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ABSTRACT 

The Effect of Atomic Oxygen on the 
Vibrational Relaxation of Molecular Oxygen 

Richard Byron Quy 

The vibrational relaxation of oxygen in the presence of 

oxygen atoms has been studied in shock waves over the range 

of 1000° to 3400°K. The experimental section of a shock tube 

doubled as part of a discharge flow system in which O atoms 

were generated by O2 dissociation in a radio frequency dis¬ 

charge. Concentrations of 0 atoms were measured by monitoring 

the air afterglow produced in the reaction of NO with 0 atom, 

and relaxation of the oxygen was followed densitoiuetrically 

with a laser schlieren technique. 

Experimentation showed that relaxation data obtained in 

the flowing system agrees with those obtained in static 

systems, and that the presence of small quantities of oxygen 

atoms markedly reduces oxygen relaxation times. Analysis of 

the data produces the simple expression P'Toi-f) - (2.48 + 0.19) 

X 10“ 8 - (2.18+8.34) X 10“13 T (atm-sec.) for the relaxa¬ 

tion time of oxygen dilute in an atmosphere of oxygen atom. 

It is concluded that the reduction of relaxation time 
% 

is related to a strong chemical effect in the system. 

Correlation of these results with published work appears to 

favor an atom exchange mechanism over a mere atom-molecule 

interaction although this study is not extensive enough to 

be unambiguous in this respect. 
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THE EFFECT OF ATOMIC OXYGEN ON THE 
VIBRATIONAL RELAXATION OF MOLECULAR OXYGEN 

INTRODUCTION 

Vibrational relaxation refers to the transfer of 

translational energy into energy of molecular vibration. 

This transfer of energy is brought about by collisions, and 

therefore, the rate of vibrational relaxation is propor¬ 

tional to the number of collisions per second and to the 

probability that any one collision will produce a change 

in the vibrational energy of a molecule. For a change in 

state from the ground to the first vibrational level, 

Schwartz-Slawsky-Herzfeld theory^- predicts the inverse of 

this probability to be 

1/P01 = Z01 = A(T)
1/6exp[(C/T)1/3] (1) 

where P is the probability, is the average number of 

ineffective collisions for each effective collision, T is 

the temperature, and A and C are constants which depend on 

particle masses, the collision interaction potential, and 

the vibrational frequency of the molecule. The vibrational 

relaxation rate increases as the vibrational frequency and 

the mass of the collision partners decrease, and as the 

steepness of the exponential interaction potential 

increases. The dependence on temperature indicates that 

the rate is a function of the energy of the collision 

along the line of centers. 
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In a typical relaxation experiment, the gas starts in 

an initial equilibrium distribution of molecules over 

their vibration states. Then, a state variable of the 

system is suddenly changed (T, P, and p are changed behind 

a shock wave), and the system relaxes to a new vibrational 

state distribution that is characteristic of the new 

conditions. To attain this new distribution, molecules 

change their vibrational sixite by collision, at a rate 

which is governed by the probabilities, P^, etc., and 

the pressure (which is proportional to the number of 

collisions per second). It has been shown that the new 

equilibrium condition is approached exponentially and that 

the exponential time constant T characterizing the 

approach is proportional to PQ^ and inversely proportional 

to pressure.^ Thus in a typical relaxation experiment, PQ-, 

is not measured directly, but is estimated from the mea¬ 

sured "Napier" time (Pr) which is proportional to it. 

From equation (1) , .it can be seen that 

In(PT) = A' + C'T-1/3 (2) 

where A' is approximately constant (but includes the term 

1/6 In T which does not change significantly between 1000 

and 4000°K). Thus the S.S.H. theory predicts a linear 

relationship between ln(Pr) and T”^/^. 

The shock tube is well suited to the study of 

vibrational relaxation. The energy of the shock wave is 

initially absorbed into the translational energy modes of 
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a molecule and is then transferred into other modes 

through collisions at rates characteristic of the gas 

studied and the pressure. Figure (1) shows the change 

with time in the state variables describing the gas upon 

passage of the shock wave. 

In the pre-shock region (1) at room temperature, 

molecules exist in low rotational states and the ground 

vibrational state. Behind the shock front at Point (3) 

molecules rapidly reach a high temperature rotational and 

translational equilibrium. However, the energy transfer 

rate into vibrational modes is much slower, and for many 

small molecules, attainment of a high temperature equili¬ 

brium distribution among vibrational states occurs on a 

time scale that can be measured in a shock tube (1 - 5|isec) 

This slower vibrational relaxation rate is represented by 

the curved portion of the lines in the relaxation zone 

between point (3) and point (2). As energy passes from 

translation and rotation to vibration, the kinetic energy, 

and thus the temperature, decreases. The pressure remains 

constant, and thus the density must increase as shown. 

* This density change can be followed in the lab using a 

laser schlieren technique. 

Millikan and White have summarized a large body of 

vibrational relaxation data which is displayed in figure 

(2), and have deduced an empirical equation that fits 

most of the data: 



Figure (1) State Variable Behavior Behind Shock Wave 

(1) Preshock region 

(3) Shock Front (translational and rotational equilibrium) 
(2) Vibrational Equilibrium • 
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T*K 

Figure (2) Common-origin plot of vibrational 
relaxation times 
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ln(PT) = -18.42 + (1.16 X 10"
3
)p
1/:2

e
4/3

(T“;L/3- 0.015u1/4) 

where 4 is reduced mass and 6 is the characteristic temp¬ 

erature of the oscillation (hv/k). This equation bears 

some resemblance to the S.S.H. equation which also fits 

the data reasonably well. 

Unfortunately, these data and equations refer only to 

vibrational excitation from the ground state to the first 

vibrational state by collisions with non-reactive molecules. 

It seems obvious, however, that collisions between reactive 

species, characterized by a potential well in the inter¬ 

action potential, should involve vibrational transition 

probabilities unlike those for non-reactive collisions. 

This point is illustrated by experiments of Hurle et. al.4»5 

in which 10-1000 fold discrepencies in measurements of 

vibrational relaxation times for CO made using a conven¬ 

tional shock tube and an expansion flow apparatus were 

observed. Bauer offers the explanation that exchange 

reactions involving reactive atoms present in the expansion 

flow environment may significantly increase the rate of 

vibrational relaxation. 

