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Preface

The results of this study should be useful to the
investigator intcrested in using a pas {low tube to do
excited gas ('A0, or Ng) spectroscopy recaction kinetics or
oxidizer/oxidant spectroscopy. Data were compiled on how
to build and use a gas flow tube, and the capability to use
a flow tube to examine gas phase reactions in widely
different systems.

Special thanks are due to Dr. Steve Davis of the Air
Force Weapons Laboratory, without whose help and generous
loan of equipment this thesis could not have been completed,
I would also like to thank my thesis advisor, Dr. E.AC T rko
of the AFIT faculty, for his paticnce and invaluable advice
in completing my rescarch und preparing the thesis.  Thanks
are also due to Lt Col W. Bailey und Dr. W. Roh ot my
committee, and Sharon Gabriel for helping me prepare this
manuscript. Finally, I would like to thank my wife, Daria,
for her tolerance in this effort, and my God for sustaining

me in the rough parts.
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Abstract

A gas {low tube was constructed to allow chemical
rcaction studics at pressures from 0.1 torr to 30 torr.
The tube was designed to allow introduction of oxidants,
diluents, or excited gases. A furnace was constructed to
produce high temperature vapor in the combustion chamber of ;
the flow tube,

The flow tube was characterized by its pumpine speed,
pressure, throughput, and evaluuting Reynold's and Knudsen's
numbers at pressures tfrom 0.1 - 20 torr. Two experiments
were conducted to veritfy the flow tube performance. Singlet
molecular oxygen was produced in a microwvave discharge and
reacted with gaseous 12 to yield chemilaminescence trom the
transition IZ(B) > lz(x). The spectrum was recorded and the
bandheads assigned to vibrational transitions predicted by

theory. PbO was created by reacting vaporized lead with

NZO' The emissions were compared with literature.




A GAS BLow Tupe

FOR SPECTROSCOPITC STUNTES

I, Introduction

Backeround

The military community has strong interest in the
chemical electronic transition laser (CETL) (Ref 23:2),
because of a number of very desirable features. These
svstems generate oxcited state molecules by chemical
reaction; conscquently, scale-up ol such systems 1s not
inhibited by the weipght and volume of electricual power
sources. Some molcecules also exhibit clectronic transitions
in the near infrared, visible, and ultraviolet; thus, a
laser utilizing these reactions could exhibit transmission
properties in the atmosphere supericr to current high
power lasers such as the CO, (Ref 18).

The recent success of the so-called iodine laser
(Ref 34) has demonstrated the viability of reuctions
involving the 'A state of the O, molccule. This cxcited
gas species exhibits a number of very desirable properties.
First, the 1AOZ state has a radiative lifetime of about
forty-five minutes, and is relatively immune to collisional
deactivation with walls (Ref 2:2529). Seccond, ouxyeen in

this state is readily produced in large yuantities,

EREGRW NNEDNIY WL Y



Another

This reaction produces

PHhO* (Ref 12).

candidate laser pumping reaction

+ NLO PhO* o+ NS,

lertzberg (Ref 29:564) and Shawhan et al.

the electronically excited species

is:

b4

(Ref 43)

list the following transitions of the PhO molecule.

TABLE 1

'mission Lines of PhQ_

Transition Voo(cm—]]
L oo 34755

D <~ 30103.24
C < 2476202
B o« 22173 .44
A e 19728.3%
a

All transitions shade toward red.

Emission lines reported.

K(A)b

2936
3322
1150
4510

5069

propagation,.

All transitions are of desirable wavelenpths

for atmospheric

Much previous work on Pho has been done




(Refs o, 7, 8, 10

, , 33, 35, 36, 42), and the spectral
structurc of the system is well described. A fundamental
problem arises, however, in that cmission from the Ph + N0
reaction is reported as quite weak (Ref 33), although the
reaction Ph o+ NZO 1s very efficient at producing pround
state PbO. This raises the possibility that efflicient
chemiluminescence could be produced by collisions

ground state PbO with excited molecular gas species with
active nitrogen (Rcf 33). One metivation for tuildine a
flow tube was to establish o system in which the investioa.
tion of the Pb0O + Ng and bo + ¢ () could be pertormed.
Many designs have been reported in the literature (Rets 1,

27, 16

)t )
Zo -6 , s

11, 13, 14, 20, 21, 22, 23, 2] 19, 52) and
b 3 b b b )

extensive work has been done on the PhO system in [low tubes
(Refs 33, 36, 43). Consequently, it was decided to build

a gas flow tube and modify it to allow chemiluminescence
studies with gas phase reaction products, cxcited pases,

or a combination of the two.

Objective

This thesis was intended to accomplish two goals. First,
a gas flow tube would be built and modified f[rom standard
designs to allow the study of gas phasce rcactions in several
ways. The flow tube design would be verified by reproducing

the results of two widely studiced reactive systems

02(1/\) + 1

2 and Pb + NZO'




General Approach

A gas flow tube was used to recact materials in the
vapor phase with oxidants or excited gases. The resulting
spectra were analyzed and the spectra compared with published
data. The results were used to verify gas flow tube perfor-
mance. The flow tube was characterized by Reynold's and
Knudsen's numbers and system throughput. Some recommendations

for further work are made.

e ok b AMAA




11. Theory

Introduction

A brief account of the theoretical backuround »ertine.:
to this thesis is presented in this chapter., it o
discussion of the genesis of this thesis s nre-ented
attention to Chemical [Electronic Transition .o o
Second, some general theory of vas {low reuactors o+ 1o e
Last, the two rcactions chosen o Jdoron ot

arc presented, and the associated ooty

Backyround

1 lhis thesis had 1t oriern o5 L

Weapons Laboratory. In 1975, vl 1t o0 o o

g

reported on the success of the ||
utilized a gas {low reactor emple .0 1 : . Tt

lated reactions:

Singlet Molecular Production. e oy beed a

chemical production method. Gaveon 1 bal o through
a mixture of 1,0, and NaOll, and folloo e 0 too reaction
[

-

chains:

Cl, + H,0, + NaOIll » O (/) » Naodb o« v v 0 (1)




or  Cly + 1,0 » HOCL + 1CT » Hoct + 11,07

N R N (2)

Part of the O,('°) participates in an energy pooling

redct ion

) (3)

. alary codine oo b ntroduced, and dicsociated as
o IR S B R (1) :
e U o reactien o uence i
L % N e
\ R R LA I (5)
oo gr 0y (10315 nm) photon (6) j
' z
!
Figure T ~howo the enere levels for this system and for ;

the T, molecnle,
Tha svertem has rroven to be very attractive for a CETL. i
Sinclet 00 o g o radiatave lifetime of 45 minutes (Ref 2:2529)

amd soore s tant te ool donal deactivation (Ref 2:2529).
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The singles states of molecular 0, can be produced in large

quantitics via the chemical reaction shown in ligs (1) and

{(2), and the 0, cffluent is benign. Todine is recycled.
The success of this CETL has stimulated interest in

a number of other chemical reuactions as potential laser

candidates, most of which can be studied effectively in a

{lcw reactor.

a

g

)

Conscquently, this thesis was designed to accomplish
the task of building a pgus (low reactor vhich could generate
lasing candidates in a vapor state and react thew with
oxidizers or exicted pwuases such as O,(°5) to produce
vibronically excited species. The system chosen to demon-
strate the flow tube capubilities was the 1,/0) system
which exhibits ycllow-green chemiluminescence. This reaction
utilizes the samec constituents as the 12/07 lascr, and there
is a large amount of data in the litcerature for comparison,
The capability to generate oxidant/high temperature vapor
reactions was demonstrated by the Pb + N,O reaction. This
system was chosen because most of its band structures lies
in the visible regi~n (thus simplifyinyg the experimental
setup and allowing a simpler measurement system), and

because this system may be a candidate for a CITL.

I2 Chemiluminescence. The chemiluminescence is generally

agreced to result from emission from the 1,(B) state (Refs

15, 16, 52). The reaction can be described by




(&
TL,0BY » T.0x) + v > 500047 (7)
1
Since analvsis of the data is dependent on the emitting
state and not on the excitation mechanism, no discussion |

will be presented in this section on the reaction mechanism.
There 1s, however, a controversy about the I,(PR) state

formation and this will he discussed in Section VI.

