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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 NO2 laser, based on the reac- 

tion of NO + 03 + + 0 2 2'  The vibrationally excited NO2 

species at 1-40 mm Hg total pressure is the source of energy 

(photons) for the laser. A series of computer program calcu-

lations on the reaction kinetics and relaxational processes 

involved have also been made, showing support for the forma-

tion of a population inversion of the vibrationally excited 

species (N01). 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 did not show con-

sistent positive results. The maximum time needed for optimum 

population inversion was attainable in the experimerits with--

the second laser reactor, but higher total concentration of 



excited NO2 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,7 

tion.Ell Only a brief summary of these properties will be 

given 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 1.5x105 lumens/-

cm2 sterad.E11 Whereas a one-milliwatt helium-neon laser 

gives 2.04x107 lumens/cm2 sterad, which shows that it is 

a hundred times brighter than the sun[1] in the illumina-

tion 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-propertyr  we have to 

remember that light or radiation has both a wave and a 

1 



particulate character. Coherence is the complete cor-

relation or predictability both in space and time between 

one point of the electromagnetic wave and those at any 

other point. 

Another property of the laser light is its extra-

ordinary monochromaticity. In 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 

monochromatic than conventional light-sources-and-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.[1] 

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 

2 



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. In addition to these three requirements a 

fourth is the resonant cavity.(2] 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 ends of a cavity • 

serving as the terminals of the resonant cavity. 

When an excited species 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 E excited - 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 

operating with certain spectral wavelengths, power out-\ .  

put, % efficiency, design and mechanisms of operation, but 

whatever the individual differences are, they all obey or 
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follow the basic requirements discussed above. Some of 

the lasers operate in the infrared region, like the CO2 

laser at 10.6 pm, some operate in the visible region like 

the helium-neon laser operating at 0.6328 pm, and some 

operate in the ultraviolet region like the nitrogen lasers 

at 0.3371 pM. 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. Only 

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., H2 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, Cl, Br in order to react rapidly and exothermically 

with the other reactant. The free atoms 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.[2] 

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 inversion 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 + H2 4- (HF) + H ,H = -31.7 kcal/mole 

H + F2 4 (HF) + F 

(HF) HF + hv spontaneous emission 

hv + HF 4 HF + 2 hv stimulated emission 

a-  vibration excitation 

The last reaction above indicates the transition of 

the lik" molecule to the lower state which is not populated 

by the chemical reaction. This is accompanied by emission 

of light energy, hv. The initial photon emitted can be 

used to effect stimulated emission (further emission) by 

ihteraction with the excited molecule in the resonant 

cavity. 
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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, output power and ef-

ficiency. [3] 

The first purely chemical laser made was the DF-0O2 

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 

F2 + 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 + D2 4-  (DF) + D 

D + F2 (DF) + F 

followed by the intermolecular transfer of vibrational, 

rotational energy from DF to CO2, 

(DF) (v = n) + CO2(000) DF (V = n - 1) + CO2 (0001) 

A continuous wave operation at 10.6 p and a maximum 

power output of 0.23 w was observed.[4] 

Other purely chemical lasers have been reported; 

these are the HF-0O2,[5] HC1,[6] HBr[7] and the CO[0] lasers. 

The purely chemical HF-0O2 laser was achieved by employing 

the same analogy with the DF-0O2 system.[4] A continuous 

wave laser operation at 10.6 pm and a maximum power output 



TABLE 1 

Chemical Lasers  

Chemical 
Reactants Reactions 

Laser 
Molecule 

Wavelengths 
(Pm) 

Reported 
Output 

Chemical 
Efficiency 

H2-F2 F + H2 4 HF + H 

H + F2 4 HF + F 

HF 2.6-3.6 4500 W cw 
2300 J/pulse 

10 

D2-F2 Similar to HF system DF 3.6-5,0 IMO OM OM MIMI 

H2-C12 Similar to HF system HC1 3.5-4.1 OM MO OW ON 

CS2-02 0 + CS2 4 CS + SO 

SO + 02 4 SO2 +0 

0 + CS 4 C(/ +S 

S + 02 4 SO + 0 

CO 4.9-5.7 25 W cw 2.5 

D2-F2-CO2 F + D2 -* + D CO2 

D + F2 4 +F 

DF° + CO2 4 DF + CO2 

C3F7I C3F7I C3F7 + I 

Represents vibrational excitation 

* Represents electronic excitation 

10.6 560 W cw 5 

1.32 65 J/pulse 
1.2 GW peak 
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of 0.8 w was observed from the following reactions: 

F2 + NO 4. NOF + F 

F + H2 + (HF) +H 

H + F2 + (HF)# +F 

HD4 + CO2 + HF + C014 

The purely chemical transverse flow HC1 laser was 

reported having a multiline output power of 13 w and a 

chemical efficiency of 8%j6] 

The production of Cl atoms for an HC1 laser was 

achieved by the following reactions:[6] 

NO + C102 + NO2 + C10 

NO + C10 + NO2 + Cl 

Cl + C102+ 2 C10 

The reaction for lasing was the equation 

Cl + HI + HCl + I, AH =-31.7 kcal/mole 

where 70% of the reaction exothermacity appears as vibra- 

tional energy.[9] The same principle was applied successfully 

in a purely chemical HC1-0O2 laser.[101  

A purely chemical HBr laser was obtained in a similar 

manner to the purely chemical HC1 laser.[7] The chlorine 

atoms in this laser which had been produced by the reaction 

of NO with C102 were reacted with molecular bromine to 

form bromine atoms which, in turn, reacted with HI to 

form vibrationally excited HBr: 

NO + C102 + NO2 + C10 

NO + C10+ NO2 + Cl 

Br2 + Cl BrCl + Br 
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Br C1 + Cl Br + C12 

Br + HI HBr# + I, AH = 16.2 kcal/mole 

About 50-60% of the exothermicity of the last reaction 

appears as vibrational energy.[9] Multiline HBr output 

power of 0.58 w was obtained. 

A purely chemical CO laser was reported utilizing 

combustion-generated reactants,[8] which operated from 

the reaction sequence 

CS2 + 0 CS + SO 

CS + 0 -0- CO# + S 

There 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-CH4-H2-CS2 and produces CS 

and S and the side products HF and N2J11] A supersonic 

expansion mixing nozzle is used to extract the CS and S 

from the combustor and mix 02 and diluent (N2 or He) into 

the flow stream. A chain reaction between CS and 02 in 

the mixed flow stream, initiated by S atoms, produces 

vibrationally excited CO.[12,13]  The maximum power ob-

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 
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NO2 laser from the reaction of NO with ozone, AR =-48 

kcal/mole.I14,151 No such laser had been reported that 

described the reaction and exothermicities of producing 

the vibrationally excited NO2 molecule. The proba- 

bility of lasing due to a population inversion of NO2 

probable as indicated by the following -studies made of 

the NO2 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 reaction 0 

+ NO-0 NO2 + hv from 3875 R to14,000 wavelength re.l. 

gion.[16]  

P.N. Clough and B.A. Thrush later conducted vibra- 

tional emission studies of the reaction 03 + NO NO2 + Ns? + 2 

02 + 48 kcal/mole.[15,17] They reported that about 93% 

of the NO2 is formed in the ground state and 7% in the 

electronic state. M.F. Golde and F. Kaufman studied also 

the vibrational emission of NO2 from the same reaction 

of the NO2 produced by and and 10.1.j= 

the reaction was, in fact, vibrationally excited.[18] 

This conflicted with Clough and Thrush's conclusions. 

A.B. Redpath and M. Menzinger, using seeded supersonic NO 

beams studied the electronic (NO2)) and vibrational (N4) 

chemiluminescence of the NO + 03 reaction. They con-

cluded that a large percentage of NO2 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 + 03. In addition, Clough 

and Thrush also reported the vibrational emissions from 

the reaction to be in the 3.4-3.8 pm, relatively intense, 

a second weaker band between 2.4 and 2.6 pm which could 

only be observed at high resolution and a third band 

between 6 and 7.25 pm with a peak at 6.2 pm, which is 

relatively intense and a fundamental mode of vibration.[17] 

Golde and Kaufman found that the vibrational emission 

between 3.2 pm and 4.0 pm region centering at 3.6 pm.[18] 

E. Bar-Zin, J. May and R.J. Gordon studied the reaction 

over the temperature range 158-437°K using a CO2 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.[19] K.K. Hui and T.A. Cool made studies of the laser- 

enhanced reaction between the vibrationally excited 03 

and NO and found that the stretching and bending modes of 

03 make comparable contributions to reaction state enhance- 

ment.[20] 

In this research work, we used initially a long 

glass tube as our reactor for the reaction of NO + 03 

(initial laser tube). The NO was premixed with Argon in 

a round 1 liter flask prior to reaction with 03. The 03 

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. 