The O2/O system is one where this chemical effect is 

evident. This system is convenient for investigation in 

that it is readily reproduced and is simple enough to be 

unambiguous. Kiefer and Lutz^ experimented with it by 

creating 0 atoms and C>2 molecules in a shock tube through 

this decomposition of ozone: 

(3) 
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°3 + M — O + o2 + M (4) 

Their method produces only two species in the system and 

would be ideal except for these reasons: 1) a second 

reaction is significant which progresses to an uncertain 

extent: 

where O2* is vibrationally excited oxygen, and 2) experi¬ 

ments can only be performed at temperatures where reaction 

(4) is complete on a time scale that is short compared to 

that of vibrational relaxation of the Accuracy of 

their results is limited, therefore, by a lack of knowledge 

of the exact atom concentration and by evidence that 

reaction (5) may produce appreciable molecular C>2 in 

higher vibrational states prior to vibrational relaxation.^ 

Their work has shown, however, that a small amount of 

atomic oxygen (1%) does significantly increase the rate of 

vibrational relaxation of molecular oxygen, possibly 

through some chemical mechanism. 

In this study, 0 atoms were prepared within the shock 

tube by passing C>2 through a radio frequency discharge, 

and exact atom concentrations were measured using NC^-O 

titrations. 

Measurements of the vibrational relaxation times 

were made using a narrow-beam quantitative laser schlieren 

technique devised and described in detail by Kiefer and 

2 9 
Lutz ' . In this technique, a small diameter beam from a 

o + o3 (5) 
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o 
6328 A helium-neon laser passes perpendicularly through the 

shock tube and is directed onto a knife edge a few meters 

away. Deflection of the beam due to density gradients 

within the shock tube is measured as a change in light 

intensity incident upon a photomultiplier placed behind the 

knife edge and is recorded on a photograph of the oscil¬ 

loscope trace of the photomultiplier output. Using this 

system, a density change of 5 Y. 10”^g/liter-mm is detect¬ 

able in Argon, and it is possible to follow laboratory 

relaxation times as short as 0.2 (asec. 

The laser schlieren system uses the fact that the 

defection of a single ray of the beam is given by 

D(x,t) = RLW d,o (x, t) /dx (6) • 

where R is the specific refractivity of the test gas, L is 

the distance from the tube to the knife edge, W is the 

internal diameter of the shock tube, and dj°/dx is the 

density gradient function, x is an axial coordinate fixed 

in the shock tube, increasing toward the diaphragm from its 

origin at the center of the beam (see figure (3)). 

Unfortunately, the laser output does not consist of a 

single ray, but is instead a beam of light having a 

Gaussian spacial distribution [I = exp(-ax^)] along the 

defined x axis. Assuming the entire beam to be deflected 

across the knife edge as a \mit, the change in photomulti¬ 

plier output, AV, is related to the deflection D of any 

ray of the beam by the equation 
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Figure (3) Deflection of the Laser Bean 

D(x,t) = RLW dp(x,t)/dx 
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AV/VQ = -(D/JZo)[1-(D
2/3a2) + ...] (7) 

where AV/V is the fractional change in signal and a is 

the standard deviation of the Gaussian distribution at the 

knife edge. For a 15% deflection, the nonlinear term is 

only 2.2 X 10 ; and as long as the deflection is less than 

15%, (as in all experiments in this study) the deflection 

detector is linear to about 2%. Under these conditions 

V/Vo= (RLW/o^r) dyo/dx. (8) 

This formula is derived by Kiefer and Lutz, who discuss the 

2 
assumptions more thoroughly. 

Figure (4) shows an example of a schlieren record of 

a shock in pure Argon. The entire signal represents the 

passage of the shock front through the beam. The pulse is 

symmetric and returns completely to the baseline. This 

shows that shocks are being formed correctly and that there 

is nothing directly behind the shock front to invalidate 

or complicate the measurement of the density gradients 

which occur due to vibrational relaxation in a diatomic gas 

Figure (5) shows an example of the schlieren record 

of a shock in pure The sharp spike at the left, for 

* which the maximum is off scale, indicates the passage of 

the shock front through the laser beam. After the shock 

front has left the beam (indicated by a distinct break in 

the downward slope of the spike) the amplitude of the 

subsequent modulation (h = |AV/V0I) is proportional to the 

density gradient in the relaxation zone, and the slow fall 

after the spike is due to vibrational relaxation. 
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Figure (4) Oscillogram of a shock in Ar 
Horizontal scale: 0.2 Msec/cm 
Vertical scale: 50 mv/cm 

Figure (5) Oscillogram of a shock in 0^ 
Horizontal scale: 0.5ju,sec/'cm 
Vertical scale: 2 mv/cm 
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EXPERIMENTAL 

The apparatus used is called a discharge flow shock 

tube (DFST) which has been developed to investigate more 

completely the coupling of energy transfer and chemical 

reaction. It differs from the conventional shock tube in 

that experimental gases are pumped along the experimental 

section at a constant rate through a radio frequency dis¬ 

charge to create atoms from dissociated parent molecules. 

The vibrational relaxation is followed by a quantitative 

laser schlieren technique patterned after the one developed 

by Kiefer and Lutz. 

The shock tube used in this study was originally 

constructed by Dr. J. E. Breen and is fully described in 

his thesis.'*'® The basic structure was unchanged, but 

several modifications and additions were made. In 

Appendix A, figure (A-l) is a schematic diagram of the 

entire tube and associated equipment, and figures (A-2) 

through (A-5) are more detailed diagrams of each shock 

tube section. 

The tube consists of five‘basic components: 1) a 

high pressure driver section; 2) a diaphragm section 

utilizing aluminum foil diaphragms and a metal piercing 

plunger; 3) a 1 1/2 inch i.d. experimental section con¬ 

sisting of a pyrex glass pipe section and a stainless steel 

observation section; 4) a large end tank section including 

a 2 inch diffusion pump and a 1000 liter per minute 
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mechanical pump; and 5) a vacuum flow system used to 

introduce experimental gases and to measure flow rates. 

The tube was mounted on adjustable metal supports which 

aided in alignment, leveling, and stabilization. 

\ The diaphragm section had a constant inner diameter 

of 1 1/2 inches except for a 4 3/4 inch length running 

upstream from the diaphragm. This length had been milled 

to 1 5/8 inches in diameter so that a piercing plunger 

with a 1 1/2 inch i.d. could be inserted. This removed all 

but the piercing blades from the 1 1/2 inch cross section of 

entire tube when the diaphragm was opened, thus allowing a 

smoother driver gas expansion, and it restricted the move¬ 

ment of the plunger to the 1 5/8 inch milled length. It 

was found that under the conditions used in these experi¬ 

ments the advantages associated with a converging-diverging 

diaphragm section recommended by Alpher and White^ were 

not necessary to achieve good shock results. 

