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ABSTRACT 

The kinetics of the tungsten-nitrous oxide reaction were studied 

at temperatures between 2100°K and 2900°K and at gas pressures be

tween 3 X 10- 9 and 10- 6 atm. The reaction was studied under molecu

lar flow conditions by leaking nitrous oxide into an evacuated chamber 

containing an electrica~ly heated tungsten filament. The decomposition 

of the nitrous oxide was followed by measuring the partial pres sure of 

nitrous oxide, nitrogen, and molecular oxygen with a mass spectrom

eter connected into the system. The rate of tungsten oxidation was 

determined by following the change in the filament resistance as a func

tion of time for constant temperature and pressure. On the basis of 

the results of other investigations, W0
2

(g) was assumed to be the prin

cipal oxide formed. 

The principal reaction is decomposition of nitrous oxide, which 

is unaffected by excess nitrogen but greatly reduced by excess oxygen. 

About one in a thousand nitrous oxide molecules that strike the surface 

reacts to form W0
2

(g) at a tungsten temperature of 2220°K and ani-
-6 -8 trous oxide pressure of 10 atm, whereas at 2735°K and 10 atm, 

one in fifty nitrous oxide molecules that strike the surface is converted 

to W0
2

(g). The results of this investigation are consistent with a six

step reaction mechanism involving: 
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{a) Physical adsorption of the nitrous oxide, 

{b) Partial evap<;>ration of the physically adsorbed. nitrous oxide, 

{c) Decomposition of the physically adsorbed nitrous oxide mol-

ecules into nitrogen gas and chemisorbed oxygen atoms, 

{d) Reaction of the physically adsorbed nitrous oxide molecules 

with chemisorbed oxygen atoms, producing molecular nitrogen and 

oxygen, 

{e) Evaporation of the chemisorbed oxygen atoms, and 

(f) Reaction of two chemisorbed oxygen atoms with the tungsten, 

giving W0
2

(g). 

The decomposition rate of N
2
0 and the rate of formation of 

W0 2 both increase with increasing temperature and pressure. 

, 

• 
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I. INTRODUCTION 

The high-temperature reaction between nitrous oxide and 

tungsten has apparently never been studied, although the reaction is 

a promising source of information on the kinetics and mechanisms of 

gas -solid reactions. Because the tungsten oxides are volatile at high 

temperatures and low pressures of nitrous oxide, the reacting surface 

is clean of reaction products. For very low gas pressures, the rate 

of incidence of gas molecules on the reacting surface can be calculated 

and controlled. Furthermore, the me!S'hanism of the catalytic decom

position of nitrous oxide on platinum filaments has been extensively 

studied over wide ranges of pressure and temperature; in order for 

tungsten oxides to form, the nitrous oxide must decompose, and sim

ilarities m;:ty exist in the decomposition mechanism of nitrous oxide 

on platinum and tungsten. 

·In this investigation, the kinetics of the tungsten-nitrous oxide 

reaction were studied at temperatures between 2100 and 2900°K and 

at gas pressures between 3 X 10 "' 9 and 10- 6 atm, with the object of 

determining the mechanism of the reaction • 
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II. METHOD AND APPARATUS 

For this investigatiqn, tungsten filaments, electrically, heated 

by a. stabilized ac power supply, were placed in an evacuated reaction 

vessel. Nitrous oxide was introduced into the reaction vessel through 

a leak valve so that the. reaction could be studied under flow condi '

tions. Figure 1 iUustrates the apparatus. 

The reaction vessel is an Inc oriel cylinder 8 in. in diam and 

12 in. high. The removable top holds the gas -inlet valves and. the 

terminals to which are attached molybdenum electrodes for holding 

the tungsten filaments. A sight port and a pres sure gauge are half

way up the side walls at right angles to each other. In order that the 

entire vessel can be baked, the top, sight port, and pressure g~uge 

are joined to the reaction vessel by gold 0-ring seals. The pump out

let is at the bottom of the reaction vessel, and the tube connecting the 

reaction vessel and the mass spectrometer leaves from the pump out

let tube, between the reaction vessel and the pumping system. 

The pressure gauge (Veeco RG 75K Ionization Gauge) is used 

in conjunction with a. v~cuum gauge contr0l panel (Vee co RG 21A). 

Thls gauge is calibrated for dry nitrogen. 

The gas~ supply system consists of (a) a two -.liter storage 

flask, (b) pumps and valves for evacuating and filling the storage flask, 

and (c) means for measuring the press.ure in the storage flask and 

for leaking gas into the reaction vessel. The storage flask is evac

uated by a pump (Kinney KC-2), with a cold trap between. The pres

sure in the flask is measured by either a thermocouple Gauge or a 

Zimmerli gauge. Depending on the leak rate desired, either a Veeco 

Throttle Valve or a Veeco Variable Valve is used to control the gas 

flow. 

The pumping system includes a liquid nitrogen cold trap, a 

water-cooled spiral baffle, a mercury diffusion pump (CVC MHG 180), 

• 
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and a mechanical pump'{Kinney KC-5). After the reaction vessel is 

baked overnight by heating tapes, a background pressure of about 

6X10- 10 atm {5X10-? torr) is obtained in the system. 

The mass spectrometer used in this investigation is a Consol

idated Electrodynamics Corporation Type 21-620. In order to obtain 

more sensitive measurements, we replaced the molecular leak cap

sule furnished with the instrument by a flange with a tube leading 

directly to the reaction vessel:. To further increase sensitivity, we 

placed the mass spectrometer as close as possible to the reaction 

vessel. The tungsten filament in the cyCloid tube was replaced by a 

·rhenium filament, which has better oxidation resistance. 

, 

r. 
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III. PROCEDURES 

The experimental procedures of this investigation fall into two 

groups: those connected with the calibration of the apparatus, and 

those connected with the collection of data. 

A. Calibration Procedures 

The calibrations include (a) pump-speed measurements, (b) 

mass· spectrometer calibrations, and (c) mass spectrometer and ion

ization-gauge calibrations for N 20. 

1. Pump Speed Measurements 

The pump speed S is defined by the relationship 

dP 
- dt 

where P is the obtainable vacuum, t is time, and V is the volume 
s 

to be evacuated. 
1 

In order for us to determine the pump speed, gas 

is leaked into the reaction vessel until a pressure of about 10-6 atm 

is reached, at which point the gas flow is suddenly stopped and the 

pressure recorded as a function of time. 