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 mirrors, 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 radiation 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 comparison 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 03 trap at 1 atm plus 1 to 2 cm of oil pressure 

and prevent any sudden changes of pressure. A manometer 

was used to monitor the total pressure in the system. 

Several 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/03 flow meters. 

12 
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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. The 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 likely 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. Initial Laser Tube--The initial laser tube used 

was a Pyrex glass tube and is illustrated 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 same 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 from 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 vapor phase laser. It is a geometrical structure, with 

two parallel mirrors placed a known distance apart with 

the laser tube between. [2.] 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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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 mirrors is usually 100% 

reflecting while the other passes a small percentage of 

the light, allowing the laser 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 to have maximum reflectance. The first 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: 

% Reflectance 
cross-sectional area of laser tube-area of hole  

cross-sectional area of laser tube 

x reflectance of -Air in IR x 100% 

2 2 
[ (

2.
21
8
) - (

0.
21
8
) 1 

Tr(
2
';

8
) 

1.1881 - .0081 
1.1881 0.983 x 100% 

= 0.993 x 0.983 x 100% 

= 97.6% 

2 x 0.983 x 100% 
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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 < gig2 < 1 

where, g1 and g2 are the g-parameters and are defined by 

the equations 

gl = 1 - 
rl 

and 

g2 = 1 - F2 

where r1, r2 were the radii of curvature of the mirrors, 

300 cm for the concave mirror and co for the flat type. L 

is the distance between the two mirrors, 42.4 cm. Substi-

tuting the values of rl, r2 and L showed gl = 0.8587, 

so the product gig2 gave us 0.8587 which was 

range called for by 0 < gig2 < 1 condition 

stable condition existed in the laser cavity.- 121] 

1 for the diagram of the resonant cavity. 

3. Infrared Laser 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, 

g2 = 1 and 

within the 

implying a 

See Figure 
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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-200T[22] was used for chopped 

radiation systems, has a broad spectual response 321 volt/ 

watt, detectivity (D*) of 0.8x108 cm-Hz1/2/watt and noise 

equivalent power (NEP) of 1.5x10-9 watts/Hz1/2. The ambient 

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 housectand 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, circular 

aluminum sheet with an outside diameter of 15.2 cm. It was 

divided into exactly twelve sections and each section 

occluded an angle of 30°. Six 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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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 revolution included the 12 sections or 

6 on/off cycles yielding a chopping frequency of 13.98 Hz. 

By subjecting 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 was connected to the 

reference light source in order to convert the line AC to 

DC current reduced the output voltage down to 12 volts. AC 

operation of the reference lamp would have given a large 

60 cycle signal to reference detector. 

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. 



21 

6. Vacuum Pump--The NO, 03 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 sysT-_ 

tem. The products, NO2, 02 and the unreacted gases, NO 

and 03' plus argon 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 reactants and products spent in the cavity and ° 

the total pressure. This is discussed in detail in Section 

IV, Results and - Discussion. 

The vacuum 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 

oil 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 oil 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 oil 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 on the liquid ozone. A flow of 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, 

03 and NO2 from the silicone oil 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-shaped glass tube with an outside 

diameter of 0.9 cm and a height of 48.5 cm was used as the 

manometer, see Figure 4. It was filled with 26.5 cm of 

silicone oil, 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 stopcocks were open, no difference in height 

between thee-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 oil in the 

sidearm indicated pressure in the tube. 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/Argon 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 

iron ring 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% = 



9.2% NO in argon mixture. 

A pressure gauge calibrated in cm Hg connected to the 

manifold monitored the amounts of NO and Ar which were in 

the flask. Using the ideal gas law PV = nRT, the number 

of molecules of the mixture of NO and argon 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 Oxygen--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 ozonator 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 

argon was properly adjusted so that some extra argon was 

always passing through the bubbler, in addition to flow 

over the ozone trap into the vacuum line 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 sometime vigorous, depending 

upon the 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 ozonator 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 (Matheson) 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 

flowihg. In§ide-tbid-thbe 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 oxygen: 

high 
02 4 0 + 0 

temp 

The atomic oxygen recombined with the other oxygen molecules 

to form ozone gas according to the equation: 

M 
02 + 0 4 03 

The tube which contained the high temperature wire was, 

in turn, inside another tube where cooling water continuously 

ran, to dissipate excess heat from the tube. The conversion 

of the oxygen to 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 02. 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 pure ozone, 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 03 onto the surface of silica gel beads. 

At this temperature ozone gas turned into liquid on the 

surface of the silica gel and could be seen to 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, exhausting the 02 out to the 

vacuum pump. 

When ozonation ceased, the dewar.remained 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 argon to sweep a 

fraction of the ozone out and into the laser reaction tube. 

Here it reacted with NO to form the excited NO2.2 



B. Experiments Using Initial Laser Tube  

The early studies were conducted 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 

NO2 which was constantly being produced and removed together 

with the other species present (argon, 03, NO and 02) to a 

vacuum pump (steady state reactor). The functions of each 

component of the apparatus in the system was discussed 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 
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was filled with NO gas coming from the compressed gas cylin-

der through the gas manifold, all stopcocks leading to the 

laser tube, from argon cylinder 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 directly 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 oil or 3.65 torr (1 cm oil = 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 ozone 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 03 in the laser tube 

started by removing the dewar from the ozone trap, closing 

the bypass, thus allowing argon to pass 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 
Number 

NO 
cm Hg 

Ar 
cm Hg %N0/%Ar 

0 Generated 
3at 100V 
0.020 SCPM 

Lasing 

1 18.5 55.5 25/75 undetermined undetermiried 

2 37.0 37.0 50/50 undetermined undetermined 

3 55.5 18.5 75/50 undetermined undetermined 

4 62.9 11.1 85/15 undetermined undetermined 

5 70.3 3.7 95/5 undetermined undetermined 

6 24.0 0 100/0 undetermined undetermined 

7 60.0 0 100/0 undetermined undetermined 



C. Modified Laser Tube  

1. Modified Laser Tube-Requirements--The initial 

laser experiments and kinetic calculations demonstrated that 

the time which the excited product NO2 spends in the laser 

cavity was too long. This allowed deactivation of the ex-

cited NO2 to ground state NO2 through collisions with 

other species present in the system and the wall. One of 

the requirements of lasing was population inversion and 

ground state NO2 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 range in which 

argon/03 flowmeter operates. 

Table 3 shows the velocities 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 

the laser tube was 3.732 cm2. The velocity in cm/sec was 

calculated from 

Velocity - gas volume flow  x  -760   x 1  
sec Ptorr cross-sectional 

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 
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Readings 

Velocity Calculations 

TABLE 3 

#601 (Gas Used--02) 

Time 

Flowmeter--Matheson 

Pressure 
(torr) 

ATP ATP Residence 

Stainless 
Steel Ball 

Black Glass 
Ball 

Flow Rate 
cm /sec 

Velocity 
cm/sec 

Initial Laser Tube Modified Laser Tube 
(L=24.19 cm) (L = 2.68 cm) 
time((sec) time (sec) 

50 107 0.131 0.93 1445.4 16.7x10-3 1.26x10-3 

60 120 0.327 1.13 703.6 34.4x10-3 2.59x10-3 

70 139 0.523 1.35 525.6 46.0x10-3 3.47x10-3 

80 over 0.719 1.60 453.1 53.4x10-3 4.0x10-3 

90 over 0.915 1.90 422.8 57.2x10-3 4.3x10-3 

105 over 1.176 2.40 415.5 58.2x10-3 4.38x10-3 

114 over 1.438 2.75 389.4 62.0x10-3 4.68x10-3 

120 over 1.503 2.95 399.6 60.5x10-3 4.6x10-3 

130 over 1.764 3.35 386.7 62.6x10-3 4.72x10-3 

140 over 1.830 3.90 433.9 55.8x10-3 4.20x10-3 

150 over 1.960 4.35 451.9 53.5x10-3 4.0x10-3  

Velocity (cm/sec) _ gas volume flow sec 
(cm3) 760 1 

cross-sectignal (torr) area (cm') 

Residence time (sec) = L x 1  
velocity 
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laser tube (L) at various velocity: 

Time (sec) = L 1  
velocity 

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 NO2 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 gas. The NO gas inlet was 

1.27 cm away from the laser tube itself and still was part 

of the main inlet. A small Tygon 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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thicknes0231 These were mounted at the two ends of the 

laser tube using silicon adhesive, perpendicular and not at 

Brewster angle. In the modified laser tube, the length for 

the gas to traversed was 2.68 cm and the outlet was 1.8 cm 

inside diameter. The cross-sectional area was 2.54 cm2. 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. Cavity--The mirrors used for the resonant cavity 

of the modified laser tube were 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 < g142 < 1, which was de-

fined earlier 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 (302 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, gig2 could be between 0 and 

1, this means that 0.5 is the ideal value for the stability 

condition. Therefore the equation gl = 1 - r and g2 = 1
1 

- 

where r1 = 300 cm (radius for the concave mirror) 

r2 = co (for the flat mirror) 

and 

gig2 = 0.5 

would be equated after substitution of the values of r1 and 

r
2 as: 

gig2  = (1 - 
k

)x(1 - 

0.5 = (1 - 300 L )x(1 - ;) 

if we neglect we have 0.5 = 1 3100'  and solving for L, 

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

resonant cavity with the given radius of r1 and r2. 



