirable when the wide range of absorption 

coefficients in the ultraviolet of the various precursors is considered. 

In this arrangement, it does not matter if the excimer beam is absorbed 

in the front region of the cell or deeper into the cell. The excimer 

beam is absorbed along the length of the cell, and the radicals are 

detected along the same path. With a long enough cell, precursors with 

small ultraviolet absorption coefficients will absorb enough of the 

excimer beam to produce radicals in sufficient concentration to be 

detected. 

Some compensation for the wide range of ultraviolet absorption 

coefficients can be made by changing the pressure in the cell, but there 

are limitations. As the pressure increases, linewidth becomes dominated 

by pressure broadening rather than Doppler broadening. Secondary 

reactions of the radicals become important. As the pressure decreases, 

diffusion of the radicals out of the infrared beam becomes more rapid. 

Wall effects also become important. 

Despite its advantages, there are problems associated with the 

collinear beam arrangement. With both beams travelling along the same 

path, the infrared emission from the excimer laser can be reflected 

along with the color center beam into the detector. To avoid this 

problem, a filter that blocks infrared radiation but passes ultraviolet 

radiation could be placed in front of the excimer laser. Such a filter 

has not yet been found. Alternatively, the experiment could be made 
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single pass rather than multi-pass for the color center beam. This 

would reduce the absorption signal and hence, the sensitivity of the 

system. 

IV.2 Sensitivity improvement techniques 

The sensitivity of the kinetic spectroscopy system is limited by 

noise in the color center laser and might be improved by several 

different methods: 

1. Amplitude stabilization of the pump laser (Kr ion laser) using 

feedback techniques 

2. Moving the pretrigger and post-trigger points closer in time 

3. Normalization of noise using two balanced detectors 

4. Focusing the ezcimer beam 

5. Magnetic rotation sensitivity enhancement 

6. Differential detection using two balanced detectors combined 

with magnetic rotation 

A brief discussion of each technique will be given here 
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IV,2.1 Amplitude stabilization 

Source noise from the ion laser has been reduced in simple 

absorption experiments by amplitude stabilization using feedback loops 

("noise eaters"). Fast response circuits are needed for this method 

to be effective, A noise eater vas not used in this study. Previous 

tests with a Coherent 370 noise eater show the noise eater is effective 

in reducing source noise at low frequencies, but at frequencies above 

18 
1 kHz, the noise was reduced by a factor of 3 using the noise eater. 

The Spectra Physics 171 krypton ion laser is equipped with a "light 

mode" circuit. This circuit is a type of amplitude stabilization using 

a feedback loop. Low frequency noise (60 Hz ripple) on the laser is 

reduced using the light mode circuit, but high frequency noise is 

introduced. The color center laser is less stable when the 60 Hz ripple 

is not damped out; therefore, the ion laser was operated in the light 

mode when scanning the color center laser. 

IV.2.2 Assignment of digitizer points 

Noise in the scans using the transient digitizer can be reduced by 

subtracting the pretrigger point from post trigger points (see Appendix 

B). This method was used to improve the signal-to-noise ratio of the 

scans collected in this study. The rise time of the detector is the 

primary factor in determining how close in time these two points can be 
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assigned. The InSb detector used in this study has a rise time of 

1 psec; thus, the points can he no closer than 1 nsec. A detector with 

a faster rise time is needed if it is desired to set these points closer 

in time. In order successfully reduce noise with a close assignment» 

the scans cannot show any radio frequency interference or infrared 

emission from the excimer laser. Shielding the detector»the preamp and 

the excimer laser helps remove the radio frequency interference. The 

infrared emission from the excimer laser can he eliminated is two 

ways: (1) use of an appropriate filter (one that passes ultraviolet 

radiation but blocks infrared radiation) in front of the excimer laser 

or (2) use of a beam arrangement where the excimer and color center 

beams do not travel in the same direction along the same path. The 

infrared emission from the excimer laser was noticeable only when the 

color center beam made several passes through the cell; therefore» if 

the collinear beam arrangement is to be used» the experiment should be 

made single pass. 