If S is independent of P, a plot of log (P - P ) vs t is a . s 
straight line of slope 

.6.log(P P) 
s s = .6.t 2.303V 

By the use of this method and the volume of the reaction vessel calcu

lated from its dimensions, the pump speed was found to be 12.5 ± 0.5 

liters/ sec. 

2. Mass Spectrometer Calibration 

In order for the mass spectrometer to be calibrated, nitrogen 

is leaked into the reaction vessel until a steady-state pressure is 

reached. The ion-gauge pressure, which is correct for nitrogen, is 
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noted and the mass spectrometer output for the 28 peak is recorded. 

We .then plot log peak height or output vs log pressure, and get a 

straight line. Figure 2 is a.typical calibration curve for the mass 

spectrometer. Since the output of the mass spectrometer was rather 

unstable, the calibration was checked before or after each experimental 

run. Thus, the partial pressure of nitr9gen in the reaction vessel can 

be determined from the mass 28 peak height. 

3. Mass Spectrometer and Ionization Gauge Ca.li bration for Nitro:g.s. 
Oxi e 

We used a method reported by Anderson to calibrate the mass 

spectrometer and ionization gauge for nitrous oxide and oxygen. 2 

The pressure of a given gas measured by the mass spectrom

eter is proportional to the number of molecules of that gas in the. mass 

spectrometer. Since molecular-flow conditions exist in the tube be

tween the reaction vessel and the cold trap, the number of gas mol-
l 

ecules entering the mass spectrometer is proportional to PjM2, where 

P is the pressure of the gas in the reaction vessel and M is the mo- · 

lecular ·weight; of the gas. Thus, for a mixture of two gases 

1 

p 1{MS) = k1 p 1/M1
2 

1 

p2{MS) = k2P2/M2
2

' 

where · P i{MS) and P 2(MS) are the pressures measured by the mass 

spectrometer, and k
1 

and k
2 

are constants. If both gases are at the 

. same temperature, k 1 = k
2

• 

According to the kinetic theory of gases, 

where n is the mole fraction. 

Therefore, 
1 1 

P1/P2 = p1{MS) M1
2

/{P2{MS)M2
2

) = ri1/n2' 

, 

(I 

1 
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and 

(

n ~ (M )1/2 
p2(MS) = hf; M

1i ·· ~1(MSk 

Thus, P
2

(MS) can be calculated from the results obtained by intro

ducing a mixture for which the relative concentrations of nitrogen and 

nitrous oxide are known. The constant-- by which the pres sure read 

from the nitrogen calibration curve must be multiplied to give the 

correct pres sure for N
2
0- -was found to be 1. 29 ± 0.03 and for oxygen 

1.26 ± 0.02. 

A knowledge of the mass spectrometer sensitivity and calibra

tion for nitrous oxide allows the ion-gauge sensitivity for nitrous oxide 

to be easily determined. It was found that PN 
0 

is (0. 775 ± 0,015) P. • 
2 lOU 

B. Experimental Procedures 

The experimental procedures were designed to provide values 

for the following parameters: 

(a) E, the probability that a N
2

0 molecule that strikes the filament 

is removed from the gas phase by decomposition on the tungsten fil

ament (E is not the probability that a N
2
0 molecule reacts specifically 

to form tungsten oxide); 

(b) R
44

, the rate of removal of N2o from the gas phase; 

(c) R
28

, the rate of generation of N
2 

from the decomposition of N
2
0; 

(d) R
32

, the rate of generation of 0 2 from the decomposition of NZO; 

(e) R , the rate of loss of tungsten atoms from the filament by 
w 

reaction. 

By. definition, the flow rate of gas into the system ~t the steady 

state Q is given by 

where . S is the pump speed, and P 
0

. is the steady-state pressure 

with the filament cold. When the filament power is turned on, Q 

' 

1 

• 
, 
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remains unchanged and the pressure decreases to P, so that the ef

fective pump speed must increase. Therefore 

and 
Q=S'P=SP, 

0 

P /P = S'/S. 
0 

The term S' represents the increased pump speed, the increase being 

caused by the removal of N 
2

0 by decomposition on the filament. 

Therefore 

S' = S + € Af v/n, 

where € is the reaction probability as defined above, Af is the area 

,of the filament in cm2
, v is the number of molecules that strike the 

filament per cm
2 

per sec, and n is the number of gas molecules per 

liter at P. Thus 

and 

p 
0 

p = 

v s + € Af n. 
s 

For N
2

0 at 300° K, n/ v is 0.106, and 

(0.106)S 

Af 
(1) 

where P 1s the pres sure with the filament off and P is the pressure 
0 

with the filament on; P is the pressure to be used when one is plotting 

and analyzing the data. 

Experimentally, the reaction probability was determined by the 

following procedure. With the filament off, N
2

0 was leaked into the 

system and its pressure was measured with the mass spectrometer. 
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The filament was then .heated quickly to a given temp~rature and the 

N
2

0 pressure was remeasured. From this measurement, the reaction 

probability was calculated by use of Eq. ( 1 ). Then 

R44 = v44 E, 

where the rate of incidence of gas molecules is calculated at the pres

sure observed with the filament on. 

The rates R
28 

and R
32 

are relatedto the pressures of nitrogen 

and oxygen measured in the mass spectrometer. When the rate of 

arrival at the outlet tube to the mass spectrG>meter is assumed to be 

equal to the rate of generation of nitrogen and oxygen at the filament, 

1 

R
28 

= (const)P
28

j Al28T) 2 

1 

R
32 

= (const)P 32/ Al32T) 2, 

where T, the absolute temperature of the gas molecules, is assumed 

to be 300 °K, the wall temperature. 

The rate of loss of tungsten atoms (R ), was determined by 
w 

measuring the change in filament resistance. As derived by Anderson,3 

where 

R w 

N = Avogadro's number 

p = resistivity of tungsten at the temperature of reaction 

D = density of tungsten 

L = filament length 

M = molecular weight of tungsten 

Rt = resistance.of the filament ·at time t 

R = initial resistance of the filament 
0 

.t:.t = time of the reaction. 

,, 

! 

.. 
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Filament temperatures were determined from the electrical 

properties of tungsten tabulated by Jones and Langmuir. 
4 

End-effect 

corrections were made as described by Anderson. 5 Before we col-
-8 lected any data, we aged the filaments in oxygen at 10 atm at about 

2600°K for at least 24 h to remove any dissolved carbon as carbon 

monoxide.· 
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IV. MATERIALS 

Nitrous oxide (obtained from the Matheson Company) was 

advertised as 98.5o/opure. The impurities were said to be air, which 

could not be detected in the mass spectrometer because of the decom

position of the nitrous oxide in the mass spectrometer. 

