CHAPTER 2

EXPERIMENTAL

2.1 Introduction

This experiment uses a temperature-controll ed flash kinetic spectrometer to
measure the rate of the following chain reaction:
OH+0O3; - HO,+ O, (ka) (2.9
HO,+0; - OH+20, (k) (2.2
The rate constant is measured by monitoring the time-dependant OH radicd
concentration vadired infrared absorption. The infrared source is an F-center
laser, tuned to the v=1 - 0 P(5/2)1 transition d OH radicd, which probes the most
popuated state & room temperature. The P branch is chosen over the R branch
becaise the Einstein A coefficient is dightly largerl. In order to simplify the
Kinetics, [O5] isat least 1000times greaer than [OH], which resultsin pseudo-first

order behavior.
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2.2 The Experimental Apparatus

The gparatus used in this experiment is the temperature-controll ed flash
kinetic spedrometer shown in figure 2-1.23 The spedrometer consists of a
temperature-controlled flow tube into which various preaursor and reactive gases

are introduced.
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Figure 2-1. Experimental setup. O(*D) is created by phaolysis of Oz at 308 m.
The O(*D) reads quickly with H,O and H, to from OH. The time-dependant OH
concentrationis then probed by the F-center laser tuned to thev=1 - 0 P(5/2)1°
transition. Theinfrared light is detected by liquid-nitrogen codled InSb detedors.
Signal subtradion and the intensity servo serve to reduce mmmon-mode noise.

The readion scheme, shown in figure 2-2, isinitiated by a 10 ns puse from

aXeCl excimer laser (308 ). The UV light serves to phaolyze 1% of the ozone
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present in the excimer beam, based ona beam diameter of 1 cm, a pulse energy of
0.5mJ/pulse, and 2308 m ozone aoss ®dion d 1.35x 10*° cm?® At room
temperature?, the branching ratio for the O(*D) product from the ozone phatolysisis

80%. Following the phatolysis, the O(*D) isfreeto react with precursor gases (H.

and H,0).
O(*D) + H,0 — OH + OH (ks=2.2x10%cm¥sed (2.3
O(D) +H, -~ OH +H (ks = 1.0x 10%%m®%/seq) (2.4
O3
hv (308 nm) H,0, H,
0; — 0O(tb) —— OH HO,

\63/

Figure 2-2. Readion scheme of the OH/HO,/O; chain reaction. An excimer laser
tuned to 308 M phaolyzes approximately 1% of the ozone in the 1cm diameter
excimer beam. The resulting O(*D) then reads with H,O and H, to form OH radicd
(Kizo = 2.2x 10 ecm*/seq ki2 = 1.0x 10™° cm®/sed). In addition, the H,O in the
cdl servesto vibrationally cool the OH into its groundstate (Kigax = 1.4x 10
cm®/sed). The groundstate OH is probed viadired infrared absorption whil e it
undergoes the chain readion.

In additionto being an OH preaursor, the H,O servesto vibrationally cod any
excited OH into its groundstate.

OH(v=1) + H,O - OH(v=0) + H,O (ks=1.4x 10" cm¥se (2.5
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The concentration d radicasin the flow tubeis alinea function o excimer laser
pulse energy and azone @ncentration. In an effort to keep probabili ty of radicd-
based side readions to a minimum, the excimer pulse energy is kept as low as
possble (~0.5mJ/pulse), yielding atypical OH radica concentrationof 1 x 10"
molealles’cm®. Even assuming ges-kinetic rates for radica-radical readions, the
time scde for these readions is on the order of 10 msec which isat least an order of
magnitude slower than the reaction d OH with azone.

Thetempora profil e of the OH radical concentrationis probed via an F-
center laser, which is cgpable of continuous, single-mode operation® between 2.5
and 3.3um (4000and 3030cm™), with alinewidth of 2 MHz. In order to measure
the frequency of the IR light, aportion d it is ®nt to aA-meter (traveling Michelson
interferometer) built after the design by Hall and Lee®, using apdarization
stabili zed HeNe laser as areference.

