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ABSTRACT

Title of Thesis: A Purely Chemical Nitrogen Dioxide Laser
Conrado M. Malalis, Master of Science, 1981

Thesis directed by: Dr. Joseph W. Bozzelli, Associate
Professor of Chemistry

Purely chemical lasers promise to provide future high-
power lasers for remote installations, airplanes, ships and
in "space without the "necessity of external electric power-
sources. |

This study is about the design and construction of a
new, gas phase purely chemical N02 laser, based on the reac-

tion of NO + O, ~+ NO# + 0,. The vibrationally excited NO§

3 2
species at 1-40 mm Hg total pressure is the source of energy
(photons) for the laser. A series of computer program calcu-
lations onv the reaction kinetics and relaxational processes
involved have also been made, showing support for the forma-
tion of a_bpopulation inversion of the vibrationally excited
species (Noz). The optimum kinetic parameters were determined
from these calculations. Two reactor tube systems were con-
structed for the experiments, one shorter in length (shorter
reaction time) than the other, both of which d4id not show con-
sistent positive results. The maximum time needed for optimum
population inversion was attainable in the experiments with -

the second laser reactor, but higher total concentration of



excited NO§ species in the activity medium are needed.

The results obtained with these two laser tube reactors
and the kinetic calculations permit the design of a yet im-
proved third generation laser assembly. The third generation
laser tube, with transversial flow design as well as a fast;
powerful vacuum pump, has been designed on calculations which

show that lasing will be achievable.
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I. INTRODUCTION

A laser is a device which is capable of emitting an
intense, unique light or electromagnetic radiation. The
radiation or light produced by the laser is extraordinary
because it possesses certain unusual properties which are
not found in ordinary or conventional forms of radiation.
These properties which make laser beams unique are: ex-
treme brightness, directionality, high degree of co-
herence, monochromaticity and high degree of polariza-
tion. [1] Only a brief summary of these properties will bé
inen here.

Brightness is defined as the power per unit area of
the source per unit solid angle into which the source is
radiating. The sun has a brightness of 1.5x10° lumens/-
cm? sterad. (1] Whereas a one-milliwatt helium-neon laser
givés 2.04x107 lumens/cm2 sterad, which shows that it is
a hundred times brighter than the sunll] in the illumina-
tioﬁ of a small area. Directionality is characterized by
the:spread of the laser beam output called the full angle
beam divergence. This is defined as twice the angle that
the outer edge of the beam makes with the center of the
beam.

Coherence is another important property of the laser
light... In order-to understand-this property, we have to -

remember that light or radiation has both a wave and a



particulate character. Coherence is the complete cor-
relation or predictability both in space and time between
one point of the electromagnetic wave ;nd those at any
other point. .

Another property of the laser light-is its extra-
ordinary monochromaticity. 1In Greek, this means monos
(single) and chroma (color). The laser light has a very
narrow spectral width. No light source, not even the
laser light, is absolutely monochromatic; that is, one
single frequency. The laser light is, however, far more
ﬁonochromatic‘thah"conventionai“light“source5fand*re“‘
searchers are achieving better and better approximations
of the ideal. The last property, the high degree of
polarization, can be understood in terms of the wave
nature of the light. This property means that the orien-
tation of the electric field of the wave is constant with
time and only the magnitude and sign of the field chang-
ing.ll] |

There are four basic requirements for a laser to
operate. The first requirement is an active medium,
which is a collection of atoms, molecules or ions that
can emit radiation as transitions from one energy level
to another, either electronic, or vibration-rotation or
both. The second requirement is population inversion.
This condition means that for a given volume or quantity
and time, the number of the active medium (excited species)

present in the higher energy level (or excited state is



greater than the number of the excited species in the
lower energy level (or ground state). The third require-
ment is a "pumping" mechanism of exciting the active
medium into higher energy level thus attaining population
inversion. 1In addition to these three fequirements a
fourth is the resonant cavity.[zl In order to achieve
laser action in some lasers, light needs to make many
passes through the active medium to stimulate emission
from the excited to ground levels (amplification). Mir-
rors with varying reflectivities and with various modes
of curvature are placed at opposite enés of a caéity .
serving as the terminals of the resonant cavity.

When an exciéed speéies in its excited state inter-
acts with a photon, hv, stimulated emission may occur--
that the excited molecule will emit a second hv which
joins theinitial photon hv at the same frequency and
phase thereby amplifying or doubling the photon to 2 hv.
The excited molecule is then returned to its ground state.
The difference between the two energy levels (excited and
ground‘state) corresponds to Eeyxcited ~ Eground = hV.

The word LASER is an acronym for Light Amplification by
Stimulated Emission of Radiation.

There are many different kinds of lasers, each one
'operatingkwith certain spectral wavelengths, power out-\,
put, % efficiency, design and mechanisms of operation, but

whatever the individual differences are, they all obey or



follow the basic requirements discussed above. Some of
the lasers operate in the infrared region, like the COj
laser at 10.6 ym, some operate in the“;isible region like
the helium-neon laser operating ét 0.6328 ym, and some
operate in the ultraviolet region like ﬁhe nitrogen lasers
at 0.3371 uym. Some lasers produced continuous wave operation’
and some are pulsed. Some lasers use gas or vapor phase
active mediums. They can be composed of vapor, liquid or
solid media.

This research concerns an attempt to invent a type
of laser known as gas phase purely chemical laser. OCnly
a few examples of this type of laser are known because it
is difficult to achieve population inversion entirely
from chemical reaction and without the aid of external
energy. The population inversion in most lasers is achieved
by using energy either electrical or thermal to create
extremely reactive, unstable species which will react
almost instantaneously when mixed with a second reactant
to produce a chemical product which exists almost solely
in an excited state. The energy from a flashlamp (optical
pumping) is a good example used to excite the active
medium, others use discharges to dissociate stable molecules,
e.g., Hp to reactive atoms, H."

A purely chemical laser is a laser which utilizes
its reactants in a chemical reaction to bring about popula-
tion inversion without any outside energy supplied what-

soever. Most of the conventional chemical lasers are



not purely chemical because they need free atoms, i.e.,
H, F, C1, Br in order to react rapidly and exothermically
with the other reactant. The free afgms are provided by
electrical discharge or thermally induced dissociation of
species, but once the reaction has begun, additional
free atoms are produced via a chain mechanism and these
reactions may continue in a cycle.lz]

In the vapor phase chemical reaction of a purely
chemical laser, a large amount of the energy which is
released goes into the excitation of the chemical products
creating the population {nversion usually. The free
atoms needed are generated through reactions with other
reactants.

In a conventional chemical laser like the HF laser

for example, the reactions involved for the lasers are:

F + Hy -*(HF)¢v + H AH = =31.7 kcal/mole
H+F2+(HF)7£ +F
(HF)# -+ HF + hv : spontaneous emission
hyv + HF# - HF + 2 hv stimulated emission

# = vibration excitation

The last reaction above indicates the transition of
the HF# molecule to the lower state which is not populated
by the chemical reaction. This is accompanied by emission
of light energy, hve The initial photon emitted can be
used to effect stimulated emission (further emission) by
interaction with the excited molecule in the resonant

cavity.



The population inversion is produced whenever the
reaction yields only excited state molecules as the end
product. Some of the chemical lasers known are listed in
Table 1, with their chemical reactants, reactions, lasing
molecules, operating wavelengths, outpuﬁ power and ef-
ficiency. [3]

The first purely chemical laser made was the DF-COj
laser.[4] The source of the free fluorine atoms is pro-
vided by mixing nitric oxide with a flowing mixture of
fluorine and helium as a result of the reaction

Fo + NO > NOF + F
The combined flows are then rapidly mixed with deuterium
and carbon dioxide to produce vibrationally excited DF
via the chain branching mechanism

F + Dy 7 (DF)#-!'D

D+ Fy > (DF)” +F
followed by the intermolecular transfer of vibrational,
rotational energy from DF to COj,

(OF)” (v = n) +C05(000) DF (Vv =n - 1) + COy (00°1)

A continuéus wave operation at 10.6 ; and a maximum
power output of 0.23 w was observed. [4]

Other purely chemical lasers have been reported;
these are the HF—COz,[sl HC1, [6] HBr (7] and the col8] lasers.
The purely chemical HF-COj laser was achieved by employing
the same analogy with the DF-COj system.[4] A continuous

wave laser operation at 10.6 ym and a maximum power output



Chemical

Reactants

Hy-F,
Dy-Fy

i

C3F7I

Reactions

F + H2 -+ HF# + H

H + F2 -+ HF#' + F
Similar te HF system
Similar to HF system
o + CSZ + CS + SO

SO + O2 > SO2 + O

O + CS ~» CO# + S
S+0,*>S0+0

F + D2 > DF# + D
D+ F, »DF” +F
DF” + CO, + DF + CO,7

*
C3F7I > C3F7 + I

# Represents vibrational excitation

* Represents electronic excitation

TABLE 1
Chemical Lasers

Laser Wavelengths

Molecule (um)

HF 2.6-3.6

DF 3.6"5 3'0 .

HCl - 3.5-4.1

co 4.9-5,7

CO2 10.6

I 1.32

Reported
Output

4500 W cw
2300 J/pulse

560 W cw

65 J/pulse
1.2 GW peak

Chemical
Efficiency

10



of 0.8 w was observed from the following reactions:
Fp + NO » NOF + F
F+Hy > (HF)” + 8
H+Fy » (HF)* +F
HF® + COp + HE + COF

The purely chemical transverse flow HCl laser was
reported having a multiline output power of 13 w and a
chemical efficiency of 8%. (6]

The production of Cl atoms for an HC1l laser was
achieved by the following reactions:[6]

NO + Cl0p + NOy + Cl1l0

NO + C10 + NOy + C1

Cl + Cl10p+ 2 Cl0
The reaction for lasing was the equation
Cl + HI - HC1¥ + I, AH =-31.7 kcal/mole

where 70% of the reaction exothermacity appears as vibra-
tional energy.[?] The same principle was applied successfully
in a purely chemical HC1-COj laser.[lo}

A purely chemical HBr laser was obtained in a similar
manner to the purely chemical HC1 laser.[?] The chlorine
atoms in this laser which had been produced by the reaction
of NO with Cl0, were reacted with molecular bromine to
form bromine atoms which, in turn, reacted with HI to
form vibrationally excited HBr:

NO + Cl0y + NOp + ClO
NO + C1l0 + NO, + Cl

Br + C1 > BrCl + Br



BrCl + C1 + Br + Cl2

# 4+ 1, AH = 16.2 kcal/mole

Br + HI -+ HBr
About 50-60% of the exothermicity of the last reaction
appears as vibrational energy.[9j Mﬁltiline HBr output
power of 0.58 w was obtained. |
A purely chemicél CO laser was reported utilizing
cdmbustion—generated reactants, [8] which operated from

the reaction sequence

CSy + 0+ CS + SO

Cs + 0 +CO'#

+ S

5There was.some difficulty in obtaining large quantities
of atomic oxygen for the first reaction. This difficulty
was overcome using a combustor generated technique. The
combustor is fueled with NF3-CHy-Hp-CSy and produces CS
and S and the side products HF and Nz.lll} A supersonic
expansion mixing nozzle is used to extract the CS and S
from the combustor and mix Oy and diluent (N3 or He) into
the flow stream. A chain reaction between CS and O3 in
the mixed flow stream, initiated by S atoms, produces
vibrationally excited co.[12,13]1 The maximum power éb—
tained was 700 mW operating with He in a free expansion.

Purely chemical lasers promise to provide future
high-power lasers for remote installations, e.g. in air-
planes, ships and space, without the necessity of electri-

cal power as required in other conventional lasers.

This study was an attempt to make a purely chemical



10

NO; laser from the reaction of NO with ozone, AH =-48
kcal/mole.[14'15] No such laser had been reported that
described the reaction and exothermicities of producing
the vibrationally excited N029é molecule.. The proba-
bility of lasing due to a population inversion of NOZ#
probable as indicated by the following ‘studies made of
the NO3 molecule.