The pyrex section consisted of a six foot length of 

Curtin "Double Tough" Pyrex Pipe followed by a 2-foot 

length and joined together with a Teflon coated brass flange 

containing three inlet ports. The ports, which connected 

through 1/4 inch copper tubing to the vacuum line, were 

used to introduce titrant gases for atom concentration 

determinations. 

The stainless steel observation section was a three 

foot piece of stainless steel pipe whose inside surface 
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was coated with teflon. Beginning 9 inches from the up¬ 

stream end on opposite sides of the pipe were cut two 11 

X 1/4 inch slits which were covered with optical quality 

plate glass. These windows accommodated the laser schlieren 

and O-atom detectors. 

Molecular dissociation was achieved using a radio 

frequency excitation system installed along a 6 foot pyrex 

section. The source was a Tracerlab RFG 300 RF generator 

having a variable power output of 0-300 watts at a frequency 

of 13.56 MHz. It was used in conjunction with a Tracerlab 

PA 301 Plasma activator whose output electrodes led to the 

ends of a coil encircling the shock tube 17 inches upstream 

from the flange. The coil was made by wrapping 1/4 inch 

copper tubing around the pyrex pipe to a length of 4 inches 

involving five turns. The radius of the coil was one inch. 

The inductance of the coil (restricted to 3|iH or less for 

proper performance) was determined by: 

L = (R2 X N2)/(9R + 10B) (9) 

where R is coil radius and B is coil length, both in inches, 

and N is number of turns. The location of the coil was 

• chosen to place it as close to the detection systems as 

possible without directly interfering with them. This was 

done in order to minimize loss of 0 atoms through recombi¬ 

nation reactions while passing from the discharge to the 

detection stations. 

Shock velocities were measured with a velocity laser 
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schlieren apparatus previously described by Breen.^ 

However, the time elapsed during the passage of the shock 

front between laser stations was recorded by means of a 

digital counting system, which replaced the raster oscil¬ 

loscope that had been used previously. The beam from a 

Metrologic Instruments Model 360 laser was split into 4 

beams passing perpendicularly through the shock tube. The 

4 laser stations were located near the junction of the pyrex 

and stainless steel portions of the experimental section. 

Three were placed along the 2-foot pyrex pipe approximately 

10 cm. apart. The fourth was located within one inch of the 

beginning of the plate glass window of the stainless steel 

section. The laser beams were focused by means of the 2 

to 1 telescopes onto knife edges placed in front of RCA 

1P28 Photomultiplier tubes located 4 1/2 meters away. 

Output from the photomulitpliers utilizing gating circuitry 

shown in figure (6) fed into Nixie Readout Digital Counting 

Units (DCU). A crystal pulsing circuit provided a 1 MHz 

count. 

Deflection of the first laser beam with the passing of 

a shock front created an output pulse from the first photo- 
% 

multiplier which closed the circuit from the 1 MHz pulser 

to three DCU's beginning the counting sequence. Arrival of 

the same front at each of the other three stations initiated 

a pulse that stopped the counting of each of the DCU's in 

order. This sequence provided three separate measurements 
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Figure (6) Digital Counting Unit Gating Circuit 
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of the shock velocity. Variation among the three measure¬ 

ments was rarely greater than 0.5% and was usually nil. 

This was taken as a positive indication that the shock wave 

was being formed properly. 

The quantitative laser .schlieren system used in this 

study was described by Myers and Bartle^ and was a modifi¬ 

cation of Kiefer and Lutz's system. The laser used was a 

Metrologic Instruments Model 420 He-Ne gas laser. The 

beam passed perpendicularly through the plate glass windows 

of the stainless steel section 24 cm from the leading edge 

of the windows and had an effective diameter within the tube 

of 0.8 mm diverging to a diameter of 2.8 mm at a detection 

station 4.2 m away. There it fell upon the apex of a right 

angle prism with silvered faces. It was split into two 

halves which were directed onto two head-on type red 

sensitive photomultiplier tubes (RCA C7151W) and the 

difference in output signals was recorded on an oscillogram 

using a Tektronix type 535 A Oscilloscope equipped with a 

Type W differential plug-in unit, and Tektronix Model C27 

oscilloscope camera. The prism was mounted on a sliding 

* tray and could be moved across the beam until the two beam 

portions gave equal absolute signals at each photomultiplier. 

This method doubled the sensitivity upon deflection and 

reduced noise in the laser beam by cancellation. Minimum 

electronic signal to noise of 1000 to 1 was thereby 

attained from the laser beam. However, there was some extra 
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noise generated by density fluctuations behind the shock 

wave. Also, there was some high frequency pickup from the 

RF generator, but this was reduced by placing a grounded 

aluminum foil shield around the discharge region of the 

shock tube. 

Two experiments were conducted to assure the proper 

performance of the deflection detector system. The first 

was a test of the power distribution of the laser beam. 

Using a rotating front surface mirror, the beam was swept 

across a 2 mm slit placed in front of the RCA C7151W tube 

and the output was displayed on the oscilloscope. A 

Gaussian shaped curve was observed as expected. 

In the second experiment, the electronic arrangement 

of the photomultiplier tubes which gave maximum sensitivity 

without distortion was determined. At maximum sensitivity 

(using 10 dynodes) the photomultipliers were being satura¬ 

ted by the laser beam. Lack of saturation was obtained by 

reducing the number of stages and the cathode voltage until 

the output signal gave a linear response when 0.5 and 0.25 

neutral density filters were placed in the beam path. For 

* maximum linear response, output was taken from the fourth 

dynode of the photomultiplier and -400 dc volts were 

applied to the cathode. Within this arrangement the 

current for the fourth dynode (with the laser on) was 

measured as 4 X 10”^ amp. The voltage measured on the 

oscilloscope then depended on the size of the resistor from 
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the fourth dynode to ground. This resistor was maximized 

at 510/1 by increasing the resistance until a distortion 

appeared in the oscillogram of shocks in Argon which was 

not observed at lower resistances. This distortion (a 

lengthening of the trailing edge) was due to the CR circuit 

formed for the dropping resistor and the cable capacities 

to ground. 

A vacuum ultraviolet atomic resonance absorption 

system will eventually be used to measure atom concentrations, 

but for this work 0 atom concentrations were determined 

through intensity measurements of light produced in the 

chemiluminescent reaction 

O + NO —N02* —N02 + hv (10) 

The chemilunimescence was detected by an RCA IP28 9- 

stage photomultiplier tube and a Keithley Instruments 150 

A microvoltammeter. The detection station was placed at the 

stainless steel observation section 10 cm upstream from 

the quantative laser schlieren station, 1 meter from the 

flange, and 1.45 m from the discharge. The photomultiplier 

tube was placed in a light tight box in which a vertical 

slit 9 X 23 mm was cut opposite the tube face. Over the 

slit was placed a 10 cm (24 mm i.d.) metal tube whose 

inside surface was coated with flat black spray paint. 