4. Reference Light, Chopper and Reference Light  

Detector--The reference light, chopper and solar cell used 

for the modified laser tube were identical 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 

outlet 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 rates of 

nitrogen into NO using the formula- 

RNO _ 

RN2 

i/mN2 = 0.966 

mN0 

where RN° = velocity of the gas, NO 

RN = velocity of the gas, N2 2 
= mass of the nitrogen gas 

"2 

mN0 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/03 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 

Time, sec 
Gas Volume Flow 

cm3/sec 
Flowmeter 
Reading 

10 103.4 0.097 1.9 

5 30.8 0.16 3.7 

10 33.9 0.29 6.4 

10 25.9 0.39 7.9 

10 21.0 0.48 9.2 

10 19.0 0.53 9.9 

10 16.9 0.59 10.7 

10 15.5 0.65 11.4 

10 12.8 0.78 13.1 

10 10.8 0.93 14.7 
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NO = 0.966 RN2 

Flow rate, cm3/sec 

Nitrogen, RN  
2 

3 Flow rate, cm/sec 
NO, NO 

0.1 0.0966 

0.2 0.1932 

0.3 0.2898 

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 cm3/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/03 Flowmeter Calibration 

Matheson #601 Bottom of Ball 

Stainless Black Volume Time, sec Steel Ball Ball cm3 
Argon 

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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D. Experiments Using the Modified Laser Tube  

The modified laser tube and cavity experiments were 

conducted in a very 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 II-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/03 flowmeters were used to monitor the 

flows. 

The variables, constants 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. 
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Total Pressure 

Modified Laser 

TABLE 7 
Results 

Lasing 

Tube Experimental 

NO Flow Rate Ar/03 Flow Rate Total Flow 

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 Undetermined 

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 >0.93 150 >3.875 >4.8 Undetermined 



III. THEORY 

A. The NO2 Molecule 

The NO2 molecule has a bent geometry, see Fig. 11. 

The nitrogen atom is located between twb oxygen atoms and 

makes an angle of 1340.[24]  The N-O distance is 1.19 R. 

The three fundamental modes of vibrations of the NO2 

molecule are symmetric stretching (vi), bending mode (v2) 

and the antisymmetric stretching (v3).[25] The diagram 

of these modes of vibration is seen in Fig. 12. v1, V2' 

and v3 were found to have the values in wave numbers of 

1320 cm-1 (7.57 pm), 648 cm-1 (15.43 pm) and 1621 cm-1 

(6.2 pm).[25] In terms of energies, vi, v2 and v3 cor-

respond to 2.62x10-13, 1.28x10-13 and 3.21x10-13 ergs. 

The energy level diagram of the three fundamental modes 

of vibrations is shown in Fig. 13.[26] Transitions from one 

energy level into another energy level is equivalent to 

the difference between the two energy levels, AE = E2 -

El = hv. 
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Fig. 11 The NO2 Molecule 

Symmetric Stretching 
(v1) 

71.  = 1320 cm -1 

Ai = 7.57 pm 

Bending Mode (v2) 

= 648 cm -1 

v2 = 15.43 pm 
0 

Antisymmetric Stretching 
(v3) 

= 1611 cm -- 

A3 = 6.2 pm 

Fig. 12 Fundamental Modes of Vibrations of NO2 Molecule 
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Fig. 13 Fundamental Vibrations of No2 with Associated 

Energy Level Spacings 



B. Reactions  

The gas phase reaction of 03 and NO at low pressures 

belbw 10 torr) produces vibrational and electronically 

excited products, NO1 and NO2 according to the equation: 

03 + NO .+ NO + NO2 + 02 2 

At room temperature the reaction proceeds with approxi-

mately 93% vibrationally excited NO1 and 7% electronically 

* [18] excited NO2' This reaction has been studied earlier by 

several investigators, namely: Clough and Thrush,[15]  

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

and Kaufman,[18] Hampson, et al.;[28] Birks. and et a1.[29] 

The vibrationally excited NO2 through spontaneous 

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

No? NO2 + hv 2 lA 

The photons (hv) have been observed centering in the IR at 

1.5 pm and 3.6 pm wavelengths by Golde and Kaufman.(18] 

The 1.5 pm and 3.6 pm wavelengths frome one molecule of 

NC/ formed in the reaction of 03 and NO, correspond by 2 

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 pm and 3.6 pm can 
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be utilized to effect stimulated emissions by 

hv + Nt/ .4- NO2  + 2 hv 2 

Equation 1B shows that the amount of energy 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 active medium which, in this case, is 1 Nie• (b) 2popu- 

lation inversion, that is the NO1 species greater than the 

ground state NO2'  • and (c) a resonant cavity, which was 

fully discussed previously in Section II. (a) and (c) can 

easily be obtained, but (b), the population inversion, is 

difficult to have. In this study, the system operates in 

such a way that deactivation of the excited species NO2 by 

other gas phase species and the vessel wall is significant. 

Some of these species are the ground state NO2, the 02 

forted 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 NO2 species are 

formed due to the relative slowness of the 03 + NO2 reac-

tion. 

k2 NC/ + 022 ÷. NO2 + 02 + hv2 

NO + 032 
-*3 NO

2 + 03 + hv3 3 

k4 NC/ + NO .4- NO2 + NO + hv4 2 
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+ NO2 2 2 NO2 + hv5 

ka  
201/ + wall 4r NO2 + wall + hv6 2 

ki  4 
NOT2 Ar NO2 + Ar + hv7  

These equations, 1 to 7, are the heart of the computer 

programming as discussed in the following section, Kinetics, 

111-C. 
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C. Kinetics 

The primary reaction 

NO + 03 + NO '2 + NO2 + 021 

assuming negligible amounts of electronically excited NO2, 

is written as 
k 

 NO + 0 + + 02 - 2 2 

The The reaction rate of this equation will be 

d[NO] 2  
dt - kl[NO][03], 

however, the vibrationally excited Ni? produced by the above 2 

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 of the NO1 creates more NO2 than the 

excited species and lasing can not occur, due to lack of 

population inversion. Incorporation of these losses into 

the reaction equation gives: 

dfNA 

dt - k1 [NO] HO3 l-{k2 [02 1+k3 2  [N[C13 ]+ 2 
[NO2] A 

k4 [NO2] [NO] + k5 [N01] [NO2] + k6 [N01] [wal + 

k7 2  [NA[Ar]1 9 
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Solution to equation 9 gives the amount of excited NO1 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 species. A computer pro-

gram was designed to solve this reaction rate equation and 

it is listed in the Appendix. The first rate constant, kJ., 

was found to be 

ki = 9x10-13 e-1200/T, cm3/molecules-sec 10 

[28] 
within the temperature range 198°K to 330°K. At 20°C, 

k1 is equal to 1.61x10-14 cm3 /molecules- sec. For equations 

2, 3 and 4, the rate constants were 5.1x10-13, 2.57x10-13 

and 1.8x10-12 cm3/molecules- sec, 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. 

kNO+ NO+ (v = 2) + NO -÷ NO (v = 1) + NO 11 

k
N2 N2 (v = 1) + Ar N2 = 0) + Ar 12 

and 
NH3 NH3 (v = 2) + Ar NH3 = 1) + Ar 13 
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Equation 11 was assumed to be similar to equation 5: 

i.10 + NO2 2 

km  
2NO2 

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

3.0x10-13 cm3/molecule-sec.[301  The.rate constant of 

equation 6 was 250 cm3/molecule-sec.[18] Whereas equations 

12 and 13 were taken as similar to equation 7: 

k7 NO2 + Ar 4- NO2 + Ar 

and both values of the rate constants which were 1.8x10-18  

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

in the programming plus a value intermediate of the two, 

1.8x10-15 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 

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

5.0x1013, 5.0x1014 and 5.0x1015 molecules/cm3 where 03 re-

mained as 2.0x1011 molecules/cm3. Runs 1 to 5 were run 

with k7 as 1.8x10
-13, runs 6 to 10 adopted the intermediate 

value of 1.8x10-15 and runs 11 to 15, k7 as 1.8x10-18 

cm3/molecule-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 NO1 and the ground state species NO2 with 
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time from the start of the reaction, see Figure 11. It 

also showed the time (tmax)  when the population inversion 

was at amaximum (N°1)max  . Figure 12 was taken from the 

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 03 concentration. 