In the early 60's, A. Fontijn, C.B.,Meyer and H.I.
Schiff were among the first investigators to report the
spectral distribution of the chemiluminescent reqction o
+ NO—~ NO, + hv from 3875 8 tol4,000 & wavelengtri“re:
gion.[lel

P.N. Clough and B.A. Thrush later conducted vibra-
tional emission studies of the reaction 03 + NO —~ NOS + NO§ +
0y + 48 kcal/mole.[15,17] They reported that about 93%
of the NOy is formed in the ground state and 7% in the .
electronic state. M.F. Golde and F. Kaufman studied also
the vibrational emission of NO; from the same reaction
and found that a large percentage cof the NOy produced by
the reaction was, in fact, vibrationally excited. [18]

This conflicted with Clough and Thrush's conclusions.
A.E. Redpath and M. Menzinger, using seeded supersonic NO
beams studied the electronic (Nof)) and vibrational (Nof)
chemiluminescence of the NO + O3 reaction. They con-
cluded that a large percentage of NOjy produced was indeed
vibrationally excited, as predicted by Golde and Kaufman

and that proved Clough and Thrush's conclusion to be in

error. Therefore population inversion is probable in
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the reaction, and can be utilized to make a purely chemical
laser from the reaction of NO + O3. In addition, Clough
and Thrush also reported the Vibratio;al emissions from
the reaction to be in the 3.4—3;8 Hm, relatively intense,
a second weaker band between 2.4 and 2;6 um which could
6n1y be observed at high resolution and a third band
between 6 and 7.25 um with a peak at 6.2 um, which is
relatively intense and a fundamental mode of vibration. [17]
Golde and Kaufman found that the vibrational emission
between 3.2 pum and 4.0 ym region centering at 3.6 um.[18]
E. Bar-2in, J. May and R.J. Gordon studied the reaction
over the temperature range 158-4379K using a COy TEA
laser to excite vibrationally the ozone and found that
the total decay rate of the laser-induced chemiluminescent
signal showed a strong non-Arrhemius temperature depen-
dence.l1®] k. K. Hui and T.A. Cool made studies of the laser-
enhanced reaction between the vibrationally excited O3
and NO and found that the stretching and bending modes of
03 mage comparable contributions to reaction state enhance-
ment . [20] '

In this research work, we used iﬁitially a long
glass tube as our reactor for the reaction of NO + O3
(initial laser tube). The NO was premixed with Argon in
a round 1 liter flask prior to reaction with 03. The O3
was generated by an ozonizer through an oxygen feed and
the ozone was made to pass through a silica gel contrap-
tion (ozone matrix trap) at cryogenic temperature (-800C)

under a blanket of argon.



12

Argon was also used to carry the ozone into the
laser tube. Two sodium chloride discs served as windows
for the laser tube. Two gold coated mgrrors, one concave
(100% reflectance) and the other flat and having a small
aperture (97-98% reflectance) were used for the resonant
cavity operation. The infrared radiatien coming out of
the laser tube was chopped by an aluminum chopper, detected
by a pyroelectric detector and then displayed in an oscil-
loscope. A reference light chopped by the same chopper,
detected by a solar cell and displayed in the same oscil-
loscope was also used for compérison with the laser IR
radiation. A vacuum pump served to draw the product,
reactants and other species out from the laser tube in a
steady and continuous operation. A bubbler was used to
keep the O, trap at 1 atm plus 1 to 2 cm of o0il pressure
and prevent any sudden changes of pressure. A manometer
was used to monitor the total pressure in the system.
SeQeral runs with different mixtures of NO with Argon
were tried, but the oscilloscope readings were very erratic
and inconclusive. A computer programming of the kinetics
of the reactions involved was formulated, and the popula-
tion inversion was calculated, printed out and evaluated
with time variations. It appeared that the optimum
time for maximum population inversion required a smaller
laser tube. A smaller laser tube was made (modified

laser tube). Other modifications were introduced, among

them were the NO and Ar/O3 flow meters.
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The IR detector was rebuilt and showed better sensiti-
vity. All the experiments from both laser tubes were
recorded, analyzed, and concluded. Tﬁ; same was done
with the results of the computer.programming print out.
Gain calculations were also made to see>whether the re-
quired minimum population inversion is 1ikely to occur in
both laser tubes.

A much detailed picture of the undertakings of this

research study can be found in the coming sections.



II. EXPERIMENTAL

A. The Initial Laser Tube and Accessories

1. 1Initial Laser Tube~--The initial laser tube used

was a Pyrex glass tube and is illustraﬁed in Figure 1. It
had an internal diameter of 2.18 cm and a length of 34.5
cm. A small inlet tube with an outside diameter of 1.3 cm
was located 4.8 cm away from one of the ends of the tubing.
This served as the inlet for the ozone and argon gases. A
second small tube with an internal diameter of 0.5 cm was
located on the séme side 2.38 cm away from the ozone/argon
inlet. This NO gas inlet was 7.18 cm farther away from the
same end. An outlet tube with an internal diameter of 1.0
cm was located near the other end of the laser tube. This
tubing, which was 3.13 cm away from the outlet mirror end,
and 24.2 cm froh the NO inlet. It connected to a vacuum
pump and was the outlet for the products of the reaction,
unreacted reactants and argon or other carrier gas.

Two identical sodium chloride (NaCl) disc windows,
25.2 mm in diameter and 5.0 mm thick, were mounted on the
ends of the tube with silicon adhesive.

2. Cavity--A resonant cavity is one requirement of
a vapdr phase laser. It is a geometrical structure, with
two parallel mirrors placed a known distance apart with

[2]

the laser tube between. The active medium is usually
in the center of the resonant cavity within the glass in

this case. The light produced by the active medium travels

14



Fig. 1 Schematic Diagram of Initial Laser Tube and Accessories
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Gold Coated K - Power Source, 2-12 v Batteries for IR Amp
Aluminum Chopper L - Oscilloscope )
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back and forth between the mirrors and it is amplified via
stimulated emission from the lasing species on each pass
in the medium. One of the Vmirrox;s is usualkl‘y 100%
reflecting while the other pass.es’ a small percentage of
the light, allowing the 1laser light' to be output or
detected.

In this experiment, the resonant cavity consisted of
two mirrors which were 42.4 cm apart. The mirrors were
made of glass with diameters of 3.2 cm and a thickness of
0.6 cm. A very thin coating of gold on the surface was
applied tc'; have maximum reflectance. The firsi: mirror was
concave with a 3 meter radius of curvature and 100%
reflectance. The other mirror was flat and had a small
opening of 0.18 cm diameter at the center to allow the
laser output radiation. Calculations using the values of

the diameters of the hole and of the laser tube showed that

the flat mirror had 97.6% reflectance:

cross—-sectional area of laser tube-area of hole
cross—-sectional area of laser tube

il

%2 Reflectance

x reflectance of =u:- in IR x 100%

n[(g—%ﬁ)z - (9-'—2—1-‘-3-)21
= 5 x 0.983 x 100%
2.18
TT("—Q"")

_1.1881 - .0081 ;
= 1.1881 'x 0.983 x 100%

= 0.993 x 0.983 x 100% -

= 97.6%
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This laser cavity design using one flat mirror and one
concave with radius of curvature greater than the distance
between them helped to confine the beam in the cavity of
the laser tube. The stability condition established for

optical resonators was,
0 < 9,9, < 1

where, 94 and g, are the g-parameters and are defined by

the equations

L
g, =1 -=
1l Iy
and
L
g, =1 - =
2 r2

where r,, r, were the radii of curvature of the mirrors,
300 cm for the concave mirror and « for the flat type. L

- is the distance between the two mirrors, 42.4 cm. Substi-
tuting the values of rl, r, and L showed g; = 0.8587,

gy = 1 and so the product 9,9, gave us 0.8587 which was

: within the range called for by 0 < 9,9y < 1 condition
implying a stable condition existed in the laser cavity}Zl]

See Figure 1 for the diagram of the resonant cavity.

3. Infrared lLaser Light Detector--~The infrared (IR)

light which should be lasing out from the resonant cavity
was to be chopped at a 13.98 Hz with a 6 aperture' chopper

rotating at 2.33 Hz and monitored by a pyroelectric detector,
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preamplified, amplified and the AC wave form displayed

into the oscilloscope. It could also be input to a lock-in

amplifier for detection. ,
This detector, Model LCP—ZOOT[ZZI was used for chopped

radiation syétems, has a broad spectual response 321‘volt/

1/2/wa1:t and noise

watts/Hzl/z. The ambient

watt, detectivity (D*) of 0.8x108 cm-Hz
equivalent power (NEP) of 1.5x10 2
temperature range was —-20 to 80°C. Tests on the detector
showed that it met the specifications, The detector had a
Germanium window with spectral transmission between 1.8 and
500 microns and.was housed and enclosed in_a small cylindri-
cal metal box with a round-opening of diameter 0.32 cm
through which the infrared radiation entered. The aperture
was about 0.30 cm in height and had four leads leading to
the amplifier, and detection operational circuitry.

4. Chopper--The chopper was made of thin,bcircular
aluminum sheet with an outside diamete: of 15.2 cm. It was
divided into exactly twelve sections and each sectiqn
occluded an angle of 30°. 8Six of the sections were cut
out and located in alternate positions with the other six
which were not cut out. A diagram of the chopper is shown
in Figure 2. |

A hole was provided in the middle of the chopper for
connection to the shaft of a small motor needed to rotate

the chopper. This motor was powered by a 110 V AC line. ..
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- 15.4 cm

Y

e - 12.3 cm

Fig. 2 Chopper Blade
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A switch was used to turn it on and off.

The shaft revolved at 140 rpm:‘or 2.33 revolutions per
second. Each shaft revolutioﬁ included the 12 sections or
6 on/off cycles yielding a chopping frequency of 13.98 Hz.
By subjectiné the reference light (see section 5) and the
laser radiation coming from the laser tube to this on/off
(chopped AC) operation, the detection of laser signal could

be performed at optimum sensitivity.

5. Reference Light and Reference Light Detector--The

source of the reference light was a 12 volt DC auto bulb °
(#53 Lamp Heavy Duty by Sylvania) with a tungsten fila-
ment. The bulb was enclosed in a small metal box completely
sealed in from the outside. A small round opening served

as the outlet for the light.

The power supply to bulb was from a 12 V DC power
supply connected to 110 volt AC line. This transistor power
supply was equipped with rectifier and Qas connected to the
reference light source in order to convert the line AC to
DC current reduced the output vﬁltage down to 12 volts. AC
operation of the reference lamp would have given a large
60 cycle signal to reference détector.

A solar cell was used to detect the reference light.

It was a‘small rectangular piece 3 cm by 2 cm with con-
nectors that led to the oscilloscope and reference signal
of the lock amplifier. See Figure 1 for the diagram of

the set up. The solar cell was purchased at Radio Shack.
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6. Vacuum Pump--The NO, 0, and argon gases were ad-

mitted into the laser tube in a continuous flow during the
experiment in order to produce‘a steady state reactor sys-.
tem. The products, NO,, O2 and the unreacted gases, NO
and 03, pluslargon and other possible products were drawn
out of the system in a continuous manner by the vacuum
pump, Model 1402, W. M. Welch :Manufacturing Company with
an operating speed of 525 rpm. The flow rate of vapor re-
moved from the system affected the results by having varied
the time reactanté and produéts spent in the cavity and
the_total pressure. This is discussed in detail in Section
IV, Results and -Discussion.

The vécuum pump used was attached to the outlet tubing
of the laser tube, and had a capacity of 205 liters/min.

