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ABSTRACT 

The n i trogen rec.omb1nation reaction and the reaction of 

active nitrogen with methane were studied. The intensity of 

t he nitrogen a ft erglow was found to be independent of total 

pres aure at pressures les~ t han three millimeters, and first 

or der i n total pressure at nigher pressure. The radiative 

efficiency of t he recombination reaction was found to be very 

low; only about one- three hundredth of all recombinations 

resulted in the emission of a light auantum. The reaction of 

active nitrogen with me thane was found to produce ' CN radi a tion. 

It was found that t he r a/te of emission . of this radiation may 

be expressed i n ~ rate law of the follqwing form: 

1cN i:: K :Ptotal • :pNY [:ecH4 { 1 + k:PcH4 )-1 + k' PcH;.X] 
2(..y<.3 
O<.x(.1 
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I NTR DUCTION 

In the spring , 1964 , quarte r, Bob Levin and Wayne Ryback 

found t hat when natu.ral !ias ; •wh1ch co:nsists mostly of methane , was 

released i nto a s tream of active nitrogen i n the Ch 26 

fas t-flow apparatus , t he intens i ty of the nitrogen after-

glow (a measure of the concentration of nitrogen atoms ) . 
' . \ 

decreas d sharply a short diitadce down t he reaction tube from 

the mixing point and a violet glQw s1multe.ne,us:t{ appEe.r ed, This ', 4nd1-
·, 

oa ted that a reaction was taking place · between the methane 

and active ni trogen . 

I studi ed this r eaction further during the summer of 1964, 

with the goal of determining the kinetics of t he active nit r ogen­

methane reaction in general, al;l.d of the r eact ion produc ing the 

violet gl ow in particular. 

APPARATUS 

Essentially the same apparatus was used as in the Ch 26 

laboratory ·work. Drawings showing its essential features a re 

r eproduced on graph pages 1 and 2. 

Nitrogen (Linde , 99 . 99%) flowed from a t ank through tubing 

over a mercu ry manometer and to a capillary flow meter. At times 

a pyrex tube cont~1n1ng copper pellet~ heated to soo0 c. was 

i nsert d into the gas line between the nitrogen t ank and 

manometer. Methane , as i n roduced i nto t he system i n much t,he 

~ame manner . Fittings were a~ran~ d so tha t methane could be 



introduced at ei ther.,@or @ All tubing f rom tanks to flow 

meters ,.,.was neoprene; from flow meters t o reaction tube , Jo/'8 11 

copper. Fitt ings that were not sub jected to high vacuum were -­

sealed with Dow-Corning high vacuum grease ; those that were , 

with Apiezon grease. 
\ 
'"-

The total gas pressure in the reaction t ube was regulated 

by valve @. The diffusion pump was not used. A sili con 011 

absolute manometer was used to measure the pr essure in the 

reaction t ube . It was general ly found to be necessary to 

evacuate t he system for one half hour with the high speed pump 

for the manometer to give reproduci ble .readings when the t otal 

pressure was vari ed. This was presumablydue to air dissolved 

i n the:0 l; the matter was not investigated. 

The mi crowave diathermy was powered- by a constant vol tage 

transformer. It was necessary to all ow t he diathermy unit to 

operate fo r 15-20 mi nutes at 70-80% power prior t o an exper-
; m en~ ~ n order t o a vo 1 d ; t "V'~t:t'l'a bl. e '"i:rh'. 6 i 19tliet"~ f-c re'ad'f:ng f ~u ~,;'t o 
d:rl ft"ing ot the power i n the di athermy unit . .. . ;, . • ' ' ,, ;, 

Al l flow rates end pressures could be main~ainea almost 

indefinitely with a}fi t le or no .:a.d justmeQt. 

The photometer was mounted on a dolly running on rails 

so that it could be moved up and down the tube at a constant 

distanc e f rom it . When the Jarrell-Ash Recording Spec trometer 

was used , it was placed on a cart t hat could be rolled up and 

down bes i de the t ube, with t he sli t level with t he center of 

the tube and 6. 0 cm. from it . 
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EXPERIM NTAL WORK 

I . In xial pectroscopic Studies . 

The fi r st experimental work was concerned with trying 

to identify excited i ntermedi ates i n , and products of the methane­

active nitrogen r eaction. This was attempted by studying the 

emission spectrum of the gas i n the reaction t ube , us i ng a 

hotographic quartz spectrograph which was calibrated against 

s t andard mercu ry lines ~ rom an AH-4 mei-·cury arc lamp. Expo- -­

sur es of the r eaction spectrum were ta en with the spec r o­

gI'ap: s l 1 t a u one ha f cm. fro m t he . oe . 

Exposures of the twos c t r a (mercury and react ion) were 

overlapped on the same negati ve ( 1 . e ., by f irst making an exposure 

of t he mercury a rc with one half of the slit covered , and then 

maki ng an exposu r of the reaction tube on t e same negative 

w th e other hal f of t he s lit covered)~, All lines were mea-

sured on a comparator , and a calibration curve for the spectre-
• ,~ ~ ,./ : o\ .{. _f, ., -~ ... ,J ,~,,- J.' :~./_..,,,1,.': { ·, • .. ,:\.•( 1-·' ... ~• • ' "' 

graph was made by matching the ,"'comparato.r re~dings of t he observed. 