The tungsten, supplied by the Thermionic Products Company, 

was 99.95% pure. Tungsten filaments 0.010 in. in diam were used. 

The chemical analysis of the tungsten is given in Table I. 

Table I. Analysis of tungsten wire obtained from Thermionic 
Products Company, Plainfield, New Jersey. 

Element Content 
(%) 

w 99.95 

Ni <0.002 

· Si <0.005 

Al <0.00 5 

Ca <0.003 

Mn <0.003 

Mg <0.003 

c <0.004 

Mo <0.003 

i\ 

.,. 
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V. RESULTS 

A representative set of results for E, R
44

, R
28

, and R
32 

as 

functions of gas pressure and filament temperature is· shown in Figs. 

3 through 8. Figure 3 shows the dependence of E on pressure at con

stant temperatures of 2160, 2290, 2540, 2785, and 2900°K. Figures 

4 through 8 show the pressure dependence of R
44

, R
28

, and R
32 

at 

different temperatures. The curves are least-squares fits of the data. 

The pressure dependence of E 1 R
44

, and R
28

, obtained from the least

squares fits, is summarized in Table II. 

Table II. Pressure dependence of E, R44' and R28 
at five temperatures. 

Values of x in E, R44• orR28 =CPx 

Low -pres sure region Hi:gh-pressure region 

Temperature E R44 R28 E R44 R28 (OK) {r·· 

2160 -0,05 0. 95- 0, 75 -0.47 0.53 0.53 

2290 +0.06 1.06 0,87 -0.46 0.54 0.51 

2540 0,13 1.13 1.08 -0.29 0, 72 0.69 

2785 0.10 1,10 1.13 -0,05 0, 95 0.92 

2900 0.10 1.10 1.08 no noticeable change 

Reaction probabilities R
44

, R 28 , and R~ 2 were determined 

on three different filaments, butthe datii shown in Figs. 3 through 8 are 

all from one filament. These data are shown because for this partie

ular filament the widest range of gas pressure was used, A compar

ison of the results obtained with the three filaments is shown in Fig. 9. 

The curves are taken from Fig. 3, for filament 3; the points are for 

filaments 1 and 2. The agreement is within the scatter in the meas

urements. Comparable agreement is obtained for the R
44

, R
28

, and 

R 32 curves. 
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Fig. 6. R 44, R 28 , and R 32 as a function of N
2

0 pressure 
at 2 540 °K. 
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at 2900°K. 
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Figure 10 shows the dependence of R on gas pressure at con
w 

stant temperature. The curves are least-squares fits of the data. 

The dependence of R at different temperatures on the nitrous oxide 
w 

pressure is shown in Table III. 

Table III. Pressure dependence of R 
w at four temperatures. 

T (°K) Value of x in R = C' px 
w 

2220 0.85 

2440 0.83 

2550 0.87 

2735 o. 74 

The data from which E and all the rates were calculated are 

included in the Appendix . 



-22-

10
14 

v 2735 
0 2440 
0 2220 
t::. 2550 

1013L---~--~~~WU~--~--~~~~ 
10-a 10-7 lo-s 

PN 0 filament on (otm) 
2 

MU -36006 
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VI. DISCUSSION OF RESULTS 

A. Qualitative Description 

The reaction probability E for nitrous oxide is not equivalent 

to the sticking coefficient s, which is defined as that fraction of the 

total number of gas particles impinging on a surface that stick or be

come chemically adsorbed on that surface. 6 It will. be seen later that 

some of the N
2

0 molecules react w~th chemisorbed oxygen atoms on 

the surface without becoming chemisorbed themselves. Thus there

action probability will be larger than the sticking coefficient and cannot 

be expected to show the same temperature and pressure dependence as 

is usually shown by the sticking coefficient. 

Several facts should be noted about the €-pressure curves in 

Fig. 3. At the four lower temperatures there is a change in the slope 

of the curves, ·which occurs at increasing pressures as the temperature 

increases. The data are not precise enough to reveal a change in slope 

at 2900°K. Except at 2160°K, the slopes of the curves at low pres-· 

sures are positive and at higher pressures are negative, with absolute 

values that decrease as the temperature increases. Over the entire 

experimental pressure range, E increases with temperature, and the 
. -6 -9 

rate of increase with temperature is greater at 10 atm than at 10 

atm. 

Figures 4 through 8 show that within experimental scatter, the 

R
44 

and R
28 

curves are coincident. The value of R
32 

ranges from 

one-eighth to one-fifth the value of R
44 

or R
28 

and increases more 

rapidly with increasing temperature than do the values of R
44 

or R
28

• 

From this information and what is known about the mechanism 

of the decomposition of N
2

0 on platinum filaments and the chemisorp

tion of oxygen and nitrogen on tungsten, we have deduced a possible 

mechanism for the tungsten-nitrous oxide reaction. 
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B. Deduction of aPossible ReactionMechanism 

Of the many investigations of the decomposition of N
2

0 on 

platinum filaments, only the most recent need be menti<:med here. 

Riekert and Staib 7 studied the decomposition of N 20 on platinum fil

aments in the pressure range above 5 torr and at platinum temper

atures from 500 to 1200°K. Lintz and Riekert8 studied the effect of 

· Nz:O temperature (90 to 298°K) on its decomposition rate on platinum 

filaments at small constant N
2

0 pressures (under 10-4 torr) and plat

inum temperatures between 1200 and 1300°K. ·They proposed the fol

lowing mechanism for the decomposition of Nz:O on platinum filaments 

( #designates a site available for chemisorption and Q...:# designates a 

chemisorbed oxygen atom): 

N
2
0(g) + #- N

2
(g) +0- # 

N 20(g) + 0 -# - N 2(g)+0
2
(g) + .# 

2(0 - #)- 02(g) + 2{#) 

o2<g) + 2(#)- 2(o -#). 

-4 -3 
At NzO pressures between 5X10 and 1X10 torr and a.platinum 

filament at 1400°K, · Mitani and Harano have shown that oxygen atoms 

evaporate from the platinum filament. 9 Thus the following step should 

be added to the reaction mechanism: 

0- # - O(g) + #. 

For. interpretation of the results of this investigation, the 

chemisorbed state is assumed to be preceded by a physisorbed precur

sor state that acts as a. reservoir for the subsequent chemisorbed 

state which has a. much higher binding energy. The concept of a phys-
. 10 

isorbed precursor state has been proposed by Lennard,-Jones,. 