7. The Bubbler System--The bubbler system (see Figure

3) was composed of a vent tube from the ozone/NO/argon
inlet system leading into a test tube partially filled with
0il to act as an isolation and relief valve to prevent pres;
sure or vacuum surges on the condensed ozone. This tube
was partly filled with silicone o0il to a height of 3.5 cm.
The open end of a longer vent tube was immersed 1.0 cm
under the silicone oil. This vent tube was connected to a
T-shaped stopcock (3-way inlet or outlet) which led to the
argon and ozone gas lines and ozone trap.

The- -3-way-stopcock allowed-the argon gas.coming. from . _

the cylinder tank to flow partially into the laser tube
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while a small percentage (excess) bubbled through the sili-
cone 0il out into the atmosphere. This maintained the
system leading to the needle valve at 1 atm + 1.5 cm oil
(0.001 atm). It also prevented any sudden changes of
pressure bn the liquid ozone. A flow Qf the argon was
always input to the laser system tube (in addition to that
of the bubbler excess) to prevent any backflow of the NO,
04 and NO, from the silicone 0il out to the atmosphere.

A visual-observation of the bubbling rate, argon vent-
ing through the bubbler,helped to determine any need for
readjustments of the argon gas flow rate, especially during
and after ozone production and inlet to the laser cavity.
Besides the bubbler, keeping an eye to the manometer (see
Section 8) reading was important to monitor the actual
pressure changes brought about by the flow and interaction
of the different gases.

8. Manometer—--A U—shéped glass tube with an outside
diameter of 0.9 cm and a height of 48.5 cm was used as the
manometer, see Figﬁre 4., It was filled with 26.5 cm of
silicone 0il, density of 0.884 g/cc. A stopcock at the top
of each sidearm served to open or isolate each arm. This
then connected to a single tubing which in turn led to the
exhaust line of the laser tube.

When both stopcocké were open, no difference in height

between—the -two- sidearms were-visible.- When-either-one .of .-
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the sidearm was closed and the other opened to the laser
cavity a difference in height of the silicone o0il in the
sidearm indicated pressure in the fube. This difference
in height, read in centimeters 0.64 = (0.864/13.6) x

10 cm/mm of oil, multiplied by the factor 0.64 (for 1

cm of oil = 0.64 torr) will give the total pressure of
the system.

When the inlets of NO and 03 were closed and the
vacuum pump was running, the pressure obtained was that of
the system. As NO and 03/Argoh were fed into the system,
the pressure reading varied according to the flows.

9. Nitric Oxide, NO--Nitric oxide (NO) gas (com-

pressed) was contained in a small cylinder and had 98%
purity as purchased from Matheson Co., Rutherford, N.J. It
was used without further purification.

The NO gas passed from the cylinder to a gas inlet
manifold where one outlet led to a 1 liter round bottom
flask. The flask was wrapped by a wire screen for protec-
tion purposes against eXplosion and was supported by an
ironAring with rubber cushions.

It was in this flask where the desired amounts of NO
and Ar gases were premixed prior to its reaction with the
ozone inside the laser tube. This was done by evacuating
the flask, admitting 7 cm Hg pressure of NO and then fil-

ling the flask to 1 atm with Argon, to make a 7/76 x 100% =
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9.2% NO in argon mixture.

A pressure gauge calibrated in cm Hg connected to the
manifold monitored the amounts of ﬁo and Ar which were in
the flask. Using the ideal gas law PV = nRT, the number
of molecules of the mixture of NO and'argdn gases were
determined.

A needle valve located between the flask‘and the laser
tube was then used to regulate the flow of the NO/Ar mix-
ture into the laser tube.

10. Argon and Ox&gen——Argon gas was obtained from a

compressed gas cylinder (Liquid Carbonic) and had a purity
of 99.99%. It was used without further purification.

Argon was used to prevent any backflow of the ozone
formed in the ozonaﬁor into the atmosphere during the pro-
cess of making ozone and storing it in the cryogenic trap
and as a carrier gas. To accomplish this, the flow rate of
arcon was properly adjusted so that some extra argon was
always passing through the bubbler, in addition to flow
over the ozone trap into the wvacuum iine keeping an argon
blanket over the ozone.

After the ozone production, argon function shifted
from preventing backflow of ozone to carrier of ozone into
the laser tube. Ozone was always under an atmospheric
blanket of argon. Argon was kept flowing through the

system—from-the-start of the ozonation; during and after —
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the reaction of NO and 03 into the system. Excess argon

was permitted to escape through the bubbler out to the
atmosphere. The flow rate was'somefime vigorous, depending
upon tﬁe requirement of the existing condition in the system,
and together with the bubbler constituted a safety valve for
the liquid adsorbed ozone.

Oxygen was obtained for input to the ozonétor from
compressed gas cylinders (Liquid Carbonic Co.). A purity
of 99.9% was used without further purification.

When ozone was completely deposited in the trap, see '
section 11, the by-pass was opened and the flow rate of
oxygen was then gradually reduced to zero. At the same
time, the flow rate of argon was being properly adjusted to
compensate pressure and keep Ar blanket over the ozone
trap.

11. Ozone and Ozonator--Ozone (03) gas which was used

in the initial laser experiments was made using an ozonator
(by Welshbach Corp. Style T-23, 115 V, 1.2 amp).

Oxygen at 99.9% purity kMatheson) compressed in a
cylindrical tank was allowed to flow at a pressure of 4.5
psi and flow rate of 0.04 to 0.2 std. cubic feet per minute
(1.132 to 5.66 liters per minute) into the ozonator.

The basic ozonation process occurring in the ozona-
tor was carried out in a tube where the oxygen gas was

flowing. Inside this tube was a high temperature wire~
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heated by current from a 0 to 120 volt supply. In this

case, the potential was set at 100 volts for a period of

5 to 6 minutes. During this event, the oxygen gas near

the wire dissociates into atomic oxygén:

high
>

2 temp

o] O+0
The atomic oxygen recombined with the other oxygen molecules

to form ozone gas according to the equation:

M

02 + 0 ~» 03

The tube which contained the high temperature wire was,
in turn, inside another tube where cooling water continuously
ran, to dissipate exéess heat from the tube. The conversion
of the oxygen tb ozone was only fractional in the ozonizer
and ozone gas product was mixed with unreacted oxygen. The
mixture of gases goes into the ozone matrix trap. See Figure
5 for the schematic diagram of the ozonation process.

12. Ozone Matrix Trap--The ozone produced in the ozona-

tion process will be used at a given period of time;for
the reaction with NO gas. The Storing of a small amount of
ozone without oxygen was essential in order to regulate the
flow of the gas to the laser tube and limit the dexcitation
of the lasing species by 0,. Since ozone is considered
to be reactive and somewhat unstable, only enough ozone

to conduct the experiments within safety limits was pro-
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duced in the ozonation process.

In order to store the pureiozone, an ozone matrix
trap was employed at cryogenic'temperature (-80°C), see
Figure 6. The trap itself was a tube of outside diameter
2.5 cm and 19.5 cm in length, filled with 6 cm of silica
gel with a ground glass joint lubricated with halocarbon
stopcock grease. A long glass tubing of outside diameter
of 0.82 cm was immersed in the silica gel. This tubing
was the outlet of the.ozone coming from the ozonator, the
top portion was outlet to the laser tube. A by-pass tubing
of the same diameter, 0.82 cm, containing a stopcock was
part of the system. The stopcock was kept closed during
ozonation and opened only when desired to bypass the ozone
trapped in the test tube.

In order to trap ozone into the matrix; the tempera-
ture must be sufficiently low, at cryogenic temperature of
-80°C to adsorb 05 onto the surface of silica gei beads.
At this temperature ozone gas turned into liquid on the
surface of the silica gel and could be seen tb be adsorbed
in silica gel by its strong blue color.

A dewar with an internal diameter of 6.8 cm, half
filled with methanol was precooled to cryogenic temperature
(-80°C) using a cryogenic apparatus (Cryo Cool CC-80f by
Neslab Instruments) for 30 to 45 minutes. After this

period, the temperature of the methanol in the dewar goes
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down to -80°C, as monitored with an ammonia thermometer.
The ozone trap was then immersed in this dewar during the
entire ozonation process, exhauéting the 02 out to the
vacuum pump.

When ozonation ceased, the dewar,rémained in the trap,
the bypass line was opened to allow argon gas to pass
through without the ozone. At the time the experimentation
was to commence,:the dewar was removed from the ozone
matrix trap, the bypass line closed and argon was passed
through the matrix. This allowed the érgon to sweep a
fraction of the ozone out and into the laser reaction tube.

Here it reacted with NO to form the excited Nog.
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B. Experiments Using Initial Laser Tube

The eafly studies were coﬁducted using the initial
laser tube, with the apparatus set up as shown in Figure 1.

The heart of the system was the laser tube and cavity.
When the main reactants NO and 03 combined and produced

NO, which was constantly being produced and removed together

2
with the other species present (argon, 03, NO and 02) to a
vacuum pump (steady state reactor). The functions of each
component of the apparétus in the system was aiscussed in -
depth in the previous sections. It is the purpose here to
show how these components fitted together as an integral
part of the experiment.

The vacuum pump was turned on at the start of an ex-
perimental run. Then, with the pump on, the laser tube and
manometer were evacuated by opening the big stopcock that
served to connect the vacuum pump to the laser tube,
manometer and to other parts of the system with all the
needle-valves of NO and 03/argon in a closed position.
Evacuation time of the laser tube, as well as the manometer,
was carried out for times of 10-15 minutes to ensure all
trap gases were evacuated from the system and that it was
operating properly. During this time, the NO gas was mixed
with argon gas in the round bottom flask. This was done by
using an auxilliary pump which could be monitored by a

vacuum up to -76 cm Hg gauge. As the round bottom flask



33

was filled with NO gas coming from the compressed gas cylin-
der through the gas manifold, all s%opcocks leading to the
laser tube, from argon cylindér were closed. The argon gas
was then admitted and just like before, all the stopcocks
were closed except that of the argon line. The whole opera-
tion took several minutes. The round bottom flask was

closed after the desired mixture of NO and argon was obtained
and remained closed until the ozone gas was ready for
reaction.

Pure argon gas was then allowed to pass direcgtly to the
bubbler and then to the laser tube and out the pump. At
this time, the manometer also registered the pressure which
is 5.7 cm of 0il or 3.65 torr (1 cm o0il = 0.64 torr).

During the ozonation process, we used 0.020 std cubic feet
per minute of oxygen at 100 V for six minutes. All ozone

used in all experiments was made in these parameters. The
manometer reading when both argon and ozonation process is
in progress, was 10 cm of oil or 6.4 torr. The generated

ozone was trapped:into the ozoné matrix trap.

After the ozone was stored in the trap, the ozonizer
power was turned off and the flow rate of oxygen was
gradually reduced to zero. The flow rate of argon was regu-
lated to maintain a pressure sufficient to keep excess
argon passing through the bubbler. The bubbling of argon

in the bubbler was a good indication that the argon bath -~
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in the system was properly maintained.

The reaction of the NO with O3H1n the laser tube
started by removing the dewar from the ozone trap, closing
the bypass,'thus allowing argon to paés through the trap,
picking up and mixing with ozone as it flowed to the laser
cavity tube. The NO/Ar mixture was thus inlet into the laser
tube. |

Several experimental runs were made, the variations
were mainly the ratio of the NO with argon from the round
bottom flask keeping all the parameters constant. See Table
2 for the variation and results. Unfortunately, none of ‘
the combinations given showed strong lasing. Weak indi-
cations of lasing were periodically observed, but the re-

sults were not consistently reproducible.