1.ines t o their .. §tande.rd _avelengths on a sU1ooth curve. The compar ator 

readings of the reac ti on bands were t hen matched to t he corresponding 

wavel etigths • qn the cu~ve ( see graph . p .. 5 ). All comparator readings 

were made at the centers of the bands on the negat i e . n ex-

posure of about• second through fur th c nes ses of i m ipe 

wa s found t produce the mercury lines c ear l y at a slit 

openi ng uch that 1 een m nu .es' e Xpo s re wa enough for the 

vi olet glow i n therea t on tube t how a di s t i nct spectrum. 

Exposures were made bo h with a d without methane present 

_i n the react on tube . I n t he absence of methane , the ,follo ng 



- ans were un 

2 
q .rs t posl t 

y 1 ' en 1 i ed : ·t 

syste C B31T • 3 ~ ) .. 

~ ys e1,11 ( ,r ~ Tf groun stat.... ) 
}, 

" 

5804 i . 
5755 R. 

4041 1· 3800· • 
3583 . 
3386' i . 
3206 i. 

Wi th methane present, all the above were observed, with 

the addition of the following: 

CN. ( ¾'-. 2 l: ground state ) 

I 

4216 X. 
3883 t. 
3854 x. 

The CN bands were quite clear ·a-rter/. an exposure time of 
r 
' 

about fifteen minutes. No· additional bands appeared after an 

hour•s exposure. 

At - this time a new and later to be significant problem 

appeared • . As the total pressure 1n the reaction tube wa s i n­

creased to about 10 . mm. Hg, a violet glow appeared and the 

nitrogen afterglow disappeared, both with and without methane 

present, in much the same way as the afterglow disappears and 

the v·iolet NO glow appears in the titration of nitrogen atoms 

with NO. This effect was presumed to be due to the presence 

of oxygen in either the gas line or the nitrogen tank. Changing 

from Linde to Mathieson high purity nitrogen ( 99.996% )., and/or 

inserting a pyrex tube of copper pellets at 500° in the gas 

line between the nitrogen t ank and manometer produced no 

obvious improvement . The tube with the copper turnings was 

only about fifteen cm. long; better results might have been 
ft.~ ' r.' .··:.- ., . ·. :,-~ ~ - "!,' / ; Ii : .. 

obtained tr 1t ha.d--,been longer-. which woul d 1h2v, kept t he oiygen ( if 

any were pres ent) in contact with the copper for a longer 

period of time~ 
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.. II. Calibrat ion of the Photometer. 

A. Calibration of sensit ivity changes o 

Sinc e the mlcroammeter sensit i vities indicated on the 

gain swl tch ~e--not very precise, it was necessary to deter-

mine more accurately the relative sensitivities at successive 

settings of this switch. The absolute sensitivi t ies were not 

of particular interest at the time. The conditions of the 

calibration were unimportant , since what was being measured 

was a property of the recorder only . lf t he absolute rate of' 

nitro~en emls~ibn 1s .kppt constant { by keeping th& power, total 

pressure·; .etc .. ·,, ··.cpnstant ) t hen the relatlv~ sensitivity at, - two 

·s e t lngs ·. o_f ~tp.e gain - switch i s ·the · r at io of the r-ecorder. defl.e~tions 
. !' . :- : ,;: . . • 

1!.t· t be., ·t:wt> _, s;et,ti.n:s;s,.;.- ";rlJ.~. ·r ~lative sensitivities a re as follows : 
-Tablet 

· Relative Sensitivities of Mic roammeter * 
Gain Switch 
Setting_ 
( in.M. amps) 

3 
1 
0.3 
o. 1 

Relative 
Sensitivity 

0 . 329 
1 
3.36 

10.25 

* the tabula ed r atio of recorder deflections is the average 

· of t hr ee such ratios whi ch were obt ained by varying the power 

10- 20,% . Al l a r e calibrated to 1 ..((.a 1p = 1G>O .. ( recorder deflection) . 
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B. Absolute calibration of the photometer for concentrations 

of a tomic ni trogen. 

Nitrogen atoms are presumed to recombine by the overall 

reaction.2 
( 1 • ) 

( Eq . 1) 

( Eq . 2) 

N + 

and 

where k1 is a yet to be determined "intensity constant" of the 

reaction and apparatus . 

NO is known to react rapidly and quantitatively according 

to the reaction3 

( 2. ) NO+ N + N
2 

+ 0 

Consequently , 1f NO is added to a stream of active nitrogen , 

t he i ntensity of the nitrogen afterglow diminishes , and final ly 

disappears when the added concentrati on of NO equals that of 

nitrogen atoms . Consequently , the absolute concentration of 

atomic nitrogen may be determi ned by titration with NO. In 

additi on, the total pressure is very nearly equal to PM, and 

the rate constant for the nitrogen recombination reaction is 

known. Consequently , the i nt·ensi t y constant k1 may be determined 

by measuring the i ntensity of the afterglow, and then titrating 

with NO to determine the concentration of atomic nitrogen 

present . 