The open end of the tube was placed against the plate 

glass window, and the juntion as well as both windows were 

covered with black paper to a length of 9 cm on either 
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side. This insured that only light produced in the shock 

tube was seen by the photomultiplier. Output from the 

system (monitered with the voltmeter) was on the order of 

2-30 mv. Background readings were about 0.5 mv. 

^ The reaction between NO and 0 is known to produce a 

greenish-yellow air afterglow. It has been shown that this 

phenomenon can be utilized very effectively as a quantitative 

13 test for 0 atoms. The emitted light intensity, I, is 

given by 

I = k[0][NO] (11) 

and is independent of the amount or nature of other gases 

present. If the value of k is known for the detection 

apparatus described above, the measurement of light 

intensity upon addition of a small known quantity of NO 

at the flange inlet ports is sufficient to determine the 

0 atom concentration in the tube. 

The value of k was determined by measuring I under 

conditions in which 0 and NO were known. These concentra¬ 

tions were calculated from the measured flow rates of NO2 

during NO2 gas titrations. In the presence of 0, NO£ 

undergoes the following reactions: 

N02 + 0 » NO + 02 (12) 

NO + 0 —> N02 + hv (10) 

Upon addition of NO£ to a flow of 0 atoms, the glow of 

reaction (10) is observed as long as O is in excess of NO2 

since reaction (12) produces an equivalent amount of NO. 
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Maximum intensity occurs when the flow of added NO2 is one 

half that of 0 atom. For larger flows of NO2/ 1 decreases; 

and at endpoint, when NO2 flow just equals 0 flow, the glow 

abruptly disappears. 

In this study an O atom flow was created in the tube 

by passing 02 through the RF discharge. Titrations were 

performed by adding NO^ downstream at the flange ports in 

controlled, variable, and measured amounts. 

Initial titrations of O were made in mixtures of 02* 

Ar, and N2 at pressures of 2 cm Hg yielding results in 

which NO2 flow rates at maximum glow intensity were 

roughly 10% of those at endpoint rather than the expected 

50%. Endpoint values are more likely to give correct 0 

concentrations at the NO2 inlet port since the glow is 

immediately extinguished at this point when [XSIO^l = [0] 

regardless of what happens further downstream. If, however, 

non-luminescent reactions are significantly removing 0 

between the NO2 port and the detection station, a maximum 

intensity will occur before the 1/2 titration point. Two 

such reactions which could occur at this pressure are: 

O + NO + M —» N02 + M (13) 

O + 0 + M —>• 02 (14) 

Subsequent titrations were made on pure 02 - 0 mix¬ 

tures at pressures of 0.5 torr with the detector station 

located at three different points downstream from the NO2 

inlet yielding the following average results: 
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Location of 
Detector 

,^N02 ^
n02 

Maximum Intensity Endpoint 
. (cc cm/second) (cc cm/second) 

25 cm from discharge 25 
(in pyrex section) 

195 cm from discharge 14 
(in pyrex section) 

150 cm from discharge No intensity 
(regular position at registered 
window of stainless 
steel section) 

50 

50 

50 

These results indicate that about half the atomic 

oxygen was removed after passing over 2 m of pyrex tubing 

and virtually all of it was removed after passing through 

30 cm of stainless steel tube. Therefore, the steel 

section (except for windows) was coated with teflon and 

the pyrex section was coated with boric acid which is 

known to inhibit wall recombinations. Three further 

titrations were then made on a pure 02-0 mixture 

(^02 = 42.5 cc cm/second, P = 0.110 torr) with the detect¬ 

or located in the third position and the results are 

tabulated below: 

Titration 
Number 

Maximum 
Intensity 

(mv) 

* N°2 
Maximum Intensity 
(cc cm/second) 

£NO2 

Endpoint 
(cc cm/second) 

1 6.0 4.854 10.14 

2 4.9 4.821 9.595 

3 4.6 4.323 8.754 
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In these titrations, it was visually evident that no loss 

of intensity occurred downstream of the discharge. These 

figures show that 0 atom was not being significantly removed 

through reactions (13) and (14) and that the titrations 

yielded valid half-titration maximum intensities as well as 

endpoints from which a value for k was obtained. The average 

k value was found to be 0.4153 X 10“^® mvcc^ molecule“2. 

Several experiments were conducted to determine the 

most favorable conditions for obtaining data. It was 

important to consider three criteria for a suitable experi¬ 

mental mixture: 1) O2 concentrations must be high enough 

to assure suitable deflection of the laser beam (M).7 X 10 

molecules/cc); 2) the 0/02 ratio must be high enough to 

significantly affect vibrational relaxation; 3) the 

temperature range over which data was sought was 1000-3500°X. 

To satisfy all three criteria, a pressure range of 3.5 

to 8.0 torr was imposed on the experimental mixtures. Below 

3.5 torr, the O2 concentrations approached the lower limit 

of observation of vibrational relaxation at lower tempera¬ 

tures, and at pressures above 8.0 torr, adequate dissocia¬ 

tion of C>2 became difficult to obtain (see below) . Finally, 

due to physical characteristics of the shock tube, driver 

pressures (P^) were limited to 40 to 70 psi. At = 40 psi, 

3.5 torr was about the lowest experimental pressure for 

which shocks at the lower temperatures could be achieved. 

Conversely, at P4 = 70 psi, P^ = 8.0 torr was the highest 



24 

pressure for which shock temperatures of 3500°K could be 

achieved. 

Once the pressure range was chosen, then it was only 

necessary to maximize the 0/02 ratio to obtain suitable 

experimental conditions. It was found that the percentage 

dissociation of 0^ depended upon three parameters: 1) pres 
sure, 2) percentage of Ar in the mixture, and 3) fraction 

of O2 passing through the discharge as opposed to entering 

at the flange ports downstream from the discharge. 