Figure 13 was taken also from Run #6 to Run #10. It showed 

the effect of increasing the NO concentration in the forma-

tion of maximum population of the excited NO1. The graph 

clearly indicated an increasing tendency of NO1( (max)  with 

increasing NO concentration. For further discussion of 

results see Section IV, Results and Discussion. 

The following observations were used in the program-

ming: 

kl to k7 - the rate constants of the equation 1 to 7 

cm3/molecule - sec 

03 - ozone concentration, molecules/cm3 

NO - nitric oxide concentration, molecules/cm 3 

AR - argon concentration, molecules/cm3 

DELT - time interval where observation was made, sec 

T - time, sec 

NO2M - vibrationally excited N0 made, regardless of  

losses due to collisions, molecules/cm3 

NO2L - vibrationally excited N01 lost due to collisions 
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with other species and wall, molecules/cm3 

NO2E - net amount of vibrationally excited NO1 after 

losses were considered, molecules/cm3 

NO2G = NO2 - ground level NO2 as a result of collisions 

with the other species and the wall, molecules/cm3 

There were five concentrations of NO, 5x1011, 5x1012, 

5x1013, 5x1014 and 5x1015 molecules/cm3. These were avail-

able as data cards in the programming. 



Observations 
Constants & 
Variables' 

Summary 

TABLE 8 

No. 5 

5 

of Programming Results--Run No. 1 to Run 

1 2 

Run No. 

4 3 

molecules 
NO (

, 11 
5.0x10 

2.0x10 11 

6.0x10
16 

1.61x10-14 

5.1x10
-13 

2.57x10-13 

1.8x10
-12 

3.0x10
-13 

250 

5.0x10
12 

2.0x1011 

6.0x1016 

1.61x10
-14 

5.1x10-13 

2.57x10-13 

1.8x10-12 

3.0x10-13 

250 

5.0x10
13 

2.0x1011 

6.0x1016 

1.61x10-14 

-13 5.1x10 

2.57x10-13 

1.8x10-12 

3.0x10-13 

250 

5.0x10
14 

2.0x1011 

6.0x1016 

1.61x10-14 

5.1x10-13 

2.57x10-13 

1.8x10-12 

3.0x10-13 

250 

5.0x1015  

2.0x1011  

6.0x1016 

1.61x10-14 

5.1x10
-13 

2.57x10-13 

1.8x10-12 

3.0x10-13 

250 

k cms ) 

(molecules)  
03 k cms i  

Ar (moleules)  
c 3' 
cm , 

Kl (molecule - -sec) 
 

K2 
m3 

(molecule - -sec) 
cm3 ) 

K3 (molecule-sec 
cm 3 

) 
K4 (molecule-sec- 

cm3 
K6 (molecule-sec

) 

cm3 
K6 (molecule-sec' 

cm3 -13 , 
1.8x1013 

8 05x10 5 

1.8x10-13 

8.05x10
6 

1.8x10-13 

8.05x104  

1.8x10-13 

8.05x10
8 

K7 
1.8x10 

(molecule-sec) 

NO (Molecule 8.05x104 
r (max ,'ems ) 

(max)(5ec)5.0x10
-5 

Time @ N4 5.0x10
-s 5.0x10

-5 5.0x10
-5 5.0x10

-5 
 

1.3x103 N14 = NO2 
 1.3x10

6 1.3x10
7 1.3x10

8 8.0x10
8 (molecules

'  
cm
s ) 

Time NO2 = NO2 (sec) 1.75x10-4 1.75x10-4 1.75x10
-4 1.75x10

-4 1.0x10
-4 



TABLE 9  

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

Observations Run No.  
Constants & 
Variables 6 7 8 9 10 

No (molecules) 11 15 
5.0x10 5.0x10

12 5.0x10
13 5.0x10

14 5.0x10 
` cm3 ' 
molecules 11 11 11 11 11 

03 ( 
cm3 

1 
2.0x10 2.0x10 2.0x10 2.0x10 2.0x10 , 

molecules1 6.0x1016 Ar ( 6.0x10
16 6.0x10

16 6.0x10
16 6.0x10

16 
cm6 
 3
' 

cm  
Kl ( ) 1.61x10

-14 1.61x10
-14 1.61x10

-14 1.61x10-14 
-molecule-sec- 

1.61x10
-14 

cm3 
 

5.1x10
-13 5.1x10

13 5.1x10
-13 5.1x10-13 5.1x10-13 

K2 (molecule-sec) 
cm  3 

K3 ( ) 2.57x10
-13 2.57x10

-13 2.57x10-13 2.57x10-13 2.57x10-13 
-molecule-sec- 

em3 -12 
K4 ( ) 1.8x10

-12 1.8x10
-12 1.8x10 1.8x10

-12 1.8x10
-12 

-molecule-sec- 
cm3 1  

3.0x10
-13 3.0x10

-13 3.0x10-13 3.0x10713 3.0x10-13 
KS (molecule-sec' 

cm3 1  
K6 (molecule-sec' 250 250 250 250 250 

`  

K7 ( 
cm3  

) 1.8x10-15 1.8x10-15 1.8x10-15 1.8x1015 1.8x10-15 
molecule-sec - 

(molecule
) 2.36x10

6 2.2x109 Nd 2.3x10
7 2.0x10

8 
2 Onax)` dm3 - 

7.2x10
8 

Time @ NO2 (max)(sec) 2.0x10-3 2.0x10-3 1.8x10-3 6.0x10-4 2.0x10-4 

'olecules 
NO2 = NO2(( ) 3.6x106 3.6x107 2.9x108 1.0x109 1.87x109 
2 cmi 

Time NO2 
= NO2(sec) 4.5x10-3 4.5x10-3 3.7x10-3 1.3x10-3 3.7x10-4 

rn 
01 



TABLE 10  

Summary of Programming Results--Run No. 11 to Run No. 15  

Observations 
Constants & 
Variables 11 12 13 14 15 

NO 
(molecules) 11 5.0x10 

11 2.0x10 

6.0x10
16 

1.61x10
-14 

5.1x10-13 

2.57x10-13 

1.8x10
-12 

3.0x10
-13 

5.0x1012 

11 2.0x10 

6.0x10
16 

1.61x10-14 

5.1x10-13 

2.57x10-13 

1.8x10
-12 

3.0x10-13 

5.0x1013 

2.0x1011 

6.0x1016 

1.61x10-14 

5.1x10-13 

2.57x10-13 

1.8x10
-12 

3.0x10-13 

5.0x1014 

11 2.0x10 

6.0x1016 

1.61x10-14 

5.1x10-13 

2.57x10-13 

1.8x10-12 

-13 3.0x10 

5.0x1015 

11 2.0x10 

6.0x1016 

1.61x10-14 

5.1x10-13 

2.57x10-13 

1.8x10
-12 

3.0x10-13 

(molecules1  o3 ` cmS ' 
olecules

s 
 

Ar en 
cm 

cm 3 
Kl ( ) -molecule-sec 

cm 3 
K2 ( ) -molecule-sec 

cm3 
) K3 ( -molecule-sec- 

cm3 1  
K4 (molecule-sec' 

3 

16 
1  cm

molecule-sec' ( 
3 cm , K6 250 250 250 250 50 (

molecule-sec) 

K7 ( cm3 
1 1.8x10-18 

18 
1.8x10 1.8x10-18 1.8x10

-18 1.8x10-18 

molecule-sec' 
(molecule NO ) 

6 3.5x10 3.3x107 2.4x108 7.3x108 2.2x109 
2 (max)" cms - 

@ NC (sec)3.0x10-3 Time 
(max) 2  2.8x10

-3 2.0x10
-3 6.0x10-4 2.0x10-4 

NO#
molecules, 

5.0x107 3.8x10
8 1.1x109 2.0x109 NO2 = NO2l cm3 J 5.2x108 

Time NIZ, = NO (sec) 6.5x10-3 2 2 6.2x10-3 4.8x10
-3 1.5x10

-3 
3.0x10

-4 
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Fig. 15 NO Conc Versus tmax 