The data an results of e~pe_rim.ents to _<ieterml ne k1 are 

summari zed .in .Table I : 



Table II 
Intensity Constant for Nit ro ge Recombi nation 

Total Int ens1 tytt- PNox1 o:?...* 
Pr essure (Recorder 

(mm. Hg) Def lection) (mm. Hg ) 

1. 5 50. 0 1 . 95 
1. 5 34. 5 1. 82 
1.5 22 . 0 1 . 24 
1 . 5 13. 6 0. 95 
2. 0 105 3. 25 
2.0 63. 5 2. 02 
2.0 l~2 . 5 1 . 68 
2.0 29. 3 1 . 30 
3.0 139. 5 3. 28 
3. 0 105 2. 66 
3.0 78 . 0 2. 35 
3.0 511- . 5 1. 95 
4.o 156 3.14 
4.o 120 3.04 s.o 135 2. 44 
6.o 91 1. 77 

Reaction Rate *-tHt 

(mm . Hg sec-1) 

1 . 43 
1 . 24 
0. 577 
0 . 339 
5. 29 
2 . 04 
1 . 41 
o. 846 
8. 08 
5 . 31 
4. 31 
2. 85 
9. 86 
9. 24 
7. 45 
4. 71 

-~ k1r x 10 -'= ~ 
Intensity x 1 o;:-­
Reaction Rate1 ( s • u • sec • mm• ) 

3. 50 
2. 78 
3. 82 
4. 02 
1 . 99. 
3.1 1 
3. 01 
3. 47. 
1. 73 
1 . 98 
1. 89 
1. 91_ 
1 . 58 
1. 30_ 
1.8 1 
1 . 93 

Aver age 2 . 5:t.0 . 8 

-::~ .... , I · cannot · explain ·· the fact that the r atio : I 0 / ! PN2 appears 
.. ,. . ' . 

to be independent of total pressure ·· at pr essures below -3 mm . 

·Hopefully , work be ing don,3 i n Ch 26 will h e lp to 7 oi~a!'" u p t he 

.,.. question, of the dependenc e of- the rate' of the luminous reac tion 

·6n total press~re. 

: A11. 1ntens1t: e~ ~re corrected 'to 1 ,tLamp; 100 ~r
0

). 

** PNo= NO flow r a te x total pressure 
total gas flow rate 1 4 

**- Computed from k= 25 mm~Hg-2 sec-



III . ·Explanation of the Violet ( NO ) Glow. ' 

As noted ea r l ier , NO bands appeared in the active nit rogen 

spectrum. This was assumed to be due to the presence of oxygen 

as an i mpurity in the system. The glow was qu i te annoyi ng , 

since at hi gh pre ssures it nearly completely extinguished the 
5 nitrogen aft erglow. 

Experimental work ~0 s9rib~d b~lpw· apparently :' confi rrned t he 

reactions producing the glow to be the following : 

( 3. ) N + 0 + M ~1NO + M + h -0 Iv= k3k4 PN PO PM 

k 
NO :+ N +2 N + 0 2 

From equation 2 and the above , 
2 

( Eq . 4) ~ = k kt. PN PM 
Iv: k4 k3 111 -Fo PM 

( Eq . 5) 
.•. _I!_ = 

• Iv 

k4 is the intens ity 
constant for the 
reaction . 

Since almost all of the NO present • .. reacts . w1 th N to fo rm 

atomic oxygen, P0 ~ PNo, and 

{ Eq . 6 ) 
Po - NO flow rate x total pressure 

total gas flow rate 

Therefore , at a given pressure and flow rate of NO , the 
.l.. 

ratio of I~ t o I v should be constant down the ~ube ; and in 

general 

( Eq ~3 



1Q. 

Experl:nental Io-~ Conce r ned with the Ori g i n of t e l. TO Glow 

since the NO-R reaction was known to proceed ~apidly, the 

0 concentration was set a t a known value bv introducing a 

definite NO flow i nto the active nitrogen stream. The pro-

cedure followed was to introduce NO i nto the system , take pho­

tometer readings in both the orange and violet at various places 
.1. 

down the tube in order to determine the constancy of I~/Iv, 

a.nd to vary the UO flow rate and the total pressure in order to 

determine the constancy of the product on t he left of Eq. 7. 
Table III .1. 

Determination of (k k1 )p/k3 k4 
1 -! J.. 3 r (mm.Hg) I 2/Iv* NO flow rate .l' xNO fl ow r ate x I~/Iv x 10 
0 (ml./sec.) 

1.6 o.44 
0.097 
0.053 
0.033 
0. 29 
0.053 
0. 028 
0.021 
0.100 
0 . 021 
0.011 
0 . 0086 
o. oL~4 
0 . 001 

(Eq. 8 ) i herefore 

0 
0.0173 
0.0359 
0.0562 
0 
0.0173 
0.0359 
0.0562 
0 
0.0173 
0 . 0359 
0.0562 
0 
0 .0359 

a~1.d 

sec . 