The temperature-controll ed flow cell consists of aninner 106cm long, 1”
diameter quartz tube surrounced by a3” diameter quartz jadket as sown in figure
2-3.

The temperature of the gas within the tube is maintained by pumping fluid
between a hed-transfer coil and the outer jadket of the cell. Our current pumping
system exchanges the fluid in the outer jadket every 15 seands. Temperature
within the cdl ismeasured via aK type thermocoupes (Chromel-Alumel) located
just above the probe region d the inner tube. By using atransverse flow aaossthe

tube, temperature gradients are kept to a minimum (0.5(5)° C).
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Figure 2-3. The temperature-controlled flow cdl. The @owve figure shows the
layout of the temperature-controlled flow cell. The gasinlet and oulet manifolds
are designed such that gas flows aaossthe cdl (transverse flow). Transverse flow
serves to reducetemperature and concentration gadients along the length of the
cdl. Surroundng the readion chamber is a maling jacket through which a
temperature-controlled fluid is pumped. Also shown isthe various accessports
where we measure temperature and presaure of the gas.

Prior to entering the cdl, the IR laser beam is lit i nto two beams, which
serve & sgna andreference The IR signal and excimer beams are overlapped via
a90% IR transmissve, 95% UV refledive dichroic mirror, and sent down the
midde of the flow tube. The reference beam travels diredly to the detector. The
signa and reference beams are detected via 0.25 mm diameter, cryogenicaly-cooled
INSb detectors. The detedors operate with atransimpedance of 50 kQ and a
bandwidth of 1 MHz. The resulting signals from the detector/amplifier combination
are then sent to a differential amplifier, which alows subtraction o the cmmon-
mode naise. In addition,thereferencesignal is snt to an intensity stabili zation

servo, developed by Bill Chapman and Terry Brown?. This rvo uses an electro-
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optic (EO) moduator to vary the intensity of the Kr ion pump laser in an effort to
cancel the naise onthe reference detector. The combination d the intensity
moduation servo and signal subtradionresultsin ndse figuresthat are within a

fador of 2 of the shat-noise limit, as siown in figure 2-4.
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Figure 2-4. IR detedion nase spectrum. The top trace shows the noise & viewed
onasingledetedor. Theintensity servo worksto moduate the intensity of the Kr
ion laser to cancd the noise onthe reference InSh detedor. The combination o this

servo and signal subtraction pus our detedion sensitivity to within afactor of two
of the shat noise limit.

The subtraded signal is digiti zed and averaged with a100MHz digita
oscill oscope. A typicd datatrace refleds approximately 250 averages. The

averaged signal istransferred via aGPIB interface to a computer for storage and



15

analysis. The endresult isan OH temporal profile with an absorption sensiti vity of
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Figure 2-5. The gas handling system. Concentrationsin the cel are proportional to
their relative flow rates (equation 2.9, as measured by massflow meters. Ozoneis
produced by an AC arc discharge (ozonator), and stored onsilicage at a
temperature of ~200K. The asolute ozone mncentration d the ozoneis
determined by 308rm absorptionin the flow cdl, and relative ozone concentration
ismeasured by 254rm absorptionin an 857 mm cdl (reference cdl). H,O isadded
to the cdl by flowing Ar or H, through abubHler fill ed with H,O. The fradion o
H,0 present in the flow is determined by its vapor presaure & room temperature.

The various readant and precursor gases are introduced into the flow cell by
the gas handling system shown in figure 2-5. The mncentrations are determined via
their relative flow rates, which are measured by massflow meters which are

cdibrated prior to the experiment by timing a presaure rise into aknown vadume. A
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measured flow of Ar is passed through the ozone trap, where ozone is €luted into the
Ar flow. A secondgas flow into the flow cdl i s formed by passng Ar or H; gas
through a porous frit immersed in a H,O bubler, which generates an H,O
concentration at the eguili brium vapor presaure, as shown in figure 2-6. At
temperatures below 240K, however, we bypassed the H,O bublder and wsed a flow
of pure H; to serve athe preaursor gas. A third flow meter measures the flow of Ar

buffer gasinto the cdl.
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Figure 2-6. Vapor presaure of water as afunction d temperature.