(Based on Run 16 to Run 110) 
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Fig. 16 NO Conc. Versus NO2 (max) 

(Based on Run #6 to Run #10 

03 (constant)-:= 2.-0x1011-molecules/cm3— 
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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 N2, where N1 is the number of atoms or 

molecules per unit volume (cm3) which is in a certain 

energy level (arbitrarily designated as level 1) and N2 

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) = I(0)e az  

where I(0) indicates the light intensity before interac-

tion and a as the absorption coefficient in cm-1 and is 

given for a Gaussian line shape by 

a = (c2/41Tv2T)[kn2/7r]1/2( /Av) 15 

In this equation c is the velocity of light within 

the material in cm/sec; T, the fluorescent lifetime of 

the material in seconds and by 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: 

1(z) = I(0)egz 16 

where g, the gain coefficient, is given by 

g = (c2/47Tv2T)(1,n2/701/7(N2/Av) 17 

Since absorption and stimulated emission are inverse pro-

cesses, the net effect of passage of light through the z 

direction is 

I(z) = I(0)exp[( /47ry I)an2/n) 1/2  (I/Ay) (N2 )z) 18 

If N2 > N1 the light intensity will increase as it travels 

and thus may lead to lasing; if N1 > N2, the light intensity 

will decrease, which will prevent lasing. For lasing to 

occur, N2 must be greater than N1, 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 

-(E2-E1)/kT 19 

where E2 and E1 corresponds to the energy of the atoms N2 

and N1, k is Boltzmann's constant equal to 1.38x10-16 erg/ 

degree and T is in absolute temperature. Equation 19 

means that N2 < N1, 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 population inversion. These 

losses are: the loss in the output through the two end 

mirrors, of reflectivities Ri and R2 and imperfections in 

the system. Such losses (imperfections in the optical 

system) may be characterized by a loss coefficient a, such 

that the decrease in light intensity is a factor e-I3z, a 

function of the distance z.
[33]  Now, using equation 18, 

the change in light intensity after a round trip through 

the active medium between two mirrors separated by-distance 

L involves a factor 

R1R2exp[-20L)exp(2L(c
2/471-v2T)(2,n2 /11.)1/2 (N2-N1)/Av] 20 

In order to have a net increase in light intensity, this 

factor must be greater than unity. Taking the logarithms 

we have 

N2- N1 > (4Trv
2TAv/Lc2) (Tr/16n2)1/2(SL- 2,nR1R2) 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. 133) Given the 

wavelength A as 3.2 p or 3.2x10-4 cm, the frequency was 

calculated using the equation 

v 22 

which gave 9.375x1013/sec as v. The spread in wavelength, 
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n was assumed for v values, one was 1x10-9 cm and the other 

was lx10-10 cm. To calculate for the spread infrequency, 

Av, assuming small AA, the equation 

Av = -(--Ci)AX 23 

was used and the values obtained were 2.93x107 and 2.93x108 

_/sec respectively for the two values of ns.[34]  The 

fluorescent lifetime was assumed to -2-11. 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 $ was calculated by using the 

equation for the loss factor which is: 

loss factor = e-2$z = e-2$L; (L = z) 24 

where L stands for the length or distance between the two 

mirrors. The values given to the loss factor were 0.1, 

0.01 and 0.05 which, using the initial laser tube resonant 

cavity, L = 42.4 cm, gave values of $ equal to 0.0272, 

0.0553 and 0.0353 cm 1. The same values of loss factor 

were used in the modified laser tube, where the distance 

was 7.47 cm. The values of $ obtained were 0.154, 0.308 

and 0.201 cm-1, see Table 11. 

All the values of v, T r  Av, L, $, R1, 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 substituted into equation 

21. The results of such calculations gave the required 

minimum population inversion for lasing in the cavity, 

N2 > N1, see Tables 12, 13 and 14 for initial laser tube 

calculations and Tables 15, 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, N2 > N1 at different values 

of 13 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. 



TABLE 11  

$ Values for Initial and Modified Laser Tubes  

Initial Laser Tube_ Modified Laser Tube 

$, cm 1 $, cm 1 

e-2$L = 0.1 0.0272 0.154 

e-2$L = 0.01 0.0553 0.308 

e-281' = 0.05 0.0353 0.201 

= loss coefficient for the imperfections in the system 

e-28L = a factor for the decrease in light intensity as it 

travels back and forth (2L). 
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N1 for Initial 

TABLE 12 

= 0.0272 cm 1  Laser Tube, 

Variables & Constants 1 2 3 

X(cm) 3.2x10-4 3.2x10-4 3.2x10-4 34_2ki6-4 

v(-/sec) 9.375x1013 9.375x1013 9.375x10 9:375x10 

AA (cm) lx10-9 lx10-10 lx10-18 

Liv( /sec) 2.93x108 2.93x107 2.93x108 2.93x107 

r (sec) 4.33x10-3  4.33x10-3 4.33x10-3 4.33x10 

L(cm) 42.4 42.4 42.4 42.4 

R1 
0.90 0.90 0.95 0.95 

R
2 0.90 0.90 0.95 0.95 

a(cm 0.0272 0.0272 0.0272 0.0272 
(molecules

) 
 1.06x1j.3 1.06x1012 9.8x101 9.8x1011 

N2 - N1 cm3  



TABLE 13 

for Initial Laser Tube, 8 = 0.0543 cm-1 

8 Variables & Constants 5 6 7 

A(cm) 3.2x10-4 3.2x10-4 3.2x10-4 3.2x10-4 

v(-./sec) 9.375x1013 9.375x1013 9.375x1013 9.375x1013 

AA(cm) 1x10-9 lx10-10 1x10-9 1x10-10  

AY( /sec) 2.93x108 2.93x107 2.93x108 2.93x107 

T(sec) 4.33x10-3 4.33x10-3  4.33x10-3 4.33x10-3 

L(cm) 42.4 42.4 42.4 42.4 

R1 0.90 0.90 0.95 0.95 

R2 0.90 0.90 0.95 0.95 

8(cm 1) 0.0543 0.0543 0.0543 0.0543 

N2 - 
(molecules)  1.96x10

13 
cm 

1.96x1012 1.88x1013 1.88x1012 
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TABLE 14 

0.0353 cm-1 
for Initial Laser Tube, 8 = 

Variables & Constants 9 10 11 12 

X(cm) 3.2x10-4 4 3.2x10 3.2x10-4 3.2x10-4  

v(-/sec) 9.375x1013 9.375x1013 9.375x1013 9.375x1013 

AX (cm) lx10-9 lx10-10 lx10-9  1xl0-10 

Av(-/sec) 2.93x108 2.93x107 2.93x108 2.93x107 

T (sec) 4.33x10-3 4.33x10-3 4.33x10-3 4.33x103 

L(cm) 42.4 42.4 42.4 42.4 

R1 0.90 0.90 0.95 0.95 

R2 0.90 0.90 0.95 0.95 

8(cm 1) 0.0353 0.0353 0.0353 0.0353 
molecules

) 3 1.33x1013 
cm 

1.33x1012 1.25x1013 1.25x1012 



N2 - N1 3 cm 
(molecules) 
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. 

N2 - 

TABLE 15 

- 0.154 cm 

16 

1 
 N1for Modified Laser Tube, = 

Variables & Constants 13 14 15 

A(cm) 3.2x10-4 3.2x1C4 3.2x10-4 3.2x10-4 

v(-/sec) 9.375x1013 9.375x1013 9.375x1013 9.375x1013 

1X (cm) lx10-9 lx10-10 lx10-9 lx10-10 

pv(-/sec) 2.93x108 2.93x107 2.93x108 2.93x107 

T (sec) 4.33x10-3 4.33x10 -3 4.33x10-3 4.33x10-3 

L(cm) 7.47 7.47 7.47 7.47 

R1 0.90 0.90 0.95 0.95 

R2 0.90 0.90 0.95 0.95 

8(cm 1) 0.154 0.154 0.154 0.154 

6.04x1013 6.04x1012  5.56x1013  5.56x1012 
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N2 - N1 for Modified 