* Averaged over readings at 75, 100, 125, 150, an4 175 cm. 
( Average deviation usually ,v 5%.). The measured I2/Iv has 
no obvious absolute significance, because the sens~t1v1ty of 
the photometer is different in different spectral regions. 
** Taken f r o:n worl done during school year. Al so agr ees with 

accept ed v-al e ( see .f ootnote 4.) 
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The 1ntens1 ty constant for the violet was approximately 300 •. 

times as large as t he intensity constant for the nitrogen 

afterglow. This indicated that either the photometer 111as 
• ' 

remarkably more sensitive to violet than to orange radiation, 

or el s e the nitrogmradiative processwa.s much less efficient 

th2n that producing the violet glow. The first of these wa s 

unlikely to produce the obs erved difference in the values for 

the intens1 ty.'r 1ons:tarrt1i:f f the eecond will .be .. discussed · 

later. 
~ 

The purpose of these experiments was to calculate the 
'i ~ 

.r.-._f 7fkj 

per cent of atomic oxygen that, if !;~ctua.lly · present in J he active 
. ok·r·· ;' > ., 

nitrogen stream, would have been required~to · proddce the .observed 

"1ntens1ty, pf. the -violet glow. W1tll fioNO added (see Table III-)-; 
This per cent was calculated 
by substituting back into Eq. 7, with (k k1)½ = 1.9 x 10-4 , 

k3 k4 
the .. intensities being those with "noH NO present (see TableIII). 

The J:?:1A9~.9.f .. ¢,a:iculated} NO flow rate to the total gas flow r ate 

;~ then the per cent of atomic oxygen in the a.ctive nitrogen 
-~ 

flow that wo~ld paver produced the observed violet, glow; 1 The 'data f r om 

4.t' a'bl~m··g ~~ . a. value for the per cent oxygen of approximately 

0.02%, as compared to the manufacturer's statement that the 

nitrogen ·wis 99. 99 % pure. 
\ 

To check for consistency, the ~ ppar-ent, ,. -· ·per cent of atomic 
< 

' \ ' ll oxygen was calculated . w!fih g.ata from !~arlier experlmep.ts. " 

It was found that the apparent per cent was -relatively high near 
,;-.. • 1• / :i 

~ - , but dec r eased rapidly and remained essentially constant 

after about fifty cm. downstream. The anomolous results near 

the first orfice~'er~ .plt:bi>ly due somehow to various short-lived 
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exc ited nitrogen state .~present near t he microwave cavi ty , which 

have b~en obs e r ved for s everal years but are not ye t we /u 
- 6 understoodo 

Table IV 
Apparent Per Cent of Atomic Oxygen ( x 102 ) 

Distance Pressure (mm.) 
Down Tub e (cm. ) 115 . i•o ~•o 3 2. 76 . 3 • 1 

5 3. 4 6. o 4. 8 
7. 5 4. 07 7. 3 3. 8 

10 4. 9 7 . 1 2. 8 
12. 5 - s . 4 2. 0 
15 ·; 4. 6 3. 9 1. 6 
20 3. 2 2. 1 1. 3 
25 2. 3 1. 7 1 • 1 
50 1. 4 1. 2 1 • 1 
75 1 . 4 1 • 1 1. 2 

100 1. 5 1. 3 1 • 3 
125 1. 6 1. 3 1. 3 
150 1.6 1. 3 1. 3 
175 1. 6 1.3 1. 3 

The per cent of atomic oxygen calculated ~ 0 . 013- 0. 015 %, 
which lre. approximat ely the 1 anufacturer 1 s limit of i mpurity 

in the nitrogen. 



J.V. Use of Spectrophotometer. 

At this point it appeared inadvisable to continue to use 

the photometer to measure the intensity of the CN glow because 

of the l a r ge interference from the NO gl ow, w~ich would have been a 

bother to correct for, a t the least. Consequently, a Jarrell-

Ash recording spectrog'raph . ·- ;, was set up so that it 

could be used to observe the reaction tube. It wa s placed on 

a cart that could be rolled up and down beside the tube at a 

fairly constant distance from it. Reproducibility of readings 

to 1% or better presented no problem, and recorder readings 

varied only slightly with the distance of the spectrophotometer 

from the tube. The spectrograph.:L::· .'i' was not calibrated with 

respect . to wavelength, in view of the w1.dth and· sm1:tll number 

of bands present. The spectrum of the gas stream, both with and 

w1 tl1out methane 
i 

present, was observed{ see graph page 24) . 

Table V 
Spectrum of Reaction Tube 

Peaks Observed 
Without Methane 

:Present 
3043 
3206 
3387 
3579 
3790 
3800 

With Methane 
(Additional) 

3845 
3879 
4146 

Identified ~ 
As 

3043 NO 
3206 NO 
3386 NO 
3583 NO 
3800 NO 

3854 CN 
3883 CN 
4152 CN 

The region of the reaction tube near the spectrophotometer 

was excited with a tesla coil in an attempt to determine whether 

or not any excitable species other than CN were formed in signifi­

cant .· quantities i n•. the reaction . . Heretofore unobserved bands 



were found at 3575 and 3800 i. These were both identified a s 
,a 

part of the nitrogen second positive system. 
v,.:. · { .. ,; i. •• • {ff 

This result \~ t ·akeh t .o . mean"' that such possible inter~ 

mediates as NH, CH, ... were not present in significant quantities, 

since the nitrogen second positive sys tem was excited to 

approximately the same intensity as the CN bands, and other 

excitable species would have been expected to show up if they 

had been present in significant quantities ( •o r exa p e , t he 

ai rly easily excitable 3360 i H system nd/or the 43ooi CH 

system , etc . 
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Calibration of the Spectrophotometer 