IV.2.3 Focused excimer beam 

Experiments were performed using unfocused and focused excimer 

beams. A telescope constructed of a biconvex lens (focal legnth = 

50 cm) and a biconcave lens (focal length = 25 cm) separated by ~ 30 cm 

was used to reduce the excimer beam from its normal size (25 mm x 6 mm) 

to a beam ~ £ the size. Focusing the excimer beam increases the energy 
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per unit area of the excimer beam. This increased energy results in the 

production of more radicals and an increase in the absorption signal. A 

higher signal-to-noise ratio was detected in our experiments. The major 

drawback to this method is the destruction of the optics in the excimer 

beam. The lenses in the telescope and the mirror used to reflect the 

focused beam into the cell cannot tolerate the higher concentration of 

energy and were etched by the focused beam. At the present time, a 

material able to withstand the focused beam has not been found. 

IV.2.4 Balanced detectors 

Detector ratioing has been used to improve the signal-to-noise 

ratio in spectra used to calibrate to color center laser. Hatched 

detectors and preamps are needed to expand this method to the 

acquisition of data. The infrared beam shifts position slightly as the 

color center laser is scanned; thus, the two detectors should be placed 

at equal distances from the laser. The signals from the sample and 

reference detectors are acquired simultaneously* Amplitude fluctuations 

from the pump laser will be present in both signals and the difference 

of these signals will exhibit a reduced effective noise level. 

Experiments performed after the completion of data acquisition for 

this dissertation verify that the balanced detector method is effective 

in reducing the noise present in the data collected (Figure 23). 

Signal-to-noise ratios as high as 50:1 have been measured for extremely 
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Figure 23 

A 0.10 cm-1 high resolution scan over the ▼ 14-0 R(3) OH line. Data 

was acquired using the balanced detector method. The OH signal 

corresponds to a peak absorption of about 1%. n^, «= 1 pass and Pto^ai 

18 torr. 
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weak signals (< 1 % absorption). 

IV.2.5 Magnetic rotation 

Magnetic rotation is a form of interference balancing that has been 

37 38 
shown to be effective in reducing source noise. ' Magnetic rotation 

uses Zeeman modulation and is sensitive only to paramagnetic species 

(such as radicals). Many precursors are not paramagnetic; hence, 

interference arising from decreased absorptions by these compounds upon 

photolysis is eliminated. Because of its sensitivity to paramagnetic 

species only, magnetic rotation cannot be used to study all kinds of 

radicals, as some are not paramagnetic. 

The basic experimental setup in magnetic rotation spectroscopy 

consists of a sample cell with polarizers at each end, a soleniod around 

the cell, and a detector. The presence of a magnetic field will cause 

each rotational level of a paramagnetic species to split into two Zeeman 

components (AM » +1 and AM « -l). These components are circularly 

polarized in opposite directions. Right hand circularly polarized light 

will interact only with the AM = +1 component while left hand circularly 

polarized light will interact only with the AM = -1 component. Each 

component has associated with it an index of refraction dispersion 

curve 
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The light entering the sample cell is linearly polarized and is 

equivalent to a beam composed of two circularly polarized components of 

38 
equal amplitude, same phase, but opposite signs. These components 

will interact with only the corresponding Zeeman component of the 

paramagnetic species. The interaction of the Zeeman components with the 

polarized light results in a phase shift which is proportional to the 

difference in the refractive indices. The net result is a rotation of 

the plane of polarization of the laser which can be detected by using an 

analyzer polarizer nearly crossed with respect to the front polarizer. 

The laser noise arising from amplitude fluctuations is proportional to 

the power reaching the detector which is proportional to the square of 

the offset angle (for small angles) while the signal increases linearly 

with the offset angle. Only a small amount of light reaches the 

detectors when the polarizers are nearly crossed, and an improvement in 

the signal-to-noise results. 