I'ho

The PhO molecule is of interest because its spectra

are extensively studiced, the PbO motecule is amenable to

. . B . - ik Sy
excitation by a number ot additives such as N5 and N
(Ref 31:727), and becuause 1t is a candidate for a CETL,

PbO formation from Pb and NZO 1s exothermic, by 71,068

kcal/mol (Ref 31).

Reaction Methods. PbQ emissions have been gcenerated

by a wide variety of reactions. Bloomenthal cxamined PbO
spectra by using a lead arc in air (Ref 9:24). He also
reports earlicr efforts by PBder and Valenta who used lead
chloride in an oxygen flame, and Grebe and Konen who used
lead chloride in a carbon arc in air. Shawhan and Morgan
(Ref 35:377) measured the A, B, and D systems and discovered
the T system of PhO, using PhO heated in a furance and
irradiated by an ultraviolet source, More recently,

Oldenberg, Dickerson and Zarce studicd the reaction




b+ ﬂ% + PhO + 0, (8)

and Linton and Broida did a comprchensive study utilizing

the reactions

Pb + G, - PhO + R (Reaction Products) (N
Pb + XN,0 » PhO + N (1) i
]
Pb + O, » PhO + 0O, (11 )
and
Pb + O0* (microwave dischareey) » pPho . (129

The Ph + NZO reaction was chosen tor the =implicity of

production and the milder fouling probicms reported by

Linton and Broida (Ref 31).

Spectra. llerzberg reports the major electronic
transitions listed in Table 1.

Numerous vibrational bands are reported; linton and
Broida report 33 bands for the A - X transition and 57 for
the a » X transition (Ref 31). For & listing of PhO
emission lines, sec Appendix B. finton and Broida show

that Ph + N7()]wr0(h1cr spectra dnvolve transitions {rom the A

a > X, A X, B oo X, and € 2 X systems, No obboor D

I o




transitions are reported; this is possibly a limitation of
their detection apparatus.  They also report that, as
pressure increased from 3.4 mm to 33 mm, the dominant
emission changes from a pale blue {lame (A - X
systems) to a yvellow-red flame (a » X, B + X systems).
Coupling. The electronic stutes of the Group IV
chalconides can approach jj coupling for the heavy metals.
For jj coupling, or more properly, Hund's case c, the
coupling between L and S is stronger than the coupling

between L or S and the internuclear axis (Rel 29:3197.

Thus, A and £ are not good quantum numbers, and we consider

that L and S couple to pive J, with an axial component §,
For this case, a number of genceral scelection rules hold.
The rule J = 0, +1 holds, as does the symmetry rule

+ > -, + >+, - «|> - Since . is also a good quantum

¥

1 + , I
number, AQ = 0, +1; 07 «» 0 ,0<«{~0%, lor the case of both
states 2 = 0, A% = 0 is forbidden (i.c., no  branch is

allowed).

Singlet Molecular Oxygen. ILxcited oxygen was gencrated

by passing the gas strecam through a 2450 mcgahertz micro-
wave discharge in a quartz plasma tube (Ref 48:287).
Energy levels of the 0, molecule arc shown in Figure 2.

The major production mechanism for 0O,('s) is direct

electron impact excitation with ground state 0O, motccule by

a 0.98 cv clectron (Rel 18:200) wilh an cnerpy ol 7882.39

em L (Ref 29:540).
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There are two major production mechanisms for the
sccond metastable state, Oz(lf). The first 1s excitation
by a 1.672 ev electron to the 13120, cm-1 cnerpy level
Ret 29050y, This process is nrobably not competitive with
the excitation to 0,('2), because the cross sections for
excitation to 0,('2) electron impact are approximately one
order of magnitude lower than O,('%) for the suame clectron
energy [Retf S50:1482).

N second wmechanism is the pouvling reaction

Derwent and Thirosh state that the concentrations of
02(‘x) and 02(‘A) are 107 - 10 7, respectively (Ref 16:721)
Although they do not specifically state how they arrive at
these numbers, Thrush and Thomas report a method by which
the concentrations are calculated {from the emissions of
0,('%) at 1.91 um and 0,('A) at 1.27 um (Ref 48:290). The
07(1i) concentration is lower because of the lower cross
section for excitation in the plasma, and because it is
depopulated by

02(1:) + 0, > 02(1A) + 0 (1)

2

and

O,('s) + watl o 0,00 (15)




The second rcaction shows a contrast to O,('A) which is

highly resistant to deactivation by wall collisions

(Ref 3:1769).

An important by-product of the microwave reaction is

e ———

atomlc oxygen. In order to suppress N, a coating of n.o

is applied to the walls of the quartz tube. This coating

catalyzes surface recombination of atomic oxygen (Ref 4:288),

Gas Flow Tubhes

fhe flow patterns and velocitiecs of a pas {low tube are
of fundamental importunce in determining the results of kinetic
experiments. Two ol the criteria oy flow tube design arosce

from an examination ot (low phenomena,

Recirculation and Flow Restrictions,  The first design

el oL N

criterion was the requivement to winiwmize tlow vrestrictions
and sudden expansions or contractions of the tube. TFlow
restrictions decrease the conductance of the system;
conductance being a measurec of the efficiency with which
gas can be pumped through the tube., An example of a
restriction would be a series of successively smaller tube
diameters towards the vacuum pumps.

A sudden expansion or contraction of the tub2 diameter
can generate a recirculation zone such as the one shown in
Figure 3. Recirculation was examinced by Pennuccei (Ref 38:11)

as part of the problem of suddenly cxpanded pas {lows,
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Referring to Pigure 3, a schematic depiction is given of

the vortex phenomena known as recirculation. Gas molecules
in the recirculation zone L omay rvemain lor some time before
reattaching to the (low in the attachment zone. This
phenomenon is sipgnificant when attempts are made to create

a flame, since in an improperly designed chamber, the
reaction may occur in the recirculation zone rather than

the viewing arca downstream (see Chapter V).

\Velocity Proliles and Flow Characterizution.  The

seccond design criterion was that the system operate in the
laminar flow regime. A more rigorous Jetinition is piven
below, but in gencral terms o flow may be characterized as
turbulent, laminar, or molecular. ‘The importance ol luminar
flow may be understood as follows: picking a simple
example, the rate of consumption of reactant, A, in a

chemical reaction can he expressed as

AL - xpag® (16)

where [A] 1is the concentration of A, k is the rcaction
rate coefficient, and n is the power dependency of the
. . o d[A] .
reaction on the concentration of A. To cvaluate -y in a
dt
flow tube experiment, we may write

d[A] . d[A] dx

It I ar (17)




d [\]

where is the change in A as a function of some
: Tk ¥ (A
distance scale, usually longitudinal in the flow tube. Ve

. dx :
can then interpret JT O the gas velocity, and evaluate

d[A]

< in terms of some observable such as the intensity of
Ll

a g¢given emission.

This approach requires that %% be well defined. A
common assumption is that of plug flow, which assumes the
linear velocity to be everywhere uniform. This assumption
holds true for the turbulent flow reaime, but hreaks Jown
badly for the laminar case (Ret 50). The turbulent case
presents problems, though, in that the pas number densities
may exhibit local deviations {rom isotropy (turbulent
cells), with the cifects on the cas bincetics being Jdifficult
to predict.

Wolf showed that the velocity can be detined for
laminar [low in a flow tube (Ref 50). Ftor the molecular
flow case, however, the assumption that the time rate of
change of concentration is proportional to the linear
velocity since there may not be a well defined linear
velocity. Thus the second criterion was to confirm that
the system exhibited laminar flow. The following sections
describe the flow regimes, the equations for evaluating
flow tube performance, and prescnt a limited discussion of

parameters uscf{ul in calculating [(low rates,




Flow Repimes. A pas {low tube may be characterized

in part by the conditions under which gas flow takes place.
Generally speaking, flow can be turbulent, laminar, or
molecular., Figure 4 depicts velocity profiles for the

turbulent and laminar cases.