• An absolute calibration of the spectrophoto~eter was attempted 

1n order to determine the total number of molecules of 

N2 .em1tting a quantum of radiation in unit time per cubic 

centimeter of reaction mixture. • T L-.1, • 
,...,_d.--tl Figure 1 

collimating 
mirror 

ll"tll HJII■ 11JI -••1•1• T !'■ft SCfirlJ~.HIM!P: t tmftt Ul~tflP S t'.l 

• IQ II j -tL 

Consider a rectangule.r volume of radiating gas of thickness 

!,1with the other dimensions sufficiently grea, to include entir~~y, 

the "field of vision11 of the spectrophotometer (the shaded region 

1n Figur• 1 ). It la not difficult to show that the fraction of 

the radiation emitted by the molecules in any slice of gas of 

thickness E and parallel to plane AB, which 1s received by the 

collimator mirror, is independent of the location of this slice. 

Consequently, if all molecules in the volume abd could be 

translated in the x-direction and concentrated in the plane AB 

(without altering their rate of emission) the amount of radiation 

passing through the spectrophotometer would be unaffected. It is 

therefore possible to determine the ' rate of emission of radiation 

from the volume abd by comparing the radiometer deflection in the 

situation shown in Figure 1 with that in a situation in which the 

plane AB is replaced by a suitably illuillinated ideal diffuse 

reflector. Of sourse, it is necessary to know tha rate at which 

energy in the wave lengths of interest falls on the reflector. 
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If the r adiomete r deflection at a given wave length setting 
/ 

of the spectrophotometer is l g when exposed to radiant gas, and 

is lr when exposed to the diffuse reflector illuminated with 
( '.~-,: ·. ~ .. .. .:t ... ~~l '.:_.1 •• ; ~~•,!, > .. t:· 

known :,.ntens ity I,iwatts cm- 211-~ the rate of , emis sion .of ;nadiatlon 

by a. unit volume ·of gas is gi ven by 

R (watts cm- 3..u-1)= h 2 I~A 
lr d 

* 

The factor of two arises from the fact that the gas radiates 

both in forward and backward directions , while t he reflector r etu r ns 

radiation only in the backward direction; the factor A (the al-

bedo) is a correction fo r an imperfect, though ideally diffusing 

reflector. 
I 

In applying the above relation to the actual experimental 

situation the distanced is taken as the diameter of t he reaction 

tube-, and the small errors introduced by the non- planar1 ty of 

boundary surfaces are i gnored. 

In the calibration experiment, the comparison reflector 

consisted of an opaque deposit of MgO smoke, which is known to 
' 

be nearly an ideal diffuse reflector, and has a known albedo.9This 

was illuminated by a 500 watt Westinghouse tungsten lamp ( color 

temperature 32009K) of which t he emi ssion at various wave lengths 

wes calculated from data t aken fro m the li terature. The distance 

from the spectrophotometer to the r eflector was fixed at forty 

centimeters , although the radiometer readi ngs varied little if 

t he distance w:~ changed . There was also 11 t t le variation as the 

orientat ion of t he spectrophotometer relative to the reflector 
* I n the present ca se , IA is t aken to be t he intensity at t he 
m dpoi n of:4~e wavel engt h r egion of i nte rest . Also , I~ and Ir 
are actua 1. A,\ reco der • def l ection )~ d~J, wherei1➔ 1ta:- -s the 
wave l engt h gion of i nt eres t . 
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.was changed. 
i 

Calibra11.on of the nitrogen afterglow. 

NitrogEQ.fafterglow emission was observed only in the spectral 
t 

regions 5325-5425 1 and 5700-5825 1. Consequently, radiation in 

only t hese regions was of interest in attempting to determine 

the number of quanta being em1 tt_ed per unit time during the 

proce ss of nitrogen recombination. The J a rrell-Ash spectropho. 

tometer, utilizing a RCA IP-28 photomultiplier, wa.s us.ad in all 

intensity ~ measurements. . ' . \. . 'f,.,,:, }J. 
\ ; ... .,. .· -

\ ': ! • • r . , ,. 
\ 'J-,i ',.r 

J:iii~~- 9 can be employed if I~, the intensity incident upon the 

reflector, is known.~, in t urn, can be calculated if the 

following are known: temperature of the lamp, emissivity Qf the 

tungsten filament, area of the filament, and the angle of the 

plane of the filament relative to the plane of the reflector. 

The last of these is taken to be zero. 

The Heffecti ve area" of the filament_ can be calculated from 

the Stefan- Boltzmann law: 
(Eq.10) 

Total emission = 5.73 (Area)•T4.(total emissivity of tungsten) 
of lamp (watts) 

where the area is in squere centimeters and the temperature is in 

kilodegrees. 

