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INTEGRATED ABSORPTION- COEFFICIENTS #OR 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
Departmentagg Chemistry
University of California
Berkeley, Ca]ifornia 94720 .
- ABSTRACT
Integrated absorption coefficients for several vibration-rotation
‘transitions of the gas phase OH radical have been measured for the
,-first time. The rate ;onstant for the e]ectroni; energy‘trahsfer
."reattion between the excited.oxygen mo]equ]e, Oz(lAg)’ and the
ground state HO2 radical has also been measured.

‘The molecular modulation technique was combined with high
reso]ution diode laser épeétroscopy to observe four OH transitions near
3410‘cm'1. Hydroxyl radicals were produced by the photolysis of O3
at 2537 A in the presence of H20, and their time-dépendéht concen-
tration calculated by numerical simulation of the complete photochem-
ical system. The narrow linewidth of the diode laser (~3 x 10‘4 cm"l)
allowed direct'meésurement of the absorption line profiles. The
measured integratéd absorption coefficients are: |

1y 3,26 £ 1.52 x 10720

S(3807.6069 cm™ cm/molecule

S(3407.9890 Cm'l) = 2.87 =+ 1.58 x 10720 cm/molecule
1 |

= 1.60 = 1.22 x 10720 cm/molecule
20

$(3421.9360 cm™

©S(%22.0123 em™}) = 1.85 % 1.32 x 10~20 cm/molecule

~where the uncertainties 1isted are twice the standard deviation.
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Photolysis of 0, at 2537 A in a flow system was performed, both
with and without HZO present, and steady state'O3 concentrations
measured by UV absorption at 3150 A. OZ(IA) is a primary product
of 03 photolysis, and in a pure 03 system each OZ(IA) is
responsible for the destruction of two additional O3 molecules. With

H20 present, the O(lD) formed by 03 photolysis reacts with H,0

2
to initiate generation of OH and HOZ' The change in O3 upon
addition of H20 reflects the inhibition of OZ(IA) destruction of
03 caused by HO2 quenching of 02(1A),

(2

HO

n 1 2|
2 A") + 02( Ag) —> H02( A') + O2

Careful numerical simulation of this system under a variety of con-
ditions allowed determination of the rate constant for this quenching
process:

11

k 3.3 1.6 x 10™ cm3/m01ecu1e's

Q=

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

the radical termination reaction OH + HO2 was also investigated.
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I. INTRODUCTION
The hydroxyl radical and the hydroperoxyl radical are both

important reaction intermediates in many gas phase chemical systems,

1,2 3,4

interstellar space, and

the earth's tropospheres’6 and stratosphere.7’8

including combustion environments,
Understanding the
behaviorbof such systems requires detailed know]edge about e]ementary
reaction pfocesses 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 chemiétry, in
particular, is critical, as it is dominated by the ozone layer, which
protects the earth's surface from short wave]ength ultraviolet
, radiation.9 '
A]though 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.7’10

~ Since OH and HO2 play critical roles in the
catalytic cycles of NOX,.C1OX, and HOx radicals, which destroy
03-in the natural stratosphere, improved knowledge of their
abundances and ihteractions 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 HO2 radical and electronically excited oxygen, Oz(lAg)'

.
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" been done.

These results suggest new methods for monitoring the OH and HO2

radicals in the stratosphere.

A. OH Infrared Spectroscopy

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

25 e X2

done on the A n system in the 2800-3200 A region,

initié]]y observed in hydrocarbon flames and electric discharges in
water vapor, because of its high absorption and emission intensities
and the convenient wavelength rangé. 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
11-14 The most recent work by Goldman and'GiHisl4 gives
line positions and Tine intensities reTevant to Tow (240 K) and high
(4600 K) temperature studies for this system. Thevreéu]ts of studies
in this region have been used_in determining spectroscopic constants

2

for the X“r ground electronic state.

The discovery by Meine].ls’l6 of infrared vibration—rotation
emission from vibrationally excited OH originating in the upper
mesosphere and lower thermosphere from the exothermic reaction:

H+ 0y —>0H (v<9) +0, v (1)

3

produced more spectroscopic information about the Zni ground

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

radical in upper atmospheric photochemistry. Since then high



resolution emission spectra of OH from intense sources were observed,

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

region obtained.17

2

These data were combined with line position data

2

from the A®Z <«—- X"n system and microwave frequency data obtained

from studies of the A splittings of low J 2"1 levels to give very

good molecular constants and term values for the ini state for

V < 5.18

Although transition frequencies for the hydfoxy1 radical are known
accurately from experiment and theory,'information on integrated
absorption coefficients (also called 11ne’intensities)vhas been
restricted to results of theoretical ca]cu]ations19 and inference

from emission studie‘s.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 kadica], the relatively Weak
oscillator streﬁgth of these transitions and, previously, the lack of
a spectral source with narrow enough linewidth to accurately probe the

absorption Tines of these transitions. In this study a narrow line-
width tunable diode laser was coupled with a molecular modu1ation
spectrometer to directly measure integrated absorption coefficients of
several vibration-rotation transitions of the OH radical.

B. ﬂgz - Oz(lAn) Collisional Energy Transfer

~gJ

The photolysis of O

i~

3 in the Hartley band has been shown to yield

21,22

mainly excited products, O2 and O:



0.9 (2) o

0, + hv —> 02(1Ag) +0('D,) e
. 0y + hv —> 0, + 0 |  ?- $=01 (3)
s .f -~ In-a pure ozone system, further O3 destruction occurs by the
reactions:
O(lD) +0, —>0+30 (Zvall channels) . . . (a)
R | , o ‘
0,("a) + 03 —> 0, + 0, +0 - | (5)
0 +.0, —> 0, +0, S | (6)

If.'O2 and other buffer'gas are present, additional reactions need to

be considered:

(1

o(lp) +M —s 0 + M S (7)
02(1A) +H >0, + M | ' (8)
0 +0, +M —> 0, +H o (9)

When water 1is added to an 03 - O2 mixture, a chain reaction occurs -

to destroy ozone by the elementary steps:

initiation  0(1D) * H,0 —» OH + OH R (10

- 2

chain OH + O3 —> HO2 + OZ'

HO2 + O3 —> OH + O2 + O2



termination  OH * HO, —~>_H20 + 0, | . (13)

HO, + Ho2 —> H0, + 0, (12)
This mechahism predicts that photolysis of a flowing O3 mixture
.wou1d produce a steady stafe 03 con;entration that would decrease
‘when water was added to the mixture,' However, in pre]iminary experi-
.ments, under some conditions Just the opposite effect was obsefved.
;Numeriéa]'simﬁlation;of the system with an expanded reaction set, in
which key reaction rate constants were varied over their estimated
'uhcertainty range,23 yie]ded‘results which agreed qualitatively with
fhé predictions of the above mechanism. If the destruction of O3 by

the O, reactions is partially inhibited by the quenching of OZ(IA)

by thé hydﬁoperoxy] radical, according to the proposed mechanism:

HO (%a') + 02(325) AE = 75 anl (15)

5 (

2," 1
AT) *0,("ag) —> HO,

then adjustment of the rate constant for this process in the numerical
© simulation brought the calculated ozone behavior into agreement with

experiment. Since 0,-H,0 systems are widely used to investigate
372

HO, chemistry,24-26 further investigation was indicated.

The possibility of rapid energy transfer between OZ(IA) and

]
27 Evidence of the “A

28

HO2 has been postulated for some time.

came first from
27,31,32 an

first excited state of HO2 predicted by Walsh

29,30

. theoretical studies and Tater from emission d

33

absorption studies. Investigation of the near infrared emission



bands of HO2 by Becker et al.27

2A —> 2A emission was be1ng pumped by 02 (IA), for

produced the first evidence that -
this.
- which excitation to 2A (v3 = 1) was energetically possible. This

| pumping mechanism was later used to probe H02'concehtration$ in a

- flow tube by addition of metastable oxygen to thé flow and observing
the resultant 2A'(OOO) —> 2AI(OOO) emission at l;A3vum.3a

Indirect evidence that this rapid electronic-electronic energy transfer
process should occur comes from analogy with several observed near-

resonant processes:35’36

T (% 1,2> *0yllag) 2T (g ) 0,50 | (16)
1%py,,) + 0,(1ag) T2 150y ) + 0,0%57) (17)

9

2-
no quantitative study of this exchange rate has been done.

- Although Becker34 states that the HO OZ(IA) transfer is fast,

In this study a flowing 03-H20 system was.investigated over a
range of 03 and HZO concentrations and photolysis intensities, and

numerically simulated to obtain a best estimate for the HO, +

2
0 (lA) energy transfer rate constant.

2



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 té monitor this
species. ‘HZO was measured with the diode laser af 3406.675 cm"l,
since the strength of this water Tine had been measured previously.
Finally, the OH radical was observed at four vibration-rotation
transition frequencies around 3415_cm'1, again emp]oying'the tunable

diode laser.

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

HOZ-OZ(]A)vquenching 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 obﬁervab]e property
of the system. 'Such‘a sysfem 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, OZ(IA) is produced by the simple mechanism:



0, +hv —> 0,(*a) + o(') | BN :)

0(10)v+._o3 ~> 0 +3/20, (2all channels)s’ (19)
1L | -

0,('a) + 05 —> 0+ 0, + 0, | (20)

0+0, —>0,+0, | (21)

which predicts a qgantum yfe]d-for O3 destruction of 5, in reasonable

agreement Qith experiment.38 Measurement of steady state 03

concentrétion in the reaction cell both before and during irradiation

and knowledge of gas flow rate through the cell allows direct
determination of fhe primary photolytic rate constant.

.7 Addition of H20'to the 03—He mixturg produces the kéquired

HO2 radicals by the following elementary steps:

1

0(*D) + Hy0 —> OH + OH (22)
.OH + 05—> HO, + 0, . (23)
HO, + 05 —> OH + 0, v | | (28)
OH + HO,—> H,0 +,02, | (25)
HO,* HO, —> H,0, * 0, (26)
HO, + 0,('a) —> HO, + 0, | | | (27)

As described. in the introduction, this second set of reactions can be
cdnsidered a chain reaction in which the OH and HO2 radicals.
catalytically destroy ozone. These reactions inhibit the OX.
destruction mechanism both by scavenging the O(lD) produced in the

initial photo]ysis of O3 as well as quenching the 0 lA) also

o
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produced. Experimental conditions were selected to make the HO2
concentration relatively large, so that it might compete effectively
with 0, for the OZ(IA), while keeping the HO, catalytic chain
relatively short, so that the decrease in O3 destruction caused by
(27), the process of interest, was not blanketed by a large increase
in O3 destruction from the HOX chain, After the first two measure—}
ments on the dry ozone system were made, a stream of HZO-He was
added to the 03-He stream flowing through the cell. The ozone
concentration was measured as the HZO 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

0 (lA) qUenching by the HO2 radical.

2
The sequence of ozone measurements just described was performed for
a series of conditions, over a range of water and ozone concentrations
and photolysis intensities. To extract the desired quenching rate
constant from the ozone measurement, a comprehensive reaction 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 alil thevexperiments 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 absqrptions requires:
1)'absolute measuremeﬁt of absorbtion 1inewidths‘Which are mu:ch
smaller than the resoJution of conventional spectrometers
employing grating monochromators or interferometers,

2) ‘absolute measurement of the transient hydrexyl radical
eoncentration in a system where this concentration is both
large and uniform,

3) absolute measurement of extreme1y~sma11 absorptionvsigna]s.

These restraints are true, in geﬁera], for ény short-1lived

species, and have hindered exp]oitatioh 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-

scdpists with a source of infrared radiation which has a spectral
lTinewidth much smaller than the doppler width of molecular absorptions

in this wavelength region and an output frequency tunable 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

~1030 1

C10"" and BF.A The diode laser used in this study, with a

1, could accurately

manufacturer's stated linewidth of ~3 x 10~ cm™
probe the absorption profile of the OH transitions investigated, which
were found to be about 30 percent broader ‘than their doppler broadened
widtﬁ, calculated to be 0.010 cm'l.r An alternative to using a narrow

Tinewidth spectral source is to pressure broaden the absorption lines
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until their widths are comparable to the resolution of a more con-
ventional specfrometer, buﬁ 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 secdnd requirement, that of prcducing a known céncentration of
hydroxyl radica]s which isvboth spatially uniform and relatively large,
was met by employing the same 03-H20'system as was described in
the last subsection. This system was'ca]cu]éted to be capable of

12 mo]ecu]es/cm3,-which

producing OH concentrations greater than 10
is very good for such a reactive radical. The photolytic reaction
cell, which wi1] be described in detail later, was designed so that
reactant flow in and product flow out kept the contents of the cell
evenly distributed. Spatié] uniformity of OH also required that the
absorption of the photolytic light by the system be uniform. This was
accomp]ishéd by keeping the steady state O3 concentration in the

15 mo]ecu]es/cm3,

cell during the experiments at or below 2.4 x 10
which kept spatial deviations in photolytic rate due to finite qptica]
density below 2 percent.