It was immediately obvious that decreasing the pres¬ 

sure increased the percent dissociation of 0^. Some of the 

most revealing data are tabulated here: 

Mixture Pressure %0 

100% °2 5.3 torr 0.7% 

100% °2 4.0 torr 1.7% 

100% °2 1.0 torr 11.1% 

100% °2 0.6 torr 16.0% 

100% °2 0.3 torr 19.5% 

50% 02Ar 5.0 torr 1.23% 

50% 02Ar 4.0 torr 2.54% 

It is known that Ar increases the efficiency of the 

discharge for dissociating C>2. Experimentation with this 

apparatus produced the following data: 
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Mixture Pressure % Dissociation % 0 Total 
(mole %) 

100% °2 4.0 torr 1.74% 1.74% 

90% 
°2 

4.0 torr 2.31% 2.08% 

70% 
°2 

4.0 torr 3.47% 2.43% 

50% 
°2 

4.0 torr 5.09% 2.54% 

40% 
°2 

4.0 torr 6.54% 2.66% 

■From a standpoint of 0/02 ratio, the mixtures most 

diluted with Ar are best, but a 50% mixture at 4.0 torr has 

an [02] of about 0.65 X 10^ molecules/cc, and this is close 

to the smallest amount of O2 for which vibrational relaxa¬ 

tion can be observed using the laser schlieren system. 

In view of the fact that dilute mixtures of 02 in 

Argon gave higher percent dissociation, it appeared possi¬ 

ble that by passing only a portion of the O2 through the 

discharge, thus diluting it further with Ar, and adding the 

remainder of 02 downstream after the discharge, an increase 

in overall O atom concentration might be determined for a 

particular mixture. The following calculations indicate 

that this is not true. 

Consider the following C^-Ar mixture at 4.0 torr. 

70% C>2 0.9 X 1017 molecules/cc 

30% Ar 0.4 X 101? atom/cc 

It was passed into the tube in the following manner: 
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Ar: 0.4 X lO^-7 atom/cc through the discharge 

17 02: 0.4 X 10 molecules/cc through the discharge 

1 7 0.5 X 10 ' molecules/cc through the flange inlet ports 

Tl^is resulted effectively in a 50-50 C^-Ar mixture at 4.0 

torr passing through the discharge. Percent dissociation 

for this condition was 5.09% which meant formation of 

0.0204 X 1017 atoms/cc resulting in an oxygen content for 

the entire mixture of 1.56%. O-atom content for the mix¬ 

ture when all of it passed through the discharge, however, 

was 2.43%. Experimental evidence also indicated the same 

result. 

Mixture Pressure Fraction of O2 

thru the Discharge 
% 0 

60% 6.0 torr 1.00 1.23 

60% 5.4 torr 0.10 0.33 

60% 7.2 torr 0.20 0.28 

Thus, no advantage is gained by splitting the total 

O2 flow and letting only a portion of it pass through the 

discharge. 
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RESULTS 

Experiments were performed under the three sets of 

pre-shock conditions listed in Table I. Driver gas pres¬ 

sures were 40 to 70 psi, and driver gases were He, Ar, 

or a mixture of two of these. Fifteen to twenty experiments 

were made under each set of conditions to obtain a well 

scattered array of shocked gas temperatures over the range 

of 1000° to 3500°K. A summary of post shock conditions is 

included in Table II. 

State variables in the relaxation zone were obtained 

from a computer solution (see Appendix C) of the Rankine- 

Hugoniot equations for each experiment at two points: 

Point (3) rotational and translational equilibrium but no 

vibrational excitation; and Point (2) complete equilibrium. 

Enthalpy data for the equilibrium calculations were obtained 

from JANAF Thermochemical Tables.^ For Point (3), the 

no-relaxation enthalpy for was taken as 7/2 RT. 

Using a Newtonian Coordinate system which is fixed in 

the shock front, the Rankine-Hugoniot conservation equations 

across the incident shock wave for flow in a constant cross 

sectional area tube are: 
% 

= /°2U2 conservation of mass (15) 
i 'i 

+ P^ = 2 + p2 conservation of momentum (16) 
z. £ 

1/2U^ + = I/2U2 + H2 conservation of energy (17) 

where U is particle velocity, p is density, P is pressure, 

and H is enthalpy. The ideal gas equation is assured to 
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\ 
Table I: Experimental Conditions 

Mixture 
Designation 

Composition P1 T'(app) 

(Mole %) (atm) ((jts ec) 

50% 02 48.62% 0? 
49.54% Ar 
1.84% 0 

0.00658 0.399 
to 
3.993 

60% 02 59.84% 02 
39.88% Ar 
0.28% 0 

0.00947 0.814 
to 
5.229 

100% o2 98.29% 0~ 
1.71% cr 

0.00526 0.312 
to 
4.068 
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hold at these temperatures and pressures and is written: 

P /f> = RT/M (18) 

where R is the universal gas constant, T is the absolute 

temperature, and M is the average molecular weight. 

These equations are used to derive the following 

relations: 

: P3/f>1 = [^3/^) + 3 J/[l +3 ^/P^l (19) 

|°2//>1 = (AH + AE)/C2 + C-J/(AH + A E) (20) 

V = (2AH/[1-1/(P2/P1)2]j1/2 (21) 

where Ci = 'P^/Pi, and p = [(Cp/Cv)-1]/[(Cp/Cv)+1], and 

V = Uj_, the measured shock front velocity. (Equation (19) 

is given by Arr.dur and Hammes^, and equations (20) and (21) 

by Greene and Toennies^.) 

For Tx = 298°K, values of V, (T3/Tx) , (P^P^, ip2/p^) 

and (p3/p^) were calculated at 100 degree intervals of T2 

over the range of 1000° to 3500°K. Smooth curves relating 

these values to T2 were plotted. Then when V for any shock 

was measured, was determined and in turn used to obtain 

the other state variables for the shock. 

A plot of log^h versus laboratory time (t^) was made 

for each shock experiment as shown in figure (7). The 

variation of h with t^ is sufficiently exponential to 

produce a line whose slope S is an unambiguous quantity. 

An apparent relaxation time T is defined as (2.303 |S))“^ 
app 

A value for PT(mix), the relaxation time for the mixture 
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Figure (7) Log^Q h vs laboratory time 

\ 

Mixture: 98% 0£ 2% 0 

= 4.0 torr 

V 83 1.96 ram/|isec 

T = 2220 °K - 

IS| = 0.532 pisec”^ 
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at one atmosphere of pressure, was derived from T and the app 
. 17 mixture pressure P2 using Blackman's method: 

PT(mix) = WVX'V'VTapp (22) 

w^ere Cp is the no-relaxation heat capacity for C>2 and C^* 

is the equilibrium heat capacity for O2. 