Rideal, 
11 

Becker and Hartman, 12 and Ehrlich. 13• 14 ·Ehrlich 13• 
14 

has discussed the kinetics and mechanism of chemisorption on metals 
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using this concept, and Smith 6 has derived equations for the sticking 

coefficients of nitrogen and carbon monoxide on tungsten by using a 

model involving a physisorbed precursor state. In discussing the. low

pressure oxidation of niobium at 1500 to 2000°K, Kofstad and Espevik
15 

assume that oxygen molecules first become physically adsorbed on the 

surface and that subsequent chemisorption occurs on specific surface 

sites from the reservoir of physically adsorbed molecules. 

Lintz and Riekert found that, at the beginning of the decom

position reaction of N
2
0 on platinum, the collision yield of the re

action does not depend on the temperature of the gases. 8 It is possible 

that the first reaction in the above mechanism involves a precursor 

physiorbed state. 

Redmond, 
16 

who investigated the decomposition of N
2

0 in the 

pressure range 0,02 to.4.0 torr on platim:m heated from 820°K to 

1090 °K, found that added nitrogen and nitric oxide do not affect the de

composition reaction; on the other hand (as has been observed by others) 

added oxygen retarded the decomposition reaction, regardless of the 

source of the oxygen. 

No studies of nitrous oxide decomposition on tungsten have been 

described in the literature, although many studies of the reaction of 

oxygen with tungsten have been reported. Becker and Brandes con

cluded that oxygen molecules striking a clean tungsten surface are physi

cally adsorbed for a short time, during which they may evaporate as 
. . 17 

molecules or become adsorbed as atoms. Oxygen chemisorbed as 

1 
18 

atoms a so evaporates as atoms. -

Above 2100°K, W0
2

(g) has been shown by mass spectrometer 

to be the major species formed in the reaction of oxygen with tungsten.19 

-6 At a tungsten temperature of 2800°K and a nitrogen pressure of 10 

atm, Anderson has shown that the reaction rate of tungsten with nitro

gen is negligible so that the formation of tungsten nitrides need not be 

"d d. th .· 20 . cons1 ere 1n e react1on sequence. 
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For the tungsten-nitrous oxide reaction, a possible first step 

is physical adsorption: 

"k 
2 

(2) 

where (p. a.) refers to the physisorbed precursor state. In this state 

many reacticms are possible. One set of reactions that satisfies the 

. r.esults obtained.in this investigation. is 

N
2
0(p. a.) 

k3 
+.#- N2(g)+.O-# (3) 

N
2
0(p.a.) +0-# 

k4 
N2(g) + # + 02(g) (4) -

0- # 
k5 

O(g) + # (5) -
2(0-#)+ 

k6 
w- W0 2(g) + 2#. ( 6) 

Reaction 4 is probably necessary to account for the molecular oxygen 

obs~rved as a reaction product, since 0 2 is not a.significant product 

of desorption of chemisorbed oxygen. 

According to the reaction mechanism proposed above, nitrogen 

is not chemisorbed on tungsten so that the presence of excess nitrogen 

over the. nitrous oxide should not significantly affect the reaction pro b

ability. A mixture of 10 parts nitrogen to 1 part nitrous oxide was 

passed through the reaction vessel and the ree~.ctiGn probability was 

determined at 2660°K. The results are compared with those for pure 

nitrous oxide in Fig. 11. As predicted from the meche~.nism,. the exc~ss 

of nitrogen over the nitrous oxide had no effect on the reaction pro b

ability. 

The. rate of generation of molecular oxygen, presumqbly by re

action (4), was only from one-eighth to one-fifth R
44 

instead of being 

always one -half R
44

,. as expected if reaction4 accounted for aU oxygen 
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10 
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0.1 

o N N 0 Rl 0.1 N N 
2 2 

o NN 0 =I NN =0 
2 2 

T= 2660 °K 

0.01~-----L----~~~~~--------~--~~~~ 

10- 9 10- 8 10-7 

PN 0 filament on (otm) 
2 

MU-36005 

Fig. 11. Reaction probability as a function of N
2

0 pressure 
at 2660°K for mixtures of N

2 
and N

2
0. 
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from the nitrous oxide decomposition. However, the rate of 0
2 

generation varied with temperature and nitrous oxide pressure almost 

directly with the rate of nitrous oxide decomposition, except at 2160°K 

where the rates were lowest and therefore most difficult to. measure 

accurately. The measured rate of W0 2 formation was too. low to ac

count for much of the discrepancy. Recent measurements by Schissel 

and .Trulson indicate that oxygen-atom generation should vary more 

steeply with temperature than tungsten dioxide generation and should 

probably be comparable to tungsten oxide generation only at the. highest 

temperatures. 
21 

Probably the value of measured 0
2 

generation .is 

about one half the actual value. E.fforts to improve the oxygen balance 

by more careful calibration were unsuccessful. Thus, if the available 

sites for chemisorption could be filled, the. reaction probability. should 

be greatly reduced. Pure nitrous oxide, as well as mixtures of oxygen 

and nitrous oxide in the ratios of 15.5 to 1, 2. 3 to 1, were passed 

through the reaction vessel and the reaction probability of nitrous oxide 

was determined at 2550°K. The results are shown in Fig. 12. As pre

dicted, the presence of gases that can fill the available sites for chem

isorption decreases the reaction probability for nitrous oxide, the 

amount of decrease depending on the relative amounts of the two gases 

present. 

According to the mechanism represented by Eqs. (1) to (6) above, 

where the square brackets denote concentration. Assuming a steady 

state for the precursor, i.e., 

we find that 

d[N 
2
0(p. a~ )] 

::::: 0 
dt 

k 1[N
2
0(g}] 

[N20(p. a.)] = k k (1 8) + k 8 z.+ 3 - 4 
(8) 
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o NNo=l N0 =0 
2 2 . 

N0 =0.7 
2 

N N 0=0.06 
2 

T=2550°K 

0.01 ~~-L----~~~LL----~-L-L-L~~ 
10- 9 10 -a 

PN 0 filament on (atm) 
2 

MU-36009 

Fig. 12. Reaction probability as a function of N 20 pressure 
at 2550°K for mixtures of 0

2 
and N

2
0. 
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and that 

{9) 

{where e is the fraction of the surface covered), or 

{10) 

in which the bracketed quantity is the reaction probability. 