The absolute concentration of hydroxy1‘radica1 was determined, as
before, by numerfca] simulation of the reaction cell chemistry. This
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,0 dnd 0

2 3 into the cell. The photolysis light flux and
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03 flow in rate were determined, as in the earlier HOZ—OZ(IA)
experiments, by measuring the O3 concentration both with and without
the photo]ysié lamps turned on. IheVHZO flow rate was determined

from a measurement of the steady state HZO concentfation in the cell’
by a high resolution infrared absorption technique, cohbined with-
know]edge36f the cell total pressure and fTow raté constant during the
measurement. The reaction cell flow rate constant was determined two
ways: by combining a measurement with a Ca]jbrated f]oneter of the
total gas f1ow fhfough the cell and a measurement of the cell volume
to get f/V, and directly by mqnitoring the decay of the 03
concentration in the cell whenbaddition of_O3 to the flow stream

into the cell was terminated. An estimate of the uncertainty in the
calculated OH concentrétion required cafcu]atiﬁg the sensitivity of OH
to several key reaction rate constants.

Meeting the third stated requirement, making. absolute measurement
of extremely small absorption signals, can be approached in several
ways. The most obvidus_approach was to tune thevdiode laser through
the region where an OH line 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 lines nearly as narrow as their doppler Timit, 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 re\/iew.,a2 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 baseline caused by the sTit function

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

Derivative spectroscopy takes advantage of the rapid tunability of the
laser to méasure the derivative of the absorption by modulating the
laser frequency over a small interval and synchronously detecting
changes in laser power transmitted through the absorption system at

the modulation frequency. In the Timit that the interval over which
‘the laser frequency is modulated is small compared to the absorption
linewidth, 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.

basel ine thch 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 triangular
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

S.V'Both first and second

have an absorption 1imit of better than 10~
derivative techniques were used,fh this study to 10Caté small
absorptions. |
| While derivative spectroscopyris'sensitive, absolute determination
of absorbance by this'technique is difficult. Althbugh the mathemat-
ical treatment requires thevlaser frequénQy modulation amplitude to be
small compared to the absorptioh ]inéwidth; bést sensitivity results
when the two ére about equa].aa ~This results in distortion bf the
measured signa]vfrom that of the frge'derivétive. Conversion of the
derivative signal to absorbante'a1sb requires knowing the abso]ute
laser frequehcy moduiation amp]itﬁde,.whfch is difficult to experi-~
mentally determine, and the D.C. laser intensity, to which the pre-
amplifier of the infrared detector does not respond. This technique
is best applied to measuring unkﬁOWn concentrations of a species,‘by
calibration of the derivative sigﬁa] amplitude with a known concentra-
tion of that species, as has beenvdone,recently with N20.45
An alternate method to modulate the desired absokption signal, so
that phase sensitive detection can be used to measure it, -is to
modulate the hydroxyl radical concentration directly. This teChhique,
called molecular modulation spectroscopy, has been developed in this

laboratory previous]y.as

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. Ana]ysis of the differential
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.equations governing the chemical system, either by analytic so]utions
or numeriéa] simu]ation, can either predict fhe amplitudes of the
.concentration.modu1ation.of each species and their phase relative to
the phdto]ysis»]amps, or conversely, can predict values for rate
6onstants and absorpfion Cross séctions from measured modulation
~amplitudes and phase shifts.. From an-e]ementary v1ewpoint; fnformation
about a species' chemicai lifetime in the system is being determined

: by this frequency domain technique;_much as fluorescence Tifetimes are
measured in phase shift f]uorometry.47’48 While earlier workers

chose to modu]éte'their photolysis lamps in an "on-off" square wave

fashion,49

in this study the lamp intensity was modulated 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 fo]]owing'simple system:

—_s A keA' o  (28)
A+ hy —s B i+ jlei“’t (30)
B+C —> D kg ' (31)

where (28) represents flow-in and (29) and (32) represent flow-out.
Comp]ex 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.so' Mathematical intuition suggests

that the solutions for species A, B and D (assuming C is constant),

can be expressed to good approximation by a truncated Fourier series:
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ety
A = A0+ Ale _
. i(wt+¢B)
B = BO + Ble (33)
. 'i(wt+¢D)
D = D0 + Dle

The resulting coup]ed differential equations describing this system

then become

- iletgy) i (wt+,)
A = Twhje =K (A -kao—kalg
“Jof1doMe | (3a)
- i(2ut+g,)
. it | CA
~JRge T ipAe
é = 1wB e1(wt+¢8)—j A +i A e](mt+¢5 )+j A eiwt+j A é](zmt+¢A)
=105 oM oM 1% 171¢
i(uttdg) ,
-k B, C-kgB Ce ' : (35)
. ‘ i (mt+¢D) i (wt+¢B) i (wt+¢D)
D = iwDje = kB, C*kgB, Ce "kao"kale_ ‘ (36)

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

independent part.  To simplify the solution, the second harmonic terms
i(2ut+g) '

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

usually of equal magnitude whereas Al/A0 is generally 10—3 or

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

than leo. The steady state solutions can now be written:
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Ay = KeA' /(3 %K)
By = oA, /KgC : (37)
D, = kgC/ks

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

concentrations are:

A = leO/(k% * w2)1/2 8, = tan~! (-u/k.) + 180° (38)
8, = leO/(kgc2 L LHe by = tan"l(-m/ch) (39)
D, = kg8 /(kE + JF)1/E By = tanH(-ulk.) + 4y (40)

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

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

tan™? (-w/kg) = -90° and (ki + mZ/)1/2.= w. Qualitatively

then, a reactant subject to photolysis, such as species A, will have a
phase shift of -90° + 180° = +90° with respect to the photolysis lamps,

and a modulation amplitude which decreases as WL

A photochemical
intermediate, such as specfes B, will have a phase shift between 0°
and -90°, depending on the ratio m/kBC, and an amplitude which is
constant for kzC >> w and decreases as w1 for kgC << w. A

product species, such as D, will have a phase shift between -90° and

2

-180°, and an amplitude decreasing as w-l to w going between the

low and high frequency 1imits as defined for B. Therefore, the
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‘quadrént in which the phase shift of an observed absorption lies
'indicates whether it belongs to a photochemiéal'reactant, intermediate
or product. vThis is summarized in Fig. 1.

| Closer inspectioh of the equation describing ¢B’ the phaSe shift.
-of the reaction intermediate with respect to the photolysis Tamps,
fevéa]s that the chemical lifetime of B (TB = 1/kBC) can be
determined.by measuring ¢B as a function of flashing frequency.

This measurement will be most sensitive when o = kBC, that is, when
.the intermediate is measured in its "tuned" region. The phase and
normalized émp]itude behavior of reaction intermediate B versus w/k is

‘shown in Fig. 2, where:

k =kgC =1/tp - - o - (41)

- The equations describing B are comb]ete]y:ana1agous to the transfer

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

RC time cantant. While the results derived above for the simple

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

system, fiha] analysis relied on numerical simulation to obtain very

accurate solution of the differential equations uescribing the system.
The methbd finally employed to measure the OH line strengths

iﬁvblved a'combination of molecular modulation and diode laser

spectroécopy. First the OH absorptions were found with derivative

,spectroséopy, Next the diode frequenc} was slowly scanned through the

OH absorption'11ne while the average laser intensity, I, and the

in-phase and gquadrature 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:
2,1/2

) /

AT = (a%+ b (a2)

1

¢ = tan " (b/a) , | o (a3)

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 path]éngth traversed, the number density of

the absorbing species, and its absorption cross section

—onl ‘ '
I = Ioe . (48)

Taking the derivative of I with respect to number density gives

dI/dn = -0110e‘°"] (45)

-3

and since in all cases aI/I ~10 ", this can be rewritten'as

anl

Al/an = —olloe- = ~g11 A ' (46)

o = - TmT (47)
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Thus, combining the known pathlength, 1, with the measured modulation
amplitude and average laser intensity, Al and I, and the calculated
~concentration amplitude, an, gives the absolute cross section for OH.

. Finally thefintegrated absorption coefficient, or line strength

S = | a(v)dv | 48

fs &a]cu]ated by integrating the measured cross section over the
entire line. The phase shift information obtaihed during the
experiment is needed to determine the cross section. However,
comparison of both phase shift and amplitude as a function of flashing
frequehcy as measured in the expefiments with those predicted from
calculation lends credence to the numerical model's abi]ify to

adequately describe the experimental system.

3. Numerical Simulation of the Chemica] Systems. Exact
analytical solutions for fhe chemical concentrations in a cohp]ex
‘reaction system cannot, in general, be derived. Often the use of the
steady state approximation for some species and aséumptions about a
rate-determining step will simplify matfers so that approximate solu-
tions may be written. These solutions are helpful in gaining insight
about the mechanism and making qué]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. CHEMK program.51’52

53

This
program employs the method of Gear™  for numerically integrating the
"stiff" set of first order differential rate equations which describe
.the system,'fo calculate the fime dependent contentratiohs of each
species. Tﬁe code has.beeﬁ modffied to simu1afe square wave and
sinusoidal variation of photolytic fntensity, as well as constant
illumination. The integration subroﬁtine, as implemented by

Hindmarsh,>

allows access to the Taylor series coefficients which
describe concentration as a function of time in the interval befween
times at which concentrations are explicitly caTcu]afed. 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 simu]étions are done by first
calculating 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

systém 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 iength 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'ém 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 allows
“selection of a 742, 1482, 2222 of 2962 cm pathlength. The mirrors,
which were custom fabricated by the John Unertl Optical Company to a
specified radius of 185 * 0.2 cm, are aluminum-coated and overcoated
with 500 A of magnesium fluoride both to maximize the ultraviolet

56 1ear 2000 A and to protect the aluminum from chemical

57

reflectivity
attack from the strong oxidizers used in this investigation. 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 ultraviqTet to approximately 9.0 microns in the infrared.
Silicone rubber was selected over Vitoanor all the O-rings used on
the cell because it retains its elasticity better at Tow temperature
and holds up better against attack from O3 and HZOZ' A liquid
nitrogen trapped o0il diffuéion pump is capab]e of evacuating the cell

to less than 10'2

Torr. The volume of the cell was determined, by a
series of expansions of nitrogen gas from a calibrated bulb into the
cell, to be 37.5 liters. The pressure in the cell is measured with a
~ Baratron Model 310 BHS-1000 0-1000 Torr capacitance manometer with 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 enfire cell‘assembly rests on 3" nylon pads to reduce the
thermal conductivity between the steel table top and the cell
ﬁompartment. The cell is separated- from the table by 3" of rigid
polyurethane foam board and 1/4" thick high density closed cell
heoprene foam sheet. A]sd, the cell 1is enclosed in an insulated box,
built Wifh 2" thick a]uminum—backed;fibérg1ass. The optical probe
beam passes through the 1nsu]ated'box via two evacuated glass tubes
with calcium fluoride windows sealed on the ends. The cei] compartment
is cooled by é finned radiétion coil mouhted abdve the cell, through
which cooling f]uid; either methanol or chilled water, is circulated.
Heat is added via three heating tapes set on top of the coi1 and
connected in parallel. The air temperature in the.box is requlated by
driving the heaters with a probortiona] temperature controller, which
emp]oy§ a précision thermistor as a sensing element. A "sguirrel
cage”" blower mounted inside the box circulates the air over the coil
and reaction Ce]l to keep the compartment temperature uniform. The
temperafure of the cell itself is monitored with eight solid state
temperature sensors taped tovthe outside wall of the cell 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
their 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. _Optica1 System. A kinematically mounted mirror at the front

end of the optical train allows selection of any one of three
spectroscopic light sources. In the first position is a Sylvania
DE450A deuterium arc lamp powered by a modified Bausch and Lomb
current~regu1atéd D.C. power supply which pfoduces usable output in
the 1907400 nm region of the ujtraviolet. The second position, not
shown in Fig. 3, accomodates either a 6 volt tungsten Tamp for cell
aTignment of a Nernst g]oWer for low resolution infrared work; The
third position is for a Laser Ana]ytics tunable diode laser. The
diode laser system is an early manufacturing prototype; few were
built, fewer sold, and no coherent documentation produced. Therefore,
further descripfion is-indicated.