TABLE 2

Initial Laser Tube Experimental Results

Experiment NO Ar
Number cm Hg cm Hg
1 18.5 55.5
2 37.0 37.0
3 55.5 18.5
4 62.9 11.1
5 70.3 - 3.7
6 24.0 0
7 60.0 0

$NO/SAr

25/75
50/50
75/50

85/15

95/5
100/0
100/0

05 Generated
~Cat 100V’
~0.020 scpM

undetermined
undetermined
undetermined
undetermined
undetermined
undetermined

undetermined

Lasing

undetermined
undetermined
undetermined
undetermined
undetermined
undetermined

undetermined
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C. Modified Laser Tube

1. Modified Laser Tube-Requirements--The initial

laser experiments and kinetic calculations demonstrated that
the time which the excited product qu spends in the laser
cavity was too long. This allowed deactivation of the ex-
cited Nog to ground state NO, through collisions with
other species present in the system and the wall. One of
the requirements of lasing was population inversion and
ground state NO, produced by deactivation steps would pre-.
vent lasing. The volume flow rates were tabulated as a
function of pressures between 0.523 torr to 1.96 torr (see
Table 3). This range of pressure covered the rangé in which
argon/o3 flowmeter operates.

Table 3 shows the veloéities calculated from experi-
mentally measured volume flows\and the cross-sectional
area of the flow tube. A Matheson 601 Flowmeter with
stainless steel float was calibrated and used to measure
the flow capacity of the pump. The cross-sectional area of

2

the laser tube was 3.732 cm™. The velocity‘in cm/sec was

calculated from

y = gas volume flow % ~-760 x' 1

cr ~section
sec Ptorr oss—sec al

Velocit
area of tube

The time for the gas to reach the outlet tubing was calcu-

lated from this velocity by using the length of the initial



TABLE 3

Velocity Calculations Flowmeter--Matheson #601 (Gas Used--0,)

foadings O EE == Initial Laseie;;g:ncemgé?zied Laser Tube
Stainless Black Glass Pressure Flog Rate Velocity - (Lf=2%.l9’cm) (L.= 2.68 cm)
Steel Ball Ball (torr) cm®/sec cn/sec time { (se¢) time (sec)
50 107 0.131 0.93 1445.4 - 16.7x103 1.26x1073
60 120 0.327 1.13 703.6 34.4x107° 2.59x10™°
70 139 0.523 1.35 525.6 46.0x10"3 ' 3.47x1073
80 over 1 0.719 1.60 453.1 53.4x103 4.0x10"3
90 over 0.915 1.90 422.8  57.2x107°3 4.3x10"3
105 . over 1.176 2.40 415.5 58.2x1073 .4.38x1073
114 over 1.438 2.75 . 389.4 62.0x10"3 4.68x1073
120 over 1.503 2.95 399.6 60.5x10"3 : 4.56x1073
130 over 1.764 3.35 386.7  62.6x1073 4.72x1073
140 over 1.830 3.90 433.9 55.8x10"3 4r.20x10“3
150 over . 1.960 4.35  451.9  53.5x1073 4.0x1073
Velocity (cm/sec) = 22 yoluﬁchlow (cm3) X P(Zzzr) X cross-éectianal

area (cm“)

[ A l
Residence time (sec) = L x velocity

LE
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laser tube (L) at various velocity:

1

Time (sec) = L x m

These were all calculated in the assumption that L is 24.19
cm. The residence time of reactions in the tube should be
long enough for production, via reaction of optimal popula-
tion inversion, but less than the time where deactivation
of the Nog eliminates the_population inversion.

2. Modified Laser Tube-Construction--The modified

laser tube was made from Pyrex, internal diameter of 2.63
cm. The inlet for the reactants and outlet for the products
constructed in the sides of the tube as shown in Figure 7.
The inlet tubing has an outside diameter of 1.2 cm and the
outlet tubing interval diameter was 1.8 cm. A second smaller
tube with an internal diameter of 0.35 cm was attached to
the inlet tubing at an angle of 50°.‘ This small tubing
served as the inlet for the NO éas. The NO gas inlet was
1.27 cm away from the laser tube itself‘andAstill was part
of the main inlet. A small Tygén tubing internal extension
was inserted into this inlet so as to inject the NO directly
into laser cavity so the reaction would initiate just at
the beginning of the cavity. The exhaust gases go directly
into the vacuum pump.

The windows of the modified laser tube were two

identical NaCl discs with diameters of 3.0 cm and 0.5 cm
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thickness!23] These were mounted at the two ends of the
laser tube using silicon adhesive, perpendicular and not at
Brewster angle. In the modifiéd laser tube, the length for
the gas to traversed was 2.68 cm and ihe outlet was 1.8 cm
inside diameter. The cross-sectional: area was 2.54 cmz. At
flow rate of 0.93 cm3/sec, the calculated residence time

was 1.26x10_3 sec, while at initial laser tube at the same
flow rate the residence time as calculated was 16.7x10-3 sec.
The modified laser tube was 13.3 times shorter in residence
time at this particular flow rate than the initial-laser
tube. At different flow rates, the modified laser tube

was close to 13.3 time shorter also, see Table 3. The
shorter time is advantageous since population inversion is
attained during all these times inside the tube and then
deactivation will follow, but it will not hinder lasing
since it will be occurring at the time the deactivated
species is in the outlet through the pump.

3. Cavitz—-The mirrors used for the resonant cavity
of the modified laser tube wefe exactly the same as the one
used in the initial laser tube. The main difference being
the distance between the two mirrors. In the initial laser
cavity, the two mirrors were 42.4 cm apart, while in this
modified laser cavity, the distance was -only 7.47 cm.

Everything else was identical, the dimensions, one flat

and one concave; the aperture opening in the concave mirror
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and the percent reflectance.

The stability condition, 0 < gi@z < 1, which was de-
fined earlief in section A-2, was shown in this modified
laser tube to still have stability, gig2 = 0.9751, although
it was a little less stable compared to 919, of the initial
laser tube which was 0.8587. The intercavity distance L,
was one variability which could be experimented with to
obtain the optimum distance required to effect ideal
resonation. As shown before, 9,95 could be between 0 and

1, this means that 0.5 fsAthe ideal value for the stability
L

condition. Therefore the equation 9, = 1 - gL and gy, = l-?;
1
where r, = 300 cm (radius for the concave mirror)
ry, =« (for the flat mirror)
and -
9,9, = 0.5

would be equated after substitution of the values of ry and
r, as:

- - L - L
glgz - (1 rl)X(l rz)

= - L - b
0.5 = (1 - 555)x(1 - )

if we neglect %,'we have 0.5 = 1-- §%U' and solving for L,

we obtained L = 150 cm as the most ideal length of the

resonant cavity with the given radius of ry and ye
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4. Reference Light, Chopper and Reference Light

Detector--The reference light, chopper and solar cell used
for the mbdified laser tube were idéntical to those of the‘
initial laser tube. The only difference was in the posi-

tioning as required by the change in the size of the laser
tube. The chopper was moved as close as possible to the
laser mirror and the reference light and reference light
detector followed also by coming closer to the chopper.

5. Nitric Oxide-~-The nitric oxide gas used in the

modified laser tube contained in a cylinder at the same
percentage of purity as previously reported.

Several changes were instituted in the nitric oxide
flow system with this modified laser tube. Argon gas was
not premixed with NO, but, instead, pure NO gas was fed
into the laser tube to react with the ozone. Another
change was the installment of a calibrated flowmeter be-
tween the cylinder and the needle valve to monitor the
rate of NO gas flowing in the system.

6. Calibration of NO and Ar/03'Flowmeters—-The NO

flowmeter was a Brooks Instrument Division, tube size R-2-
15-AAA. A small black glass ball served as a float indi-
cating the flow in readings which ranged from 0 to 15 and
corresponded to NO flows at 0 to 0.95 cm3/sec at ATP.
Nitrogen gas was used to calibrate this flowmeter,

a 10 ml soap bubble flowmeter and a timer accurate to 0.1
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second. As nitrogen gas flow was varied from the cylinder
into the flowmeter, the float indicated the heading. The
oﬁtlet gas was input to the bubble flowmeter inlet. A bub-
ble was generated in the tube ahead of the gas stream which
was carried upward by the flowing nitrogen gas. The time
for this bubble to flow over a known volume, say 5 or 10 ml
in seconds, yielded the flow rate in ml per second. Varying
the nitrogen flow gave a.series of flow rates versus the
float heading. This was tabulated in Table 4 and the

graph is shoWn in Figure 8. Since we were interested in the
NO gas and not the nitrogen; we converted the flow ratés.of

nitrogen into NO using the formula--

Srn—

%—9 = /™3 = 0.066
2 "No
where Ryo = velocity of the gas, NO
RN = velocity of the gas, N,
my = mass of the nitrogen gas

Moo = mass of the NO gas

The data for NO gas are shown in Table 5, the corres-
ponding graph versus the flow reading is shown in Figure 8.

The Ar/o3 flowmeter used was a Matheson #601 with an
internal diameter of 0.28 mm and a scale from 0 to 150. Two
floats were used, one a black glass ball and the other a

stainless steel ball. The black glass ball was lighter



TABLE 4

NO Flowmeter Calibration

Brooks Instrument Division, Hatfield, PA

Tube Size R-2-15-AAA

Black Glass Float - Reading bottom of. the ball

Gas - nitrogen

Volume, cm3
Atm pressure
room temp

10

5
10
10
10
10
10
10
10
10

Gas Volume Flow  Flowmeter
Time, sec cm3/sec Reading
103.4 0.097 1.9;

30.8 0.16 3.7
33.9 0.29 6.4
25.9 0.39 7.9
21.0 0.48 9.2
19.0 0.53 9.9
16.9 0.59 10.7
15.5 0.65 11.4
12.8 0.78 13.1
10.8 0.93 14.7
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Flowmeter Reading
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Gas Volume flow/time, (cm3/sec)

Fig. 8 NO Flowmeter Calibration



TABLE 5

My . .
%9._ M__N._é.a-@% Ryo = 0+966 Ry
2

Flow rate, cm3/sec- Flow rate, cm}sec

Nitrogen, Ry | NO, Ry,
0.1 : 0.0966
0.2 0.1932
0.3 6.2898
0.4 0.3864
0.5 0.4830
0.6 - 0.5796
0.7 0.6762
0.8 0.7728
0.9 0.8694

1.0 0.966
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and indicated flows corresponding from 0 to less than
1.5 cm3/sec, where as the stainless steel ball covered
the flows from 0 to about 4.0 ém3/sec.

The calibration of this flowmeter was exactly the
same as the NO flowmeter calibration, except the gas used
was argon. Varying the argon flow over the entire range
of the flowmeter gave a series of flow rates versus the
readings in both the stainless steel ball and the black
glass ball. These were tabulated’in Table 6 and the graphs

are shown in Figures 9 and 10.



TABLE 6

Ar/o3 Flowmeter Caliﬁ}ation

Matheson #601 Bottom of Ball

Stainless Black Volume Argon 3

Time, sec

Steel Ball Ball cm3 Vol/Time, cm”/sec

48 105 - 10 13.8 0.72

0 25 3 26.9 0.11
40 93 10 15.9 0.63
63 126 10 9.7 1.03

6 41 10 : 43.5 0.23
14 50 10 35.6 0.28
28 72 10 22.3 0.45
67 137 10 8.6 1.16
65 132 10 9.0 : 1.11
78 over 10 7.2 1.39
93 over 10 5.7 ’ 1.75
110 over 10 4.3 2,33
129 over 10 3.3 3.03

141 over 10 2.8 3.6

149 over 10 2.7 3.7
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Fig. 9 Ar/o3 Flowmeter Calibration
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Flowmeter Reading
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Fig. 10 Ar/o3 Flowmeter Calibration
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D. Experiments Using the Modified Laser Tube

The modified laser tube aﬁd cavity experiments Qere
conducted in aivery similar manner as the initial laser
experiments, except for the following changes which were
discussed previously:

1. The modified laser tube was much shorter than the

initial laser tube (Section 1II-C2). Thus, resi-
dence time of reaction was in the range of 1.26
to 4.72 milliseconds. |

2, The resonant cavity was shorter (Section II-C3)

affecting the gain equation as discussed in Sec-
tion IV.
3. NO and Ar/o3 flowmeters were used to monitor the

flows.