The partial presaure of each spedesin the cdl i s determined by the following

equation:

= Xip 2.6
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where f; is the flow rate & measured by the particual massflow meter, x; isthe
fradion d the spedes present within the particua flow, and Pror isthe total
presaure in the flow cdl as measured by a 100 Torr Baratron gauge.

Ozoreis produced in an AC discharge from moleaular oxygen (99.9%6) and
adsorbed in a pyrex cylinder fill ed with sili cagel at approximately -110°C.89 Prior
to entering the flow tube, the mncentration d ozone is determined by absorption d
the Hg emissonline & 253.7 i in a cdibrated 8.56mm transmisson cdl, based
on the known absorption cross gction 1012 of g = 1.137x 10 cm?. In addition,
the dsolute ancentration d ozoneis measured in situ via308 nm UV absorption.
Because of the important role the @solute amncentration d ozone playsin the
determination d the rate cnstant, it is of utmost importancethat the measurement
be acurate. For this reason, we utili ze the in situ 0zone ncentration measurement
to determine the asolute ozone density. In arder to dothis properly, we must take
into acourt subtle experimental factors, such as the proper emisson wavelengths of
the XeCl excimer and the temperature dependence of the ozone aosssedion at 308
nm. The ozone UV cross ctionis cdculated using aweighted average of the two
XeCl emissonlines (307.9 i and 308.2 m) with their proper 2:5 integrated
intensity ratio.13 We dso correded the ozone aoss ®ction at these wavelengths for

their temperature dependence, as own in figure 2-7 1415
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Figure 2-7. Temperature dependence of the ozone cross ®ctiont415 at 308 rm.
Ead cross gdionis based onthe XeCl emisgonlinesat 307.9and 308.2 m, with
a2:5 integrated intensity ratio.

In order to properly interpolate the aosssedion between measured temperatures,

the data isfit to an exporential form given by

_C
=

0308(T) =A+Be T, (2.7
where A = 1.15x 10*° cm?, B = 288x 10*° cm?, and C = 2143K. Thisform is

chosen to refled asimple “Arrhenius-type” expresson. That is, at any given

temperature, the probabili ty of absorption d 308rm light by an ozone moleauleis

-C
givenby e™ . AsT increasesto infinity, 03pg becomes A + B, andas T decreases to

Zero, 0308 goesto A. A table of the 308 rm ozone UV cross gdions aswell asthe
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correspondng quantum yields for O(*D) (®)at various temperatures appeasin table

2-1.

Temperature (K) o>%[04] (10%cm?) D> 04] (%)
334 [1.628)] [81]
314 [1.467)] [81]
295 1.353) 81
287 1.31(3) 80
273 1.263) 76
266 1.243) 74
253 1.21(3) 68
250 1.2003) 66
240 1.193) 60

Table 2-1. The temperature dependant cross £diont415 (o) and quantum yield4 (P)
for ozone & 308m. The numbersin braces represent extrapolation from measured
quantiti es.

2.3 The Temperature-Controlled Flow Cell

The temperature-controll ed flow cell used for these experimentsis shown in
figure 2-3. Thetubeis made aentirely of quartz, and consists of agasinlet/outlet
manifold, reaction chamber, and codling jadket.

The readion chamber isatube 106cm long, 2.5¢cm in dameter, with a
volume of 0.56L. The ends of the chamber are made of IR grade, quartz optics,
with atransmittance of >90% in bah the IR and UV. Ead end d the reaction
chamber has a set of such ogtics, separated by an evacuated chamber. This
evaated chamber, pasitioned ouside the wdling jadket, servesto proted the
optics from condensation at low temperatures. Each otic istilted at approximately
5° from normal to minimize interference dfeds due to reflections from the surface.

The readion chamber possesses threeobservation pats, all owing measurement of
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parameters such as temperature and presaure. In addition, there aetwo ports, on
either end d the cdl, that allow cleaning of the interior surfaceof the optics.

