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ABSTRACT 

ii i 

INTEGRATED ABSORPTION COEFFICIENTS FOR SEVERAL 
VIBRATION-ROTATION TRANSITIONS OF THE GAS 

PHASE HYDROXYL RADICAL USING A TUNABLE DIODE LASER 

James Robert Podolske 

Materials and Molecular Research Division 
Lawrence .Berkeley Laboratory 

and 
Department of Chemistry 
University of California 

Berkeley, California 94720 

Integrated absorpti on coeffi c ients for several v ibration-rotati on 

·transitions of the gas phase OH radical have been measured for the 

first time. The rate constant for the electronic energy transfer 

reaction between the excited oxygen molecule, 02(I~g)' and the 

ground state H0 2 radical has also been measured. 

The molecular modulation technique was combined with high 

resolution diode laser spectroscopy to observe four OH transitions near 

3410 cm-1• Hydroxyl radi ca 1 s 'vJere produced by the photo 1 ys i s of 03 
at 2537 A in the presence of H20, and their time-dependent concen

tration calculated by numerical simulation of the complete photochem

ical system. The narrow linewidth of the diode laser (-3 x 10-4 cm-1) 

a 11 owed direct measurement of the absorpt ion 1 ine profil es. The 

measured integrated absorption coefficients are: 

S(3407.6069 cm-1) = 3.26 :!: 1. 52 x 10-20 cm/r.lOlecule 

S(3407.9890 em-I) = 2.87 :!: 1.58 x 10-20 cm/molecule 

S(3421.9360 em-I) = 1.64 :!: 1.22 x 10-20 cm/molecule 

5(3422.0123 em-I) = 1.85 :!: 1.32 x 10-20 cm/molecule 

where the uncertainties 1 is ted are twice the standard deviation. 
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Photolysis of 03 at 2537 A in a flow system was performed, both 

with and without H20 present, and steady state 03 concentrations 

measured by UV absorption at 3150 A. 02(1~) is a primary product 

of 03 photolysis, and in a pure 03 system each 02(1~) is 

responsible for the destruction of two additional 03 molecules. 

H20 present, the 0(10) formed by 03 photolysis reacts "dth H20 

to initiate generation of OH and H02• The change in 03 upon 

addition of H20 reflects the inhibition of 02(1~) destruction of 

03 caused by H02 quenching of 02(1~), 

With 

Careful numerical simulation of this system under a variety of con-

ditions allowed determination of the rate constant for this quenching 

process: 

kQ = 3.3 :I: 1.6 x 10-11 cm3/molecule s 

Sensitivity of this result to the uncertainty in the rate constant for 

the radical termination reaction OH + H0 2 was also investigated. 

J 

\ ... 
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I. INTRODUCTION 

The hydroxyl radical and the hydroperoxyl radical are both 

important reaction intermediates in many gas phase chemical systems, 

including combustion environments,1,2 interstellar space,3,a and 

the earth's troPosPhereS,6 and stratosPhere. 7,8 Understanding the 

behavior of such systems requires detailed knowledge about elementary 

reaction processes between these radicals and other species present in 

the system, and the ability to measure these radicals in the system 

directly. A complete understanding of stratospheric chemistry, in 

particular, is critical, as it is dominated by the ozone layer, which 

protects the earth's surface from short wavelength ultraviolet 

radiation. 9 

Although there has been a continual improvement over the last 

decade in the understanding of the reaction mechanisms, transport 

dynamics, photochemical processes and trace species distributions of 

the stratosphere, discrepancies still exist between observed trace 

chemical species distributions and those predicted by numerical models 

of this region. 7,lO Since OH and H02 play critical roles in the 

catalytic cycles of NOx' C10x' and HOx radicals, which destroy 

03 in the natural stratosphere, improved knowledge of their 

abundances and interactions with other species is necessary. 

The purpose of this research was to determine integrated absorption 

coefficients for several vibration-rotation transitions of the OH 

radical and further characterize the energy transfer reaction between 

the H02 radical and electronically excited oxygen, 02(1~g)' 
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These resul ts sugges t new methods for rron itor ing the OH and H0
2 

radicals in the stratosphere. 

A. OH Infr ared Spectros co py 

The spectroscopy of the hydroxyl radical has been studied 

extensively over the last several decades because of its participation 

in many diverse systems. The first spectroscopic studies of OH were 

done on the A 2 E ~- X2'IT system in the 2800-3200 'A region, 

initially observed in hydrocarbon flames and electric discharges in 

water vapor, because of its high absorption and emission intensities 

and the convenient wavelength range. This system has been utilized 

extensively both in absorption and emission to probe OH concentrations 

in a variety of environments, and several analyses of this system have 

been done.11 - 14 Therrost recent work by Goldman and Gillis 14 gives 

line positions and line intensities relevant to low (240 K) and high 

(4600 K) temperature studies for this system. The results of studies 

in this region have been used in determining spectroscopic constants 

for the X2'IT ground electronic state. 

The discovery by Meinel 15 ,16 of infrared vibration-rotation 

emission from vibrationally excited OH originating in the upper 

mesosphere and lower therrrosphere from the exothermic reaction: 

H + 03 --~ OH (v ~ 9) + O2 

produced more spectroscopic information about the 2 'IT 0 ground 
1 

(1) 

electronic state of OH and increased interest in the role of this 

radical in upper atmospheric photochemistry. Since then high 
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resolution emission spectra of OH from intense sources were observed, 

and accurate line position data for OH transitions in the 0.9-3.7 ~m 

region obtained.1? These data were combined with line position data 

from the A2E ~- X2~ system and microwave frequency data obtained 

from studies of the A splittings of low J 2~. levels to give very - , 
2 good molecular constants and term values for the X ~i state for 

v < 5. 18 

Although transition frequencies for the hydroxyl radical are known 

accurately from experiment and theory, information on integrated 

absorption coefficients (also called line intensities) has been 

restricted to results of theoretical calculations19 and inference 

from emission studies. 20 Previously, no direct experimental 

determination of integrated absorption coefficients of OH vibration-

rotation transitions had been made. This is because of the difficulty 

of preparing large concentrations of the radical, the relatively weak 

oscillator strength of these transitions and, previously, the lack of 

a spectral source with narrow enough 1 inewidth to accurately probe the 

absorption lines of these transitions. In this study a narrow line-

width tunable diode laser was coupled with a molecular modulation 

spectrometer to directly measure integrated absorption coefficients of 

several vibration-rotation transitions of the OH radical. 

B. H02--=-.Q2~) Coll isional Energy Transfer 

The photolysis of 03 in the Hartley band has been shown to yield 

mainly excited products,21,22 O
2 

and 0: 



~ 

J 

v'..: 

5 

°3 + hv 1 
-~ °2 ( ~g) + 0(102) ¢ ::: 0.9 (2) 

°3 + hv --~ 02 + ° ¢ ::: 0.1 ( 3) 

In a pure ozone system, further 03 destruction occurs by the 

react ions: 

O( 10) + °3 
3 

-~ ° + 2" °2 (l: a 11 channel s) (a) 

°2(1~) + 03 -~ 02 + °2 + ° (5) 

° + °3 -~ 02 ;; 02 (6) 

If 02 and other buffer gas are present, additional reactions need to 

be considered: 

° ( 1 0) + M -~ ° + ~1 (7) 

°2(1~) + ~~ -~ °2 + M (8) 

° + °2 + M -~ 03 + [VI (9) 

When water is added to an 03 - 02 mixture, a chain reaction occurs 

to destroy ozone by the elementary steps: 

initiation 0(10) + H20 --~ OH + OH (10) 

chai n OH + 03 --~ H02 + 02 (11 ) 

H02 + 03 -~ OH + 02 + °2 (12) 
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termi na ti on (13 ) 

(14 ) 

This mechanism predicts that photolysis of a flowing 03 mixture 

would produce a steady state 03 concentration that would decrease 

when water was added to the mixture. However, in preliminary experi

-ments, under some conditions just the opposit~ effect was observed. 

Numerical si~ulation of the system with an expanded reaction set, in 

which key reaction rate constants were varied over their estimated 

uncertainty range,23 yielded results which agreed qualitatively ~'/ith 

the predictions of the above mechan ism. If the destruction of 03 by 

the Ox reactions is partially inhibited by the quenching of 02(1~) 

by the hyd~operoxyl radical, according to the proposed mechanism: 

then adjustment of the rate constant for this process in the numerical 

simulation brought the calculated ozone behavior into agreement with 

experiment. Since 03-H20 systems are widely used to investigate 

HOx chemistry,24-26 further investigation was indicated. 

The possibility of rapid energy transfer between 02(1~) and 

H02 has been postulated for some time. 27 Evidence of the 2A' 

first excited state of H02 predicted by Walsh 28 came first from 

theoretical studies 29 ,30 and later from emission 27 ,31,32 and 

absorption studies. 33 Investigation of the near infrared emission 

." 
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bands of H02 by Becker et al. 27 produced the first evidence that 

2 I 2 II 1 
this A -~ A emission was being pumped by 02 ( 6), for 

2 I 

which excitation to A (v3 = 1) was energetically possible. This 

pumping mechanism was later used to probe H02 concentrations in a 

flow tube by addition of metastable oxygen to the flow and observing 

2 I 2 II 34 
the resultant A (000) --~ A (000) emission at 1.43 ~m. 

Indirect evidence that this rapid electronic-electronic energy transfer 

process shou 1 d occur comes from analogy vJith several observed near

resonant processes: 35 ,36 

Tl ( 
2 

P 1 /2 ) + ° 2 ( 16 g) ~~ Tl (2 P 3/2) + O2 ( 3 L ;) 

I(2p3/2) + 02(16g ) :: I(2 P1 / 2 ) + °2(3 L;) 

Although Becker34 states that the HO t -0
2

(1 6 ) transfer is fast, 

no quantitative study of this exchange rate has been done. 

(16 ) 

(17) 

In this study a flowing 03-H20 system was investigated over a 

range of 0
3 

and H
2

0 concentrations and photolysis intensities, and 

numerically simulated to obtain a best estimate for the H02 + 

°2(16 ) energy transfer rate constant. 
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II. EXPERIMENTAL METHODS AND APPARATUS 

A. Methods 

A combination of standard ultraviolet spectroscopy and high 

resolution diode laser infrared spectroscopy was employed in this study 

to measure steady state and time dependent concentrations of the 

chemical species of interest. The range of 03 concentrations used 

in this work indicated 3150 A as the optimal wavelength to monitor this 

species. H20 was measured with the diode laser at 3406.675 cm-1, 

since the strength of this water line had been measured previously. 

Finally, the OH radical was observed at four vibration-rotation 

transition frequencies around 3415 cm-1, again employing the tunable 

diode 1 aser. 

1. Steady State Photolysis. In order to investigate the· 

H0 2-02(lA) quenching reaction, a chemical system is needed in 

which both these transient species can be produced in high enough 

. concentration so that their interaction affects an observable property 

of the system. Such a system was discovered, quite accidentally, 

during preliminary investigation of a flowing 03-H20 mixture 

irradiated by ultraviolet light. 

The method employed for this investigation involved steady state 

photolysis of both 03-He (dry ozone) and 03-H20-He (wet ozone) 

mixtures at 2537 A, the peak of ozone's Hartley band absorption. In 

the 03-He system, 02(l A ) is produced by the simple mechanism: 
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03 + hv ~~ 02(1~) + 0(10) (18 ) 

0(10) + 03 ...;~ ° + 3/2 02 (1: all ch anne ls) 37 (19) 

°2(1~) + 03 -~ ° + 02 + °2 (20) 

° + °3 -~ 02 + 02 ( 21) 

which predicts a quantum yield for 03 destruction of 5, in reasonable 

agreement with experiment. 38 Measurement of steady state 03 

concentration in the reaction cell both before and during irradiation 

and knowledge of gas flow rate through the cell allows direct 

determi na t i on of the pr imary photo 1 yti c ra te cons tant. 

Addition of H20 to the 0rHe mi xture produces the required 

H02 radicals by the following elementary steps: 

(22) 

(23) 

(24 ) 

(25) 

(26) 

(27) 

As described in the introduction, this second set of reactions can be 

considered a chain reaction in which the OH and H02 radicals. 

catalytically destroy ozone. These reactions inhibit the Ox 

destruction mechanism both by scavenging the 0(10) produced in the 

initial photolysis of ?3 as well as quenching the 02(1~) also 
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produced. Experimental conditions were selected to make the H02 

concentration relatively large, so that it might compete effectively 

with 03 for the 02(1~), while keeping the HOx catalytic chain 

relatively short, so that the decrease in 03 destruction caused by 

(27), the process of in terest, was not blank eted by a 1 arge increase 

in 03 destruction from the HOx chain. After the first two measure

ments on the dry ozone system were made, a stream of H20-He was 

added to the 03-He stream flowing through the cell. The ozone 

concentration was measured as the H20 concentration went from zero 

(dry ozone case) to its final steady state value (wet ozone case). 

This change in steady state ozone was then used as the diagnostic for 

02(1~) quenching by the H02 radical. 

The sequence of ozone measurements jus t descr ibed I;Jas performed for 

a series of conditions, over a range of water and ozone concentrations 

and photolysis intensities. To extract the desired quenching rate 

cons tant from the ozone measurement, a comprehens ive rea ct ion set, 

described in Appendix A, was employed in a numerical simulation of the 

experimental system. The simulation program is described in a later 

section. Variation of the quenching rate constant in the numerical 

model revealed the value of this parameter for which the root-mean-

square deviation between experimental and calculated 03 concentra

tions for all the experiments in the series was a minimum. Also, 

sensitivity of this minimum value to variation in the rate constants 

for other key reactions in the mechanism was explored. 

. .. 

--. 
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2. Molecular Modulation with Diode Laser Detection. Quantitative 

measurement of hydroxyl radical infrared absorptions requirzs: 

1) absolute measurement of absorption line\vidths which are mu . .::h 

smaller than the resalution of conventional spectrometers 

employing grating monochromators or interferometers, 

2) absolute measurement of the transient hydroxyl radical 

concentration in a system where this concentration is both 

large and uniform, 

3) absolute measurement of extremely small absorption signals. 

These restraints are true, in general, for any short-lived 

species, and have hindered exploitation of the selectivity which the 

infrared region offers in detecting such species. 

The development of the tunable diode laser in recent years has 

helped overcome the first of these restraints, by providing spectro

scopists with a source of infrared radiation which has a spectral 

linewidth much smaller than the doppler 'width of molecular absorptions 

in th is wavel ength region and an output frequencytunab 1 e over a 

20-100 cm-1 range. 39 This laser system has recently been employed 

to make band strength measurements on the diatomic gas phase radicals 

C1040 and BF.41 The diode laser used in this study, with a 

manufacturer's stated linewidth of -3 x 10-4 cm-1, could accurately 

probe the absorption profile of the OH transitions investigated, 'tJhich 

were found to be about 30 percent broader ·than their doppler broadened 

width, calculated to be 0.010 cm-1• An alternative to using a narrow 

1 inewi dth spectral source is to pressure broaden the absorpt ion 1 ines 
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until their widths are comparable to the resolution of a more con-

ventional spectrometer, but this causes the absorption at the peak to 

decrease inversely to the linewidth, making the absorption signals, 

which are already small for doppler broadened lines, even smaller. 

The second requirement, that of producing a known concentration of 

hydroxyl radicals which is both spatially uniform and relatively large, 

was met by employing the same 03-H20 system as v.Jas described in 

the last sUbsection. This system was calculated to be capable of 

producing OH concentrations greater than 1012 molecules/cm3, which 

is very good for such a reactive radical. The photolytic reaction 

cell, which will be described in detail later, was designed so that 

reactant flow in and product flow out kept the contents of the cell 

evenly distributed. Spatial uniformity of OH also required that the 

absorption of the photolytic light by the system be uniform. This was 

accomplished by keeping the steady state 03 concentration in the 

cell during the experiments at or below 2.4 x 1015 molecules/cm3, 

which kept spatial deviations in photolytic rate due to finite optical 

density below 2 percent. 

The absolute concentration of hydroxyl radical was determined, as 

before, by numerical simulation of the reaction cell chemistry. Th is 

calculation required knowledge of the rate constants for all the 

elementary processes in the reaction set, as well as the photolysis 

light flux, the reaction cell flow rate constant (f/V), and the flow 

rates of H
2

0 and 03 into the cell. The photolysis light flux and 
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03 flow in rate were determined, as in the earlier H0
2
-0

2
(1 4 ) 

experiments, by measuring the 03 concentration both with and without 

the photolysis lamps turned on. The H20 flow rate was determined 

from a measurement of the steady state H20 concentration in the cell 

by a high resolution infrared absorption technique, combined with 

knowledge of the cell total pressure and flow rate constant during the 

measurement. The reaction cell flow rate constant was determined two 

ways: by combining a lTEasurement with a calibrated flowmeter of the 

total gas flow through the cell and a measurement of the cell volume 

to get f/V, and directly by monitoring the decay of the 03 

concentration in the cell when addition of 03 to the flow stream 

into the cell was terminated. M estimate of the uncertainty in the 

calculated OH concentration required calculating the sensitivity of OH 

to several key reaction rate constants. 