The: variables, conétants and results were tabulated
in Table~ 7. Unfortunately, the results, as indicated, were
undetermined whether there was lasing or not. For further

discussion see Section Results and Discussion.



TABLE 7
Modified Laser Tube Experimental Results

. Total Pressure NO Flow Rate Ar/03 Flow Rate Total Flow Lasing
cm of oil mm Hg Reading cm3/sec Reading cm3/sec NO + Ar/03 cm3/sec Yes/No/Undetermined
0.9=1.1 0.65 1 0.045 5 0.15 0.195 Undetermined
0.9-1.1  0.65 2 0.1 5 - 0.15 0.25 Undetermined
0.9-1.1  0.65 5 0.21 5 0.15 0.36 Undetermined
0.9-1.1 0.65 1 0.045 15 0.275 0.32 Undetermined
0.9-1.1 0.65 2 0.1 15 0.275 ~ 0.375 Undetermined
0.9-1.1 . 0.65 1 0.045 30 0.275 0.32 Undetermined
0.9-1.1 0.65 5 0.21 30 0.48 0.69 Undetermined
0.9-1.1 0.65 1 0.045 5 0.15 0.195 Undetermined
0.9-1.1 0.65 1 0.045 10 0.23 0.275 Undgtermined
0.9-1.1 0.65 1 0.045 15 0.275 0.32 : Undetermined
0.9-1.1 0.65 1 0.045 30 0.275 0.32 Undetermined
0.9-1.1  0.65 2 0.1 5 0.15 . 0.25 Undetermined
0.9-1.1 0.65 2 0.1 15 0.275 0.375 Undetermined
0.9-1.1 0.65 5 0.21 ’ 5 0.15 0.36 ' Undetermined
- 8.0 5.2 10 0.515 140 3.45 3.965 Undetermined
8.0 >5.2 >15 ..20.93 150 >3.875 >4.8 Undetermined

Zs



ITI. THEORY

A. The NO; Molecule

The NO; molecule has a bent geometry, see Fig. 11.
The nitrogen atom is located between two oxygen atoms and
makes an angle of 1340,[24] The N-O distance is 1.19 .

The three fundamental modes of vibrations of the NOj
molecule are symmetric stretching (vj), bending mode (v2)
and the antisymmetric stretching (v3).[25] The diagram
of these modes of vibration is seen in Fig. 12. Vi, dé‘
and v3 were found to have the values in wave numbers of
1320 cm~1 (7.57 uym), 648 cm—1 (15.43 um) and 1621 cm—1
(6.2 um).[25] In terms of energies, vj, V3 and v3 cor-
respond to 2.62x10~13, 1,28x10-13 and 3.21x10-13 ergs.
The energy level diagraﬁ of the three fundamental modes
- of vibrations is shown in Fig. 13.[26]
energy level into another energy level is equivalent to

- the difference between the two energy levels, AE = Ej -

53

Transitions from one
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1.19 A
(:)————””<;:::r1!:{~::::;>§‘~“-.<:’

Fig. 11 The NO, Molecule

Symmetric Stretching
(vq)

T

A, = 7.57 um

<
-
I

Bending Mode (vz)

v, = 648 cm @“O/T\O—-—}

15.43 um

il

i

Antisymmetric Stretching'””’,,,——'PJ€;~§1\~G‘\~

_ . —0

Vg = 1611 cm

13 = 6.2 um

Fig. 12 Fundamental Modes of Vibrations of NO3 Molecule
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Energy Level Spacings

55



56

B. Reactions

The gas phase reaction of 04 and NO at low pressures
{below 10 torr) produces vibrational-and electronically
*
excited products, NO§ and NO, according to the equation:

*

s o
03 + NO -+ NO2 + NO2 + O2 1.

At room temperature the reaction proceeds with approxi-

mately 93% vibrationally excited NO§ and 7% electrbnicallé

[18] This reaction has been studied earlier by

[15]

*
excited NO,.
several investigators, namely: Clough and Thrush,

Stair and Kennealy.{27] More recent workers include Golde

and Kaufman}ls] Hampson, et al.;[28] and Birks. et al.[zgl
The vibrationally excited NO§ through spontaneous

emission gives off photons (hv) as seen by this equation:

N0§ -+ NO2 + hv 1A

The photons (hv) have Seen observed centering in the IR at
1.5 ym and 3.6 um wavelengths by Golde and Kaufman.lls]
The 1.5 um and 3.6 uym wavelengths frome one molecule of
NO§ formed in the reaction of O3 and NO, correspond by
calculation to 19 kcal/mole and 7.9 kcal/mole.

It is hoped in this work that the photons, hv, with

the given wavelengths centering in 1.5 uym and 3.6 um can
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be utilized to effect stimulated emissions by
hv + No§ + NO, + 2 hv 1B

Equation.lB shows that the amouﬁt of énergy hv is
doubled, i.e. amplified, and this is.the basis for lasing.
There are three basic requirements for lasing and they are
(a) an activé medium which, in this case, is NO§; (b) popu-
lation inversion, that is the NO§ species greater than the
ground state NOZ; and (c) a resonant cavity, which was
fully discussed pfeviously;in Section II. (a) and (c) can
easily be obtained, but (b), the population inversion, is
difficult to have. 1In this study, the system operates in
such a way that deactivation of the excited species Noi by
other gas phase species and the vessel wall is significant.
Some of these species are the ground state NOZ’ the O2
formed in the product, the unreacted NO, 03 and the carrier-
argon, in addition to collisions with the wall of the re-
action vessel. The deactivation processes occur during
the same time the vibrationally excited NO, species are-

formed due to the relative slowness of the 03 + Nozvreac~

tion.
# ) |
NO2 + 02 > NO2 + O2 + hvz 2
# k3
N02 + 03 > NO2 + 03 + h\)3 3
k

7 ,
NO7, + NO + NO, + NO + hv, 4
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k

5
No’2‘+noz 2 2 NO, + hvg 5
k6‘
N0§ + wall - NO2 + wall + hvs- 6
. k7 )
Noé 4+ Ar -~ NO2 + Ar + hv7 7

These egquations, 1 to 7, are the heart of the computer
programming as discussed in the following section, Kinetics,

III-C'
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C. Kinetics
The primary reaction
*
NO + 05 ~+ NO§ + NO, + 0,,

' *
assuming negligible amounts of electronically excited NO,,
is written as |

k
1 o?
NO + 0, + NO, + O, 1

The reaction rate of this equation will be

d [NO%]

—3t— = k; [NO] [0;],

#

however, the vibrationally excited NO; produced by the above
reaction collided with the other species present in the
reactor tube and lose its vibrational energy via transla-
tional energy transfer to these other species. It therefore
becomes deactivated to its ground level, this is shown in
equations 2, 3, 4, 5, 6 and 7. Within a certain length of
time, this relaxation 6f the ﬁo§ creates more Nog than the
excited species and lasing can not occur, due to lack of
population inversion. Incorporation of these iosses into
the reaction equation éives;

a[No%)

2 = k; [NO [05]~{ k,, [NO}1 [0,] + k5 [N0G1 [0,] +

k, [NO] [NO] + kg [NOG1 [NO, 1 + k [NOR] [wall] +

k. [NOJ] [Ar]) 9
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Solution to equation 9 gives the amount of excited Noi at
any particular instant in time of the reaction for the
given initial concentrations. It also considers the losses
due to collisions with the other spedies. A computer pro-
gram was designed to solve this reaction rate equation and
it is listed in the Appendix. The firs£ rate constant, kl'

was found to be

13 e—lZOO/T

k, = 9x10 ’ cm3/molecu1es-sec 10

1

[28])

within the temperature range 198°K to 330°K. At 20°C,

14 cm3/molecules-sec. For equations

13 13

k, is equal to 1.61x10~

2, 3 and 4, the rate constants were 5.1x10
12

, 2.57x10°
‘and 1.8x10 cm3/m61eculés-5ec, respectively and were
found in the study by Kin-Kwok Hui and T.A. cool. [20]

There were no available rate constants in the literature

!

for-equations 5 and 7. An extensive  search for -vibrational
relaxation of other species which very closely resemble

equations 5 and 7 yielded the following equations for con-

sideration.
k.. .+
Not (v=2) +50 Y° NO (v =1) + NO 11
o kN2
N2 (v=1) + Aar -~ N2 (v = 0) + Ar 12
and : k |
NH3
NH3 (v =2) + Ar =~ NH3 (v =1) + Ar 13
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Equation 11 was assumed to be similar to equation 5:

g -k
5
N0§ + NO2 F ZNO2

and therefore kNO+ was adapted as k5 which is equal to

13

3.0x10" cm3/molecule-sec.[3°] The .rate constant of

equation 6 was 250 cm3/molecu1e-sec.[l§] Whereas equations
12 and 13 were taken as similar to equation 7:

k
NO§ + AT -J N02 + Ar
aﬁd both values of the rate constants which were 1.8x10m18

13

(equation 12) and 1.8x10 (equation 13) were run separately

in the programming plus a value intermediate of the two,

1.8x10" 1> cm3/molecules - sec. Equations 12 and 13 were taken

from reference [31] and [32].
The NO concentration was varied and 03 was held con-

stant.” -Five values-of NO concentration were fed into the ---

programs for each value of k7, these were 5.0x1011, 5.0x1012,

5.0x1013, 5.0x1014 and 5.0x1015 molecules/cm3

mained as 2.Ox1011 molecules/cm3. Runs 1 to 5 were run

where 03 re-

with k., as 1.8x10" 13, runs 6 to 10 adopted the intermediate

7
15 18

value of 1.8x10 and runs 11 to 15, k7 as 1.8x10"

cm3/molecu1e-sec. Tables 8,9 and 10 showed the results
obtained in the print out of the program.
Run #6 was a typical run showing the formation of the

excited species No§ and the ground state species NO,, with
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time from the start of the reaction, see Figure 11l. It
also showed the time (tmax) when the population inversion

was at a maximum (Nog) Fig'ure 12 was taken from the

max "’
observation of Runs #6 to #10. The effect of increasing.
amounts of NO concentration was plotted against the time
of maximum population inversion, tmax' It showed that

tmax had larger values (longer) at lower amounts of NO
concentration with the given constant 0, concentration.
Figure 13 was taken also from Run #6 to Run #10. It showed
the effect of increasing the NO concentiation in the forma-
tioﬂ of maximum populatioh of the excited Nog. The graph
clearly indicated an increasing tendency of Noé(max) with
increasing NO concentration. For further discussion of
results see Section IV, Results and Discussion.

The following observations were used in the program-
mlng:

k1l to k7 - the rate constants of the eéuation 1 to 7

cm3/molecule-sec

. 3
03 -~ ozone concentration, molecules/cm

nitric oxide concentration, molecules/cm3
3

NO

AR -~ argon concentration, molecules/cm

DELT - time interval where observation was made, sec

T - time, sec

NO2M - vibrationally excited NO§ made, regardless of
losses due to collisions, molecules/cm3

NO2L - vibrationally excited NO§ lost due to collisions
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with other species and wall, molecules/cm3

NO2E - net amount Qf vibrationéily excited Nog after
losses were consideréd, molecules/cm3

NO2G = NO2 - ground level NO, as a result of collisions

with the other species and the wall, molecules/cm3

There were five concentrations of NO, leoll 5x1012,

’
13 14 5

5x10~~, 5x10 and 5x101 molecules/cm3. These were avail-

able as data cards in the programming.



Observations

.Constants §&
“Variables
NO (molecules) 5
molecules
03 ( cmo ) 2
Ar (molecules) 6
cmo | 3
K1 ( m 5
moleculegsec
cm
K2 (molecule sec) 5
K3 (molecule sec) 2.
ka (molecule sec) 1
cm
K5 (molecule sec) 5
cm
Ké (moleculessec)
K7 ( em>__ 1

molecule-sec

NO molecule, 8
é (max}( o)

Time @ Noé (m x)(sec)S
1 1
NO# - Nozcmo ecu es)1

Time NO# NO (sec) 1.