Recent experiments applying this method of sensitivity enhancement 

to our kinetic spectroscopy system yielded results with a signal-to- 

noise ratio intermediate between the ratio measured for data collected 

in simple absorption and data collected using balanced detectors. 
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IV.2.6 Differential detection 

The method of differential detection (combining the balanced 

detector method with magnetic rotation) was developed by Adams and 

38 
co-workers in an effort to overcome the sensitivity reduction 

encountered in magnetic rotation spectroscopy. This method make use of 

the fact that a Rochon analyzer polarizer at 45° with respect to the 

front polarizer will split the laser beam into two beams of equal 

intensity and opposite polarization. The method of detection is similar 

to the balanced detector method previously discussed. Figure 24 is a 

comparison between the traditional method of magnetic rotation (90* 

method) and the method of differential detection (45* method). Recent 

experiments applying this method to the kinetic spectroscopy system have 

been moderately successful, producing sensitivities about a factor of 

two less than the balanced detector method and completely eliminating 

signals arising from non-magnetic species. 

IV.3 Removal of shock waves 

The shock waves observed in the data presented in Chapter 3 must be 

removed before the kinetics of free radicals can be studied using this 

system of kinetic spectroscopy. The shock waves are believed to arise 

from an expanding zone of radicals. The excimer beam is smaller than 

the sample cell and photolyses a small zone of precursors present in the 
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Figure 24 

Comparison between the 90* method and the 45° method. 

0.10 cm-1 high resolution scans over the v 14-0 R(3) 

Figure 23. Note the disappearance of the H^O line in 

Both traces are 

OH line shown in 

the second trace. 
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excimer beam path* The pressure of the zone is higher than the 

surrounding pressure and the zone expands to fill the cell* creating 

shock waves which propogate through the cell and reflect off the walls 

and the end of the cell. Using a sample cell of approximately the same 

dimensions as the excimer beam would reduce reflections from the walls. 

The waves reflecting from the end of the cell can be reduced by using 

lower pressures to avoid attenuation of the ultraviolet beam near the 

front of the cell* although this would decrease the sensitivity of the 

system. 
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APPENDIX A 

Use of the LeCroy Transient Digitizer 

The color center laser should be scanning in high resolution node 

before the LeCroy digitizer is used» The digitizer can be used to scan 

in two ways: 

I. Scans over time (TD scans) 

An example of this type of scan is shown in Figure 3. The command 

issued to use the digitizer for this type of scan is of the form 

TDnj « na, n,, n4 

where n^ => data channel for storage 

n2 *=> number of points to be taken 

If n} is not given, use the current value. 

If n2 = 0, then use default value of 1024. 

nt *=> number of scans to average before storing data 

If n( is not given, take only one scan. 

=> digitizer mode 

If n4 = 0 or is not given, wait for the trigger pulse. 

If n4 = l, don't wait (begn digitizing now). 
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Examples: 

TD4~1000 

TD7“500,10 

TD6 

Wait for tlie trigger pulse, then take 1000 points 

and store the data in channel 4. 

Wait for the trigger pulse, then take 10 scans 

of 500 points each and store the averaged data 

in channel 7. 

Vait for the trigger pulse, then take 500 points 

and store the data in channel 6. 

The number of pretrigger samples is set on the front panel of the 

digitizer. This number can vary from 0 to 896 samples. The delay time 

between each point (sampling period) is also set on the front panel of 

the digitizer. The delay time can range from 50 nsec to 5 psec between 

each point. The length of time covered by » ID scan depends on the 

number of points taken and the delay time between each point. For 

example, a scan of 1000 points with a delay of 50 nsec between each 

point and 128 pretrigger samples covers 50 psec with 6.4 psec before the 

trigger pulse and 43.6 psec after the pulse; a scan of 1000 points with 

a delay of 5 psec between each point covers 5 msec. 
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II. Scans over frequency 

The TD scans discussed in the previous section are useful in 

determining which points should be taken as data after the trigger 

pulse (Figure 3). These points can be set to monitor the growth (or 

disappearance) of an absorption signal. Selecting the points from the 

TD scan does not always give the best spectra; it may be necessary to 

select different points as the data is reviewed. 