The diode laser systém consists of several components. The actual
emitter is a Pbl—xCde crystal, mounted on a gold-plated copper
package, whose composition was selected so that it would produce gain
in the 3400 <:m'1 region. It'was purchaséd from the Laser Analytics
Division of Spectra-Physics as a Model SDL-10 laser diode (serial
number 9261-17) capable of laser output coverihg 3805-3435 cm"1
(3395-3845 cm"1 measured). The diode laser package is mounted on a
heatsink attached to the cold station of the cold head of a CTi
Cryodyne Model 70 closed cycle helium refrigerator. A heating coil
and a calibrated temperature sensitive diode attached to this heatsink
allow the temperatﬁre controller (Lake Shore Cryotronics, Inc., Model
DTC-500) to maintain the diode operating temperaturg anywhere between

10-70 K with stability of about _10*3 K. In order to maintain such
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Tow temperafures and prevent air from condenéing on the diode, the
éntfre heatsink and cold station of the cold head are encased in a
vacuum jacket wfth a KRS-5 window at one end. Course tuning of the
diode output frequency is accomplished by adjusting this temperature.
The.diode emit§ 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 djode current is supplied by a Laser
Analytics LPS-2 control module. The LPS-2 performs thé following

functions:

1).supp11es a stable D.C. currénf tﬁrough 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-Y recorder,
3) supplies a third curreht cqmponent to the diode which 1is
proportional to a voltage presented by the user. This allows
fkequency 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 f/1 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 sy;tem on the
table, and the Tlaser 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
sourceﬁ, the beam is focused at the proper distance from the source
selection mirror with an f/2 calcium fluoride lens.

After the sejection mirror, the probe beam encounters a 15 cm
focal length spherical mirror which images it on to the slits of a
vBu]ova 1800 Hz tuning fork chopper. A second 15 cm focal length
'spherica1 mirror after the chopper focuses the beam into thé cell
entrance slit. After making from4 to 16 passés 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 sequentia] monitoring in the hidd]e u]travid]et and the
middle 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 indjum 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 A210 preamplifier which was optimized for this
particular detector element. The third detector is an EMI 9783B
photomultiplier tube which is particu]ar}y sensitive in the ultra-
vio]et; Since the ultraviolet beam intensity was relatively large,
the overa]T'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 vo]tage at a constant 100 volts witH a

lener diode; as suggested by EMI.58

A schematic of the PMT and its
preamplifier are shown in Fig. 4. The InSb jnfrared detector and the
EMI 97838 PMT are mdunted on the two exit ports of thévmonochromator.
Turning a lever on top of the monochromator moves an intefna] mirror:

which diverts the output from one detector to the othef.

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

experiments came from eight 30 watt General Electric G30T8 low pressure
mercury germicidal Tamps, 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 aboﬁt 1" from the cell wall. Specially formed mirrors made
out of high reflectance Alzak aluminum sheeting are p]aced 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 vb]t fiiament transformers to.faci1itate Tamp 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 Tamp current. Therefore, by controlling the lamp current with
séries pass transistors, the lamp current-and intensity can be made to
follow any programming voltage signal within the éircuit's bandwidth.
Generally, this consists of a D.C. Tevel set by the D.C. adjustment
"~ potentiometer and a variable amplitude sinuéoida] modulation signaT
from the digital sine wave generator (Appendix B).

Photo]yéis lamp intensity is monitored with an EG and G UV100B
U]travio]et 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 diagramhof this monitor is
shbwn 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

vspectroécopic probe beam can be modulated three different ways and
 that these modulations are detected at four different frequencieén
The purpose of each is described in the following subsections.

~a. Perivative 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 fhe
laser frequency rapidly over a small interval while slowly sweeping it
over the frequency range of interest. The derivative profiles are
obtainéd by phase sensitive detection of the laser inténsity fluctua-
tions at the'modu1ation-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 Lasef-Control Module. The laser frequency is sTow]y swept by
the internal ramp generator, which also driQes the X axis of the |
recorder. The laser intensity fluctuations are detected by the InSb
detector aqd sent to two phdse sensitive détéctors; one set to detect
at 5 kHz (first derivative) and one set to detect at 10 kHz (second
derivative). The output of eithef the first or second derivative
detector can then be sent to the X-Y recorder. Although not
imperative, thjs type of detection is best done when the other beam
modulation sources are not operative.

b. Carrier Signal. 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 carriéd on the beam to a
ffequency above the region ofve]ectroni; 1/f noise. Also, the
infrared sourées must be chopped so that the»A.C.—coupled infrared
detector preamplifier will respond to them. During a molecular
modu]ation experiment the concentrations fn all the specie§ of the»
reaction_cel] are being modulated at the flashing fréquency, f, of the
photo]ysis.1amps. After the probe beam has travérsed the reaction

cell, it is amplitude modulated at the wave]ehgths 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 componénts which contain the modulation ihformation, and a

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

the chopped beam.

The detector éignal goes to the 1800 Hz carrier lockin amplifier,
which amplifies it, effectively croés_mu]tip]ies it with a square wave
function which is in-phase wfth the reference.sfgnal from the chopper,
and filters the result with a time constanf of about 1 millisecond
(about 2 cycles). This process converts the 1800 Hz carrier to a D.C.
level proportional to its original amplitude and converts the sidebands
containing the modulation jnfo%mation 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 low-pass Bessel active
filter which cleans up the D.C. component to give a vb]tage which is

proportipna] to average beam intensity,lca]led either I or IO

- depending on cell cbntents, This voltage is displayed on a digital
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voltmeter and recorded either by the X-Y recorder or the data acquisi-
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 chqpper have been replaced with a more
sophisticated circuit, described in Appendix C, which resuTts in better
chopper and beam amplitude‘stabi1ity. The f Hz moduiation is sent on
for detéctibn to the second device, a dual phase 1ockin_amp11f1er
described in subsection C. | |

- Both the 1800 Hz carrier and 5/10 kHz dérivative lockin amplifiers
were constructed in this ]éboratory from commefcia]]y obtained |
components. They share the same chassfs and power supplies, and have
equal access to the two 3-1/2 digit DVMs used for signal display.
Except for a few components which determine operating frequency, the
two channels are identical. The reference signal ié processed by an
Evans Associates Model 4114 phase contro] unit, which converts any
periodic reference signal intb two symmetrical logic waveforms which
differ in phase by 90°. The phase of these waveforms with respect to
the reference can be changed in steps of 90° as weT] as continuously
over #100°. In the second harmonic mode the waveform frequency is
twice the reference frequency, the outputs differ by 180°, and the
controls change the phase by twice the amount as they do in the
fundamental mode. The carrier signal 1is processed in each channel by a
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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(Q =_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 Towpass 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 difference frequency
output which is ‘attenuated by the post converéion lowpass filter.
'Measurement of the derivatives regquires output time constants of 0.1
~to 1.0 second and insertion of thevbandpass filter on the input so
‘that incoherent siQna]S‘dO'not,over1oad the converter. Modu1ation
experiments require using the minimum output timevconstant (~1
miT]isecond) and remov.ing the bandpass filter so that the carrier

sidebands are not severé]y attenuated.

c. Chemical Modulation Signal. The unfiltered output from the
1800 Hz carrier lockin goes to an Ithaco Dynatrac 3 Tockin analyzer
for detection of thevchemica1 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 (al/I = 10'3)

are again at low frequency. This Tockin
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 simultaneousiy. These two outputs are
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recorded by the data atquisition computer during thé course of an
experiment for display, storage and later analysis. |
Since the carfier 1o§k1n 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 0° with respect to the
low frequency input and an amplitude set by three precision resistors
of aI/I = 1.003 x 10'3. This sianal is then processed by the
detection electrbnics and both the final amplitude and phase of the
low frequency modulation and the D.(C. level out of the carrier lockin
are measured. Since the "chemical™ 1o§kin responds to RMS signal
amplitude, the measured modulation amplitide should be 9.03 x 10"‘1
times the measured D.C. carrier output. Ccnparison of this value with
the measUred amplitude gives the attentuation factor of the carrier
lockin at this modulation fkequency. The measurad phase of the signal
gives the phase shift of the carrier lockin at th:s frequency directly.
Consequently experimental modulation signals can be <orrected forvthe

carrier lockin transfer function.

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

system used for collecting, analyzing and storing experiménta] data ié
shown in Fig. 8. Most of this research was performed with a Digital
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 multiplexer
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~ goes to a Preston X-Mod 723A 4-1/2 digit digital voltmeter, which has
| a stated accuracy of 1 part in 20,000. A programmable real-time clock
internal to.the computer controls the rate at whichvthe DVM samples
its input, digitizes it, and sends it to the compUtek for storage in
memory. The dual drive Dectape unit“intérféced'to the PDP 8/E allows
storage of programs and data on magnefic tape. A highly modified
verﬁson of thevinteractive 1ahguage FOCAL developed by'Richard
Graham59 allows use of all.the above féatures in an interactive
envirpnment,-as well as collection of data under fnterrupt control so
‘that other calculations can be done simultaneously. A display scope
a]}ows.rea]-time viewing of the data as they are collected, and an X-Y
recorder'plots out the final results. An interface to the PDP 8/L
minicomputer provides high speed pEinted output capability on the
Diablo Model 1660 matrix printer terminal.

Direct éomputér—compdtef 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 LBLvthfough 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 mode, laboratory data is sent from the
. 8/E to the 8/L, which bufférs the data flow and impliements 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
dedicated real time data acquisition capability and large mainframe
computational power.

C. Gases and Flow System

A1l of the gases used in this study were supplied by the Lawrence
Berkeley Laboratory. The suppliers' specifications for maximum
impurity cohcentrations in these gases are listed in Table 1. Extra
pure helium was f]owed through a Matheson.moiSture and particulate
filter, and optionally through a 6 to 12 mesh silica gel trap at
1iquid 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 volafi]e impurities. Ozone was prepared from
high dry oxygen, which was purified by passing through a quartz tube
contaihing copper turnings at 900 K to oxidize hydrocarben impurities
to C02_and H20, through a column containing pellets ofVS percent
palladium on alumina heated to 620 K to oxidize hydrogen, and finally
through columns of ascarite and P205 on glass beads to remove the

C0, and HZO’ respectively. The purified oxygen went through an

2
Ozone Research and Equipment Company ozonator, which converts approxi-
mately 5 percent of the oxygen to ozone. From there it passed through
a high capacity glass trap containing 6 to 12 mesh silica gel held at
7196 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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_ Table 1
Typical Gas Impurity Levels@

| High ny Oxygen S Extra Pure Helium

" No 400 ppm | 5.0 ppm.

02 99.6 pct min | 5.0 ppm

e o S B | 99.995 pct min

H20 S 1.5 ppm | : 1.5 ppm | .
€0y 10 ppm | 0.1 ppm

Ar 'é_. ~ 3000 ppm 0.1 ppm

Ne -  . —_ - 14 ppm

THcb 3 . 12.5 ppm 1 ppm

a ps quoted by supplier

b Total hydrocarpons as CHa
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A comp]ete'discuséion of separation of ozone from oxygen by absorption
on'silica gel and the precautions requifed 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 teflon bores and Viton O-rings. Connections between
different éectioﬁs of. the manifold were made with stainless steel
Cajon Ultra-Torr fitfings. The helium carrier gas first passed through
a quo#tat Predictability flowmeter to measure total gas flow rate.
Calibration of this flowmeter by timing the period for a gas flow from
it to fill avca]ibrated volume agreed veky well with the calibration
predicted from the flowmeter literature formulas. The carrier stream
was then split into'three'para11e1 flow circuits, each one with either
a size S or M 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 fs either 1in series with the flow
or bypassed, controlled by a set of three stopcocks. One saturator is
for ozone as descfibed earlier, another'contains H20 and the third
contains HZOZ' This allowed independent adjustment of the HZO
and O3 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 Tliter dewars containing 1:1 ethylene glycol/water
solution which is cooled by a coil in the bottom of the dewar through
which methanol at 0°C is flowed from a Neslab RTE 4 refrigerator. The

solution temperatures are controlled by proportional controllers which
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drive heater coils mounted next to ﬁhe cooling coils. Uniform temper-
ature is achiéved by bubbling air through the solution from a disperser
tube Qnderneath thé coils to obtain mixing, and measured with an
alcohol thermometer.