The lamp ha s a color temperature of 3200°.K. this corresponds 

to an actual temperature of _j}O~°K. (see gr aph p. 7 ) •10 

It is assumed that the emissivitJ .of the lamp filament is 

close to that of a tungsten strip. The emi ssivity of the latter 
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is s fo llows : 11 
./ 

Table VI 
Emiss ivi ty of a Tungsten Strip 

T (• c) 
- (\ .U) 

0. 3 .38 o. 467 o. 665 t otal 
2900 o. 489 . 472 o. 456 o. 417 0 . 345 
3000 o. 488 o. 470 o. 455 o. 415 
3200 o. 486 o. 468 o. 452 o. 411 
3400 o. 484 o. 465 o. 450 o. 07 

Therefore , if the t otal emis s ion of the lamp is 500 watts , 
(Eq . 11) • 

area: 500 1 11 cm2 = 2, 76 c m2 

5e73 X (3 . 095) 0•345 

The r a te of.emission of the lamp i n a given wavelength 

r•egi on is equa l t o the rate of emission of a perfect black body 

of the same area at the same t emperature as the filament oft e 

lap times the emissivity of the tungsten filament at that wave 

length and t empera tu r e . 

The tota l he ispherical radi ation of a bl ack body i n the 

i nterval d~ may be calculated from tie relat ion 
. - 5 c2/i' T -1 12 

(Eq . 1 2 )J 1' d '/1, = c 1 1t "\ e - 1 ) ~ 

where - 5 - 2 = 3. 703 x 10 erg cm 

is measured i n centimeters . 

Since J~ does not change uch with~ in the wavelengt h 1 t er­

ve. l to be cons i dered , J )I ls calcul ated only at the mi dpoin t of • 

t he re gion of i riterest and t his va lue i s multipli ed by t he width 

of the regi on n order t o obtal t he total hemispherical radi a tion 

of t he blac body i n that re8ion . 



12 

~ 0 - 2 ~ . For =3 95 .a., n = 5765 A, J,,= 185 wat t s cm Al. • her~.ror a , t h e 

tota l r adi a t i on r ecei ed i n t he wavelen~th r ef ion 5700- 5825 1 

b y one s quare centimeter 
r fro□ t h e l ruuv is - ~ 

I::2x 185 .w~tts x 2 .1 0 
(Eq. 13) cm 

of the di f fuse ref actor a a distance 

X 

A graph was , ~a. e experimentally of radl rr. eter deflection v . wav e-
. '" t '·, .f ] ·\ • ·'• t ··-· i'/} 

~:enp;th .f'br ra,iistion·• from ::both the. :ref le tar .;and t .he nitrogen a. f ter~low 

lh - the ,. r ,ee,ctlon tube, such as. graph. p .. 24 . ) .. . T' ... e area under each 

traclne was f ound {in arbitr ary units ). The radiation reflected 

fro m the calibrat i n g reflector yielded an area of 2 . 524 x 104 

units at a distance r from the lamp to the reflector of 100 cm.; 

t he r adiation from the nitrogen afterglow, 325 units.under the con­
ditions Ptote.1=5m11 . and I 0:204 a t 1Atamp: 100. 1~ 

• Taking the albedo of the reflector as 0 . 95, --and t he i ns ide 

··diall!eter of the reaction tube as 3. 72 c m., formule.9w:as employed 

to obtain 
. (Eq.14) 

R (watts cm-3 ) = ~ 
2.524 

The energy per quantum emitted is given by 
(Eq. 15) '"' · 
E::: he =3. 1+5 x 10- 1 c: erp: 7i" ... qu_a_n-tu-· m 

watts 

being emit t ed per second w~s 

= 
watt- sec 

0 . 9 x 10 12 a~anta 
cm sec . 

Simila r calculations for the 5325- 5425 i region yielded , for the 

number of quanta e mi tted in t hl.s region 12 
N5325- 5425 =2x10 quanta 

cm3 sec 

Therefore , u nder thes e conditions , about 3x 1012 quanta 

*. The f a c tor 1. 4 1 i s a correction f or t he fac t t hr::..t t he l a.mp fil a­

ment l ie s ne a r l y i n a pl ane and thus does not emi t in a spherically 

symmetric •an er ( more l i ght is emitted perpendicular than 

na ralle to t he pl ane .of t he fil amen~ 



per se.bond w·ere ' ·emitted in the .... process of ·nitrogen recombination. 
i 

It is possible to ralculate the expected rate of emisaion per 

cubic centimeter if each ' nitrogen r ecombination r e sult ed in the 

production of a light quantum. The experimental conditions used 

in obtaining t he tracings of radiometer deflection v . wavelength 

were I
0
:: 204 at S: 1 Al.amp , and a total pressure of 5 mm. Using the 

(Ereviously determined express ion for obtaining PN, 
Eq. 1_7) 2 -1 . 2 

P N :: { 2 • 5 X 10 ) / J.Q : 2 • 6 X 1 o- mm . 
f :f\ot 

Using the accepted value f or the rat e constant, 2 x 10-32 om6 • . ,1-4 

molecule2sec (Eq. 18 )* S 
d ~~ = 2.85 x 10 1 m91ecules 
dt cm sec. 

Thus it appears that only a very smal l fraction of nit ro gen 

recombinations lead to emi s sion of radiation. 