Viscous Flow. A volume at pressure Pl is

connected to a second volume at pressure P, through an
o

aperture of size Aq with P, < P, If P] is such that the

mean free path of a gas molecule, ), is small compared 1o
the dimensions of A, the flow is viscous (Ret 10:62). The
velocity of the gas can be increased by lowering P, until
the ratio PZ/P1 redches a critical value; the speed of
sound for that gas (Ret 40:67). At this point, further
reductions of P, will not increase the flow rate.  Thus,
we see that merely adding more pumps for u given cavity is
pointless if a flow tube is operating in the viscous regime,
once the critical PZ/P1 ratio has becen reached.

When operating in the viscous regpion, a gas flow tube
may exhibit turbulent or laminar flow. The dividing line

between turbulent and laminar is detcrmined by the tube's

Reynold's number, Re, where

Re = pvD/n (Ref 40:61) (18)

and  p is the gas density, v the lincar pas stream velocity,
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the viscosity, and D the diameter of the tube.

)

Cenerally, an Re greater than 2100 indicates completely

turbulent flow, and Re less than 1100 indicates completely

laminar flow.

Molecular Flow. The dividing lines between

viscous, intermediate, and molecular {low arc determined
by Knudzien's number, defined as the ratio D/Xx , where D
i: the flow tube diamcter and o the wmean free path.

Table IT summarizes the rvegime boundaries, after Roth

(Ret 40:61).

TABLE 11

Flow Regimes

Flow Regime Re, D/
Viscous Turbulent Re > 2100
Lamirar Q > 200D (air

D/A>110, Re<1100

Q < 100D (air)

Transition Intermediate 1 <D/x <110
Rarified Molecular D/x» < 1
!

Z1 i




Throughput . The throughput is a measure of the

A

quant ity of ¢as moving through a pipe per unit time. Roth
defines the throughput Q as PV (#D7/4) where the units are
as previously defined. In general, the (low in the viscous
regime will be turbulent if Q is greater than 200D, and
laminar i{ Q is less than 100D,
An empirical formula for N in air 1is

-2
= 90.06 x 10 7 ReD, in torr-liter/sec . (19)

(Ref 40:61)

Knudsen's Number, Knudsen's number (Kn) is used

to delineate the boundarices between viscous, intermediate,

and molecular {low. K, 1s detfined by

Kn = D/ R (Ref 3:67) {20)

where D = diameter of the flow tube, and X is the mean
free path (Ref 42:67). A general cxpression for the mean

free path of a gas in a flow tube is given by Roth

A = kT/VZ w €?D (Ref 40:37) (21)

where k = Boltzmann constant, 1.3805 x lU—lb cere/°K, T is

the vas temperature in °K, P is the vas pressurve, and ¢ is
i ’ i I ’




the molecular diameter. As an cexample, an empirical

formula for Y of air at ambicent temperature is

Vo= R ox 10°7/D (Ref 10:37) (22)

Conductance. When steady state flow is achieved

in a flow tube, the number densities of two adjacent sections

of pipe arec related by Eq (23),

Here, N is the nuwber of molecules crossing g cross

section of the pipe, and 1, represent the number

! .
" 2
densities in the respective scctions, and € is the

conductance (Ref 40:03). The conductance {or a pipce of

dimension D, length L, and operating at pressure P 1s given

by [Lq (24),

C = (PuD*)/(128 nlL) (Ref 10:74) (

o

For air at 20° C, Eq (24) reduces to

_ 4 3 ] 7! 9
Coip = 182(0*/L)P (Ref 40:74) (25)

The pumping speed, S, in a chawber connected by

conductance C to a punp having speed Spois piven by LBq (26),




/S = 1/Sp + 1/C (Ref 40:66) (26)

This can bhe rewritten as

S/sp o= (c/spy/[1 o+ (¢/spy) (271

Fquation (27) shows that increasing the pump size Sp does
not increase S if the conductance is the limiting factor

(et 10:66) .

Woltf examined

>

Plug Flow. o his master's thesis
a traditional assamption employed in gas flow work; the
pluy (low assumption (Rel 50y, Atter the Woll thesis, the
ditference between pluy tlow, Taminar, and turbulent tlow

can he visualized as in ligure 3. Wolf determined deviations
from the plug {low assumption on the order ot 1.6 - 1.8

for the ratio Ve/Vpl, where Ve 1is the experimental
centerline velocity and Vpf is the predicted or plug flow
velocity (Ref 53:55). This phenomenon is very important in

interpreting gas kinetic data, or any experiment in which

radiative lifetimes or downstream intensities arc measured.
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I11. [Ixperimental Apparatus

Introduction

A bricel description of the apparatus 1s given in this
chapter. In building the apparatus, two criteria were
considered paramount., lirst, the tube was to be designed
to allow hig¢h {low rates with dynamic pressures as low as
0.1 - 0.2 torr. To achieve this condition, special
attentilon was paid to the vacuum system and to system lay-
out. Second, previous papers report scverce problems in
system fouling, especiually in the Pho+ N0 veaction (Ref 3
A number of schewes were evatuated for dealing with this
problem and for solvinge the problem ol maintaining @ clear

viewport.

Flow Tube

The flow tube (sce Tigure 5) was asscmbled {rom
component parts manufactured by Alloy Products. The tube

was constructed of three inch inner diameter stainless

steel pipe. The ends of each scction have an O-ring groove

to provide a vacuum tight seal, The connections between

sections arc made with quick flanges.

Input Scction. The input section serves three purposces

in this apparatus. Bxcited pasces were introduoced through

gasketed end plate on the transition wection 1o the 1,/0,

= A ettt e b e i} o ¢
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chemiluminescence experiment,  During the PhO experiment,

a viewing arm was placed at the ront of the input section
and inlets provided for {lushing pases (scee Piloure o).
Finally, quenchiing pases can be introduced upstream of the

react ion chamber.

Combustion Chamber. The combustion chamber in which

the reaction being studied took place was a commercial "TV
made by Alloy Products. An additional arm was added as
shown in Figure 7, and for the viewine port an end n»nlate
(see Figure 8) had o 2.5 inch hole counter-sunk in the tuce,
and 4 centered, 0,75 inch hule was bhoared throuch, & 0,25
inch thick glass plate was scated over an O ring into the
hole, and the vacoun pull allovwed to seal it.  This design
facilitated rapid clcaning of deposits,

Previous Investigators have expericenced scevere fouling
problems in oxidizer/metal vapor recactions (Ret 33:399),
Two approaches were tried to solve this problem. The
viewing port on the combustion chamber (Figure 7) has a
0.0625 inch inner diameter tube inlet throush the wall in ?
front of the viewport. Gas could be introducced in front of
the viewport to crecate a flowing gas barrier to the reaction

product.

The second approach was to place a 24 inch scction of

pipe upstream of or normal to the combust ion chamber

(Figure 6). The extension had pas inlets pdentical to the
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one on the combustion chambher, and {lushing gases were
introduced ahead of the viewport.

An additional experiment was devised to reduce fouling
downstream of the combustion chamber (Figure 9). A 3.0
outer diameter stainless stecel pipe section had a screen
wire welded to the bottom, and this pipe was inserted into
the downstream leg of the combustion chamber. This pipe was
then filled with glass wool and the effect of the device
on pumping efficiency and tube fouling was evalnated,.

Oxidizers were intorduced into the combustion chamber
through an injector as shown in Pigure 7. This shupe was
chosen over a number of widely uscd shapes (Ket 25:722)

because it gave a brighter and more uniform flame.

Transition Section. A 2.0 foot scction was incorporated

downstream of the combustion chamber. Gas kinetic studies
could then be performed by replacing the stainless steel

tube with a glass tube.

Pumping Section. Immediately following the transition

is an adaptor which goes from the 3.0 inch stainless steel
to a 1.75 inch inner diameter pipe. The adaptor has a port
for measuring pressures (Figure 10).