TABLE 16 

Tube, 6 = 0.308 cm Laser 

Variables & Constants 17 18 19 20 

X(cm) 3.2x10-4 3.2x10-4 3.2x10-4 3.2x10-4  

v(./sec) 9.375x1013 9.375x1013 9.375x1013 9.375x101 

AA(cm) 1x10-9 -10 1x10 1x10-9 1x10-10  

Av(-/sec) 2.93x108 2.93x107 2.93x108 2.93x107 

T(sec) 4.33x10-3 4.33x10-3 4.33x10-3 4.33x10-3 

L(cm) 7.47 7.47 7.47 7.47 

R1 0.90 0.90 0.95 0.95 

R2 0.90 0.90 0.95 0.95 

6(cm 1) 0.308 0.308 0.308 0.308 

N2 
_ N ,molecules) 1.11x1014 1.11x1013 1.06x1014 1.06x1013 

l' cm 



TABLE 17  

N2 - N1 for Modified Laser Tube, = 0.201 cm 

Variables & Constants 17 18- 19 20 

X(cm) 3.2x10-4 3.2x10-4 3.2x10-4 3.2x10-4 

v(Vsec) 9.375x1013 9.375x1013 9.375x1013 9.375x1013 

AX(cm) lx10-9 71k1eI0 lx10-9 lx10-10 

Av(Vsec) 2.93x1018 2.93x107 2.93x108 2.93x107 

T(sec) 4.33x10-8 4.33x10-3 4.33x10-8 4.33x10-8 

L(cm) 7.47 7.47 7.47 7.47 

R1  0.90 0.90 0.95 0.95 

R2 0.90 0.90 0.95 0.95 

8(cm-1) 0.201 0.201 0.201 0.201 

N2 - N1 3 (
molecules

)  7.59x101 7.59x1012 7.11x1013 7.11x1012 
cm 
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IV. RESULTS AND DISCUSSION 

A. Initial Laser Tube  

The results 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 03 with the maximum near the ozone 

inlet and moving gradually downstream near the NO inlet as the 

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 

(NO + Ar) = n  = P V RT 

1 atm 1 li 1 6.02x1023  molecules  

0.082 1000 cm3 
x 293°K x atm-li mole 

mole-°K 

(NO + Ar) = 2.51x1019 molecules/cm3 
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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, 1.255x1019, 1.88x1019, 

2.13x1019, 2.38x1019 and 2.51x1019 molecules/cm3. 

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 cm 3 - 33 --- 2 min 60 sec 8. sec 

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 experiments, particularly 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 

ten percent level in the mix.[18]  At higher pressures of 16.0 

torr pressure, (ozone picked up at 10% level), giving 1.6 torr 

partial pressure [03]. 

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 NO2 was being rapidly lost 

to vibrational de-excitation in the initial reactor. This dis-

tance, called reaction distance, (DR), was 24.2 cm in the initial 

laser tube and only 2.68 cm in the modified laser tube. 14 

Table 3, the linear flow velocity was calculated at different 

volumetric flow rates and pressures. Residence timeay or 

reaction time is the length of time the gas reactants spread in 

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

typical kinetic run of No. 6 (see Table 9 foriesultsi6f the 

summary of the kinetic run of No. 6) e concentration of the 

excited state NO2 and the ground state NO2 at different t
o, . 

in this run were calculated at varied reaction distance 

reaction time, tR' and tabulated in Table 18. The reaction' 

time tR, was calculated from the reciprocal of the tyPiCa 

velocity of the gas molecules in the reactor at. 0 65 torr (Table 

7) and volumetric flow rate of 1.51 cm /sec (Table 

cm/sec multiply by the reaction distance: 

1 tR - 
478.6 cm x D

R (cm) = 0.002_sec_reaction tImet' 

sec 

The difference, (NO2 - NO2) determines the population inver- 
t  

sion in time (distance). A negative sign indicates that the 

ground state population is larger than the'excited state. 

average of this difference (NO - NO2) in the sinitial laser 

tube was calculated to be -33.06x106 molecules/cm 

there were no population inversion. This means that population 

inversion did not exist in the initial laser tube and prevented 
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lasing. Examination of Table 18 and Figure 14 showed that popu-

lation inversion (NO1 > NO2) 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 

of 1.32x106 molecules/cm3 (see Table 18) and therefore lasing 

should occur. 

The maximum population inversion was the maximum difference 
0 

between the excited state and the ground state (NO2 - 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 tmax as maximum reaction time and 

(NA max  as the maximum concentration of the excited state at 2  

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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TABLE 18 

Population Inversion, Reaction Distance & Residence Time in a Reactor Tube  

Reaction 
Distance 
DR (cm) 

Reaction 
Time 

tR(msec) 

Concentration 
Excited State 
No#(molecules) 

Concentration 
Ground State 
0 molecules) 

NOZ - NO2 Population 
Inversion 
Yes, No 

molecules)
cm

1 

x106 

2 cm3 
x106 

NO2( cm3 
x106 

0 0 0 0 0 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 -69.50 No 
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0 0 
tion where (NO2 - NO.,)steady state <(NO2 - NO2)avg of the 

kinetic calculations. The difference in the population inver-

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: 

/ (NOS - NOS) 
I(z) = I(0)R1R2exp-2aL exp(2L(c

2/4nv21 )[1n 2/n] 1 2 2 
Av 
 2  

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

(use TN as symbol) was calculated as: 

Average Atube `hole TN = No. of transversal = Ahole , A = tional area 

2 2 2 7f rtube - 
2 71 rhole r tube - Thole 

2 - Tr r2 rhole hole 

(2.68  cm)2 (0.18  cm)2 2 2 

0.18 2 
( 2 cm) 

TN = 224.6 

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

I(z) = I(o)G, where 

° 
G = TNR1R2expexp(2L(c

2/4nv2T ) [ 
1/2 ln 2/11 • (NO2-NO2)/Av] 

R1 = 1.000 

0.976 R2 =  

exp-2aL 0.001 

Cross-sec- 
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0 = 0.46 

1 = 7.47 cm 

c = 3x10
10cm/sec 

v = 9.375x10
13-/sec 

T = 4.33x10-3sec 

A = 3.2x10-4cm 

AX = lx10-11cm and 

Av = -2-(AX) - (1x10-11) 3x10  
(3.2x10-4)2 

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: 

(NO2 - NO2) = 3.33x1011 molecules  

Gain 1.0 cm3  

the ozone concentrations at low pressures of 0.0427 torr will 

give: 

0.0427 torr x 1 atm  
[0 ] -   x 1 li  x 1  
3 V RT atm-li  0.082  1000 cm3 293°K 

mole-°K 

x 6.02x1023 molecules mole 

.41x1015 molecules  = 1 [03]low pressure 3 cm 

and at high pressure of 1.6 torr: 

= 5.3x1016 molecules  [03]high pressure 3 cm 

10 

X 
= 2.93x106-/sec 
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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): 

0 
(NO2 - NO2)ave 11 = 1.32x10 x 5 6 1 41x10 - 9.3x109 molecules  3 2.0 x 10 cm 

(b) At high pressure (1.5 torr): 

(Ni? - NOS} = x ) = 1 6 5.3x1016  
2 

_ 3.5xioll molecules  2 ave 2.0x1011 cm3  

These values compared to the value obtained in the gain calcu- 

lation which was equal to: 

0 
(NO2 - NO ) = 3.33x1011 molecules  2 3 gain = 1.0 cm 

° showed that at low pressures, (NO '2 - N0 2) avg is less than 

(NO2 - NO2)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: 

photons  
sec 

. high pressure  
- [NO2 - NO2] [NO2- NO

2
] 2 ave gain = 1.0 

= 3.5x1011 - 3.33x1011 

= 1.7x101° photons  sec 

This converted into power where the energy in erg per 

photon was calculated as follows: 
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photon = hv v = 9.375x1013-/sec 

and h = 6.62x10-27erg-sec (Planck's constant) so, 

one photon = 6.62x10-27 x 9.-375x1013 

= 6.2x10-13 erg 

The power before hitting the detector: 

Power = 1.7x1010 photons x 6.2x10
-13  erg  

sec photon 
joule 1 

10 ergs 

x 1 watt  1 joule 
sec 

Power = 1.05x10-9 watt 

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 105. 