V. Study -- <i>f t he Methane- Active itrogen eaction . .. 

A. Initi al Photometri c Studies( not using spe<? trophoto meter) . 
/ 

Methane was introduced into the stream of active--n1trogen 

at the first orfi.c e (~ ) • The i nt ens1 ties of the orange {ni tro­

gen) and violet (CN plus NO) glows were observed down the 

t ube wi t :· the photometer. The r esult s :t: s ee" g . pli p~ge ·23.:. ) may 

be~ 13·U m~rized as follows : 

The intensity of the nit rogen aft erglow dropped by as 

much · as - a facto~· of two or three aboy.t 5-10 cm. past the 

mixing point , dependi ng on the total pressure and flow r ates 

of the nitrogen and methane. This drop occurred with methane 

comprising only about 1% of the total ga,s concentration, so 

the effect-was not due merely to pressure change. The difference 

between· the int ensities of the nitrogen glow wi th and wi t hout 

methane present decreased virtually to zero about fifty cm. 

down the tube. 

The violet {CN plus NO) glow rose abruptly as the nit r ogen 

glow dropped, then decreased with distance down the tube. 

It appeared that the violet glow dropped to a r elative minimum 

at about 20 cm. down the tube, then rose 10-30% ove r a di s tance 

of about 20 cm., and fi nally dec r eased slowly for the remainder 

of the t ube ' s length. 



B. Work Done Us i ng t he Spec trophoto ·neter. 

I t was desired to l ear n t he dependence of t he r a te of CN 

emission upon each of the parPmeters ( i . e ., nit rogen a tom con­

cent r ation , met hane concentration , and to t al pressure) . A series 

of experiments was done i n order to isolate the effect of varyi ns 

each of t he parameters. All readings were t aken at X= 68 cw., 

about five cm. downstream from t he orf ice where t he me t hane was 

i ntroduced. It was assumed that onl y a small fraction of t he 

methane had r ea cted by the time the gas reached t hi s point ; i .e., 

t lw.t t he methane conc entration was the sa:ne as at the orfic e 

where it was i ntroduced. The plausibility of t hi s a ssuGiption 
was stiown a t l.east prt,1:allyby t he fact t hat only about 2-3% of t he t otal 
em ~bis~ion~ occurs in the first f ive cm. past the orfice (graph page 8 .) 
I. Dependence on nitrogen atom and methane concentration. 

The n1 trogen a tom concentration ·;.;a.s varied at cons~ ant methane 

conc entr ation and to t al pressure by var ying t he dia t hermy power. 

The procedure foll9wed was to introduce a given ,11ethane flow rat e , an 

make a series of r ec order . readings in both the orange (photometer) 

and violet (]\=388ol w1t:.h t ~1.e s pectrophot ometer)at a number o f settings of 

,-he d iathe rmy .power. ~. 'I'he . methane flo w rate was , bhen,, chang ed ,and t he 
proc edure 

r epeated. The i n t ens ity of the CN glow was t hen plotted agains t 

t he square and the cube of t he ni trogen atom concentration, 

whi ch was calculated using Fo rmula17' See graph pae:e~ 9- 21 ). 

The intensity of t he CN glow was found to vary between ,, t he 

square : and t he cube of the nit rogen atom concentration , 

dependi ng upon the ~ethane concentration and t he total pressure . 



X 
it appeared t hat no simple" 11 (X an unknown constant) r ela-

/ 

tionship would fit the experimental data . 

The dependence of t he intensity of the CN glow upon t he 

ethane concentration was determined by plotting IcN versus 

PcH4 at an arbitrary PN ( PN= 1. 5 x 10-2 mm . was used for con­

venience) , taking IcN from the graphs of IcN v . PN. 
The curves determined at different pressures (s ee graph 

page 22) show no simple relationship to one another. Thi s is 

due at least partly to t he fact t hat some of the experiments 

determining them were done on di f f erent days, ~nd th~ syst~m~seems not 

'" be·~- per,f ectly -r e:p,roauc i bil:e:. fr.ctn day...:. t .p • .a.s.·y. j· Howeve:r, the•."cu:rves 

do exhibit a common shape, wl•ich is t he following : 

4 + . ,. ,.~,·· 

Fi gure 2 



- 2. Dependenc e on total pressure. 

The dependence of t he i ntensity of the CN glow on total pres sure msy 

be :fbund in tw::> seµi,rate.ways.T be first .is .. to fi nd IcN a s a .function of . 

t he total pres sure f rom t he previously deter mlned graph_s-·,n f i ,ION 

v. PcH4 ( graph page 22 ). It appea rs t ha t t he i ntensity of t he 

CN glow vari es with t he total pressure . bu t there is no obvious 

r ela tionship between t he t wo. 

The second way was employed in a s epa r ate experiment . The total 

pressure was vari ed and the diathermy power wa s ad justed so t hat 

I 0 / P = constant (PN= constant) and t he methane flow rate was 

adjusted so t hat P x ( CH4 f low rate)= eonstant ( PcH4 = constant). 

The CN .1ntensi ties -:were then found at va r yi ng pr es su r es . 

Table VII 
Variation of IcN on Total Pressure 

Tr ial 1 p ( rnm.) Io CH4 flow Icr 
(:nl . /sec.) 