Assuming a steady state for the chemisorbed oxygen, i.e., 

dB 
dt = 0, 

and neglecting reaction {6) because Rw is less than 0.1R
44

, we deter

mine that the expression for the fractional surface coverage is 

e = { 11) 
k 

k +k + 
5 

3 4 LNzO{p. a. )J 

The pressure dependence of e is in the term k
5
j[N

2
0{p. a.)], 

which arises from desorption of oxygen atoms from the tungsten sur

face. Since [N20{p. a.)] is proportional to the pr~ssure, f3 will also 

be proportional to the pressure, but the pressure dependence will. be 

small because the rate of oxygen-atom desorption is small in the ex

perimental range. As shown in Fig. 3 and Ta,.ble II, E increased very 

slightly with increasing pressure in the low-pressure range. 

Equation {9) indicates that R
44 

should have a gr.eater -than

first-power pressure dependence because of the pressure dependence 

of E. The expected pressure dependence was observed experimen

tally as shown in Figs. 4 to. 8 and Table II. 
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We assumed earlier that the precursor state is a two-dimen

sional gas physically adsorbed on the tungsten and that desorption will 

occur by a unimolecular evaporation reaction. However, as the con

centration of physically adsorbed N
2

0 increases, desorption might 

also occur by a bimolecular reaction such as 

( 12) 

or 

The rate of desorption for reaction ( 13) is 

at at high pressures of N
2

0 may be large compared with either 

k
3
[N

2
0(p. a.)] (1- 8) or k

4
[N

2
0(p. a.)] e, so that the rates of reactions 

(3) and (4) can be neglected in the steady-state treatment. The steady

state concentration then becomes 

1 1 

[N20(p. a.)] = (k1jk'2 f2 [N20(g)] 2 ( 14) 

and R
44 

becomes 

1 1 

R 44= -k1[N20(g)] + (k
1

k2_)2 [N
2
0(g)] 2. ( 15) 

The term k 1[N20(g)] is proportional to PN 
0 

and the term 
.!._ 1 2 1 

(k 1k2_) 2 [N20(p. a. )]2 is proportional to (PN 
0

)2. Thus, Eq. (15) 
2 

shows that the pressure dependence of R44 (and of R
28 

and R
32

) will 

be between i and 1, as was experimentally observed. 

As the tungsten temperature is increased, k
3 

and k
4 

increase 

so that the concentration of nitrous oxide in the precursor state de

creases, as shown in Eq. (8). Therefore, the pressure at which 
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deviations from the first-power dependence on nitrous oxide pressure 

occurs will increase as the temperature increases, as we experimen

tally observed. 

Bimolecular collisions in the precursor state may also affect 

the rate of chemisorption of oxygen atoms by reaction (3) and the rate 

of formation of molecular oxygen by reaction (4) of the proposed mech

anism. Bimolecular collisions may result in deactivation of physically 

adsorbed nitrous oxide molecules, preventing them from reacting ac

cording to steps (3) and (4) in the mechanism. The deactivation will 

also cause a deviation from linearity in the overall reaction rate, and 

the pressure at which the deviation occurs will increase as the tern

perature is increased. 

As shown by Eq. (9), the expression for the overall rate of the 

tungsten-nitrous oxide reaction involves many different rate constants. 

For this reason log R
44 

will not be plotted vs 1/T, and an "apparent" 

activation energy for the overall req.ction will not be calculated because 

it would be meaningless for such a complex reaction. For the same 

reason, empirical relationships will not be derived for the rate as a 

function of temperature and pressure. However, some estimates for 

the rate c.onstants and activation energies are made in Sec. VI. D. 

C. Formation of Tungsten Oxide 

By defining 

( 16) 

where E' is the probability that a nitrous oxide molecule that strikes 

the filament will be converted to a W0 2(g) molecule and v 44 and Rw 

are defined as before, an indication of the oxidizing efficiency of the 

, N
2

0 is obtained. The calculated values of E 1 obtained by our taking 
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R from the least-squares fits of Fig. 10 are given in Table IV. w 

Table IV. Oxidizing efficiency of nitrous oxide, 

Values of E 1 at PN 0 
T( °K) 

2 

10- 8 10- 7 10- 6 

2220 0.0032 0.0019 0.0011 

2440 0.0057 0.0039 0,0026 

2550 0.0084 0,0060 o. 0045 

2735 0.020 0.011 o. 006 3 

These data confirm that when a nitrous oxide molecule strikes a. tung

sten filament heated from 2000 to 3000 °K the principal reaction is the 

decomposition of the nitrous oxide into molecular oxygen and nitrogen. 

According to the reaction mechanism, W0
2

(g) is formed by the 

reaction 

. k6 

W + 2(0- #) __. W0 2{g) + 2#. ( 1 7) 

Since the actual removal of tungsten atoms is presumably by an ele

mentary reaction, a plot of log R vs 1/T is meaningful. Figure 13 
w -8 -7 -6 . 

is such a plot at PN 
0 

= 10 , 10 , and 10 atm, the values for 

R being taken from
2
the least-squares .fits of Fig. 10, Straight lines 

w 
are drawn through the points at all three pressures that have the same 

slope of 41 500 cal/mole. The increase in R with pressure is caused 
w 

by the increased surface coverage at the higher pressures. 
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3.8 4.2 4.6 

1/ T X 10 4 

MU-36000 

Fig. 13. R as a function of 1/T at PN 0 = 10-
8

, 
-6 w 2 

10 atm. 

and 
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D. Estimation of Rate Constants and Activation Energies 

From Eq. {10) it is seen that 

E = 

and for e = 0 it follows that 

and that 

E = 

E 
r:-E • 

13 
According to Ehrlich's treatment, 

and 

{ 18) 

{ 19) 

{20) 

(21) 

{22) 

where K
3 

and K
2 

are probability factors for reaction and desorption, 

respectively; v
3 

and v
2 

are identical and are the frequency of 

vibration of the physically adsorbed N
2

0 molecules perpendicular 

to the surface; and E
3 

and · E
2 

are activation energies. From Eqs. 

(21) and {22) it follows that 

{23) 
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22 
From the work of Meyer and Gomer and De Poorter and 

23 
Searcy it is reasonable to assume (a) that the physically adsorbed 

N
2
0 is not at the same temperature as the tungsten filament and (b) 

that the average temperature of the physically adsorbed N
2
0 is in

dependent of the temperature of the tungsten filament. From the re

suits in reference 23, a reasonable estimate. of the maximum temper

ature of the physically adsorbed N
2
0 .is 105'0°K. Because the average 

temperature of the physically adsorbed layer is independent of the 

tungsten temperature, the term e -E2/kT in Eq. (23) will be constant 

and 

k3 -E /kT 
~ = (const) e 3 

2 
(24) 

so that a plot of E/(1- E) vs 1/T at e = 0 will have a slope of E
3
/k. 