Provisions were made to install a cold trap immediately
downstream of the adaptor to remove atomic iodine before

it rcached the vacuum pumps (Figure 10). The cold trap
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was cooled with a dichloromethanc-dry ice slush (approxi-

mately -60° F)., Downstream of the adaptor or cold trap,

an 8.0 inch long, 1.75 inch inner diameter pipe connected

to a Consolidated Vacuum 1.5 inch ball valve (Fipgurce 10).
Another ©1.75 inch pipe downstream of the ball valve connected
to a "Y' as shown in Ficure 10. The downstrcam lees of the
"Y' connect to 1.375 inch inner diameter pipes which curve

on a 24 inch radius to the vacuum pumps. The connections

to the pumps are made with vacuum hose to minimize trais-

mitted vibration. The pumps arc 17.0 CIFM Welch (loor pumps.

Vapor Generation

Todine. Todince vapor was produced by passing AR gas

stream over I, crystals in a /4" inner glass tube.,  The
vapor pressure of iodine is approximately 1 mwm at room
temperature. This pressure was uadequiate to give useable
concentrations.

Lead. With a melting point of 327.3° C (Ref 28), Pb
requires a high temperature furnace of some sort. An
electric furnace was constructed, as in Figure 11, along
the lines suggested by Dr. S. Davis (Rel 13},

Power was provided from a 28 volt, 600 amp Rapid
Flectric Company Model S-528 D.C. pgenerator.,  Current was

fed through No. 4 cables to clectrodes cooled by a water

jacket,
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The current heated a crucible which contained reagent
grade lead shot. The resulting vapor was entrained in an
Ar carrier which took it to the viewing region. A number
ol schemes were tried for baffling the glow of the furnace
while shaping the flow of entrained lcad for maximum bright-
ness. A\ few hood designs are shown in Figure 12. Excess
heat was eliminated by water cooling the electrodes and
wrapping copper water cooling pipe around the outside of

the furnace and viewing chamber,

Measurement Systen

The spectrograph was a Jarrcel-Ash 0.5 w scanning
monochromator, with a dif{raction prating ruled to 1180
grooves/mm, and blazed with a reciprocal dispersion of
16 X/mm in first order. The resolution was 0.2 K in first
order. The light was focused on the cntrance slit of the
monochromator with an 8.7 cm focal length lens {or iodine,
and a 15.0 cm focal length lens for lead (see Figure 6)
Plots of relative intensity vs. wavelength were recorded.

The signal for the IZ/O2 experiment was reccived by
a 1P21 photomultiplier biased at 1000 volts by a Keithley
244 high voltage scurce. The 1721 has an anode sensitivity
of 1.2 x 105 A/W at 4000 R. For the PbO reuction, a more
sensitive RCA 7265 photomultiplicr tube with an anode
sensitivity of 3.0 x 10" A/W was substituted. Appendix D

shows typical responsce curves for these tubes.  ‘The signal
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was ampliflied by a Keithley 427 current amplifier and

recorded on a llouston Instruments Omnigraphic 2000 X-Y

plotter.

Microwave. The microwave source as a Kiva MPG-3
driving an Evenson-Broida cavity cooled with gascous Ny
The gas feed tube was 14 mm diameter quartz, which was
coated inside by blowing 0, over llg and passing the mixture
through the cavity at 100 watts forward power. This pro-
duced a yellow-brown HgO coating whose purpose wias to
eliminate atomic oxygen in the excited products.  The pas 1
tube was introduced through a connector (manulactured by

Cajon, Inc.) into the tflow tube, which allowed the position

of the tube relative to the flame to be varied,  The plasma

was ignited with a Tesla coil.,

Ancillary Equipment

Calibration Lamps. Calibration was performed with an

Hg lab standard from Ultraviolet Products. The 5460.7,
5769.6, and 5790.7 R lines were selected for calibration
marks. Tor the Iz/()2 experiment, u scparate calibration

run was performed using the lg calibration lamp. During the
PbO reaction, the high sensitivity of the 7265 photomultiplic
tube precluded direct observation of the Hg lamp without
inducing unacceptable noise. Thercefore, the sctup shown

in Figure 13 was devisced,
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Gas Manifold and Feed. All gas connections were made

with 1/37 awunee-lock lloke valves and 3/16" inner diameter
stainless steel pipe.  The N,O was routed through a manifold

so that, 1if necessary, it could he diluted with inert gases.

Pressure. A" was installed on the adaptor pressuare
monitoring port to allow dynamic and static pressure sensors
to be attached. Static pressure was measurcd with a
flastings © - 1 torr vause and served us a vacunm integrity
chieck.  Dynamic pressure was wmeasured with o Baratron MEsS
Tvpe 77 pressure gauve.  The usce obf this guupe dllowed

precise measurement o) dynamic pressures as low as 0,01

torr.




IV. txperimental Procedure

Introduction

It 1is appropriate to trcat the experimental procedure
in four sections. The f{irst, startine and shut-down for
a flow tube of this type, is covered as a list in Appendix
A,  The second section deals with alivnment and calibration
of the flow tube and spectrograph, while the third deals

with the requirements of data collection in the /0

and Ph/N7O experviments,  The last scotion discusses s=one

particular safety huzards cncountered,

Alignment and Calibration

Alignment. The tube and spectrograph were aligned
using a Spectra-Physics 1420 2 wh leXxNe laser. A wmirror
was mounted in the combustion chumber at o 15° angle to
the tube axis, and the beam was introducced throush the
orthogonal viewing port. The exiting beam entered the
entrance slit as shown in Figure 14, and the spectrograph
was adjusted for a maximum signal at 0328%. since the
sensitivity of the 1P21 photomultiplier at 03287 is well
below the pecak response, it was felt the maximizing the
signal in this fashion would puarantece good response between

o

4000 and 6000 A.

do
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The Jarrel-Ash monochrometer was calibrated according
to the manufacturer’s manual using an Ultraviolet Products
fle Tab standard lamp. The uncertainty in wavelength is
eiven as x D.2A by the manufacturer (el 30),

The large error induced by the gear lash in the mono-
chrometer required a different calibration technique for
the PbO experiment. The PbO melecule has a very large
number of transitions in the visible, and assignment of
these transitions would be very ditficalt wich an uncertainty
much sreater than JR.

The solution wus to inscrt o plass slide between the
viewport and the lens. The sltide was placed at u 45°
angle to the axis of propagation, resulting In oa 3%
transmission loss of the signal (sce licsure 12). When the
monochrometer approached a calibration peak of the Hg
lamp, the shutrter would be tripped and a cal mark placed
directly on the spectrum. With this method, the uncertainty
is estimated as IR {(from data plots).

During the IZ/O2 experiment, calibration was performed
by returning the spectrograph to the starting point after
a spectrum had been taken and re-running with the Hg lamp
in front of the slit. At pre-sclected wiavelenpths, the

lamp would be uncovered and the calibration wavelength

recorded. Gear lash on the monochronomator was estimated

o]
to add ¢ 3A error to this procedurce,




The width of the calibration spike at a scanning
[e]
speed of 5000/ min and sTit width of 0,6 mm was approximately

1A FWIN, so the total uncertainty in a transition wavelength

(o]
wias 102N as eidven by g (28).
_ calibration . gear
A monochromator % Tash
. o [ o
+ peak width = 0,2A + 3A + 1,0A

Ii
e

(28)

Alignment

An RCA 7265 photomultiplicr was usced for the Pbo
experiment. Since the 7265 is very sensitive to system
noise, the following procedures were uscd, First, two-
prong adaptors were used to float all clectronics, except
for the x-y plotter which was grounded to the building
water system. This prevented ground loops. Next, the
x-y plotter was zeroed with no input, and the 7205 biased
at 100 volts. With all light sources oft or covered, the
gain on the current amplifier was turned up until it went
to 1/4 full scale, then the dark current bias turned on to
bring it to 0. The voltage was turncd up in increments of ;
100 volts and plotted apainst the dark current until the
tube response went non-lincar, then the voltage was

decreased by 100 volt,

ey




Data Collection

Microwave. [xperimentation with the microwive was
in two areas. Tirst a varicty of ignition methods, power
settings, and gas flow rates were attempted to optimize
the flame. The best results were obtained with an 0,
pressure of 0.5 - 1.5 torr with a forward power of 100
watts and with reflected power minimized. The btest ignition
method was found to be an arc eenerated hv a hich voltage
Tesla coil applied just upstream of the cavity. Pressures
ol less than 0.5 torr 02 penerated an extremely hot plasma,
with attendant cooling ditticultics, while it proved very
difficult to sustain a plasma with (0, pressures over 1.5
torr. The second areu of experimentation involved optimiz-
ing the position and shape of the tube tip {or the region
where the 0,('A) left the glass tube and entered the
combustion chamber. Tip shapes evaluatced included a simple
tubular tip, a fan shaped tip, and onec with a reduced exit
diameter. Tip positions were varied from 0.5 inches to
6.0 inches from the vapor column. The optimum {lame was

generated with a simple tubular tip 0.5 inches (rom the

vapor train. TFigure 14 shows some of the tube tips tried.