The gases enter and exit the ce]]Athrough twd.identical‘disperser
tubes fUnning along the top and bottom of the cell. They are 3/8"
thin wall byrex 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 ce]] is assured;

- Also, the turbulence caused byrthe ffow in process keeps the reaction
cell contents well mixed. Exhaust gas passes through 6 feet of 3/4"
copper tube heated to 100° C to destroy most dfbthe remaining ozone,
fhrough a liquid nitrogen cooled trap to collect thevresidua1 03_and
: HZQ’ and then.to a Kinney KC-5 mechéniéa] pump. With a helium flow
rate of 3.66 stahdard Titers/min thrdugh the system, the pump

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

A. Ultraviolet Absorption Cross Sections

Ultraviolet absorption cross sections are required in this study
for modeling the photolytic decoﬁposition mechanisms as well as for
monitoring O3 concentration. At the photolysis wavelength of
2537 A, both Q3 and HéO2 are known to absorb radiation and

dissociate, and their absorption spectra have been measured pre-

61-64

viously. The spectra of these two molecules are shown in

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

HO,, whose UV spectrum has a maximum at 2100 A and a weak tail

49,65,66

extending into the photolysis wavé]ength région. Photolysis

products for HO2 have never been measured, but have been predicted

67

in a theoretical investigation to be 0 + CH. Since the chemical

‘destruction rate for HO2 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 A, again only

O3 and H202 absorb. Since the value of the H202 cross section

is only 5 percent of that for O3 and the H202 concentration is at

least two orders of magnitude smaller than the O3 concentration,

H,0, never interferes with the measurement of 0

UV absorption at 3150 A.

3 concentration by
The choice of 3150 A as the monitoring wavelength for 0, 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 percent, 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).

15 3)

For the O3 concentrations anticipated (1.5 - 15 x 107~ molecules/cm

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/m01ecu1e, which is the value for 0, at 3150 A. The problem

3
with using this wavelength is that the 03 spectrum is structured in
this region, so that wavelength calibration errors and differences in
spectral resolution from ear]ief cross section measurements may mean
use of their results in this study is inappropriate. Also the table

of pub]ished absorption coefficients69

uses irreqular wavelength
intervals, so a listing at every 1 A is useful. Since the spectrum of

0., at 3100 A does not exhibit the same bothersome features as it

3
does at 3150 A, the previous result at.3100 A.was used to measure
absolute 03 concentration in this investigation.

The reaction cell and optical train described earlier were used as
a sing]e beam spectrometer for the measurement-of'thé O3 absorption
cross sections. The D2 lamp provided the required ultraviolet
radiation, which made 16 passes through thé cell to give a total
absorption pathlength of 2962 cm. The monochromator was operated with
the 1200 line/mm grating, and entrance and exit slits set at 200
microns, to give a spectra]-reso]utidn (full width at half maximum) of
1.67 A. The EMI 9783B PMT 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 O.S second output time

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

point in sets of 1024 points. The monochromator wavelength readout
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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.

Helium was flowed through the cell at 3.66 standard liters/minute
at-a pressure of 67.6 Torr. Incident beam infensity Io(x) was
 measured both with wavelength fixed at 3100 A and while ‘the wavelength
~ was scanned from 3100 to 3203.3 A at a rate of 20 A/minute. Next,
03vwas added to the flow stream from the satdrator and the f]owé
adjusted until its steady state concentration was about 3 x 1015
mo]ecu]es/cm3., The transmitted beam_intensity I(x) was then recorded
for 5 minutes at 3100 A, recorded again as the wavelength was scanned
.from’3lOO 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 two data sets of I(3100),

- when converted to optical density, were found to be accUrater
described by:

3.1598E-4)t

0.D. = 1.18021 - .28363 e_( (a9)

where t is time in seconds starting at the time the first I(3100) data

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

-19

c(3100) = 1.028 x 10 cmZ/mo]ecu]e derived from reference 69 and

the pathlength 1 = 2962 cm, allowed calculation of the O3 concentra-

tion at the exact time each I(x) data point was recorded, called for
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convenience 03(A). The absorption cross section ¢ at each

wavelength was then calculated from the expression:
o(x) = [0400)177 Tog, (1, () /10T . (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 absorntion 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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: Table 2
Absorption cross sections (cm2/mo]ecu1e, base e) for ozone
averaged over each A.

A (1) 10%% A (R) 1029 A (R 1020
3100 10. 31 313 7.02 3168 3.97
3101 10.28 3135 7.06 3169 4.05
3102 10. 26 3136 7,00 3170 4.13
3103 - 10.22 3137 6.86 3171 1.15
3104 -~ lo.10 3138 6.70 3172 4.09
3105 9.89 3139 6.55 3173 4.03
3106 9.70 3140 6.36 3174 4.00
3107 9.57 3141 5. 20 3175 4.09
13108 9.51 3142 6.01 3176 4.2
3109 9.40 3143 5.78 3177 1.20
3110 9.37 3144 5.63 3178 4.05
3111 9.31 3145 5.49 3179 3.90
3112 9.26 3146 5.41 3180 3.77
3113 9.22 3147 5.36 3181 3.67
3114 9.21 3148 5.30 3182 3.55
3115 9.13 3149 5,27 3183 3.40
3116 8.94 3150 5.20 318 3.8
3117 8.67 3181 5.12 3185 3.13
3118 8.38 . 3152 5.08 3186 3.06
3119 8.23 3153 5.1 3187 2.97
3120 8.06 3154 5.27 3188 2.91
3121 7.89 3155 5.43 3180 . 2.82
3122 7.77 3156 5.51 3190 2.75
3123 7.60 3157 5.43 3101 2.72
312 7.51 3158 5.23 3192 2.77
3125 7.3 3159 5.08 3193 2.93
3126 7.21 3160 2.83 3198 3.09
3127 7.12 3161 4.67 3195 3.21
3128 7.08 3162 4.57 3196 3.17
3129 6.97 3163 4.47 3197 3.08
3130 6.91 3164 4.40 3198 3.00
3131 6.82 3165 4.26 3199 3.12
3132 6.85 3166 1.14 3200 3.22
3133 6.95 3167 4.04 3201 3.20
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IIT. EXPERIMENTAL PROCEDURE AND DATA

B. Laser ModevSe1ection

At any given operating temperature and current, thé output from a
laser diode generally consists of several different frequencies, or

-1 (10 MH2),

modes, each one with a bandwidth of ~3 x 10-4 cm
‘spaced about 1-2 cm'1 apart. BecaQse of this a monochromator is
required to select jUst‘the_one.mode desired. The-monbthormator»
produces several undesirable effects, including s]opihg»base]ineé 1ﬁ
direct absorption studies and large baseline amplitudes in derivative
studies; because of its slit function. Lasers operatiﬁgsih fhev4—12
_mitron region usually have some operating region where they_wi1].either

43

emit single-mode or with at Teast 95 percent of their outpdt powér

. a
in one mode 5

and so can be used without a monochromator” in the
optical train. In the 3-4 micron region, however, 1aser diodes are
notoriously bad as far as mode,characteristics,70 and this diode
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 éurrent "operating space" 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 adiocde
current is then scanned upward by the LCM ramp generator and the

detector/demodulator output simultaneously recorded on the X-Y-

recorder. The scan proceeds in steps of ~0.2 A, the max imum range of
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the ramp generafor; uhti] the specified maximum allowable diode
current is reached. - The temperature is then fhcreased by 1 or ZvK,
and the curreént scan from threshold to maximum repeated.' Steps in
temperature continue upward until no emission is detected at ahy
current. For the particular dibde used, the threshold current
increased with“temperafure. v | |

The next*step is td,determine which régions‘of "operatiﬁg space"
produced a desired frequency. _The’manufacturer's test resd]té givé
the frequencyyrgnge over which the diode has been observed to emit, so
determination 6f the wavelength region to search is straightforward.
The diode témperature is set to the minimum at which laser action was
previously observed, and the current to the minimum which produces
emission at this temperature. Holding these fixed, the monochromator
is scanned over the wave]ength.region where laser output is expécted
and the resu]tfng mode spectrum recorded. The monochromator slits are
adjusted if necessary so that each mode is reso]ved.(i.e,, the signal
goes almost tq zero between peaks).' Now thé current is set to thev
ma X imum ét wHich emission was observed at this temperature and the
wavelength again scanned. This is repeated for the minimum and maximum
currents at every temperature inveétigated brevious]y. Inspection of
these results reveal over what temperature range a particular wave-
length will be emitted, and for any temperature in that range the
approximate current range as well. Two typical mode spectra are shown
in Fig. 11 for a_diode temberature 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_inéreasing laser current. This is the
same behavior that is observed with increasing temperatufe.

To select a mode for a particular frequency, the monochromator is
first set to the corresponding wavelength. To insure wavé]ehgth
accuracy, eight Ne lines between 7000 and 7500 A were observed in
fourth'ordé% with the monochromator to check the readout ca]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-Y recorder and the "raw" detector sfgna]-is'observed on an
oscf1loscope which is sweep tfiggered by the tuning fork chopper
reference signal. Observation of the current rangé where emission
occurred at this temperafure he]ps narrow down the range to search at
the next temperature, as the 1imits of this range”deckease sTowly and
bredictab]y with increasing temperature. - The recorded spectrum shows
whether or not the modes are being feso]ved, and whether obvious mode
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 spikesvon top of it.
If a mode passes these two tests, it is marked down 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‘incrementa]ly ihcfeased.uhtil no more laser output is observed at

»rthis wévelength. The femperature is then reset to just below thev

- firstVtemperature-investigated and'temperature incremented downward
until ]aservoutput again vanishes. This process uncovers all possible
 “good"_]aSer modes for this wavelength. If many good, strong modes

are fodnd ihitial]y, covering this entire temperature range is not

necéssary;' Figure 12 shows a typica] diode tuning curve; diode

“temperature is 18.2 K, monochromator is set at 29,215 A (3832 cm_l)

1

s

‘and slits are 200 microns (6.66 A/O.78,cm“ FNHM). Varying the
1ﬁ§urreht from 1.80 to 2.00 A tunes three separate'modes through the
’%onochrOmator's'bandpass, with each oné reso]ved from the next. If
Héo absorptions A and B were not pfesent,’thevnearly triangular slit
'fuhctﬁoh of the monochromator would be observed. . Since the mode .at
lf90 A is strongest, it was chosen for later studies in the
 f3422;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 distontinuities, roughly sinusoidal but with sharper
peaks and broader valleys, and even spacing befween peaks. An example
of a good trace is shown in thernext 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
:near]y Constant;.a‘discontinuity in the first dérivative will still be

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

Fig. 14.
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As an added comp]ication, 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

2 Torr or

temperature and the vacuum jacket pumped down to 10~
better. When the diode is again recooled, the mode behavior has
.genefaT]y ghifted, so at least part of the process described above
must be repeated. As a result of'this, av1érge portion of the effort
to measufe hydroxy] radical absorptions was expendéd in laser mode

selection.,

C. H,0 Determination

Both the HOZ—OZ(IA) study and the OH absorption study
required quantitative knowledge of the water vapor concentration in
order to model the chemical system. The decision on exactly what

H,0 concentration to use was based on several considerations:

2
1) H20 must effectively compete with Q3 for the O(lD)
produced in the photolysis of 03,

2) high H,0 concentrations require complete modeling of the

2
water dependence of the HO2 + HO2 disproportionation
reaction,

3) water vapor tondenseé 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 HZO would be optimal. This HZO concentration results in
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>85 percent of the 0(1D) reacting with water under all conditions
explored in the H02—02(1A) study and >95 percent'reacting under
the conditions of the OH absorption study. Interpretation of the

71 on the water dependence of the HO2

results of Hamilton and Lii
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 with an HZO steady

state pressure of 2 Torr, the trap could go 30-40 minutes before ce]T
pressure started to increase due to severely reduced conductance of
the trap. During the H02—02(1A) 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 iﬁner tube, and in this configuration maximum flow time was
never reached.

As described ear]fer, the>f10w manifold contained a séction with
three parallel f1ow cifcuits 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 HZO saturator bypass cfrcuit was (.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 HZO 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
throughout the OH absorption sfudy and half the H02—02(1A) study.