.61x10

.8x10

.0x10

.8x10

TABLE 8

Summary of Programming Results--Run No. 1 to Run No. 5

1

11

.0x10

11

.0x10

16

.0x10

-14

-13

.1x10

57x10°13

-12
-13

250
-13

.05x104

-5

.0x10

3x10S

75x10~%

5.0x10

2.0x10
6.0x10
1.61x10
5.1x10
2.57x10°
1.8x10

3.0x10

1.8x10

2

LT,

12

11
16
-14
-13
13
-12
-13
250

-13

8.05x10°

5.0x10"°

1.3x106

1.75x1074

5.0x10

2.0x10
6.0x10
1.61x10
5.1x10
2.57x10
1.8x1071%

3.0x10°

1.8x10°

Run No.

3

s

13
11 |
16
-14
-13

-13

13

250
13

8.05x10°

5.0x10"°

1.3x107
1.75x1074

5.0x10

2.0x10
6.0x10
1.61x10

5.1x10°

1.8x10°

3.0x10"

1.8x10

4

14

11

16

-14

13

2.57x10713

12

13

250
-13

8.05x10%

5.0x10"°

1.3x108

1.75x107%

5.0x10

2.0x10
6.0x10
1.61x10
5.1x10
2.57x10
.1.8x10°

3.0x10

1.8x10°

5

15

11
16
-14
-13
-13
12
-13

i

250
13

8.05x108

5.0x10">

8.0x108

1.0x1074

1 4°)



Observations
_Constants §
Variables:

Nb (moligules)
molecules

03 ( cm )
Ar‘(molec:ules)
cm 3

molecule-sec

)

3
K2 ( cm

molecule-sec

)

molecule-sec

3
K4 ( cm

)

molecule-sec

3

)

molecule-sec

3

)

molecule-sec

)

3

molecule-sec

'NOf
Time @ NO#

2

Time NOé = NOz(sec)

(molecule
2 (max). cmd

ZImax)(sec)
NO#“= NO (molecules
2V cm3

) .

N

[ 8

(73]

.0x10
.0x10
.0x10
.61x10°
.1x10°
.57x10°
.8x10°

.0x10~

.8x10°
.36x10
.0x10~
.6x10

.5x10°

Summary of nggramming Results--Run No. 6 to 10

11
11
16
14
13
13
12
13

250
15

7

5.0x1012

2.0x1011

6.0x10%°

1.61x10°14

5.1x107 13

2.57x10" 13

1.8x10" 12

3.0x107 13

250

1.8x10°1°

2.3x107

2.0x10~3

3.6x107

4.5x1073

i

Run No.

8

5.0x10%3

2.0x101!

6.0x101°

1.61x10"14

5.1x10713

2.57x10"13

1.8x10" 1%

3.0x10"13

250

1.8x10°%°

2.0x108

1.8x1073

2.9x108

3.7x1073

9

5.0x1014

2.0x1011

6.0x10°

1.61x10" 14

5.1x10"13

2.57x10713

1.8x10"}2

3.0x10° 13

250

1.8x10°1°

7.2x108

6.0x10~4

1.0x10°

1.3x107>

10

5.0x101°

2.0x10M!

6.0x1010

1.61x10714

5.1x10”13

2.57x10713

1.8x10°12

3.0x10°13

250

1.8x10°1°

2.2x10°

2.0x10"4

1.87x10°

3.7x10™4

S9



TABLE 10

Summary of ProgrammingﬁRésults——Run No. 11 to Run No. 15

Observations
" Constants §
Variables 11
NO (molzgules) S.Oxloll
molecules 11
03 ( on ) 2.0x10
Ar (molecules) 6.0x1016
. cm 3
cm -14
Kl (molecule-sec) 1.61x10
-13
K2 (molecule sec) 5.1x10
} -13
K3 (molecule sec) , 2.57x10
' -12
K4 (molecule sec) 1.8x10
-13
K5 (molecule sec) 3.0x10
K6 (molecule sec) 250
K7 ( cm ) 1.8x10718
4 moleculglggcle 6
NO (max) ('-——c"ﬁ's-—-— 3.5x10
# -3
Time @.NO, (max )(SGC)S.OXIO
No§ - NO (m°lecules) 5.2x108

Time No§ No,(sec) 6.5x1072

12

5.0x1012

2.0x1011

6.0x10%0

1.61x10714

5.1x10713

2.57x10" 13

1.8x10"12

3.0x10°13

250

1.8x10718

3.3x107

2.8x1073

5.0x107

6.2x10">

13

5.0x10

1

3

2.0x101
16 -

6.0x10
1.61x1
5.1x10
2.57x1
1.8x10
3.0x10
250
1.8x10
2.4x10
2.0x10

3.8x10

0"
-1

o
-12

14

3

13

-13

-18

8

-3

8

4.8x10"3

14

5.0x1014

2.0x1011

6.0x101°

1.61x10
5.1x10

2.57x10

1.8x10”1%

3.0x10"13

250

1.8x10718

7.3x108

6.0x10™4

1.1x109

1.5x10°3

-14
-13 .

-13

15

5.0x101°

2.0x10t1

6.0x101°

1.61x10°

5.1x10” 43

2.57x10713

1.8x10°12

3.0x10" 13

250

1.8x10"18

2.2x10°

2.0x10”4
2.0x10°

3.0x10”4

14

99
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Reaction Distance, DR, (cm)
1.0 2.0 ' 3.0 4.0

NOZ(Ground State

sob
0r
60}
™
£
2
8 50r v
- | #
ba .
o 4o} No; = NO, NO
—~ (Excited
2 State!
- 301 # ¥
Yo NO% (max)
—~
x 20} |
'é‘ "7épm '
100 /% tmax=2;0x10-3sec _3 ,
ey t, = 4.5x10 ~ sec
i 1 e ‘ 1 'y Y [ {1 'y
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9,0 10.0

tx10'3, (sec)

Fig. 14 Time, Distance vs. NO2 Formation,
Excited and Ground States

[

11 3

03 (constant) = 2.0x10 molecules/cm
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Fig. 15 NO Conc Versus tmax

(Based on Run #6 to Run #10)
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03 {constant) = 2.0x10 molecules/cm
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(Based on Run #6 to Run #10

05 (constant) = 2.0x10' - molecules/emd
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D. Gain Calculations

Light with an intensity I .and frequency v traveling
‘ in a given defined z direction in a reaction chamber con-
taining N1 and Ny, where N, is the number of atoms or
molecules per unit volume (cm3) whicﬁ is in a certain
energy level (arbitrarily designated as level 1) and N,
is the number of atoms or molecules per unit.volume (cm3)
which is in energy level greater than level 1, may under-

go absorption:
hv + atom -+ atom*

where * means excited state. The light intensity I(z) is

characterized by equation 14:
I(z) = 1(0)e *%

where I(0) indicates the iight intensity before interac-
1

tion and o as the absorption coefficient in cm — and is
given .for a Gaussian line shape by
a = (c2/4mv21) tan2/m1Y/ 2 (v /8v) 15

In this equation c is the velocity of light within
the<materia1 in cm/sec; 1, the fluorescent lifetime of
the material in seconds and Av as the half width of the
line shape in hertz or cycles/sec. |

The same light may undergo amplification by stimulated
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emission which is desirable for lasing as shown by equation:
I(z) = 1(0)e*9? 16
where g, the gain coefficient, is givén by
g = (cz/4ﬂv21)(lnz/n)l/z(Nz/Av) 17

Since ébsorption and stimulated emission are inverse pro-
cesses, the net effect of passage of light through the z
direction is

1

I(z) =,1(0)exp[(c2}4wu?1)(znz/n)“/z(l/Av)(Nzg—nl)z} 18

If N, > Ny the light intensity will increase as it travels
and thus may lead to lasing; if Nl > Ny, the light intensity
will decrease, which will prevent lasing. For lasing to
occur, N2 must be greater than Nl’ and this situation is
known as population inversion. When the material is in
thermal equilibrium at temperature T, the usual populatiOn

of N1 and N2 atoms follow the equation:

z

2 _ o7 (Ep7Ey)/kT 19

1

2

where E, and El corresponds to the energy of the atoms N2

16 erg/

and N;, k is Boltzmann's constant equal to 1.38x10
degree and T is in absolute temperature. Equation 19
means that N, < Nl’ and to obtain laser operation one
must upset the thermal equilibrium in some way to produce

the unusual situation of a population inversion.
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In a laser system, there are inevitable sources of loss
which prohibit attainment of populaf&on inversion. These
losses are: the loss in the oﬁtput through the two end
mirrors, of reflectivities Rl and R2 aﬁd imperfections in
the system. Such losses (imperfections in the optical
system) may be characterized by a loss coefficient B, such
that the decrease in light intensity is a factor e B2z, 2
function of the distance z.[33] Now, using equation 18,
the change in light intenéity after a round trip through

the active medium between two mirrors separated by~distanéé

I involves a factor

1/2

Rleexp[-ZBL)exp[2L(c2/4ﬂv21)(znz/n) (Ny - N;)/Av] 20

In order to have a net increase in light intensity, this
factor must be greater than unity. Taking the logarithms

we have
Ny-N; > (4mv21av/Le?) (n/2n2)1/2 (a1 - PnR, R,) 21

as the threshold condition -- the minimum population in-
version required to sustain laser action in a Gaussion

line for a medium with the given properties.I33] Given the

4

wavelength X as 3.2 u or 3.2x10 ° cm, the frequency was

calculated using the equation

Vv o= 22

>l

which gave 9;375x1013/sec as v. The spread in wavelehgth,
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Al was assumed for v values; one was 1x10'-9 cm and the other

was 1x10”1° cm. To calculate for tﬁé spread infrequency,

Av, assuming small A\, the equation

Av = -(i%)Ax 23

7 8

and 2.93x10
[34]

was used and the values obtained were 2.93x10

~/sec respectively for the two values of Als. The

fluorescent lifetime was assumed to f%f or“4.33x10-3sec
‘for IR emission. There were two sets of reflectivities
}assumed for the mirrors of the cavity. One set was R1
equaled R2 equaled 0.90 and the other sets have a value of
0.95.

The loss coefficient B was calculated by using the

equation for the loss factor which is:

-2Rz - e—ZBL;

loss factor = e (L = 2) ; 24

where L stands for the length or distance betwéen the ﬁwo
mirrors. The values given to the loss factor were 0.1,
0.01 and 0.05 which, using the initial laser tﬁbe resonant
cavity, L = 42.4 cm, gave values of B equal to 0.0272,
0.0553 and 0.0353 cm L. The same values of loss factor
were used in the ﬁodifigd laser tube,vwhere the distance
was 7.47Acm. The values of'B obtained were 0.154, 0.308
and 0.201 cm ©, see Table 11.

All the values of v, T, Av, L, B, Rl' R2 and assuming
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c as the velocity of light in the material to be equal to
velocity of light in vacuo were sub;;ituted into equation
21. The results of such calculations gave the required
minimum population inversiqn for lasiﬁg in the cavity,

N, > Nl' see Tables 12,’13 and 14 for initial laser tube
_calculations and Tables.ls,‘16 and 17 for the modified laser
tube calculations. The tables for both initial and modified
laser tubes showed that the required minimum population
inversion were fully satisfied, Nz > Nl at different values
of B and variables. The calculation for the actual popula;
tion inversion was done in the Kinetic section, part C.

The results of the gain calculations as well as the kinetic

aspect are further discussed in Section IV, Results and Dis-

cussion.
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TABLE 11
B Values>for Initial and Modified Laser Tubes
Initial'Laser’Tuﬁe; Modified(Laser Tube
B, cm L 8, cm™ 1
e 2Bl = 0.1 0.0272 0.154
e™2BL = .01 0.0553 0.308
e~ 2BL _

0.05 0.0353 ‘ 0.201

B = loss coefficient for the imperfections in the system

e 2BL _ 5 factor for the decrease in light intensity as it

travels back and forth (2L).