Figure 14 is a plot of E/{1- E) vs 1/T for a N
2
0 pressure of 

10-: 9 atmospheres. Although at this pressure 8 is probably not zero, 

it will be small. As seen from the figure, a straight .line is obtained. 

The value for E
3 

calculated from the slope of the line is 19 000 cal/ 

mole. 

An upper 

10 000 cal/mole. 
14 -1 

and 10 sec , 

and at 1050°K 

limit on E
2

, the heat of physical adsorption, is 

The vibration frequency v
2 

is probably between 10
12 

and a value of 10 13 sec -
1 

is assumed. Then 

-1 
sec 

{25) 

I -11 
The time of physical adsorption will be 1 k

2 
or about 1 X 10 sec. 
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Fig. 14. 
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3.6 4.0 
1/T x 10 4 

_E_ as a function of 1/T at 
1- E 

MU -36007 
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Using the activation energy obtained from Fig. 14 and the 

same estimated value for the vibration frequency, we obtain 

k = 1013 -19 000/RT 
3 e • {26) 

11 -1 
At 2160°K, k

3 
calculated from Eq. {26) is 10 sec , and at 2900°K, 

11 -1 
k

3 
is 4 X 10 sec 

By means of the rate constants calculated from Eqs. {25) and 

{26), E can be calculated from Eq. {18), again with the assumption 

. that () is zero. The calculated value at 2160 °K is 0. 55 and at 2900 °K 
-9 is 0.83. The experimental values at a· N 20 pressure of 10 atmos-

pheres and at temperatures of 216Q and 2900°K are 0.16 and 0.39 res

pectively. 

DeBoer estimates the; activation energy for surface diffusion to 

be about one -half the heat of adsorption. 
24 

On the basis of this esti

mate, the rate constant for diffusion will be 

k 
_ 

10
13 -5 000/RT -1 

D- e sec , {2 7) 

and at 1050°K will have a numerical value of 9 X 10
11 

sec-
1 

From 

this calculation the rate of surface diffusion in the precursor state is 

shown to be about ten times the rate of evaporation by the unimolecular 

evaporation reaction. At 2160°K the rate of surface diffusion in the 

precursor state is also ten times the rate of reaction, by steps 3 and 

4 in the mechanism. However, at 2900 °K the rate of reaction (3) is 

almost half the diffusion rate, and if the rate of reaction (4) is taken 

into account, the rate of reaction from the precursor state may be 

about the same as the rate of surface diffusion. These circumstances 

are consistent with the suggestion made earlier that at low temper

atures and high pressures desorption by a bimolecular reaction may 

become important relative to desorption by a unimolecular re.action. 

In the high-pressure range at 2900°K, desorption by the bimoh:~cular 

reaction is not likely to occur because the physically adsorbed N
2

0 
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molecules will react with the surface before they collide with each 
! 

other. In the h~gh-pre s sure -low -temperature range there will be 

many chances for collision before the N 20 molecules evaporate or 

react with the surface. 

Unfortunately, neither k
4 

nor the activation energy for k
4

, 

can be determined. Because the surface coverage is a function of k
3

, 

k
4

, and k
5

, the activation energy for k
4 

cannot be determined from 

a plot of R 32 vs 1/T. 

The rate constant and activation energy for the evaporation of 

t · h b d · d b J h d v· k 25 d · · a om1c oxygen as een · eterm1ne y o nson an 1c an 1s g1ven 

by 

2s I -2 -1 . k
5 

= 5X10 exp(-144000 RT) em -sec 
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VII. SUMMARY 

The high-temperature-low-pressure reaction between nitrous 

oxide and. tungsten is mainly a decomposition reaction that is unaffected 

by excess nitrogen but greatly retarded by excess oxygen. About one 

in a thousand nitrous oxide molecules that strike the surface reacts to 

form W0 2 (g} at a tungsten temperature of 2220°K and a nitrous oxide 
-6 . -8 . . 

pressure of 10 atm, whereas at 2735°K and 10 atm, one m f1fty 

nitrous oxide molecules that strike the surface are converted to W0 2(g}. 

The results of this investigation are consistent with a six-step reaction 

·mechanism involving: 

( 1) Physical adsorption of the nitrous oxide, 

(2} Partial evaporation of the physically adsorbed nitrous oxide, 

(3} Decomposition of the physically adsorbed nitrous oxide 

molecules into nitrogen gas and chemisorbed oxygen atoms, 

(4} Reaction of the physically,adsorbed nitrous oxide molecules 

with chemisorbed oxygen atoms, producing molecular nitrogen and 

oxygen, 

(5) Evaporation of the cheiT}isorbed oxygen atoms, and 

(6) Reaction of two chemisorbed oxygen atoms with the, tung

sten giving W0
2

(g). 

The decomposition rate of N
2

0 and the rate of formation of 

wo2 both increase with increasing temperature and pressure. 

... 
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Table V. Experimental data for tungsten-nitrous oxide reaction at 2160 °K. 

P 
44 

with p44 p28 p32 c R44 R28 R32 
filament 
cold 

6.06 X 10- 9 4.39X10- 9 2.55X10- 9 0.13 1,33X1o
14 

1.93X10
14 

8.90X10- 9 6.06X10- 9 3.40 X 10- 9 0.16 2.24X10
14 

2.57X10
14 

1.12X10- 8 7.61X10- 9 3.65X10- 9 0.16 2,83 X 10
14 

2.?6x1o
14 

2,84X10- 8 2,06X10- 8 8.20X10- 9 0.13 6.23X10
14 

6.20X10
14 

4.44X 10- 8 .3.68X10 
-8 1.1 X10- 8 0.10 8.53X10

14 
8.32X10

14 

7.22X10- 8 -8 5.81'X 10 · 1.3 X10- 8 0.083 1.12X10
15 

9.83 X 10
14 

9.03X10- 8 7.55X10- 8 1.5 X10- 8 0.078 1.33X10
15 

1.13X10
15 

I 

1.43X10- 7 1.40 X 10-7 1. 7 X 10- 8 1.83X10
15 

1.29X10
15 H:>-

0.066 LN 
I 

2.77X10- 7 2.52X10-? 2.7 X10- 8 0.035 2.04X10
15 

Z.04X10
15 

5.16X10- 7 4.64X 10- 7 3.8 X 10 
-8 

9.58X10- 10 
0.038 4.09X10

15 2.87X10
15 

6.93X10
13 

7.10X10- 7 6.71X10- 7 4.3 X 10 
_g 

4,22X 10- 9 0.020 3.11X10
15 

3.25X10
15 

3.06 X 10
14 

8.51X10- 7 7.87X 10- 7 5.8 X10 
-8 

6.55X10- 9 0.028 5.11X10
15 4.38X10

15 
4.74X10

14 



Table VI. Experimental data. for tungsten-nitrous oxide reaction at 2290 °K. 