The PT(mix) results were reduced to relaxation times 

for 02 dilute in 0 atom (PT^.Q ) by formally applying the 

usual relation: 

1/PT (mix) = (X0i/P
,r^) + (xAr/P\-^) + (x0/P‘rol.o) 

(23) 

where P^.^ and PT0i_A<.are relaxation times for pure 02 

and for 0^ dilute in Ar, and XQ^, XAr, and XQ are mole 

fractions for each species. Pr values for pure oxygen were 

computed from Kiefer and Lutz's-*-® empirical equation: 

pr0t-ot = 
2-92 X 10-10 exp (126 T~1/3) (24) 

and for 0^ dilute in Ar from Camac's^-® equation: 

PVA, = 5-° P<rVot (25) 

A tabulation of experimental data and results appears 

in Tables (B-I), (B-II), and (B-III) located in Appendix 

B. The PTCj_0 values are plotted against T in figure (8) . 

Line A exhibits a least-squares fit (obtained from the 

second program in Appendix C) giving the expression: 
% 

PT0i-0= (2.48+). 19) X 10"8- (2.18+8.34) X 10"13T(atm-sec) (26) 

which applies over the range 1000° - 3400°K. Line B 

represents Kiefer and Lutz's7 findings and has the equation 

PTor0= (4.35+0.19) X 10"8- (7.75+0.81) X 10"12T(atm-sec) (27) 

which applies over the range 1600° - 3300°K. 
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Relaxation time measurements were also made for three 

atom free mixtures: 50% 0^/50% Ar, 60% 02/40% Ar, and 

100% O^. These results appear in Tables (B-IV), (B-V), and 

(B-VI) in Appendix B; and in figure (9), log PT(mix) is 

-1/3 
plotted against T . Line 1 represents equation (24), 

and lines 2 and 3 are obtained by using solutions of equa¬ 

tions (24) and (25) in equation (23). The experimental 

values are in good agreement with these previous findings. 



PT
"(

ni
ix

) 
(a

tk
a-

se
c)
 

35 

-1/3 
Figure (9) Atom-free Relaxation Times vs T ' 

Line 1: PTVo,.- 2.92 X 10“10 exp(126 T“1/3) 

Line 2: Corrected for 40% Argon 

Line 3: Corrected for 50% Argon 

Experimental points 

* p Vo, (407. Ar) 

+ PTfc(S.(507. Ar) 
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CONCLUSIONS 

The last two columns of Table II clearly show that 

addition of small amounts of 0 to an 0^ mixture greatly 

reduces the vibrational relaxation time. The usual known 

effects which reduce relaxation time such as rotation- 

vibration energy transfer and resonant energy transfer are 

not important here, and the lowering of the reduced mass 

by addition of 1% 0-atom is certainly not significant. 

There is however, a large difference in the collisional 

interaction potential between 0/0^ and an<^ t^us 

there is firm evidence that a strong chemical effect due 

to 0-atom, influences the vibrational relaxation. 

It has been predicted by Bauer and Tsang^ that vibra¬ 

tional excitation through the exchange reaction 

0 + 02 -> 02'+ 0 (28) 

is highly efficient and that has only a slight temp¬ 

erature dependence. Their rate prediction is 

k = 10^4 exp(-8000/RT) cc mole~lsec“l (29) 

which compares favorably with the results of this work 

although their temperature dependence is somewhat strong. 

Brennen^O used a mass spectroscopy technique to study 
% 

the reaction 

166 + 180 2—*• 160180 + 180 (30) 

12 -1 -1 
He measured k to be 1.024 X 10 cc mole sec at about 

298°K which leads to a Z value of 180 and places the max¬ 

imum possible energy of activation (E ) at 3.1 + 0.3 kcal/mole. 
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Arbitrarily assuming an value then of about 1.3 kcal/mole, 

k values for higher temperatures were calculated. These also 

compare favorably with the results from this study. 

Experimental values of k were calculated from the 

results of this study using the relationship 

k = RT/PTOJ.-D CC i*iole""^sec~^- (31) 

where R is 82.06 cc atm°K”^mole~^ and PT^-Q for 298°K was 

determined by extrapolating line A in Figure (8). Table 

III shows the results of these three calculations. Dis¬ 

crepancies between values determined from results of this 

study and treatments of the actual exchange reaction are to 

be expected since each 0 + C>2 exchange reaction probably 

does not necessarily induce vibrational excitation. 

A high probability and slight temperature dependence 

for vibrational relaxation are also predicted by the simple 

one-dimensional semiclassical theory^l with a deep minimum 

in the interaction potential which is suggested for O/C^ 

by the stability of ozone. Breig^ utilized a Monte Carlo 

statistical analysis with calculations performed for some 

semiempirical forms of the interaction potential of O/O^ 

based on data relevant to the ozone stable configuration. 

He predicted that a deep attractive potential well is the 

principal parameter leading to rapid vibrational deacti¬ 

vation of 0^/ with the direct collision process (resulting 

in an activated complex lasting long enough to allow 

vibrational deactivation) of an importance comparable with 
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Table III: Values of K (cc Mole“^sec”^) 

Temp Bauer Brennen RT/PTO.-O 

!(°K) 

298 1.024 X 1012 0.987 X 1012 

1050 2.17 X 1012 4.94 X 1012 3.50 X 1012 

2220 16.4 X 1012 6.85 X 1012 7.48 X 1012 

3400 30.8 X 1012 7.58 X 1012 11.6 X 1012 
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the atom interchange mechanism. His rate predictions for 

two different single level transitions are given below. 

In view of the rates of vibrational relaxation 

measured in this study, these results appear somewhat 

high, most likely because of erroneous assumptions about 

similarities between and O/O2 activated complex and . 

It is important to note that this study is not 

extensive enough to make a choice between 0/0,, ir.terac- 

tion and 0/0^ atom exhange. Such a distinction could be 

made perhaps through relaxation studies of systems such 

as 0/N2 in which the exchange reaction would not be 

expected, but in which a deep interaction potential 

would be expected. 

A number of possibilities for future investigation 

using the apparatus described in this paper are being 

considered. Vibrational relaxation studies for the 

systems of H/H2, D/D2, N/N2, and 0/N2 are simple and 

unambiguous and easily prepared in the shock tube. To 

measure atom concentrations, it is proposed to install 

the vacuum U.V. atomic resonance absorption spectroscopy 

apparatus described by Breen. 

A recent study of dissociation using density 

Transition 
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gradient measurements in a shock tube was conducted by 

23 
Kiefer, Breshears and Bird, and they reported rate 

coefficients exhibiting a degree of precision previously 

unobtainable in dissociation studies. The high efficiency 

of O-atom for relaxation suggests that its efficiency 

for dissociation may be a related effect, and therefore, 

investigation of the effect of atoms on dissociation is a 

possible future application of the discharge flow shock 

tube. 