Iodine Production. I2 was produced by entraining I2

vapor in a pipette with an Ar diluent., Although other
groups have tried methods such as heating or photo-

excitation (Ref 53), ample 1, wus obtained in this cxperiment
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by the vapor pressure at room tcmperaturce, ‘The gas was

then introduced to the 02(1A) stream with a pipette.

Flame Tuning. The flame was trimmed by varying the
OZ(IA) and Ar pressure. An optimum f{lame¢ occurred at
1.5 mm O2 and 0.5 mm of Ar. The intensity was reclatively

independent of cavity geometries.

Pb + NZO' Pb was heated in an clectric furnace (see
Figure 10). The recsulting vapor was entrained in Ar at
pressures of 0.5 - 20.0 torr. NZO was introduced in the
burner ring described earlicr at pressures of 0.5 to 20,0

torr. The resulting flame was obscerved at right angles to

the flowing gas and frowm an on-axis point npstream of the




combustion chamber. Power input to the hcating coil to
vaporize the lead varied from 200 - 1100 watts of DC power.
The intensity of the f{lame was a strong function of the
power input., The brightest f{lame occurred at the highest
power input,

The b atoms were then entrained in Ar. The mixture
was passed through the center of the N,0 ring and N,0 was
introduced at various pressures. The NZO was also mixed
with an Ar diluent to observe the cliiect,

It was discovered in the course of the P'b0O experi-
ment that power levels higher than 000 watts severcly
degraded the lifctime of the heating coils. The optlmum

valuce of 540 watts wus choscen tor the data runs.

Safetz

Pb0O is listed as a class 3 inhalant hazard (Ref 42),
which mecans that it is dangerous in milligram quantities,
and so precautions were taken to avoid inhalation. Filter
masks were worn whenever the combustion chuamber was opened.
The work area was vacuumed after cvery chamber opening
and the contaminated areas were sponged. The flow tube

was kept under vacuum between runs.




V. Results and Discussion

This scction discusses the gas (low tube performance,
the 1,/0, chemiluminescence cxperiment, and the results of
the Ph + xzo experiment. T[Extensive tabulations of data
from literature are recorded in Appendix B for the PbO

molecule.

Gas l'low Tube Vertormance

This section discusses the {low regimes of the tlow
tube and the results of cexperiments undertaken to improve
flame intensity and reduce systewm Ponlinyg from the various
reactions. Table [0 summaryses the tlow tubie performance.
where

The Reynolds number was evalvated using Lg (18)

the density p is given by Eq (29

M fatomic weight/mole) P (gus pressure in mm)

Ro T{”K)
{(Ref 40:61)

The velocity was determined using the empirical formula
in Eq (30)
Q P(atmospheric pressure in mm)

voo= - (30)
60 P{gas pressure in mm) Afarea for tube)

{(Ret 53:31)

g0




TABLE TI1T

- o . !
"lTow Tube Performance

FLOW
BATE TUBE
(cm”/min) PRESSURE (Torr) Re Molem) Kn COMMENT
0D 0.1 50x107° 152 Laminar Flow
900 2.0 16.70  2.5x107° 3048  Laminar Flow
1700 3.0 31.55
2450 1.0 45.57
2950 £.0 54.75
38N0 £, 1) 0.5
1500 7.0 85.52
5250 3.0 97,15
5750 9,0 106,73
L500 1n.o 120,05 Sx 10 | 15240 Lawinar lFlow
6900 11.0 128,07
7200 12.0 133,04
7600 13.0 141.00
7050 14.0 117.56
8250 15.0 153.13
8500 16.0 157.77
8900 17.0 165.19
9100 18.0 168.91
9500 19.0 176.33
10000 20,0 185.6] 2.5X]0—4 30480 Laminar Flow
4 A1l data were taken at 760 torr (30,16 in lig)
ambient, and 19° C (292° K)
b

E
i
E

Meter would not record {low ratc.

Page 48 is not missing but is misnum-
bered




The mean free path, A , was calculated using Eq (22).
Knudsen's number was calculated using Bq (2). The results
listed in Table IIT demonstrate that the desion goals were
achiceved., Pressures as low as N1 torr were recorded and
flow was laminar in all velocity revions.

If gas kinetics are donc in this system, the velocity
calculated from Eq (30) should be multiplied by a correction
factor ranging from 1.6 to 1.8 to account for deviations
from the plug llow assumption. Woll{'s thesis (Ref 5H3:47)
addresses this issuc at length. Section VI contains
recommendations for an assessment of this correction

factor.

System Features

Various ideas for improving tlow tube system performance

were evaluated. This section will assess their effectiveness.

llood Designs. TFigure 12 shows the various hood designs

which were inserted above the furnace to shape the vapor
flow. Hood design 12a was effective aerodynamically, in
that no evidence of recirculation {PbO or sz plating) was
seen outside the chimney. TIts major defect was that high

Ar pressures were needed to get the b vapor up to the
orifice and keep the NZO out. These pressurcs cooled the

Pb vapor and caused condensation inside the hood unless very

high voltages (16 - 18 volts) were applicd, which reduced

i abinbbine RPN ey




the life of the heater wires. Additionally, the high

currents used created a larce backeround glow which tended
o

to obscure the signal from 6000 to 7000A,

Ficure 12b depicts the sccond hood desion, which
attemp.ed to shorten the distance the Ph vapor had to travel
to recach the viewing region. The 1/2'" diameter hole was
designed to cut down the background ¢low. The poor acro-
dynamics of this design created recirculation zones at
points 1 and 2, us witnessed by Lhe larve lead Jdeposits
I and PbO deposits at 2. It proved twpossible to pet the
flame into the vicewing region with this design.

Figure 12¢ depicts the successiul desion. [t was
recovnized that the chimney would usenerate o recirculation
zone, but by placing the tip of the chimney just below the
viewing region, the recaction wias torced to proceed in front
of the view port. At low pressures, the f{lame cxtended

well above the chimney.

Anti-Fouling. Two approaches were taken to solve the

fouling problem. The first was to isolate the viewport by
placing it well upstream of the reaction chamber., This
approach eventually worked. The second approach was to

use f{lushing gases to create an air window in tront of the
viewing port, as shown in Figure 6. This approach worked
well when the viewing port was well away from the reaction,

but failed when the port was placed very close to the

Hhi




reaction, as in Figure 6 where the view i1s from 90 to
the tube's axis. An attempt to blow cas directly onto the
viewport (Figure 7) entrained Ph, and PhO and resulted in
a completely opaque coating within 30 seconds. The tactic
of locating the monochromator away from the combustion
chamber did cut down the signal intensity, so f{urther

refinement is required.

1, Experiment

It was decided to verify 1, chemtluminescence in two

ways. First, bandheuad positions tor trunsitions from the
IZ(B) state to ground would be catculuted I'row published
spectroscopic constunts and compared to the datua obtained
in this thesis. Second, the relative intensity profile,
corrected for photomultiplier response and absorption due
to plating of the view port, would be compared to published

data.