The command used to set up these points is 'TDIN'. The computer 

will display free channels that may be used for storage of the digitizer 

data. Each data channel can be associated with a particular delay time. 

It is possible to change these pairings when the 'CH ID. POINT INDEX)' 

prompt is displayed. A 'Ctrl Z' will show the current number of 

digitizer points after those specified to be averaged together. A new 

number to average can be entered at this point. The computer will also 

display the number of points between the closest pair of data channels. 

Another 'Ctrl Z' will exit from the set up mode. 

NOTE; When scanning the color center laser in this mode» the scan speed 

and the time constant will depend on the repetition rate of the excimer 

laser. The values for the scan speed and the time constant given in 

Table 1 are suggested as a guide. 
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Table 1 

cimer Rep. Scan Time 
ate (Hz) Speed Constant 

1.0 0.017 3.00 
1.5 0.025 2.00 
2.0 0.033 1.50 
2.5 0.042 1.20 
3.0 0.050 1.00 
3.5 0.058 0.86 
4.0 0.067 0.75 
4.5 0.075 0.67 
5.0 0.084 0.60 
5.5 0.092 0.54 
6.0 0.10 0.50 
6.5 0.11 0.46 
7.0 0.12 0.43 
7.5 0.13 0.40 
8.0 0.13 0.37 
8.5 0.14 0.35 
9.0 0.15 0.33 
9.5 0.16 0.32 

10.0 0.17 0.30 
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APPENDIX B 

Use of the 'AV Command 

The 'AV' command is nsed within the FCL program to average the 

data in two or more channels. It provides a means of removing the 

noise introduced by time correlated laser amplitude fluctuations 

(Figure 4). The command is of the form 

AVnx * cha, na, na, n4 

where na 

cha 

n 

n 

n 

a 

s 

4 

=> data channel to he averaged into channel n4 

*> action of the average 

If cha » 'IN'* initialize channel n4 (set prior values 

to zero) and add in channel na. 

If cha m 'XC, shift data by the current cross¬ 

correlation index set by an 'XC* command. 

If cha is not given* add channel na to channel n4 if 

na > 0 (subtract if na < 0). 

=> data channel to be averaged (if na is not given) 

«=> If nt = -1, reset channel na. 

=> data channel in which the averaged data is stored 

If n4 is not given* averaged data is stored in channel 8. 
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Examples: 

AV1=IN Initialize channel 8* then add in channel 1. 

AV3 Add channel 3 to channel 8. 

AV-5 Subtract channel 5 from channel 8. 

AV=4,-l Reset channel 4. 

AV=5 Move averaged data to channel 3. 
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APPENDIX C 

Use of the 'NO* Command 

The 'NO' command is nsed within the FCL program to normalize 

data in two channels* This command is nsefnl for normalizing 

absorption spectra. Parameters are available for correcting the 

polarity of the data channels before the normalization begins. The 

command is of the form 

N0n4 = na, n,, n4, n, 

where nx => data channel for storage of the ratio 

If nx > 0. store ratio in channel nx. 

If nx = nx + 100. set maximum ratio to a vaine 

of 2047. 

If nx < 0. store absorbance in channel nx. 

If nx * nx - 100, set maximum ratio to a value 

of 2047. 

nx => numerator data channel 

If n2 > 0, use the signal as it is. 

If nx < 0, invert the signal before ratioing. 

n, => denominator data channel 

If o, > 0, use the signal as it is. 

If nt < 0, invert the signal before ratioing* 
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n4 => zero value for numerator channel n, 

ns => zero vaine for denominator channel n, 

Examples: 

N01s2,3,60,80 Replace the data in channel 1 with 

c“ ’ * 2047 

N0101=4,-7,-50,70 Replace the data in channel 1 with 

«1,1 ch4+50 2047 
70-ch7 x max ratio 

(The resulting data has a vaine of 2047 for 

the maximum ratio.) 