APPENDICES 

A. Diagrams 

B. Data Tables 

C. Computer Programs 



APPENDIX A: Diagrams 

1. Shock Tube and Associated Equipment 

2. Driver Section 

3. Diaphragm Section 

4. Experimental Section 

5. End Tank Section 
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APPENDIX B: Data Tables 

I. 48.6% 02 49.6% Ar 1.8% 
• 
H
 

H
 59.8% 02 39.9% Ar 0.3% 

HI. 98.3% 02 1.7%0 

• 
>
 

H
 100% o2 

V. 60% 02 40% Ar 

VI 50% 02 50% Ar 
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i 

\ 

Table (B-I) Mixture: 48.6%02 49.6%Ar 1.8%0 

Mean T 
(°K) 

Tapp 

(^sec) 
P2 

(atm) ?2/ Pi Pr(ntix) 
(atm-nsec) (atm-jisec) 

1150 3.993 .101 4.060 1.633 3.07 
1400 2.103 .130 4.350 1.186 2.25 
1670 1.117 .161 4.585 .8219 1.58 
2000 1.185 .201 4.800 1.142 2.35 
2020 1.392 .203 4.815 1.363 2.89 
2020 1.073 .203 4.815 1.050 2.15 
2040 1.290 .207 4.825 1.290 2.72 
2110 1.111 .214 4.865 1.155 2.44 
2250 1.167 .231 4.935 1.330 2.99 
2620 .8111 .276 5.095 1.139 2.80 
2680 .8110 .284 5.120 1.178 3.00 
2940 .5515 .316 5.210 .9073 2.31 
3270 .3993 .355 5.315 .7540 2.04 
3330 .4841 .363 5.330 .9354 2.94 
3400 .4142 .372 5.350 .8237 2.40 
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\ 
Table (B- -II) Mixture: 59 . 8%C>2 39.9%Ar 0.3%0 

\ 
Mean T T app P2 ^ 2^1 PT(mix) PT 0^-0 

(°K) (|isec) (atm) (atm-4sec) (atm-|isec) 

1490 5.229 .211 4.670 5.153 1.79 
1670 4.821 .243 4.825 5.652 2.34 
1720 4.655 .252 4.860 5.701 2.50 
1860 3.789 .276 4.970 5.197 2.57 
1920 3.140 .289 5.015 4.551 2.20 
1920 3.103 .289 5.015 4.497 2.16 
2030 2.389 .309 5.090 3.757 1.81 
2250 1.915 .348 5.215 3.476 2.13 
2270 1.600 .352 5.230 2.946 1.57 
2370 1.614 .361 5.280 3.076 2.00 
2460 1.563 .388 5.325 3.229 2.72 
2510 1.314 .398 5.350 2.798 2.04 
2670 1.071 .424 5.415 2.459 . 1.99 
2740 1.078 .440 5.445 2.609 2.87 
2880 .8816 .465 5.500 2.255 2.54 
2900 .8139 .470 5.510 2.108 2.12 



98.3%02 1.7%0 Table (B-III) Mixture: 

Mean T 
(°K) 

Tapp 
(nsec) 

P2 
(atm) /y^i PT(mix) 

(atm-nsec) 
PTOi-O 

(atm-nsec 

1050 4.068 .0853 4.820 1.672 2.93 
1100 3.507 .0921 4.94C 1.596 2.80 
1130 2.739 .0958 5.010 1.314 2.30 
1170 2.895 .1000 5.075 1.469 2.59 
1420 2.153 .1289 5.495 1.525 2.80 
1630 1.522 .1547 5.775 1.360 2.59 
1670 1.560 .1589 5.815 1.441 2.79 
1690 1.310 .1621 5.840 1.240 2.37 
1710 1.217 .1647 5.870 1.177 2.25 
1760 1.179 .1700 5.915 1.186 2.30 
2180 .8671 .2205 6.285 1.202 2.72 
2220 .8159 .2253 6.310 1.160 2.64 
2340 .7438 .2411 6.405 1.149 2.78 
2340 .6114 .2411 6.405 .9441 2.13 
2650 .5015 .2784 6.600 .9215 2.39 
2700 .5041 .2842 6.630 .9498 2.59 
2900 .4168 .3095 6.745 .8700 2.60 
3070 .3693 .3289 6.820 .8272 2.70 
3110 .3119 .3347 6.840 .7139 2.13 
3110 .3444 .3347 6.840 .7886 2.56 
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Table (B-IV) Mixture: 100%0, 

Mean T Tapp P2 f 2/^1 PT(mix) 
(°K) (4 sec) (atm) (atm-4se 

1600 7.105 .271 5.730 12.40 
1820 2.693 .318 5.970 6.958 
2180 1.229 .397 6.285 3.541 
2330 1.195 .449 6.395 3.987 
2370 1.337 .507 6.425 5.065 
2390 1.311 .444 6.440 4.364 
2390 1.124 .506 6.440 4.264 
2390 1.472 .247 6.440 2.724 
2440 1.080 .436 6.470 3.553 
2450 1.261 .254 6.475 2.421 
2490 1.089 .465 6.500 3.834 
2550 0.859 .478 6.535 3.133 
2650 1.111 .278 6.600 2.395 
2650 1.005 .278 6.600 2.167 
2780 0.907 .295 6.680 2.102 
2930 0.842 .312 6.755 2.099 
2940 0.718 .314 6.760 1.799 



Table (B-V) Mixture 40%Ar : 60%O2 

Mean T Tapp P2 /Vfi PT(mix) 
(°K) (nsec) (atm) (atm-nsec) 

2520 2.571 .264 5.055 3.771 
2860 1.610 .306 5.185 2.827 
2980 1.392 .320 5.220 2.576 
3050 1.329 .330 5.250 2.553 
3130 1.379 .339 5.275 2.738 

Table (B-VI) Mixture: 50%O2 50%Ar 

Mean T 
(°K) 

T app 
(nsec) 

P2 
(atm) ^2^1 PT(mix) 

(atm- nsec) 

2100 3.649 .321 5.125 6.641 
2210 2.590 .342 5.195 5.099 
2370 2.850 .370 5.230 6.192 
2630 1,586 .418 5.400 4.006 
2720 1.133 .435 5.440 3.005 
2740 1.201 .440 5.445 2.905 
2740 1.442 .330 5.445 3.225 
2760 1.125 .444 5.455 3.058 
2820 1.009 .455 5.480 2.826 
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APPENDIX C: Computer Programs 

I. Solution of Rankine-Hugoniot Equations 

II. Least Squares Solution for Linear Fit of Data 
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I. Solution of Rankine Hugoniot Equations. 