Nz - N; for Initial Laser Tube, B = 0.0272 cm

TABLE 12

76

Variables & Constants 1l 4

A (cm) 3.2x107%  3.2x107%  3.2x107%  3.2%167¢

v(~/sec) 9.375x10%3 9.375x1013 9.375x1013 9.375x10’

AX (cm) 1x107° - 1x10710

Av( /sec) 2.93x10%  2.93x107 2.93x10%  2.93x107

T (sec) 4.33x107° 4.33x1073 4.33x1073 4.33x107"

L (cm) 42.4 | 42.4

R 0.90 0.95

R, 0.90 0.95

B (cm™ 1) 0.0272 0.0272
molecules 1.06x1013 1.06x10 9.8x10t1
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TABLE 13

Nz - Nl for Init;ial Laser Tube, B = 0.0543 cmm:L

Variables & Constants' 5 6 7 . 8

A (cm) 3.2x107%  3.2x107%  3.2x107% 3.2x1074
v (~/sec) 9.375x1013 9.375x10%3 9.375x1013 9.375x10%3
AX (cm) 1x107° 1x10710 1x1072 1x10~10
Av( /sec) 2.93x108  2.93x107  2.93x10®  2.93x107
T (sec) 4.33x10”3 4.33x1073  4.33x1073  4.33x1073
L(cm) 42.4 42.4 42.4 42.4

R, 0.90 0.90 0.95 0.95
R, 0.90  0.90 0.95 0.95
B(cm™ 1) 0.0543 0.0543 0.0543 0.0543
N, - Ny (P22CULeS) 9641013 1 96x10'%  1.88x10'  1.88x10'2

cm
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TABLE 14
N, - N, for Initial Laser Tube, B = 0.0353 em™ L

Variables & Constants 9 ' 10 ' 11 12

A (cm) 3.2x107%  3.2x107%  3.2x107%  3.2x107%
v(~/sec) 19.375x10%3 9.375x1013 9.375x1013 9.375x1013
AX (cm) 1x107° 1x1071%  1x107° 1x10710
AV (~/sec) 2.93x10%  2.93x107 2.93x10%  2.93x107
T (sec) 4.33x1073 4.33x1073 4.33x1073 4.33x107°3
L (cm) 42.4 42.4 42.4 42.4
R, 0.90 0.90 0.95 0.95
R, 0.90 0.90 0.95 10.95

B (cm™ 1) 0.0353 0.0353 0.0353 0.0353
N, - Ny (RO1SCRIeS) ) 33013 1.33x101? 1.25x1017 1.25x10%2
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TABLE 15
N, - N, for Modified Laser Tube, B = 0.154 cm ™t

Variables & Constants 13 14 15 16

A (cm) :3.2x107%  3.2x107%  3.2x107% 3.2x1074
v(~/sec) 9.375x10%3 9.375x1013 9.375x1013 9.375x1013
AX (cm) 1x1072 1x1071%  1x1077 1x10710
Av (~/sec) 2.93x10%  2.93x107 2.93x10®  2.93x107
1 (sec) 4.33x1073 4.33x1073 4.33x1073 4.33x1073
L (cm) 7.47 ° 7.47 7.47 7.47

R, 0.90 0.90 0.95 0.95

R, 0.90 0.90 0.95 0.95

8 (cm™ 1) 0.154 0.154 0.154 0.154
N, - N (P28 6 0441013 6.04x1012 5.56x1013  5.56x1012

cm
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TABLE 16
N, - N, for Modified Laser Tube, B = 0.308 cemt
Variables & Constants 17 .18 19 20
A (cm) 3.2x107%  3.2x107%  3.2x107%  3.2x1074
v(~/sec) 9.375x1013 9.375x1013 9.375x1013 9.375x10!
AX (cm) 1x1072 1x10710  1x1077  1x10710
Av (~/sec) 2.93x10%  2.93x107 2.93x10%®  2.93x10’
1 (sec) 4.33x10° 4.33x1073 4.33x1073 4.33x1077
L(cm) 7.47 7.47 7.47 7.47
Ry 0.90 0.90 0.95 0.95
R, 0.90 0.90 0.95 0.95
B(cm 1) 0.308 0.308 0.308 0.308
N, - Ny (felecules, ;54014 1.11x1013 1.06x101% 1.06x1013

cm
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TABLE 17

N, - N; for Modified Laser Tube, B = 0.201 om L
Variables & Constants 17 18 19 20
X (cm) 3.2x10°4  3.2x107%  3.2x107%  3.2x1074
v(~/sec) 9.375x1013 9.375x1013 9.375x1013 9.375x103
AX (cm) 1x1072  -3x16%10 1x107? 1x10~10
AV (~/sec) 2.93x1018  2.93x107  2.93x10%  2.93x107
T (sec) £.33x10-3  4.33x10"3 4.33x1073 4.33x1073
L(cm) 7.47 7.47 7.47 7.47
Ry 0.90 0.90 0.95 0.95
R, 0.90 0.90 0.95 . 0.95
8(cm™ 1) 0.201 0.201 0.201 0.201
N, - N, (FOESHIeS) 7 5051013 7.50x10"% 7.11x10'%  7.11x10%2



Iv. RESULTS AND DISCUSSION

A, Initial Laser Tube

Thebresults of the initial laser tube experiments are
tabulated in Table 2. No definite strong lasing was observed,
although weak signals indicative of lasing were periodically
observed. These were, however, not completely reproducible.

A strong chemiluminescence (red glow) was observed during
the reaction of NO with O3 with the maximum near the ozone
inlet and moving gradually downstream near the NO inlet as thé
NO and Ar mixture in the flask became depleted. The chemi-
luminescence intensity was proportional to the NO concentration
in the reactor indicating the reaction was occurring at a faster
rate.

The amount of gas available in the one-liter flask was
calculated using the ideal gas law, PV = nRT. At one atmos-
phere pressure and a temperature of 20°C (293°K), the total

molecules available per cm3 was

=n_ P
(NO + Ar) = V = RT
_ latm 11 1  6.02x10°> molecules
-7 1 )
0.082 2EIL = 1000 o’ 293°K mole
(NO + Ar) = 2.51x1019 molecules/cm3

82
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This was the amount of NO/Ar in the one-liter flask used per
experimental run. The experimental runs composed of different
NO concentrations: 25%, 50%, 75%, 85%, 95% and 100% by volume

of NO, corresponding to 6.275x1018, 1.255x102, 1.88x101?,

19 19 molecules/cmB.

2.13x101%, 2.38x10%% ana 2.51x10

There was no flowmeter available at the time so that the
flows were determined by calculation using evacuation time of
the Ar/NO flask. The one-liter flask was completly exhausted

within two minutes, giving the average flow rate of

1000 cm3 1 min/ _ 8.133 cm3
2 min 60 sec ° secC

The needle value on the Ar/NO inlet was constantly adjusted
to maintain a constant pressure in the flow tube and thus
keeping the flow relatively constant. The experiments were
carried out in such a manner that the argon flow sweeping the
ozone out of the low temperature matrix trap could be varied
from 0.5 to 2.0 cm3/sec (ATP) at pressure of 0.427 torr.
Occasionally, during the experimenfs,kparticulariy at the end
(see Table 7), the argon flow was increased, i.e. 16.0 torr
pressure. The amount of ozone flow vary at low pressure from
0.05 to 0.20 cm3/sec, assuming the argon picked up ozone to a

[18]

ten percent level in the mix. At higher pressures of 16.0

torr pressure, (ozone picked up at 10% level), giving 1.6 torr
partial pressure [O5].
Investigation of the distance from the reactant inlet (NO),

linear velocity and the kinetic calculations revealed that the
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desired reaction products (excited Nozf) was being rapidly lost
to vibrational de- exc1tatlon in the 1nxt1a1 reactor. This dis-
tance, called reaction distance, . R)' was 24 2 cm 1n the initial
laser tube and only 2.68 cm in the modlfled laser tube.;;IﬂeeM;
Table 3, the linear flow velocity was calculated at dlfferent

volumetric flow rates and pressures.k Re51denceﬁt1me*XtR) or;;

reaction time is the length of time the gas ‘reactants. spread 1n N

the laser tube reactor. Appendix B includes the results of a°

typical kinetic run of No. 6 (see Tab;e"”i
summary of the kinetic run of No. 6). oncentration of the
excited state NO" and the ground state N02 at different times:
in this run were calculated at varied reactlon dist
reaction time, ter and tabulated in Table 18
time tR, was calculated from the reciprocal of the typical

veloc1ty of the gas molecules ‘in the reac

_ 1
R~ 478.6 CO Pr
Y sec

(cm) = 0;00275

The difference,'(NOz# - NO ) determ1

sion in time (distance). A negatlve slgn indicates that the  ‘

tube was calculated to be -33. osxlo6 molec 1” Jem
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lasing. Examination of Table 18 and Figure 14 showed that popu-
o ;

. lation inversion (NO§ > NOZ) occurred at the start of the re=

action and continued to a reaction distance of 2.25 cm and re-

action time of 4.5 m sec.

B. Modified Laser Tube

The modified laser tube which had a reaction distance of
2.63 cm was calculated to have an average population inversion

3

of 1.32x106 molecules/cm™ (see Table 18) and therefore lasing

should occur.

The maximum population inversion was the maximum difference .
between the excited state and the ground State (Noé - No;)max‘
This occurred at reaction distance of 1 cm downstream and at
reaction time of ca 2 m sec., see Figure 14. To emphasize this
point, we used the symbol toax 25 maximum reaction time and
(Noé)max as the maximum concentration of the excited state at
maximum population inversion. It is desirable to have a high
population inversion for lasing.

It was shown by the kinetics computer program that a
population inversion was achieved in the modified laser tube.
It was important to determine whether the amount of radiation
coming out of the laser tube was sufficient for detection and
displayed on the oscilloscope.

Assuming that the laser soon reaches optimum output from
gradual build-up of photons in cavity to stimulate emission

for a continuous laser. This optimum is a steady state condi-
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Population Inversion, Reaction Distance & Residence Time in a Reactor Tube .

Reaction Reaction Concentration Concentration NO? - N0; Population
Distance Time Excited State Ground State ‘molecules Inversion
DR(cm) tR(msec) Noz(molecgles) NO;(molecgles) (———;;§~—-q Yes, No
cm cm
%106 x106 x106
0 0 0 0 o No
1 2 2.36 0.86 1.50  Yes, Max
2 4 3.47 2.97 0.50 Yes
3 6 4.00 5.65 ~1.65 No
4 8 4.26 8.62 -4.36 No
5 10 4,38 11.7 -7.32 No
6 12 4.43 14.9 -10.47 No’
7 14 4.46 18.1 -13.64 No
8 16 4.47 21.3 -16.83 No
9 18 4.48 24.5 -20.02 No
10 20 4.48 27.7 -23.22 No
11 22 4.48 30.9 -26.42 No
12 24 4.48 34.2 -28.02 No
13 26 4.48 37.4 ~32.92 No
14 28 4.48 40.6 -36.12 No
15 30 4.48 43.8 -39.32 No
16 32 4,48 47.0 -42,52 No
17 34 4.48 50.2 ~-45.72 No
18 36 4.48 53.5 -49,02 - No
19 38 4.48 56.7 -52.22 No
20 40 4.48 59.9 -55.42 No
21 42 4.48 63.1 ~-58.62 No
22 44 4.48 66.3 -61.82 No
23 46 4.48 69.5 ~65.02 No
24 48 4.48 72.7 -68.22 No
29.2 48.4 4.48 73.98 No

-69.50
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(No§ - NO,)_ . of the

-]
tion where (NO§ - NOZ) avg

steady state <
kinetic calculations. The difference in the population inver4
sion between the kinetic calculations and the population in-
version where gain is equal to 1.0 will.give us the amount of
photons in the stimulated emission (steady state condition).