Gas enters and leaves the readion chamber through the gas inlet/outl et
manifold. The gasinlet system runsthe entire length of the tube, allowing fresh gas
to flow into ead areaof the chamber. Offset from these inlet ports are the outlet
ports, though which the gasis pumped away. Theresult isanet flow across the
readion chamber that servesto reduce @ncentration and temperature gradients of
the reactants and products along the length of the cdl. Therate of thisflow is
determined by the total rate of flow into and ou of the tube, but under typical
condtions, the readion chamber isrefreshed every 10 seconds.

The madling jadket surrounds the gas inlet/outlet systems and the readion
chamber. Thejadket contains afluid, whose temperature is varied externaly via a
hea-exchanger apparatus. The fluid iscirculated by a32 L/min pump between the
codling jacket of the flow cdl and a apper heat-exchanger coil, immersed in a
constant temperature bath. At this pumping speed, the fluid in the wadling jadket is
refreshed every 15 seconcs.

The chaiceof fluids used in the heat-exchanger bath and the @aling jacket
isdictated by the temperature that one wishesto achieve. It isimperative that the
freezing paint of the fluid used in the maling jacket be lower than that of the hed-
exchanger bath. Otherwise, freezing of the fluid might occur, causing damage to the
flow tube. A table of variousfluids andtheir freezing points are mntained in table

2-2.
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Fluid Freezing Temperature (C)
Water 0
Ethanadl -115
Pentane -130

Table 2-2. Thefreezing paint for various fluids used to cod the cell.

2.4 The Questek Excimer Laser

Performance of the Questek 2000series excimer laser is dependant on two
fadors: (1) gas purity, and (2) electrode mndtions. Gas purity isageneral
concern, especialy when switching the excimer from a dlorine-based mixtureto a
fluorine-based mixture. The Questek manual describes a procedure for successully
changing gas mixtures, bu experience has shown that it is necessary to open the
chamber and physicdly clean all surfaces. In addition, multi ple fluorine passvation
cycles must be performed before the laser operates reliably.

Eledrode and dscharge mndtions play an important rolein the operation d
the laser. If proper safety precautions are taken, it is passble to view the discharge
using areasonably thick pieceof plexi-glass(1” - 2" thick). However, if thereisa
nonlasing mix in the chamber, it is possbleto view the discharge with apair of lab
safety glasses. During the discharge, ore shoud see an even glow between the two
eledrodes. The discharge shoud be free of any sparks, or “lightning balts”,
between the dedrodes, which will eventually damageits surface If these sparks
arevisible, it may indicae uneven spacings between the pre-ionization gnslocaed
onether side of the dedrode asembly. The pre-ionization pn spadng is0.040,

which is much small er than the 0.740 spadng of the dedrodes. Hence a small
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eledric discharge occurs between the pins, caalyzing the breakdown between the
eledrodes. These pre-ionization gaps increase over time, due to the harsh
environments to which they are mnstantly exposed. When thisocaurs, it is
necessary to readjust or replacethe pins. Prolonged exposure to improper
breakdown condtions will causethe dectrodesto become pitted. Because the
eledrodes are made of solid nickel, they can be palished. However, one must take

caeto preserve the dight bow along the length of its surface

2.5 The Kr lon Laser

The Kr ionlaser ads as a pump laser for the F-center laser. In order to insure
reliable operation d the Kr ion laser, constant attention and care ae required. In
order to more fully understand the operation d the ion laser, ablock diagram
outli ning the major comporentsisincluded in figure 2-8.

In order to pump the F-Center laser properly, it is necessary to have & least
one Waitt of output power. This value of one Waitt originates from the 800 mWatts
needed to pump the F-Center laser plus an extra 20% to make up for lossfrom the
intensity servo. If the Kr ionlaser canna achieve this power, the most likely cause
isoverpresaure of Kr in the tube. Asthe presaure in the tube increases, the eff ective
resistance of the tubeincreases. Therefore, for a given tube voltage, the aurrent will
deaease asthe dfediveresistanceincreases. In order to recmver the lost power,
one must either increase the voltage or decrease the presaure. Increasing the voltage
onthe laser tubeis achieved by adjusting the taps on the auto-transformer in the
power supdy. A table containing laser tube voltage and tap pasitionsis siownin

table 2-3.
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Figure 2-8. Block diagram of the Kr ion laser.