The output mirror was only 2.4% transmission. All of this, 

when taken into consideration, will give a voltage signal on 

the oscilloscope of: 

Voltage signal = 1.05x109watt x 0.45 x 0.96 x .024 

5 321 volt 103  mV  x 10 x watt 1 volt 

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(o)TNG 

where TN = no. of transversals = 224.6 

G = gain factor for 1 transversal using same variables 

as before: 

= 111R2 exp (-2SL)exp(2L(c2/47v21)((ln2 )/7)1/2  (q02- 

0 
NO2)ave/Av] 

Substituting the values of the variables, we obtained, 

T G = 1.06 

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

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

k 0 
NO2 

18  
 NO2 + hv 

k f140 so dt 1B 2 

hv = k1B 2 UNA - [NO2] 27 
sprig 

and 

d (hv) _ 
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where I -N4lorig was the original concentration of NO1 before 

photon emission and [NOl]t was the concentration of NO2 after 

a time t. k1B was equal to 230 sec
-1. The [NA -ori was 

2.36x106 molecules/cm3, which was the average NO1 at reaction 

time of 4.25 m sec and reaction distance of 2.68 cm. Consider-

ing spontaneous emission, only: 

[N°14 ENC43orig exP
-klBt 28 

Ref. [35]. Substituting the values of [N01] orig  kni  and 

t(0.002 sec) in equation (28): 

[NO2]= 1.49x106 molecules/cm3. 2 

Now we can calculate for hv by substituting all the variables 

in equation (27): 

hv = 230[2.36x106 - 1.49x106] 

= 2.0x108  photons 

cm3 - sec 

This was the calculated intensity of the radiation pro- 

duced by the reaction, per 4Ir 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 7.2 47  - 

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

calculated as: 
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5.64 cm2 = 0.403 steradians 
(3.74 cm)2 

where 

Al = cross sectional area of the mirro 

ri = the distance from the center of the resonant cavity 

to the mirror. 

The solid angle of the 97.6% reflectance mirror, 522, was 

calculated as: 

0 - Al Ahole 5.64 cm2 - 0.025 cm2  - 0.401 steradians 2  r1 r21 (3.74 cm)2 

The sum of the solid angles c21 and 522  is equal to 0.403 

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

culated as 

_ 
Asphere  

spherical r2 1 

47r1 

r2 1 

= 4ff steradians 

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

lasing was 

1 + n2 0.801  - 0.064 
spherical 4ir  

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

So the total energy in erg's: 

E = 6.2x10-13  erg  x 2.0x108  photon  x 22.3 cm3 - 2.8x10-3 erg  photon 3 sec cm- sec 



Voltage signal = I(z) x (flat mirror transmission) x 1 joule 

1x107 ergs 
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The power will be: 

Power = 2.8x10-3 eec
g   x (Gain) x f = 2.8x10 x 1.06 x 0.064 s 

Power = 1.9x10-4 erg  

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 

amplifies the signal by a factor of 105 and its spectral re-

sponse was 321 volt/watt. The final voltage signal in milli-

volt then was: 

sec 

1 watt  x x 0.45 x 0.96 x 105 volt x 321  x 103  mV  joule watt 1 1 volt s 

4 erg 1 joule 1 watt  = 1.9x10-  x 0.024 x x 0.45 x 0.96 sec 1x107 ergs 1 joule  sec 

x 105 x 321 volt  x 103  mV watt 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, 

first, for optimal reflection and minimal loss assumed over 

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 permit 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 NO2, 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. 

max). However, increasing the NO concentration also brought 

adverse effects due to increased relaxation rates so that the 

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 NO2) 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 
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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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FIGURE 17. Schematic Diagram of the °Third Generation Laser Tube 



V. CONCLUSION 

The design of a purely chemical laser based on the reac- 

tion of NO + 03 + Nt? + 02 in the vapor phase to produce, 2 

instantaneously, and as a principal product vibrationally 

excited species NO1 has been attempted. This NO1 relaxes 

through collisions and IR emission (3.2 - 3.6 pm). It was 

attempted in this study to bring about stimulated emission of 

the excited NC/ species thereby inventing a new, purely chemi- 

cal

2 

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, NO2. 

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 lasing could be 

achieved in this reactor tube. The modified laser tube, which 

had a shorter reaction distance and time compared 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 lasing 

action which were not reproducible and inconclusive. Calcula-

tions of possible power output showed the lasing intensity was 

projected as being below our detection limit. 

98 



99 

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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SJOB MALALIS 
1 IMPLICIT REAL (A-Z) 
2 REAL*8 N0200,NO2M002E,NO2L 03 

C-CONRADO MALALIS KINETICS KEN-7 
-7% 

:C DATA AND CONDITIONS' 
K=1 61E...14 

a  
5 
6 

K2=.1t..15 
K3=2.57E..13 
K4=1.8E...12 

7 K5=5.0E...1 , 
8  K6=258 
9 K7=1.8E...15 

. t  

10 05=2.0E11 
11 AR=6.0E16 
12 DELT=2.0E4 
Is 75 RtA0(5,110) NO 
14 NO2E=0.0 
15 NO2L=0.0 
16 02=u,0 
17 NO2=0.0 

2414.2015 R000 VS/9 REMOTE BATCH MONITORING I 
18 T=0.0  
19 IF(NO.LT.1.0)G0 TO 998 
20 7 WRITE (6,95) 
21 10 -NO2M=K1*0-5*NO*DELT_ 
22 NO2L=NO2E*(K2*02+K3*03+KI*NO+K5*NO2+K6+1(7*AR)*DELT: 

-23 NO2ENO2M...N021.+NO2E . 

24 T=T+DELT 
C UPDATE CONCENTRATIONS 

25 02=02+NO2M 
26 03=03..NO2M 
27 
28 
29 
30 IF(T.GT.0.04) GO TO 75 
31 IF(NO2E.GT.1.0046)G0 TO 75 
32 IF(NO2E.LT.1.0)G0 TO 75 
33 GO TO 1O  
34 9 '.FORMAT(4 11,5W NO2E ',7X,'TIME ',8X,' NO ',10X,'

.
030  

610X,' NO2G 
35 100 FORMAT(014.6,E14.6,3014.6) 
36 110 FORMAT(D14.6)  
37- 998- STOP - .__ 
38, END 

SENTRY 
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NO=NO•NQ2M 
NO2=NO2+NO2L. 
WRITE(6,100) NO2E,TeN0,03,NO2 



0.4200140 07 
'0.4220590 07 
f,'0.4239560 07 
0.4257170 07 
0.4273520 07 
0.4288690 07 
0.4302/80 01 

07 
07 
07 
07 

0,7399-99t-0 0,4999881) 12 00949880 12 0;7413370 07 
0.759999E!.02 0,4999880 12 0.1999880 12 0.8044900 07 
0'.779999E.02 0,4999870 12 0.1999870 12 0.0317900 0 
0.09999E-02 0,4999870 12 0.1999870 12 0.8622260 
0.819999E-02 0.499987D 12 0.1999870 12 0.8927880 67 
0.839999E-02 0.4999860 12 0.1999860 12 0,923468D 0 
0.(359µ99E-02 0.4999860.12 0,19998611 12 0.954,2 

07 '11.4315.850 0,879999E•.02 0.4999860 12 0.1999860 12 0.9851460 0 

07 
07 

0.4368400 0.974999E-02 
0.4376750 '0,999999E-02 

07 
07 

0.439839D 0.106000E-01 
0.4404590 0.108000E-01 

07 0,4304510 0.102000E-01 
07 0.4391710 0.104000E-01 

0.4327980 0,899999E702 0-.4999860 12 0.1999860 12 0.1016130 08 
0.4339240 0919999E-02 0,4999856 12 0,1-9-998513 12 0.10472-00 oir 
0.434969D 0.939999E-02 0,499985D 12 0.1999850 12 0.107835D 08 
0.435939D 0.959999E,02_ 0.4999850-1-2-0,1q998-50-1-2-4.11-09586-08 - 

0.199-98 99840 12 
0.4999840 12 0.1999840 12 
0.4999840 12 0k*999840 12 
-0.4999830 12 0.1999830 12 
0.4999830 12 0.1999830 12 
0,499983D 12 0.1999830 12 

9820 12 

0.1140(180 08 
0.1172240 071 
0.1203660 08 
0.1235130 
0.1266660 08, 
0.1298240 08 
0.132913-6Q 
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NO2E TIME NO 030 NO2G 

0,400000E0 0,4999990 12 '-0.1999990 12 0.2311650 05 
0,6000.00E.03 0.4999990 12 0.1999990 120,6768900 054  
0.800000E03 - b.4999990 12 0.1999990 12 0.1321800 06 
0.999999E-03 0,4999980 12 0.1999980 12 .0.2151560 06 
0.120000E-02 0.4999980 12 0.1999980 12 0.3152920 06 
0.140000E-02 0.4999900 12 0.1999980 12 0.4313550 ob 

0.2013786-07 0.160000E•02 0.499997D A 12 ' 0 1999970:2 0.5622020 06, 
0.2191200 07 0.180000E-02 0,4999970 12 0.199997012  0.7067720 06: 
0.2355-89D 07 -0.200000E-02 0,4 1.79471) ie 0.1999970 12 1).8640790 
0.2508750 07 0.220000E-02 0.4999960 12 0.1999960 12 0.1033210 07.  
0.2650640 07 0,240000E-02 0.4999960 12 0.1999960 12 0.1213310 07/ 
U.-270234D 07 04269000E-02 0.4999966 12 0.1999960 12H  0.1403600 v 