Meeting the third stated requirement, making absolute lTEasurement 

of extremely small absorption signals, can be approached in several 

ways. The most obvious approach was to tune the diode laser through 

the region where an OH 1 ine is known to exist and measure the 

absorption directly. Unfortunately, even with the large radical 

concentrations (-1012 cm-3), the long absorption path (-30m) and 

absorption 1 ines nearly as narrow as their doppler limit, the direct 

absorption signals were smaller than 1 percent, and could not be 

observed. 

The most sensitive technique, to date, for measuring small 

absorptions with a diode laser is derivative spectroscopy, which has 

/ 
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recently been the subject of an excellent review.42 Direct 

absorption measurements require observing small changes in a large 

D.C. level. This observation is limited by the noise and drift of the 

D.C. level and the slope of the basel ine caused by the sl it function 

of the monochromator, used to select the desired laser mode. 

Derivative spectroscopy takes advantage of the rapid tunability of the 

laser to measure the derivative of the absorption by modulating the 

1 aser frequen cy over a small in terv al and synchronously detecting 

changes in laser power transmitted through the absorption system at 

the modulation frequency. In the limit that the interval over which 

the laser frequency is modulated is small compared to the absorption 

linew;dth, this method produces a signal proportional ·to the first 

derivative of the absorption at the central laser frequency. 

Similarly, detecting at twice the modulation frequency produces a 

signal proportional to the second derivative. When the laser frequency 

is scanned through an absorption, a complete first or second derivative 

of the absorption profile is produced. The advantage of observing the 

first derivative profile is that the derivative of the large D.C. 

baseline which caused problems in direct absorption is either zero, if 

spectrometer throughput versus laser frequency is flat, or a constant, 

as in the case where throughput versus frequency is a nearly triangul ar 

slit function, while the derivative of the absorption consists of both 

a positive and negative going lobe. Second derivative spectroscopy 

further reduces the problem of finite background signal and produces 

two negative and one large positive lobe. A diode laser spectrometer 
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optimized for second derivative detection has been reported43 to 

have an absorption 1 imit of better than 10-5• Both first and sec'ond 

derivative techniques were used in this study to locate small 

absorptions. 

While derivative spectroscopy is sensitive, absolute determination 

of absorbance by this technique is difficult. Although the mathemat

ical treatment requires the laser frequency modulation amplitude to be 

small compared to the absorption linewidth, best sensitivity results 

when the two are about equal.
4Ll 

.This results in distortion of the 

measured signal from that of the true derivative. Conversion of the 

derivative signal to absorbance also requires knowing the absolute 

laser frequency modulation amplitude, which is difficult to experi

mentally determine, and the D.C. laser intensity, to which the pre

amp 1 i fier of the infrared detector does not respond. Th is techn ique 

is best applied to measuring unknown concentrations of a species, by 

calibration of the derivative signal amplitude with a known concentra

tion of that species, as has been done recently with N
2
0. 45 

An alternate method to modulate the desired absorption signal, so 

that phase sensitive detection can be used to measure it, is to 

modulate the hydroxyl radical concentration directly. This te~hnique, 

called molecular modulation spectroscopy, has been developed in this 

laboratory previously.46 The basic concept is that by modulating 

the photolysis intensity in some periodic fashion, fluctuations in 

reactant, intermediate and product concentrations are induced and may 

be measured at the same frequency .• Analysis of the differential 
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equations governing the chemical system, either by analytic solutions 

or numerical simulation,_ can either predict the amplitudes of the 

concentration modulation of each species and their phase relative to 

the photolysis lamps, or conversely, can predict values for rate 

constants and absorption cross sections from measured modulation 

amp 1 itudes and ph ase sh i fts. From an el ementary viewpoint, information 

about a species I chemical 1 ifetime in the system is being determined 

by this frequency domain technique, much as fluorescence lifetimes are 

measured in phase shift fluorometry.47,A8 While earlier workers 

chose to modulate their photolysis lamps in an "on-off" square wave 

fashion,49 in this study the lamp intensity was ~Qdulated sinusoi-

dally about a D.C. level, to reduce the complexity of the analysis. 

To better illustrate the information content of a molecular 

modulation experiment, consider the following simple system: 

--~ A k AI 
f (28) 

A --~ kf (29 ) 

A + hv -~ B jo + j e iwt 
1 

(30) 

B + C --~ D kB (31) 

D --~ kf (32) 

where (28) represents flow-in and (29) and (32) represent flow-out. 

Complex notation is used to express the photolytic excitation, but 

final results will be taken as the real part of the derived solutions, 

following the example of Hunziker. 50 Mathematical intuition suggests 

that the solutions for species A, Band 0 (assuming C is constant), 

can be expressed to good approximation by a truncated Fourier series: 

-. 
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(33) 

The resulting coupled differential equations describing this system 

then become 

A = 

i(wt+¢B) i(wt+¢A)· t i(2wt+¢A) 
B = iwBl e =joAo +joAl e +jl Aoe lw +jl Al e 

i (wt+¢B) 
-kBBoC-kBBlCe (35) 

i (wt+¢O) i (wt+¢B) i (wt+¢O) 
o = iwOle = kBBoC+kBBlCe -kfOo-kfDle (36) 

Each equation can be separated into a time dependent and a time 

independent part. To simplify the solution, the second harmonic terms 
i(2wt+¢) 

such as jlAle are ignored, and since jo and jl are 

usually of equal magnitude whereas Al/Ao is generally 10-3 or 

less, the terms joAl are also deleted since they are much smaller 

than jlAo. The steady state solutions can now be written: 

/ , , 
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( 37) 

Similarly, the expression for the time dependent part of the species 

con cen tra ti.ons are: 

A - j A /(k 2 + 2)1/2 1 - 1 0 f w 
-1 ( ) 0 ~A = tan -w/k f + 180 (38) 

(39) 

(40) 

Under most experimental conditions the flashing frequency (w/2.,r) is 

much faster than the cell turnover rate constant kf , so the terms 

tan-1 (-w/k
f

) ::: _90 0 and (k~ + w2/)1/2 ::: w. Qualitatively 

then, a reactant subject to photolysis, such as species A, will have a 

phase shift of _90
0 

+ 180
0 = +90

0 

with respect to the photolysis lamps, 

and a modulation amplitude which decreases as w-1• A photochemical 

intermediate, such as species B, will have a phase shift between 0
0 

and _90
0

, depending on the ratio w/kBC, and an ampl itude which is 

cons tan t for k BC » w and decreases as w -1 for kBC « w. A 

product species, such as 0, will have a phase shift between _90
0 

and 

o • -1 t -2 h -180 , and an amplitude decreaslng as wOw going between t e 

low and high frequen cy 1 imits as defined for B. Therefore, the 
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quadrant in which the phase shift of an observed absorption lies 

indicates whether it belongs to a photochemi~al reactant, intermediate 

or product. This is summarized in Fi g. 1. 

Closer inspection of the equation describing ~B' the phase shift 

of the reaction intermediate with respect to the photolysis lamps, 

reveals that the chemical lifetime of B (T B = l/k BC) can be 

determined by measuring ~B as a function of flashing frequency. 

Th is measuremen t wi 11 be rros t sens it i ve when w :: k BC, th at is, when 

the intermediate is measured in its "tuned"region. The phase and 

normalized amplitude behavior of reaction intermediate B versus w/k is 

shown in Fig. 2, where: 

(a 1 ) 

The equations describing B are completely analagous to the transfer 

function of a single pole low-pass filter; TB is equivalent to the 

RC time constant. ~.Jhile the results derived above for the simple 

system give a good first-order picture for OH in the 03-H20 

system, final analysis relied on numerical simulation to obtain very 

accurate solution of the differential equations describing the system. 

The method finally employed to measure the OH line strengths 

involved a combination of molecular modulation and diode laser 

spectroscopy. First the OH absorptions were found with derivative 

spectroscopy. Next the diode frequency ~Jas slcwly scanned through the 

OH absorption line while the average laser intensity, I, and the 

in-phase and quadrature components, a and b, of the signal with respect 
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to the photolysis lamps were recorded. The modulation amplitude and 

phase were then calculated by the relations: 

(42 ) 

r/J = tan -1 (b I a ) (113 ) 

The relationship between modulation amplitude and cross section is 

derived from the Beer-Lambert law for absorption of light, which 

relates the intensity of the beam transmitted through the cell to the 

incident intensity, the pathlength traversed, the number density of 

the absorbing species, and its absorption cross section 

I = I e-anl 
o 

Taking the derivative of I with respect to number density gives 

(44 ) 

d I I dn = -a 1I e -cr n 1 ( 4 5 ) o 

and since in all cases ~1/1 -10-3, this can be rewritten as 

1:.1 I~n = -all e-anl = -all o 

~1 
a = - TInT 

(Ll6 ) 

(47) 

, . . 

.. 
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Thus, combining the known pathlength, 1, with the measured modulation 

amplitude and average laser intensity, £\I and I, and the calculated 

concentration amplitude, £\n, gives the absolute cross section for OH. 

Finally the integrated absorption coefficient, or line strength 

S = 1· a(v)dv 
line 

is calculated by integrating the measured cross section over the 

entire line. The phase shift information obtained during the 

(48) 

experiment is needed to determine the cross section. However, 

comparison of both phase shift and amplitude as a function of flashing 

frequency as measured in the experiments with those predi cted from 

calculation lends credence to the numerical model's ability to 

adequately describe the experimental system. 

3. Numerical Simulation of the Chemical Systems. Exact 

analytical solutions for the chemical concentrations in a complex 

reaction system cannot, in general, be derived. Often the use of the 

steady state approximation for some species and assumptions about a 

rate-determining step will simplify matters so that approximate solu

tions may be \'Jritten. These solutions are helpful in gaining insight 

about the mechanism and mak ing qual itative predictions about the 

chemical system. However, when accurate time dependent solutions are 

required, especially for predicting subtle effects, numerical methods 

must be employed. 
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In this study all calculations of reaction cell chemistry were 

made by solving a complete reaction mechanism, as described in 

Appendix A, with a modified version of the CHE~IK program. 51 ,52 This 

program employs the method of Gear 53 for numerically integrating the 

"stiff" set of first order differential rate equations which describe 

the system, to calculate the time dependent concentrations of each 

species. The code has been modified to simulate square wave and 

sinusoidal variation of photolytic intensity, as well as constant 

illumination. The integration subroutine, as implemented by 

Hindmarsh,5
4 

allows access to the Taylor series coefficients which 

describe concentration as a function of time in the interval between 

times at which concentrations are explicitly cal·culated. These allow 

very accurate calculation of the Fourier coefficients of each species 

at the photolysis flashing frequency, as the relative change in 

concentration is usually small and the time steps relatively large. 

For the sake of efficiency, modulation simulations are done by first 

cal culating steady state concentrations of each species under constant 

light intensity conditions, and then calculating several modulation 

cycles under periodic photolysis. Comparison of the phase and 

amplitude information for the last several cycles reveals when the 

system has stabilized. 

B. APPARATUS 

1. Reaction Cell and Temperature Control. A schematic diagram of 

the experimental apparatus is presented in Fig. 3. The reaction cell 

is a cyclindrical quartz tube which has an inside diameter of 15 cm' 
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and a length of 178 cm. The tube is closed at both ends by stainless 

steel endcaps which are mounted on a rigid steel frame and sealed onto· 

the quartz tube with a compressed O-ring. Three 7.6 cm diameter 

spherical mirrors with a 185 cm radius of curvature are mounted in the 

endcaps to give multipass capability as first described by White. 55 

Adjustment of the angle of the rear mirrors with respect to the 

optical axis by means of an external fine adjustment screw allm.oJs 

selection ofa 742, 1482, 2222 or 2962 em pathlength. The mirrors, 

which were custom fabricated by the John Unertl Optical Company to a 

specified radius of 185 ± 0.2 em, are aluminum-coated and overcoated 

with 500 A of magnesium fluoride both to maximize the ultraviolet 

reflectivity56 near 2000 A and to protect the aluminum from chemical 

attack from the strong oxidizers used in this investigation. 57 The 

calcium fluoride entrance and exit windows of the cell are O-ring 

mounted on the front end of the cell and transmit radiation from below 

2000 A in the ultraviolet to approximately 9.0 microns in the infrared. 

Sil icone rubber was selected over Viton for all the O-rings used on 

the cell because it retains its elasticity better at low temperature 

and hol ds up better against attack from 0
3 

and H202• A 1 iquid 

nitrogen trapped oil diffusion pump is capable of evacuating the cell 

to less than 10-2 Torr. The vol ume of the cell was determined, by a 

series of expansions of nitrogen gas from a calibrated bulb into the 

cell, to be 37.5 1 iters. The pressure in the cell is measured with a 

Baratron Model 310 BHS-1000 0-1000 Torr capacitance manometer \.oJith a 

stated accuracy above 10 Torr of 0.1 percent. The reaction cell and 

-. 
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entire optical train are mounted on a Newport Research Corporation 

vibration isolation table. 

The entire cell assembly rests on 3" nylon pads to reduce the 

thermal conductivity between the steel table top and the cell 

compartment. The cell is separated from the table by 3" of rigid 

polyurethane foam board and 1/4" thick high density closed cell 

neoprene foam sheet. Also, the cell is enclosed in an insulated box, 

built with 2" thick aluminum-backed fiberglass. The optical probe 

beam passes through the insulated box via two evacuated glass tubes 

with calcium fluoride windows sealed on the ends. The cell compartment 

is cooled by a finned radiation coil mounted above the cell, through 

which cooling fluid, either methanol or chilled water, is circulated. 

Heat is added via three heating tapes set on top of the coil and 

connected in parallel. The air temperature in the box is regulated by 

driving the heaters with a proportional temperature controller, which 

employs a precision thermistor as a sensing element. A "squirrel 

cage ll blower mounted inside the box circulates the air over the coil 

and reaction cell to keep the compartment temperature uniform. The 

temperature of the cell itself is monitored witll eight solid state 

tempera ture sensors taped to the outs i de wa 11 of the ce 11 and one 

sensor mounted in a stainless steel thermowell that extends about 

15 cm into the cell from the end opposite the optics. The sensors and 

theii electronics are described in Appendix D. The air temperature in 

the box is sensed with mercury thermometers extending through the top 

of the box at each end. The temperatures determined by these sensors 

and thermometers agreed with each other to :1.0 K. 
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2. Optical System. A kinematically mounted mirror at the front 

end of the optical train allows selection of anyone of three 

spectroscopic light sources. In the first position is a Sylvania 

DE450A deuterium arc lamp powered by a modified Bausch and Lomb 

current-regulated D.C. power supply which produces usable output in 

the 190-400 nm region of the ultraviolet. The second position, not 

shown in Fig. 3, accomodates either a 6 volt tungsten lamp for cell 

alignment or a Nernst glower for low resolution infrared work. The 

third position is for a Laser Analytics tunable diode laser. The 

diode laser system is an early manufacturing prototype; few were 

built, fewer sold, and no coherent documentation produced. Therefore, 

further description is indicated. 

The diode laser system consists of several components. The actual 

emitter is a Pb1 Cd S crystal, mounted on a gold-plated copper -x x 
package, whose composition was selected so that it would produce gain 

in the 3400 cm-1 region. It was purchased from the Laser Analytics 

Division of Spectra-Physics as a Model SDL-I0 laser diode (serial 

number 9261-17) capable of laser output covering 3405-3435 cm-1 

(3395-3445 cm-1 measured). The diode laser package is mounted on a 

heats ink attached to the cold station of the cold head of a CTi 

Cryodyne Model 70 closed cycle helium refrigerator. A heating coil 

and a cali bra ted temperature sens itive diode attached to th ish eats ink 

allow the temperature controller (Lake Shore Cryotronics, Inc., Model 

DTC-500) to maintain the diode operating temperature anywhere between 
I 

10-70 K with stabil ity of about 10-3 K. In order to maintain such 

........ 
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low temperatures and prevent air from condensing on the diode, the 

entire heatsink and cold station of the cold head are encased in a 

vacuum jacket with a KRS-5 window at one end. Course tuning of the 

diode output frequency is accomplished by adjusting this temperature. 

The diode emits when the current passing through it exceeds a 

characteristic threshold current. Variation of the diode current 

results in ·small changes in laser frequency, and so can be exploited 

for fine tuning the laser. The diode current is supplied by a Laser 

Analytics LPS-2 control module. The LPS-2 performs the following 

functions: 

1) supplies a stable D.C. current through the diode which is set 

by the user on the front panel and read out on a 4-1/2 digit 

DVM, 

2) supplies an additional ramping current to scan the diode at a 

rate selected by the user, and outputs a voltage proportional 

to the ramp to drive an X-V recorder, 

3) supplies a third current component to the diode which is 

proportional to a voltage presented by the user. This allows 

frequency modulation of the laser by an external oscillator for 

derivative techniques. 