Tap Position (Primary lead =9)  Tube Voltage (Volts)
435
460
485
510
540
560
575
600

Table 2-3. Krionlaser tube voltage & various auto-transformer tap pasitions

O~NOOTHA WN P

The presaure of the laser tube can be measured viathe Hastings TC gauge
locaed near onthe cathode end of the ball ast reservoir. Unfortunately, we do nd

have aHastings TC gauge reader. We have cdibrated one of the ubiquitous Varian
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801TC gaugereadersin the lab in order to read the adua presaureinthetube. This
cdibration curveis contained in figure 2-9. The optimum Kr presaurein the tubeis
150mTorr (180mTorr asread by Varian 802gauge). If the presaurein thetubeis
50% greaer than ogimum, it is necessary to pump the laser tube down to its

optimum presaure.

Varian 801 Meter Calibration
550

500 —

450 —

400

350

300 —

Varian 801 Readout (mTorr)

250 —

200 —

150 I I I I I I I I I
140 160 180 200 220 240 260 280 300 320 340

Pressure (mTorr)

Figure 2-9. Calibration d the Varian 801 meter reading a Hastings TC gauge.
Optimum tube presaure is 150mTorr, which reads as approximately 180mTorr on
the Varian 801gauge. Thedata oveisfitted to a 2" order polynomia with the
following coefficients: a[0] = 197.3,a[1] =-1.141,3[2] = 6.64410°.
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Pumping the laser tube is very risky, and grea care must be taken to insure
the purity of the Kr is not compromised. All tubing must be dean, andal joints
must be vaauum tight. A liquid-nitrogen trapped, dffusion punp system works
espedally well. Dueto the small orificeof the Nupro valve onthe Kr ion laser tube,
overloading the diffusion punp isnot a mncern. Typicaly, it takes approximately
20 minutes to reducethe presaure in the Kr laser tube by 50 mTorr.

The transistor bank serves to regulate the aurrent through the laser tube by
limiti ng the tube voltage. Because of the high currents (~40 Amps) and vdtages
(~500V), the regulating transistors must work in paral e, dividing the voltage and
current between them. The most common fail ure mode of the laser is the shorting of
one or more transistorsin the “Master” or “ Slave” power transistor bank. When this
ocaurs, it is necessary to find the “blown” transistor and replaceit.

Thetest circuit for the “Master” transistor bank is iown in figure 2-10.

47Q

\ — 10V, 1A Power Supply
—* (Should Read 0 A)

DVM % 3Q,1Q .

(Should Read 0V)

Figure 2-10. Test circuit for the “Master” and “ Slave” transistor banks. When
testing the “Slave” bank, it isaso necessary to dsconrect the driver transistor. A
properly working transistor bank shoud sink very littl e aurrent, and the voltage drop
over the 3Q (1Q for “Slave”) shoud be negligible.
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Using a~1A current limiti ng power supdy, conred the paositive lead to the
transistor’s colledor, and the groundlead to the 3 Ohm resistor. If the transistor is
blown, the power supdy current shoud read its limiti ng value, and the voltage drop
over the 3 Ohm resistor shoud be the voltage difference between the leads. A
properly working power transistor bank shoud sink very littl e aurrent (~50 mA),
and the voltage drop over the 3 Ohm resistor shoud be 0 Volts.

The procedure for testing the “Slave” transistor bank is very similar to the
abowe procedure. However, it is necessary to first disconnect the small driver
transistor (not shown in block diagram). If you do na disconnect this driver
transistor, the “Slave” bank will sink current even if working properly. After
disconreding the driver transistor, the “Slave” transistor bank can be tested in the

same manner as the “Master” transistor bank (seetest circuit in figure 2-10).
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