A  0.2904590 07 0,280000E-02 0.4999950'12:-  0.19999602 0.1603350 07i 
0.3018060 07 0,300000E-02 0,499995 ` 12:, 0,1999950'12 01811870 07'  
0,3123380 07 0.320000E-02 0,4999950 12 0.1999950 12 0.2028540 0i 
0.3221140 07 0.340000E-02 0.4999950 12 0.1999950 12 0.2252760 07 
0.3311880 07 0.360000E-02 0.4999940 12 _0.1999940-t2- -0.2484010 07- 
;0.339610D 07 0,380000E-02 499994D 12 0,1999940 12 0.21211 70 of 
0.3474280 07 0.400000E-02 0,499994012 0.1999944 12 0,2465580 0 
0.3546850 07 0.420000E,02 0.4999930 12 0.1999930 12 0.3215000 07 

2-  0.3614200 07 76.440000E-0 0.4999930 12 0.1917993D 12 0,3469630 07 
0.3676720 07 0.460000E-02 0.4999930 12 0.1999930 12 0.372909.0 07 
,0.3734750 07 0.480000E-02 0.4999920 12 0,1999920 12 0.3993050 07 
0.3 
0.3838610 07 ,519999E oa 0.4999920 12 0.1999920 12 0.4533150 oT 
0.3885020 07 9.53999'4E-ro 0.4999910 12 0.1999910_ 12  0.4808730 07;  
0.3928090 07 0.51,9999E-=0-2 0:499991D iZ 0,1999910 12 0.5087651) 0/, 
0.396807D;:07 0.579999E-02 0.4999910 12 0.1999910 12 0.5369630 07; 
0.400.5180 07 0.599999E-02 0,4999900 12 0.1999900 12 0.565450D:07 
0,4039650 Di. 0,b1.99/39E!-07-  0,4999900 12 0.1999901) 12 0.5942030 0/ 
0.4071600 07 0.639999E02 0.4999900 12 0.19999.00 12 0.6232040 07: 
4.4101280 07 0.659999E-02 0.499989012 t0999890 12 0.6524340 07,  
0.41e88e0 07 0.679999E-02 0,4999890 12 0.1999890 12 0.68187/0 071 
0.4154390 07 0.699999E-02 0.4999890 12 0.1999890 12 0.7115180 07 
0.4178120 07 0.719999&02 0.4999880 12 0.1999880 12 0.7413430 07 

0;322000D 06 0.200000E-030,500000 ,12 0.2000000 12 0,000000 oq 
0.6208830 06 
0.8983080;06 
0.1T5b0eD 07 
0.1394840 07 
0.1616700 07 

0ee-630 07  

-....max: 



103 

0.4415680 07 0.112000E-01 0.499982D 12 0.1999820 12 0.13(7-.. 
0.442064D 07 0.114000E.41 0.4921820 12 0.1999820 12 0.135 
0.4425240 07 0.116000E•01 0.4994-8TU 12 0.1999810 12 0.142 
-0;4429510 07 0.118000E•01 0.4499810 1? -0.149980 12 0.145 
0.4433470 07 0.120000E...01 0.4999810 12 0.1999810 12 0.148 f. 
0.4437140 07 0.122000E•01 0.4999800 12 0.1999800 12 0.152 
0.4440560 01 0.124000E...01 0.499980D 12 0.1999800 12 0.15540 
0.4443720 07 0.126000E•01 0.4999800 12 0.1999800 12 0.158-80 
0.444666D 07 0.128000E•01 0.4999790 12 0.1999790 12 0.1614A40 
0.4449390 07 0.150000E741 0.4999790 12 0.199979D 12 0.164 
0.4451920 07 0.132000E-01 0.4999790 12 041999710 12 - 0.1671-;!i0' 
0.4454270 07 0.134000E•01 0.4999780 12 0.1999780 12 0•1710P,P' 
0.4456446 07 D.136000E.41 0.4999780 12 0.1999780 12 0,17411 6 
0.445846D 07 0.138000E•01 0.4999780 12 0.1999780 12 0.177tP 
0.4460340 07 0.140000E•01 0.4999770 12 0.1999770 12 0.1807 At; 
0.4462080 07 0.142000E-0/ 0,4999770 12 0.1999770 12 0.1834-t,+.`  
0.446370D 07 0.144000E...01 0.4999770 12 0.1999770 12 0.1871 Kt,  
0.4465190 07 0.146000E.41 0,4999760 12 0.1999770 12 0.1903.

, 
 4(1 

0.4466580 or 0.148000E...01 0.4999760 12 0.1999760 12 0.193 . :6Ct 
0.446787D 07 0.150000E-41 0.499976D 12 0.1999760 12 0.1968180 
0.446907D 07 0.152000E-41 0.499976D 12 0.199976D 12 0.2000i &r, 
0.4470180 .07 0.154000E.41 6,4999750 12 0.19/1750 12 6.2032 .' -f;• 
(:).4471210 07 0.156000E...01 0.4999750 12 0.1999750 12 0,2064 
0.4472160 07 0.158000E...01 0.4999750 12 0.1999750 12 0.2096 
0.447305D 07 0.160000E-01 0.499974D 12 0.1999740 12 0.2128 
0.4473870 07 0.162000E-01 0.4999740 12 0.1999740 12 0.216054 
0:4474630 07 0.164000E...01 0.4999740 12 0.199974D 12 0.21927 f. 0 
0.4475330 07 0.166000E•01 0.4999730 12 0.1999730 12 0.222481:-P 
0.447599D 07 0.168000E...01 0,4999730 12 0.1999730 12 0,22569i 81 

'0.4476590 07 0.170000E•01 0.4999730 12 0.1999730 12 0,22890'4011 
0.447716D 07 0.172000E...01 0.4999720 12 0.1999720 12 0.23212,8 
0.447768D 07 0.174000E-01 0.4999720 12 0.199972D 12 0.235331 -6 
0.4478160 07 0.176000E...01 0.4999720 12 0.1999720 12 0.23855V,I 
0.4478610 07 0.178000E4.01 0.499971D 12 0.1999710 12 0.2417W4 
0.4479020 07' 0.180000E441 0.4999710 12 0.1999710 12 -0.244981' 
0.4479410 07 0.182000E•01 0.4999710 -12 6.1999710 12 0.248190,  
0.447976D 07 0.184000E-01 0.4999700 12 0.1999700 12 0.25141;k0 
0.448009D 07 0.186000E-01 0.4999700 12 0.199970D 12 0.254628:- 
0.4480400 07 0.188000E-01 0.4999700 12 0.1999700 12 0.257844ir 
0.4480680 07 0.190000E-01 0,499969D 12 0.1999690 12 0.2610(4,1 
0.4480940 0/ 0.192000E...01 0.4999690 12 0.199969D 12 0.264277, 
0.448119D 07 'D.194000E-01 0.4999690 12 0.1999690 12 0.2674,W 
0.448141D 07 0.196000E-01 0,4999680 12 0.199968D 12 0.2707110,, 
0.4481620 07 0.198000E-01 0.499968D 12 0.1999680 12 0.273929r 
0.448181D 07 0.200000E-01 0.4999680 12 0.199968D 12 0.277146k 
A).4481990 07 0.202000E-01 0.4999670 12 0.199967D 12 0.280363C 

'4-0.4482150 07 :0.204000E...01'. 0,4999670 12 0.1999670 12' 0,283581( 
-0.4482300 07 0.206000E...01 0.4199670 12: 0.1999670 12 0.286799e' 
0.448240 07 0.208000E.41 0.499967D 12 0.1999670 12 0.290017er 
0.4482570 07 0.210000E-01 0.4999660 12 0.199966D_12 -0.29-3235t  
0.4482690 07 0.212000E-01--0.499966b 12 0.1999660 12 0.2964530' 
0:4482'80D 07 0.214000E-01 "0.4999660 12 0.1999660 12 0.2996710 
0.4482900 07 0.216000E.-01 .0.499965D 12 0.199965D 12 0.3028890p,  
.0'.4482990 07 0.218004E...01 - 0.4999650 12 0.1999650'12 0.3061070 
0.448308D 07 0.220000E-01 0.499965D 12 0.199965D 12 0.3093260 h 
0.4483160 07 0.222000E-01 0.4999640 12 0.199964D 12 0.312544Dr 
0.4483230 07 0.224000E-01 0.4999640 12 0.199964D 12 0.3157630 r 
(:).4483300 07 0.226000E-01 0,4999640 12 0.1999640 12 0.3189810 
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