The cold head assembly (diode/heatsink/cold head) is mounted on an LOA 

optical assembly. The optical assembly provides an fll ZnSe lens on 

an X-Y~Z translation stage to convert the diverging laser beam (-60° 

cone) into a parallel beam, an iris for aperaturing the beam, and a 
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four position carousel to optionally insert a He-Ne alignment laser, a 

reference gas cell, or a 2.5 cm Ge etalon into the beam. The entire 

LOA assembly is mounted above the rest of the optical system on the 

table, and the laser beam is brought down to the lower optical plane 

with several mirrors. To make the beam compatible with the rest of 

the optical train, which is set up to handle radiation from point 

sources, the beam is focused at the proper distance from the source 

selection mirror with an f/2 calcium fluoride lens. 

After the selection mirror, the probe beam encounters a 15 cm 

focal length spherical mirror which images it on to the sl its of a 

Bulova 1800 Hz tuning fork chopper. A second 15 cm focal length 

spherical mirror after the chopper focuses the beam into the cell 

entrance slit. After making from 4 to 16 passes through the cell 

(depending on the rear mirror adjustment) the beam emerges and is 

focused with a third spherical mirror onto the slits of a McPherson 

Model 2051 one meter grating monochromator. This monochromator has 

snap-in gratings, so that switching between the 1200 line/mm grating 

blazed at 300 nm and the 300 line/mm grating blazed at 3.5 microns 

allows easy sequential monitoring in the middle ultraviolet and the 

mi ddle infrared. 

Three detectors were employed in the course of this 

investigation. An RCA 4832 photomultiplier tube was used in the 

visible to detect several Ne lines for wavelength calibration. The 

infrared detector is a Santa Barbara Research Center indium antimonide 

photovoltaic detector operated at liquid nitrogen temperature. It has 
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a 60° field of view, is 2.0 mm in diameter and responds to 1.0 to 5.5 

micron radiation. The output of this detector is fed to a Santa 

Barbera Model A2l0 preamplifier which was optimized for this 

particular detector element. The third detector is an EMI 9783B 

photomultiplier tube which is particularly sensitive in the ultra

violet. Since the ultraviolet beam intensity was relatively large, 

the overalT gain of the PMT is kept low by operating it with a total 

dynode string voltage of -600 VDC. To reduce statistical noise in the 

dynode string, the first stage gain is increased by holding the 

photocathode to first dynode voltage at a constant 100 volts with a 

Zener diode, as suggested by EMI. 58 A schematic of the PMT.and its 

preamplifier are shown in Fig. 4. The InSb infrared detector and the 

EM! 9783B PMT are moun ted on the blo exit ports of the monochromator. 

Turning a lever on top of the monochromator moves an internal mirror 

which diverts the output from one detector to the other. 

3. Photolysis Lamps and Monitor. The photolytic light for these 

experiments came from eight 30 watt General Electric G30T8 low pressure 

mercury germicidal lamps, which emit most of their output in the 

2537 'A Hg line. Four of the 36" lamps are mounted along each side of 

the cell about 1" from the cell wall. Specially formed mirrors made 

out of high reflectance Alzak aluminum sheeting are placed around the 

lamps to increase both light intensity and uniformity in the cell. 

The heater filaments at the ends of the lamps are heated to incandes

cence by six volt filament transformers to facilitate lamp starting 

and stabilize lamp operating characteristics. 
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The circuit to drive the lamps is shown schematically in Fig. 5. 

Early experiments with these lamps indicated that above a minimum 

discharge maintenance current the lamp output was nearly proportional 

to lamp current. Therefore, by controlling the lamp current with 

series pass transistors, the lamp current-and intensity can be made to 

follow any programming voltage signal within the circuit1s bandwidth. 

Generally, ~his consists of a D.C. level set by theO.C. adjustment 

potentiometer and a variable amplitude sinusoidal modulation signal 

from the digital sine wave generator (Appendix B). 

Photolysis lamp intensity is monitored with an EG and G UVI00B 

ultraviolet enhanced silicon photodiode mounted beneath the front end 

cap and pointed at the center of the cell. In order to detect just 

the lamp output which leads to photolysis, a 254 nm interference filter 

with 15 nm bandwidth and 12 percent peak transmittance is mounted in 

front of the UV photodiode. A schematic diagram of this monitor is 

shown in Fig. 6. When the cell is empty the photodiode can be used to 

measure changes in the lamp output due to aging or temperature change. 

When there is ozone in the cell, quantifying changes in lamp output is 

difficult because the light reaching the photodiode comes both directly 

around the cell and scattered through the cell. A decrease in lamp 

output causes an increase in steady state ozone which further 

attenuates the portion of the light coming through the cell. Since 

the large lamp intensity changes seem to occur as step functions, the 

main purpose of the monitor in this case is to indicate if an output 

change has occured in the course of a series of experiments. 
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4. Detection Electronics. Inspection of Fig. 3 reveals that the 

spectroscopi~ probe beam can be modulated three different w~ys and 

that these modulations are detected at four different frequencies. 

The purpose of each is described in the following subsections. 

a. Derivative Signals. As described previously, the most 

sensitive way to detect small absorptions is by observing the first or 

second derivative of them. That is accomplished by modulating the 

laser frequency rapidly over a small interval while slowly sweeping it 

over the frequency range of interest. The derivative profiles are 

obtained by phase sens itive detection of the laser intens ity fluctua

tions at the modulation frequency as the laser center frequency is 

swept. 

In this system the laser frequency is modulated by a variable 

amplitude 5 kHz oscillator connected to the current programming input 

of the Laser Control fvlodule. The laser frequency is slowly swept by 

the internal ramp generator, which also drives the X axis of the 

recorder. The laser intensity fluctuations are detected by the InSb 

detector and sent to two phase sens itive detectors; one set to detect 

at 5 kHz (first derivative) and one set to detect at 10 kHz (second 

derivative). The output of either the first or second derivative 

detector can then be sent to the X-V recorder. Although not 

imperative, this type of detection is best done when the other beam 

modu 1 ati on sources are not operati ve. 

b. Carrier Si gnal. The spectroscopic probe beam from the 

selected source is chopped at 1800 Hz by the tuning fork chopper in 

"" 

-. 
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order to move the signal information carried on the beam to a 

frequency above the region of electronic Iff noise. Also, the 

infrared sources must be chopped so that the A.C.-coup1ed infrared 

detector preamplifier will respond to them. During a molecular 

modulation experiment the concentrations in all the species of the 

reaction cell are being modulated at the flashing frequency, f, of the 

photolysis lamps. After the probe beam has traversed the reaction 

cell, it is amplitude modulated at the wavelengths where one or more 

of the chemical species absorbs. For these wavelengths the resultant 

detector signal is composed of an 1800 Hz carrier signal, 1800 ± f Hz 

sideband components which contain the modulation information, and a 

low frequency f Hz component which arises from the D.C. component of 

the chopped beam. 

The detector signal goes to the 1800 Hz carrier lockin amplifier, 

which amplifies it, effectively cross multiplies it with a square wave 

function which is in-phase with the reference signal from the chopper, 

and fi1 ters the resu1 t with a time constant of about 1 mi 11 isecond 

(about 2 cycles). This process converts the 1800 Hz carrier to a D.C. 

level proportional to its ori gina1 amp1 itude and converts the sidebands 

containing the modulation information to an f Hz signal on top of the 

D.C. level. This resultant signal is split and processed by two 

separate devices. One device is a two pole 1m'l-pass Bessel active 

filter which cleans up the D.C. component to give a voltage which is 

proportional to average beam intensity, called either I or I 
, 0 

depending on cell contents. This voltage is displayed on a digital 
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vol tmeter and recorded either by the X-V recorder or the data acquis i

tion system. Since this D.C. level must have good long term stability 

to make accurate absorption measurements, the standard driver 

electronics for the tuning fork chopper have been replaced with a more 

sophisticated circuit, described in Appendix C, which results in better 

chopper and beam amplitude stability. The f Hz modulation is sent on 

for detection to the second device, a dual phase lockin amplifier 

described in subsectionC. 

Both the 1800 Hz carrier and 5/10 kHz derivative lockin amplifiers 

were constructed in this laboratory from commercially obtained 

components. They share the same chassis and power supplies, and have 

equal access to the two 3-1/2 digit DV~1s used for signal display. 

Except for a few components which determine operating frequency, the 

two channels are identical. The reference signal is processed by an 

Evans Associates Model 4114 phase control unit, which converts any 

periodic reference signal into two symmetrical logic waveforms which 

differ in phase by 90°. The phase of these waveforms ",lith respect to 

the reference can be changed in steps, of 90° as well as continuously 

over :1:100
0

• In the second harmonic mode the waveform frequency is 

twi ce the reference frequency, the outputs di ffer by 180
0

, and the 

controls change the phase by twice the amount as they do in the 

fundamental mode. The carrier signal is processed in each channel by 

two Evans Associates Model 4110 phase sensitive detectors, one each to 

detect the in-phase and quadrature components. They have switch 

selectable gain and output time constant, optional bandpass filter 
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(0 = 8), and take their reference from the phase control of their 

channel. They operate by using the reference logic waveform to 

determine the instantaneous sign with which they pass the incoming 

signal to the output lowpass filter; this is referred to as 

synchronous conversion. An input signal phase-coherent to the 

reference is therefore added coherently to the output to produce a 

D.C. signal proportional to the amplitude of the input. Signals at 

frequencies adjacent to the reference produce a di fference frequency 

output which is attenuated by the post conversion lowpass filter. 

Measurement of the derivatives requires output time constants of 0.1 

to 1.0 second and insertion of the bandpass fil ter on the input so 

that incoherent signals do not overload the converter. r~odulation 

experiments require using the minimum output time constant (-1 

millisecond) and removing the bandpass filter so that the carrier 

sidebands are not severely attenuated. 

c. Chemical Modulation Signal. The unfiltered output from the 

1800 Hz carrier lockin goes to an Ithaco Dynatrac 3 lockin analyzer 

for detection of the chemical modulation signal. This lockin is 

superior to those described previously in terms of output stability at 

lower frequency, harmonic rejection, dynamic range, and range of 

operating frequency. This is important, as the small modulation 

signals (£\I/I = 10-3) are again at low frequency. This lockin 

amplifier is referenced to the low frequency generator which modulates 

the photolysis lamps, and measures both the in-phase and quadrature 

components of the signal simultaneously. These two outputs are 
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recorded by t~e data acquisition computer during the course of an 

experiment for display,storage and later analysis. 

Since the carrier lockin affects both the amplitude and phase of 

the chemical modulation signal, a calibration of this effect is 

required. The modulation standard circuit, shown in Fig. 7, fills 

this need. This circuit oroduces a square wave modulation on the 

1800 Hz carrier signal with a phase shift of 00 with respect to the 

low frequency input and an amplitude set by three precision resistors 

of t:..I/I = 1.003 x 10-3• This signal is then processed by the 

detection electronics and both the' final ampl itude and phase of the 

low frequency modulation and the D.C. level out of the carrier lockin 

are measured. Since the "chemical" loc~in responds to RMS signal 

amplitude, the measured modulation amplit'Jde should be 9.03 x 10-4 

times the measured D.C. carrier output. Cc~parison of this value with 

the measured amplitude gives the attentuation factor of the carrier 

lockin at this modulation frequency. The measw'ed phase of the signal 

gives the phase shift of the carrier lockin at th~; frequency directly. 

Consequently experimental modulation signals can be :orrected for the 

carrier lockin transfer function. 

5. Data Acquisition System. A. schematic diagram aT the computer 

system used for collecting, analyzing and storing experimental data is 

shown in Fi g. 8. Mos t of th is research was performed with a Di gita 1 

Equipment Corporation PDP 8/E minicomputer having 32K of memory. An 

analog multiplexer controlled by the computer selects both the signal 

channel to measure and the gain to use. The output of the mul tiplexer 

0. 



~. 

Low 
Freq. 
Input 

41 

10 k.o. 100 k.o. 

+15V 

6 

82Pf~ 

+15V 

10 k.o. IT40lA 

10 k.o. 

100.0. 

+15V 

10 k.o. 

-15V 

+15V 

6 

I k.o. 

500 k.o. 

100 k.o. 1800 Hz 
Carrier 

10 k.o. Input 

+15V 

-15V 

Output 0-----' 

XBL 818-11454 

Fig. 7. r:lodu1ation standard circuit schematic. 



ADM-3A 
TERMINAL 

9600 BAUD 
LINE 

42 

PDP - all 
COMPUTER 

DIABLO 1660 
f4-+ MATRIX PRINTER 

TERMINAL 

r--------------------~-----I 
1 I 
I CDC A .. CDC I 

,--_...,.I~_ .. ~ I 
; p 6600 \ ~ 7600 : 
I I 

I LBl COMPUTER FACiliTY I 
L ___________ ~-------------J 

X BL 818-6376 

Fig~ 8. Schematic diagram of data acquisition computer 
system. 



43 

goes to a Preston X-~lod 723A 4-1/2 digit digital voltmeter, vJhich has 

a stated accuracy of 1 part in 20,000. A programmable real-time clock 

internal to the computer controls. the rate at which the DVr~ samples 

its input, digitizes it, and sends it to the computer for storage in 

memory. The dual drive Dectape unit- interfaced to the PDP 8/E allows 

storage of programs and data on magnetic tape. A highly modified 

verison of the interactive language FOCAL developed by Richard 

Graham59 allows use of all the above features in an interactive 

environment, as wen as collection of data under interrupt control so 

that other calculations can be done simultaneously. A display scope 

allows real-time viewing of the data as they are collected, and an X-V 

recorder plots out the final results. An interface to the PDP 8/l 

minicomputer provides high speed printed output capability on the 

Diablo ~'iodel 1660 matrix printer terminal. 

Direct computer-computer communication between the laboratory 

system and the lawrence Berkeley laboratory computer complex is 

possible via a 9600 baud dedicated line between the two sites. In one 

mode printer output is sent from lBl through the ADM-3A terminal to 

the PDP 8/E computer, which acts as a storage buffer and implements 

the required software "handshake signals. The 8/E then 'asynchro

nously sends the output to the 8/l, and from there is sent to the 

Diablo printer. In the other roode, laboratory data is sent from the 

8/E to the 8/l, which buffers the data flow and implements a software 

version of "X-on:X-off" control with lBl. The 8/l then sends the data 

through the ADM-3A terminal to either a CDC 6600 or CDC 6400 computer 
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at LBL for storage and analysis. This system thus provides both 

dedi ca ted real time data acqu is it ion capab i 1 ity and 1 arge mcdnframe 

computational power. 

c. Gases and Flow Sys tern 

All of'the gases used in this study were supplied by the Lawrence 

Berkeley Laboratory. The suppliers' specifications for maximum 

impurity concentrations in these gases are listed in Table 1. Extra 

pure hel ium was flowed through a Matheson moisture and particulate 

filter, and optionally through a 6 to 12 mesh silica gel trap at 

liquid nitrogen temperature, prior to use as a carrier gas. Distilled 

water of 99.9 percent purity was stored in a glass saturator and vacuum 

degassed to remove any volatile impur'ities. Ozone was prepared from 

high dry oxygen, which was purified by passing through a quartz tube 

containing copper turnings at 900 K to oxidize hydrocarbon impurities 

to CO
2 

and H20, through a column containing pellets of 5 percent 

palladium on alumina heated to 620 K to oxidize hydrogen, and finally 

through columns of ascarite and P20S on glass beads to remove the 

CO
2 

and H
2
0, respectively. The purified oxygen \'/ent through an 

Ozone Research and Equi pment Company ozona tor, wh i ch converts a pproxi

rna te 1 y 5 percen t of the oxygen to ozone. From there it passed throu gh 

a high capacity glass trap containing 6 to 12 mesh silica gel held at 

196 K by a dry-ice isopropanol slush bath to collect the ozone. To 

further purify the ozone, helium is flowed through the trap at 68 Torr 

with a flow rate of 3.7 standard liters/min to remove residual oxygen. 

At dry ice temperature the partial pressure of ozone is about 10 Torr. 
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Tab 1 e 1 
Typical Gas Impurity Levels a 

N2 

02 

He 

H2O 

CO2 

Ar 

Ne 

THCb 

Hi gh Dry Oxygen 

1100 ppm· 

99.6 pct min 

1.5 ppm 

10 ppm 

3000 ppm 

12.5 ppm 

a As quoted by ~upplier 

b Total hydrocarbons as CHll 

Extra Pure Helium 

5.0 ppm 

5.0 ppm 

99.995 pct min 

1. 5 ppm 

0.1 ppm 

0.1 ppm 

III ppm 

1 ppm 
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A complete discussion of separation of ozone from oxygen by absorption 

on s i1 ita gel and the precautions required has been presented by 

Cook. 60 

. The manifold for preparing the gas mixtures was constructed using 

Pyrex tubing. All the stopcocks were Kontes 0-4 mm high vacuum stop

cocks with'tef1on bores and Viton O-rings. Connections between 

different sections of· the manifold were made I'/ith stainless steel 

Cajon Ultra-Torr fittings. The he1 ium carrier gas first passed through 

a Manostat Predictability flowmeter to measure total gas flow rate. 