To accurately measure the H20 concentration under the standard
flow conditions,}high resolution spectroscopy with the diode laser was-

emp]oyed. Early observation of H,0 1ines indicated that their

2
linewidths were generally 1.5 times their doppler width of 0.010
-cm'l. To get a peak absorption of about 50 percent required an
' 23

HZO absorption with a line intensity of 7 x 107" cm/molecule. A
search of the best compilation to date of calculated HZO vibration-
rotation line pauf‘ame’cer~s72 uncovered a vy transition at 3406.675

;m'l with the right intensity and for which the intensity had been

73 The monochromator was set

experimentally determined previous]y.
as closely as possible to the wavelength éorresponding to the line,
and a good laser mode located, as described earlier. Water was flowed
jnto the cell under standard conditions; and the.monochromator setting
finely tuned until the nearly flat top of thé s1it function was
centered on the H20 line. The laser was then scanned; over the
absorption line two separate times and the absorption profiles
recorded on the X-Y recorder. The cell was then pumped out and an
etalon trace made for frequency calibration. These traces are shown
in Fig. 13. Va]qes of I and I0 were read off the graph paper for

each sma]]IdiviSion 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
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Fig. 13. Absorption profile measurements of the 3406.675 cm'] H,0 transition. Trace A is the
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second (narrow) scan over the H,0 Tine. (Ngte the separate baseline for the two scans).
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are known to be 0.0486 cm-1 apart. Each optical density profile was

then numerically integrated to yield an average integrated optical

1

density of 0.0139 cm™~. This was converted to HZOTconcentration _

by the relation:

: ﬁine 0.0. (v)dv

"H,0 TS } - (81)

2

where-nH 0 is the number density of water molecules, 1 is the
2
absorption pathlength (2962 cm) and S is the line intensity for this

transition (6.90 x 10723

16

em/molecule). The water Cbhcentration is

6.80 x 10 3

molecules/cm~, which at 293 K correspbnds to 2.06 Torr.
This is in very good agreement with the pressure risés bbserved upon
addition of H,0 to the carrier stream, which were always between 2.0
and 2.1 Torr. |

The HOZ-OZ(IA) study required a sécond water céhcentfation
about one tenth the standard one in order to vary HO2 concentration
at fixed photolysis intensity. This was.achieved by using the ca]i;
brated flowmeter to change the flow through the HZO 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 measuremenfs gave 2.07 Torr. Ukhnile the'gauje is
not as accurate as the resolution here, the relative pressure measure-
ments are probably good to %10 percent. Tﬁus, in the HOZ—OZ(IA)
experiment analysis the Tow water concentration was taken to be 6.8 x

1015 mo]ecu]es/cm3.



66

D. Steady State Photolysis of 0,-H,0

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

addition of water to a UV irradiated ozone system were made, under

varying UV intensities and HZO concentrations, in order to determine

2
optical train described in Section II-B and shown in Fig. 3 were

the HO -OZ(IA) quenching rate constant. The reaction cell and

employed, using the.D2 lamp as the probe beam strce and a 2962 cm
cell pathlength. The 1200 line/mm grating was installed in the mono-
chromqtbr, which was set to 3150 A with 1.67 A resolution. The output
of thé?97838 PMT went to the 1800 Hz carrier lockin, and the lockin's
fi]tered output (0.3 second time constant) was sent to the data
acquisition Compufer, which sampled it every 147 milliseconds in sets
of 1024 or 2048 points. This is nearly jdentica] to the setup used to
measure O3 cross sections.

Thé‘tota] flow rate of the heljum carrier gas was 3.66 standard
]fterS/minute throughout the experiment. The heljum flow rate waé
kept at 0.28 liters/minute th;ough the ozone saturator and either 0.80
or 0.08 liters/minute through the HZO saturator. With the HZO

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

15

"low" water concentrations (68 and 6.8 x 10 mo1ecu1es/cm3),

respectively, as discussed in Section III-C. The O3 concentration

in the absence .of pnotolysis was between 1.0-1.5 x 1016

-mo]ecu]es/cm3. Total pressure with just helium was 67.5 Torr.
Measurements of incident beam intensity 16(3150) were made

several times at the beginning of the series, about midway through,
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and after completion, so that its value at intermediate fimes could be
interpolated. The méasurements were all made with the:carrier gas
flowing. Several measurements were made with low and standard water
concentrations present, as IO increasesvl.a percent and 1.8 percent,
respectively, over the dry value under these conditions, presumably
due to formation of a water layer on the windows and mirrors which
reduces scattering of iight out of the beam. Also, profiles were
recorded df Io changing aﬁ»the water was first turhed on aﬁd first
turned off, to correct for this effect in the O3 observations
described later.

The experimental serfes-consisted of ten éxperiments; five
different light intensities and two water concentrations at each

intensity. The range of Tight intensities (2.5-15 x 10%

cm2 sec) had been chosen earlier to maximize sensitivity to the

photons/

effect of.HOZ-OZ(lA) quenching on the'system, and span roughly a
factor of 5 range. These intensities were achievéd'by setting the Hg
Tamp currents at 4, 8, 12, 16, or 20 milliamperes, and will be referred
to for conveniénce as intensity 1 to 5; Actual photon flux at each
intensity was-determined by dry O3 actinometry.

Each experiment consisted of the following sequence of
measurements. Photo]ysis lamps are adjusted to the desired intensity,

and when 0, steady state is achieved its concentration was measured.

3
Another measurement sequence was then started, and after about 15

seconds the helium flow through the H,0 flow circuit bypass was

2
diverted through the saturator, and the 03 transient observed as
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conditions went from dry to wetvsteady state. A third sequence
measured about 15 seconds of the wet 03, and then the water
saturator.was bypassed again and.O3 observed as the cell dried out.
After the cell was completely dry, the O3 steady state concentration
was again measured. For each intensity the two experiments with low
and standard H20 concentrations were grouped together, ahd the
steady state O3 concentration with the photolysis lamps off measufed
both before and after éach of - these groups. These five light intensity
groups were performed in random sequence. The steady state O3
results are listed in Table 3. The transient O3 curves obtained are

shown in Figﬁ. 29-38 of Section IV.
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' R Table 3
‘Observed Steady State Ozone Concentrations during Experiments 1-10

ObServafion ' [03] [HZO] Relative

Time o Photolysis Experiment
(Seconds) ; (lOlSmolecules/cm3) Ihténsity 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
2045 - 2460~ 5.415 6.8 5 2
2805 - 2955 . 5.118 0.0 5 2
3315 - 3465  15.60 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 - 5235 12.08 0.0 1 4
5325 — 5340 12.01 0.0 1 4
5475 - 5625 10.71 68.0 1 a
5745 - 5760 10.64 68.0 1 4
6225 - 6375 11.64 0.0 1 a
6585 - 6735 14.57 0.0 0
7035 -~ 7185 8.561 0.0 2 5
7305 - 7320 - 8.488 0.0 2 5
7455 —~ 7605 8.102 68.0 2 5
7725 - 7740 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

0.0 2 6

9405 - 9555 7.685
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Table 3 (Continued)

Observation [03] ' [HZO] Relative
Time Photolysis Experiment

(Seconds) (lolsmo]ecu]es/cm3) Intensity Number
9765 - 9915 12.86 0.0 0
10425 - 10575 12.38 0.0 0
10785 ~ 10935 4,483 0.0 4 7
11025 - 11040 4,454 0.0 4 7
11175 - 11325 4,755 6.8 4 7
11445 - 11460 4.731 6.8 8 7
11805 - 11955 4,295 0.0 4 7
12105 - 12255  4.217 0.0 4 g
12345 - 12360 4,182 0.0 4 8
12495 ~ 12645 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 - 14625 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
16845 - 16995 9.036 0.0 0

Addition of Hp0 to the system started immediately after the second

03 measurement in each experiment and stopped after the fourth
measurement. The third and fifth measurements were taken after steady
state was reached for the wet and dry conditions, respectively.



7

E. OH Modulation Experiments

Measurements of OH vibration-rotation line intensities were carried
out in the apparatus shown in Fig. 3.. The D2 1amp was used to
monifor O3 in the ultraviolet and the diode laser employed for OH
absorption_measurements in the infrared. The cell path]ength was kept
at 2962 cm throughout this.investigation. The 1200 line/mm grating
was used fdr the 03.measurements of 3150 A and the 300 line/mm
grating used for the high‘resolution work near 2.95 microns. The
monochromator slits weré set at 200 microns, which gave resolutions of
1.67 A and 6.66 A in the UV and IR, respectively.

The four chemical modulation fregquencies emp]oyed:were 7.8125,
15,625, 31.25 and 62.5 Hz. . The modulated photolysis lamp intensity
was obﬁervedvbotﬁ with the photodiode monitor directly and with the
.PMT/monochrOmator set to detect scattered 2537 A radiation,‘and the
phase.shifts of the lamps Withvrespect to the Ithaco "chemical" lockin
and the ratijo 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 freguencies.

The Tamp phase shifts measured by the photodiode were larger than
those.measured by the PMT, due to the photodiodes slower response
tihe; so, the PMT phase shifts were selected for use in the later
anaTysis. The phase shfft and attentuation factor of the 1800 Hz
carrier demodulator were measured for the four modulation frequencies
with the modulation 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
‘phase and attenuation data described are shown in Table 4.

Helium carrier gas flows through each flow cifcuit were kept
constant throughout this investigation. In standard Titers/minute

they are: total-3.66, H,0-0.80, 0,-0.28. These conditions give a

2 3
cell pressure with no O3 or H20 added of 67.5 = 0.5 Torr, an H20’
concentration (when present) of 6.8 x 1016 mo]ecu]es/cm3, and an

04 concentration in the absence of photolysis of ~1.5 x 105

mo1ecu]es/cm3. For all the run éequences the steady state O3

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

the H20 off, and with the lamps and H,0 on. For run sequence 2

2
these three quantities were measured aftér the sequence as well.
These measurements are required later to calculate the absolute OH
concentration modulation amplitude.
Four vibration-rotation transitions were investigated. In the

1

nomenclature of Maillard, Chauvi]]e and Mantz 7 (see Section 1v-B,

Fig. 39) they are:

P(4.5) 1- 3407.6069 cm ™!
p(a.5) 1+ 3407.9890 cm™ !
P(3.5) 2- 3421.9360 cm
P(3.5) 2+ 3122.0123 ot

The intensity 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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: Table 4
Measured Phase .Shifts and Attenuation Factors
' for Modulation System Components

Frequency

Lampd IR Preamp 1800 Hz lockin
(Hz) ) ) Attn. 1) Attn.
’ 7.8125 -177.47°  -32.62° - .842 -18.57° 1.ooi
15.625 | -178.94° -17.74°  .952 -36.70° .947
31.25 -178.40° - 9.09° .987 -70.09° - .781
62.5 -179.39°  -4.57° .997 -122.58° .48

a Photo]ys1s light phase as measured by Ithaco

amplifier.

"chemical" lockin
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sequence 1 investigated the P(4.5) 1- and 1+ lines in the 3407.75
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,posftions of thé
P(3.5) 1+ and 1- Tines by using the 3107.826 cn™l H,0 Tine as an

absolute frequency reference and the 0.0486 cm'1

fringe spacing of
the elaton to measure positions re]atfve to the H,0 Tine. This
particular frequency region has no HZO lines strong enough to

observe in direct absorption; so, the line used had to be located by
first derivative detection. This derivative signal is shown in

Fig. 14 with the HZQ 1ine marked C, a]ong with the etalon trace.

When the chemical conditions were set for OH obéervation with the
lamps flashing at 15.625 Hz, the diode was élowly scanned (lxlo'a Als)
over this region, Io recorded on the X-Y recorder, and the modulation
signal components recorded with the data acquisition computer. The
resulting modulation amplitude signal is shown in Fig. 14. Peaks A
and B come up exactly at the frequencies predicted for.the P(4.5) 1-
and P(4.5) 1+ OH lines, respectively, indicating that they are
hydroxyl radicé] signals. A second scan at a slower speed (1x10'5
A/s) was made in the region near peak A. Modulation signals and I0
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 shown in Fig. 16-18. Although
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the lineshapes are slightly pressure broadened and should be Voigt
profiles, the shapes were nbt measured well enough to be able to fit
that function.

Run sequence 2 fnvestigated'the dependence of the P(4.5) 1- signal
on flashing frequency. In this sequence the 03 measurements were
performed both at the beginning and end of the sequence. Since the
diode had béen warmed up to room temperature since run sequence 1, a
new laser mode had to be located. This time the H20 Tine was
located by second derivative detection, as shown in Fig. 19. The
3407.826 cm'1 HZO line is peak B, and peaks A and C are the
P(4.5) 1- and 1+ OH lines. A 3.4 mA region near peak A was scanned
s]owly (1x10"5 A/é) whf]e IO was recorded (5 second time constant)
and the modulation signa]’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. carrier were measured
by connecting the IR detector directly to the chemical 1ock1h
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 Hz carrier signals in Fig. 20a-d and for
the D.C. carrier signals in Figs. 2la-d.