P 
44 

with p44 p28 p32 E R44 R28 R32 
filament 
cold 

7. 35 X 10- 9 4.71X10"" 9 3.6 X 10 :.. 9 0.19 2.08 X 10
14 

2.72X10
14 

8.90X10 -9 5.10X10- 9 
4.7X16 79 0.25 2.95X10

14 
3.55X10

14 

1.12X10-8 6.71X10- 9 5.9 Xi0- 9 0.23 3.57X10
14 

4.46 X 10
14 

1.97X10-8 1.19X10- 8 9.8 X10- 9 
0.23 6.33X10

14 
7.41 X 10

14 

4.10X10- 8 2.39X10- 8 1.62 X 10- 8 
0.24 1.33X10

15 
1.22X10

15 

6.06 X 10- 8 3.87X 10- 8 2.05 X 10- 8 
0.19 1.70X10

15 
1.55X10

15 

8.00X10- 8 5.42 X 10- 8 2.50X10- 8 
0.16 2.01 X 10

15 
1.89X10

15 
I 

~ 

9.29X10- 8 6.71X10'" 8 2.60X10- 8 0.13 2.03X10
15 

1.97X10
15 ~ 

I 

2.48X10- 7 -7 1.94X 10 . 4.40X10- 8 7.81 X 10 "" 9 0.095 4.27X10
15 

3.33X10
15 

5.66 X 10
14 

4.13X10-? 3.4ZX10- 7 5.80X10- 8 1.32X10- 8 0.070 5.55X10
15 

4.38 X 10
15 

9.58X10
14 

S .. 93X10- 7 5.03X10- 7 7.50X10- 8 1.50X10- 8 
0.061 7.12X10

15 
5.67X10

15 
1.09X 10

15 

7.74X10- 7 6.84X 10- 7 9.3 X10- 8 1.80X10- 8 
0.045 7.13X10

15 
7.03X10

15 
1.31X10

15 

5.16X10- 8 3.35X10-8 3.21X10- 9 2.33 X 10
14 

7.35X10""
8 4.90X10"" 8 4.60 X 10- 9 3.33X10

14 

1.34X10- 7 9.68X 10- 8 5.92X10- 9 4.28X 10
14 

·"("" ... , 
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Table VII. Experimental data for tungsten-nitrous oxide reaction at 2540 °K, 

P 
44 

with p44 p28 p32 E R44 R28 R32 
filament 
cold 

6.32X 10-9 3.29X10~ 9 4.4 X 10- 9 o. 31 2.36 X 10
14 

3.33X10
14 

9.16X10- 9 4.71X10-: 9 5.95X10- 9 0.32 3.50X10
14 

4.50X10
14 

1.03X10-8 5.35X10- 9 7.80X10- 9 0.32 3.97X10
14 

5.90X10
14 

1.75X10-8 8.51X10- 9 1.3 X 10"' 8 3.21X10- 9 0. 36 7.11X10
14 

9.83X10
14 

2.33X10
14 

3.26X10- 8 1.56X10- 8 
2.5 X 10- 8 5.92X10- 9 0.37 1.34X10

15 
1.89X10

15 
4.28X10

14 

4.13X10- 8 1.97X10- 8 
3.3 X 10- 8 8.32X10- 9 0.37 1.69X10

15 
2.49X 10

15 
6.02X10

14 

6.32X10- 8 2.86X10- 8 X 10- 8 1.18X10- 8 2.72X10
15 

3.33X10
15 

8. 58 X 10
14 I 

4.4 0.41 ~ 

7.61X10"' 8 3.42X 10- 8 X 10- 8 1.39X10- 8 3.33X10
15 

3.93X10
15 

1.00X10
15 

\)1 

5.2 0.42 
I 

9.68 X 10- 8 4.41 X 10- 8 6.0 X 10- 8 1.70X10- 8 0.41 4.19X10
15 

4.54X10
15 

1.23X1015 

2. 04X 10- 7 1,06X10-? 1.2 X10- 7 2.77X10- 8 0.32 7.84X 10
15 

9.07X10
15 

2.00 X 10
15 

3.61X10- 7 1.97X10- 7 1.85X10- 7 
4.91X10 

-8 o. 28 1.28X10
16 

1.40 X 10
16 

3.55X10
15 

5.68X10-? 3.42X10- 7 2.45X10-? 6.87X 10- 8 0.22 1. 74X 10
16 

1.85X10
16 

4.96 X 10
15 

7.61X10- 7 4.84X10- 7 3.15X10- 7 8.06X10- 8 
0.20 2.24X 10

16 
2.38X10

16 
5.83X10

15 



Table \?:III. Experimental data for tungsten-nitrous oxide reaction at 2785°K. 

p44 with p44 p28 p32 E" R44 R28 R32 

filament 
C0ld 

. 8.26X10 
-9 -9 , 4.0 X 10 . 5.5 X10- 9 0.36 3.34X 10

14 
4.16X10

14 

1.08X10-8 4.77X10- 9 8.1 X10""' 9 0.43 4.76X10
14 

6.12X10
14 

1.88X10-8 8.64X10- 9 1.4 X 10"' 8 
0.40 8.02 X 10

14 
1.06X10

15 

3.15X10- 8 1.42X 10- 8 2.35X10- 8 0.41 1.35X10
15 

1.78X10
15 

5.10X10- 8 2.17X10- 8 
4.20 X 10 

-8 
4.28X10"" 9 '0.46 2.31X10

15 
3.17X10

15 
3.10X10

14 

7.47X10- 8 3.01X10- 8 5.70X10"' 8 
9.83 X 10 "" 9 0.51 3.56 X 10

15 
4.31X10

15 
7.12X10

14 

8.64 X 10 "'"
8 3.48X 10- 8 6.40 X 10- 8 1.36X10- 8 0.50 4.04X 10

15 
4.84X 10

15 
9.85X10

14 
I 

H:>-

1.05X10"' 7 4.39X10- 8 8.0 X10- 8 1.78X10- 8 . 0.47 4.79X10
15 

6.05X10
15 

1.29X10
15 0' 