Calibration of this flowmeter by timing the period for a gas flow from 

it to fill a cal ibrated volume agreed very well with the cal ibration 

predicted from the flowmeter literature formulas. The carrier stream 

was then split into three parallel flow circuits, each one with either 

a size S or jvl Nupro stainless steel needle valve at the upstream end 

to drop the pressure and regulate the carrier flow through the circuit. 

Each circuit has a saturator which is either in series with the flow 

or bypassed, controlled by a set of three stopcocks. One saturator is 

for ozone as described earlier, another contains H20 and the third 

contains H202• This allowed independent adjustment of the H20 

and 03 concentrations entering the cell. The ozone saturator is 

kept at 196 K with a dry ice-isopropanol slush. The other two satura

tors are mounted in 4 liter dewars containing 1:1 ethylene glycol/water 

solution which is cooled by a coil in the bottom of the dewar through 

which methanol at O°C is flowed from a Neslab RTE 4 refrigerator. The 

solution temperatures are controlled by proportional controllers which 



47 

drive heater coils mounted next to the cooling coils. Uniform temper

ature is achieved by bubbling air through the solution from a disperser 

tube underneath the coils to obtain mixing, and measured with an 

alcohol thermometer. 

The gases enter and exit the cell through two identical disperser 

tubes running along the top and bottom of the cell. They are 3/8" 

thin wall pyrex tubes with 1 cm long stainless steel capillary tubes 

protruding through the side every 3". Since the pressure drop across 

the capillary is at least 10 times the pressure drop along the length 

of the tube, uniform chemical flow in and out of the cell is assured. 

Also, the turbulence caused by the flow in process keeps the reaction 

cell contents well mixed. Exhaust gas passes through 6 feet of 3/4" 

copper tube heated to 100 0 C to destroy most of the remaining ozone, 

through a liquid nitrogen cooled trap to collect the residual 03 and 

H20, and then to a Kinney KC-5 mechanical pump. With a hel ium flow 

rate of 3.66 standard liters/min through the system, the pump 

maintains the cell pressure at 68 Torr. 
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III. EXPERIMENTAL PROCEDURE AND DATA 

A. Ultraviolet Absorption Cross Sections 

Ultraviolet absorption cross sections are required in this study 

for modeling the photolytic decomposition mechanisms as well as for 

monitoring 03 concentration. At the photolysis wavelength of 

2537 ~, both 03 and H202 are known to absorb radiation and 

dissociate, and their absorption spectra have been measured pre

viously.61-64 The spectra of these two molecules are shown in 

Fig. 9. The only other species which absorbs near this wavelength is 

H0 2, whose UV spectrum has a maximum at 2100 ~ and a weak tail 

extending into the photolysis wavelength region. 49 ,6S,66 Photolysis. 

products for H02 have never been measured, but have been predicted 

in a theoretical investigation to be ° + OH. 67 Since the chemical 

destruction rate for H02 is calculated to be over two orders of 

magnitude larger than the photolytic rate, photolysis of this species 

can be ignored. At the monitoring wavelength of 3150 ~, again only 

03 and H202 absorb. Since the value of the H202 cross section 

is only 5 percent of that for 03 and the H202 concentration is at 

least two orders of magnitude smaller than the 03 concentration, 

H202 never interferes Itlith the measurement of 03 concentration by 

UV absorption at 3150 ~. 

The choice of 3150 ~ as the monitoring wavelength for O? was 
'" 

determined by consideration of the accuracy of concentration measure-

ment by absorption as a function of transmittance. The optimum 

accuracy is obtained when T = 37 per.cent, and degrades by a factor of 
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two at T = 6 percent and T = 80 percent (see reference 68, Table 4-4). 

For the 03 concentrations anticipated (1.5 - 15 x 1015 molecules/cm3) 

and the pathlength used (2962 cm), keeping the transmittance in the 

6-80 percent range required that the cross section be 5 x 10-20 

cm2/molecule, which is the value for 03 at 3150 A. The problem 

with using this wavelength is that the 0
3 

spectrum is structured in 

this region, so that wavelength calibration errors and differences in 

spectral resolution from earlier cross section measurements may mean 

use of their results in this study is inappropriate. Also the table 

of published absorption coefficients69 uses irregular 'Ilavelength 

intervals, so a 1 isting at every 1 'A is useful. Since the spectrum of 

0
3 

at 3100 'A does not exhibit the same bothersome features as it 

does at 3150 'A, the previous result at 3100 A was used to measure 

absolute 0
3 

concentration in this investigation. 

The reaction cell and optical train described earl ier were used as 

a single beam spectrometer for the measurement of the 0
3 

absorption 

cross sections. The O2 lamp provided the required ultraviolet 

radiation. which made 16 passes through the cell to give a total 

absorption path length of 2962 cm. The monochromator was operated with 

the 1200 1 ine/mm grating, and entrance and exit sl its set at 200 

microns, to give a spectral resolution (full width at half maximum) of 

1.67 'A. The EMI 97838 P~1T detected the probe beam, and its output 

went to the 1800 Hz lockin for demodulation. The demodulator was 

operated with a preconversion gain of ten and a 0.5 second output time 

constant. The results were recorded by the PDP 8/E at 0.3 secondsl 

point in sets of 1024 points. The monochromator wavelength readout 

", 
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..... -



.' 

.,j 

~ ..... 

51 

was calibrated with the 2536.5, 3125.7 and 3131.7 A Hg lines which are 

produced by the photolysis lamps and get scattered into the optical 

path. Cell temperature was 293 K throughout the measurement. 

Hel ium was flowed through the cell at 3.66 standard 1 iters/minute 

ata pressure of 67.6 Torr. Incident beam intensity 1
0

(1) was 

measured both with wavelength fixed at 3100 A and wh ilethe wavelength 

was scanned from 3100 to 3203.3 A at a rate of 20 A/minute. Next, 

03 was added to the flow stream from the saturator and the flows 

adjusted until its steady state concentration was about 3 x 1015 

molecules/cm3• The transmitted beam intensity I(l)YJaS then recorded 

for 5 minutes at 3100 A, recorded again as the wavelength was scanned 

from 3100 to 3203.3 A, and again for 5 minutes at 3100 A. Analysis of 

the results at 3100 A indicated that the steady state concentration of 

ozone was increasing with time as the ozone absorbed on the silica gel 

migrated toward the saturator exit. The tv/o data sets of 1(3100), 

when converted to optical density, were found to be accurately 

described by: 

0.0. = 1.18021 - .28363 e-(3.1598E-4)t (49 ) 

yJhere t is time in seconds starting at the time the first 1(3100) data 

point was recorded. This expression, combined with the value of 

) -1 q 2 1 1 0(3100 = 1.028 x 10 - cm /rna ecu e derived from reference 69 and 

the pathlength 1 = 2962 cm, allowed calculation of the 03 concentra

tion at the exact time each 1(1) data point was recorded, called for 
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convenience 0
3

(>,). The absorption cross section a at each 

wave 1 en gth was then cal cul a ted from the express ion: 

(50) 

The resultant spectrum is shown in Fig. 10, along with the values 

measured by Inn and Tanaka. 69 The agreement is very good, 

especially near 3150 A. Table 2 lists the measured cross sections at 

every 1 A from 3100 to 3201 A. 
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Fig. 10. Ultraviolet absorption spectrum of 03 in the Huggins 
band region (solid line is the result of this study, 
dots are from ref. 69). 
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III. EXPERIMENTAL PROCEDURE AND DATA 

B. Laser Mode Selection 

At any given operating temperature and current, the output from a 

laser diode generally consists of several different frequencies, or 

modes, each one with a bandwidth of -3 x 10-4 cm-1 (10 ~1Hz), 

spaced about 1-2 cm-1 apart. Because of this a monochromator is 

required to select just the one mode desired. The monochormator 

produces several undesirable effects, including sloping basel ines in 

direct absorption studies and large baseline amplitudes in derivative 

studies, because of its slit function. Lasers operating in the 4-12 

micron region usually have some operating region whefe they will either 

emit single-mode43 or with at least 95 percent of their output power 

in one mode45 and so can be used without a monochromator in the 

optical train. In the 3-4 micron region, however, laser diodes are 

notoriously bad as far as mode characteristics,l° and this d"iode 

proved no exception. Therefore a mode selection monochromator was 

used at all times in this study. 

The first step in finding diode operating conditions which give a 

desired output frequency is to determine the section of temperature 

and current lIoperating space ll for which the diode emits. The mono-

" chromator is set to zeroth order to pass all radiation, the temperature 

is set to the minimum the refrigerator is capable of, and the diode 

current is then scanned upward by the LCM ramp generator and the 

detector/demodulator output simultaneously recorded on the X-V 

recorder. The scan proceeds in steps of -0.2 A, the maximum range of 
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the ramp generator, until the specified maximum allowable diode 

current is reached~ The temperature is then increased by 1 or 2 K, 

and the current scan from threshold to maximum repeated. Steps in 

temperature continue upward until no emission is detected at any 

current. For the parti cul ar di ode used, the threshol d current 

increased with temperature. 

The next step is to determine which regions of "operating space" 

produced a desired frequency. The manufacturer's test results give 

the frequency range over which the diode has been observed to emit, so 

determination of the wavelength region to search is straightforward. 

The diode temperature is set to the minimum at which laser action was 

prev iously observed, and the current to the min imum wh i ch produces 

emission at this temperature. Holding these fixed, the monochromator 

is scanned over the wavelength region where laser output is expected 

and the resulting mode spectrum recorded. The monochromator slits are 

adjusted if necessary so that each mode is resolved (i.e., the signal 

goes almost to zero between peaks). Now the current is set to the 

maximum at which emission was observed at this temperature and the 

It/avelength again scanned. This is repeated for the minimum and maximum 

currents at every temperature investigated previously. Inspection of 

these results reveal over what temperature range a particular \'Iave

length will be emitted, and for any temperature in that range the 

approximate current range as "Jell. Tlt/O typical mode spectra are shown 

in Fig. 11 for a diode temperature of 17.0 K and diode currents of 

1.150 and 1.750 A. This shows both the complexity of the mode 
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structure and the characteristic decrease in laser wavelength 

(increase in frequency) with increasing laser current. Thi5 is the 

same behavior that is observed with increasing temperature. 

To select a mode for a particular frequency, the monochromator is 

first set to the corresponding waveiength. To insure wavelength 

accuracy, ei ght Ne 1 ines between 7000 and 7500 'A were observed in 

fourth order with the rronochromator to check the readout cal ibration 
} 

between 28,000 and 30,000 'A. The diode temperature is set to the 

middle of the range determined for this wavelength, and the current is 

scanned over its entire range. During the scan the result is recorded 

on the X-V recorder and the "raw" detector signal is observed on an 

oscilloscope which is sweep triggered by the tuning fork chopper 

reference signal. Observation of the current range where emission 

occurred at th is temperature he1 ps narrow down the range to search at 

the next temperature, as the limits of this range decrease slowly and 

predictably with increasing temperature. The recorded spectrum shows 

whether or not the rrodes are being resolved, and whether obvious rrode 

breaks (sudden large step function changes in intensity with laser 

current) are occurring for a particular mode. Observation of the 

oscilloscope trace as a mode is being scanned reveals whether it has 

undesirable high frequency intensity oscillations, usually character

ized by a low average signal with large narrow spikes on top of it. 

If a rrode passes these two tests, it is marked dm·m for later 

consideration. The temperature is now increased about 1 K and the 

current scan repeated, usually over a reduced range. The temperature 

'. 
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is incrementally increased until no more laser output is observed at 

this wavelength. The temperature is then reset to just below the 

first temperature investigated and temperature incremented downward 

until laser output again vanishes. This process uncovers all possible 

IIgood ll laser modes for this wavelength. If many good, strong modes 

are found initially; covering this entire temperature range is not 

necessary. Figure 12 shows a typical diode tuning curve; diode 

. temperature is 18.2 K, monochromator is set at 29,215 'A (3432 cm-1), 

and slits are 200 microns (6.66 'A/0.78 cm-1 FlmM). Varying the 

current from 1.80 to 2.00 A tunes three separate modes through the 
.; 

monochromator's bandpass, with each one resolved from the next. If 

H20 absorptions A and B were not present, the nearly triangular slit 

function of the monochromator would be observed. Since the mode at 

1.90 A is strongest, it was chosen for later studies in the 

3422 cm-1 region. 

Subtle mode breaks and hops can be detected several ways. One way 

is observation of the trace produced when a mode is scanned with the 

etalon in the beam. The resulting etalon trace should be a smooth 

curve with no discontinuities, roughly sinusoidal but with sharper 

peaks and broader valleys, and even spacing between peaks. An example 

of a good trace is shown in the next section, Fig. 13. Another method 

to detect subtle mode breaks is observation of the derivative signal. 

Generally each mode tunes at a slightly different rate (dv/dI), so if 

one mode starts up at the expense of another while total intensity is 

nearly constant; a discontinuity in the first derivative will still be 

observed. An example of a good first derivative trace is shown in 

Fig. 14. 
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As an added complication, after three to five weeks of low 

temperature operation enough oxygen, nitrogen and water vapor leak 

into the vacuum dewar and condense on the diode to impair its 

performance. The diode assembly must then be brought up to room 

temperature and the vacuum jacket pumped down to 10-2 Torr or 

better. When the diode is again recooled, the mode behavior has 

generally shifted, so at least part of the process described above 

must be repeated. As a result of this, a large portion of the effort 

to measure hydroxyl radical absorptions \'1as expended in laser mode 

selection. 

c. ~20 Determination 

Both the H0 2-02(1 6 ) study and the OH absorption study 

required quantitative knowledge of the water vapor concentration in 

order to model the chemical system. The decision on ~xactly what 

H20 concentration to use was based on several considerations: 

1) H20 must effectively compete with 03 for the 0(10) 

produced in the photolysis of 03' 

2) high H20 concentrations require complete modeling of the 

water dependence of the H02 + H02 disproportionation 

reaction, 

3) water vapor condenses in the liquid nitrogen trap in front of 

the mechanical pump and forms a fluffy ice plug which 

eventually limits the conductance of the pumping system. 

After careful consideration and experimentation it was decided that 2 

Torr of H20 Houl d be optimal. This H20 concentration resul ts in 
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, >85 percent of the 0(10) reacting with water under all conditions 

explored in the H0
2
-0

2
(l d ) study and >95 percent reacting under 

the conditions of the OH absorption study. Interpretation of the 

results of Hamilton and Lii71 on the water dependence of the H02 

disproportionation rate constant indicates it should only be a 

20 percent effect with 2 Torr of water present, which is within the 

experimental uncertainty of the measured dry rate constant. There

fore, this effect does not need to be considered in detail. Experi

mentation with the ice plug problem showed that '"lith an H20 steady 

state pressure of 2 Torr, the trap could go 30-40 minutes before cell 

pressure started to increase due to severely reduced conductance of 

the trap. During the H0
2
-0

2
(l d ) experiment series this meant 

the flow had to be stopped halfway through and the trap cleared. For 

the OH absorption study the trap was reversed, so that the ice formed 

on the large diameter outer tube of the trap rather than inside the 

smaller inner tube, and in this configuration maximum flow time \vas 

never reached. 

As described earlier, the flow manifold contained a section with 

three parallel flow circuits for independent adjustment of 03' H20 

and total flow rate. Throughout these stUdies the total carrier gas 

flow rate was kept constant at 3.66 standard liters/minute. When the 

flow rate through the H20 saturator bypass circuit was 0.80 

liters/minute and the saturator bath was controlled at 293.0 K, 

diverting the flow through the saturator resulted in the cell pressure 

increasing by 2.1 Torr, which was due to the H20 partial pressure. 

'. 
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Since this was a very reproducible change, this saturator temperature 

and flow rate were settled on as the standard conditions and used 
. - 1 

throughout the OH absorptlon study and half the H0 2-02( 4) study. 

To accurately measure the H20 concentration under the standard 

flOlJ conditions, high resolution spectroscopy with the diode laser was-

employed. Early observation of H20 lines indicated that their 

linewidths were generally 1.5 times their doppler width of 0.010 

cm-1• To get a peak absorption of about 50 percent required an 

H20 absorption with a line intensity of 7 x 10-23 cm/molecule. A 

search of the best compilation to date of calculated H20 vibration

rotation line parameters 72 uncovered a vI transition at 3406.S75 

cm-1 with the right intensity and for It!hich the intensity had been 

experimentally determined previously.73 The monochromator vias set 

as closely as possible to the wavelength corresponding to the line, 

and a good laser mode located, as described earlier. \~ater was flowed 

into the cell under standard conditions, and the monochromator setting 

finely tuned until the nearly flat top of the slit function was 

centered on the H20 line. The laser was then scanne' over the 

absorption line two separate times and the absorption profiles 

recorded on th e X-Y recorder. The cell was th en pumped ou t an d an 

etalon trace made for frequency calibration. These traces are shown 

in Fig. 13. Values of I and 10 were read off the graph paper for 

each small division and converted to optical density. The frequency 

spacing between these points was calculated by comparison with the 

spacing of the etalon fringes on the graph paper, since the fringes 



>. -en 
c 
Q) -c 

Q) 

> -a 
Q) 

0:: 
0(8) 

O(A) 

0.875 

Fig. 13. 