Run sequence 3 inVestigated the intensity of the P(3.5) 2+ and
2- transitions relative to P(4.5) 1+. In the 3822.0 em~t 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:

L ho

A 3421.739 cm~ 5

B 3121.936 cm™ OH P(3.5) 2-

C 322.012 cn~} OH P(3.5) 2+

D :22.272 cm~t Hy0

E 3422.333 can 1 H,0

1

F 322,369 cm~t H.0

2

- The transitions A, E and F which are seen in direct absorption are
- offscale in the derivative trace. A 6.5 mA region overlapping peaks B

and C was scanned as before at 1x10™°

A/s. Fine tuning of the

optical path alignment resu]ted in a doub]ing of laser intensity
through the system; so, the previous scan was repeated. Several hours
were then spent in search of a good laser mode for fhé 3407.75 <:m'1
region. VA mode was found that performed we]]vfor the P(4.5) 1+ line,
so it was scanned. Several scans were then made of the P(4.5) 1-
Tine, 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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IV. RESULTS AND DISCUSSION

A, ﬂgé:gz (lA) Energy Transfer Rate

The data obtaihed in the O3-H20 steédy state photolysis
investigatfon, described in Section IIi-D, was analyzed in several
steps. Inspection of the 04 méasurementsvmade in the absence of
photo1ysis'ind1cated that the flow rate of O3 into the cell
_initia]]y fncreased, leveled off, and finally decreased with time.
The initia] increase is attributed to migrafion of adsorbed O3 in
the trap toward the exit port, while the 1ater decrease is due to

overall depletion of 0, on the silica gel. These dark 03

3 _
measurements were fit to the functional form:

[0,] = Kl(l-Kze-azt) e-alt_,; c:le_mlt - Cze—(al‘"az)t : (52)
wheré t is time 1in seconds,'starting at the midpoint of the time
interval during which.o3 was first measured. The fit was very good
(6 = 0.7 percent), and the reéu]ts 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

function:

-alt - (—a1+a2)t —a2t -alt
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Table 5
.Dark 03 concentration versus time

[05] = Cle_m1t - Cze—(a1+a2)t

C1 = 2.362 x 1016 mo]ecules/cm3, C2 = 8.904 x 101-5 mo]ecu]es/cm3

a =5.552 x 107°s™" , a, =1.860 x 107 57}

Time (03]exp ' [03]calc a[03]

(Seconds) ' »(1016 molecules/cm3) (%)
0 - 1.472 1.472 0.0
3390 1.564  1.564 0.0
6660 1.457 1.45 0.2
9810 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 dUp]icated in the simulation program by

invoking the following pseudo-reactions:

—> A d2
A —> ap (%)
B —> oy
A + B —> A +8B +.03 Gy

By starting at t=0 with A=(1-GZ) and B=1, the pseudo-species A and B

develop in time as:

—a2t

™
]

1 - G2e

-a,t
B:el

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 0, concentration. Tests of this mechanism in the numerical
simulation program verified that it did produce the correct 03
behavior.

Simulation of the period of dry O3 photolysis at the beginning
of each experiment allowed determination of the photolysis intensity
during that experimeht. 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 "turned on" at the appropriate
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fimes in the simU]ation sequence. _The Simuiation resu]té for each
experiment weré then averaged over thé-tﬁme interQal corresponding to
that experiment31‘03 méésurement and'the-;a]cu]ated'and obéerved
values Cohpared; Generally the agreement was only good to about

25 percent. If fhe.aSsumption is made ‘that each absorbed photon
.destroys a constant numbér, ¢, of O3 mo]ecuTes under all cbnditions,
the relétionship between photolysis inteﬁsity I, 03 cross section o,
steady state 03 ;on;éhtfation during phbto]ysis [O3j, and in the
absence of photé}ysis [03]0 in a flow system with flow out rate

constant k., isf”l

10770 = [og3g! + (o8 1k L0]) R (55)

which can be simplified to:

[0l a v ot . - (56)

For each experiment tHe ;a]culatéd value of [03]‘15 now known at I=0
and I=Ig, the ihitia] guess va]ué.v This information was used to
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 reéu]ts'again compared. Since the aésumption about ¢ is
only approximaté, exact agreement=does not resu]t.- However, in a
small region around the correct photolysis 1ntensity'for each experi-

ment, equation 56 should describe the system better than it does over
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_ fhé large inten§ity range 0 to Ig; so the resd]ts from the first two
simulation runs were interpolated using equatioh 56 to yield a better
set of values for I. When these values were employed in a simulation
~ sequence, agreement between calculated and experimental O3 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
O3 upon addition of H20 to the phdtochemica]_system. Earlier
investigation of this 03-H20 system indicated that the observa-
tion, under some conditions, of O3 increase on addition of HZO
could not be simulated with any reasonable values for the.rate con-
stants of the key HOX reactions without invoking 02(1A) quenching
Also, the HO

by HO concentrations calculated, and hence

2° 2
optimum rate constant, are dependent on the OH+HO2 reaction rate

constant, which has been'reported23 to be somewhere in the range

11

2-20x1071 cmd/molecule s. Therefore, it was decided to simulate

the experimentSvusihg a range of values both for the quenching rate

constant, k495 and for the OH+HO, reaction rate constant, k

2
Using the reaction set described in Appendix A, the entire

28°

| experimental sequence Tisted in Table 3 was simulated twenty five

11

times, using values for k24 of 2,4,8,16 and 32 x 10~ cm3/

11

molecule s, and for k,, of 1,2,4,8 and 16 x 10~ cm3/molecu1e S.

49
The simulation results for each experiment and each set of kga and

k49 values were then averaged over the time interval corresponding
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‘Table 6
Photolysis Intensity Determination

Exp. Time Interval 5 03> , " 1‘2
No. (seconds) (10"~ molecule s/cm”) (107" photons/cm” s)

1 - 345 - 495 4,863 14.17
2 1725 - 1875 5.093 14.17

3 3705 - 3855 12.37 2.23

4 5085 - 5235 12.08 2.15

5 7035 -~ 7185 8.561 4,86

6 8385 - 8535 8.164 4,69

7 10785 - 10935 . 4.483 10.94

8 12105 - 12255 4.217 10.71

9 14085 - 14235 4,538 7.82
10 15405 - 15555 4,282 7.53
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to the experimental wet O3 steady state measurement. This time
interval (t=150 to 300 seconds, as shown in Figs. 29-38) begins over
iZO seconds (2 cell turnover time constants) after HZO is added, to
assure that O3 steady state has been reached. To determine how well

the calculated ozone concentration, [03] , of a simulation

cale

sequence using a particular set of k,, and k,, values compared
_ 24 49 .

with the experimental concentrations, [03] the percent root-

exp?
mean-square deviation averaged over all ten experiments, PRD, was
calculated by the formulas:

Percent Deviation (Experiment I) = PD(1I)

PD(1) = 100 <f031ca1c<1> - [03]exp(x>>/[o31exp<r.> ()
Q 2.1/2
PRD = [(1/10) z PD(1)“] v (58)
I=1 ’
The resulting 5 x 5 grid of PRD versus k24 and k49 Was converted

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 PRD
versus k24 and kag’ shown 1in Fig. 28.

Inspection of Fig. 28 revealed that there is a range of values of

kza'which are equally capable of describing'the experimental results.

Since the most recent NASA evaluation of chemical kinetic data23

suggests considering values as low as 4 x 10'11

10

and as high as 1-2 x

10 cm3/mo]ecu1e s for this rate constant, k24 values of 4,8

11

- ? . -
and 16 x 10 cm”/molecule s were chosen for use in evaluating

the quenching rate constant k49'



K49 (XIE11) HOO + 02(1DG)

105

PERCENT RMS DEVIATION VS K24 AND K49
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Fig. 28.

K24 (XIE11) OH + HOO

XBL 817-108917

Contour map of percent rms deviation between
calculated and experimental ozone for ten
experiments versus rate constants k24 and k49.
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The optimum k49 value of each of the three k24 values was

initially estimated from the interpolated PRD grid. For each kzh _

1/2 apart and centered

value a set of five values of k49 spaced 2
around the approximately optimal value, were then selected, simu]atioh
seduences run for each of these fiftéen sets ofurate constdnts, and
the PRDs calculated as before. Cubic spline interpolation of

resulting PRD versus k,, curves produced the following optimal

49
values of k49 for each kza:

1
Koy (OH¥HO,) kg g(HO,+0,(%4)) PRD
(cm3/moTecule s) (cm’/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 1.04

A final set of simulations were run using each of the k24 values

together with its optimum k,, and with the quenching reaction absent

49
(kag = 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 were calculated with no quenching included. For
each experiment the time interval over which the wet steady state O3

was measured is marked as 150 to 300 in the figures. The "sharp"

features which appear between t=15 to t=60 seconds in some of the O3
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Table 7
Wet Steady State Ozone Concentrations

O3 (1015 mo]ecu]es/cm3)
. Measured -~ Calculated
Time Interval 4.0 - 8.0 16.0

No. (Seconds) (kza in lO"ll cm3/m01ecu1e 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.% 11.40 11.58
4 %75 - 5625  10.71  10.60 10.74 - 10.99 "

5 7855 - 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  4.8l6 4,765 4.712
8 12495 — 12645  4.666  4.609 4.632 4.603

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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Fig. 29a. Experiment 1 observed and calculated 03 profiles slow k24.

Curve Q: ca1cu]atéd using optimum k49 value (Quenching).

Curve N: calculated using k,q = 0 (No ‘quenching).
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Fig. 29c. Experiment 1 observed and calculated

24°
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Fig. 30b. Experiment 2 Qbser?ed and calculated 03 profiles medium k24.
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Fig; 30c. Experiment 2 observed and calculated O3 profiles fast k24.
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Fig. 32c. Experiment 4 observed and calculated 05 profiles. fast ko,.
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Fig. 33a. Experiment 5 observed and calculated O3 profiles slow k24.
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Fig. 34a. Experiment 6 observed and ca]cu]ated 03 profiles siow 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'profi1es 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 O3 profiles fast-k24. '
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Fig. 38a. Experiment 10 observed and calculated 03_prof11es sTow k24.
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cufves aké not real effects, but afe due fo H20 addition timing
mismatch between the measurements of I and I0 curves. Since this

time interval is not included in the comparison between expérimenta]
and calculated 03, 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 and HO2 are assumed to be hard spheres with diameters of

74

3.4 and 3.5 A, respectively,”” the ca]cu1ated gas kinetic rate

constant for this electronic energy transfer reaction is 2.3 x 10'10

cm3/m01ecu1e 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 O 1

75

2( A) quenching rate constants for other
typical molecules indicates this energy transfer process is on the

order of 107 times faster than quenching by other molecular species,

3.-
g 7> %)
A"(000)).%” Even the relatively fast

3

pfesumab]y due to the near resonance between 02(1A —_—
and HO, (°A*(001)—>
feaction of O3 with OZ(IA) is 10° times slower than this

process.

The implications of this result must be examined in several
contexts. Since HO2 quenching is so much more efficient than any
other process in an OX-HOX photochemical system, its effects
should always be considefed when analyzing the kinetics of such a

sysfem, particularly when O3 is being photolyzed below 3000 A to
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produce OZ(IA). The calculated O3 profiles in Figs. 29a-c
demonstrate the significantvdifference inclusion of this process can
make under some experimental circumstances.

The magnitude of the effect of tﬁisvprocess on stratospheric

chemistry can be estimated from the recent measurements of HO
‘ 10

2

mixing ratio at mid-latitudes. At 37 km Anderson measures an

-10

HO,, mixing-ratio of 4.7 x 107", and Krueger's 1976 U.S. Standard

76

Atmosphere Mid-Latitude Ozone Model indicates an O3 mixing ratio

at this altitude of 8.0 x 1070, Thus, the relative rates of

destruction of 0

2(1A) at this altitude are:

. Species <k > [q] . '<kQ> [Q]
= B .
Air 4.5 x 10-19 1.0 2.5 x 10-19 (1.00)
03 4.4 x 10-15 ~ 8.0x10-6 3.5 x10-20 (0.08)
HO 3.3 x 10-11 4.7 x 10-10 1.6 x 10-20 (0.03)

This process therefore contributes severa]lpercent to the quenching of
02(1A) in this region of the atmosphere.

In addition to the quenching of OZ(IA), the fate of the
excited HO2 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

30

milliseconds has been estimated for this state, but never

measured. This product state has been exploited in the laboratory to
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- measure relative HO2 concentrations at the end of a flow tube,3a

by adding a constant large excess of OZ(IA) to the flow and
observing the strength of the 1.43 micron emission from HOZ(ZA')
produced. Knowledge of the OZ(IA) concentration, energy transfer
rate constant, f]uorescence'quantum yield under the experimental
conditions,vand absolute collection. and detection efficiencies of the
detection system would be required to.make absolute HO2 measurements
using this method.