Correlations With Predicted Bandheuds. Certain

assumptions were made in calculating the bandhead positions.
Figure 15 shows a potential curve for the IZ(B,A,X) states
of the iodine molecule,

Predicting the inter-electronic transitions [or these
required a knowledge of which vibrationul states were
populated in IZ(B). Derwent and Thrush showed that IZCB)

at room temperaturce displayed the behavior shown in
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Figure 16 (Ref 16:722). Maximum populations occurrcd
between v = 10 and v™ = 24, The relative populations

were calculated by assuming

1§%]
—_
e
—
—

k . Le N el 16:72:
Ky v TOIING D (et To
llere Rv‘ is the relative rate of population of the
vibrational level of T,(B) and the k_ v~ are the rate

= b
cocfficients for de-excitation from v’ to v (el 16:722),
The physical signiticance of these relative populations is

that, at room temperature, the majority of the [, (B)

molecules will be in states above v = 1o, and a substantial
number will be between & and o,
This information helps to predict the buandhead

position. The probability distributions tor a molecule 1

in the IZ(B) state in the higher vibrational levels are
highest for molecules on the extremums; i.c., lyving on the
potential curve. This situation is schematically
represented in Figure 15.

For a transition hetween the upper and lower electronic
states, the Franck-Condon principle states that the electronic
transition occurs much faster than the vibtational transition
(Ref 5:208). This in effect freczes the vibrational motion

of the moleculc while the transition occurs, so that after

the transition the molecule f{inds itsell with the same

internuclcar scparation Voo In the lower celectronic state,
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this rLonow corresponds to a different probahility distribu-

tion amd hence a different vibrational state v7™7,
The probability that o molecule in state (1,(B), v,

will end up in state 1,(X), v”7 in an clectronic transition

is civen by the TPranck-Condon factor Svc oy A fnll
b

discussion of Nyt oy is beyond the scope of this thesis,
s H

hut the basic approach is to calculate the transition matrix

A

-

element between the upper and lower states for cach v7,v
pair. A fuller discussion for the T, molecule is presented
by Tellinghuisen (Rei 17,

Table IV shows sclected tranck-Condon factors tor the
transitions v7 » v'" = 0 (Rel 47:153). lrowm the values
reported, it can be scen that transitions from IZ(H)v’
which terminate in lZ(X)V" = 0 are likely tor hish v~

F numbers.

As long as the assumption is made that the upper g

vibrational levels are more highly populated, as Derwent

and Thrush have shown, the followinyg correlation scheme

is plausible.

, First, the total energy is taken to be

! = h . e . + K .
Etotal Felectronlc * rvlbratlonal rrotatlonal (32

(Ret 5:76)

it th matbise bl
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TABLE TV

Yranck-Condon factors for

T (PY,v” o 1 (X),v"" = 0 i

<

voo- v o I'rancl.-Condon voo - v77 Franck-Condon
‘actor l'actor ;
- Q )
0.0 1.4 x 107" 18.0 1.2 x 10°°
-3 5
1.0 2.2 x 10 19.0 1.4 x 107° ]
-7 2
2.0 17 x 1077 20.0 1.7 x 10~
i N -7 _9
3.0 8.8 x 107 21,0 [, x 10 ~° q
. O -2
1.0 5.5 x 10 22,0 2.2 x 10
. 5 >
v 1.1 x 10 23,0 2.4 x 10
- )
G 3.2 x 1077 21 20 x 1077
7.0 7.8 x 1077 250 2.8 x 107"
- 2
8.0 1.7 x 1071 20.0 3.0 x 10°°
? . -4 . -2
E 9.0 3.4 x 10 27.0 3.1 x 10
l - -
10.0 6.2 x 1074 28,0 3.2 x 1077
- -2
11.0 1.1 x 1073 20.0 3.2 x 10°°
- -
12.0 1.7 x 1073 30.0 3.2 x 107"
-2
13.0 2.6 x 1073 31.0 3.2 x 1077 i
— gl
14.0 3.8 x 1072 32.0 3.2 x 10"
15.0 5.3 x 1075 330 3.1 x 10°°
16.0 7.1 x 1072 34.0 3.0 x 1072
-3 -2
17.0 0.2 x 107 350 2.9 x 10




The rotational energy will be given by

Lo = BJM o+ 1) cm ! (Refl §:33) (33)
ind J\Urot by
ME_ . = 2B+ 1) em” ! (Ref 5:34) (34)

The vibrational eneruy is given by

Boiy = g (vor 1/2) - X a (v 172 (35)

e

AT ZC (1 - 2X,) (Ref 5:73) (36)

1

3

For I,(B), B = 0.0292 cm
1

w, = 128.0 cm_l, and

Xewe = 0.834 cm

AErot

(Ref 29:541). For these values,
/AEvib = 0.005. So it is reasonable, to a first
approximation, to neglect the rotational enerygy for band-
head assignments.

The assumption is made, based on the Franck-Condon
factors, that the transition terminates at v™" = 0 in the
IZ(X) state. Then the energies of the states are given §

as follows.

o '/'




i st L o

AE = Te + ATVT - ABv™” = 0 (37)

. - -1 . .
Fer 1,(B), Te 15641.6 cm °, « X | w_ arc as given, and for
2 ce e :

I}
(]
—
s

I,(X)y, Te = 0, woxo = 0.0127, and ¢ 4.57 (Ref 29:541)
Then v is assumed to be 0, and the ecnergy of the transition
is given by Eq (38).

I“:(cm_1

n

) LSOGTL.6 + 128.0(v - + 1/2)

S NSy e 1/2)7 - 21ALST(N/ 2
)
o0 012701/2)"
,
= 15534.6 + 128(v e1/2) - 0.834 (v +1/2)%  (38)

Table V shows the wavelength of the bandheads predicted in this
fashion. Figure 17 shows a data record with calculated band-
heads shown by circles and identified by v’'. The bands shade
toward red (Ref 13), so the bandhcads should occur on the

left shoulder or ncar the peak of the transitions.

Relative Intensity Plots. Tigure 18 shows a plot of

the experimental data, corrected for photomultiplier response
and absorption, and a plot taken f(rom work by Thrush (Ref

16:721). Corrections for photamultiplicr response wore made




17
18
19

20

TABLE V

Calculated 17(B) - Iz(x) Transitions

(calculated 1in R) v’
6108 ’1
6123 22
6080 23
6038 24
5997 25
50957 20
5018 27
5881 28
5844 29
5809 50
5774 31
5741 32
5708 33
5676 34
5645 35
5615

59

(o]
{calculated in A)

5586
5558
5530
5504
5478
5152
5428
5304
5381

5358
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1
b
1

from manufacturer’'s typical response curves (Ref 393,
Initially, it was assumed that the absorption could

be described by assuming that 1 was proportional to some

IO times an  exponential time dependence. After considerable

trial and ecrror, it was decided that the actual hehavior

could best be described by Eq (39)

-4 ©° ] )
0.4 + [2.3x107%/A1 X # of A above 5100 A

I
ct

o(% attenuation)

4.5 minutes
(393
O
where t is in minutes required to sweep from S5100A to the
wavelength in question, and the monochromator is sweeping in
the direction of increasing wavelength., Thus the absorption
shows a linear time dependence plus o wavelength dependence.

No error estimate is made.

Discussion. The correlation betwcen predicted and
observed transitions is excellent up to v~ = 30, Noise
above 5300A made it difficult to assign transitions above
v’ = 30,

The relative intensity plots are less convincing. The
lateral symmetry is similar, and the high (requency observa-
tion limit (~ SIOOR * SOR) is the same. However, there is a
significant difference in the relativce intensities ucross
most of the spectrum, Most of the difference can be
attributed to differences in the experimental conditions,

since the pressures were different (d 0.35 torr in

¥
total

this work; 3.4 torr in Derwent and Thrush (Rel 16:7200))




and temperature measurements of the flow tube pases were
not made in this thesis,

lowever, based on the correlation between the predicted

and observed transitions, it was felt that 1, chemiluminescence

had been demonstrated.

PbO Experiment

Qualitative agreement was obtained with the literature.
Tahle VI 1lists some of the ohservations made as a function
ol experimental paramcters.