' . . 

0.885 

3406.675 H20 Line 

! 
B 

Etalon Trace 

0.895 
Diode Current (A) 

0.905 

XBL 818-11465 

0'1 
~ 

Absorption profile measurements of the 3406.675 cm- l H20 transition. Trace A is the 
result of the first (broad) scan over the H 0 line. Trace B is the result of the 
second (narrow) scan over the H20 line. (Ngte the separate baseline for the two scans). 

, ; 



65 

are known to be 0.0486 cm -1 apart. Each opti ca 1 dens ity profil e was 

then numeri ca lly in tegrated to yiel d an average in tegra ted opti ca 1 

density .of 0.0139 cm-1• This was converted to H20 concentration 

by the relation: 

fline O.O.(")d,, 

1$ 

where nH ° is the number density of ... ,ater molecules, 1 is the 
2 

( 51) 

absorption pathlength (2962 em) and S is the line intensity for this 

transition (6.90 x 10-23 em/molecule). The water concentration is 

6.80 x 1016 molecules/cm3, which at 293 K corresp·onds to 2.06 Torr. 

Th is is in very good agreement with the pressure rises observed upon 

addition of H20 to the carrier stream, which were always between 2.0 

and 2.1 Torr. 

The H0 2-02(1 4 ) study required a second water concentration 

about one tenth the standard one in order to vary H02 concentration 

at fixed photolysis intensity. This ... ,as achieved by using the cali-

brated flowmeter to change the flow through the H20 saturator from 

0.800 to 0.080 liters/minute while keeping total flow constant. Cell 

pressure rise was measured with the Baratron gauge at maximum resolu-

tion and found to be 0.21 Torr. For standard flow conditions the high 

resolution pressure measurements gave 2.07 Torr. v!hile the gauge is 

not as accurate as the resolution here, the relative pressure measure

ments are probably good to :10 percent. Thus, in the H0 2-0 2(1 4 -) 

experiment analysis the low \'Iater concentration was taken to be 6.8 x 

1015 molecules/cm3• 
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D. Steady State Photolysis of 03-H2Q 

A series of measurements of the change in steady state ozone upon 

additibn of water to a UV itradiated ozone system were made, under 

varying UV intensities and H20 concentrations, in order to determine 

the H0
2
-0

2
(1 6 ) quenching rate constant. The reaction cell and 

optical train described in Section II-B and shown in Fig. 3 were 

employed, using the 02 lamp as the probe beam source and a 2962 cm 

cell pathlength. The 1200 line/mm grating was installed in the mono

chromator, which was set to 3150 A with 1.67 A resolution. The output 

of the'9783B PMT went to the 1800 Hz carrier lock in, and the lock in's 

fil tered output (0.3 second time constant) was sent to the data 

acquisition computer, which sampled it every 147 milliseconds in sets 

of 1024 or 2048 points. This is nearly identical to the setup used to 

measure 03 cross sections. 

The total flow rate of the helium carrier gas was 3.66 standard 

1 iters/minute throughout the experiment. The hel ium flow rate was 

kept at 0.28 1 iters/minute through the ozone saturator and either 0.80 

or 0.08 liters/minute through the H20 saturator. l~ith the H20 

saturator at 293.0K, these two flow rates gave the "standard" and 

"low" water concentrations (68 and 6.8 x 1015 molecules/cm3), 

respectively, as discussed in Section III-C. The 03 concentratinn 

16 in the absence of photolysis was between 1.0-1.5 x 10 

molecules/cm3 • Total pressure with just helium was 67.5 Torr. 

Measurements of incident beam intensity I (3150) ~Jere made o ' 

several times at the beginning of the series, about midway through, 
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and after completion, so that its value at intermediate times could be 

interpolated. The measurements were all made with the carrier gas 

flowing. Several measurements were made with 101t1 and standard water 

concentrations present, as 10 increases 1.4 percent and 1.8 percent, 

respectively, over the dry value un~er these conditions, presumably 

due to formation of a water layer on the windows and mirrors which 

reduces scattering of light out of the beam. Also, profiles were 

recorded of 10 changing as the water Itlas first turned on and first 

turned off, to correct for this effect in the 03 observations 

des cr i b ed 1 a ter • 

The experimental series consisted of ten experiments; five 

different light intensities and two water concentrations at each 

intensity. The range of light intensities (2.5-15 x 1014 photons/ 

cm2 se·c) had been chosen earlier to maximize sensitivity to the 

effect of H02-02(1~) quenching on the system, and span roughly a 

factor of 5 range. These intensities were achieved by setting the Hg 

lamp currents at 4,8,12,16, or 20 milliamperes, and will be referred 

to for convenience as intensity 1 to 5. Actual photon flux at each 

intensity was determined by dry 03 actinometry. 

Each experiment consisted of the following sequence of 

measurements. Photolysis lamps are adjusted to the desired intensity, 

and when 03 steady state is achieved its concentration vJas measured. 

Another measurement sequence was then started, and after about 15 

seconds the helium flow through the H20 flow circuit bypass was 

diverted through the saturator, and the 03 transient observed as 
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conditions went from dry to wet steady state. A third sequence 

measured about 15 seconds of the vIet 03' and then the water 

saturator was bypassed again and 03 observed as the cell dried out. 

After the cell was completely dry, the 03 steady state concentration 

was again measured. For each in'tensity the two experiments with low 

and standard H20 concentrations were grouped together, and the 

steady state 03 concentration with the photolysis lamps off measured 

both before and after each of these groups. These five light intensity 

groups were performed in random sequence. The steady state 03 

results are listed in Table 3. The transient 03 curves obtained are 

shown in Figs. 29-38 of Section IV. 
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Tab 1 e :3 
Observed Steady Sta te Ozone Concentrations during Experiments 1-10 

.. Observation [0 ] [H
2

O] Relative 
3 

Time Photolysis Experiment 
J 

(Seconds) (1015molecules/cm3) Intensity Number 

-75 - 75 14.72 0.0 0 

345 - 495 4.863 0.0 5 1 
585 - 600 4.889 0.0 5 1 
735 - 885 5.471 68.0 5 1 

1005 - 1020 5.529 68.0 5 1 
1425 - 1575 4.994 0.0 5 1 

1725 - 1875 5.093 0.0 5 2 
'" 1965 - 1980 5.098 0.0 5 2 

2115 - 2265 5.388 6.8 5 2 
2445 - 2460 5.415 6.8 5 2 
2805 -2955 5.118 0.0 c: 2 v 

3315 - 3465 15.64 0.0 0 

3705 - 3855 12.37 0.0 1 3 
3945 - 3960 12.38 0.0 1 3 
4095 - 4245 11.77 6.8 1 3 
4365 - 4380 11. 71 6.8 1 3 
4725 - 4875 12.28 0.0 1 3 

5085 - 523,5 12.08 0.0 1 4 
5325 - 5340 12.01 0.0 1 4 

54 75 - 5625 10.71 68.0 1 Ll 
5745 - 5760 10.6Ll 68.0 1 Ll 
6225 - 6375 11.64 0.0 1 Ll 

6585 - 6735 ILl .57 0.0 0 

7035 - 7185 8.561 0.0 2 5 
7305 - 7320 8.484 0.0 2 5 
7455 - 7605 8.102 68.0 2 5 

-J. 7725 - 77L1 0 8.060 68.0 2 5 
8085 - 8235 8.211 0.0 2 5 

8385 - 8535 8.164 0.0 2 6 
8625 - 8640 8.060 0.0 2 6 
8775 - 8925 7.892 6.8 2 6 
9045 - 9060 7.824 6.8 2 6 
9405 - 9555 7.685 0.0 2 6 
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Tab 1 e 3 (Continued) 

Observation [03J [H2OJ Relative • 

Time Photolysis Experiment 

(Seconds) (1015molecules/cm3 ) Intens ity Number 

9765 - 9915 12.86 0.0 0 
10425 - 10575 12.38 0.0 0 

10785 - 10935 4.483 0.0 4 7 
11025 - l1040 4.454 0.0 4 7 
11175 - l1325 4.755 6.8 4 7 
11445 - 11460 4.731 6.8 4 7 
11805 - l1955 4.295 0.0 II 7 

12105 - 12255 4.217 0.0 4 8 
12345 - 12360 4.182 0.0 4 8 
12495 - 1264 5 4.666 68.0 4 8 
12765 - 12780 4.633 68.0 4 8 
13185 - 13335 3.971 0.0 4 8 

13665 - 13815 10.81 0.0 0 

14085 - 14235 4.538 0.0 3 9 
14325 - 14340 4.513 0.0 3 9 
14475 - 111625 4.907 68.0 3 9 
14745 - 14760 4.883 68.0 3 9 
15105 - 15255 4.372 0.0 3 9 

15405 - 15555 4.282 0.0 3 10 
15645 - 15660 4.237 0.0 3 10 
15795 - 15945 4.501 6.8 3 10 
16065 - 16080 4.458 6.8 3 10 
16425 - 16575 3.992 0.0 3 10 

1684 5 - 16995 9.036 0.0 0 

Addition of H20 to the system started immediately after the second 
03 measurement in each experiment and stopped after the fourth 

-" '"" measurement. The th ird and fi fth measurements were taken after steady 
state was reached for the wet and dry conditions, respectively. 
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E. OH Modulation Experiments 

Measurements of OH vibration-rotation line intensities were carried 

out in the apparatus shown in Fig. 3. The O2 lamp was used to 

monitor 03 in the ultraviolet and the diode laser employed for OH 

absorption measurements in the infrared. The cell pathlength was kept 

at 2962 cm throughout this investigation. The 1200 1ine/mm grating 

was used for the 03 measurements of 3150 'A and the 300 1 ine/mm 

grating used for the high resolution work near 2.95 microns. The 

monochromator slits were set at 200 microns, which gave resolutions of 

1.67 'A and 6.66 'A in the UV and IR, respectively. 

The four chemical roodulation frequencies employed I-'Jere 7.8125, 

15.625, 31.25 and 62.5 Hz. The modulated photolysis lamp intensity 

was observed both with the photodiode monitor directly and with the 

PMT/monochromator set to detect scattered 2537 A radiation, and the 

phase sh ifts of the lamps with respect to the Ithaco IIchemica1 11 lock in 

and the ratio of A.C. to D.C. intensity measured. Both detection 

systems gave the same A.C.peak/D.C. ratio of 0.65 at all frequencies. 

The 1 amp ph ase sh i fts measured by the photodiode "'Jere 1 arger th an 

those measured by the PMT, due to the photodi odes slower response 

time; so, the PMT phase shifts were selected for use in the later 

analysis. The phase shift and attentuation factor of the 1800 Hz 

carrier demodulator were measured for the four modulation frequencies 

with the roodu1ation standard described earlier. For the experiments 

where modulation signals were measured off of the D.C. carrier, the 

phase shift and attenuation factor of the IR detector preamplifier's 
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5 Hz high pass filter were calculated for each frequency. All the 

ph ase and a ttenua t ion data descr ibed are shown in Tab 1 e 4. 

Helium carrier gas flows through each flow circuit were kept 

constant throughout this investigation. In standard liters/minute 

they are: total-3.66, H20-O.80, °3-0.28. These conditions give a 

cell pressure with no 03 or H20 added of 67.5 ± 0.5 Torr, an H20. 

concentration (~Jhen present) of 6.8 x 1016 molecules/cm3, and an 

03 concentration in the absence of photolysis of -1.5 x 1015 

molecules/cm3. For all the run sequences the steady state 03 

concentration was measured with the lamps off, with the lamps on and 

the H20 off, and with the lamps and H20 on. For run sequence 2 

these three quantities were measured after the sequence as well. 

These measurements are required later to calculate the absolute OH 

concentration modulation ampl itude. 

Four vibration-rotation transitions were investigated. In the 

nomenclature of Maillard, Chauville and Mantz17 (see Section IV-B, 

Fig. 39) they are: 

P(4.5) 1- 3407.6069 cm-1 

P(4.5) 1+ 3407.9890 cm-1 

P(3.5) 2- 3421.9360 cm-1 

P(3.5) 2+ 31122.0123 cm-1 

The intens ity of the first one, P(4.5) 1-, was measured very carefully, 

and the intensities of the other three measured relative to it. Run 

.. 
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Frequency 

(Hz) 

7.8125 

15.625 

31.25 

62.5 
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Tab 1 e 4 
Measured Phase Shifts and Attenuation Factors 

for Modulation System Components 

Lampa IR Preamp 1800 Hz 
r/J ¢ Attn • ¢ 

-177 .47° -32.62° .842 -18.57° 

-178.94 ° . -17.74 ° .952 -36.70° 

-178.40° _ 9.09° .987 -70.09° 

-179.39° _ 4.57° .997 -122.58° 

lock in 
Attn. 

1.001 

.947 

.781 

.448 

a Photolysis 1 ight phase as measured by Ithaca IIchemi ca 111 lock in 
amp li fier. 
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sequence 1 investi gated the P(4.5) 1- and 1+ 1 ines in the 3Ll07.75 

cm-1 region. The monochromator was set as close as possible to this 

frequency and a good laser mode located. The monochromator setting 

was fine tuned so that it straddled the expected positions of the 

P(4.5) 1+ and 1- lines by using the 3407.826 cm-1 H20 line as an 

absolute frequency reference and the 0.0486 cm-1 fringe spacing of 

the elaton to measure positions relative to the H20 line. This 

particular frequency region has no H20 lines strong enough to 

observe in direct absorption; so, the line used had to be located by 

first derivative detection. This derivative signal is shovJn in 

Fig. III with the H20 line marked C, along \,/ith the etalon trace. 

When the chemical conditions were set for OH observation with the 

lamps flashing at 15.625 Hz, the diode was slowly scanned (lx10-4 A/s) 

over this region, 10 recorded on the X-V recorder, and the modulation 

signal components recorded with the data acquisition computer. The 

resulting modulation amplitude signal is shown in Fig. Ill. Peaks A 

and B come up exactly at the frequencies predi cted for the P(4.5) l

and P(4.5) 1+ OH lines, respectively, indicating that they are 

hydroxyl radical signals. A second scan at a slower speed (lx10-5 

A/s) was made in the region near peak A. jvjodulation signals and 10 

were recorded as before. The results are shown in Fig. 15. Particular 

note should be taken of the phase spectrum, which is very flat in the 

absorption region and random where there is no absorption. The 

observed absorption profiles were fit to gaussians by a non-linear 

least squares method, and the results sho\'Jn in Fig. 16-18. Although 

.'~- -
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w 
0 
~ 
I-...... 
...J 
0... 
~ 
< 

2000 

f-

1750 

-

1500 

l-

1250 

l-

1000 

750 

-

500 

l-

II 

78 

OH 1-0 P(4.5) 1- TRANSITION 
T T I 

I 
1 
i 

I 

I I 
I YI 

~ ~ i 

256 

I , 

1 I, 
, 

I 

I 

1,1 

! 
I 

I 
i 
I 

5012 
CHANNEL 

15.625 HZ 01A 
"1 r T 

1 

I 1----------; 

-

I 
-

,---------1 
1 

~-ii-------I-

I 

! 
i I J ! t 

I'll, I:' !,II!\, 
1~I\i'_ ' I~ -I,',. ~ f ;! 

jl)!!: ~I ; ~ ~ 'i ' I 
~ '!If.1 HI, l:iM LLi 
, ITIT ',-

_. 

768 1024 

XBL 818-11073 

Fig. 17. Gaussian fit to P{4.5) 1- transition (broad scan). Run 1. 



- ...... 

l1.J 
Cl 
:J 
f-...... 

79 

OH 1-0 P(4.5) 1- TRANSITION 15.825 HZ 02 

4000 +--------*-+~~-------4_--------

3000 +-----If---i---t-\-----+---~----! ------ ~ 

i. I 
2000 +------.'I-----+----+t----'---------L--------- --- ------ --... J 

I 000 +--Jil------......l.......-,--

256 512 
CHANNEL 

788 1024 

XBL .818 - I 1072 

Fig. 18. Gaussian fit to P(4.5} 1- transition (narro'v'l scan). Run 1. 



80 

the lineshapes are slightly pressure broadened and should beVo;gt 

profiles, the shapes were not measured well enough to be able to fit 

that function. 

Run sequence 2 investigated the dependence of the P(4.5) 1- signal 

on flash ing frequency. In th is sequence the 03 measurements were 

performed both at the beginning and end of the sequence. Since the 

diode had been warmed up to room temperature since run sequence 1, a 

new laser mode had to be located. This time the H20 line \'Jas 

located by second derivative detection, as shown in Fig. 19. The 

3407.826 cm-1 H20 1 ine is peak B, and peaks A and C are the 

P(4.5) 1- and 1+ OH lines. A 3.4 rnA region near peak A was scanned 

slowly (lxl0-5 A/s) while 10 was recorded (5 second time constant) 

and the modulation signal components recorded (4 second time constant). 