In the stratosphere, 02(1A) concentrations are known to be

quite large, reaching an estimated maximum at 50 km of 4 x lO10

mo]ecu]es/cm?’.77 This implies that every HO2 molecule at 50 km

is collisionally excited at a rate of about 1 s"l. In the absence

of quenching this wou1d.resu1t in about 1 perceht of the HO2
molecules being in the excited state, and about 107 photons/cm3 S
being emitted from the excited molecules. Of codrse quenching would
reduce both these guantities, but even so, observable HO2 emission
from this region of the atmoshere may resu]f, and interesting excited
state HO2 chemistry is'possib1e. If HO2 emission could be

observed, the possibility even exists of measuring HO2 in situ, in a

manner similar to the Tlaboratory technique described earlier.
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" B. OH Integrated Absorption Coefficients

‘The spectroscopy of the OH radical has been studied extensive-

11,18-20 44 only a brief description will be given here. OH has

ly,
| an unpaired electron whose orbital angular momentum (L=1) is coupled
to .the internuclear axis, and in fhe.ground electronic state the
projectionvof L on this axis 1s-designéted | A=1. The electron spin
(S=1/2) also couples to the internuclear axis to give £=1/2, and the
projection of the resultant total angular mdmentum on the axis is

Q- A+E, Thfs gives rise to two sub-states, 2w3/2 (Q=3/2"Fi)

and 2ﬂ1/2(9$1/2? FZ)’ with 2n3/2 lying Tower in energy.

Since the total electronic angular momentum Q can be either parallel
or antiparallel to the internuclear axis each energy level is split
into two different‘]eve]s, called lambda doublets. The inc]usioh of
angu]ar.momentum due to mechanical rotation results in total angular
momentum J, which can have values of @, @+ 1,... The.energy level
diagram for the first twovvibrationa] 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(a.5) 1- 3407.6069 cm™L
P(a.5) 1+ 3407.9890 cm™ L
P(3.5) 2- ' 3421.9360 cm™!
P(3.5) 2+ %22.0123 cm™!

are shown in Fig. 39 to avoid notational confusion.
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39. Energy level diagram for the OH molecule.
In the notation for the trqgsitions:
-the letter P indicates AJ= , _
the number in parenthesis indicates J of the lower state,
the last number indicates the spin-orbit state (F, or FZ)’
the sign indicates the parity of the lower state.
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The data obtained during run sequences 1-3, described iﬁ
Section III-E, are listed in Table 8. The absorption lines are
referred to in Table 8 by the last two characters of the notatién
listed above (eg., 1- refers to the P(4.5) 1- tranSition). |

The linewidth data, shown in Table 8, wésvcalcufated from the
widths_determined by fittingbabgaussian-to each meésured absorption
profile, together with the tuning rate measured with the etalon (~22
cm'l/A) and the total curreﬁt scanned in each run. ~The re]atively
large dispersion in the linewidth daté for each 1fne does not reflect
actual change in the true absOrption.profilé, sincété11 measurements

were performed at the same temperatures and with the éame H,0 and He

2
pressures, but rather is -due to laser frequency J1tter. ~ Since all
four transitions 1nvest1gated are expected to have near]y equal 11ne—
w1dths, an average value for the linewidth of 0.0138 % 0.0016 cm -1
FWHM was ca]cu]ated we1ght1ng each value by the s1gna]/no1se for that
determination as indicated by the gaussian fitting routine. The
values indicated by an asterisk next to them Were not included because
of irregular tuning rate measurements in their frequency region with
the laser mode used or because of insufficient number of data points.
A separate determination of the average 1inewidfhs for the 1+ and 2%
Tine groups indicated-that they are equal to better than 1 percent.
Relative line intensities were calculated fromithe}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
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Table 8
OH Modulation Results

Linewidth

, Mod. Signal
‘Mod. Freq. Phase al I Al/T - FWHNW
~ Run Line ,(Hz) ' (deg) (mv) (mv) (x103) (cm’l)

1(fast) . 1- - 15.625-  -10.81 21.10 6750 3.13  .0C099*
1(fast) =~ 1+  15.625 -28.13 15.17 5800 2.62  .0087*
1(slow) 1- .15.625 - -16.94 20.72 7000 2.96  .0133
2(1800 Hz) 1-  7.8125 - 4.15 12.08 4500 2.68  .0111
2(1800 Hz) "~ 1-  15.625 -31.89 11.09 4500 =2.44  .0l27
2(1800 Hz) 1-  31.25 -29.3% 8.3 4550 1.81  .0080*
2(1800 Hz) 1-  62.5 -80.19  9.43 4600 2.10  .0057*%
2(D.C.)- . 1- 7.8125 - 5.03  6.96 . ~— - .0147
2(D.C.) ©1- . 15.625 -13.97 6.32 === ——m .0146
2(D.C.) 1-  31.25 -25.8 5.31 -— - .0158
2(D.C.) 1-  62.5 -56.22 4.03 ——— = —— .0135
3(Scan 1) 2- . 15.625 -16.63  3.74 3100 1.21 .0112
3(Scan 1) ~ 2+  15.625  -23.79  4.11 3950 1.04  .0123
3(Scan 2) 2=  15.625 -23.06  7.33 800 .87  .0170
3(Scan 2) 2+  15.625 -21.59 11.82 9000 1.31  .0l4l
3 1+ 15.625 -23.65 10.81 1.82  .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(A;S)’l— trahsitiOn.was determined
from ané]ysis of run 2. In order to calculate OH cross sections from
the observed peak absorption modulation amp]itudes; the modulation
anp]itudeé'of the OH concentration'first had to be determined using
the numerical simulation program. Most of the input parameters for
the simulation had been determined during the 03-H20 steady state
photolysis experiments. The two parameters which had to be determined
for each run were the 03 flow jn rate and the photolysis intensity,
which were inferred from the steady state O3 measurements made with

~the photolysis lamps off and on, and the H,0 flow off and on. The

2
three different sets of rate constant values for the OH+H02,and
.H02+02(1A)'reactions, described in Section IV-A, were used in

- separate simu]ations of each set bf conditions to estimate the
uncertainty of the calculated OH concentration amplitudes. The O3
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 1- line from the 7.8
and 15.6 Hz results from run 2 and the 15.6 Hz results of run 1 from
the formula: |

(a1/1) nl | - (50)

peak = “peak
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Table 9
Relative Intensity Determination
‘L1ne . . Obsérvéd Modu]ation AmpTitude
Run 1 <l-> (aA1/1) = 2.98 + 0.13 x 10-3
Run 1 <1l+> o (AI/1) = 2.62 = 0.37 x 10-3
Run 3 <2-> ~ o (aI/I) = 1.08 £ 0.24 x 10-3
RN 3 <2+ (aI/1) = 1.18 % 0.19 x 10-3
Run 3 1+> . (A1/I) = 1.82 + 0.21 x 10-3

Calculated Line Intensity Ratios

S14/Sy_ = 0.878 * 0.131
S,_/Sq4 = 0.573 = 0.146

0.646 + 0.128

]

S2+/S-1+
1.128 = 0.316

S,_/S;_ = 0.503 + 0.146

So+/S]_ = 0.567 = 0.15
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- Table 10
Measured 03 and Calculated OH Modulation Behavior

Mod. . Calculated [OH] Modulation

RUN 03(dakk) 0,(H,0thv) ~ Freg. ~ Phase Anplitude
: (10;5 mo]ecu]es/anB) ~ (Hz) (deg) (1011 mo]ecu]es/cm3)
pre-1 17.18 2.053  15.625 -19.22 * 0.53  4.56 * 0.3
pre-2  17.1a 2.056 — —_ —
S <2»a ' ' © 7.8125 -9.53 £0.75 - 3.95 % 0.89"
pprey © 15.625 -18.32 = 1.17  3.82 = 0.85
f<2>a | o o 31.25  -3.43 £ 1.90  3.35 % 0.69
<252 | . 62.5 . -54.47 % 1.85  2.36 % 0.44
S post-2 14.15  2.400 —

‘pre-3  18.62 2.3% —_ = —

@ Llisted phase and amp]itude are average of results calculated using
- pre-2 and post—2 conditions.
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where AI/]I is the peak absorption modulation obtained from the
gaussian fits, n is the calculated OH modulation amplitude and 1 is
the absorption pathlength. The results of run 2 at 31 and 63 Hz were
not considered due to the poor qua]ity of the data. The calculated

peak cross section values are:

Run 2~ 7.8125 Hz o = 2.29 % 0.63 x 10718 cm2/m01ecu1e.
Run 2 15.625 Hz o = 2.16 = 0.64 x 1078 cn?/molecule
Run 2 Average o = 2.23 % 0.45 x 10718 cn?/moTecule

Run 1 15.625 Hz o = 2.21 x 1078 cn/molecule

The listed uhcertainties'include both the uncertainty in aI/I and OH
modulation amplitude, n, and correspond to one standard deviation.
The uncertainty for the run 1 results is not listed 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 nqt 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
experimentél conditions, the observed phase shifts and amplitude
profjles 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 unnbrmalized for absolute carrier amplitude, their
signal/noise is better than the 1800 Hz demodulated results. To
compare the cé]cu]ated 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 shown in Fig. 41,
which again shows the uncertainty pf both the calculated and
experimental results. The good agreement between phase shifts and
re]ative.amp]itudes versus frequency as predicted by numerical
simulation and determined experiménta11y confirms the validity of
using calculated OH concentrations in this investigation.

The integrated absorption coefficient is readily obtained from the
quantities already determined, since the absorption profile was

assumed to be gaussian.

(v—vo)z
(v) = ————%————-e_ 24° (61)
o -(217) /ZW ‘
W = FWHM/(8 1n 2)172
s = (202w g

peak
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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:

1 .

- line - frequency cm~ s (cm/molecule)
P(4.5) 1- | 3407.6069 3.26 + 0.76 x 10720
P(4.5) 1+ 3407.9890 2.87  0.79 x 10720
P(3.5) 2= 3421.9360 1.64 = 0.61 x 10720
P(3.5) 2+ %22.0123 1.85 £ 0.66 x 10720

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

19,78 19

Goldman. They obtain S(1%) = 1.06 x 107

-20

cm/molecule and
S(2%) =5.95 x 10 cm/molecule, which are about a factor of 3
higher than the values determined in this study. Since 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
ére in rough agreement. The theoretica]lresu1ts predict fhe two
lambda components of each vibration-rotation transition tc be very
nearly equal (0.3 percent) differing only slightly due to a small

l).

difference in the energy of their lower states (~0.8 cm~ The

experimental results, listed in Table 9, indicate differences of about
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13 percent for both tﬁé I * and 2% doublets, a1though they could be
equal within experimenta] uncgftainty._.The'ratio SZt/Sli is
ca]cU]ated to bev0.56fiand thé avekage'obtéined in the experiments
.<52i/51i> is 0.572. Therefore, the agreement between theory and
experiment for re]ativé'intensjties is very,gbod.

The results of this invesffgatﬁon have application in several
areas. A]fhough the sensitiyity of the instrument used in this study

was not particu]arly.gpod, diode laser systems are presently capable

of measuring absorptions as small as 1077 cm'l,43 which

corresponds to an OH concentration at low pressure of ~109 molecules/
cmS.  This is not as sensitive as resonance fluorescence detection

using the A —» X band'df'OH; but circumvents the disruption which the

25

UV fluorescence excitation source can cause.”™ Since OH is a key

reactive intermediatevin#many gés phase chemical systems, the
potential for exp]oitafibn‘of its infrared ébsorptions in }aboratory.
investigations is greét.