I 

1.99X10- 7 8.0 X 10- 8 1.4 X 10- 7 3,15X10- 8 0.51 9.47X10
15 

1.06X10
16 

2.28X10
15 

4.39X10-? 1.81X10-? 2.85X10- 7 7.56X10- 8 
0.49 2.05X1o

16 
2.i5x1o

16 
5.47X10

15 

6.06X10- 7 2.58X10- 7 4.2 X10- 7 1.13X10- 7 0.46 2.75X10
16 

3,17X10
16 

8.22X10
15 

8.51X10- 7 3.51X10- 7 5.3 X10- 7 1,45X 10- 7 0.49 3.99X10
16 

4.01X10
16 

1.05X10
16 

':;~ 

" 
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Table IX. Experimental data for tungsten-nitrous oxide reaction at 2900°K, 

P 
44 

with p44 p28 p32 € R44 R28 R32 
filament 
cold 

9.03X10- 9 4X 10- 9 5.5 X10- 9 0.43 3.99X10
14 

4.16X10
14 

1.16X10 
-8 5.16X10- 9 7.0 X10- 9 0.43 5.15X10

14 
5.29X10

14 

2.32X10- 8 1.04X10-8 1.5 X10- 8 0.42 1.02X10
15 

1.13X10
15 

4.39X10- 8 1.86X10-8 
2.70X10 

-8 
0.46 1.99X10

15 
2.04X10

15 

7.10X10- 8 2.71X10- 8 4.70)<;10- 8 
0. 55 3.46X10

15 
3.55X10

15 

8.51X10- 8 3.23X10- 8 6.6 X10- 8 0.56 4.19X10
15 

4.99X10
15 

I 

1.08X10-? 4.06X10- 8 7.6 X10- 8 3.47X10- 9 o. 57 5.38X10
15 

5.75X10
15 

2.51X10
14 ~ 

--.1 

2.19X10-? 8.00 X 10 -S 1.6 X10-? 1.83X10- 8 0.59 1.10X10
16 1.21X10

16 
1.32X10

15 
I 

4.26X10-? 1.48X10-? 2.6 X10-? 5.17X10- 8 0.64 2.21X10
16 

1.97X10
16 

3.74X10
15 

6.45X10-? 2.39X10-? 4.3 X 10 -? 1.06X10-? 0.58 3.21 X 10
16 

3.25X10
16 

7.66X10
15 

9.29X10-? 3.29X10-? 6.0 X10-? 1.58X10-? 0.62 4.73X10
16 

4.54X1o
16 

1.14X10
16 

1.68X10-? 6.06X10-S 1.20X10- 8 8.67X10
14 

.. 
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Table X. Exper.imental data for N 2 -Nz;O gas mixture 
exper1ments. 

r 
' N 

2
- l\1

2
0 qnxture l\10 2 

only 

p44 p44 p44 p44 
'~ 

filament filament 
cold cold 

8.1 )<10- 9 5.68 X 10 "' 9 0.32 7.8 X1o"' 9 5.29X10- 9 0.34 

8.6 X 10- 9 5.93X10"' 9 0.33 9.0 X 10- 9 5.93X10- 9 0.36 

1.15X10-8 7.22X 10- 9 0.39 1.2 X 10-8 7.48X10- 9 0.40 

1.45 X 10- 8 
8.82X 10"' 9 0.42 1.5 X 10-8 8.51X10- 9 0.48 

-8 9.55X10- 9 
;·, 

1.62X10- 8 9.29X10- 9 1.675X10 0.47 0.47 

2.10X10- 8 1.10X10-8 
0.54 2.05X10- 8 1.10X10- 8 

0. 52 

··-
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Table XI. Experimental data for 0
2

- N
2
0 gas -mixture 

experiments. 

nN 0 no p~4 p44 
~'· 2 2 fi ament cold 

0. 06 0. 94 4. 75X 10-9 4.0 X 10- 9 0.071 

0.06 0.94 5.75X10- 9 4.9 X 10- 9 0.064 

0.06 o. 94 7.0 X 10- 9 6.0 X 10- 9 0.060 

0.06 0.94 8.4 X 10- 9 7.4 X 10- 9 0.053 

0.3 0.7 4.9 X10- 9 2.95X10- 9 0.25 

0.3 0.7 6.0 X 10""' 9 3.7 X10-9 0.23 

0.3 0.7 8.4 X 10- 9 4.9 X 10- 9 0. 2 7 

0.3 0.7 1.1 X10- 8 6.22X10- 9 0.29 

1 0 4.9 X 10- 9 1.85X10- 9 0.62 

1 0 6.22X10- 9 2.40 X 10-9 0.60 

1 0 7.98X10- 9 3.20X10- 9 0.56 

1 0 9.61 X 10- 9 4.0 X 10- 9 0.53 

1 0 1. 94X 10- 8 7. 98 X 110- 9 0. 53 

n means mole fraction 

I ' 

.. 
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Table XII. Experimental data for R w 
determinations. 

T ( °K) p44 R w 

2220 8,41X10- 7 
5.7 X10

14 ~· 

5. 47 X 10- 7 3.56X10
14 

2.61X10- 7 1.80X10
14 

7.81X10- 8 
8.32X10

13 

4. 37 X 10- 8 
3.19X10

13 

1.96X10- 8 
2.54X10

13 

2440 6.85X10"" 7 
9.45X10

14 

4. 93 X 10 "'" 7 6.50X1o
14 

2.01 X 10- 7 3.35X10
14 

5.56X10- 8 
1.04X10

14 

3.24X10- 8 
7.52X10

13 

2550 4.9 X 10- 7 1.13X10
15 

2.85X10- 7 7.35X10
14 

2.1 X 10- 7 5.03X10
14 

8.2 X 10- 8 
2.22X10

14 

4.2 X10- 8 1.41 X 10 1-4 

2735 4.26X10- 7 1.52X10
15 

2.65X10- 7 
9.85X10

14 

1.55X10- 7 6.88X10
14 

9.98X10- 8 
6.26X10

14 

5.03X10- 8 
3.20X10

14 

2:52X10- 8 1. 71 X 10
14 

,~h 

·!P 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 

of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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