This was done for all four flashing frequencies, performed in random 

order. Even with the carrier demodulator time constant set at its 

minimum, the 62.5 Hz signal is appreciably attenuated. To improve the 

signal quality the modulation signals on the D.C. carri.er were measured 

by connecting the IR detector directly to the chemical lockin 

amplifier. Although these measurements give only relative amplitudes 

(the D.C. carrier amplitude cannot be detected), good phase shift 

measurements did result. The modulation signals were fit to gaussians 

and are shown for the 1800 Hi carrier signals in Fig. 20a,-d and for 

the D.C. carrier signals in Figs. 21a-d. 

Run sequence 3 investigated the intensity of the P(3.5) 2+ and 

2- transitions relative to P(4.5) 1+. In the 3422.0 cm-1 region 

there are several strong H20 transitions which can be observed in 
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direct absorption, as well as another one which appears in second 

derivative. The second derivative trace shown in Fig. 22 contains the 

following transitions: 

A 34 21. 739 cm-1 H2O 

B 3Ll21.936 cm-1 OH P(3.5) 2-

C 3Ll22. 012 cm -1 OH P(3.5) 2+ 

o 3Ll22. 272 cm -1 H2O 

E 3422.333 cm -1 H2O 

F 34 22.369 cm-1 H2O 

The tr an s iti ons A, E an d F I'-Ih ich are seen in direct absorption are 

. offscale in the derivative trace. A 6.5 rnA region overlapping peaks 

and C was scanned as before at1x10-5 A/s. Fine tuning of the 

optical path alignment resulted ina doubling of laser intensity 

B 

through the system; so, the previous scan was repeated. Several hours 

were then spent in search of a good laser mode for the 3407.75 cm-1 

region. A mode was found that performed well for the P(4.5) 1+ line, 

so it was scanned. Several scans were then made of the P(4.5) 1-

line, but the results were poor. A second derivative scan of this 

region revealed that this laser mode had a break right where P{4.5) 1-

occurs; so, no more scans were made. The OH transitions observed in 

this run sequence were fit to gaussians and are shown in Figs. 23~27. 

, 
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-1 Laser wavelength calibration near 3422.0 cm . 

A = 3421.739 cm- l H20 

B = 3421.936 cm- l OH 

C = 3422.012 cm- l OH 

D = 3422.272 cm- l H20 

E = 3422.333 cm- l H20 

F = 3422.369 cm- 1 H20 
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Fig. 27. Gaussian fit to P(4.5) 1+ transition. 

Run 3. 
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IV. RESULTS AND DISCUSSION 

A. H0 2-02 (16) Ene"rgy Transfer Rate 

The data obtained in the 03-H20 steady state photolysis 

investigation, described in Section III-D, was analyzed in several" 

steps. Inspection of the 03 measurements made in the absence of 

photolysis indicated that the flow rate of 03 into the cell 

initially increased, leveled off; and finally decreased with time. 

The initial increase is attributed to migration of adsorbed 03 in 

the trap toward the exit port, while the later decrease is due to 

overall depletion of 03 on the silica gel. TheSe dark 03 

measurements were fit to the functional form: 

where t is time in seconds, starting at the midpoint of the time 

interval during \'Jh ich 03 was first measured. The fit was very good 

(cr e 0.7 percent), and the results are listed in Table 5. To obtain 

this 03 concentration profile in a flow system with a flow out rate 

constant kf requires that the 03 flow in rate be described by the 

fun ct i on: 

G1 = F1 = C1 (k f-a1) 

F2 = C2( k f-a1-(2) 

G2 = F2/Fl 
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Tab 1 e 5 
. Dark 03 concentration versus time 

-a1 t -( (Xl+a2 ) t 
[03J = C1e - C2e 

C1 = 2.362 x 1016 moleculeslan3, C2 = 8.904 x 101,5 molecules/cm3 

1 -5 -1 1 -L1 -1 (Xl = 5.552 x 0 s a2 = .860 x lOs 

Time [03J exp [03J ca 1 c ll[ 03J 

(Seconds) (1016 molecules/cm3 ) (% ) 

0 1.472 1.472 0.0 

3390 1.564 1.564 0.0 

6660 1.457 1.454 -0.2 

9840 1.286 1.285 -0.1 

10500 1.238 1.248 0.8 

13740 1.081 1.069 -1.1 

16920 0.904 0.908 0.4 

- .... 
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This flow-in function is duplicated in the simulation program by 

invoking the following pseudo-reactions: 

A 

B 

-~ A 

A + B -~ A + B + 0
3 

(12 

(12 

(11 

G1 

(54 ) 

By starting at t=O with A=(l-G2) and B=l, 

develop in time as: 

the pseudo-species A and B 

which results in the flow rate for 03 to exactly follow the required 

functional form. For the sake of numerical accuracy and efficiency 

the species A and B were scaled up to about 1015 to be comparable to 

the 03 concentration. Tests of this mechanism in the numerical 

simulation program verified that it did produce the correct 03 

beh av ior. 

Simulation of the period of dry 03 photolysis at the beginning 

of each experiment allowed determination of the photolysis intensity 

during that experiment. Initial guesses based on previous work were 

made for the lamp intensity at each current setting employed, and 

these values used when the lamps were IIturned onll at the appropriate 

~- -
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times in the simulation sequence. The simulation results for each 

experiment were then averaged over the time interval corresponding to 

that experimenta'l 03 measurement and the calculated and observed 

values compared. Generally the agreement was only good to about 

25 percent. If the assumption is rJ1adethat each absorbed photon 

destroys a constant number, rj;, of 0.., molecules under all conditions, 
.) 

the relationship between photolysis intensity I, 03 cross section 0, 

steady state 03 concentration during pllOtolysis [03J , and in the 

absence of photolysis [03JO in a flow system with flow out rate 

constant kf , is: 

(55) 

which can be simplified to: 

(56) 

For each experiment th~ calculated value of [03Jis now known at 1=0 

and 1=1 , the initial guess value. This information I'/as used to g . 

solve for a and b in equation 56, and the value of I corresponding to 

the 03 concentration measured in each experiment calculated. These 

new guesses for I were used in the simulation, and the calculated and 

experimental results again compared. Since the assumption about ¢ is 

only approximate, exact agreement· does not result. However, in a 

small region around the correct photolysis intensity "for each experi-

ment, equation 56 should describe the system better than it does over 
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the large intensity range ° to Ig, so the results from the first two 

simulation runs were interpolated using equation 56 to yield a better 

set of values for I. When these values were employed in a simulation 

sequence, agreement between calculated and experimental 03 values 

for all experiments was very good, better than the experimental 

precision. The photolysis intensities determined by this procedure 

are listed in Table 6. 

The final feature of the data to fit is the change in steady state 

03 upon addition of H20 to the photochemical system. Earlier 

investigation of this 03-H20 system indicated that the observa

tion, under some conditions, of 03 increase on addition of H20 

could not be simulated with any reasonable values for the rate con

stants of the key HOx reactions without invoking 02(1 11 ) quenching 

by H0 2• Also, the H02 concentrations calculated, and hence 

optimum rate constant, are dependent on the OH+H0 2 reaction rate 

constant, wh ich has been reported 23 to be somelt/here in the range 

4-20xlO-ll cm3/molecule s. Therefore, it was decided to simulate 

the experiments using a range of values both for the quenching rate 

constant, k49' and for the OH+H0 2 reaction rate constant, k24" 

Using the reaction set described in Appendix A, the entire 

experimental sequence listed in Table 3 was simulated twenty five 

times, using values for k24 of 2,4,8,16 and 32 x 10-11 crn3, 

molecule s, and for k49 of 1,2,4,8 and 16 x 10-11 cm3/molecule s. 

The simulation results for each experiment and each set of k2Ll and 

k49 values were then averaged over the time interval corresponding 

" 



Exp. 

No. 

1 

2 

3 
4 

5 

6 
7 

8 
9 

10 
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Tab 1 e 6 
Photolysis Intensity Determination 

Time Interval 

(seconds) 

345 - 495 

1725 - 1875 

3705 - 3855 

5085 - 5235 

7035 - 7185 

8385 - 8535 
10785 - 10935 

12105 - 12255 
14085 - 14235 

15405 - 15555 

4.863 

5.093 

12.37 

12.08 

8.561 

8.164 
4.483 
4.217 

4.538 
4.282 

I 

(1014 photons/cm2 s) 

14.17 

14.17 

2.23 

2.15 
4.86 

4.69 
10.94 

10.71 

7.82 
7.53 
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to the experimental wet 03 steady state measurement. This time 

interval (t=150 to 300 seconds, as shown in Figs. 29-38) begins over 

120 seconds (2 cell turnover time constants) after H20 is added, to 

assure that 03 steady state has been reached. To determine how vlell 

the calculated ozone concentration, [03Jcalc' of a simulation 

sequence using a particular set of k24 and k49 values compared 

with the experimental concentrations, [03Jexp' the percent root

mean-square deviation averaged over all ten experiments, PRO, was 

calculated by the formulas: 

Percent Deviation (Experiment I) = PO(I) 

PO(I) = JOO ([03]ca1c(1) - [03]exp(I))/[03]exp(I) 

10 
PRO = [(1/10) L PO(I) 2J1/ 2 

1=1 

The resulting 5 x 5 grid of PRO versus k24 and k49 was converted 

(57) 

(58) 

to a ten times finer mesh grid (41 x 41) using bicubic spline inter-

polation. This second grid was used to produce a contour map of PRO 

versus k24 and k49' shown in Fig. 28. 

Inspection of Fig. 28 revealed that there is a range of values of 

k24 which are equally capable of describing the experimental results. 

Since the rmst recent NASA evaluation of chemical kinetic data 23 

suggests considering values as low as 4 x 10-11 and as high as 1-2 x 

10-10 cm3/molecule s for this rate constant, k24 values of a,8 

and 16 x 10-11 cm3/molecule s \'Jere chosen for use in evaluating 

the quenching rate constant k49 • 

............. 
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The optimum k49 value of each of the three k24 values was 

initially estimated from the interpolated PRO grid. For each k24 

value a set of five values of k49 spaced 21/2 apart and centered 

around the approximately optimal value, were then selected, simulation 

sequences run for each of these fifteen sets of rate constants, and 

the PROs cal culated as before. Cubic spl ine interpolation of 

resulting PRO versus k49 curves produced the following optimal 

values of k49 for each k24 : 

k 24 (OH+H02) k 4 9 ( HO 2 +0 2 ( 1 
t.) ) PRO 

(cm3/roolecule s) (cm3/molecule s) ( %) 

4 x 10-11 4.4 x 10-11 2.02 

8 x 10-11 3.0 x 10-11 1.47 

16 x 10-11 2.4 x 10-11 1.44 

A final set of simulations were run using each of the k24 values 

together with its optimumk49 and with the quenching reaction absent 

(k49 = 0). The calculated and experimental results are listed for 

each experiment in Table 7 and shown in Figs. 29a-38c. The curves 

marked Q were calculated using the optimum quenching rate constant and 

the curves marked N \\lere calculated with no quenching included. For 

each experiment the time interval over which the wet steady state 03 

'lIas measured is marked as 150 to 300 in the fi gures. The "sharp" 

features which appear between t=15 to t=60 seconds in some of the 03 
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Tab 1 e 7 
Wet Steady State Ozone Concentrations 

-: 03 (1015 molecules/cm3 ) 

r~easured Calculated 

Time Interval 4.0 8.0 16.0 

No. (Seconds) (k 24 in 10-11 cm3/molecule s) 

1 735 - 885 5.471 5.491 5.522 5.537 

2 2115 - 2265 5.388 5.596 5.521 5.450 

3 4095 - 4245 11.77 11.311 11.40 11.54 

4 54 75 - 5625 10.71 10.60 10.74 10.99 

5 7455 - 7605 8.102 8.016 8.114 8.293 

6 8775 - 8925 7.892 7.831 7.829 7.893 

7 11175 - 11325 4.755 4.816 4.765 4.712 

8 12495 - 1264 5 4.666 4.609 4.632 4.643 

9 14475 - 14625 4.907 4.808 4.842 4.882 

10 15795 - 15945 4.501 4.517 4.487 4.463 

- ... -
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03 EXPERIMENT NO. K24= 4.0E~1 I K49= 4.4E-j I 

4.4 ----------
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XBL 817-10918 

Fig. 29a. Experiment 1 observed and calculated 03 profiles slow k24 · 

Curve Q: calculated using optimum k49 value (Quenching). 

Curve N: calculated using k49 = 0 (No quenching). 

: 
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Fig. 29b, Experiment 1 observed and calculated 03 profiles medium k24' 
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Fig. 29c. Experiment 1 observed and calculated 03 profiles fast k24 . 
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Fig. 30b. Experiment 2 observed and calculated 03 profiles medium k24 · 
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Fig. 30c. Experiment 2 observed and calculated 03 profiles fast k24 · 
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Fig. 3la. Experiment 3 observed and calculated 03 profiles slow k24' 
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Fig. 3lb. Experiment 3 observed and calculated 03 profiles medium k24 · 
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Fig. 3lc. Experiment 3 observed and calculated 03 profiles fast k240 
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Fig. 32c. Experiment 4 observed and calculated 03 profiles fast k24" 
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Fig, 33b. Experiment 5 observed and calculated 03 profiles medium k24' 
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Fig. 33c. Experiment 5 observed and calculated 03 profiles fast k24 . 
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Fig. 34a. Experiment 6 observed and calculated 03 profiles slow k24" 
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Fig. 34b. Experiment 6 observed and calculated 03 profiles medium k24 . 
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Fig. 34c. Experiment 6 observed and calculated 03 profiles fast k24 · 
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Fig. 35c. Experiment 7 observed and calculated 03 profiles fast k24" 
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Fig. 36a. Experiment 8 observed and calculated 03 profiles slow k24 . 
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Fig. 36c. Experiment 8 observed and calculated 03 profiles fast k24' 
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Fig. 37a. Experiment 9 observed and calculated 03 profiles slo~'k24' 
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Fig. 37b. Experiment 9 observed and calculated 03 profiles medium k24" 
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Fig. 38a. Experiment 10 observed and calculated 03 profiles slow k24 . 
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Fig. 38c. Experiment 10 observed and calculated 03 profiles fast k24 . 
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curves are not real effects, but are due to H
2

0 addition timing 

mismatch between the measurements of I and Io curves. Since this 

time interval is not included in the comparison between experimental 

and calculated 0
3

, they do not affect the determination of optimum 

k24 and k49 values. Inspection of figs. 29-38 reveals that the 

inclusion of the quenching process in the calculations is necessary to 

bring them into good agreement with experiment, but that no best 

choice of k24 in this range can be made. 

If O2 an d H0
2 

are assumed to be hard spheres \vith di ameters of 

3.4 and 3.5 'A, respect'ively,l4 the calculated gas kinetic rate 

constant for this electronic energy transfer reaction is 2.3 x 10-10 

cm3/molecule s, meaning this process has a collisional efficiency 

between 0.1 and 0.2. Comparison of the range of values obtained in 

this study with a list of 02(1 11 ) quenching rate constants for other 

typical molecules 75 indicates this energy transfer process is on the 

order of 107 times faster than quenching by other molecular species, 

presumably due to the near resonance between 02(1 11 __ ~ 3~-) g g 

and H0
2 

(2A'(001) __ ~2AII(000)).27 Even the relatively fast 

reaction of 03 with 02(1 11 ) is 103 times slower than this 

process. 

The implications of this result must be examined in several 

contexts. Since H0 2 quenching is so much lrore efficient than any 

other process in an 0x-HOx photochemical system, its effects 

should always be considered when analyzing the kinetics of such a 

system, particularly when 0
3 

is being photolyzed below 3000 'A to 
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produce 02(1~). The calculated 03 profiles in Figs. 29a-c 

demonstrate the significant difference inclusion of this process can 

make under some experimental circumstances. 

The magnitude of the effect of this process on stratospheric 

chemistry can be estimated from the recent measurements of H0 2 
mixing ratio at mid-latitudes.10 At 37 km Anderson measures an 

H0 2 mixing-ratio of 4.7 x 10-10 , and Krueger1s 1976 U.S. Standard 

Atmosphere ~Iid-Latitude Ozone Mode1 76 indicates an 03 mixing ratio 

at this altitude of 8.0 x 10-6• Thus, the relative rates of 

destruction of 02(1~) at this altitude are: 

. Species <kQ> [Q] <kQ> [Q] 

Air a.5 x 10-19 1.0 a.5 x 10-19 (1. 00) 

03 4.4 x 10-15 8.0 x 10-6 3.5 x 10-20 (0.08) 

H02 3.3 x 10-11 4.7 x 10-10 1.6 x 10-20 (0.03) 

This process therefore contributes several percent to the quenching of 

02(1~) in this region of the atmosphere. 