As Linton and broida noted in theiv paper, the plus
flame at low pressures was quite weah (Rel 33:0081. (¢t
wias determined that an iwmprovement in the sisaal to noise
ratio of the measurement system was vequired to yiceld
quantitative results,

A qualitative correlation was obtained between power
dissipated in the coil and the reaction products., At
wattages below 250 - 300 W, there were no rceaction products,
and bhetween 300 W and 500 W, the major products were PhO
.identified by the yellow color) and I'h, plated on the
chamber walls. Above 600 W, a black oxide formed; presumably

Pb,0 (Ref 28).

2
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TARLE VI

PO IFlame Observations

flame,

11-feormed

d flame,

in two

NZO Pressure Ar Pressure Voltage Color Comments
Flame
0.5 6.0 13.0 Blue Faint but
de fined
1.0 4.0 13.0 Blue "
1.5 2.0 13.0 Blue "
2.0 2.0 13.0 Blue "
4.7 1.7 13.5 Blue Very faint
0.1 4.0 14.0 Blue Excellent
little fouling,
bright, we
flame
4 - 5 0 - 2 14.7 Blue Well-forme
much black oxide
2.0 10.0 14.0 Yellow IHigh following
2.5 4.5 14.5 Yellow Wire burnt
10.0 15.0 14.5 Yellow "
10.0 20.0 14.4 Yellow "
30 Off-Scale 18.0 Yellow "

075




Vi, Conclusions and Recommendations

Flow Tube Performance

A working gas flow tube was demonstrated. Experiments
were conducted in the laminar {low regime from 0.35 to 30.0
mm pressure. The capability to do oxidation, excited gas,

and high temperature metal vapor reactions was demonstrated,

Experiments

IZ/O2 Chemiluminescence.  This experiment Jdemonstrated

the use of a microwave power source to gencrate singlert

molecular oxygen., The experiment reproduced data acqguired

by previous rescarchers and agreed with theoretical calcula-

tions of predicted emissions. It was concluded that the
emissions were consistent with emission from the 1,

cr o7

+ %5 ) transition in iodine.
o+u g

Ph + Nzﬂ. Severe problems with gas dynamics and chamber
fouling were solved, and a qualitative obscrvation of the
flame was made. This obhservation was in agrecment with
descriptions of the flame in the literature. Ejquipment
problems with the measuring system prevented the acquisition

of quantitative data.

0
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Recommendations

Several improvements to the {low can be made, and

follow-on experiments are suggested in this section.

Gas Flow Tube. A length of 3.0 inch inner diameter

transparent tube should be purchased for installation in

the transition section. The tube should be of quart:z

because of the superior transmission properties of quartz

in the ultraviolet spectrum.  This woditication will allow
gas kinetic studies to be performed in this tube. Electrodes
should be made tor the combustion chamber to atllow spark

discharge studies to be pertformed,

Furnace. Additional hood shapes should be investigated

such as the one shown in Figure 19, The goal should be to
S o 1
i
}
J
I
!
Figure 19. [Proposcd flood Shape
Oh




obtain the most efficient flow of metal into the combustion
chamber with the lecast deposition in the furnuce. Figure 19
shows a proposed method for ecliminating recirculation in the
furnace chamher. The hood should be configurced with a
heating wire on the outside of the hood. This design would
allow the hood to be heated and thus prevent plating of the
vapor from the furnace on the inside of the hood.

Another possibility is a new furnace designed such as
the one in Figure 20, The object would be to aveid recircu-
lation or combustion aheud of the viewing area, while simpli-

fyine recharging procedures and avoiding touling problems.

Measurcuwent bSystem, The wmost obvious wav for

improving the flow tube would be to improve rthe measarement
system. Two approachces are recommended,

Viewing Arrangements. The present arrange-

ments require a viewing path of 2 to 3 feet to avold plating.
This cuts down the signal intensity, and so u wuy to shorten
the view path is required. Figure 21 shows an insert to be
placed in the tube ahead of the viewing window, which would
create a uniform gas blanket over the window to prevent
deposition (Refl 13). This should allow the view port to
be placed adjacent to the combustion chamber.

When studying the rate coclticients of a
reaction, it may not be possible to use o (lushing yas,

For these circumstances, the moditication in ligure 22 1is

O
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proposed. The ohject would be to prevent deposition of

compounds such as 1, which have low vaporization temperatures.

Flectrical Noise Reduction. The electrical noise

nrohlems encountered on this thesis should be solvable.

One possibility is to electrically isolate the photo-
multiplier from the monochromator. According to Dr. Won Roh
of the AFIT faculty, this is a major source of noise. A
second possibility is to cool the 7265 to reduce thermionic
cmisston., This would rvequire fabrication ol a cooling

collar and selection of a cooling medium,

Experiments

PhO. With a new measurement system avalluble, research
should continue on the PbO reaction. A possible approach
would be to enhance the PbO spectru by cexcitation with
excited nitrogen or singlet moleculav 05 . l.Linton and Broida

(Ref 33:409) showed that the addition of active nitrogen to

a Pb + NZO flame strongly enhanced the A » ,, § - x, C » ¥,

N

and D » y systems, with some individuual transitions between

o
6000 and 4000A being 30 times as intense.  Additionally, NJ

excited some atomic Pb transitions; probably the ‘SO state.
An obvious approach would be to use the microwave to produce
active N, or 0, (!A or 'r) and record the spectra. Then
radiative lifetime measurements can be made on the most
strongly excited states to determine if a likely candidate

vatem exists for establishing a popanlation 1nversion,

(9
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An additional areca for investigation was suggested
by Davis (Ref 13). The spectra enhanced by active nitrogen
(Ref 33:408) show evidence of excitation to excited states
of the Ph molecule. Davis suggests that the PhO + N* rcaction
be used as an cnergy transfer mechanism to excite the
'S, ~ 'Py or 'D, » P, atomic transitions of Ph (Ref 13).
With rate constants of 88/sec and 26 secc, respectively, these
metastable states may be good candidates for a visible laser,
Testing this hypothesis would require meusuring thc

rate constants for the reactions

Ph + N,U -+ PhO™ + N, (10)
PhO + 02(1A or '5) - ph¥ 4 0 0,05 ) (110
PbO + NI > Pb* + N, + O (12)

and other paths.

[2 Chemiluminescence Models. Scveral models have been

proposed to cxplain the I, chemiluminescence.  There is

general agreement that the bright vellow-green glow resulting
from introducing I, molecules into a stream of 0, (') and

02(12) molecules is due to the transition (Retl 16:720)

1,0 fan) 7 Ly('e, ) + vz 5000 A (44)




Hlowever, there is no general agreement on the nature of the
excitation mechanism, Arusuments put forth by Arnold,
Finlayson, and Ogryzlo (Ref 2:2529) represent ecarlier views.
However, later work by Derwent and Thrush (Ref 16:721)
represents a radically different view of the mechanism.
Arnold et al. (Ref 2:2530) hypothesized a recombination

scheme:

PNy v o (0 :‘,mmfi) (15)

This reaction, as reported, requires a three body recaction
to proceed, resulting in a second or third order intensity
dependence on the concentration of 02(’1). This relation-
ship does not appear to hold, based on the work Jdone by
Detwent and Thrush.