Infrared techniqués for mgasurement of trace species in the
atmosphere have deverped rapidly in the 1asf decade because of their

high selectivity. Recently the C10 free radical has been measured in

81

the atmosphere using a laser heterodyne radiometer. C10 has

20 0

typical line intensities of 1 x 10~ cm/mo]ecu]e,a

comparable to

OH, and has been measured at the 100 ppt level (~107

mo]ecu]es/cm3). Since OH is also present in the mid;stratosphere

82

(30 km) in this concentration range,” " 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

cdncentration than the local sampling techniques now employed, as very

5 81

' "1ong'opt1ca1 paths are employed ([M]1 ~ 1-50 x 10~ atm-cm).
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V. CONCLUSIONS

~ This investigation resulted in the first experimental determination
6f integrated absorption coefficients for several vibratijon rotation
transitions of the OH radical and the first measurement. of the rate

constant for,the H02-02(1A) energy transfer reaction. A
46

combination of mo]écu]ar modulation kinetics and diode laser
spectroscopy was employed to measure the following OH integrated

absorption coefficients:

P(4.5) 1- (3407.6067 cn™Y) S = (3.26 % 1.52 x 10720 cm/molecule)
P(4.5) 1+ (3407.9890 cm™t) S = (2.87 = 1.58 x 10720 cm/molecule)
P(3.5) 2- (321.9360 cn™l) S = (1.64 = 1.22 x 10720 cm/molecule)
P(3.5) 2+ (2822.0123 cm_l) S =(1.85 = 1.32 x 10_20_cm/mo]ecu1e)

Photolysis of an 03-H20 system was investigated in -a flow reactor

and simulated using numerical techniques to determine the energy
transfer rate constant for HO2 — 02(1A):

11

k, . = 3.3vi 1.6 x 10~ cm3/mo1ecu1e S

49

The sensitivity of this result to the OH+HO2 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 Go]dman,19

but this can be reconciled by the estimated uncertainties of the two



156

studies. Further investigation of the intensities of these OH
transitions would be useful, using both a less complex chemical systém
to generate OH and an improved detection system and source, either a
carefully selected diode laser or an F-éenter 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 énough to measured OH radical concentrations in the
stratosphere. |

The rate constant for the near resonant energy trahsfer process:

(la ) —s o

2pn
HO, ("A") + 0, ( 9 5

is about 107

times faster than the OZ(IA)‘quenching rate constants

of other molecular species. Because of this, trace amounts of HO2

cén effectively compete with major species for OZ(IA) in many

systems, and the possible re§u]ts should always be considered. Rough
upper 1imit estimates show that a significant fraction (~1 percent) of

2A' state

the HO2 in the upper atmosphere may exist in the ekcited'
and fluorescence from this state could be relatively strong (~107
photons/cm3 s). In order to investigate the effect of excited state
HO2 chemistry on the stratosphere and possibTy exploit the predicted
HO2 fluorescence caused by ambient OZ(IA), measurements of HO2

(ZA') 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-H 0 System

2
The reaction set listed 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/m01ecu1e)x_l

sec-l,-where the order of the reaction is given by:

X=0 for species independent flow in
X =1 for unimolecular processes
X =2 for bimolecu]ar processes
X = 3 for termolecular processes

In the HOZ—OZ(IA) study 0

by reactions 46' to 51', while in the OH modulation study just 46 and

2 and 03 flow in were represented

47 were used.

| o(cmg/molecule) g
Log+h  —0la)+oln)  Loe17 1.0
2. 034y —>0,%0 | 1.0E-18 1.0
28. Hy0, + hv —> OH + OH 7 .4E=20 1.0
k
3. o(to) + 0, —> 0, + 0, 1.2E-10
4. o(ln) + o, —>0,+0+0 2.3E-10
5. 0('D) + H,0 —> OH + OH 2.3E-10
6. 0('0) + 0, —>0+0, 3.6E-11
7. o(1p) + He —> 0 + He 1.0E-15



. OH+O

. OH + HO

.H+O0

o
+
[}
+
X
o

(e} o o o o
+
o
s o

HyUs

3

. OH + OH

OH + OH + M

2

. OH + H,0

272

HO2 + 03

. HO, + HO

2 2
3

. H+ 0, + He

2

. H+ 0, + H,0

2 2

. H*+*0,+0

2 2
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—> OH + HO
—> 0, * 0 + 0
—3»0, + HO

—>» 0, + H,0

-—> H,0 + 0
—> H0, + M
—> HZO +0
—> HO
—> OH + 0, + 0
—> H,0, + 0

—> 0OH + 0

—> HO

—> HO

5.2E-10
4.4E-15
Note 1

4.0E-18
1.7e-18
8.0E-21
8.8E-15
5.6E-33
3.4E-34
6.4E-34

1.7E-33 -

4,0E-11

- 3.5E-11

2.2E-15
6.8E-14
1.9e-12
2.6E-31
Note 1

1.7E—12
1.6E-15
3.6E-12
2.9E-11
1.8E—32‘
4.56-31
5.6£-32



a4,
as,
a6,
a7.

46."
a7,
48.' B
50.' A +B

51.' A +8B~

-——>
—> A'+B +0

—> A +B +0

3
2
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1882

1.8E-2
1.8E-2
1.86-2
1.8E-2
1.8E-2
1.86-2
1.86-2
1.8E-2
1.8E-2
4.03E16
Note 2
Note 3
Note 3
1.860E11
1.860E—4

- 5.552E-5

1.0E-15

- 1.0E-16

Note 1: These rate constants were varied to. obtain the best fit to

experimental results in the HO,-0 (1A) study, and these
_ 2 "2

values used in the OH modulation experiment simulations.

15

Note 2: This rate constant was either 0, 1.234 x 10 or

1.230 x 1016 depending on whether conditins were supposed _

to be either dry or wet, and whether the low or standard

H20 concentration was being simulated.
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Note 3: k46 was adjusted to give the observed dark O3 value. The

amount of O2 impurity in the O3 stream was estimated to

69

be about 10 percent, S0 k47 was always set to 0.1 x

k46‘
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APPENDIX B: LOW FREQUENCY DIGITAL SINE WAVE GENERATORSS

Although the generation of sinusoidal waveforms bybana1og
oscillators isAwidely 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 hérmonic 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.

rThe digital sine wave generator overcomes these low frequency
problems. Since the‘frequency is set only by the digital clock
frequency, temperatﬁre and aging of ana]og.components have little
effect upon it. By starting with a reasonably high clock frequency
and dividing it down by a known féctbr, 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,
rather than many cycles. The amplitude of the sine wave is sét by a
reference vo1tage.and a resistor string, and so is independent of
frequency, as is the harmonic distortion, which is primarily due to

resistor string mismatch.
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The methbd of digital sine wave generation by nonrecursive
filtering of‘a binary wavefofm was fjrst described by A. C. Davies.84
Basiéé]1y if invo]ves-sending a binary waveform into a series of n
shiff-registers, which are .shifted 2n times per cycle, to produce n
delayed versions of ﬁhé input'Waveform,'and then taking a Weighted sum
of_the‘first:n—l'avai1ab1e waveforms in such a way that the closest
possib]e ébproximatﬁon to a sinusoidal waveform, equal in frequency to
the binary'wéveform, is produced. By propér feedback the shift
register series can both produce and dé]ay the binary waveform in the
requng way. Thus, the genérator produces a square wave and non-
_recuré}vely fiiters oQt as many of the harmonics as possible, leaving
. only tﬁe’fundamenta]}and.seVera1’high order harmonics. The femaining

' componénts are given by the formd]as:8a

ﬁ%_’y sin(2kn=1)w t | . Zk}h‘l sin(2kn+1)wt

The feedback shift register described here consists of four 4018
CMOSTDivide'by N.circuitsvconnected together .in such a way that fhey
form a 16 stage shift register, Fig. B-1. By feeding the inverted
outpuf of the 1astvstage_into the data input terminal (pin 1) of the
first stage, a twisted ring counter results which produces a binary
waveform at Ql with a frequency.1/2n times the clock frequency and
15 verisions df it, each successively de]éyed by one clock period,
Fig. B-2. To avoid undésired sequences from developing in the
registérs, a RST reset pulse is produced by differentiating the

positive going edge of the Ql6 output so that all stages are forced
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clear (Q's 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‘outputé used

to give minimum harmonic distortion are given by the formu]a:8a.

4= ,n—l

where in this case n = 16. From this formula relative conductances for
the summing resistors are calculated, followed by relative resfstances.
In order tov]ightly 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 of 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 registef supply voltage (about 15 volts). An adjustable
positive voltage is applied tovthe non—inVerting input of the summing
amplifier so that the output waveform can be centered around zero
volts. The waveform is then sent tb a variable attenuator, followed
by a voltage fo]]ower 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. B-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. B4, was designed for use as an excitation source for a molecular
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- modulation spectrometer.46 This method involves measuring the
chemica]Alifeiime of -a gas phase radical producéq_in a‘bhotochemica]Ty
driven reaction sequence by measuring the phase éhift_of the radicq]
concentration with respect to the modulated 1ight.source.as a function
qf modu1ationffrequéncy. For this application, avsine wave generator :
capable of stable operation below 1 Hz and With han-octave frequency
settings was required. |

The time base starts with a 20 MHz crysta]'dsti11ator'(Motorolav
KllOOA). Its output goes through a programmab]eAdivider; which divides
the oscillator frequency either by 10 or 14 (Swiféﬁ;seiectable). Since
1.4 is very nearly equal to 21/2, switchihg ffom thé'%lo to the +14-
| mode allows the output frequency to be shifted-dowhWaFd by hé]f an
“octave. Next the output of.the programmable divider is sént to a
series of 4 decade counters;'which allow the user to scale the output
frequency byAfactors of 10, from 1 to 10000, by:meané.of the decade
switch. From the decade section the selected c]dck 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 switch. Finally the clock fréquency 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 3lst

and 33rd, analog filtering to remove them without allowing the

fundamental amplitude to be dependent on filter compbnents is
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85 was constructed,

straiéhtfor@ard. A two pole Butterworth filter
Fig. B—S, withbswitch selectable cut off frequency. The selectable R
and C,;alues were arranged s0 that there would be a one to one cor-
respohdence between available time base frequencies (exc]uding half-
octave Shifts)'and filter freduencies. The design criterion decided
upon for the ff]ter-cut off frequency was that it be 4 timés the sine
wave fféquéncy it wés filtering. This means the.fundamenta1 is only
attenuated by avfacfor of 0.998, whereas fhe 31st harmonic is |
attenuated by 0.017. Use of this filter makes the generatour output
lbok ihafstihguishable from a pure sine wave. |
'Spec1a1 thanks to Thomas Merrick of the Chemistry Department

electronfcs'shop for many helpful discussions related to the design

and construction of this instrument.
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APPENDIX C: STABLE TUNING FORK CHOPPER DRIVERS®

Mechanical choppers, especially those of the tuning fork variety,
are used extensfvely in photometric and molecular beam systems today,
in conjunctiqn with phase sensitive detection, as a powerful method of
signal enhancement. By shifting the centervfrequency of the informa-
tion cqntent of the beam from d.c. to the chopper Frequehcy, a good
portion of the 1/f 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 stabTe driving circuit for these devices is réqUired.

Starting with a factory supplied driver circuit to determine the
necessary characteristics of the driving circuit, first, an improvement
was made on the standard circuit and, finally, a different circuit was
developed which had the desired propertfes. The new circuit was tested
against the improved standard circuit and found to give a mbre stable
drive amplitude.

Standard drive circuits for tuning fork choppers typically work by
taking a signal from a pickup coil on the chopper, usua]]yva.s1ight1y
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, Fig. C-1, and pickup coil waveform. The amplitude of the

drive signal is proportional to the power suppiy 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 stabi]ity was obtained
by repiacing the internal power supply with a requlated 28 vdc power
supply. All further work and teéting of the factory circuit was done
with this configuration.

The néw 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 amplifier is
only slightly Toaded its output will swing to within.millivo1ts of the
positive and negative supplies. Further, if a well regulated power
supply is used the amplitude of the square wave will be very stable.
The square wave is then attenuated by a potentiometer and fed into a
four pole Butterworth filter 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 and 180° out of phase (simply inverted). By reversing
the polarity on the drive coil connéctions this well requlated sine
wave outpﬁt is now 1in phaée with the pickup signa] and will drive the
chopper.

A driver was constructed for both a 400 Hz and an 1800 Hz chopper,
the only difference béing the values of R and C used in the filter.
For a 4 pole Butterworth Filter using the Sallen-Key equal component
configuration the va]ue.of R ahd C are set by the cutoff frequency

(where the phase shift of the filter is 180°)89+87
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1

For the 400 Hz chopper C = .0047 uf and R = 8.25 ki, Metal Film
1 percent resistors and low leakage capacitors with iS - 10 percent
tolerances are recommended. |

In order to assure positive startup, eithér a 3130 op amp can be '
selected which has several volts of positive output when both ﬁnputs
are grounded in.an open Tloop configuration, or‘thié condition can be
produced by adding a lb kQ offset adjusting pot across pins 1 and 5 of
the 3130.

The maximum drive voltagé which a particu]ar tuning fork can handle
before harmonic modes are excited must be determined by experiment.

By looking at the reference waveform while adjusting the drive
amplitude, the onset of severe distortion can be observed. On start
up it may be necessary with some tuning forks to decrease the drive
amplitude initially to a small value (.5 volts) until stable operation
occurs. Then:the amplitude can be increased to a level below the -
maximum Tevel at which the tuning fork can opérate.

In order to test the amplitude stability of the chopper movement
directly, as opposed to the driver voltage stability, aAtest arrange-
ment was sef up with a tungsten lamp shining through a 400 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 piace every 5 minutes. Tnhe result was that the
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RMSideviation 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 ih 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

Becahse the temperature of the reaction cell could be varied over
the range Qf 250 to 320 K, a method was needed to monitorvboth the
average and the spatial variations of the éel] temperature. Several
types of sensors were considered for this purpose. Thermistors are
very sensitive and relatively inexpensive, but have a nonlinear output
versus temheratgre 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. D-1. This
circuit takes advantage of the fact that a silicon transistor's base-~
emitter voltage is proportional to absolute temperature when the

emitter current is held constant.3®

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 inpﬁt 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 adjusting 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 two adjustments had to be repeated several times until both

conditions were met simultaneously.

L]
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