In addition to the quenching of 02(1~), the fate of the 

excited H0 2 produced should be considered. No rates have yet been 

measured for this state either for reaction with or deactivation by 

other molecules. A relatively long fluorescence lifetime of 7.6 

milliseconds has been estimated for this state,30 but never 

measured. This product state has been exploited in the laboratory to 
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measure relative H02 concentrations at the end of a flow tube,3
4 

by adding a constant large excess of °2(1 4 ) to the flow and 

observing the strength of the 1.43 micron emission from H02(2AI) 

produced. Knowl edge of the 02( 14) concentrati on, energy transfer 

rate constant, fluorescence quantum yield under the experimental 

conditions, and absolute collection and detection efficiencies of the 

detection system would be required to make absolute H0 2 measurements 

us ing th is method. 

In the stratosphere, °2(1 4 ) concentrations are known to be 

quite large, reaching an estimated maximum at 50 km of 4 x 1010 

molecules/cm3.?? This implies that every H0 2 molecule at 50 km 

is collisionally excited at a rate of about 1 5-
1• In the absence 

of quenching this would result in about 1 percent of the H0 2 
molecules being in the excited state, and about 107 photons/cm3 s 

being emitted from the excited molecules. Of course quenching would 

reduce both these quantities, but even so, observable H0 2 emission 

from this region of the atmoshere may result, and interesting excited 

state H0 2 chemistry is possible. If H02 emission could be 

observed, the possibility even exists of measuring H02 in situ, in a 

manner similar to the laboratory technique described earlier. 
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. B. OH Integrated Abso~ption Coefficients 

The spectroscopy of the OH radical has been studied extensive

ly,II,18-20 and only a brief description will be given here. OH has 

an unpaired electron whose orbital angular momentum (L=I) is coupled 

to the internuclear axis, and in the ground electronic state the 

projection of L on this axis is designated 1\=1. The electron spin 

(S=I/2) also couples to the internuclear axis to give l: =1/2, and the 

projection of the resul tant total angular momentum on the axis is 

n = 1\ + L This gives rise to two sub-states, 2TT3/2 (n=3/2, F1) 

and 2TT1 / 2(n=I/2, F2), with 2TT3/2 lying 10\'Jer in energy. 

Since the total electronic angular momentum n can be either parallel 

or anti parallel to the internuclear axis each energy level is spl it 

into two different levels, called lambda doublets. The inclusion of 

angular momentum due to mechanical rotation results in total angular 

momentum J, which can have values of n, n + 1,... The energy level 

diagram for the first two vibrational levels of OH is shown in Fig. 39. 

The lambda doubling splitting has been exaggerated for display 

purposes, and the parity shown using the notations of both references 

18 (e,f) and 17(+,=). The four transitions investigated, 

P(4.5) 1- 3407.6069 cm-1 

P(4.5) 1+ 34 07 .9890 cm-1 

P(3.5) 2- 34 21. 9360 cm-1 

P(3.5) 2+ 34 22.0123 cm-1 

are shown in Fig. 39 to avoid notational confus ion. 
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The data obtained during run sequences 1-3, described in 

Section III-E, are listed in Table 8. The absorption lines are 

referred to in Table 8 by the last two characters Of the notation 

1 is ted above (eg., 1- refers to the P( 4.5) 1- trans it ion). 

The linewidth data, shown in Table 8, was calculated from the 

widths determined by fitting a gauss ian to each measured absorption 

profile, together with the tuning rate measured with the Halon (-22 

cm-1/A) and the total current scanned in each run~ The relativ~ly 

large dispersion in the linewidth data for each line does not reflect 

actual change in the true absorption profile, since all measurements 

were performed at the same temperatures and with the same H
2

0 and He 

pressures, but rather is due to laser frequency jitter. Since all 

four trans itions investi gated are expected to have near ly equa 1 1 ine

widths, an average val ue for the 1 inewidth of 0.0138 :: 0.0016 cm-1 

FWHM was calculated, weighting each value by the signal/noise for that 

determination as indicated by the gaussian fitting routine. The 

values indicated by an asterisk next to them were not included because 

of irregul ar tun ing rate measurements in their frequency region \-lith 

the laser mode used or because of insufficient number of data points. 

A separate determination of the average line't-lidths for the 1:: and 2± 

1 ine groups indicated that they are equal to better than 1 percent. 

Relative line intensities were calculated from the results of runs 

1 and 3. The two measurements during run 1 of the 1- transition were 

weighted by their fitted uncertainties and averaged. The two measure

ments during run 3 of both the 2+ and 2- transitions were averaged and 



Run Line 

1 (f as t ) 1-
l(fast) 1+ 
1 (s 1 ow) 1-

2(1800 Hz) 1-
2(1800 Hz) 1-
2( 1800 Hz} . 1-
2(1800 Hz) 1-

2(D.C.)· 1-
2(D.C. ) 1-
2(D.C.) 1-
2(D.C.) 1-

3(Scan 1) 2-
3( Sean 1) 2+ 
3(Scan 2) . 2-
3(Scan 2) 2+ 

3 1+ 
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Tab le 8 
OH Modulation Results 

Mod. Freq. 

(Hz) 

15.625 
15.625 
15.625 

7.8125 
15.625 
31.25 
62.5 

7.8125 
15.625 
31.25 
62.5 

15.625 
15.625 
15.625 
15.625 

15.625 

Mod. Si gnal 

Phase 61 1 

(deg) (mv) (mv) 

-10.81 21.10 6750 
-28.13 15.17 5800 

. -16.94 20.72 ·7000 

- 4.15 12.08 4500 
-31.89 11.09 4500 
-29.34 8.34 4550 
-80.19 9.43 4600 

- 5.03 6.96 
-13.97 6.32 
-25. &l 5.31 
-56.22 4.03 

-16.63 3.74 3100 
-23.79 4.11 3950 
-23.06 7.33 8400 
-21. 59 11.82 9000 

-23.65 10.81 5500 

3.13 
2.62 
2.96 

2.68 
2.44 
1.81 
2.10 

1. 21 
1.04 

.87 
1. 31 

1.82 

L inewi dth 

F\~Ht1 

(em -1) 

.0099* 

.0087* 

.0133 

.0111 

.0127 

.0080* 

.0057* 

.0147 

.0146 

.0158 

.0135 

.0112 

.0123 

.0170 

.0141 

.0160* 
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the uncertainty of each average value estimated. The results are 

summarized in Table 9. Listed uncertainties are one standard 

deviation. 

The absolute intensity of the P{4.5} 1- transition was determined 

from analysis of run 2. In order to calculate OH cross sections from 

the observed peak absorption modulation amplitudes, the modulation 

ampl itudes of the OH concentration first had to be determined us ing 

the numerical simulation program. Most of the input parameters for 

the simulation had been determined during the 03-H20 steady state 

photol ys is exper iments. The two parameters \A/hi ch had to be determined 

for each run were the 0
3 

flow in rate and the photolysis intensity, 

wh ich \A/ere inferred from the steady state 0
3 

measurements made with 

the photolysis lamps off and on, and the H
2
0 flow off and on. The 

three different sets of rate constant values for the OH+H0 2 and 

. H02+02{1~} reactions, described in Section IV-A, were used in 

separate simulations of each set of conditions to estimate the 

uncertainty of the calculated OH concentration amplitudes. The 03 

measurements and calculated OH amplitudes and phases are listed in 

Table 10. Listed uncertainties are one standard deviation. The peak 

absorption cross section was calculated for the I-line from the 7.8 

and 15.6 Hz results from run 2 and the 15.6 Hz results of run 1 from 

the formu 1 a: 

(60) 



Run 1 

Run 1 

Run 3 

Run 3 

Run 3 
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Table 9 
Relative Intens ity Determination 

Line Observed Modulation 

<1-> (~I/I) 

<1+> (Lll/I) 

<2-> (~I/I) 

<2+> (LlI/I) 

<1+> (~I/I) 

Calculated Line Intensity Ratios 

Sl+/Sl_ = 0.878 ± 0.131 

S2_/S1+ = 0.573 ± 0.146 

S2+/51 + = 0.646 ± 0.128 

52+/S 2_ = 1.128 ± 0.316 

52_/5 1_ = 0.503 ± 0.146 

52+/51_ = 0.567 ± 0.154 

= 2.98 ± 0.13 

= 2.62 ± 0.37 

= 1. 04 ± 0.24 

= 1.18 ± 0.19 

= 1.82 ± 0.21 

Amplitude 

x 10-3 

x 10-3 

x 10-3 

x 10-3 

x 10-3 
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Table 10 
Measured 03 and Cal cul ated OH Modul ation 8eh av ior 

[Vlod. Cal culated [OH] fVlodu 1 a ti on 

RUN 0
3 

(dark) °3(H2O+hv) Freq. Phase ,llm p 1 itu de 

(1015 molecules/cm3) (Hz) (deg) ( 1011 molecules/cm3) 

pre-1 17.18 2.053 15.625 -19 • 22 :i: O. 53 4.56 :i: 0.34 

pre-2 17 .14 2.056 

<2>a 7.8125 -9.53 ± 0.75 3.95 ± 0.89· 

<2>a 15.625 -18.32 ± 1.17 3.82 ± 0.85 

<2>a 31.25 -34.43 ± 1.90 .3.35 ± 0.69 

<2>a 62.5 -54 .47 ± 1.85 2.36 ± 0.44 

post-2 . 14.15 2.400 

pre-3 18.62 2.334 

a Listed phase and amplitude are average of results calculated using 
pre-2 and post-2 conditions. 
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where 6I/I is the peak absorption modulation obtained from the 

gaussian fits, n is the calculated OH modulation amplitude and is 

the absorption path length. The results of run 2 at 31 and 63 Hz were 

not considered due to the poor quality of the data. The calculated 

peak cross section values are: 

Run 2 7.8125 Hz (] = 2.29 ± 0.63 x 10-18 cm2/molecule 

Run 2 15.625 Hz (] = 2.16 ± 0.64 x 10-18 cm2/molecule 

Run 2 Average (] = 2 • .23 ± 0.45 x 10-18 cm2/molecule 

Run 1 15.625 Hz (] = 2.21 x 10-18 cm2/molecule 

The listed uncertainties include both the uncertainty in 6I/I and OH 

modulation amplitude, n, and correspond to one standard deviation. 

The uncertainty for the run 1 results is not 1 isted because chemical 

conditions were not determined both before and after run 1, as they 

were for run 2; so, the uncertainty in the calculated OH amplitude 

does not reflect possible changes in 03 concentration and photolysis 

intensity during the course of the run. Nevertheless, the good 

agreement between the run 1 and run 2 results lends support to the 

run 2 average value. 

To confirm the simulation program's ability to accurately model 

experimental conditions, the observed phase shifts and amplitude 

profiles for run 2 were compared with those predicted by the numerical 

simulation program. Figure 40 shows the calculated phase shifts 

versus frequency as a solid line with dotted lines indicating the 
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uncertainty range in the calculated value due to uncertainty in 

experimental conditions and rate constants. The dots are the 

experimental determinations, made from both the 1800 Hz (demodulated) 

and D.C. (direct) carrier results. For comparison of amplitude 

profiles, only the D.C. carrier results are considered, because even 

though they are unnormal ized for absolute carrier ampl itude, their 

signal/noise is better than the 1800 Hz demodulated results. To 

compare the calculated and experimental amplitude profiles, which are 

in different units, each set of four amplitude values was normalized 

by the geometric mean of the set, and the log (base e) of the 

normalized amplitudes compared. The results are sholtm in Fig. aI, 

which again shows the uncertainty of both the calculated and 

experimental results. The good agreement between phase shifts and 

relative amplitudes versus frequency as predicted by numerical 

simulation and determined experimentally confirms the validity of 

using calculated OH concentrations in this investigation. 

The integrated absorption coefficient is readily obtained from the 

q uan t iti es already determined, since the absorption profile was 

assumed to be gaussian. 

cr(v) = S e 
( 21T ) 1/2 ~J 

W = FWHM/(8 ln 2)1/2 

S = (21T)1/2 W cr peak 

(61 ) 
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Using the average peak cross section from run 2 for the P(4.5) 1-

line, the FWHM determined earlier and the line intensity ratios 

obtained from runs 1 and 3, the following integrated absorption 

coefficients were calculated: 

line frequency cm-1 5 (em/molecule) 

P{4.5) 1- 34 07 .6069 3.26 : 0.76 x 10-20 

P{4.5) 1+ 3407.9890 2.87 : 0.79 x 10-20 

P{ 3.5) 2- 34 21. 9360 1.64 : 0.61 x 10-20 

P{3.5) 2+ 34 22.0123 1.85 : 0.66 x 10-20 

Listed uncertainties are one standard deviation. 

The only other results available to date on the intensities of 

these OH transitions are the values calculated by Gillis and 

Goldman. 19 ,78 They obtain 5{1:) = 1.06 x 10-19 em/molecule and 

5{2:) = 5.95 x 10-20 cm/molecule, ItJhich are about a factor of 3 

higher than the values determined in this study. 5ince calculated 

intensities usually have about a factor of 2 uncertainty ascribed to 

them79 ,80 and the experimental values are probably good to a factor 

of 1.5 (two standard deviations), the intensities of the two studies 

are in rough agreement. The theoretical results predict the two 

lambda components of each vibration-rotation transition to be very 

nearly equal (±0.3 percent) differing only slightly due to a small 

difference in the energy of their lower states (-0.8 cm-1). The 

experimental results, listed in Table 9, indicate differences of about 



153 

13 percent for both the 1 :I:: and 2:1:: doublets, although they could be 

equa 1 with in exper imen tal uncertainty. The rati 0 S2:1::/S1:1:: is 

cal cu1ated to be 0.561 and the average obtained in the experiments 

<S2:1::/S1:1::> is 0.572. Therefore, the agreement between theory and 

experiment for relative intensities is very good. 

The results of this investigation have application in several 

areas. Although the sensitivity of the instrument used in this study 

was not particularly good, diode laser systems are presently capable 

of measuring absorptions as small as 10-9 cm-1 ,4 3 which 

corresponds to an OH cO'1centration at low pressure of -109 rrolecules/ 

cm3• This is not as se~sitive as resonance fluorescence detection 

using the A -~ X band of OH, but circumvents the disruption which the 

UV fluorescence excitation source can cause. 25 Since OH is a key 

reactive intermediate in many gas phase chemical systems, the 

potential for exploitation of its infrared absorptions in laboratory 

investigations is great. 

Infrared techniques for measurement of trace species in the 

atmosphere have developed rapidly in the last decade because of their 

high selectivity. Recently the C10 free radical has been measured in 

the atmos phere us in gal aser heterodyne radi ometer. 81 C10 has 

typical line intensities of 1 x 10-20 cm/mo1ecu1e,40 comparable to 

OH, and has been measured at the 100 ppt level (-107 

mo1ecu1es/cm3). Since OH is also present in the mid-stratosphere 

(30 km) in this concentration range,82 the possibility exists of 

measuring atmospheric OH with sensitive infrared detection systems. 
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Such a system would provide a better estimate of average OH 

concentration than the local sampling techniques now employed, as very 

long optical paths are employed ([r~Jl - 1-50 x 105 atm_cm).81 
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v. CONCLUSIONS 

This investigation resulted in the first experimental determination 

of integrated absorption coefficients for several vibration rotation 

transitions of the OH radical and the first measurement of the rate 

constant for the H02-02{1~) energy transfer reaction. A 

combination of molecular modulation kinetics46 and diode laser 

spectroscopy was employed to measure the following OH integrated 

absorption coefficients: 

P{4.5) 1- (3407.6067 em -1 ) S = (3.26 ± 1.52 x 10-20 cm / mo 1 e cu 1 e ) 

P(4.5) 1+ (3407.9890 em-I) S = (2.87 ± 1. 58 x 10-20 em/molecule) 

P(3.5) 2- (3421.9360 em-I) S = ( 1.64 ± 1.22 x 10-20 em/molecule) 

P(3.5) 2+ ( 34 22 • 0123 em -1 ) S = (1.85 ± 1.32 x 10-20 cm/rno 1 ecu 1 e) 

Photolysis of an 0rH20 system was investigated ina flow reactor 

and s imu la ted us ing numeri cal techn iques to determine the energy 

transfer rate constant for H0
2 

- 02{1~): 

k49 = 3.3 ± 1.6 x 10-11 cm3/molecule s 

The sensitivity of this result to the OH+H0
2 

reaction rate constant 

was considered in detail. 

The integrated absorption coefficients reported here are about a 

factor of 3 smaller than those calculated by Gillis and Goldman,19 

but this can be reconciled by the estimated uncertainties of the two 
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studies. Further investigation of the intensities of these OH 

transitions would be useful, using both a less complex chemical system 

to generate OH and an improved detection system and source, either a 

carefully selected diode laser or an F-center laser. A comparison of 

the line intensities and concentrations of OH and C10 in the atmosphere 

indicates that current infrared detection techniques81 may be 

sensitive enough to measured OH radical concentrations in the 

s tratos phere. 