1.5 30 .5 o . 4 1 1 . 4 
3.0 61 .5 0 . 20" 5. 6 
6.0 122 0.10

5 
26.5 

Tria l 2 1. 5 27. 2 o.48 •:, ; 1. 2 
3 . 0 55 . 5 0 .24 5 . 0 
6. 0 112 0 .1 2 2 1. 0 

The observed result was t hat t he intens i ty of t he CN gl ow 

varied very near ly a s t he squar e of the t otal pr es sure, t he a tomic 

nitrogen and 2et hane conc ent rations being held cons t ant . 



I nt e r p r etati on and Conc l us on s 

I . Pressur d ependen e o f t h e 1 itrogen aftere lo . 

Some controversy exists as t o the p r e ssure d epen denc e o f 

t h e r a t e o f t l e n itrogen recomb i nat on , eac tlon . I t has een 

a s s r te that he i ntensi ty of the n i t rogen a f t e g low is 1n e -

pendent o the t t a p ressure , i f t h n i r oz en ot om c onc eit rat o 

is hel con stan t J 5on t h e o t h e r ha nd , t here is a lart: e b ody o f 

e l dence sug ~est11g t hat the a ft ergl ow i ... t en slty is d i r ectly 

proportiona l t o t h e t otal_pressure J 6 wo e tions o f my wo r k 

ha e ~ ome bea i 1g on this ouestion . 

A. I ntensity constant f o r the nitrog en a f t e r r low eactio . (u. 7) 

I f ound t ~,.at the the r·e.t io I 0 /P~• P t otal was es s entially 

001 s t an t a t p r essure s varyi ng f r om t hree to six milli n.eters . 

T i s indicates t ' a t the rat e l aw f o r t h e r e combi nation rea ti on 

1 s f irst o r d e r i n t ots.l p ressure . 

B~ Or i c i n o f t h e O glow. 

I fou · d tr·~a. t I o½ l{i ~a:.L/ v wa a e ssentially cons tant at a 

cons t ant NO f low r at e at pres s~res rangin~ from 1. 6 to 6 . 2 

millime ters . Th is c ons tant f acto r was deri ed u s i n g I 0 ~ PN2• Pto t a l ' 

As~umi n g that t h e afterglow intensity is i ndep endent o f t h e 

t otal -,:;ressure ( 10 0('.' PN 
2 

) one ould exp ect t : e c onstant facto r 

to involve t h e s quar e o f the to t al pressure . This wa • not found . 

These two r e sults. plus the work done durin f t h e sc hool y ear , 

l ead me t o be lieve t hat t h e rate l aw is firs t order i n the t otal 

pressure , and in fact 

2 
1o OCPN • p t o tal 



• iat v.e e.ff1c1e cy of . trogen r e o. binat o . 17 

The xper ~e tal ata contains essentially all t hat I know. 

I appears t ha o l y as all fraction of nit ogen recombinations 

lead to emi s sion . It 1s i nteresting to note t hat t he ratio of 

t he NO to t he nitrogen intensity constants (v.10) . is:; ( pa>s.$i.'bl.y coin­

cident ally) approximately the same as the calculated fract ion of 

excited nitrogens t hat emit . Perhaps t his indicates that a large 

frac tion of the NO'a produced by combination of a tomic nitrogen and 

oxygen actually emit . Since my knowledge of collision t heory is 

negligible, I am not prepared to offer an explanation f or that 

possibili t y. Po ssibly a collision of an exci ted NO with an i nert 

molecule tends to produce a radiative state more often t,an does 

one of an excited N2. 

III. Kinetics of the methane- active nitrogen reaction. 

It 1s possible to express the observations of the depe dence 

of the -Ta:t:e of CN emission upon the various pa rameters i n a very 

imprecise rate law. The rate law must have the following charac­

teristics: 

A. The rate .. of . CN emission is proportional to t he square of 

the total pressure . 

B. The rate of CN emission is between second and t hird order 

in the nitrogen atom concentration . 

c. It appears quite likely t hs t there are at least two possibl e 

reaction paths , in view of the unusual dependence of the rate 

of CN emission upon t he methane concentrat ion. It is difficult f or 

me to i magine any simple single reaction pat h that would give the 



observed results . robably the simplest expression would be to 

assume the i t ensity of the C emission to be proportHmal to 

' 
p 

4 ' (PcH4 )x +· O<.x < 1 
1 + k (PCH4 ) 2 

This sort of relationship would fit the experimental data fairl y 
2 r y [ p 

1 Pc/) well a I = K i\ otal • 4 ( 1 +k C 2 )- + k ' 2 ( y ( 3 4 O<._ x <. 1 
Winkler and his co- workers studied t he methane-active nitrogen 

reaction s ever a l 18 years ago. When t he f i nal products of the 

r eaction were condensed , separated , and i dentified , t hey foun 

only hydrogen cyanide and a trac e of hydrogen. No ammonia or other 

products which mi ght be associated with NH- type inter:nediates 

were found. 

I f one accepts their observat ions (i f not their conclusions 

as to the . echanism of the reaction) , one rapidly reaches an 

L pa.sse when tryi ng to think of a plausible rn chanis to fit t he 

kinetic characteri stics t hat I have observed. Unfortunately , I 

have not yet s een a way out . If t his research is carried fu rther 

in t he future , it mi ght be usefull to use the Ch 26 EsR apparatus 

to identify vari ou s radi cals undoubtedly present i n the reaction 

mixtur e . 
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