Equation 25 gives the gain calculation as:

- (NO” - NOL)
I(z) = I(0)RRyexp 2BLg o [2L (c2/4mv21) [1n 2/7]1Y/2 2Av 2,

for 1 transversal (back and forth). Thé number of transversal

(use Tﬁ;as symbol) was calculated as:
Average A - Ah
tube ole Cross-sec~-
T. = No. of transversal = ¢ A=
N Ahole tional area
2 2 2 2
_ ™iube - "hole _ Ttube ~ Thole
- 2 - 2
Thole Thole
=(2f80m2—%m;80m2
0.18 2
(—5— cm)

- TN = 224.6

If we let G as the gain factor, equation 25 will bé:

'I(z) = I(0)G, where

G = TNRleexp—ZBLexp[2L(c2/4wv2T)[ln 2/ﬂ]1/2(NO§-NO;)/Av]
R1 = l.OOQ
R2 = 0.976

exp 2Bl = 0.001
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B = 0.46
1=7.47 cm

c = 3x1010cm/sec

v = 9.375x1013~/sec

T = 4.33x10-35ec

A = 3.2x10 dcm.
11

AA = 1x10 ~“cm and
10
_ c _ 3x10 -11

2av = 2.93x10%~/sec

In a steady state, C.W. laser G'= 1 is a requirement, thus
the population inversion at this condition was calculated after

substituting the variables above as:

-]
(No§ - No, = 3.33x10%! 99199§13§
Gain 1.0 cm

the ozone concentrations at low pressures of 0.0427 torr will

give: V
‘ : A 1 atm »
0. =B=2 - 0.0427 torr x =5 torr , _11i __ 1
_n_ P _ 7 _
3% vV RT 0.082 %g%a%%ﬁ 1000 cm3>  293°K

% 6.02x1023 molecules

mole
_ 15 molecules
[03]low pressure 1.41x10 em3

and at high pressure of 1.6 torr:

- 5.3x1016 molecgles

cm .

[03]high pressure
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Adjusting the population inversion in the kinetic calcu-
lations we have two conditions of pressure for these calcula-

tions..

(a) At low pressure (0.0427 torr) : .

#_ o 15 .
(NO2 NOZ) - 1.32x106 % 1.41x10 - 9.3}{109 molecules
ave 11 3
2.0x10 cm

(b) At high pressure (1.5 torr):
16

-]
(0} - No,) = 1.32x10°% x 2:3X10 3 5511 molecules
ave 2.0x10 cm™

These values compared to the value obtained in the gain &alcu-
lation which was equal to:

L]

(No§ - NO,)

11 molecules

= 3.33x10 3

gain = 1.0 cm

-]
showed that at low pressures, (Nog - Noz)avg is less than

(-] .
(No§ - Noz)gain==1.0 and lasing will probably not occur. Whereas,
at high pressures, the difference between the population inver-
sion gives the photons emitted due to stimulated emission at

steady state:

o high pressure

-]
: ave gain = 1.0
= 3.5%x10%1 - 3.33x1011
_ 10 photons
= 1.7x10'0 photons

This converted into power where the energy in erg per

photon was calculated as follows:
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photon = hv , v = 9.375x10%3~/sec
and h = 6.62x10-27erg—sec (Planck's constant) so,
one photon = 6.62x10" 27 x 9.375x10%3

6.2x10"13 erg

The power before hitting the detector:

1.7x1010 photons - 6.2x10_l3 erg 1 joule
sec photon lo7 ergs

Power

1l watt

= nyart .
lJoule
sec

X

1.05%10" 2 watt

[}

Power

This power was being blocked by the chopper part of the
time so that only 45% of the radiation was allowed to pass.
The windows of the reactor tube were not in Brewster angle and
a 4% maximum loss was anticipated. The detectors have a spectral
response of 321 volt/watt and amplification factor of lOs}k
The outpﬁt mirror was only 2.4% transmission. All of this,
" when taken into consideration, will give a voltage signal on

the oscilloscope of:

1.05x10 2 watt x 0.45 x 0.96 x .024

5 , 321 volt 103 mv

watt x 1l volt

Voltage signal
x 10

Therefore:

Voltage signal = 0.35 mV

A 25 mV signal could just be observed and is considered

the minimal detectable signal in the oscilloscope. This voltage
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signal, as calculated, could not be detected and may be the
reason why there were no definite lasing experienced in this
modified laser tube except for several occasions which showed
signs of weak, sporadic signals, but were not consistently re-
producible. ‘

An alternative calculation of the power output showed the
cavity not reaching steady state can be performed as follows
(note this calculation is not as accurate as previous calcula-
tions):

From the data in the first calculation, we have

I(z) = I(0)TyG

where T,, = no. of transversals = 224.6

gain factor for 1 transversal using same variables

9]
0

as before:

RjR, exp (-28L) exp [2L (c?/41v21) [ (1n?) /m11/2 (n0F -

©
NO ave/Av]

Substituting the values of the‘variables, we obtained,

TNG = 1.06
I(z) = I(o)(1.06)

To find I(o), we used equation 1B:

NO# — No2 + hv
and
d(hv) _ |
gt = *yp MNOR1, so

hv = k[ [NO}] - INOQ] ] 27
t ‘

orig
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where [Nozlorig was the original concentration of NO§ before

photon emission and [NO’;]‘t was the concentration of NO# after

. _ -1
a time t. le was equal to 230 sec ~. The [Noflcrlg was
3

2, 36x106 molecules/cm”, which was the average NO# at reaction

time of 4.25 m sec and reaction distance of 2.68 cm. Con51der—

ing spontaneous emission, only:

-k t

[No§1t - [NO] 18 28

orlg

Ref. [35]. Substituting the values of [NO§] and

orig lB
£(0.002 sec) in equation (28):

[NO§] = 1.49x10° molecules/cm>.

Now we can calculate for hv by substituting all the variables
in equation (27):

6

hv = 230[2.36x10° - 1.49x10%]

_ 2.0}{108 photons

cm -~ sec

This was the calculated intensity of the radiation pro-
duced by the reaction, per 47w steradians. The emission respon-
sible for the stimulated process was confined only to the
solid angles from the center of the resonant cavity into the
two mirrors (assuming the reaction was in the center of the

resonant cavity). The center of the resonant cavity was 7Ef7 =

3.74 cm. Solid angle of the 100% reflectance mirror, Ql, was

calculated as:
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A 2
_% = .64 cm” _ 0.403 steradians
o

=
]

(3.74 cm)?

A, = cross sectional area of the mirro
r, = the distance from the center of the resonant cavity

to the mirror.

The solid angle of the 97.6% reflectance mirror, Qy, was

calculated as:

A s o2 2
o = 1 _ Pnole _ 5.64 cm® - 0.025 em® _ | 401 steradians
2= 2 2 2

ry ry (3.74 cm)

The sum of the solid angles Ql and 92 is equal to 0.403

4+ 0.401 = 0.801 steradians. The spherical solid angle was cal-

culated as

Q - AsEhere

spherical 2

r

1
anz?
2
1

r

= 41 steradians

So the function of the solid angle, f, which was effective for

lasing was

Q. + Q

1
Q .
spherical

2 _ 0.801
T T 4m

£ = = 0.064

One photon is equal to 6.2x10-13 erg as calculated previously.

So the total energy in ergs:

E = 6.2x10°13 €9 _ 4 2 0x108 -BROtOon . 55 .3 cm3 = 2.8x10”3 X9

photon cm3__sec sec
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The power will be:

3

Power = 2.8x107° °TJ x (Gain) x £ = 2.8x10 ° x1.06x 0.064

_ -4 erg
Power = 1.9x10 coc

But the radiation coming out of the reactor tube was only a
fraction of the ratio between the cross-sectional areas of the
small hole and the reactor tube. The chopper, in addition, was
blocking the radiation 55% of the time. The windows were not
at Brewster angle and a 4% loss was assumed. The detector

3 and its spectral re-

amplifies the signal by q'factor of 10
sponse was 321 volt/watt. The final voltage signal in milli-

volt then was:

1 joule

Voltage signal = I(z) x (flat mirror transmission) x 5
- 4 - 1x10° ergs
x 2L % 0.45 x 0.96 x 10° x 321 Y22E x 103 v
1] —= 1 volt:

secC

= 1.9x10" 4 °rd x 0.024 x 1 joule 1 watt . 4 45 x 0.96

1x107 ergs 1 1%%%2

5 volt 3
x 107 x 321 Tatt x 107 mv

1 volt .

Voltage signal = 6.3x10" 3 mv

This result, like the first calculation of the voltage
signal, was too small to observe on the oscilloscope.

It should be pointed out that these calculations were,

conditions and, secondly, neglected losses in the laser beam
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after leaving the cavity. Certainly, these optimum reflections
and loss conditions were not always present. There were some

losses in the output beam due to slight losses in alignment of

the detector.

C. Third Generation Laser

The results obtained with these two laser tube reactors,
and the kinetic calculations perﬁit the design of a yet further
improved third generation laser reactor assembly.

This third generation laser has to produce a greater amount.
of excited species NO§, at least ten times as much as.the second
laser tube in order to attain a better detector signal. The
excited NO# can be increased by increasing the concentrations

2
of NO and 03 reactant feeds as shown by Figure 16, (NO conc. vs.

N0,

2max
adverse effects due to increased relaxation rates so that the

). However, increasing the NO concentration also brought

. reaction time must be shorter, as shown in Figure 15, (NO conc.
vs. tmax) or relaxation will stop lasing from occurring. A
solution to this problem is a transverse type of laser tube,
where the reaction distance is short (only across a tube dia-
meter), as well as the reaction time, but the length (i.e.
conc. of Noi) greatly increased. The vacuum pump should also
be increased to one of higher capacity for faster flow rates,
shorter reaction time. The number of reactant feed inlets are
limited to the capacity of the vacuum pump. The reactant feed
inlets geometry should also be optimized to have as instantan-

eous a reaction as possible. A schematic diagram is shown in



96

Figure 17. Heating the reactor to increase the reaction rate
will also help increase the laser's output. The windows are

in Brewster's angle for decreased -scattering losses.
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V. CONCLUSION

The design of a purely chemical laser based on the reac-
tion of NO + 03 -+ NO§ + 0, in the vapor phase to produce,
instantaneously, and as a principal product vibrationally
excited species Nogl has been attempted. This NO§ relaxes
through collisions and IR emission (3.2 - 3.6 um). It was
attempted in this study to bring about stimulated emission of
the excited NO§ species thereby inventing a new, purely chemi-
cal laser. A series of computer program calculations on the
kinetics involved showed support for the formation of the popu-
lation inversion of the vibrationally excited species, NO§.
Calculations were also made to optimize the reaction kinetic
parameters. The experiments were conducted in two generations
of reactor tube systems. The first one, initial laser tube,
was 21 cm long by 2 cm ID which did not produce an average
population inversion over its length. No 1asing’could be
achieved in this reactor tube. The modified laser tube, which
had a shorter reaction distance and time éompared to the initial
laser tube, showed, through calculations, that a population
inversion was achieved and lasing action was therefore attain-
able. Unfortunately, both reactor tube showed only inter-
mittent, sporadic signals, indications perhaps of weak lésing'
action which were not reproducible and inconclusive. Calcuia—
tions of possible power output showed the lasing intensity was

- projected as being below our detection limit.
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Calculations have also shown that higher total numbers
of vibrationally excited species in the reactor are required
in order to enhance lasing action and to overcome various
losses present in the system. This brings about a third
generation laser design consisting of a number of transverse
flow inlets for the reactants, with similar reaction distance
and reaction time as the modified laser tube. This should
bring about a significantly larger signal. Extension to a
longer, transverse reactor is desirable, provided the vacuum
pump capacity will also be increased to accommodate the higher

volume flow.
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