The rate constant for the near resonant energy transfer process: 

is about 107 times faster than the 02(l a ) quenching rate constants 

of other molecular species. Because of this, trace amounts of H02 

can effectively compete with major species for 02(la) in many 

systems, and the possible results should always be considered. Rough 

upper limit estimates sho\'! that a significant fraction (-1 percent) of 

the H02 in the upper atmosphere may exist in the excited 2A, state 

and fluorescence from this state could be relatively strong (-10 7 

Photons/cm3 s). In order to investigate the effect of excited state 

H02 chemistry on the stratosphere and possibly exploit the predicted 

H02 fluorescence caused by ambient 02(la), measurements of H02 

(2A,) reaction and quenching rate constants for a variety of 

molecular species are needed. 
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APPENDIX A: Reaction Mechanism for Simulation of the 03-H20 System 

The reaction set 1 isted below was used throughout this investiga-

tion to model the 03-H20 photochemical system. The simulations 

were performed with the CHEMK chemical kinetics program described in 

Section III-A-3. The rate constants are in units of (cm3/molecule)x-1 

-1 sec , where the order of the reaction is given by: 

X = ° for speci es independent flow in 

X = 1 for unimolecular processes 

X = 2 for b imol ecul ar processes 

X = 3 for termolecular processes 

1 In the H0 2-02( ~) study 02 and 03 flow in were represented 

by reactions 46 1 to 51 1
, \vhile in the OH modulation study just 46 and 

47 were used. 

cr (crJ./mo 1 ecu 1 e) cr 

1. °3 + h" . --~ 02(1~) + 0(10) 1. OE-17 1.0 

2. °3 + h" --~ 02 + ° 1.0E-18 1.0 

28. H20
2 

+ h" --~ OH + OH 7.4 E-20 1.0 

k 

3. 0(10) + °3 --~ 02 + 02 1. 2E-1O 

4 • 0(10) + °3 --~ 02 + ° + ° 2.3E-1O 

5. 0(10) + H2O --~ OH + OH 2.3E-I0 

6. 0(10) + °2 3.6E-11 

7. 0(10) + He 1.0E-15 
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8. 0(10) + H
2
0

2 -~ OH + H02 S .2E-1O 

9. °2(l tl ) + °3 -~ ° + ° + ° 2 2 4.4E-1S 

49. °2(l tl ) + H02 -~02 + H02 Note 1 

10. °2(l tl ) + H2O -~ 02 + H2O 4.0E-18 

II. °2(l tl ) + °2 -~ 02 + 02 1. 7E-18 

12. °2(l tl ) + He -~ 02 + He 8.0E-21 

13. ° + °3 -~ 02 + 02 8.8L-IS 

14. ° + °2 + H2O -~ 03 + He 5.6E-33 

IS. ° + °2 + He -~ 03 + He 3.4E-34 

16. ° + 02 + 02 -~ 03 + 02 6.4E-34 

17. ° + 02 + 03 -~ 03 + 03 1. 7E-33 

18. ° + OH -~ H + 02 4.0E-ll 

19. ° + H02 -~ OH + 02 3.5E-ll 

20. ° + H202 -~ OH + H02 2.2E-1S 

2I. OH + 03 -~ H02 + 02 6.8E-14 

22. OH + OH -~ H20 + ° 1.9E-12 

23. OH + OH + M -~ H202 + 1'1 2.6E-31 

24. OH + H02 -~ H20 + °2 Note 1 

25. OH + H202 -~ H02 + H2O 1. 7E-12 

26. H02 + 03 -~ OH + 02 + 02 1.6E-15 
... 

27. H02 + H02 -~ H202 + 02 3.6E-12 

29. H + 03 -~ OH + 02 2.9E-ll 

30. H + 02 + He -~ H02 + He 1.8E-32 

31. H + 02 + H2O -~ H02 + H2O 4.5E-31 

32. H + 02 + 02 -~ H02 + 02 5.6E-32 
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33. He -~ 1.8E-2 

34. °3 
_. ~ 1.8E-2 

35. °2 -~ 1.8E-2 

36. ° (Ill) 
2 -~ 1.8E-2 

37. 0(10) -~ 1.8E-2 

39. H --~ 1.8E-2 

40. OH -~ 1.8E-2 

41. H02 -~ 1.8E-2 

42. H2O -~ 1.8E-2 

43. H202 -;;0; .•. 1.3E-2 

44. ""7-~ He 4.03E16 

45. -~H20 Note 2 

46. --~ °3 Note 3 

47. -~ O2 Note 3 

46. I 
-~ A 1.860E11 

47. I A --~ 1.860E-4 

48. I B --~ 5.552E-5 

50. I A + 8 -~A + B + 0
3 1. OE-15 

51. I A + B -~A + B + O
2 1.0E-16 

Note 1 : Th ese ra te constants were varied to obta in the best fit to 

experimental resu lts in the H0
2
-0

2
(l 11 ) study, and these 

values used in the OH modulation experiment simulations. 

Note 2: This rate constant was either 0, 1.234 x 1015 or 

1.2311 x 1016 depending on whether conditins were supposed 

to be either dry or wet, and whether the lo\'~ or standard 

H20 concentration was being simulated. 

.. -
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Note 3: k46 was adjusted to give the observed dark 03 value. The 

amount of 02 impurity in the 03 stream was estimated to 

be about 10 percent,69 so k47 was always set to 0.1 x 

k46 • 
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APPENDIX B: LOW FREQUENCY DIGITAL SINE WAVE GENERATOR83 

Although the generation of sinusoidal waveforms by analog 

oscillators is widely used, this method has several drawbacks in the 

low frequency region. First, these oscillators require large valued 

capacitors or inductors, which are generally costly, and whose values 

are affected by temperature, age, etc. Second they may require some 

time after adjustment of their frequency to settle down to their final 

frequency and amplitude. Third, their frequency may be difficult to 

measure accurately, or at least be time consuming, as several seconds 

to several hours may be required to accumulate enough cycles in a 

counter to characterize the frequency. Lastly, the harmonic distortion 

of the oscillator is difficult to assess, as generally it will be a 

function of frequency and non-ideal characteristics of the circuit 

elements. 

The digital sine wave generator overcomes these low frequency 

problems. Since the frequency is set only by the digital clock 

frequency, temperature and aging of analog components have little 

effect upon it. By starting with a reasonably high clock frequency 

and dividing it down by a known factor, sine wave frequencies in the 

millihertz region may be measured in seconds. Also, the frequency and 

amplitude change within fractions of a cycle after they are adjusted, 

ra ther th an many cyc 1 es. The amp 1 i tude of the sine wave is set by a 

reference voltage and a resistor string, and so is independent of 

frequency, as is the harmonic distortion, It/hich is primarily due to 

resistor string mismatch. 

.. -
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The method of di gita 1 s inewave generati on by nonrecurs ive 

filtering of a binary waveform was first described by A. C. Davies.
84 

Basi~a11y it involves sending a binary waveform into a series of n 

shift registers, which are shifted 2n times per cycle, to produce n 

delayed version~ of th~ input waveform, and then taking a weighted sum 

of the .first n-l available waveforms in such a way that the closest 

possible approximation to a sinusoidal waveform, equal in frequency to 

the binary waveform, is produced. By proper feedback the sh ift 

register series can both produce and delay the binary waveform in the 

requir~d way. Thus, the generator produces a square \,/ave and non

recursively filters out as many of the harmonics as possible, leaving 

only the fundamental and several high order harmonics. The remaining 

components are given by the formulas:
84 

The feedback shift register described here consists of four 4018 

CMOS Divide by N circuits connected together in such a way that they 

form a 16 stage .shiftregister, Fig. B-1. By feeding the inverted 

output of the last stage into the data input terminal (pin.l) of the 

first stage, a twisted ring counter results which produces a binary 

waveform at 01 with a frequency 1/2n times the clock frequency and 

15 verisions of it, each successiv~ly delayed by one clock period, 

Fig. B-2. To avoid undesired sequences from developing in the 

registers, a RST reset pulse is produced by differentiating the 

positive going edge of the 016 output so that all stages are forced 
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clear ((TiS set high) at the time when this condition would normally 

occur in the proper sequence. 

The proper weighting coefficients for each of the n-l outputs used 

to give minimum harmonic distortion are given by the formu1a: 84 

W . (h) .= sln 
1 n ·i=l,n-l 

where in this case n = 16. From this formula relative conductances for 

the summing resistors are calculated, followed by relative resistances. 

In order to lightly load the CMOS shift register outputs so that they 

will swing to within millivolts of the supply voltage and thus yield a 

stable output amplitude, the smallest relative resistance was set equal 

to 21.5 kQ, which then determines the value cif the rest of the· 

resistors. By setting the value of feedback resistor equal to the 

parallel resistance of the summing resistors, the peak to peak 

amplitude of the waveform coming out of the summing amplifier equals 

the shift register supply voltage (about 15 volts). An adjustable 

positive voltage is applied to the non-inverting input of the summing 

amplifier so that the output waveform can be centered around zero 

volts. The waveform is then sent to a variable attenuator, followed 

by a voltage follower buffer. The waveform is noW ready to be used, 

as is, or to be filtered further to remove the remaining harmonics. A 

representation of the unfiltered waveform is shown in Fig. 8-3. 

The generator described above can be driven by any CMOS compatible 

time base from d.c. to several Megahertz. The one described here, 

Fig. 8-4, was designed for use as an excitation source for a rrolecular 

.. 
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modulation spectrometer.46 This method involves measuring the 

chemical lifetime ofa gas phase radical produced in a photochemically 

driven reaction sequence by measuring the phase sllift of the radical 

concentration with respect to the modulated light source as a function 

of modulation frequency. For this application, a sine wave generator 

capable of stable operation below 1 Hz and with half-octave frequency 

settings was required. 

The time base starts with a 20 MHz crystal oscillator (Motorola 

KllOOA). Its output goes through a programmable divider, which divides 

the oscillator frequency either by 10 or 14 (switch selectable). Since 

1.4 is very nearly equal to 21/2, switching froin the -:-10 to the -:-14 

mode allows the output frequency to be shifted downward by half an 

octave. Next the output of the programmable divider is sent to a 

series of 4 decade counters, which allow the user to scale the output 

frequency by factors of 10, from 1 to 10000, by means of the decade 

switch. From the decade section the selected clock frequency is sent 

to a series of binary counters, where the user may scale the clock 

frequency further by factors of 2, from -:-1 to -:- 2048, by means of the 

binary s\vitch. Finally the clock frequency is sent to the generator, 

which produces a sine wave at 1/32 to the clock frequency. Thus, the 

span of frequencies of the sine wave generator using this time base is 

62.5 kHz to 2.18 milliHertz. 

Since the first harmonics produced by the generator are the 31st 

and 33rd, analog fil tering to remove them without allowing the 

fundamental amplitude to be dependent on filter components is 
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straightforward. A two pole Butterworth filter85 was constructed, 

Fig. 8-5, with switch selectable cut off frequency. The selectable R 

and C values were arranged so that there would bea one to one cor

respondence between available time base frequencies (excluding half

octave shifts) and filter frequencies. The design criterion decided 

upon for the fil ter cut off frequency was that it be 4 times the sine 

wave frequency it was filtering. This means the fundamental is only 

attenuated by a factor of 0.998, whereas the 31st harmonic is 

attenuated by 0.017. Use of this filter makes the generatour output 

look indistinguishable from a pure sine wave. 

Special thanks to Thomas Merrick of the Chemistry Department 

electronics shop for many helpful discussions related to the design 

and construction of this instrument. 
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APPENDIX C: STABLE TUNING FORK CHOPPER DRIVER86 

Mechanical choppers, especially those of the tuning fork variety, 

are used extensively in photometric and molecular beam systems today, 

in conjunction with phase sensitive detection, as a powerful method of 

signal enhancement. By shifting the center frequency of the informa

tion content of the beam from d.c. to the chopper frequency, a good 

portion of -the llf noise in analog electronics can be overcome. The 

advantage of avoiding d.c. baseline drift by this method can be offset 

however, in cases where accurate measurements are required, by the 

drift in the amplitude of the mechanical chopper. Thus, for optimum 

performance, a stable driving circuit for these devices is required. 

Starting with a factory supplied driver circuit to determine the 

necess ary character is ti cs of the dr iv ing circuit, first, an improvement 

was made on the standard circuit and, finally, a different circuit \vas 

developed which had the desired properties. The new circuit vIas tested 

against the improved standard circuit and found to give a more stable 

drive ampl itude. 

Standard drive circuits for tuning fork choppers typically ItJork by 

taking a signal from a pickup coil on the chopper, usually a slightly 

distorted sine wave, and amplifying it in a non-linear manner to 

produce an approximately square wave drive and reference waveform in 

phase with the pickup signal. In trying to drive the inductive load 

of the driver coil, switching transients are produced on both the drive 

waveform, Fi g. C-l, and pickup coil waveform. The ampl itude of the 

drive signal is proportional to the power supply voltage, and in the 

. 
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case of the Bulova 5A driver with just a full wave rectified bridge as 

a d.c. power source, the drive amplitude changes with variations in 

line voltage. A major improvement in long term stability was obtained 

by replacing the internal power supply with a regulated 28 vdc power 

supply. All further work and testing of the factory circuit vias done 

with this configuration. 

The new circuit, Figure C-2, works as follows. First the pickup 

signal goes to a CA3130AT CMOS op amp, which acts as a comparator to 

produce a square wave. If the output of this particular ampl ifier is 

only slightly loaded its output will swing to within millivolts of the 

positive and negative supplies. Further, if a well regulated power 

supply is used the amplitude ·of the square It/ave will be very stable. 

The square wave is then attenuated by a potentiometer and fed into a 

four pole Butterworth fil ter whose cut-off frequency is set to be the 

same as the resonant frequency of the tuning fork. For this filter 

the square wave input will produce purelr sinusoidal output of the 

same frequency an d 180° out of phase (s impl y inverted). By revers ing 

the polarity on the drive coil connections this well regulated sine 

wave output is now in phase with the pickup signal and will drive the 

chopper. 

A driver was constructed for both a 400 Hz and an 1800 Hz chopper, 

the only difference being the values of Rand C used in the filter. 

For a 4 pole Butterworth Filter using the Sal len-Key equal component 

configuration the value of Rand C are set by the cutoff frequency 

(where the phase shift of the filter is 180°)85,87 
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(1) 

For the 400 Hz chopper C = .0047 lJf and R = 8.25 kr2. f"1etalFilm 

1 percent resistors and low leakage capacitors with :5 - 10 percent 

tolerances are recommended. 

In order to assure positive startup, either a 3130 op amp can be 

selected which has several volts of positive output when both inputs 

are grounded in an open loop configuration, or this condition can be 

produced by adding a 10 kr2 offset adjusting pot across pins 1 and 5 of 

the 3130. 

The maximum drive voltage which a particular tuning fork can handle 

before harmonic modes are excited must be determined by experiment. 

By looking at the reference waveform while adjusting the drive 

ampl itude, the onset of severe distortion can be observed. On start 

up it may be necessary with some tuning forks to decrease the drive 

ampl itude initially to a small value (.5 volts) until stable operation 

occurs. Then the ampl itude can be increased to a level below the' 

maximum level at which the tuning fork can operate. 

In order to test the ampl itude stab il ity of the chopper movement 

directly, as opposed to the driver voltage stability, a test arrange

ment was set up with a tungsten lamp shining through a aDO Hz tuning 

fork chopper onto a photodiode. By measuring the ratio of the A.C. to 

D.C. components of the photodiode signal, a good measure of the chopper 

amplitude was obtained. Each drive circuit was tested for 1-1/2 hours, 

with sampling taking place every 5 minutes. Tne result was that the 

." . ~ 
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RMS deviation of the readings using the new driver was a factor of 4 

smaller than that obtained with the improved factory supplied driver. 

Observation of the drive/reference waveform on an oscilloscope 

showed a symmetric sine wave, free of any switching transients. This 

feature may be advantageous in that a sinusoidal input is the optimum 

waveform for the reference channel of many lockin amplifiers. 
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APPENDIX D: SOLID STATE TEMPERATURE SENSOR 

Because the temperature of the reaction cell could be varied over 

the range of 250 to 320 K, a method was needed to monitor both the 

average and the spatial variations of the cell temperature. Several 

types of sensors were considered for this purpose. Thermistors are 

very sensitive and relatively inexpensive, but have a nonlinear output 

versUs temperature transfer function. Thermocouples are commonly used 

in this type of application, but require a cold-junction reference and 

produce an output voltage which is a quadratic function of temperature. 

The silicon transistor temperature transducer was ultimately chosen 

because of its linear output and long term stability. 

The configuration employed is illustrated in Fig. 0-1. This 

circuit takes advantage of the fact that a silicon transistor's base-

emitter vol tage is proportional to absolute temperature when the 

emitter current is held constant.88 Ten identical circuits were 

constructed, with remotely locatable sensing transistors, as were ten 

variable voltage sources, to provide offsets for the final temperature 

readout. A rotary switch selected which sensor output and offset were 

displayed on the differential input digital voltmeter. 

The circuits were calibrated by nulling the collector-base voltage 

with the linearity potentiometer, placing the sensor in a 0° C bath 

and adjus ting the offset voltage for that sensor so the DVM read zero, 

and finally placing the sensor in a 50° C bath and adjusting the 

sensitivity potentiometer to get a 500 mV reading on the DVM. These 

last tv"o adjustments had to be repeated several times until both 

conditions were met simultaneously. 

~ . 
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