Derwent and Thrush report a sccond possibility, that

of stepwise excitation via the following processes:

12 + OZ(I}Tg) = IZ(ABTT]H)) + 02 (16)

L (M) o+ 02(‘%) = (B, ) 00 (17)

I~

D+




Their arcumert is based on the vibrational levels populated

and the spatial distribution of the luminescence in their
flow tube (Ref 16:115). In a later paper, Derwent ¢t al.
present cvidence that the 1, chemiluinescence s dependent
: on the first power of the iodine concentration (i.c., o
plot of relative intensity of the chemiluminescence vs.
pressure is linecar) (Ref 16:724). PDPased on the lincar
behavior of the intensity, Derwent and Thrush proposed the

folloving total mechaniswm to account tor the chemtlumine:conce,

L, + Ul(’LJ = 1o+ 1+ DL %)
{ = IJ(A) ¢ ”l(‘“‘ (IR
LAY + 0,(00) = T,(0) + (5070 (50)
IZ(B) = IZ(X) v (51)
IZ(B) + 0, = quenched prodacts (52)
IZ(A) + 02 = quenched products {53)

Russell and Simons (Ref 41:271) showed that the process

I +1+0,-= I2 + 02 is too slow to compete with the

diffusion controlled wall removal of iodine, and so Jdoes

3

not contrihute to the rcaction vates,




The various theories of this chemiluminescence nced
to be investigated. TI{ the hypotheses of Derwent and Thrush

are correct, the chemiluminescence is the result of

0,(1e) + 0,('2) »  0,('7) (54)

02(13‘,) + IZ(X) T, () 02(-”*:c) (55)

02(‘.&) o, SRR SRS S S R Y r50)
This cvontention could be tested us toltows. PFilrst, establish

[Oz(‘ﬁ)]. The [03(’“)] can be Jdetermined by compuring the
intensity of 1.27 i radiation from ©, (') with the total

gas flow (Ref 48:292). If berwent and Thrush wre correct, the
rate of formation of [,(A} should depend un the sccond powel
of the [03(1L)], or the first power of [0,¢':1]). ‘The [02(17)]
can be determined by observing the intensity ol cemission at
1.91 u. If the chemiluminescent intensity is Jdependent on

the first power of OZ(IA), 02(121, and T,({A), this would

be excellent ecvidence for the theory ol Derwent and Thrush.

Cors Dynamics

The flow patterns in various parts of the flow tube

should be obscrved by mecans ol smoke streuams in order to aid

in the design of a more ecfficient {low tube systenm.
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APPENDIX A

Flow Tube Procedures

Start Up Procedures

B &

Gencral Procedures

1. lose all vacuum {ittings.

2. Shut off ball valve to vacuum pumps.

3. If using furnace, replace glass wool in
particulate trap, charge furnace with
material to be vaporized,

4. lurn on vacuum pumps.

5. Slowly open ball valve.

6. Turn on vacuum pump to reference side
of Baratron gauge.

7. When pressure in tlow tube (static gauge)
is 200 microns, open valve to Baratron
gauge and pump for 1 hour.

8. Start Bake function on Baratron at 5,
continue till red bake light voes oflf,
then set Bake function switch to regular.

—ve amaan G " ” W -—‘

9. When using materials which must he plated
out before reaching the vacuum pumps, prepare
the cold trap.

a. When using oxygen, use a methyl chloride/
dry ice stush to cool the cold trap.
DO NOT USE LN2 AS THIS WILL CREATE
LIQUID 02 IN THE COLD TRAP! !

b. With other reactions, use LN2Z,

80




Microwave Procedures

1. Turn on flow of gas to be excited (0.5 mm
for 0,).

2. Turn on microwave renerator,

3. After 3 minutes, turn on f{orward power to
100k,  If plasma does not ignite, usc a
Tesla coll just upstrecam of the microwave
cavity as an additional electron source.
Tune with coarse control until plasma 1s
ignited.

4, DO NOT allow power to remnin on longer thian

ITmintutes with the SKR 3, where

retflected pover
|+ forward power

SR = e S

reflected power
1- -
forward power

5. Turn on microwave cooling gas. Adjust flow
until exiting gas is slightly warm to touch.

Furnace Procedures

1. Charge with material to be vaporized,
2. Turn on cooling water.

3. TInsure tube is grounded.

4. Turn on carrier gas,

5. Turn on power.

6. Adjust current to desteed vapor temperature,




Shut Down Procedures

1. If using furnace, turn off power. Continuc carrier

flow

and water {low. Short tube surface with

eround wire.

Y. Shut

3. Shut
4. Shut
5. Shut
6,  Shut
7. Shut

vent

of { power, BV, and power-on switch on microwave,

off{ active g¢as.

Qa
o
gauge connecting Raratron to system,

off carrier after 5 minutes.

off water alter 15 minutes,

ball valve ott, vent punps through puep
vitlve.

8. Ensurc all powcer ofif.

9, Leave tube under vacuum,

DO NOT TURN OXN

FURNACE WITHOUT COOLING WATER ON;

DO NOT TURN OFF COOLING WATER BEFORE TURNING OFF FURNACE! !
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APPENDIX C

Useful

PhO Nata®

+
== X'7" System

Bandheads in emission

vi,v*’ A Intensity v”,v°~ A Intensity
3.8 6433.63 3 0.4 5910.74 O
0.6 6427.73 3 0.3 5677.78 6
2.7 n342.01 3 2 S017.060
1.6 0250.,75 5 0.2 5459, 38 0O
0.5 6160.52 A 1.2 5351.11 3
1.1 5138.18 3
Bl == X'r' System

Bandheads in emission

vio,v’” A Intensity v',v"~ A Intensity
0.5 5353.82 3 0.1 1657.98 5
0.4 5162.31 6 1.1 4553.71 0
0.3 4983.79 6 1.0 4410,38 5
0.2 4816.90 6 2.0 4317.006 4
3.0 4220,01 4
+ 1ot
CO == X'y System
Bandheads in absorption
vio,v™’ A Intensity v ,v°" A Intensity
2.1 4156,20 3 .0 3877 .85 8
2.0 4037.03 3 .l 3838, 21 2
4.1 3087.70 4 h.0 agod,ad 6
3.0 3955.04 7 O, U S735.94 1
5.1 3910,.30 3 Lo 3009,063 A
8.0 007,030 |




aat 2 I

v, C’1 == X'%" System

In absorption, the bandhecads {orm a2 single intense
progression with v°7 = 0. v~* numbering is deduced

from isotopic studies.

vv©~ 6.0 7.0
3612.8 3554.8

+

V. Dl == X'5  System

Bandheads in ecmission

vi,v’'” 0.2 0.1 1 1.0 2.0
A 3485.08 3401.02 3341.83 32064.36 3200,22
Intensity \ 5 2 2 2
VI. E0' == X'z’ System

In emission, bands with v* 1 are not observed.

Bandheads in absorption

vi,v’” A Intensity v7,v"~ A Intensity
1.3 3062.67 4 3.2 2025.64 3 |
2.3 3023.38 2 2.1 2900, 21 4 ;
1.2 2998.52 4 1.2 2894.,21 1 j
2.2 2960.73 3 3.1 28060,17 5 i
; 1.1 2936.19 2 1.1 2836.,57 1
3.0 2808.,5 1




SPECTROSCOPIC CONSTANTS

i a a i 7

State Te o X Pe’ aex 107 pex 100 p €
¢ ¢ ¢ )
}
i
ot 3455 4541 6.05 0.2421 2.6 0,283 2.165 ;
N 30104 530.4 2.0 0.2710 2.8 0,283 2.047
C'1 24947 1494 3.0 0.2491 1.8  0.25 2.135
cot 23820 532 3.9 0.2545 2.1 0.25 2.112
B1 22289 489 n.2618 2.6 0.30 2.07
AT 19862.3  444.2 0.46 0.2588 1.4 0.33 2,005
xtnt 0 721.46  3.53 0.307519  1.9167 0.22 1.92181
1

Dissociation energy -3.87 + 0.05 cv, 89 kcal/mole, 31211 cm’

(Ref 44)




APPENDIX D

Response Curves for Photomultiplier Tubes

This section summarizes some important characteristics

of the photomultiplier tubes uscd in this thesis,

accompanying graphs are typical relative sensitivity curves,

a
and actual tube response may vary +*10%,

1P21

o]
Typical anode sensitivity 7 40007A... ... ..

JOODN- =~~~ -

Typical cathode sensitivity
Current amplification----------------~ -+
Anode Jdark current--------- - .. -

Equivalent anode dark current anput - - --

Equivalent noise input--------- - - o

7265

Typical anode sensitivity @ 4ZOOR --------
Typical cathode sensitivity @ AZOOR ......
Current amplification-----=-n-c--roomonn-
Anode dark current----------memomooooo-
Equivalent anode dark current input------

Equivalent noise input-------~-~----------

Figures taken from Reference 39,
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