Program solves for state variable values behind a 
shock front. 

Explanation of variables: 

T1 

TTWO, T2 

T3 

V 

PRS 

R21 

R31 

H02 

DH, H 

EXM 

EXN 

ARM 

ARN 

AVM 

R 

LIMIT 

Ti 

Shock velocity 

p2/pl 

?2/h 

Equilibrium enthalpy change for O2 

Total equilibrium enthalpy change 

O2 molecular weight 

C>2 mole fraction 

Ar molecular weight 

Ar mole fraction 

Average molecular weight 

Gas constant, (kcal degree“^mole*"^) 

Number of T2 values per mixture. 
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I. Solution of Rankine-Hugoniot Equations 

DIMENSION TTWO(50),V(50)/DH(50),PRS(50),R21(50)fR31(50),T3(50) 
DATA XSTART,XFINIS , XSOLVE/5HSTART,5HFINIS, 5HSOLVE/ 
READ (5,1) LIMIT 

1 FORMAT(14) 
2 READ(5,3)XNAME,T1,T2,EXM,ARM,EXN,ARN,H02 
3 FORMAT(A6,4F7.0,3F6.0) 

IF(XNAME.EQ.XSTART)GO TO 4 
IF(XNAME.EQ.XSOLVE)GO TO 5 
IF(XNAME.EQ.XFINIS)GO TO 9 

4 ITEM = 0 
J = 0 
R = 0.00198726 
GO TO 2 

5 J = J+l 
H + EXN*H02 + ARN*(2.5 * R * (T2rTl)) 
AVM = (EXN*EXM + ARN*ARM) / (EXN + ARN) 
Cl = (R * Tl) / AVM 
C2 = (R * T2) / AVM 
FACTOR = 2.*H-R*(T2-T1))/AVM 
R21(J) = FACTOR/X2 + Cl/FACTOR 
DH(J) = (H * 4.184E10)/AVM 
V(J) = (SQRT(2.*DH(J)/(1.-(1./R21(J))**2)))/1.0E 05 
TTWO(J) = T2 
CP = ARN*2.5 + EXN*3.5 
CV = ARN*1.5 + EXN*2.5 
BETA = (CP/CV - l.)/(CP/CV + 1.) 
R31(J) = (PRS(J) + BETA)/(1. + BEAT*PRS(J)) 
T3(J) = (T1/R31(J))*PRS(J) 
IF (-J.EQ.LIMIT) GO TO 6 

. GO TO 2 
6 ITEM = ITEM + 1 
WRITE(6,7)ITEM,EXM,EXN,ARM,ARN,AVM,Tl 

7 FORMAT(31H1COMPUTATION FOR MIXTURE NUMBER, 13,/ 
1 14HOMW EXP GAS = ,F8.4, 20H MOLE FRACTION = ,F6.4,/ 
2 14H MW DIL GAS = ,F8.4, 20H MOLE FRACTION = ,F6.4,/ 
3 14H AVERAGE MW = ,F8.4,/ 8H T(l) = ,F6.2,/ 
4 6H0 T(2),5X,4HT(3),4X,9HV MM/USEC,4X,11HDLT H ERG/G,6X,9HP(2)/Pi 
5),6X,13HRHO(2)/RHO(1),3X,13HRHO(3)/RHO(1)/ 1H) 
WRITE(6,8)(TTWO(K),T3(K),V(K),DH(K),PRS(K),R21(K),R31(K),K=1,J) 

8 FORMAT(1H , F6.1, F10.3, Fll.7, 2E16.7, IX, 2E16.7) 
J = 0 
GO TO 2 

9 STOP 
END 
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Least Squares Solution for Linear Fit of Data 

Program fits data to linear equation: Y = A + BX 

Explanation of variables: 

X Mean T 

Y Experimental P 

Z Calculated P 

R Residual 

NUM,C Number of X values 

sx E X± 

SY Z Yi 

SXY E X.Y. 

SX2 E X±
2 

SR2 E R±
2 

A Y intercept 

B . Slope 

STDV Standard deviation of Z 

STDVSQ Standard deviation squared 

PRBERR Probable error in ! Z 

STDVA Standard deviation of A 

STDVB Standard deviation of B 
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II. Least Squares Solution for Linear Fit of Data 

DOUBLE PRECISION SX,SY,SXY,SX2,SR2,DELTA,STDVSQ 
DIMENSION X(75) ,Y (75) f Z (75) ,R(75) 
NUM = 51 . 
C = 51. 
1=0 

1 \ READ(5,4)XD,YD 
4 'FORMAT (F5.0,E10.2) 
1=1+1 
X(I)=XD 
Y (I)=YD 
IF(I.NE.NUM)GO TO 1 
SX=0. 
SY=0. 
SXY=0. 
SX2=0. 
SR2=0. 
CM2=C-2. 
DO 2 J=1,NUM 
SX=SX+X(J) 
SY=SY+Y(J) 
SXY=SXY+X(J)*Y(J) 

2 SX2=SX2+X(J)*X(J) 
DELTA=C*SX2-SX*SX 
B=(C*SXY-SX*SX)/DELTA 
A=(SY-B*SX)/C 
D03J=1,NUM 
Z(J)—A+B*X(J) 
R(J)=Y(J)=Z (J) 

3 SR2=SR2+R(J)*R(J) 
STDVSQ=SR2/CM2 
STDV=DSQRT(STDVSQ) 
PRBERR=(2./3.)*STDV 
STDVA=DSQRT(STDVSQ*SX2/DELTA) 
STDVB=DSQRT(STDVSQ*C/DELTA) 
WRITE(6,7) 
1 FORMAT(27H1DATA USED FROM ALL MIXTURES) 
WRITE(6,5)A f B,STDVA,STDVB,S TDV,PRBERR 

5 FORMAT(8HOPTAU = ,E16.7,3H + ,E16.7,5H TEMP./ 
1 13HOSTD DEV A = ,E16.7f5X,13H STD DEV B = ,E16.7,/ 
2 16H STD DEV PTAU = *,E16.7, 5X, 12H PROB ERR = ,El6.7f/ 
3 6KO TEMP,7X,7HPTAU EX,8X,9HPTAU CALC,7X,8HRESIDUAL,/1H ) 
WRITE (6,6) (X (K) ,T(K) , Z (K) ,R(K) ,K=1,NUM) 

6 FORMAT(1H ,F6.1,3E16.7) 
STOP 
END 
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